PROBLEMELE ENERGETICII REGIONALE 1 (45) 2020

Electromagnetic Processes Simulation of Power Transformers in Operation

and in No-load Modes
Yarymbash D.S., Kotsur M.1., Yarymbash S.T., Kylymnyk .M.
Zaporizhzhia National Technical University
Zaporizhzhia, Ukraine

Abstract. In the designing preproduction of power transformers for calculating design data, a circuit
models are widely used, which doesn’t fully reflect the structural features of the transformer and
spatial energy conversion. This leads to a significant increase of the error of design calculations and
calculations of the magnetization parameters in load operation of transformers. This is especially the
case in networks with alternative generation of electrical energy. Therefore, the aim of the work is to
estimate the influence of design features and non-linear characteristics of electrical steel on the
magnetization parameters in loading variations mode of the transformer. To achieve this aim, an
improved model of electromagnetic processes in loaded power transformers is proposed. Its scientific
novelty makes sense in the conjugation circuit models of external network and user’s network with a
spatial model of the magnetic field in the transformer. When the transformer working in operation
mode, the magnetizing currents and idle currents are characterized by asymmetry and non-
sinusoidality. Reducing the load of the transformer from operation to idle modes, these effects are
enhanced. Therefore, the effective values of the magnetization currents increase in different intervals:
(1.066%; 1.161%) for phase A; (1.275%; 1.303%) for phase B; and (1.187%, 1.308%) for phase C. At
using of the data of the coupled circuit models and the magnetic field model for the ratios and
coefficients of parabolic and polynomial regression provides high accuracy in calculating of the
magnetization parameters under various transformer load conditions.
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Modelarea proceselor electromagnetice in timpul functionérii transformatoarelor de putere sub sarcina si
in regim de mers in gol
Yarymbash D.S., Kotsur M.1., Yarymbash S.T., Kilimnik .M.
Universitatea Nationald " Polytechnica Zaporizhye "
Zaporozhye, Ucraina

Rezumat. La faza de pregatire si organizare a fabricarii transformatoarelor de putere frecvent se utilizeaza
modele chematice de calcul care nu reflectd in totalitate caracteristicile structurale ale transformatorului si
caracteril de converie spatiala a energiei elctrice. La functionarea transformatorului in sarcind, curentii de
magnetizare, precum si curentii la mers in gol au semne de asimetrie si nesinusoidalitate. Aceasta duce la o
crestere semnificativd a erorii calculelor la faza de proiectare sia rezultatelor calcularii parametrilor de
magnetizare in timpul functionarii transformatoarelor sub sarcina, in special in retelele cu generare alternativa de
energie electricd. Urmare a acestora, obiectivul lucrarii constd in estimarea influentei particularitatilor
constrictive si a caracteristicilor neliniare ale otelului electrotehnic asupra parametrilor de magnetizare la
devierea sarcinii transformatorului. Pentru a atinge acest obiectiv s-a propus un model imbunatitit de analiza a
proceselor electromagnetice in transformatoarele de putere in regim de sarcind. Noutatea stiintificd consta in
racordarea modelelor de circuit ale unei retele externe si a unei retele de consum cu modelul spatial al campului
magnetic care existd in transfomatorul de fortd. Micsorarea sarcinii transformatorului de la valoarea nominala
pina la regimul de mers in gol are ca urmare amplifucarea efectelor enumerate, de exemplu, cresterea valrilor
curentului de ers in gol: in faz A de la 1.066% la 1.161%; in faza B de la 1.275% la 1.303%) si in faza C de la
1.187) % la 1.308%. Utilizarea tipului propus de modele ale schemelor electrice cuplate si a campului magnetic
al transformatorului pentru relatiile si coeficientii functiei regresiei polinomiale condue la majorarea precizie de
calcul as parametrilorcircuitului de magnetizare pentru la functionarea trnsformatorului cu diferite valori ale
sarcinii.

Cuvinte-cheie: transformator trifazat, regim nominal, modele de circuite, model de camp magnetic, metoda
elementului finit, energia cAmpului magnetic, curenti de magnetizare, componente armonice, ecuatii de regresie.
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MopeanpoBaHne 3JIEKTPOMATHUTHBIX IPOLECCOB NMPH padoTe CHIOBLIX TPAHCHOPMATOPOB MO/
HArpy3Koii H B pe;KuMe X0J0CTOro Xo0/1a
Apsimbam 1.C., Kouyp M., Apsimbam C.T., Knaumuux U.M.
HannoHanbsHbIH yHUBEPCHTET «3aMOPOXKCKast TOTUTEXHUKA»
3amoposxee, YKpanHa

Annomayusa. IIpu KOHCTPYKTOPCKOW IOATOTOBKE IPOW3BOJICTBA CHIOBBIX TpaHC(OPMATOpOB ISl pacdera
MPOEKTHBIX AAHHBIX IIHMPOKO IPHMEHSIOTCS CXEMHBIE MOJEIH, KOTOPBIE HE OTOOpaXXaroT B IIOJIHOM 0O0BEMeE
0COOCHHOCTH KOHCTPYKTHBHOTO CTPOEHHMS TpaHC(HOPMATOpa W MPOCTPAHCTBEHHOTO MPE0Opa30BaHMs YHEPTHH.
OTO NPHUBOIUT K CYHNIECTBEHHOMY pOCTY IIOTPELIHOCTH HPOEKTHBIX pacyeToB M pAacyeToB IapaMeTpoB
HaMarHWYMBaHUS TpU paboTe TpaHC(HOPMATOPOB O] HArpy3KOH, OCOOEHHO, B CETSAX C aJlbTEPHATHBHOU
reHepanmeil siaekTpuuyeckoid sHepruu. IloaToMy nenbio paboThl SBISIETCS OLEHKA BIMSHHS OCOOEHHOCTEH
KOHCTPYKLIMH M HEJIMHEHHBIX XapaKTEPUCTHUK MIEKTPOTEXHMYECKOH CTalli Ha MapaMeTpbl HaMarHUYMBaHUS TIPH
M3MEHEHMSAX  Harpy3ku TpaHcpopmaropa. JUisi  JOCTMKEHHS  TIOCTaBICHHOW  IENM  INpeasiaraercs
YCOBEPILEHCTBOBAHHAS MOJIENb AJIEKTPOMArHUTHBIX MPOIECCOB B HArpy)KEHHBIX CHIIOBBIX TpaHcdopmaropax.
E¢ HayuHas HOBHM3HA 3aKIIOYACTCS B CONPSDKCHWM CXEMHBIX MOJENEH BHENIHEH CETH M CETH MOTPEOUTENs C
MPOCTPAaHCTBEHHONW MOJEIBbI0O MAarHUTHOrO Mois B TpaHcdopmaTope. Ilpm paborte TpaHcdopmaropa mox
Harpy3Koi TOKM HaMarHUYMBAaHUS TAKXKe, KaK ¥ TOKH XOJIOCTOTO X0/Ia, XapaKTEPU3YIOTCS aCHMMETPUIHOCTHIO 1
HECHHYCOUJAIBHOCTRI0. CHIKEHHE Harpy3Kd TpaHcopmaropa OT HOMHHAIBHOTO PEXHMa 10 PEXHMa
XOJIOCTOTO XOJla YCHJIHMBaeT 3TH 3(PQEKTh, IO3TOMY JCHCTBYIOIIME 3HAYECHUS TOKOB HaMarHHYMBAHUSI
YBEIMYHBAIOTCS B pa3Hbix uHTepBanax: (1,066 %; 1,161 %) — mis dassr A, (1,275 %; 1,303 %) — s das3sr B u
(1,187 %; 1,308 %) — mus ¢aser C. Hcmonp3oBaHWEe AaHHBIX COMPSIKEHHBIX CXEMHBIX MOJENCH W MOJENn
MarHMTHOTO MOJISl JUUIS COOTHOUICHUH U KOA(P(PHULIMEHTOB NapaboIMdYecKoil W MOJWHOMHAIBHOW perpeccuu
obecrieuyrBaeT BHICOKYIO TOYHOCTh PacieTOB apaMeTpOB HaMAarHWYMBAHUS NIPU PA3IMYHBIX PEKUMAaX HATPy3KH
TpaHchopMaTopa: MOTPEUIHOCTh PACUETOB SHEPrMM MAarHUTHOro moyisi He mpeBbimaet 0,321 %, TOKOB
HamarnuuuBanus — 0,217 %. PaccMoTpeHHBIE MOJEIM MOTYT NPUMEHSTBCS AJSl NPOEKTUPOBAaHHS CHUIIOBBIX
TpaHc(opMaToOpoB ¢ ONMM3KUMHU MTACTIOPTHBIMU JTaHHBIMH XOJIOCTOTO X0/1a ¥ KOPOTKOTO 3aMBIKAaHHSI, @ TAKXKE IS
pacdera JaHHBIX M XapaKTEPUCTHK JUII MOHUTOPHHTA TPAHC(HOPMATOPOB B 3KCILTyaTalllH.

Knrouegvie cnosa: Tpexdas3nblii TpaHCHOPMATOP, HOMUHATIBHBIA PEXXUM, CXEMHBIE MOJIENHN, MOJIE]Ib MAaTHUTHOTO
MOJISA, METOA KOHEYHBIX JJIEMEHTOB, JHEPrHs MarHWTHOTO IOJs, TOKM HAaMAarHWYMBAHHS, TapMOHHYECKHE
COCTABJIAIOLINE, YPABHEHHS PETPECCHH.

BBEJAEHUE WM CHW)KCHHE MOLIHOCTH aJIbTEPHATHUBHOU
TeHepauuyd sl BETPOCTAHUMH MOXKET OBITh
CBSI3aHO C HEOOJBIION CKOPOCTBIO BETPa, a AN
TeIMOCTAaHIIM — € HU3KUM  COJIHEYHBIM
W3JIy4eHHEM B OOJIAYHYIO IOTOXLy, BEYEPOM HIIH
ero orcyrctBueM Houbto [4]. Ilpm Ttakmx
00CTOsATENBCTBAX TpaHchopMaTopHOe

CunoBele  TpaHcopMaTOpbl  SIBISIOTCS
BXHBIM M OTBETCTBEHHBIM 00OPYAOBaHHEM,
o0ecreunBaOUIUM Iepellady 3JIEKTpUYeCcKOoil
SHEPTuH OT MECTa FeHEPaLlH K MOTPeOUTENsIM, a
TAaKXKE €€ paclpelesieHHe MEXIy CeTIMHU

norpedurene. [Tpu MHOTOKPaTHOM
o 000pyIOBaHHE B CETAX C albTePHATUBHBIMHU

TpaHCchOpPMaLMM  3JIEKTPUYECKOH  SHEeprum
WCTOYHUKAMH T'€HEpalul MOXXET padorarh C

NEPEMEHHOTO TOKa napameTpbl u

HU3KOM TOKOBOHM HAarpy3kod B pexumax,
KOTOpblE B  ONpEHAEICHHbIE  IPOMEXKYTKH
BpeMEHH OyayT mnpuOMMKaThCs K PEXUMY
XOJIOCTOTO X0Ja.

Kak MIPaBUIIO, paboune PEXKUMBI
TpaHCHOPMATOPOB HUCCIEAYIOTCS HA OCHOBE
napamMeTpoB, PACCUUTAHHBIX JII HOMHUHAJIBHOTO
pexuma  paborer  [5,6]. OObuHO  TpH
MPOEKTHPOBAHUH CHJIOBBIX TpaHc(hOpMaTopoB
OTIPENIeNIAIOTCS.  HOMUHANbHBIE  (TIACTIOPTHBIE)
napamMeTpbl  ONBITHOTO  XOJIOCTOTO X042 H
OTIBITHOTO KOPOTKOTO 3aMbikanus [ 7—10]. K aHum
OTHOCSTCSI TOK XOJIOCTOTO XOJla, HampsDKEHUE
OTBITHOTO KOPOTKOro 3ambikaHus [7/—10] wu

XapaKTEPUCTHKH CHIIOBBIX TpaHC(HOPMATOpOB
OKa3bIBAIOT CYIIECTBEHHOE BJIHMSHUE Ha paboTy
DHEPrOCHUCTEM, OCOOEHHO, TIpU  MEePeTOKax
peaKTHBHOﬁ MOITHOCTH B CucremMax
JHEPrOCHA0XKEHUS u B CeTsX
sHepromnoTpeduTeneit [1-3].

B npomecce  dKCIIyaTanMud  CHUIIOBBIE
TpaHchOpPMATOPHl MOTYT PabOTaTh B PEXKUMAX,
KOTOPBIC OTJINYAOTCS oT HOMHHAJIBHOT'O,
HampUMep, Ha pasHBIX CTYNCHAX YCTPOWCTB
PEryIUPOBAHUS HAMPSHKECHHUSI, C Pa3TUYHBIMU
TOKOBBIMH Harpy3kamu. Ha cOBpeMeHHOM 3Tarre
Pa3BUTUA DBJICKTPOOHCPICTUKHU  YBCIMYUBACTCA

JIoJ1s aJIbTEPHATHBHOU reHeparuu o
. MOTepH  aKTHBHOW  MOIMHOCTH B JTHX
JIEKTPUYECKONW JHEPTruu, KOTOpas 3aBHUCHT OT
MCIBITATENbHBIX (PacYeTHBIX) pexumax. OmHako
MOTONHBIX W JIPYTHX (haxTopoB. B

B OKCILTYATAlITMOHHBIX PCIKUMAX XAPAKTCPUCTUKU
OMPCACIICHHBIC TIEPpHUOAbl BPEMCHU OTCYTCTBUC
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TpaHCHOPMATOPOB, KOTOPHIE OMPEIACISIOTCS IS
HOMMHAJIBHBIX IapaMEeTPOB, PACCUYMTAHHBIX MPHU
HOMHUHAIIbHBIX TOKaX W HANpPSHKEHUSX, MOTYT
UMETh BBICOKYIO IIOTPEITHOCTb.

CoBpeMeHHBIC TPeOOBaHMS K TOBBIIICHUIO
TOYHOCTH MPOEKTHBIX JaHHBIX, IPOrHO3HBIX
JAHHBIX M XapaKTEPHCTUK i1 MOHUTOPHHIA
CWIOBBIX TpPaHC(OPMATOPOB B IKCILTyaTalluu
00yCIIaBIUBAIOT aKTyaJbHOCTh pelieHus
BOIPOCOB, CBSA3aHHBIX C yYETOM OCOOCHHOCTEH
3IIEKTPOMArHUTHBIX MIPOIIECCOB B
JKCILTyaTaIl[HOHHBIX pexuMax paboThI
TpaHCHOPMATOPOB TPU H3IMECHEHHSIX HArpy3Kd
OT peKMMa XOJOCTOr0 XO0Ja J0 HOMHHAJIBHOIO
peKHMa.

AHAJIN3 UCCJIEJIOBAHUI 1
NYBJIUKALIMIA

Ha »Tane KOHCTPYKTOPCKOW NOATOTOBKHU
NPOM3BOJACTBA [UIS ONPENEICHUS MPOCKTHBIX
apaMeTpoB M XapaKTEPUCTHK CUIIOBBIX TPaHC-
¢$bopMaToOpOB LIMPOKO HPUMEHSIOTCS CXEMHbIE
monenu [11, 12] u MeToAbl TeOpUH JTUHEHHBIX U
HEJIMHEWHBIX DJIEKTPHYECKHX M MAarHUTHBIX IIe-
meit [13, 14]. Mcnonb30BaHMe CXEMHBIX MOJCIICH
oOycrmaBiuBaeTcs, ¢ OIHOW CTOPOHBI, IPdeK-
TUBHBIMH BBICOKOTOYHBIMH aJTOPUTMaMH  HX
KOMIIBIOTEpHOH peanm3anuu [15,16], a, ¢ apyroit
CTOPOHBI, IPUMEHEHUEM HHBAPHAHTHBIX K 00B-
eKTy TPOCKTHPOBAHMS IPOTPAMMHBIX CPEICTB
[17, 18]. nst ux npuoOpeTeHHsT WM HUCIIOJIB30-
BaHUsI He TPeOyIOTCA 3HAYUTEIbHbBIC 3aTpPaThl.
ITosromy paboune peRUMBI TpaHCHOPMATOPOB
0OBIYHO HMCCIENYIOTCS Ha OCHOBE CXEM 3aMellie-
Hus [11, 12], mapaMeTpbl KOTOPBIX PAaCCUNTHIBA-
IOTCSI, KaK MPaBUJIO, [UIS JAHHBIX ONBITHBIX pe-
JKUMOB XOJIOCTOTO XOJla U KOPOTKOTO 3aMbIKa-
HUSL.

TOYHOCTH CXEMHOI'O MOJENHPOBAHHS Orpa-
HUYUBACTCS, NPEXK/E BCET0, TOUHOCTHIO Ompere-
JICHUs] aKTUBHBIX M PEAKTHBHBIX COMPOTHBIICHUN
ANEKTPHYECKUX KOHTYPOB B DKCILTyaTaIlMOHHBIX
JIUana3oHax HM3MEHEHHsS TOKOBBIX Harpys3ok. B
CXEMHBIX MOJIENSIX HE OTOOpaXKaeTcsi CIOXKHOE
KOHCTPYKTHBHOE CTPOSHHE aKTUBHON YacTH CH-
J0BOro TpanchopMmaropa C MarHUTHOW CHUCTe-
MOH, cUCTeMaMH OOMOTOK M 3JIEKTPOU3OJISILUH.
OTO TPUBOJUT K KAYECTBEHHOMY M KOJIM4e-
CTBEHHOMY HCK&)KEHHIO pEAJbHOW KapTHHBI
3JIEKTPOMArHUTHBIX MIPOLIECCOB, MPOTEKAIOLINX B
HArpy>)KeHHBIX M HEHArpyXEHHBIX CHIJIOBBIX
TpaHchopmaropax. s MOBBIMIEHUS TOYHOCTH
NPOEKTHBIX PacueToOB ISl OTAEIBHBIX THIIOHC-
TIOJTHEHUI B CYIIECTBYIONIMX CEPHAX CHIIOBBIX
TPaHCPOPMATOPOB TPUMEHSIOTCS KOPPEKTHPY-

torue ko3¢ uuertsl [7]. OHE onpenensoTces
MIPH COTJIACOBAaHWM DPACUYETHHIX JAaHHBIX C JaH-
HBIMH HCITBITAaHUM TpaHCc()OpMaTOPOB ATOH IKe
cepuu. OIHAKO UCTOIB30BAHUE TAKOTO MOAXO0A
JUTSI HOBBIX CEPHI CHIJIOBBIX TpaHC(HOPMATOPOB
BeChMa 3aTPyTHUTEITHHO, TaK KaK Ui KOPPEKTH-
POBKH JIEHCTBYIOIIMX PACUETHBIX METOJHUK Tpe-
OyIOTCsl 3HA4YMTENIbHBIC 3aTpaThl BpEeMEHH, (u-
HAHCOBBIX, MaTE€pPHAIBHBIX PECYpPCOB Ha H3TO-
TOBJICHHWE TMPOMBINUICHHBIX MOJENEH, OIBITHBIX
00pas3I0B U3IETHA U UX UCTIBITAHMS.

B pab6orax [17,19] ormeuaercs, uTOo mpO-
CTPaHCTBEHHOE  pacmlpeieNieHHe  MarHUTHON
DHEPTrUH B 0OJIACTH aKTHBHOM YacTH TpaHcdop-
MaTopa CYIIECTBEHHO 3aBHCUT OT €€ KOHCTPYK-
TUBHOTO CTPOCHHSA, KOHCTPYKTHBHBIX M T€OMET-
pUYECKHX TapaMeTPOB MArHUTHOW CHCTEMBI,
CHUCTEMBI 0OMOTOK, X OTICIbHBIX YacTeil 1 B3a-
UMHOTO PACIOJIOKEHHS. YUeT yKa3aHHbBIX (ak-
TOpOB TpeOyeT KOPPEeKINH MapaMeTpoB B CXe-
Max 3aMelleHus Tpex(a3Horo TpaHcopmaropa,
B TOM 4YHCJE, NIPU CUMMETPUYHOU Tpex]a3Hoit
CHUCTeME HaIlpsDKCHWH THUTaHUS W CUMMETPHY-
HoOW Tpex(azHoi Harpyske [11,12]. Onnako 6e3
HIMPOKOTO CIIEKTpa AKCIIEPUMEHTAJIbHBIX JaH-
HBIX TaKyl0 KOPPEKLHIO OCYIIECTBUTH HEIb34,
4TO0 OYyAET NPUBOAWTH K POCTY IOTPEIIHOCTEH
OTIpeJieNIeHNsI MapaMeTPOB  DJICKTPUUECKUX U
MarHUTHBIX memei [11].

IIpu npoeKTHPOBaHUYU HOBBIX CEPUN CHUIIOBBIX
TparcdopmaropoB B pabotax [19,20] pexomen-
JyeTcsl TPUMEHSATh MOJICTUPOBAHUE TEPEMEH-
HBIX 3JICKTPOMArHUTHBIX MOJIEH U OCYIECTBISTh
KOMITBIOTEPHYIO PEaTTU3aIlii0 HECTAIlMOHAPHBIX
MOJIeJIel MarHUTHOTO TIOJII B TPEXMEPHOH 00a-
CTH aKTUBHOW YacTH C HMCHOJb30BaHHUEM METO-
JIOB TIPOCTPAHCTBEHHBIX KOHEYHBIX DJIEMEHTOB.
OnHaKo CYIIECTBEHHBIE PA3IH4YMs T€OMEeTphUYe-
CKUX pa3MepoOB U PACCTOSHUH MEXAY JACTAISMH
W y3JIaMd MarHUTHBIX CHCTEM, CUCTEM OOMOTOK,
CHUCTEM TJIaBHOH M TPOJOJIEHOHN 3JIEKTPOU30IIs-
[IUH, a TAKKE OTIUYHS JI0 HECKOJIBKUX MTOPSTKOB
3HAYCHU TapamMeTpoB 3NIEKTPOPUZNIECKUX U
MarHUTHBIX CBOWCTB W3OJAIIMOHHBIX M AKTHB-
HBIX MaTepHaliOB, HEIMHEHHOCTh THUCTEPE3HC-
HBIX MarHUTHBIX XapaKTePHCTHK aHH30TPOITHBIX
AIIEKTPOTEXHUYECKUX CTaJle MOTYT CYIECTBEH-
HO OCJIOXXHHTBH NMPAKTHYECKOE MPUMEHEHHE MO-
Jeneid MarHuTHoro mons [21,22].

JUist CHIKEHUsI 3aTpaTr BPEMEHHW W IOBBIIIE-
HUSL 3(PQPEKTUBHOCTH MOJICIIMPOBAHHS aBTOPEI
[19,20] mpeanaratoT HEpaBHOMEPHOE pacIpene-
JICHHWE POCTPAHCTBEHHBIX KOHEUHBIX 3JIEMEHTOB
B pacueTHOW obnactu. Pa3mMepsl KOHEUHBIX 3I1e-
MEHTOB DPEKOMEHJYeTCS YMEHBIINUTh, a IUIOT-
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HOCTh MX PAacCIpeAesieHHsl YBEIMYHUTH TOJBKO B
oJ00JIacTAX, HArpy>KeHHbIX TOKaMHU WJIM Mar-
HUTHBIMU IIOTOKaMHM, a TaKXe BO3J€ TI'PAHUI
Cpel C Pa3TUYHBIMU DIIEKTPUYECKUMH U Mar-
HUTHBIMU CBOICTBaMH. 3a TpeAenaMu Takux
nojgobyacTell pa3Mepbl KOHEUHBIX 3JIEMEHTOB
3HAYUTENFHO YBEJIMYMBAIOT, YTOOBI CYIIECTBEH-
HO YMEHBIIUTh WX 00mee konmdectBo [19,20].
OpHako IpHU NPOEKTUPOBAHWU CHUJIOBBIX TPAHC-
¢dbopMaTopoB 3aTpaThl BPEMEHHU BBIUUCICHUN U
TpeOOBaHUsI K BBIYMCIHUTENBHBIM pecypcam
OCTAIOTCSI JOCTATOYHO BHICOKHMH.

s maHHOTO Kiacca 3aiad TakKe IMPUMEHs-
FOTCSI U3BECTHBIC MPENIOI0KEHHUS U YIPOLICHNU,
OCHOBaHHBIC Ha JIMHEapu3aluu (PU3NYEeCKuX Ma-
paMeTpoB aKTUBHBIX MaTepUasioB, HA 0ObEIUHE-
HUM MHOTOKOMIIOHEHTHBIX KOHCTPYKLHUH B OZI-
HOKOMIIOHEHTHBIE 3JIEMEHTHI C pa3MepamMu Oll-
HOT'O TIOPSIIKA, Ha TPeoOpa3oBaHUM HECTAIUO-
HapHBIX MOJEJIeHl B CTallMOHApHBIE YaCTOTHBIC
MoJenu, Ha npeHeOpexeHnu d¢dekramu rucre-
pe3uca U BUXpeBBIX TOKOB [21,23]. Bnaromaps
9TUM MPEANOTIOKEHUSIM U YIPOIIECHUSIM MOXXHO
CYLIECTBEHHO COKPaTHTh BpEMsI BBIYHCIICHUH.
OpHaKo JOCTOBEPHOCTh JAHHBIX TaKOTO MOje-
JMpOBaHUs HE Bcerja OyaeT MOATBEpKIAThCs U
COOTBETCTBOBaTh 3KCIIEPUMEHTAIBbHBIM HCCIIE-
JOBAaHUSIM.

B kiaccuueckux MeETOAMKAX MPOCKTHPOBa-
HUSI PEKUM Harpy3Kd CHIOBOTO TpaHC(OpMaTO-
pa paccMaTpHBAlOT KaK CYNEPHO3HULHUI0 IBYX
PEKUMOB: OMBITHOTO XOJOCTOTO XO/a M KOpOT-
Koro 3ambikanus [1,2]. J{ist ucciaenoBaHus HeHa-
rpy>XeHHOTO TpaHchopMmaTopa B [24] npesiara-
eTcs «CBOOOJHO» M3MEHATH paciojoxeHue ¢as-
HBIX OOMOTOK II0 BBICOTE OKHA MAarHMTHOH CH-
CTEMBI, YTOOBI Pa3JeNuTh MPOCTPAHCTBO MOjIE-
JUPOBaHUSl JONOJHUTEIBHBIMH TOPHU30HTANb-
HBIMU U BEPTHKAJIBHBIMH TUIOCKOCTSMH CHMMET-
pun. B pexxume xonocTtoro xozaa tpaHcgopmaro-
pa 3TO MO3BOJISIET COKPATHTh 00BEM PAacUEeTHON
00J1acTH M KOJUYECTBO KOHEYHBIX 3JIEMEHTOB B
2—4 pa3a. B pa6ote [21] COBMECTHO HCCIIEAYIOT-
CS CXEMHas MOAEb IEPEeXOAHBIX IPOLECCOB
BKJIIOYEHHUS] B CETh HEHAIPYKECHHOTO CHJIOBOTO
TpaHchopMaTopa W TPOCTPAHCTBEHHAS MOJIEIh
CTallMOHAPHOTO MArHUTHOTO TOJs B 00iacTH
akTUBHOHN wactu. OgHako aBTophl [21] He npu-
BOJISIT PE3YNIbTaThl BEepUPHUKAINU U BaUIAIUH
JAHHBIX MOJICIUPOBAHUS, YTOOBI IOJTBEPIAHUTH
UX TOYHOCTb U JJOCTOBEPHOCTb.

s pexxrMa KOPOTKOTO 3aMBIKAHHSI CHIIOBO-
ro TpexdasHoro TpaHchpopmaTopa aBTOpbl [17]
NPUMEHSIOT YaCTOTHYIO OCECUMMETPUYHYIO MO-
JeJIb MarHUTHOTO TOJIsl JUId OfHOW W3 ¢a3 ak-

TUBHOM 4YacTH. OTO TMO3BOJSET MEPEUTH OT
TPEXMEPHOH K ABYMEPHOH T'€OMETPHUIECCKOH 00-
JACTH MOJICITMPOBAHMUS W HA HECKOJIBKO MOPSA-
KOB YMEHBIIIUTh KOJIMYECTBO CTEIICHEH CBOOOIBI
JUTST METOJla KOHEYHBIX 3JeMeHTOB. lloatomy
3aTpaTthl BPEMEHH MOXKHO CYIIECTBEHHO COKpa-
TUTh, 2 3PPEKTUBHOCTh KOMITBIOTEPHON peau-
3anuu MOBBICUTh. OJHAKO YacTOTHAs (popMyIH-
POBKa 3aJjadyl MAarHUTHOTO TOJISI HE ITO3BOJIET
WCCIIEIOBATh BJIMSHHUE BBICIIMX TapMOHHUYECKHAX
COCTaBJISIIONIMX TOKOB HAMAarHUYUBaHUS TIpU
paboTte TpaHchopMaTopa C HU3KOW HATPY3KOM.

PaccMoTpenHble  TOAXOABI  OOECTIEYHBAIOT
3¢ (dEeKTHBHYI0 KOMITBPIOTEPHYIO  peaH3alliio
MOJIeJIed MarHUTHOTO TOJISI B OMBITHBIX PEXKH-
Max XOJOCTOI'O XO/Ja M KOPOTKOTO 3aMBIKAHUS
CHIJIOBOTO TpaHc(hopMaTopa, HO MX HENb3s MpH-
MEHUTbH JIJISl UCCIICJOBaHUs TPaHC(HOPMATOPOB B
pexuMax HU3KOM Harpysku. I Takux pexu-
MOB HEOOXOJMMO YYUTHIBATh BIHMSHHE Ha Tapa-
METpbI TpaHchopMaTOpa BBICHIMX TapMOHUYE-
CKHX COCTaBIIIOIIMX TOKOB HAMarHWYMBAHUS U
nepepacrpeeneHre YHEPrud MarHuTHOTO TIOJS
MEXJIy OCTOBOM M CUCTEeMaMU OOMOTOK.

Takum o0pa3oM, MpU M3MEHEHWW HATPY3KH
CHJIOBBIX TPaHC(HOPMATOPOB OT PEXKHMa XOJIO-
CTOTO XO0Jla O HOMHUHAJIBFHOTO pPeXHMa HEe0OXO-
JIUMO YYUTBHIBATH OCOOCHHOCTH KOHCTPYKTHUBHO-
r0 CTPOEHUS aKTUBHOM 4YacTH, HEIMHEHHOCThb
XapaKTEePUCTUK AaKTUBHBIX MaTepuUaoB M pac-
Mpe/lelieHne SHEPTHH MAarHUTHOTO TOJS B TIO-
J100J1aCTAX MarHUTHOM CHUCTEMBI, CUCTEM OOMO-
TOK M 3JICKTPOU3OJIAIUHU, 4TO OOYyCIaBIMBACT
aKTyaJIbHOCTh Pa3pabOTKH yCOBEPIIEHCTBOBAH-
HBIX MOJIENeN AJIEKTPOMAarHUTHOTO Mpeodpa3o-
BaHMSI DHEPTUH TIEPEMEHHOTO TOKa, OOeCIedu-
BaIOIINX BBICOKYIO TOYHOCTh U BBIYUCIUTENb-
HY0 3()()EKTUBHOCTH MPU MOACITUPOBAHUH.

Lenpto paboOTHl SBISIETCS OILIEHKA BIIVSTHHS
HEJIMHEUHBIX MarHUTHBIX CBOMCTB
AIEKTPOTEXHUYECKOW CTaTu U OCOOEHHOCTEH
KOHCTPYKTHBHOTO CTPOCHHS aKTHBHOM 4acTH Ha
napaMeTpbl  (pa3HBIX TOKOB HaMarHUYWBaHUS
CUJIOBBIX TpaHC()OPMATOPOB TIPU H3MEHECHUHU
Harpy3kd OT peKHMa XOJOCTOrO XoJa JIo
HOMUHAJIBHOTO PEXUMA.

METO/IBIL, PE3YJIBTATBI N
OBCYXJIEHUE
B  pexume  HM3KOH  Harpy3sku Uit
MOJECIIMPOBAHUS JIEKTPOMArHUTHBIX IIPOLIECCOB
B Tpex¢a3zHOM CHJIOBOM TpaHcopmarope
HE00X0IUMO copmupoBaTh PacyeTHYIO
oOmactb. 11 HOMUHAIBHBIX PEKUMOB HATPY3KH
TpaHcdopmaropa  pacueTHas  oOJacTb €
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AKTUBHOH 4acThI0 TpaHcopmaropa
OTPaHUYMBAETCS  BHEIIHEH  IIOBEPXHOCTHIO
cTalbHOTO Oaka wim Koxyxa [2]. OaHako mpu
pabote cuioBoro TpaHcopMaTopa € HH3KOH
Harpy3Kol JEeHCTBYIOLIME 3HAYECHHUSI TOKOB
OKa3bIBAIOTCSI ~ 3HAYMTEJIIPHO  MEHbLIE  HUX
HOMHHAJILHOTO TAacMOPTHOTO 3Ha4YeHUs. MOXKHO
CUMTATb, YTO MPH HU3KUX TOKaX MOJIEC pacCesHUs
Ha BHYTPEHHEH MOBEPXHOCTH 0aKa CyIeCTBEHHO

YMEHBIIIUATCSL. [Mostomy BHYTPEHHSIS
MOBEPXHOCTD CTaJIbHOTO Oaka Oyzer
OTpPaHUYMBATh PACUCTHYIO 00JacTh MOJEIH
MarHUTHOTO TIOJIS.

Jna 3D wmomenmm pacueTHOW — 00OJacTH
aKTUBHOH  dYacTH  Tpex(a3HOro  CHIOBOTO
Tpanchopmaropa (puc. 1) memecooOpa3HO

UCIIOJIB30BaTh MAaTeMaTHYECKOe OIHMCAaHHE ee
KOHCTPYKTHUBHOU CTPYKTYPBI B BHUJAE KOPTEKEH
TreOMEeTPUYECKUX pa3sMepoB Y3JIOB M JeTaneit
[25], sBxomammx B  CHCTEMBI  OOMOTOK,
SJIEKTPUYECKOM  M30JALMUM W MarHATHOU
CUCTEMBI, KOTOpBIE JAOMOJHSIIOTCS KOpTeKaMu
napaMeTpoB 3JIEKTPO(YU3NUECKUX CBOWCTB H
XapaKTePUCTUK ANEKTPOU3OIALUOHHBIX,
KOHCTPYKTHBHBIX, MPOBOJIHUKOBBIX MaTEpUAIIOB
u XOJIOTHOKATaHbIX AHU30TPOITHBIX
JMEKTPOTEXHIMUESCKHX cTaeii [26].

[lepBuunble (hazubIe 00OMOTKH
TpaHchopMaTopa TOAKIIOYAIOTCS K BHEIIHEH
CeTH, a BTOpHYHbIE (Da3sHbIe OOMOTKH — K CETH
norpedutens (puc. 2). D10 oOecmedynBaeT
COTIPSKEHHE CXEMHBIX MOJeJel Ha CTOpOHAax
SHEProNHUTaHuS W TIOTpeOuTeNeil ¢ MOJETbIo
HECTAlMOHApHOTO MAarHuTHoro mois B 3D
obnactu akTWBHOW 4actu TpaHchopmaropa (1).
Cucrema JMHEWHBIX HAINpPSDKEHUH HCTOYHHUKA
MUTaHUS IPUHUMAETCS] CHMMETPHYHOM:

U ag=U ag( maxy SiN(@7 + @ 45);a 45 =0;
U gc=U g max) SIN(@7 +apc )i ape = 7/3; (1)

U =V ca( max)y SiN(@7 + @y ); @y = 27/3.

dasnble 00MOTKH HCCIIEyEeMOTO
tpanchopmaropa coeaunstores mo cxeme Y/Y ¢
rpymnmnoi coequHeHus «0» U UMEIT OJIMHAKOBOE
YHCIIO BUTKOB Ha cropoHax Beicuiero (BH) u
uusmero (HH) HampspkeHuit, COOTBETCTBEHHO:

W p=W g=W =W g4

g g )
W =W =W =W

C yderoM HECHHYCOMAAIBHOCTH TOKOB
HaMarHUYUBaHUs TpaHcopmaTopa
UCCIICAYIOTCS H3MEHSIOIMECS BO BPEMEHH
JIEKTPOMAarHUTHBIE MIPOIIECCHI, KOTOpBIE
ONUCBIBAKOTCS U3BECTHOW CHCTEMOM ypaBHEHHU

B BEKTOpHOI1 (hopme [27]:

rotﬁ}“ = {é}i,j;si,j =o(0); {E}., 3)
.. ) @

ot

JJI TIOTCHIIUAJIBHBIX MarHUTHBIX W JJICKTPUYCCKHUM

{mt{'&}i,j = {E}’j;grad{\/}i,j = E}u (5)

KOTOpBIE YAOBJIETBOPSIFOT
HEpa3pbIBHOCTH BHUJIA!

v} =odvEf =0.  (6)

rae A, V — BeKTOPHBIH MarHUTHBIN U CKASIPHBINA
JIeKTpUYecKuii moTteHuuans;; B, H, E -
UHIYKIMA W HANPSKEHHOCTH MAarHUTHOTO H
JNIeKTpUYecKUX Tmoned; 0 — Ttemmepartypa,
KOTOpasi COOTBETCTBYET MPUHATOMY KJaccy
HarpeBOCTOMKOCTH 3JIEKTPUYECKON  H30JIALMU
[2]; o — ymembHas B3IEKTPONPOBOTHOCTH; O —
IUIOTHOCTh TOKa B oOMoTkax a3z A (j=1),
B (j =2), C (j = 3); ungexcamu | oGo3HayaroTcs
nogo0iacTH  pacyeTHOM  o0nacTH  MOZETH
MarauTHoro nous (puc. 1).

B  coorBerctBMM ¢  gaHHBIMH  [26]
HEJIMHEWHasi XapaKTepUCTHKa HaMarHWYHMBaHUS
JUIs MPUHATOR MapKH AHU30TPOITHON
AIIEKTPOTEXHUYECKON  CTaim  3ajaeTcs Ul
YYacCTKOB OCTOBa TpaHChoOpMaropa C y4eTOM
VIJIOB MEXAY HaNpaBiICHUSIMH HPOKATKH U
MarHUTHOT'O MOTOKA.

Ha rpanunax conpspkeHus cpell ¢ pa3iiiaHbIMA
MarHUTHBIMH H SJIEKTPUYECKUMH CBOMCTBAMH ISl
cucTeMbl (3) MPUMEHSIOTCS YCJIOBUS CONPSHKEHHS
JUTST TaHI €HLUATIbHBIX COCTABJISIFOLLX
HanpsbkeHHOCTe! [27] W OJJHOPO/HBIE YCIIOBUS Ha
BHEIIHUX TPaHHULIAX pPAcyeTHOW objacTu — s
BEKTOPHOTO MarHUTHOTO MOoTeHnHaia (puc. 1).

Co croponsl BH Tpancdopmarop noakmouaercs
K BHEIIHEH CETH, C OJMHAKOBBIMHU IEPEXOHBIMU
conporusnenusvu: (Z ;=2 g=Zc ).

YCIIOBUSIM
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Puc. 2. Conpsixkenne cxeMHBIX Mojeeii 1 3D Moae 1 MATHETHOTO 1MOJIsl CHJIOBOT0 TpeX(ha3Horo
Tpancdopmaropa’.

IMoatomy s cucremsr ypaBHeHud (1)

HayaJbHbIC YCIIOBUS Komm JIOJIKHBI
COOTBETCTBOBATh W3BECTHBIM 3aKOHaM
KoMMmyTanuu [28].

Takum obpasom, cucTeMy
muddepeHnManpHbEIX  ypaBHeHWH — (2) ¢
yeroBusMu  (3) — (5), 3D reomerpuueckyio

MO/JIeNIb aKTUBHON 4acTH TpeX(a3HOro CHIOBOrO
TpaHcdopMaropa, CXEMHbIE MOJEIHM BHELIHEH
ceTH W ceTH mnoTrpeburens (puc. 1) MOXHO
paccMaTrpuBaTh Kak COCTaBJISAIOLINE
COIIPSDKEHHOM CXEMHO-T10JIEBON MOJEIIH.

OTa MOJENb ONMMCHIBAET AIEKTPOMArHUTHBIE
NpOILIECCHl  MPeoOpa3oBaHUsl  AIEKTPUUYECKOI
SHEPrWU TEpPEeMEHHOTO TOKa Tpu pabore
Harpy>kK€HHbIX W HEHAarpy>KEHHbBIX CHJIOBBIX
TpaHchopMaTopoB u peanu3oBaHa

12 Appendix 1

MPOrpaMMHBIMU CpeICTBaMH COMSOL
Multiphysics [19] na mnpumepe TtpexdazHoro
TpaHchopmaropa MomHocThio 10 kBA ¢

HanpspkeHusimu 380/220 B.

PexuMbl Harpy3kd H3MEHSFOTCS OT PEKHUMa
XOJIOCTOTO X0/1a 10 HOMHHAIIBHOTO.

[TIo maHHBIM MOJCIMPOBAHUS OMNPEACIIAIOT
COCTABJISIOIINE SHEPTUU MarHUTHOTO Noist Qs
pacmipenencHre ee IIOTHOocTH Q B i-x
noA00IacTIX aKTHBHOW 4YacTH, II€PBUYHBIC
ligry(r) u BTOpHMUHBIC ij(mm)(7) (asHble TOKH, a
TAK)Ke PACCUUTHIBAIOT TOKM HAMArHMYMBaHHS B
¢azax Tpanchopmaropa:

Qxy.z,7)=(B(xy,z,7).H(xy.z,7)),
Qsilr)= I\J/I (B(xy,z,7)H(xy,z,7))dxdydz
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i (T): i j(BH{T)_ij(HH{T)'\\?/v:: 11=1,2,3,(7)

KOTOpbIe HOPMUPYIOT:

_ﬂ.loo%”xx:

r:(r)_ ‘/E lxx

I ;x [%] X I HOM
100% ®)

rae HMHICKC «XX» 0003HaYaeT MacrmopTHOE
3HAaYCHHE TOKA XOJOCTOTO X0/1a, & HHACKC «HOM»
COOTBETCTBYET HOMUHAIILHOMY PEXKUMY.

st aTOrO pekuma paboThl TpaHchopMaTopa
aHAM3UPYETCS MPOCTPAHCTBECHHOE
pacrpe/e/ieHne MIOTHOCTH SHEPTHH MarHUTHOTO
T0JIs1, 3HAYEHHST KOTOPO# TaK)Ke HOPMUPYIOTCSL:

0 5 10 15 20 25 30 35 40

a)

o = QUyar) og,
max [Q(X’y'z’r)mw ]

B HOMHHAJIEHOM peXHMe pacIpecicHue
IUIOTHOCTH  DHEPTMH  MArHUTHOTO TONSA B
norniepeynoM (Puc. 3a) u B mpogonsaom (Puc. 3a,
0) ceueHWSX AKTUBHON YaCTH NPEICTaBICHO B
MOMEHT BPEMEHH, KOTOPBIH COOTBETCTBYET
aMIUTUTYTHOMY 3HAuYCHUIO Toka B (aze A. s
TydqIed BU3yau3alid KapTUHBI pactpeeIcHUs
IUIOTHOCTU SHepruu ee 3HadeHus Q' >40%

OTOOpaXarOTCS OJHHMM, HauOoOJee TEMHBIM,
BETOM (puc. 3). MarunutHoe noJje
Tpancdopmaropa HPEUMYILECTBEHHO

JIOKAJIU3YeTCs B o00macTsax 00MoTok (puc. 3),
r7ic KOHLEHTpauusi SHepruu pocturaer 72,5 %
ot obnactu aktuBHOU dacTtH (puc. 4). [Ipu sTom
3HAQUEHWE OSHEPTUM MAarHUTHOTO TONsA B
mogo0JacTd MAarHUTHOM CUCTEMBI COCTAaBUT
27,5%, T.e. Oymer mpakTUYECKUE B TPU pasza
HIKE 4YeM B MOA0OIacTH  OOMOTOK
Tparcdopmaropa (puc. 4).

Puc. 3. PacnipenejieHue MJIOTHOCTH YHEPTMU MATHUTHOTO MOJIsl B ONEPEYHOM (2) M MPOJ0JILHOM
ceyennsix (0) aKTUBHOI YacTu Tpancgopmartopa ®

3HayeHHsT DHEPrUM MArHUTHOTO TIONS B
nojo0JacTIX OOMOTOK M MATHUTHON CHCTEMBI
YpaBHUBAIOTCS W OyayT cocTaBisaTh 29% oT
HOMHHAJIBHOTO PeXuMa paboThI MPH CHUKEHUH
TOKOBOHW Harpy3ku TpaHcgopmaropa

3
s* = le/3-|H -100%
=

$ Appendix 1

bi (o) 62%. B MarHuTHOU CUCTEME
HEHarpy>KeHHOro  TpaHcopMaTopa 3HEPrus
MarHuTHOro mojsg pocturaer 32,4%, 4uro Ha
4,9% Oonplle 4eM B HOMHHAIBHOM pEXHME
(puc. 4).

Xapaxrep 3aBUCHMOCTEN SHEPIUU
MarHUTHOTO TIOJNS B TOJOOJIACTSX AKTUBHOM
YacTh OT 3arpy3ku Tpanchopmaropa Mo3BOJIsSIeT
UCIIOJIb30BaHUE YpaBHEHMH MapaboiInyecKoit
perpeccun (Puc. 4):
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Qs (5'): a; +b; (s')+ Ci (s’)z,i =12,
Qusls*)= Qa1 5°) ©)

ag =23 —3,,b3 =b —by,c5=¢,—¢,,

rae wuHAexkchl |1=1 oTHOcHMTCcs K obmacTu
aKTUBHOM uacTH TpaHchopmaropa, i =2 — K

mono0JIacTsIM CHCTEMBI OOMOTOK M 1=3 —
MarduTHOM CUCTEMEL.
C IIOMOILIBIO MeToa HaVMEHBIINX

KBA/IPaTOB, KOTOPBIA peajn30BaH B CTPYKTYpe
cpencte MathCad  [29],  ompenensrorcs
KOA(PGUIMEHTHl  TapaboIMYecKoil  perpeccuu
(Tabm. 1) W BBIMOTHSIETCS OICHKA 3HAYCHUI
MOTPEIIHOCTH COOTHOIICHUH (8):

max(&;) = max|Qy (s )—Qm‘;i =123,

JUISL TUCKPETHBIX aHHBIX, KOTOphIe 0003HAUCHBI
KPYTOBBIMH, KBaJPAaTHBIMH M TPEYTrOJbHBIMH

MapkKepaMu I Pa3UYHBIX  Hojo0nacrei
aKTUBHOW yactu (puc. 4).
[MorpemHoctu pacueToB SHEPTUHU

MarHUTHOTO TIOJISi B aKTMBHOM YacTH, CHCTEME
00MOTOK u MarHUTHOU cucreMme
Tpancpopmaropa coctaBisoT (0,321%; 0,304%;
0,051%), cOOTBETCTBEHHO, 4YTO MOITBEPXKIACT
BBICOKYIO TOYHOCTH ypaBHEHWH perpeccuu (9)
(tabn. 1). Kpome Toro, 3naueHue kKodQuirenra
C3 MPAKTHYECKU Ha JBA MOPSIKA HIKE 3HAUCHUI
KO3 GUIUEHTOB C1, C2 (Tabm. 1), 4TO CBA3aHO C

JUHEHHOCTHIO 3aBUCHMOCTH SHEPTUHU
MarHUTHOTO TOJSI B MArHUTHOM CHCTEME OT
TOKOBOW Harpy3ku Tpanchopmaropa (puc. 4).
OTa JTUHEWHOCTH O0YCIaBINBACTCS CHUXKCHUEM
3HAYCHUH MATHUTHBIX TOTOKOB ¥ WHAYKIUH
MarHUTHOTO TOJISi B CTEPKHAX U spMax W3-3a
pocTa MajCHUN HANPSHKEHUs TPU YBEIUYCHUU
TOKOB B KOHTypax MEPBUYHBIX (Pa3HBIX 0OMOTOK.
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Puc.4. 3aBucuMMOCTb 3HePpruM MAarHUTHOIO 110JISI
ot 3arpy3ku Tpancdopmaropa (1 — MarauTHas
cHcTeMa; 2 — aKTHBHAS 9acTh; 3 — 00MOTKH) .

Tabmuma 1°.
Koa(GuIueHTs MoMMHOMHUANBHOMN perpeccun B ypaHeHusx (9) °
ar = 32.456 b, =-0.011 C1=6.881x10° max(J1) = 0.321 %
a=0 b, =0.043 C2 = 6.812x107° max(d.) = 0.304 %
as = 32.456 bs = —0.054 C3 = 6.899x10° max(ds) = 0.051 %
Taxum o0pazom B Harpy)xeHHoM  OoJpIlIasi YacTb MAarHUTHOM SHepruum Oyner

TpaHchOpMaTope DJHEPrusi MarHUTHOTO IOJIsS
JOKaau3yeTcs B MOMOONACTSIX  MAarHHTHOH
cucteMbl M ()a3HBIX OOMOTOK, Kak B OKHax

MarHMUTHOM CHCTEMbI, TaK M BHE OCTOBa
aktuBHOM yactu (puc. 3). I[IpoctpaHcTBeHHAS
KapTHUHA,  OTOOpaxkalmas  pacrpe/eeHue
TUIOTHOCTU DSHEPrdM MAarHUTHOTO TIONISL B
AKTUBHOM YacTH Tpanchopmaropa,
ompezenseTcss ~ KOHCTPYKTHBHBIMH  OCOOCH-

HOCTSIMM aKTHBHOH YacTH M paclpeneieHueM
TOKOB B (pa3HBIX OOMOTKaxX Ha Pa3HBIX CTOPOHAX
HaIpSKEHUS TpexdazHoro CUJIOBOIO
Tpancpopmaropa [2]. Hdns OonaplIMX TOKOB

456 Appendix 1

MIPUXOIUTHCS HAa 30HY 00MOTOK (puc. 4).

OjHaKo TpPH CHWKEHUHM TOKOBOW HArpy3KH
00MOTOK 3Ta 4YacTh SHEPrMU MAarHUTHOTO MOJIS
OyZeT YMEHBIIATHCS, a BIMSHHAE HEITMHEHHBIX
MarHUTHBIX XapaKTEePUCTUK JIIEKTPOTEX-
HUYECKOH CTau 17§ HEPaBHOMEPHOTO
pacripefeieHMss ~ MarHATHOHM ~ HEPruM 110
CTEp)KHSM M sSIpMaM MarHUTHOW CHCTEMBI
TpaHcopmaropa Oyzner YBEITUYNBATHCS.
[TosTomy ISt MaJio3arpy>KeHHbBIX
TpaHchopMaTopoB HEPaBHOMEPHOCTh
pacripeqielieHiss ¥ HECHHYCOMIATBHOCTh (pa3HbIX
TOKOB HaMardn4uBaHUs Oynet Ooitee
BBEIpOXXEHHOU (pHC. 5).
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Puc. 5. ®a3nble Tokn HamMmarHnunBanus (1 — Tok B a3e A (x0J10cT0ii X01); 2 — TOK B aze B
(xos10cToii xX01); 3 — TOK B aze C (xo0s10cTOM X01); 4 — TOK B (paze A (HOMMHAIBbHBIN PeKUM); 5 — TOK B
(daze B (HoMuHAIBHBIN pexnM); 6 — Tok B pasze C (HOMHHAJIBLHBIN pe:kuM); 7 — TOK B dhase A (20%
HOMHHAJILHOI0 pe:kuMa); 8 — Tok B ¢ase B (20% HomuHaAIBHOTO pe:xknma); 9 — Tok B dase C (20%
HOMHMHAJILHOI0 PeKAMa)) /.

MarHWTHBIX ~ CBOWCTB W
XapaKTePUCTUK XOJIOJJHOKATaHOM
3JEKTPOTEXHUUECKON  CTalM  CYIIECTBEHHO
BIIHMSET HA XapakTep W3MEHEHHs BO BPEMEHU U
Ha ACHMMETPHIO (hazHbBIX TOKOB
HamarHnuuBanug (puc. 5). Ilpum ymeHbIIeHUU
TOKOBOW  Harpy3ku  TpaHchopmaropa  OT
HomuHaIbHOU (100%) H0 pexuma XOJIOCTOTO
xoma (0%) pmeiicTByromme 3HAYCHUS TOKOB
HaMarHWYMBaHUS OYJYT M3MEHSIOTCS B Pa3HBIX
uarepBanax  (1,066%; 1,161%), (1,275%;
1,303%) u (1,187%,; 1,308%)% mia da3 A, B u
C (puc. 4), coorBerctBeHHO. C yBEIMYCHHEM
TOKOBOW HAarpy3kd acuMMeTpusi (pa3HBIX TOKOB
HAMarHWYMBAHHUSA CHIDKAETCSA, 4 COCTABIIAIOIINE
PSMOM MOCJIEeI0BATENLHOCTH ¢da3
YBEIMYMBAKOTCA. B rapMoHMYECKOM COCTaBe
TOKOB HAMarHWYMBAHUS MPEOOIAIAIOT MIEPBBIE U
MATbIE TapMOHWYeckne cocrapisomue. C
YBEITUYICHUEM TOKOBO Harpy3Ku
Tparcopmaropa AEUCTBYIOIINE 3HAYCHUS TOKa
HaMarHM4YMBaHUsl yMeHblaiorca ot 1,24% s
pexuma xomocroro xoma mo 1,17%  mus
HOMHMHAJIBHOTO pexuma wiH Ha 5,56%
OTHOCUTENIFHO MAacIOPTHOIO 3HAYEHHSI TOKa
xonoctoro xoxa. COOTBETCTBEHHO CHIDKAIOTCS
JICUCTBYIOIIHE 3HAUEHUS ero nepBou

Henunuelnoctb

" Appendix 1

rapMoHu4ecKor cocraBisiromed ¢ 1,226% no
1,16% w unu Ha 5,3%, COOTBETCTBEHHO.

Hns MaTeMaTHYeCKOTro OTIHCaHHus
3aBUCUMOCTHU TOKa HaMarHn4imuBaHUs oT
3arpy3Ku Tparchopmaropa (puc. 6)
npeuIaraTcs U3BECTHEIC ypaBHEHHS

nosmHoMHaNbHOH perpeccun [30]:
{|1y(5')= En(:)ki ’ (S.j ; I/:w(s.)z Ené)li ’ (S.j '

U MPUMEHSETCS METOJ, HauMEHBIIUX KBaJIpaToB
Ut oTipeieNieHust Ko duimeHToB perpeccuu Ki,
li [30] (Tabm. 2).

Ecin B coortHomenusx (10) mnpusATH
MOKa3aTenb CTENEeHH N paBHBIM 3, TO
MOrPEHOCT pacueToB He nmpeBbIcuT 0,217% mo

(10)

CpaBHCHUIO C JaHHbIMH MOACIIUPOBAaHUA.
Bepudukanmys JAHHBIX CXEMHO-IIOJIEBOT'O
MO/ICTUPOBAHUSI U JaHHBIX, KOTOpbIE
paccUUTaHbl C OMOIIBIO YPaBHEHHUH PErpecCcHH,
IMOATBEPIKAACT BBICOKYTIO TOYHOCTH
coorHoreHui (9), (10).

D10 o0ecrmednBaeT BBICOKYIO TOYHOCTh

MPOTHO3a MapaMeTPOB W XapaKTePUCTHK IS
MOHHTOPWHTA CHJIOBBIX TpaHCPOpPMATOpOB B
SKCILTyaTalHH.
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Puc. 6. 3aBHCHMOCTH TOKA HAMATHUYMBAHHUS OT 3arpy3Ku Tpanchopmaropa (1 — nepBas
TapMOHMKA TOKA HaMarHU4MBaHus (MOJleIMPOBaHue); 2 — TOK HAMarHU4MBaHus (MoJeJIMpoBaHue); 3 —
nepBasi TApMOHMKA TOKA HAMATHHYMBAHHSA (OJIMHOMUAJIBHAS perpeccus); 4 — TOK HAMATHHYHMBAHHUSA
(noJIMHOMHUAJILHAS perpeccus)) &,

Tabmuma 2 °.
Koo} puumenTs NOIMHOMHUAIBHON perpeccun B ypasaerusx (10) 20
ko = 1.226 ki =-1.772x103 k2 =1.499x10° ks =-3.736x10®
lo = 1.240 I, =-1.854x1073 I, =1.657x10° Is =—4.906x1078
Taxoke cienyeT OTMETUTh, YTO MPHU TOKOBOM W TOKOB HaMarHWYMBaHUs TpaHcopMaTopa c
Harpy3ke  TpaHcopmaropa  Oomee  60%  ucmomb3oBanueM —cooTHomeHui  (9), (10)
M3MEHEHUS TOKa HaMarHMYMBaHWS MOXHO  OOYCJIOBJEHA, NMPEXKAE BCEr0, WCIOJIB30BAaHHEM

CUMTATh BeChMa HE3HAUHUTEIFHBIMH, TaK KaK OHH
He npesbimaoT 0,015% (puc. 6). 910 cBs3aHO C
yBeTMYEHHEM KO PHITHEHTAa MOIITHOCTH COS((1)
Ha TIEPBUYHON CTOpPOHE TpaHcopMaTopa MpH
YBEJIMYCHHH TOKOB HArpy3KH mpu COS(¢2) = 1 u,
KaK CIIEACTBHE, CO CHW)KEHHEM BIHSHUS
NajieHNi HanpspKeHUs B KOHTYpPax HEPBUYHBIX
(da3HbIX OOMOTOK Ha yMEHBIIIEHHE MarHUTHBIX
NOTOKOB W HWHAYKIMA MAarHUTHOTO TIONA B

CTEPXKHSIX M SApMax MAarHUTHOH CHCTEMBI.
I/I3BeCTHO, qTo ImaACHUsA HaIlpsKCHUA B
KOHTYpax 00MOTOK TpaHcdopmaropa

NPOINOPLUUOHAIBHBI TACTIOPTHOMY 3HAUEHHIO €T
HaNpsDKEHUs] KOPOTKOro 3ambIkaHus. [loatomy
Oe3pasMepHbIe 3aBUCUMOCTH TOKOB
HaMarHUYMBaHUS OT 3arpy3kd TpaHchopmaropa
(10) MOXHO IPUMEHSATH IS TPAHC(POPMATOPOB C
AHAJIOTUYHBIM KOHCTPYKTHUBHBIM HCIIOJIHEHHEM,
AQHAJIOTUYHBIMH ~ 3HAUCHHUSMH  HaNpsDKEHUS
KOPOTKOTO 3aMBIKaHUS, HO C HMHBIMH JPYTUMH
NacTIOPTHBIMH JaHHBIMHU.

Bricokas TOYHOCTBH MPEJJI0KEHHOU
METOJIMKH pacyueTa MapamMeTpoB XOJIOCTOTO X0Ja

8910 Appendix 1
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JaHHBIX CXCEMHO-TIOJICBOI'O MOJACIMPOBAHHA, B

KOTOPBIX YUYUTBIBAKOTCS OCOOCHHOCTH
KOHCTPYKTHBHOTO  HCIIOJIHEHUS  Tpex(a3HbIX
CHJIOBBIX  TpaHC(HOPMATOPOB,  HEJIMHEHHOCTh
XapaKTePUCTUK AHU30TPOIHBIX

XOJIOZHOKATaHBIX AJIEKTPOTEXHUYECKUX CTaleH,
acuMMeTpusi (a3HBIX TOKOB XOJIOCTOTO XoJa H
HaMarHWYMBaHMUA, a TaKXKe HUX TapMOHHYECKUH
COCTaB.

Takum 00pa3oM, NPEATOKEHHYIO METOIUKY

pacuyera IapamMeTpoB  XOJIOCTOrO XOAa U
HaMarHMYMBaHUS MOXKHO paccMaTpuBaTh Kak
pa3BUTHE M3BECTHBIX MOXO0JI0B K
NPOEKTHPOBAHHIO CHIIOBBIX TPAHC(HOPMATOPOB C
HCTIOJIb30BaHNEM KOPPEKTHPYIOIINX
kodpdummentop  [31]. Ilpm »sTOM BMecTo
KOPPEKTUPYIOLINX k03 puLmeHTon

NPEIOKEHBI KOppeKTHpytonue ¢GyHKuuu (9),
(10), koTOpBIE paCHIMPAIOT 001aCTh TPUMEHEHUS
Ha JPyrue TUIBI CUIOBBIX TPaHC(POPMATOPOB C
ONMM3KMMHU TMACHOPTHBIMH 3HAYCHUSIMH  TOKa
XO0JOCTOTO XOJa W HANpsOHKEHHs KOPOTKOTO
3aMBIKaHUS, B TOM 4HCJE, IS TPOTHO3HBIX
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JAaHHBIX W XapaKTCPUCTUK IHPHU MOHUTOPUHIT
CHJIOBBIX TpaHC(i)OpMaTOpOB B OKCILTyaTalluu.

3AKJIIOYEHHUE

Pa3paboTana ycoBepuIeHCTBOBaHHAsI CXEMHO-
nojeBas  MOJAENb Ui HECTallMOHAPHBIX
MPOLIECCOB 3EKTPOMAarHUTHOTO
npeoOpa3oBaHus SHEPTUHM MEPEeMEHHOTO TOKa B
aKTHMBHOH  4YacTH  Tpex(asHBIX  CHIIOBBIX
TpaHchOpMaTOpOB, paOOTAIOIIMX IO HATPY3KOH
u 0e3 HeE, KoTopas TIO3BOJISICT Y4YeCTb
O0COOCHHOCTH KOHCTPYKTHBHOTO  HCIIOJTHEHUS
TpaHchOpPMaTOpOB,  HENHMHEHHBIE  CBOMCTBa
MarHUTHBIX MAaTepUaliOB, HECHHYCOUIATbHBIHI
XapakTep " ACHMMETPHIO TOKOB
HaMarHUYHBaHHUS. Hayunas HOBH3HA
YCOBEPIICHCTBOBAHHOM CXEMHO-TIOJIEBOH
MOJIETH 3aKJF0OYaeTCsl B CONPSDKEHHH CXEMHBIX
MoJieJiel BHEIIHEeH CeTH M CeTH MOTpeOuTens c
MPOCTPaHCTBEHHOM MOJIEBOM MOJIENTBIO
Tparcdopmaropa, paboOTarOMIEro Mo Harpy3Kon
WIN B PEKUME XOJIOCTOTO XO/1a.

YcraHoBIIEeHO, 49TO pH pabote
TpaHchopMaTopa MO HArpy3koil QasHble TOKH
HaMarHWYMBAaHUSl TaKkKe, KaK TOKH XOJOCTOTO
XO0/1a, XapaKTepU3yIOTCI HECHMMETPUIHOCTBIO U
HECHHYCOHJATLHOCTBIO. [pu CHM)KCHHUHU
Harpy3kd TpaHcpopMaTopa OT HOMHHAIBHOTO
pexXmMa 10 peXHMa  XOJOCTOTO  XOJa
JICHCTBYIOIIIHE 3HAYCHHUS TOKOB
HaMarHWYMBaHKUs OyIyT YBEIUYUBATHCS, HO B
pasubix mHTepBanax (1,066 %; 1,161 %) — s
dazer A, (1,275 %; 1,303 %) — mis dasel B u
(1,187 %; 1,308 %) mis daser C,
COOTBETCTBEHHO.

