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D®opMHUpPOBaHHE OPTOrOHAJBbHBIX COCTABJISIOIIMNX BXOIHbBIX
CUTHAJIOB B HM(POBBHIX H3MEPUTEIbHBIX OPraHax 3alIUT
¢ KOppeKuHel JMHAMUYEeCKHUX MOTrPelIHOCTel

®@. A. Pomanwok?, 10. B. Pnymuenl), B. 10. PnylH].leBl)

DBeJIOpyCCKHfI HaIlMOHAJBHBIN TeXHUYeckui yHuBepcuteT (MuHck, Pecrryonmka Berapycs)

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

Pedepar. Ludposbie n3MepHUTENbHBIE OPTaHbl B MHKPOIPOLIECCOPHBIX 3allUTaX 3JIEKTPOYCTaHO-
BOK PEaM3yIOTCs B OCHOBHOM C HCIIOJIb30BAHUEM OPTOrOHAJIBHBIX COCTABIISIFOLINX BXOAHBIX CHI-
HasoB. {1 (OpPMHPOBAHUS OPTOrOHAJIBHBIX COCTABJAIOLIMX B MUKPOIPOLIECCOPHBIX 3aIUTAX
HanboJIee MHPOKO MPUMEHSIOTCS U(POBbIe GUILTPEI Dyphbe, NeHCTBHE KOTOPBIX B IIEPEXOIHBIX
peKHUMax BCErja MHEPLUOHHO. BCieACTBHE 3TOr0 MOSBISETCS IUHAMUYECKAs: OTPELIHOCTb, W3-
MEHSIIOLIASCS C TeYCHHEM BPEMEHH M MOJIHOCTHIO MCUE3AOLIAsl IPH HACTYIUICHHU YCTAHOBUBILC-
rocst pexxnma. OHa COCTOUT M3 aMIUIHTYIHOM ¥ (a30BON MOTPEIIHOCTEH, KOTOPBIE MOTYT CyIIe-
CTBEHHO BIIHATH Ha (DYHKIHOHHPOBaHHE MA(POBBIX M3MEPHUTENBHBIX OPraHOB M CO3/IaBaTh yCIO-
BHS JUISL MX M3JMLIHUX CpaOaThiBaHMil [IPM BHELIHMX KOPOTKHMX 3aMbIKAHUAX M 3aMEVICHHUs
cpalaThIBaHHUs TIPH BHYTPEHHHUX KOPOTKHX 3aMBIKAHUSAX. [ KOMIIEHCAMH AHHAMHYECKOM MO-
TPENIHOCTH TPEUIaraeTcs OMpeIeisiTh aMILTUTYAy U (ha3y CHTHalla OCHOBHOM FapMOHHKH IO CITe-
[UanbHO ChOPMUPOBAHHBIM OPTOrOHAIBHBIM COCTABISIOLIMM. Paspaborad MeTon hopMUpOBaHHSI
OPTOrOHAIBHBIX COCTABJIAIOIIMX CHIHAJIA C KOPPEKUMEH AMHAMUYECKUX aMIUIMTYIHOI 1 (ha3oBoil
norperraocTeil. OH OCHOBBIBAETCS HA HCIIOIB30BAHAH OPTOTOHAIBHBIX COCTABIAIOMINX HH(POBO-
ro ¢punbTpa Oypbe ¢ MOCIEAYIOLIMM ONPEACICHHEM [0 HX BHIOOPKAM UTOTOBBIX OPTOrOHAJBHBIX
COCTaBISIIOLIMX, KOTOPHIE COBIAJAIOT C HEPBBIMH B YCTAHOBHBIUEMCS PEKUME U CHBHHYTHI IO
(aze MO OTHOIICHHIO K MOCIECIHHM B TEPEXOIHOM pexuMme. 110 BBIOOpPKaM HTOTOBBIX OPTOTO-
HAIBHBIX COCTaBJSIONIMX B MH()POBOM H3MEPUTEIHHOM OpraHe BBIMHCIIFOTCS aMILTHTYIa U (asa
CHTHAJa ¢ MUHUMAJIBHBIMU JUHAMUYECKHMMHU (Da30BBIMU MOTPELIHOCTAME. B cpele IuHaMHYeCcKo-
ro wmonenupoanus MATLAB-Simulink-SimPowerSystems peanusoBaHa 1udpoBas MO/EIb,
B COCTaB KOTOPO# BXOJUIT SHEPTOCKCTEMa, TpeX(hasHas rpyIna TpaHchOopMaTopoB TOKa, HArpy3Ka,
GJIOK KOPOTKOTO 3aMbIKaHMsI, @ TAKKE MOJEIb UM(POBOr0 H3MEPHTEIBHOIO OpraHa, peain30BaH-
Hasl Ha OCHOBE MTOTOBBIX OPTOrOHAIBHBIX COCTaBistomMX. [IpoBepka GyHKUMOHUPOBAHUS LU~
POBOI MOJIENIH TIPOBOJMIIACKH C UCIIOJIB30BAHUEM [IBYX BHIIOB TECTOBBIX BO3JEHCTBUN — CHHYCOM-
NAaNBHOTO CUTHAA ¢ 4acToToit 50 I, a TakKe CUTHAIA, MPUOIMKEHHOTO K PEalbHOMY BTOPUYHO-
My TOKY TpaHc(opMaropa TOKa MpH KOPOTKOM 3aMbIKaHWH. PacueTsl moKasanu, 9to 1udpoBbie
U3MEPHTENbHBIE OPTaHbl, BHINOIHEHHBIE HA OCHOBE MPEUIOKEHHON METONMKH, TO3BOJWIA CHH-
3UTh OTHOCHTEJIBHBIE JUHAMUYECKUE aMILTUTYIHYIO M (ha30BYIO IOIPEMIHOCTH B TPH-UETHIPE pasa
o CpaBHeHI/I}O C l/I3Mepl/ITeHbeIM OpFaHOM (Dypbe, l_lpPIHﬂTbIM 3a OTAJIOH.

KirroueBble €0Ba: MUKPOIPOIIECCOPHAs 3alIUTa, UU(PPOBON M3MEPHUTENBHBIH OpraH, aaarnTHB-
HBIA MPPOBON M3MEPHUTENBHBIN OpraH, JUHAMUYECKAS AMIUINTYIHAS TOTPENIHOCTD, JUHAMUYE-
cKas (ha3oBas TMOrPEIIHOCTh, OPTOTOHAIBHBIE COCTABISAIOIIUE, HU(PpOBbIE (GUILTPE Dypbe,
Mozenb, TecToBoe Bosaericteue, MATLAB-Simulink
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Formation of Orthogonal Components of Input Signals
in Digital Measuring Protection Elements
with Correction of Dynamic Errors

F. A. Romaniuk?, Yu. V. Rumiantsev?, V. Yu. Rumiantsev’

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Digital measuring elements in microprocessor protections of electrical installations are
implemented mainly with the use of orthogonal components of input signals. To form orthogonal
components in microprocessor protections, digital Fourier filters are most widely used, the action
of which is always inertial in transient modes. As a result, a dynamic error appears, changing over
time and completely disappearing when a steady-state regime occurs. The dynamic error consists
of amplitude and phase errors, which can significantly affect the functioning of digital measuring
elements and create conditions for their excessive triggering during external short circuits and
deceleration of triggering during internal short circuits. Therefore, it is advisable to compensate for
the dynamic error, for which it is proposed to determine the amplitude and phase of the fundamen-
tal harmonic signal by specially formed orthogonal components. The proposed method of forming
orthogonal components of the signal with compensation of dynamic amplitude and phase errors
is based on the use of orthogonal components of the digital Fourier filter, followed by the determi-
nation of their samples of the final orthogonal components that coincide with the orthogonal com-
ponents of Fourier in steady-state mode and shifted in phase relative to the latter in transient mode.
The amplitude and phase of the signal with minimal dynamic phase errors are calculated from
the samples of the final orthogonal components in the digital measuring element. In the dynamic
modeling environment of MATLAB-Simulink-SimPowerSystems, a digital model is implemented,
which includes a power system, a three-phase group of current transformers, a load, a short-circuit
block, as well as a model of a digital measuring element implemented on the basis of the final
orthogonal components. The operation of the digital model was checked using two types of test
effects, viz. a sinusoidal signal with a frequency of 50 Hz, and a signal close to the real secondary
current of a short-circuit current transformer. As a result of the calculations, it was found that
digital measuring elements made on the basis of the proposed methodology made it possible
to reduce the relative dynamic amplitude and phase errors by three to four times, as compared
with the Fourier measuring element taken as a reference.

Keywords: microprocessor protection, digital measuring element, adaptive digital measuring
element, dynamic amplitude error, dynamic phase error, orthogonal components, digital Fourier
filters, model, test influence, MATLAB-Simulink

For citation: Romaniuk F. A., Rumiantsev Yu. V., Rumiantsev V. Yu. (2022) Formation of
Orthogonal Components of Input Signals in Digital Measuring Protection Elements with Correc-
tion of Dynamic Errors. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 65 (4),
289-300. https://doi.org/10.21122/1029-7448-2022-65-4-289-300 (in Russian)

BBenenne

B MUKpOIPOLECCOPHBIX 3allMTaX 3 JIEKTPOYCTAHOBOK LU(PPOBBIE H3MEPH-
tenpHBIE opransl ([[MO) npenmyIecTBeHHO peann3yroTcsl Ha OCHOBE 00paboT-
K OpTOroHaNBHBIX cocTaBiisomux (OC) BxomHplx curaanoB [1]. dius dopmu-
poBanuss OC B CYyHIECTBYIOIIMX 3allUTaX NPUMEHSAIOTCS TJIAaBHBIM 00pa3oM
mudposbie GunbTpel (LID) Ha ocHOBe amckpeTHOro mpeodOpazoBanus Dypbe
(AI1®D), xoTopble SABISAIOTCS WHEPLUHUOHHBIMH 3JIeMeHTaMH. BceieacTBue 3TOro
B MCPEXOAHBIX PCIKUMAX, 06YCJ'IOBHCHHI)IX HN3MCHCHUCM aMIUIUTYAbI UJIU TCKY-
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mei ¢as3pl BXOAHOTO CHI'HANa JHOO OJHOBPEMEHHO YKa3aHHBIX MapaMeTpoB,
B OC mosBigercs AMHAMHUYECKas MOTPELIHOCTh, W3MEHSIOLIA’CS C TEUEHUEM
BpPEMEHH U MCUe3arolasi BOOOIIe PH HACTYIJICHUH YCTAaHOBHUBILETOCS PEXUMA.
OHa cOCTONT M3 TUHAMHYECKUX aMIUTUTYAHOHN 1 (a30BON MOTPENTHOCTEH, KOTO-
pBle MOIyT OKa3blBaTh BiMsHHE Ha noseneHue I[{MO, co3maBas BO3MOXKHOCTh
JUISL U3TUIITHUX CpadaThIBaHUH TPU BHEIITHUX KOPOTKHX 3aMbikanusax (K3) u 3a-
MeIeHus cpabaThIBaHus Ipu BHyTpeHHNX K3.

CHmwKeHHe BIMSAHUS ITUHAMUYECKOHM IMOTPEIIHOCTH Ha (YHKLIHMOHUPOBAHUE
MO MUKPONPOLIECCOPHBIX 3aLIUT MOXET OBITh JOCTHTHYTO ITyTEM BBEICHHS
COOTBETCTBYIOIIETO 3ama3/blBaHusl B cpadaThiBaHUE OpraHa JM0O0 MOCPEICTBOM
KOPPEKLMN YKa3aHHOH IMOIPEIIHOCTH, YTO HpeAcTaBiseTcs 0osiee MpearnouTH-
TCJIbHBIM.

Koppekuuss nuHaMHuecKOW HNOrPELIHOCTH B paccMaTpUBAeMON MOCTaHOBKE
npernonaraeT peaqu3alnio onepannii, 00ecneynBaonINX YMEHbBIICHUE €€ YPOB-
HEl u ObIcTpoe 3aTyXaHue B IEPEXOAHBIX PEKUMAX.

OcHoBHasl YacTh

Jlunamuyeckasi aMIUIMTYIHAs TOTPEIIHOCTh CKa3bIBACTCS, B NEPBYIO Oue-
penb, Ha CKOPOCTH OIPEJICIICHUS] aMIUIUTYABI BBLACISEMOTr0 MU(POBBIM (PHITh-
TPOM KOHTPOJHPYEMOTO CUrHajia. JmHamudeckass (a3oBas MOTPENTHOCTh, pac-
CUHATHIBaeMas Kak pa3HOCTb (a3 BEIXOAHOTO U BXOIHOTO CHUTHAJIOB, CYIIECTBEH-
HO BIMsAET Ha padorocnocoOHOCTh IO, KOHTpONMHPYIOMMX KaK aMIUIUTYY,
Tak 1 a3y curHasa.

B ocnoBe moctpoenus Gopmupoarencit OC ¢ KOppeKIuei TuHaMUYeCKOi
MOTPENIHOCTH JIEKUT UCIIOJIb30BaHUE HEpeKYpCUBHBIX 1D Dypbe, KOTOPHIE BbI-
JEJSI0T KOCUHYCHYIO Xy U CHHYCHYIO Xsn OC OCHOBHOM TapMOHUKH BXOJIHOTO
CUTHAaNa X,, ¥ BeIpaXXeHui [2]:

N

ch = z a‘cn Xy (1)

n=1

N

Xsn = zasn Xns

n=1

T/I€ 8., Asn — KOIPQUIIMEHT COOTBETCTBEHHO KOCHHYCHOTO M CHHYCHOTO LD
®ypre; N — gmciio BEIOOPOK BXOAHOTO CHUTHAJIA B OKHE HAOJFONCHHS; N — HOMEpP
BBEIOOPKH BXOJIHOTO CUTHAJIAa B OKHE HAOJFOICHUSI.

Koppekiys AuHAMHUYIECKOW aMITTUTYTHOM MOTPENTHOCTH MOXKET OBITH pea-
JIU30BaHa IyTeM MOBBIMICHUs ObicTposeiicTBust popmupoBanus OC BXOIHOTO
CHUTHAJIa B TIEPEXOAHBIX pekumax. s atoro Heooxomumo OC Xen B Xgn MMOA-
BEPTHYTh 00pa0OTKE YCHIUTEILHBIM 3JICMEHTOM C HETUHEHHBIM K03 duimeH-
TOM, KOTOPBIA B JajbHEHIIEM OymeM Ha3bBaTh Koppektupyromum Kmn. B pe-
3yabTaTe NoIy4rM 3KBUBAJIEHTHBIE OC Xeqen, Xegsn:
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Xeqcn = krn ch; (2)
X .. =Kk X

eqsn maisn*

Koppektupyrormii ko3¢hbumeHT Ky, onpeaensiercs COOTHOINICHHEM aMILTH-
Tyl BXOJHOTO CUTHANA Xpng, BRIYUCISEMOTO KaK

©)

Y €r0 OCHOBHOM TapMOHUKHU Xpn

an = \Y Xfﬂ + XSZFI ' (4)

B pesysibraTe BBINONHEHHBIX HcclienoBaHuil [3, 4] mpemmaraercsi cuuTars,

2

mnd
2
mn

YTO IIpH BO3paCTaHUU BXOJHOI'O CUTHaJIa krn = , IIpU IIOCTOAHHOM CUTI'HAJIC

3
an
3
mnd
HpI/IBeZ[eHHI:Ie BBIIIIC XapaKTCPHBIC M3MCHCHHA BXOJHOI'O CHI'HAJIa OTpaka-
IOTCA IMPU3HAKOM N, YACJICHHBIC 3HAYCHUS KOTOPOTI'0o 3aJar0TCA COOTBETCTBECHHO
PaBHBIMU n= 1, n= 0, n=-1. MCTO,Z[I/IKEI OIPCACIICHUA n MnpeacTaBJICHA B [5]

C y4eToM M3JI0KEHHOT0 001Iee BhIpakeHHe 11 Ky OyIeT UMeTh BHT

K =1, a npu ero cHmxeHnu K, =

Xr%md xr?m
Kpn =0,5(|n|+n)x—2+0,5(|n|—n)XTd+1—|n|. (5)
mn mn

CrnexyeT OTMETHTbH, YTO pealin3alys MEePEUnCIICEHHBIX OTepaluii ooecreyn-
BacT B MEPEXOJHBIX PEKUMAX KOPPEKIHUIO aMIUTUTYJHOW MOTPEIIHOCTH, B pe-
3yIbTaTe 4ero ¢ TedeHueM BpeMeHHu ee cofepikaHue B OC Xegen, Xegsn OBICTPO
CHIDKAeTCHl.

Koppeknus muHaMmudeckoit ¢ha30BOi MOTPEITHOCTH OCHOBaHA HA HMCIIOIB30-
BaHWUU PE3YJIbTHPYIOIIUX OPTOTOHAIBHBIX COCTABISIONINX, SBISIONIMXCS KOM-
ounarueit OC ®ypbe U moiaydeHHbIX Mo HUM pacdeTHbix OC [6, 7]. IIpu aTom
koMmOuHanmn OC momxHBI obecreunBaTh coBmazeHue mo ¢aze u casur OC
®ypre u pacueTHbix OC COOTBETCTBEHHO B YCTAaHOBUBIIEMCS M IMEPEXOIHOM
peXnMax.

Pacyernpie OC onpeznensiorcs Mo BHIOOPKAM CHHYCHOM Xsn, Xs(n — 1) 1 KOCH-
HYCHOM Xcn, Xc(n-1) OC Dypbe COrmacHO BBIPAKEHUAM:

Xsn COS OJAt - Xs(n—l)
X

epn sin At ©)



F. A. Romaniuk, Yu. V. Rumiantsev, V. Yu. Rumiantsev
Formation of Orthogonal Components of Input Signals in Digital Measuring Protection... 293

X Xc(n—l) - ch COS (DAt

spn )

sin wAt
rac o — er'IOBa}I HyaCcToTa CUrHaia, At — mar Z[I/ICerTI/IBaLII/II/I CHUI'HAJ1a.
Pesynerupytronue OC Xy U Xern GOPMUPYIOTCS 110 BBIPAKCHUSM:

Xsm = Xen — Il (Xsn ~ Xspn );

Xern = Xen — |2 (ch - chn )’

(1)

rae |y, |, — mocTosHHBIH K02 (DUIMEHT, TO3BOISIONINA U3MEHATh CTEIIEHb KOp-
PEKINH THHAMHYECKOH (ha30BOM TOTPEITHOCTH.

DKCIEPUMEHTAILHO YCTAHOBJICHO, YTO ONTHUMasbHbIe 3HadeHus li, |, Haxo-
IATCST COOTBETCTBEHHO B auanasonax 0,70-0,75 u 0,75-0,80.

Cnenyer OTMETHTD, YTO PealIU3alivs MMEPEUMCIICHHBIX ONEpalfii MO3BOJISIET
B TEPEXOIHBIX PEXKUMAX OCYIICCTBISATh KOPPEKIUIO TUHAMHYECKOH (ha30BOM
orpenTHoCcTH TakK, 9TOOBI B OC Xgm, Xorn YKa3aHHAS MOTPENTHOCTH ObLIA CYIIIe-
CTBEHHO CHIDKEHA.

[IpuHMMas BO BHUMaHHE W3JI0XKEHHOE BBINIC M HCIOJIb3YS COOTBETCTBYIO-
mue Gopmynsl 1t GopmupoBanus UTOTOBBIX OC Xy, Xsyn IO BEIOOPKAM Xegen,
Xegsn ¥ Xcrny Xsrn, TTOTYUHM:

2 2
Xeqcn + Xeqsn X (8)

2 2 crn?
Xcrn + XSI’I’]

svn

B mepexomgHpIX pekuMax Xeyn, Xsyn COAEPIKAT MUHUMAIBHBIC JHHAMHYCCKHC
aMIUTUTYHbIC ¥ (Da30BbIC MOTPEIIHOCTH, & B YCTAHOBUBIIMXCS PEXKHUMAX HUX
3HAYCHHS COBIAJAIOT C Xcn, Xsn-

MoaeanpoBaHue

[TpoBepka paboTOCTIOCOOHOCTH TIpeTaraeMoil MeToauku onpenencaus OC
C KOppeKIHel AWHAMUYECKOH MOTPEHIHOCTH MPOBOAMIACH C HCIOJIb30BaHUEM
MOJICTH, PeaTM30BaHHON B cpele auHamuueckoro mojenupoanus MATLAB-
Simulink-SimPowerSystems [8, 9]. B cTpykTypy yka3aHHO#Hl MOJEIH BXOIAT
sHeprocuctema, Tpexdasznas rpynma tpanchopmartopoB Toka (TT), Harpyska,
ook K3, a takxe mogmens [[UO, peann3oBaHHasi Ha OCHOBE pacCMaTPUBACMBIX
OC. MogenupoBanue OJOKOB U 3JIEMEHTOB HU(POBOH CTPYKTYPHI BBIIIOIHEHO
¢ IPUMEHEHUEM METOJIOB U MPaBHJI, UCTIONb30BaBIuxcs B [10].

Ha puc. 1 mpusenena crpykrypa monxenn [{IMO c¢ xoppekiumeil muHammde-
CKUX TOTpeUIHocTedl. MoJienb COAep KUT IecTh mojacucteM (Subsystem), Kax-
Jiasi U3 KOTOPBIX Pean3yeT OJHY MIIM HECKOJIBKO U3 PACCMOTPEHHBIX BBILIE OTIe-
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panuii ¥ COCTOMT M3 CTaHHapTHBIX OyokoB GmOmmorekn MATLAB-Simulink.
BxoaHble ¥ BBIXOIHBIE OPTHI MOACUCTEM MMEIOT Takue ke 0003HAUYEHUS, KaK
1 B BeIpakenusx (1)—(8).

B nmoacucreme «L{® Dypre» mo BeipakeHusm (1), (4) onpenenstorcs cuHyc-
Hasl Xsn ¥ KOCHHYCHas Xg, OC curHaia OCHOBHOW TapMOHHUKH Xy, @ TAK)KE €ro aM-
wiutyaa Xmn. Koppektupyromuit kodddurment Ky, paccuutbiBaeTcss B OIHO-
uMeHHOH moacucteMe 1o (5). B moacucremax «kBuBanieHTHBIE OC», «Pacuer-
Hele OC», «Pesynprupyromue OCy» BbruucisatoTces coorBercTByromye OC 1o
BeIpakeHHsIM (2), (6), (7).

ITo pesynpTaTam pacyera S5KBUBAJIEHTHBIX Xegen, Xegsn B PACUETHBIX Xcpn, Xspn
OC B nognporpamme «Htoroseie OC» coriacHo BeIpakeHHIO (8) GOpMHUPYIOT-
C Xern, Xsrn, TOCTyHamoIpe B OuOaMoTeunsit Gmox Cartesian to Polar.
B mocrneaneM onpenenstorcss aMIuTyna Xmn 1 $asza @y, KOTOpPhIC SBISIOTCS
KOHTpoJmpyeMbIMHu mapamerpamu IO ¢ koppeknueii TMHaAMHIECKUX TOTPEeTI-
HOCTEH.

= in K_r_n Xeq_sn | Xeq_sn
» X_sn
K_r_n #{%_cn Xeg_cn

Xe_wn—

3KBUBaneHTHble OC

= Xmn

Xeq_cn — _.,(D
Xm_vn
*n KoppekTupyrowma R » » @

ko3 dHUMeHT B X_sn FLwn
AMmnnutyaa u
Xsrn thaza wroroeex OC
Xs_rn
Xmn B X_cn

Xs_vni—

L 4

Xc_pn

X
e.rn I-b- Xec_rn

Xs_pn

Us dypoe PacyeTHele OC Peaynetupyowmre OC  Wroroasie OC

Puc. 1. Ctpykrypa Mozmenu nudpoBOro N3MepHUTEILHOTO OpraHa
C KOppEeKLHUEH JUHAMUYECKUX MOIPELIHOCTEN

Fig. 1. The structure of the digital measuring element model
with correction of dynamic errors

Pe3yJIbTaT]>I BBIYUCIUTEIBbHOTI0 IKCIIEPUMEHTA

Comocrasmsumucs aBa [{IUO, oquH U3 KOTOPBIX BRIIIOJIHEH HAa OCHOBE Tpeyia-
raeMbIx uToroBeix OC, BTOpoii — Ha ocHOBE uctoib3oanusa OC, onpeaemsieMbIx
L dypre (KOHTpoNHpyeMble apaMeTpbl — aMIUTUTYAa Xy U $a3a @p CUTHANA).
Bri6op LI® ®ypobe B kauecTBe 3TaNOHA Ui CpaBHEHHS 00YCIOBJICH TEM, YTO OH
SIBIISIETCS. HETJIacHBIM cTaHaaproMm it ¢opmupoBanus OC, HCIOIB3yeMBIX
B OonpimHcTBe LIUO. TlocKonpKy AWHaAMHYEcKas MOTPEIIHOCTb KOMIICHCHUPY-
€TCsl TOJBKO B EPEXOAHBIX PEKUMaxX, a B ycraHoBuBImxcs oda [INO ¢ynxun-
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OHHPYIOT 1O ogHOMY M ToMy ke anroputmy JIID, to IO ¢ koMmmeHcamnmeit
JUHAMUYECKUX TOTPELIHOCTEH, CIIOCOOHBIN pa3IyHBIM 00pa3oM pearnpoBaTh
Ha M3MEHEHUs PEXMMOB pabOTHI 3HEProCHUCTEMBI, OyneM Ha3bIBaTh aJalTHB-
HbM [11], a opran Ha ocHoBe OC Dyphe — stanonnsM wiu [HUO Oypee.

Ha puc. 2 npeacraBneHsl pe3ynbTaThl GyHKIHOHUPOBaHUS yka3aHHbIX [IMO
MpH WX BKIIOYEHHUH HA CHHYCOMJAJbHOE BXOJHOE BO3JEICTBHE C 4YacToO-
toit 50 I'm (puc. 2a, kpuBas 1). BcieactBue ckaukooOpa3HOIO YBEIMUCHHUS
B 10 pa3 B MmomeHT Bpemenu t = 0,1 ¢ aMIUTHTYABI BXOZHOTO CUTHAJIA BOSHUKAET
MIEPEXOIHBIA PEXXHUM, KOTOPHIH mumtes Ao t = 0,2 ¢, a 3aTeM IPONCXOIUT PE3KOE
CHIDKEHHE CHTHaJa JI0 HyJeBOro ypoBHsA. Ha Tom ke pucynke (kpuBas 2) npu-
BeJICHa UJcalbHas XapaKTepUCTUKA N3MEHEHHS aMIUTUTY bl BXOAHOTO CUTHAJIA,
KOTOPYIO Y00HO UCIIOIB30BaTh ISl onleHky auHaMuku [[AO.

Ha puc. 2b moka3anbl OTHOCHTENIBHBIE NTUHAMHYECKUE aMIUIUTYAHBIC MO-
rpemHOCTH AX 00eux moxeneit IO, mocTpoeHHBIE B CpaBHEHUH ¢ HACaTLHOM
aMIUTUTYTHOW XapakTepucThKod. B mMomeHT Bpemenu t = 0,1 ¢ auHamuueckast
aMIUIUTyAHas norpenrHocTs axantuBHoro [{UO (xpuBas 1) cHmxaetcs 3a 4eT-
BEpPTh TIEpHOJa OCHOBHOM YacTOTHl OT MaKCHUMaJbHOro 3HadeHus no 10 %,
npu ToM uTo y LIMO Dypbe (kpuBas 2) 3a aHaJOTMYHBIH POMEKYTOK BPEMEHH
MOTPEIHOCTE CHIDKaeTcss numib 10 50 %. AHaNOTHYHBIE MPOIECCHl HaOIo-
JAIOTCS W TPH OTKJIIOYEHWM CHUrHana. l[lodHoe McYe3HOBEHME TUHAMHUYECKOU
aMIUIUTYJHOW IOTPEIIHOCTH MPOUCXOAMUT MO HMCTEYEHHWH MEPUOJa OCHOBHOM
gacToTel. K 3TOMy MOMEHTYy BpeMEeHH MEepexoJHBId MpoIlecc 3aBeplaeTcs,
aMIUIUTY a6l Xy U Xy, KOHTPOJIUPYEMBIX CHTHAJIOB COBMAJAIOT C MICATHHON am-
IJIUTYAHON XapaKTepUCTUKONW W JajbHEWIle KOMIEHCAllUd MOTPelIHOCTEN
He TpebyeTcs.

PesynpTaThl KOMIIEHCAUN AMHAMHYECKOH (Ha30BOM MOTPEIIHOCTH MPUBEIC-
HBl Ha puc. 2c. KpuBas cOOTBETCTBYeT OTHOCHUTENBHOM (a30Boi morpem-
HOCTH AQ , TOCTPOEHHOH 1O BBIPa’KEHUIO

_ ‘A(pf _A(Pv

= .100 %,
A ‘A(pf‘ 100 %

rac A(pf, A(pv — JUHaAaMH4YCCKas (1)3301321;{ NOrpemHOCTL COOTBCTCTBECHHO 3Ta-

noHHOTO M agantuBHoro 1{HUO.

[ToHass KoMIIEHCAITNS OTHOCUTEIHLHON (ha30BOIl OTPEITHOCTH Y aIalITHBHO-
ro IO npoucxomur npu noctikeHnn KpuBod ypoBHs 100 %. B ycranoBus-
nmeMcsi pexume, Korja (asoBble MOTPEITHOCTH 000MX (DMIIBTPOB OJWHAKOBBI
(A =A@, ), KOMIEHCAIHS OTCYTCTBYET.

B mepexonHbIX ke peXMMax Kak IMpU BO3PACTaHWH, TaK U IPHU CIajae BXOJI-
HOTO CHTHaJIa Ha BCEM MHTepBasie HaOmoxeHus y agantusHoro L{MO, no cpas-
HEHUIO C ATAJIOHHBIM, NPOHMCXOIUT CYLIECTBEHHAs, TOXOIAMIAsi B HEKOTOPHIC
MoMeHTBl Bpemenu 10 70-90 % kommeHcanus AuHamMuyeckod (as3oBoil mo-
TPELIHOCTH.
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15 T
Xn, A

t,c 0,25
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100 1 1 1
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: v
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Puc. 2. Pe3ynbraThl GYHKINOHUPOBAHUS HU(POBBIX H3MEPHUTEIBHBIX OPIraHOB IIPH MX BKIIOYCHHU
Ha CHHYCOUJAJIbHBIA BXOJHON CUTHAJI: & — BXOAHOM CUrHall: 1 — CHHYCOUIaJIbHBIH;
2 — uaeanpHasl aMIUIMTY/a CUTHaJa; b — OTHOCUTENbHAS JUHAMUYECKAs aMIUTUTYAHAs
MOTPENIHOCTh HU(PPOBOTO H3MEPUTEIBHOTO OpraHa: 1 — aganTHBHOTO; 2 — ATAJIOHHOTO;
C — OTHOCHTeNbHAsI AMHAMHUYecKas (pa30Basi MOrPELIHOCTD

Fig. 2. The results of the functioning of digital measuring elements when they are switched
on to a sinusoidal input signal: a — input signal: 1 — sinusoidal one; 2 — ideal signal amplitude;
b - relative dynamic amplitude error of the digital measuring element: 1 — of an adaptive one;

2 — of the reference one; ¢ — relative dynamic phase error
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Ha puc. 3 npencrasieHsl pe3yinbTaThl pacdeToB mis tex xe {10, Ho ¢ uc-
MOJIb30BAHUEM BO3ACHCTBUS, MPUONIKEHHOTO K peaJbHOMY BTOPHUYHOMY
toky TT, kK KoTOpOoMy TOAKIIOUeHbI yKazaHHble IO (crmoxxHOEe BO3IEHCTBHE).
B npomexytke Bpemenu t=0,0-0,1c Momenaupyercs n0aBapuHHBIA PEKUM,
korga BropuuHblid Tok TT cunycounmanen. B moment Bpemenu t = 0,1 ¢ npowuc-
xoaut TpexdazHoe K3 — aBapuiinbiil pexkxum, u Gopma Bropuunoro Toka TT 3a
CYEeT HACHIIICHHWS €r0 MarHUTOIIPOBOJIA CYIIECTBEHHO HCKakaeTcs (puc. 3a).
CreneHp HaCBIEHUS MAarHUTONPOBOA 3aBHCHT, B IIEPBYIO OUYEPEb, OT BpEMeE-
HU 3aTyXaHMsl allepuoANUECKOi COCTAaBIAOLIEH BO BXOJHOM curHaie. [Ipu atom
BpEMs YCTAHOBJIEHUS aMIUTUTYABl OCHOBHOW TapMOHHMKH BXOJHOTO CHUTHAaja Ha
BbIxOJIe [{® MOXXET COCTaBIATh HECKOIBKO NIEPHOJOB IPOMBILIJIEHHON YaCTOTHI,
YTO JAENAcT HEBO3MOXXKHBIM CpaBHEHHME TaKOH INEpPEXONHOM XapaKTepHUCTUKH
C UAEaIbHOM, UCIONb3YyEeMON NP CHHYCOMAAIbHOM Bo3zaelicTBuu. IlosToMy Ha
puc. 3b mpenctaBieH pe3ysbTaT KOMIICHCAIIMM JUHAMHYCCKOW aMIUIMTYIHOM
norpemHocty azantuBHoro L{MO B cpaBHennn ¢ IUO ®ypse, BeIpakeHHBIH
B mpoueHTtax. Tak, npu K3 B momenT Bpemenu t = 0,1 ¢ agantuHbiil IO Ha
70 % myume (ObicTpee) KOMIEHCUPYET aMIUTUTYAHYIO TOTPEITHOCTh, YeM JTa-
JOHHBIA. B manmpHelineM pa3nuuvs B KOMIICHCAIIUU TOTPEITHOCTEH 000uMuU
[MNO yMeHBIIAIOTCS M CTAHOBATCSA PABHBIMHU HYJIO IPU CUHYCOHJAJIBHOM CHI-
Haje. AHAJIOTUYHbIE MTPOLIECCH MPOUCXOAT U B TIOCIEABAPUITHOM pEXUME MPH
t> 0,3 ¢, HO UX MPOAOIKUTENBHOCTh MEHBIIIE, TOCKOJIBKY IEPEXOIHBIN MpoLece
MIPOTEKAET YKe MIPH CHHYCONIAaIbHOM CUTHAJIE.

