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Pedepar. Baxueiimmmu 3agauamu obecrieuenust 3GGpEeKTUBHOCTH (QYHKIHOHUPOBAHUS JICKTPUUC-
CKHX CeTell, cofiepkalyX y3JIbl Harpy30K ¢ HEMMHEHHBIM XapaKTepOM 3JIEKTPONOTPEOIeH s, SBIIs-
I0TCS] KOMIIEHCALUs PEAKTHUBHOM MOILIHOCTH U TOJJIEPKAHUE KAUeCTBA HANPSKEHUsI B CETU B LIETIOM.
CyIIeCTBYOIIME METOIbI KOMIICHCALMN BBICHIIMX I'APMOHMK TOKa C MOMOILbIO (PUIBTPOKOMIICHCH-
PYIOLIUX YCTPOMCTB MO3BOJISIOT PEIIUTh 33Ja4y B paMKax Ipolecca M3MEHUMBOCTU TOKA HEMHEN-
HOI Harpy3ku. B peanbHBIX YCIIOBHSIX CTOXAaCTHUECKHH XapaKTep IPOIIECcCOB MOTPEOJICHHs HEH-
HEITHOI Harpy3Ku HPOSIBISETCS B COOTBETCTBYIOLIMX H3MEHEHHSIX I'apMOHHYECKOTO COCTaBa M HX
JIOJIM B OOIIEM TOKE HAarpy3KH. DTO MOXKET CYIIECTBEHHO MOBJIMATH Ha BEIMYMHY U HAIPaBIICHHE
MOTOKA PEAKTUBHOIM MOIHOCTH B CETH M yXY/UWIHTH IPOIECC PEryINpPOBAHHS PEAKTUBHON MOITHO-
CTU CYIIECTBYIOIIMMH CpefcTBaMH. [IpeiaraioTesi cxema M ajiropiTM PeryIMpOBaHUS KOHIEHCA-
TOPHBIMH YCTaHOBKaMH B CETAX C HETMHEHHON HArpy3KoM, IIOCTPOCHHBIX HA MCHOJIB30BAaHUH MaTe-
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CTBCHHBIM, KOJMYECTBO IEPEKJIIOYCHHI CHIKACTCS, KOHJECHCATOpHAas Oarapest CIY)KMT [OJblle
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Fuzzy Algorithm to Control Reactive Power Flow
in Electric Network with Nonlinear Loads

H. B. Guliyev?

Y Azerbaijan Research and Design-and-Exploration Institute of Power Engineering
(Baku, the Azerbaijani Republic)

Abstract. One of the important problems of efficient function of electric networks containing load
nodes of nonlinear character of power consumption is reactive power compensation and maintai-
ning voltage quality in a grid. The commonly used methods for compensation of harmonic currents
by filtering devices make it possible to solve the problem in a narrow band of variation of current
of a nonlinear load. In the reality stochastic character of power consumption of nonlinear load
reveals itself in appropriate changes in harmonic components of voltage and their share in total
load current. This could considerably change the magnitude and direction of reactive power flow
in a grid and impair the existing processes of reactive power control. The scheme and the algo-
rithm of control of capacitor banks in networks with non-linear load that are based on the use of
fuzzy logic software are presented in the article. The results of model experiments analysis of the
modes of the harmonic of the power flows on behalf of the 14-nodal scheme recommended
by IEEE as well as the schemes of a real grid with powerful traction substation are presented.
The mentioned results demonstrate that when harmonic components of voltages exceed normative
magnitudes, the use of the proposed algorithm eliminates additional loading on the capacitor banks
with higher harmonic currents whereas the control procedure acquires quality, the number
of commutations is being reduced, the capacitor battery functions longer and the probability of its
malfunction decreases.