IHomyuennsie ypaBHenus perpeccuu (9), (10)
u YCTaHOBJICHHBIE K03 HUIUECHTHI
napaboJIMIecKol U MOJTMHOMHATIBHOM perpeccuut
JUIS  OHEPrMM  MAarHUTHOTO  IIOJis, TOKOB
HaMarHWYMBaHUS  O0ECHEYMBAIOT  BBICOKYIO
TOYHOCTh PAcCyYETOB IPH PA3IHYHBIX PEXKUMAX
Harpy3ku TpaHcdopmatopa. [Ipu cpaBHeHHH C
JaHHBIMH ~ CXEMHO-TIOJIEBOTO  MOJICITHPOBAHUS
YCTaHOBJICHO, 4YTO TOTPEIIHOCTh  pacyera
SHEPTMM MAarHUTHOTO TIOJII HE TMpEeBbIIIAeT
0,321 %, a ToxoB HamarunuuBanusa — 0,217 %.

bespasmepusie ¢ynkuun (9), (10) moryt

NPUMEHSTHCS BMECTO KOPPEKTHPYIOLINX
ko3 durmenTo npu MPOEKTHPOBAHUHU
pPa3IMYHBIX  CHJOBBIX  TPaHCPOPMATOPOB €

OJIM3KUMH  TACIIOPTHBIMUA 3HAYCHHSIMH TOKa
XOJIOCTOrO0 XOJa M HAaIpPSHKEHHUS KOPOTKOIO
3aMbIKaHUs, a TaKXe, B pacuerax MPOTHO3HBIX
JIaHHBIX W XapaKTEPUCTUK JJI1 MOHMTOPHHIA
3THX TPaHC(HOPMATOPOB B IKCILIyaTallHH.
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APPENDIX 1 (TPUJIOKEHMUE 1)

Fig. 1. The calculated area of the magnetic field 3D
model of the power transformer.

2Fig. 2. Conjugation of the circuit models and the
magnetic field 3D model of the power three-phase
transformer.

SFig. 3. Magnetic field energy density distribution in
the active part of the transformer in cross-section (a)
and in longitudinal sections (b).

4Fig. 4. The dependence of the magnetic field energy
on the loads of the transformer in operation mode (1 -
magnetic system; 2 - active part; 3 - windings).
56Table 1. Polynomial regression coefficients in
equations (9).

Fig. 5. Phase magnetization currents (1 - current in
phase A (in idle mode); 2 - current in phase B (in idle
mode); 3 - current in phase C (in idle mode); 4 - cur-
rent in phase A (in rated mode); 5 - current in phase B
(in rated mode); 6 - current in phase C (in rated
mode); 7 - current in phase A (20% of rated mode); 8
- current in phase B (20% of rated mode); 9 - current
in phase C (20% of rated mode)).

8Fig. 6. The dependence of the magnetization current
on the loads of the transformer in operation mode (1 -
the first harmonic of the magnetization current (simu-
lation); 2 - the magnetization current (simulation); 3 -
the first harmonic of the magnetization current (poly-
nomial regression); 4 - magnetization current (poly-
nomial regression)).

910Table 2. Polynomial regression coefficients in
equations (10).
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Magnetic Field Active Shielding of Overhead Power Lines with Triangular
Phase Conductors Arrangements

Kuznetsov B., Nikitina T., Bovdui I.
State Institution «Institute of Technical Problems of Magnetism of the National Academy of
Sciences of Ukraine»
Kharkiv, Ukraine

Abstract. The purpose of the work is synthesis of two degree of freedom robust two circuits system of
active shielding of magnetic field, generated by overhead power lines with triangular phase
conductor’s arrangements for reducing the initial magnetic flux density to the sanitary standards level
and reducing the system sensitivity to the plant parameters variations. Two circuits system of active
shielding includes two shielding coils. System of active shielding synthesis reduced to the
multiobjective stochastic game solution, in which the vector payoff is calculated on the basis of the
Maxwell equations solutions in the quasi-stationary approximation. The calculation of multiobjective
game solution is based on the multi swarm particles optimization algorithms. The initial parameters
for the synthesis are geometry and number of phase conductors, operating currents of overhead power
lines, as well as the size of the shielding space As a result of the synthesis the number, configuration,
spatial arrangement, and currents of shielding coil, algorithm parameters of the two degree of freedom
robust two circuit system of active shielding of magnetic field as well as the resulting value of the
magnetic flux density in the shielding space are determined. New scientific results are theoretical and
field experimental research of the shielding factor of two circuit system of active shielding with two
shielding coils carried out. The possibility of reduction of the initial magnetic flux density level is
given. It is shown that the experimental and calculated magnetic field induction values differ by not
more than 20 %.

Keywords: overhead power lines, triangular phase conductor’s arrangements, magnetic field, active
shielding system, theoretical and field experimental research.
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Ecranarea activa a cimpului magnetic al liniilor electrice aeriene cu amplasare in triunghi a
conductoarelor fazelor
Kuznetsov B.1., Nikitina T.B., Bovduy 1.V.
Institutia de stat ,,Institutul de probleme tehnice de magnetism al ANS din Ucraina”
Harkov, Ucraina

Rezumat. Obiectivul lucrarii este sinteza unui sistem robust complex de ecranare activd a campului magnetic
generat de liniile electrice aeriene cu amplasrea in triunghi a conductoarelor intru a reduce inductia initiald a
campului magnetic in cladirile rezidentiale pand la nivelul prescris de standardele sanitare si a reduce
sensibilitatea sistemului e alimentare in cazul devierilor parametrilor. Sistemul de ecranare activ este un dublu-
circuit si contine doud infasurari de ecranare. Procedeura de sinteza a sistemului se reduce la obtinerea solutiei
unui soc stohastic multicriterial in care castigul vectorial este calculat pe baza obtinerii solutiilor ecuatiilor
Maxwell in aproximarea quasistationara. Obtinerea solutiei jocului multicritrial se bazeaza pe algoritmi de
optimizare cu multiroi de particule din solutiile optimale Pareto, luand in considerare relatiile binare de
preferinte. Parametrii initiali pentru sinteza sunt dimensiunile geometrice, numarul de conductoare si curentii de
lucru ai liniei electrice aeriene, precum si dimensiunile spatiului ecranat. Ca urmare a sintezei, se determina
cantitatea, configuratia, locatia spatiald si curentii infasurarilor de ecranare, parametrii algoritmului sistemului
robust combinat de ecranare activa a campului magnetic, precum si valorile inductiei cAmpului magnetic rezultat
in punctele spatiului de ecranare. Ca rezultat, sunt formulate recomandari practice cu privire la o alegere
rezonabila a amplasamentului spatial a doud infasurari de ecranare a sistemelor robaste de ecranare activa a
campului magnetic creat de liniile electrice aeriene cu un aranjament triunghiular al fazelor, tindnd cont de
caracteristicile spatio-temporale ale cAmpului magnetic. Se prezentata posibilitatea reducerii inductiei cAmpului
magnetic initial la nivelul standardelor sanitare. S-a constatat cd valorile experimentale si calculate ale inductiei
campului magnetic in spatiul de ecranare difera cu cel mult 20%.

Cuvinte-cheie: linii electrice aeriene, dispunere triunghiulara a firelor de faza, cAmp magnetic, sistem robust de
ecranare activa, studii teoretice si experimentale de teren.

© Kyznemnos b.11., 14
Huxuruna T.b., bopayit
n.B., 2020
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AKTHBHOE Y)KPAaHHPOBaHNEe MATHUTHOTO MOJISI BO3AYIIHBIX JJHHHIA JJ1eKTpoNnepeaAavn ¢ TPEYroJbHbIM
pacrnoJiokeHueM (pa3HbIX MPOBOIOB
Kysnenos b.U., Hukuruna T.B., bosayii U.B.
TocynapctBennoe yapexnenue « IHCTUTYT TexHH4ecKux mpoodnem maraetusma HAH Ykpauns»
XapbKoB, YKpanHa

Annomayus. llemsio paboOTBI  sABISETCS CHHTE3 pPOOAcCTHOH KOMOMHHMPOBAHHOW CHCTEMBI aKTHBHOTO
9KPaHUPOBAHMS MArHUTHOTO IOJISI, TEHEPUPYEMOTO BO3AYIIHBIMH JIMHHAMH 3JIEKTPOIEPENadl C TPEYrONbHBIM
pacronoxeHreM (a3HbIX IIPOBOAOB MPEAHA3HAYCHHOHN ISl CHIDKCHUSI MHIYKIUHA UCXOJHOTO MarHUTHOTO MOJIA
B OKWIBIX IOMELICHUSX JIO YPOBHS CAaHUTApPHBIX HOPM M YMEHBLICHUS YYyBCTBUTEIBHOCTH CHCTEMBI K
M3MEHEHHSIM IapaMeTpoB cucteMbl. CHCTeMa akKTUBHOTO SKPaHUPOBAHUS SIBIISIETCS IByXKOHTYPHOH M COAEPIKHUT
JIBE dKpaHHUpylomue oOMOTKH. CHHTE3 CHCTEMBI CBEJIEH K PEIICHHI0 MHOT'OKPHUTEPHAJIBHOW CTOXacTHYECKOM
UTPbl, B KOTOPOW BEKTOPHBIH BBIUTPHINI BBIYMCIAETCS Ha OCHOBAHWM DPELICHUH ypaBHeHMH MakcBemia B
KBa3UCTAI[MOHAPHOM NpHUOIMKeHHH. PerieHre MHOTOKpUTEPHUAIbHOM UIPBI HAXOIUTCS Ha OCHOBE ajlTOPUTMOB
ONTHMU3AIMK MYJIBTHPOEM YacTUll M3 [lapeTo onTHMalbHBIX pEeHIeHHH C y4eToM OMHApHBIX OTHOLICHHH
npeanodTeHusa. VcXomHBIMH MapamMeTpaMH Ui CHHTE3a SBIAIOTCS TEOMETPUYECKHE pa3Mepbl, KOIHMYECTBO
IPOBOOB M pabodWe TOKM BO3MYIIHOW JIMHUM 3JIEKTPONEPEAadd, a TaKKe pa3Mephl SKPaHHPYEMOTO
NpOCTpaHCTBa. B  pe3ymbTaTe CHHTE3a OMNpENENsAeTCs KOJIMYECTBO, KOH(UIYypamus, IPOCTPAHCTBEHHOE
pacIIoyIoKeHIe ¥ TOKH SKPaHUPYIOUINX 00OMOTOK, IIapaMeTphl allrTOpUTMa paboTHl poOacTHONH KOMOMHUPOBAHHOMH
CHCTEMBl aKTUBHOTO 3KPaHMPOBAHUS MAarHUTHOTO TOJSI, a TAKXKe 3HAUCHHWS WHAYKIHMH DPEe3yJIbTHPYIOLIETO
MarHMTHOTO IIOJIST B TOYKAaX IIPOCTPAHCTBA SKpAaHUPOBaHMSA. HOBBIMH HaydHBIMH DPE3yJIbTaTaMU SIBISIOTCS
TCOPCTUYCCKUEC U TIOJICBBIC OKCIECPUMECHTAJIbHBIC HCCICIOBAHUA CHHTCSHpOBaHHOﬁ ,Z[ByXKOHTypHOfI CUCTCMBI
AKTUBHOT'O DJOKpaHUPOBAaHHA MArHUTHOTO IIOJId, CO34aBacMOIro BO3AYIIHBIMU JIMHUAMU ODJICKTponepeaadn ¢
TPEYroJIbHBIM PpacrojiokeHHeM (a3HbBIX MNPOBOJOB B 30HE OJKpaHWpoBaHus. [IpuBonsTCS NpakTHYECKUE
PEKOMEHAAIMH 0 000CHOBAHHOMY BBIOODPY ITPOCTPAHCTBEHHOT'O PACHOJIOKEHHUS IBYX SKPAHUPYIOLIMX 0OMOTOK
pO6aCTHLIX CUCTEM AKTUBHOI'O0 JKpaHUPOBAHUA MArHvuTHOI'O II0JIsA, CO31aBacMOr'0 BO3AYIIHLBIMU JIMHUIAMHA
3JIEKTPOIIEPEIaun € TPEYTOIbHBIM PACIION0KEHHEM (ha3HBIX NMPOBOIOB C YIETOM HPOCTPAHCTBEHHO-BPEMEHHOMN
XapaKTEePUCTUKN MarHUTHOTO 1ois. IlokazaHa BO3MOXHOCTh CHIDKCHHS WHAYKIMH HCXOJHOTO MarHUTHOTO
OJIS IO YPOBHS CAHUTAPHBIX HOPM. Y CTAHOBJIEHO, YTO SKCHEPHMEHTAIBHBIC M pAaCUETHBIC 3HAYCHUS MHIYKIHH
MarHMTHOTO MOJISI B IPOCTPAHCTBE SKPaHUPOBAHUS pa3nudaroTcs He Oomee yem Ha 20 %.

Kniwouegvle cnosa: BO3NyIIHBIC JMHUHM 3JIEKTPONEPENadH, TPEYrOJILHOE pacrojiokeHHe (a3HBIX HPOBOJIOB,
MarHMTHOE T1oJie, poOacTHAs CHCTEMa AaKTHBHOTO JKPaHHPOBAHUS, TEOPETHYECKHE M  IOJIEBHIC
IKCTIEPUMEHTAJIbHBIC UCCIIEOBAHUSL.

BBEJAEHUE BBOJUTH JABYXCTEIICHHOE HOPMUPOBAHUE YPOBHA
MII. [IepBoe 3HaueHuE onpenesseT NpeaeabHbIi
YPOBEHb CJIA0OTO JIOJITOBPEMEHHOTO BIHMSHUS
MII, KOTOpBI PacHpoOCTPAHIETCS TOJIBKO Ha
BHOBB cTposimmecs roponackue JIOII. Bropoe
3HAUEHHUE OINPENEIAET NPEAEIbHBIN YPOBEHD AJIS
CHJIBHOTO KpaTKOBPEMEHHOTO BITUSTHUS,
Hanpumep, 1715 pabodero nepcoHasa.

IIpy >TOM B OOJBIIMHCTBE CTpaH MHpa
3alperieHo  CTPOUTENbCTBO — HOBBIX  JIOII,
KOTOpBIE HE OTBEYAIOT COBPEMEHHBIM
TpeOOBaHUSIM IO ypoBHIO WHAYKIMH MIL
OpnnHako, OO CErOAHSIIHETO BPEMEHU OCTaeTCs
HEepelmIeHHONH  mpobiieMa  YMEHBUICHUS IO
oesomacuoro ypoHs MII npeticteyromux JIDII
CTapoy MOCTPOMKH.

BricokoBONIBTHEIE BO3/IYIITHBIE JTUHUA
anektponepeaaun (JISII) wacto mpoxomsT B
30HAaX KWIOH 3aCTPONKU W SIBISIIOTCS OJHUM U3
Hamboyiee OIMAaCHBIX HMCTOYHHUKOB MArHUTHOTO
monst (MII) mpombrnennoit wacrotsl (I1T4).
IIpuuem, o naHHbBIM BeeMupHOM opraHuszanuu
3npaBooxpanenus (BO3) wumenno MII 14
SBIISIETCS HAaWOOJNIee OMACHBIM IS 3J0POBBSA
Haceixeunsa. B koHme 20-r0 Beka BBISIBICHEI
KaHIIepOTeHHbIe cBoMcTBa crmaboro MIT JIOII
MpH  €ro JOJATOBPEMEHHOM JIEWCTBUU Ha
YyeJoBeKa U MpUHATHI pexkomeHaauuu BO3 mo
MaKCUMAJIBHO BO3MOXKHOMY YPOBHIO HHIYKIIHH
MII 1Y B xuiblXx JOoMax MAJi1 YMEHBIICHUS

BO3HMKHOBEHUS PAKOBBIX 3a00yieBaHwmii [1].
. B HacTosIee Bpemst iist HaceJIeHHS BBOASATCS
IloaTtomy  pemieHWEe  BIEKTPOMArHUTHOMN

o N CaHUTApHBIE HOPMBI TIO0 0E30MMACHOMY YPOBHIO
9KOJIOTUU SIBJSIETCS  aKTyaJIbHOW IPOOIIeMoit M
WHIYKITUA MarHATHOTO IOt yacTotoit 50 [y Ha
YIy4lIeHUs] KadecTBa >KU3HM HaceneHus. B

o ypoBHEe 0.5 MKI7 B HOpMaTHBHBIE JTOKYMEHTBI

TE€4YEeHHE MOCIENHNX 15 IeT B MUPOBOH MpakTUKe
VYkpaunsl [2]. OgHako, B YKpauHe 3TH HOPMBI

MOCTOSTHHO Y)KE€CTOYAIOTCSl CaHUTapHBIE HOPMBI

eme He O0O0ecledeHbl, YTO CO3JaeT Yrposy Ul
O MPEJIENEHO JOMYCTUMBIM YPOBHSIM WHIYKITUH o
o 3JI0POBbSl COTEH THICSY JIIOJIEH, MPOKUBAIOIINX
MII uvactotoii 50-60 /7. B mocnenHee Bpems B /1op JICH, TIp m

BOmmu JIDII. Dto monoxenme Tpedyer
MPaKTUKy OOJBIIMHCTBA CTPaH MHUpPa Havyallu
CPOYHOTO IMPUHATHUA COOTBETCTBYIOIIHUX MEP IIO
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CHIDKeHHIO 70 Oe3omacHoro yposHs MIIT JIOI,
PacHoOkKEHHBIX B MIPEIeNax roOpoIoB.
T'ocynapctBennsiM yupexacHueMm «THCTUTYT

TEXHUYECKUX npodiaeM MarHeTH3Ma
HamuonanbHoW akajeMuud HayK YKpawHBD)
MIPOBEICHBI TEOpPETUICCKUE 17§
JKCIIEpUMEHTAIbHBIC HcclemoBanus [3—4] u

YCTaHOBJICHO, 4YTO YypOBEeHb uHAYKIMH MII
MPAKTUUYECKH BCEX JACHCTBYIOIIMX B HACTOSIIUI
MOMEHT B YKpaumHe Bo3aymHbx JIOII,
OXpaHHbIE  30HBI, KOTOPBIX  OIPENEISUINCH
paHbIle WCKITIOYUTEIBHO o YPOBHIO
AIIEKTPUIECKOro ToJs U 6e3 ydera yposas MII,
IPEBBIIAECT NPEAETIbHO IOMYCTUMBIH YPOBCHb
0.5 Mx7n mo MII B 1.5-6 pa3 Ha paccTosHUU
ommwxke 100w or JIBIL. beuo  takxke
YCTAHOBJICHO, 4YTO OKOJO 2 % TOpOICKOro
HaceJIeHUs1 YKpauHbl MPOXKUBAET B TaKUX 30HAX
JIDII, uto coctaBnser okoyo 0.7 MJIH. YEIOBEK,
UIA  KOTOPBIX  CO3JAaeTcsl  OMacHOCTh  MX
3nopoBbio. [loaToMy mpobiema yMeHbBIIEHUS
ypoBHst uHnykuuu MII nefictByromux JIOII B
30HE pa3MEUICHUS JKUIBIX AO0MOB C¢ 1.5-3 Mk7x
JI0 IPEEenbHO JOIMYCTUMOro ypoBHs B 0.5 Mk7x
SBIIIETCS] HEOTJIOKHOM 3a1auei.

METO/bl HOPMAJIM3AIIMN YPOBHA
MATHHUTHOI'O ITOJIA

B teuenue nmocnennux 15 jeT BO BceM Mupe
MPOBOJIATCS HMHTCHCUBHBIC HCCICIOBAHUS W
pa3pabaThiBalOTCS ~ Pa3sHOOOpa3HbIE  METOJBI
HopMastu3aruu MIT [5-15].

N3 u3BECTHBIX METOJOB HOPMaIU3AIH
MarHuTHOro moJis aeicteyromux JIDII Hanbonee
3¢ (EKTUBHBIM SBISIETCA MX PEKOHCTPYKIHSA, TO
ectb mnepemernenne JIOII Ha Oe3zomacHoe
paccTosiHUE OT JKWIBIX JOMOB, WJIH 3aMEHa
Bo3aymHoi JIDII Ha moazemMHyr0 KaOelbHYIo
a0, OTHAKO, Takas PEeKOHCTPYKIUS CBs3aHA
C CYIIIECTBEHHBIMH MaTepHUAITBHBIMH PAcX0JIaMHU.

Kak  moka3piBaeT MupoBasi — TNPaKTHKA,
TPAAUIIMOHHBIE METOABI  BJICKTPOMATHUTHOTO
9KpaHUPOBaHUsT HU3KodacToTHOTO (50-60 1Y)

MII c IIOMOILBIO MaCCUBHBIX
3JIEKTPONPOBOIAIIUX (MarHUTOCTATUIECKHUX)
JKpaHOB HUMEIOT HE3HAUYUTEIBHYIO

3(1)(1)€KTI/IBHOCTB, BBICOKYI0O MCTAJUIOCMKOCTbL H
CTOMMOCTbD.

[Toatomy, 1eecoo0pa3HbIM SIBJISIETCS
UCTIONIb30BAaHUE  METOJIOB M TEXHOJIOTHI
AKTUBHOTO 9KPAHUPOBAHUS, HUMEHOTINX

MCHBIIYIO MCTAINIOEMKOCTb U 06ecneqHBa}ome

3alaHHYI0 3P (PEKTUBHOCTh dKpaHupoBaHus MII
[16-17].
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Cy1HocTb METOIOB AKTHBHOTO
SKpAaHUPOBAHUS 3aKiIo4YaeTcs B (HOpMHPOBAHUH
9KPaHUPYIOLIET0 MAarHUTHOTO MO C TakKoH
MPOCTPaHCTBEHHO-BPEMEHHOM CTPYKTYpOH,
CYIIEpPIIO3ULUS KOTOPOIO C MAarHUTHBIM II0JIEM
JIDII B 30He 3ammtel, MuHEMEI3HpYeT MII 1o
YPOBHS  CaHMTapHBIX HOPM. OTOT METO[
peanmu3yeTcs ¢ MOMOLIbI0 CHUCTEMbI aKTUBHOTO
sxpanupoBanus (CAD).

CAD cocTouT U3 DKPaHHPYIOIUX OOMOTOK
(20), cuctemsl ympasieHus ¥ naTduxoB MIIL.
CAD ABTOMAaTU4ECKH dbopmupyet
skparmpyomee MII B ¢yHKIMH cHUTrHAIOB
IpsMOM 1 oOpaTHOM cBsi3el mo gatankam MII,

YCTaHOBJIEHHBIM B MIPOCTPAHCTBE
9KPaHUPOBAHUS WU B  HEIOCPEACTBEHHOM
omuzoctu ot JIDIL

OCHOBHOI ~ XapaKTEpUCTUKONM  CHUCTEMBI
9KpaHUPOBAHUS SIBIISIETCS ¢axTop

skpanupoBanus [13—15], koTopslil ompenenseT,
BO CKOJIBKO pa3 3HaueHue ypoBHs UHAyKuuu MII

C HWCIOJL30BAHMEM  TEXHOJOTMHI  3aIUTHI
MeHbIIe ucxoguoro MII.
TexHONOTHI0  aKTUBHOTO  DKPAaHUPOBAHMS

MarauTHOro nojs Aevcreytommx JIOII 6onee 10
JET WCIONB3YIOT B OONBIIMHCTBO PAa3BUTHIX
ctpan wMwupa, Hampumep, CHIA, W3paune,
Wrammn, Wcmammm [5-7, 13-14]. Opnako
HEIMOCPEICTBEHHOE HCIIONb30BAHUE HMMIIOPTHBIX
TEXHOJIOTMM aKTMBHOIO 3KpaHupoBaHus MII
JIDII B YkpauHe HEBBITOJHO U3 SKOHOMUYECKUX
CO00paXeHHid, B CBSI3U C BBICOKOW CTOMMOCTBIO
omyarel  3apyOeXHBIX  KBaTH(QHUIMPOBAHHBIX
CIEIUATUCTOB, 00ycioBIeHHON
HEOOXOMMOCTHI0 MHIUBUAYAIBHON pa3paboTKu
CAD i  KaxIOro KOHKPETHOro —clydas
pa3MelieHds MWCTOYHMKA TON M 3allUTHOU
30HBI.

B Vkpaune  TexHoJmorus  aKTUBHOIO
skpaHupoBanus MII, u Hay4yHble OCHOBBI AJIA
CO3JIaHMsI MOJIOOHOH TEXHOJIOTHH OTCYTCTBYIOT.
[Toatomy, 3KOHOMHUYECKHU Oonee
1eNecoo0pa3HpIM  SIBISIETCS  CO3JIaHue |
BHEJ[pEeHNE OTEYECTBEHHOM TEXHOJIOTHH
akTuBHOrO 3kpanupoBanus MII JIDII, koropas
MOXeT  OBITh  IOCTpOEHA  Ha  OCHOBE
pa3pabOTaHHBIX aBTOPaMH METOJIOB aKTHBHOIO
skpanupoBanus MII ¢ ucnonas3oBaHUEM
METOI0B MYJIbTHAT€HTHOM ONTUMU3AIHH [4].

CnoxHocth cuHte3a CAD B 3HAUUTEIBHOM
CTETIEHH OTpeAesAeTCs 0COOEHHOCTAMHU
npoctpancTBeHHO-BpeMeHHbIXx  ([IBX)  MII,
reaepupyemoro JIOII [8]. Ha Ykpaune mmpoko
pacmpoCTpaHEHbl CcaMmble  pa3lUYHble  THUIIBI
BBICOKOBOJITHEIX  JIDII, kKak 1O ypOBHIO
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HANPsDKEHUS, KOHCTPYKIMU OIOp, TaK H IO
BapHaHTaM TIOJ[BeEca IMPOBOAOB. PaccMmoTpum
6onee moapoono IIBX MII, renepupyemoro
pasnmuaasIME THTTaMA JIDIT.

Opnonenneie JIOII ¢ omopoit JIb 330-3 ¢
TOPU3OHTAIHHBIM  PACIOJIOKEHHEM IIPOBOIOB,
omnortertubie  JIDII ¢ omopoit Y 330 ¢
BEPTHKAJILHBIM  PACIHOJOXKCHHEM  MPOBOIOB,
neyxuenssie JIDII ¢ onopoit ¥V 330-2 u ¥V 330-2
C pacmojOKeHHEeM IIPOBOAOB THIA «DOOUYKay,
«elKa» W «o0paTHas ejKa» T'CHEePUPYIOT cliabo
nonspuzoBanHoe MII ¢ IIBX B Buzae cHibHO
BBITSHYTOI'O Jjumdnica ¢ ocaMu B, u B,.

AxTHUBHOE 3KpaHupoBaHue Takoro MII moxxHO
peanuzoBaTh ¢ mnoMomplo oxHoit 0. llpu
ucniosib3oBauun B CAD Tompko omHOH 20
MOXHO co37aTh 3KpaHupywoiiee MII, BekTop
WHAYKUMH KOTOPOTO OPTOTOHAIEH IUIOCKOCTH
OOMOTKM U HE U3MEHSIET CBOETO IOJIOKEHUS CO
BpeMeHeM. [losToMy € TOMOIIBIO  TaKoM
CHCTEMBl MOXXHO 3KpaHHPOBaTh OOIBIIYIO OChH
amnca [IBX u nony4uTs 40CTaTOYHO BBICOKUI
¢dakrop skpanmpoBanmui. WUmenno mis JIDII c
TAaKUMH TUIAMHU OIOP M MOJIYYIMIM HauOoJbIIee
pacmpoctpanenue B mupe CAD MII ¢ ogroit 20
[5-15].

Opnako onHouennsle JIDII ¢ omopoit
YV 330-1T wm TpeyrompHBIM paCHOIOKECHHEM
MIPOBOJIOB T€HEPUPYIOT CUIBHO MOJIIPU30BAHHOE
MII ¢ [IBX 6au3Koi K OKPYKHOCTH. AKTHBHOE
skpaHupoBanue Takoro MII mnpeacraBusier
HauOoOJNbIIUE  TPYJHOCTH, TaK Kak  JUIs
3¢ dEeKTUBHOTO dKpaHupoBaHusi Takoro MII
He00Xx0aMMO, TI0 MeHbIIeH Mepe, 18e J0.

Llenpto  paboTBl ~ SBIAETCS  CHUHTE3 U
pa3paboTKa MPAaKTUYECKUX PEKOMEHJAUMH I10
co31aHnl0 I(PGPEKTUBHBIX CHUCTEM aKTHBHOTO
9KPaHUPOBAHUS KHUJIBIX JOMOB OT MAarHUTHOTO
MOJISI CYLIECTBYIOLIUX BBICOKOBOJBTHBIX JIDII ¢
TPEYrOJIbHBIM pacIioJIO)KEHUEM (ha3HbIX
IIPOBOJOB JJid €0 YMCHBLUICHUA BHYTPU KUJIBIX
NOMEIIEHNH [0 TMpegeabHO  JOMYCTHMOTO
YpOBHS W 3alllUTe 370POBbSI HACEJEHHs OT €ro
JOJATOBPEMEHHOTO AEHCTBHS.

OCHOBHBIMU 3aadyaMu paGOTBI ABJISICTCA
uccnenoBanue pacnpeaeneHuss MII B KuibIX

JIoMax oT PacHOJIOKEHHBIX BOJIHM3H
neiictyromux  JIOIT  10-330 kB crapoit
3aCTPOMKM W ONpENeNeHUs  HeOoOXOAMMOMN

s¢dexTuBHOCTH 3KpaHupoBaHuss MII a Ttakxe
pa3MepoB 30H OSKpPaHUPOBAHMA, JOCTATOYHBIX
JUISL  3aIUTBl HACENEHWs] W JKWIBIX JIOMOB;
pa3paboTka OCHOBHBIX cTpykTYyp CAD B
3aBHCHMOCTH OT KOHCTPYKTHBHOTO BBITTOJIHEHUS
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JIDI, ee mokanw3alvu, OTHOCHUTEIHHO >KUIIBIX
JIOMOB Pa3HBIX KOHCTPYKITHII, aHAIN3 OCHOBHBIX
mokazatenrer  CAD;  pa3paboTka  MeToda
ONTUMU3ALUN CAD o KPUTEPUIO
3¢ (PEeKTHUBHOCTH, CHHTE3 OCHOBHBIX THIIOB CAD

U SKCIEPUMEHTAIbHBIC HCCIENOBAHUS MaKeTa
CAD.

INOCTAHOBKA 3AJJAYU CHHTE3A
CUCTEMBbI AKTHUBHOI'O
9KPAHUPOBAHUA

B kauecTBEe WCXOJOHBIX TMapamMeTpoB Ui
cuntesa CAD BeicTynmator mnapametpsl JIOII
(paboune TOKH, TEOMETPHUSI H KOJIHMIECTBO
MPOBOJIOB, pacmonoxenus JIDII, oTHOcHTETHHO
30HBI 3alIUTHI) [4—5], a Taxke pa3Mephl 30HBI
3alIUThl U HOPMAaTHBHOE 3HAUY€HHE HHIYKLUHU
MarHUTHOTO TMOJsI, KOTOPOE JOJDKHO OBITH
JOCTUTHYTO B P€3yJIbTaTe SKPaHUPOBAHMS.

B rporecce CUHTE3a HE00X0IUMO
ompeaenuTh mapamerpsl DO (WX KOJIHYECTBO,
KOH(UTYpaLuIo, IPOCTPAHCTBEHHOE
pacroyioKeHHue, CXeMy MOIKII0ueHuUs), Toku D0,
pe3yabTUpYIOIIee 3Ha4YeHHE WHIYKIAN
MarHuTHOTO OIS B MIPOCTPAHCTBE
9KPaHUPOBAHUS, a TAKKE MApaMETPhl aNrOpuTMa
paboter CAD.

Paccmotpum cxemy cunresupyemoit CAD,

MOKa3aHHyr® Ha puc 1. 37gece BBEIOCHBI
matpuunbie omeparopel W, ,, ¢opmupoBaHus
UHIYKIUH HCXOIHOTO MII Bw (),

nopoxxaaemoro tokamu JIDIT 1, (f) B Toukax
PACIIONIOKEHUSI MarHUTOMETPOB, M MaTPUYHbIE
W, dopmuposanust

OIepaTopsbl MHIyKIIMN

ucxonnoro MIT B (t), mopoknaemoro stumu

xe Ttokamu JIOIT I () B Toukax L
paccMaTpHBaeMoro IPOCTPAHCTBA
SKpaHHPOBaHWs P, MaTpuUyYHbIE OIEPaTOpPBI
Wsem (bopmupoBaHus WHIYKIAH

skpanupytomero MIT Bg.,,(t), mopoxaaemoro

ToKaMu | (t) KOMIEHCAauMOHHBIX OOMOTOK B

TOYKaxX  PacCIOJIOXCHUA  MAarHuTOMETPOB, n

matpuuHble onepatopsl W,.  dopmupoBanus
B (1) MII,

HOPOXIAEMOr0 ITUMHU ke ToKaMu I (t) D0 B

WHAYKIAU SKpPaHUPYIOIIETO

L Toukax mpocTpaHCTBa 3KpaHupoBaHus P
[18-30]. 3ameTnM, 4YTO YHCIOBBIC 3HAYCHUS
9JIEMEHTOB 3THX  MATPUYHBIX  OIEPAaTOPOB
paccyuTaHbl Ha OCHOBAaHUU PELLICHUN YpaBHEHUI
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Makcaemia B
npubmmxennn [16-17].

KBa3UCTALITUOHAPHOM

Marpuunsie  omepatopsl W W,

perysisaTopoB  (OPMUPOBaHHS  YIPABISFOIIHX
curHanoB U, (t) u Uy (t) D0 coorBeTcTBEeHHO

u

M0 PasOMKHYTOMY HW 3aMKHYTOMY KOHTYypax

3aMKHYTBIX KOHTYpPOB peryaupoBaHus
onucekiBatoT IIMJI perynsaTopbl, a 3JIEMEHTHI
MaTpuuHbIX omepatopoB W,. perymasTopos
Pa30OMKHYTHIX KOHTYPOB pEeTyInpOoBaHuUs

OTHKCHIBAIOT (a30BpaIlaTeii B BHUJC 3BCHBHCB
YUCTOTO 3ama3fplBaHMsl C 3aJaHHBIMU (a3oit

praBHeHHﬂ [3 1734] HpI/I 9TOM, 3JIEMEHTBI 3aria3gblIBaHUuA U KOB(l)(l)I/IHI/IeHTOM yCI/IﬂeHI/IH.
MaTpuuHbIX omepatopoB W,  perymisTopos
fvo (1) I (1)
< W, o le *
H MO ;
WL
A B.(t)
Aoc 1 Poc WSC Bec (8 Br (t)~
\ JV \ 4
WOC WLM
Xsc
Xcc \ Br (t) By (1)
; Uo(t) lfmc )
Ue (1) e (1)
‘-’ Wor |~ Wisc| = | WocpgDscm ©) Baw ({ Wyc —»Q_"_
\ N

Puc. 1. Cxema cucTeMbl aKTUBHOTO IKPAHUPOBAHMUS.

Marpuunsie onepatopsr W, . omuchkiBaer

JAHAMUKY yCWIATENEN MOIIHOCTH c
BHYTPEHHUMU peryiasTopaMu TOKOB
SKPaHUPYIOIIHX 00MOTOK. Marpudnsie

onepatopsl W, n W,,, onuceiBaror quaamMuxy

MarHUTOMETPOB, C  TOMOIBI  KOTOPHIX
u3Mmepstorcss  uHaykuuun  MII B mecrtax
YCTaHOBKA MAarHHUTOMETPOB BHYTPU U BHE
MPOCTPAHCTBA OSKPAHUPOBAHUS, HEOOXOIUMBIX
JUTSL peamn3aliil 3aMKHYTBIX W Pa3OMKHYTHIX

KOHTYpoB ympaBnenus. fyo(t) m fo(t) —
noMexu uzMepenus: uHAykuuu MII ¢ nomoiibio
MarHUTOMETPOB, YCTaHOBJICHHBIX

COOTBETCTBEHHO BHYTPU M BHE PACCMOTPEHHOTO
NPOCTpaHCTBA IKpaHupoBanus [31-34].

Peanusanus 3TOH CXEMBI MO3BOJISIET
CHHTE3UPOBATH CAD v HE0OXOIMMOMH
3¢ (EeKTUBHOCTEIO Ha OCHOBE JIAHHBIX O

KOHCTPYKIUHN U TEXHUYCCKUX XAPAKTCPHUCTUKAX
JIDII, a Taxke KOOpAWHATaX IPOCTPAHCTBA
OKpaHHUpPOBaHU.
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1

METO/I PEHIEHUSA 3AJJAYN CUHTE3A
CUCTEMBI AKTHUBHOI'O
9KPAHUPOBAHUS

BBeneM BekTOp mapamMeTpoB ONTHMH3AINH
X, KOMIIOHEHTaMH KOTOPOTO SIBJISIETCSI BEKTOP
KOOpJIMHAT MPOCTPAHCTBEHHOI'O PACHOIOKEHUS
u reoMmerpuueckue pasmepoB OO0 u BEKTOp
napaMeTpoB  PeryjsiTopoB. Beemem BekTOp
napameTpoB HEOIPEACICHHOCTH A,
YYUTBHIBAIOIIMNA HETOYHOE 3HAaHHE IMapaMeTpoB
o0beKTa  ympaBleHWS W, BO3MOXHO, HX
u3MeHeHue B nporecce pabotsl CAD [22-24]. B
YaCTHOCTH, Hamboiee CWIBHO B Ipolecce
pabotet CAD wu3MensieTcst BekTop TokoB JIOIT
[ (t). Ilpuyem, 5TH U3MEHEHHS WMEIOT

CYTOYHBIE, HEJENbHBIE, CE30HHBIE U TOJIOBBIE
IUKIBL. Torma, mMpW 3aJaHHOM BEKTOPE TOKOB
JIDII  ompemenum  [16-17]  nelicTBytoliee
3HaueHWe MHIYKIUH pe3yabTupyomero MIIL,
TeHepUPYEMOTO0 B TOYKax  IPOCTPAHCTBA
skpanupoBanusa Tokamu JISIT u 20.
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CuHrte3 Takoi podactHoit CAD MOXeT OBITh
CBEJICH K PEIICHUI0O MHOTOKPUTEPUATLHON UTPhI
[37] c BEKTOpPHBIM BBIUTPHILLIEM

B(X,A)=[B(X,A,P,), B(X,A,P,)..

~B(X,AP)[ )

B or0if urpe mnepBbIM HIPOKOM SBISAETCS
BEKTOP MHCKOMBIX IIapaMeTpoB X, H €ro
CTpaTeruei sIBISIeTCS MUHUMU3ALMS BEKTOPHOTO
Bemrpeima (1). BropeiM urpoxoMm siBisieTcs
BEKTOp IapaMETPOB HEONPENENEHHOCTH A, U
€ro CTparerueil SBJSIeTCS MaKCHMHU3aLMs 3TOTO
K€ caMoro BeKTopHoro Beiurpseima (1). [loaromy
Takasg Wrpa SBISETCS MHOTOKPUTEPHATIBHOU
HEJIMHEHHOM aHTAarOHHCTUYECKOM WIpoOil IBYX
UTPOKOB C HyJIeBoM cyMMoil. IIpuuemM crpaTeruu
KaXIOr0 WIpoKa OMNpPENeNsioTCs U3 MHOXKECTB
[TapeTo-onTUMAaNBHBIX PELICHUHA BEKTOPHOTO
BBIMTPBIIIA I KaKOoro urpoka. Takoil moaxon
SBJISIETCSL CTaHJAPTHBIM TOAXOJIOM K CHHTE3Y
pOOACTHBIX CHUCTEM, COOTBETCTBYIOIIUM CaMOMY
HEOJIAarONPUATHOMY CITyYaro.

Komnonentamu BexTOpHOTO BEIMTpHIIA (1)
ABIIAIOTCA  JEHCTBYIOLIME 3HAYEHUS MOIYJA
BEKTOpa HMHAYKUMH B 3aJaHHBIX TOYKax
MPOCTPAHCTBA 9KpaHUPOBAHUS. Ot
KOMIIOHEHTBI ~ BEKTOpPHOTO  BeATphIma (1)
SBJSIFOTCS HEJMHEHHBIMH (QYHKIMSIMA BEKTOpa
UCKOMBIX  mapameTrpoB X U BEKTOpa
HEONpeNEIeHHOCTE A mapamMeTpoB MOJENIH
00BeKTa yMpaBiIeHNs U BBIYUCIISIOTCS HA OCHOBE
peuieHui YpaBHEHUI Makcsemia B
KBa3UCTALMOHAPHOM NpuOmxkeHun [16,17].

Paccmorpum  MmeTton  pemieHuss  9TOM
MHOTOKpUTEpHATIbHOH  WUrpbl.  KOMIOHEHTHI
BEKTOPHOTO BBIMTPHIIIIA SABIISIOTCS
HeNMHEWHbIMH  (QyHKUMAMH  BekTopa X
UCKOMBIX  IlapaMeTpoB M  BeKTopa A
HEOTIpe/IeJICHHOCTe  TMapaMeTpoB  MOJETHU
00BbEKTa ymnpaBieHHUS U, KaK MPAaBUJIIO, SBIISACTCS
MHOT'0 IKCTPEMaJIbHBIMU byHKUMAMH,
CONep)KalllUMU  JIOKaJbHBIE  MHUHHUMYMBI U
MaKCHUMYMBI.

Jist  HaxoXJeHUs HUCXOIHOM
MHOT'OKpUTEPHAIBHOU HEJIMHEHHOU
aHTarOHUCTUYECKON Urphl (1) ¢ orpaHUYEHUAMU
WCTIOJIb30BaH aNrOPUTM CTOXaCTUYECKOU
MYJIbTHar€éHTHOM ONTHMH3allMU Ha OCHOBE JBYX
MyJIbTHpoeB 4yacThl [35-36]. KomnuecTBo 3THX
MYJBTHPOEB PaBHIETCS KOJIWYECTBY KOMITOHEHT
BekTopHOro Bbmrpeima (1). C  momouipo
MEPBOr0 MYJIBTHPOS BBIUMCISETCS XOJ IEPBOTO
WUTPOKa — BEKTOp MCKOMBIX mapameTrpoB X . C

peleHus
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MOMOIIIBI0 BTOPOTO MYJIBTUPOSI BBIUUCIIAETCS
X0JI BTOPOIO HUIpOKa BEKTOp I1apaMeTpoOB
HEOTPEAETIEHHOCTH A .

Ilpy 3TOM € HOMOLIBIO OTAENBHBIX POEB

MEPBOrO0  MYJBTHPOS  BBIYMCISAIOTCA  XOABI
HIEPBOTrO UI'POKa, MUHHUMU3UPYIOILET0
OTJENbHbIE KOMIIOHEHTHI BEKTOPHOT'O
Berpeima (1). C MOMOIIBIO OTHENBHBIX POEB
BTOPOTO  MYJBTHPOS.  BBIYMCISIOTCS  XOZBI
BTOPOIO UT'POKaA, MaKCUMH3HPYIOLIHE

OTJICIbHBIC KOMIIOHCHTHI 3TOTO K€ BEKTOPHOTO
BeIUTpHEIma (1).

OTU OT/AETbHBIE POU HAXOIAT HAWITYYIIIHEC
JIOKaJIbHBIC 3HAYCHUSI XOJ0B MEPBOTO U BTOPOTO

UrpokoB. JIms  HaxXOXKICHHS  TJI00aTbHOTO
pElICHUsT  UCXOJHOM  MHOTOKPUTEPHAILHOU
urpel (1) B XOme TIOMCKOB ONTHMAIIBHBIX

pEIIeHUI OTICIbHBIX KOMIIOHCHT BEKTOPHOTO
BBIMI'PBIIIA OTACIBHBIC POU KAaXKAOI'0 MYJIbTHUPO
oOMeHUBaIOTCs MH(OPMAIUEH MEXKIy COOOM.
I[Tpu 3TOM /715l BBIYKCIICHUSI CKOPOCTH JIBHKCHUSI
YACTHIl OJHOTO POS UCIONB3YETCs HHPOPMAITHS

0  TIO0aTbHOM  ONTUMYME,  MOJy4eHHas
4aCcTULAMU JAPYIOro posd, YTO IO3BOJIAET
BBIIEIUTh  BCE  NOTeHUWanbHele  Ilapeto-

ontuManbHbie pererus [36]. C aToi nensio Ha
KOKIOM IIare JBWKCHHUS OTICIbHOW YaCTHIIBI
post  WCTONB3YyIOTCA ~ (QDYHKIOUH  OWHAPHBIX
MpEANOYTEHUI JIOKAJIbHBIX pELIEHHU,
MOJY4YEeHHBIX BCEMU POSIMHU JaHHOTO MYJIBTHPOSI.
B  kadecTBe  JIOKaJhbHOTO  ONTHMATBHOTO
peleHus KaXJIoro  pos UCTIONB3YeTCs
rno0albHOe pelieHHe, IMOMYYeHHOE OJHUM W3
pOEB MYyNBTUPOS Ha OCHOBAaHUM OWHAPHBIX
MIPeIOYTeHHH JOKaIbHBIX pemenuit [35].

dakTuvecKu npu TaKOM MOJIX0/1e
peanuzyeTcs OCHOBHasI ujest MeToza
MOCIIEI0BATEIIEHOTO CYXKESHHUSI obnactu
KOMITPOMHCCOB W3 HWCXOIHOTO MHOXECTBa
BO3MOYHBIX peleHni MOCIIe/I0BaTEeIFHO
ynanstorcst Bce [lapeTo-onTuManbHbIe peleHus,
KOTOpbIE HE MOryT OBITh BBIOpaHBl Ha
OCHOBaHUU OMHApPHBIX NpEANoYTeHHN
JIOKAITbHBIX PEIICHNN.

Y aanenue ocymecTBIseTCs A0 TeX MOp, MOKa
He OyJeT IMOJy4YeHO EeIWHCTBEHHOE TII00aIbHO
onTUMaigbHOE  pemieHne. B pesynbraTe
NPUMEHEHUS] TAKOTO TOJIX0/Ia Ha KaXKJOM Iare
CyxeHuss He Oyner yJaJeHO HU  OJHO
MOTSHITMAIBHO ONITUMAJTLHOE pereHue [36].

i TOBBIIIEHUS CKOPOCTH HaXOKIACHUS

rJ100aJIHHOTO ONTHMATBHOTO pereHus
HCIIOJIb3YETCS HEJIMHENHBIN aJrOpUTM
CTOXaCTHUYECKOU MYJIETUAr €HTHOM

OIITUMH3allK, B KOTOPOM CKOPOCTHU IBUXCHUA



PROBLEMELE ENERGETICII REGIONALE 1 (45) 2020

OTHIENBHBIX YacTUI[ POCB BBIYUCISIOTCA C
TTOMOIIBIO HEJTMHEWHOU dhyHKIIHA
nepekioueHust Xspucaiaa [37].

PE3YJIBTATHBI
MOJEJINPOBAHMUSA

KOMIIBIOTEPHOI'O

Paccmotpum pesynbrater cuaTe3a CAD MII,
reHepupyemoro oxnonensoit JIOII 110 kB ¢

TPEYTrONbHBIM pacnoiaoKeHueM (azHbIX
MIPOBOJIOB. Ha puc. 2 IIOKa3aHO
B3aMMOPACITOJIOKCHIE TAHHOM JIOTI,
reHepupyromein  MII, ypoBeHb UHAYKIUY,

KOTOpOl B paccMaTpUBacMOM MPOCTPAHCTBE
skparupoBanus (I13) momxeH ObITH yMeHbIIEH
0 caHWTapHbIX HOpM. Ha pmc. 3 moxa3aHbl
M30JIMHUM MHAYKOHH ucxognoro MII mpu Toke
JIDII 750 A. B paccmarpuBaemoM I1D ypoBenn
MHAYKOUuU ucxogHoro MII  wu3mensiercss B
nuanazone oT 2.25 wmkIn go 1 wMk7n, 49to
NPEBHIIIACT CaHUTapHBIE HOPMBI OoJjiee 4YeM B
YeThIpe pasa.

Paccmotpum pesynbpraThl cuHTe3a CAD mpu
toke JIDII 700 4. Ha puc.2 Takke IOKa3aHO
pacnonoxenne AByx OO0, NpOCTpaHCTBEHHOE
pacmoIoKeHne KOTOPBIX TIOYIeHO B Pe3yiibTaTe
cunTe3a CAD.

Bepxnue BetBu DO UMEIOT KOOpAUHATHI (2;
4) n (6; 3.1031). Huxuaue BerBu D0 uMEIOT
koopauHatel  (6.6897; 1.5394) wu (2;0).
Pacuernpie 3HaueHNs ammnep-BUTKOB (A4 *6) B D0
npu Toke JIDII 750 A cocraBustor 158.9729 A4 *s
n -178.5417 A*e. ®@a3oBeie casuru TokoB D0
OTHOCHUTEIILHO OIIOPHOTO HaTPsDKEHUS
coctapistoT 0.6934 pao u 1.5959 pao.

Ha puc 4 mokazaHbl W30JWHUN WHIYKITHH
pesynbTupyiomero MII mpu Brmtouennoit CAD.
B paccmarpuBaemom IID ypoBeHb WHAYKINU

pesyaptupytomero  MII  He  mpeBblIaer
0.55 Mk 7. CrnenoBatenbHO, daxTop
SKpaHUpPOBaHUs paBeH 4.1.

Ha puc. 5 mnokazaHel NpOCTpaHCTBEHHO-

BpemeHHble xapakrepuctuku ([IBX) BekTopa
HanpsbkeHHoctd MII, co3maBaemoro: (a) JIDIT —
kpacHas; (D) mpu Brimrouennoit CAD — cunss u
(c) cymmaproro MII mpu BriaroueHHoit CAD —
3eJIeHasl.

Kak BugHO wu3 »artoro pucysnka, IIBX
ucxoanoro MII u MII, renepupyemoro nByms
D0 nmpeacraBnstoT  co0OM  IIUIMIICHI €
K03(QQUIIMEHTOM  DIUIMIICHOCTH  NPHMEPHO
paBHBIM 0.8.

[Tpuuem, mnomanu [IBX ucxoanoro MII u
[IBX MII, renepupyemoro nsymst 30 npruMepHO
OJIMHAKOBHI. Onnako, TI0IIAb TIBX

2 Appendix 1
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pesynsTupytomero MII npu Bkmouennoit CAD
CyHIECTBEHHO  MeHblle  mmomaaun  [IBX
ucxoaroro MII, uto n oOycnaBiuBaeT BBHICOKOE
3HaueHne (haKkTopa IKPAaHUPOBAHUSI.

The relative position of the active elements

A 4
w1
a-JiH V.
A
Sl Y
zm i
i) >
P e -
n':r -2’ e i e m g > i -"d]z‘y_m
0 2 4 -] 8 10 T

Puc. 2. B3aumopacnoJioxkeHnne BO3XYIIHOM
JIDII 110 kB ¢ TpeyroJibHbIM PacmoJiosKeHueM
(ha3HBIX NPOBOAOB, IBYX KOMIIEHCALMOHHBIX
00MOTOK H NIPOCTPAHCTEA IKPAHUPOBAHMUS.

Cnenyer 3ametrutb, uro [IBX  MII,
TEeHepUPYEMOTO TOJILKO OJTHOU TiepBoit D0, mnudo
TOJIBKO OJfHOM BTOpoi D0 mpeacTaBisioT cobon
npsmele  suHuM.  Opnako  [IBX  MIIL,
reHepupyemoro ayms D0, Kak 3TO CIeAyeT U3
pucC. 5, IpencTaBIsIeT COOOU AILIHIIC.

Paccmotpum 6onee noapo6Ho [IBX MIT mpu
paboTe ToJbKO OAHOM mepBoii D0, TUO0 TOIBKO
onnoit Bropor 20. Ha puc. 6 mokazansl 1IBX
MII, co3naBaemoro: (a) JIDIT — kpacuas; (b) npu
BKJIFOYCHHOU TOJIBKO ojHOM mepBoit D0 CAD —
cuHss U (C) cymmaproro MII npu BkITtOYeHHOMH
TosibKO ofHoM niepBoit D0 CAD — 3enenas.

Kak BugHo wu3 ostroro pucynka I[IBX
pesynbpTupytomiero MII mpencrasisier coboit
CHJIBHO BBITSHYTHIN 3JUIMIIC, TUIOMIAlb, KOTOPOH
HECKOJILKO MeHblIe rmromanu [IBX ucxomHoro
MIL.

Ha puc 7 nokazaHbl M30JIMHUM HMHAYKIUU
pesyabtupytomiero MII  1mpu  BKIIOUEHHOU
TOJBKO O7HOM mepBoit 50 CAD.

B paccmarpuBaemom I10 ypoBeHs MHIYKINH
pesyabtupytoiiero MIT unaykunu u3MeHsieTcs B
nuanasone ot 2.0 mx77 10 0.8 Mk 7.

CnenoBarenbHo, (akTOp  SKPaHHPOBAHUS
pasen 1.1. Takum oOpaszom, npu paboTe TONBKO
omno mepBot D0 CAD wucxomnoe MII
MIPAKTUYECKN HE SKPaHUPYETCS.
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. B, uT
P 11

7aa

= 9600

| - 500
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300
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Puc. 3. N3oaunnn YPOBHSA MHAYKIHUHU UCXOAHOTO MATHUTHOI'O l'[OJIﬂ.3
B, uT
aan
Fa0
F AqB00
- 9500

- 1400

- 300

Puc. 4. U301mHuM ypoBHS HHIYKIUH Pe3yIbTHPYIOLIEr0 MATHUTHOIO MOJISI ¢ BKJIIOYCHHOM cHCTeMOM
AKTHBHOT'0 JKPAHHPOBaHHUA. *

Ha puc. 8 mokazamer IIBX MII,  cunss u (C) cymmaproro MII mpu BkItOYeHHOH
cozmaBaemoro: (a) JIDII — xpacHast; (b) mpu  Tomeko omgHo# BTOpoit DO CAD — 3enenas. Kax
BKJIFOUEHHOW TONBKO OfHON BTOpoit D0 CAD —  BUAHO n3 3TOrO pUCYHKA [IBX

21
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pesynetupytoniero  MIT mpencramsier co0oit
MPAKTHYECKU TPSIMYIO JIMHUIO.

Ha puc 9 mokazaHbl HM30MMHAW WHIYKIIUH
pesynbTupytomero MII  mpu  BKIFOUYEHHOM
TonbKo omHo  Bropoit OO CAD. B
paccmarpuBaemoM [1D  ypoBeHB WHAYKIHH
pe3ynbsTupytomero MII uHIyKIny U3MeHseTcs B
nuanasone or 3.5 Mx7n no 1.3 Mmx7xn. Takum
o0Opa3om, npu paboTe TOJIBKO OJIHOM BTOpor DO
CAD, ypoenp wuHAyKIMu wucxomHoro MII
BO3pacTaeT Oojiee 4eM B MOJITOpa pasza 3a cueT
nepekomIeHcanuu ucxoauoro MII.

3aMmeTuM, 4TO OoJbInas och dmikica I1BX
pesyabtupytomero MII  mpu  BKIIOUYEHHOM
TONbKO omHOW TepBoit D0 CAD mpakTHIEeCKH
napamensHa Juaud [IBX MII, renepupyemoro
TONBKO oxHOU BTOpoi D0 CAD, a Gonbiias och
awmnnica [IBX  pesynstupyromero MII npu
BKJIIOYCHHOW TOJIBKO OniHOM BTOopoit D0 CAD
IIpaKkTU4YeCKHu MapamienbHa auHuu 1IBX MII,
TeHepUPYyeMOro TOIbKO ogHOU TiepBoit 30 CAD,
9qT0 W obOecrmedyWmBaeT  BBICOKHH  (hakTOp

SKPaHUPOBAHMUA.

2
1
B, MT 0
-1
-2
-2 -1 0 1 2
Bx, },LT

Puc. 5. IlpocTpaHCcTBEHHO-BpPeMEHHbIE XapaKTEPUCTHKH MATHUTHOTO moJis: (a) ucxoauoro, (b) -
reHepupyeMoro AByMs 3KPAHUPYIOLIUMHU 00MOTKAMM U (C) pe3yJIbTHPYIOLIEro ¢ BKJIIOYEHHOH cuCTeMOoil
AKTHBHOT'0 JKPAHHPOBAHU. °

Ha puc. 10 mokazaHo cpaBHEHUE YPOBHEM
MHIYKIUU ucxoanoro MII u pe3ynbTHpyroiiero
MII npu BrirouenHoit CAD. YpoBeHb UHAYKIIUU
ncxoganoro MII cocraBmsger 2.25 M7, dYTO
Oojiee yeM B MATH pa3 MPEBBIIACT CAaHUTAPHBIE
HOpMmbl Ykpamabl 1o MII B 0.5 Mx7x. llpm
BkitoueHHOH CAD ypoBeHb uHaykuuum MII
cocrasisier 0.55 mx7n. CienoBaTtensHO, (akTop
9KpaHHMpOBaHUA paBeH 4.1.

3ametuMm, uro mpu cumHTe3e CAD Obiia
npuHATa BeauunHa Toka B JIOII Ha ypoBHe
750 4. TIlpu Takom Toke CAD yMmeHblIaer
HHIAYKOUI0 ucxogHoro MII  oT  BenuyuHbI

5> Appendix 1
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2.25mxTn nmo 0.55 mx7Tn. daxtuueckd TOK B
paccmarpuBaemoit  JIDII  m3MeHsercs B
nuanazone ot 250 4 no 600 A, u mosToMy Takas
CAD obecnieunBaeT CaHUTApHbIE CTaHAAPTEHI
VYxpauns! no MII Ha yposre 0.5 Mx77.

OKCHEPUMEHTAJIBHBIE
HNCCIEAOBAHUSA CUCTEMBI
AKTUBHOI'O DKPAHUPOBAHUA

PaccMoTpuM 1osieBBIE  DKCIIEPHIMEHTATLHEBIE
uccienosanusa Mmakera CAD.
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Puc. 6. IIpocTpaHcTBeHHO-BpeMeHHbI€ XapaKTEPUCTHKH MATrHMTHOro mojsA: (8) HMCXOIHOTO,
(b) -renepupyemMoro ToOJIbKO OIHOI NepBOil 3KpaHupyweld 00MOTKOW W (C) Pe3yJLTHPYIOUIEro ¢
BKJIIOYEHHOH CHCTEMOii AKTHBHOTO IKPAHUPOBAHMS TOJILKO € OIHOIi IIepBOii SKpaHUpYyIomeii 06MOTKOIA.

B, uT
12 aoa
F00
10
= HG00
a
- 1500
Zm i - 4400
4300
4
200
100
1]
-5

Puc. 7. U301mHun pe3yJbTHPYIOLIEr0 MATHUTHOTO MOJISI ¢ BKIIOYECHHOM CHCTEMO aKTHBHOIO
IKPAHUPOBAHUSA TOJIBLKO C OIHOIT MEPBOii IKPAHUPYIOUIEH 00MOTKOIA. '
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1]
Bx, ]JT

Puc. 8. IIpocTpaHcTBeHHO-BpeMeHHbIe XAPAKTEPUCTHKM MArHUTHOrO moJsi: (a) MCXOAHOrO,
(b) - remepupyemoro ToJIbKO O[HOIi BTOPOW 3KpaHUpYIOLIeii 00MOTKON H (C) pe3yJbTHPYIOIIEro C
BKJIIOYEHHOH CHCTEeMOii AKTHBHOI0 IKPAHUPOBAHMS TOJILKO ¢ 0JIHOI BTOPOii IKpanupyomeii 06MoTKoii. &
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Puc. 9. U301mHuM pe3ybTHPYIOLIEr0 MATHUTHOIO MOJISI ¢ BKIIOYEHHOH CHCTeMON aKTHBHOIO
IKPAHHPOBAHHS TOJILKO C OJIHOI BTOPOIi JKpaHupYIoleii 00MOTKOI. °
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Ha puc. 11 nokaszans! JIDII, nmepsas 20

(901) u Bropas 20 (302).
25
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Puc. 10. CpaBHeHHMe HHIYKIUH HCXOXHOTO
MATHHUTHOTO MOJIs H MATHUTHOIO NOJIs IPH
BKJIIOYEHHOIi cHCcTeMe AKTUBHOIO
3KpanupoBanus.

06e D0 mpencraBnsger co0oil KBajgpaTHBIC
00MOTKH, BEPXHHE BETBU KOTOPBIX
pacmionoxensl Ha BbeicoTe 4m U 3.1m oOT
YPOBHA 3€MJIM, 4 HUKHUE BETBU PACIIOJIOKCHBI
Ha BbIcoTe 1.5 v 1 0 OT YpOBHS 3eMIIH.

Kaxmgas 90 CAD comepkut mo 20 BUTKOB H
nuTaercs ot ycunutens tarna TDA7294.

-

Puc. 11. JI2II 110 kB u aBe
KOMIEHCAMOHHBIE 00MOTKH CHCTEMBbI
AKTHBHOI'0 JKPAHHPOBAHHS MATHHTHOIO 1Mo/, 1!

O6e DO comepxaT BHELWIHUHA KOHTYD
WHAYKIMA MarHUTHOTO TIONS W BHYTPEHHUI
KOHTYp ToKa. JlJis peanu3aniy pa3oMKHYTOTO U
3aMKHYTOro0 ynpasieHui B CAD HCIIONB3YIOTCS

WHAYKTUBHBIE  jnaTdyuku.  Ilpuuem,  mus
peanusanuu 3aMKHYTOI'O yIpaBJICHUS
UCIONB3YIOTCSl JBa WHIYKTHBHBIX JATYHKa,
PacIONIOXKEHHBIX B MIPOCTPAHCTBE
skpaHupoBaHus. Och  ITHX  JaTYHUKOB
pacroyioKeHbl ~ IapajulebHO  PACUYETHBIM
HaIpaBJICHUAM JTIUHUH [BX MII,
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reHepupyemsix  otaensHeiMH — O0.  Jlna
peanuzanuu Pa30MKHYTOTO YIpaBJICHUS
UCTONB3YeTCs OJUH WHIYKTUBHBIA JATUUK,
PacoI0XKEHHBII BHE MIPOCTPAHCTBA
skpanupoBanusi. CAD  3amuThIBacTCS  OT
ABTOHOMHOTI'O T€HepaTopa.

KonTtposnbhbie HU3MEpEHUs MII
BBITIOJIHSIOTCST MaruuTomerpom tuna EMF-828
¢upmer Lutron.

PaccmoTpum pe3yabTaThl HOJIEBBIX
AKCTIEpUMEHTATLHBIX mcchenoBanmii CAD. Ha
puc. 10 BMmecTre Cc pacueTHHIMH 3HAYEHUSAMU
[OKa3aHbl M O3KCIIEPHUMEHTAIbHO H3MEpPEHHbBIE
3HaueHuss uHAykuuu MII, reHepupyemoro
JIBII, u maaykuuu pesyasTupyromero MII npu
BKroYeHHOH CAD.

OKCNepuMEeHTAIBHO U3MEPEHHOE
MUHMMAJIbHOE 3HAUYE€HHE HHIYKIMUA B MaJoi
30HE JKpaHHpPOBaHUS IpHU BKiIoueHHOH CAD
cocrtasiseT 0.3 mx7n. Mcxonnas unaykuus MIT
B paccMaTpHUBaeMOM IPOCTPAHCTBE COCTABIISET
2.25 mkTn, a npu BkmodeHHoit CAD ypoBeHBb
MII Bo Bceld 30HE OSKpaHUPOBAaHUS HE
npesbimaet 0.6 Mx77.

CpaBHEHHE pe3yJbTaTOB pPACUETHBIX H
IKCHEPUMEHTAIBHO HM3MEPEHHBIX  3HAYCHUH
UHAYKLIUU HCXOJJHOTO MII u
pesyasTupytomero MII ¢ Bkmouennoit CAD,
Moka3aHo Ha puc. 10, kak BUOUM pe3ynbTaThl
oTinyaroTcs He 6osee yem Ha 20 %.

TEXHUKO-9KOHOMUYECKOE

OBOCHOBAHHME

PaccmoTpum SKOHOMHYECKYIO
1esnecooOpa3sHOCTh  BHEAPEHHS B YKpauHe
oteyecTBeHHbIX CAD 10 CpaBHEHMIO C TAaKUMHU
MPAKTUIECKU JOCTYIHBIMH METOAaMHU
HOpMaTu3alun MarHUTHOTO HOJIS

neiicrByrontux JIOII, kak pexonctpykius JIOII,
WIM HCIONb30BAHNE HMITOPTHBIX TEXHOJOTHI
aKTUBHOTO  JKpaHUpoBaHusl. B  kauecTBe
puMepa paccMoTpuUM COCTaBJISIONINE
crouMocTd HopMmanuzaiuu MII B sxuioMm nome
pasmepamu 60x20x18 m, pacmosoXKeHHOM Ha
pacctostHud 15 v ot JISII 110 kB paznuuHbIMA
METOJIaMHU.