CpaBHeHHE AMHAMHYECKHX (DAa30BBIX MOTPEIIHOCTEH y paccMaTpHBaEeMBbIX
WO npu CII0)KHOM BXOJHOM CUTHAJIE YAOOHEE MPOBOJIUTH C HUCIOJIb30BaHHUEM
MHTErPAJIbHBIX OLICHOK KauecTBa [12]. [locnenHue SBASIOTCA MHTErpajamu IO
BPEMEHH OT MOJIyJiel AMHAMHYECKHUX (Pa30BBIX MOTPEIIHOCTEH:

t+1

®, = [|Ag|dt;
t

t+1

®, = [|Ag,|dt,
t

rac (Df, ch — HMHTCTpaJibHAasA JUHaAMHWYCCKad (1)33OB3}1 NOrpemHOCTL COOTBLT-

ctBeHHO y IO ®Dypre u agantusHoro 1[UO; T — wHTEpBaT MHTETPUPOBAHWSI,
MPUHSTHIM PaBHBIM NEPUOAY OCHOBHOM YaCTOTHI.
WuTerpanbHas OTHOCUTENbHAS TUHAMHUYECKas (a3oBas morpemHocts Ad,

NpHBECHHAS HA PHC. 3C, ONPEENIAETCS COrTIACHO BBIPAKEHUIO
ch _CDV
AD =| ——— |-100 %.
)]

[Morpemnocts A® moOKa3bIBacT, Ha CKOJBKO NPOLIEHTOB JIydlle (eciu
OHa TIOJIOXKUTEIbHA) KOMIICHCHUpYeTCS IMHaMH4eckas (a3oBas IHOTPEIIHOCTD
y amantuBHOTO 1O B cpaBaenuu ¢ [I1O ®ypre. 13 puc. 3¢ BUAHO, YTO B IIe-
PEXOIHBIX pEXHUMaxX KOMIICHCAMs TUHAMUYECKOW (Pa3oBOH MOrpenIHoCT!
y agantuBHoro L{IMO na 70-80 % sddexTrBHEE, YeM Y 3TATOHHOTO.
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Puc. 3. PesynbraTsl yHKIMOHHPOBAHUS U(POBBIX N3MEPHUTEIBHBIX OPraHOB IIPH CI0XKHOM
BXOJIHOM BO3JCHCTBUH: d — BXOJJHOH CUTHAJI, b — OTHOCHTEIbHAS JUHAMUYECKAsl aMIUTHTY THAS
HOTPELIHOCTh; ¢ — OTHOCHTENbHAS AMHAMUYecKas (a3oBas IOrPEIIHOCTD

Fig. 3. The results of the operation of digital measuring elements when input effects
are complex: a — input signal; b — relative dynamic amplitude error;
¢ — relative dynamic phase error
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BETPOIEKTPOCTAHINA MOPCKOT0 GA3UPOBAHUS C YUETOM
3aTPaT Ha YJIEKTPHYECKYIO CHCTEMY cOOpa MOIIIHOCTH
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Pedepar. IIpeanoxeHa MeToIMKa ONTUMHU3ALMKY KOMIIOHOBKH BETPORJIEKTPOCTAHLIUN MOPCKOIO
6a3upOoBaHMS AJIs MOBBILIEHUS MX 3()GEKTHBHOCTH 32 CUET CHIKEHHs BIUsSHHA dddexra aspoan-
HAMHUYECKOTO 3aTEHEHUsI, MUHUMU3ALUH IEKTPUIECKHX MOTeph B KaOENbHBIX JHMHUSIX CHCTEMBI
MpUeMa U Mepeiadd JIeKTPUUECKON SHEPIHH, BEIpAa0aThIBAEMON BETPOIEKTPHUECKUMHU YCTAHOB-
KaMH B JJIEKTPHYECKYIO CETh HYHEPrOCHCTEMBI. 3ajada CBOJHUTCS K OIPEICICHUIO HECKOIBKUX
IapaMeTpoB, KOTOPBIMHU 3aJal0TCS T'€OMETpPHYECKHe pa3Mepbl U (opmMa KOMIIOHOBOYHOI CeTKH
C TIPEJBAPUTEIBEHO YCTAHOBJICHHBIMHA MECTAMH PACIIOJIONKEHHs TypOuH. Takoi MOAX0, B OTINYHE
OT NOKOOPJMHATHOTO METO/Aa IOHCKA, JTaeT BO3SMOXKHOCTH BBINNOJHATH IOCTPOCHHE CHMMETPUY-
HBIX CETOYHBIX CXEM DPAaCIIOJIOKEHHSI BETPONICKTPUYECKHX YCTAHOBOK, KOTOPHIE Ha MHpPAKTHKE
Oosee yAOOHBI C TOYKM 3peHHsA OOCITYKHBaHUS WM JKCIUTyaTtanuu. COBMECTHO C ONTHMH3ALKEH
KOMITOHOBKH TIPOHM3BOMASATCS MOMCK ONTHMAIBHOTO MECTA PACIOJIOKEHHS MOPCKOH TpaHChopMma-
TOPHOW MOJCTAHIMM M CHHTE3 CXeMbl KaOCNbHBIX COEJWHEHHH MEXTY BETPO3IEKTPHUECKUMU
ycTraHoBKamH. I pelreHus JaHHOW 3afadn HCIONB3yeTCs 3BPUCTHUYECKHH alrOpUTM IOHCKa
MHHUMAJIFHOTO OCTOBHOTO JiepeBa C OTPaHMYCHHUEM Ha NPOBOAMMOCTH CBS3€H, MO3BOJISIONIHMI
OCYIIECTBIISATh IIOCTPOCHHE PEAUTUCTHYHBIX CXeM M 0ojiee aJeKBaTHO OIEHWBATh X TEXHUKO-
9SKOHOMHYECKHE XapaKTepHCTHKH. Kak mokaszanu pe3ynabTaThl anpoOanuy MpeaioKeHHOH MeTo-
JIMKA Ha TpUMepe ONTHMH3aLiKM KOMIIOHOBKHM BeTpodjekTpoctaHimu Horns Rev 1, ucnonsso-
BaHME TAKOTO MOMAXO0/A MO3BOJIHMIO COKPATUTh CTOMMOCTH JIEKTpHYecKoil cuctemsl Ha 10-12 %.
910 Ha 7-11 % mHpPEeBOCXOAUT pe3yibTarT, MOJYYEHHBIH HpH Hcnosb3oBaHun MST-anropurma,
BBIMOJTHSIONIETO TOCTPOCHNE CXeMbl KaOEIbHBIX COSIUHEHUII yIpomeHHoi Tononoruu. M3mene-
HHE Pa3MepoB U (HOPMBI TPaHHI] INIOMAKN BETPOIIEKTPOCTAHIMH TIPUBENIO K YBEIMUCHHIO PacyeT-
HO#1 BBIpaOOTKH 3neKTposHepruu Ha 2,3 % U cHIbkeHuto ee cebecronmoct Ha 4 %. IIpu onrtummza-
I[UM KOMIIOHOBKH BETPOIICKTPHUCSCKHX YCTAHOBOK B MpezeNaX (PMKCUPOBAHHBIX MPAHHI] ILIOIIAIKN
9THU NOKA3aTeNH YIIydIleHbl TOJIbKO Ha 1 1 2 % 10 CpaBHEHHIO C OpUTHHATIBHOM CXEMOH.
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Offshore Wind Farm Layout Optimization
Considering the Power Collection System Cost

S. G. Obukhov?, D. Y. Davydov”
YNational Research Tomsk Polytechnic University (Tomsk, Russian Federation)

Abstract. The paper proposes a method for optimizing the layout of offshore wind farms to in-
crease their efficiency by reducing the effect of aerodynamic shading, minimizing electrical losses
in cable lines of the system for receiving and transmitting electrical energy generated by wind
turbines to the electrical grid of the power system. The task is reduced to determining several
parameters that define the geometric dimensions and shape of the layout grid with pre-installed
turbine locations. This approach, in contrast to the coordinate-wise search method, makes it pos-
sible to build symmetrical grid layouts of wind power plants, which in practice are more conve-
nient in terms of maintenance and operation. Together with the optimization of the layout,
the search for the optimal location of the offshore transformer substation and the synthesis of the
scheme of cable joints between wind power plants has been carried out. To solve this problem,
a heuristic algorithm was used to search for a minimum spanning tree with a restriction on the
conductivity of connections, which made it possible to build realistic schemes and more adequately
assess their technical and economic characteristics. As the results of testing the proposed metho-
dology on the example of optimizing the layout of the Horns Rev 1 wind farm have shown, the use
of this approach has reduced the cost of the electrical system by 10-12 %. This is 7-11 % higher
than the result obtained by using the MST algorithm, which performs the construction of a circuit
of cable joints of a simplified topology. The change in the size and shape of the boundaries of the
wind farm site resulted in an increase in the estimated electricity generation by 2.3 % and a de-
crease in its cost by 4 %. When optimizing the layout of wind turbines within the fixed boundaries
of the site, these indicators are improved by only 1 and 2 % as compared to the original scheme.

Keywords: wind energy, offshore wind farms, wind farm layout, power loss minimization, aero-
dynamic effect, cost of energy, cable joints layout optimization

For citation: Obukhov S. G., Davydov D. Y. (2022) Offshore Wind Farm Layout Optimiza-
tion Considering the Power Collection System Cost. Energetika. Proc. CIS Higher Educ. Inst.
and Power Eng. Assoc. 65 (4), 301-316. https://doi.org/10.21122/1029-7448-2022-65-4-301-316
(in Russian)

BBenenne

BraenpeHne B 3HEPrOCHCTEMBI BETPOIHEPTETHIECKUX yCTaHOBOK (BOY) —
OJTHO W3 TIEPCIIEKTUBHBIX HAIPABICHUN Pa3BUTHS BO30OHOBIISIEMBIX HCTOYHUKOB
sHepruM B crpaHax — wieHax EADC. KoHKypeHTOCIIOCOOHOCTh JaHHOTO THUIA
reHepaiuu onpeaensercs 3pPeKTUBHOCTHIO (PYHKIIMOHUPOBAHUS, CIICIOBATEIb-
HO BOMPOCHI ONTHUMH3AIKMK BeTpodekTpocTannuid (BAC) akTyanbHbl 11st obec-
MIEYEHUs1 yCTOMUMBOro pa3BuTus BeTposnepretuku B CHI' [1, 2].

B Hacrosimiee BpeMsi akTUBHO pa3BHBAETCS BETPOIHEPreTHKa MOPCKOro Oa-
3UpPOBAHMS — MOPCKHE BETPONAPKH, KOTOPHIC, MO CPAaBHEHUIO C Ha3eMHbI-
mu BOC, moreHmmaipHO 001amar0oT Oojiee BBICOKMM TTOKazateneM (Kod(h¢u-
[IMEHTOM) HCIIOJIb30BaHUSl YCTAHOBJICHHON MOIIHOCTU BCJICJCTBHE OOJIBIINUX
CKOPOCTEH BeTpa U CTaOMIBHOCTH MOPCKOTO BETPOBOT'O PEXKUMA.

ExeronHble NaHHbIE MOHHUTOPHUHIA IOKa3bIBAIOT SKCIIOHCHIIMAIBHBIA POCT
WHBECTHUIINHA B MOPCKYIO (O(IIOPHYIO) BETPOIHEPIeTUKY M 3HAYUTEIHHOE YBe-
JTUYEeHUE CyMMAapHOW YCTaHOBJICHHON MOIIHOCTH BETPOAIEKTPOCTAHIUI MOp-
ckoro 0asupoBanus, kotopas ¢ 2009 r. Beipocia 6osee yem Ha 10 % [3]. Texuu-
YECKHUH MOTEHIIUAI MOPCKOTO BETPOBOT'O SHEPropecypca MO3BOJSET paccMaTpH-
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Bathb Mopckue BOC kak mHambomee 3¢ dektuBHy0 ambrepHaTHBY BOC Hazem-
HOTO TUIA C MPUCYILIUMH UM MPOOJIeMaMU OTUYKIEHHS 3eMeb, aKyCTUIECKOTO
U BU3yaJlbHOro Bo3xeiicTBus [4]. OmHako chaep)kuBaromiuM (hakTopoM pas3BHU-
TUSI MOPCKOM BETPOSHEPTeTHKU TO-TIPEKHEMY SIBIISIETCSI BBICOKAs Ce0ECTOMMOCTh
9NIEKTPOSHEPTUH, OOYCIOBJICHHAS CYIIECTBEHHBIMU KAllUTAJIOBIOXKEHUAMH [5].
B cBs3M ¢ 3TUM aKTyaJieH MOUCK MPOEKTHO-TEXHHYECKHX pEIICHHUH, MO3BO-
JISIOIIMX MUHUMHU3UPOBATh MOTEPU DHEPTUM U COKPATHUTh TEepPBOHAYAIBHbIC 3a-
TparTskl.

s mopckux BOC ocHOBHBIE MOTEpH CBSA3aHBI C 3PPEKTOM a3poAHHAMHUYE-
CKOTO 3aTeHEHUsI TYpOMH. B 3aBUCHMMOCTH OT CXeMbl KOMIIOHOBKH BETPOXJIEK-
TPUYECKHUX YCTAaHOBOK, MX KOJMYECTBA W THIOpPA3Mepa, XapaKTEPUCTHK BETPO-
BOTO pe&XHMMa MaJeHHe Npou3BoauTenbHocTH BOY moxer cocraBmars 10 %
u Oonee [6]. C uenpto moseimeHus dpdexkruBHocTt BOC Ha 3Tame nmpoexTu-
pPOBaHUs BBINOJIHAETCS TIOMCK ONTHUMAJbHON CXEMBbl PACIHOIOKEHHUs TYpOHH.
VYBenuueHue AUCTAHINHA MeXAy BOY mMo3BOsIEeT CHU3WUTH adpoauHAMUYCCKHE
MOTEpH, OJHAKO NPU 3TOM BO3pACTACT MPOTHKEHHOCTh KaOENbHBIX JHHUH,
YTO BJICYET 3a COOOW yBENWYECHHUE 3aTpaT U JOMOJHHUTENbHBIC TIOTEPH SHEPTUH.
CrnenoBaTellbHO, IS JOCTHXKEHUS 001Iei BhIcOKO# addextuHocTH BOC 1ee-
c000pa3HO BBIMOJHATH COBMECTHYIO ONTHMHU3ALMIO KOMIIOHOBKM BDY 1 cxemsl
KaOeIbHBIX COCTMHEHUI CHCTEMBI cOopa MomHOCTH [7, 8].

Jns pemeHust 0003HAYEHHON MPOOJIEMbl MPUMEHSIOT Pa3iIUYHbIC alTOpUT-
MbI B MeTOUKH [9]. YacTo Mo3uIuu Kax 10l TypOUHBI 3aJIal0TCS WHIUBH Y alTh-
HOM MEepEeMEHHON — Mapod KOOPJWHAT WJIM WHJEKCOM SYEHKH KOMIOHOBOYHOMU
CeTKH. 3aBUCHUMOCTD YHCJIa MICKOMBIX MapaMeTPOB OT KOJMUYECTBA TYpOMH MpU-
BOJWT K YBEIMYEHHUIO BBIYUCIHUTENHHON CIIOKHOCTH alnroputMma. B coBokymHO-
CTH C TeM, YTO ONTHMH3AIHNSA BBITIONHSIETCS, KaK MPaBHIIO, IMOCPEACTBOM Me-
ta’Bpuctryeckux anroputMoB (GA, PSO u ap.), B OCHOBE KOTOPBIX JIEKUT
METO/JI CIYYaifHOTO TMOWCKA, CXEMBI XapaKTepPU3yIOTCSI HEPaBHOMEPHBIM PacIio-
noxenreM TypOouH. OnHaKo OOJBLIIMHCTBO YK€ MOCTPOEHHBIX Mopckux BOC
MMEIOT CHMMETPUYHYIO CETOYHYI0 KOMIIOHOBKY BOY, uto obecnieunBaer cymie-
CTBEHHBIE IPEUMYIIECTBA ITPH MOHTAXKE W TEXHUYECKOM oOcyxuBanuu [10].

B [10] 3amaua cBemeHa K MOMCKY HECKOIBKHUX MEPEMEHHBIX, 3aalOIIUX
ONTHMAaJbHBIE TIPOTIOPIIA PABHOMEPHOW KOMITOHOBOYHOW CETKH C OTpe/eIIeH-
HBIMH Ha HEH TOukaMu pacroyiokeHus TypOuH. [Toxoxwuii Moaxol HUCIHOIb-
30BaH MpH oONTUMH3auu (OPMBI W OPHUEHTHPOBAaHUSA YydYacTKa pPacIolio-
skeans BOY [11]. B naHHBIX METOAMKAX CHHTE3 CXEMBI KaOCIBHBIX COCTUHEHUI
MEXIy TypOMHAaMHU M TOJCTaHIMEH peamu3yeTcsi MOCPEICTBOM IMOMCKAa MHHU-
MaJIbHOTO OCTOBHOTrO JepeBa (minimum spanning tree — MST), mis gero wuc-
noJnb3yercst anroput™ Ilpuma. Takum 00pa3oM MOKHO paccuuTaTb MUHUMAIIb-
HYK TPOTSHKEHHOCTh KaOeNbHBIX JIMHWAN, OJHAKO HEBO3MOXKHO aJIeKBATHO
OIICHUTh CTOMMOCTh W TIOTEPH MOIIHOCTH, ITOCKOJBKY IaHHBIA alrOPUTM
HE OCYUIIECTBISIET IMOCTPOCHHE PEaTMCTHYHONH CXEMBI 3JIEKTPHUECKOW CeTH,
r/ie KaKI0e COeNMHEHNE BBITIONHEHO KabermeM HeoOXOaMMOoro cedeHus. Taxxke
Ba)KCH BONPOC BBHIOOPA ONTUMAILHOTO MECTa PACIIONIOKEHUS MOJCTAHIIUH, KO-
TOPBIN B BHINIIEYKa3aHHBIX MCCIICIOBAaHUSIX HE paccmaTpuBaiics. B [12] ontumu-
3alysl BBITIOTHEHA C OJJHOBPEMEHHBIM MOCTPOSHUEM TEXHUYECKH Pean3yeMOi
CXeMbI KaOeNbHOM CEeTH M YYeTOM 3aTpar Ha AJIEKTPUYECKYIO0 CHCTEMY, HO CXe-
MBI pacnoioxeHust BOY umeroT HecuMMETpHYHYIO CTPYKTYPY.
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A.]'ll"OpPlTM ONITHUMHU3AIIMH

Pazpaborana MeTonuka COBMECTHOW ONTHUMH3AIMH JJIsi TIOUCKA ONTHMAIb-
HOM CUMMETPUYHOU CXeMBbl KOMIOHOBKM BOVY U cuHTEe3a TEXHUYECKU peanusy-
eMoif cxeMbl KaOeJIbHBIX COSAMHEHUH CHUCTEMBI cOOopa M mepenayu deKTphye-
CKOU PHEpPru ¢ MUHUMH3ALUEH cTouMOCTH. [locTaBneHHas 1enb AOCTUTAeTCs
npuMeHeHueM reHeTrdeckoro anropurma (GA) [13] coBMeCTHO ¢ anropuTMoM
MOCTPOEHUSI MHUHHMMAJIBHOTO OCTOBHOTO JIepeBa C OrpaHMYEHHEM Ha TPOBOJIH-
MOCTh CBs3eit (Capacitated minimum spanning tree — CMST). Biiok-cxema anro-
pUTMa ONITUMHU3ALMK U300paKeHa Ha puc. 1.

‘ GA <
BxojiHble JaHHBIE X oo Orpampuemns
i® MunuMasbHasi JUCTAHIHS (Omin)

VicxoaHast KOMIIOHOBKA |
>

Mopenb KOMIIOHOBKH

,,,,,,,,,,, (o y0) i ie MakcUMaIbHas TLIOMIAb Amax) !
HapaMeTp],[ |::=:=::=:=:=::=:=::=:=:=::=:=::=:=:=:
kommonentos BAC CMST MG MaxcumanbHbli OTOK MOLIHOCTH:

B .
» [TepeceueHns kabemnei

anexrposnepruu (COE)

BOC |

|
|
| Pacuyer cebecToumoctu
|

IIpoBepxa uncna
WTEepaLui

Puc. 1. bnok-cxema anropurMa onTUMH3aLUU

Fig. 1. Optimization algorithm flowchart

BxogupiMu JaHHBIMU SIBISIOTCA HEKOTOpas HayadbHAs CXeMa KOMIIOHOBKH
TypOHH, TEXHHUYECKHE XapakTepucTUKH BOVY u kabeseit, a Takke METEOpOJIO-
TUYECKHE JlaHHBbIC, HEOOXOAMMBIC I MOJCITUPOBAHUS BETPOBOTO pPEKUMaA
u oneHku npousBoauTensHocTd BOC. UcxonHas cxeMa KOMIIOHOBKH 3a7aeTCs
B BUJe MaccuBa KoopauHaT (Xo, Yo), KOTOPBIE OMPEAEISIIOT OTHOCHUTENBHBIE Me-
CTa PACIIOJIOKEHUSI TypOWH Ha PaBHOMEPHOW KOMIIOHOBOYHOH ceTke. 3amada
ONTUMH3ALMN — TOUCK ONTUMAJBHBIX 3HAUCHUM MapaMeTpoB, KOTOPHIMH 3a]a-
IOTCSI TEOMETpUYECKHue pa3Mepbl U (opMa KOMIIOHOBKH, & TaKKe KOOpAWHAT
TOYKH PACIIONIOKEHUS IOICTAHIINH:

X = (mx* My, 8y, 8y Xosss yoss)!
rac mx, my— napamMeTphl MacmTa6a, 0.¢€.; ax, ay — YIJIbI OCCBOT'O HAKJIOHA, pan.,

X — KOOpAWHATEI TOUKH PaCIIOJIOKCHHUA IMOJACTAaHIIUH.

0SS ! yOSS
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HeoOxomumoe yciioBueM ONTUMHU3AINN — OTPaHHYCHHE MUHUMAJILHOTO pac-
crostans Mexay BDY (dyin) ¥ MakcHManbHON IUIOMIAAM 30HBI MX pasMele-
HUS (Amax):

\/(Xi _Xj)z_(yi _YJ')2 2 o, Vi# 5 1 =12, 0, Ny
AX) < Ay,

rzie X, Y — KOOpAWHATHI MecTa pacnoioxeHus Typounst; Ny — konnuectso BOY.

Ha cnenyromem stamne ocymiecTBIseTCs] IPOSKTUPOBAHUE CXEMBI KaOeIbHBIX
coenuHeHn Mexay BOY u tpancdopmaroproii noacrannueii. B nanaoit pado-
T€ JUISl 3TOTO MCIOJNIb3yeTcs anroputM Mcay — Bunmbsimca [14], BeimonHsIOmUi
CHHTE3 CETH pa3BETBIIEHHOH Tomonoruu. [Ipouemypa mOCTpOEHUS! CTPYKTYpHI
CXEMBI 3aKII0YaeTCs B HaXOXACHUU y3OB (TypOuH), HanOoJee yJaleHHBIX OT
LEHTPa KOMMYHHKALWHU (IOACTAHIIMN), U COCTUHEHUH ITUX Y3JIOB KpaTyaiiei
CBSI3bIO C MPOBEPKOH OTrpaHUYEHHsI Ha TPOBOAUMOCTH (IOMYCTUMBIN UINTEIb-
HBI TOK KaOens) [15]. HexxenatensHO, 9TOOBI HOOABIIsIEMbIE CBSI3H IEepeCceKa-
JIUCh, TOCKOJBKY CXEMBI C TMEPEeCeKaloNIUMUCS KaOeNbHBIMU JIMHUSAMH MEHee
SKOHOMHMYHBI U HA/ICKHBI, OHH CIIO)KHBl B TEXHHYECKOM OOCITY:KHBAaHHU H pe-
MoHTe [16]. {1 HCKITFOUEHHS TAKUX BAPUAHTOB B MPOLIECCE MOCTPOCHUS CXEMBI
BBHITIOJTHSIETCSI YCTPAHEHUE TEPECEKAIONINXCS CBA3EH, WACHTU(PHUKALINSI KOTOPBIX
OCYIIECTBIISIETCSl TIOCPEACTBOM QJITOPHTMA MOMCKA TOYEK MEPeceUeHUs! IPYIITbI
OTpEe3KOB JIuHUH [17].

Ha stane oneHku pelieHuid BHIMOIHISTCS MOJISIIMPOBAHUE BIUSHUSI a9POJIU-
HaMH4YecKoro 3Qdekra, pacCUUTHIBAIOTCS MOTEPU MOIIHOCTU B AIIEKTPUYECKOM
cucreMe M 3aTparbl Ha komnoHeHTH BOC. B kauectBe neneBoit GpyHKIMH Hc-
MOJIB3YETCsI TTOKa3aTeNnb ce0ECTOMMOCTH TeHEPHUPYEMO 3JIEKTPOIHEPTHH, BEIIH-
YMHA KOTOPOT'O 3aBHCUT OT 00beMa BHIPAOOTKH SHEPIUM U CTOMMOCTH KOMIIO-
HeHToB BOC:

COE(X) — min.

[Iponenyps! onerky ponsBoauTebHOocTH BOC 1 pacdera mokasarens 1e-
JIeBOM (DYHKITUU MOAPOOHO OTIMCAHBI HUXKE.

Onenka NMPOU3BOAUTECIbHOCTH BETPOIJICKTPOCTAHIINUA

VipaBisieMbIMH IIEPEMEHHBIMH M, My OMpeJenseTcs MaclTad pacCTOSHUS
MEXKAy TypOMHAMH, a apaMeTpsl 8y, dy MO3BOJISAIOT BAPbUPOBATH YTOJ OCEBOIO
HakJIOHa. B3auMocBs3b Mex 1y UCXOMHBIMHE (Xo, Yo) U TIPeoOpa3oBaHHBIMH (X, Y)
KOOpPJMHATAMH BBIPAKaeTCsl 3aBUCUMOCTSIMMU:

X = XM, + YoM, tga,;
y = Yom, +Xm, tga,.

CxeMaTudecKkuid IpuMep pasMmernieHus BDY ¢ ykazaHmeM pacueTHBIX Tapa-
METPOB KOMIIOHOBKH TIPUBEJICH Ha pHC. 2.
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Puc. 2. 'eomeTpudeckne napaMeTpbl CXeMbl KOMIOHOBKH BETPO3IEKTPOCTAHINH
¢ BU3yalln3alyed TpaeKTOPUH a3poJMHAMUYECKOTO ClIeaa

Fig. 2. Wind farm layout geometry characteristics with visualization
of the trajectories of the aerodynamic wake

Jlnst MofienupoBaHus a’poAMHAMUYecKoro 3 dekTa uconbp3yercss aHaIUTh-
geckas Moaelb [18]. AspoamHaMUYeCKuil Clie]] MOJCIUPYETCsl 00J1aCThI0 KOHU-
4eCKOW (POPMBI, palyC MONEPEYHOro CEYEHUs I j) KOTOPOW JIMHEHHO 3aBUCHT
0T paccTosiHUsI Mexay BOV:

fi.j) = kd

yi.p T

rae K — xoodduument ocnabnenus aspopuHamuyeckoro spdekra; d ;) =
=(Y;—Y;) — OceBOe paccTosHHE MEKIY TypOMHAMH IO HATIPABIECHUIO [BH-

JKEHHUs BO3IYIIHOIO IOTOKA; [j — paauyC 30HBI ad3POJHMHAMHYECKOrO Clesa
B HaYaJIbHOU TOYKe (paanyc poTopa TYPOUHBI-UCTOYHHKA), M.

[Inomans nepekpsiTus poropa BOY asponnHamMudeckuM cieaoM onpeaens-
€TCsl UCXO/IS M3 CIEAYIOIUX yCIOBHMN:

So (dygpy <Tapy + 1)~ (dypy >0);
0 (dugy =T + ri)V(dy(i,n <0),
rze Sp — 4acTh IUIOIIA/H POTOPA, HOMAAoMas B 001aCTh a9POAHHAMUIECKOTO Clie-
na, M5 d ) = |xi - X J-| — IOIEPEeYHOe PACCTOSHUE MEXIY LEHTPaMU OCeil poTo-

Sipy =

POB; I — panuyc potopa BOY, Ha koTOpyro NEHCTBYET a3pOAMHAMUYECKUM CIIeH, M.
CKOpOCTh BeTpa, BO3ACHCTBYIOIIETO HA POTOP i-i TypOHHBI, OnpeaessieTcs
110 BeIpaskeHno [19]

=v,[1-(1-1-C S (S(LJ>/Si)2
Vi =V | 1-(1-1-C,(vy) z 7|
k] B
g
rle V,— CKOPOCTb CBOOOJHOIO BO3IYIIHOTO MOTOKa, M/c; C; — koadduiment Ta-
r [20]; S; — IUI0IIa b OMETaeMOil IOBEPXHOCTH POTOPA, M.
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Jlnist pacyera a3poHaMudeckoro 3¢ ¢QeKTa Npu pa3HbIX HAMPABICHHUIX BET-
pa 0, MaccuB KoopAauHAT pacronoxeHus BOY (X, y) Heobxomumo TpaHcdop-

MHPOBATh IyTEM MTOBOPOTA HA MPOTUBOIOJIOKHBINA YTOJ:
X'=Xc0s6— ysino;
y'=Xsin0+ ycoso.