Keywords: electric network, managements of reactive capacity, non-sinusoidal voltage, nonlinear
loading, fuzzy sets, fuzzy logic, membership function

For citation: Guliyev H. B. (2016) Fuzzy Algorithm to Control Reactive Power Flow in Electric
Network with Nonlinear Loads. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc.
59 (4), 313-326 (in Russian)

BBeaenue

B mocnennue roapl MIMPOKOE HCIOJIB30BAHUE B CETAX 3JICKTPOCHAOKEHUS
Pa3IMYHBIX YCTAHOBOK CHUJIOBOM DJIEKTPOHHUKH, a TAKXKE POCT JI0JIM SHEPrOEMKUX
MOTpeOuTENeH C HETMHEHHONW BOJBT-aMIICPHON XapaKTEPUCTUKOW TOCTYKUIH
MIPUIMHON WHTEHCHBHOCTH ITOTOKOB peakTwBHOM MormmHoctu (PM) B pacmpenme-
JTUTENBHBIX AMIeKTpudecknx cetsx [1, 2]. Ocobennocts moTokoB PM B 10100-
HBIX CETAX COCTOMT B TOM, YTO OHAa MMEET IMOJIMTAPMOHHUYECKUI XapakTep co
CIy4aiiHO M3MEHSIoNIMMCs 3HaueHueM. B pesynpraTte nporekanus PM or Tokos
BBICIIMX TapMOHHUK B CETSIX BO3HUKAIOT JIOTMOJHUTENBHbIE MOTEPH MOIIHOCTH
n Hanpsokenus. Kommnencanuss PM B y31ax ceTu ¢ NOAKIIOUYEHHON HAarpy3koin
HEJIMHEHHOTO XapaKTepa MMEeeT BaKHOE MpaKTHIecKoe 3HaueHue [3, 4].

B cratbe npennararoTcs cxeMa u alropuT™M KomneHcauuu PM B cetu ainek-
TpocHaOkeHUs ¢ HenmuHelHoH Harpy3koii (HH) ¢ momomisio perynupyembix Oa-
tapeli cratmyeckux KoHaeHcatopoB (BCK). JlaHHBIM anropuT™m peaan3oBaH
B BHJE HECUETKOTO DETYJIATOpa, CTAOWIM3HPYIOUIETO BEIHMYUHY HANpsKEHUS
B y3JI€ OAKIIOYEHHS B 3aBUCHMOCTH OT COCTABIISIOINX PM Kaxkmoi rapMOHHKU.

[Mpunnun padoThl HEYETKOIO PeryJsaTopa
B CETHU C HeJIMHEHHOW HArPy3KO#

[MpuHIMI PaboTHI IMpeIaracMoro HEYeTKOTO PETYIATOPa PEaKTHBHON MOII-
Hoctu (HP PM) mMoxeT OBITH OommcaH B BHIE CICIYIOIMICH OJOYHON CTPYKTYpPHI
(puc. 1): 1 — «cnokoitHas» Harpyska; 2 — natuuk PM; 3 — qaTunk HanpsoKEHUS
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Ha IIUHAxX ToTpeduTens; 4 — «J{uHamMuka» (CKOpocTh m3MeHnenus PM); 5 — cuer-
YUK KOJIMYECTBA MEPEKITIOUEHUM, COBEPIIAEMBIX 3a JICHb; 6 — HEYETKHN KOH-
Tposutep; 7 — (aszsudukarop, mpeaHa3HAYCHHBIN i1 TpaHCHOpMAIMH 4YeT-
kux curHanoB Q, Q', U, K,, N B Heuerkne MHOKXecTBa Hos Hon Hy» Hg,» Hy

(rme Q, Q' U,K,, N — PM, npousBoanas PM, HanpspkeHHs, CyMMapHbIi KO-
3¢ UIMEHT TapMOHUYECKHX COCTABIISIOIINX HANPSIKCHUS W KOJUYECTBO BbI-
TIOJHSAEMbIX [EPEKITIOYEHHH COOTBETCTBEHHO, & [y, Mo My, Hg,» Hy— COOTBET-