OnpenenuM COCTABIISAIONINE CTOUMOCTH TPH
yCTaHOBKE KaOeNbHOM BCTaBKHM JUIMHOU 250 m
Mexay cocenHumu onopamu JIOIIL: crommocTts
1M kabens 110xkB cocrasagser $100;
CTOUMOCTh Kabens TpexdazHoit KJI mnuHOiM
250 m cocraBiser $75 000. CebecromMocTb
MIPOEKTHO-MOHTAXHBIX PabOT COCTaBISET M0
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$75000. Takum o6Gpa3zoM, 0OOIIass CTOUMOCTH

peanuzanuun  Mmeroma coctaBiger  $150 000
(4 muH. TpH.)

Paccmotpum TeTephb COCTaBJIAIOIINE
CTOMMOCTH TIpHu ucnonb3oBanud CAD dupmel
«EMF Services» USA. CToumMocTh
mirotoiieans CAD  cocrasmger $10 000;

MPOCKTHO-MOHT2)XKHBIX W HalaJ0YHBIX pPadoT
cocraBisier or $90 000; OOwW@Aass CTOMMOCTH
peanu3aldyd  TEXHOJOIMH — COCTaBSIET OT
$100 000 (2.7 muH. rpH.)

Paccmorpum Tenepb
CTOUMOCTH npu UCIIOJIb30BaHUN
OTEYECTBEHHOI CAD. CronmocTh
M3TOTOBJICHUS JKCIIEPUMEHTAJIBHOTO 00pasiua
CAD COCTaBJIsICT $8 000; CTOMMOCTD
pa3pabOTK H TPOEKTHO-MOHTAXHBIX PadoT
cocraBiusier  $12 000; OOmwas CcTOMMOCThL
peammsannun CAD cocrasaser $20 000 (540
TBIC. TPH.).

I[loaToMy wucnonb3oBaHUE B YKpauwHe
oreuecTBeHHBIX CAD 1O CpaBHEHHIO C
JIPYTUMHU MeTOAaMHu 3aiuThl Joma oT MIT JIDII
TpeOyeT B 5—8 pa3 MEHBbIIUX pacxomoB. Tak
pexorctpykmus  JIDII 110 kB oboiimercs
4 MJH. TPH.;  WCIHOJB30BAaHHE  TEXHOJIOTHUH
skpanupoBanuss CILA 3atpebyer He MeHee
2,5 MITH. TpH; TIPUMEHEHWE Xe pazpaboTaHHOI
oreuectBeHHON CAD OymeT CTOWTH OKOJIO
500 TeIC. TpH.

Kpome »sToro, mmupokoe BHEIpPEHHE B
Yxkpanne oredectBeHHbIX CAD 1m03BoaUT B 2—6
pa3 YMEHBIINTh TEXHOTCHHOE
9JIEKTPOMArHUTHOE BO3JEHCTBUE DJHEPTETUKU
Ha KHITYIO U OKPY)KAIOLIYIO Cpey.

COCTaBJIAIOIINEC

3AK/IIOYEHHUE

1. PaccMOTpeHBI TPHUHIMUMBI MTOCTPOSHHS
CHCTEM aKTHBHOT'O SKPaHHUPOBAHUSI MATHUTHOTO
MOJISL, CO3/1aBaeMOr0  Pa3IMYHBIMH  THUTIAMHU
BO3/YIITHBIX JTUHUHA ANIEKTpOTIepENaUH.
IToxazano, 4TO JUTS 3 PEKTUBHOTO
SKpPaHUPOBAHUS MarHuTHOTO OIS
C031aBaEMOro BO3TYILIHON JIMHAEHN
3JeKTpoNepeaadn c TPEYTrOJIbHBIM
pacIoyIoKeHHUEM (ha3HbIX MIPOBOJIOB
HEOOXOIUMO HE MEHee IBYX SKPaHUPYIOIINX
00OMOTOK. Pazpaborana cxema
KOMOMHHMPOBAHHOM  poOacTHOM CHCTEMBI
AKTUBHOTO SKPaHUPOBAHHSI.

2. BrepBble BBINONHEH CHHTE3 CHUCTEMBI
aKTUBHOTO DKPAaHHPOBAaHUS MAarHUTHOTO TIOJIS,
C031aBa€MOro BO3IyIIHON JIMHUEH
JIeKTpolepeiaun c TPEYTOJIbHBIM
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pacnoIoXeHEM ¢a3HbIX MIPOBOJIOB.
CunTe3npoBaHHas cucremMa SIBIISIETCS
JIBYXKOHTYPHOH W HMMeEEeT IBE SKPAHHUPYIOIINE
oomoTku. [lo anropuTMmy ynpaBieHUsS Kakias
00MOTKa SIBIISICTCS KOMOWHHUPOBAHHON
CHUCTEMOH U COAEPKUT KOHTYPHI PA30MKHYTOTO
W 3aMKHYTOTO VYIPaBICHHUs TIO0 HMHIYKIUH
MarautHoro nosd. Ilo cTpykType ynpaBieHHs
Kakmas  oOMOTKa  SBISIETCA  CHUCTEMOM
[TOMYMHEHHOTO PETYJINPOBAHUS W CONEPKUT
BHEUIHUH KOHTYp pEeryJIHpOBaHUs WHAYKLUHU
MarHUuTHOTO TIOJII W BHYTPEHHUH KOHTYp
perymupoBanus Toka oOMotku. CuHTE3
pobacTHOW CHUCTEMBI OCHOBAaH Ha pEIICHUU
MHOTOKPUTEPUATIBHOW CTOXaCTHYECKOH HTIpHI.
KommoneHTsI BEKTOPHOTO BEIUTPHITIIA
BBIYMCIIIFOTCS. HA OCHOBE PELICHUNA YpaBHEHUM
Makcgemna B KBa3UCTAllMOHAPHOM
puOIKeHun. Pererre MHOTOKpUTEpHaTbHON
WTpBl W3 MHOXecTBa [lapeTo-onmTUMalbHBIX
pEelUICHUH ¢ Y4eTOoM OWHApHBIX OTHOIICHHN
MPEeNNOYTeHUs] ~ HaXOMUTCI  Ha  OCHOBE
anropurMma HEJIMHEHHOU ONTHUMU3ALUU
MYJIETUPOEM YaCTHII.

3. [IpoBenen  ananmus
WCCIIEIOBAaHNUSA CHHTE3a CHCTEMbl aKTHBHOTO
SKpPaHUPOBAHUSA MarHuTHOTO OISt
MPOMBIIIUIEHHOM  4YacTOThl, T€HEPUPYEMOIO
BO3AYIIHBIMA JIMHAMHA  JJICKTpoIEpcaadn C
TPEYTONBHBIM  pPAacHOJIOKEHHE  MPOBOJIOB.
Cucrema TMO3BONIIET YMEHBIIUTh HHIYKIIHIO
HUCXOOHOr0 MArHuTHOroO T1oJiI 10 YPOBHA

pe3yJIbTaToB

CaHUTAapHBIX HOpM )51 CHU3UTH
YYBCTBUTCIIbHOCTDH CHUCTCMBI K
HEOIPECACICHHOCTHU mapamMeTpoB MOICIH

00beKTa YIPaBJICHUS.

4. Jlnsa Bepu(uKauy pe3ysibTaTOB CHHTE3a
CHUCTEMBI AKTHBHOTO IKPaHUPOBAHUS
MarHMuTHOTO IIOJI OIpPEIC/IeHa CTPYKTypa |
napaMeTpbl U pa3paboTaH MOJTHOMACIITAOHBIN
MaKeT CHCTEMbl aKTHMBHOTO SKPAHWUPOBAHUS, C

IByMS ~ HE3aBUCHUMBIMH  KaHaJlaMH, IS
HOpMaJTA3aIIHI YpOBHSA TEXHOTCHHOTO
MarHuTHOro mojs, reHepupyemoro JIOII ¢
TPEYTONIBHBIM ~ PAacCIOJIOKEHHE  MPOBOJIOB.
[IpoBenenst AKCIIEPUMEHTATHHBIC
WCCIeIoOBaHUA dJeMeHTOB n Makera CAD B
MOJIEBBIX  YCJIOBHSIX. DKCIepUMEHTAIBHO
MIOATBEPKICHA 3¢ (HEeKTUBHOCTH
pa3pabOTaHHBIX CHUCTEM AKTHBHOTO

9KpaHUPOBAHHUS MArHUTHOTO IOJII Ha YpOBHE
ko3 duLMeHTa IKpaHUPOBAHUS 2—5 eIUHHILL,
YTO MO3BOJIAET CHU3UTH B )KHMJIOW 30HE YPOBEHBb
HUCXOAHOM MHAYKIUH MArHUTHOTO TOJS OT
pacnionoxkeHublx BOmm3u JIOII mo  ypoBHsS
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CaHUTAPHBIX HOPM. IToka3saHno, 4TO
9KCIICPUMEHTAIBHBIC W pacueTHbIC 3HAYCHUS
WHAYKIUW OTIHYaroTcs He Oosee yem Ha 20 %.

APPENDIX 1 (IPUJIO’KEHHE 1)

'Fig. 1. Scheme active shielding system. (B, (t) —
initial magnetic flux density generated by overhead
power lines in shielding space, B ,,(t) — initial
magnetic flux density generated by overhead power
lines in shielding space points, in which magnetic
field sensors are located, By (t) — magnetic flux
density generated by only shielding coils in
shielding space, By, (t) — magnetic flux density

generated by only shielding coils in shielding space
points, in which magnetic field sensors are located,

Br (t) — resultant magnetic flux density in shielding
space with the system of active shielding is on,
Bry (t) — resultant magnetic flux density in
shielding space points, in which magnetic field
sensors are located with the system of active
shielding is on, I (t) - overhead power line
current, lg (t) — shielding coils current, Uq(t) —
open loop control, U.(t)— closed loop control,
fye (t) — noise of magnetic flux density sensors,
which are located in the shielding space, fy,q(t) —

noise of magnetic flux density sensors which are
located outside the shielding space for open loop

control, W,,c — matrix operator of magnetic flux
density sensors are located in the shielding zone,
Wyo — matrix operator of magnetic flux density
sensors, which are located outside the shielding
space for open loop control, W 5o — matrix operator
of amplifiers powered by shielding coils, W, -
matrix operator which are formatted by initial
magnetic flux density B, (t) generated by overhead
power lines current | (t) in the shielding space,
W,y — matrix operator which are formatted by
initial magnetic flux density B, (t) generated by
overhead power lines current |, (t) in the in
shielding space points, in which magnetic field
sensors are located, Wy, — matrix operator which
are formatted by magnetic flux density Bg (1)
generated by only shielding coils current 4. (t) in
the shielding space, W, — matrix operators, which
are formatted by magnetic flux density, B, (t)
generated by only shielding coils current I (t) in
the shielding space points, in which magnetic field
sensors are located, Wg. — matrix operator of open
loop controller, W, — matrix operator of closed

27

loop controller, Xg. — shielding coils spatial

Aoc + Poc
parameters of the open loop controller, X . -

parameters of the closed loop controller).

2Fig. 2. The relative position of the 110 kV overhead
power transmission line with a triangular
arrangement of phase wires, two compensation
windings and a shielding space.

SFig. 3. Isolines of the level of induction of the
initial magnetic field.

“Fig. 4. Isolines of the level of induction of the
resulting magnetic field with the active shielding
system turned on.

Fig. 5. Spatio-temporal characteristics of the
magnetic field: (a) the source, (b) generated by two
shielding windings and (c) resulting with the active
shielding system turned on.

Fig. 6. Spatio-temporal characteristics of the
magnetic field: (a) the source, (b) generated by only
one first shielding winding and (c) resulting with the
active shielding system turned on, with only one first
shielding winding.

Fig. 7. Isolines of the resulting magnetic field with
the active shielding system turned on with only one
first shielding winding.

8Fig. 8. Spatio-temporal characteristics of the
magnetic field: (a) the source, (b) generated by only
one second shielding winding and (c) resulting with
the active shielding system turned on, with only one
second shielding winding.

%Fig. 9. Isolines of the resulting magnetic field with
the active shielding system turned on with only one
second shielding winding.

OFig. 10. Comparison of the induction of the initial
magnetic field and the magnetic field when the
active shielding system is turned on.

1Fjg. 11. 110 kV overhead power transmission line
(OHPTL) and two compensation windings (SC1,
SC2) of the active magnetic field shielding system.

arrangement and geometric sizes,
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Characteristics of the Static Zigzag-Triangle Frequency Converter
Kalinin L.P., Zaitsev D.A., Tirsu M.S., Golub L.V.
Institute of Power Engineering
Chisinau, Republic of Moldova
Pogorletsky V.M., Kaloshin D.N.
Transnistrian State University named after Shevchenko
Tiraspol, Republic of Moldova

Abstract. The object of research is a static transformer frequency converter, which can be used to
combine parallel-operating power systems having different operating frequencies. The aim of the work
is to study operational characteristics and evaluate strategies and laws of the proposed device from the
point of view of developing methods and means of power transmission improving quality via electrical
communication, containing a frequency converter based on phase-shifting transformer made according
to zigzag-triangle scheme and controlled by power keys. In order to achieve the above object, it is
proposed to sectionalize control windings providing a 48-position with a discreteness of 2.5 °, and a
24-position with a discreteness of 5 © switching in each 120 © sector of "coarse™ regulation. Structural-
simulation models were built and computational experiments were carried out for electrical
communication combining two power systems with frequencies of 60 and 50 Hz and 50 and 49.6 Hz,
respectively. The most significant results are: a new circuit version of the frequency converter, various
strategies for controlling the conversion process. The two-channel frequency converter allows to
reduce by 2 times the number of "coarse" control keys, which switch not after 60°, but after 120°. Also
succeeded to reduce the switching step from 5 degrees to 2.5 degrees, which made it possible to
improve the conversion quality. The significance of the obtained results is that during regulation the
number of keys connected in series in operation remains equal to 4, which can significantly improve
the reliability indicators of the control system.

Keywords: intersystem power connection, static frequency converter, phase-shifting transformer,
active power deviation, current non-linear distortion coefficient.
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Caracteristicile convertorului static de frecventi realizat conform schemei ,,triunghi - zig-zag”
Calinin L.P., Zaitev D.A., Tirsu M.S., Golub L.V.,
Institutul de Energetica Chiginau,
Republica Moldova
Pogorletsky V.M., Kaloshin D.N.
Universitatea Transnistreana de Stat le. Shevchenko
Tiraspol, Republica Moldova

Rezumat. Obiectul studiat il reprezintd convertorul de frecventd pe baza transformatoarelor, ce poate fi folosit
pentru interconectarea sistemelor electroenergetice, care lucreaza paralel, avand frecvente diferite sau standarde
de frecventa diferite. Scopul lucrarii este cercetarea caracteristicelor de regim si evaluarea strategiilor si legilor
de comanda a dispozitivului din punct de vedere al dezvoltarii metodelor si mijloacelor de imbunatatire a calitatii
transmiterii puterii prin legdturi electrice, care include convertorul de frecventd pe baza transformatorului de
reglare a decalajului de faza, efectuat dupa schema zigzag-triunghi si dirijat de cheile de putere. Pentru atingerea
obiectivului propus, se propune sectionarea infasurarilor de control, oferind 48 pozitii cu discontinuitatea 2,5° si
24-pozitii cu discontinuitate 5° de comutare in fiecare sector de 120° de reglare“brutda”. S-au efectuat
experimente pentru conexiuni electrice, combinand doua sisteme electroenergetice cu frecvente de 60 si 50 Hz
respectiv si 50-49,6 Hz. in procesul studiului au fost controlati parametrii operationali ce caracterizeaza calitatea
conversiei: gradul de stabilitate a puterii active transmise pe sistemele de transmisie si cele de receptie, la fel si
coeficientul de distorsiune armonicd a curentului. Cele mai semnificative rezultate sau obtinut pentru varianta
noud a schemei dispozitivului, ce permite micsorarea de 2 ori a numarului cheilor de reglare “brutd”, noua
strategie si legile de comanda cu procesul de conversie, utilizarea careia a dus la micsorarea discontinuitatii
comutirilor si imbunatatirea calitatii conversiei. In acelasi timp, numarul cheilor de reglare “find” conectate in
serie rdmane permanent egal cu 4, indiferent de numarul de etape de reglare, ce poate creste fiabilitatea.
Cuvinte-cheie: interconexiune dintre sisteme electroenergetice, convertor static de frecventa, transformator de
reglare a decalajului de faza, deviere de putere activa, coeficient de distorsiune neliniara.

© Kamuuun JLII., 3aiiue M.A.,
Teipmry M.C., Ioropnenkuii B.M., 30
T'ony6 W.B., Kanommuu J[.H., 2020
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XapaKTepHCTHKH CTATHYECKOT0 MPeodpa3oBaTelisi YaCTOTHI, BHINOJTHEHHOTO MO CXeMe «3Hr3ar-
TPEYroJIBLHUK»
Kanunun JLIL., 3aiines J.A., Teipmy M. C., T'ony6 U.B.
WHCTUTYT 3HEPreTUKH
Kummnaes, Pecrrybnmka Momnnosa
Horopuaenxuii B.M., Kasomun JI.H.
IIpunnectpoBckuil ['ocynapcTBeHHbll Y HUBepcuteT uM. llleBueHko
Tupacnons, Pecrrybnmka Mongosa

Annomayusn. OOBEKTOM  HCCIENOBaHUS  SIBISAETCS  CTaTHYECKUH  TpaHC(OPMATOPHBIH  YaCTOTHBIH
npeoOpa3oBaTenb, KOTOPBIA MOXET OBITh HCIIONB30BaH JUIl OOBEIAMHEHUs MapajulelbHO paboTaromux
9HEProcUcTeM, UMEIOIINX Pa3INYHbIe paboyre 4acTOThl, JIMOO CTAHAAPTHI M0 MOAJAEPKAHHUIO YacTOTHL. Llernbro
paboThl SIBISETCS HCCIEAOBAHUE PEKUMHBIX XapaKTEPUCTUK W OLEHKA DPas3iIMYHBIX CTpATeruii M 3aKOHOB
YIPaBJICHUSI NpEAaraeéMbIM YCTPOWCTBOM C TOYKH 3pEHHsI Pa3padOTKH METOJOB M CPEACTB IOBBILICHUS
KauecTBa Nepesiauyd MOIIHOCTH MO JJISKTPUUYECKOH CBS3U, COAEpIKalleld YacTOTHBINA peoOpa3oBaTesb Ha OCHOBE
OPT (dazoperymupyromuii TpaHchOpMaTop) € KPYroBBEIM BpameHHEeM (a3bl BBIXOJHOTO HAIPSKCHHS
OTHOCHTEIIFHO BXOIHOTO, BBITIOJHEHHOTO IO CXEME «3WI3ar-TPEeyrojbHUK» M YIPaBIIEMOTO CHIOBBIMU
KIrodaMu. J{Is JTOCTMIKEHHS ITOCTABICHHOW ILENH TPENI0KEHO CEKIMOHHPOBAaHHE OOMOTOK YIPAaBJICHHUSA,
obecrneunBaromee 48-TIO3UIIMOHHOE C IUCKPETHOCTBIO 2,5°, W 24-TIO3WIIMOHHOE C IHCKPETHOCTBIO 5°
MepeKIroueHNs B KaxaoMm 120°-oM cekrtope «rpyOoro» peryiaupoBaHHSA. BBUIM TOCTPOCHBI CTPYKTYpPHO-
UMHUTAIMOHHBIE MOJEIN W MPOBEACHBI PacUeTHBIC SKCIIEPUMEHTHI JJIS AJIEKTPHUYECKON CBSA3U, 00BEIUHSIOMICH
nBe 3HeprocucteMsl ¢ yactoramu 60 m 50 I'm u 50 u 49,601 coorBeTcTBeHHO. Hanbonee cyiiecTBeHHBIMU
pe3ysbTaTaMH SIBJSIFOTCSI: HOBBIM CXEMHBIM BapHaHT YaCTOTHOTO INpeoOpa3oBarelisi, Pa3iM4HBIX CTpAaTErHid
YIpaBJIeHUs POLIeCCOM NpeoOpa3oBaHus. JIByXKaHaIBHBIH MpeoOpa3oBaTelb YaCTOThI O3BOJISIET CHU3UTH B 2
pa3a KOJUYECTBO KIIH0UeH (TIePEKITIOUCHHIT) «rpy00roy peryIrupoBaHus, KOTOPBIC MEPEKITI0YAOTCs He uepes 60°
KaKk B YCTpOMCTBaX HWCCIICOBAaHHBIX aBTOpaMH paboThl paHee, a uepe3 120 rpamycoB. CeKIMOHUPOBAHUE
0OMOTKH U 3aKOH MEPEKITIOUCHHS Ha 48 MO3UINHN MTO3BOMIA YMEHBIIUTH AT TEPEKITFOYEHHS € 5 TpaxycoB (TIpu
MePEKITIOUYCHUH Ha 24 TO3UIKN) 10 2,5 TpaaycoB, YTO AaJI0 BO3MOXHOCTD yIYYIIUTh KAY4ECTBO MPEOOpa30BaAHMS.
3HAYMMOCTD TOJTYYSHHBIX PE3yIBTATOB COCTOUT B TOM, UTO IPH PETYINPOBAHIH KOJIMUYECTBO MOCIEIOBATEIEHO
BKITIOYCHHBIX KJIOUYeH B pa0oTe Bcerga ocTaeTcs paBHBIM 4 BHE 3aBHCHMOCTH OT YHCIIA CTYIEHEH
PETYIUPOBAHMS, YTO MOXET CYIICCTBEHHO YIYYIIUTD MOKA3aTeIH HAIEKHOCTH PaOOTHI CUCTEMBI YIIPABIICHHUS.
Knroueevie cnoea. MeXCUCTEMHAas CBSA3b, CTATHYCCKAN MpeoOpa3oBaTellb HYacTOTHI, (ha30peTyIUpYIOIINi
TpaHnchopMaTop, AeBUAIHS AKTUBHON MOIIHOCTH, KOA(PGHUIIMESHT HETMHEHHOTO HCKaXKCHHUS IO TOKY.

BBEJEHUE 4acTOTBl COCTOMT B TOM, 4YTO IHpH JIOOOH
3aJ]laHHON yacToTe pabouee HalpsDKEHHE Ha €ro
BBIXOJIHBIX ~ KJ€MMax  BCErJa  COXpaHseT
cuHycoupanpHylo  Qgopmy. K  HemocraTkam
MOYKHO  OTHECTH: NPUMEHEHHE  TPYLIUXCS
TOKOCBEMHBIX KOHTAaKTOB, YTO TPHUBOJIUT K
CHIDKEHHIO HAJIS)KHOCTH  (PYHKIIMOHMPOBAHUS
YCTAHOBKM; HEOOXOOUMOCTb JONOJIHHUTEIHEHOTO
pacxojia 3HEpPruM Ha YIpPAaBJIEHUE CBA3aHHOE C
HEOOXOIMMOCTBIO TIOIEPKAHUS  3a]1aBaEMOT0
YPOBHS IepeaaBaeMOl MOIIHOCTH, 3a CYET
CO3aHMsI  COOTBETCTBYIOILEIO  BPAIIAIOIIETO
MOMEHTa CEpBOMOTOpPA; HAMYNE MEXaHUYECKON
WHEPLMOHHOCTU POTOpa, Belyllee K MOSIBICHHUIO
3JIEKTPOMEXAHNYECKUX MEPEXOAHBIX MPOLECCOB,;
HaJIM4YKe BO3AYIIHOTO 3a30pa MEXIy 0OMOTKaMH
cTaropa U poOTOpa, YTO COIPOBOXKIAETCS
CYLIECTBEHHBIM ITOBBIIIEHHEM TOKa XOJIOCTOTO
X0Jla yCTPOWCTBA 0 BEIMYMHBI COM3MEPUMOMN C
TOKOM Harpy3Ku.

HameTuBiiuiicss B nmocneaHee BpeMsi UHTEpEC
K YacTOTHO pEryJupyeMbIM D3JIEKTPHUYECKUM
cesizsim  [1,2,3,4,5] nOpuBoAUT = Takke K
pa3paboTKe HOBBIX TEXHHYECKUX PEUICHHIA,
00ecnevnBaronuX peanuzanuio
COOTBETCTBYIOIIUX YIPABIAIOUIMX BO3ECUCTBUH.
TpaguIoHHO, TIPU PACCMOTPEHUH IOJ0O0HOTO
polla 3ama4, B KadecTBE OCHOBHBIX CpEJICTB
COTJIACOBAHMUSI YacCTOTHI CBSI3BIBAEMBIX CHCTEM
MIPUMEHSIOTCS AIIEKTPOMEXAHIUIECKUE
npeobpazosarenin  tuma  VFT  (Variable
Frequency Transformers), [6,7,8] ASEFC wnm
ACOMITY - ACUHXPOHU3UPOBAHHBIN
CHHXPOHHBI ANIEKTPOMEXaHIMIECKUH
npeoOpa3oBaresni ~ yactotel  (asynchronized
synchronous  electromechanical ~ frequency
converter, [9,10,11] a Taxxke mpeoOpazoBaTenu
turia HVDC (High Voltage Direct Current).

Kaxmoe w3 yka3aHHBIX yCTPOWCTB HMeEET

Crnenyet TaKKe OTMETUTD, 4TO
CBOM JJOCTOMHCTBa M HexocTaTku [12-15].
HCIIOIb30BaHHE VFT COIPOBOXKAACTCS
OcHOBHOE JIOCTOMHCTBO
o 3HAYUTEJIbHBIM  YBEIMYCHHUEM  IPOAOJIBHOIO
JIEKTPOMEXaHUUECKUX npeoOpasoBaTesiei
WHyKTHUBHOTO COTIPOTUBJICHHUS
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COOTBETCTBYIOIIETO TPAKTa dIEKTpOIepeaadn
u HE00XOIUMOCTBIO [IPUMEHEHUS
JOIOJTHUTEJIBHBIX KOMIIEHCHPYIOLINX
ycTpoiicTs. [16,17]

OCHOBHBIM JOCTOMHCTBOM IpeoOpa3zoBaTeist
tunia HVDC siBnsieTcss ero yHHBEpCalbHOCTh U
obicTponeiicTue. [18-21]

I[lpu  sToM  Hambomee  CyIIECTBEHHBIH
HEIOCTAaTOK JAHHOI'O TEXHUYECKOIO PpeIICHUS
COCTOUT B TOM, YTO OHO OCHOBBIBACTCS Ha
NPUHIMIIE JBOWHOTO MpeoOpa3oBaHMsl YHEPTUH
(BBIIpSIMJICHWE W WHBEPTUPOBAHHE) Kak Ha
Nepeaolieil, Tak U Ha MPUEMHOM CTOpPOHE.

[Ipy >TOM HMEIOT MECTO CYIIECTBEHHBIE
WCKaKEHUsI CHHYCOMIANbHOW (QOpMBI padodmx
HaNpsDKEHUH U TOKOB, TPeOyIOLIe IPUMEHEHUS
Ppa3JInYHbIX METOA0B YCTPAaHCHUA BbICHINX
rapMoHuK [22-26].

B nmamHOW paboTe TpeMIOKEeH BapHaHT
YCTpOICTBa AJIs pealu3aly IpUHIKIA IPSIMOTO
npeoOpa3oBaHHs YacTOTBI, HE CBS3aHHOIO C
JBOWHBIM TpeoOpa3oBaHUMEM DJHEPIUM M HE
HAMEIOIIEr0 HEAOCTATKOB, cBoMicTBeHHBIX HVDC
u VFT. Takoe ycTpoHCTBO MOXET OBITh YCIOBHO
Ha3BaHO «Bcraskoii IlepemenHoro Tokay.

[lpuHoMnm ~ 4acTOTHOrO  mpeoOpa3oBaHuUs
npeaycMaTpuBaeT MpHUMEHEHHe, B KauecTBe
OCHOBHOTO (YHKIMOHAILHOTO 3JIeMeHTa

yCTpoHcTBa, UMeHyeMoro Pazoperyiupyronmum
Tpanchopmaropom - OPT (Phase Shifting
Transformer-PST).

3agaya MCCIIEAOBAaHHUS COCTOSUIA B OLICHKE U
aHaJN3e PEKUMHBIX XapaKTEPUCTHK, CTPaTEeTHil
W 3aKOHOB  YIpaBJICHHA CTaTHYECKOTO
JIBYXKaHaJIbHOTO YacTOTHOTO IpeoOpa3oBaTess
Ha ocHOBe ®PT ¢ kpyroBeIM BpaimeHueM Qasbl,
BBITIOJTHEHHOTO 110 CXEME «3HI3ar-TPEyrolbHUK
Y YIIPABIIIEMOTO CUIIOBBIMH KIIFOUaMHU.

Taxoke yHeleHoO BHUMaHue, pa3paboTke
METOI0B M CPEACTB IOBBILIEHUS KauyecTBa
nepesayd MOIIHOCTH MEXy 3HEpProcucTeMaMu
C pa3IMYHBIMH CTaHAAPTaMHU YaCTOTHl TIpHU
WCIIOJIb30BaHUN TIPEAJIOKEHHOTO TEXHUYECKOTO
peleHusl.

Pa3paboTka anbTepHATHBHBIX, OTHOCUTEIBHO

VFT u HVDC, TtexHudeckux CpeiucTB
MpeoOpa3oBaHUS YaCTOTHI IS AJICKTPUYECKHUX
CHCTEM [IO3BOJIAT IIOBBLICUTH CTEIEHb
YIPaBISEMOCTH TPAHCIIOPTHBIX H
pacrlpefeNuTeNbHBIX  CeTeH, dYTO  SBISETCS

XapakTEepHOUW TEHJCHIIMEN COBPEMEHHOIO 3Tana
Pa3BUTUA IJICKTPOSHCPICTUKH.
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|. XAPAKTEPUCTHUKA U CTPATETHA
VIIPABJIEHUS YCTPOMCTBOM

CxeMa  HCCIEIyeMOro  JIByXKaHaJbHOTO
YaCTOTHOTO MpeoOpazoBaTelnsi MpeCTaBlicHa Ha
puc.1.

Kaxaprit KaHaj CTaTUYECKOTO
npeoOpa3oBaTeist ~ 4YacTOTBI ~ COCTOMT W3
MHOTOOOMOTOYHBIX 0THO(a3HBIX

Tpanchopmaropaeix Tpynn SN u SM  Ha
nepenatorieid cropone 1 RN u RM Ha npuemHoi
CTOpPOHE, IIepBUYHBIE OOMOTKH, KOTOPBIX
COEIIMHEHBI 110 CXEME «3UT3ar».

Takoe coeaWHEHHE NPUMEHEHO C LEJbIo
NOJAaBJICHUsSI ~ TPeThbe  TapMOHHMKH  TOKA.
Heperynupyemsie BTOPUYHBIE 00MOTKH
TpaHC(HOPMATOPHBIX YCTPOMCTB, COSAWHEHBI 110
CXEME «TPEyrojbHHUK», K BEpIIMHAM KOTOPBIX
MNOJKITIOUEHB  COOTBETCTBYIOIIHME  OOMOTKH
yIOpaBlIeHus, TPEACTaBIONe Cco00i OOk
«TOHKOT0» PEryJIMpOBaHMUSI.

JIByxKaHaJIBHBIN MPEoOpa3oBaTeNlb YACTOTHI,
BBIIIOJIHEHHBI HA OCHOBE CXEMBI <«3UI3ar»
MO3BOJIIET B 2 pa3a CHU3UTH KOJHYECTBO
KITFOYeit (mepexIrovYeHuit) «rpyooro»
PEryaupoBaHus, KOTOPBIC MEPEKIIOYAOTCS He
yepe3 60 kak B YCTPOHCTBaxX HCCIEAOBAHHBIX
aBTOpaMu paboTHI paHee, a uepe3 120 rpamycos.

s cornmacoBaHMs 4YacTOT HEOO0XOAHWMO
OCYLIECTBIISITH ~ KPYroBoe  BpamieHue  (hasbl
BbIXOJHOI'O HaIpsKCHU A OTHOCHTCIIBHO
BXOJHOTO C YacTOTOM CKOJNBXEHHs. Takoin
IpolecC MOXHO  OCYIIECTBUTH Ha  0Oase
CTaTUYECKUX TPaHCPOPMATOPHBIX YCTPOWMCTB C
IMPUMCHCHUEM IIOIICPEUHBIX BOJ'IBTOI[O63BO‘-IHLIX
TpaHchOpMaTOPOB. Bekrop HaNpsDKEHUS
BOJIbTOJJ00aBKM PACHONIOKEH MMoj yrioMm 90
OTHOCUTENBHO (PAa3HOrO BEKTOpa HaNpPsHKEHUS
ceTH, W oOecneunBaeT (a3oBBId CIABUT 11O
HanpsHKEHUIO B IaINa30He:

u .
+y =arctg| —= |=+30 (D)
3V,
rue
U , - INHENHOE HaPsHKEHHUE;
U, - basHoe HanpshkeHue.
Jnsa  obecriedeHHs KpPYyroBOTO —BpaIleHHS

(1)&351 BBIXOJIHOTO HANPsHKCHUA YC€PE3 KaXKIbIC
60" MPOMCXOMUT TEPEXOJ] Ha CIEIYIOINiI
CEeKTOp TOCPEICTBOM paboThl 6  CHIIOBBIX
KITFOUel OJI0Ka «rpy0oTro0) yrpaBiIeHHUS.
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Puc.1. Cxema cTaTH4€eCcKOTo ABYXKaHAJbHOI'0 npeoﬁpa?.OBaTe.nﬂ 4acCToThl.

IIpeobpaszoBarens, pwuc.l, cocTtour w3
YeTbIpex CBSI3aHHBIX MEXTY coOoit
TpaHC(HOPMATOPHBIX YCTPOHCTB, 0003HAYCHHBIX
UId yaoOCTBa ONMMCAHMS HPOTEKAIOIIMX B HHUX
mporeccoB kak: 151.1, TS1.2, TR1.1, TR1.2.
Cekropa, B KOTOpBIX paboTalOT yCTpOKCTBA,
MPOHYMEPOBaHBI PUMCKAMHU udpamu.
LukiI0KOHBEPTOP, YCIOBHO, MOXET  OBITh
pazzeneH Ha fABa KaHana. Ha nepBelif KaHan
paboTaroT  TpaHCOPMATOPHBIE  YCTPOMCTBA
TS1.1 m TRI1.1, xoropsie pa3BepHYTHl APYT
OTHOCHUTEIIBHO Jpyra Ha yroi 60°, Ha BTOpOH -
TS1.2, TRI1.2, He  cABHHYTBIE  JpYT

L Appendix 1
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1

OTHOCHUTENIBHO Jpyra. BekropHas amarpamma
HaIpsHKSHUH Ha TpaHcHOpMaTOPHBIX
YCTPOMCTBaX B MOMEHT Hadajga pabOThI
npejcTaBieHa Ha puc.2.

B UCXOIHOM COCTOSIHUH BXOJTHOE
HanpspbkeHue U, W BBIXOJHOE HampspkeHue U,

caBuHYTHI 0 (hase Ha yrom 30, Gmaromaps
TOMY, 4YTO IIEpPBUYHBIE OOMOTKH YCTpPOMCTBa
MIPEJICTABISIIOT OO0 CXeMy 3ur3ar.

OOMOTKH  «TOHKOTO»  YIIpaBIIEHUS  CO
CTOPOHBI BXOJHOI'O M BBIXOJHOI'O HAIPSHKECHUS
IIOJIHOCTBIO BBEJICHBI.
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Puc.2. BekTopHasi fuarpaMmMa HanpsizkeHUHil B MOMEHT Ha4yaJja padoThl npeodpa3oBares.

[Ipounecc  kpyroBoro  BpamieHusi  (asbl
BBIXOJTHOTO HaNpPSHKEHUS OTHOCHUTEIFHO
BXOJIHOTO PAacCMOTPUM Ha mpumepe (passl «Ay.
Usmenenne yria (a3oBoro caBura Mexay
BBIXOHBIM u BXOAHBIM HaIlpsKECHUEM
OTIPENIENIETCS CIIOCOOOM CEKIIMOHHPOBAHUS |
MOJIOKECHUEM ~ KITIOYed OOMOTOK — «TOHKOTOY
yrnpaBieHus. Bo BTOpom Kanaje ycTpoiicTBa
obecrieunBaeTcss 60 -if cABUT MO (hase MexIy
BBIXOJHBIM M BXOJAHBIM HAIIPS)KCHHUEM (CeKTOp

2

| -TR1.2), a OOMOTKH YIIPaBJICHUS BBIBOJSATCS

u3 pabotel. [lo okoHYaHUM MpoLiecca «TOHKOTOY
peryIMpoBaHus BO BTOPOM KaHae,
CpabaThIBalOT KIIOUU «TPYOOT0» PeryInpoOBaHusI
000MX KaHaJOB. 3aKOH YIPABICHUS CHIIOBBIMH
KIIIOYaMH, PEAIM3YIOIINN CTPATErnIo «rpyooro»
peryaupoBaHus MPEJICTaBICH Ha pHC.3.

S1 | Mg 2/3|4|5|/6|7|8|9/|10|11

12

13|14 |15 |16 |17 |18 |19 | 20 | 21| 22|23 | 24

S2|Ng,|48 |47 | 46| 45| 44 | 43 |42 [ 4140 [39 |38

37

3635(34/33|32|31|30 29 28| 27| 26| 25

S3 | M| 49 |50 | 51 |52 |53 |54 | 55 |56 | 57 | 58 | 59

60

61|62 |63 |64 656667 68|69 |70 71|72

S4| Mg 96| 95941 93|92 |91 90|89 |88 |87 |86

85

84|83 |82 |81(80|79|78 |77 |76 |75|74 |73

S5 |3 97 | 98 |99 |100/101|102|103 |104 105 |106 |107

108

109|110 111 /112|113|114|115/116 |117/118 119|120

$6 12144143142 |141/140(139|138/137 136 135 |134

133

132131130 129 (128 |127 |126/125|124|123]|122 121

Puc.3 3akoH ynpaBjieHusi CHIIOBBIMH KJIIOYaMU «rPy6oro» peryJmpoBaHus.

B pe3yabTaTe BTOpOfI KaHaJl OTKJIIO4YacTCsA U B

paboTy BBOAMTCS TMEpPBbIM KaHal (CEKTOp
I -TRL.1).

Ilocne BBOma B paboTy mepBOro KaHaia
oTpabaTbIBaeT «TOHKOE» peryiupoBaHue,
KOTOpOE€ OO0eCredynBacT MaTbHEHIINI CABUT TIO
¢daze  MexIy  BBIXOOHBIM M BXOIHBIM
HanpspDkeHHeM Ha yron 60 . Pesympratom
paboter ycrpoiictea B | m |l cekropax,
sBisiercst  obecniedeHne 1207 - ro (azoBoro
CABUAra  MEXIYy BXOIHBIM U  BBIXOJHBIM
HaIPSKECHUEM.

HanpHelimas moodepenHas paboTa KakIoro
M3 KaHAJIOB YCTPOWMCTBA, KIIIOUEH «TpyOOro» M
«TOHKOTO» YIIPaBJICHUsI O0OECIIEYHBAET MOBOPOT
HanpsokeHUsT Ga3el «A» OT CEKTOpa K CEKTOpY.
Bekropnsie JAarpaMMsbl HaIpsDKEHUH,
WITIOCTPHUpYIOIIHE padoTy YCTPOHCTBA 3a OJUH
000poT, TIpeICTaBIeHRI Ha prc.4,a.
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3

U3 aHanM3a  BEKTOPHBIX  JuarpaMm
NpEACTaBIEHHBIX Ha puc.4d.a BHIHO, 4YTO B
IpoIlecce OJHOIO IIepHoJa COIJIACOBAHUS IO
yactote ycrpoiictBa TR1.1 u TR1.2 coepuinnu
0JIuH 000pOT OTHOCHTEIBHO CBOETO MCXOJHOTO
cocrosiHus, a ycrporctea TS1.1 m TS1.2
IPOBEPHYJIUCh HAa yroia 180 OTHOCHUTENIBHO
MCXOJHOTO COCTOSHUSI.

W3 BBIIEN3T0KEHHOTO CIeyeT, YTO MpoIiece
COIJIACOBAHMSI YaCTOTHI HA JTAHHOM 3TaIle Helb3s
CUYHMTATh 3aBEPIICHHBIM, TaK KaK yCTpPOMCTBa cO
CTOPOHBI TWTAIOMIEH CHCTEMBI HE BBITIOIHHIIN

NOJHBIA  00OPOT, CJIEAOBATENbHO, MPOLECC
BpamieHrs: (a3pl  BBIXOAHOTO  HaNpPsDKEHHS
OTHOCUTENIFHO  BXOJHOTO  HAampsDKEHUS  Ha
ycrpoiicteax  TR1.1 wm TR1.2 cuenyer
MTOBTOPUTb, obecrieurB MTOJTHBIN LUK
COTJIacOBaHUs.

CoOTBETCTBYIONME BEKTOPHBIC JIHATPAMMEI
HaNpsOKEHUH MPUBeIEeHBI Ha puc.4.0.
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TS1.1TS1.2
o

Puc.4.6. BekTopHas quarpaMma nosicHsiioniasi paéory ycrpoiicTea, 3a BTopoii odopor. °
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OOMOTKH yIpaBIICHUS CTaTU4eCKOro
npeoOpa3oBaressi 9acTOThl, INpeAHA3HAYCHHBIC
JUI peryiaupoBaHust yrina B 60-u TpagycHBIX
CEKTOpax, NPEACTaBISIOT CO00H OJIOK «TOHKOT0
perylupoBaHus,  KOTOPBIH  COCTOMT W3
CEKIIMOHMPOBAHHOW COOTBETCTBYIOIINM 00pa3oM
pPeryTHpOBOYHONH OOMOTKH C HaOOpOM CHIIOBBIX
kmoueld. s uccrnemoBanusi pa3paOOTaHBl JBa
BapHaHTa CEKIIMOHUPOBAHMS PETYIHPOBOYHBIX
0OMOTOK M 3aKOHOB PETYJINPOBAHUSL:

1. cxema CEKIMOHHMPOBaHHS OOMOTKH W 3aKOH
YIpaBJIeHHs, pearn3yromue 24-X MO3UIHOHHYIO
CTPATETHIO DPEryJIUPOBAaHHUSA C JHUCKPETHOCTHIO

NepeKIioueHns  5°,npeacTaBieHsl Ha puc.5,6
COOTBETCTBEHHO;

n=m=2

{

Puc.5 O6moTKka ynpasieHusi npeodpa3oBaresisi
CeKIIMOHMPOBAHHAsI N0J 24 MO3MLIHUHA
MepeKJII0YeHH s

6

Switch number

Puc.6 Crparernsi ynpasJjieHusi peodpa3oBaTesieM ¢ JUCKPETHOCThIO cTynenn 5 .7

2. Cxema CeKIMOHHPOBAHUS OOMOTKH U 3aKOH
yIpaBleHHs], peaTn3yromue 48-1 NO3UITHOHHYIO
CTPATETHIO PETYIMPOBAHMS, IPEACTaBICHBI HA
puc.7,8 cooTBeTcTBEHHO. B 9TOM Cityyae miar
cocraBisieT 2,5°.

Puc.7 O0moTKa ynpasiieHus1 peodpa3oBaTeJisi, Ha
48 no3uuuu nepexodenus. &

1011|12|13|14|15|16|17|18|19|20|21|22|23

25|25426|27|28|29|30|31|32|33|34|35|36|37|38| 39|40 |41 |42 |43 |44 |45 |46 |47|48|49

o|lo|lN |||, w |N |-

Switch number

=
= | ©

=
N

Puc.8 Crparerusi ynpapJjeHusi peodpa3oBaTesaeM ¢ AMCKPETHOCTbIO cTynenn 2.5 . °

Ui OpeanoXKEeHHBIX CXEM  YIpaBJIeHHUs
NPUHSATHI CIeIyouIe 0003HaYeHus:
n MaKCUMajbHas CTEIEeHb JUCKPETHOCTU
0OMOTKH YIpaBJIeHUS,

6789 Appendix 1

m MHMHHMMajbHasi CTENeHb JUCKPETHOCTH
0OMOTKH YIpaBJIeHUSI.
Torna HanpsbkeHHe OOMOTKH yIpaBJIeHHs

36
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U,=mU,_ +nU, 2)
Hanpsioxenue CeKInu MUHUMAaJbHOU
JUCKPETHOCTU OOMOTKH yIpaBlIeHHS
u U
Mo T (3)
m+n(1+2m) p
Hanpsioxenue CeKIIUU MaKCUMaJIbHOMN
JUCKPETHOCTU OOMOTKH yIpaBlICHHS
U, =(1+2m)u, (4)
ITonnoe KOJIMYECTBO CTyIICHEU
peryJIupoBaHus
q=1+2[m+n(1+2m)]. (5)
CexmoHUpOBaHNE  OOMOTKH W 3aKOH

nepekmoueHuss Ha 48 TOo3uIUi  MO3BOJIWIH
YMEHBIIUTh IIar MEepeKIIOYeHHus C 5 TpaxycoB
(mpu mepexniroueHnn Ha 24 mo3unmm) 1m0 2,5

rpagycoB M  MOIYT YIy4YIIUTh Ka4eCTBO
npeoOpa3oBaHHs. [IpeumymiecTBo
pa3paboTaHHOrO KIOYa T[O CPaBHEHHIO C

TpaAUuIHUOHHBIM, 3aKJIIOYaCTCd B TOM, 4YTO IIpU
peryiaupoBaHUM KOJHUYECTBO IIOCJIEOBAaTEIbHO
BKJIIOUYEHHBIX KJIIOYEH B paboOTe BCErAa OCTAeTCS
PaBHBIM 4 BHE 3aBUCUMOCTH OT YHUCJA CTyHEHEH
pEryJIMpOBaHusA, YTO MOXET CYIIECTBEHHO
yIy4YIIUTh TOKa3aTedd HAAEKHOCTH PabOTHI
CHCTEMBI YIIPABJICHUSI.

Il. yCa10BUSI MOJEJUPOBAHUS

CTpyKTYpHO-UMHUTAIIIOHHAS SPS-monens
o0bekTa WCCIeIOBaHUs Oblla BBHIMOJHEHA B
cpene Matlab. Pexumubie mapamerpsl 06MOTOK
CTaTHYECKOTO TMPeoOpa3oBaTesi MPUHATHI  C
y4eTOM BO3MOKHOCTH MOCTPOCHHUS B
JlaNbHENIIIeM J1abopaTopHOro o0pasia:

Usuz =Usns =Ugunz =Ugn =133V,
Tsmi = Tsnt = laus = lrna = 24A5
Usuz =Usgyz =Ugyp =Ugy, =345V
Tsmz = lsnz = lrmz = lrz = 7A,
Uswis =Usus =Ugms =Ugys =349V ;
Tsms = lons = lrus = lrus = 7A;
USM4:USN4:URM4:URN4:57'5V;
Tsma = Tsna = laua = lrna =12A;

Usus =Ugns =Ugms =Ugys =57,V ]

Tsws = lsns = lrms = lrus =12A.
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Pacuernnic OKCIICPUMCHTBI IMPOBOAWIINCE Ha

OCHOBE  ampoOMPOBAaHHBIX  MOIEIEH  TIpH
COOJIFOICHNN CIIEAYIONINX yCIOBHMA:
e IINTaHUE aKTHBHOH Harpy3Ku

OCYHICCTBIIAUIOCH B COOTBETCTBHU CO CXEMaMU
puc.9,10.

151 Cl
S system

Ps’Qs’Is’Us

H

G,

Puc.9 Cxema npoBeieHHS YKCTIEPHMEHTA PH
padoTe 2-X KaHAJIBLHOIO Mpeodpa3oBaTeis Ha
AKTHBHYIO HATPY3KY.

10

S system
PS’QS’ IS’US

Puc.10 Cxema npoBegeHUsI IKCIEPHMEHTA NMPH
padore 2-X KaHAJIbHOIO peodpa3oBaTeJis Ha
aKTHBHYIO HAarpy3Ky uepes JIJII 30°,

e BpEMs MOJEIMPOBAHUS t =2 CEKYH/IbI;

e HaNpsDKEHUE Iepefarolieil  CHUCTEMBl H
Harpysku U, =U, =230V ;

e yroJj nepenarouei cuctemsl o, =0 ;

e BEIIMYMHA rnepeiaBaeMoi aKTUBHOU

MOIIHOCTHU cocTaBuiia P, =5700W £10% ;

e TOK Ha BBIXOAE YCTpPOWCTBA I BCEX
pPACUYETHBIX JKCIEPUMEHTOB IMOIIEPKUBAICS Ha
ypoBHEe |, =24A+10%, 4YTO COOTBETCTBYET

HOMHUHAQJIBHOMY 3HAY€HHUI0 U COIMPOTHUBIICHUIO
Harpysku R, =90 ;

® COOTHOIICHUS pabOYMX YACTOT Mepe/aroleit
CHUCTEMBl W HArpy3KH TPHHATBI HCXOAS U3
cymiecTByrommx  cranaaproB  (60/50T'm) wu
J0IIyCTUMOMY OTKJIOHCHHIO B HOCJ’IeaBapHﬁHOM
pexume (50/49,6 T'n);

s omeHkM KayecTBa IpeoOpa3oBaHMs
YaCTOTHI u nepeaadn MOIIHOCTH
HCIOJIb30BAJINCH clenyromye PEXKHUMHBIE
apaMeTpsbl:
® CTEIICHb CTaOMITBHOCTH (meBmanns)
nepelaBaéMoil  aKTMBHOM  MOIIIHOCTA  Ha

nepeaoIe  cucTemMe (3F’S,%)
(6Pr,%);

U Harpyske
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e k03((UIMEHT TapMOHMYECKUX HCKaKEHHH
TOKa Ha IepeNaroIell CUCTEME (THD(IS),%) H

COOTBETCTBYIOT BapHaHTy NMUTaHHUS HArPY3KHU I10
cxeMme puc.10, 6e3 uaaekca — puc.9.

Ha pucynkax, o0o3HaueHHBIX OyKBaMmH,
MIPUBEJICHBL:
a - CTemeHb CTa0MJIBHOCTH IIeperaBacMoil
AKTHUBHOM MOIIHOCTH Ha INepeAaronieil cucreme
OP,,% wu muHax Harpy3ku oP,,% .

Harpyske (THD(1,),%) .

I11. PEXKUMBI PABOTBI YCTPOMCTBA HA

AKTUBHYIO HAT'PY3KY .
b - koahdunMEeHT HEMMHEHHOTO HCKAKEHHST TOKA

Ha ocHoBe pe3yiIbTaToB SKCIEPHUMEHTOB IS .
pesy. p A Ha IMepeaaroniei cucreme THD(IS),% M IIMHaX

CpaBHUTENBHOrO  aHanmu3a Ha  puc.11-12
NpUBECHBI THCTOrPaMMbl Tpu  pasimmusbix  Harpysku THD(I,),%.
4acToOTax CKOJIBXXEHUA 3¢ pazInyHOU
JUCKPETHOCTH  «TOHKOIO  PETYIUPOBAHUI.
PexuMHbple mapameTrpsl ¢ WHIEKCOM  «Ly»
W24 @48 m24 w48
14 4 35 3,28
1,21 113
1,2 4 , 3
1,01 103 107
1 25
0,8 2
06 L5 112 112
0,4 1 -
0,2 0,5
0 0
a oPs oPsL oPr oPrL b THD(Is) THD(Is)L ~ THD(Ir)  THD(Ir)L
Puc.11 JluarpaMMbl pe;KHMHBIX NApaMeTPOB, ipH npeodpazosanun ¢ 60 Ha 50T, 12
o w24 m4s w24 wdg
35 3,23
2,5 a5 22
1,99

THD(ls) THD(Is)L THD(Ir)

THD(Ir)L

a oPs oPrL b

oPsL

oPr

Puc.12 JInarpaMmbl pe;KAMHBIX IAPAMETPOB, IPH NpeodpazoBanuu ¢ S0 na 49,6I'n. 2

W3 ananmza puc.11-16 BugHO, 9TO: MOIIHOCTA HaONogaeTcs W Tpu paboTe Ha

e [lpu paGore Ha Harpy3Ky BeJMudHa  aKTUBHYIO Harpysky depe3 JIOII ¢ rToi smmb
KOJICOaHUsT MOLIHOCTH Ha TPUEMHOM CHCTEMe  PasHULEH,  4YTo  abCOMIOTHOE  3HAYEHHE
npy 48-M MO3ULIMOHHOM 3aKOHE MEPEKIOYEHHss  OTKIOHEHHS OT CPEIHEro CHUXKAETCS MPHMEPHO
BBIIE, 4YeM 0pu 24-x mnosuupoHHom mpu  Ha 30-40%.

Pa3IMYHBIX BapHaHTax 9acTOTHOro o Jling mpueMHOH cuctemMsl npuMeHeHue 48-u
npeoOpasoBanus. [Ipudem, pasHMIA TeM  MO3MLIMOHHOTO PEryJHpPOBAaHMS BBITJLIUT Oolee
OoJyibllle, YeM MCEHBIIE YAcTOTa CKOJNBXKEHUS.  d3((deKTHBHO, 4eM  24-X  IO3UIMOHHOE.
Takoit ke  xapakTep  KoieOaTenbHOCTH  MakCHUMalbHBIA d(PQeKkT HadmomaeTcs IpH

38
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yacTtore ckonbxenus 0,4. OpgHako cruenyeT
OTMETHUTh, YTO B DOTOM CJIy4ae BeIMYMHA
OTKJIOHEHHSI CYIIECTBEHHO HIDKE, YeM TIpH
npeoOpazoBannu B 10I'Ll. TIlpm dactoTe
ckonbkeHns  10['1m  BenmuwHBI  KOJICOAHUS
MOIIIHOCTA OJHM3KA 1O 3HAYEHUIO Kak IpH
nutanun Harpysku uepes JIOII, Tak u Oe3 Hee.
e B 1menoM nmpu  pa3aMuUHBIX  4acTOTax
CKOJILXKEHUST MEXAY Mepefaronieii u mpueMHOM
CHCTEMOH CTeIeHb KOJIeOaTeTbHOCTH:
O Uil Tepelarouieil CUCTEMBbl HAXOAUTCA B
muanasone 0,69+1,4% , a npu pabore uepes
JIBIT -0,57+1,03%,
O jans TIPUEMHOM CHCTEMBI B
0,83+3,23% u ¢ JIDII -0,85+2,86%.
Ucxong u3 BeIlIeCKa3aHHOT0, MOXKHO CHIENIaTh
BBIBOJIT O JOCTAaTOYHO BBICOKOM  YPOBHE
CTaOMIBHOCTH  TIEpeaBacMOil  MOIIHOCTH B
mpoiiecce MpeoOpa3oBaHUsI YACTOTHI.

THD(1,)

MepearoIield CuCTeMe MOXKHO CHIEeTaTh BBIBOX O
MPHOM3UTETFHOM PaBEHCTBE BapUAHTOB 24-X U
48-1 TO3UIMOHHOTO peryiupoBaHusi. BuiHo,
YTO HauWMeEHbIlIee 3HaueHHEe KO3(PQHUIMEeHTA
HEJIMHEHHOTO MCKAKEHUSI UMEET MECTO B CITydae
YacTOThI CKOJbkeHus 0.4.

o [Ilogkmiouenue  Harpy3ku  uepes JIOII
NPUBOJUT K CyIIeCTBEHHOMY (Ooyiee yeM B JBa
pasa) YBEITMYECHHIO KOX(PHUITMEHTOB
HEJIMHEIHOT0 UCKAXEHUsI TOKOB Ha MEpeaaroiiei
cucrteMe Uil BapuaHTa 24-X TIO3UI[MOHHOIO
peryiaupoBaHus, a Ha 48-u  HO3ULUAX
CYIIIECTBEHHOTO YBEIIMYCHUS HE IPOUCKOMT.
Crnenmyer OTMETHTD, YTO MPH MUTAHUM HATPY3KH
ugepe3 JIDII npeobpazoBanue Ha 48-U TOUIUAX
PETYIMPOBaHUs NTaeT CYNIECTBEHHOE CHIKCHHE

Jquara3oHe

e [lpu  ananmze TOKOB  Ha

KOApGUIIMEHTa TapMOHHUYECKHX  HCKaKEHUH
TOKa IO CPaBHEHUIO C 24-X TMO3UIMOHHBIM
peryIMpoBaHuEM TUTST BCEX peXUMOB

npeoOpazoBanus. Jluamaszon cHwxkenus THD
MoxkeT gocturath 0,5+2,0%.

e Jlnsa mpueMHON cucTeMBl peoOpa3zoBaHKe Ha
48-u mMO3NIMAX TEpPEKITIOUeHHs BO  BceX
peXMMax  NPUCOSIWUHEHHsS  HArpy3kd |
COYETaHMsIX YacTOT CYIIECTBEHHO 3(PdeKTuBHEH
24-x MO3UIIMOHHOTO pETyIUpOBaHUSI.
VYMeHplIeHHe KO3 GUIMEHTa  HEIMHEHHOTO
uckaxeHuss TokoB THD wmoxer nocrurath
1,0+1,3%;

e MakcuMalbHBIN ekt CHIDKEHUS
ko3 duimeHTa rapMOHMYECKMX  HCKaKEHUH
TOKa Uit 48-M TMO3UIMOHHOTO PETyIUpPOBAHUS
HaOJrolaeTcss Ha  Harpy3ke TIpU  YacToTe
ckonbxkenus 0,4.
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1V 3AKJTIOYEHUE

Pesynprater  paboThl
CJIeIyIOIlYe BBIBOBI:
1.IIpemoxxer CXEMHBIN BapuaHT
JIByXKaHaJHHOTO TpeoOpa3oBaTesi 4acTOTHl Ha

IO3BOJIAKOT CACIIAaTh

0a3e (ha30moOBOPOTHOTO TpaHcopMmaropa ¢
KPYrOBBIM  BpalieHueM  (asbl  BBIXOIHOTO
HAMpPSDKCHUS BBITIOIHEHHOTO TI0 CXEME «3HI3ar-
TPEYTOJLHUKY;

2. Pazpaboranbl cHOCOOBI CEKIIMOHMPOBAHUS
0o0OMOTOK ympaBieHus, obecreunBamomue 24 u
48 TO3WIMIA  «TOHKOTO»  PEryJIHpPOBaHUA,
KOTOpBbIE MO3BOJISIFOT Peau30BaTh AUCKPETHOCTD
MIePEKITIOYEHUST COOTBETCTBEHHO 5° m 2,5° B

KaKIIOM 120°-om ceKTope «rpyooro
pEryJIMpOBaHusl.
3. TlocTpoeHbl  CTPYKTYPHO-UMHTAIIIOHHEIC

MOJENIH JBYXKaHAJIbHBIX KOHBEPTOPOB € 48-10 U
24-M5 TO3ULMAMHU TIEPEKIIOYEHUSI, HA OCHOBE
KOTOPBIX MPOBCACHBI PACUCTHLIC SKCIICPUMCHTHI.
PesynbTatel 9KCHEPUMEHTOB
OPOMJUTIOCTPUPOBANIM  PEAIM3yeMOCTh  HIEH
MOCTPOCHUST  MpeoOpa3oBareisi YacTOTHl Ha
OCHOBE TPE/JI0KEHHON CXEMBbI YCTpPOMCTBA.

4. bema mpoBeaeHa — OLGHKAa  KadecTBa
npeoOpa3oBaHHus TpPH  Pa3IUYHBIX  YacTOTax
CKOJIBXKEHHUS MEXIY Iepefaroleil U MpUEeMHOU

cHCTEMaMH npu Pa3IIYHBIX YCIIOBUSIX
noAkiIroYeHus: ycrporcrea. IlokazaHo, 4to
napameTphl KayecTBa peoOpa3oBaHus
3HAUUTEILHO OTIMJaroTca i 48-m  24-x

MO3UIIMOHHOTO PETYJIUPOBAHUS TIPU PA3ITUIHBIX
YacTOTaxX CKOJBXKEHUS MEXIy TMepearoneii u

MIPUEMHOU CUCTEMaMU. [oxa3zana
3¢ (HEeKTUBHOCTD 48-u MTO3UIIHOHHOTO
peryiaupoBaHus, KOTOpas TEeM BBIIIE, YeM
MEHbBIIIE  pa3HHWIa YacToT  OOBbETUHSIEMBIX
CHCTEM.

APPENDIX 1 (TPUJIOKEHHUE 1)

'Fig. 1 Scheme of a static two-channel frequency
converter.

2Fig. 2 Vector voltages diagram at the moment the
converter starts operation.

SFig. 3 The law of power keys management of
“rough” regulation.

4Fig. 4a Vector diagram explaining the operation of
the device behind the first rev.

SFig. 46 Vector diagram explaining the operation of
the device behind the second rev.

®Fig. 5 Converter control winding sectioned to 24
switching positions.

"Fig. 6 Strategy control of the device with 5° step
resolution.

8Fig. 7 Converter control winding sectioned to 48
switching positions.
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®Fig. 8 Strategy control of the device with 2,5° step
resolution.

°Fig.9 The scheme of the experiment when operating
a 2-channel converter for active load

11Fig.10 The scheme of the experiment during the
operation of a 2-channel converter on active load
through a 30° power line

2Fijg.11 Diagram parameters of regime, when
converting from frequency of 60Hz for 50 Hz.
1Fig.12. Diagram parameters of regime, when
converting from frequency of 50Hz for 49,6 Hz.
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Calculation of the Electrostatic Field in Non-Homogeneous Structures
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YInstitute of Power Engineering, 2Moldova State University, *University POLITEHNICA of
Bucharest
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Abstract. The paper examines a new approach of the finite volume method in determining the
distribution of the electric field in non-homogeneous structures. The numerical calculation grid of the
three-dimensional electric field is constructed using of the Delaunay triangulation concept and
Voronoi cells. The purpose of the investigations is to simplify and order the algorithm for calculating
the electric field distribution in non-homogeneous structures. The proposed algorithm is robust for
calculating the potential and intensity of the electric field in non-homogeneous structures at the
arbitrary distribution of voltage potential. The developed algorithm, during the computation process,
ensures storage only the nonzero values of matrixes elements in the computer memory. The finite
volume method keeps all the advantages of the finite difference method. Compared to the finite
element method, the algorithm for constructing the finite difference relations is to simpler. In this case,
there is no need to build a local and global rigidity matrix to form an equation solving system for the
determination of capacitive coefficients of the electrical field. To solve the built system, we use the
iterative method of conjugate gradients that converge very quickly for problems of the type examined.
Numerical calculation of the electric field in the hollow cylinder with limited height and in the voltage
divider from the glass-insulated micro conductors has been developed. The calculated the distribution
of the electric field in the expanded voltage divider in the electrostatic screen. It is presented dates,
which estimates the screen influence on capacitance of the voltage divider.