C y4eToM CTaTUCTHYECKOTO PacIpele]IeHNs CKOPOCTH BETpa OKHJaeMast Be-
JTIHA TeHepupyeMoit BOY sHeprun paccunThIBACTCS CIIEIYIONTIM 00pa3oMm:

Nwd Nws

NW\
Wei =D Py [vi (x’, A )] f (v? 0, )T,
i=ld=1s=1
rze By iy — paboyas xapakrepuctuka BOY, Br; V? — CKOpPOCTb BETPA Ha BBICOTE
IIeHTpa OcH poTopa, M/c; f — moTHOCTH pactpenencHust BEpOSTHOCTEH 10 Tpa-
JaluysM HanpaslieHHs 0, M CKOPOCTH BETpa V? ; N\,s — 4MCIIO Tpajanuii CKOpo-
ctu Betpa; N, — TO K€ CEKTOpOB I'MCTOTpaMMbl HalpaBJieHHs BeTpa; T — pac-

YETHOE YUCJIO YacOB.
Jlns MosiennpoBaHUs BEIXOAHOW MOITHOCTH BOY ncmonb3yercs MOJTMHOMU-
anpHas KyOmdeckas MOJIeNb almmpoKCuManun pabodeit xapaktepucTuku [21]:

V<V

0
3 3
V© —V:
in .
[ 3 3 |:)WTrat Vin <V<Vrat'
wt (i) (Vi ) =9\ Vrat ~Vin

P
F)WTrat Vrat <V< Vup ;
0 V>V,
rie Rypy — HOMHHANBHAS MOLHOCTH BOY, BT, v,V 4, V,, — MUHUMaNbHas,

HOMUHAaJIbHAs U MakcuMalibHas padodas ckopocTs BOY, m/c.
[ToTepu MOIIHOCTH B KaOEIbHBIX JIMHUAX PACCUUTHIBAIOTCS KaK

_ 2
APy v _3z|ij Raca. il
rae | — pacderHblil TOK Ha y4acTke KabenbHOM JTHHUH, A; Ryc i j) — yIACIbHOE

COMPOTHMBJICHUE JKUIBI Kabens mnepeMeHHoMy ToKy, Owm/km; I — mpors-

KEHHOCTh Y4acTKa KaOeIbHOUW JTMHUH, KM.
PacueT rogoBoil BeMTWYMHBI T€HEPUPYEMON AHEPIUU C YUETOM IOTEPH BbI-
MOJTHASTCS 110 POpPMyIIe

AER, =W, — (AP, + APy, )T,

rae W, — KOJIMYECTBO JJIEKTPOIHEPrHH, BeIpabaTeiBacMoii Bcemn BOV ¢ yue-
TOM a’pOAMHAMHMYECKMX TIOTeph, KBT4; AR,,, AP, — IOTepH MOIIHOCTH

B Kabelsx CHCTeMBl cOOpa MOITHOCTH M KaOCIbHOU JIMHUHM TPAHCTIOPTHPOBKH
SHEPTUU OT MOPCKO# TOJCTAaHITNH K OeperoBoid, KBT-4.
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OneHkKa ce0ecTOUMOCTH IJCKTPOIHEPIUHA

OI_ICHKa ce0eCTOUMOCTH FCHepI/IpyeMOﬁ SJICKTPOOHEPIMU B JAHHOM HCCJIC-
JOBaHWHU ITPOU3BOJIUTCA oe3 yd€Ta 3aTpar Ha SKCIIIyaTaluuio U 06CJIy)KI/IBaHI/Ie
Cinv

COE =—"—,
AEP

net

rae C,,, — KanuTajbHbIE 3aTpaThl Ha KomnoHeHTsl BOC, y. €.

Pacder KamuTaNBHBIX 3aTpaT BBHITIOMHSACTCS C HWCIIOJB30BAHMEM MOJEICH,
MPEAIOKEHHBIX B [22], KOTOPBIE MO3BOJISIOT OMPEAETUTH CTOUMOCTh KOMIIOHEH-
toB BOC mno ux TexHuueckuM mnapamerpam. OOmas cymMMa MepBOHAYAIBHBIX
3aTpar paccuuTana mo (popmyie

F
Cinv =Cwr +Coss +(ZCMV(i,j)|ij +Chy L),
rae C,; —croumocth BOV, y. e.; Cygq — TO ke TpaHCc(hOpMATOPOB U mIaTdop-

. F
MbI O(IIOPHOH MMOACTAHIINH, Y. €.; Cpmv (i j) — TO XKC CAMHULBI JUIHHBI Kkabens cu-

cTeMbl cOopa MOIIHOCTH ¢ cedeHueM F, y. e./kM; C,, — TO e eAUHHUIIbI JUTUHBI

Kabens cucTeMbl cOOpa MOIHOCTH ISl TIepeAadd BhIpaOaTHIBAEMOH 3JICKTpPO-
SHEPTHH Ha Oeper, y. €./KM; L — MpoTspkeHHOCTh Kabes epeiadil MOITHOCTH OT
MOPCKOM MOACTAHITNH K O€peTOBOM, KM.

Ananu3 BAPHUAHTOB BBINNOJIHCHUA ONITUMHU3ALIUHA

C uenpr0 OICHKHM BIUSHHS ONTHMHU3AllMM Ha OOIIMIA Pe3yibTaT MpPOBE-
JICHO CPaBHECHUE HECKOJIBKUX aJbTEPHATUBHBIX TOAXOMOB, Pa3IHYAIONINXCS all-
TOPUTMaMH TIOCTPOSHHUSI CXEMbI KaOelbHBIX COSIMHEHUH, a TaK)Ke OrpaHHICHU-
SIMU, CBSI3aHHBIMHU C T€OMETPUYCCKUMH pa3Mepamu u (popMol ydacTka KOMIIO-
HOBKM TypOuH. biok-cxema mpoBeJcHMsI CpPaBHHUTEIBHOTO aHalW3a MOKa3aHa
Ha puc. 3.

A
(start —» M 9 GA

CpaBHeHme
TEXHHUKO-
SKOHOMHUYECCKUX
ToKasaTenei

Puc. 3. CpaBHHBaeMble BapUaHTHI BRIIIOJIHEHHS ONTUMU3aK: M — pacuetHast Mmonens BOC;
GA — renernyeckuii anroputm; MST — ainropuT™ nocTpoeHns MUHUMAJIBHOTO OCTOBHOTO JIepeBa;
CMST — anroput™ MOCTPOSHUSI MUHIMAJIBHOTO OCTOBHOTO JIEpeBa C OTpaHUICHHEM;

Nit — Homep urepauH; Nitmax — MAKCUMAJIBHOE YHCIIO UTEPALUit

Fig. 3. Optimization options being compared: M — wind farm model; GA — genetic algorithm;

MST — minimum spanning tree algorithm; CMST — algorithm for constructing a minimum
spanning tree with constraint; n;; — number of iteration; N nax — Mmaximum number of iterations
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B BapuanTte A nporiecc pasziesieH Ha JiBa 3Tana:

1) BBITTONTHSAETCS ONTUMHU3AIUS KOMIIOHOBKH, TPH KOTOPOW TMOCTPOCHHE CXe-
MBI KaOeIbHBIX COSMHEHNH OCYIIECTBISETCS YIPOIIEHHO, 0e3 orpaHNYeHui Ha
MPOBOAMMOCTH cBs3elt (MST-anroputm);

2) Tocie 3aBeplIeHHs PabOThl aaropuT™Ma ONTHMHU3AINN KOMITOHOBKH IMPO-
M3BOJUTCS CHHTE3 TEXHHYECKH peanu3yeMoi cxembl coefunenudt (CMST-
aNTOpPUTM) C BBIOOPOM IS KaKIIOTO COCTUHEHHUS KaOens HeoOXOAMMOTO II0
YCIIOBUSIM JIOTYCTHUMOTO HArpeBa CEYCHHS W BBHIMOIHACTCS MEPECUeT TEXHUKO-
SKOHOMHUYECKHUX TIOKa3aTeIeH.

[NomyueHHbIe pemIeHYs] CPABHUBAIOTCS C Pe3yabTaTaMy ONTUMHU3AIMOHHOM
Mozenu B, B kotopoit CMST-anroput™ UCnoib3yeTcsi HeIOCPEACTBEHHO B TIPO-
I[eCce MOUCKA ONTUMATLHOW KOMITOHOBKH. [Ll1aH CpaBHUTENBHOTO aHAJIN3a MPH-
BeJeH B Ta0m. 1.

Tabruya 1
Martpuua cpaBHHTEJbHOI0 aHAIN3a

Matrix of comparative analysis

CpaBHMBaeMblil BApUAHT BBITIOIHEHUS ONTHMH3AIHN
KOMIOHOBKH BETPO3IEKTPOCTAHIIUH

Ontumu3anus ¢ "3MEHEHHEM (bOpMI)I y4JacTKa KOMIIOHOBKH

Al | A2 | Bl | B2

BETPOOHECPI€TUICCKUX YCTAHOBOK - + - +
OHTI/IMI/I38.L[I/I${ C IOCTPOCHUEM peaIIPICTPI‘{HOﬁ CXEeMbI KaOEIbHBIX
coequneHuit (CMST) - - + +

B Bapuanrax Al, Bl nouck ontumManbHON KOMIIOHOBKH BBITIOJIHSUICS ITyTEM
pacnionoxxenus BOY na mnomanke BOC ¢ukcupoBanHbIX pazMepoB. B anbrep-
HaTHBHOM Toaxojie GopMa U pa3Mep ydacTka pacronoxkenus BOY Bapbuposa-
JIUCH B mporiecce onTummsanmu A2, B2.

HcxonHble JaHHbIE

B kauecTBe mpumepa NpUBEAEM pe3ysbTaThl ONTHMM3ALMH KOMIIOHOBKH
BOC Horns Rev 1, obmue TexHUUECKUE XapaKTEPUCTHKH KOTOPOH MpeacTaBiie-
HBI B Ta0m. 2 [23].

Tabauya 2
TexHHYecKHe XapaKTEPHCTHKH BeTpodJjekTpocTannuu Horns Rev 1
Horns Rev 1 wind farm technical specifications
ITapametp 3HayeHue
YcraHoBieHHas MOIHOCTH, MBT 160
KomiaecTBo BETPOdIIEKTPUUCCKUX YCTAaHOBOK, IIIT. 80
TI10mab Y9acTKa Pa3MEICHHs BETPOITCKTPHUCCKIX YCTAHOBOK, KM’ 20
DeKTpryecKas CHCTeMa

Hampspxenne cucteMsl c6opa MOITHOCTH, KB 35
HanpspkeHue 1uHuM iepegayl MOIHOCTH, KB 150
CeueHus kabeneil cicTeMbl cO0pa MOIIHOCTH, MM 150; 400
Ceuenne Kaberst JTMHUM TIepefadyn MOLTHOCTH, MM 630

Berpoanekrpryeckas ycranoka Vestas V80 [24]
HomunansHast Moniaocts, MBT 2
Juamerp poropa, M 80
BricoTa nieHTpa ocu poropa, M 70
MunnMasbHas paboyasi CKOpoCTh, M/C 4
HomunanbHast pabouast CKOPOCTb, M/C 16
MakcuMaiibHasi pabodasi CKOpoCTh, M/C 25
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BeTpoanekTpuueckne yCTaHOBKM CKOMIIOHOBAaHBI Ha PETyJSIpHON KOOpAH-
HATHOH CETKE ¢ TOPU3OHTAIBHBIM OCEBBIM HAKJIOHOM M PACCTOSHHUEM MEXIY
Typbunamu 7D (560 m). [Inan obmero pacnonoxxenus BOC [23] u cxema KoMm-
nmoHoBkH BOY [25] moka3ans! Ha puc. 4.

a b
55,601 O wr ( oss 150mm 2 e 400 MM 2
6,152"
Blavand
55,55 O 6,151
g _ ¢
Q 17,76 km - — —
% Horns Rev 1 - - E 6,150
= - =,
55,501 6,149
6,148~
55,45 |
780 7,85 7,90 7,95 8,00 8,05 8,10 8,15 424 425 426 427 4,28 4,29 4,30
TlonroTa x, km

Puc. 4. TInan o61ero pacrnosoKeHHs BETPOIICKTPOCTAHIMH (), CXeMa KOMIIOHOBKH
BETPOIIEKTPHYECKHUX YCTAHOBOK M KabenbHbIX coenunenui (b): WT — BerpoasiekTprueckast
ycranoBka; OSS — Mopckast TpancdopmMaTopHast HOACTAHLIUS

Fig. 4. The wind farm site layout (a), the wind turbines and cable joints layout (b):
WT - the wind power plant; OSS - the offshore transformer substation

HeoOxoquMo OTMETHTB, 4YTO MyTh NPOKIAAKKA BBICOKOBOJIBTHOTO KaOems
B JICWCTBUTEIILHOCTH UMEET O0JIee CIIOKHYIO TpaeKTopHio [23], Ho B 1aHHO# padoTe
€ro MPOTSKEHHOCTb OMNPEENAETCSl PAaCCTOSHUEM MEXKAY TOYKOM pacroioKeHUs
w1aThopMbl MOPCKOH TpaHC(OPMATOPHON MOACTAHLIMK U TOUKOW pazMmerieHus Oe-
PeroBoii moacTaHMK. XapaKTepUCTHKU Kabenel, HeoOOXOAUMBIE JJIs pacyeTa, B3si-
ThI U3 [26, 27]. CtoumocTs komnoHeHnToB BOC paccunrtana mo [22].

Jns MozmenupoBaHMsI BETPOBOTO PEKUMa HCIOJB30BAJICS BPEMEHHOH Pl
JIAHHBIX HAOJFOJCHUH CKOPOCTH M HANpaBJICHHUS BETPa, 3aPETUCTPUPOBAHHBIX
3a 2014-2019 rr. Ha OmmKaiimeit Meteoposorudeckoii crannuu Blavand [28].
JlaHHBIE CKOPOCTH BETpa pa3/eieHbl Ha Tpynmbl 1o 16 cekTopaM HampaBieHUs U
anmpPOKCUMHUPOBAHBI ABYXIapaMeTpUIecKUM pacrpeaeneHrueM BeitOymra [29].
Po3za BeTpoB, mocTpoeHHAs HA OCHOBE HAOJIOIeHNH, TIOKa3aHa Ha pHC. 5.

‘Wind speed [m/s]
~25

e

Puc. 5. Po3a BeTpoB, HOCTPOCHHAS 110 JaHHBIM
mereocranimu Blavand

Fig. 5. Wind rose constructed from observed
s data collected at Blavand weather station
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PesyabTarsl

Ha puc. 6 nokazansl cxembl koMnoHoBKH BOC, nomyueHHble npu peanusa-
LMY Pa3IUYHbIX BApUAHTOB ONITUMU3AIUH.

’ O WT & 0SS — 150 mm? — 400 mm? — 630 mm? ‘

Puc. 6. ONTUMH3NPOBAaHHBIE CXEMbI KOMIOHOBKH BETPO3IEKTPOCTAHIINIA

Fig. 6. Optimized wind farm layout schemes

AHanu3 pemeHnii TpOBOAMIICS Ha OCHOBE CPaBHEHUSI TEXHHUKO-dKOHOMHYE-
CKHX TOKa3aTenell ONTHMHU3UPOBAHHBIX CXeM. B KauecTBe KpHUTEpHEB OLEHKH
WCTIONB3YIOTCS TTOKA3aTeNH CPETHETONOBOM BBIPAOOTKH M MOTEPH DIEKTPOIHEP-
THH, 00Iasi MPOTSHXKEHHOCTh M 3aTpaThl Ha KaOelnu CHCTEMBI cOopa M INepeaadn
MOIIIHOCTH, a TaKXXe CPETHEro0Basi ce0ECTOMMOCTD ANEKTPO3IHEpruu. s mo-
JyYeHHs CTATUCTUYECKH 3HAYNMBIX OIIEHOK IS KaXKJIOTO CPAaBHUBAEMOTO BapH-
aHTa BBIMOJIHEHO MO 50 3amycKOB anropuTMa ONTUMH3ALMHU. Y CpeIHEHHBIC
MOKAa3aTeIy CBeleHbI B Ta0. 3.

[oBbImIeHHE MPOU3BOAUTENLHOCTH B OOJBIICH CTeeHN obecreunBaeTcs 3a
CYET CHIKEHHsI MOTeph, CBSI3aHHBIX € 3((EKTOM a’dpOoIMHAMUYECKOro 3aTeHe-
HUS. DTO JOCTUTAETCSA IyTeM HPOCTPAHCTBEHHOTO IMO3WIIMOHMpPOBaHUS BOYVY,
T. €. OHU BBICTPAUBAIOTCS TAaKUM 00pa3oM, 4TOObI B Tpeo0IIajaroieM Hampas-
JIEHUHM BETpa a’poJIMHAMHUYECKOE B3aUMOJICHCTBHE Mexay TypOWHaMHu ObLIO
CBEJICHO K MUHUMYMY. Hanmnydmuii pe3ynpTar modydeH Py BBIIOTHEHHUH OIl-
TUMHU3aUUU 0€3 orpaHudeHusi pazmMepoB U Gopmel miomanku BOC (Bapuan-
Thl A2, B2), NOCKOJIBKY TaKOW MOJXO/ MO3BOJIAET 00Jice THOKO M3MEHATh CXEMY
pacmonioxkeHuss TypOuH, 4YeM MpH KOMIIOHOBKE B IpeJiesiaX 3aJaHHOTO Y4acTKa
¢ukcupoBaHHbIX pasmepoB (Bapuantsl Al, B1). Ilpu sToM MuHMManbHas ou-
crannus Mexny BOVY Bo Bcex ciyuasix MeHbIE, YeM B OPHUTHMHAIBHOI cxeme,
U B CpeHeM cocTaBisieT 6D, 4To mO3BOMISIET COKPATUTh MPOTSIKEHHOCTh Kade-
Jieit cucteMbl cOOpa MOIITHOCTH.
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Tabauya 3
Pe3yabTaThl ONTHMU3AIHH

Optimization results

Cxema Initial Al A2 B1 B2
[IpoussogurensHocts BOC

AEP 055, IBT-u/T. 516,85

AWy, I'BT-u/T. 2,53 1,54 1,69 1,20 1,47

AWy, I'BT-9/T. 2,74 3,25 3,37 3,16 3,07

AW\yake, I'BT-9/T. 25,35 21,30 14,80 21,10 14,70

AEP,¢;, 'Br-u/r. 486,30 490,70 497,00 491,40 497,60
IIpoTskeHHOCTH KaOeTbHBIX JINHUIT

Lmy, kM 53,80 44,33 45,69 40,61 40,41

Ly, kM 17,76 20,90 21,40 20,30 19,50

KanuranpHble 3aTpaThl 1 C€0€CTOMMOCTE SHEPTUH

Cwr, MIH Y. €. 1224

Cr,MiH y. €. 421

Cwmv, MIH Y. €. 118,4 95,9 98,5 84,5 85,7

Chv, MIH Y. €. 84,4 99,2 101,8 96,5 92,6

Ca,MIHY. €. 202,8 1951 200,3 181,0 178,3

COE, y. e./(xkBT-4) 3,020 2,977 2,950 2,945 2,902

Ipumeyannsi: AEPg,s — 00beM BaoBOro NpOM3BOJACTBA 3JIEKTPOSHEPTUH BETPOIIEKTPO-
cTaHnuy 3a rox (6e3 yuera noreps MomHuocTH), [ Br-u/r.; AWy, — cpenHeronoskie oTepu Hep-
THH B Ka0eJsix cucteMbl coopa momHocTH, [ BT-9/r.; AWy — To ke B kKabele mepeaayn MOIIHO-
ctu 1o OeperoBoii TpanchopmaropHoil noacraHuuu, [ Br-4/r.; AW e — IOTEPH 3IEKTPOIHEPIHU
U3-3a2 a9POJMHAMHUYECKOTO 3areHeHust TypOuH, [ Br-u/r.; Lyy, Lyy — IpoTshkeHHOCTh KabelbHBIX
JMHUHA cucTeMbl cOopa M mepejaud MoLIHOCTH, kKM; Cr — croMmocTh OQIIOPHOW MOACTaH-
U, MJH. y. e.; Cyy — 3aTparsl Ha Kabenu CHCTeMBbl cOOpa MOIIHOCTH, MIH Y. €.; Cpyy — 3aTpathl
Ha kabemu Ui Iepefadn BeIpabaThIBaeMOH JIEKTPOIHEPTrUuH Ha Oeper, MiH y. e.; Co — cymmap-
HBIE 3aTpaThl Ha Ka0eJn, MIIH Y. €.

ANTOpUTM CHHTE3a CXEMbI KaOeJIbHbIX COCIMHEHUI TaKKe OKa3bIBAaeT BIIMS-
HHUE Ha pe3ynpTaT onTuMuzanuu. Ha auarpamme (puc. 7) mpuBEIEHO COMOCTaB-
JIeHHE TIOKa3aTeled CXeM, IPU ONTHMH3ALMU KOTOPBIX HCIIOJIB30BAJIUCH IBa
AIbTEPHATUBHBIX AJITOPUTMA IIOCTPOEHHSI CTPYKTYPBI CXEMBbI KaOEJIbHBIX COeNu-
HEHU.

[locTtpoeHne cxembl KaOEIbHBIX COCIMHEHHH, BBINOJIHIEMOE IOCPEACTBOM
CMST-anroput™a B ipoliecce ONTHMHU3AIMU KOMIIOHOBKHU (BapuanTel Bl, B2),
MO3BOJIMJIO CYIIECTBEHHO CHU3UTh CTOMMOCTH AJIEKTPUUYECKON CHCTEMBI U MOTe-
PH 3HEpruu B Kalensix cucTeMbl cOopa MOIIHOCTH. Vcrmonb30BaHUE yNpoIIeH-
HOW METOMWKH Ha ocHoBe MST-anroputma MpUBOAWT K 3aBBHIMICHHIO AaHHBIX
nokaszareneif. CTOUT OTMETHTh, YTO B 3TOM KOHKPETHOM CITydae pa3iniue B ajro-
pPUTMax MOCTPOCHUSI CXEMBl COCIMHEHUHN HE OKa3alo BIMSHHUS Ha Ka4eCTBO KOM-
MOHOBKH TYypOMH, TaK Kak IMOTEPH MOLIHOCTH OT a’dpOJMHAMUYECKOTO 3aTCHEHUSI
quia BapuantoB Al u B1, a Taxoke A2 u B2 pasnuuarorcst He3HaUUTENBHO.
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Fig. 7. Comparison of optimization results with the indicators of the original layout

CHIDKEHHIO TIPOTSDKEHHOCTH Kabeneld CUCTeMBI cOopa MOIITHOCTH, TIOMHMO
YMEHBILIEHUs] AMCTAaHIUU Mexay BOVY, Taxke cmocoOCTBYeT MmepeHoc MmecTa
pacmoioKeHusl MoAcTaHIuN BHYTpb MaccuBa BOC. HecMotpst Ha To uTo mpu
3TOM BO BCEX CIIy4asiX yBEIMUYMBAETCS IPOTSKEHHOCTh KaOeIbHOM JIMHUU Iepe-
Jlaud MOIIHOCTHU Ha Oeper, 3aTpaThl Ha Hee KOMIICHCUPYIOTCS CHU)KEHHEM CTOU-
MOCTH KabeJiel MexX 1y TypOMHaMHU U MOJCTaHIHEH.
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Pedepar. K ycraHOBKaMm, CBSI3aHHBIM C PEryJIHPYEMbIMH HCTOYHHKAMH IIOCTOSHHOTO TOKA,
HPEIBSBISACTCS Pl TPeOOBaHUiA, CpPely KOTOPBIX Malible IyJbCALMU HANpPSOKCHUS U TOKa B
Harpyske, a TaKKe LIMPOKUH AUaNa30H U3MCHEHUS BBIXOJHOTO TOKA. Takhe yCTAHOBKU TPaAUIIU-
OHHO CTPOSITCS Ha YIPaBJISEMBIX BHIIPSAMHUTENSIX MM LIMPOTHO-MMITYJIBCHBIX HPeoOpa3oBaTelisx,
B KOTOPBIX BCEr/ia MPUCYTCTBYIOT MyJIbCALMKM HANPSIKEHUS. B cTaTbe pacCMOTPEH METOJ CHMXKe-
HUS TyJIbCAllMii HANPSHKEHUS MOIIHBIX BBINPSAMUTENEH JUI NMUTAHWUS MarHUTHBIX CHUCTEM, OCHO-
BaHHBIH Ha BBEJEHMH B LIENb Harpy3KH KOMIICHCUPYIOIIETO HAIPSIKEHHs, PABHOTO 110 BEIHMYHMHE
U TIPOTHBOIOJIOKHOTO MO (ha3e HANPSHKESHUIO Mynbcanuid. [lokazaHa BO3MOXKHOCTb MPUMEHEHUS
KOMIICHCATOPOB ITyJIbCALMH, IOIKIIFOYaeMbIX IapajuieJIbHO M IIOCIEIOBATEIBHO C HArpy3KOH.
IpuBeneHbl METOIBI MOJYYCHHs KOMIICHCHPYIOIIETO HampspkeHus. JIIs HMCKIFOYEHHs! MoJMar-
HUYMBaHUS TpaHC)OpMaTopa KOMIIEHCATOpa MyNbCAlUil Hpeaaractcs MPUMEHSATh HECKOJIBKO
BapHaHTOB €ro UCIOJIHEHHUSI U BKIIOUCHUs. [IpoaHain3upoBaHbl IPAKTUYECKHUE CXEMbI TACCUBHBIX
KOMIICHCATOPOB (C LEMbI0 pa3MarHUYUBaHus U OuuIsIpHOit 00MOTKOIT). PaccMotpena mpobiema
pa3pabOTKH KOMIIEHCATOPOB MyJbCALMHA JUISI MHOTO(a3HbIX BBIIPSMHTENICH, a TAKKE IyTH €¢ pe-
menus. [IpuBeeHbl MpakTHYeCKHe PeKOMEHAAINH 10 BHIOOPY MaTepualia CepIeYHHKa U pacyuery
Tpancdopmaropa. Ha ocHOBE TEOpPETHYECKHX M MPAKTUYECKUX COOOPAKEHUH MO MPOSKTHPOBa-
HHIO KOMIIEHCATOPOB IMyJIbCAalliii pa3paboTaHbl HMUTAIIMOHHBIE Mojenn B makere Simulink mpo-
rpammbl MATLAB. TlpencraBieHa METOIMKA HCCIICIOBAHUS KOMIICHCATOPOB MYJIbCAIlMi Ha pa3-
paboTaHHBIX HMHTAHOHHBIX MOJIEISIX CHMMETPUYHOTO 12-MyJIbCHOTO BBIPSIMUTEINS. Pe3yabTaThl
UMHUTAOHHOTO MO/ICITMPOBAHUS [TACCHBHBIX KOMIICHCATOPOB ITyJIbCALMi{, BBIOJHEHHBIX B IBYX
BapHaHTax, IMOKa3amn UX 3(Q(EKTHBHOCTb MPH OTHOCHTEIHHO HECIIOXKHOHW CXeMe M HEBBICOKHX
9KOHOMHYECKUX 3aTpaTax. BpeMs yCcTaHOBJIEHHMS 33JaHHOTO TOKA B CHCTEME IPU HAIMYUH KOM-
MEHCATOpa MyNIbCAINH yBEMMINBaeTCsl He Oojee ueM Ha 3 %, a TOYHOCTh M CTa0MIBHOCTH paboTHI
HE U3MEHSIOTCS.
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" TOKa, KOMIICHCalus HyﬂLCﬁHHfI, 1enb pasMarHn4iuBaHus, 6I/I(1)I/IJI${pHa${ 06MOTKa, MoJeIMpoBa-
HHUC, HMUTAIIUOHHAA MOICIIb

Jas nuruposanus: Jlypse, M. C. IlonaBneHue mysbcanuil ynpapisieMbIX BBINIPSIMUTEICH A
nutanus MarHUTHEIX cucteM / M. C. Jlypwe, O. M. Jlypse, A. C. ®ponos // Duepeemuxa. Hss.
sblcul. yued. 3aeedenutl u snepe. 0owvedunenuti CHI'. 2022. T. 65, Ne 4. C. 317-330. https://doi.org/
10.21122/1029-7448-2022-65-4-317-330

AJpec ISl mepenucKu Address for correspondence
Jlypse Muxamn CemeHOBHY Lur’e Mikhail S.

CuOHpPCKHI TOCYIapCTBCHHBIN YHUBEPCUTET HAYKH Reshetnev Siberian State University
U TEXHOJIOTMI uMeHH akafeMuka M. @. PemerHesa of Science and Technology

npoct. uM. ['azersr «KpacHospckuii pabouniiy, 31, 31, Krasnoyarsky Rabochy Ave.,
660037, r. Kpacuospck, Poccuiickas deneparus 660037, Krasnoyarsk, Russian Federation
Ten.: +7 391 222-73-19 Tel.: +7 391 222-73-19

sibgtu-frolov@rambler.ru sibgtu-frolov@rambler.ru



https://doi/
mailto:sibgtu-frolov@rambler.ru

M. C. Jlypve, O. M. Jlypve, A. C. @Pponos
318 IMomaBnenue mynbcanuii ynpasisieMbIX BEIIPSIMHUTEICH JUIs MUTAaHUS MAaTHUTHBIX CHCTEM

Suppression of Ripples of Controllable Rectifiers
for Power Supply of Magnetic Systems

M. S. Lur’e?, 0. M. Lur’e?, A. S. Frolov"

DReshetnev Siberian State University of Science and Technology
(Krasnoyarsk, Russian Federation)

Abstract. A number of requirements are imposed on installations associated with regulated DC
sources, including low voltage and current ripple in the load, as well as a wide range of output current
variation. Such installations are traditionally made on controlled rectifiers or pulse-width converters
in which voltage ripples are always present. The paper considers a method for reducing the voltage
ripple of powerful rectifiers for powering magnetic systems based on the insertion of a compensating
voltage equal in magnitude and opposite in phase to the ripple voltage into the load circuit. The pos-
sibility of using ripple compensators connected in parallel and in series with the load, as well as
methods of obtaining a compensating voltage is shown. Methods for obtaining compensating voltage
are given. In order to exclude the magnetization of the ripple compensator transformer, it is proposed
to use several versions of the compensating transformer and the inclusion of ripple compensators.
Practical schemes of passive compensators (with a demagnetizing circuit and a bifilar winding) are
analyzed. The problem of developing ripple compensators for multiphase rectifiers, as well as ways
to solve it, is considered. Practical recommendations for choosing a core material and calculating
a transformer are given. On the basis of the presented theoretical and practical considerations for
the design of the ripple compensators, simulation models have been developed in the Simulink pack-
age of the MATLAB program. A technique for studying ripple compensators using the simulation
models of a symmetrical 12-pulse rectifier that has been developed is presented. The results of simu-
lation of passive ripple compensators, performed in two versions, showed their effectiveness, while
the scheme was relatively simple and economic costs were relatively low. Also, the time of setting
the set current in the system in the presence of a ripple compensator increases by no more than 3 %,
and the accuracy and stability of operation do not change.