CTBYIOIME MM (DYHKLUH IPHHAUISKHOCTH); 8 — MEXaHH3M HEYETKOTO BBIBOJA
(Tabnuia JMHIBUCTUYECKUX IPaBWI, T. €. COBOKYIHOCTb HEUYETKUX IIPaBMI,
OTMCHIBAIOIINX HEYETKOE OTHOIIECHHE MEXIY BXOAHBIMH U BBIXOAHBIMH Iapa-
MeTpaMH KOHTpojuIepa); 9 — medassudukaTop, rje MOIydeHHOE HEYETKOE 3Ha-
yeHue nocie Aedaszsudukanuy B BUIAE YETKOIO YIPABIAIOUIETO BO3ACHCTBUS
noctymnaer Ha BxoJ Onoka ympasneHus 11; 10 — 0asa maHHbBIX, THIE XpaHAT-
cs ¢yakuun npuHamiexHocTH (PII) HedeTKMX MHOXKECTB, ONUCBIBAIOIINX
9TH CUTHAIBI, ¥ 0a3bl 3HAHWM, TJIe XpaHATCS HEYETKHE TpaBHIa. yIpaBICHUS,
12 — 6ok kommyTanuy; 13 — HenuHEHAs HAarpy3ka, KOTopas SBJSETCS HCTOY-
HUKOM BBICIINX rapMoHnueckux cocrapisiiomux (BI'C) nanpsokenus; 14 — nart-
YHK [MOKa3aTesell HECHHYCOUIATbHOCTH HAIIPSKEHHS.

14
~Ug
e e e
2 I
3 baza snannit |
1 baza mannbIx 1 12
I
1 10 11
i S S | U
- amli=z
1 T I ':' C
= 7 8 M 9
r—l 47 : 1 -g—|
57 , l

———/h——————

6

Puc. 1. CTpykTypHas cxema HEYETKOTO PEryIATopa PEakTUBHON MOLITHOCTH
C Y4ETOM BIIMSHUS BBICIINX FAPMOHUYECKHX COCTABJISIOLINX HAIPSOKCHHS

Fig 1. Structural scheme of a fuzzy controller for reactive power that accounts
the influence of higher harmonic components of voltage

Heuetkuii perynsitop peakTHBHOW MOITHOCTH PabOTaeT CIeIyroIIuM oOpa-
30M. Tekyliue BBIXOAHBIC CHTHAJBI YIPABISEMOrO MPOILECcCa — PEaKTHBHAS
MoInHOCTh Q, ee mpousBoaHas Q', Hanpsokerus U, cymmapHbid KOG GUIIUCHT
rapMOHHYECKHUX cocTaBisromux Ky [5] ¥ KOTMYEeCTBO MEPEKITIOYCHHUH CEKITHi
BCK N B Buie 4eTKMX CHIHAIOB MOCTYNAIOT HA BXOJ HEUETKOTO KOHTPOILIEPA.
TpanchopmupoBaHHbie B (ha33upUKATOPE HEUCTKUE CUTHAIIBI B BUJIE HEUCTKUX
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MHO’KECTB IIOCTYTIAIOT B MEXaHU3M HEYETKOTO BBIBOAA. JIJIsl TOr0 MCIIONB3yeTCst
cleyronmi omnepatop ¢assudukanmu [6-8]:

F = fuzzifier(Q, Q"U,K,,N), 1)

e Q, Q) U, K, N — uerkue curnansl, noctynatomue B cucremy; F — He-
gyeTkoe MHOXKecTBa; fuzzifier — oneparop dassudukanum.
MexXaHu3M BBIBOJIA, MOIyYasi 5TH HEYETKUE CHTHANIBI ¢ UCTIOIb30BaHHEM ba-