Keywords: potential, intensity vector, capacitive coefficients, method, finite volume, conjugate
gradients, voltage divider.
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Calculul cimpului electrostatic in structuri neomogene
1Berzan V., ?Patiuc V. 2Rybacova G., *Porumb R., *Postolache P.
12Chisinau, Republica Moldova; *Bucuresti, Rominia

Rezumat. in lucrare se prezinti o noud abordare a utilizarii metodei volumului finit in determinarea distributiei
campului electric in structuri neomogene. Grila numerica de calcul a campului electric tridimensional este
construitd folosind conceptul de triangulatie Delaunay si celulele Voronoi. Scopul investigatii constd in
simplificarea si ordinarea algoritmului de calcul a distributiei cdmpului electric in structuri neomogene.
Algoritmul propus este robust pentru calcularea potentialului si a intensitdtii cAmpului electric in structuri
neomogene la distributia arbitrard a potentialului de tensiune. Algoritmul dezvoltat, in timpul procesului de
calcul, asigurd stocarea numai a valorilor diferite ale elementelor matricei in memoria computerului. Metoda
volumului finit pastreaza toate avantajele metodei diferentei finite. in comparatie cu metoda elementului finit,
algoritmul pentru construirea relatiilor de diferentd finitd este mai simplu. In acest caz, nu este necesard
construirea unei matrice de rigiditate locala si globala pentru a forma un sistem de rezolvare a ecuatiilor pentru
determinarea coeficientilor capacitivi ai campului electric. Pentru a rezolva sistemul construit, folosim metoda
iterativa a gradientilor conjugati care converg foarte rapid pentru probleme de tipul examinat. A fost executat
calculul numeric al cdmpului electric din cilindrul gol cu indltime limitata si al divizorului rezistiv de tensiune
construit in baza micro-conductoarelor izolate din sticla. S-a calculat distributia cAmpului electric in divizorul de
tensiune amplast constructiv intr-un ecran electrostatic. Se prezentata date, care permit estimarea influentei
ecranului electristatic asupra capacitatii divizorului de tensiune.

Cuvinte-cheie: potential, vector de intensitate, coeficienti capacitivi, metoda, volum finit, gradienti conjugati,
divizor de tensiune.
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Pacder 1eKTPOCTATHYECKOTO IOJIS1 B HEOAHOPOIHBIX CTPYKTYpax
'Bepsan B. I1., Ilamiok B. U., ?Pui6akosa I'. A., *Ilopym6 P., *Mocromaxe II.
Mucruryt Duepreruxu, 2LocyapcTeeHHblii YHBepcuTeT Monnossl, *byxapectckuii [ToauTexHudecKuii
YHuBepcutet
L2Kumunsy, Pecniybmixa Mosnosa; *Byxapect, Pymblaus

Annomayusa. B cTathe paccMaTpUBAaeTCS HOBBIM ITOJXOJA TPHMEHEHHS METOJa KOHEYHBIX OOBEMOB IIpH
OTIPEZICTICHNH PACTIPEICICHUS JIEKTPUUECKOTO MONS B HEOZHOPOAHBIX CTPYKTypax. CeTka Uil 4YHCICHHBIX
pacdeToB TPEXMEPHOTO MIEKTPHUUECKOTO TIOJIST CTPOUTCS C MCIOJIb30BAHUEM KOHIEIINY TPHUAHTYIsIun JlenoHe
u syeek Boponoro. Llens uccienoBaHuii - YHIPOCTHTh M YIOPSIOYHTH AITOPUTM pacyera pachpesieeHHs
JJIEKTPUYECKOTO TOJISI B HEOJHOPOAHBIX CTPYKTypax. IIpeanokeHHBIH alrOpUTM SBISETCS HAAEKHBIM IS
pacdyera TMOTEHHIMala M HANPSDKCHHOCTH JJIEKTPUYECKOTO TIOJII B HEOJHOPOJAHBIX CTPYKTypax IIpH
MPOU3BOJILHOM PACIpeliefieHn MOTeHIa a HanpsDKeHus. Pa3paboTaHHBIi alnropuT™ B Mpolecce BHIYUCICHUH
obecrieyBaeT XpaHEHHE TOJBKO HEHYJIEBBIX 3HAYCHWI DJIEMEHTOB MATpHIl B NaMSTH KOMIblOTepa. Meton
KOHEYHBIX 00BEMOB COXpaHs’ET BCE NMPEUMYIIECTBA METOJla KOHEUHBIX pasHocTed. I1o cpaBHEHHMIO ¢ METOIOM
KOHEYHBIX 3JIEMEHTOB aJTOPUTM MOCTPOSHMSI KOHEYHO-PA3HOCTHBIX OTHOLICHUH sBIsieTcss Oosee mpocThiM. B
3TOM CiIydae HET HEOOXOANMOCTH CTPOHUTh MATPHILy JIOKAJTBHON M TII00ANBHOMN KECTKOCTH UII (POPMHUPOBAHUA
CHCTEMBI PELICHHS ypPaBHEHMH Ul OMNpEACICHHS EMKOCTHBIX KO3()(HIMEHTOB 3IEKTPHUUECKOro momis. Jlms
pELICHUsI TOCTPOSHHOM CHCTEMbI YpaBHEHUH HCIIONb3YETCS UTEPAIIOHHBIN METO CONPSKECHHBIX TPAIHEHTOB,
KOTOpBIE OYEHb OBICTPO CXOMUTCS A 3aJad paccMaTpuBacMOro THMA. BBINONHEH YHCICHHBIH pacueT
3JIEKTPUYECKOTO TIOJIS B MOJIOM IMJIMHAPE C OTPAaHUYCHHON BBHICOTOM M B IEJIUTENE HANPSHKCHHUS N3TOTOBIICHBIH
Ha OCHOBE MHKPOIIPOBOAA B CTEKISHHON H30JALMHU. PacuMtaHo pacmpeneneHue 3JIEKTPHYECKOTO IO B
PE3UCTHBHOIO JICIUTENs] HANPSDKEHHST M3 MUKPOIPOBOJA PACIOJIOKEHHOTO B DJIEKTPOCTATHYECKOM DKpaHe.
HpeﬂCTaBﬂeHbI pe3yJbTaThl pacue€Ta, MO KOTOPLIM OLCHUBACTCA BJIHUAHUEC OJKpaHa Ha €MKOCTb JACIIUTEIIA
HanpsKEHUS.

Knrouesoie cnosa: noTeHIAAN, BEKTOP HHTCHCUBHOCTH, EMKOCTHBIC KO3 (QHUIICHTHI, METOJ, KOHCYHBIH 00beM,
CONPSDKEHHBIE TPAJUEHTHI, ACTUTEIb HAPSDKCHNUS.

zones and of the electrophysical parameters of
these areas [5-6]. Maxwell equations presented
Many phenomena and processes can be in differential and integral form represent the
described through mathematical relationships  theoretical basis for solving these problems.
with partial derivatives. For these equations, it is The macroscopic bodies of the non-
necessary to formulate the initial and marginal ~ homogeneous environment are limited by
boundary conditions. Often, the only possibility  surfaces, which may have an arbitrary relief.
to obtain the solutions of the problem is the use  Following the structural inhomogeneity, the
of numerical calculation methods and parametric  values of the electrophysical parameters of the
analysis with the use of mathematical models.  macroscopic bodies can be changed by jumping
Mathematical models must match the to the boundaries of the selected areas. As a
constructive and physical particularities of the  result, the electromagnetic fields generated by
studied object (adequacy, precision, flexibility,  these bodies can also change very strongly when
economic resonance, etc.) [1, 2]. moving from one macroscopic body to another.
The emergence of computers has determined The paper presents an approach to the problem
the extension of the use of the methods of  of elaborating numerical mathematics models for
obtaining  solutions  of  multidimensional  calculating the electric fields in non-
differential equations by their numerical  homogeneous environments, based on the
integration [3, 4]. The solution of the differential ~ meshing procedure on blocks using the
equations depends on the values of the characteristic ideas for the finite volume method
coefficients of these equations. [7].
If we examine to the energy system, we can
see that all elements of the power system are
characterized by an obvious constructive

INTRODUCTION

I. FORMULATION OF THE BOUNDARY

inhomogeneity. This particularity leads to VALUE PROBLEMS

difficulties in calculating the values of the To realize these methods, it is necessary to use
primary and secondary parameters of the 2D or 3D calculating grids with structured or
functional components of the power system. unstructured topology. The use of unstructured

Addressing the physical heterogeneity of  calculating grids faces difficulties in examining
electrical installations is a complex scientific and  tridimensional problems.

technical issue, especially when there are large In order to overcome these difficulties is
differences in the geometric dimensions of the  reasonable to dividing the volume of the non-
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homogeneous environment into several sub-
zones with relatively simples form blocks is
argued. In these blocks it is possible to construct
relatively simple calculation networks, by taking
into account the boundary conditions of these
blocks.

This separation into structured blocks and use
the finite volume method provides of avantages
in making numerical calculations of the physical
fields in unhomogene environments. Advantages
of the finite volume method: preserving of the
basic values in the highlighted volume (system
energy, mass, heat fluxes etc); high speed of the
calculation; the possibility of applying the
method for objects with complex topology and
curved borders.

We will examine the problem of calculating
the distribution of the electric field in a non-
homogeneous three-dimensional structure. We
will determine the three-dimensional distribution
of potential u(x,y,z)in the multi-associate areas
of the non-homogeneous environment Q, for
which the distribution function of the absolute
dielectric permeability &,(x,y) has a constant
value in those areas. The function u(x,y,z) inside
the domain Q satisfies the Poisson equation:

D)

in which o(x,y,z)- distribution density of free
electrical charges.

If the function o(x,y,z)=0 in the domain Q,
the relation (1) will correspond to the Laplace
equation div (¢,gradu)=0. We also considered,
that at the boundaries T =oQ of the domain Q,
the values of the potentil u(x,y,z) are known:

div(e, gradu) =—o (X, Y,2)

2

The vector of the electrical field strength
E =—gradu is determined using the known value
of the potential u, and value of the electrical
displacement vector will be determined from the
D=¢,E relation. At interfaces of heterogeneous
environments, the conditions of continuity for
the potential and electric displacement is
determined from relationships: [u]=0 and
[D,i]=0. The square brackets indicate the
difference between the limit values u and D to
the left and to the right of the delimitation
interface, and i - the normal vector to the
highlighted interface.

U(X, Y, Z)l r— /J(X, Y, Z)

The use Finite Element Method or Finite
Volume Method requires calculation grids,
which including many triangles and/or pyramid-

DISCRETE MODEL OF CALCULATION
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shaped elements. The use of algorithms for
defining geometric figures of this type based on
Delaunay triangulation simplifies this problem.

The Delauney triangulation solves the problem
of finding such a set of points in the plane (three-
dimensional space), so that, there is no point of
this ensemble to be positioned within the inside
the circle (sphere) of any triangle (triangular
pyramids) whose (whose) peaks are points
located in this plane (three-dimensional space).
Delauney triangulation ensures maximizing the
minimum angle of all grid triangles (pyramids),
which  ensures  minimization of errors
conditioned by the numerical differentiation
procedure.

A. Theoretical Aspects of Applying the Finite
Volume Method

To illustrate the application of the finite
volume method we will select a body with
curved surfaces, fig.1. The space in which the
hollow cylinder is located includes three
substructures with different electrophysical
parameters at the delimitation boundaries of the
specified areas.

Fig.1. The grid of pyramid is for calculating the
electric field distribution in the hollow cylinder
with the finite volume method.

In the case of the numerical calculation of the
distribution of physical fields in non-
homogeneous environments, we have a Dirichlet
problem, which consists in determining the
function which is the solution of a differential
equation in the examined space.

To solve numerically the Dirichlet problem,
we divide the volumetric domain into the finite
set of volumetric elements in the form of
volumetric tetrahedra (pyramids). The vertices of
the pyramids are called the nodes of the
differential network. It is possible to construct a
lot of three-dimensional domain divides into the
pyramids where the nodes have fixed positions.



PROBLEMELE ENERGETICII REGIONALE 1 (45) 2020

We will divide the hollow cylinder into
volumetric elements (tetrahedra) - a total of 1980
pyramids. This provides us with the creation of a
calculation grid that includes 528 nodes.

Let denote by T, the set of grid pyramids,
where h is the maximal value of the pyramids
side lengths. Let introduce also the dual grid T,
that consists from so-called of the VVoronoi cells.
Each Voronoi cell encloses one of the inside
nodes of the differential grid.

Figure 2 shows the schematic of the mutual
links of a base node of the Voronoi three-
dimensional cell. Voronoi cell is a polyhedron
with green faces (fig.2).

0.05 > ——= 04

. : <036
i, -0.08 ——0a
s -0.15 02a

e —_—
0.270.2 AxiS

Fig.2. Voronoi cell with a polyhedron shape for the
base node number 74.

To illustrate the essence of the numerical
network structure is to select of the base node
which number 74. This node 74 has links to base
nodes 2, 73, 75, 80, 176, 182, 188 and 332,
which are defined as neighboring nodes. In this
case the Voronoi cell represents a polyhedron
with semi-transparent faces.

Each face of the Voronoi cell is orthogonal to
the segment between the base node and the
neighboring node, and the point of intersection
between the face and segment is located at the
midpoint of that segment. Let denote by P, the
basic node and by K, — the Voronoi cell. The
vertices of Voronoi cell K, we denote by Q.
These vertices Qi are the centers of the spheres
circumscribed around the tetrahedrons having
the point P, as a vertex.

As an approximate solution of equations (1)
and (2), we select a linear function u,(x,y,z)on
portions, which must be continuous in the
domain Q and linear on each tetrahedron
KeT,. The function u,(x,y,z) on the

tetrahedron T, can be defined using the notations
in fig. 3.
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Fig.3. Nodes of tetrahedral from the calculation
grid.

We will note in general the tetrahedron (fig. 3)
by the relation K =PR,R,R,P,, which includes the
nodes PR,P,R,P,. Let the tetrahedron
K =PP,R,P, (fig. 3) be some element of the set
T, and P(x,y,z) be an arbitrary point of this
element.

In this tetrahedron for each vertex we
introduce the shape functions N;(x,y,z),i=14.
These functions should verify the following
conditions: the functions are linear and their
values at the tetrahedron vertices are equal to 0
orl,i.e. Ni=1fori=kand Nj=0 for /£Kk.

The shape functions can be represented in
the explicit form through the coordinates of the
vertices:

)

- are the

Ny (X, Y5 Z) = W X+ W, Y+ W, Z+ W,

in which, w;, w,,w, and w,,

components of the vectors w,,i=1,4.

To determine the vectors W,, we must solve
four systems of equations such as:
AW, = f,,i =1,4 . The elements of the matrix A are
formed from the coordinates of the vertices

P =P(x,Y;2),i =14 of tetrahedron as follows:

Xl yl Zl 1
A= X2 y2 22 1 ’

X, Y, Z; 1

X, Yy L 1

_ Li=k
f, =(f1,iv f2,i’ f3,i’ f4,i)’ fk,i 2{0 izk

Using the shape functions for every grid node
(internal or boundary) we introduce the basic
functione,(x,y,z),i=1,2,...,n,n+1,...,n1(n
and n; represent here the number of internal
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nodes and the total number of nodes
correspondingly). The function o,(x,y,z) is
piecewise linear, i.e. it is continuous and linear
on each tetrahedron with unit value in the node
P and with zero values in all other nodes.

Following the satisfaction of these conditions,
the function of the approximate solution

u,(x,y,z)can be represented as a linear
combination of basic functions:
N
uh (X! y! Z) =Zui¢i(x, y,Z) . (4)

i=1

The coefficients u; from equation (4) are equal

to the unknown potential values at the node
P(X.Yi.z), 1.8 uy (X, Y;,2) =u;.

In contrast to the finite element method, the
generalized approach proposed by Galerkin is
used in the finite volume method. This
generalized approach consists in following. In
the condition of orthogonality of the finite
element method
[div(e,gradu,) g, dV =-[opdv, k=1n, we use
Q Q

basis functions v, (x,y,z) of the space
W, (Q) =L,(Q) as follows [7,11]. Let introduce
new basis functions w, (x,y,z) for dual grid T,
by the following rule: function ,(x,y,2)

possesses the constant unit values in the VVoronoi
cell for internal node R, and it possesses zero

values in the rest of domain. Then the condition
of orthogonality with functions v, (x,y,z) gets

the form:

j div(e,gradu, )y, dvV =—j owdV, k=1Ln. (5)
Q Q

Since, the function Wi (%, y,2) is nonzero only
in the VVoronoi cell KP , We obtain the following
relation for the orthogonality condition:

j div(e,gradu, )dV = — j cdv , (6)

Kr, Kn,

in which K; represents the Voronoi cell for the
node R, .

To obtain a system of linear algebraic
equations for unknown values of a function u, in
the nodes of the calculation grid to apply the
finite volume method it is necessary of
proceeding as follows.

To do this, we will examine in the three-
dimensional space with Cartesian coordinates
Oxyz of Poisson equation
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div(e,grad u) =—o(x,y,z). We will integrate the
Poisson equation into the space corresponding to

the K; cell volume with obtained of the
following relationship:
j div(e,gradu)dV =— j o(x,y,z)dV . (7
Ka, Ka
We will examine the left side of the

relationship (7). For this we apply the divergence
theorem:

j div(e,grad u)dv = j e,gradu dS =

Ka, Kp,
_ ou
= Jga(gradu,n)d8= Jga—dS (8)
o e on
R R
in  which aK - the full surface of the

polyhedron K n -the external normal to the
surface aKP X au/an is the derivative of function
u by this normal.

In this case the equation (7) takes the form:

ou

_[ g,—dS=

. oon
8KH<

- jcs(x, y,z)dV . ©)]

Thus, it was proved that obtaining the solution
of the equations (1) and (2) by applying the finite
volume method is reduced to the approximation
of the relation (9) in the internal nodes of the
Voronoi cell calculation grid.

A similar procedure is inherent to the finite
difference method for a rectangular cell grid. In
this context, the finite volume method can be
considered as a generalization of the finite
difference method for divide case of the space in
blocks with arbitrary shape cells. For this reason,
the finite wvolume method keeps all the
advantages of the finite difference method, and,
compared to the finite element method and the
algorithm for constructing the relationships in
finite differences proves to be simpler.

Because of these consequences, in obtaining
the numerical solutions of the electric field
repairs in the non-homogeneous environment
with the application of the finite volume method,
it is not necessary to construct local and global
rigidity matrices, which are necessary to the use
finite element method.

B. Applying the Finite Volume Method to the
Calculation of the Electric Field

Either in the Voronoi cell K (fig. 2) the base
node is denoted by the symbolR,. With the



PROBLEMELE ENERGETICII REGIONALE 1 (45) 2020

symbols Pi,i=0_,8 we will denote the nodes of

the calculation grid. Symbols S,, i -18 are used
to describe lateral faces, which are orthogonal to
the straight-line segmentP,R. The parameter

M,,i=18 describes the points of intersection of

the orthogonal PR segments with the lateral
faces S, of the Voronoi cells. When accepting
these notations for the Voronoi cell, we have the

possibility to approximate of the integral on the
oKy, surface (9) by the following expression:
u(R)-u(R) ¢

f 2 dS ijgaauds >2,(M)

K, i=ls, ‘ 0 i‘
in which: g,(M,) - the dielectric permeability
value at the point of intersection of the PP
segment with the side Si surface; u(P) and

u(R,) -voltage values of points P and B, ; [R,P|

- the length of the segment marked P,P .

The integral on the right side of the expression
(9) will be approximate it with the following
relationship:

[ o(xy)aV =a(R)V,,

Kry

where: Vo is the volume of the Voronoi cell K; .

As a result, the expression (9) can be
transcribed in the following form:

& U(P) u(R,)
2 ER S

i=1
After some transformations, we can write for
the point noted by P, of the calculation grid the

following relationships:

S, =—(RV,.

au(P)+ S au(P) = (R,

i=1

(10)

in which: a—g(M) i=18; o, =

8
>a,.
i=1

Equation (10) can be written for each internal
node of the calculation grid. For the boundary
nodes of the highlighted volumes it is necessary
to use the limit conditions (2).
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As a result, we obtain the system of linear
algebraic equations with symmetrical matrix.
Each type (10) equation contains only a few
elements that differ from zero. The number of
equations that meet this condition is not high
(usually between 9-25 equations). As a result,
the final matrix of the system of equations drawn
up based on the finite volume method has a
relatively small dimension.

Another particularity of the procedure of
calculating the electric field in non-
homogeneous structures is that, in the proposed
algorithm, only the nonzero elements of the
matrix are stored in computer memory.

To solve the obtained equation system, we use
the iterative method of conjugate gradients that
converge very quickly for problems of the type
examined.

The solution obtained u, (x,y,z) in the domain
Q makes it possible to construct the field of flux
of the vector intensity E=(E,, E,, E,)=—gradu
of the electric field.

We will note by v of the vector flux E that
crosses the unitary area of the orthogonal surface
with the E vector.

For these conditions, the contour lines
u(x,y,z) =constand the lines v(x,y,z)=const
form mutually orthogonal families.

The function v(x,y,z) can be obtained by
calculation of the following contour integral:

(xy.2)
v(x,y) = Jy. (Exdx+ Eydy+EZdz),

(%0:Y0120)

in which: x,,y,, z,- the coordinates of an

arbitrary fixed point in the domain €, and the
path of integration is located inside it.

In the case of a multiply connected area, the
integration path must not cross of domain cuts,
which lead to a single connected structure.

The capacitance C between two conductive
bodies is calculated by the formula:

q
)
u —u,

c= (11)

where: (u, -
bodies.

u,) is potential difference of these
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The value of the electric charge g, located
inside a volume V, is calculated according to the
Gauss theorem for the body with of
S=0V surface, having as an independent

variable the intensity E of the electric field:
q= gj E-dS = —g_[gradu -dS =
S S

—& j (gradu - i)dS =—gj(au/an)ds . (12)

S

in which: S - arbitrary surface, which includes
the body, with electrical charge; i — the exterior
normal vector to the surface S, ¢ —the dielectric

permissivity.
I11. VERIFICATION OF THE ALGORITHM

The algorithm proposed to solve the electric
field problem was made as a complex of
programs in the Matlab application environment.
The robustness of the algorithm and software
package have been tested on an object, which
having geometry of a hollow cylinder (Fig. 1). In
the calculation model the initial condition was
formulated, which sets a non-zero value of the
potential on the internal surface of the hollow
cylinder. At the same time, it was considered that
the outer surface of the cylinder (lateral and its
bases) having the null value of the potential.

The algorithm described was the basis of
elaboration the calculation software of the three-
dimensional distribution of the potential
u(r,p,z) of the electric field in the hollow
cylinder. Cylinder has the dimensions: the
internal radius Ra = 0.2 m; outer radius R, = 0.5
m; cylinder height H = 0.5 m.

The following limit conditions have been
formulated:

¢ the potential on the outer side surface of the
cylinder: u(R,,¢,z)=0;

e the potential on the surface of the cylinder
head from above:

u(r,p,H) =U,(0.25c0sp+0.75)[ (R, - 1)/ (R, - R,) |

e the potential on the surface of the cylinder
head from the bottom:

u(r,0,0) :(U%J(O.ZSCOS¢+O.7S)[(Rb IR, -R)];

o the potential on the inner side surface of the
cylinder:

uR,, 0,2)= U_2° (0.25c0s ¢ +0.75) (1-%] ]
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We will consider that the potential U, has the
value U, =10V .

To construct a spatial discrete grid in the
cylinder volume, a stairway was selected: 10
divisions along the vertical axis z, 6 divisions
along the beam and 25, 32, 38, 44, 50, 56, 62
divisions along the circumference. In this case,
the divisions or steps have the size were 0.05 m,
and the total number nodes of grid was 3377.
Taking into account these division conditions,
the volume of the cylinder was divided into
15810 tetrahedra.

The solution to the test problem's (fig. 1) is
shown in fig. 4. The distribution of the
equipotential lines u, =const (full lines) and the
lines describing the distribution of the flux
intensity vector E (dotted lines) of the electric
field in the transverse section placed at the half
height of the cylinder (z = H /2 =0.25 m) is
shown in fig.4a. The distribution of the electric
field in the section of the vertical plane of the
cylinder with the coordinate y = 0 is shown in
fig. 4b.

u,=const _—7_

0.0

[ 03 05
AXis x, m

Axisx, m

Fig. 4. Electrical field distribution in the hollow
cylinder: a) - in the cross-section with the
coordinate z=H /2 =0.25 m; b) - in the plane of
the vertical section - y =0 and Ra <x <Rb.

The proposed algorithm and numeric
computing software allows the analysis of the
electric field distribution in any section of the
hollow cylinder. The voltage dividers are used to
measure of the high voltage. The use of glass-
insulated micro conductors is a reasonable
solution for the manufacture of voltage dividers
from resistive element [12].

The determination of the electrostatic fields
and electrical capacities of the high-voltage
dividers is a difficult issue because of their
constructive complexity. This can be done using
the finite volume method. An example of a
constructive embodiment of the voltage divider
is shown in fig. 5a. The resistive element has the
following dimensions: H1 = 120 mm; D1 = 28
mm; D2 = 18 mm. The screen has the height H =
220 mm and the diameter D = 75 mm. Relative
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dielectric constant for glass & =6 and &, =1
units for air. The potential changes linearly from
zero (grounded terminal) to ten units (terminal
connected to high voltage). fig. 5b and fig. 5c

represents the potential and intensity curves of
the field of the resistive divider with screen and
without it.

L Fvoltage h, mm u, = const
150 : a b)
1004
é 50
o g
a g
T o o]
~
o
s i
as) -50-
= B % -4 L
-1001 g High-voltage
resistors -80+
-1501 R.mm -100 R.mm
-150 -100 -50 O 50 100 150 20 0 20

Fig. 5. General view of the voltage divider (a) made of micro conductors, the distribution of the potential
and intensity of the electric field of the non-screen divider (b) with capacity of 22.0 pF (19 675 nodes the
calculation grid) and the cylindrical screen divider with the capacity of 41.0 pF (calculation grid has 66164
nodes).

IV. CONCLUSIONS

An effective algorithm has been proposed to
solve the problem of calculating the electric field
in non-homogeneous structures based on the
finite volume method. The algorithm, during the
computation process, stores only the nonzero
values of matrixes elements in the computer
memory.

The finite volume method keeps all the
advantages of the finite difference method.
Compared to the finite element method, the
algorithm for constructing the finite difference
relations is to simpler. In this case, there is no
need to build a local and global rigidity matrix to
form an equation solving system for the
determination of capacitive coefficients of the
electrical field.
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Methodology for Assessment the Possibility of Transfer Six-Phase Power
Line into the Mode of Operation with Incomplete Number of Phases
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Abstract. In electric power systems due to various reasons: short circuits, phase breaks, ice melting,
phase-by-stage repair of a high-voltage power line (transmission line), interruptions in the power sup-
ply to the consumer occur. On single-sided power lines, this leads to a prolonged shutdown of con-
sumers, and to a significant emergency lack of electricity supply. Switching the line to operation with
incomplete number of phases significantly increases the reliability of consumes power supply. For
double-circuit power lines it is always possible to keep in work at least two phases out of six. Among
the various options for double-circuit power lines, the so-called self-compensating and controlled self-
compensating high-capacity power transmission lines (SCL and CSCL) were proposed. For unidirec-
tional power supply lines, these cases are accompanied by a prolonged shutdown of consumers from
the electrical energy and a long time with a lack of supply. The article is devoted to the methodology
for calculation the throughput of SCL and CSCL, which operate with incomplete number of phases.
The methodology is based on the use of six symmetric components of currents and voltage of the SCL
(CSC) and can be extended and applied in principle to any six-phase power transmission lines, in par-
ticular, two-circuit conventional power lines. The equivalents substitution complex schemes in the
coordinates of the six symmetrical components in the MATLAB program are modeled. This allows us
to find the currents and transmitted power through the line and voltages in the nodes of the network
and evaluate the possibility of its operation in this mode.

Keywords: electrical lines with self-compensation and controlled self-compensation; incomplete
number of phases; six symmetrical components.
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Metodologie pentru evaluarea posibilititii transferului unei linii electrice cu sase faze in regim de
functionare cu numarul necomplet de faze
Chiorsac M. V., Turturica N.N.
Universitatea Tehnica a Moldovei
Republica Moldova

Rezumat. In sistemele electroenergetice din diferite motive ca scurtcircuite, rupri a faze, topirea ghetii, reparatie
pas cu pas a unei linii de inaltd tensiune (linie de transmisie), se produc Intreruperi in alimentarea
consumatorilor. Obiectivul lucrarii este de a dezvolta o metodologie pentru calcularea debitului unei linii de
transmisie a energiei cu sase faze, ludnd ca exemplu linii electrice cu autocompensare si de tip LEDA, care
functioneaza intr-un regim de sarcind cu numar necomplet de faze. Pentru a atinge acest obiectiv, am folosit o
tehnicd bazatd pe utilizarea a sase componente simetrice ale curentilor si tensiunilor LEC (LEDA) pentru diferite
regimuri asimetrice si care poate fi distribuitd si aplicata in principiu la orice tip de linii de alimentare cu sase
faze, in special, la liniile de alimentare conventionale cu dublu circuit. in mod similar cu metoda binecunoscuti a
componentelor simetrice trifazice, utilizatda pentru a evalua posibilitatea transferarii unei linii de alimentare
trifazate intr-un regim incomplet de faze, metoda componentelor simetrice cu sase faze poate simplifica
semnificativ calculul. Cel mai important rezultat al acestei lucréri o prezinta metoda de calculul al parametrilor
electrici (curenti si tensiuni) n cazul unui regim de functionare ce numar necomplet de faze , utilizdnd conditiile
de limita pentru portiunea avariatd a liniei electrice de transmisie. Semnificatia rezultatelor consta in obtinerea
unui scheme complexe echivalente la ruperea fazei in coordonatele fazore a sase componente simetrice, ceea ce
permite de a calcula curentii (puterile) si tensiunii unei linii de transmisie cu sase faze in nodurile retelei, ce
Cuvinte cheie: linii electrice cu autocumpensare si linii electrice dirijate, functionare cu numar incomplet de
faze, sase componente simetrice.

© Kiorsak M.V., Turturica N.N.,
2019
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MeToanka oleHKH BO3MOXKHOCTH nepesoa mectudasnoii JIIII B HenonHoda3HbIA peskuM padoThl.
Kuopcak M.B., Typrypuka H.H.
Texauueckuil yHuBepcuUTeT MOJIIOBBI
Kummnes, Pecrrybnmka Momnnosa

Annomayus. B >1eKTpO3HEPTETHUECKUX CHCTEMAaX B CHITY Pa3IMYHbBIX IPUYHH: KOPOTKUX 3aMBIKaHUH, OOPBIBOB
(a3, mwraBku romonéna, MohazHEI PEMOHT BBICOKOBOJIBTHOH IHHUH 3JekTporepenadn (JIDI1) Bo3HHKaroT
MepepBIBEl B 3NEKTpocHaOkeHHe mnorpedbuteneid. IlepexioueHne JTWMHMM C OZHOCTOPOHHUM IIMTaHHUEM B
HETIOTHO(a3HBII PEXUM CYIIECTBEHHO YBEINIMBACT HAC)KHOCTB AIIEKTPOCHAOKEHHS moTpeduTeneii. OcoOeHHO
910 3¢ dexTrBHO M5t ABYxX1EnHbIX JIDII. /s HUX Beeraa ecTb BO3MOXKHOCTD COXPAHUTD U3 MIECTU (a3 XOTs Obl
nBe ¢daspl B pabore Ui oOecliedeHHs HENPEPHIBHOCTH dHeprcHaOxeHus. Cpeau pasIM4YHbIX BapHaHTOB
nByxuenHeix JIOII OblIM IpeaniokeHbl M TaK Ha3blBaeMble CaMOKOMIICHCHPYIOIIMECS WU YIIpaBisieMble
CaMOKOMIIEHCHPYIOIUECS JIMHAU 3JIEKTPOINepeaadyr MOBBIIIEHHOH npormyckHol crioco6Hoctn (CBJI n YCBJI).
Llenpro paboThl siBIIsiETCSl pa3pabOTKa METOAMKM pacyera MPOMyCKHO# crocoOHocTh mectudasznoit JIDII Ha
npumepe CBJI u YCBIJI, koTtopbie paboTatoT B HenonHO(a3HOM HArpy3oyHoMm pexume. Jlus AoCTHXKeHHs
MOCTaBJIICHHOM LENH HCIOIb30BallaCh METOAMKA, OCHOBaHHAas Ha MCIIOJIB30BAHME INECTH CHMMETPHUYHBIX
cocraBsronx TokoB M HampspkeHu CBJI (YCBIJI) mpu pa3nugHBIX HECHMMETPUYHBIX PEKHMAax U KOTOpas
MOJKET OBITh paclpocTpaHeHa W MPUMEHEHa B MIPHUHITUIIE K JTIOOBIM BUAaM IrectudasHeM JIDII, B acTHOCTH, K
IBynxuenssiM  oOprgHBIM  JIOII. AHamormyHo OOIIEM3BECTHOMY METOAY TpexX(hasHBIX CHMMETPHUIHBIX
COCTABIIIONINX HCIOIB30BAHHBIA JJIs OICGHKH BO3MOXKHOCTH TepeBoma Tpexdasnoit JIDII B HemomHo)a3HEIH
PEKHMM, METOA INECTHU()A3HBIX CHMMETPHUYHBIX COCTABIIIOIINX ITO3BOJSET CYIIECTBEHHO YIPOCTHTH PAaCUET.
Hawnbounee BaXHBIM pe3yJabTaTOM B IAaHHOW paboTe SBISETCS PACCMOTPEHHAs METOJIMKA pacueTa dIEKTPHYECKUX
BEJIMUMH (TOKOB W HampspkeHuil) mpu HenonHohaszHoM pexume CBJI Ha OCHOBE IpaHMYHBIX YCIOBHH VIS
yuactka noBpexaeHust JIDII. 3HaunMMOCTh pe3yiabTaTOB COCTOMT B MOJYUYEHHWW SKBHUBAJCHTHON KOMILIEKCHOM
CXeMBI 3aMelleHus Uit oOpbiBa (a3bl B KOOPJAMHATAX ILECTH CHMMETPUYHBIX COCTABIISIOIINX, YTO MO3BOJISET
HaWTH TOKK (MouHOCTH) mectudaszuoii JISII u HanmpsHKeHUs B y371aX CETH U OLIGHUTh BO3MOKHOCTh €€ paboThI B
HETIOJTHO(A3HOM PEXUME.

Knrwueevie cnogea: CcaMOKOMIEHCHUPYIOIIMECS M YOpPaBIsEMble  CaMOKOMIEHCHPYIOIIMECS  JIMHUU
3JIEKTPOIICpEIauH, HETIOJHO(ha3HBIH PEXXNUM, IIECTh CHMMETPHIHBIX COCTABIISIONIHX.

INTRODUCTION for example, when carrying out phase-by-phase
repair of power lines or step by step phase ice
melting.

In order to estimate what power of electricity
can be transmitted to consumers, it is necessary
to study the operation of the power line (SCL or
CSCL) without the disconnected phase.

For the calculations of the maximum value of
the electrical power transmitted by the three-
phase conventional power lines [5] in the INPh
operating modes, the method of three

To increase the transmission capacity of
electrical lines, the use of a new generation of
high-capacity transmission lines has been
proposed, including electrical lines with self-
compensation (SCL) and controlled electrical
lines with self-compensation (CSCL) [1-4]. The
introduction of these power lines in practice
requires solving a whole range of problems such
as relay protection (RP) from various damages,
including short circuits (SC), phase ruptures

(PhR) and analysis of the possibility of their sy_/m_metrical compone_nts 01,2 is_ used. [6-24].
operation with incomplete number of phases Similarly, _for calculating the maximum value of
(INPh) the electrical power transmitted by SCL or

CSCL in the INPh asymmetric mode of
operation, the method of six symmetrical
0,1,2,3,4,5 components can be used. This
requires the following data:

— the equivalent substitution schemes of
the electrical network and all its elements for the

Of all the possible short circuits on the SCL
or CSCL, more than 60% of the short circuits
belongs to short circuits of single-phase followed
by disconnecting the line. For consumers
connected via SCL or CSCL to a single source of
electricity, this will interrupt the supply of
electricity. The power supply of the consumers ~ Seduences 0,1,2,3.4 and 5 of the currents and
can be maintained by disconnecting only the  Voltages; _
damaged phase, if each phase of the SCL or —  the maximum values of the power of the
CSCL has its own switch. Operation SCL and ~ Consumers (_:onnected to the transformer stations
CSCL with no-full number of phases (NFPh) can  Of the electrical network;
be provided as a possibility that significantly —  passport data for generators of the power
increases the reliability of the electrical system,  plants.
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I, DETERMINATION OF THE
MAXIMUM TRANSMISSION POWER IN
THE MODE OF OPERATION WITH
INCOMPLECT NUMBER OF PHASES
(INPh)

The methodology for assessing the maximum
value of the transmitted power by SCLor CSCL
is based on the following assumptions: similar to
asymmetric load calculations by using three
symmetrical components, it is considered, that
the voltage of the second (2) and fifth (5), as
well as the first (1) and fourth (4) sequences of
the voltage at the terminals of all power
consumers connected to the common distribution
network are equal. Therefore, in most cases it is
sufficient to determine the asymmetry voltage on
the transformer busbars of the substations,
connected to the line operating in the INPh
mode. The entire load is replaced by an
equivalent one and is brought to the busbars of
the corresponding voltage of each of the
substations connected to the line operating in the
INPh. Considering SCL (CSCL) as six-phase
power lines, for calculating asymmetrical short-
circuits, ruptures of the phases and for
calculating the maximum value of the
transmitted power through them in the INPh

Uomn

mode of operation by using six symmetrical
components it is necessary:

— asymmetric systems of voltages, currents
and EMF to be present as the sum of the
corresponding symmetrical components;

— the initially asymmetric equivalent
circuit shall be represented by six symmetrical
equivalent circuits of sequences 0,1,2,3,4 and 5
of currents. The number and types of the
symmetrical components circuits depends on
given analyzing type of asymmetry;

—  for given type of asymmetry, according
to symmetric equivalent circuits, symmetric
components of currents and voltages are
calculated,

— using the calculated symmetrical
components, the desired currents and voltages in
the original circuit are determined.

In accordance of deterioration type,
equivalent circuits of individual symmetrical
components can be obtained (Fig.1). Figure 1
shows the circuits of the symmetrical
components of the CSC line when the phase A is
ruptures and shifting angle between voltages
vectors of the phases closely placed of the CSC
6=0°

Zom M/ N ZoN v gy BN
1 —  H P M
— Z3M:+ O t Zan|
loy L H H
Isy
a) b)
: ' : Uamn E
Em 2, UM Zin  E1 Eam Zam Zan EN
o w2 AL VA
NI NN N e AN NI
liy lay
Uamin c) Usmn
Zam M/ N ZoN ZsM M /N Zs5N
1 | — 1 1
i aa— =R AR
l2y Isy

d)

Fig. 1. The equivalent circuits of symmetrical components for ruptured phase of the CSCL with angle 0
= 0 °: a- for zero sequence; b -for third sequence; c - for first and fourth sequences; d - for the twice and
fifth sequences.
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The ruptured phase A can be considered
undamaged if a UMN source with the equivalent
voltage equal to the potential difference between
the rupturing points is included between the
breaking points M and N. The phase components
of the currents and voltages at the breaking point
are characterized by the relations:

Taking into account the boundary conditions
expressed in to the six symmetrical components,
the equivalent schemes of individual sequences
can be combined into a complex equivalent

circuit. The schemes of individual components
are connected in parallel to the damaged place.
The individual sequence schemes need to be
connected in such a way that the sum of the
currents is equal to zero and the voltages of the
individual sequences are equal between them. As
an example, fig. 2 shows the complex equivalent
scheme of the line in to the symmetric
components in the MATLAB program, when
phase A is ruptured.

10 15 14 13 12 I
Out1 Qut1 M Out1 — out1 L out1 L out1
Conni1 Conn1 Conn1 Conni Conni Conni
Conn2 I:—‘— Conn2 I:L ﬂlzl Conn2 | Conn?2 ‘
Subsystem Subsystem Subsystem Subsystem Subsystem Subsystem
0 sequence 5 sequence 4 sequence 3 sequence 2 sequence 1 sequence

Fig. 2. Complex equivalent scheme of the line in to the symmetric components for the ruptured phase A
in the MATLAB program.

Il. CALCULATION THE MAXIMAL Orin a simplified form F = Fo- Fs
TRANSMITION POWER THROUGH HV
LINE WHICH WORKS WITH 1 1 1 1 1 1
INCOMPLETE NUMBER OF PHASES | ¥ i i i g0
Using the method of six symmetrical Dol e g g g g
components, the phase and line currents and Se= - e m (2)
voltages according to the relations are determine 1 ¢ 1 e 1 e
1 ej120 ej240 1 ej120 ej240
. . j60 j120 j180 j240 j300
m E 1 ™ e e e e
A1 1 1 1 1 40
|:B 1 ejsoo e1240 eleO eleO ejeo I:A1
E|l b e g | g0 gim| |F the square transition matrix from the six
N ol T T S | ?l@@)  symmetrical components 0,1,2,3,4,5 _of the
F, _ _ _ 1 [Fa vectors of current (voltage) to the six-phase
Bl Lo e 1 e e L coordinates A, B, C, D, E, F of the line
F 1 el gl 80 gj2a0 430 _A4
FF FAS
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'iA [—;Ao
FB FA1
. Fc . FAz
F= . ’ Fs= . ]
Fo Fas
FE FAA
FF FAS

Where F column matrix of current (voltage)
vectors in the phase coordinates, Fs column
matrix of current (voltage) vectors in the six
symmetrical components.

Converting the vectors using the give up
matrixes is advisable for calculations in the
MathCad system, because this allows for
calculating the required currents and voltages
without write separate formulas. On the base of
the equivalent circuits of six 0, 1, 2, 3, 4 and 5
sequences (fig. 1) and complex equivalent circuit
(fig. 2), following system of equations can be
writes:

z,l,+U, =0

zi,+U, =E,

z,I,+U,=0

z,I,+U, =0

7,0, +U, =E,

z,I.+U, =0

[0 +0+0+0,+1,=0

Uy +U, -6 +U, e +U, +U, e +U, .e ™ =0
U, +U,-e 10,1 1U,+U, e ™ +U,.e ™ =0
U,-U,+U,-U,+U,-U, =0

U,+U, -2 +U, e +U, +U, e +U, e =0
U, +U, -6 +U, e U, +U, e +U, -1 =0

®)

Here Zo, Z1, Z,, Z3, Zs4, Zs are the resulting
impedances of the circuits of the six symmetrical
components in relation to the rupture point. The
first six equations of the system are compiled
according to Kirchhoff's second law (fig.1). The
remaining six equations of the system are written
according to the conditions at the place of
asymmetry. For ruptured phase A , the boundary
conditions written through the six symmetric
components according to (1): 14 =0, ua-=0,
Up=0,Up'=0,Uc=0,uc =0. Using the
known impedances of the complex equivalent
circuit, the symmetric components of currents
and voltages in all nodes and branches of the
circuit are calculated. The phase and line
currents and voltages are calculated by the
relations (1). According to the phase and line
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values of currents and voltages, power flows for
given branches:

P

R A B A < I
Spq=U:|A +U§|B +U£|c +UK.|A'+U§.IB’+U£.IC' (4)

or

pq

- L Y Y T I
SM=6{UP s +U 12 +U2 Is +UP 1 +UP 15 +U% 1o | (D),

where p. and q are the beginning and end of a
given branch

The calculation is carried out for the load
range from maximum to zero (for example,
100% SI, 80% SI, etc.), where Sl is the power on
beginning of the line. The loads of the
transformers substations vary in proportion to the
load on the beginning of the line. At each step,
currents and voltages are calculated. In the same
way, changing the load in the range from 100%
to 20% are built the dependences of Uf on the
values of the transmitted power. Following the
above calculation method, it is possible to
calculate the voltage deviation at all substations
of the considered network and construct for each
substation the graphs Vi f (SI), where

vi:UGU'« f (Swy), Where

100% and ¢

H

&= 8—2100% . The analysis of these dependencies

H

allows us to solve the problem of the maximum
value of the transmitted power, based on the
criterion of voltage quality at the consumer. As a
result of the analysis of these dependencies, the
maximum value of the transmitted power
through the line is found. Comparing the all
results of the analysis is selected the power that
satisfies the given technical limitations.

I1I.CALCULATION THE SHORT CIRCUIT CUR-
RENTS WHEN HV LINE WORKS WITH INCOM-
PLECT NUMBER OF PHASES

The asymmetry that occurs during the phase
rupture was characterized by the corresponding
voltages and currents that can be decomposed
into separate sequences. Their values depend on
currents and voltages of the previous mode of
operation and have a significant effect to the
operation of relay protection. In order to ensure
the operation selectivity of the relay protection
of the line in INPh it is necessary to adjust the
relay protection in such a way, that there are
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capable to operate correctly At the same time,
the necessary sensitivity of the relay protection
must be ensured during the short circuits, which
can occur during operation of the line in the
INPh regimes. For the lines which supplies with
electrical energy the consumers from one sours,
as a rule, are installed the following relay
protections:

- current  cut-off relay protection,
connected to the phase currents and homopolar
(zero) sequence currents;

- maximum current relay protections,
connected to the phase currents and homopolar
(zero) sequence currents.

To choose the start current of the current cut-
off protection, it is necessary to know the highest
short-circuit currents  behind the step-down
transformers. To calculate the short-circuit
currents on the lines with a single tap may be
used the expressions [4]. At the figure 3, the
simplified scheme of six-phase line with rupture
of the phase on the chain | and phase short
circuit on the chain Il are given.

Q _{ZDJF_M'N ICZD _ Load
FQD+ T £ aD
i N llk . |

Fig. 3. The short circuit of the one phase on the ground with simultaneous rupture of another phase of
the line.

To check the reliability coefficient of the
protection, in most cases, it is necessary to know
the currents of a single-phase short circuit of one
of the working phases during the operation of the
line in the INPh regime. The scheme of fig. 3 in
the cases of short circuit. with the simultaneous
rupture of one phase is characterized by 24
unknown currents and voltages:
SR S
U2K ’U3K ’U4K ’USK ’UOK ’U1U ’U2U ’U3U 'U4U ’U5U ’U
For each of characteristic sequences, the
relationship formulas between voltages and
currents it is compiled, taking into account the
accepted positive direction of currents and
voltages:

2K 3K T4K 7 T5K Y TOK Y T1U Y

_EN :_ZlKKllK +Z
_(EM - EN )= ZlUK IlK + ZlUU

0=—Z,« IZK + 2wl I
|

~Uy;

1KU lU
pO)
2K

0= Z2UK 2K +ZZUU 2U ;

3K

-uU

-U

-uU
o by U
-U,,;
-U
-U
-U
-u

[ |
0=-Z5«ls I (6)
0=2Zy, I3K +Zayy |3
0=-Z,« I4K +Zyuly I
0=2, IAK +Zl, I
I

—Ele

sk Tsk T
_(E _E )— 5UK 5K+ZSUU|5U

4K 1
4U 1
5KU 5U 5K

5U *

I4U ' I5U ' IOU ’UlK'
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_UOK;
_Uouv

0= _ZOKK I’OK + ZOKU I'ou

0= ZOUK I.0|< + Zouu I.ou

where Zykk = ZN, Zyy = ZX = Zn 2w - self
impendences;

Zwu = Zxuk = Zn - mutual impendences,
where x is the index of the sequences (x = 0, 1,
2, 3, 4, 5) The rest of the equations are compiled
according to the boundary conditions for places
of short circuit and rupture. For the phase A

short circuit to ground U, =0, I, =0, I, =0,
lg =0, I =0, I, =0 for the phase. A in the
rupture point 1,, =0, Uy =0, U, =0,

Ugy =0, Uy, =0,U.y, =0.
To write the equations, we use (1)

UAK =LJ.OK +UlK +U2K +U3K +U4K +USK;

] _1 ] -j60 , T -j120 ] —j240
L =l e+, e -1, +1, e+
| . a-i300.
+1g, e

o ] -j120 | 1 -j2a0 |y | .-l
Lo = o+l €7 + 1, €70+ L +1, 7+

|20,
+lg -e

IB\K :IOK_|1K+|2K_I3K+I4K_I5K;
c i |
ICK _|0K+I1K € +I2K

| . p-il20.
+ly, 87

-j120 | ] —jo40
I P PP
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+g, -1

| a0 [ i | . a-il0
CK 0K+I1K e +I2K € 7|3K+|4K e +

()
I’AU = I’OU + I'1U + I’ZU + I’3U + I.4U '+I'5U ;

U,y =Uy +U,, -6 +U, e -U, +U,, -e 1%+
+U5U 'e—jaoo;

U,, =Uy, +U,, e +U,, e 4+U, +U,, e 72+
+U,, -1,

UB\U :UUU _Uw +U2U _Uau +U4U _Usv;
U, =U,, +U, €2 +U,, -e™+U, +U,, e+
Uy, e

U,y =Uy, +U, &7 +U,, e U, +U, e+
U, e,

To calculate the symmetric components of
the currents and voltages using Mathcad, a
matrix of coefficients and a matrix of the free
members are compiled. The found currents and
voltages of individual sequences in places of
short circuit and rupture allow us to find currents
and voltages at other points of the original
circuit. The symmetrical components in the line
from the power supply system N side and current
of the phase A are calculated according to found

currents and the corresponding equivalent
circuits:

Lo = Ta = Tau s
corresponding sequence.

The calculated phase currents and voltages at
all points of the network allow to analyze the
operation of relay protection and of the
conclusions about the need to change the settings
of the operation of the relay protectio, fig. 2.
complex equivalent scheme of the line for the
ruptured phase a in the matlab program. (as in
the usual analysis of the operation of the relay
protection).

where X is the

CONCLUSIONS

1. The supply of the consumers with
electrical energy at the single-phase short circuits
of the SCL or CSCL followed by the
disconnection of the failed phase can be
maintained by ensuring their operation with
incomplete number of phases.

2. The maximum admissible transmitted
power through SCL or CSCL with INPh can be
calculated by modeling at the computer the
equivalent schemes of the symmetrical hex phase
components
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Numerical Analysis of Parameters of the Radiant Heating System
with Radiating Panels

Redko A.A., Kulikova N.V., Burda Yu.A., Pavlovsky S.V., Redko O.F., Pivnenko Yu.A.
Kharkiv National University of Construction and Architecture
Kharkiv, Ukraine

Abstract. The main goal of the work is to study radiation and convection heat-exchange in a closed
volume of a panel radiator to assess the possibility of transferring short-wave radiation in the working
area to a comfortable long-wave one. The goals have been achieved through the use of a mathematical
model of three-dimensional unsteady flow and complex heat exchange in a radiant heating system, in
which the system of Reynolds-averaged Navier — Stokes equations is added, supplemented by the
radiative transfer equation. The effect of the shape and size of the panel, surface material and the
presence of thermal insulation has been numerically investigated. It has been found that the
arrangement of radiating panels reduces the surface temperature to 450-500°C, but the increase in the
surface area of the radiator provides a more uniform radiation intensity over the area being heated, not
exceeding the permissible sanitary and hygienic requirements. The most important results are the
creation of a more uniform radiation flux density when placing additional panels around a high-
temperature radiator and the conversion of short-wave radiation in the working area to a comfortable
long-wave one. The significance of the obtained results consists in the fact that the results of these
studies can be put into practice in the design and installation of radiant heating systems for various
buildings. The results obtained in the work show the promise of further theoretical and experimental
studies on subjects related to the optimization of radiant heating system parameters for industrial and
civil buildings.

Keywords: radiant heating, radiating panels, heating system, infrared burner.
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Analiza numerica a parametrilor unui sistem de incalzire radiant cu panouri radiante
Redko A.A., Kulikova N.V., Burda Yu.A., Pavlovsky S.V., Redko A.F., Pivhenko Yu.A.
Universitatea Nationald de Constructii si Arhitecturd Harkov
Harkov, Ucraina

Rezumat. Scopul lucrérii consta in studierea radiatiilor si transferului de caldura convectiv intr-un volum inchis
al unui emitator de tip panou pentru a evalua posibilitatea modificarii lungimea undei scurte a radiatiei din zona
de lucru intr-o radiatie confortabild de undd lungd. Obiectivele au fost atinse prin utilizarea unui model
matematic de flux tridimensional nestationar de scurgere si transfer complex de céldura in sistemul radiant de
incélzire, care are la baza ecuatiile Navier - Stoke cu valori medii a coeicientilor obtinute dupa Reynolds, care
completeazi ecuatia de transfer prin radiatie. In lucrare se prezinta rezultatele analizei numerice a parametrilor
unui sistem de incalzire radianta cu panouri radiante. S-a stabilit, cd dispunerea panourilor de emisie reduce
temperatura suprafetei la 450-500 °C, dar cresterea suprafetei emitatorului asigurd o intensitate mai uniforma a
radiatiei pe zona incalzita, fard a depasi cerintele sanitare si igienice admise. Sunt determinate dimensiunile
geometrice ale sistemului de panou si raportul acestora. S-a stabilit ca dispozitivul de panou traduce parametrii
radiatorului cu lungime de unda scurtd in regim de radiatie cu lungime de unda lunga. Cel mai eficient radiator
este un radiator trapezoidal din tabla de otel cu grosimea de 1 mm cu un perete izolat termic. Cel mai important
rezultat constd in faptul cd se asigurd crearea unei densitati mai uniforme a fluxului de radiatii atunci la
amplasarea panourilor suplimentare in jurul unui calorifer cu temperaturi ridicate. acsta solutie asigura transferul
radiatiilor cu unde scurte in zona de lucru intr-una confortabild cu unde lungi. Semnificatia rezultatelor obtinute
consta in faptul, ca rezultatele acestor studii pot fi aplicate in practica privind proiectarea si instalarea sistemelor
de incalzire radiante pentru diverse cladiri.

Cuvinte-cheie: incélzire radiantd, panouri radiante, sistem de incalzire, arzator cu infrarosu.

© Penpko A.A., Kymukosa H.B.,
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YnciieHHBIH AaHAIN3 NAPaAMeTPOB JIy4YHCTOH CHCTeMBbl OTOILNICHHS ¢ H3/Iy4YAIIMMHU NaHeIIMH
Peabko A.A., Kyaukosa H.B., Bypaa I0.A., ITaBnoscknii C.B., Penbko A.®., IIunenko 10.A.
XapbKOBCKHUI HALIMOHAJIbHBIA YHUBEPCUTET CTPOUTEIBCTBA U APXUTEKTYPhI
XapbKoB, YKpanHa
Annomayus. OCHOBHOM 1enbl0 pabOTHI SIBISIETCS WCCICIOBAaHHE pPAaJUANMOHHOTO ¥ KOHBEKTHBHOTO
TEII0OO0OMEHa B 3aMKHYTOM 00BEME MAHEIbHOTO M3IydaTens JUIi OLEHKH BO3MOXKHOCTH IIEpeBOJa
KOPOTKOBOJIHOBOTO M3JIydeHHs B paboueil 30He B KOM(OpPTHOE MIMHHOBONHOBOE. IlocTaBiaeHHbIe nenu ObLIn
JOCTUTHYTBI 34 CYET NPUMEHEHUS MaTeMaTHYECKOM MOJENH TPEXMEPHOrO HECTAMOHAPHOIO TEYEHUS U
CJIOKHOTO TEIUIOOOMEHa B CHCTEME JIYYHCTOTO OTOIUICHHS, B KOTOPYIO IOJIOXKEHa CHCTEMa OCPEIHEHHBIX IO
PeitHonbacy ypaBHenui! HaBbe—CrTokca, NONOJIHEHHas YpaBHEHHEM paJUallMOHHOIO IepeHoca. B naHHOIM
paboTe TmpuBEeNEHBI pe3yJbTaThl YHCIEHHOTO aHajiu3a MapaMeTpoOB JIYYUCTOH CHUCTEMBI OTOIUICHHS C
W3JTyYaoNIMMU TNaHeJssMH. UWCIEHHO HCCIeoBaJIoCh BIMSHME (OPMBI M pa3MepoB MaHENd, MaTepuaia
MOBEPXHOCTH M HAlIWYHME TEIUIOU3OIALUHU. YCTAHOBJIEHO, YTO YCTPOMCTBO H3IYYaIOUIUX MaHEJIeH CHIKaeT
TemrepaTypy nosepxHocta 10 450-500 °C, HO yBenuueHHe IUIONMAIM OBEPXHOCTH U3NIydaress 00ecreynBaeT
6oJsiee paBHOMEPHYIO HHTEHCHBHOCTH M3JIy4eHH 110 000rpeBacMOH IIOMIAAN, HE MIPEBBIIIAOIIYIO JOMYCTHMYIO
CaHWTAPHO-THTHEHUYECKNMH TpeOoBaHUsIMU. ONpeieIeHbl TEOMETPHIECKUE PAa3MEpPhI TAHEIbHON CUCTEMBI M UX
COOTHOILEHHE. Y CTAaHOBJIEHO, YTO YCTPOWCTBO MaHEIEH MEePEBOJUT MapaMeTPbl KOPOTKOBOJIHOBOTO M3IIydaTels
B peXUM 0oJiee KOM(pOPTHOTO JUIMHHOBOJIHOBOTO M3IIydaTels, Hanboee 23 QeKTHBHBIM H3ITydaTelleM SBICTCS
W3Iy4aTeNb TpalelHeBUOHON (OpMBI, BBIONHCHHBIA W3 JIUCTOBOM CTaly ToMmuHOM | MM cC
TEIION30IMPOBaHHON CcTeHKOW. HambGonee BaXHBIM pe3ysNbTaTOM SBISETCS CO3JaHME Oojiee paBHOMEPHOMN
IUIOTHOCTH TIOTOKA H3JIy4EHHUS NpPH Pa3sMELICHUU JOMOJHUTEIbHBIX MaHeJel BOKPYT BBICOKOTEMIIEPATypHOTO
u3NIyyarens, IOCTH)KEHHE TIepeBoJa KOPOTKOBOJIHOBOTO M3JydeHUss B pabodeil 30He B KOMQOpPTHOE
JUIMHHOBOJIHOBOE. 3HAYMMOCTh TOJNyYEHHBIX pE3yIbTaTOB COCTOMT B TOM, 4YTO pE3ydbTaThl JaHHBIX
HCCIIEIOBaHUHA MOTYT OBITh NMPUMEHEHBI Ha NMPAaKTHKE NPH MPOESKTHPOBAHMM M MOHTa)Xe CHCTEM JIyYHCTOTO
OTOIUIEHHs pa3IW4HbIX 34aHud. [lomydeHHble B paboTe pe3yiabTaThl IOKA3bIBAIOT IEPCIEKTHBHOCTD
JAIBHENINNX TEOPETHUECKUX M HKCIEPUMEHTANBHBIX HCCIEJOBAHUI MO TEMATUKE, CBA3aHHON C ONTUMH3ALMEN

MapaMETPOB TYYHCTBIX CUCTEM OTOILIEHHUS 30aHUM MPOMBIIUIEHHOTO ¥ FPaKJaHCKOrO Ha3HAYECHHS.
Knrwouegvie cnosa: mydnctoe OTOIUICHUE, U3ITyUarOLIHe MAHENH, CHCTEMa OTOIUICHHUS, TOPENKa HH(PAKPACHOTO
U3ITy4EHUs.

BBEJIEHUE JIaHHBII BUJ OTOIIEHUS IIMPOKO MPUMEHATCS B
crpanax EC [15].

Hacrosimass ~ pabota  oTimuaeTcs  OT
W3BECTHBIX B IPUMEHEHUH OTIMYHOTO OT JAPYTHX
aBTOPOB MOJXOJ[a K ONTHUMH3AINH apaMeTpoB
JYYUCTBIX CUCTeM oTorieHus. llpuBenennas
HIDKE MaTeMaTHyecKas MOJENb I03BOJIHIIa
BIIEPBBIE  ONPEAETUTh TIEOMETPHUECKHE U
Terogu3nyeckue napameTpbl u3iiydareien s
JOCTIDKEHMS  TepeBoAa  KOPOTKOBOJHOBOI'O
u3IydeHuss B pabouell 30He B KOM(pOpPTHOE
JUTMHHOBOJIHOBOE.

OpHako, BBICOKOTEMIIEPATYPHBIE M3ITy4aTeIn
UMEIOT OrpPaHUYEHHS: BBICOKAas MOIIHOCTb
M3IYYeHHUsT W OCTPBII yroyl MOTOKa H3ITydeHHs
CO37Aal0T B TIOMEIIEHWH  CYIIECTBEHHYIO
HEPaBHOMEPHOCTb TEMIIEPAaTYpPHOTO TOJSA IO
TUTOINAAN U BbICOTe momernerus. [25-30]

HabmromaeTcst HepaBHOMEPHOCTH 00OTpeBa
MOBEPXHOCTH  TOJa B  TPOAOIBHOM U
NONIEPEYHOM  HAaNpaBJeHUSX,  TeMIeparypa
MOBEPXHOCTH I10J1a P YBETUUYEHUH PACCTOSHUS
OT IIEHTpa H3JIydarenss MpH HEeCTAlMOHAPHOM
pexxume oborpeBa otiamyaercs Ha 8§ — 12°C
(o1 20 mo 32 °C) mpu ycTaHOBKE M3IydaTels Ha
BbICOTE 4 M [2].

B CUCTEMax OTOIUICHUS
NPOU3BOACTBEHHBIX  MPEANPHUATHH  HIMPOKO
MPUMEHSIOTCS] Ta30BbIE TOPEIKH HH(PAKPACHOTO
n3nydeHus. BoicokoTemneparypHble U3ITydaTeu
¢ Ttemmeparypoir mosepxHoctu ot 600 °C mo
1200 °C obecrieunBaloT 00OTpEB TMOMEIICHHHA
0ospI0ro 00bEMa U BBICOTHI, B KOTOPBIX APYyTHE
CHCTEMBI OTOIJICHUS SBIISIFOTCS
HeopdexktuBHbIME.  [IpUMeHEeHHE — TyYHCTBIX
CHUCTEM OTOIUICHUSI O0O0EcCleunBacT CHUKEHUE
pacxona TerutoBod sHepruu Ha 30 — 40% mo
CpPaBHEHHIO C CHCTEMaMH KOHBEKTHBHOTO
OTOILICHUS [1-10,12,13,14]. MHOXeECTBO
UCCIIEIOBAaHUN  IOKa3aJ0  MHEPCIEKTUBHOCTD
NPUMEHEHUS] HHU3KOTEMIIEPATypHBIX JTYYHCTBIX
cucreM otormtenus [15-24, 31,32], HO momst
KOHBEKTHBHOTO TEIIOOOMEHA BBINIE, YEM Y
BBICOKOTEMIIEPATYpPHBIX ~ M3Iydarened,  4ro
nenaer ux Hed(D(hEeKTUBHBIMH ISl TTOMENICHUH
NPOM3BOJCTBEHHBIX  NpeAnpuaTuii. CHCTEMBI
OTOIUIEHHWSI C TOpelKaMH HH(QPaKpacHOro
M3Iy4eHUs] TPUMEHSIOTCS [JIi BCEX THIIOB
3/aHuH (MalIMHOCTPOUTENbHBIC, TPAHCIIOPTHBIE,
arponpoOMBIIUICHHBIE MPEANPHUITUS, TOProBbIE
LEHTPBI, BBICTABOUHBIC 3aJIbl, CIIOPTHUBHBIE 3aJIBI).
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[InoTHOCTP TMOTOKAa H3MY4YEHHs] Ta30BOrO
UHGPAKPACHOTO M3JIydyaTelss MOITHOCTRIO 20 kBT
(BeicoTa yctaHoBkum 10 M) B HampaBIeHUH
MPOAOIBHON OCH H3JIydaTensl HU3MEHAETCS OT
78,5 — 80 Br/M? (uentp wsiydarens) go 4,2 u
6,7 Br/M? (Ha paccTOSHMU 10 7 M OT LEHTpa
U3IydaTens), 4TO YKa3bIBaeT Ha
HEPaBHOMEPHOCTH MJIOTHOCTH MOTOKA
U3IMY4YeHHSI ¥ HEOOXOAWMOCTh YMEHBIIICHHUS
Iara yCTaHOBKH M3JydaTeled W YBeIHUeHUs UX
KOJIMYeCTBA  JJIi  CO3AaHUS  KOMQOPTHBIX
yCIIOBHII B pabodeil 30HE MPOHU3BOJCTBEHHOTO
MTOMEIIEHMUS.