Keywords: DC regulation, load, voltage and current ripple, ripple compensation, demagnetization
circuit, bifilar winding, modeling, simulation model
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BBenenne

B coBpeMeHHBIX ycTaHOBKax Uil (PU3MYECKUX HCCIENOBaHHUMA, CHUCTEMax
TOYHOI'O JIEKTPONPHUBOAA B PAAUOIIEKTPOHHOM, 3JEKTPOXUMUYECKON U IPYTUX
OTpacisIX MPOMBILIUICHHOCTH B Psifie CIy4aeB HEOOXOAMMBI MOLIHBIE PErYIHPY-
eMble UCTOYHHMKH ITOCTOSIHHOTO TOKA JUIsl MUTaHUSI MarHUTHBIX cucTeM. OOBIYHO
ux MomrHocTh npeBbimaer 10 kBt. OcHoBHOe TpeboBaHME K JaHHBIM YCTPOH-
CTBaM — MaJble MyJbCalliy HampsDKeHHst W Toka B Harpyske (menee 0,01 %)
u mmpokuit (1o 100) auanazoH M3MEHEHMS BBIXOJHOTO ToKa. Takue ycTpoiicTa
YacTO HA3bIBAIOT MPEIM3HOHHBIMU cTabmim3atopamu Toka [1]. X crposT Ha
yrpasisieMblx BepsMutensx (YB) [2] wim mmmpoTHO-UMITYIIECHBIX TTpeodpaso-
Barensx (LLINIT) [3, 4]. Ha Beixone ¥YB u IIIUII Bceraa npucyTCcTBYIOT MyJibca-
UM HAIIPSDKEHUS, KOTOPbIE CYILIECTBEHHO BO3PACTAOT IPHU PErYIMPOBAHUH BbI-
XOJTHOTO HaNpsDKEHUs TpeodpaszoBaTenei [5, 6].
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Henocrarkom HIUII saBnsieTcs BBICOKHI YpPOBEHb AJIEKTPOMArHUTHBIX IO-
MeX, Hapymaomux paboTy pacnoiIoKeHHOH MOOIM30CTH AIEKTPOHHOH ammapa-
TYpBI, YTO BBIHYXKJA€T NPUHUMATh CJIOXHBIE MEPBI 110 3KPAHUPOBAHUIO BCETO
cuitoBoro obopynoBarus [7]. B YB dactora mynbcanuii 1 ypoBeHb TapMOHUK
BBIXOIHOTO HANPSDKEHUS NaXe NpU TIIyOOKOM pEryJIHpPOBAaHHH 3HAYUTEIHHO
Huxe, yeM B LIINII, moaToMy oHM cO37at0T MEHBIIE AIEKTPOMAarHUTHBIX [TOMEX,
HO TpeOyIOT CIeNHaTbHBIX MEpP M0 CHIKEHHIO MyJbCalliil HAMPSHKEHUS U TOKa
B Harpys3Kke.

Harpy3koii npenu3uoHHBIX CTa0WIIM3aTOPOB TOKA CIY)KUT MOIIHBIA 3JICK-
TPOMAarHuT ¢ KOBaHBIM HIIH JINTBIM CEPJICYHUKOM, CXeMa 3aMeleHHs] KOTOPOTo
mokasaHa Ha puc. 1, rme Ry, Ly — conpoTuBieHne 1 MHAYKTHBHOCTH OOMOTKH
ANEeKTpOMarHuTa; Ls, Rs — MHAYKTUBHOCTE paccesHUsl ¥ SKBHBAJIICHTHOE COMIPO-
TUBJIEHHUE TIOTEPh B CEpACYHHKE. AKTUBHO-MHIYKTHUBHBIA XapaKTep Harpy3Ku
CHOCOOCTBYET CHIDKEHHUIO MyJIBCAIMA TOKA, HO M3-3a TTOTEPh SHEPTHH B IETHHOM
CepACYHMKE U OONBLIION MHAYKTUBHOCTH paccesHUs pealibHas MPOBOIUMOCTD
AIEKTPOMArHUTA /ISl IEPBON TAPMOHHUKH ITyJIECAITAI MOXKET OBITh 3HAUYMTEIHHO
Oounblie, 4eM y uaeaqbHON aKTUBHO-MHAYKTUBHOHM menu. Hampumep, Ha puc. 1
CIUIOITHON JIMHUEH MOKa3aHa aMIUIMTYAHO-4acTOTHasi xapakTepuctuka (AYX)
AJIEKTPOMArHUTa SJIEPHOTO MarHUTHOTO aHanmm3aropa Ha Tok 100 A [8]. Ilapa-
METpBI ero cxembl 3amernenus: Ry =5 Om; Ly =5 T'H, Ls= 0,1 T'n; Rs =200 Om.
Jlna cpaBHeHHd Ha puc. 1 MyHKTUpHOM NuHUEH nokazaHa AUX uneanbHOM ak-
TUBHO-WHAYKTUBHOM IIETI C TEMH K€ 3HAUCHUSIMH aKTHUBHOTO CONPOTHBIICHUS 1
WHAYKTUBHOCTH.

10,

] SO

- 10

Ls

ITpoBoauMOCTE 3€KTpOMaruura, ab

80} -

~90 I B it
10° 1072 107 10° 10" 10? 10° 10*
YacroTta, Ny

Puc. 1. Cxema 3aMeIIeHUs U aMIUTUTYAHO-4aCTOTHASA XapaKTEPUCTHKA MOIIIHOTO
JJIEKTPOMATHUTA Ha TUTOM (hEepPPOMArHUTHOM CEPICUHHKE

Fig. 1. Equivalent circuit and amplitude-frequency response of a powerful electromagnet
on a cast ferromagnetic core

JUist CHIDKEHMS IyJIbCallMi NMUTAIOLIET0 IOCTOSHHOTO HANpsDKEHHs IpUMe-
HSIIOT MHOTO(QA3HbIE yIpaBiisieMble BBIIPAMUTENH, umeromue 12, 18 u Oonee
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daz [9, 10]. Ho aMmiuTyasl HEpBBIX TapMOHHK IyJIbCAlMd HMX BBIXOIHBIX
HANPSOKEHUN BCE KE OCTAOTCS 3HAYUTEIBHBIMU IS TUTAHUS TPEHU3UOHHBIX
cucreM. Ha puc. 2 mpuBenens! nocrossaHas cocrasistomas Ugy(0) u aMrmmnTy bl
nepBoIX 1ATH rapMoHUK (0T 600 mo 3000 I'm) mysscaruii BEIXOIHOTO HampshKe-
Hus 12-mynbcHOrO YB B 3aBHCHMOCTH OT yriia peryjupoBaHusl.

300 30,00
-—_\
m 250 \ 25,00
=2
ggm
ZaS 200 2000 ——Uq(0)
I g >
o3 E —— U, (600)
o @ T 150 15,00
g % 2 Uq (1200)
=
EE % 100 10,00 Uq (1800)
(8]
:% % T — - —Uq4 (2400)
o - 50 N/ 5,00
S . — U4 (3000)
0 1 | : ¥ 4 0,00

0 15 30 45 60 75 90

Yron perynupoBaHus o, rpag.

Puc. 2. CiekTp BBIXOAHOTO HaNpsKeHUS 12-IyNbCHOTO YIPaBIIiEMOTO BBIIPSIMUTEIS
IIPY aKTHBHO-WHIYKTHBHOH Harpyske (IIpaBasl IIKajia — JJIs HEPBOH U BBICIIHX T'aPMOHHK)

Fig. 2. The spectrum of the output voltage of a 12-phase controlled rectifier
at an active-inductive load (right scale — for the first and higher harmonics)

B MOIIHBIX BBIIPSAMUTENSIX HUCIIOIB30BAHUE NMACCUBHBIX (DPUIBTPOB I CHU-
KEHUSI MyJIbCAlUi MOKHO CUMTATh SKOHOMHYECKH U TEXHHMUYECKH HELelecoo0-
pa3HbIM, TaK Kak TpeOyeTcs Haluuue apocceneld ¢ OONBIION MHAYKTHBHOCTEIO,
paccYMTaHHBIX Ha IIOJIHBIA TOK HArpy3kH, M KOHJCHCATOPOB OOJIBLION €MKO-
ctu [11]. Hamaoro Gomnee 5KOHOMHYHBI pe30HAHCHBIE (UIBTPHI, HO OHH UyB-
CTBHUTENBHBI K YaCTOTE MUTAOMIEH ceTH [12], mo3TOMy HX XapaKTepUCTHKH OKa-
3BIBAIOTCS HEIOCTATOYHO cTaOminbHBIME [13—-15]. B manHo# pabote paccmarpu-
BaeTCsA OAHA M3 BO3MOXKHOCTEH 1O CHIDKEHHIO YPOBHS MYJIbCAIMA BBIXOJAHOTO
HaNpsDKEHUS YIPaBISEMBIX BBIIPSIMUTENEH, a Takke MMHUTAIMOHHAS MOJEIb
CUMMETPUYHOIO 12-yJIbCHOTO BBIIPSIMUTENIA.

Teoperuyeckas 4acTb

B [8, 16] paccMoTpeHa BO3MOKHOCTh PUMEHEHHSI KOMIIEHCATOPOB MYJIbCa-
i (KII), mpencrapisironx co00i TeHepaTophbl MEPEMEHHOTO KOMIIEHCUPYIO-
IIEr0 HaIpsDKEHUs], HAIIPaBIEHHOIO B MPOTHBO(A3e K HAIPSIKESHUIO MTyJIbCALIUil.
Takue ycTpoiicTBa MOTryT BKJIIOYAaThCcd NapaiebHO M IOCIEI0BATENIBHO
C Harpyskoil. B OonpmmuHCTBE ciy4yaeB, KOrja BHYTPEHHEE COIPOTHBICHHUE
BBINPSIMUTEIISE MQJIO TI0 OTHOLICHUIO K CONPOTHBICHHUIO HArpy3KH, NMPEIIOYTH-
TenbHa nocnenoBatenbHas cxema KII, mostomy nanee Oynem paccMaTpuBaTh
TOJIBKO €€.
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AMIUTHTY1a KOMIIEHCHUPYIOIIETO HAIPSDKEHUS TOJDKHA OBITH paBHA KOMIICH-
CUpYEeMOH TapMOHHUKE MyJbCalluii, a ¢a3za — CABHUHYTa [0 OTHOIICHUIO K HEH

Ha 180° (2k —1) . Ho mpakTtrueckn MexXay KOMIICHCHPYIOIMMH U KOMITCHCHPY-

EMBIMH HAMPSHKCHUSAMH i-X TAPMOHUK €CTh HEKOTOpBIC CABHTH MO (ase, OTIH-
Yaromuecs OT TPeOyeMOro 3HAUCHUS, a UX aMIUIUTY (bl HETOYHO COOTBETCTBYIOT
ApYT Opyry.

Haiimem ycmoBus miis aMIDUTyn M (a3 KOMIICHCHPYIOIINX HaIPsHKCHHH,
obecrieunBaronue 3pdekTuBHOE MoNaBiIeHue myibcanuit. J{iast 3Toro ompe-
JEIUM PE3yJbTUPYIOIIECE HAMpPSHKEHUE, MOJMYYCHHOE KaK Pa3HOCTh HampsiKe-
HUM I-i TapMOHUKH KOMIICHCHPYEMOTO U KOMIICHCHUPYIOIIETO HarmpshKe-
Huit (AU;), u, pa3fenuB Ha HErO aMIUIUTYLy HAIpsOKEHHsS KOMIICHCUPYEMOM

rapMoHMKu U,, 3amuineM BbIpakeHHe Ui Kod(hUIeHTa MOAaBICHHUs HaIps-

keHus i-if rapmonuku K;

1 U,
K, = =i 1
- JA?+1-2Acosy, AU, @

rae A =U,;/U; — aMIummMTyqHass XapakTepHCTHKA KOMIICHCATOPa IIyJIbCaluil Ha
i-ii rapmonuke; U, — aMIUIMTyJa KOMIICHCHPYIOIIETO HANpPSDKCHUS i-H rap-
MoHUKH; U; — TO e HampshKeHUs i-i rapMOHUKH; ¢ — JOIMYCTHMOE pac-

cornacoBaue (a3 MeXIy KOMIICHCHPYEMBIM M KOMIICHCHUPYIOIIUM HaIlpspKe-
HUSIMH.
ITo (1) paccunraem obsacTu, B KOTOPBIX AOJDKHBI IeKaTh A U ¢, (Ha yacTo-

Te i-if TapMOHHKH) UL TOaBleHUs mynbcarmii B K; pas. Ha puc. 3 rpapude-
CKHM TT0Ka3aHO cooTHOoIIeHHE (1) M1 IPOHU3BOIBLHON TapMOHHKH.

1000-
800-
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400

200

KoadhduumeHt nogasnexus, K

81,00
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Puc. 3. 3aBucumocts ko3 duimenTa moAaBIeHUs: OT aMILIUTYAHO-4aCTOTHOM
XapaKTePUCTUKHU NMOAABUTEINS MyJIbCALNH

Fig. 3. Dependence of the suppression coefficient on amplitude-frequency
response of the ripple suppressor



M. C. Jlypve, O. M. Jlypve, A. C. @Pponos
322 IMomaBnenue mynbcanuii ynpasisieMbIX BEIIPSIMHUTEICH JUIs MUTAaHUS MAaTHUTHBIX CHCTEM

Teopernuecku KII mo3BosIeT MOYYIUTh BHICOKUH KO3(PGHHUIINEHT MOIaBIe-
HUSI IPY COOJIOICHUH MAJTbIX OTKJIOHEHHWH aMIUTHTYBI B a3kl MEXIy TpeOye-
MBIMH 3HAYCHUSMH KOMIIEHCUPYEMOW M KOMIICHCHPYIOLIEH TapMOHHMK BBIXOJI-
HOT'O HAIIPSKEHUS BBITPSIMHUTEIIS.

Jns BBemeHUS] KOMIIEHCHPYIOMIETO HANMPSHKEHUS B CHIIOBYIO IETh HCIOIb-
3ytoT TpaHcopmaTopsl [17]. OCHOBHBIE HEAOCTATKH MOCIEAOBATEIEHON KOM-
NEeHCAMH TyJbCalluii — HE0OXOIUMOCTh NMpUMeHeHHs: TpaHcdopmaropa (Tp),
paccUYMTaHHOTO Ha MOJHBIN TOK Harpy3KH, W MMOJMarHMYUBaHUE €ro CepleYHH-
ka. [loaTromy TpaHc(hopMaTOp M3rOTaBIMBAETCS C 3a30pPOM WIIM pa3MarHUYHBa-
fo11ei 0OMOTKOM.

ITo meTony nonydeHus koMneHcupymoluero Hanpsbkenus cxemsl KII gensarcs
Ha TTAaCCUBHEIE M aKTUBHBIE. PaCCMOTpUM TIEPBBIN TUT TAKUX YCTPOUCTB (pHC. 4).
B Hux HampspkeHHE TapMOHHMK OTCEKAeTCsl OT MOCTOSHHOM COCTaBIISIIOIIEH Ha
BBIXOJIC BBINIPSIMUTENSI KOHAEHcaTopoM Oonbinoi emkocTn C M mopaeTcs Ha
KOMITEHCHPYIOIYI0 00MOTKY W1. Pabodass oOMOTKa W2 TpU 3TOM BKIIOYAETCSI
MOCJIeIOBATENBHO ¢ HAarpy3koil. OOMOTKH UMEIOT OJIMHAKOBOE YUCIIO BUTKOB.

Jlns TUKBHIAIINY TOAMATrHIYMBAaHUS MArHATONIPOBOa TpaHcopmaTopa KII
BO3MOXXHBI JIBa BapHaHTa HMCIIOJHEHUS] KOMIIEHCHPYIONIETo TpaHchopmaropa
BkiroueHust KI1 [18]. B mepBoM mpUMEHSIOT TpeTbi0 OOMOTKY Ui pa3MarHU4H-
BaHUS W3 ¢ OOJBIINM YHCIOM BHUTKOB, TOK B KOTOPOI MOXKET OBITh MEHBIIIE TO-
Ka Harpy3kd W MPOIOpIHOoHaieH oTHoieHuio W3/W1 (puc. 4a). Bo BTopoMm Ba-
pHaHTE HCIONB3YIOT TpaHchopMaTop ¢ TpeMsi OJMHAKOBBIMU IO YHCITY BHTKOB
00MOTKaMH, JIB€ U3 KOTOPHIX (W2, W3) uMetoT OnWIspHYI0 HAMOTKY H COEIIH-
HSIOTCS TIOCIIEI0BATENbHO. BKiTtoueHe mapamienbHo 00MOTKe W3 KOHIeHCaTo-
pa GOJBIIONH eMKOCTH MO3BOJISIET Pa3/eIUTh NOCTOSHHYIO COCTABIISIIOIIYIO0 TOKa
Harpy3Kku, KOTopas, IpoXosl Yepe3 TaHHyI0 0OMOTKY, pa3MarHMYMBaeT cepiey-
HUK ¥ BBICIIFE TAPMOHUKH KOMIICHCUPYIOIIETo HanpshkeHus. [locieqare 3ampl-
KaIOTCsl HAKOPOTKO KoHeHcaTopoM C2 (puc. 4b).

a b

—eefipe.
[ ]
Wl /

K perynatopy Toka
pasmarHuuMBaHua

AA
—
-
* @

@]

c1 L]

K Harpyske
OT BbINpAMUTENA
K Harpysxe

OT BbINpAMUTE

Puc. 4. TlaccuBHbIE KOMIIEHCATOPSI IyJIbCALUI:
a — C [eMbI0 pa3MarHuYuBaHus; b — ¢ OuduisipHOil 0GMOTKOI

Fig. 4. Passive ripple compensators:
a — with a demagnetization circuit; b — with bifilar winding

OcnoBHo# mpobsiemoli nipu pazpadotke KII mms mMHOrogasHbIX BHIIPSIMU-
TeJel SBJsIeTCS BBIOOpP MaTepuana cepledyHHKa M pacueT TpaHcdopmatopa,
HOCKOJIbKY pabouue 4YacTOThl TapMOHUK JOCTATOYHO Benuku (1o 3-6 kI'm).
[losTOoMy ucmonb30BaHne OOBIYHON TPaHCPOPMATOPHOM CTalM HE NAET OXKUAa-
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eMoro 3¢Qdekra, CIUIIKOM BEIMKH IOTEPH B MarHuTonpoBoje. B mocnennee
BpeMsl JTOCTYITHBl MarHUTONPOBOABI M3 aMOP(HBIX M HAHOKPHCTAUINYECKHX
cruiaBoB, Hanpumep u3 cimiaBa [AMMAMET [19]. Oxu u3rotaBimBaroTCsS W3
JICHTHI TOJIIIMHON 25 MKM ¢ HAHOKPHCTAJUTHIECKON CTPYKTYypoi. JIeHTa momyda-
€Tcs METOIOM OBICTPOH 3aKallku M3 CIUIaBa Ha OCHOBE JKelle3a, UMEIOIETO BbI-
COKHME WHAYKIHIO HACBIIEHUS U MarHUTHYIO NMPOHHLIAEMOCTh, HU3KHUE KOJPLU-
TUBHYIO CHWJTy W MarHuTHele notepu. [lapamerpbl TpancdopMaTopa Ha OCHOBE
TaKoro MarHutonposona: mapka cepaednuka OKJI 140/220-50, paGouasi, kom-
neHcupyomas u ouduinsapaas oOMOTKH M0 6 BUTKOB METHOM LIMHOM CeYeHHEM
25,205 MM (3,55 x 7,10 Mm), moCTOSIHHBIH TOK padoueit 0OMoTkH 50 A, mepeMeH-
Has COCTaBJIAIONIAs TOKA 5 A, ocCHOBHas pabodvas yacrora 600 ', HanpshKeHUE
Ha paboueit ooMoTke 28 B nmpu MmakcumanpHOU nHAYKIMH 0,98 Ti. [l mepBoro
BapuanTa KII oOmoTka pasmaranyuBanusi uMmeeT 60 BUTKOB KPYyTJIOTO MPOBOJA
nuameTtpoM 2,5 mM. Jlns BToporo Bapuanta KII tpanchopmarop mmeer Tpu
OJMHAaKOBbIE OOMOTKH I10 IIIECTh BUTKOB ceueHus 25,205 MM

Jis aHanm3a INPEUIOKEHHBIX CXEM pa3paboTaHbl MMMTAIMOHHbBIE MOje-
au [20] B makere Simulink mporpammer MATLAB.

Ha puc. 5 npuBenena mozens 12-mysbCHOTO YIpaBiIse€MOTO THUPUCTOPHOIO
Bempsimutenst ¢ KII, umeromuM pazMarHuduBaronty0 oOMoTky. Ha puc. 6 mana
MoJesb Toro e Boimpsimutess, Ho ¢ KII, cHaOxeHHbIM OnUISpHON HAMOTKOM.
O0e mozmenu obecneynBaroT ynpasieHue ¥YB B pydHOM WM aBTOMaTHYECKOM pe-
xume. [Ipu pydHOM yrpaBiieHHH ¢ oMOIIbI0 610ka Control Mo)kHO 3a1aBath Jro-
0oi yroj ympasienus (yron otnupanust Tupuctopos) ot 0 1o 90°. B pexxume aB-
TOMaTH4YecKkoro ynpasieHus YB ¢ momomipto 6moka Constant_Id 3agaercs sxenae-
MBI TOK Harpy3ku B mpenenax oT 0 mo 56 A. IlepexmioueHue ¢ pydyHOTO Ha
ABTOMATUYECKHI PEXHUM MPOU3BOUTCS OJIOKOM Tiepekirouarens Manual Switch.

Kaxnas Monenp COCTOMT M3 MCTOYHMKA Tpex(a3HOrO MEPEMEHHOTO TOKa
MPOMBIIIJIEHHON YacTOThI ¢ 3a3eMJIEHHOM He#Tpanbio Three-Phase Programm-
able Voltage Source u aByx Tpancdopmartopos 3-Phase Transformer 1, 3-Phase
Transformer 2, oguH U3 KOTOPBIX BKIIIOYCH MO cxeMe Y/Y, BTOPOii — Mo cxeme
A/Y ¢ paBHBIMH (Da3HBIMU HANpPSDKEHUSIMUA HA BTOPUYHBIX 0OMOTKaX. BeimpsiMu-
TeJNb MPEJCTaBIsIET cO0OW JIBE MOCIIEAOBATEIbHO BKIIOUEHHbIE Tpex(a3Hble MO-
croBele cxeMmbl JlapnoHosa (610km Universal Bridge 1, Universal Bridge 2).
Harpyska, mryHtupoBanHasi oOpaTHbIM JroaoM VD1, BeiloHEeHa B BUJIE TTO/ICH-
crembl Elm 1o cxeme, nokasanHoi Ha puc. 1. Bioku Three-Phase V-l Measure-
ment, Pulse Generator (Thyristor, 12-Pulse), PLL (3ph) u Conntrol cocrasisror
cuctemy ympasienus ¥YB. [IponopiironaibHo-uHTErpabHbIi perymstop PID(s)
OCYILIECTBIISIET aBTOMATUYECKOE PEryIMpOBaHUE TOKa Harpy3ku. biok 3amaTdu-
ka Toka Constant_ld onpenensier tpebyembiit Tok. Ero curnan Berautaercs 6J10-
KOM SUM u3 curHana ¢ aatyrka Toka ld u mogaercs Ha 610k PID(S), 3ambikas
TEeM caMbIM 00paTHyIo CBsi3b. BombT™eTpsl u ammepmerpsl Vmd, Imd ¢ coot-
BetctByromumu aucrutesimu Ud, 1d, ocimmorpader Scope Ud, Scope Id mo3so-
JSIIOT OCYILECTBIISITH H3MEPEHHUs IEPEMEHHbIX B Mozend. biok Spectrum
Analyzer — ocHOBHO#I mpubOp uis oueHKH kKayectBa padotel KII, m3mepser
CIIEKTPaJbHBIM COCTaB BBIXOJHOrO HampsbkeHus. KomieHcarop mynbcanuili B
Mozensax npeactasieH 6mokom ComTrans. B momenu Ha puc. 5 konaencatop Cl
Oonbmoit emkoctr (B manHo# mozenu 10 000 mx®d) obecnieunBaeT BbIACICHHE
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Yeunutenb 00patHOi# cBsi3u Gain obecrieunBaeT TpeOyeMyrO TOYHOCTD MO~
JepKaHusl TOKa pa3MarHW4MBaHusA. MynbtumeTp ¢ aucmieeM 1z1 mozBosmsier

KOHTPOJIUPOBATh TOK pa3MarHu4uBaHus. B Monenu Ha puc. 6 TpaHcopmaTop

KII nmeer oudunspayto 0OMOTKY, OJTHA MOJIOBUHA KOTOPOH 3aKOpodYeHa KOH-

nencatopom C2.
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Metoauka u PE€3YyJAbTATHI HCCICI0OBAHUSA

Jlis ka0l MoJiesid B Py4YHOM peXMME yIpaBlleHHs 3aAaBajics Yrosl OTIH-
paHus TUPUCTOPOB BO BceM pabodueM muamnaszone ¢ marom 15° Ilpu 3tom ¢ mo-
MOIIBIO aHaNu3aTopa cuekrpa (Spectrum Analyzer) onpeaemnsuiuch MOCTOSIHHAS
cocTaBisifoIas (HyJeBass TapMOHMKA) M BEJMYUHBI JICHCTBYIOIIMX 3HAUYCHUM
MEPBBIX BOCBMH T'apMOHHMK BBIXOJHOTO HampsbkeHus. B xauecTBe mpumepa Ha
puc. 7a mpHBEIEHO OKHO aHajJM3aTopa CIEeKTpa s yria perynupoBanus 30°
mozenu YB ¢ KII nepBoro Bapuanra ucrnonsenus. Ha puc. 7b nan rpadux ns-
MEHEHHs IeHCTBYIOIUX 3HAYSHUH MEPBBIX MATH FAPMOHHK B (YHKLIUH OT yria
perynupoBanus i naHxoro Bapuanta KII. J{nst Broporo Bapuanta KII anano-
TMYHasl 3aBUCUMOCTb IIpUBE/IeHa Ha puc. 7C.

a
0.03 i i _ i i ) i ; 7 ¥ Peak Finder ax

- “'l X: 120 kHz » Settings
g 0025 |y 27.014 mvims| YPeaks
D 902 — M Vale ¥ Freq. (kHz) 7|
i 0015 Y: 13.498 mVrms X: 4.20 kHz , = 247.211 0.000
- Y- 10.575 mVms r M 00270142 1.198
S ot P 00135073 3,001
g7 X: 0.60 kHz B o 2 | 2 00134976 1.797
2 0005 Y: 9.420 mVms| S : ¥ 0.0105751 4,199
3 l X: 4.80 kHz ~  0.00992996 2402

o ] I . . I , TY: 3.277 mVims v 0.00041991 0.599

0 0.5 1 1.5 2 25 3 35 4 45 5 ﬂ 0.00327688 4.798
Frequency (kHz)

0,012

00

0,008

0,006

0,004

Amnnutypa U, B

0,002

0 15 30 15 60 75 a0 0 15 30 45 60 75 Qa0

Yron perynupoBaHwA o, rpag. Yron perynupoBaHvA o, rpag,.
——Uy(600) = Uy(1200) Us(1800) —— (J,(2400) —— Uy(3000)

Puc. 7. Pe3ynbTaThl MOJEIUPOBAHKS: CIEKTPOrPAMMA BBIXOJHOTO HANPSKEHHS
JUISL KOMIIEHCATOpa MyJbcalil ¢ 06MOTKOM pasMaranuuBanus (2) v ACHCTBYIONIME 3HAYECHUS
FapPMOHMK BBIXOHOTO HATPSKEHHUS Ul KOMIIEHCATOPA MyJIbCALUHA ¢ 0OMOTKON
pasmaranuuBanus (D) u Guduisiproil 06MOTKOIA (C)

Fig. 7. Simulation results: output voltage spectrogram for ripple compensator
with demagnetization winding (a) and the effective values of the harmonics of the output voltage
for the ripple compensator with a winding demagnetization (b)
and with bifilar winding (c)

JlanbHemuii aHain3 CIEKTPOB BBIXOJIHBIX HAMNPSDKEHUH MoJiesied TO3BOJINI
onpeaeanTh Ko3QQHUIMEeHThI oaaBneHus mynbcannii KII pa3sHbIX KOHCTPYKIIHA
BO BCEM aKTyaJbHOM JHamna3oHe rapMoHuK. Ha puc. 8 mpencraBieHsl pe3yiabTa-
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THI JJIA TIEPBOM TapMOHUKHU BBIXoHOTO Hampspkerus (600 I'm), rae Ky, Koo —
K03 UIIUCHTHI MOABJICHUS TAPMOHUK ISl IEPBOrO U BTOporo BapuanTtos KII.
Omnpenenenre kKodhHUIMEHTA TTOTABICHHS MPOBOIMIOCH 110 (1).

m 600

= —‘———-___,______‘ T Knrl (600) B KmZ (600)
E 2 500 ‘-‘"""--._,_____‘_ = —
S =
B = 400
¥ X
S 200

0 10 20 30 40 50 60 70
Yron perynupoBaHus o, rpaf.

Puc. 8. KoapuumeHnTs! nogasieHuns mysbCaluii epBoi rapMOHUKU
Ha BBIXOJIC YIPABJISIEMOT'0 BBITPAMHUTEILS

Fig. 8. Coefficients of suppression of ripple of the first harmonic
at the output of the controlled rectifier

Besycnosno, kauectBo padoTsl KII momHOCTBIO ONpeaenseTcss HCTIOTHEHHEM
KOMIIEHCUPYIOLIETo TpaHcopMaTopa U B KaKIOM KOHKPETHOM ciydae OyneT
HECKOJIBKO OTIIMYAThCS, HO, KaK 3TO BHIHO M3 IPOBEICHHOTO MOICIMPOBAHUS
Y PacyeToB, OCTACTCS JOCTATOYHO BHICOKUM.

3areM B aBTOMAaTHUYECKOM DPEKMME NMPOU3BOAWINCH WCIBITAHUS Ha BpeMs
YCTaHOBJICHHUS 33/IaHHOTO TOKa mpu Hamuduu B nenu KII u BpemeHu peakmun
VB na ero Brimovenune. Jddext o Brimodenus KI1 nokaszan Ha puc. 9.

248 a |

2461 | | _
244

242}

240

4
2,980 2,985 2,990 2,995 3,000 3,005 3,010 3,015 t,c 3,020
b

BrixoaHoe
HanpspkeHue Uy, B

280.

260 |
240 -
220

L

2,990 2,992 2994 2996 2,998 3,000 3,002 3,004 3,006 tc 3,010

Puc. 9. BerxoHOoe HaNpsDKEHUE BBHIIPSIMUTEIST B MOMEHT BKIIIOYEHHST KOMIIEHCAaTOpa
nynbcanuii (time = 3 S): a — TpancdopMaTop KOMIIEHCATOPA MyJIbCALU#
¢ 0OMOTKO# pasMarHnuuBanust; b — ¢ GudusapHO 06MOTKOI

Brixoanoe
HanpspkeHune Uy, B

Fig. 9. Rectifier output voltage at the moment of switching on the rectifier (time = 3 s):
a — ripple compensator transformer with demagnetizing winding;
b — ripple compensator transformer with bifilar winding
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BbIBO/JbI

1. IlaccuBHBIE KOMITEHCATOPHI ITyJIbCAIMKA SBISIOTCS 3(PPEKTUBHBIM Cpe-
CTBOM CHIDKEHUS MYJIbCAIMA BBIXOJHOT'O HAIMPSDKCHUS YIPABISCMBIX BBIIPSIMHU-
tesield. OHU CIIOCOOHBI 3HAYUTENFHO CHU3HUTh UX BEIUYWHY TIPU OTHOCHTEIHHO
HECJIOXKHOM CXeMe U HEBBICOKMX SKOHOMUYECKHX 3aTpaTax.

2. JluHaMU4YecKue XapaKTEPUCTHKH KOMIICHCATOpa IyJIbCAllUil TO3BOJISIOT
MPUMEHSATh WX B CHUCTEMaxX aBTOMATUYECKOIO IMOJJICPKaHUS 3aJaHHOTO TOKa.
Bpewmst ycTaHOBJICHHMS 33/IaHHOTO TOKa B CHCTEME MPH HAIMYAK KOMIIEHCATOpa
MyJbCalvii yBenuunBaeTcs: He Ooinee yeMm Ha 1-3 %. TouHOCTh M CTaOUIIBHOCTH
paboThl TAKUX CHCTEM OCTAIOTCS TIOCTOSTHHBIMHL.