36l naHHbIX 14, rae xpaustcs DIl HedeTKMX MHOXKECTB Hos Mo Hys K

“Nl OITMCBIBAIOIIMX O3TH CHUT'HAJIBI, 0asbl 3HaHI/II71, rAc XpaHATCA HEUYCTKHUE ITpa-

BUJIa yripaBieHus B Buje (1), OCyIIeCTBISET JOTMUECKUIA BBIBOA, JJIsl TIONYUEHHS
HEUYETKHUX BBIXOJHBIX CUTHAJIOB KOHTpoOJIIepa HampasiieHus Dr u 3amepxku DL.
baza maHHBIX BKIIOYAET JUICKPETH3ALMIO, HOPMAIH3AIWI0 YHUBEpPCYyMa, HedeT-
KO€ pasJielieHHe MPOCTPaHCTBa BXOAOB U BBIXOJ0B, onpenaencHue OI1 HeueTknx
MHOecTB. [[mst mpoexkTrpoBanus 0as3pl 3HAHWI CHAdYaja OMpEACNAIoTCs Tepe-
MEHHBIE COCTOSIHHS W TI€PEMEHHBIC YIPABICHUSA, UCTOYHUKH THUIIOB HEYETKUX
NpaBUi ympaBiieHus M Ap. Tak Kak Ha BXOJA MCIOQJHHUTEIBHOrO opraHa (OJOK
ynpasienust — BK) 10 momkeH mocTynuTh YeTKMH YHPAaBIISIIOIIUN CHUTHAIN, TO
neda3zuduKaTop OCYIIECTBISIET 0TOOPaXKEHUE W3 JIOMYCTUMOTO MPOCTPAHCTBA
HEYETKUX YIPABISIONINX BO3JCHCTBUI B MPOCTPAHCTBO YETKUX YIPABISIOMINX
BO3JIeUCTBUM. 7151 3TOr0 UCTIONB3YETCs CASAYIOIUI OnepaTop:

Y = F (Y ) (2)

wy (Y7) = max(mine; (Q), 1 (Q"), 1 (U), ki (Ky )i (N))), Vi, @)

rie Y — BEeKTOp YeTKHX yIpaBlsioux Bosaeiicremii; F 7 (-) — omeparop gedas-

sudukamuu; Y © — BEKTOP Pe3y/IbTHPYIONIMX HEYETKUX YIPABISIOMIMX BO3JCH-
ctBuif; W, () — pe3yabrupytomas PI1 ynpapistomux Bo3AeHCTBUH.

AJITOPHUTM pery/InpoBaHNs peaKTHBHONH MOIIHOCTH

PerynupoBaHue peakTHBHOM MOIITHOCTH B CE€TH C HEIMHEWHOW Harpy3kKoi
peanuzyeTcsi MPorpaMMHO B OJIOKE B BHJIE MOCIIEIOBATEIFHOCTH BBIYUCIUTENb-
HOU mpoIenypsl, NpeACcTaBICHHON Ha puc. 2. M3MepeHHbIEe naTYMKaMu 3Haue-
HHS  TTapaMeTpoB cocTostHUs  (BbIxoauble mapameTpbl) (U — Hampsbkenus;,
Q —peaxtuBHass momHocTh;, K|, —cymmapHbiii koddduIMeHT rapMoHHYe-
CKHX COCTABJISIONINX HAMPSHKSHHS), BBIYUCICHHbBIC 3HAUCHHS TPOU3BOIHON PM,
a TaKkKe KOJMYECTBO COBEpIIaeMbIX NepermoueHnii cexnuii bCK 3a genp mpu
BBINIONTHEHUU ycnoBusa K, > K™ mocTymnaroT Ha OlIOK HEUETKOro MeXaHU3Ma
MIPUHSTHUS PELLICHUS.