IIppy  3TOM  BBHIIONHEHWE  CAHUTAPHO—
TUTUEHUYECKUX HOPM CIIOKHO 00€CreunTh U3—3a
MPOAOIKUATEEHOTO u WHTEHCHBHOTO
KOPOTKOBOJTHOBOTO M3ITy4deHUs, KOTOpOe
OKa3bIBaeT HEOJIIArONpUSTHOE BO3IEHCTBHE Ha
TKaHU OpraHu3Ma, CeTUaTKy ryasa,
COTPOBOXIACTCS yXYIIICHHEM CaMOYYBCTBH
[1].

PC3YHI)T3TI)I OKCIICPUMCHTAJILHOT'O
HCCIEIOBAHUS 2] MMOKAa3bIBAIOT, 4TO
pacmpeneneHne IIOTHOCTH TETUIOBOTO ITOTOKa
oT m3nyuaress 20 kBT usmeHsieTcs oT 3HaYCHUA
201 Br/m? (h=0.5 m) no 167.5 Br/m? (h=1.0 m).
TemnepaTypa Bo3myxXa TOI  H3ITydaTeleM
MomHOcThI0 30 KBT cocTaBisieT Ha pacCTOSHUU
200 MM (305 — 345 °C); 1000 mm — (152 — 172 °C)

[2], 9yTO TPUBOAMT K YBEIMYEHHUIO TEJIOBBIX

MOTEPb.
Hz-3a HH3KHX 3HAYCHUI KIIJ
BBICOKOTEMIIEPATYPHBIX u3Iydaresnei,

cocrapistronux MmeHee 50%, J1enarTcs MOIBITKA
noseiteHus ux 3¢dexrusroctu [3, 4]. Torepu
TETUTOTBl COCTOSIT M3 KOHBEKTHBHBIX TIOTEPH C
YXOASIIUMH Ta3aMH, IOTEPh TEIIOTH KOPITYCOM
TOPENKH W TOTeph TEIUIOTHI TpPU CBOOOTHOMN
KOHBEKIIUHU IIPH OOTEKaHUH BO3IYXOM OTKPBITOMN
MOBEPXHOCTH  W3NMy4aTtens u  cerku. Jlis
CHIDKCHHS KOHBEKTHBHBIX TEIUIOBBIX IOTEPb
TOPENIKM OCHAIIAIOTCS TPO3PAYyHBIM 3KPAHOM C
OTBEpPCTHSIMH JJISi OTBOJA MPOAYKTOB CrOPaHUS.
[Inomane skpaHa paBHa IJIOUIAAM H3ITydaTels.
OkpaH npomyckaeT okono 80 — 87% uznydeHus,
4acTh TOTJIOIIASTCS SKPAHOM, YaCTh OTPaKaeTcs
Ha KEpPaMHYECKHH H3IIydaTesb, YTO MOBHIIIAET
KII/I ropenku.

Wsmepenue TemiepaTypbl Bo3lyXa BOJIU3U
MOBEPXHOCTU M3IydaTens [5] MOKa3bIBaeT, 4YTO
M3MEHSETCS TemIieparypa Bo3ayxa ot 335°C
(x=0.1 m) mo 110 °C (x=1.5 m). B [6] npuBeneHa
cXeMa MOJIEPHU3UPOBAHHOIO peduiekTopa o
NPUHIMITY «BOJsiHAs pyOalika», NpUMEHEHUEe
KOTOPOTO  TIO3BOJISIET  YMEHBIIUTH  IMOTEPU
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TEIUIOTHI 10 HAMPABJICHUIO K MOTOJKY 3IaHUA U
n30eaTh KOHJCHCALMM BJIard Ha BHYTPEHHEH
MNOBEPXHOCTH KpoBiu. OnHAKO, YCIOXHEHUE
KOHCTPYKIIMH HE TO3BOJSECT CYIIECTBEHHO
moBeicuTh  KIIJ[ cuctemsr wmHGpakpacHOTO
oborpeBa (Habmomaercs yBenwuenne KIIJ|
oxomno 10%).

B [2] pexomeHnnyeTcs TEIIOM30JIALUS 30HBI
MOMEIICHUs] HajJ Ta30BBIMA HH(PaKpPaCHBIMH
U3TydaTeNsIMH M IEPEKPhITUEM, a TaKxKe
CHIDKEHHE UHMPKYJSIHMKA Harperoro BoO3AyXa B
BEpXHEW YacTH MOMEIICHUS MyTeM pa3MeIleHHs
OPENsATCTBUI HA TIyTH JABWXKCHHS BO3IyXa
napauieabHO KOpITyCy U3ITydaTens.
VYka3pIBaeTCsl Ha CO3/IaHKE JIOKAJIbHBIX Pad0vYHux
30H Ui JIy4HCTOrOo OOOrpeBa, COCTOSIIUX M3
BEPTUKANBHBIX CTEH W3 MaTepHajloOB C HU3KOM
TEIUIONPOBOTHOCTBI0 U MAJIOM TETIOEMKOCTBIO
(manpumep — neHobeToH). OmHAKO, peamu3aius
pexomerHmamuii [2] morpeOyeTr 3HAYMTEITHHBIX
3arpar.

B  paborax [1-10,12,13] mnpuBeneHsl
pe3yIbTaThl UCCIIEIOBAHNS TAPaMETPOB Ira30BhIX
cUCTeM HH(]PaKpacHOro H3Iy4YeHUS, KOTOPHIE,

HECMOTpPS Ha TPOCTOTY KOHCTPYKIHH |
HEBBICOKYIO ~ CTOMMOCTB,  XapaKTEePHU3YIOTCS
CII0HOCTBIO obecrniedeHus KOM(OPTHBIX
yCIIOBUi B paboyeii 30He.

Ilenpro  HacTosimiell  pabOTBI  SIBISETCS
HCCIIeTIOBaHNE panuanroHHOTO u
KOHBEKTHBHOI'O TCHHOO6MCH3 B 3aMKHYTOM

o0beMe MaHeNbHOrO W3JIydarels Ui OLCHKH
BO3MOXKHOCTH  II€peBOJIa  KOPOTKOBOJIHOBOT'O
u3IydeHuss B pabouell 30He B KOM(pOpPTHOE
JUTMHHOBOJTHOBOE.

METO/bI, PE3YJIBTATBI U
OBCYKJIEHHUE

OOBEKTOM  HCCIIEJIOBaHUSI €CTh CHUCTEMa
JYYHCTOTO TAHEIBHOTO OTOIUICHHS C Ta30BBIM
UH(pAaKpacHBIM  W3JTydarelieM, BBIIOJIHEHHAS
crenyommM  o0pa3oM:  BOJM3M  Ta30BOTO
BBICOKOTEMIIEPATypHOTO W3ITyqaTels
YCTaHOBIICHBI TIaHeI!. bokoBble
TETJION30JIMPOBAHHbBIE CTEHKH M HYDKHSSI CTEHKA
u3IydaTens,  KOTOpas  HarpeBaercs  JI0
temneparypel 500 — 600 °C, mnepeusny4aroT
TemIoTy B pabouyio 30HYy mnomerieHus. bomee
HU3Kash TeMIlepaTtypa H3IyJaloleid CTEeHKH
MaHesH obecrieunBaeT JUTMHHOBOITHOBOE
u3nydeHne u Oosee KOMQOpPTHBIE YCIOBHS.
AHaJIM3 TEIIOBBIX PEXMMOB MPOU3BOICTBEHHBIX
MOMENIEHU MEeTOJIaMH TeIJIoBOro OayaHca B
BUJIE cUCTEM OOBIKHOBEHHBIX
muddepeHInanbHBIX YPaBHEHHI HE YYUTHIBAET
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MPOCTPAHCTBEHHYIO HEOJHOPOTHOCTD
TeMIlepaTypHbIX Toyield. B manHOW pabore B
OCHOBY MAaTeMaTH4eCKOHl MOJAEIH TPEXMEPHOTO
HECTA[MOHAPHOTO  TEUCHHsS U CJIO0XKHOTO
TEII00OMEHa B CHCTEME JIyYHCTOrO OTOILICHUS
MOJIOXKEHA cucrema OCPEIHEHHBIX o
Peitnonbacy YpaBHEHUI HaBpe—CroKCa,
JOTIONTHEHHAs! ~ yYpaBHEHHEM  PaJHalliOHHOTO
nepeHoca. Jlus  TOCTPOEHHsST  JUCKPETHOTO
aHajora CHCTEMBI i pepeHImaIbHBIX
YpaBHEHUH HCIIONB30BaH METON KOHEYHBIX
o0wvemoB [11].

[Ipu YHCIICHHOM MOJEIIUPOBaHUN
IPUHIMAJINCh clleAyroIue JOIMYLICHUS:
reoMeTpHsl MaHeJIbHOTO H3JIydaTelsl 3epKajbHO
CUMMETPUYHAs; Cpela BHYTPH IAHEIBHOTO
U3ITydaTens Jy4enpo3payHasi; nporecc
TEIIONPOBOAHOCTH BHYTPHU MaTepHajga CTEHOK
OI[HOMCprIfI; nepeaaydya TCIJa0ThI OT MMaHCJIbHOI'O
u3Iydatenss B paOOuyl0 30HY IOMEIIEHHS
OCYIIECTBIISIETCS. W3Iy4YeHHMEM W KOHBEKIIHWEH;
CTCHKH TAaHEJIBHOTO H3JIydaTenss aOCOJI0THO
YepHbIC; CTEHKU TEIJIOM30JUPOBAHHBIC ISt
CHIDKCHHS TETJIONOTEPD B OKPYKAIOIIYIO CPELY.

B  ocHOBy  MareMaTu4eckoil = MoIeiau
MOJIOKEHO CUCTEMY yCpeIHEHHBIX 3a
Peiinonpacom auddepeHmanbHbIX  YpaBHEHAN
(1) - (5): HepaspbIBHOCTH, COXpPaHEHHS
MaCCOBBIX I[OHCf/i XUMHUYECCKUX KOMIIOHCHTOB
CMCCHU, COXpAaHCHHUA UMITYyJIbCa W COXPAHCHUA
SHEPTHH COOTBETCTBEHHO, U MU hepeHInaTbHOe
ypaBHeHue (5) nepeHoca u3iay4eHust:

ou.
— =0, i=1,2, 3. 1
o (1)
N, 0 ud, .
u—=—="——+aw, i=1,2,3;
P “ox s, ox
=1, N; DY, =1 )
G M o0 fou
piaxi X, axi# X, ox P~
i=1,2,3; j=1,2, 3. 3)
oh o woh ogf
y————-————+4 )
Pk o B o ox
i=1,2, 3. (4)
iMH(Z;):a-%)Ib(?H
py ds (5)

a)o - ' ,
+EL1-:4,, 1(r, s)dQ

rie U, Uy — COCTaBJISIONIHE BEKTOPa
CKOPOCTH B HAINpPaBJICHUH COOTBETCTBYIOILIHX
oceil IeKapTOBBIX KOOPMHAT Xi, Xj, M/C;

p — INIOTHOCTB, KI/M°;

Y, — MaccoBasg J0Jig1 0a30BOr0 XMMHYECKOIO
KOMIIOHEHTA ;

L — KOI(PQHIMEHT IMHAMHYECKON BSA3KOCTH,
IIa-c;

C

= gucno IImusra;
Dp

D — koadpunuent auddysun, m?/c;

o = virM"'w, — UCXOIHBIN YJICH, OITMCHLIBAIOIIHI
npuOsUTh (YOBITOK) 0a30BOro KOmmoHeHTa | B
pe3ynbTaTe XUMUYIECKUX peakuuid, kr/(m%-c);

Vi —  CTEXHOMETPHYCCKHH  KOIPPHUITHEHT
0a30BOro KOMIOHEHTA ;

M  — MomekynspHas  Macca  0a3oBOro
KOMIIOHEHTA |;

W — CKOpPOCTh pEakIH TOpPEHHs TOIUIMBA,
Kr/me-c;

@, =H.W — HWCXOZHBII YIIEH, ONHCHIBAIOILNN

TEIUTOBBIICTICHHE B PE3YJIbTaTe XHMHUECKHX
peakuuii, Jix/(M% )

AH, — TEII0Ta CrOPaHus TOMIHBA, J[/KT;

N — KOJM4eCcTBO 0a30BLIX KOMIIOHEHTOB B CMECH;

p — nasnenue, Ila;

gi — KOMIIOHEHTa YCKOPCHHS CBOOOIHOTO
TaJieHUs B HANPaBJIEHUU OCH Xj, M/C;
h=>"Yh yaAeIbHast

MHOTOKOMITOHEHTHOM cMecH, JI3K/KT;

OHTAaJIbITUA

h =h’+ _[TTD c,(T)dT — ynenbHass SHTAJbBIIHS

6a30BOro XMMHIECKOro KoMmonenTa |, Jx/kr;

h’ —  y&empHas  SHTadbOMA  0A30BOTO
XAMHYECKOTO KOMIIOHEHTa | mpu cTaHaapTHOI
temneparype TC, Jlx/Kr;

T — temneparypa, K;

7° — cranjapTHas Temreparypa, K;

cpl— yaedbHas — wm300apHas — TEMIO0EMKOCTh
0a30BOro  XMMHYECKOI'O KOMIIOHEHTA 1,
Jox/(xr-K);

HC,
Pr= — gucio [Ipanmris;

4 — K03 GUIHEHT TeTuonpoBogHOCTH, BT/(M-K);

R
di COCTaBIJISIOUIAs  IUIOTHOCTH  IOTOKA
M3JIyYeHHUsl B HATIPABIEHUH OCH Xi, BT/M?;
Bo = ka 00bEeMHBIH KO3 PHULIHEHT
3aTyXaHHUs;
ks — 00beMHBIN KO3 PHUINEHT HOTTIOLICHUS;
05— 00BEMHBIH KOI(D(DUIMEHT pacCesHHUS;
| — MHTEHCHBHOCTD M3Iy4eHus1, BT/m?;

+ o5 —
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—

I' — paamyc—BexTop mnpow3BONEHOTO Iiyda B
YIJIOBOM  HANpPAaBICHUM  PaCHpPOCTpPaHCHUS

—

W3ITyHCHHS © ;
@, =0, | , — anpbeno paccesHus;

l,=0T*/7 — UWHTEHCHBHOCTb  H3IIyYCHHS
abCoM0THO YepHOro Tena, Br/m?;

c — mocrossHHas Credana — bonpnmana,
Bt/(M2-K%;

Q' — eOUHUYHBIA BEKTOp TEJIECHOIO YrIia,
XapaKTepU3YyIOIUI HaIlpaBJICHUE
pacrpocTpaHeHUs TEIJIOBOTO H3IIy4ECHUS

BCJICJICTBUE paccerBaHus (DOTOHOB s’
Jns 3aMbIKaHUs CHUCTEMBI YpaBHEHUI
nobaBieHsl  AuQdepeHnanbHble  YpaBHEHUS
Mozenu TypOynentHoctu Jlaynnepa CrionnuHra:

ok o u ok
Uy —=————+G, +G, — (6)
p'axl x o, o " -
0c 0 u O¢ N
—=—t
0% 0% o, OX 7
£
+(C51(Gk +Gb)_C52p‘9)E
rae k - KHUHETHYecKas SHEprus
TypOyIeHTHOCTH, M?/c?;
G — #% %Jr% - HACXOJHBIN  uJjieH,
Tk ax  ox,

00yCJIOBIEHHBIH BS3KOCTHBIX HANpPSHKEHHUSIMU,
Jox/(m-c);
190

= UCXOIHBIH
# Pr p ox;

X 4JIEH,

00yCIIOBJIEHHBIH TIaBy4ecThio, [/ (M3 C);

€ — CKOPOCTb JUCCUIIAUM KHUHETUYECKOM
SHEPrUM TypOYIEeHTHOCTH, M%/c3;

Ce1, Ce2, Ok, Gc — DMIUPUIECKUE KO DUITUESHTEHI.
Cpsi3b MEXTY TEPMOTUHAMHUIECKUMH
nepeMeHHbIMH p, T W p yCTaHaBIMBAJICS

YpaBHCHUCM COCTOSIHUSA CMECU UACAIIBHBIX I'a30B.

JaH  cTpykTypHBI  aHanu3
BAXHEHIIMX HANpPaBJICHUH B HCCIEIOBaHUU
TypOYJEHTHBIX  TEYEeHWH,  CBSI3aHHOTO  C
KOHCTPYHpPOBaHUEM Mojeleld TypOyJIeHTHOCTH.
[pencranena wnaccudukanuss wmoxeiaed U
OXapaKTepu30BaHbl HauOoiee M3BECTHBIE HX
IPEACTABUTENN Ha psane IIPUMEPOB.
IIpenmyiiecTBeHHOE BHUMAHHE YACIIEHO
BOIIPOCaM HIPUMEHEHUS Mozienen
TypOyJIEHTHOCTH B  paMKax  CIOKHUBIIUXCS
BBIYMCIIATEIbHBIX TEXHOIOIUI

OJIHOT'O n3
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p=RATY, L, ®)

raie R — yHuUBepcallbHas Ta3oBasl MOCTOSIHHAS,
JIx/(mompK).
JaH  CTpyKTypHBII  aHanu3  OAHOTO U3
BAKHEUINMX HANpPABICHUA B HCCICAOBAHUU
TypOYJCHTHBIX  TEYEeHWH,  CBSI3aHHOIO  C
KOHCTPYHpPOBaHUEM MoOjelel TypOyJIeHTHOCTH.
[lpeacraBnena kimaccupuKanuss MoJeNed W
OXapaKkTepu30BaHBl HamOoliee W3BECTHBIE WX
MIPEACTABUTENN Ha pane MIPUMEPOB.
[IpenmyiiecTBeHHOE BHUMaHUE yZeJIeHO
BOIIpOCaM MPUMEHEHUS MozeIen
TypOYJICHTHOCTH B paMKaxX CIIOKHBIITUXCS
BBIUMCIUTEIBHBIX TEXHOJIOTUN

Cucrema ypaHenuit (1) — (5) momomHseTcs
TPaHUYHBIMHU YCIOBUSAM — (DYHKIIUSMH CTEHKH —
HaOOpOM MONYAIMIUPHYECKUX (QYHKIUH IS
CKOpOCTH U Temmeparypsl [11].

Cxembl pacu€THBIX O0OJacTeld MaHEeIbHOTO
U3IlydaTensi U pacy€THhIE CETKU IOKa3aHbl Ha

pucyHke 1.

PacuerHsle obmactu MOKPBHIBAJIMCH
HEpPaBHOMEPHBIMH CTPYKTYPHUPOBAaHHBIMHU
CeTKaMH, OOpa3OBaHHBIMH  OJHHM  CJIOEM

reKCadApaIbHBIX AYECK. KomnyectBo PaCUYCTHBIX
sdyeek B BapmaHtax Ne 1, la, 4-7, 7a, 70
coctapuio 1575, B Bapumante Ne2 — 3225, B
Bapuante Ne3 — 4725. VrioBasg QUCKpeTH3alus
pacuetHoi  oOnacth  BemmomHeHa TI0 20
HanpaBJICHUSIM C IHUKCeIu3auueil 3 mukcena Ha
KOHTPOJNBHBIA yroji. CranuoHapHOE pelIeHue
OTBICKMBAJIOCh ~METOJIOM YCTAHOBJICHHS IO
BpeMeHH. lllar MHTErpupoBaHUs IO BpEeMEHH
pasusuica 0,1 c.

PacueTHble obnacTu MTOKPHIBAINCH
HEPABHOMEPHBIMH CTPYKTYPHUPOBaHHBIMHU
CeTKaMH, OOpa30BaHHBIMH  OJHHMM  CJIOEM

reKcadIpaibHbIX sigeeK. KoMn4ecTBO pacueTHBIX
suyeek B BapmaHtax Ne 1, la, 4-7, 7a, 70
coctaBwio 1575, B Bapuante No2 — 3225, B
Bapuante Ne3 — 4725. VrioBasg JUCKpeTH3aLus
pacueTHoOi  oOjactu  BbimonHeHa 1o 20
HaNpaBJIeHUSAM C MHKCeNu3anueil 3 mukcena Ha
KOHTPOJBHBIN yroyu. CTaruoHapHOE pEIICHHE
OTBICKMBAJIOCh METOJOM YCTAaHOBJICHHS TIO
BpeMeHu. lllar uHTerpupoBaHus 1O BPEMEHU
pasnsuica 0,1 c.

|. METO/IbI HCCJIEJOBAHUS

BapuaHTBl BBEIYMCIHTENHHOTO SKCIEPUMEHTA
MIpUBECHBI B Ta0mie 1.
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2 B
3
A ;
C A
4 A
4a 2 B
3 -
. c N :
4 T A
46 D
4a
2 B
3
> b

Puc. 1. A. CxemMblI pacyeTHBIX o0J1acTeli: cBepxy BHM3 — BapuaHThI Ne 1 (1 - 4, 4a, 40); Ne2; Ne3;
1 — u3ayyareib; 2 — IVIOCKOCTh CAMMETPHUHU; 3 — HIKHSISI CTeHKa; 4, 4a, 40 — 0okoBble cTeHKH; b,
pacueTHbIe CeTKHU: CBepXy BHU3 — BapuanThl Nel; Ne2; Ne3.!

Ta6muma 12,
BapuaHTbI BBIYMCIUTEIBHOTO 3KCHepI/IMeHTa3
Mapamerp A B |C D |8 | O, A6.or Avem | A
E}]. H3MEpEHUuA M M M M M B_To & lﬂ
M°C M°C m°C
Bapuant Nel 0,15 | 0,25|045 |- 0 0 0 0 0
BapuanTt Nela 0,15 | 0,25 0,45 - 0 0 00 00 00
Bapuant Ne2 0,15 |05 |045 |- 0 0 0 0 0
Bapuant Ne3 015 |05 |045 |01 |O 0 0 0 0
Bapuant Ned 0,15 |05 |045 |- 0 0 0 0 0
Bapuant Ne5 0,15 |1 0,45 - 0 0 0 0 0
Bapuant Ne6 0,15 {05 |0,9 - 0 0 0 0 0
Bapuant Ne7 0,15 |1 0,9 - 0 0 0 0 0
Bapuant Ne7a
Bapuant Ne70 0,15 |1 0,9 - 0,001 | 0,001 202,4 | 2024 | O
Bapuant Ne§ 0,15 | 2 0,9 - 0 0 0 o 0
BapbupoBanuce cruenyroume mnapaMmeTpsl: paauanuoHHas TEMIlepaTypa OKpYKarolieu
(dopMa MaHeNbHOIO U3JydaTelis, ero pa3Mepshl, cpennl +10 °C.
MaTtepHual CTEHOK U HAIMYUE TETUIOU30JISIIIUH. Ha pacnpenenenue temnepaTypsl u
Bo Bcex pacuerax temmeparypa BepxHeEH IDIOTHOCTA  TOTOKAa  WM3JIYYCHHS]  BIUSIOT
CTEHKM  npuHuUManack  paBHo 900 °C, TEOMETPHUYECKUE pa3MeEPbI NaHEIbHON
L23Appendix 1 64
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cUCTeMBbl  (pa3Mepbl [aHENH, pPaCCTOSHUC
MEXIy M3TydaTenemM U MMaHEeTbI0),
KOH(UTypanuss ¥ MaTepHuall TaHEeNH, HATNIHE
TEIUIOBOM M30JIAIIMN Ha OOKOBOM CTEHKE.

MaHEIbHOM CHCTEMbI

Bnusinue  popmer
[I0Ka3aHo Ha pHuc. 2.

Puc. 2. Temnepatypa (°C) Bo3ayxa B naHeJIbHOM M3JIyuyaTee pa3Iu4Hoi popmbl
(Mo.cr = 05 o = 00): CBEPXY BHH3 — BapuaHThl Nel; Ne2; Ne3.*

YacTe HIKHEH CTEHKH, DPACIOJIOKEHHASA
oJ yIJIOM K U3JIydaTeno, uMeeT Oosee
HU3KYI0 ~ TeMIeparypy, YeM 10  OCH
m3rydarens. TemmepaTypa HIDKHEH CTEHKH
n3mensiercs ot 470 °C — 530 °C or nmanpHel
ToukH 10 ocu uanydarens (600 °C — 650 °C).
BoxoBsie CTEHKH UMEIOT BBICOKYIO
TeMIIepaTypy, 4To 0e3 TeIION30JSIIUN CTEHOK
MOXET YBEIMYUTH TEIUIOBbIe MOTepH. boiee
OnaronmpusTHBIE  yCIOBHA B CHCTEME
TparenreBuHON GOpPMEBI, T.K. OOKOBasi CTEHKa
OTpaXkaeT TEIUIOBYIO DJHEPTUI0 Ha HIDKHIOK

CTeHKy (puc 3).
Termmon3omsims OOKOBBIX CTEHOK
obecrieurBaeT  TIOBBIICHUE  TEMIIEPATYpPhI

BO3IyXa B HaHenpHOM cucteme n0 600 —
650 °C (Bapuantsl Nel u 1a).
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WsroroBnenne  HUXKHEH  CTEHKHM U3
pa3nuyHbIX MaTepuaioB (ctamb — Ne7a;
amfoMuHui  — Ne70) mnpuBomuT K Oosee
BBICOKOW TeMIlepaType Uil CTabHOW CTEHKH
(475°C) mo cpaBHEHHIO C aJFOMHHHEBON

(450°C).  HaGmomaercs  Terurorepeaaya
TEIJIONPOBOTHOCTRIO  BIIOJb  IAHENH, 4TO
MPUBOJUT K  TOHIKCHUIO  TEMIIEPATYPhI

JIIOMUHHUEBO NTaHEeIH.

VYBenuyeHue BBICOTHI MAHEIBHOW CHCTEMBI
ot 0,25 m 10 2 M (tumpuna ot 0,90 mo 1,8 M)
[IPUBOJUT K IOHWKEHHUIO IUIOTHOCTU IIOTOKA
manyuenus ot 200-10° Br/m?. Ilpu  sTOM
TEMIIEpAaTypa HIKHEH CTEHKH COCTaBIISIET
snavenus 400 — 650 °C. VBenuueHne mMUpUHBI
HwxHer crenkun ot 0,90 m go 1,8mM mnpm
Beicore 0,5M mNOpUBOAUT K H3MEHEHUIO
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IUIOTHOCTH MOTOKa u3nydueHus ot (105 — 160) IMokazaHo, 4YTO MO OCH H3ITydaTess
Br/M? 110 (50 — 120) Br/m? mpu mmpuHe IUIOTHOCTh ~ TIOTOKA  M3JIy4YCHHS  HMMEET
nanenu 1,8 M. MaKCHMAaJIbHbIC 3HAUYCHHS U YMCHBIIIACTCS TIPH

M3MEHEHUH yTia MOTOKa m3nmydeHus (puc 4).

900 ERBOO00000 0 0 0 O ©
800
700 -

t, oc 600 ! . MM

500 | 4,500 2 B

400

300 T T T T T T T T T T T T T T T T 1
-045 04 035 03 -02 -02 -015 -01 -0.05 0

X, m

Puc. 3. Temneparypa (°C) cTeHOK naHeJbHbIX U3Jiyuyareseil pasjin4Hoil popmbl (As.cr= 05 Auyer=
00): 0 — papuaHT Nel; 0 — BapuanT Ne2; A — BapuanT Ne3; KpacHbI — U3J1y4yaTelib; YepPHbId —
HHMKHSISI CTEHKA; 3eJIeHblil — 00KOBasl CTEHKA; CUHUM M ros1y00ii — BepTHKAJIbHbIE Y4aCTKH
00KO0BOii cTeHKkn BapuanTa Ne3.°

220000

200000

180000 %@m
o)

160000 O

Enaz, 140000 %"

W/m? : o

120000

=4

100000

80000

6000 ——mm——————m T T 1T
-045 -04 035 -03 -025 -02 -015 -01 -005 0]
X, m
Puc. 4. IL1oTHOCTH MOTOKA M3Jaydenns (BT/M?) Ha cTeHKaX NaHe bLHBIX H3JydYaTesei
pasindHoii GopMbI (Ag.cr = 05 Aycr= 0): 0 — BapuanT Ne 1; 0 — Bapuant Ne2; A — Bapuant Ne3;
YepHBI — HIUKHASL CTEHKAa; 3eJIeHbIH — 00KOBasl CTeHKA; CHHUH M ros1y00il — BepTHKAJIbHbIE
y4acTKH GOKOBOM cTeHKH BapuanTa Ne3.°
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Temnepatypa HWKHEH CTEHKH B
3aBUCUMOCTH OT IMMPUHBI U3MEHSETCS oT 475
mo 575°C mpm mmpune manemn 0,9 M 1o
400 — 625 °C npu mupuse maneau 1,8 m.

Takum 00pa3oMm, Ha TeMmIIepaTypy HUKHEH
CTGHKH ee  IIUpuHa  BimseT  Oolee
CYIIECTBEHHO, 4YeM  BBICOTA  MAaHEIbHON
CUCTeMBI (Tabnuma 2, pUCyHOK 5).

900 — RN S &
800 —
e [
700
o i
t, °C 600 -
500
4 ™ L4 [ ] [
i "% & 4 o & * © o o o
*o0% 06 5 o °©
] P
400 Teessssens ' o
Jsoooo oo © ©
300 T T T T T T LI O B A B AL |
09 08 07 06 05 04 -03 -02 -01 0

X, m

Puc. 5. Temnepatypa (°C) cTeHOK NaHeNbHBIX H3Jy4aTesieil, BLINOJHEHHbIX U3 PA3JIMYHbIX
matepuaioB (C=0,9 m): e — BapuaHnT Ne7a (Ag.cr = her= 16,27 B1/(M-°C) (cTATB), 85.cr= Ocr = 1
MM, 00KOBasi CTEHKA TeMJIOU30JJMPOBaHA (hy: = 0)); 0 — BapuaHT Ne70 (As.cr = Auer = 202,4
B1/(M-°C) (a1I0MUHHIA), 83.c1= Ou.cr = 1 MM, GOKOBasI CTEHKA TEMJI0U301UPOBaHA (Ays = 0));
KPACHBIIi — H3JIyYaTellb; YepHbIii — HUKHAS CTEHKA; 3eJIeHblil — 00KOBasi CTeHKa.’

N3menenue cooTHomeHus BbICOTHI (B) u
IIMPHHBI NaHesibHOU cucteMsl (C) IpuBOIUT K
TOMY, 4TO npu 3HaueHnH B:C = 1:6, 3HaueHne
TEMIIEpaTypbl HIDKHEH CTEHKH CTAHOBHTCS
MPaKTUIECKU MOCTOSIHHBIM, u
HepaBHOMEpPHOCTh cocTaBisier 21% (BapuaHT
7a). Takum oOpa3oMm TermsioTa, INepeaaBacMas

ra3oBbIM BBICOKOTEMIIEPATYPHBIM
u3ydyareneM, IpeoOpasyercs B TEIUIOTY
KOMQOPTHOTO JUTMHHOBOJTHOBOTO

HU3KOTEMIIEPATYPHOTO U3ITYICHUS.

B kadecTBe ONTHMAIBHOIO MOXKET OBITH
MpeIIoKeH MTaHEIbHBIH U3Iydarenb
TpanenueBuaHoN hopMel muprHOr 1800 MM 1
BBICOTOM 1000 MM,  BBIIIOJIHEHHBIM U3
JUCTOBOM  cTaiu  TommuHOM 1MM  cC
TETUIOU30JINPOBAHHBIMA OOKOBBIMU CTEHKAMU
(Bapmant Ne7a).

Pe3ynbTaThl  YMCIEHHOTO HCCIIEIOBAHUS
MMOKa3bIBAIOT, YTO TPUMEHCHHE ITaHETHHBIX
u3ydarenein M03BOJISIET YIIY4IIUTb
PaBHOMEPHOCTD IDIOTHOCTH M3IYYCHUS ITyTEM
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YBEJIMUEHHS yIIa TOTOKA M3Iy4eHus: U (OpMBbI
HWKHEH maHenu: mnpoduib U3Iydaromei
HWKHEH TIaHeIN BBIMOJHSAETCS BBITYKIIBIM,
MHOTOCTYIIEHYaThIM WUJIM MHOTOPEOEPHBIM.
3akirodeHue. B pesynbraTe 4YMCIEHHOrO

HCCIIeIOBaHHUS YCTaHOBJICHO, 4TO
HaOJIIOJIaeTCsT  BIMSHHE  T'€OMETPUYECKHX
napamMeTpoB U3JTydaTens u MaHeH;
YCTAHOBJICHO TaKxe, 4TO bonee
3¢ (HEeKTUBHBIMH SIBJISTFOTCSI M3ITyqaTenn

TparenueBuaHOH (QOpPMBI, BHIIOJTHEHHBIE U3
JUACTOBOM cCTand ToiammHOM 1 MM C
TETUIOU30JIMPOBAHHONW CTEHKOM; YCTaHOBJIEHO,
YTO TeMIeparypa TOBEPXHOCTH  IAHENH
u3nydarenss usMeHserca ot 426 go 547 °C
(BapmanT Ne® m Ne4 COOTBETCTBEHHO) IIpHU
YMEHBIIICHUH  PACCTOSHUSA ~ TMAaHEIW 0
noBepxHocTu m3nyvarens ot 2,0 m go 0,5M,
IIPY YMEHBIIICHUHU IUPHUHEI MaHenn oT 1,8 M
10 09M COOTBETCTBEHHO; YCTaHOBIEHO
BIUsiHUE Kod((UIIMEeHTa TEIIONPOBOIHOCTH
(ctanmb — Aer=16,27 Bt/m*K; antomununii —
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=202 B1/M-K) matepuana wusmyuaromieit
HaHeN, MIPU 3TOM TeMIepaTypa H3Iydaroei
QTIOMHHHEBOM  TIOBEPXHOCTH  PABHAETCS
350 — 425 °C, cranpHO# —
cootsercTBenHo 400 — 450 °C.

Pe3ynpraThl YHMCIEHHOTO HCCIIEIOBAHUS,
MOJTyYeHHBIC B HACTOAIIEH paboTe, yKa3bIBAlOT
Ha BO3MOXKHOCTh CO3JIaHHs Oonee
PaBHOMEPHOHN IUIOTHOCTH MOTOKAa H3TY4YEHUS
IpU Pa3MEIICHUN IOTIOJHUTEIBHBIX IaHenei
BOKPYT BBICOKOTEMITEPATYPHOTO N3ITydaTess.

APPENDIX 1 (TPUJIOKEHHUE 1)

Fig. 1. A. Schemes of computational domains:
from top to bottom — options No. 1 (1a, 4-7, 7a, 7b);
No. 2; No. 3; 1 — emitter; 2 — plane of symmetry; 3
— bottom wall; 4, 4a, 4b — side walls; B. settlement
grids: from top to bottom — options No. 1; No. 2;
No. 3.

23Table 1.
experiment.

Fig. 2. Temperature (°C) of air in a panel
emitter of various shapes (Asw.=0; Apw.=°°): from
top to bottom — options No. 1; No. 2; No. 3.

SFig. 3. Temperature (°C) of the walls of panel
emitters of various shapes (Asw.=0; Apw==°); O—
option No. 1; - option number 2; A —option
number 3; red — emitter; black —bottom wall; green
—side wall; blue and cyan — vertical sections of the
side wall of option No. 3.

®Fig. 4. The radiation flux density (W/m?) on
the walls of panel emitters of various shapes
(Asw.=0; Apw= °): O — option No. 1; (I — option
number 2; A — option number 3; black — bottom
wall; green —side wall; blue and blue — vertical
sections of the side wall of option No. 3.

"Fig. 5 Temperature (°C) of the walls of panel
emitters made of various materials (C=0.9 m): @ —
option No. 7a (Asw.=rbw.=16.27 W/(m-°C) (steel),
dsw.=8 bw=1 mm, the side wall is thermally
insulated (Ains=0)); O — option No. 7b (hpack
w=Mw.=202.4 W/(m-°C) (aluminum), Opack w.=0
bw=1 mm, the side wall is thermally insulated
(Ains.=0)); red — emitter; black — bottom wall; green
— sidewall.

Options for a computational
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Study of Prospects of Two-Phase Gravity Thermosiphons Used in Waste
Heat Boilers of Cogeneration Units

Dolganov Yu.A., Yepifanov A.A., Patsurkovskyi P.A., Sorokina T.N., Lychko B.M.
Admiral Makarov National University of Shipbuilding
Mykolaiv, Ukraine

Abstract. The significance of this work is justified by the lack of experimental data on the operation of
thermosiphons as part of the waste heat boilers (WHB) with gas turbine engines (GTE), whose
capacity is from 2 to 10 MW. The aim of the work was achieved by physical modeling of the heat
transfer process in the thermosiphon cavity in the range of heat loads from 0.5 to 17 kW/m?. The study
of the internal temperature difference of two-phase gravity thermosiphons at thermal loads up to 17
kW/ m?was performed experimentally. The paper shows a scheme of the experimental research stand.
The graphical dependence of the temperature difference in the thermosiphon cavity on the heat flux
density is presented. The root-mean-square error of experimental results was calculated, being up to
5.7%. The significance of the obtained results lies in that the existing calculation method was
improved due to the mathematical dependences obtained for calculations of the internal temperature
difference, and became applicable in the calculation of heat exchangers based on two-phase
thermosiphons operating in the heat load range of up to 17 kW/m?. The experiments performed
confirm the competitiveness and high thermal efficiency of the two-phase gravitational thermosiphons
under the regime conditions typical for the WHB plants. This makes promising the use of the two-
phase gravitational thermosiphons compared to traditional coil heating surfaces.

Keywords: two-phase gravitational thermosiphon, waste heat boiler, heat flow density, thermal
resistance.
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Studiul perspectivelor utilizirii termosifoanelor gravitationale in doua faze in cazanele termice utilizatore
ale instalatiilor de cogenerare
Dolganov Yu.A., Epifanov A.A., Patsurkovsky P.A., Sorokina T.N., Lichko B.M.
Universitatea Nationalda de Constructii Navale, amiralul Makarov
Nikolaev, Ucraina

Rezumat. Lipsa datelor experimentale privind functionarea termosifoanilor in componenta cazanelor termice
utilizatoare ale centralelor electrice cu cu turbine cu gaz (GTE) cu o capacitate de la 2 pana la 10 MW determina
relevanta acestei lucrari. Scopul lucrdrii in obtinerea relatiilor pentru calcularea diferentei de temperatura interna
a termosifoanilor la sarcini termice de la 0,5 la 17 kW / m?. Obiectul cercetdrii il reprezintd parametrii si
caracteristicile procesului de recuperare a caldurii in elementele cazanelor de recuperare a termosifonului, ca
parte a circuitelor de recuperare a céldurii din centralele de cogenerare cu gaz-abur (ITGA). A fost realizat
experimental studiul diferentei de temperaturd internd a termosifoanelor gravitationale in doua faze la sarcini
termice de pand la 17 kW / m? Lucrarea prezinti o diagrami a unui stand de cercetare experimentald.
Rezultatele cele mai semnificative ale lucrarii se prezinta relatiil de calcul a diferentei interne de temperaturd in
intervalul de sarcini termicd de la 0,5 la 17 kW / m? Semnificatia rezultatelor obtinute consti in faptul, ci
metoda de calcul existenta a fost imbunatitita datoritd dependentelor matematice obtinute ale calculului
diferentei de temperatura internd si a devenit aplicabild pentru calculul schimbatoarilor de caldurd pe baza
termosifoanilor cu doud faze, care opereazd in gama de sarcini termice pand la 17 kW / m? Experimentele
confirma competitivitatea si eficienta termica ridicata a termosifoanelor gravitationale in doud faze in conditii de
functionare, tipice pentru cazanele termice utilizatoare ale instalatiilor de cogenerare, ceea ce le face mai
promitatoare in comparatie cu suprafetele traditionale de incalzire de tip spirala.

Cuvinte-cheie: sifon gravitational bifazic, cazan de caldurd utilizator, densitate de flux de céldura, rezistentd
termica.

HccnenoBanue nepcrneKkTUB UCHOJIb30BAHMS ABYX(a3HBIX IPABUTAHMOHHBIX TEPMOCU(OHOB B KOTJIAX-
YTHIM3ATOPAX KOreHepAlMOHHBIX YCTAHOBOK
Joaranos I0.A., Enudanos A.A., [Tanypkxosckuii I1.A., Copoknna T.H., JInuko B.M.
HanmonansHbIi yHUBEpCUTET KOopaliIecTpoeHHs UMEHU anMupara Makaposa, Hukonaes, Ykpanna
Annomayus. OTCyTCTBHE SKCIEPUMEHTANBHBIX MJaHHBIX IO paboTe TEPMOCH(POHOB B COCTaBE KOTIOB-
YTHIIN3aTOPOB DHEPTETHYECKUX YCTAHOBOK C ra3oTypOuHHbIMU aBuratTessiMa (I'TJI) momHOCTBIO OT 2 10 10

© Dolganov Yu.A., Yepifanov A.A.,
Patsurkovskyi P.A., Sorokina T.M.,
Lychko B.M., 2020 71
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MBT 00ycioBIMBaeT akTyajlbHOCTh JaHHOW paboThl. Llenbio paboThl ABJIsIETCS MOTy4YeHHE 3aBUCUMOCTEH IS
pacdera BHYTPEHHEI0 TEMIIEPATYpPHOI'O IIeperaza TEPMOCHU(OHOB IPH TEIJIOBBIX Harpy3kax or 0.5 mo 17
kB1/mM% TlocTaBneHHas 3ajaya TOCTHTAeTCs MyTeM (DM3MYECKOTO MOJETMPOBAHMs MPOIECCa TEIIOOOMEHa B
nojiocTH TepmocudoHa B AMANa3oHe TEMIOBBIX Harpy3ok oT 0.5 mo 17 xBr/m? IlpeameroM ucclefoBaHUs
ABJISIIOTCSL TIApaMeTphl M XapaKTEPHCTHKH TPOIECca YTHIM3AIWM TEIUIOTHI B 3JIEMEHTaX TEPMOCH(OHHBIX
KOTJIOB-YTHIN3aTOPOB B COCTaBE TEIUIOYTHJIM3AIMOHHBIX KOHTYPOB KOTCHEPALMOHHBIX TIa30HapoTypOHHHBIX
ycranoBok (I'TITY). HccnenoBanne BHYTPEHHETO TEMIIEPAaTypHOTO Mepemnana ABYX(a3HBIX TPABUTAIIOHHBIX
TepMOCU()OHOB IPH TEMNOBLIX HAarpyskax 1o 17 kBT/M? mpoBoaunuch SKCIepUMeHTalbHbIM IMyTeM. B pabote
NPE/CTaBICHa CXeMa OKCIIEPUMEHTAJIBHOIO MCCIIEIOBATENLCKOTO CcTeHaa. Haubosee cymiecTBEHHBIMU
pe3ynbTaTaMu pabOTHI SIBJIAIOTCS IMOJYYEHHbIE 3aBUCHMOCTH, KOTOPHIE MO3BOJISIIOT OCYLIECTBISITH pacder
BHYTPEHHETO TEMIIEPATYPHOTO TEPENajia B JUANa30He TEIUIOBBIX Harpy3ok ot 0.5 o 17 kBt/m2. Tlpencrasnena
rpaduyeckasl 3aBUCUMOCTh TEMIIEPAaTYpHOI'O Mepenaja B IMOJOCTH TepMOCH(pOHA OT IUIOTHOCTH TEIUIOBOTO
noToka. PaccuuTana cpenHeKkBagpaTH4Has HOTPEUIHOCTh DPE3yJIbTATOB AKCIIEPUMEHTAIBHBIX HCCIIEAOBaHUM,
KoTOpas He mpeBblmaeT 5.7 %. 3HaYMMOCTh NOJIYYEHHBIX PEe3yIbTaTOB COCTOUT B TOM, YTO CYILECTBYIOIIAs
METOJMKa pacueTa OblIa yCOBEpPIIEHCTBOBAHA 3a CUET NOJYYEHHBIX MAaTEMaTHYECKHX 3aBHCHMOCTEH pacdera
BHYTPEHHETO TEMIIEPATypHOTO IEpenana, W crajla MPUMEHHMa JUII PacueToOB TEMIOOOMEHHBIX anlapaToB Ha
0ase nByX(asHbIX TepMOCH(POHOB, PAGOTAIOIMX B AUANA30HE TEILIOBBIX HArPY30K A0 17 kB1/M2. TIpoBeeHHbIE
OTBITHl  TIOATBEP)KJAIOT KOHKYPEHTOCHOCOOHOCTP W BBICOKYIO TEIDIOBYIO 3((EKTHBHOCTh IBYX(ha3HBIX
TPaBUTAllMOHHBIX TEPMOCH()OHOB B DPEKHUMHBIX YCIOBHSAX, XapakTEpPHBIX [UI1 KOTJIOB-YTHIH3aTOPOB
KOTCHEPAI[IOHHBIX YCTAaHOBOK, YTO OOYCJOBJIMBACT INEPCHEKTUBHOCTh MX HCHOJIB30BAHUS 10 CPAaBHEHHUIO C
TpaAUIIMOHHBIMU 3MEEBUKOBBIMU IMTOBCPXHOCTAMU HAIrpeBa.

Kniouegvie cnoea: nByx¢ha3Hblli TpaBUTAaLMOHHBIA TePMOCH(OH, KOTEJI-YTWIN3ATOpP, IUIOTHOCTH TEIUIOBOIO
MOTOKA, TEPMUYECKOE COIPOTUBIICHHE.

Introduction recommendations  concerning  thermosiphon
WHB use in gas steam turbine plant design are
absent.

The existing methods for thermosiphon WHB
calculation have a large number of assumptions,
like not to take into account the internal
temperature difference in thermosiphons and the
rate of natural circulation in the evaporative
circuit, that leads to the WHB heat transfer
coefficient and power coefficient errors [13-17].

Recent studies describe the two-phase
thermosiphons and contain information on their
operation as to heat transfer agents, such as,
deionized water, the water based on titanium
dioxide and gold nanofluids with different
concentrations as working fluids [18], water
nanofluids based on Al;Os [19], and water with
iron oxide nanoparticles [20].

The authors of [18] note that the long-term
experiments carried out with 0.3% of
nanoparticles indicate a massive aging of the
porous layer on nanoparticles on the evaporator
surface. This fact makes the practical use of
nanofluids inexpedient. Thus, it is advisable to
use traditional coolants in high-capacity power
plants, which contain thermosiphons in their
structure.

In [21], the designs of heat exchangers and
the peculiarities of their operation as being part
of two-phase thermosiphons under heat load on
thermosiphon up to 3 kW/m? are considered in
sufficient detail.

The development of power engineering based
on gas turbine and gas-and-steam turbine
technologies provides increasing the thermal
power plants efficiency and reducing their
negative impact on the environment. Against the
backdrop of energy systems decentralization,
cogeneration GSTP based on the GTE with
capacity from 2 to 10 MW is promising for the
application in the power engineering.

An important element of the GSTP heat
recovery circuit (HRC) is a WHB. On the one
hand the use of the coil heating surfaces and
forced circulation in the evaporating circuit of
the WHB vertical arrangement provides an
increase in the compactness of the HRC, and on
the other it reduces the reliability of operation
because of the failure of the coils [1-5].
Horizontal waste heat boiler (WHB) design with
a natural circulation in the evaporator circuit has
a specific quantity of metal structure, as well as
greater aerodynamic resistance under equal
conditions of design and operation, which
decreases the whole plant capacity [6-9]. The
thermosiphon heating surfaces with a natural
circulation in horizontal WHB can increase the
efficiency of heat recovery and the reliability of
the whole plant [10-15].

Heat utilization is studied by the leading
educational institutions, academic institutes and
heat exchange equipment manufacturers, using
the heat exchangers based on two-phase
thermosiphons. However, the knowledge and
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At present, there are no data on the features of
the thermosiphons in the WHB structure for the
high-capacity power plants from 2 to 10 MW,
where the thermal load value per thermosiphon
is above 3 KW/m?,

Thus, the researches aimed at obtaining  the
knowledge and regulations on the thermosiphons
used in the WHB of the cogeneration GSTP are
relevant.

A number  of  dependences and
recommendations for the calculation of internal
thermal resistance are given in the works of
scientists, who study the internal processes in
heat pipes, thermopile and thermosiphons. In
particular, in [21] for thermosiphons with natural
circulation, the thermal resistance of the steam
flow is presented as following:

_ h'ts.ts “ Oy (pw _ps) (1)
r-ps-Qe 'dts

int

where h is the height difference between the
liquid level in the condenser and evaporator, m;
s is the heat flux density related to the surface
area of the heat supply, W/m2,

However, the calculations using formula (1)
give a significant error at thermal loads more
than 3 kW/m? due to neglecting the
hydrodynamic friction of the vapor stream on the
condensate film, flowing into the evaporation
zone and simplifying the length difference
between the evaporation and condensation zones.

In [22], the following dependence for
determining the internal heat differential of the
actuating medium for the steam thermopile is
offered:

_ g 'ts.ts (Iev _ Ic)
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Equation (2) was obtained for the condition
of laminar fluid and vapor motion with thermal
loads less than 300 W/m? and was recommended
for the use heat carriers such as kerosene and
freon-12.

Another dependence was recommended in
[12] for calculations of the internal thermal
resistance of thermosiphons in the range of
thermal loads up to 10 kW/m?:

q0.333
Rint = At;333 ' (3)

where A is the coefficient with taking into
account geometric parameters of thermosiphon
and the physical properties of the heat carrier.
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None of the above mentioned dependencies
can’t give reliable results and therefore cannot be
used for thermal calculation of heat exchangers
for the cogeneration GSTP waste heat boilers
with gs=0.5...17 kW/m?,

In the existing methods of thermosiphon heat
exchangers calculation [21, 23], one of the
assumptions is to determine the thermal power
by the average temperature in the cavity of the
thermosiphon, which introduces a significant
error.

(4)

Problem setting

The main purpose of the research is to obtain
dependences for the thermosiphons internal
temperature difference calculation at thermal
loads up to 17 kwW/m?.

The subject of the research is the parameters
and characteristics of the heat recovery processes
in the elements of the WHB thermosiphon as
part of heat recovery circuits of the cogeneration
GSTP.

Results and Discussion

This research is based on the physical
modeling method. It was used in experimental
studies of the internal temperature difference of
two-phase gravity thermosiphons at thermal
loads of qis=0.5...17 kW/m?.

The technique of experimental research
includes the followings: experiment planning,
analysis of the obtained results and error
estimation,  verification of the results
acceptability  and their interpretation,
presentation of the obtained data in an orderly
visual form.

The most important characteristic of
experimental studies is the error of direct and
indirect measurements. The error of the basic
measurements error was evaluated at the
planning stage of the experiment. This allowed
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choosing the most rational technique for
conducting the experiment. In the literature [24,
25] the principle of choosing the required
number of measurements is given. A total
measurement error excludes systematic As and
random error A.. For the experimental research

of the internal temperature difference of
thermosiphons, the condition 2A&A, Was
fulfilled. The number of measurements taken for
each conditionally constant mode was equal 5.
The technique of the experiment and the
errors determination are presented in Fig. 1.

Determination of systematic error As

v

Determination of random error Ar Using 5 experiments

L\ 2 Y v
AS > 2Are As = Are 2AS < Are
v v v

One measurement is sufficient

to determine this parameter.

Absolute measurement error:
A=A

N measurements are required
to determine this parameter.
Absolute measurement error:

A= A2 +A2

N measurements are required to
determine this parameter.
Absolute measurement error:
A= Ar

Fig.1. The technique of the experiment and errors determination.

The experimental stand was designed for
carrying out the working process in two-phase
gravity thermosiphons. This stand is shown in
Fig. 2. It allows direct monitoring the processes
occurring in all zones of the thermosiphon, as
well as simulating the operating conditions,
which are typical for the WHB of the GSTP.

The working area of this stand is made of
tube of transparent quartz glass with an internal
diameter 25 mm and the glass thickness of 1.5
mm. The length of the evaporation zone was 1.0
m and the length of the condensation zone varied
from 0.2 to 0.5 m.

A three-way valve with a vacuum manometer
for measuring pressure inside the thermosiphon
and the Maevskii air-purge valve for vacuuming
the thermosiphon were connected to the upper
part of the evaporation zone.

The thermosiphon filling-in was carried out
with the help of heat carrier through the top
valve. The heat carrier removal from the
thermosiphon occurred through the valve at the
bottom of the thermosiphon.

An important step in the design of the heat
transfer systems with thermosiphons is the
correct choice of the heat carrier and case
material, because it affects the service life and
metal consumption of the device as a whole.

The choice of the heat carrier was performed
based on the physical properties analysis.

Water is the best heat carrier by many
parameters (heat transfer, cost, availability, fire

and explosive risk) according to the analysis of
thermophysical properties [21, 23].

That is why the distilled water was used as
the heat carrier.

During creation of the working area, special
attention was paid to the removal of non-
condensing gases (air) from the cavity of the
thermosiphon.

The incomplete air removal forms additional
thermal resistance, which reduces the intensity of
heat transfer.

The impact of air increases with its volume
and is especially pronounced in the reduced
pressure and low thermal loads areas.
Vacuuming of the thermosiphon was carried out
by evaporation of the heat carrier.

As a result, the air was deflated by the formed
steam through the Maevskii air-purge valve.

The heat carrier heating in the thermosiphon
was performed using a 0.5-diameter nichrome
wire electrical heater.

The wire was wound over the entire height of
the evaporation zone with a pitch of 10-15 mm,
so it was possible to observe the processes in the
pipe.

The heater power was controlled using an
autotransformer and measured by ammeter and
voltmeter.
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1 — autotransformer; 2 — evaporation zone; 3 — heater;
4 — water case; 5 — condensation zone; 6, 12 —
thermocouples; 7, 10 — numeral thermometers;

8 — vacuum manometer; 9 — Maevskii air-purge valve;

11 — rotameter.

Fig.2. Scheme of the experimental installation for the

thermosiphon analysis.

The condensation zone of the thermosiphon
was cooled by water, which was pumped
through the circular space between the
thermosiphon tube and the water case. The valve
was used to control water consumption. It was
measured by the PC-5 type rotameter. The water
temperature was measured by the digital
thermometers with a graduation mark of 0.1 °C
at the inlet and outlet of the water case.

The working area was equipped with
thermocouples for internal working processes
and thermosiphon thermal modes study. The
temperature of the heat carrier in the evaporation
zone was measured by the THK-002 L100
temperature sensor (chromel-copel thermocouple
with a 100-mm working section length), which
was set from the lower end of the pipe and
sealed by the fitting. Temperature of the heat
carrier in the condensation zone was measured in
two positions: first, the THK-002 L100 sensor
was used to determine the total heat transfer at
the thermosiphon. Secondly, the THK-002 L350
sensor was used to determine the average
temperature in the thermosiphon condensation
zone in three operating positions (at distances
1150, 1250 and 1350 mm from the thermosiphon

bottom). The cable terminals of the THK-002
sensors were connected to the 12-TP device
designed to receive and convert input signals to
the physical values and display the received
value on a built-in digital display. The [12-TP
device was connected to the computer via the
RS485/USB interface converter, where special
software made it possible to obtain the
information from the sensors, which was viewed
and documented [26].

The heat flux density was defined as the ratio
of thermal capacity of the thermosiphon to the
cross-section area of the evaporation zone. The
thermal capacity of the thermosiphon was
determined by the cooling water flow rate and
change in its temperature. The saturation
pressure varied in the range from 0.05 to 0.8
MPa. The cooling water consumption
corresponded to the flow regimes in
thermosiphon heat exchangers designed to
produce the hot water and steam, and varied in
the range Gy = (7,8... 14,4)-10° kg/s. The water
temperature at the inlet of the condensation zone
remained unchanged and was 12 °C. The degree
of evaporation zone filling was €=35%. The
relative length of the thermosiphon under study
was I/d = 42...53. The length of the evaporation
zone was 1 m, and the length of the
condensation zone varied from 0.25 to 0.5 m.
The internal diameter of the thermosiphon was
0.025 m and the outlet diameter was 0.028 m.

The reliability of the experimental data is
ensured by using modern measuring complex
"RegMik" [2-TP (the measurement error
according to the manufacturer's data is up to Aty
= + 0.25 °C [26]) and high accuracy of
measuring devices.

The accuracy of the indirect measurement
result was estimated by the root-mean-square
error of the following formula:

-+

2
o[ df 2
5 = Z[ de s (5)
where oy is the root-mean-square error of the
direct measurements.

The accuracy of the measurement results of the
internal temperature difference was estimated by
the error:

2 2 0.5
o) (o o] o
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where Aty = Aty =+ 0.1 °C is the absolute errors
of thermocouples measurements in the
evaporation and condensation ZOones,
respectively; t,, tx are the measured values of
temperatures in evaporation and condensation
zones, respectively, °C.

The error values that were determined during
the experimental research are shown in table 1.

Visual observations were carried out on the
experimental stand in the range of thermal loads
g = 0.5...17.0 kW/m?, which usually take place
during the operation of thermosiphons as part of
the WHB at cogeneration plants.

Table 1
Limit values of quantities and its measurement errors
Numeric Absolute Relative
No Parameter Mark value in error in error in
B ing modes modes modes,%
min | max | min | max | min | max
1 The tempe_rature of the the_rmosmhor! 82 | 995 01 01 | 012
heat carrier in the condensation zone, °C
9 The temperature of the thgrmosmhoon t, 87 110 01 009 | 011
heat carrier in the evaporation zone, °C
3 Temperature dlfferer}ce in tr:e cavity of At 05 48 100231 025 | 46 | 57
the thermosiphon, °C

The pulsation regime of bubble boiling was
observed in the thermosiphon evaporation zone
at the low heat flow densities up to 3.0 KW/m?
(Fig.3, a). The fluid level in the thermosiphon is
slightly increased due to the appearance of the
vapor phase in the liquid column. Bubbles
collision and fusion don’t occur because bubbles
concentration in the boiling liquid was too small

a b

at such heat flux densities.

There was a transition to a pulsating boiling
mode with increasing thermal power by more
than 3.0 KW/m? (Fig.3, b). The limited size of the
evaporation mirror (cross section of the
thermosiphon) is caused by the reason that not
all bubbles have time to reach the free surface
and collapse.

c

Fig.3. Visualization of boiling process in thermosiphon:
a — bubble (non-pulsating) boiling; b — the fusion of steam bubbles; ¢ — emission of coolant

There was a fusion of vapor bubbles into
large bubbles in the liquid fluidized bed. The

size of these bubbles was comparable to the
inner diameter of the thermosiphon. The coolant
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emission was observed, when the bubbles were
destroyed (Fig.3). When the coolant returns the
part of the evaporator wall is covered with the
evaporating film. The ejection was repeated
periodically, so the boiling process became
pulsating. Emissions alternated with periods of
"silence”. The nature of the condensate
movement in the evaporation zone did not
change with heat load increasing, and the
condensate flowed into the fluidized fluid
column in the form of separate droplets. After
some time, the ejection was repeated, that is, the
boiling process became pulsating.

Thus, based on the conducted studies, there
are two boiling modes in the evaporation zone of
the thermosiphon depending on the thermal load:
at gs < 3.0 kW/m? (the non-pulsating mode of
boiling in the liquid column) and at gs > 3.0
kW/m? (the pulsating mode of the active bubble
boiling in a column of liquid).

Certain recommendations can be given
concerning the evaporation zone filling degree,
taking into account the results of the research
and qualitative picture of the processes in the
evaporation zone. The coolant release into the
condensation zone is found undesirable, because
it reduces the intensity of heat exchange due to
the film thickness increase. The degree of
evaporator filling in the range from 20% to 35%
is advisable at thermal loads of up to 3.5 kW/m?
and from 15% to 20% at thermal loads over 3,5
KW/m?2,

At, 'C

The results of the studies showed, that the
dependence (3) in the range of up to 10 kW/m?
gives the difference with the experimental data
up to 50%. The maximum error reached 22%, at
the thermal load above 10 kW/m?,

The dependence for the calculation of the
internal temperature difference in the cavity of
thermosiphons was obtained based on physical
modeling of the internal processes in the
thermosiphons. Using the basic parameters and
considering the degree of their influence on the
internal temperature difference, introducing the
coefficients of temperature dependence on
pressure in a given range of thermal loads, the
following dependence was obtained:

Ap, = (0 +6a)-” éhi o
2v

_Q. (7)

/Ir .tS.S
.

ts
t, =

s 2r

where & is the coefficient of hydrodynamic
friction; &a is the hydrodynamic acceleration
coefficient.
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1 - the results of calculations according to the formula (3) at gis < 10 KW/m?, 2 - the results of calculations
according to the formula (7); 3 - the results of calculations according to the formula (3) at 10 < ¢ <17 kW/m?; 4
- the experimental results.

Fig.4. Dependence of the temperature difference in cavities of the thermosiphon on heat flux density:
a—ls=12m;b-ls=15m

The limits of using the obtained dependences
:

1) 0,5<qs< 17 kW/m?;

2) intermediate coolant - water;

3) 42 <Il/ds < 53.

The results of the studies are presented in Fig.
4 as the dependence of the temperature
difference in the cavity of the thermosiphon on
the density of the heat flux transmitting by
thermosiphon. The analysis of the results showed
that in the studied range of values of the heat
flux densities, the internal temperature difference
increases with the increase in the value of the
heat flux density.

Comparison of the experiment results and the
those of calculation by the dependence (7) for
thermal loads of up to 10 kW/m? showed a slight
discrepancy up 0.45 °C. This can be explained by
the imperfection of thermosiphon vacuumizing
by the evaporation method and the insignificant
residue of non-condensing gases in the
thermosiphon, which affect the internal
temperature difference within the limits of low
pressures and thermal loads.

After the analysis, it can be concluded that
dependence (7) can be recommended for
improving the method of calculation of
thermosiphon heat exchangers operating in this
range of thermal loads up to 17 KW/m?.

The experiments have shown that in the
studied range of thermal loads the difference in
the saturation temperatures of the coolant in the
lower part of the evaporation zone and the
average saturation temperatures over the
condensation zone are up to 4.1 °C (Fig.4). It
was established that an increase in the
transmitted heat flux density from 0.5 to 17.0
kW/m? increases the temperature difference at
the height of the thermosiphon from 0.5 to 4.1
°C, which is 5% less than the average calculated
value of the saturation temperature.

Conclusions

The conducted experiments confirmed the
high thermal efficiency of the two-phase gravity
thermosiphons under the mode conditions, which
are typical for the WHB of the cogeneration
plants. The obtained experimental data on the
internal temperature difference confirm the
competitiveness  of  thermosiphon  heating
surfaces compared to the traditional coil and
allow their using in the WHB designs.

On the basis of the conducted researches, in
order to prevent the release of the coolant into
the condensation zone, it is advisable to keep the
degree of the evaporator filling in the range from
20% to 35% at thermal loads up to 3.5 kW/m?
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and from 15% to 20% at thermal loads more than
3.5 KW/m?.

As a result of the experimental studies of the
internal temperature difference of the two-phase
gravity thermosiphons by approximation, an
analytical dependence was obtained for the
calculation of the internal temperature difference
of thermosiphons Atis = f (qss), in the range of 0,5
< (s <17 KW/m? and 42 < l/ds < 53 using water
as an intermediate coolant. The accuracy of the
experimental results was estimated by the root-
mean-square error, which is up to 5.7%.
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Combined District Heating System CHP- Local HP

Sit M.L., Juravliov A A.
Institute of Power Engineering of Moldova, Chisinau, Republic of Moldova
Suvorov D.M., Sushchikh V.M.
Vyatka State University, Kirov, Russian Federation

Abstract. The work relates to the problems of using heat pumps in district heating systems. The aim of
the study is to increase the energy economic efficiency of combined heat supply systems with heat
pumps using natural refrigerants. This goal is achieved by developing a scheme of the system in which
part of the building is heated centrally from the CHP, and the other part is from a heat pump installed in
the building, and heat pump which receives low potential heat from the return network water leaving
the part of the building, - centralized, and from outside air. The most significant results of the work are
the developed scheme of a carbon dioxide heat pump, which combines both the possibilities of working
in a quantitative heat supply system and when preparing hot water for buildings in a non-heating period.
The significance of the obtained results lies in the fact that the proposed technical solution allows to
reduce significantly fuel consumption for thermal power plants and the costs of consumers when they
pay for consumed energy. Heat pump circuits have also been established for the quantitative law of
regulating the operation mode of the heat supply system. With the proposed scheme of operation, the
heat pump for domestic hot water works only in the non-heating period, and domestic hot water is pro-
vided during the heating period from the CHP.