3. IIpumMeHeHnE KOMIIEHCATOpA IMYJIbCAIMA CICPKUBACTCS JIUIIb BHICOKMMH
TpeOOBaHMSIMA K MaTepHaly MarHUTONPOBOJIa KOMIICHCHUPYIOIIEro Tpanchop-
MaTopa, KOTOPBIH JOJDKEH MMETh 3HAYUTEIIBHYH) U MOCTOSHHYH MarHUTHYIO
MPOHUIAEMOCTh B IIUPOKOM JMara3oHe pabounX 3HAYCHUH WHIYKIHUA W Mallble
MOTEPU HA YACTOTaX BBICHIMX TapMOHHK JO HECKOJBKHX KHJIOTEpI] BKIOYH-
TenbHO. COBPEMEHHBIC MarHUTHBIC MaTE€PHAJbI TO3BOJISIOT YCICIIHO H3TOTaB-
JMBATh TaKUE TPAHC(HOPMATOPHI.
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IloxaBJieHne XaoTHYECKHUX KOJIE€0AHUIA
B MAJIbIX SJHEPreTHYEeCKUX CHCTEMAX
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Pedepar. B cratbe paccMOTpeHO MOJAaBICHHE XaOTHYECKUX KOJIeOaHUH B MalbIX YHEProOCUCTE-
MaX, BO3HUKAIOIIUX B aBapUUHBIX PEeXMMaxX U IPUBOJAIIUX K SBICHUIO KOJUIAIICA HANpPSKEHUH,
YTO COOTBETCTBYET IPOLECCY MAJCHUS HAIPSIKECHUS B CETH, KOTOPOE MOKET COIPOBOXKIATH-
sl TOJIHBIM OTKJIIOUEHHEM o0siacTH mopaxeHus. IIpencrapieH pa3paOOTaHHBIH MeTOJ, MO3BOJIS-
IOIIUH N3MEHHUTH CHEKTP XapaKTePUCTHYECKHX IoKasaresei JIamyHoBa n mpeoOpa3oBaTh XaoTH-
4YecKhe KoJeOaHHs B MaJIOH JHEPrOCHUCTEME K PEeryIspHBIM AWHAMHYECKHM pexuMmaM. Merton
CHUHTE3a YIPABIAIOLIUX BO3NEHCTBUI OCHOBaH Ha TEOPEME O TOIOJIOTMYECKON IKBUBAJIEHTHOCTU
THIEPOOIMYECKUX HEIMHEHHBIX CHCTEM U MX JIMHEApH30BAHHBIX MOJIENeil 1 HCHOJIb30BAHUH YHC-
JICHHOTO MHTETPHPOBAHUS HEIWHEHHBIX An(QepeHnnanbHbIX ypaBHEHHUH, ONMUCHIBAIONINX IOBE-
JIEHUE SHEPTOCHCTEM, C IIENbI0 MOCTPOSHNS (ha30BOTO MOPTPETA U BHIYMCICHUS XapaKTepUCTHUE-
cKux mokaszarened JlsmyHoBa. PesympTaThl paboThl 3aKiIIOYaOTCs B CHHTE3e OOpaTHOM CBS3H,
obecrnieunBaronieil (OpMUPOBAHKE CIIEKTPa XapaKTEePUCTHIECKHUX ToKa3arene JIsmyHoBa ¢ oTpu-
[aTeNbHBIMH 3HaYeHUsIMH. [lolaBlIeHIe XaOTHIECKUX PEXXUMOB IIPOUCXOJNT ITyTeM (opMHpoBa-
HUS B 3aMKHYTOH CHCTeMe CIEKTpa OTPHULATEIbHBIX XapaKTepPUCTHUYECKUX IMoka3zareneil JiamyHo-
Ba. [TapameTpsl perymsiTopa B ey 0OPAaTHOM CBSI3M ONMPEACISIOTCS METO0M MOJAIBHOTO YIIPaB-
JICHHUS Ha OCHOBE PEIICHUS MaTpUIHOTO anrebpamdeckoro ypasHeHust CuibBecTpa. PaccmoTpeno
pelIeHne 3a7a4n IMepexoa OT Xa0THIECKOTO PeXUMa K PETYISIPHOMY JBIDKEHHIO B CHCTEME Ma-
J0# sHepreTuku. s npoBepku pabOTOCHOCOOHOCTH HPEIaraeMoro METoja IOJaBICHHs Xaoca
BBIUMCIICH CIIEKTP XapaKTEepUCTHYECKUX IMoKasareneil JIsmyHoBa u moctpoeHs! TpaekTopud B (da-
30BOM IPOCTPAHCTBE MCXOJHOM HENMHEHHONW CHCTEMBI H CHCTEMBI C YIPABIISIONIIM BO3/ICHCTBH-
eM. B sHeprocucremMax ¢ XaoTH4eCKOi AMHAMHKOW CHHTE3MpPOBaHHAs 0OpaTHasl CBSA3b MO3BOJSIET
IMOAAaBUTh XAa0THYCCKHE KOHe6aHI/l$[ 151 nepeiflTn K PEryJIIpHBIM pEXUMaM, TEM CaMbIM IpEaAyNnpe-
K71ast BOSHUKHOBEHHE aBapUHHBIX PEKIMOB.

KuoueBble cioBa: Gudypkanus, xaoc, cTabuiiM3alus, Manas dHEprocucTeMa, yrpaslieHHe, KO-
nebaHust, napaMeTpsl, XapakTepuCTHIeCKue rokasaresu JIsmyHoBa, METo CHHTE3a
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Suppression of Chaotic Oscillations
in Small Energy Systems

V. N. Shashikhin®, J. M. Goryacheva®, S. V. Budnik”
Dpeter the Great St. Petersburg Polytechnic University (Saint Petersburg, Russian Federation)

Abstract. The paper considers the suppression of chaotic oscillations in small energy systems that
occur in emergency modes and lead to the phenomenon of voltage collapse, which corresponds
to the process of voltage drop in the network, which can be accompanied by a complete shutdown
of the affected area. The paper also presents a method that has been developed and that allows
changing the spectrum of Lyapunov’s characteristic indicators and converting chaotic oscillations
in a small power system to regular dynamic modes. The method of synthesis of control actions
is based on the theorem of topological equivalence of hyperbolic nonlinear systems and their
linearized models as well as on and the use of numerical integration of nonlinear differential equa-
tions describing the behavior of power systems in order to construct a phase portrait and calculate
Lyapunov’s characteristic exponents. The results of the work consist in the synthesis of feedback,
which ensures the formation of a spectrum of Lyapunov’s characteristic indicators with negative
values. The suppression of chaotic regimes occurs by forming a spectrum of negative Lyapunov’s
characteristic indicators in a closed system. The parameters of the regulator in the feedback circuit
are determined using the modal control method based on the solution of the matrix algebraic Syl-
vester equation. The solution of the problem of transition from a chaotic regime to a regular
movement in a small power system is considered. To test the operability of the proposed method
of chaos suppression, the spectrum of Lyapunov’s characteristic indicators is calculated and trajec-
tories in the phase space of the initial nonlinear system and the system with control action are con-
structed. For energy systems with chaotic dynamics, synthesized feedback makes it possible
to suppress chaotic fluctuations and switch to regular modes, thereby preventing the occurrence
of emergency modes.

Keywords: bifurcation, chaos, stabilization, small energy system, control, oscillations, parameters,
Lyapunov’s characteristic exponents, synthesis method

For citation: Shashikhin V. N., Goryacheva J. M., Budnik S. V. (2022) Suppression of Chaotic
Oscillations in Small Energy Systems. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng.
Assoc. 65 (4), 331-340. https://doi.org/10.21122/1029-7448-2022-65-4-331-340 (in Russian)

BBenenne

B Hacrosmiee BpeMsi yBeIMUUBAETCS JIOJSI MalbIX TEHEPUPYIOIUX YCTaHO-
BOK, UMCIOIIMX B CBOEM COCTABE HArpy3KH C HEJIMHEHHBIMH XapaKTepUCTHKa-
mi [1]. [Ipu 3TOM Bo3HHKAIOT Tpo0IeMbl 0OECTieYeHNs] CHHXPOHHOM padoThI Ta-
KHX yCTaHOBOK C JHEPrOCHCTEMOW W MOJJEepKaHWS aBTOHOMHOW paboTsl [2].
Bonbmioe BHUMaHuWe yaenseTcs MPeJOTBPALICHUIO MEpexoAa B acHMHXPOHHBIN
PEXUM, COXpAaHEHHUIO U BOCCTAHOBJICHUIO YCTOHUMBOCTH MOCIIEaBAPUHHBIX TPO-
neccoB. JIJ1st ucciieIoBaHusl YCTOWYUBOCTH PETYIISIPHBIX PEXKUMOB B CHCTEMAaX CHH-
XPOHHBIX MAIlIMH UCTIOJIL3YIOTCS pa3jInuyHble MaTeMaTHYecKue Mozenu [3, 4].

OpHaKO TIpH ONpEJIENIEHHBIX YCIOBUIX BO3HHUKAIOT XAO0THYECKUE PEKUMBI,
MPHUBOJIAIINE K aBAPUHHBIM CHTYAIUSIM, YTO HAOJIOJAeTCs KaK B 3apyOeKHBIX,
TaK M B OTEUECTBEHHBIX JHEProcucTeMax. ABapHiHbIE CHUTYallMd BO3HUKAIOT
B TOM YHCIIE U3-32 SIBIICHHS, HA3IBAEMOT'0 KOJIATICOM HaNpsDKEHUsI, — Ipoliecca,
MPH KOTOPOM TOCIEI0BATEILHOCTh COOBITHI, COMPOBOXKIAONUX HECTAOWIIb-
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HOCTb HaNpsDKEHUs, NPUBOAUT K HU3KOMY HENPHEMIIEMOMY 3HA4YEHUIO Hamps-
XKeHusi B 3HeprocucreMme. [lageHue HanpsHKEHUS MOXKET COIPOBOXKIATHCA €T0
BOCCTAaHOBJICHHEM WJIM OTKIIOUEHHEM JIMHHUHM JIeKTporiepeaay [5, 6].

Konnanc HampspkeHust paccMaTpuBaeTcsi Kak Oudypkaunus craThdeckas,
B YaCTHOCTU CEUIO-y3JIOBas, MO0 TUHaMU4YecKas. 3aJauu MOJAABJICHHUS Xaoca
pemaTcs ¢ TOMOUIBIO M3BECTHBIX METO/AOB YIPABICHUS HEIMHEHHBIMH JHHA-
MHYECKUMH CHCTeMaMHu: ajgantuBHoro ynpasienus [7, 8], OGY [9], Ilupara-
ca [10, 11], pesonancHbIx Bo30yxaenuii [12], Maraumnkoro [13].

B craree paccMOTpeHO NOJABICHHE XAOTHYECKUX KOJeOaHWH B SHEProcH-
creMe, riae OudypkaluOHHBIN HmapaMeTp AOCTUIAeT KPUTHYECKOTO 3HAYEHHUS.
Ilepexon k perynspHbIM KojleOaHUSM pealu3yercs 3a CYeT TOro, 4To yIpasiie-
HHUE CIIEKTPOM O00ecHeuuBaeTCsl XapaKTepPUCTHYECKUMHU IOKaszarensimu Jlsamy-
HoBa [14].

OcHoOBHAfl YaCTh

IlocTanoBka 3agaum. VccienyeM Maimyro 3JIEKTPOIHEPTreTHUECKYIO CHCTeE-
My — CHHXPOHHBIN TeHepaTop, CHAOXKAIOIIHi dHEpTrrei MIEpEMEHHYIO BO BpeMe-
HU ¥ CTAallMOHAPHYIO Harpy3Ky. /laHHas sneKkTposHepreTndeckas cucreMa OIHi-
CBIBACTCS CUCTEMOHN HEIWHEHHBIX TU(PQHEPCHIMAIBHBIX YpPaBHEHUHA IEPBOTO
nopsiaka [5]:

5=

®=Bsin(d, -8+a)U, —Do+K;

. 1
8, =CUZ—Fcos(8, —8+a)U,—Ncos(§, —B)U, —HU_ +JIQy +L;

U =-MU? +Ycos(d, -3-y)U_ +Vcos(5, —t)U_+ZU_+SQ, — A,

I7I€ (» — OTKJIOHEHUE YIJIOBOW YacTOTHl OT HOMUHAJIBHOTO 3HAUEHUS; O — KoJle-
OaHue (a30BOro yria Ha IIMHAX I'€HepaTopa; 8, — TO K€ B JIMHMH DJIEKTpPOIIe-

penaun; U, — HamnpspKeHUE B KOHILE JIMHUM Ha INIMHAX Harpysku; Q,, — mepe-

MEHHOE 3HAaUCHUE PeaKTUBHOW MOITHOCTH (TapaMeTp oudypkramun).
UccnenoBanne (1) mpoBOAMTCS MpH CIEAYIONIMX 3HAYCHUSX NapamMeTpoB
MaJIol 3JIEKTPOIHEPTETUYCCKON CUCTEMBI:

B =16,667; D =3,337; K =1,881, C = 496,871, F =166, 667,
H =93,333; N =666,667; J =33,333; L =43,333; M =78,764,
Y =26,217;Z =14,523;V =104,869; S =5,229; A=7,033;
a=0,087;3=0,209;y=0,012; t=0,135.

)

Baemst dazossiit Bextop X(t) = (X1(t) = 8, Xa(t) = o, Xa(t) = 8y, X4(t) = U)" € RY,
3anuireM ypaBHeHus (1) C mapamerpamu (2) B BHE:
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¥ =Xy,
X, =16,667sin(x3 — X + 0,087)x4 -3,337x, +1,881,
%, = 496,871} —166,667 cos(X, — X, +0,087)x, — 666,667 cos (X, —0,209)x, —
—93,333x, +33,333Q,, +43,333; (32)
X, = —T78,764x? + 26,217 cos (X, — X, —0,012) X, +104,869c0s (X, —0,135) X, —
~14,523x, +5,229Q,, — 7,033

WJIH B BEKTOPHOI popme

X =F(x(t), Qp)+Bu(t), x(0)=x,, (3b)

rae te R' — Bpewms; X(t) € R* — ¢aszossiit BexTop; U(t) € R™ — BexTOp ympas-
nenus; X, € R* — T0 e HAYANBHBIX YCTOBHIA.

Ipu u(t) =0 u 3HaueHun OudypkauoHHOro mapamerpa Q,, >10,943 [15]

moboe pemenne X(t) cucTemsl (3) ¢ HaYANBHBIMU YCTIOBHAMH M3 MHOXECTBA

Q:x(0) =X, € Q ABIAETCA XaOTHIECKUM.

B pamkax maHHOW CTaThH 3a/1a4ya MOJABJICHHS XaO0THIECKON JUHAMHKHU (CTa-
OmM3anuu) pemaeTcs ¢ MOMOINBI0 BBEIACHHS OOPAaTHOW CBSI3U U CBOJUTCS
K TIpe0Opa30BaHUI0 XaOTHUCCKHUX KOJICOAHMI K PETYIISAPHBIM JTHOO K CTAIMOHAP-
HOM Touke. J[1s1 3TOro HEOOXOAMMO HakTh yrpasieHue U(t), obecreunBaromree

BBITIOJIHCHUEC PABCHCTBA

lim(x(t)-%(t))=0,

t—o

rae x(t) — mo6oe pelreHne CUCTeMB! (3) C HAaYaIbHBIMHI YCIOBUAMHU HX MHOXKe-
ctBa Q:x(0)=x%,€Q, X(t).

Pemenne 3amaun cTabuan3aiy XaOTHYECKOTO ABMKEHUS HAXOAUTCA HA OC-
HOBE BBEJCHHA OOpPAaTHOW CBSI3M M W3MEHEHUS XapaKTePHCTUYECKUX ITOKazare-
neii JlsimyHoBa TakuM 00pa3oM, YTOObI HEJMHEHHAs: cUcTeMa He nMelia TOJI0KHU-
TENbHBIX XapaKTePUCTUUYECKHX MOoKa3arenei JIsmyHoBa.

Cunre3s oOpaTHoii cBsi3u. BeeieHne oOpaTHO# CBsI3H 10 (ha30BOMY BEKTOPY
u3MeHsAeT JISIyHOBCKUI CIIEKTpP C LIEIbIO MOAABICHHUS XaO0THUCCKUX KOJIeOaHHi
B HelMHelHoi cucreme (3). B cootBercTBHM ¢ Teopemoii ['poOmana — XapTMma-
Ha [16] UMeeT MeCTO TOTMOJIOTHYECKAsl SKBUBAJICHTHOCTh HEJTMHEHHOW CHCTEMBI
U ee JTMHeapu30BaHHOW MOJENH MpPHU OTCYTCTBUH y SIKOOMaHa CHCTEMBI YHCTO
MHHUMBIX COOCTBEHHBIX uuces. KpoMe Toro, BemecTBeHHbIE YaCTH COOCTBEHHBIX
yrcen SlkoOuaHa SBISIFOTCS XapaKTEPUCTHYECKUMH IOKa3aTesIMU JIMHEapH30-
BaHHOM CHCTEMbI U BIUSIOT HA JIAMYHOBCKMH CHEKTP HEJIMHEWHON CHCTEMBI.
IloaTomMy mpum ompeneneHny XapakTepUCTHUECKMX MokaszaTeneil JlsmyHoBa He-
JMHEHHON CHCTEMBI HCIIONB3YIOTCS COOCTBEHHBIC 3HauCHHA MaTpulbl Skoowu,
BBIYHMCIICHHBIE B OCOOBIX TOYKaX MUCXOJHOHN cucTeMbl. [t (hopMHpOBaHUS Ke-
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JIAeMbIX COOCTBEHHBIX YHCEN MATPHILI SIKOOW MpUMEHSIETCs METOIMKA CHHTE3a
MOJIaJIbHOTO YIIPABIICHUS C WCIIONB30BAHUEM MATPUYHOTO JMHEWHOTO ypaBHeE-
Hus Cuiibectpa [17].

JInneapu3oBaHHas CHCTEMa UCXOAHONW HETMHEHHONW CUCTEMBI (3) MMEeT BU/I:

y(t) = Jy(t) + Bu(t); x(0)=x,, 4)

oF (x(t), Q);
x(),

JINHEapU30BAHHOU CUCTEMBI.

[Tycth B 0c000# TOUKE HETMHEWHOW CUCTEMBI MPU OTCYTCTBUM YIPABICHHS
ompenencHsl MaTpuma SIkoOm m crekTp ee cOOCTBeHHBIX umncen. JKemaeMblit
CHEKTp COOCTBEHHBIX 3HAYEHHWH MaTpHIbl SIKoOM CHCTEMBI C YIpaBICHHEM
BEIOHMpaeTcs 1Mo popmye

rae J= — Mmatpuna Sxobm; Y(t) e R"™ — tasoseli BekTOp

*

V =av, 5)

rae o — koddduuuent, Onuzkui K 1.
Brenem ympasnenue B cuctemy (4), 9To6b1 SIkoOMaH UMeN jKellaeMbIe Co0-
CTBEHHBIE 3HaUeHU (5):

u(t)=Kx(t). (6)
B atom citydae cuctema ¢ ympapiieHreM OyieT uMeTh SIkoOnan

J =J+BK,

rae K e R™** — koa¢duuuent 06paTHOil CBA3H.
Jnst HaxoxkzaeHus kod(d¢uunueHta oOpaTHOH CBS3M HEOOXOAMMO pEIINThH
ypaBHeHue CHiibBECTpa OTHOCUTEIBHO MaTPULBL S

JS+SF +BG =0 ©)

¥ MaTpUYHOE YpaBHEHUE

K=GS?, (8)

rie G e R™* — nponsBosbHas MaTpHIa, 331aBacMasi B IPOIIECCEe CHHTE3A.

s paspemmmMocty ypaBHeHUs: CHIIBBECTpPa JTOJIKHBI BHITIOTHITHCS CIIEHY-
fomue ycosus [18]:

1) mpousBonsHast MmaTpuna G — MaTpPHIIA TOJTHOTO PAHTa;

2) rankS, =n, rae marpuna S, =(B|J*B|J*ZB|...|J*”‘lB);
3) rankS, =n, rae matpuna S, =(GT |[FTGT |(FT)ZGT |...|(FT)HGT);

4) cnextpsl Matpurl J© u —F He mepecekaroTes;

5) coOCTBEHHbIE YKCTa MATPHIIBI F ITOMapHO pasiIudHEL.

Marpuiy G crienyer BeIOMpaTh TaKUM O0pa3oM, YTOOBI OBLIN BBITIOJIHEHBI
ycioBust 1-3, coOCTBeHHBIC uHWcia MaTpuilbl SIKOOM — dYTOOBI BBITIOHSIIUCH
ycioBwus 4-5.
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HccnenoBanue cucrembl 0e3 ynpasieHus. Ocobas TOYka MCXOAHOU CH-
cremsl (3) 0(0,1773; 0; 0,2263; 0,7533).

SIkoOuaH B 0co00ii TOUKe

0 1 0 0
-12,4723 -0,1667 12,4723  2,2597
- 4,7824 0 8,45  -17,8214|
0,7426 0 —7,9777 9,824

XapaxkTepucTiuueckue nokazarenu JismyHoBa cuctemsl (3):
{Xl =153,8872; A, =-0,8551; A,=-16,87; A, = —85,8071}.

CnekTp XapaKTepUCTHUECKHX IOKa3aTellell COAEPKHUT MOJOKUTEIBHOE
3HAUEHHUE, YTO CBUAETENBCTBYET O HAJIMYHME XAOTUYECKOTO PEXHMa B CHCTEME
0e3 yrpaBieHusl.

Ha puc. 1 npencrasien ¢pa3oBblil MOPTPET HEYIPABIIEMON CUCTEMBI B COOT-
BETCTBYIOIIMX CHCTEMaX KOOpAWHAT. B KadecTBe HaYaIbHBIX YCIOBUH BBIOPaHBI

suavenns [0,3; 1,5; 0,2; 0,97].

a b
x10*
7
1,84
5 1,74
5-| 1,6

x3
4 1,54
N x4 1,4

1,34
24 1,24
1 1,1-
1,04
O
0,9=
2 7
c
1,8
171
1,6+
1,5+
1,4}

X4 o ~
13l Puc. 1. ®a30Bbli NOPTpET HEYNIPABIIEMON
12 CHCTEMBI B KOOpAMWHATAX:

1'1 a-— (xll X2, X3); b- (Xz, X3, X4); (e (xlv x4)
1'0_ Fig. 1. Phase portrait of an uncontrolled
09 system in coordinates:

01 0 01 02 03 04 05 06 07 08 a— (x1, X2, X3); b= (x2, X3, X4); € — (x1, X4)
x1
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Xapakrep (a3oBoro moprpera MOATBEPKAACT, YTO B HEYIPABIIEMOW CHCTE-
Me (3) HabmromaeTcsl XaoTHdecKasl TUHAMHUKA, TaK KakK JBIDKCHHE MPEICTABICHO
B BUJIE CJIOKHOTO HEMIEPUOJMUECKOTO TIpoLecca.

HccaenoBanue cucteMbl ¢ ynpapiaeHueMm. [Ipu BBeeHUH oOpaTHOW CBs-
31 (6) crapmuii XapakKTepUCTUIECKUI MoKa3aTensb JIAmyHOBa HETMHEWHOH CH-
CTEMBI JIJIS IOJABJICHUS XA0TUYECKOT0 TTOBEICHUS TOJIKEH OBbITh MeHbIme 0.

Ha puc. 2 npexcraBieH rpaduk 3aBHCHMOCTH CTapIlIero XapaKTepucTude-

ckoro mokasaress JIsmyHoBa A, (o).

1,0 .
Mt /A
06 e 4
0,4
02k

0
0.2
-0.4 )
-0,6 \ £
08 X:0,25

—— |v:-09731

-1,0 =
010 012 014 016 018 020 022 024, 026 o 030

Puc. 2. 3aBUCUMOCTH CTapuICro XapakKTepUCTUICCKOTO IMOKa3aTECIIA .HS[HyHOBa

Fig. 2. Dependence of the senior Lyapunov’s characteristic exponent

Y100l CTAOWIM3MPOBATH CUCTEMY, HEOOXOIMMO B3SITh 3HAYEHUS O, YJIOBIE-
TBOpsttoLIHe yeroBrio Aq(o) < 0. BerGepem o, = 0,25, Torma Aq(o) = — 0,9731.

Ha puc. 3 mpexcrapieH rpaduk 3aBUCMMOCTH HOPMBI BEKTOpa yIpaBJie-
must K| ot xoa(duimenTa o, MO3BONAIOUIMH ONPEIETUTH 3aTPAThl HA YIpPaB-

JICHHC.

A

Il ]
05| ]
04| ]
031 ]

02} ] Puc. 3. 3aBHCUMOCTD HOPMBI
01| | BEKTOpa yIpaBjieHUs

Fig. 3. Dependence of the norm
0,05 0,10 0,150,200,25 0,30 0,35 0,40 o 0,50 of the control vector

IIpu o =0,25 ko3pduiment obpatHOit cBsA3M, paccuntanubii 1o (7), (8):
K= [—0,0937; -0,0948; -0,0977; —0,0991]. CrHekTp XapaKTepUCTUICCKUX

nmoxazareneit JIAmyHoBa CHCTEMBI ¢ yIIPaBICHUEM UMEET BUJT
{kl =-0,97; A,=-12,43;, X,=-48,67; A, =-48, 67}.

®Da30BEI TOPTPET YIPABIIEMO CHCTEMBI IIPEACTABIICH Ha puC. 4.
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a b
4 | . 2, .
X:0,04782 | X:-0,01477
3- I~—=1y: 0,0463 ol :
s 2:2102 |- x4
2 (CEEDT777) ) -2 g
1 ] —44 ;
0 —6{
-1 -8l
2

Xg

Puc. 4. Da30Bblif HOPTPET YHpaBIsieMOH

- . CHUCTCMBI B KOOpZ[I/IHaTaX:

-5F N T a— (x1, xp, x3); b= (x, x3, x4); C— (X1, X4)
-6 Fig. 4. Phase portrait of the controlled
_7 . system in coordinates:

-15 -1.0 0.5 0 0.5 10 a— (x1, x2, x3); b= (x2, X3, x4); €= (1, Xg)

x1

CriekTp XapakTepHCTUYECKHX TMOKa3aTesnel W BHUI (a30BOTO MOpPTpeTa yKa-
3BIBAIOT HA TO, YTO B CHCTEME C 0OpaTHOI CBSA3bI0 XaOTHYECKHE KoJebaHus cra-
OMIM3UPOBAaHBI M HEIMHEHHAs CHCTEMa Mepellia W3 XAaO0TUYECKOTO PEeXHMa
K peryJIipHOMY IBWKEeHHIO. Takum 00pazom, paboTOCIOCOOHOCTH Ipesaraec-
MOT0 METOJa MOAABIIEHHUS Xa0ca MpY JEHCTBUH MapaMeTPUIECKUX BO3MYIICHHH
MPOBEPEHA B MAJIO SHEPTrOCUCTEME.

BBIBOJ]

Pemiena 3amava monaBieHUsT B Majlo AHEPreTUYECKOM CHUCTEME XaoTHue-
CKOW NMHAMMKH, BO3HMKAIOLIEH MPU NEUCTBUU MapaMETPUUYECKOTO BO3MYIIE-
Hust. [IpeoOpazoBaHue XaOTHUECKOH TUHAMMKH HEJIMHEHHOW CHCTEMBI B pEry-
JSIPHYIO OCHOBAHO HA W3MEHEHUHU CIIEKTPa XapaKTEPUCTUUYECKHUX MOKazaTenei
Jlsmynoa. IlocrnemHee mocturaeTcs BBEIEHHEM B CHCTEMY OOpaTHOW CBS3H
nmo ¢a3oBeIM KoopauHaTaMm. [lapamerpsl perynsropa B HEenH OOpaTHOW CBA3H
BBIYHCIIIIOTCSI ¢ MCTIOIB30BAaHUEM METOJ[a MOJAIIBHOTO YIIPABJICHUS HAa OCHOBE
pelIeHus TMHEHHOro MaTpU4HOro ypaBHeHus: CUibBECTpA.
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Pedepar. B crathe npencraBieH pa3paOOTaHHBI aBTOpaMH aIaNTHUBHBIA T€HETHMYECKHU ajro-
PHUTM, MO3BOJISIIOILMI ONITUMU3UPOBATh TOIOJIOTUIO ANEKTPUUECKOM CETU ¢ PACIPENEIEHHON reHe-
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HaXOJALIEHCA B OTKPBITOM JOCTYIIE OUOIMOTEKN Pandapower JUIA sI3bIKa TIIPOTrPaMMHPOBAHUS
Python. PaccMOTpeHbI TpH THIIA 3IEKTPUYECKOM HArpY3KH NOTpeOUTENel, OTpaXKarolue Xapakrep
MOTPEOICHNS AIIEKTPOIHEPTUH B y371aX PEATbHBIX DJIEKTPOIHEPTeTHIECKHX CHCTEM, INPHBEICHBI
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JIBE€ pa3Iu4yHbIe d)yHKLu/u/l CKpEIUBaHUs, (by]—n(unn MyTaluu, orbopa JIyYIIMX MHIMBUJI0OB U Mac-
COBOH MyTarnuu (TMOJHOTO OOHOBIICHUS MONYJSINUM). B koHIE Kaxa0i HTepanuu paboOTHI aiuro-
pHUTMa BBIBOJATCS CTAaTHCTHYECKHE 3aBHCHMOCTH, XapaKTepH3YIOUIHe ero paboTy: iydmas (MH-
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Topology Optimization of the Network
with Renewable Energy Sources Generation
Based on a Modified Adapted Genetic Algorithm

A. M. Bramm?, A. I. Khalyasmaa® ?, S. A. Eroshenko®?, P. V. Matrenin?,
N. A. Papkova?, D. A. Sekatski®

YUral Federal University named after the first President of Russia B. N. Yeltsin
(Ekaterinburg, Russian Federation),

2Novosibirsk State Technical University (Novosibirsk, Russian Federation),

®Belarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The article presents an adaptive genetic algorithm developed by the authors, which makes
it possible to optimize the topology of a power network with distributed generation. The optimization
was based on bioinspired methods. The objects of the study was a 15-node circuit of a power network
with photovoltaic stations and a 14-node IEEE augmented circuit with distributed generation sources
(three wind farms and two photovoltaic plants). The simulation of the modes of electric power systems
was performed using the Pandapower library for the Python programming language, which is in the
public domain. Three types of electric load of consumers were considered, reflecting the natures
of electricity consumption in the nodes of real electric power systems, the results of numerical studies
were presented. The proposed genetic algorithm used two different functions of interbreeding,
the function of mutation, selection of the best individuals and mass mutation (complete population
renewal). At the end of each iteration of the algorithm operation, statistical dependencies were derived
that characterized its work: the best (minimal losses) and average adaptability in the population, a list
of the best individuals throughout all iterations, etc. The verification was carried out in comparison
with the results obtained by a complete search of possible radial configurations of the system, and
it showed that the developed genetic algorithm had fast convergence, high accuracy and was able
to work correctly with different configurations of electrical circuits, generation and load structures.
The algorithm can be used in conjunction with renewable energy sources generation forecasting sys-
tems for the day ahead when planning the operating modes of power units in order to minimize
the costs of covering electricity losses and improve the quality of electricity supplied.

Keywords: distributed generation, mode optimization, genetic algorithm, solar energy, metaheu-
ristic methods, restructuring, distribution network, power losses, load curve

For citation: Bramm A. M., Khalyasmaa A. I., Eroshenko S. A., Matrenin P. V., Papkova N. A.,
Sekatski D. A. (2022) Topology Optimization of the Network with Renewable Energy Sources
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BBenenne

[upokoe HCMOIB30BaHUE BO30OHOBISAEMBIX HUCTOYHHUKOB dHepruu (BUD)
BEZIET K MOSIBJICHUIO IPUHIMIINAIBHO HOBBIX 3371y ONTUMU3ALUH IPU IPOEKTU-
POBaHMM U YIPABJICHUU B 3JIEKTPOIHEPreTHUKEe. ITO 00YCIOBJIEHO CTOXacTU4e-
CKMUM xapakTtepoM BHDO-reHepanmu M nepexooM Ha JAELEHTPaIN30BAHHBIC
JBYHAIpPaBJICHHbIC CUCTEMBI 3JEKTPOCHAOKEHUS, B KOTOPBIX IEPETOK MOILIHO-
CTH MOXET U3MEHSTh CBOE HallpaBlIeHHE, B OTJIMYME OT LIEHTPaIU30BaHHbIX CU-
CTEM C OJHOHANpPABICHHOM Iepenadeil SIEeKTPO3HEPTrud OT MPOU3BOAUTEINS
K ToTpeburensaM. B Takux cucremax B KaXKABIH 4ac CyTOK MMEETCS CBOM ONTH-
MaJIbHBIA BapUaHT PaJMaibHON KOH(Urypamuu (TOIOJIOTHUH) CETH, 00ecIedu-
BAaIOIIMI1 MUHUMAJIbHBIE TIOTEPH B IMHUIX AIEKTPOIIEPEIAUH.