C y4eroM TeKyLIMX 3HaYEHUH BBIXOJHOTO BEKTOPA COCTOSHUI MPUHUMAETCS
OJIHO U3 PEIICHUMN MEPEKITIOUEHUS CEKIIUN € 3a€PKKOM BpEMEHH B 3aBUCUMOCTHU
OT KOJMYECTBA BBITIONHAEMBIX IMEPEKIIOUeHN W AWHAMUKHA W3MeHeHus PM:

«BBepx», «Buusz», «Crom». Ilpu HeBbmmonnenun ycnoBus K, > K/ mpo-
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ucxonut orkmoyeHue cexuumit bCK. Ilpu Bbinmonxenuun ycnosust 19 <tgo, .

paboTa KOHTpOJUIepa CUMTACTCS 3aBCPIICHHOM, Tae tge u tgp,, — Tekyuiee
M YCTaHOBJICHHOE 3HAYeHHUS KOd(p(HUIMEeHTa PEaKTUBHONW MOIIHOCTH COOTBET-
ctBeHHO (tgp =Q/P). B mpoTHBHOM cily4ae KOJMYECTBO COBEPIIACMBIX ITIepe-

KITFOUCHUH 32 JIeHb MOJAeTCsl Ha MEXaHU3M NPUHATHUS PElieHus, U paboTa anro-
pUTMa ITOBTOPSIETCS.

Or HU3MEPUTCIIbHBIX NaTYNKOB

v

V3MepeHHbIe 3HAYCHUS
napamerpos U, Q, Ky

v

IIpoepka ycnoBus Her
Ky > Kj™

v/l

Ha otximouenne bCK

A

A

Beruucnenne Q'

v

Heuerkuit MexaHU3M
TIPHHSATHS PELICHUS

v

Ha ucnonnutensHbie OpraHbl

IIposepka yenosus 9o < tgo,, Ja

‘ Her

Konmaectso
COBEpIIAcMBbIX NepekiroueHnit N

\ 4

Puc. 2. bnok-cxema aJIropuTMa HEYETKOT'O YIIPaBJICHUS [TIOTOKaMU peaKTHBHOﬁ MOITHOCTH
Fig. 2. The block diagram of algorithm of reactive power flow fuzzy control

Heuerxkast MoeJIb HEYETKOIO peryJasaTopa peaKTI/lBHOﬁ MOIITHOCTH

Jnst naeHTUUKAIIMNA HEYETKOTo aliTOpUTMa ObLT BEIOpaH anroputM MaMaaHu.
Jnst HenipepbIBHBIX yHUBEpCYMOB DI HEUETKMX MHOMXECTB UMEIOT TPEYTOJbHYIO,
TpanenenIaTbHYI0, KOJIOKOJI000pa3Hyto — S- u Z-o0pa3ubie — Gopmbl. OnuchiBa-
I0TCS1 OHH (hOpMYyJIAMH M TIapaMeTPaMHu, PUBEICHHbIMU B Ta0u. 1 [9-11].
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[Ipu pabote KOHTpOJUIEPA MO AIrOPUTMY MaMIaHH B paclpeaeaIuTeIbHbIX
ceTsax (moamep kaHue OTKIOHEHMS PM B HOpMUpYeMBIX mpenenax) [2] Ha BXof
HCYCTKOI'0 KOHTPOJUICpAa MOAaBaJIUCh: BBIYMCIICHHOC 3HAYCHUC PM, JUHaAMHKa
NU3MCHCHUS PM, BBIYMCIICHHOC 3HAYCHUC HAIPSKCHUA U HanOOJIBIIIEE KOJIMYE-
CTBO IEPEKIIIOYEHUI 3a JAeHb, COBEPIIaeMbIX ycTaHOBKOW. C BBIXOZa KOHTPOJI-
Jiepa CHHUMAJIUCh 3HAUCHHUA JIMHTBUCTUUYCCKUX TECPCMCHHBIX ((HaHpaBHeHI/IC»,
«3amepxrKay.