Keywords: district heating system, heat pump, carbon dioxide, control law, CHP.
DOI:10.5281/zen0d0.3713430
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Sistemul combinat de termoficare cu CET si pompe de caldura locale
Sit M.L., Juravleov A A.
Institutul de Energeticd, Chisindu, Republica Moldova
Suvorov D.M., Suscih V.M.
Universitatea de Stat din Kirov, Kirov, Federatia Rusa

Rezumat. Lucrarea se referd la problemele utilizarii pompelor de caldurd in sistemele centralizate de alimentare
cu caldura. Scopul studiului este de a spori eficienta energetica a sistemelor combinate de furnizare a caldurii cu
pompe de céldura cu ajutorul agentilor frigorifici naturali. Obiectivul este atins prin elaborarea unei diagrame a
sistemului in care o parte a cladirii este incélzitd de agentul termic furnizat de catre CET-uri, iar alta parte de
pompa de caldura instalatd intr-un centru individual de incélzire a edificiului, care absoarbe surplusul de caldura
di acegentul termic cu potential termic scazut ce circuld in conducta retur la iesirea din cladire,precum si absorbita
din aerul din exterior. Rezultatele cele mai semnificative ale lucrarii sunt prezentate de schema dezvoltata a unei
alimentare cu caldurd, cat si prepararii apei calde pentru cladiri in afara sezonului de incélzire. Semnificatia
rezultatelor obtinute consta in faptul ca solutia tehnica propusa permite reducerea semnificativa a consumului de
combustibil pentru centralele termice si a cheltuielilor pentru energia consumata. S-au identificat scheme ale
pompei de caldurd in cazul utilizarii legii cantitative de reglare a regimului de functionare a sistemului de furnizare
a enegiei termice. Aplicarea algoritmului propus de functionare a pompei de caldura prevede functionarea pompei
de caldura cu scopul producerii apei calde in sezonul cald, iar in perioada de incélzire furnizarea apei calde se face
de la CET-uri.

Cuvinte-cheie: termoficare, pompe de caldura,, dioxid de carbon, legile de dirijare ale sistemelor dec termoficare.

Kom0unupoBannas cucrema TensiocHatxenus ¢ TIL u 1okanbHBIMH TEIVIOBLIMHM HACOCAMH
Int M.JL, /Kypasiaes A.A.
WucturyT suepreruky, Kummunes, Pecrrybnmnka Mominosa
Cysopos JI. M., Cymux B.M.
Barckuil rocynapctBeHHblN yHuBepcureT, Kupos, Poccuiickas ®enepanns

Annomayus. Pabota OTHOCHTCS K 3a]ja4aM IPUMEHEHHNS TEIUIOBBIX HACOCOB B IEHTPATN30BAHHBIX CHCTEMaX TeTl-
nocHabOxeHus. L{enpro nccnegoBaHus SBISAETCS MOBBIIICHHE YHEPTOIKOHOMUYECKOH 3((heKTHBHOCTH KOMOWHU-
POBaHHBIX CHCTEM TEIJIOCHAOXKEHNUS C TEIUIOBBIMM HACOCAMH Ha IPHUPOAHBIX XjanareHTax. [locraBneHHas 1eib
JIOCTHTAeTCs 32 CUeT pa3pabOTKU CXEMBI CUCTEMBbI, B KOTOPOH 4acThb 37[aHUs OTAIUINBAETCS IEHTPAIM30BaHHO OT
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TOL, a apyras yacTb OT TEIJIOBOI'0 HACOCA, YCTAHOBJIEHHOI'O B MHIUBUAYaIbHOM TEMJIOBOM IIyHKTE 3JaHUs, MO-
Jy4aloIlero HU3KOMOTeHIMAIBHYIO TEIUIOTY OT 0OpaTHOM CeTeBOM BOJIbI, BEIXOSIIEH U3 YaCTH 3/1aHMs, OTAILIU-
BAacMOW EHTPAIN30BaHHO, U OT HAPYKHOTO Bo3ayxa. Hambomee cyliecTBEHHBIMH pe3yiIbTaTaMy paboThI SIBIIS-
eTcs pa3paboTaHHAsA CXeMa TEIUIOBOTO HAcOCa Ha JUOKCH/E YIJIEpoia, KOTOpas COBMEINAET B ceOe, KaK BO3ZMOXK-
HOCTH pabOoThI B KOJMIECTBEHHON CHCTEME TEIIIOCHAOKEHNUS, TaK U P MPUTOTOBICHUH TOpAYIei BOABI A 3/1a-
HHH, B HEOTONUTEBHBIN Nepro]. 3HAYUMOCTh ITOJIYIEHHBIX PE3YIbTATOB COCTOUT B TOM, YTO MPEATaraeMoe TexX-
HHYECKOE PEIIEHUE MO3BOMIAET CYIECTBCHHO CHU3HUTH pacxof Tommsa At TOLL u pacxonsl motpedureneit npu
OIUIaTe UMM TTOTPEOJICHHBIX YHEPTOPECYPCOB. Y CTAHOBJICHBI TAK)KE CXEMBI TEIIOBBIX HACOCOB JUISl KOJTHIECTBEH-
HOT'0 3aKOHA PEryJIMPOBaHUs pexKuMa paboThl cucTeMbl TetutocHatxeHus. [Ipu npemnaraemoii cxeme paboTHI TeTl-
noBo# Hacoc aist 'BC paboraer Tonbko B HeOTONMTENbHBIN nepuon, a 'BC obecrieunBaeTcsi B OTONHUTENbHBIH
nepuof ot TOLl. B koHCTpyKIMHU MpeyiaraeMoro TeIIoBOro Hacoca MPeayCMOTPEH epeoXIaguTelb JUOKCHAA
yIIIepo/ia, BKIIOYESHHBIH MOCIIe ra300XJIaiuTeNs ¥ NpeiHa3HauYeHHbII IS peryJIMpoBaHus pexxuMa paboThl ucma-
pHTENs TEIJIOBOTO HAcOCa IPH IIEPEMEHHON 00paTHOM TeMIepaType BOAbI CUCTEMbI OTOIUICHHSI 3JaHusl.
Knrwouegvie cnosa: tennocHabxeHUe, TEIUIOBbIE HACOCHI, AUOKCHJ YIIIepoJa, 3aKOHBI PErYJIUPOBAHUSI CHCTEM
TETIIOCHAOKEHNUSL.

BBEJAEHHUE paclpenenuTeNbHbBIM TEIUIOBBIM CETAM IIOCTY-
MaeT Ha OTOIUIEHUE OOBEKTOB KBAPTAILHOU CEeTH,
MOCJIE KOTOPBIX BO3BPALIAETCSI CHOBA HA HArPEB B
TH u TeriooOMEHHUK HE3aBUCHUMON CHUCTEMBI
TerocHabxeHus. B craTbe mpemmaraercst uc-
MOJIL30BaTh 3aX0JKUBAHUE YaCTH OOPATHOM ce-
TEBOI BOJIbI, U CHMKEHHE pacxo/ia MpsIMOi ceTe-
BOW BOJIBI 32 CUET TEIUIOTHI, OTOOpaHHOH OT 00-
paTHO# ceTeBoli Bozpl. M3BecTHBI paboTsl HoBo-
CHOMPCKON TETNTOTeXHUYECKOW IKOIbI [4,5], B
KOTOPBIX pacCMaTpUBAIOTCSI KaK OPOMHCTOIHUTH-
eBble a0COPOLIMOHHBIC TEIJIOBbIE HACOCHI, TaK M
MapOKOMIIPECCUOHHBIE TEIUIOBBIE HAcOCHL. Bo-
MIPOCHI, C CBsI3aHHBIE ¢ paboToii cuctemsl [ BC aB-
TOpaMHU HE paccMaTpHBarOTCs. 3a CUeT Iepexona
HAa TMOHIKEHHBIA TEeMITepaTypHBINA TpaduK, MOUYTH
B JIBa pa3a yMEHBIIAIOTCS TEIIONOTEPU B Maru-
CTpaJbHBIX TerionpoBoaax u Bo3pactaeT KII/|
TPAHCIIOPTa TEIUIOTHI, YTO TAKXKE MPUBOJUT K
9KOHOMHHM ToIIMBa. CHMXEHHE TeMIepaTyphl
npsiMoii ceTeBoid Boabl 70 50...70°C o0OyciioBnu-
BaeT yMEHbBIIIEHHE JaBJICHUSI B TEIIO(PHUKAIINOH-
HOM OTOOpE W yBEIUYEHHE BBHIPAOOTKH AIIEKTPO-
SHEPTUU KOMOMHUPOBAHHBIM CITIOCOOOM, YTO BBI-
3bIBAET 3KOHOMMIO TOIUIMBA W CIY>KUT aBapHii-
HBIM pPE3€pBOM B 3HeprocucreMe. Takxe uHTe-
rpauusi TEXHOJOTHMU TEIUIOBBIX HACOCOB B CH-
CTeMy KOMOMHHMPOBAHHOU BBHIPAOOTKH TEILJIOBOMH
Y DJIEKTPUYECKOM SHEPrUM MPUBOJUT K yBeJInUYe-
HUIO BBIPAOOTKH 3JEKTPOIHEPTUN Ha TEIUIOAIIEK-
TpocTaHuu. Pdu3nyecKku 3TO JOCTHraeTcs 3a
cuer CcHKeHHs dS(QPEKTHBHON TeMIepaTypbl
«XOJIONJIBHHUKA» B TEPMOIMHAMHYECKOM LIUKJIE
Y CHIDKEHHE TIOTEPD B TEIUIOTpAcCcaX MPH CHUXKE-
HUU TEMIIepaTyphbl TEIUIOHOCUTENS B Marucrpa-
nsx. B Takol cucreme TeruiocHaAOKEHHS MOTpe-
OWTeNb TMOJYYUT TO K€ KOJUYECTBO TEIUIOTHI U
OyIeT COXKEHO TO K€ KOJMYECTBO TOIUIMBA, HO

Pabora oTHOCHTCS K 00TIACTH TIPUMEHEHHSI TeTI-
JIOBBIX HACOCOB B LICHTPAJIM30BAaHHBIX CHCTEMax
temsiocHaOxenust. M3BectHa pabota [1], rae ot
CHCTEMBI LIEHTPAJIN30BaHHOTO TEIJIOCHAOKEHUSI
yepe3 TeMI000MEHHUK TEIIOHOCUTENb C MOCTO-
STHHOM WJIM IEPEMEHHOU TEMIIEPATYpPOU MOJaeTCA
B Ooiinep-reroytuiuzarop. B atot ke Ooitnep-
TEIUIOYTHIM3AaTOp IMOCTYIACT TEIUIOBasi YHEPTHUs
OT KOTJIOB, pa0OTarOIIMX Ha Pa3IMYHBIX BUAAX
TOIUJIMBA, OT COJIHEYHBIX KOJJIEKTOPOB, OT TEILIO-
BBIX HACOCOB M OT UCTOYHHKOB BTOPUYHOH Tell-
noBo# 3Hepruu. B [2] paccmarpuBaeTcst KOMOH-
HUPOBaHHAsI CUCTEMa OTOIUICHHS, COCTOSILAS U3
MapoKOMIIPEeCCHOHHOro TerutoBoro Hacoca (TH)
u KoTenbHOH ycranoBku (KVY). B atoii paboTte ot-
MEUYEHO, 4TO YTO JJISl BCEX PEXUMOB pa3AebHOM
paboThl  MapOKOMITPECCHOHHOTO  TEIUIOBOTO
Hacoca U KOTEJIbHON YCTaHOBKH BBICOKAsl TEMIIe-
patypa HHU3KONOTEHIHAJIBHOTO HCTOYHHMKA I03-
BOJIAET YMEHBIIUTH pabotry cxkatust B TH u mo-
TpeOJieHNe SJeKTPUUECKONW SHEPrHuH, MOBBICHTH
KOA(PGUIMEHT MpeoOpa3oBaHUsl JSHEPrUH U
YMEHBIINUTh PACX0]1 YCIOBHOTO TOIUHBa. C MTOHH-
JKEHHEM TeMIIepaTypbl HAPY)KHOTO BO3/IyXa BO3-
pacraeT TersoBas Harpys3ka Ha MapOKOMIIpEecCcH-
OHHBIH TEIUIOBON HAcoC, yMeHbIIaeTca Ko3hdu-
UEHT Npeo0pa3oBaHus JHEPTHH, BO3PACTAET pa-
0oTa cxartus KOMIIpeccopa M, Kak CJIEICTBHE,
YBEJIMUMBACTCSl Pacxo]] yCJIOBHOI'O TOIUIMBa. B
[3] paccMoTpena cxemMa BKIIFOUCHHS TETIOHACOC-
HOUW YCTAaHOBKH B CHCTEMY OTOILICHUS U TOPSTYETO
BoJlocHAOXeHus1. B paboTe mpemiaraercst wuc-
NoJIb30BaTh TeruioBol Hacoc Ha R134a. Ilocne
CMecUTellsl BOJbI, IOJOTPETOW B TEIUIOBOM
Hacoce U TemI000MEHHHKE 3aBUCUMON CHUCTEMBI
TeIIocHa0XeHUs KBapTalla, Harperas Boja KBap-
TaJIBHOTO KOHTYpa OTOIUICHHSI TI0 BHYTPEHHUM
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MIPH 3TOM BO3PACTET MPOU3BOJICTBO AIEKTPOIHEP-
run. OJIHAKO KOPPEKTHBIX PACUYETOB BEITMYUHBI
SKOHOMMH B pabotax [4,5] He mpuBoauTcs. Ilepe-
XOJl Ha HM3KOTEMIIEPATypHBINA TpaduK B TEIUIO-
BBIX MAarvucCTpajsX KPOME CHIDKEHHS TETUIOBBIX
MOTeph MPHUBEJET K YBEIMUEHUIO pecypca, CHU-
JKEHUIO aBapUHHOCTU TEIUIOTPAcC U CHHXKCHUIO
WX CTOMMOCTH 3a CUET UCIOJIb30BaHUs OoJiee Jie-
MIeBBIX TEIUIOM30JIMPYIONUX MaTepuaioB [5].
OpHako TpW CHIKEHWW TEMIEepaTypHOTO Tpa-
(uKa ceTeBOl BOMBI IS MOMAIOIICH JTUHUUA HC-
TOYHWKA YBEIMYMBAIOTCS PACUETHBIE PACXOIBI
CETeBOW BOJBI, YTO MPUBOJIUT K POCTY 3aTpaT Ha
MEePeKauKy TETUIOHOCUTENST CETEBBIMU HACOCAMU
U K YBEIMYCHUIO JMAMETPOB MAaTrHCTPAIbHBIX
TpyOOIIPOBOIOB TEIIOBBIX ceTel. M3 pabot 3a-
nagHbIX aBTOPOB oTMETHM [6], B KOTOpOIi MeTO-
JIOM MaTeMaTHYEeCKOT0 MOJICITMPOBAHUS HCCIICITY-
€TCsl CUCTEeMa IIEHTPAJIM30BAHHOTO TETIOCHA0KE-
HUS C IEHTpaIbHBIM TeruoBbiM HacocoMm (LITH)
1 BcrioMoratenbHbiMUA TH, pa3MeleHHbIMHA y T10-
Tpebuteneii. B paboTe uccnemoBana MoieNb, CBsI-
3BIBAIOIAS] TEMIIEPATYPHI B CETH, MIOTEPH U 3HA-
yeruss COP B cucreme. Mcmonb3ys 3Ty MOJEIb,
UCCIIeIOBaHA  HHU3KOTEMIIEpaTypHas CHUcTeMa
OTOIUICHHsI (THMA «TEIUIBIA IMOJ») W CHUCTEMA
I'BC. B [7] paccMoTpeHBI OJI0K — CXeMbI CUCTEM
TH ¢ ucTtoyHrkamMy HU3KONOTEHIMAJIbHOW TeEII-
notel (HIIT) B Buae Bo3ayxa, MO3EMHBIX BOJ H
MOPCKOH BOJIBI, a TAK)K€ KOMOMHAIINN BCEX TPEX
uctounukos HIIT. B [8] mpuBenen 0630p coBpe-
MEHHBIX EBPOIEHCKUX CHCTEM, HCIOIB3YIOIINX
TETUIOBbIE HACOCHI B CHCTEMaX TEIIOCHA0KEHMSI.
Tak»e W3BECTHBI CHCTEMbI, MCIIOJIb3YIOLIHE 00-
paTHYIO CETEBYIO BOJY JUIS TEIIOBBIX HACOCOB,
YCTaHOBJICHHBIX B CETSIX C IMOHMKEHHBIM TETLIO-
BeIM rpaduxom TOLl nist momorpeBa ceTeBOi
BOJIBI Y TIOTpebuTens, Hanpumep, [9]. B pabote
[12] npuBeneHO 6OIBIIOE KOJIUYECTBO CCHIIOK Ha
paboTHI 3armaHbIX YYCHBIX, CBSA3aHHBIX C MPUME-
HEHUEM B HU3KOTEMIICPATYPHBIX CHCTEMaX TeIl-
nocHaOxenuss TOL[ u TerIoBBIX HACOCOB, yCTa-
HOBJICHHBIX B KBapTaJbHBIX TEIIOBBIX ceTsAx. B
[13] paccmarpuBaeTcst OTOIJIEHHWE C TTOMOIIBIO
TEIUIOBBIX HACOCOB JIOMOB C HAaIOJIbHBIMH CHUCTE-
MaMHU OTOIDICHHS W HCIIOIE30BAaHUEM MOPCKOMH
BOJIBI U HAPY)KHOTO BO3/yXa B KayeCTBE HCTOY-
nuka HIIT. B [14] paccmarpuBaeTcst cucTeMa ¢
ucnonb3zoBanueM TH, nomywarommux HIIT ot
MOJI3EMHOM BOJIbI, APTE3MAHCKOH BOIBI M BO3-
nyxa. B [15] paccMoTtpeHbl BOIpochkl pa3merrie-
HUS TEIJIOBBIX HACOCOB, X COCIUHEHHE C CHUCTE-
MaMH TertocHa0xenust u ucrounnkamu HIIT, u
crnoco0bl padboTel B EBpocorose.
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UTo0Bl COOTBETCTBOBaTh TPEOOBAHUSAM 3SHEP-
ro3(pPEeKTUBHOCTH W OTOIICHUS 3AaHUM, HAITHO-
HaJBPHOE 3aKOHOIATENIECTBO BO Bcex cTpanax EC
MOOIIPSIET KCIIOJIb30BaHUE 00JIee YCTOMUUBBIX
BapHAHTOB OTOTUICHHS U OXJIAXKICHHUS.

OpHa U3 UX - 9TO TETUIOBOM HACOC C TEXHOJOTH-
SIMH MEXaHWYECKOTO M TEII0BOro Hacoca. B [16]
PacCMOTPEHBI CXEMBI HCIOJB30BAHUS TEILJIOTHI
obpaTtHoOi#l cereBoii Boasl B kauectBe HIIT TH.
biuzkumu k paccMaTpuBaeMoil B JaHHOM CTaThe
SIBJISIFOTCSI CHCTEMBI, T/I€ TETIOBOI HACOC UCTIOIb-
3yeT OOpaTHYI0 CETEeBYI0 BOAY, KaK HCTOYHHUK
Tera.

Oco0EHHOCTBIO PACCMOTPEHHBIX CHCTEM SIBIISI-
eTcs TOT (pakT, yTo Temreparypa cuctemsl [ BC
Bcerya OoJIpIle, YeM TeMmIepaTypa IpsMoil cete-
BO# BOJIbI, KOTOpasi obecrieunBaercs Muau TOL,
YTO MOKAa HE HAIIO CBOEr0 MPUMEHEHUS HU B
Pecniy6nmmke MomnmoBa, Hu B Poccuiickoit @ene-
pamuu, T/A€ IIUPOKO MPUMEHSIOTCS KPYITHBIC
TOL.

llenpro wmccrmenoBaHUsl SABISETCS TOBBHIIICHUE
SHEPrOodKOHOMUYECKON 3(PPEKTUBHOCTH KOMOH-
HUPOBAHHBIX CHCTEM TEIUIOCHAOXKEHUS C TEILIOo-
BBIMH HAacoCaMHM Ha TPUPOIHBIX XJIaJareHTaX.
[locraBneHHast e TOCTHTAETCA 3a CUET pas3pa-
0OOTKH CXEMBI CUCTEMBI, B KOTOPOM 4acTh 31aHUs
oTaruMBaeTcs IeHTpanu3oBanHo ot TJILI, a npy-
rast 4aCTh OT TETIOBOTO HACOCA, yCTAHOBIEHHOTO
B WHAWBHIYaJbHOM TEIUIOBOM ITYHKTE 3aHUSA,
MOJIYYAIOIIET0 HU3KOMOTEHIIHATBHYIO TEIUIOTY
OT 00paTHOM CeTeBOW BOJBI, BBEIXOMSIIEH U3 Ya-
CTH 3/IaHUS, OTAIUINBAEMOU IIEHTPAITH30BaHHO.
Haubonee cyuiecTBeHHBIME pe3yJbTaTaMU pPa-
0OTHI sIBJIIETCS pa3paboTaHHAs cCXeMa TEIJIOBOTIO
Hacoca Ha JWOKCHAE Yriepoaa, KOTopas COBMe-
maer B cede, KaKk BO3MOXKHOCTH pabOTHl B CH-
CTEeMe TeIUIOCHAOKEHUS ¢ KaueCTBEHHO-KOJIUYe-
CTBEHHBIM PETYJIMPOBAHHEM, TaK W TPU MPUTO-
TOBJICHUU TOPSYEH BOJIBI IS 3aHUN, B HEOTOTIH-
TEJIbHBIN NEPUO/I.

3HAYMMOCTh TIOMYYCHHBIX PE3yJIbTaTOB COCTOUT
B TOM, YTO TpeiaraeMoe TEXHIHUECKOe PEIIeHUE
MO3BOJISIET CYIIECTBEHHO CHU3HUTH Pacxoj TOI-
muBa it TOL n pacxoapl motpeduteneit npu
OTLIaTe MU TIOTPEOICHHBIX YHEPTOPECYPCOB.

TPEBOBAHUSI K CUCTEME UM EE
SJIEMEHTAM

[TockonbKy OCHOBOU pacmpenenéHHON CHCTEMBI
réa€panuu TCIUIOThBI B KOM6I/IHHpOBaHHOI>’I CH-
creme TeruiocHaOkerns (KCT) sBisercs Temo-
BOM HAacOoC Ha IMOKCUJIE YIIepojaa, MpeaBapH-
TEJIHO MPOBEIEM aHAIIN3 OCHOBHBIX Pa3paboToK
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B 3TOM 00JacTH € LENbI0 OMpEACTCHUsT PalHo-
HaJIbHBIX KOHCTpYyKIuii TH.

W3BectHa pabora [10], B KoTOpoO#l aHAMM3HPY-
I0TCs TocieHue pa3padorku Ha 2019 o maHHOMH
Tematuke. Ham BBIOOp OCTAaHOBWIICS Ha JHOK-
CHUJIe YIIIepoia, TIOTOMY YTO XJIaJareHT JOJKEH
OBITH MPUPOAHBIM, HETOKCUYHBIM, HEBOCILJIaMe-
HSIIOIINUMCSI, yIOBJIETBOPATH Kilaccy Oe30macHo-
ctu Al ASHRAE u kotopslii MOKET OBITH OT-
MpaBlieH B OKPYXAIOMIYyIO cpexy Oe3 HeoOxomu-
MOCTH HW3BJICUCHHS YK€ HCIIOIB30BAHHOTO 000-
pynoBanus, nmeth GWP=1 u ODP=0.
Conepxanne CO2 B okpyxatomieii cpene (0,04%
o0BbeMa aTMoc(hepHOro Bo3Iyxa) AeaeT ero 3Ko-
HoMuuecku 3 pextuBHbM. Xumuiecku CO2 sB-
JSIETCS. UHEPTHBIM Ta30M, W, B COOTBETCTBUH CO
cranpaptamu 6e3omacHoctd ASHRAE 15 u 34 u
ISO 5149, CO2 snsieTcs 6€30MacHBIM XJIaJareH-
ToM. ClieoBaTeNbHO, CYIICCTBYIOT MHUHHMAIb-
HBIC MPOOJIEMBI, KOTOPhIC MOTYT BOSHUKHYTh MPH
yTeUKax.

TemnoBoil HacoC ISl MOMYyYEHUsI TOpSYEt BOJBI
JIOJDKEH paboTaTh MPH TEMIIEpaTypax OKPYXKaro-
urero Bo3ayxa ot 6°C no 46°C. COP storo Temso-
BOT'0 HAacoca JI0JIOKEeH ObITh He MeHee MATH. TeM-
nepaTypa XJaJareHra IOoCcie Tra300XJIaTuTes
9TOTO TEMJIOBOTO HACOCA JIOJDKHA OBITh HE MEHEe
65C (c uenbto obecreueHns: aHTHOAKTEPUATIBHOM
3aIuThl Bojbl). TemrepaTypa pabodeii TOYKH Ha
BXOJIC B KOMITPECCOP JOJDKHA OBITh HE HHXKE
20...25C. Tennogoi nacoc ans [BC paboraer B
peKuMe «paboTa-0CTAHOBKAY.

TenoBoi Hacoc Asi OTOIUICHHUS TpU padoTe B
Ka4eCTBEHHOM TEMIIEPaTypPHOM IpaduKe JOKEH
YIIOBIIETBOPATH CJECIYIONIMM TpeOOBaHUSAM: pa-
0oTaTh B TeMIepaTypHOM rpaduKe OTOTUICHHSI
70/40 unu Huke, UMETh BXOJ IJIA IOJA4YU BO3-
JIyXa JUIsL PerylupoBaHds IPOMEKYTOYHOTO
OXJIAZIUTENs pabodvero Tena IMmocje MepBOi CTy-
NeHu KoMItpeccopa. [Ipu arperupoBaHuM TEIJIo-
BOI'0 HacocCa JJjid IMpUroToBJICHUSA ropsmef/i BOJbI B
CHUCTEMY KOHIHMIIMOHUPOBAHMUS BO3/yXa, OH JIOJI-
JKEH OBITh CHA0KEH aKKyMYJISATOPOM XOJI0/1a.

Ha ocHoBanum ananusa nuteparyps! [10] Obutn
BBIOpaHbI I aHAJIKM3a JIBa IUKJIA: JBYXCTYIICH-
YaThli ¢ IPOMEKYTOUHBIM OXJIAJUTEIIEM U OJTHO-
CTYIEHYATHIN C 3KEKTOpOoM. Bb1OOp 3THX UKIIOB
OCHOBAaH Ha TOM, YTO UCIIOJIb30BAHNE KAUeCTBEH-
HOT'O U KayeCTBEHHO-KOJIMYECTBEHHOTO 3aKOHOB
YHpaBJICHHS JUIS TETUIOBBIX HACOCOB HATAJIKMBA-
I0TCSI HA Psil TPYIHOCTEH, CBSI3aHHBIX C OJIHOBpE-
MCHHBIM PETYyJIUPOBAHUEM AaBJICHHUA KOMIIPEC-
copa u paboueli TOUKH Ha BXO/I€ B KOMIIPECCOP.
ITockonbKy TEIIOBOM HACOC JUIsl OTOIUICHHUS 3/1a-
HUA TOJDKEH OAHOBPEMEHHO BBITIOJIHATH B JIETHUM
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MEPHUO 3a/1a4ll TPUTOTOBIICHUS TOPSUYCH BOIBI,
TO cXeMa O0bEAMHSIONMAs, KaK JBYXCTYIIEHUYATHINA
TEIUIOBOM HACOC, TaK U MKEKTOP, KaK er0 KOMITO-
HEHTY, SBJISICTCS, HECMOTPS Ha TMOBBIIICHHYIO
CTOMMOCTB, paroHansHo# [ 18, 19].

Ecam TemroBoit Hacoc moimkeH paboTaTh MPH Tie-
PEMEHHOM pacxXoje XJaJarcHTa Wi IMpHU mepe-
MEHHOM JIaBJICHIH KOMIIPECCopa, TO BHYTPEHHUH
TEIUIOOOMEHHUK JTOTO HAacoca TakKXe OJKEH
OBITH C TIEPEMEHHOH IUIOMIAIBI0 TEIIOOOMEHA,
Tak Kak pa0boyasi TOYKa Ha BXOJE B KOMIIPECCOP
JIoJDKHA OBITH cTabumu3upoBaHa. Kpome Toro, pa-
00Ta mpu KOJTMYECTBEHHON CHCTEME PETYIINPOBa-
HUSl TPEOYET MCIIOJIb30BaHUsT HU3KOTEMIIepaTyp-
HBIX PEKUMOB PabOTHI CUCTEM TEIUIOCHA0KCHHUS,
TaKk TpH HUX OO0ECTeYNBAETCS MaKCHUMAaJIbHBIA
COP remnoBbix HacocoB. llpu KonMuecTBEHHOM
3aKOHE PEryJIMPOBaHHs CHCTEMBI TeIIOCHa0Xe-
HUS IOTpeOyeTcs epeieNika BHYTPEHHNX TeII0-
BBIX ceTel 3JaHuH, N3MESHEHHE TIII0MaAcH TETII0-
OTJaud OTOMHUTEIbHBIX NpUOOpoB. PaccmoTpum
BTOPOM BapHWaHT CXEMBI, IPH KaYECTBEHHOM 3a-
KOHE PETyTUPOBaHUS TEIUIONOTPEOIeHUS B CH-
CTEME OTOILICHHS N300pakeHHBIN Ha pUC.2.

OIIMCAHUE CUCTEMbI

CxeMma cuctembl «TOLl — MecTHBIE TEIIOBBIE
Hacockl» 18 cuctembl TeruiocHadxenus (CTC) ¢
KaueCTBCHHBIM 3aKOHOM YIPABICHUS TEILIOBBIM
pexumMoM mnOpuBeneHa Ha puc.l. B cxeme
paccMmaTpuBaeTcs napasuieJabHast cxema
noakiroueHus reroooMenunka ' BC k cucreme
OTOILIEHUS 3JJaHUI.

B cucreMe peayCMOTPEH
KOMOWHHUPOBaHHBIH TEIJIOBOM Hacoc,
MOJIYJArOIINil TEIJIOTY OT OOpaTHOW CETEeBOM
BOJIbl YACTH 3[JaHUS U TEIUIOTY OT OKPY’KAIOILIErO
BO3.lyXa AJI1 OTOIUICHUS IPYro 4acTH 3/1aHUS B
OTONUTENBHBIN mepuoid. Bce 3manue momydaet
temoByro sHepruto it ['BC or TOIl B
OTONHUTEIBHBIN NEPUOJ, a OCTAIBHOE BpeMs roaa
I'BC BbIpa0aThIBaeTCA CYyILECTBYIOIUM
TETJIOBBIM HaCOCOM. OueBuHO, 9TO
3axoNaXrBaHWe OOpaTHON CeTeBOil BOIBI IS
YacTH 3JaHUs, Ipyras 4acTb KOTOPOIrO MUTAETCs
OT TEIUIOBOTO HACOCA, WCIOJIB3YIOIIEr0 TEIUIOTY
0o0paTHOH CeTeBOW BOJIbI, BBIXOMSIIEH M3 YacTH
37aHud, oTarumBaemor ot TOILI, momxHO naTh
s dexT, Korma B TEIUIOBOM HACOCE MapaJLICIHHO
WCIIOJIB3YIOTCSL  JIBa  WCIAPUTENS:  OAWH,
UCTIOJIB3YIOIINH TeMIepaTypy 0OpaTHOH ceTeBoit
BOJIbL, PYrON — TEIJIOTY OKPY>KAIOIIEro BO3ayXa
W/WJIH TEIJIOTY OT APYTUX UCTOYHUKOB TEILIOTHL.
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(B mocnenHeMm cityyae, yxe moTpedyercs 0oJbllie  3aKOHOM  YIPABICHUS TEIUIOBBIM  PEKUMOM
UCTapHuTenen). MIpHUBEJICHA HA pHC.2.

CxeMa CBf3M TEIUIOBOI'O HAacoca C CHCTEMOI
terocHabxkennss (CTC) ¢ KadecTBEHHBIM
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L CHP -121], 2-HWS- cucmema I'BC 30anus, 3. HP- mennosoii nacoc.

Puc. 1. CTpyKTypHasi cxeMa CHCTeMbI OTOILICHHS 3AaHuUii. 1

A 1
3
AIR
B 27 | | |
e I
7

75 40°C 1
> 8 10
oL = R[]

11
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1. Tpybonpoeoo npsamoti cemesotl 600bl NOCAE V31d NOOMeca 0Opamuoll cemesoti 600ul. 2. Tpybonpoeod
obpammuotl cemegou nocie omoopa meniomsl ucnapumenem. 3.Cucmema omonienus nepeou acmu
30aHus, 4 - nepsuunas yenv ucnapumens mennogo2o Hacoca TH. 5.Bmopuunas yenv ucnapumens TH.
6. Hcnapumenv konmypa Hapysicnozo 6o3dyxa. 1. Tennoeoii nacoc. 8. [lepsuunas yens cazooxaadumerst
TH. 9. Bmopuunas yenv 2azooxaaoumens TH. 10. Cyxas epadupnsi ,, 0uokcuo yenepooa-6030yxy. 11.

Hacoc cucmemvl omnaenus 6mopou nonogunst 30auus. 12.Bmopas noiosuna omaniuéaemozo 30aHus.
(A,B — cm. puc.1).

Puc. 2. Cxema 0T00pa HU3KONOTEHIMAJbHOI TEMJI0THI TENJIOBBIM HACOCOM OT 00PaTHOI
CeTeBOii BOAbI M BO3AyXa B OTONHUTEIbHbI MepHoI.>

12 Appendix 1
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OCOOCHHOCTBIO ~ CXEMBI  SIBJIISIETCSL TO, 4TO
peryssITopbl pacxoja Trasza 4Yepe3 HCIapUTeNld
PacIIONIOKEHbl NEepeA PEryysTOpaMy JaBICHUS
ucrapuTeneld, U To, 4TO Mepemnaj JaBleHUs Ha
HHUX OOJblIe 3aBHCUT OT Pacxona, 4YeM Iepemnan
JaBJICHUSI Ha PEryisITopax AasieHus. PecuBepbl
8,12 cimyxar s obecrieueHnst HaAeKHOHM paboThI

CIY>KUT JJIsl CMEIIMBAHUS Ta30B Ha BBIXOJC
ucraputeneit 10 u 14.

B nanHOl cTaThe paccMaTpHUBETCA CXeMa ¢
IByMs. »KekTopamu. C(CxemMa HCHOJIb30BAHUS
BTOPOTO  MKEKTOPa, BKIIOYEHHOTO  MEXIY
WUCTIAPUTENSIMA W KOMIIpeccopoMm  Oyzer
paccMoTpeHa B CIEAYIOIIeH CTaThe.

knamaHoB 7, 11 B >kuakoit cpeme. Dxkektop 15

1-2

w

2
-

812
16

A. U_ITpI/IXHyHKTI/IpHI)Ie JIMHWU — BOJA, TOYCYHBIC JIMHUU — BO3AYX, CIUIOINHBIC IMHUU — XJIAAarCHT.
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7 |
[ 8 9110
[ PE
8 9
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13:
- 12 14
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107 H
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\/

1-1, 1-2 — koMIpeccopsbl, 2 — ra300XJIaIUTeNb XJIaJareHTa MePBOi CTYITHH KOMIIPECCOpa, 3 — ra300XIauTeb IS

CHCTEMBI OTOIUICHHS, 4 - TEepeoXJIaANTeNh XJaJareHra, 5, 6 - peryisITopbl NaBieHus ucrnapurenei, 7,11-

PETYIATOPHI pacxoja XJIaJareHra 4epe3 ucnapurenu, 8 u 12 — pecuBepsl Ui CTAOMIU3AIUN PEKUMOB PabOTHI

peryistopoB 7 u 11, 9, 13 — perynsropsl ieperpesa napa nocie ucnapurenei 10 u 14, 15 - axexTop (cMecuTeb)

C perymupyembIM IpuBojgoM 16, 17- akkymymnsatop (OH K€ OTAEIMTENb >KUAKOCTH), 18 — BHyTpeHHUIt

TerooOMeHHUK. [{npbl KpacHOTO IIBETa COOTBETCTBYIOT TOUKAM Ha CXeMe TepMoJMHaMmI4YecKoro Iukiaa TH
Puc. 3. Ynpouennas cxema TeIJIoBoro nacoca.’

2 Appendix 1
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9TO0 TpedyeT

Taxum o00pazom,

rpaduk

TIOBBIIIICHUEM ux

 §
® ¢
7 |6
e
8
10
L
Puc. 4. Iluka Tensiosoro Hacoca.*
MOCTPOEHHBIX 3/1aHMi (Ha mpuMepe XapbKOBCKOMH
TEMIIEPATYPHBIE IT'PA®UKHN  obnacTtw) pakTHUeCKHe AaHHBIE IO BenudnHe xF
CUCTEMBI TEINIOCHAB KHEHU S HIKE DPACUETHBIX 3HAYEHUH,

NzBecTHBI paboTHI, B KOTOpOW  TIOBBIIIEHHOW TeMIepaTyphbl TEIIOHOCHTENS B
paccMaTpuBarOTCs cpemHe- n  TojamolmeM TpybompoBose.
HU3KOTEMIIepaTypHbIe CHCTEMBI  IIE€PEBOAY 3JaHMU WM UX OTACIBHBIX YacTel Ha
terocHabxenuss [1, 12, €.29], B ToM uwmcie  TOHMKEHHBIH TeMIepaTyPHBIH
cuctrembl TOI[-THY, wu pabora [3], rThme  OTOIUIEHHMSA JOJDKHBI IPEALIECTBOBATEL PACUETHBIN
paccMaTpuBarOTCA pasHble BapUaHThl  AHAINU3 (AKTUYECKOTO COCTOSHUS ATUX CUCTEM U,
HCIIOJIb30BaHUsA THY B CHCTEMax  BO3MOXHO, PEKOHCTPYKIUS 3JaHUH WU CUCTEM
TETUIOCHA0XEHMsI, B YACTHOCTH, TIPY 3aBUCUMOM  OTOILICHUS c
M HE3aBHCUMOM  IOAKIIOYEeHuH  cucreM  dHeprodddexrusHocTu. B pabote [3] nmokasaHo,
OTOIICHHS. AHamu3 JTHX pabdOT TO3BOJNSIET  YTO IIPU UCIIOJIB30BAHUU XJIaJOHOB 3 MOKOJIEHUSL
3aKJIIOYUTh, YTO  B@KHEHIIMM  yCJIOBHEM  IEPCIIEKTHBHBIMM JUI CHCTEM OTOILUIEHHS, B TOM
BO3MOKHOCTH  WcHoib3oBanus THY — kak  yucie  paboTralomux IO

HEINOCPEICTBEHHBIX HCTOYHHUKOB TeIUla  JIJIs
KOHTYPOB OTOIIJIEHHS SIBJIAETCS IPOESKTHPOBAHUE
WM PEKOHCTPYKIHS CUCTEM OTOILICHUS 3/JaHUI C
y4eToM MaKCHMaIbHOMN TEMIIEPaTypHI
TEIUIOHOCHUTENSI B KOHTYype OTOIUIEHUS TIpU
pacuyeTHOW Harpyske, KOTOpas 3aBHCHUT B
ne6pByI0 odepear OT yACTbHON OTOMUTEIHHOM
xapakrepuctuku 3aanust kKF (B1/K). B padore [1]
MOKa3aHO, B YACTHOCTH, YTO IPH BBINOJIHEHUU
PEKOHCTPYKIIMH 3AaHUN U MOJEPHU3ALUN CUCTEM
OTOIUIEHUSI pPacyeTHblE HArpy3Kd OTOIUICHUS
MOTYT OBITh CyILIECTBEHHO CHIKEHBI, YTO CO34aeT
BO3MOXKHOCThb II€peBOJa TaKMX CHCTEM Ha
MOHW)KEHHBI  TeMIepaTypHbld Tpaguk IIpH
pacueTHOW TemIieparype Bo3ayxa (Harpumep, ¢
95/70 °C na 70/40 °C). Bmecte ¢ TeM, B 3TOM

nRnma 4TO NS psjga  paHee
4 Appendix 1
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CTaHJIAPTHOMY
TemreparypHomy rpaduky 95/70 95/70 °C
«...SIBIFIOTCA TEIJIOHACOCHBIE YCTAHOBKH CO
CTYIIEHYaThIM C)KaTHeM, a TaKke
MOCJIeI0OBAaTeIbHOM M KacKagHOW  CcXeMaMH
BkioueHust THY, kotopeie obecnieunBarot Oosee
BBICOKYIO  TEMIEpaTypy TEIUIOHOCHTENS B
cucreMe TemjocHaOxeHus». B wacTHOCTH,
BBICOKOTEMIIEPATYpHbIE TPYHTOBBIC TEIIOBHIE
Hacockl Ha ¢peorHe R600a moryr oOecneduTh
HarpeB ropsdeit Bojsl 10 95 °C, 94TO MOITHOCTHIO
o0ecreynT HyKAbl B OTOIUIEHUH TIPH BETUYHHE
COP o 3,5.

Kax nokaspiBaeT IpOBEIEHHBIN aHAIN3, IS
YCIIOBUH HCIIONB30BAaHUS TUOKCHAA YTIIepojaa B
KagecTBe pabodyero Tena, TeMIEpaTypHbIE
rpadUKN  TETUIOBBIX CETe HWCTOYHUKA MOTYT
ObITh JIIOOBIMH, OOECIIEUUBAIOIIMMH  PadOTy
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cucteM otomieHus U ['BC nmorpebuteneii. [Ipu
9TOM TeMIlepaTypHble Tpadukn UId CceTeBOi
Bomabpl TOL[ wimm KoTembHOW MOTYT OBITH
CYLIECTBEHHO  BBIIE 1O  MaKCHUMaJIbHON
Temmeparype B nmogaromei mmanu (ot 115 °C no
150 °C B HE3aBHCHMBIX CXEMax M CXeMax CO
cmemieHneM Ha TemwnoBblX y3nax (LTIT wmm
UTII), yem y motpebuteneit oromnenus. Panee
OpU TPOEKTUPOBAHUU MONOOHBIX CHCTEM B
crpadax OwmBmero CCCP mns moTpeOuTeneit
OTOIUICHHSI LIMPOKO HCIIOJIB30BANICS Tpaduk
95/70, a B COBpPEeMEHHBIX IPOCKTaX 3IaHUU C
BBICOKOH  2HepreTH4eckod  A()QPEKTHBHOCTHIO
MOTYT TPHUMEHSTbCA U TaKUX MOTpeduTeneit
CpelHe- W  HHM3KOTEMIIEpaTypHbIE CHUCTEMBI
OTOIUICHUSI C  PACUETHOM  TeMmmepaTypou
termonocutenst 70/50 °C u naxe Huxke. Bo Bcex
3TUX CIIy4asx pacyeTHas TemIiepaTypa CeTeBOM
BOJIBI B 00paTHOM JIMHUY TETUTOBON CETH C YIETOM
Harpy3ku Kak otomieHus, Tak u ' BC Mensercs B
nuamnaszone oT 40 go 70 °C (Bo BceM amama3zoHe
TEMIIEPATypPHOTO rpaduka), 49TO JaeT
BO3MOXKHOCTbH HCIIOJIb30BAaTh 4acTh TEIUIOBOTO U
TEMIIEPaTypHOTO MOTEeHIIHaNa 0OpaTHON ceTeBOU
BOJIBI B TEIJIOHACOCHBIX cucTeMax
TerIocHa0XeHus1 (KaK Ui OTOIUICHUS, TaK U JJIst
I'BC). Ilpm »sToM J1uama3oH MHHUMAJIbHBIX
TEMIIepaTyp OXJaXIAaeMOH OOpaTHOW ceTeBOH
BOJIbI TIPH MCIOJIb30BAHMH TUOKCHAA YIIIEPOAa B
KadecTBe pPabodero MOXKET OBITh CHUXKEH JI0
ypoBus 15-20 °C, a TtemmeparypHble TrpaduKu
CHUCTEM OTOIUICHHMS, oAKIMo4YaeMblx K THY nnu
nepeBoAuMbIX Ha oromieHue ot THY, He
nmoJpKHEI peBbimath 70 °C B momaromie TuHIN
KOHTYpa OTOIUICHMSI IIPH PACUETHON MPOEKTHOU
TeMIiepaType HapyxHoro Bo3ayxa [12]. Takue
yCIIOBHUS MOTYT BBITTOJIHATHCS npu
MIPOEKTUPOBAHUHU HOBBIX cpenHe- u
HU3KOTEMIIEPaTYpHBIX CHUCTEM OTOIUICHHS, a
TaKxKe npu PEKOHCTPYKLIUH panee
CIIPOEKTUPOBAHHBIX, C YYETOM YMEHBIIEHUSI
pacueTHOW  Harpy3kd  OTOIUIEHHS  IyTEM
CHIDKEHHS TEIUIOBBIX OTEPh 31aHUM JINOO ITyTeM
HaJICTPOUKH KOHTypa OTOILICHHUS
JTOTIOTHUTETHHBIMHU MOBEPXHOCTSIMHU
(TUTOIIASIMI) OTOITUTENBHBIX PHOOPOB.

IIpn npennoxkenHoi cxeme BkimoueHus TH
B CHT mo 3aBHCHMOIl cxeMe C PeryarupyeMbIM
HAaCOCHBIM  cMemleHueM  (puc.l)  TpUHSTEI
CleyroIne apaMeTpbl HCXOJHOTO
TemnepaTypHoro rpaduka: 11 =110 °C, 1,=70 °C,
T1"=65 °C, 1.""=40 °C, mons Harpy3ku ['BC
p=0,25, pacdeTHast TeMIieparypa JUIsL
MPOEKTHPOBAHKSI CUCTEM OTOIUIEHUSI tho=-15 °C,
TEMIEPATYPa greyrroueHUsl OTOILIEHUS — ty=18 °C.
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[NapameTpbl TEIIOHOCHTENS JUIsl pacueTa
pexuMoB paboTel TOL] B OTONMHUTENHHEIN TIEPHOT
M0 CpeNHMM TeMIleparypaM CTaHJAPTHBIX
WHTEPBAJIOB OBUIM ONPEACICHBI JUIS  IATH
pacUeTHBIX 3HAYEHUH TeMIIepaTyp HapyXHOTO
BO3[yXa B OTONHTEIBHBIA Nepuoxa: IUIoc 4,
Munyc 2,5, munyc 7,5, munyc 12,5 u munyc 17,5
rpaaycoB. [y pacdera pexxuma padotsl TOLI B
OTONMUTENBHBIA TEPUOJl TIOCIE PEKOHCTPYKIIUU
MPUHATHl CIEAYIONINE WCXOMHBIE ITOJIOKEHUS:
TeMIepaTypa CETEBOM BOABI B MOJAIOMICH JTUHUN
COOTBETCTBYET HCXOJHOMY TpaduKy; Harpyska
otorutenus TOL gemurest mexxy CO1 (6e3 THY)
u CO2 (¢ THY) B coorHomenun 2/1: mis THY

COP nmnpuHAT HEW3MEHHBIM M paBHBIM.
Temmnepatypusrit rpaduk CO1 3aman U3 ycroBust
obecrievyeHus pacdeTHOU OTONUTEIBLHOU

Harpy3ku O0e3 pPEeKOHCTPYKLUUH OTOIMUTEIbHOM
gyactu COl ¢ y4yeToM HCXOAHOrO 3amaca
TEIUI0BOi MoIHocTH 25%, Ha ypoBHe 90/45 °C
npu pacdyeTHOH Temriepatype two=-15 °C (1 mpu
Oonmee HU3KHX TeMIlepaTypax BO3IyXa), U
55,6/30 °C npu Harpyske otomieHus 56,82% ot
pacueTHOI (cooTBeTcTBYET TemIeparype
Hapy>XKHOTO Bo3ayxa +4°C, cpenHeii 11 nepBoro
TEMIIEPaTypHOr0 HHTEPBAJIA).

[pu MPOMEKYTOYHBIX 3HAYCHUSX
TEMIIepaTyphl BO3/lyXa PacueTHBIE TEMIIEPaTyPhl
st CO1 11°" (ma momade B CO1) u 21 (mociie CO1
n Ha Bxome B CO2 (ucmapurens THY)
ONpEAENCHBI MyTEM JIMHEMHON UHTEPIOJISLIUY.

PesynbTathl pacuera nmapamerpoB pabodero
Tesna (TeMIIepaTyp M Pacxoi0B) IO 3JIEMEHTaM
cxembl st ycmoBuii  paborer  TOL[ ¢
KO3 GUIUEHTOM TEIUIOPUKAIIMH Oy =0,5: TIpH
PacyeTHON OTONUTENBHOM Harpyske Qo= 220
MBT u npu gone Harpysku ['BC 0,25 (Bcs ata
Harpy3ka Heu3sMeHHa U cocranisieT Q=55 MBT)
npuBeIeHBI B Ta0. 1

Taxum obpazom, peanu3anus
NPEVIOKEHHOTO ~ BapuaHTa, Uil  TPUHATHIX
TPaHUYHBIX YCJIOBHH, TO3BOJSET OOECIEUUTD
MPaKTUUECKU HEU3MEHHYIO TeMIeparypy
0o0paTHOH CceTeBOil BOJBI, BO3BpallacMOH Ha
TOL, wa yporHe 30-31 °C, u cCylieCTBEHHOE
CHIDKEHHE pacxoja CeTeBOM BObI TI0 CPABHEHHIO
C UCXOAHBIM TEMIIEPAaTyPHBIM IPapUKOM.

Bce 3TO 1NO3BOJUT CHHU3UTH 3aTPaThl
MOIIHOCTH Ha TPHBOJA CETEBBIX HACOCOB H
YBEIUYUTH BHIPAOOTKY B OTONMUTENBHBIN MEPUOLT

DIIEKTPOSHEPTHMH  HA  3aJ]aHHOM  TEIUIOBOM
MOTPEOICHHU.

B coorBercTBHM ¢ HEOOXOAUMOCTBHIO
SHEPreTHYECKOTO0  COIOCTABJICHUS BapHAHTOB



PROBLEMELE ENERGETICII REGIONALE 1 (45) 2020

OBLJIO MPUHSTO, YTO OTIYCK 3JIEKTPOIHEPTHH OT
TOII B sHEeprocucTeMy OCTaETCsl HEU3MEHHBIM.

Ta6muna 1°

ITapameTpsl pexuma Ul KIMMaTHYECKUX yCIOBH I'. KHIMHEeBa 1ociie peKOHCTPYKIUY CHCTEMBI
TeriocHabxenus ¢ npumeHenuem THY.

Tabnuna [11. [TapameTpsl pexxuma yis t, °c +4 -2,5 -7,5 -12,5 -17,5

r. KumuneBa mocne peKOHCTPYKIIUH

CHUCTEMBI TeII0CHAOKEHUS c

MIPUMEHEHUEM THY.

CpenHeunrtepBalibHas — TeMIiepaTypa

HApYKHOTO BO3JyXa

JnurenpHOCT Epuoa N , 4acoB 1840 1525 389 180 46

Temneparypa npsiMoii ceTeBoil Boabl | T1, °C 70 70 83 101 110

ot TOIL

Temnepatypa — mojadum  BOABI  Ha | " °C 55,6 67,37 76,39 85,47 90,0

cuctemy oromierus COl

Temneparypa Bozst Ha Beixone u3 CO1 | ¢, , °C 30 35,13 39,08 43,03 45,0

TermmoBas Harpyska CUCTEMEI ggl , MBT 46,66 68,33 85,0 101,66 110,0

otomicHus CO1

TemmoBass  Harpy3ka  HCIIapHUTEINS E\‘/)Z JMBT 18,66 27,332 34,0 44,664 44.0

cucreMbl otorieHus CO2

TermoBas Harpyska cucremsl | Q,, , MBt 65,333 95,66 119,0 142,33 154

otorieHus TOI]

PasHocTh TeMIepaTyp cucreM | ¢ — 7,,°C 35,84 45,136 51,946 59,416 63,0

otoruienus abonentoB (CO1+CO2)

Morrocts kommpeccopa THY N, , MBt 4,667 6,84 8,50 10,17 11,0

OcTbIBaHNE CETEBON BOJIbI B | A7, ,°C 10,24 12,896 14,636 16,976 18,00

ucnapurene THY

Temmeparypa oOpaTHOW BOIBI TIOCIE 7,,, °C 19,76 22,234 24,444 26,054 27,00

ucnapurens THY

Temmoas Harpy3ka TOL] Qm[ , MBT 120,33 150,66 174,00 197,33 209,00

Pacxon cereBoil BOALI HAa CHCTEMBI G(’)T , Kr/c 435,37 506,18 547,13 572,12 583,82

OTOIIJIEHHUS

PasnocTh Temmepatyp ceTeBOd BOABl | 7, — 7,,, °C 50,24 47,766 58,556 74,204 83,00

TOI]

Pacxong cereBoit Bomel TOIl Ha G,, , kr/c 310,58 478,31 485,37 458,11 443,14

OTOIUIEHHE

PasHOCTb Temnepatyp ceTeBoOi BOAb B | 7, — 7,""¢, °C | 30 30 43 61 70

koHType I'BC

Pacxon cereBoii Boabl TOLI na 'BC G,y » KI/C 437,86 437,86 305,49 215,34 187,66

Pacxon ceteBoii Boabl Ha TOL] W, kr/c 748,44 916,17 790,86 673,45 630,80

Pacxon ceTeBoil BOABI, B JONSIX OT WC'B, % 75,2 73,1 64,4 57,5 53,8

HCXOJIHOTO BapHaHTa

Temmeparypa 00paTHOM CETEBOM BOIBI z,,°C 31,60 30,72 30,45 31,02 30,87

TOI]

COP THY 5,0 4,0 2,8 2,6 2,2
—#—=0:9- HAmlOpOB  HACOCOB B  HCXOAHBIX pPEXHUMax

OTO ycloBHE AOCTHUTAJIOCh TEM, YTO B PEKHUME
paboter ¢ THY BeipabarbiBaeMasi MOIIHOCTh
Oblla MeEHbIIE, B WCXOJHOM, Ha BEJIUYHHY
pa3HOCTH MOIIHOCTEH CETEeBBHIX HAcOCOB B
COMOCTaBJIAEMBIX  BapuaHtax. Ilpum  3TOM
MOII[HOCTh CETEBBIX HACOCOB PAaCCUUTHIBAIACH
MCXOJS 3 PACXOJ0B CETEBOW BOJBI M PACUETHBIX
5 Appendix 1

MPUYACTOTHO-PETYINPYEMOM  TPHUBOAE  TPHU
ycnoBuu HeusMenHoro KIIJI HacocoB. Pacuers
PEeKUMOB paboThl TypOoarperara tumna T-50-12.8
MIPOBOIUIINCH Ha aZIeKBaTHOU
BEPU(PHUIIMPOBAHHON MaTeMaTUYECKOW MOAETH
[17], mHOrokpaTHO mNpHMEHsBILEHCS paHee B
NOJOOHBIX PacUeTHBIX MCCIIEAOBAaHUAX. PacueTsl
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MPOBOAWINCH  JUII  Ka&XIOr0 W3  IISATH
TEMIEPaTypPHBIX WHTEPBAJIOB npu
CpeIHENHTEPBAIBHBIX TEMIIEpPATypax HApy>KHOTO
BO3/yXa, YKa3aHHbIX B Tabn.l, mocie uyero
JTAaHHBIS 1o WHTEpBajaM  YMHOXAJIHCh
CTaHIapTHYIO Ha JIINTENBHOCTH reproja (tadi. 1)
U CyMMHpOBaJIMCh. Pacxo/pl mapa Ha TypOuHY B
UCXOJHOM  PEXKHUME  3a/1aBaJIUCh  PaBHBIM
HOMHHaIbHOMY (72 Kr/C); TIpH MHPHHATOM
kod(dummente termodukaruu, paBaoM 0,5, BO
BCEX pEeKHMMax 4acTh TEIUIOBOM Harpys3ku TOL]
obecrieunBagach OT THKOBBIX BOJOTPEHHBIX
korioB (IIBK). IIpu pacuetax OBIIO TPHHSATO,
YTO BO BCEX PEKUMAX IMOTEPH TEIIIOBOM SHEPTUU
B TermoceTsXx cocTaBisitoT 20% OT oTmycka ¢
TOII, KITJI sHEpreTHYeCKUX W IMHKOBBIX KOTJIOB
TOL omunakoB u cocrtaBiaser 0,9, a KIIJ]

Tpancmopta Temwiotel — 0,98, VYuutsiBas
MOJENBHBI  XapakTep pacdyeToB, BEIMYHHEI
sHepreTndeckoro 3(pdexra mTpuUBOAATCA B

OTHOCHUTENIBHBIX 3HEPreTHUeCKUX €IUHHIIAX, 110
OTHOLIEHUIO K OTOYcKy TemnoTsl Tl 3a
OTONHUTEIBHBIN MEPUO, KOTOPHIN C BKIIFOUEHUEM
TEIUIOBBIX HoTeph paBeH 448791 MBT-u.

[To OTHOILIEHUIO K 3TOW BEJIMYMHE, PAcXOH]
ANEKTPOsHEeprun  Ha  kommpeccopsl  THY
coctapun 4,40% (19729 MBT'u), 3K0HOMUS
toruiuBa Ha TOI[ cocraBuma 6,91% (31002
MBTt-4). OTHOIIeHHE pacxoaa 3IEKTPOIHEPTHUU
Ha THY Kk 5KOHOMUU TOIIMBA B 3HEPreTHUECKUX
eIMHUIIaX cocTaBlisIeT 63,6%.

Ilpu otom 3arpatsl Ha TOL| Ha
npuoOpeTeHne ra3a CHIDKaloTcs Ha 834 Thic.
nomn. (mpu uene raza 250 momr/1000 m3), a
JOTIONTHUTENbHAS ~ OIUlaTa ToTpeduTened 3a
anektpo3nepruto st THY cocrasut 2,37 MulH.
JIOJLIT.

Crpyktypa 3xoHOoMHuH TorumBa Ha TOL 3a
oronutensHbd  mepuon (31002  MBrt-u)
caenyromasi: 11,8% - SKOHOMUS OT COKpalllEHUS
MoTephr B KOTENbHBIX arperatax M IpHU
TpaHcmopTe TeroTsl, 8,4% - SKOHOMHA OT
CHIDKEHHS pacxofa 3JEKTPOIHEPIruM Ha MPHBOA
CETEeBBIX HACOCOB (JI0JI pacxoja CeTeBOM BOABI B
pacueTHOM BapHaHTE€ [0 OTHOLIEHHIO K
UCXOJHOMY TaKXe IpeicTaBieHa B Tabm.l)
26,8% - skoHOMHMS 3a CYET CHIDKEHHUS OTITyCcKa
TEIUIOTHl (MIPUMEPHO Ha BEIWYMHY 3aTpar
anekTposHepruu B THY u morepp TemioTsl B
TEIUIOBBIX CETAX NPU CHIKEHUHM TEMIEpaTypbl
obpatHO#l cereBoil BOme), U 53,0% - 3a cuer
YBEJITUYCHHS yAeTBHON BBIPaOOTKH
3JEKTPOIHEPTUU TO1] pu CHI)KCHUU
TEeMIIEpaTypbl 0OPaTHOM CETEBOI BOBI).
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BosMoskHast skoHOMHS Ui ToTpeOHuTenei
MOJKET OBITh OIIpelesieHa IIPU CONOCTABICHUHU
Tapu(oB Ha IEKTPOIHEpruto Ha puBox THY u
Ha TEIJIOBYIO DHEPTHUI0, MOTpedieHHe KOTOpPOii
COKpaIaercs.

B HeoTommuTeTBHBIN TIEPHO (KOTIa OCTASTCS
Tosbko Harpyska ['BC) npeanonaraercs noiaHoe
otkioyeHue ucrounnka (TOL niam xoTenpHOMN)
OT CHCTEMbI TEMJIOCHAOKEHHS M IIEpeBO] €€ Ha
TennocHa0xenne Tonbko or THY, umeromuMm B
KauecTBE  XOJOJHOTO HCTOYHHMKA  TEIUIOTHI
atMoc(epHBIi  Bo3myX. B atom  cimyuae
MaKCUMAIBHBIA dHEpreTHIecKuili dhPexT mmeet
MECTO JUIs ClTy4asi, KOTJJa UCXOIHBIM HCTOYHHUKOM
B CHCTEME SBISETCS palOHHAs WM MeCTHas
KOTenpHas. B 3ToM ciydae [is pacyeTHOU
Harpy3ku I'BC Q=55 MBT pacxop Torumsa B
SHEPreTUYECKUX €IUHHIIAX COCTABUT 3a MEPHOJ
(4780 gacos) 298073 MBrT'4, uro mpu Tapude
250momn/1000 xyOomeTpoB maeT 3aTpaThl Ha
toruBo 8,018 MuH. gomnmapoB. MolHOCTh
kommpeccopo THY 8,8 MBT, motpebienue
anekTposHepruu THY 3a nepuon cocraBut 42064
MBT-4, uto o tapudy 0,12 momr/kBT4 maer
pacxoasl 5,047 MiTH. 10171 32 IepuoI. 3aTpaThl Ha
IIPUBOJI CETEBBIX HACOCOB IO TOMY e Tapudy B
HCXOJHOM PEKHME COCTABSIT 332 HEOTOMUTEIbHBIN
nepuon 252 TeIC. moiiapoB. B aToM ciydae
SKOHOMHUYECKHi 3(pPeKT 3a rmepruoy OyAeT paBeH
3,223 MiH. noyapoB B nonb3y THY.