IlonckoM ONTUMaTbHOW TOMOJOTMYECKOM CTPYKTYpPHI 3JIEKTPHUUECKON
CeTH MO Pa3NUYHBIM KPUTEPHUSM 3aHMMAIOTCS MHOTHE uccienoBarenu [1-4].
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B HacTosiee BpeMsi A PELICHUS 3TOH NMPOOJEMBI MCIOJIB3YIOT aIrOPUTMBI
ONTUMM3ALUH, KOTOPbIE MOTYT MPHUMEHSITHCS B PA3IMUHBIX PEXHUMax pabOThI
SHEPrOCUCTEMbBI, B TOM 4HUCJIE€ IPUOIIKEHHBIX K pealbHOMY BpeMeHH. OnHako
OobIIOe YMCIO KOMOMHAIMI M OTPaHUYEHHS 110 BPEMEHHU NPHUHATHS PEIICHUH
CYIIECTBEHHO 3aTPyIHSIOT MCIOJIB30BaHHE KJIACCHYECKHX METOAOB ONTHMH3a-
UK (TaKUX KaK HAIpaBJICHHBIN epebop), a KOMOMHATOPHAS IPUPOa 3a1a41 He
MO3BOJISIET PUMEHSITh IPAJIUEHTHBIE METOIBI.

I'enetnueckuii anroput™ (I"’A) mokaspiBaeT cBOIO 3(PQPEKTHBHOCTL B OOJIb-
LIMHCTBE MPHUKJIAAHBIX 33Ja4d pacyeTa ONTUMAIBHON CTPYKTYPHI DIIEKTPUIECKUX
ceTeil, B TOM YHCJIE ¢ yU€TOM MOTPEOUTENBCKUX SHEPTOMCTOYHUKOB [5].

HauOonee BayKHBIN acleKT B MCIIOIb30BaHUU ['A — ompezieiieHre crnocoda Ko-
JIUPOBAHUS PELICHUS B BHUAE XPOMOCOMBL B KiaccmueckoM MOAXOAe MOMyJISIys
MOKET UMETh XPOMOCOMBI, IIPEACTABISIOIINE HEAOMYCTUMbIE PeICHUs], X (QyHK-
IUSIM TIPUCTIOCOOJICHHOCTH TIPUCBAUBAIOTCS COOTBETCTBYIOIME MTpadHBIC 3HAYC-
HusL. OIHAKO TMOCKONBKY T€HETHMYECKHE OINepaTopbl MYyTallMd M CKPEIIMBaHUS
JOJDKHBL (DOPMHPOBATH PELICHUs, MMEIOIIME CMBICI C TOYKM 3pEHHS 3aIadd,
B JIaHHOW paboTe mpezaaraeTcs 00eceunTh 0THO3HAYHOE COOTBETCTBHUE KOJUPO-
BaHHMS M JICKOJMPOBAHMUS, & B KAUECTBE XPOMOCOM HCIIONB30BATh 3alIH()POBAHHYIO
JBOMYHBIM KOJIOM TOIOJIOTHIO ceTd. Pa3paboTaHHBINA airopuT™M 00ecrednBacT OT-
CYTCTBHE IIMKJIOB B Tpade, 4ToObl cHcTeMa OcTaBanach paauanbHoi. Ecnm mpu
reHepaluy HauyallbHOW MOMYJISIMN WIH B Pe3yNbTaTe CKPEIIMBaHUI POPMHUPYETCs
TOIIOJIOTHSI C LUKJIOM, OHA OTOpAachIBAeTCsl, TAK YTO MPOLIECC T'€HEpaLK Havdaib-
HOH M Ka)KIOW MOCEIYIOIEeH HOMyJISIUKN BBIIONHACTCS 0 TEX IOp, MOKa IOIy-
TS He OyJIeT 3armoiHeHa IOMYCTUMBIMU PELICHUSIMU.

OcHoBHasl YacTh

CoBpeMeHHBIC TEHACHIIMU Pa3BUTHS MPOMBIIUICHHOCTH W aKLEHT Ha 3elie-
HBIX TEXHOJIOTHSIX CITOCOOCTBYIOT IIMPOKOMY HCTIONB30BaHmi0 BUD 1 akTHBHBIX
pacnpenenuTenbHBIX ceTeil. CormacHO ToOBBIM OT4eTaM MexITyHapOoIHOTO
sHepreruueckoro arenrctsa (IEA) 3a 2017-2019 rr. [6], 3aduKkcupoBaHO CHHU-
KCHHE MHBECTHLMI B CTPOUTENBCTBO AIEKTPUUECKUX ceTeid Ha 7 % B roj mpu
YBENUYCHNH (UHAHCUPOBaHUS IH(PPOBHU3AIUKN PACTIPEICIUTEIBHBIX —CeTel
(TEeXHOJIOTUH aBTOMATHUYECKOTO YIPABJICHHS, MOHUTOPUHTA U IH(PPOBBIX TBOW-
HUKOB OOOpyzmoBanus). Jons muQpoBH3aLMU W HHTEIUICKTYaJIM3alHHd CETeH
npesbicuia 15 % ot o6mux naBectunmii B 2019 r.

Haubonee pacmpocTpaHEeHHBIM HCTOYHHUKOM JIIEKTPOIHEPTHH B AKTHUBHBIX
pacnpenenuTeIbHbIX CeTAX SBIAIOTCSH (QoTodnekTpuieckue craHuud. llo man-
HBIM MEXIyHapOJHOTO areHTCTBa MO BO30OHOBISIEMBIM HCTOYHHKAM DHEp-
run (IRENA), Ha 2020 r. 10151 GOTO3ISKTPUUSCKUX CTAHIHMI COCTaBHIIA MTOPSII-
ka 42 % ot HoBoM BBeJieHHON MontHOCTH BUD [7].

CepnesHoii pobseMoii mpu dKkciutyaTaruu BUD sBIisieTcst CTOXaCTUYECKUIA
XapakTep WX reHepanuu. JlaHHas oCOOEHHOCTh OOYCIIOBIHMBAET BBICOKYIO CTe-
MeHb HEOMPEAEICHHOCTH TIPY TUTAHUPOBAHUH PEXIMOB IIEKTPOIHEPTETHUECKUX
cucreM (O2C). B coOTBEeTCTBUM C M3MEHEHHEM BPEMEHHM CYTOK M IOTOJHBIX
YCJIOBHI U3MEHSICTCSI U peKUM paboTel BMD, 4T0 BIHseT Ha MEPETOKH MOIITHO-
CTH B ceTH. B oTimume oT meHTpann3oBaHHbIX DDC, Tie IepeTOK MOIIHOCTH
MPEUMYIIECTBEHHO OJHOHAIPAaBICHHBIN, B 3Heprocucremax ¢ BUD meperoku
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B CETH MOTYT MEHSTH CBOE HampasiieHue. Takum o0pa3om, o/iHa BEIOpaHHAS TO-
TIOJIOTHSI CETH OKa3bIBAETCS HE ONTHMAJIBHOW UIA Pa3NMYHBIX MOTOIHBIX YCIIO-
BUI U BPEMEHHBIX IIPOMEKYTKOB IIPH OLIEHKE MOTEPh MOIIHOCTH U HEJOCTATOY-
HOHM (W30BITOYHOMN) 3arpy3ke IWHUWE. IS ONTHMHU3alUU PEKHMOB CHUCTEM
C DJIEKTPOCTAHIMSIMU Ha ocHOBe BMD He00X0IMMO TOYHOE MPOTHO3MPOBAHUE
reHepanuu. /{ocTndp 3TOr0 MOXHO € ITOMOIIBI0 METOJOB MCKYCCTBEHHOIO HH-
temutekTa [8-13].

B pamkax HacTosmiero mccienoBaHUS Ha KKABIH 9ac CYTOK OIpenesuiach
ontuManbHas koHpuryparms 15-y3moBoit 99C ¢ IByMsI COTHEUHBIMU DJIEKTPO-
CTAaHUUSMU YCTaHOBJIEHHOW MomHOCThIO 1,8 u 2,5 MBT. Ilon ontumansHoi
KOH(Urypauueil HOHMMaeTcss COBOKYITHOCTD BKJIFOUEHHBIX JIMHUH 3JIEKTpoIiepe-
nmaun (JIDII), obecreunBarOMUX MUHUMAJIbHBIH YpOBEHb NOTEPh AKTHBHOM
MOIITHOCTH B CETH U AOMYCTHMBIE MApaMETPhl JIEKTPHUECKOTO pexnMa (YpOBHH
HaNpsDKEHUH B y371aX CeTH, 3arpy3ka JInHui). VicxonHble TaHHbIE — HHPOPMaLUs
0 CTPYKType CEeTH (CONPOTHBIICHUE JTMHUH, XapakTep Harpy3ku (Tadm. 1) u pac-
MOJIO’KEHUE AIIEKTPUYECKHUX CTAHIMH) U MPOTHO3 T€HEepaIlluH AJIEKTPOCTAHIIHIA.
Tormonorus cetu mpeacTaBieHa Ha puc. | (YepHBIM IIBETOM MOKa3aHbI HOpMaJlb-
HO BKJIFOUEHHBIE JINHWUHU, KPACHBIM — HOPMAJIbHO OTKJIFOYEHHBIE).

Harpysku D3C npeacraBieHbl TpagKaMy 3JIEKTPUIECKAX HATPY30K MOTPeE-
outeneii Tpex TUNOB (puUC. 2) C SIBHO BBIPAKCHHBIMH 0a30BBIMH U IHKOBBI-
MU 00J1aCTSIMH, YTO OTPAXKAET XapakTep MOTPEOICHUs IEKTPOIHEPTHH B y3/Iax
peansaBIX I2C.

Tabauya 1
ITapameTphl pacnpeeuTeIbHOI 3IEKTPUYECKOI ceTH
Power distribution network parameters
[Tapamerpsl nuHUHI ITapamerpsl Harpy3ku
Ha- | Ko- AxrtuBHoe | PeaxktuBHOE MaKcn-u x:ﬁ:fﬁziz;[ M;;:I;rib- I'padux
wauo | meyy | CCTPOTHE" | CONPOTHB- | MALHEIH V3en MOILHOCTS, | THBHAS MoIIL- Harpys-

snenne, OM | nenue, Om TOK, A <Br HOCTH, KBAD KH
1 2 1,35 1,32 265 2 441 44,99 1
2 3 1,17 1,14 265 3 70,1 71,44 1
3 4 0,84 0,82 265 4 40,0 142,82 2
4 5 1,20 1,02 298 5 441 44,99 1
2 9 2,01 1,32 298 9 70,0 71,44 1
9 10 1,68 1,13 298 10 44,1 44,99 2
2 6 2,55 1,72 298 6 140,0 142,82 3
6 7 1,08 0,73 298 7 140,0 142,82 1
6 8 1,25 0,84 298 8 70,0 71,44 1
3 11 1,79 1,21 298 11 140,0 142,82 2
11 | 12 2,45 1,65 298 12 70,0 71,44 3
12 | 13 2,01 1,36 298 13 441 44,99 1
4 14 2,23 1,50 298 14 70,0 71,44 2
4 15 1,97 0,80 240 15 140,0 142,82 3
10 | 14 1,90 1,12 298 - - - -
13 | 15 2,18 2,12 265 - - - -
7 11 2,98 1,54 263 - - - -
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Fig. 1. Topology of the network under study
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Pa3pa60TKa ONITHMU3AIMOHHOI0 AJIrTOpUTMA

B mocnenHue ronpl B MPUKIAIHOW MaTeMaTHKE, KAK U B TEXHUYECKUX CH-
cTeMax, HaMeTWJIAach TEHJIEHIUS NMPUMEHEHHS OMOWHCIHPHUPOBAHHBIX TOIXO-
noB [14]. OmHo W3 BeAymUX HAIPaBICHUH — MOICIUPOBAHHUE C€CTCCTBCHHBIX
3BOJIIOIMOHHBIX TPOIECCOB I APHEKTUBHOTO PEIICHUS ONTHMH3AIMOHHBIX
3a/1a4 HAyKU ¥ TEXHUKH. Peupb uaeT 0 Tak Ha3pIBa€MBIX T€HETUYECKHUX aJTOPUT-
MaX, KOTOpbIE B CBOCH TEPMUHOJOTUU MHOTOE 3aUMCTBYIOT U3 €CTECTBEHHOM
TE€HETHKH.

OcHoBHbIe OoTiMuusg ['A OT JAPYruX ONTHUMHU3AIMOHHBIX U MOUCKOBBIX
nporemyp [15]:

= pa0OTalOT B OCHOBHOM HE C MapaMeTpaMy 3aJayd, a C 3aKOJAUPOBaHHBIM
MHO>KECTBOM ITapaMeTpOB;

® OCYIIECTBIISIFOT MOMCK HE MyTEM YIYUIICHUS OJHOTO PEIICHUS, & C TIOMO-
IIBIO CPa3y HECKOJIBKUX aNbTEPHATHB Ha 33JaHHOM MHOKECTBE;

® Ui OIICHKHM KAadeCTBa MPUHSTHS PEHICHUH UCTIOIB3YIOT IEJEBYH (YHK-
IIHIO, & HE €€ Pa3JIMYHbIE IPUPAIICHUS;

" IPUMEHSIOT HE JCTCPMUHUPOBAHHEIC, a BEPOSTHOCTHBIC MPaBUIa aHATN3a
ONTUMHU3AIMOHHBIX 33]1a4.

[TomoxuTenpHBIC cBOMCTBA ['A TIO3BOJIAIOT paccMaTpUBaTh WX NPUMCHECHHE
KaK OJ[HY U3 BO3MOXHBIX aJIbTCPHATHUB JIJIsl PEIICHUS JAHHOTO KJIacca ONTHUMHU-
3aMOHHBIX 3amad. Ha puc. 3 mpexacraBiieHa pa3paboTaHHas aBTOpaMu 0000-
IICHHAs OJIOK-CXeMa peaM3aliy allTOPUTMa TeHETUYSCKOTO TIOUCKA ONTHMAIh-
HBIX pEMICHWH MO0 ONTHMH3AINN TOIOJOTHH CETH ¢ OOBEKTaMH T€HEepaluu Ha
base BUD ¢ ucnonb30BaHMEM MHOTOKPUTEPUAIEHON (DYHKIIMU TPUCIIOCOOIICH-
HocTH. PaccMoTpum nomaroBo paboTy mpeacraBiieHHOTO ['A.

I[oaroroBka MaTeMaTH4YeCKOH MOJETH IJIEKTPOIHEPTreTHUECKON CHCTe-
Mbl. B KadecTBe MCXOIHBIX B3SITHI JJaHHBIE O KOJWYECTBE Y3JIOB, JIMHUAX, TCHE-
paTopax, Harpy3kax u T. 1. U3 Excel-¢aiina ¢ ucxomHbIMA JaHHBIMH, KOTOPBIH
YUTAETCS TPHU TOMOIIM aNTrOPUTMa, CO3MIAeTCsl MOIENbh CETH B OuOmmoTexe
Pandapower. Yepe3 3Ty ke OMOIMOTEKY MPOU3BOAMTCS PAcdeT ONTHMAIbHO-
T0 TIOTOKOPACTIPEICIICHAS B 3aJaHHOW PHEprocucreMe Ha ciaydail, eciim B 90C
OymyT u BUD, u TpamuinoHHBIE UCTOYHUKH, T. €. OMPEALIsIeTCs] Hanbojee dKo-
HOMHYHBIA PEXUM IO 3arpy3ke rerepartopoB. Llenb pacuera — HaiiTu cymmap-
HBIE TIOTEPHU MOIITHOCTH JJISi KOHKPETHON TOTIOJIOTHH CETH Ha 3aJaHHBIA Jac Cy-
Tok. [loTokopacnpeneneHue onpenensercs no metoay Hetorona — Padcona, Tak
KaK OH MaJi0 YyBCTBUTEJICH K MEJIKHM ITOTPEIIHOCTSM, JOITyCKAEMBIM B ITPOLIEC-
ce BhIUMCIeHUH. Vaes MeTona 3akiro4aeTcss B JTUHEApU3allud, YTO TO3BOJISICT
CBECTH MCXOJHYIO 33J[ady PEeIICHHs CHCTEMbI HEIMHEHHBIX YPaBHEHNN K MHOTO-
KpaTHOMY DEIICHHIO CUCTEMbI JHMHEWHBIX ypaBHEHWH. B amropurMe BBeICHO
BaXHOE OTPaHWYEHHE: €CITU IPH 3aJJaHHOW TOTOJOTHUH CETH PEXHM He CyIie-
CTBYET, BMECTO BEJIMYMHBI ITOTEPh TOIOJIOTUU MIPUCBAaWBAETCs 3HAYCHUE (DYHK-
mur 1000 (BBomguTcst OOMBIION mITpad), YTOOB MCKIIOYUTEH 3aBEAOMO IIJIOXHUE
BapUaHTHI).
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®opmupoBanue nHauBuaAoB. HauaabHasa nonynsiuua. B xauectBe uHIu-
BUJIOB HCIOJNB3YIOTCSA 3alli(POBAHHBIC JABOWYHBIM KoioM Tomnonoruu DIC.
WHIuBHUI IpeACTaBISIETCS B BUAEC XPOMOCOMBI — criicka n3 N 3Hauenuit, rme N —
gucno Bcex JIDII B DOC. 3naueHust B cnucke MOTyT OBITh ToibkO 1 mmm O:
1 — JIDII BrmroueHa, 0 — oTkitoyeHa. TakuM 00pa3oM, Kax bl WHIAUBH] UMEET
Ha0Op W3 eqUHUI U HyJeH IiHON N ¥ OJHO3HAYHO XapaKTepPHU3yeT TOTOIOTHIO
cetu. [Ipumep npencrapnenus unaueuaa nis cetu ¢ 17 JIDII B Buae: 1BoudHO-
rokonma[1,1,0,1,1,1,1,1,1,1,0,1, 1, 1, 1, 1, 0] u rpada (puc. 4) (Bepuu-
HbI — y3161 D0C, pebpa — BrmtoueHnsie JIDIT).

14

/
N,

@—&—&

12 13

7

Puc. 4. Tpad ncxomHo# IEKTPOIHEPTeTUUESCKON CUCTEMBI

Fig. 4. Original electric power system graph

WnpvBuapl B HavanbHOW momynsinuu (gopmupyrores (GyHkuus tree_crea-
tion) mpu momornu moncka (06xoaa rpada ceT co BCeMH BKIOYeHHBIMHU JIDIT)
B IIMPHUHY U MIyOWHY, HAYMHAS M3 KaKIOW BepluuHbI (y3ma cetn). [Ipu 3aman-
HBIX MMapaMeTpax IIyOUHBI M ITUPUHBI AITOPUTM MOMCKA COCTUHSET BCE BEpILH-
HBI rpada, Ipu 3TOM HEe 00pasys KOJBLEBBIX CTPYKTYp, HAYMHAS U3 33aJaHHOM
BepurHbl. Onepanusi MOBTOPAETCS ¢ HayaloM B KaKIOH BO3MOYKHOM BEpILU-
He. Ecnu momy4uBIIasicst CTpyKTypa COSAMHSIET BCE BEPIIMHBI, HE UMEET IHK-
7I0B (T. €. ABMSETCS paAnaIbHON) M IO 3TOTO e1lle He Oblila Hai/IeHa, TO CTPYKTY-
pa nobaBiisieTcs B HAYabHYIO TTOMYJISLIHUIO.

Onucanue reHeTHYECKOT0 AJITOPUTMA /LISl MOMCKA ONTUMAJIBHOW TOMO-
Joruu. 3anaroTcs napamerpsl I'A: pa3mep nomyssiuu, BEpOSTHOCTh CKpPELINBa-
HUI ¥ MyTanuil, MaKCUMaJIbHOE YUCIIO uTepauuil (momymsuuii). Pazmep momy-
JSIIMW  BBIOMpAETCSl PaBHBIM HAYalbHOW MOMYJSAIHMH, €CIM OHA HeOOIbIIast
(menpiie 50 MHAMBUIOB), B MHOM CIIydae 3aJacTcs APYroe YUCIO UCXOIS W3
BPEMEHHU peau3alliil ajJropuTMma.

Dynxyuu ckpewusanusi. B anroputme NpuUMEHSIOTCS (QYHKIHMU CKpeEIlnBa-
HUS Crossl u Cross2, KoTopsle MPOUCXOIAT C paBHOU BeposTHOCTHIO (0,45,
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Crossl — o0bruHOE OHOTOYECUHOE cKpeliuBanue (puc. 5). C 3agaHHOM Bepo-
STHOCTBIO U3 MOILYJISILIUH BEIOMPAIOTCS [1Ba CIy4aliHBIX POAMTEIIS, ONPEAEIISIETCS
cllyyaifHasi TOUKa JeneHus: ux XxpomocoM. COBOKYITHOCTb JIEBOH 4acTH MEPBOTO
POIMTENS U MPaBOM YacTU BTOPOTO ONpPENEIseT XPOMOCOMY IIEPBOIO IOTOMKA,
COBOKYITHOCTh IPaBOH YacTH HEPBOrO0 POIUTEIS. M JIEBOW 4YacTH BTOPOIO —
XpOMOCOMY BTOPOT0 MoTOMKa. O0a MOTOMKa TPOBEPSIFOTCS HA COOTBETCTBHE UX
TOTIOJIOTHH paauaibHON cTpykType (tree_test). Ecmu moToMok mpenctaBiseT
co0oit paguanbHyI0 CTPYKTYpY (OCTOBHBIM rpad) ceTh) M emie He ObLI HaiineH,
TO OH J00aBJISETCS B CTUCOK TTOTOMCTBA.

IlepBelii pogurens

Bropoii pogurens

[lepBblit mOTOMOK

Bropoii noTomok

Puc. 5. BusyanbHast ©HTepIpeTanust MeToaa Crossl

Fig. 5. Cross1 method visual interpretation

Cross2 — o0bIuHOE IBYXTOUEYHOE CKpernBanue (puc. 6). C 3a1aHHON BEpO-
STHOCTBIO U3 TOIYJISIIMU BBIOMPAIOTCS J1BA CIYYalHBIX POIUTEIIS, ONPEIEIISIOT-
Csl B CIydailHbIe TOYKHM JIEJICHUS MX XPOMOCOM. PomuTenbckie XpoMOCOMBI
«HEePEeKPYIUBAIOTCS» B ITHX TOUYKAX, M IMOJTydaeTcs aBa motoMmka. Oba morom-
Ka TPOBEPSIOTCS HAa COOTBETCTBHE HX TOIOJOTUH PAJUAIBHON CTPYKTYpe
(tree_test). Eciu moTOMOK MpeacTaBisieT CO00# pamuaibHyl0 CTPYKTypy (Oc-
TOBHBIN Tpad ceTn) W emie He OBUT HaWIeH, TO OH JOOABISIETCS B CIHCOK IIO-
TOMCTBA.

IlepBelit pogurens

Bropoii poautens

[lepBblit mOTOMOK

Bropoii noTomok

Puc. 6. BusyasbHast MUHTepIpeTanus MeToa Cross2
Fig. 6. Cross2 method visual interpretation
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Qynryua mymayuu. C 3aJaHHOU BEPOSTHOCTHIO BEIOUpPACTCS OJIMH HHIWBH]I,
y KOTOPOTO HWHBEPTHpYyeTCsl onuH OuT (TeH), T. e. ogHa u3 JIDII BktouaeTcs
(otkmouaercs). Tak Kak MHAWBUI — paguaibHas CTPYKTypa (IepeBo), MPH My-
Tallid BO3MOXXHBI JIBA BapHaHTA: JINOO TOSBIISETCS ITUKI (KOJBIIO/TIETIIS), JTHOO
TepsieTCsl CBs3b C y310oM cucTeMbl. llpu mosBnennn konbua BeiOMpaetcs JIOIT
C HanOOJNBIINM CONTPOTHBIICHUEM H OTKITIO4aeTcs. [Ipu moTepe cBs3u BKIIOYAET-
cst JIDII ¢ HauMEeHBIIMM CONPOTUBIICHUEM, YTOOBI OOECTIEYHTh CBSI3HOCTh BCEX
Y3JI0B CETH.

Qyukyus ombopa. OTOOP MPONZBOAUTCSA IO TUITY YECTHOTO TypHHpaA. 13 HH-
JIMBUIOB BhIOMpatoTes K mryk (K — pasmep TypHHpa, 33aeTcs MOJIb30BaTeNIeM),
KOTOPBIC CPAaBHUBAIOTCA MCKIAY CO6OI>'I 110 BEJIMYUHE CYMMApHLBIX IOTCPhL B CCTH.
Jlanmpilie MPOXOJUT TOT, Y KOTO MOTEPHU HMXKE. Te WHIUBHUIBI, KOTOPBIE YK
Y4acTBOBAJIM B TYPHHMpE, HE MOTYT y4acTBOBaTh IIOBTOPHO. IIponenypa nosro-
pseTcs 10 TeX IMOop, MOKa He OTOSPeTCs HY)KHOE YMCIIO MHIMBUIOB JJIS HOBOH
TOMYJISIIINH.

@yuxyus omoopa 1ywux uHousuoos. B Hadane kaxxaou urepanuu (Ha Kax-
JIOM TOKOJICHHUH) J0 CKPEUIUBAHHUS ONPEICIIICTCS CaMblii MPUCIOCOOICHHBIN
WHIVBHU] C HANMEHBIITNM 3HaUYeHUEM oTepb. OH 3aHOCUTCS B CIIHUCOK JIYYIITHX —
3aJl CJIaBbI, MO3BOJISIFONIMK BHIETh, KaK M3MEHSUIMCH HamboJee MmpucrocobieH-
HbIC UHIUBUJIBI.

Dynxyus maccosoll mymayuu (nepepodxcoenus, anoxaruncuca). Ecnn myd-
Wi WHIUBHJ] HE CMEHWICS B TEUCHHE TPEX IMOKOJEHWH (3HaueHWe (QYHKIUH
MPHUCTIOCOOIEHHOCTH HE HM3MEHSIOCh TPU HMTEPAllH TOAPS), QYHKIHSI MyTa-
UM TIPUMEHSETCS KO BceM 0e3 HCKIIOYCHHs WHIMBUIAM MOMYIALUH. Takum
00pa3oM MUHHUMH3HUPYETCS BO3MOXKHOCTh 3aBUCAHUI B TOYKAaX JIOKAIHLHOTO OI-
TUMyMa.

B koHIIe KaX10¥ UTEepaluy allTOPUTMA BBIBOJUTCS CTATHCTUKA IO TUITY:

® JTydiiasi MPUCTIOCO0JIEHHOCTh (MUHUMABHBIE TIOTEPH) B TTOMYJISIIH;

® CpemHsIsI MPUCITOCOO0TICHHOCTS;

® TyYIIUi UHIUBUI — TOTOJIOTUSI C HAMMEHBIIMMH MOTEPSIMHU B OpME IBO-
WYHOTO KOJIa;

® 3aJ1 CIIABBI — CIIMCOK JTYYIHX HHWBH/IOB HA MPOTSHKCHUN BCEX UTEPAITHH.

Ilepen Hayanom HOBOW WTEpalMKd aNrOpUTMa BCE MHIAWBUABI B MOMYJIALIMHU
MepeMEeNTNBArOTCs (MEHSFOTCSI MECTaMH B CITydalfHOM TOpSIZIKE), YTOOBI TOBHI-
CUTh pa3HoOOpasue mpu ckperuBanuu. [1o okoHyanuu pabotel ['A BeIBOASTCS
CTaTUCTUYECKHE 3aBUCUMOCTH, XapaKTepPHU3YIOIKE ero padoTy.

Onenka padoThI aIropuT™Ma

KoppekTHOCTh paboThl aaropuT™Ma MpOTECTHPOBAHA IO ONMCAHHOW BHIIIE
cxeme. [IpoBenmeHO BoceMb wuTepanuii ¢ BeposSTHOCTsMH ckpemuBanus 0,95
n mytanuu 0,20. B pe3ynpraTe NmOdy4deHB! KpUBbIE H3MEHEHHS MaKCUMAaJbHON
U cpeqHel IPUCIIOCOOICHHOCTH B COOTBETCTBHH C NPOAOIDKUTEIBHOCTBIO pado-
THI aJdropuT™Ma (Y4ucio uTepanuii). B xauecTBe mpumepa Ha pucC. 7 MPHUBEICHEI
3aBUCHMOCTH JIJISl COCTOSTHEISI ccTeMbl Ha MoMmeHT BpemeHu 12:00. ITo ux xa-
paKTepy MOXKHO CYAWUTH O TOM, YTO aJITOPUTM paboTaeT KOPPEKTHO, CyMMapHOe
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3HAa4YeHHE TIOTEPh B CETH CHIDKAETCS KakK JJIs HAWIYdIIero WHAWBHIA, TaK U B
CPEIHEM B ITOKOJICHIH C YBEITMIEHNEM YHCIIa UTePaAIHil.

a
0,190

0,18

0,180

0,175

0,170

CpenHss MpHUCIOoCOOICHHOCTh

0,165
0 2 4

IToxonenune

MaxkcumanbHas
MIPUCIIOCOOICHHOCTh

0,168
0,167
0,166
0,165
0,164
0,163
0,162
0,1610

2 4 6 8
IToxonenue

Puc. 7. I3meHeHne npucnoco0IeHHOCTH MHANBUIOB (cxeMa 15 y3710B):
a — cpefHei; b — MakcuManbHO#M

Fig. 7. Changes in individual adaptability (15 nodes scheme): a — mean; b — maximum

B mensx mpoBepkw yHHBEpPCAILHOCTH AITOPUTM MpPOBEpeH Ha 14-y3io-
Boii TecrtoBoil cxeme |EEE, momomHenHol reHepanuel Ha ocHOBe BUD (Tpm
BETPOBBIE U JBE (HOTORNICKTpUUECKHEe cTaHImu). Cxema CeTH NpejcTaBiIcHa

Ha puc. 8.

@ Producer (agent)
@ Consumer (agent)

Grid connection
20

®

— ]

Selas

?- 14

. s
©n3

12

————— ] 3

Gas Wind

17 2 13 18
Coal

Community 1

Puc. 8. lononuennas cxema |IEEE (14 yznoB)

Fig. 8. Supplemented IEEE scheme (14 nodes)
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B kadecTBe AeMOHCTpaIMK padOTHI AIrOPUTMa B YKa3aHHOM cxeme Ha puc. 9
MIPEJICTaBJICHBI TPa)UKK U3MEHEHUS CPEAHEH U MaKCUMAIILHOW MPHUCIIOCOOIICH-
HOCTH MHIMBHUOB 3a 25 UTepaluil UIsl COCTOSHHUSI CUCTEMBI HA MOMEHT BpeMe-
au 24:00.

a b

A 6,0 2,
5 50 A
& = 2
o 415 f_g. g 118
Q
S 40 23
3) g é
= g o
g 30 S 516
= 25 =
[5) =
& 20

15 1,4

0 10 20 0 10 20
[Toxonenue Tloxonenue

Puc. 9. I3mMeHeHnE MPUCTIOCOOICHHOCTH HHAWBUIOB (cXema 14 y3110B):
a — cpeaHei; b — MakcuManbHOM

Fig. 9. Changes in individual adaptability: a — mean; b — maximum

Ha uerBepToii urTepammm pacuera airopuTM IMONajl B TOYKY JIOKAJIBLHOTO
ontumyma (1,742 MBT), onHako yepe3 TpH UTEPaLUH NPH HOMOLIM (QYHKIUH
MaccoBOW MyTalllM 3aBHCAaHHE aJrOpUTMa B AaHHOW TOYKE OBUIO MCKIIIOYEHO.
OnrtnMansHOe permreHne, Hakmennoe 3a 10 wmreparmit (1,407 MBT), cooTBer-
CTBYET CHIDKEHHIO CYMMAapHBIX MOTEPh aKTMBHOW MOIIHOCTH B ceTH Ha 27,4 %
10 OTHONICHHIO K cTapToBOii Touke anroputMma (1,938 MBT). Ilocme 10-i ute-
palnuy oNTUMaJbHOE 3HAUEHUE HE YIy4IIanoch.