Tabauya 1
ITapameTps! U popMyJibl QyHKIMIA NPHUHALTEKHOCTH

The parameters and formulas of membership functions

DyHKIMA TPUHAIEKHOCTH [Tapametp dopmyna
0, Xx<a
X—a
S-o0pasHast a, b pu(x) = b a’ a<x<b
1, x>b
1, x<b
c—X
Z-o0pasHas b, c pu(x) = b’ b<x<c
0, X>C
0, x<a
%:g,a<x<b
TpeyronbHas a,b, c p)=1°"2
c—X
——, b<x<c
c—b
0, X>C
0, Xx<a
X—a
b, , a<x<b
—-a
TpaneuennanapHast a, by, by, ¢ p(x) = cox
, b,<x<c
c—h,
0, X>C

Bce BXoaHbBIC 1 BBIXOIHBIC BEJIMUYUHBI SBJIOTCA YETKUMU 3HAUCHUAMH, I1O-
CKOJIbKY CHUMAIOTCSI ¢ IPUOOPOB, MU3MEPSIONINX 3HAUCHHS PeabHBIX IMapaMeT-
poB. lanee, B caMOM KOHTpOJIIEpPE, 3TH BEIMYUHBI IPE0Opa3yloTcsi B HEUSTKHE.
Ilocne cpabaTbiBaHMS HEYETKHX IPABWJI MOJIyYCHHBIE BBIXOAHBIE IEPEMEHHbIE
BHOBb NTPe00Pa3yIOTCs B UYETKUI BU.

Jnst paboThl HEYETKOTO KOHTPOJUIEPAa HCIONb30BAIUCH JMHTBUCTUYECKHE
NepeMeHHbIe Ha BXOJe KOHTpoJuiepa (BXoAHbIe epeMeHHbIe). HeueTkue 3Haue-
Hust, @Il u nmapamerpbl BXOOHBIX JMHIBHCTHYECKHX IEPEMEHHBIX IOKA3aHBI
B Tabxn. 2. [locne AuckpeTH3aluyM W ONMpeaesieHHsT HEYEeTKUX 3HAUYCHUH TepM-
MHOKECTB TE”_ () mepeMeHHBIX COCTOSIHUIA (TTapaMeTphl BXOJa) U YIPaBISIEMbIX

napameTpoB (TapaMeTphl BBIXOJA) Te, (Q) ¢ j=15 TEZJ(Q') c j=13 TESJ(U)
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Y j:ﬂl TEAJ-(KU) Y j:]'l_Sl TESJ-(DL) Y j:ﬁv TEGj(Dr) Y j:]T3| TE7j(Dy)

¢ j=15 cocraBisuin HaOOp HEYETKUX MPABHJI yIpaBIeHHs (HEYETKOE MOJICIH-

poBaHue).

Tabauya 2

HeueTkne 3navenus, pyHKINH NPUHALTEKHOCTH H MTAPAMETPHI BXOTHBIX
¥ BBIXOAHBIX JIHHTBHCTHYECKHX MepeMeHHBIX

Fuzzy values, membership functions and input and output parameters

of linguistic variables

3HayeHHUe IepeMEHHOMI DyHKIMA IPUHAUICKHOCTH ITapamerp
PeakTHBHA MOLIIHOCTH
Ouenp Masoe Z-o6pasHast (0; 0,05)
Maioe TpaneuennanpHas (0; 0,05; 0,15; 0,2)
Cpennee TpanerennaabHas (0,15; 0,2;.0,4; 0,45)
Boubmioe TpanerennaabHas (0,4; 0,45; 0,85; 0,95)
QueHb 00JIBIIOE S-o0OpazHas (0,8;0,91; 1)
JAnnamuka
OtpunarenbHoe Z-o6pasHast (-0,5; 0)
Hymnesoe TpeyronsHas (-0,8; 0;0,8)
TTonoKUTENBHOE S-o6pasHast (0;0,5)
Hanps:xenue
Hwuskoe TpaneuennanpHast (0,69; 0,749; 0,89; 0,95)
Hopmainsroe TpanerennaabHas (0,89; 0,94; 1,05; 1,1)
Beicokoe S-o0pasnas (1,05; 1,1)
AsapuiiHoe Z-obpasHast (0,69; 0,74)
I'apMoHHYeCKHE HCKAKEHHsI
Hopmansaoe Z-o6pazHas (2,5; 6)
Hemuoro Gonbliee TpeyronbHas (2,5;6;9)
Boubmioe S-o6pasuast (6; 9)
KosmmyectBo
Maiioe Z-o6pasHast (0; 7; 10)
He manoe S-o0pasnas (7; 10; 12)
Hanpasienus
Beepx TpanerennaabHas (0,5; 0,75; 1,25; 1,5)
Buus TpaneuennanpHas (-1,5; -1,25; -0,75; -0,5)
Cromn TpaneuennanpHas (-0,5; -0,25; 0,25; 0,5)
3anepikka