I'opazno cnoxHee curyauus, korna THY
BBITECHAET TEIUIOBYI0 Harpy3ky TOLl. Ecimu B
takoM BapuaHte TOLl mepecraer BbIpabaThIBATh

AIEKTPOIHEPTHIO (pu HaJIM4uU ee
AJIbTCPHATUBHBIX HCTOYHUKOB JJIsA
norpedureneii), TO  yBEIMYUBAETCS  JOJIA

YCIIOBHO-TIOCTOSIHHBIX 3aTpaT B CPEAHEro0BOH
ce0eCTOMMOCTH KaK »JJIEKTPUYECKOH, Tak u
TEIUVIOBOM  SHEpPruM,  BbIpadaTblBaeMOM B
OTONHUTENIbHBIA MEPHOA, YTO MOXKET MPUBECTH K
YBEITMYEHUIO WX Tapu(OB WIH K BBITECHEHUIO
TOL c pekoB. Ecmm xe TOL[ 3amemaer
BBIpaOOTKY  3JEKTPOSHEPTUM HAa  TEIJIOBOM
MOTpeOICHUHN I'BC KOHJICHCAITMOHHOM
BBIpAaOOTKOH, TO BO3MOXXHOCTh pealn3alluu
TAKOTO PEXHMa ONpPEACISIETCS  YCIOBHSAMHU
peanu3aldy TaKOH SHEpruM Ha pbIHKax. B
JTAHHOM MOJICITIHOM pacdere Ui TYpOMHBI THIIA
T-50-12,8 npeanonaraercs, 4yTo OTIycKaeMasi B
HEOTOIUTEbHBIA TEPHOA SJIEKTPOSHEPIUs INPH
ee BBIPa0OTKe KaK B TETIOQUKAIMOHHOM, TaK M
KOHICHCAITMOHHOM pexnmMe OTITyCKaeTCs
norpeburensM mo ToMy ke Tapudy 0,12
Jo/KBT 4, 4T0 WM TpuUMeHseTcst A padoThI
THY.
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B sToM ciyuae, eciu TemioBble NOTEpH B
ceTsix ocTaroTcs Ha yposHe 20%, To moTpebienne
Teria motpedurensaMu 3a nepuoy (4780 gaco B
ron) coctaBut 210320 MBt-u (185,47 ThIC.
I'kam), 9To Mo Tapudy Ha TEIUIOBYIO SHEPTHIO
64,52 momn/I'xan maer BeIpyuku 11966 ThIC.
nomnapoB. Otmyck Tema ¢ TOL, ¢ yuerom
MoTeph B TEMJIOBBIX CETAX, cocTaBUT 262900
MBrt-u. Eciiu BMecto THY uncnonssyercs TOLI,
paboraromas 1Mo TeIIOBOMYy TpaduKy Ha
TEIJIOBYIO MOIMHOCTH 55 MBT oHa wumeer
ANEKTPUYECKYI0 MOIHOCTE 27.9 MBT 1
obecrieunBaeT 3a mepuoj otimyck 120,6 ThIC.
MBT'u 3nekTposHepruu (Hods pacxoda Ha
cOOCTBEHHBIE HYX/bl IpuHsTa paBHoil 10%), mo
tapudy 0,12 momt 3to cocrasut 14,4 MiH M0IUT.
BbIpydkH. OTHOBPEMEHHO 3a TEIUIOBYIO SHEPTHIO
TOL Beipyunt 11,966 MaH. moyn npu Tapude
64,52 ponn/I'kan. 3aTpaTsl Ha ra30BOE TOILIUBO
coctaBar 11,3 muH. nommapoB. Eciam pabortaer
TOIl mo kKoHaeHCAITMOHHOMY UKy Titoc THY,
TO HpU TaKOH XK€ 3JIEKTPUYECKON MOILHOCTH
pacxonel TOL Ha ra3 cocraBar 3a nepuoa 10,0
MJIH. J10JU1, BBIpyuKa 3a Temio or THY cocraBut
take 11,966 MiH. 7051, 3aTpaThl Ha MOKYIIKY
anektposHepruu Jyist THY cocrasar 5,047 muH.
JIOJUT, BBIpYYKa OT mpojaxu 3/3 TOL] coctaBut
14,15 miH. 1071 (C y4€TOM TOTO, 4TO OKoJo 250
TBIC. [JOJUIAPOB OYyZET COKOHOMIICHO 3a CHeT
YMEHBIIECHUs] 3aTpaT Ha IIPUBOJA  CETEBBIX
HacocoB. PasHuma B 3aTparax Ha Ta3 Mexay
BBIPa0OTKOI 10 KOHJICHCALMOHHOMY LIUKIIYy ¥ Ha
TEIUIOBOM IOTPEOJICHUH HEBEIMKA U COCTABHUT
1,252 wmmH. pgommapoB. Eme  HeOombinas
JIOTIOJIHUTENIbHAST 3KOHOMUs mpu pabdore THY
BMECTO CHCTEMBI TeIIocHaOkeHuss oT TOILI
n00aBUTCS OT TOrO, 4YTO JIETOM HE OYyAyT
00CITyKUBaThCSI MATUCTPANIbHBIE TETIJIOBBIE CETH.
B 1menoM kak C SHEpPreTMYecKod, Tak MU C
HKOHOMHYECKOI TOUYEK 3pEHHMs TIOJHBIA IepeBOA
aboHenToB TOL] B HEOTONMUTENBHBIN MEPUOJ HA
teruiocHaOxenne or THY B paccMOTpeHHBIX
TpaHUYHBIX YCIIOBHSX Helesecoo0paseH,
HECMOTpsI Ha TO, 4TO pacxon rasza Ha TOI]
HECKOJIbKO CHH3WTCS, YTO JaeT ONpeAeNICHHBIN
9KOJIOTHYECKUH 3P (EKT B TOM Ciydae, €ciH
anektposHeprus g THY mnpousBogutcs ¢
TTOMOIIIHIO 0e3yTIepoTHBIX TEXHOJIOTHH,
Hanpumep, Ha ADC.

[TockonbKy B peasibHBIX YCIOBHUSX MEPEBOJ
Bcex abonentoB TOLl omgHOBpeMEeHHO B
HEOTOIUTEIbHBIN MePHUOJT HA TETIOCHA0XKEHHE OT
THY HeBO3MOXeH, TO cIeAyeT CONOCTABIATH
BBITOJy OT CHIDKCHUS TUTATEXel moTpedurenei B
HEOTONHTEIHHBIN MEPHOJ 32 TETIJIOBYIO SHEPTHIO,

91

nosyyaemyto ot TOLl, u yBenndeHus niatexeit
3a TEIUIOBYIO 3HEpruto, nonydaemyro ot THY.
Ot1o0 TpeOyer JETaTbHBIX TEXHHUKO-
OSKOHOMHUYECKHX  pPacueToB  ce0ecCTOMMOCTH
TEIJIOBOM 3HEPruH, IOJYy4YaeMOM C IOMOILIBIO
THY B HEOTONUTENBHBIN MEPUOJI, U BOSMOXKHBIX
Tapu(OB Ha TAKYIO SHEPrHI0 A KOHKPETHBIX
nokanpHbix WTII (cuctem TtemmocHaOXeHHS B
3MAHUIX).

DOPEKT Y HNOTPEBMTEJA OT
BHEAPEHUA THY

OxoHommueckass  3(Q(eKTHBHOCTh  y
moTpeOuTeNsT BO3HUKAET 3a CUET OKOHOMHHU
3aTpar Ha SHEProoOECIICYCHHE B pE3yJIbTaTe
3aMeHBI (JAaCTUYHO HJIN IOJHOCTHIO) MCTOYHHKA
MOJIy4YeHHs] TemIoBoil sHepruu. Ilpuuem, sta
SKOHOMMSI JOJDKHA OBITH JTOCTATOYHOM, YTOOKI B
MpUEMJIEMBIE CPOKH CKOMIICHCHPOBATh BCE
3aTpavyeHHbIE WHBECTHUIIIOHHBIC BJIOXEHHS Ha
W3MEHEHUE MCTOYHHUKA 3HeproobOecreuycHus. B
CBSI3M C 3TUM, HEOOXOIMMO OTIPECIIUTh: 3aTPaThl
JKUJIBIIOB  JIOMa Ha OIUIaTy TMOTpPeOIIeHHOH
TEIJIOBOM 3HEPrUM OT LEHTPAJIbHBIX CETe Ha
OTOIUICHUE ¥ TOATOTOBKY TOpsSiY€id BOJBL;
3aTpaThl Ha orIaTy moTpebIeHHON
ANIEKTPUIECKON DHEPTHUU; COCTAB W KOJIUYECTBO
KalUTAJIbHBIX 3aTpaT HAa U3MEHEHHE MCTOYHHKA
sHeproodecrneueHus. CpelHerooBbie 3aTpaThl
(ma mpumepe 100-KBapTUPHOTO JOMa MPOBENEH
CIIEHAPHBIH aHaIIN3 b PEKTUBHOCTH
ucnons3zoBanuss THY) Ha sHeprooOecrnedenue
JTOMa OTTPEJIEISITUCH, HA OCHOBE CUETOB 32 OILIATY
MOTPEONICHHONW TEIUIOBOM W 3JIEKTPUYECKON
sHepruu. B cpemHem, nomMy HeobOxoaumo 781
I'kan/ron TeruoBoii sHepruu (TD) Ha OTOIUICHUE
u I'BC, 4TO B €HEXKHOM BBIPAKEHHUU COCTABIISIET
877,4 TheIC. 1eeB B To4. B COOTBETCTBHE C 3TUM,
HE0OXOJMMbIE KaluTallbHbIC 3aTPaThl, C YIETOM
CTOMMOCTH TIPOEKTHBIX, MOHTQXXHBIX U ITyCKO-
HaIag0YHBIX paboT, mpu croumoctd 1 kBT
teroBoit MorHoct THY, paBuoit 400 eBpo,
coctapat 700 ThIC. JeeB. B cocraB
SKCIUTYaTaIllMOHHBIX 3aTPaT MOCIIE MOJIEPHU3AIINN
BXOJIAT: DJIEKTPUUECKAsl SHEPrHsi, MOTpedsemast
THY B Teuenwe roja, JI€HEXKHBIE CPEACTBA,
KOTOpBhIE HEOOXOIMMO 3alUIaTUTh IOCTABIIUKY
yciayr, TakK Kak, B JaHHoM cxeme THY
BBIpaboTaeT, B cpearem, 42,3% oT, HeoOX0uMO
nomy, TO. Ilocne MmoaepHHU3aUU 3aTpaThl JoMa
3a TO cocTtaBar 676,8 ThIC. JeeB B roj. Takum
obpazom, MPOCTOH  CPOK OKYTIaeMOCTH
KalUTaJIbHBIX 3aTpaT cocTaBui 3,5 roja.
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BbIBO/IbI

1.Cxema cucteMsl TeriocHaoxeHus ¢ TOL u
TH, B KOTOpOH TEIUIOBBIE HACOCHI IOJYYarOT
TEIUIOTY OT OOpaTHOW CeTeBOl BOABI W U3
OKpYKaroIlero BO3/yXa oOecrieunBaeT
9KOHOMHIO 3JICKTPOIHEPIHH, IPUPOIHOTO ras3a, U
CpPEZCTB Ha OIJIaTy CYEeTOB y OTpeOHTENeH.

2. Cxema TeIUIOBOTO HAcoca Ha JAHOKCHIE
yriaepoia JODKHA BKIIOYAaTh B ce0s  Kak
MUHMMYM, [JIBAa KOMIpeccopa (Wid OIUH
JBYXCTYIIEHYATBI KOMIIPECCOP) U OMH WJIH [1Ba
PKEKTOpa.

3. Bxurouenue mnepeoxiaauTeNs XJagarcHra
MociIe Ta300XJAANUTENs MOXET 00ecreuuTh
peryiaupoBaHue pexuma paboThl HCHapUTes B
KaHaje HapyXHOro BO3JIyXa B IIUPOKOM
JanazoHe TeMIIepaTyp.

4. BHYTpeHHHMI TEmI00OMEHHUK TETIOBOTO

Hacoca W Ta300XJaIuTelb OOJDKHBI OBITh
BBIIOJIHEHBI c MEPEMEHHON  TUIONIAJbIO
TEII000MeEHa.

5. Bueapenne THY no npeiiokeHHOR cxeme
MOJKET OBITh SKOHOMHUYECKH I(PPEKTUBHBIM IS
HOBBIX TEIUIOBBIX noTpeOuTeNneH,
noakmoYaeMbiX K TOL] MM KOTEIBHBIM, a TAKKe
MPUBOJAUTh K YMEHBLIECHUIO JONOJIHUTEIHHOTIO
pacxojia TOIUIMBA HA UCTOYHUKE, HEOOXOIUMOI0
JUIL  TETJIOCHAO0XKEHUsS] BHOBH TOJKITIOYACMBIX
notpeduTenei, OJJHaKo 3TO TpeOyeT MPOBeICHUS
Oonee THIATENBHBIX M KOHKPETHBIX TEXHHKO-
SKOHOMHUYECKUX PACUETOB.

APPENDIX1 (IPUJIOKEHUE)

'Fig. 1. Block diagram of a building space heating sys-
tem. (1 — CHP, 2 — Tap water heater, 3- Heat pump).
21. Pipeline of direct network water after the mixing
unit of reverse network water. 2. The return pipe net-
work after the selection of heat by the evaporator. 3.
The heating system of the first part of the building, 4 -
primary circuit of the heat pump evaporator TH. 5.
Secondary circuit of the evaporator VT. 6. Evaporator
of the outdoor air circuit. 7. Heat pump. 8. The primary
circuit of the gas cooler TN. 9. The secondary circuit
of the gas cooler TN. 10. Dry tower "carbon dioxide-
air". 11. Pump of the heating system of the second half
of the building. 12. The second half of the heated build-
ing. (A, B - see Fig. 1).
Fig. 2. Scheme for selection of low-grade heat by a
heat pump from the return network water and air dur-
ing the heating period.

2Fig.3. 1-1, 1-2 - compressors, 2 - refrigerant gas
cooler of the first compressor stage, 3 - gas cooler for
the heating system, 4 - refrigerant aftercooler, 5, 6 -
evaporator pressure regulators, 7,11 - refrigerant flow
regulators through evaporators, 8 and 12 - receivers for
stabilizing the operating modes of controllers 7 and 11,
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9, 13 - steam superheat controllers after evaporators 10
and 14, 15 - an ejector (mixer) with an adjustable drive
16, 17 - a battery (aka liquid separator), 18 - an internal
heat exchanger . The red numbers correspond to the
points on the thermodynamic cycle diagram of the VT
3Fig. 3. Simplified heat pump design.

“Fig 4. Heat pump cycle.

5Table 1. The parameters of the regime for the climatic
conditions of the city of Chisinau after reconstruction
of the heat supply system using heat pumps.
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Abstract. The past decade has been characterized by considerable increase of the penetration level of
solar photovoltaic systems in energy systems throughout the world. At the same time, solar irradiance
has an intermittent nature. Thus, the efficient management of existing and new solar photovoltaic sys-
tems requires an accurate forecasting system of solar irradiance. The purpose of the paper is to develop
and validate a long-term forecasting model for solar irradiance. This purpose is achieved by applying of
clustering method and standard mathematical statistics. The modeling includes pre-processing of his-
torical data used for forecasting and post-processing of the types of days resulted from the clustering
analysis. Historical data include solar irradiance and sky coverage by clouds. Pre-processing supposes
bi-normalization of the solar irradiance in time and amplitude, as well as clustering, and post-processing
supposes denormalization to get the actual values. Error metrics and confusion matrix indices have been
used to assess the accuracy of the proposed forecasting method. Four different model variants have been
considered, which differ by pre-processing approach of initial data. The comparison of these model
variants shows that for better accuracy it is required to use seasonality aspects of solar irradiance. The
main result of paper is the created model, which can be used for the solar irradiance forecast with ac-
ceptable accuracy for this type of forecasting and for generating of the types of days for different annual
scenarios. The importance of paper results consists in the possibility of using of these scenarios for
feasibility assessment of the solar photovoltaic system and identifying of the best solutions for their
integration in the energy system.

Keywords: prediction, solar irradiance, forecasting, clustering, statistical error parameters, predictive
model, confusion matrix, scenario analysis.
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Abstract. Pe parcursul ultimului deceniu, in intreaga lume, s-a inregistrat o crestere considerabild a numarului de
sisteme solare fotoelectrice conectate la sistemul electroenergetic. in acelasi timp, iradianta solari este
caracterizata de un grad inalt de intermitentd. Astfel, pentru un management eficient al sistemelor solare
fotoelectrice existente si viitoare este necesard existenta unui model de prognozare precisd a iradiantei solare.
Scopul lucrarii constituie elaborarea si verificarea unui model pentru efectuarea prognozei iradiantei solare pe
termen lung. Scopul inaintat este realizat prin utilizarea metodei clusterelor si statistica matematica. Elaborarea
modelului include etape de pregatire a datelor istorice necesare pentru realizarea prognozei si prelucrarea datelor,
obtinute 1n procesul de clusterizare si analizd. Datele istorice utilizate includ iradianta solara si nebulozitatea.
Procesul de pregatire a datelor initiale include procedeul de bi-normalizare si clusterizare a iradiantei solare si al
perioadei de stralucire a soarelui, iar prelucrarea rezultatului — procedeul de denormalizare pentru obtinerea
valorilor reale ale iradiantei solare. Acuratetea modelului propus este verificata cu ajutorul indicatorilor de eroare
si a matricei de confuzie. Sunt analizate patru variante ale modelului, care difera prin abordarea pregatirii datelor
initiale pentru modelare. Compararea acestor variante de modele pentru prognoza iradiantei solare au arétat cé,
pentru obtinerea unei precizii mai mari este necesar sa se tind cont particularitatile sezoniere ale iradiantei solare.
Cel mai semnificativ rezultat al lucrarii consta in crearea modelului care poate fi utilizat pentru prognoza iradiantei
solare cu o precizie acceptabila pentru acest tip de prognoza si generarea succesiunii tipului zilelor pentru diferite
scenarii anuale. Valoarea rezultatului obtinute in lucrare consta in posibilitatea utilizarii scenariilor anuale generate
pentru evaluarea fezabilitatii functionarii sistemelor solare fotoelectrice si identificarea celor mai bune solutii de
integrare a acestora in sistemul energetic.

Keywords: predictie, iradiantd solara, prognoza, clusterizare, parametri de eroare statistica, model de predictie,
matrice de confuzie, analiza scenariilor.
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Abstract. B mocneanee necATHICTHE 3HAYUTENBHO YBEIMYWIOCH YHCIO COJNHEYHBIX (HOTOIICKTPHICCKHX
YCTaHOBOK, MOJKITIOYEHHBIX K JIEKTPOIHEPIETUYECKIM CHCTEMaM 0 BCEMy MHpY. B To ke Bpems, comHedHast
Uppauanys IPEACTaBIsieT cOO0OH HEMOCTOSHHYIO BenuuuHy. [losTomy, M 3¢GQEKTHBHOTO yHpaBICHHS
CYIIECTBYIOIIMMHU U HOBOBBEJEHHBIMH B IKCILTYaTaI[HI0 MOIIHOCTSMH (POTODIIEKTPHIECKUX COTHEYHBIX CHCTEM
M 3KCIUTyaTallud 3JEKTPOIHEPIeTHYECKUX CHCTEM B HOPMAJIBHOM pEXHME TpeOyeTcsi TouHas MOJENb JUls
MPOTHO3a COJHEYHOH mppaauanuy. [ 1aBHOW Lenblo TaHHOW paboThl sBISETCS pa3paboTKa U MPOBEPKa MOJEIH
JUISL BBITTOJTHEHUSI JOJITOCPOYHOTO MPOTHO3a COJHEYHOH uppaauauuu. IlpeniokeHHas uenb B JaHHOW pabore
JOCTHTaeTCs C IIOMOLIBI0O METoJa KIJIACTepOB W MaTeMaTH4YeCKOW CTaTHCTHKH. Paspaborka Monenu
IpeaycMaTpUBaeT 3Tall MOJIrOTOBKH HCTOPHYECKHUX JaHHBIX JJIs IPOTHO3UPOBAHUS U 3Tar 00pabOoTKH U aHaIIM3a
pe3yJIbTaTOB, MOTYYEHHBIX B MpOIECCEe KiacTepu3anuu. Vcrmonp3yromuecs HCTOPUIECKHE JaHHBIC BKIFOYAIOT
COJIHEYHYIO MPPAJMAINI0 U CTENEHb IMOKPHITHS HeOeCHOTro cBoja obmakamu. [Iporiecc MOATOTOBKH MCXOMHBIX
JAHHBIX BKIIIOYAET MPOIIECC ON-HOPMAIHN3aLIH U KJIACTEPU3ALNH COITHEYHOI HPpanalvi U IIEPHO/Ia COTHEUHOTO
CBEUCHUS, a 00paboTKa pe3yspTaTa — IpoLece ICHOPMAIN3aiH. TOYHOCTh MPEAT0KEHHOH MOIEIIH IPOBEPSETCS
C TIOMOIIBIO CTAaHAAPTHBIX WHAMKAaTOPOB OIMMOOK ¥ MaTpuipl MyTaHWObl. [l cpaBHEHUS ObLIH
MPOAHATM3UPOBaHbl YETHIPE BapHaHTa MOIEIH, KOTOPHIE OTJIMYAIOTCS IOJXOJOM M THOATOTOBKH HMCXOIHBIX
JAHHBIX JUIA MojenupoBaHus. CpaBHEHHE 3THUX BapHaHTOB MOJeJed I0Ka3ajo, 4To JUIi IOJy4deHUs Ooiee
BBICOKOW TOYHOCTH HEOOXOJMMO YUUTHIBATH CE30HHBIE 0COOEHHOCTH COTHEUHOM UppaIuaIim.
I'maBHBEIM peE3yIbTaTOM pa6OTLI SABIACTCA TMOJY4Y€HHasA MOJCJIb, KOTOpas MOKET 6I>ITI:. HUCIIOJIb30BaHa JIJId
IMPOTHO3UPOBAHUA COJIHCUHOM uppaavanum c HpHeMHeMOﬁ TOYHOCTBIO IJIA 3TOr0 TUIIA IMPOTHO3UPOBAHUA U
TMOJIYYCHUA NOCJIE€A0BATCIIbHOCTU THUIIA JIHeI7[ JJIA pa3JIMYHbIX I'OJOBBIX CIICHAPUECB. LICHHOCTI) MOACIHU COCTOUT B
TOM, YTO 3TH CLEHAPHU MOTYT OBITh MCIIOJIB30BAHBI UL OLEHKH 3((PEKTUBHOCTH pabOTHI POTOIIEKTPHIECKUX
COJIHEUHBIX CHCTEM W HaXOXKACHHsS HaWIydlIMX PEUICHUH ISl WX HHTErPali B BIICKTPOIHEPTETHUECKYIO
CHCTEMY.
Keywords: mpexcka3aHue, COJHEYHas Hppaualys, KIAcTepU3alus, OMMOKM NPOTHO3MPOBaHHMS, MaTpuila
IIyTaHUIIbI, aHAIN3 CIIEHAPHEB.

. INTRODUCTION learning [7]. Some review papers indicate the
During the last years, all around the world current trends in the different time horizons

electricity generation from renewable energy esta_blished to perform forecasting, partitio_ned in
sources (RES) has been increasing constantly. [8] into very short-term (from seconds to minutes,

These increases led to transformation of energy ~ UP t0 one hour), short-term (from one hour to one
systems from highly centralized systems with ~ Week), medium-term (from one week to one
classical large power plants to systems with a  month), and long-term (from one month to one
growing number of territorial distributed small ~ Year) [8]. o o
plants based on RES [1,2]. The most significant Thu_s, the task of solar |rrad_|ance fprecastlpg is
increase  of installed capacity concerns @ crucial aspect for ensuring grid stability,
photovoltaic (PV) sources: from 22.8 GW at the ~ reliability and efficient management of the
end of 2009 to 480.6 GW at the end of 2018 [3]. ~ €xisting or new RES power capacity. Without
The PV source is highly intermittent and accurate predlct!on, it is difficult to promote
depends on meteorological and climate adequate practices in energy production,
conditions, such as solar irradiance, cloudiness, ~ transportation and transactions, and this fact
air temperature, air humidity, etc. The corjd_ucts to the_ re_d_uctlon of energy system
intermittency  poses  difficulties in grid  efficiency and reliability [4,6].
management with raising rate of electricity However, meteorological conditions depend
system penetration by solar PV systems, and  On period of day, season and year, and represent
represents great challenges for PV power  Nighly varying series of data [11], again making
generation forecasting [4]. In particular, solar long-term forecasting not easy to be carried out
irradiance is the main feature to be considered in [1’9'10]_- . .
short-term PV power forecasting [5] carried out During the last decade, different forecasting
by using different numerical techniques [6] and  techniques have been developed. The major
various methods for unsupervised and supervised ~ commonly used forecasting techniques are
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persistence methods, statistical methods, physical

methods, and hybrid methods [4,12].

Persistence method is the simplest method, but
with too low accuracy. This method assumes that
weather conditions at the certain moment in the
future will be the same as it is when the
forecasting is executed.

Statistical methods  (including  neural
networks) are mathematical models that use the
historical data to perform forecasting for next
periods. These methods are good for short-term
predictions due the fact that with increasing of the
forecasting period the errors are increasing. The
classical statistical techniques are defined by
considering the data as a time series [12,13].

Physical methods take into account the
physical aspects like topography, altitude,
obstacles sheltering, atmospheric conditions etc.
Often these methods are more accurate than other
methods. They offer very good accuracy for long
time horizons, but appliance of these methods
require initial data of good quality [13,14]. The
most used physical method is the Numerical
Weather Prediction (NWP) model. This complex
mathematical model usually requires to be run on
super computers, which limits the usefulness of
these models to very short time operation of
power system.

The most common and effective method is the
hybrid method, which represents a combination
between individual techniques and permits to
improve forecasting accuracy comparing with
applications of standalone methods benefiting
from the advantages of each model [4,7].
Conceptually, hybrid methods represent a multi-
stage approach to forecasting, which applies
different techniques at each stage [13,14]. For
instance:

o Satellite-imaging and  Artificial Neural
Networks (ANN) for predictions of global
solar irradiance on the horizontal surface for
temporal horizons between 30 and 120
minutes [15];

o Satellite-imaging and Support Vector Machine
(SVM) for intra-day predictions (in the range
of 15 to 300 minutes) [16];

o Satellite-imaging, Exponential Smoothing
State (ESS) and back propagated Multi-Layer
Perceptron (MLP) model for hourly
predictions [17];

e Autoregressive integrated moving average
(ARIMA) and ANN [18];

¢ ANN and Clear sky model [19]

e NWP and ANN [20]; etc.
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The next sections present a hybrid model
based on time-series, Clear-sky and k-Nearest
Neighbors (k-NN) methods for long-term solar
irradiance forecasting on the horizontal surface.

Il. CLUSTERING OF THE DAY TYPES AND

FORECASTING MODEL

The main goal of this paper is the creation of a
model for long-term solar irradiance forecasting.
As initial data for the solar forecasting model,
historical hourly data are used for the period of
1951 — 1990 for Chisinau (the capital of Republic
of Moldova, emplaced geographically in the
central part of country), and the data regarding
weather features (sky nebulosity and temperature)
obtaining from meteorological station from
Chisinau for period of one year period
(2018 — 2019).

For long-term forecasting, it is essential to
predict the daily or weekly amount of generated
energy. Theoretically, the daily solar irradiance in
clear sky conditions is distributed in accordance
with the Moon-Spencer model [21].

This model used the Sun position on the sky
with respect to the daytime and year time. Solar

Irradiance in this model includes Global
Horizontal Irradiance (GHI), Direct Normal
Irradiance (DNI) and Horizontal Diffuse

Irradiance (HDI) [10,22].

Data pre-processing phase
| Removing nighttime ‘

¥

| Normalization ‘

Data processing phase
|Clustering solar irradiance pattern }q—

| Training and forecast output ‘

Validation phase
| Denormalization ‘

i

|Actua| solar irradiance calculation ‘
¥
| Error calculation ‘

Acceptable error

Forecasting

Fig. 1. Proposed solar irradiance forecasting
model flowchart.
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GHI data is the main component considered
during forecasting in this paper. Besides historical
GHI data, GHI in Clear-sky conditions represents
the maximum GHI that can be received by PV
systems during a clear sky day. GHI in Clear-sky
conditions is constant for the same period of the
year. Additional data required for the proposed
model are cloud coverage of the sky, air
temperature and humidity.

The development of the proposed solar
irradiance forecasting model includes three
phases: data pre-processing phase, data
processing phase, and validation phase (Fig. 1).

A. Data pre-processing phase

The first phase of the proposed forecasting
model includes removing nighttime, and data
normalization. Removing nighttime supposes
excluding the period between sunset time of
previous day and sunrise time of the day
considered.

Considering that the solar irradiance is a
function of the sunshine period, which depends on
the year period, it is difficult to compare solar
irradiance  characteristics for days with
considerable different sunshine period (Table 1).
For clear-sky conditions the differences among
solar irradiance values in sunshine periods can be
observed in Fig. 2.

o
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Fig.2. Solar irradiance in clear-sky condition.

To allow the comparison between solar
irradiance data from different period of the year,
it is necessary to normalize the solar irradiance
data and the daily sunshine period (this process is
called bi-normalization).

The bi-normalization consists of the
representation of the solar irradiance and sunshine
time in relative units, both with values between 0
and 1 [10]. For this purpose, the daily sunshine
period for each day was limited from the sunrise
to the sunset time periods for all days. Then, to
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represent the solar irradiance time series with the
same number of points, the available data points
are used for data alignment within an
interpolation process [23] to obtain the same
number of points (20 points in this paper) at the
same locations onto the normalized horizontal
axis. On the wvertical axis, the daily solar
irradiance was divided by GHI in Clear-sky
conditions (the maximum solar irradiance) for this
period [10,13].

For simplifying comparison between types of
days in dependence of solar irradiance, for
example sunny days in summer and winter, the
normalization of solar irradiance was done
separately for each month.

Table 1
Sunrise and sunset time and daytime hours
Day Sunrise | Sunset Sunshine period
20-Mar | 06:07 18:15 12 h and 08 min
21-Jun | 04:08 | 20:02 15 hand 54 min
23-Sep | 05:51 18:00 12 h and 09 min
21-Dec | 07:47 16:17 8 h and 30 min

In order to prepare data for clustering of daily
solar irradiance and obtaining better accuracy of
clustering, three types of patterns have been
proposed:

1. Normalized solar irradiance patterns NP;

2. Sorted normalized solar irradiance patterns
SNP;

3. Differences between
irradiance patterns DNP.
For creating NP, the data regarding solar

irradiance and sunshine time were normalized

according to the procedure described above [10].
For creating SNP, the normalized solar

irradiance data have been sorted in the ascending

order. The DNP have been determined by
considering two representative days: one for clear
sky conditions, and one for cloudy sky conditions.

Beginning from the irradiance features of these

two days, for each day the normalized solar

irradiance differences were calculated and sorted
in ascending order.

The results of normalization of the solar
irradiance and sunshine period are shown in
Fig. 3. In particular, the available data are
represented in bi-normalized form in Fig. 3a, and
are sorted in the ascending order in Fig. 3b.

For clustering, it has been used the k-means
method with the help of Classification Learner
tool in MATLAB®, which carries out the daily
solar irradiance pattern grouping into K exclusive
clusters (groups).

normalized  solar
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Normalized irradiance

5 10 15
Point number in the normalized time interval points

a) Normalized solar irradiance patterns

Sorted normalized irradiance

5 10 15
Point number in the normalized time interval points

b) Sorted normalized solar irradiance patterns

Fia.3. Solar irradiance patterns

For the choice of the number of clusters, it is
possible to consider the results of a parametric
analysis by changing K, or to set up the number K
according with a practical criterion. In the
example shown in [10] for K = 12, the clustering
results are fine, but it is not immediate to give a
practical meaning to all the clusters on the basis
of the results; for example, two clusters contain
solutions close to the clear sky conditions, and the
differences among the clusters are progressively
lower. Conversely, with a smaller number of
clusters it is easier to identify the type of days
from practical considerations. In this paper, the
chosen number of clusters is K = 4, with a
practical meaning of having a simple
categorization of the days into clear, mostly clear,
mostly cloudy, and cloudy.

Cluster 2

Cluster 1

(=)
o

Normalized irradiance
o
[¢)]
Normalized irradiance
o
(6]

o

10 20
Point number

o

10 20
Point number

The results of the k-means clustering with K =
4 are shown in Fig. 4 for NP, Fig. 5 for SNP, and
Fig. 6 for DNP. These results confirm the
partitioning of the days into clear (cluster 1),
mostly clear (cluster 2), mostly cloudy (cluster 3),
and cloudy (cluster 4). The effectiveness of the
choice K = 4 has been checked by repeating the k-
means clustering with different number of clusters
and tracking two clustering performance
indicators, namely, the sum of the Euclidean
distances between centroids for each cluster (the
lower, the better), and the silhouette values (the
higher, the better). Fig. 7 shows the results. The
performance indicators for the practical solution
chosen are relatively good, and are acceptable
with respect to the higher difficulty of
interpretation that would occur with higher
numbers of clusters.
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Fig.4. Clustering results based on normalized irradiance patterns
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Fig.5. Clustering results based on the sorted normalized irradiance and corresponding normalized
irradiance patterns
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Fig.6. Clustering results based on the differences of the sorted normalized irradiance patterns and
sorted and normalized irradiance patterns

Table 2
Succession of day type after knowing the type of
preceding day

Preceding day

Type
Day > > > >
of & = &S| = © ° 5_3
Clear | 22 | 16 | 7 | 10 | 55
Mostly |\ 15 | 46 | 16 | 15 | 89
clear
NP Mostl
Yl 11 | 11 | 16 | 37 | 75
cloudy
Cloudy | 10 | 16 | 36 | 84 | 146
Clear | 17 | 18 | 9 | 7 | =1
'\ﬂfesat:y 14 | 37 | 2 | 14| 87
SNP Mostl
Y1 16 | 19 | 22 | 36 | 93
cloudy
Cloudy 4 13 40 77 134
Clear 20 21 11 7 59
Mostly | 1, | 33 | 19 | 15 | 81
DNP clear
Mostly | 17 | 18 | 20 | 34 | 89
cloudy
Cloudy | 8 9 | 39 | 80 |136
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a) Silhouette values b) Sum of the Euclidean
distances between centroids
Fig. 7. Clustering performance for different
numbers of clusters K. Better performance occurs
for higher silhouette and lower sum of distances.

Table 3
The dissimilitude between three types of
clustering approaches

Dissimilitude between types of clustering

Da
A Bé SNP vs.
yp NP vs. SNP | NP vs. DNP DNP
Clear 4 | 11% | 4 [11% | 8 | 2.2%
Mostly | 5 | o500 | -8 | 220 | 6 | 16%
clear
Mostly | 15 | 4906 | 14 | 3.8% | -4 | 1.1%
cloudy

Cloudy | -12 | 33% | -10 | 27% | 2 | 0.5%
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Table 2 and Table 3 show the results and the
dissimilitude between clustering with the three
types of input data. It can be observed that the
differences are not significant, but after visual
assessment of solar irradiance pattern clusters, it
can be concluded that the SNP and DNP
approaches are more accurate.

information. Model 2 takes into account the two
preceding days, again without considering
seasonal information.
Table 4
Probability of finding a given day type after
knowing the type of the preceding day (for
Model 1)

In order to use the clustering results for solar Preceding day
irradiance forecasting, it was used the probability Type Day - . -
of the succession of days belonging to each cluster of & Zs | 85 =]

. . data | YPe 2 | 82| 83| 3
durlng_the year in dependence of the type of @) Ss° | 2 ©
preceding days (Table 4). In the columns there are
the types of preceding days, and in the rows the Clear 40% | 18% 9% 7%
following types of days and their probabilities of Mostly
occurrence. NP clear 22% 52% 21% 10%

Table 5 shows an example of probability of Mostly . . . .
succession type of day with known type of two cloudy | 20% | 12% | 21% | 25%
preceding days_ Cloudy 18% 18% 48% 58%

Clear 33% 21% 10% 5%
. Mostly
B. Data processing phase o clear | 27% | 43% | 24% | 10%

Data training consists of the simulation of a SNP NMostly
one-year day-by-day succession, with the scope cloudy 31% | 22% | 24% | 27%
of forecasting §o|ar |rr<'_;1d|anc¢ fe_atur_es for that Cloudy 8% | 15% | 43% | 57%
year. The baseline for simulation is given by the ; ; ; ;
probability of type of day successions, together '\SI::)Z‘:‘Iry 34% | 26% | 12% | 5%
with the average r_1u_mber of day_s of each clus_ter cloar 2a% | 41% | 219% | 11%
per year. Data training was carried out by using DNP Mostly

. ® A
the Igvallab![c_a Mat_lab ap;pllcatcljonb _ f cloudy 29% | 2206 | 2206 | 250
orecasting is performed by using four . . . .
models. Model 1 takes into account only one Cloudy | 14% | 11% | 44% ] 59%
preceding day, without considering seasonal
Table 5
Probability of finding a given day type after knowing the types of two preceding days (for Model 2)
1st preceding Clear Mostly | Mostly- Cloudy Clear Mostly | Mostly- Cloudy
day clear cloudy clear cloudy
2nd preceding Clear Clear Clear Clear Mostly Mostly Mostly Mostly
day clear clear clear clear
Clear 35.3% | 33.3% | 55.6% 0.0% | 357% | 189% | 22.7% 7.1%
Mostly clear 35.3% 27.8% 11.1% 28.6% 50.0% 43.2% 40.9% 35.7%
Mostly-cloudy 23.5% 22.2% 33.3% 71.4% 14.3% 27.0% 13.6% 28.6%
Cloudy 5.9% 16.7% 0.0% 0.0% 0.0% 10.8% 22.7% 28.6%
1st preceding Clear Mostly | Mostly- Cloudy Clear Mostly | Mostly- Cloudy
day clear cloudy clear cloudy
2nd preceding | Mostly- | Mostly- | Mostly- | Mostly-
day cloudy cloudy cloudy cloudy Clougly | Shuely | Cleuly | Slouy
Clear 12.5% |  21.1% 4.5% 5.6% 0.0% | 15.4% 5.0% 3.9%
Mostly clear 25.0% 31.6% 18.2% 22.2% 75.0% 7.7% 22.5% 1.3%
Mostly-cloudy 25.0% 21.1% 27.3% 22.2% 0.0% 53.8% 20.0% 27.3%
Cloudy 37.5% 26.3% 50.0% 50.0% 25.0% 23.1% 52.5% 67.5%
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Table 6
Probability of finding a given day type after
knowing the type of one preceding day
(for Model 3)

Table 7
Probability of finding a given day type after
knowing the type of one preceding day
(for Model 4)

Preceding day
Day type 5 = 5 £8 g
o | 25|88 3
Cold time period
Clear 12.5%| 20.0%| 4.8%| 4.2%
Mostly clear 0.0%| 0.0%| 9.5%| 2.1%
Mostly cloudy | 75.0%| 20.0%| 28.6%| 22.9%
Cloudy 12.5%| 60.0%| 57.1%| 70.8%
Warm time period
Clear 38.6%| 19.8%| 13.7%| 7.9%
Mostly clear 31.8%| 45.7%| 35.3%| 31.6%
Mostly cloudy | 22.7%| 22.2%| 19.6%| 36.8%
Cloudy 6.8%| 12.3%| 31.4%| 23.7%

Model 3 takes into account one preceding day
and the probabilities are divided into two time
periods (i.e., the cold period from November 1% to
March 31%, and the warm period for the rest of the
year). Finally, Model 4 takes into account one
preceding day and the probabilities are divided
into the four seasons. Another model could take
into account two preceding days and the
probabilities divided into the four seasons.
However, the forecasting with this model would
be quite problematic, due the fact that it would
require two or four matrices with probabilities for
each seasons with 64 cells each, and most of them
with null values, leading to a rather impractical
modeling. For this reason, this forecasting model
was not applied.

In models 1, 3 and 4, at the initial stage of
modeling one day preceding the “forecast year” is
extracted. Depending on the type of this day and
of the probability of the following type of day, it
is determined the type of the next day. Then, the
types of the next days are determined in the same
manner, with remark that the type of preceding
day is taken as the type of the following day
determined at the previous stage (it was not
necessary to introduce manually the type of
preceding day). This process continues until the
simulation of all the days of the year.

Forecasting with two preceding days
distinguishes from the previous variants of
forecasting by taking into account the type of the
two preceding days (not only one preceding day).
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Preceding day
o =° | =c O
Winter
Clear 0.0% | 20.0% | 0.0% | 3.8%
Mostly clear 0.0% | 0.0% | 10.0% | 2.5%
Mostly cloudy | 75.0% | 20.0% | 30.0% | 22.5%
Cloudy 25.0% | 60.0% | 60.0% | 71.3%
Spring
Clear 33.3% | 27.3% | 5.0% | 9.5%
Mostly clear 22.2% | 18.2% | 20.0% | 14.3%
Mostly cloudy | 33.3% | 18.2% | 25.0% | 47.6%
Cloudy 11.1% | 36.4% | 50.0% | 28.6%
Summer
Clear 46.2% | 17.5% | 16.7% | 0.0%
Mostly clear 30.8% | 52.6% | 43.3% | 60.0%
Mostly cloudy | 15.4% | 24.6% | 23.3% | 40.0%
Cloudy 77% | 53% | 16.7% | 0.0%
Autumn
Clear 16.7% | 28.6% | 23.1% | 9.1%
Mostly clear 33.3% | 35.7% | 15.4% | 13.6%
Mostly cloudy | 50.0% | 14.3% | 7.7% | 18.2%
Cloudy 0.0% | 21.4% | 53.8% | 59.1%

At the first stage, the types of these days are
taken in accordance with the types of two days
preceding the period of interest (Table 5). In the
next stages, the types of preceding days are taken
as the types of following days in the previous
stage.

In Model 3 and Model 4 the probabilities of
following a given type of day after the certain type
of preceding day were extracted from Table 6 and
Table 7, respectively, in accordance with the
particularities of each season.

C. Validation phase

This phase includes de-normalization of the
solar irradiance resulted from the forecasting
process, calculation of the actual solar irradiance,
and validation of forecasting.

De-normalization represents the opposite
process of normalization, i.e., representation of
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forecasting solar irradiance and time in natural
units kW/m? and, respectively, hours. For
obtaining the actual solar irradiance, the result of
forecasting (in relative units) is multiplied by
solar irradiance in Clear-sky conditions for the
respective period of time [9,13].

In order to validate the forecasting results, the
confusion matrix is constructed, and common
errors used for accuracy assessment of forecasting
(root mean square error, average of the errors,
mean absolute error and mean absolute
percentage error) are calculated.

Confusion Matrix

The Confusion matrix is a summary of
prediction results and shows the ways in which
the classification model performs in predictions.

The number of correct and incorrect
predictions are summarized with counting values
and broken down by each cluster. It shows not
only the errors, but more importantly the types of
errors made. The columns represent the predicted
types of days, and the rows the actual types of
days.

With the view of accuracy calculation for each
predicted cluster, the data from the confusion
matrix (Table 9) are classified as:

True Positives (TP): placed in the top left cell,
represents the data rows (type of day)
belonging to the positive class (i.e., clear) and
correctly classified as such;

False Negatives (FN): placed in the first row at
the right side of the TP cell, represents the data
rows (type of day) belonging to the positive
class (i.e., clear) and incorrectly classified as
negative (i.e., mostly clear, mostly cloudy or
cloudy);

False Positives (FP): placed in the first column
below the TP cell, represents the data rows
(type of day) belonging to the negative class
(i.e., mostly clear, mostly cloudy or cloudy)
and incorrectly classified as positive (i.e.,
clear);

True Negatives (TN): placed in rows 2 — 4 and
columns 2 — 4, represents the data rows (type
of day) belonging to the negative class (i.e.,
mostly clear, mostly cloudy or cloudy) and
correctly classified as such.

Overall statistics summarize the accuracy of
the forecasting model, represented by Overall
Accuracy and the Overall Error. The Overall
Accuracy of forecasting model is determined as
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the ratio of true predicted type of days to total
number of days:

TP+TN

Accuracy = —
y TP+FP+FN+TN

ey

The Overall error is determined as the ratio
between the false predicted type of days and the
total number of days:

(FP+FN)

Error = ——————
(TP+FP+FN+TN)

(2)

The class statistics summarizes the class
performance for the positive class and the
negative class, separately.

Sensitivity shows the capability of the model to
detect positive classes. So if Cluster 1 is a positive
class, the Sensitivity quantifies how many actual
clear days are predicted correctly as clear. The
Sensitivity is evaluated as:

Sensitivity = TP/(TP + FN) 3

Specificity shows the accuracy of assignment
to the positive class:

Specificity =TN /(TN + FP) 4)

Recall shows the ratio of the total number of
days correctly classified as positive:

Recall =TP/(TP + FN) 5

Precision shows the capability of the model to
assign positive events to the positive class:

Precision = TP /(TP + FP) (6)

Recall and Precision are interconnected. If a
stricter filter is used, it is increased the number of
days reported correctly as Clear days, but at the
same time is increased the number of days of other
types reported incorrectly as Clear days. And vice
versa, a less strict filter leads to increasing the
number of Clear days reported incorrectly as days
of other types. Often it is used the F-measure,
which is the harmonic mean of Recall and
Precision:

Recall+Precision
F —measure =2 —————  (7)
Recall+Precision

Errors calculation

For quantitative estimation of forecasting,
statistical methods are used. The estimation error
¢ is defined as the difference between the forecast
irradiance I, and actual irradiance I,

®

The positive value of ¢ appears when the solar
irradiance is overestimated, and vice versa, the
negative value appears when the forecasting solar
irradiance is underestimated.

&€= Ifor — Ioct
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Fig. 8. Sample results of forecasting of solar irradiance

Table 8
Sample results of forecasting of the types of days
Forecast

Day Actual Model 1 Model 2 Model 3 Model 4
02/11/2017 | Mostly cloudy Cloudy Cloudy Cloudy Cloudy
03/11/2017 Cloudy Cloudy Cloudy Cloudy Cloudy
04/11/2017 Cloudy Cloudy Cloudy Cloudy Mostly cloudy
05/11/2017 | Mostly cloudy Cloudy Cloudy Cloudy Clear
06/11/2017 Cloudy Mostly cloudy Mostly cloudy Cloudy Mostly cloudy
07/11/2017 Cloudy Mostly clear Cloudy Mostly cloudy Clear
08/11/2017 Cloudy Mostly cloudy Mostly clear Mostly cloudy Mostly clear
09/11/2017 Cloudy Mostly clear Mostly cloudy Mostly clear Clear
10/11/2017 Cloudy Mostly cloudy Mostly clear Cloudy Mostly cloudy
11/11/2017 | Mostly cloudy Cloudy Mostly clear Cloudy Cloudy
12/11/2017 | Mostly cloudy Cloudy Mostly cloudy Cloudy Cloudy
01/02/2018 Clear Mostly clear Cloudy Cloudy Clear
02/02/2018 | Mostly cloudy Clear Cloudy Cloudy Cloudy
03/02/2018 Cloudy Mostly cloudy Clear Mostly cloudy Cloudy
04/02/2018 Cloudy Cloudy Mostly clear Mostly cloudy Mostly cloudy
05/02/2018 Cloudy Cloudy Clear Mostly clear Cloudy
06/02/2018 Cloudy Cloudy Mostly cloudy Cloudy Cloudy
07/02/2018 Cloudy Cloudy Cloudy Cloudy Mostly cloudy
08/02/2018 Cloudy Mostly clear Cloudy Cloudy Cloudy
09/02/2018 Cloudy Mostly clear Cloudy Cloudy Clear
10/02/2018 | Mostly cloudy Clear Cloudy Cloudy Cloudy
01/06/2018 Mostly clear Cloudy Mostly cloudy Mostly clear Mostly clear
02/06/2018 Mostly clear Cloudy Cloudy Mostly clear Mostly clear
03/06/2018 Clear Mostly cloudy Cloudy Mostly clear Mostly clear
04/06/2018 Mostly clear Mostly clear Cloudy Mostly cloudy Mostly clear
05/06/2018 Clear Mostly cloudy Cloudy Mostly clear Mostly cloudy
06/06/2018 Clear Mostly clear Mostly cloudy Mostly cloudy Mostly clear
07/06/2018 Clear Mostly cloudy Cloudy Cloudy Mostly cloudy
08/06/2018 Clear Cloudy Mostly cloudy Mostly cloudy Mostly clear
09/06/2018 Cloudy Cloudy Mostly cloudy Mostly clear Mostly cloudy
10/06/2018 Cloudy Cloudy Cloudy Mostly clear Mostly cloudy
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The most common indices presented in the
literature are [1,2,13,24-26]:
e The root mean square error (RMSE), the most
popular error used for forecasting accuracy
assessment, calculated as:

RMSE = \[1/NYV &2 (9)

e The average of the errors (MBE), defined as
the mean difference between forecast and
actual irradiance, represents the systematic
part of the error:

MBE=¢=1/NYY,& (10)

e The mean absolute error (MAE), more
sensitive to high-value errors, is useful in those
applications insensitive to minor errors, is
defined as the absolute mean difference
between forecast and actual irradiance, and
represents the systematic part of the error:

randomly, and three different periods of the year
(autumn, winter and spring) are presented.

For accuracy assessment of the day type
prediction, the confusion matrix shown in Table 9
presents the results of comparing the forecast and
actual succession of days.

The overall performance of forecasting model
and class prediction statistics is presented in Table
10 and Table 11. The overall statistics of the
forecasting models shows that Model 4, which
takes into account seasonality aspects of solar
irradiance, is the most exact.

At the same time, Model 2, which neglects
these aspects, is the most inexact model. Thus, for
better results it is necessary to take into account
probabilities determined per seasons, but taking
two preceding days for forecasting was practically
ineffective.

MAE =1/NY¥ 11 Table 9
= 1/N Xizla] an Confusion Matrix for Clear class (Model 4)
e The mean absolute percentage error (MAPE), Forecast
which assesses uniform prediction errors: Mostly | Mostly
Clear clear cloudy | Cloudy
— N -
= '\f:fes;y 22 (FN) | 51(TN) | 17 (TN) | 7 (TN)
>
. RESULTS AND DISCUSSIONS g 2’.'83&'3 0EN) | 9Ny | 9(TN) | 31(TN)
A. Results and performance assessment of the
prediction of the day types Cloudy | 23(FN) | 25(TN) | 13 (TN) | 84 (TN)
The proposed forecasting model has been used
for forecasting GHI for the period 02 Novemb Table 10
or forecasting or the perio ovember Overall statistics per forecasting models
2017 — 01 November 2018 for the Chisinau Correctly | Incorrectly
Municipality, Republic of Moldova. The actual Model | Accuracy | Error Classified | Classified
type of day and the solar irradiance value that 1 0312 | 0.688 114 251
presents real solar features has been compared
with the forecast type of day and solar irradiance. 2 0238 | 0.762 87 218
An example of this comparison is presented in 3 0.362 | 0.638 132 233
Table 8 and Fig. 8. The sample has been chosen 4 0.444 | 0.556 162 203
Table 11
Class statistics (Model 4)

Type of day TP FP TN FN | Recall | Precision | Sensitivity | Specificity | F-measure
Clear 18 | 46 | 246 | 55 | 0.247 0.281 0.247 0.842 0.263
Mostly clear 51 46 214 54 0.486 0.526 0.486 0.823 0.505
Mostly cloudy 9 50 263 43 0.173 0.153 0.173 0.840 0.162
Cloudy 84 61 169 51 0.622 0.579 0.622 0.735 0.600
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Fig. 10. Error indices per sample days.
The performance of the forecasting model is Table 12
guantifying by calculation of error samples for the Error indices per year
days and for the entire year. The results of the Model RMSE MBE MAE MAPE
error calculations are presented in Table 12, Fig. kW/m? | kW/m? | kW/m? %
10 and Fig. 11. Error analysis demonstrates that 1 0.154 -0.034 0.098 39.8
takir]gI iptofaccourl[t_ of the seasorll\zjllito)ll Iasgectsd iZ 2 0.157 20,027 0.103 21
crucial for forecasting accuracy. Models 3 an
show lower level of error indices. Overall Model 3 0.131 0.017 0.083 33.6
4 has lower MBE than Model 3. 4 0131 | -0.001 0.082 33.3
RMSE MBE MAE MAPE
0.1
NE
=0.05 0.2
0
1 2 3 4 12 3 4 1 2 3 4 1. 2 3 4

Forecasting model

Forecasting model

Forecasting model

Forecasting model

Fig. 11. Error indices per year.
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B. Discussion and applications to scenario
generation

The results of the comparisons carried out
among the four variants indicate that the best
performance is obtained by using Model 4, which
takes into account seasonality aspects of the solar
irradiance. The calculations of the classical errors
such as MAPE show relatively high values of the
errors. However, it has to be considered that these
errors are obtained by trying to identify the type
of day in a long-term forecasting context. Trying
to guess the type of day that will occur in a long-
term time horizon is not the appropriate way to
proceed, as the uncertainty concerning the future
is so high that it is virtually impossible to identify
the day type for a single day.

The MAPE error itself is a limited metric to
address this kind of problem. Better metrics
should be found, based on the aggregate behavior
of the days in a given period. Indeed, the
comparison presented above had only the goal to
compare the four models, and to identify Model 4
as the most suitable one. Model 4 is now used to

Autumn Clear Autumn Mostly clear

create a mechanism of scenario generation. In
each scenario, the day types for an entire year are
generated by using the information available.
Since the process of scenario generation depends
on random number extractions, it is possible to
construct a large set of scenarios that can be then
used for different types of applications in which
the definition of multiple scenarios is useful to
make a probabilistic characterization of the
operation of a PV system.

An example of scenario generation has been
executed by constructing 100 scenarios starting
from different days of the year, considering the
partitioning into the four seasons. The type of day
has been chosen randomly with the probability
given by the relative occurrence of the types of
day in the corresponding season. Fig. 12 shows
the results, in the form of the Cumulative
Distribution Function (CDF) of the number of
days. The number of days found in the 100
scenarios for the day types in the four seasons are
included in relatively wide ranges. This confirms
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Fig. 12. CDF of the generation of 100 scenarios for one year. The red dots indicate a real situation.

106



PROBLEMELE ENERGETICII REGIONALE N (NN) AAAA

Winter
I I I I I T I I I I I I I I I I
4 * O = @& + * O x @ + * @ k@& kK
S
o 3 * ¥ k-
«—
]
ggr—**o+o A0 ®kk & KO SPK® SPck & Sk & KO PP S @k & Sk XS S0
|_
1 1609101 DIV PP P 1P SPDIDI D S8V V1P PV DD SV D1 D PP V1D SIDL DI D PID D1 O $PD D 989,
| | | | | | | | | | | 1 1 1 | | | |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Days
Spring
T T T T I T T T T T T I T T T T I T
4+ * *OXOX @KOHKO+F Kk ¥ O @ 10 < P <@ * & 0 @ + o S
>
3 3% * ¥ *OHOX @HOAKOAOHKO ¥ BF S< KO S PP A KP FPS KOPODK SPPPIODIKS-
o]
g&%*. @L< & BBk B 1Ok * HOx Kk $< Kk Kk <k S * SX<Kk & kKPR o Xx @*
|_
1 @SSP PO HSIOk 1O19O BB HIPK 18PBE 0P $S100< <BPHAP @bk Kk + -
| 1 1 1 1 | 1 | 1 1 | 1 | 1 1 | 1 |
90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180
Days
Summer
T I | T | | | | T T T I T T I T T I
At @ @ @& 1 o Ok x+ o+ @ @ + 02 ek <+ @+ @ @  + @BP * pokHed
>
§ 3 Pkl leldiclld < Soodk SPPMIODIIG PP HOBBdKT SPBBIIDIPIIPIBIHS S0P K- SIIPHODH
(o)
géz-— @* ¥ @ ** ¥ * @% X% * @ ** ¥ ¥ @ O % ¥ @ kK Kk k¥ Okk
|_
100 @ © O X x W @ o O XX W e o0 0 XX —
| | | 1 | | | | | | | 1 1 1 | 1 1 |
185 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260 265 270 275
Days
Autumn
I I T I T I I I I T I I I I T I T
4% H @k *O% SHOKP< <P@ ST SO@ ST @AOK 1SLOKOL SO ST@ 11O b+ @ -
>
3 SRk S8B< k< OB i< 00 OBID< * (O [ J 19 + ]
—
(o)
§§z—*—o**r * @O @F ¥ @ S B0 Sk FOHEKOX Fk @ SHIDIIHPIHOHBHIK TP NSO,
|_
1-e® @ o * + [ ] * Rk KEBK k0 GODIPIP SPBIBIP
1 1 | 1 | 1 1 1 1 | 1 | 1 1 | 1 | 1 1

275 280 285 290 295 300 305 310 315 320 325 330 335 340 345 350 355 360 365
Days

*  Actual ® +

Scenario 1 Scenario 2 Scenario 3
1 — Cloudy; 2 — Mostly cloudy; 3 — Mostly Clear; 4 — Clear

Fig. 13. Comparison between Actual type of day and three different modeled scenarios.

the possibility to generate various scenarios with
different numbers of days, following the
variability that occurs in real conditions.

To confirm the validity of the ranges obtained,
a red dot is positioned on each figure to show the
number of days that occurred in a real case for one
year.

It can be seen that the real number of days var-
ies considerably, but it is included in the ranges.
In any case, the numbers of days are linked to-
gether by the fact that the sum of the days in a
given season is fixed. Thereby, if more days of a
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given type appear during one year, the number of
days of all the other types will be lower.

A further result concerning the generation of
the scenarios is presented in Fig. 13. The actual
types of day found in a real situation are super-
posed to the types of days found in three scenarios
arbitrarily taken from the 100 scenarios gener-
ated.

It can be seen that the distribution of the types
of days is consistent in the various cases, even
though the same day can be different in the vari-
ous scenarios. For example, during the Winter
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there are some clear days in all scenarios, at dif-
ferent locations, with a situation that resembles
the real case in which the clear days appear occa-
sionally.

Furthermore, there are groups of successive
days with similar characteristics in each scenario,
which represent what may happen in reality, with
a sequence of corresponding days that does not
appear regularly every year in the same period.
These results confirm the practical usefulness of
the proposed way to generate the day type scenar-
ios.

CONCLUSIONS

In recent years the diffusion of solar PV
systems grew up considerably. However, solar
irradiance has intermittent nature, so that for
efficient planning of existing capacities and new
capacity to be installed it is extremely important
to carry out long-term forecasting with acceptable
accuracy. This paper has developed four variants
of a forecasting model using clustering method
and standard statistical instruments. These models
have been compared, showing that for better
accuracy it is recommended to use seasonality
aspects of the solar irradiance. The most suitable
model has then been used to generate a number of
scenarios that represent the possible variability of
the type of day during one year. These scenarios
are useful to carry out any probabilistic analysis
in which it is important to incorporate the
variability of the type of day during the year.

Further research will aim at enhance the
accuracy of the presented model by testing its
capabilities in multiple sites with different
meteorological conditions.
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Improvement of Methods for Evaluating Electrical Engineering Enterprises
Functioning and Their Structural Components Based on Identical
Indicators
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Kharkov, Ukraine
The abstract. To improve the performance evaluation of electrical engineering enterprises, firms should
more accurately, in comparison with the existing methods, determine the contribution of each of their
structural units to the results of the activity of the business entity as a whole. The purpose of the article
is to identify the reserves for improving the efficiency of electrical engineering enterprises, to establish
the results of specific units in the sale of elements of the enterprise's product, produced directly in these
structures and sold in the markets. The task is achieved through the use of conditional prices for
workshop products and expanding the scope of the break-even point method. Methods for establishing
break-even points, which, in contrast to classical dependencies, when the entire volume of goods
produced is realized, consider the option of incomplete sale and, accordingly, unproductive use of part
of the resources are suggested as well. The value of this indicator for various values of prices and sales
by options, their limit values, including when the volumes of production (sales) exceed their
predetermined design values are presented. The most significant results are the development of methods
for identifying the performance indicators of electrical enterprises as a whole and their units, the
development of methods for calculating the breakeven point in various production situations. Their
significance lies in the further development of the theory and methods of evaluating the activities of
electrical enterprises and the possibilities of their practical application.
Keywords: workshops, electrical enterprise, work results, indicators, efficiency, influence options,
quality, volume of production, improvement of the breakeven point method.
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imbunititirea metodelor de evaluare a activititii intreprinderilor electrice si a componentelor structurale
ale acestora pe baza unor indicatori identici
Yakovlev A.l., Vasiltsova S.A., Larka L.S.
Universitatea Tehnica Nationala ,,Institutul Politehnic Kharkov”
Harkov, Ucraina

Rezumat. Relevanta articolului se datoreaza faptului cd, pentru a Imbunatiti evaluarea performantei
intreprinderilor de profil electrotehnic, firmele ar trebui sa stabileascd mai exact contributia fiecéreia dintre
diviziunile structurale la rezultatele finale ale activitatilor intreprinderii in ansamblu in comparatie cu metodele
existente. Scopul articolului este de a identifica rezervele pentru cresterea eficientei intreprinderilor de profil
electrotehnic, de a stabili rezultatele unitatilor specifice atunci cand vinde articole ale produselor intreprinderii
care sunt produse direct in aceste structuri si comercializate. Problema formulata se rezolva prin utilizarea
preturilor conditionate pentru produsele de atelier si extinderea domeniului de aplicare al metodei pragului de
rentabilitate. S-au propus metode pentru stabilirea pragului de rentabilitate, care, spre deosebire de dependentele
clasice, atunci cand se realizeaza intregul volum de marfuri produse, se examineazd optiunea de vanzare
incompleta si, In consecinta, utilizarea neproductiva a unei parti din resurse. Se prezinta rezultatele calculelor ale
valorii acestui indicator pentru diferite valori ale preturilor si vanzarilor dupa optiuni, valorile lor de limita
marginald, inclusiv atunci cand volumele de productie (vanziri) depasesc valorile lor de design prestabilite. Ca
rezultate semnificative se pot nominaliza: elaborarea metodelor pentru identificarea indicatorilor de performanta
ai intreprinderilor de profil electrotehnic in ansamblu si a unitatilor acestora, dezvoltarea metodelor de calcul a
pragului de rentabilitate in diferite situatii de productie. Semnificatia lor constd in dezvoltarea in continuare a
practicd a acestora.

Cuvinte-cheie: ateliere, intreprindere electricd, rezultate ale activitatii de producere, indicatori, eficienta.

© Sxoener A.U., Bacunsiosa C. A.,
Jlapka JI. C., 2020
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CoBepLIeHCTBOBaHHE CIOCO00B OLCHKH PA0OTHI 3JIeKTPOTeXHHYECKHUX NPeANPHATHIA M UX CTPYKTYPHBIX
COCTABJISAIONINX HA OCHOBE HICHTHYHBIX MOKa3aTesel
SxosieB A. U., Bacunsnosa C. A., Jlapka JI. C.
HaunoHanbHbIM TEXHUUECKUHA YHUBEPCUTET «XapbKOBCKUN NOJUTEXHUUECKUI HHCTUTY T
XapbKkoB, YKparnHa

Annomayus. AKTyanbHOCTD CTaThbH 00YCIIOBIICHA TEM, YTO ISl YIIyUIICHUS OLICHKN PE3yIbTaToOB JIESITEIbHOCTH
3NEKTPOTEXHMYECKNX NPEANPUATHH, (PUPM ciaeayeT 6oiee TOYHO M0 CPABHEHHIO C CYIIECTBYIOIINMHE CIIOcCO0aMu
OTNIPEZICTNTh BKIA[ KaXIOT0 M3 MX CTPYKTYPHBIX MOAPA3/eICHWH Ha KOHEYHBIC PE3YNbTATHI IESATEIBHOCTH
CyOBeKTa NpEeIIPHHUMATENLCTBA B IeJoM. Llenb cTaTbu — BBLIBUTH pe3epBbI MOBBIMIEHHS 3(dexkTHBHOCTH
pabOTHI ANEKTPOTEXHUIECKUX MPEATIPUATHH, YCTAHOBUTH Pe3yIbTaThl KOHKPETHBIX NOAPa3/IeIeHUI IPU IpoJaKe
9JIEMEHTOB U3JICIHS PEINPHUATHS, BEIpaOaThIBAEMBIX HEIIOCPEICTBEHHO B 3THX CTPYKTYpax M peaju3yeMbIX Ha
peiHKax. [locTaBiaeHHas 3ajjaua JOCTUraeTCs 3a CUET HCIOJIb30BaHUS YCIOBHBIX LI€H Ha I[EXOBYIO MPOAYKIHUIO U
pacmmpeHus o0NacTH NPUMEHEHHsT MeToJa TOYKM 0e3yObrITouHOCTH. [IpH MOBBIIEHHMHM KadyecTBa LIEXOBOM
MPOIYKIUH HAXOJUTCS TAK)KE M3MEHEHHUE UX LIEHBI JUTS TOTPEOUTENS C HCIIOIb30BaHUEM METO/1a 3aTPaThI-BbITO/IbI
U TIOKa3aTelns LEeHbl noTpedneHus. IlokazaHa OrpaHHYCHHOCTh TPAAWIMOHHOIO METOAA YCTAHOBJICHHS TOYKH
6e3yOBITOYHOCTH, MOCKOIBKY OH MPEIONIAracTcs Al OIEHKH OJHOTO BapHaHTa mpouecca. IIpemraraercs ero
pacmpocTpaHEeHHE IIPY aHaJIN3€ HECKOJIIBKUX BapUAHTOB, B TOM YHCIIC TIPH MPHOOPETEHUH JacTH JICTalICH, y3/I0B
CO CTOPOHBI WJIH IIPU UX COOCTBEHHOM HM3TOTOBJIEHHH. lIpeiararoTes Takke CriocoObl YCTaHOBJICHHS 3HAUCHUH
TOYKH 0€3yOBITOYHOCTH, KOTOPBIE B OTIMYHE OT KJIACCHYECKHX 3aBUCHMOCTEH, KOTIa UMEET MECTO pealn3anus
BCETo 00beMa IPOM3BEACHHOTO TOBApa, pacCMAaTPHUBAIOT BapUAaHT €TI0 HEMOJHOW MPOJAaXKH M, COOTBETCTBEHHO,
HETPOU3BOAUTENBHOIO MCIOIB30BaHUSA YacTH pecypcoB. Ilpemmararorcs Taxoke pacdeTbl BEITHYMHBI JaHHOTO
ToKasaTeJisd Ipu pa3JIMIHbIX BEJIMYMHAX IEH U 06"beMOB MpoJax 1o BapuaHTaM, UX MPCACIbHBIX 3H3‘ICHHI>1, B TOM
qrcie, Korma o0beMbl MPOU3BOJACTBA (MPOJaK) MPEBBINIAIOT MPEABAPUTEIBHO YCTAHOBICHHBIC MX MPOCKTHBIC
3HaueHus. Hanboisiee cyliecCTBEHHBIMH pe3ysibTaTaMH SBJSIFOTCS pa3pabdoTKa CHOCOOOB MIICHTUYHOCTH OLICHKH
nokasatesell paboThl AJEKTPOTEXHUYECKUX NMPEANPHATHI B 1IEJIOM W HMX MOJApa3/ielieHHl, pa3BUTHE METOJOB
pacdera TOUYKH 0e3yOBITOYHOCTH B PA3IMYHBIX IPOU3BOJCTBEHHBIX CHTYalMsX. X 3HaUNMOCTD 3aKItodaeTcs B
JanbHEHIIEM pPa3BUTHH TEOPUH W METOIOB OIEHKH JAEATEIBHOCTH 3JIEKTPOTEXHUYECKUX MPEANPHATHA U
BO3MOKHOCTEH MX MPaKTHIECKOTO IPHUMEHCHHUS.
Kniouegvie cnoga: nexu, 31€KTPOTEXHNUECKOE NPEANIPUATHE, PE3YIbTATH padOTHI, MOKa3aTeH, 3P HEKTUBHOCTS,
BapUaHTHI BIUSHNS, KAYECTBO, 00bEM NTPOM3BOACTBA, COBEPIICHCTBOBAHUE METOA TOUKN 0€3yOBITOUHOCTH.