CornacHo JaHHBIM, TOJXYYEHHBIM METOJIOM IOJHOTO Mepedopa BO3MOKHBIX
panuanbHbIX KoH(UTrypanmid cuctemsl (1048576 xonpurypauuii), onTUManbHas
TOIIOJIOTHUSI CETH COOTBETCTBYET 3HAYEHHIO CYMMAapHBIX IOTEPh aKTUBHON MOIL-
Hoctu 1,308 MBT. Takum 00pa3oM, pe3ynbTarT, MOJTYISHHBIA MPH TOMOIIH al-
ropuT™Ma, OTIMYAETCS OT HCTHMHHOI'O ONTHMAalbHOro pemeHuss Ha 7,6 %.
OnHako BpeMsl HAXOXKACHUS PEIICHHS alTOPUTMOM 3HAYUTEIHLHO MEHBINE, YeM
TIOMCK TTOJTHBIM ITepeOopOM, AaKe JJIs CXeMbI B 14 y3710B.

BbIBO/IbI

1. PaccmoTpena 3ama4a ONTUMHU3AIIAN TOTIOJIOTHH (KOH(PHUTYpAITUH) pacipe-
JISIUTENBHON CETH TI0 KPUTEPUI0O MUHMMHU3AIWU TOTEPh aKTUBHON MOIIHOCTH.
st ee peleHust npenyiokeH MOAUMDUIMPOBAHHBIA TEHETHUYECKUH alTOPUTM,
OTJIUYUTEIBHBIMU OCOOEHHOCTSIMH KOTOPOTO SIBJISIFOTCS: MPEJICTABICHUE CTPYK-
TYpBl paclpeieIuTeIbHOW CETH B BHJE JIBOMYHOTO KOJA; CO3JaHHe (PYHKIUIA
CKpCUIMBAHUS M MYTallMy Jis (OPMUPOBAHHS WHIUBHIOB, KOTOPHIC UMEIOT
CMBICIT I JaHHOW 3aja4u; BBeJeHHE ITpada Jis TeX WHIUBHIOB (KOHDUTY-
patuii), 1uIsi KOTOPhIX OTKJIOHCHHS ITapaMEeTPOB YCTAaHOBUBIIETOCS PEeKUMa Tpe-
BBIIIAIOT TIPEJICITEHO JIOMYCTUMBIC ITOKA3aTEIIH.
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2. Pa3paboTaHHbIii TEHETUYECKUI alropuT™M 00NamacT OBICTPOH CXOIUMOCTBIO
(mopsinka 10 ureparwii st cxXeMbl U3 14 y3710B), BRICOKOH TOYHOCTEIO (HaHIEHHOE
pellieHne OTarmYaeTcs OT IM00aIbHOTO ONTHMyMa Ha 7,6 %) 1 KOppeKTHO paboTaeT
MPU Pa3IMIHBIX CXEMaX CeTel, CTPYKTypax TeHepaluu U Harpysku. Kpome Toro,
OH TIO3BOJISIET OMPEJICIUTh ONTUMAIBHYIO TOIOJIOTHIO CETH, YPOBEHb CYMMAapHBIX
MOTeph B KOTOPOit Ha 27 % HIKeE, 9eM B HICXOIHON TOIIOJIOTHH.

3. ANITOPUTM MOXKET MPUMEHSTHCSI COBMECTHO C CHCTEMaMH MPOTHO3MPOBa-
Husi BUD-reHepanuu Ha CyTKH BIiepe] NPU IUIAHUPOBAHUU PEKHMOB PaOOTHI
SHEProOOBEAMHEHUH C IEIbI0 MUHHUMH3AIMUA U3JIEPKEK HAa TOKPBITUE TOTEPh
AJIEKTPOIHEPTUU U YITYUIICHUS Ka4eCTBA OTITYCKaeMOU AIIEKTPOIHEPTHHU.
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Pedepat. B craTbe npeacraBieHbl pe3yabTaThl paCUETHBIX M KCIIEPUMEHTANIBHBIX UCCIIEIOBAaHUMN
TEPMOXUMHUYECKOI KOHBEPCHHU JPEBECHON OHOMACCHI € TIOIYYSHHEM KUAKUX IIPOLYKTOB IHUPOJIU-
3a ¢ y4eTOM CKOPOCTH MX oxyaxkaeHus. IIpuBeneHa MeToquKa pacuyeTa ONTHMAIbHBIX PEXUMHBIX
IapaMeTpoB (TeMIIEpaTypsl U CKOPOCTH OXJIAXKCHNS) TEXHOIOTHYECKOTo Tporiecca. [Ipeanoxeno
BBIpQKEHHE TSI OTIPENENICHUS pacxo/a APEBECHOTO CHIPhS B 3aBHCHMOCTH OT TEMIEPaTyphl Tep-
MOXHUMHYECKOI KoHBepcHu. OTMEUEHO, YTO MAcCCOBBI BBIXOJ XHAKHAX HPOIYKTOB IHPONIU3a
U3 peakTopa c1abo 3aBHCHT OT TeMIepaTypsl U paBeH npuMepHo 0,45 B muanaszone ot 573 mo 923 K.
JIns OLHKH BIUSHHS CKOPOCTH MX OXJIAXJECHHS HCIOJb30BaHO IH(depeHnaIbHoe ypaBHEHHE
TPEThEro MopsiaKa IJIsi MOJETH, JTUMHTHUPOBAHHOW CKOpOCThIO peakuuu. IlokasaHo, 4uTto mpu
OXJIXKICHUH JKUJKHX TPOAYKTOB MUPOJIN3a CTENEHb UX KOHBEPCHH CTPEMHTCS K OMpeIeIeHHOMY
3HAUEHUI0, OTIMYHOMY OT 1. IlomydeHs! pacyeTHbIE JaHHBIE TI0 3aBUCHUMOCTH CTENEHH KOHBEPCUHI
XKHUAKAX MPOIYKTOB IHPOJIH3a JPEBECHHBI OT BPEMEHH IIPH Pa3INIHON CKOPOCTH UX OXJIAXICHUS
U TeMIepaTrype TepMOXHMHUECKOH KOHBEpPCHH OMOMAacChHl. Y CTaHOBJIIEHO, YTO OTHOLIEHHE Macco-
BOTO BBIXOJa OXJIAXJICHHBIX JKHJIKUX IPOAYKTOB IHPOJIM3a K HAYAIGHOH 3arpy3ke MUPOJIH3HOTO
peakTopa MOo3BOJIAET HAliTH ONTHMANbHBIE YCIOBHS OXJIQXKACHHS NEPBHYHBIX MIPOYKTOB MHPOJIH-
3a OMOMAacChl, OCYIIECTBIISIEMOTO IIPU OIPEACNICHHBIX TeMmeparypax. IlpencraBieHsl rpaduku
3aBHCUMOCTH YKa3aHHOTO IapaMeTpa OT TEeMIIEpaTyphl MPoIecca TEPMOXHUMHUUECKOH KOHBEPCHU
JIPEBECHOM OMOMAcCCHI Ui Pa3lUYHBIX CKOPOCTeH oxiaxnaeHusa. [lokasaHo, 4TO MaKCHMAalbHO
BO3MOXHBIA MX BBIXOJ oOecrmednBaeTcs Ipu Temmeparype B peaktope 923-973 K u ckopoct
oxnaxaernss 700000-1200000 rpax./musH. OQHAKO YCTAaHOBIEHHE TaKOH CKOPOCTH — JOCTaTOYHO
CJIOXKHAsI TEXHUUYecKas 3amada. [103TOMy Ipu OCYIIECTBIEHHH TEXHOJOTHH HMOIyYEeHHs >KUIKHX
IIPOAYKTOB MHUPOJIN3a OrpaHUYMBarOTCS Temmnepatypamu 773-800 K, mpu KOTOpBIX MOXHO JI0-
CTHYb NMPAKTHYECKH PEATN3yeMOH CKOPOCTH OXJaXICHHS NEPBHYHBIX INPOLYKTOB PA3I0KEHUS
Gromaccsl.
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Modeling the Process of Obtaining Liquid Pyrolysis Products
of Plant Biomass Taking into Account
the Rate of their Cooling

S. V. Vasilevich?, M. V. Malko?, D. V. Degterov?, A. N. Asadchy?

DBelarusian State Academy of Aviation (Minsk, Republic of Belarus),
Institute of Power Energy of National Academy of Sciences of Belarus
(Minsk, Republic of Belarus)

Abstract. The article presents the results of computational and experimental studies of thermo-
chemical conversion of wood biomass to obtain liquid pyrolysis products taking into account their
cooling rate. The method of calculating the optimal operating parameters (temperature and cooling
rate) of the technological process is presented. An expression is proposed to determine the con-
sumption of wood raw materials depending on the temperature of the thermochemical conversion
process. It is noted that the mass yield of liquid pyrolysis products from the reactor poorly depends
on temperature and is approximately 0.45 in the range from 573 to 923 K. To assess the effect
of the cooling rate of liquid pyrolysis products, a third-order differential equation was used for
a model limited by the reaction rate. It has been shown that when liquid pyrolysis products are
cooled, the degree of their conversion tends to a certain value other than 1 (depending on the cooling
rate). Calculated data on the dependence of the degrees of conversion of liquid wood pyrolysis
products on time at different cooling rates and temperatures of thermochemical conversion of bio-
mass have been obtained. It has been established also that the ratio of the mass yield of cooled
liquid pyrolysis products to the initial loading of the pyrolysis reactor makes it possible to find
optimal cooling conditions for the primary products of biomass pyrolysis carried out at certain
temperatures. Graphs of the dependence of this parameter on the temperature of the thermoche-
mical conversion of wood biomass for different cooling rates of liquid pyrolysis products are
presented. It is shown that the maximum possible yield of liquid products is provided at a reac-
tor temperature of 923-973 K and a cooling rate of 700000-1200000 degrees/min. However,
achieving such cooling rates is rather a difficult technical task. Therefore, more limited tempe-
rature 773-800 K is accepted, at which a practically realizable cooling rate of primary biomass
decomposition products is achieved.

Keywords: wood, thermochemical conversion, liquid pyrolysis products, cooling, limiting degree
of conversion

For citation: Vasilevich S. V., Malko M. V., Degterov D. V., Asadchy A. N. (2022) Modeling
the Process of Obtaining Liquid Pyrolysis Products of Plant Biomass Taking into Account
the Rate of their Cooling. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 65 (4),
355-365. https://doi.org/10.21122/1029-7448-2022-65-4-355-365 (in Russian)

BBenenne

B npoMBIIeHHO pa3BUTHIX CTPaHAX UHTEHCHUBHO COBEPILICHCTBYIOTCS TaKUE
HaNpaBJIcHUs TepepadOTKU OMOMACCHI, KaK MHPOIHU3, Tasu(pHKAIMs, OXKHUKE-
Hue [1-9]. Cpeau cOBpeMEHHBIX TEXHOJIOTHI SHEPreTUYECKOr0 UCTIOIb30BAHMS
pacTutensHON OuoMacchl HanOoJiee YHUBEPCATBHOM, 3D (PEeKTHBHON U NIEIIeBOH,
0 MHEHHUIO 3KCIepTOB MeKayHapoaHOro dHepretruueckoro areHrcTBa (IEA),
SIBIISICTCSI TEPMOXMMHYCCKAasT KOHBEPCHUS METOJOM IMHPOJN3a. JTa TEXHOJIOTHS
MTO3BOJISIET TIOJIYYaTh KaueCTBEHHOE, DKOJIOTHYCCKH 0e30TacHOe TBEPIIOE, SKHII-
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KO€ M Tra3000pa3HOE TOIUIMBO MPAKTUYECKH M3 JIFOOOTO CHIPhS, CONEPXKAIIETO
OpPTaHMYECKUE KOMITOHCHTHI.

K OCHOBHBIM mpeuMyIecTBaM >KUIKUX TPOJYKTOB MHPOJIM3a OMOMACCHI
[0 CPaBHEHHIO C MCXOJHON OMOMAcCCOW MpH SHEPreTHYSCKOM HCIOIb30BaHUH
OTHOCSTCS: BBICOKAsI SHEPreTUUecKasi INIOTHOCTh, MEHBIIIME TPAHCIIOPTHEIC 3aTpa-
ThI, TOBBIIIEHHE TEXHOJIOTHYHOCTH SHEPreTHYECKOTO HCIIONH30BAHMUS, BO3MOXK-
HOCTh TIPSMOTO CXKHT'aHUS B TypOWHAX W TUXOXOIHBIX TU3CIHHBIX JBUTATEIISIX
C TeHepalel AIIEKTPOIHEPTUH, TTOTYYCHUE KOMMEPUYECKUX MPOAYKTOB ISl XUMH-
YeCKOTro CHHTE3a, IPUMEHEHUsI B Ka4eCTBE YI00peHHs U cOpOCHTA.

3HaYUTENbHBIA HHTEPEC MPECTABISIET MPUMEHEHUE KUIKHUX TPOYKTOB TIH-
ponu3a OMoMacchl B KauecTBE CBS3YIOMIUX JUISI KOMIIO3UTHBIX MaTepHaioB (J0-
0aBKka B JIOpOXkHBIE BsDKyIue 10 20 %, yiydiineHne aAre3ud BsHKYIIUX, CTa0u-
JU3aIsl CBOWCTB OMTYyMa, YKPEIJICHHE TPYHTOB), a TAKXKE CHIPhS ISl XUMHUUeE-
CKOW TIPOMBINIICHHOCTH, MPOU3BOJICTBA TEXHUYECKOTO YIIIEPO/a, JOPOKHOTO
CTPOUTEINLCTBA.

MakcUMaNbHBIN BBIXOJ JXKUIKUX TMPOAYKTOB TEPMOXHMMUYECCKOW KOHBEPCUHU
OpPraHMYECKUX MaTepPHAIOB BO3MOXKECH TOJBKO Ha OCHOBE OBICTPOrO MHPOIIH3a
W TOJILKO B TOM CIIy4ae, el 00eCIeYnBACTCS BBICOKAs CKOPOCTh OXJIAXICHHUSI
MpoayKTOB peakiuu. [locieanee TpeboBanue 00yCIOBICHO TEM, YTO B IIPOIIECCEe
TEPMOXUMHYECKON KOHBEPCHUU OPraHMYECKUX MaTEPUAIOB 00pa3yroTCs JIECATKU
BBICOKOPEAKITMOHHBIX KOMITOHEHTOB, BCTYIAIONUX B PEAKIMIO JAPYT C JPYTOM.
B ciydae MeneHHOTO OXJaXKISHUS PEaKIIMOHHOW CMECH, MOKUIAMIISH peak-
IUOHHYIO 30HY, 00pa30BaBIIMECS TPOIYKTHI B3aWMOJICHCTBYIOT MEXIY CO-
00¥1, TIpeBpaIasch B CMeCh BOJBI U JMOKCH/IA YTiepojia: KOMIIOHEHTHI MTUPOJIU-
3a = mH,0 + nCO..

Takum o0Opa3om, Mpu OCYIIECTBICHUN TEPMOXUMHYECKON KOHBEPCHUH Opra-
HUYECKUX MATEpUAIOB C IIENBI0 TIONYYCHHS KUIKHX TPOJYKTOB BasKHEHIIEH
poOIEMOH SABIISIETCSI OBICTPOE OXJIAXKIACHHE PEAKIIMOHHOW CMECH, YTOOBI 3aMO-
PO3HTH BO3MOXHBIC XUMHUYECKHE PEAKIIMUA MEX]y PEaKIIMOHHBIMU MTPOJIYKTaMHU,
00pa30BaBIIMMUCS B PEAKIIMOHHOH 30HE.

B crarbe paccMoOTpeH ciydail TEPMOXUMHYECKONH KOHBEPCHU KPYITHBIX
gacTull (pa3mMep GpakIiuyd OKOJIO 2 CM) B M30TCPMHUUYCCKHUX YCIOBHSX IMPH pas-
JUYHBIX TEMIIEPATypax C IMOCISAYIONIUM OXJIaXKICHHEM MTEPBUYHBIX MPOIYKTOB
MUPOJTH3A.

OcHoOBHAfl YaCTh

B xoxme mpeapiaymux MCCIEIOBaHUI ONPENEICHO, YTO KUHETHKA TePMOXU-
MUYECKOW KOHBEPCHHU JAPEBECUHBI ITPH H30TEPMUUYCCKUX YCIOBHSIX OMHCHIBACTCS
Mozenpio ABpamu — EpodeeBa [10]. CrereHs KOHBEPCHU TIPH dTOM PACCUUTHI-
BaeTCs C MMOMOIIbIO YPaBHEHUS

a =1—exp(—kt)(1/"), (1)

rie K — KOHCTaHTa CKOPOCTH PEaKInH, MHH 5 t — Bpemst, MmuH; N = 0,5.
Komncranta ckopoctu K onpenessiercs: kak
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k =7,78-10°exp(—64900/RT), @)

rae R — ynuBepcanbHas raszopas nocrosuHas (8,314 [Ix/(monb-K)); T — Temre-
parypa, K.

IIpu 3TOM MpOM3BOHAS CTENIEHN KOHBEPCHH 10 BPEMEHH paBHA OTHOIIECHHIO
MacCOBOTO pacxoja ra3000pa3HbIX MPOIYKTOB MUPOIH3A K MOJHOM Macce 3THUX
MIPOAYKTOB

Z—?:G/(mo—mw), (3)
rie G — MaccoBbIil pacxo]], KI/MUH; My — HaYallbHas Macca o0pasiia JpeBeCcHO
Omomaccel, KT; M,, — KOHEYHas Macca (Macca yriis), KT.

[TockonmbKy TpoIiecC TEPMOXHUMHUYECKON KOHBEPCHUH MPOTEKAET NMPH aTMO-
chepHOM HaBIEHUH, IPUMEM Maccy yrig Kak 24 % OT HadalbHOW Macchl. JTO
3HaYEHHUE OMpPEEIICHO B XOJ/I€ MCCIICJIOBAHUN BIHMSHHA JABJICHHS HAa MAaCCOBBIN
BbIXO yriust [11, 12].

Torna (3) 3anumem kak

da
—=G/0,76m,. 4
i / 0 4)

B xoxe pacdetoB (1) onpeneneHo, 9To 3a BpeMs, paBHOE V2K, MIPaKTUICCKU

Bcs Omomacca (okomo 99 %) pazmaraercsa. 3HaUUT, IS 0OeCTIeUeHHs] HETPEPhIB-
HOT'O TMpollecca MUPOJIN3a 3a JaHHBIA MEPUOJ] BPEMEHH B PEaKTOp JIOJDKHO T0-
CTYIHTB My IPEBECHOTO CHIPHSI.
Takum 00pa3oMm, BBIpaXEHHE IS pacyeTa MacCOBOI'O pacxoja JPEeBECHO-
TO CHIPBS
G, = K M, =0,94kM 5
n 1,_5 0o~ 0 ®)
rae My — HadanpHas 3arpy3Ka JPEBECHHBI B PEaKkTop, KT.
3Hasi BBIpAKEHUE JUISI KOHCTAHTBI CKOPOCTH PEAKIMHA TEPMOXUMHUECKOM
KOHBEPCHHU JPEBECHOMN OMoMacch (2), MOKHO TIOJYYNUTh 3aBUCHMOCTh MacCOBO-

T0 pacxojia IPEBECHOTO CHIPhS OT TEMIIEPaTypHI B peakTope (puc. 1).

18
G./M,
14
12
10

[8)]
oONhO‘)a)

0 700 900 1100 T, K 1500

Puc. 1. 3aBucumoct napamerpa G /My ot Temmeparypsl

Fig. 1. Dependences of the G,/M, characteristic on temperature
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l'a3000pa3Hbie MPOAYKTHI BKJIIOYAIOT CMOJIBI, KOTOpBIE KOHIECHCHUPYIOT-
csl IpH MIOHKEHUH Temueparypsl (1o 573-373 K). MaccoBbiii BBIXOA KHUIKUX
MPOAYKTOB MUPOJIH3a MIPHU U30TEPMHUUECKON KOHBEPCUH APEBECHBIX YaCTHUII pa3-
MepoM Topsaka 2 cM cnabo 3aBUCHT OT TEeMIEepaTyphl NpoLecca W paBeH
npumepHo 0,45 B quamazoHe TeMIepaTyp TEPMOXUMHUYIECKON KOHBEPCHH OT 573
10 923 K [13]. Torma MacCOBBIN BBIXOJ] CMOJIBI

G,, = 0,45G,.

OnHAKO HM3BECTHO, YTO CMOJIBI YCIIEBAIOT YACTHYHO pa3jiarathCs, €CIH He
00eCIeUnTh JIOCTATOYHO BBICOKYHO CKOPOCTh OXJKICHHS MPOJYKTOB KOHBEP-
cHH. DTO BIHSIET Ha MAaCCOBBIA BBIXOJ KHJKUX MPOJYKTOB KOHBEpCHH (OH 3HA-
YUTENBHO CHWXaeTcs). Jins Goliee MONHOTO MOHWMAHHWS BIHSHUS CKOPOCTH
OXJTXKCHUS Ha JIOJII0 Pa3iaracMbIX MPOIYKTOB KOHBEPCHH HEOOXOIUMO HCCIIe-
JI0BaTh KWHETHKY TEPMHUYECKOTO PAa3JIOKEHHs KHUIKUX MPOJYKTOB IHPOIH3A
MIPU HEU30TEPMUIECKOM TIporiecce (B YaCTHOCTH, B TIPOIIECCE OXITAKICHHUS).

CrerneHb KOHBEPCHUH MTHPOIM3HBIX CMOJI OITUCHIBACTCS BRIpaXKeHUEM [ 14]

1
=1- [—— . 6
“ \ 1+ 2kt ©)

Koncranra CKOPOCTHU OIPCALCIACTCA

(7)

k=1,361-10° exp(—%j,

RT
T=T,+pt.

Bripaxenus (6), (7) OMUCBHIBAIOT MPOIECC PA3IOKEHUS CMOJBI TMPH II0-
BBIIICHHH TEMIEPATypbl ¢ IOCTOSIHHOM CKOopocThio HarpeBa [ > 0. Jwmama-
30H ucciaenoBaHHbix Temneparyp ot 300 mo 800 K. M3yuensl mnpoueccsl
paznoxenust 400 Mr cMosIbl Ipu ckopocTd Harpera ot 0,25 mo 20 K/mMun. OnHa-
Ko (6) Henmb3s HCIIONB30BATh MPH ONMKCAHUU PA3IOKEHHUS B MpPOIECCe OXJIaxK-
nenus (npu B < 0). B rakom cinydae npuMeHSIIOT ypaBHeHHE B JudQepeHnnas-
HOU popme

da 1

_ = _ 3

Komncranta ckopoctu K B (8) onpenensiercst o (7). Takum o6pa3om mosayda-
€M 3aBHCHMOCTH CTETIEHH TEPMHUYECKOTO PA3JIOKEHHSI CMOJ OT BPEMEHHU IpH
Pa3IUYHBIX CKOPOCTSX OXJIAXKIICHUS M HAYalIbHBIX TeMreparypax g (puc. 2, 3).

B mporiecce oxnaxkaeHuH CMOJ 3HAYEHUS CTENIEHEH Pas3lIOKEHUSI CTPEMSITCS
K HEKOTOPBIM TpeebHbIM BennunHaMm (puc. 4). [Ipu Inf < 8 u ckopoctn oxiia-

xaenust 3~ 3000 rpaa./MuH O0JbIIAs YaCTh CMOJI pa3yiaraeTcs.
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Puc. 2. 3aBHCUMOCTD CTENIEHH TEPMUYECKOTO PA3IOKEHUSI CMOJ OT BPEMEHHU
IIpU HadaJIbHOU Temrieparype 673 K 1 CKopocTH OXJTaXJeHHs:
a— 1 K/mun; b — 10000; ¢ — 50000; d — 100000 K/Mun

Fig. 2. Dependences of the degree of thermal decomposition of resins on time when initial
temperature is 673 K, while cooling rate is: a — 1 K/min; b — 10000; ¢ — 50000; d — 100000 K/min

0,1 0,2 0,3 t, MuH 0,4

Puc. 3. 3aBECIMOCTb CTCTIEHH TEPMHUYECKOTO Pa3I0KEHHsI CMOJI OT BpeMEHH
pu HavanbHOH Temmnepatype 773 K 1 ckopocTH OXJTaKAeHUS:
a— 1 K/mun; b — 10000; ¢ — 50000; d — 100000 K/Mun

Fig. 3. Dependences of the degree of thermal decomposition of resins on time when initial
temperature is 773 K, while cooling rate is: a — 1 K/min; b — 10000; ¢ — 50000; d — 100000 K/min

1,2

¢
0,8
0,6

2 4 6 8 10 12 Inp 16
Puc. 4. 3aBUCUMOCTb TIPEIEIBHBIX CTENEHEN pasnokenus ot INf mpu:
a— 350 °C; b— 400; ¢ — 450; d — 500; & — 550; f — 600 °C

Fig. 4. Dependence of the limiting degrees of decomposition on Inp at:
a— 350 °C; b - 400; ¢ - 450; d — 500; e — 550; f- 600 °C
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JU1st oncaHus yKazaHHBIX 3aBUCHMOCTEH MTOCTPONM Tpaduku GYHKIHH (pHC. 5)

da
Inf ——|=f(Inp). 9
(-52)-10p) ©
a b
da
In _da In(—d—J
dp B
o y =—0,8492x — 5,2986 ... =-0,6897x - 6,5051
*a R® =0,9598 - R? = 09941
g,
o,
Inp InB
c d
In _d_OL |n[—d—aJ
dp dp
e y = —0,6447x — 7,3462 y =~ 0,4603x - 9,4709
e R? = 0,9455 o R°=0,9743
o o “@.... o
e e e
.‘ "'-‘.._..“”
InB Inp
e f
In _d_(l In _d_a
dp dp
y=- 3547?)5;9_1 3,7694 y = — 0,4456x — 10,565
= 2 _
.y ), R?=0,9961
------ : ...
®g. g
e—— | Treegl —
Inp Inp
da
Puc. 5. 3aBucumocts In _ﬁ ot Inp mpu:
a—350 °C; b -400; ¢ - 450; d - 500; e — 550; f — 600 °C
. da
Fig. 5. Dependence of In _E on Inp at:
a—350 °C; b —400; ¢ —450; d - 500; e — 550; f— 600 °C
U3 rpadukoB BuaHO, uTO (9) ONMMCHIBaETCS JIMHEHHBIM BBIPAXKEHUEM
da
In[——t = AInp +B, (10)

rae A, B — K03 UIMEHTBI, 3aBUCAIINE OT HAYAJILHOU TeMITepaTypsl (puc. 6).
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a b
A B
y =-0,0219x — 8,1898
y =0,0016x — 1,8091 R?=0,964
R%=0,8838 e
° .. ‘@, .,
s @ ®... 'y
e
Ty, K T, K

Puc. 6. 3aBucuMocTb OT HavallbHOH Temnepatypsl Ty koaddunpenta: a — A; b — B

Fig. 6. Dependence on the initial temperature T, of the coefficient of: a— 4; b - B

YpaBHeHus 11 pacdeTa ko3 urueHToB 4, B:

A=0,0016T, —1,8091; (11)
B =-0,0219T, +8,1898. (12)

Takum 00pa3om, 3aBUCHMOCTH MPEACIFHOTO 3HAUYEHHUS CTETICHN Pa3JI0KEeHHS
CMOJIBI TIPU €€ OXJIAKICHUU OIUCHIBACTCS BRIPAKCHUEM

In (——j =In B(O, 0016T, -1, 8091) —-0,0219T, +8,1898. (13)

Pemenne (13) umeeT Bug

_exp (8,1898—0,0219T; ) _ 0 00167, —0,8001)"

> (14)

(0,0016T0 - 0,8091)

B kadecTBe OCHOBHOTO TMOKa3aTeNsi MPH BBHIOOpPE PEKUMOB MHUPONIH3A U

OXJIOKJCHHS TPUMEM OTHOIIEHUE MAaCCOBOTO BBIXOJIa OXJIKICHHBIX JKUIKUX
NPOIYKTOB MHPOJIM3a K HAYaJIbHOH 3arpy3Ke MUPOJIU3HOTO PeaKkTopa:

7 =(Geu/My)(1- ) =0,45(G, /M, ) (1-a); (15)

G, o(8:1898-0,02197) (0,0016T, ~0,8001)" (16)
M, (0,0016T, — 0,8091)2

v=0,45

JlaHHBIN MapaMeTp MOKa3bIBaeT BIMSIHHE TeMIIEpaTypbl Ha BBIXOJ MEPBUY-
HBIX TPOAYKTOB MHPOJIU3a U MPOIECC X TSPMUYECKOTO PA3IOKECHUS IO OXJIa-
knaenus. Ha puc. 7 mpencraBieHsl TpaduKyd 3aBUCHMOCTH Y OT HaYaabLHOW TeM-
MepaTypsl P PA3THIHBIX CKOPOCTSIX OXJIaKICHMS.

Anamu3 rpadukoB (pUC. 7) TO3BOJISIET ONMPEICTUTH ONTHUMAIBHBIC PEXKH-
MBI JUIS TIONMYYCHHUS XHUJIKUX MPOAYKTOB IHUPOJIM3A: TEMIepaTypa B PeaKTo-
pe 923-973 K, ckopoctb oxnaxaenus 700000—1200000 rpan./mun (Inff=11-14).

OmHako yCTaHOBIIGHHWE TAKOW CKOPOCTH OXJKICHUS — JOCTAaTOYHO CIIOKHAS
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TeXHUYecKas 3aaada. HeoOXxoaumo, 9To0bl IepBUYHBIE IPOTYKTHl KOHBEPCUH 32
BpeMms, paBHo okosio 0,05 ¢, cmorm ycnetrh oxnamuthes mo 373 K. IToatomy
MPU OCYIISCTBICHUN TEXHOJOTUH TONYYCHUS XKUJKUX MPOAYKTOB IHPOJIM3A
orpanmuguBatorcsi Temreparypamu 773-800 K, mpu KOTOPBIX MOXHO JOCTHYb
MPaKTUYECKU peali3yeMOl CKOPOCTH OXJIaXICHHUS IEPBUYHBIX MPOJIYKTOB pa3-
JIOXKEeHHs1 ONOMACCHI.

0,016
= Ak
y’ C =
0,012 f E * 100 K/mun
B 10000 K/mMiH
0,010
A 100000 K/muu
0,008 <300000 K/muu
0,006 500000 K/mim
0,004 @ 700000 K/ vmuH
0,002 1200000 K/mun
550 650 750 850 950 1050 T, K 1250
Puc. 7. T'paduky 3aBUCHMOCTH Y OT HAUAILHOH TEMITEpaTypsl T
IIPU Pa3IMYHBIX CKOPOCTIX OXJIAXACHUS
Fig. 7. Graphs of dependence of y on the initial temperature
at different cooling rates
BBIBO/IbI

1. IlpencraBiieHsl pe3yabTaThl PACYETHBIX U 3KCIIEPUMEHTAIBHBIX HCCIEO0-
BaHUHM TEPMOXMMUYECKON KOHBEPCHM APEBECHOW OHMOMACCHl C MOJYYEHHEM
JKUIKHX TPOIYKTOB MUPOJIM3a C YUETOM CKOPOCTH HX oxnaxienus. [IpuBenena
METOAMKA pacueTa ONTHMAIbHBIX PEXHUMHBIX IapaMeTPOB TEXHOJIOIMYECKOTO
npornecca. IIpeiokeHo BeIpak€HHE I OINPEIENICHHUS PAcX0a JPEeBECHOTO
CBIPbsSI B 3aBHCUMOCTH OT TEMIIEpaTyphl MpoLEcca TEPMOXUMHUECKONH KOHBEp-
cun. [lokazaHo, YTO MPHU OXJKIACHWUHU KHJKUX MPOJYKTOB MHUPOJIH3a CTEIICHb
WX KOHBEPCHU CTPEMHUTCS K ONpEACICHHOMY 3HA4YeHUIO, OTIMYHOMY OT 1.
[IpuBenens! rpadMKu 3aBUCUMOCTH NPEAETIbHBIX CTENEHEH KOHBEPCUH JKUIKHUX
MPOAYKTOB MHPOJHM3a JAPEBECHHBI OT BPEMEHH MNPH Pa3IMYHBIX CKOPOCTSX
X OXJKICHUS W TEMIIEpaTypax TEPMOXMMHYECKOW KOHBEPCHUH OHWOMACCHI.
[lokazaHo, YTO 3aBUCHMOCTH HPEAETbHON CTENEHM KOHBEPCHH OT CKOPOCTH
OXJIQXKICHUSI UMEET CTCTICHHOU BUI.