Oudenp Masoe Z-o6pa3Has (0; 0,05)
Kopotkoe TpanerennaabHas (0; 0,05; 0,15; 0,2)
Cpennee TpanerennaabHas (0,15; 0,2; 0,4; 0,45)
Jlonroe TpaneuennanpHas (0,4; 0,45; 0,85; 0,95)
OueHnb 10Jroe S-o6pasHast (0,8;0,9; 1,1)

HedeTkue mpaBmia ynpaBieHUs HMEIOT (POPMy HEUETKUX YCIOBHBIX YTBEp-

JKJICHH, KOTOPBIE COOTHOCST IEPEMEHHBIC COCTOSIHHS B aHTeIeIeHTe (TIOChLIKa
MpaBUJia) U YIPAaBISIONINE NIEPEMEHHBIC MPOIecCa B KOHCEKBEHTAaX (3aKIroue-
Hue mpaBuia) [9, 10]. s MHOTUX HEYETKUX JIOTHIECKUX KOTPOJUICPOB HCTIONh-
3YIOTCS HEUSTKHE MPaBUIIa, UMEIOIINE CIIC YOI BUI:
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eciu (if) X, ects (iS) 411 u (and) X, ectb (iS) 41y, ..., 1 (@nd) X, ects (iS) A1n, TO (then) y ects (iS) By;
eciu (if) X, ects (is) A1 1 (and) X, ects (iS) Aoy, ..., u (@nd) X, ectsb (iS) Az, TO (then) y ects (is) B,

eciu (if) X, ects (iS) Any 1 (and) X, ectb (iS) 4ny, ..., 1 (@nd) X, ecthb (iS) Ay, TO (then) y ects (iS) Bp.

Ilo mpuBeAeHHBIM BbIIIE IEPEMEHHBIM COCTOSIHMS U YIPaBJIEHHUs COCTaBIIe-
HO 67 HaOOpOB MpaBUJI HEUETKOTO ynpasieHus i AanHoH HP PM B Bheimeyka-
3aHHOHU (opme.

Pe3y.m,TaT1>1 KOMIIBIOTEPHOT0 MOJAC/IMPOBAHUSA

Js ampobanmm pa3paboTaHHBIX MOJENEH W anropuTMa yipaBicHus PM
AIIEKTPUIECKON CETH C HEMMHEWHBIMU MOTPEOUTENSIMU MPOBEACHBI PACUCTHEIC
tecTl Ans 14-y3noBoit cxemsl |IEEE, u g peanpHON cXeMBbl AJIEKTpHYECKOM
CEeTU CHCTEMBI A3EPIHEPKH.