BBEJIEHUE npeanpuHuMaTenbeTBa. OAHaKO onpeaesieHue Ha
€ro OCHOBE AEATEIbHOCTH KOHKPETHBIX HX IOJ-
pasnenenuil B [1] He mpuBoautcs. OmnpeneneH-
HBII uX nepedeHs umeet mecto B [2]. [Ipeanara-
€TCsl OLICHUBATh 00bEM TOBAPHOM MPOAYKLIUHU Ha
YPOBHE OJpa3ielIeHNH B TPaHC(HEPTHBIX IIEHAX.
XOoTs B PBIHOYHOM XO3SIICTBE JIy4dIlleé TOBOPUTh
00 obbemax peanuzauuu. Y He Bceraa He3aKOH-
YEHHYIO MPOIYKLHIO B [IeX€ MOXHO IIEPEBECTH B
TOBapHBIM U3MEPUTEIIb.

A.M. boratsipes, I'.A. Ky3uemnos, 0. Kap-
MeHKo [2] oOpamarT BHUMaHie Ha pa0OTHI IIeH-
TPOB MPUOBLTH, B KOTOPBIX TUIAHUPYIOT Paccyu-
THIBATh MapP>KUHAIILHYIO PHOBLIb, YTO HE BCETIA
IpY pa3IMYHOM XapakTepe padoThl mozapasiesne-
HUUA MOXKHO OIpeaenuTb. ABTOphl [2] mpenia-
raroT TaK)Ke ONpeNesITh JUMHUTHI BCEX BUIOB pe-
cypcoB. 1o — nmpaBuibHO. Ho TMMUTHI XapakTte-
pHU3yeT 3aTpaTHBIEC, a HE Pe3yJIbTaTUBHBIC I0KA3a-
Teau. AHAJOTMYHOW TIO3WINH TPUACPKUBACTCS
H.B. Illanmgosa [3, ¢. 53-57].

H.C. boxkosa u A.W. Paguna [4] paccmarpu-
BalOT TOKa3aTeNu JESATEIbHOCTU MNPEANPUSITHMH,
Kak 3 PeKTHBHOCTL PacXo/I0B, KOTOPBIE OCYIIIe-
CTBWJIO IIPEINPHUATHE HA IPOU3BOJICTBO U pEat-
3anuio yeayr. OfHako, Kak €€ ONpelesiuTh He

O dexTHBHOCTS PabOTHI MPOU3BOICTBEHHBIX
OpeAnpHUsITHH, GUPMBI IPUHSATO OLIEHUBATH B Iie-
J0M. B TO e BpeMs, pe3ysIbTaThl UX JESTENBHO-
CTH CKJIQIBIBAIOTCS U3 Pe3ybTaTOB pabOTHI OT-
JeNbHBIX nojpasesneHuid. OnHaKo UX OLEHKE Ha
CCeroJina yaciadeTCsa MCHLIIC BHHMAHUA. Bos-
MOYHO IIOTOMY, YTO CYLIECTBYIOT Ppa3HyHbIE
CHOCOOBI U3MEPEHUs LIEXOBOM pabOThI U AEATENb-
HOCTH NPCANPUATUA B LICJTIOM. HepBHe YUUTEIBA-
IOTCSl TIO0 DJIEeMEHTaM Ce0eCTOMMOCTH IIE€XOBOM
NPOAYKIMHU, HanboJiee pacpoCTPaHEHO 10 BEJIU-
YHHE TeXHOJIOTHUYECKOH ce0ECTOMMOCTH, KOTOpast
HIMPOKO OCBEICHA B JIUTEPATYPE.

B 1o ke Bpems mNpoayKUuS NPEANpUSTHS
OTpeJiesIieTCs B OTIYCKHBIX [ICHAX.

Llens craThu 3aKirouyaeTcss B pa3paboTKe
CPEJICTB OIIEHKHU JICSATENLHOCTH I0/Ipa3/IeIeHU
OPEANpHUITUH C HalEeJeHHOCThI0 Ha olmmme pe-
3yJIbTaTbI CY6TJCKTOB MpEANPUHUMATEIIECTBA.

AHanu3 CymecTBYIOIIUX HccieAoBaHni. Ta-
Kas mpo0JjieMa paccMaTpuBaeTcs B padoTax Kak
YKPauHCKHX, TaK U 3apyOEKHBIX aBTOPOB. MBI
corylacHel ¢ aBTOpoM [1] o memecooOpa3HOCTH
BO3BpAIIEHUS TOKA3aTelsl NPOU3BOAUTEIEHOCTH
B KayecTBE OLIEHKH JEATEIbHOCTH CYOBEKTOB
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packpsiBatot. U. 1. Mouceesa [5, ¢.90-94] nox-
XOJIUT K 3TOMY acmlekTy Ooisiee B3BemieHHO. OHA
IpeasaraéT OCHOBHBIM IIOKa3aTeleM IPUHUMATh
YMEHBIICHUE pacxoJoB W NpoQecCHOHATUIM
nepcoHana. OIHaKO 3TO — pacxXOIHBIN IOKa3a-
Tens U He oboOmaromumii. [IpodeccnonambHOCTE
MepcoHalla BIUSET HA KOHEUHBIE PE3YJIbTATHI Jie-
ATEIBHOCTH BCEX MOAPA3ICIICHUH, OTHAKO, KaK e
ompenenauTh, aBTop [S] He mpennaraer. 1. 1. Mo-
rceeBa y/eseT BHUIMaHUe OnpeieNeHHI0 Y dek-
TUBHOCTH MapKETHUHIOBBIX HoapazaeneHuid. U
OHH HE OTHOCSITCA K IPON3BOACTBEHHBIM IIOpas3-
JCIICHUSIM.

AHanoruuHsle BOIPOCH paccMaTpuBaioT Bia-
numup Pxennn n Hatanes Apednesa [6]. CkBo3-
HBIMH IPOBEPOYHBIMH KPUTEPHUSAMH YCTaHOBIIE-
HUSI 3QPEKTUBHOCTH AEATETHLHOCTH OTIEIBHBIX
noJipa3fAesieHuii M COTPYAHHUKOB MPEAIpUATHSL
OHH CUHUTAIOT BpEMsl, 3aTPau€HHOE Ha UX PaOOTHI,
U Pe3yJITaTUBHOCTH. B Hamem ciy4ae oHM He Xa-
pakrepubl. E.M. Kpsios, B. M. BnacoBa u ap.
[7] BEIMOMHSAIOT aHAIW3 BIUSHUS WHBECTHIIMHA U
WHHOBAlLlM{ Ha PE3yJbTaThl IPOU3BOACTBEHHOU U
XO35IICTBEHHOM  JEATENBHOCTU  NPENIPUITUI.
OHH aHANH3UPYIOT BIMSHUE CHIKEHUS cebecTo-
HUMOCTH, €€ COCTaBIISIIOIINX, 100aBIEHHOH cTOu-
MOCTH M JApPYTUX ToKa3aTeNled NMpH BHEIPEHUU
WHBECTULIUA U MHHOBALMWA HA pEe3yJbTaThl JEsf-
TEJIBHOCTH CYOBEKTOB NMPEANPUHUMATEIBCTBA B
LIEJIOM.

E.B. Kpsuiosa B [8, c. 121-133] paccmarpu-
BAeT BaKHBIE BOIIPOCHI COBEPILIEHCTBOBAHUS ILIa-
HUPOBAHUS Ha 3JIEKTPOTEXHUUYECKUX MPEAIpHUs-
TUSAX. ABTOp BBINOJHSAET aHanu3 cucteMsl MES,
B KOTOpOI peaiu3yloTcs 3ajaya KaJeHIapHOTO
IUTAHUPOBAHUSI TOTOBOM HPOIYKUHU U CHUCTEMBI
ERP — cucremsr BepxHETo ypoBHS aJMHUHHUCTPH-
pOBaHUs, CBSI3aHHOHN HAIIPSIMYIO C BHEIIHEHN cpe-
JOH, B T.4. C MOCTaBUIMKAMHU M MOTPEOUTEIISIMH.
Ha ocnoBe pa3paboTaHHBIX SKOHOMHUKO-MaTeMa-
trueckux mojeneit E.B. KpeutoBo#t ynanocek 60-
Jiee TOCTOBEPHO, YeM B MMEIOIIUXCA MOJIENSX, C
YUETOM HaJIMYHBIX PECYPCOB YCTAHOBHUTH LIEHBI U
ce0ecTOMMOCTh 3aBOACKHX H3JEJIHi, B T.4. pac-
MIPEJIEUTh PACXOABI 110 KAXKIOMY U3 HUX TIPU M0~
ClIeZIoBaTeNbHON MX pa3paboTKe B Iexax IMpen-
MPUSATHA.

B npunnune, Ha 3TOH OCHOBE MOYKHO IIOIbI-
TaThCA pa3padoTaTh CHOCOOBI OLIEHKHU ACATEIEHO-
CTH KOHKPETHBIX MOJpPa3/IeeHUI NIEKTPOTEXHH-
YEeCKHX TPEANPHATHIH, UX CBS3H C KOHEUHBIM pe-
3yJbTaTOM JIEATEIBHOCTA CYOBEKTOB IPEIIpH-
HUMATEIbCTBA B LIETIOM.

Ho aBtop [8] maHHBII acTieKT HE JOBOIUT JI0
JIOTUYECKOTO 3aBEPIICHHUS.
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[IpuHIUnBEL ONpeaeacHs €IUHCTBA TOKa3aTe-
Jielt pabOoTHI OTAETHHBIX MOAPA3ACICHUN U CyOh-
eKTOB NpPEANPUHUMATEIHCTBA B IIEJIOM MOTYT
OBITH BBIpA0OTaHBI HA OCHOBE MOPT(ETHLHON TEO-
puu ynpaBieHusl npoekTamu. B Hell ycTaHaBu-
BaeTcs BBIOOD MOPT(ENs MPOSKTOB B 3aBUCHMO-
CTH OT IOJIyYCHUS MaKCUMAaJIbHOW TPUOBUIH C
y4eToM uMerImxcsa pecypcoB [9] u ap. Ilpu
3TOM HCIIONB3YIOTCS CKOPPUHTOBBIE MOJETH, 3a-
KITFOYAIOIIHecs: B Habope 09KOB, KOTOPBIE TIO3BO-
JISTFOT JOOUTHCS MaKCHMaJIbHONW CyMMBI PEHTHH-
TOB IPOEKTOB B MOPTQeIe MPH BEIICICHHOM 00h-
e€Me PpEecypcoB W ONTHMH3AIMU TI0 KPUTEPHIO
«puUckK-moxogHocTsy [10].

B 10 xe Bpemsi, CKOppUHTOBBIE MOJIETIH OCHO-
BaHBl HAa DKCIIEPTHBIX OIEHKaX, 9TO B TEPBOM
NpUOTMKEHUH JIeNIaeT X HECKOJBKO CyOhEeKTHB-
HbIMHU. YTO KacaeTcst HCIOIB30BaHUS MTOKa3aTels
MPHUOBLTN JUIS OLIEHKH JEATENHHOCTH OTIEIbHBIX
MoIpa3AeNeHI TPEANPUATHS, PUPM, TO aBTOPHI
[10], kak u psin OApyrux CHeualvucTOB, HE pac-
KPBIBAIOT, KaK IPOBECTH pPacyeT MPUOBUIA OT-
JIENBHBIX TIONpa3feNieHu W ClIeNaTh ero HicH-
TUYHBIM C COOTBETCTBYIOIIMMHU TIOKA3aTEIISIMHU
JUTSI BCero CyOheKTa MpeANPUHUMATEIbCTBA.

Haubonee moctoBepHOii SBISIETCS MO/IENb, Xa-
paKTepu3yIoIas BKJIAA KaKJIOro MPOoeKTa B 00-
LIYI0 BEJIMYMHY JTOJITOCPOYHON U KPATKOCPOUHOM
MPHUOBLTN C YI€TOM 3aTpPaT, PUCKOB B CTpaTeTuyie-
ckux renert kommanuu [11, 12]. IlomoOHas mo-
JIeJIb YCIEIHO NpUMEHEHA B KoMnaHusax BMW u
Boing. Jlns ucnonb3oBaHus B HAIIUX MEJAX Ta-
KHX MOJEINEH cielyeT MPOBECTH 3HAYUTEIhHBIE
WCCIIEIOBAHNSI.

BaxxHBIM KOMIIOHEHTOM SIBJISIETCSI OIpeene-
HUE HEOOXOIUMBIX IIOKa3aTele B JHHAMUKE.
Jist TpOrHO3UPOBaHUS MOTYT OBITH HCIOJB30-
BaHBI PACIPOCTPAHEHHBIN METOJ MPOTHO3UPOBA-
Hus Forsite. [log HUM TOHUMAIOT «IIPOLIECC aK-
TUBHOTO MO3HAHUS OYyyIETO ¥ CO3JaHNEe BUJIE-
HUSl CPEIHECPOYHON M JOJITOCPOYHOM Mepcrek-
THBBI, HAIICJICHHON Ha MPUHATHE aKTyaJIbHBIX pe-
MICHUH 1 MOOHMITU3AINI0 00BETMHEHHBIX YCHITHID
[13]. NmeroTcst cOOTBETCTBYIOIMIKE Pa3pabOTKH,
MPEJOCTABISIONINE HEOOXOAUMYIO CTaTHCTUYC-
ckyto nHpopMmaruio, ee aHanmus [14], [15] u ap.
Ha Takoit ocHOBE MOKHO POBECTU COOTBETCTBY-
IOIAE TPOTHO3HBIE pacdeThl. OHU MMOMOTYT B
ONpENIECTICHUN aHAM3UPYEMbIX HaMH IOKa3aTe-
neil. OZHUM W3 HaANpaBICHUH B 3apyOesKHON
MIPaKTHKE SBIIIETCS WX OIEHKA C IIOMOIIIBIO OIIpe-
JieJIeHUs] ppIHOYHOU cTouMocTH. Ha Takoil rno3u-
11U, B YaCTHOCTH, cToAT DPpank Y. OBanc u [e-
Buz M. bumon B kaure «O1ieHka KOMIaHUHN TIPH
ciustHAM | nornommennu. Co3anne cTonMocTei
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B 4acTHbIX KoMmmnaHusax» [16]. OHu paccMatpu-
BAIOT BONPOCHI OLIEHKH OM3HECa KOMIIaHUU C yue-
TOM TaK Ha3bIBaeMOM CIpPaBEIJIMBOM PHLIHOUYHOU
CTOMMOCTH OT/AENBbHOr0 OU3HECa M HHBECTHLIUOH-
HOH CTOMMOCTH IJISl CTPAaTerH4ecKoro MOKyIia-
Tena. B kadectBe 000OmIaromiero mokasaTens
npeaiaraeTcss dKOHOMUYecKass MPUOBLTb, KOTO-
pasi pacCUMTHIBAETCS KaK YUCTHIN AEHEXHBIN 10-
tok (Y1) ma wHBecTHIMOHHBIA KamuTan. C
HaIleld TOYKU 3PEHUs, 3TO YACTHBIM MTOKA3aTElb.
N YIII cnoxxHO paccuuTaTh A5 OTAEIBHBIX HOJI-
pazaeneHuil. JlanpHeliee pa3BUTHE Takas MO3U-
1y moyumia B padorax [17], [18].

T. Koymnenn u np. [18] cunraror kak HHTe-
TpajdbHBIA [IOKa3aTeNlb CTOMMOCTh KOMIIAHHUH.
OTO MO CyTH MOJEPHHU3AIMs [0Ka3aTessl peHTa-
0eNbHOCTH, KOTOPBI Ha YPOBHE MMO/APa3IeICHUMA
MIpU pa3HOXapaKTEpPHOM MPOU3BOJICTBE HE BCEra
MOJKET IOJIHOCTBIO 0XapaKTePU30BATh COCTOSIHUE
uX paboThI.

Psin 3apyOekHBIX aBTOPOB paccMaTpUBAIOT
BOIIPOCHI COBEPILICHCTBOBAHUS IIJIAHUPOBAHUS Ha
OCHOBE YJIyUIIIEHHsI CHCTEM YIPaBJICHU Ha IIpe.-
npustuu. M. BapBak [19] BUIuT 3T0 Ha OCHOBE
JIELEHTPAJIN3aLMN YIIPaBJIEHUS Ha MPEeANPUITHH
MyTEeM MPeJOCTaBICHHS OOJbIIEH CaMOCTOATEIb-
HOCTH OTJENIbHBIM 3BEHBSIM CyOBEKTaM Npearpu-
HUMAaTeIbCTBA. AHAJIOTHYHON MO3ULUU TpUIep-
sxkuBaetcs C.A. Kitoc [20]. Hx. Bupyn u M.K. Tu-
BopH [21] ocTaHaBIMBAIOTCS HAa COBEPIICHCTBO-
BaHUU CYIIHOCTU IJIAHUPOBAHMA, KaK Ipoliecca
NOJTOTOBKY Psiia PELIeHUH Ul OCYIIECTBICHUS
NOCIENYIOUINX ASHCTBUH, HANpaBIeHHbIX Ha J0-
CTIDKEHHE IIeJiell TpenrnoYyuTaeMbIMU  Cpej-
cteamu. B [22], [23] mpemiararorcsi CriocoObl
TUTAHUPOBAHUS /17151 HHTEIUIEKTYa IbHbBIX U aHAJIU-
TUYECKUX NPOLEAYP Ha OCHOBE pa3paboTaHHON
MOJIEJH KOMITJIEKCHOTO M CJIOKHOTO TpoIiecca ¢
UCIIOJIb30BaHUEM HH(OPMAILIMOHHBIX TEXHOJO-
TMH M MHTEIUIEKTYaJbHbIX SKCHEPTHBIX CHCTEM
MpH NpUHATUH pemenuii. B padorax [19-23] pac-
CMaTPHBAIOTCS BaKHBIE BOMIPOCHI YIIyUIIIEHHS pa-
0OTHI, B TOM YHCII€ IPOU3BOACTBEHHBIX 3BEHBEB
CyOBEKTOB MpeanpUHUMaTeNsCTBA. B ToXke
BpeMsi, HE COJepXKaTcsi PEeKOMEHAlluH, HalpaB-
JICHHBIE HEMOCPEICTBEHHO HAa PELICHHE Halled
3a/1a4M.

H. baym u JIx. Ban Puenen [24, p. 1351-
1408] paccmaTpuBarOT MOKa3aTeJd OLEHKH d¢-
(DEeKTUBHOCTU KaK C TOYKU 3PEHUS] MAKPOIKOHO-
MUKH CTpPaH, TaK © MUKPOOKOHOMHKH (HPM, KOM-
naHuii. OHM OCHOBBIBAIOTCS HA MOKA3aTeNAX pe-
3yJbTaTUBHOCTH U Mpou3BoauTensHocTH. Ho pe-
3yJIbTaTUBHOCTh — HE YMCJICHHAS BEIMYMHA TIOKa-
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3aTelisl, a CTeNeHb AOCTIKEHUs uein. Yto kaca-
eTcsl IIPOU3BOJUTEIBHOCTH, TO OHAa — BAXKHBIH
AQHAJIUTUYECKUN IOKa3aTeslb, HO HE XapaKTepu-
3yeT B MOJIHOW Mepe KOHEUHbIE Pe3yNbTaThl Aes-
TEJIBHOCTH KaK CyOBEKTOB NpeANpUHUMATEIIb-
CTBA B LIEJIOM, TaK U UX OTHEJIbHBIX I1OApa3iere-
HU. 3apyOeKHbIE aBTOpPHI MPHU PaHKUPOBAHUH
ueneilt GUpMBI OTIAIOT TPOU3BOAUTENBEHOCTH 4-¢
MECTO. DTO CBA3aHO C ABYMsI 0OCTOSATENBCTBAMHU.
Bo-nepBbIX, Ha cerogHs (PaKTUUECKH PACCUUTHI-
BaeTca 3(G(GEKTUBHOCTD KHBOTO, a HE BCEro 00-
LIECTBEHHOI0 TpyAa. Bo-BTOpeIX, mpou3Boau-
TEJIBHOCTh MOXKET YBEJIMUNBATHCA U IIPH BBIILYCKE
ycTapeBlIeld, HO OCBOCHHON MPOAYKIUH, YTO HE
XapakTepu3yeT ee JCHCTBUTEIbHOE MOBBIIICHHUE.
ABTOpHI [25], Kak W O(HUIMATHHBIN JTOKyMEHT
[26] pexomMeHAYIOT HCIOIB30BaTh IOKa3aTelb
MPOU3BOJUTENBHOCTH MPH MEHBIIIEM KOJIMYECTBE
pecypcoB. [lomo6HO# mo3uIMy MPUAEPKUBAIOTCS
TaKke aBTOpHI [27].

Mapman B. Meiiep B kaure «Ouenka sgdek-
TUBHOCTH Ou3Heca» [28] mpeanaraer moxka3aTelb
MPOLIECCHO-OPUEHTHPOBAHHOTO aHAIM3a PEHTa-
oenpHOCTH. [lo ero muenuio, ABPA mo3Bossier
n3MepuTh 3P PeKTHBHOCTH pabOTHI IO BCEM YPOB-
HSIM OpraHu3alud OT KOMIIAHHM B LIEJIOM JI0 €€
noJpaseNeHnii OU3HEC-TPOIIECCOB U OTAEIBHBIX
BUJIOB IPOJYKTOB.

Ho onsATe Bce cBOIUTCSA K [TOKA3aTENIO PEHTa-
oempHOCTH. Hambombiiee pacmpocTpaHeHHne Mo-
JTy4uiia B 3apyOeKHOU MpaKTUKE pa3padoTaHHAs
B Kammanom Po6eprom C. 1 Hopronom JleBunom
I1. cOanaHcupoBaHHasA cucTeMa IoKasaTenei 3¢-
¢dexruBHocTr opranmuzanuu (CIIIT) [29]. Ona oc-
HOBaHAa Ha TPUYUHHO-CIEJCTBEHHBIX CBS3SX
MEXIY CTPAaTErM4eCKUMH LEJSIMH, KOTOPBIE OT-
pakaroT UX mapaMeTpsl ¥ (pakTopsl, CIocoOCTBY-
IOIIHE JOCTHKECHUIO TUIAHUPYEMBIX PE3YJIbTaTOB.
C 5TO# LeNBIO UCTIONB3YIOTCS YETHIPE MOKA3aTEes
— (huHaHCOBas cOCTaBIISIONIAs], BHYTPEHHUE OU3-
HEC-TIPOIIECCHI, 00YUCHUE U PA3BUTHE MIEPCOHAIIA.
Kamnan p.C. u Hopron /I.Il. aprymentupyior,
KaK HCIOJb30BaTh 3TH IIOKAa3aTelIH, YTOOb! pH-
BECTH B COOTBETCTBHUE IEIH KX/I0T0 pabOTHHUKA,
OW3HeC-eJUHUI] M BCETO TPEATPHATHUS, KK BbI-
SIBUTH HOBBIE IIPOLIECCHI 1 MHULIUATHUBBI, KOTOPBIE
BEAYT K YAOBJIECTBOPEHUIO KIIMEHTOB U aKLIMOHE-
pPOB M, COOTBETCTBEHHO, CIIOCOOCTBYIOT paboTe
Ha TOTpeOHTENs, YTO SBIAETCS BaKHEHIIUM
YCIIOBHEM PBIHKA.

[Toatomy CCII TOTOXHUTENHEHO OIICHUBACTCS
HENBIM PSIZIOM aBTOPUTETHBIX 3apyOeKHBIX CIie-
UAIMCTOB W KoMMaHui, Hanpumep, [30], [31],

[32].
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B Toxe Bpems, OTMEUAlOTCS W HEAOCTaTKU
CCIL. Psipg 3apy0esxHBIX aBTOPOB OTMEUAIOT UPE3-
MepHOe 0000IIeHHe IoKazaTeliel CHCTEMBI, a
Tak)Ke TPYJHOCTH IPH ONPEACICHUH Pa3InIHBIX
crparernii  opramm3aruii  [33]. Ilo MHeHHIO
Jx. Xab6a getsipe cocraBmomux CCII mHe
BKIIFOUCHBI TICPCIICKTUBBI MEK(PUPMEHHOTO B3aH-
MOJICHCTBUSL M OOECICUEHUS] MX YCTOWYHMBOCTH
[34]. C name#t TO9YKHM 3peHUs, OCHOBHOM HEAOCTa-
toK CCII cocTtout B 0TCYyTCTBHH 00OOIIAIOIIETO
noKasarens OUeHKH 3QPEeKTUBHOCTH AEATENHHO-
cTd (GUPMBI B TIETIOM | e¢ ToapasaencHuit. [Ipen-
JIO’KEHHBIE YEeTHIPE COCTABISIONINX OOJBIIE MOA-
XOIIAT K CUCTEME CTUMYJIUPOBAHHUS OTIEIBHBIX
MOJpa3ACiCHU W KOHKPETHBIX HUCIIOIHHUTEICH,
YTO CyXaeT npakTudeckoe ncroiszoBanue CCIL.

[IpuBeneHHBIN1 aHAIN3 CBUIETEIBCTBYET O
HEOOXOIUMOCTH JANbHEHIIero pa3BUTHs JaH-
HOTO HaIpaBIICHMUS.

I. METO/IbI UCCJIEOBAHHUS

Hcnonb3oBanbl Teopus v MeTOIbI 3(H(HEeKTHB-
HOCTH OOIIECTBEHHOTO MPOU3BOICTBA, CHCTEM-
HOTO aHaJIM3a, PAaCXO/I0B U BHITOJ, CPABHEHHSI.

I1. PE3VJIbTATBI HCCJIEJOBAHMS B UX
OBCYKJIEHUE

Paznauiy Mexry mokazarensiMu AeSITeIbHOCTH
NPENNpPUATHAS B ILEJIOM M €ro IOApa3aeieHUi
MOJKHO YCTPaHHTh IyTeM IIEpeBOa IIEXOBOU ce-
0EeCTOMMOCTH C y4eTOM IIeXOBBIX, aIMHHHCTpPA-
TUBHBIX U JPYTUX YCJIOBHO-TIOCTOSIHHBIX PacXo-
JIOB B YCJIOBHBIC IICHBI HAa OCHOBE J00aBJICHUS
MPOIEHTa peHTa0EIHHOCTH, CPEAHEMY TIO TIPEJ-
MPHUATHIO0. DTO TIO3BOJUT BHITIOIHHUTH X OLIEHKY
Ha OCHOBE, B YaCTHOCTH, 000OIIAIONIEr0 ITOKa3a-
Tess paboThl — 00beMa POJIaX U BRIPYUYKH OT Pe-
aNHM3aIiH MTPOIYKIIHH.

CymiecTByeT HECKOJIBKO BapHaHTOB IOH00-
HBIX PACYETOB B 3aBUCUMOCTHU OT TOTO, HE TIOJ|Ie-
JKaT JI 1eTajb, y3€J CYIIeCTBeHHON NallbHEeUIIEeH
00paboTKe, MEHsSEeTCsS MPH 3TOM KadecTBO dJie-
MEHTOB KOHCTPYKIIUH, MEHSETCS 00bEM UX H3JIe-
sus u Ap. Haubosee mpocToli BapuaHT MMEET Me-
CTO, Koraa 006paboTKa JeTaly, y3i1a MPakKTHIECKH
3aBEpIIICHA B JAHHOM IO/IPa3/Ie/ICHUH U OHU ITPO-
JIAIOTCSl Ha CTOPOHY. B 3TOM ciiyyae BHyTpu3a-
BOJICKME pe3yJbTaThl PACCUMTHIBAIOTCS, Kak
4acTh 00beMa, KOTOPBIH MpeHa3HAYCH JITsl KOM-
IUIGKTOBAaHUSA  OOINE3aBOJACKOM  MPOIYKIIMH,
YMHOXCHHBIN Ha UHHIIY yCIOBHOW IIEHBI BBI-
MMycKa JJAHHOTO 3JIEMEHTa KOHCTPYKITHH.

Jns Toit wact 06beMa, KOTOPOU TIpoAacTCs
Ha CTOPOHY, 00BEM peayiu3allii OMPEICIIIeTCS
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KaK MPOM3BeACHUE BETMUNHBI IPOJAXK Ha OTITYCK-
HYIO LieHy eAuHulbl ToBapa. Ilocnennsas mMoxer
KOJIe0aThCsl B 3aBHCHMOCTH OT 0OBEMOB IIPOU3-
BOJICTBA, B TOM YHCJIe, C y4eToM K03 duuenta
3JIACTUYHOCTH TOBapa.

Takoil xapakTep pacueToB IMpHUEMJIEM, €CIIU
MPAKTUYECKN HE YCOBEPILIEHCTBYETCS] KOHCTPYK-
LU ¥ TEXHOJIOTHSI IPOU3BOACTBA COOTBETCTBYIO-
LIEro 3JIEMEHTa TOBapa, WiIM TAaKUe H3MEHEHUS
HE3HAuUTEeIbHbIE M HE TPEOYIOT CYIIECTBEHHBIX
3arpart. [IpuBenem npumepsl.

Ha xappkoBckoM UAT «XOM3-IPEK» BHI-
MYCKAIOTCSl ACHHXPOHHBIE MOTPY>KHBIE 3JIEKTPO-
nBuratenu ais 1o0bran Hetu. C TOMOIIBIO PO-
BEJICHUsI ONTUMAaJIBHBIX pacyeToB Ha OBM koH-
CTPYKTOPY YAAJOCh YMEHBLIUTH BEC ILUIACTHHBI
poropa Ha 1 rpamm. [TockonbKy ro0BOM 00beM
coctapnseT 1,2 MIH. IITYK, 3TO Jaj0 BO3MOX-
HOCTb ITOJIYYUTh 3KOHOMHUIO 120 TOHH 10pOrocro-
SIIEN ANEeKTpoTeXHUUecKor cranu. [Ipu ee neHe
3a OJHY TOHHY 12 TbIC. YKPaWHCKHUX TPHUBEHb,
skoHOMUS cocTaBwia 1 muH. 440 TeIC. rpH. Ty
BEIMYMHY MOKHO IIOJIHOCTBIO OTHECTH Ha pe-
3yJbTaThl pOOOTHI IIeXa U MPEANPHUITHS B 1IETIOM,
MOCKOJIBKY Ha TaKyl0 CyMMY yMEHbIIaeTcs cebe-
CTOMMOCTh 3aBOACKON mpoxaykuuu. Ilpu Heus-
MEHHOU IIeHe Ha KOHEYHYIO MPOAYKLHIO Tpej-
MPUATHSA Ha TaKyl0 CyMMY, COOTBETCTBEHHO YBe-
JMYUTCS BENUYMHA NPUOBUTH B LIEXE B YCIOBHBIX
LEHaxX ¥ NPUOBLIN NPENNPUATHS B PEAJIbHBIX Lie-
Hax. [loBbIlIeHNEe ceOECTOMMOCTH MIPH AabHEH-
IIMX OIepauusix He OyneT uMeTh MecTa, IO-
CKOJIBKY TPYJOEMKOCTh ONEpalu 3a4UCTKHU 3a-
YCEHEIl M TaJibBaHOOOpabOTKe ocTaHeTCs 0e3 n3-
MEHEHUM.

Tpynozatparsel nHxeHepa Ha OBM, oTHeceH-
HbIE Ha 001 00bEM BBIITyCKa IUIACTHH, COCTaB-
JIIOT THICSIYHBIE JTOJIM OJHOM TPUBHBI, MIOATOMY
MOTYT OBITh HE IPUHSTHI BO BHIMaHHE.

ITonoGuble pacyeTsl OyAyT UMETh MECTO JUIS
KOMIUIEKTa pa3HOOOpa3HbIX JeTaliell B Lexe, hx
KOMIUIEKTa Ha y3e7l.

Ecnu ymeHbIIeHHE TPYIOEMKOCTH 3JIEMEHTa
KOHCTPYKIIMK OoJiee 3HAYUTENHbHO, 3TO OKa3bl-
BaeT BIIMSHUE HAa SKOHOMHIO YAEITBbHON 3apaloT-
HOM IJIaThl C HAYMCIICHUSMH M Ha CHHKECHHUE Be-
JIMYMHBI YCIOBHO-TTOCTOSIHHBIX PACXOJI0B, T.€. pe-
3yNbTaThl COOTBETCTBYIOIINX HW3MEHEHHWH OKa-
JKyTCsI OOJIbIIIE.

MoryT UMeTh MECTO CITydaH, KOTJla MEHSAETCS
TEXHOJIOTHS M KOHCTPYKITHS, KaK JAHHOTO €€ dJIe-
MEHTa, TaK U APYTUX COCTABIISIONIUX MPH JIANTb-
Heimel obpabotke neraneld. Ilpu stom moryt
MMETHh MECTO CITy4daH, KOT/1a yIy4IIaeTcs BBIITOJ-
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HEHHE CIIeYIONNX onepanuii. B aToM ciaydae Oy-
IyT UMETh MECTO JOIOJIHUTEIbHBIE BBITOABI, KO-
TOpBIE PACCMOTPEHBI BBIILIE.

WX MOXHO OTHECTH Ha PE3yNabTaThl PabOTHI
TaKUX IIEXO0B. A C IIOMOIIBIO IIEPEBOAA CHUKECHUS
ce0eCTOMMOCTH B YCJIOBHBIE LICHBI, PacCUUTATh
yBeIUYeHHE PUOBLTH PaOOTHI LIEXOB U IPEATIPH-
ATUS B 1Ie7IOM. MOXET CIYYUTBHCS U MMPOTHBOIIO-
JIOXKHAas KapTHHA, KOTOPas B pe3yJbTaTe BHEIpE-
HUs JeTalnd C MEHBIIMMH pa3MepamMu HoTpedy-
IOTCSl KOHCTPYKTUBHBIE U TEXHOJIOTHUECKUE W3-
MEHEHUS IPYTUX IEMEHTOB KOHCTPYKLHH.

B sToM ciydae MoxxeT notpeboBaThes paspa-
00TKa HOBBIX TEXHOJIOTHYECKUX MpHCHOco0IIe-
HU, YTO MOXKET MPHUBECTH U K OTPHLATEIHHOMN
BenmmuuHe 3ddekra. IhdexT momoOHBIX Mepo-
NPUATHH PacCYUTHIBACTCS Ha OCHOBE HCIOJB30-
BaHUWA U3BCCTHOI'O MPpUHIIUIIA «BBIT'OABI-3aTpPaThb»
U TIOKa3aTesei, IUPOKO UCIONb3YeMbIX B OTeUe-
CTBEHHON M MHUPOBO# mpakTuke [35]. Onu OyayT
XapaKkTepHHI U B ClIydyae, KOT/1a U3MEHsIETCS Kaue-
CTBO 3JIEMEHTOB KOHCTPYKLIHH.

[Ipeapiaymue pacxoabl BBINOJIHSUIMCH TIPH
HEM3MEHHOCTH KaueCTBEHHBIX MOKa3aTesen aera-
JIel, y3710B. B ciydae NoBbILIEHUS Ka4eCTBa pslia
3JIEMEHTOB — 3TO MOKET M HE OKa3bIBaTh BIIUS-
HUs Ha oOmiee kauecTBO m3aenus. Hanpumep, B
cBoe BpeMsi Ha JIMMenKkoM MeTarypruieckom
KOMOWMHATE TI0 3apyOe)KHOW TEXHOJOTHH YBEJH-
YHJIM I0JITOBEYHOCTh Ky30Ba JIETKOBOI'O aBTOMO-
ouns. B Toxxe BpeMst KOHCTPYKIMHU psiia IPyTux
COCTABJISIFOIINX 3TOTO M3MENHUS OCTAINChH 0e3 u3-
MEHEHUH, YTO HEe MPHUBEJIO K YBEIMYESHHUIO JAOJITO-
BEYHOCTH aBTOMOOWIIS B 11eJIOM. TO €CTh 3aTpatsl
OKa3aIMCh M3MUIIHUM. J[pyroil ciywaii, koraa
MIOKAa3aTeNy KauecTBa OTAEIbHBIX COCTABIISIOIINX
KOHCTPYKIMH NPEUMYILECTBEHHO MPOU3BOISATCS
B OTHOM WJIM I'PYIIIC HEXO0B U BJIUAIOT HA O6H_[I/Ie
MOKa3aTeNnd KOHEYHOIOo TOBapa MNPEINPHUSITHS.
ITpu 5ToM 3¢pPpekT HaxoAUTHCS HA OCHOBE M3BECT-
HBIX METOAOB, KOTOPLIC YUUTHIBAIOT U3MCHCHUA
KOHKPETHBIX nokaszaTejiell KauecTBa U MX BIIHS-
HHUE Ha JajbHEHIINE SKCIUTyaTallMOHHbIE Xapak-
TEPUCTHKH TOBApOB C ydeToM jonu 3ddekra,
CBSI3aHHOW C pe3ysibTaTaMU JIeSITEIbHOCTH KOH-
KPETHOTO MOApa3/ieieHus. 31ech YCIOBHAs LIeHa
paccUUTHIBaETCS C YY€TOM M3MEHEHHS MOTpedu-
TEJIbCKUX CBOWCTB TOBapa.

[Ipensiaymue cnydan UMeIH MECTO, KOTJa He
MeHsieTcsi 00beM BBITYCKAa M, COOTBETCTBEHHO
MPOJIaYKH TOBAPOB.

B psane ciyuaeB OyyT HMETh MECTO U3MEHE-
HHUE TaKUX BeJIH4YUH. Pasmep yBennuenns oobrema
paccUHTHIBaETCS Ha OCHOBE MOTPEOHOCTEH PHIHKA
B pe3ysibTare NpPOBEJCHHS COOTBETCTBYIOIINX
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MapKEeTUHIOBBIX HcchegoBanui. Jlyummid pe-
3ynbTaT OydeT WMETh MECTO, KOTJa OJHOBpE-
MEHHO yBEIMIHBAETCS 00BEM MPOJIaXK TOBAPOB U
CHIDKAETCsl X ce0ECTOUMOCTbD.

Torma yBenmmuenmne npudsun APr paccumuThI-
BaeTCs 3a CUEeT ABYX cocTaBisomux. [IpuBenem
NpUMep: COrIacHO 6a30BOT0 BapHaHTa B LIEXE BbI-
myckasoch 10 Thic. koMIiekToB netaneit N1 00-
meit cedectonMocThio 10 ThIC. TpH. — C1. B pe-
3yJIbTaTe MPOBEJECHHBIX MEPOIIPHUITHN ceOeCcTOm-
MOCTh CHHM3HJIAch 10 8 ThIC. TpH — C», a 00BEM
MIPOM3BOJICTBA BEIPOC 70 12 THIC. KOMIIEKTOB Ha
rox — Nz. 3aBonckasi peHTaOETBLHOCTDh H3IIEIHI
10% — Hp.

Benuurna npuObUTH paccCUUTHIBAETCS 10 (op-
MyJie:

Pr=C-N-Hp (1)

[Tpu aToMm amnst 6a30BOTO BapHaHTa

Pr, =10°*10%* 1%00 =10mnn.cpH
= [103 +(103 -8 )J*123 *1%00 =14,4 man.cpu

[MpupocT nmpuObLUIH O CpaBHEHHUIO ¢ 6a30BBIM
BapuaHTOM APr cocrasiser:

APr = Pr,— Pr, =14,4*10° —~10%10° = 4,4 . 2pn

Crnenyer OTMETHTh, YTO IPH HBIHELTHEM 3KO-
HOMMYECKOM COCTOSIHMM B YKpaWHE B IMPOMBIIII-
JIEHHOCTH, B T.4. B MalIMHOCTPOEHHUH, KaK U B
pazae npyrux crpan CHI', umeeTcs 3HAUNTEIBHBINA
pe3epB  HCIOJIb30BaHMS  IPOM3BOACTBEHHBIX
MOIIIHOCTEH.

[TosTOoMy yBenuueHHe 00 bEMa TOBAPOB MOKET
OBITH TOCTUTHYTO 0€3 IOTIOJTHUTENbHBIX KaluTa-
JIOBJIO’KEHUN.

B npaktuueckoil AeSTeNbHOCTH JJIsl IPOBEJIE-
HUSl aHaJIM3a M NPHUHATHM PELICHUI MOMOTraeT
HarJIsJHOE MPEACTaBICHNE CYIIECTBYIOIIETO T0-
JIOKEHUS J1e.

st 3amaun, KoTopasi pacCMaTpUBAETCs HAMU,
COOTBETCTBYIOIIIEE HMEIOIIEECS IMPENCTaBICHNE
MOTYT MIPEIOCTaBUTh TpadUKN TEXHOIOTUIECKON
ce0ECTOMMOCTH U TOYKH 0€3yOBITOUHOCTH, KOTO-
pBI€ IIUPOKO UMEIOTCS B CYLLIECTBYIOLIEH JIUTEPA-
Type.

OHaKo B KIIAaCCUYECKOM BHJIE TPAPUK TOUKH
0e3yOBITOYHOCTH paccMaTpuBaeT OJWH BapUaHT
JIEATENBHOCTH.
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W He uMeeTcs HUKAKMUX Iperpaj, Mo HalleMy
MHEHHUIO, PacCMOTPETh C IMOMOIIBIO 3TOr0 HH-
CTpyMEHTa HEeCKOJIbKO BapraHTOB. [TonoOHEIe 3a-
BUCHUMOCTH JUIsl IBYX BapUAHTOB BBIPAOOTKHU Lie-
XOBOM MPOAYKIMHU NIPUBEJEHBI Ha puc. 1.

I'me T,,, T,; — COOTBETCTBEHHO, TOUKH 0€3-

yosrrouHoctu ans I-ro u Il-ro BapuanToB; Bj,
B — 3aTparsl Ha usrorosienus I-ro u II-ro Bapu-
AHTOB M3TOTOBJICHUA U3IENHN; Py, P, — AOXOIBI

OT MMPOJAX IO BapvaHTaM.

P.B
A
P:
Pu
, Bn
1
1
B
Ccl ’,"/ !
Ccz i :
i |
! 1
| |
I 1
0 y > N

Thr Ton

Puc. 1. Onpenesienne Touku 6e3y0LITOUHOCTH
IS IBYX BAPHAHTOB mpouecca.’

IIpumep. HcxonHele nOaHHbBIE [JIs1 pacyeTa
TOYKH 0€3yOBITOYHOCTH MTPUBEIEHBI B Ta0. 1.

Ta6numa 12
HcXo/Hble aHHBIE [UIS pacueTa TOUKU Oes3-
yOBITOYHOCTH 10 BApHAHTAM®,

[Tokazarenu 3HaueHue

BapH- | BapuaHT
anT 1 2

Jloxobl OT MpoIaK 12500 12000

(Pr), ThIC. y.€.

llena 3a equHUILY TO- 6,25 4

Bapa (P1), TBIC. y.€.

VYcnoBHo-nocrosiHubie | 3280 3990

satpatsl (Ce),

THIC. V..

[TepemenHbIe 3a- 6500 6930

tpathl, (V)ThIC. y.€.

O0beM mpou3BoACTBa | 2 MITH 3 MIH

(N), e

Jng  npoBeneHus JlaJbHEUIIMX pPacyeToOB
ONPEAENEHUS  YHECIBHBIX  IIEPEMEHHBIX U
YCJIOBHO-TIOCTOSIHHBIX 3aTpaT IO BapUaHTaM:

Cq=C,IN; V,=VIN .
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COOTBETCTBEHHO
C., =3280*10%/2*10° =1,64 y.e.
C., =3990*10% /3*10° =1,33 y.e
Vy, = 6500¢10° / 2¥10° =3,25y.¢
Vy,, =6930%10° / 3<10° = 2.31y.e

Ha sto0ii ocHOBe ompezensieM TOUKYy 0e3yObI-
TOYHOCTH U TOXOJI B HUX.

Ty =C.y, | B—V, =3280%10°/6,25-3,25=
—10999333uwm
Py, = B, *T,; = 6,25%10999333 = 6833331y.c.
T,y =3590*10° / 4—2.31 = 2360947 wum
Py, =9443788y.c

[Tono0OHbIE 3aBHCHMOCTH IPUBEJICHBI Ha
puc.2. I'me Bi, By — COOTBETCTBEHHO 3aTpaThl 1O
M3TOTOBJICHUIO M3/ICIHI TI0 TIEPBOMY W BTOPOMY
BapuantaMm, f(N)— ¢GyHKIMS BBIpYyYKH OT mpo-

Jax M ce0ecTOMMOCTU IO BapuaHTaM o0beMma
MIPOM3BOCTBA.

54 B,=f(N)
B (N ) % Bp (Nl)
P 2
= C(Ny)
0 N, No N5 N N

Puc. 2. Onpeaenenue To4KU 6€3y0ObITOYHOCTH
IS IBYX BAPHAHTOB NPOEKTOB. *

Kak cnenyer u3 puc.2, npu MeHblIeH IeHE
MPOJAX 110 BapuaHTtam, 3h(heKT JocTuraercs yBe-
JTMYeHHEM 00beMa MPOJIaXx, HO MPH ITOM Y U3ro-
TOBUTEJIEN OCTAETCs MEHBILE BO3MOXHOCTEN ISl
MaHEBPHUPOBaHHSA, MO0 TOUKa 0e3yOBITOUHOCTH
CMeIIaeTcs BIPaBO, COOTBETCTBEHHO YBEINYHBa-
ercst KOd(pPHUIMEHT HCIOIB30BAHUS MPOU3BOJI-
CTBEHHON MOIIHOCTH Kjpc, KOTOPBIA pacCUNThIBA-
ercs 1o GopmyIie:

Ko =C. /1 P-V

(2)

COOTBETCTBEHHO

Ko =3280*10% /(12500 —6500)*10° = 0,55
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Koo =3990*10% /(12000 6530)*10° = 0,97

I[Tpu 5TOM 001K JOXOA PH TIOTHOM HCTIONb-
30BaHMM MPOU3BOJCTBEHHBIX MOIIHOCTEH CO-
CTaBJISCT JIs1 IEPBOIO BapHaHTa 12 MIH. y.e. 1o
CPaBHCHHUIO C TPEABLAYIIMM 3HaueHueM — 12,5
MIH y.e. Takas kapThHa BBI3BaHa CIEXYIOIIIM
00CTOSTENLCTBOM: 3JIEMEHTHl KOHCTPYKLHUH, KO-
TOpBIE MPOM3BOIATCA HA JAHHOM IPEIIPUSITHH,
PacCUYUTHIBAIOTCS TI0 YCIOBHOW LIEHE HAa OCHOBE
3aBOJICKOTO ypoBHA peHTabeimpHOCTH 10 %. A B
IEpBOM cClly4ae JeTajb npuodperanach o J0ro-
BOpHOH IIeHe ¢ peHTtadenbHOCThIO 21,76 %. To
€CTb JUIs PaBHBIX yCIOBUI cpaBHeHus L1 qomkHa
ObITh (1,64+3,25)*1,1=5,38 y.e. Torma Ty paBHS-
ercs 1615738 mir., T.e. OHA cCMelleHa BIPaBo U
JOXOZ B TOUYKe O€3yOBITOUHOCTH COCTaBIISET
5,38*1615738=8692808 y.c. To ecTpb yBenuuuBa-
€TCsl 110 CPaBHEHUIO C HPEABIIYLIHNM PacdeToM,
HO 3TO MOTpeOyeT yBeludeHUs o0beMa Mpou3-
BOJICTBA.

Opnnrako mogoOHBIE CPaBHEHUS MOTYT B OOJIb-
HIMHCTBE CIIy4aeB PacCMaTpUBATHCS TOJBKO Kak
BO3MOXHOCTb, TIOCKOJIbKY KOHKPETHOE MpeNIpu-
ATHE B HE3HAUNUTEIILHON CTEIIEHU OKa3bIBACT BIIU-
SHUEC Ha M3MCHCHUC NOT'OBOPHBIX IEH U HUX 3JIC-
MEHTOB, KOTOPbIE IPUOOPETAIOTCS HA CTOPOHE.

B o9T0i1 cBs13U crietyeT NpUAECPKUBATHCS COOT-
HOLICHUSI C YYETOM BO3MOXHOCTEH COOCTBEH-
HOT'O TIPOU3BO/ICTBA:

C<P*K, *K,

3)

rae C — ce0ecTOMMOCTh TIPOAYKIIMHU TIPH COO-
CTBEHHOM IPOU3BOJICTBE, IPH/IIT; P — 1ieHa enu-
HUIBI TOBapa IIPU €ro 3aKyIlKe CO CTOPOHHEI,
rpH/ef., Ky — KO3(Q@UIHMEHT TPaHCIIOPTHO-3ar0-
TOBUTEJIBHBIX PACXO0OB IIPU MOKYIIKE TOBAPA; OT-
HOCHUTEIIbHBIE ¢TMHUIIBI (0.€); Ky — KaYeCTBEHHBIC
napaMeTpbl U3JIENUS TPU €ro MPHOOPETESHUH CO
CTOPOHBI Ki 1 COOCTBEHHOI'O MPOM3BOJCTBA Kow,
T.C.

(4)

Ky =Koy | K,

Ilonaraem, 4To BEeNMMYMHA IIEHBI M3ICIUS H3-
MEHSIETCSl TPOIMOPLMOHATBHO HW3MEHEHHS Kaue-
CTBa TOBapa.

Ha ocHoBe Mertona To4kuM 0e3yOBITOYHOCTH
MOYKHO YCTaHOBHTb, KaK HM3MEHSETCA €€ Bellu-
YMHA NPU W3MEHEHUH DA3IMYHBIX COCTaBIISIO-
nux. Hanmpumep, npu yBenMueHUU LEHBI TOBapa
YBCIMYHUBACTCA BEJIMYMHA BBIPYYKH OT IMPOJAXK
TOBapOB M TOYKa 0e3yOBITOYHOCTH CMELIAeTCs
BJIEBO (CM. pHC. 3) M HA0OOPOT.
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[Ipu yBenuuenun obobeMa mpojax Th cMmerna-
eTcsl BIIpaBO M Ha000poT. [logo0HbIE 3aBHCHMO-
CTH MO>XHO TOCTPOUTH NPH TOBBIIICHUN Kaue-
CTBa TOBapa U CBSI3aHHOMW C 3TUM U3MCHEHUEM Be-
JTUYUHBI 3aTpaT U 00BEMOB TPOAaXK. DTO JacT
BO3MOYKHOCTH OIpeaeTuTh 3(PGHEeKTHBHOCTH II0-
BBIIICHUS TIOTPEOUTEILCKUX CBOHCTB TOBapa.

Ha puc.3 mpuBeaeHO HECKONBKO 3aBUCHMOCTEH
(GYHKIIIH TPUOBUTA OT BENWYMHBI PeaTU3aIiuf
obbema npoiax B, = f (N)u 3aTpat Ha U3rOTOB-

nenne n3gemnst C = f(N).

4

P C1 = f(N

(051

e

C2=f(N)

Ce

»
»

Ny N

Puc. 3. Onpenenenne TOYKH 6€3y0bITOYHOCTH JIsI
JBYX BAPHAHTORB MPOEKTOB.

B touke Ni mmeer mecto BenmunHa o0beMa
IPOZ@X, KOTOPasi OTPAXKAET HAMIIYUIIee HCIOIb-
30BaHHE CYIIECTBYIOIIMX PECYPCOB IIPEIIPHSI-
Tist. EMy COOTBETCTBYeT 00BEM MPOJIaK B YCIOB-
HBIX CJMHULAX [PH LECHE CIWHHIBI TOBapa Pi.
[puObLIb OT MPOAAX Pri COOTBETCTBYET Pa3HO-
ctu B,(N;) — C(N;). C yenuueHueM HeHsl To-

Bapa Tpa@uku o0beMa Mpojax OyayT HMETh
OONBIIMI yrojl HAKJIOHA, YeM B MPEIBLIYIIEM
cllydae M TOYKa HaKJIOHa 0e3yOBITOYHOCTH CMe-
maercs BieBo. i1 penienus TaHHOU 3a/1a4u Clie-
JIyeT MOCTPOUTHh rpaduk o0beMa NpOoJaK MpHU
nmeHe P, W MOTOM  HaWTH  OpJHMHATY
Pr,=B,f(N,;) — Cf (N,) narpaduke ona coot-

BETCTBYET BBIITyCKY 0O0bema Na.

Ecnu peanbHBIli cpoc Ha TOBAap yMEHbIa-
ercs, Harpumep, N2 '< Nz, TO yMEHbIIAETCA U IIPU-
OBLITb.

Ee BenmurHy MOXXHO ONIPEIETUTD C IIOMOIIBIO
rpaduka Ha puc. 3, ¥ HA00OPOT, NMPH PEATHLHOM
yBennyeHnu crpoca Nz ’< N2 yBeaIuuuTCs U Ipu-
ObUTb B CPaBHEHHM C WUCXOJHOHW TMO3MIKEH, 4TO
TOXE TIOKa3aHOo Ha TpaduKe.

Ha ocHoBe TO4kHM 0e3yOBITOYHOCTH MOXKHO
TaKXe ONpeleNuTh 0e3yObITOUHYIO LIEHY TOBapa
U TpeAeNbHbIE 3HAUYEHUS [EPEMEHHBIX U
YCIIOBHO-TIOCTOSIHHBIX 3aTpar. Bennuwmna mMuHH-
MaJbHOH (0e3yOBITOUHOI) IeHbI Py TIPH TIOTHOM
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HCIIOJIb30BAHNU MPOU3BOACTBCHHBIX MOLLIHOCTeﬁ
HaXOoaUThCA:

sz(Cc+Vl*N)/N (5)
MakcumanbHO JAOITYCTUMBIE IEPEMEHHBIC 3a-

TpaTel IIpU HEM3MEHHOM BEITMIHHE YCJIOBHO-TIO-
CTOAHHBIX 3aTpaT HAXOOATCA KaK:

V,

max

=(R-C)/N (6)

A mpenenpHas BETMYMHA YCIOBHO-TIOCTOSH-
HBIX 3aTpaT IPU HEW3MEHHOH BeJWYMHE Iepe-
MEHHBIX 3aTpaT COCTaBUT

Cemax = (Pl - Vl)/N (M

Paccmotpum emie ogun acnekT. [lpu Beimycke
MPOAYKIHMH, TOJIL3YIOLIEHCS CIPOCOM, 00BEM ee
MpOU3BOACTBA (TPOJAXKHU) MOXKET IPEBHICUTH
IpeIBapUTEIBHO MIPEIYCMOTPEHHOM €r0 IPOEKT-
HOE 3HauCHHE.

B sroM cnyyae yCIOBHO-TIOCTOSHHBIE pac-
X0l MOT'YT IPEBBICUTH MX PALlHOHAJIEHOE 3HAYe-
HHE, MIPEIIoaraéMoe paHee B CBSI3U C HEONTHU-
MaJIbHBIM HCIOJBb30BaHHEM IPOU3BOJCTBEHHBIX
MOIIHOCTEH.

B pesynbpTare MeHSFOTCS TOUKa 0€3yOBITOYHO-
CTH, BEJIMYMHBI d3PeKTa OT peanu3aiurl HOBOB-
BeJieHMi. Takue TeHISHIIMK H300payKEeHBI Ha PHUC.
3.

I'papuk C=f(N) u P=f(N) xapakrepu-
3YIOT BEJIMYMHY CEOECTOMMOCTH H IIEHBI TOBApa B
3aBUCHUMOCTH OT 00beMa MPOU3BOJICTBA B TPaHU-
[aX IPOEKTHBIX 00BEMOB Ad1.

Ipu ero pocre npsimasi C; = f(N) ompene-
JSIeT XapakTep H3MEHEHHS 3aTpar MpH CYIIeCTBY-
IONIMX CPEJCTBAaX TPYyJAa, OpraHU3allui U YIpaB-
JICHUS] TIPOU3BO/ICTBOM.

B nanHOM ciy4ae yCIOBHO-TIOCTOSIHHBIE pac-
XOJIbl YBEIMYHMBAIOTCS 110 CPABHEHUIO C UX IEp-
BOHAYaJIbHOHN BEJIMYMHOMN, a yrojl HaKJIOHa COOT-
BETCTBYIOT NPAMOM — tgar HE HM3MEHAETCA II0-

CKOJIbKY YCJIOBHO TPHUHMMAETCS HEM3MEHHOCTD
BEJIMYMHBI IEPEMEHHBIX 3aTpar.

Ipsimast C, = f(N) XapakrepusyeT H3MeHe-
HUe ce0EeCTOMMOCTH TOBapa NpH BHEAPEHUH -
(pEKTUBHBIX MHHOBAIIUH.

B nanHOM ciydae yCIOBHO-TIOCTOSIHHBIE pac-
XOJIBl U3MCHSIOTCS B MEHBIICH CTEICHH, YeM B
MPEBIIYIIEM CITydae, a YroJl HakJOHa MPSIMOM
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C, = f(N) yMeHbIIaeTcs, MOCKOJIBKY MpaKTUde-

CKH CHIDKAIOTCSI IIEpEeMEHHBIE 3aTpaThl Ha €/u-
HUILY POAYKLIUH. ITO, COOTBETCTBEHHO, BEJIET K
YBEJTUYEHHIO TPUOBLIILHOCTH.

[IpuBeneHHbIC pacdyeTsl BHITOIHINCH C yde-
TOM (haKTOpa BpEMEHH B THHAMKE 32 IEPHOJ HKH3-
HEHHOTO IMKJIa TOBApOB C MOTPaBKaMH Ha PUCK U
UHQISAIHIO.

II1. BAKJIIOYEHUE

Pazpaborannbie pexoMeHIanuu OyAyT cIio-
cOOCTBOBATh JAIbHEHIIIEMY Pa3BUTHIO TCOPUU U
MPAKTUKN OIEHKH DPaOOTHI TPOU3BOJICTBEHHBIX
3BEHBEB MPEIANPHUATHSI U COOTBETCTBEHHO TTOBBI-
meHuI0 3(H(HEKTUBHOCTH MPOMBIIUICHHOTO IPO-
M3BOICTBA.

DTO0 CBsI3aHHO C MPEATIoKeHHeM 00 yCTaHOB-
JIEHUW YCJIOBHBIX PACUETHBIX II€H B MOJpa3ene-
HUSX TPOU3BOJCTBEHHBIX MPEANPUATHIA, QUPM
Ha OCHOBE IIE€XOBOHM CEe0ECTOMMOCTH W CpemHei
PEHTA0EIBHOCTH TMPOU3BOJCTBA IO IPEIIPHSI-
THIO.

Takoll moaxon OaeT BO3MOXHOCTb YCTaHO-
BUTH HJIEHTUYHOCTD OIIEHKH AESITeILHOCTH Tpe-
MPHUATHS B LIEJIOM U €r0 KOHKPETHBIX CTPYKTYP-
HBIX cOCTaBIsONMX. OH OTKPBIBAET ITyTh JJIS Ca-
MOCTOSITEIIFHOTO WX B3aMMOJICHCTBUS C TOTpeOn-
TEJISIMM, 3aWHTEPECOBAHHBIMH B MPHOOPETCHHUU
exoB mpoaykiuu (y3ioB, aeraineit). Mx Bemu-
YUHA MOXKET U3MEHATHCS B 3aBHCUMOCTHU OT yBe-
JIMYCHUS KauyecTBa MPOMYKIIUH, 00bEMa IMPOU3-
BOJICTBA U CIIPOCa MOTPEOUTENCH.

[IpenoxeHpl peKOMEHAAIMU TI0 pacIupe-
HUIO 00JIaCTH MPUMEHEHHS TOUYKH 0€3yOBhITOYHO-
CTH JUTsI HECKOJIbKUX BapUAHTOB MTPOU3BOJICTBECH-
HOTO TIpoLecca.

OHU YYHUTHIBAIOT U3MEHEHHE IIeHBbI, 00BEMOB
MPOJIaXXK TOBAPOB U MX DJIIEMEHTOB P HEOIMHA-
KOBBIX 3HAUEHUSX PA3JIUYHBIX BHJIOB 3aTPaT MPHU
WX TIPOU3BOJICTBE, MEHEE PALIMOHATILHOM HCITOIb-
30BaHUU PECYPCOB MPHU HETIOIHOM MPOAAXKE U3TO-
TOBJICHHOW MPOAYKIIMM U, COOTBETCTBEHHO, He-
JIOCTaTOYHOM WJIM HEONITUMAIILHOM HCTOJIh30Ba-
HUU HMEIOIIUXCS TPOU3BOACTBEHHBIX MOITHO-
CTeH Ha AJIEKTPOTEXHUYCCKUX HPEAIPUATHUIX.

Takoil mOaX0J CIOCOOCTBYET HAXOXKICHHUIO
croco060B NoBEIIIEHUS 3()PEKTHBHOTO HCIIONB30-
BaHUS PECYpPCOB MPEANPHUATHS, CHIXKCHHUS 3aTpaT
Ha WX IIPOU3BOJICTBO, TTOBBIMIEHUS 00HEMOB IIPO-
JTaXK, YBEJIIMYCHHS BHIPYYKH OT HUX C ITOMOIIBIO
YCTaHOBJICHUS BEIMYHMH II€H, PaBHOBBITOIHBIX
KaK MTPOU3BOJIMTEINIO, TAK U MIOTPEOUTEITIO.

JanbHeliniee pa3putre OyneT 3aKIFOYATHCS B
pa3paboTKe COOTBETCTBYIONIMX SKOHOMHKO-Ma-
TEMaTUYECKUX 3aBUCUMOCTEH.
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APPENDIX 1 (TPUJIOKEHHUE 1)

Fig. 1. Break-even point definition for two process
options.

2 3Table 1. Initial data for calculating the breakeven
point for options.

4Fig. 2. Break-even point definition for two project op-
tions.

SFig. 3. Break-even point definition for two project op-
tions.
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