2. Pa3zpaborana maremaTudeckass MOJENb pacueTa MUPOJIM3a OHOMACCHI
W TOCJEIYIONIET0 OXJaKACHUS TPOMYKTOB pasnoxeHus. COrimacHO TaHHBIM
PacYeTHOrO HCCIICAOBaHNS Ha OCHOBE 3TOW MOJEINN, MAKCUMAaJIbHOE KOJTMYECTBO
KHUJIKAX TPOAYKTOB MUPONH3a JPEBECHOW OHMOMACChl MOXHO TOJYYUTH TPH
temneparype 723-973 K (temmepaTypa B peakIHOHHON 30HE) W CKOPOCTH
oxnaxaenust 700000-1200000 rpax./mMuH.

3. Ilpu BbIOOpE ONTHMAIBHBIX PEKUMOB IHUPOJIN3a U OXJIAXKACHUS BIIEPBbIE
MPEJIOKEHO HCIONB30BaTh OTHOIIEHHE MAacCOBOTO BBIXOJAa OXJIKIACHHBIX
XKHUIKAX TPOLYKTOB MUPOJHM3a K HAYaJbHOH 3arpy3Ke MHUPOJIU3HOIO PEeakTopa.
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JlaHHBIN mMapaMeTp MOKa3bIBaeT BIMSHHE TEeMIIEpaTyphl Ha BBIXOI NMEPBUYHBIX
MPOAYKTOB MHUPOJN3a M MPOIECC WX TEPMHUUYECKOTO PAZIOKEHHUS 10 OXIIaxKe-
HUsI. DTO TO3BOJISIET OIPENENATh ONTHMAaJbHBIE PEKUMBI M KOHCTPYKTHBHBIC
0CcOOEHHOCTH TpH pa3paboTKe O00OPYNOBAaHUS TEPMOXMMHUYECKOH KOHBEPCHH
OpPraHMYECKOT0 MaTepHaa.

4. Pe3ynbTaThl M3y4eHHs BIUSHUS CKOPOCTH OXJaXAEHHs MEPBUYHBIX MPO-
OYKTOB KOHBEPCHH MPUBEACHBI AJS CIydas KPYHHBIX YacTHL, MUPOIU3YEMBIX
MpU W30TEPMUYECKHX YCIOBUAX. llmaHupyioTcs manapbHEWIINE HCCIeTOBaHUS
1 10opaboTKa pacuyeTHONW MOJEIH C yYETOM pa3Mepa YacTHII IPEeBECHON Omomac-
Chbl (TPaAMLMOHHO >KMAKHE MPOAYKTHI MOMYYarOT IyTeM OBICTPOro MHPOIH3a
MEJIKOIMCIIEPCHBIX YaCTUL), IaBJICHUS, BIAKHOCTH U JIP.
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Abstract. As in the whole world, there are regions in Russia that experience heat supply
difficulties, mainly due to the high cost of fossil fuel as well as to growth of energy resources cost
and polluting emissions. In this regard, search for solutions which would provide energy saving
with an increase of energy, commercial and ecological efficiency of modern heat supply systems is
becoming vitally important today. One of them is the development and use of special types of
energy including renewable energy sources, wind energy in particular. Accordingly, the paper
presents one of the possible solutions to the heat supply problem which are directed at meeting the
whole region’s heat demand through the joint use of wind power plants with a boiler room
operating on fuel oil. The study assessed the efficiency of constructing of wind power plants with
a total capacity of 1.7 MW for the heat supply needs of a settlement, which is located on the
Barents Sea coast in Russia. The selected area is characterized by an average annual wind speed
of 7.0 m/s and a long heating period (9-10 months a year). The assessment showed that the wind
power plant construction is financially reasonable, as additional profit can be generated by the end
of the wind power plants scheduled service life that make up the half of primary investments.
The results obtained in the paper are expected to make up for the lack of information on the feasibility
of wind power plants construction for the heat supply needs, which is very useful for other countries
that have similar areas experiencing various heat supply difficulties.
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wind power plant

For citation: Bezhan A. V. (2022) Efficiency Estimation of Constructing of Wind Power Plant
for the Heat Supply Needs. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc.
65 (4), 366-380. https://doi.org/10.21122/1029-7448-2022-65-4-366-380

Ouenka 3p(peKTHBHOCTH COOPYIKEeHHUS
BETPOIHEPreTHYECKUX YCTAHOBOK HA HY/KAbI TEIJIOCHAOKEHU S

A. B. Bexan?

l)L[eHTp (U3UKO-TEeXHUUECKHUX podsieM sHepreTuku Cesepa
DeneparbHOTO HCCIIEOBATENBCKOTO IeHTpa «KOIbCKUH HAyIHBIN IEHTP
Poccuiickoii akagemun Hayk» (Anatutel, Poccuiickas @eneparys)

Pe(l)epaT. B POCCI/II/I, KaK 1 BO BCEM MUPE, UMEHOTCSL paﬁOHbI, HUCIIBITHIBAIOIINC PA3JIMIHBIC l'[pO6J'IeMLI
C Tel'UIOCHa6)KeHI/IeM, TJIaBHBIM O6p330M 06yCJIOBJIeHHI)Ie BBICOKOW CTOMMOCTBIO OpraHnu4ecKoro

Anpec 1715 IepeNUCKH Address for correspondence

bexxan Anekceii Biagumuposuy Bezhan Alexey V.

Llentp dusuro-rexHuueckux npoomnem suepreruku Cesepa Northern Energetics Research Centre
®DeniepalIbHOTO UCCIIEAOBATENILCKOTO LIEHTpa Kola Science Centre

«Konbckuii Hay4dHsIit nieHTp Poccuiickoil akanemun Hayk» — Of the Russian Academy of Sciences
yi. ®epcmana, 14, 14, Fersman str.,

184209, r. Anarutsl, Poccuiickas deneparus 184209, Apatity, Russian Federation
Ten.: +7 81555 793-69 Tel.: +7 81555 793-69

a.bezhan@ksc.ru a.bezhan@ksc.ru



https://doi.org/10.21122/1029-7448-2022-65-4-xx-xx
https://compose/?To=a.bezhan@ksc.ru
https://compose/?To=a.bezhan@ksc.ru

A. V. Bezhan
Efficiency Estimation of Constructing of Wind Power Plant for the Heat Supply Needs 367

TOILUINBA, POCTOM Tapu(OB M 3arps3HEHHEM OKpYsKaromied cpeisl. B cBs3M ¢ 3TUM HOMCK ITyTeH,
CIOCOOCTBYIOIINX SHEPTrOCOEPEIKCHUIO U MOBLIIIEHHUIO YSHEPTeTUIECKOM, SKOHOMHYIECKOH 1 3KOJIO-
rudeckoit 3 GeKTUBHOCTU PabOThl COBPEMEHHBIX CHCTEM TEIIOCHAOXKEHMS, CTAHOBUTCS JKH3HEH-
HO Ba)XKHBIM. OZIMH M3 HUX 3aKJII0YAeTCs B OCBOGHHU U BOBJIECUYEHHU B TOIUTMBHO-3HEPTreTUUECKUI
OaxaHc OCOOBIX BHJIOB JHEPIHH, K YHCIY KOTOPHIX OTHOCSTCS BO30OHOBIISIEMBIE HCTOYHHKU
9HEPrHH, B YaCTHOCTH OJHEpPrust Berpa. B craThe paccMoTpeH crmoco0 penreHus NpoOiIeMbl
TemIocHa0KeHNs!, HallPaBJICHHbIH Ha YAOBIETBOPEHHE MOTPEOHOCTH B TEIIOBOM SHEPTUH LIENOTO
MOCETIKA, ITyTeM HCIIOIb30BAHHS BETPOIHEPTETHIECKUX YCTAHOBOK COBMECTHO C KOTENBHOI, pado-
Taromeld Ha MasyTte. BrimonHena oneHka 3(QQEKTHBHOCTH COOPYKEHHS BETPOIHEPreTHUECKUX
yCcTaHOBOK 001meit momHocteio 1,7 MBT Ha Hyxzasl TerutocHaOkeHusi mocenka TepuOepka,
pacnonoxeHnHoro Ha nobepexxse bapeniiea mops B Poccun. BeiOpanHblii paiion xapakrepu3yeTcs
CPEIHEroI0BOI CKOPOCTHIO BeTpa 7,0 M/C U JUIMTEIBHBIM OTOMHUTENBHBIM MepuooM (9—10 mecs-
1eB B roxay). Kak mokasanu nccienoBanus, ¢ GUHAHCOBOM TOUKH 3pEHUS COOPYKEHUE BETPOIHEP-
TeTHYECKUX YCTAaHOBOK SIBJISIETCSl OMPABIAHHBIM: K 3aBEPIICHUIO UX TJIAHOBOTO CPOKA CIYXKObI
MOJKeT OBITh CHOPMHUPOBAHA JOIOJIHUTENIbHAS NPHObLIb, JOCTUIAIOIIAs IOJIOBUHBI CYMMBI I1€PBO-
HaYaJIbHBIX WHBeCTHLUH. O’XKppaercsd, 4TO MOIyYEHHbIE PE3yJbTaThl BOCHOIHAT HEAOCTATOK
uHopMaIMu 0 LeNecooOpPa3HOCTH COOPYKEHUSI BETPOIHEPreTHUECKHX YCTAHOBOK Ha HYXKIBI
TeMJI0CHA0KEHNs, YTO BECHMA TOJIE3HO JUISl APYTHX CTPaH, B KOTOPBIX MMEIOTCS MOXOXKHE paiio-
HBI, UCIIBITHIBAIOIIHE PA3INIHbIE TIPOOIIEMBI C TEITIOCHA0KEHHEM.

KnroueBble cji0Ba: BeTpOIHEPreTHKA, TEIUIOCHAOKEHHE, TEXHIUKO-9KOHOMHYECKasl OLCHKA, JHC-
THI JUCKOHTHPOBAHHBIA H0X0l, ApkTHueckas 30Ha Poccuiickoit ®enepanuu, BETpOIHEPreTU-
YyecKas yCTaHOBKa

Jns nutupoBanus: bexan, A. B. Ouenka 3¢)(h)eKTHBHOCTH COOPYKEHUSI BETPOIHEPTeTHUECKIX
YCTAaHOBOK Ha HY bl TeruocHaOkenust / A. B. bexan /| Dnepeemuxa. Hse. evicul. yueb. 3age-
Oenuti u snepe. obvedunenuit CHI'. 2022. T. 65, Ne 4. C. 366-380. https://doi.org/10.21122/1029-
7448-2022-65-4-366-380

Introduction

Due to the high cost of fossil fuel, growth of energy resources cost and
polluting emissions, the researches aimed at inquiries of the solutions, which
would provide energy saving with an increase of energy, commercial and
ecological efficiency of modern heat supply systems, are becoming more
relevant today. One of such solutions is the promotion and involvement in the
fuel and energy balance of particular kinds of energy, including renewable
energy sources (RES), and, specifically, wind energy [1-4]. It enables using
wind power plants (WPP) in the areas with enhanced wind potential and
extended heating season for generating thermal energy for the heat supply needs.
Joint operation of them with conventional heat supply facilities is able to reduce
expensive fossil fuel utilization and hence to reduce cash costs for its purchase
and make environmental improvements close to heat consumers [5-7].

WPP are primarily used throughout the world to produce electrical power for
power supply to consumers [8-12]. The electricity is either directly transferred
to a consumer, or first transferred to the Unified Energy System of Russia, where
it is further distributed to consumers. In these cases, power produced can be
partially used by consumers for heating needs through the use of electric heaters
(such as convectors, floor heating systems or oil heaters). It concerns group
of consumers who have been initially provided with the heaters installed inside
heated buildings and which accommodations are heated by them. It should be
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noted that additional equipment (for example, an inverter) is required to be
installed to maintain power supply systems using WPP in good working order,
along with carrying out extra measures providing the required quality of
WPP power output. This quality is determined by the external electrical net-
work [13-15].

This paper is related to such an operational technique of a WPP, which
allows one to abandon additional equipment and additional measures to ensure
the quality of the power output. The principle of this technique is to use all WPP
power output for the heat supply needs only. Thus, the power produced by WPP
comes straight to the heater, which heats the water (coolant) circulating through
the heat supply system. The heater here could be powered by electricity of any
quality, thereby possible fluctuations of WPP power become unimportant. Short-
term (second and minute) fluctuations will be smoothed out by the coolant itself,
together with the slow response of heat supply systems. Longer (hour)
fluctuations are flattened by the heat-retaining capacity of the heated buildings
and structures. Furthermore, that WPP operating technique enables saving
money on extra equipment purchase and reducing the operating costs associated
with the equipment maintenance.

The feasibility of constructing and using WPP for the heat supply needs
within particular zones and conditions should be confirmed by modern
feasibility studies and analysis of WPP performance indicators. A number
of international researches have dealt with these issues, but all of them are
basically concerned with the analysis of hybrid systems, normally composed
of photovoltaic cells and WPP, operating for the electric power supply needs
[16-18]. In so doing, some researches however deal the issues of heat supply
from WPP, but heat and electrical loads are considered together [19-22].

Thus, the analysis of these and other similar researches showed poor data on
technical and economic performances of WPP construction for the needs of heat
supply, which completeness could have indicated the possible WPP construction
feasibility for some regions. The paper accordingly presents one of the possible
solutions to the heat supply problem, directed at meeting the whole region’s heat
demand through the joint use of a WPP with a boiler room. The construction and
further use of WPP for the heat supply needs may not only be productive
for some regions, but also help to attract additional investment to them.
The results obtained in the paper are expected to make up for the lack of
information on the feasibility of WPP construction for the heat supply needs,
which is very useful for other countries, having similar areas with various heat
supply difficulties.

Materials and methods
There are regions in Russia, as in the world, experiencing heat supply

difficulties (problems with the delivery and storage of fossil fuels, the state subsidy
need, obsolescence and worn-out state of heat supply systems, etc.) [23-26].
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One of these areas is the Teriberka settlement, which is located in Russia within
the Arctic Circle, 120 km east of Murmansk (Fig. 1).

a b

Teriberka

P Barents Sea
Murmansk

Fig. 1. The situation of Teriberka (a) and the site for the wind power plants construction
on the settlement’s territory (b)

Teriberka has been supplied with district heating. The heating period
stretches about 9—10 months a year. The basic heat source in Teriberka is a boiler
room, with the installed capacity of 10001.8 kW, of which only 2095.73 kW
is used for heating load. The basic fuel type is fuel oil, with constantly growing
cost on the market, leading to heat power tariff increase, which keeps up in years
to come (Fig. 2). At the same time, fuel oil combustion at the boiler room is
accompanied by environmental discharge of harmful substances.

020 :
0.18 : Forecast
0.16 :
0.14 A
0.12 1
0.10 A
0.08 1

0.06 — T T T
2016 2021 2026 2031 2036 2041
Year

Heat power tariff, USD/kWh

Fig. 2. Heat power tariff increasing in Teriberka

To increase the efficiency of the heat supply system under consideration,
WPP are proposed to be used, jointly operating with a boiler room. In this case,
the WPP use will make it possible to reduce the boiler room participation in the
heat supply and thereby to reduce fuel oil consumption.

Seed funding will be required to carry out and implement the WPP
construction project into the heat supply system. The sooner the investments pay
off, the more economically attractive project is seen, where investors more likely
investing their money in.

The net present value (NPV) could be taken as a criterion for the
construction profitability of the WPP in question, which expresses the total
economic benefit or diseconomy of the object realization for the entire duration
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of its operation, adjusting for changes in the inflation and the heat power ta-
riff [27, 28].

In our case, the equation for calculating the NPV can be written as follows
n

B.

_ i 1
NPV ZI(Hr)' Iy, 1)

where i =1, 2, ..., n — the number of the WPP operational year; n — the WPP
service life, years; B; — current income from the WPP operation for the relevant
i-th year, USD; r — real discount rate, per unit; Iy — total investment in the WPP
construction, USD.

When using WPP for heat supply, the current income from their operation
for the relevant i-th year can be determined from the expression

Bi =Wfi _Cow (2)

where W — the total annual output of two wind turbines, kWh; f; — heat power
tariff in the i-th year, USD/kWh; C,; — total operating costs of the WPP for the
relevant i-th year, USD.

Annual operating costs Cy; generally include the expenses on overhaul and
repair, wages and others.

The major effect of the WPP implementation is to save fuel oil used in the
boiler room. Therefore, the boiler room’s owner, whose balance sheet it is on, as
well as regional and local authorities, having had to subsidize the fuel oil
purchase and delivery, are primarily interested in the WPP construction. If the
boiler room’s owner happens to have the seed funding for the WPP construction,
then he can make maximum or partially use of his own funds. The deficit can
accordingly be allocated from the national budget, for example, in the form of
subsidies.

In this case, when calculating NPV to determine the nominal discount rate
rcapm (the rate of return on equity), we can apply the capital assets pricing mo-
del (CAPM)

leapm =T +B(6, —1¢), (3)

where r; — the risk-free rate of return, per unit; § — the coefficient corresponding
to the change in the company’s share price from the change in the share price for
all companies in this market segment; (r,, — r) — market risk premium, per unit;
rn — the average market rate of return in the stock market, per unit.

The refinancing rate offered by the Central Bank of Russia (CBR) can
be used as r;, when placing the project under the Russian market conditions.
At the time that calculations being performed, the refinancing rate has been set
at 6.75 % per annum. In the Russian market, the calculating procedure for the
B coefficient is also determined by the CBR. Companies that do not trade their
shares on the stock markets do not have sufficient statistics to calculate their
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B coefficient. In this case, the average P Table 1
coefficient of the closest equivalent com- P coefficient of some closest
panies is used for calculations (Tab. 1). equivalent companies

The average market rate of return in Company name B coefficient
the stock market r, for Russia can be |Enel Russia 0.86
taken as either the average return on the |TGC-1 1.63
Moscow Interbank Currency Exchange |[TGc-2 0.66
(MICEX) index or the RTS index. The [RusHydro 0.69
indices of MICEX and RTS are the main | Yakutskenergo 0.28
indicators of the Russian stock market. |Mean 0.82

The average annual return of these indices
is at the level of 12.5 % per annum [29]. We use this value in further
calculations.

In the following NPV calculation to determine the real discount rate,
the expression can be used [30]

feapm —J
r = Toom =< 4
1+J @

where J — inflation rate in the current and expected time period, per unit.

If the boiler room’s owner and public authorities do not have funds for
the WPP construction, the funding can be obtained in terms of a bank loan.
When this occurs, the discount rate depends not only on inflationary
development, but also on loan conditions for the WPP construction. When
calculating the NPV, the nominal discount rate can be defined as the weighted
average cost of capital (WACC):

Wwacc = Tcapm (E/V)+ Thd (D/V)(l_t)' (5)

where rcapm — the rate of return on equity, resulted using the CAPM model,
per unit; E — market value of equity, per unit; D — market cost of debt, per unit;
V = E + D - total market cost of debt and equity, per unit; t — profit tax rate
(makes up 20 % in Russia), per unit; r,q — the rate of return on debt (cost of
borrowing of the loan), per unit.

In this case, such costs are the nominal interest rate, set by the bank on the
loan.

The real interest rate rq imposed by the bank on the loan, can be found
similarly with formula (4) from the expression

r
1+

hy=d ©)

Iy =

When calculating the NPV accordingly to the formula (5), the following
expression can be used to determine the real discount rate

e GO e IR U

1+J
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Fig. 3.Vestas V52-850 KW dation, etc. Considering the requi-

wind turbine power curve rements mentioned, the site was

selected on the Barents Sea coast,
at a distance of 1.5 km from Teriberka, where an average annual wind speed
is of 7.0 m/s (Fig. 1b).

The annual power output of each wind turbine depends on the average
annual wind speed and to a large extent on the wind distribution at the hub
height. The average annual wind speed at the height of 10 m aboveground level
for Teriberka is mentioned earlier to be 7 m/s. Wind speed increases with height.
The issue concerning wind profile particularized in [31, 32], where a formula
was resulted from researches, determining the transition from one high level, for
example, 10 m, to the height H

H m
Vi =V (E) ) (8)

where Vi, — the average annual wind speed at the height of 10 m above ground
level, m/s; H — hub height, m; m — coefficient that depends on the surface
roughness of a particular area and is usually in the range of 0.05-0.50 [33].

The value of m can be determined by the logarithmic equation solution (8),

as shown in [34]
log [\LHJ
VlO (9)

Using the formula (8) and taking into account that for Teriberka m takes on
the value of 0.134, the average annual wind speed at the height of 65 m appeared
to be 9 m/s.

Fig. 4 shows the wind distribution view when the average annual wind speed
is of 9 m/s at the height of 65 m above ground level. If we now take into account
Vestas V52-850 kW wind turbine power curve shown in Fig. 3, then the pos-
sible annual power output of the two wind turbines will be about 6.78 mil-
lion kWh, and the installed capacity utilization hours for each wind turbine per
year is 3985.

m=
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Fig. 4. Wind distribution at an average annual wind speed of 9 m/s

For the correctness of the calculations, we can take into account the
particular heating-load curve, provided with the operation of the WPP and the
boiler room. Previously, the study [35] has considered such a curve. The curve
given by Fig. 5 shows which part of it is covered by the WPP, and which part
is covered by the boiler room. A part of the wind energy appears to be
apparently non-demanded (excessive). The share of this energy in the WPP total
annual output is about 25 %. Given this, the share of useful power annual output
generated by the two wind turbines is reduced to 5.09 million kwh and the WPP
installed capacity utilization hours per year — to 2989.

Having data presented, we can proceed to efficiency estimation of const-
ructing WPP for heat supply needs.

WPP construction and their further operation imply income. The income
from the WPP operation depends on the heat power tariff. As of the end of 2022,
the average heat power tariff in Teriberka is approximately 0.089 USD/kWh.

2.1

o e = =
© N w; ©

Thermal output, MW
o
>

|

1 I i \% \% | VI Vil IX X X1 Xl
Months

Fig. 5. Heating-load curve for the Teriberka’s settlement, provided with the operation
of wind power plants (green area) and boiler room (red area); WPP’s surplus power — blue area

According to the Ministry of Economic Development of Russia, in 2014-2021
inflation rate ranged from 2.5 to 12.9 % per annum. As far as inflation in 2022
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and beyond is concerned, that very Ministry gave the following data: 7.0 % in
2022 and then about 4 % in subsequent years (Fig. 6).
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Fig. 6. Inflation rate change in Russia

If we assume that the further annual increase in the heat power tariff is not to
be lower than the inflation rate, eventually throughout the wind turbine service
life (20 years), the tariff will on average increase from 0.089 USD/kWh in 2022
to 0.1928 USD/kWh in 2041, according to Fig. 2.

To carry out the WPP construction project, the seed funding lwpp will be
required. Such funding is determined by the specific capital investments in the
wind turbine purchase kypp and its capacity Nypp, USD:

lwep = Kypp Nupp- (10)

The specific capital investment in modern wind turbines is
about 1.150 USD/KW, the subsequent costs associated with the WPP construction
and commissioning (transportation, customs duties, creating the access roads,
installation and assembling of wind turbines, constructing the power trans-
mission line and the transforming substation followed by its connection
to WPP, etc.), will lead to cost increase of WPP by about 50 %. Specific capital
investments in wind turbines will result an increase approximately up to kypp =
= 1.715 USD/kW, which meets the world level [27, 36]. Then construction
investments in the wind turbines will be 1, =1.715-1.700 = 2.915 mil-

lion USD.

In order to convert the electrical energy generated by WPP into heat, it is
necessary to provide for the installation of an electric boiler room, for the
purpose of heat water to supply it to the heating network. At the time of weak or
no wind, when the water has no time or cannot be heated to the proper
temperature, it first enters the boiler room, running on fuel oil, where it is heated
up, and after that it is supplied to the heating network.

Modern electrical boiler rooms can be made as ready-made heat-insulated
block-modular prefabricated containers, which include a full range of equipment
for generating and supplying heat. This significantly reduces the installation time
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of such a boiler room, as well as simplifies assembling and connection to
external systems.

When selecting an electric boiler room, first things first, its optimal power
is determined. In our particular instance, the optimal power of the electric boiler
room should be taken so as to all the WPP power can be used in the required
amount. Assuming that the total power of the WPP considered is 1.7 MW,
the power of the electric boiler room should not be less than this value.

Supply analysis of some companies engaged in the manufacturing and
sailing block-modular electric boiler rooms showed that the cost of constructing
1.7 MW electric boiler room is about 143000-285000 USD, which includes
the purchase, transportation and connection of an electric boiler room on-site.
Thus, to the investments for the wind turbine construction (2.915 million USD),
one also need to add the electric boiler room construction costs (on average, this
is 215000 USD). The total investment will appropriately be 1, = 3.130 million
USD. This value is used in the calculations further.

To service the WPP, one technician working at half pay with a salary
of 430 USD a month is required. Then, salary presumably changes likewise
the inflation rate assumption (Fig. 7, curve 4). The calculation results of other
annual operating costs of the WPP considered are also presented in Fig. 7.

16
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structure of the wind turbines g 4 3
. . @
considered: 1 mlscellane(_)us S 2 1 5
costs; 2, 3 — costs for repairs
and overhauls respectively; 0 F VT T 7T
4 — salary; 5 — total operating costs 12345678 91011121314151617181920
Years

Results and discussion

The feasibility of the construction and the use of the given wind turbines for
the heat supply needs, feasibility studies of the WPP efficiency with the
following analysis were carried out for different possible scenarios.

Scenario 1. Unleveraged WPP construction. In this scenario, WPP can be
purchased and constructed using the funds of a future owner, state subsidies and
project co-founders investments. Then, in accordance with formulas (3), (4),
the discount rate is r = 0.04 (4 % per annum). The NPV calculating results for
this the WPP construction scenario are shown in Fig. 8, curve 1. There only
investments |, are apparent that at the beginning, right after the WPP const-
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ruction (zero year in the Fig. 8). The investments equal to 3.130 million USD are
on the lower part of the Y-axis. As the WPP operates, income is generated,
determined by the heat power tariff and the amount of energy generated by
the WPP. Due to the income, investments are progressively amortized, and the
discounted payback period (DPP) of the project is about 7 years. After that,
the NPV curve goes up, 5.66 million USD profit can be consequently generated
by the end of the scheduled service life of the wind turbines (20 years), which
corresponds to 180 % of the seed funding. This means that for each US dollar
invested, the WPP owner can make 180 US cents profit, taking into account the
repayment of a US dollar invested.

Scenario 2. WPP construction funded by bank loan. The scenario under
consideration of wind turbines construction and their further use is a business
project that can be classified as small and medium-sized businesses. The state
variously supports such businesses, providing favorable conditions for existence
and facilitating the subsidy and exemptions, for example, a preferential tax
treatment and lending can be offered. For their part, commercial banks offer
more and more favorable credit facilities for the small and medium-sized
businesses development, trying to make them more attractive to potential
entrepreneurs. Regarding that business funding amount is several times higher
than, for example, ordinary commercial loan, it is a low interest rate and a long-
term repayment period which becoming pivotal here. In view of this, banks
develop new business lending programs. Tab. 2 presents a review of the
principal lending conditions for small and medium-sized businesses, which are
imposed by some of the leading banks in Russia at the time of calculating.
As it is shown in the table, the repayment period established by banks for
business is quite long and it basically ranges up to 10-15 years with an interest
rate from 6-13 % per annum.

6.5
5.5+
4.59
3.5 2
2.5
1.5q
0.5+

05 2 4
—1.54
—2.54

-3.5

Net present value, millions USD

Fig. 8. The net present value formation over the years of wind power plants operation

In that regard, based on the credit drawing facility at a nominal interest ra-
te rng = 0.15 (15 % per annum) and an inflation rate J = 0.07 (7.0 % per annum),
in accordance with formula (6) the real interest rate imposed by a bank on
the loan is ry = 0.07 (7.0 % per annum). If only a bank loan is used for
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the WPP construction, formula (7) for determining the discount rate is as fol-
lows r=r, (1-t). Asa result, the discount rate is r = 0.06 (6.0 % per annum).

Let’s address to curve 2 at Fig. 8, which shows the result of calculating the
NPV for this WPP construction scenario. The curve shows that the DPP of the
WPP construction project is about 8 years, the NPV is about 4.1 million USD
(130 % of the seed funding) for the calculation period of 20 years. It follows that
for each US dollar invested, the WPP owner can make 130 US cents profit,
taking into account the repayment of a US dollar invested.

Table 2
Principal lending conditions for small and medium-sized businesses imposed
by some Russian banks
Lending conditions
Bank name Amount of the loan, Interest rate, Repayment
million USD % per annum period

Sherbank from 0.002 from 11 to 10 years
VTB Bank to 2.15 from 6-10 to 10-12 years
Otkritie FC Bank from 0.004 to 14.3 from 9 to 10-15 years
Russian Agricultural Bank from 0.007 to 14.3 from 10 to 10 years
Credit Bank of Moscow determined by an agreement from 10 to 10 years
Promsvyazhank to 1.45 from9 to 5 years
Raiffeisenbank from 0.06 to 2.2 from 10 to 10 years
Uralsib Bank to 1.45 from 10 to 10 years
Russian National
Commercial Bank t0 2.9 from 13 to 10 years

Scenario 3. WPP construction financed by an owner and a bank loan. World
experience [37-39] shows that one loan is not enough to implement projects
based on RES, since when granting a loan, a bank takes into account not only the
total investment into the project, but also the funds invested by project
participants (owner, investors and the state). Therefore, the project imple-
mentation scenario is more realistic when the WPP construction is financed by
an owner and a bank loan. When implementing this scenario for the WPP
constructing, the project’s DPP is between 7 and 8 years, and the NPV is in the
range from 4.1 to 5.66 million USD, which is illustrated in Fig. 8 (fill area).

The analysis of the financial indicators of the project generally shows that
the project is financially reasonable, since for any WPP constructing scenario,
the repayment period is quite acceptable, and the funds accumulated is in the
positive quantity area, the project can therefore be recommended for practical
implementation.

CONCLUSIONS

1. There can be implemented the project for the construction of wind turbines
with a total capacity of 1.7 MW on the Barents Sea coast, in the area with the
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average annual wind speed of 7.0 m/s, which are intended to be jointly used with
a boiler room for heating needs. In this context, the use of wind turbines can
be regarded as a saving technology for expensive fuel oil used at the boiler
room, with tangible economic, energy and environmental effects.

2. A feasibility study of the wind power plants construction has been carried
out, that showed the project can be beneficial for all possible participants:
an owner, investors, a bank and the state. Three wind power plants construction
scenarios were considered, which calculation results showed the project’s
discounted payback period is quite acceptable and is approximately 7-8 years
under either scenario, and the accumulated funds in the positive quantity area
and by the end of the wind power plants scheduled service life (20 years) make
up 130-180 % of the seed funding. In other words, for each US dollar invested,
the wind power plants owner can make 130-180 US cents profit, taking into
account the repayment of a US dollar invested.

3. Practical application of the results obtained, through their disseminating
to other heat and power facilities in the future may encourage the large-scale use
of wind energy for the heat supply needs.
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