CriekTpbl HaNpsDKEHUS IS ABYX XapaKTEePHBIX Y3IIOB 14-y310BOW CXEMBI
IEEE (B4, B14) u3o0paxkeHsl Ha puc. 3a, b 1 11 peaibHO# CXeMbI SHEProCcH-
crem (B5, B10) mpu pabore mectuazHbIX BEHTHJIBHBIX IpeoOpa3oBaTesneit
TsaroBoit moxactanimu (I1C), moAKIMIOYEHHBIX HA 3TH Y376l C MaKCHMaJbHOMN
HarpysKkoii, — Ha puc. 3¢, d. B 060ux crexTpax JOMUHHPYIOT FapMOHHUKH 5, 7, 11,
13. Kak BuzgHO m3 puc. 3a, d, B y3ine B4 cxemsr IEEE 5-s1 rapmonmnka gocturaer
3HaueHus 6 %, B y3ie B10 peanbHoit cxembl — 16 %.
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Puc. 3. CiekTpaibHBII COCTaB HAIIPSHKCHUS JIIS XaPAKTEPHBIX Y3JIOB CETH:
a, b — must 14-y3noBoii cxemsr IEEE; ¢, d — uist peanbHO# CXeMbI SHEPrOCHCTEMBI

Fig. 3. Spectral composition of voltage of the characteristic network nodes:
a, b — for the 14-node IEEE scheme; c, d — for the real circuit of power system
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[poduns ko3pdunreHTa cyMMapHOTO TAPMOHHUYECKUTO UCKAKCHUS HAIPS-
skerns Ky mo ysmam cxemsl |IEEE u peanbHON 31eKTpHUUECKO CeTH SHEProcH-
cTeMbl M300pakeH Ha puc. 4a, b. Kak Bumno, Bo Bcex ciyuasx Ky > 2 %
Y TIPEBBINIACT YCTAHOBIICHHBIE HOPMBI il IuH Hampsokenwem 110 kB [3].
Hanpumep, Ha mmuax 110 kB TIC Ne 4 cxemnr IEEE Ky > 7 %, a Ha mmHax
IIC Ne 9 Ky > 6 % (puc. 4a), 1 peanbHON 3JIEKTPUYECKON CETH Ha IHHAX
IIC Ne 12, 15 u 16 Ky > 10 %, a na mmuax [1IC Ne 1-3 u Ne 9 Ky > 9 %. Anamo-
TUYHBIC PE3YNIBTATHI MOJIyJaroTcs Ha muHaX 35 u 10 kB. Ha atux mmuax 3Haqe-
Hus ko3 Punmenta Ky 3HAYUTETLHO MPEBOCXOAIT YCTAHOBJICHHBIC HOPMEI IS
TMAHHBIX KJaccoB HampspkeHus. Tak, Ha mmHax 35 kB I1C Ne 8 sTot mokasarens

Haxoxutcst B mpenenax 15 % (KJ™ = 4 %), a na mmnax 10 kB = 20-25 %

(K™ =5 %). Ha mmnax 10 kB peiicTByromiee 3HaueHHe HANPSHKEHUS YMCHb-

maeTcst cooTBeTcTBeHHO 10 7,90 % u 8,05 %.

a

b
8 25 - ~
7 Ky, % Ko, % /\
20
6 4
S AN o -t
4 A |
I A VA ¥ A N4 1°'t';L‘V‘T
2
\' v ~ 5
é V NEY S Vsl
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Puc. 4. TIpodpuip korddurmenta Ky B MakCUMaIbHOM PEXUME HEIUHEHHBIX HOTpeOHTENeH:
a— s 14-y3noBoii cxemsl IEEE; b — uist peanbHOi# aekTpruueckoi cetu

Fig. 4. The profile of the Ky coefficient in the maximum mode of non-linear consumers:
a— 14 node IEEE scheme; b — for a real electric network

Wrax, Ha OCHOBaHUM PE3YJILTATOB IPOBEICHHBIX PACUETHBIX FKCIIEPUMEHTOB
Ha ¢opmare ETAP MOXHO crienaTe BBIBOA O TOM, YTO B YCIOBHSX HECHHY-
COUATIBHOCTU TNUTAIOLIETO0 HANPSHKEHUS HEOOXOAMMO YYECThb 3HAUYEHHE CyM-
MapHOTO KO3(PHILIEHTa TapMOHINYECKUX COCTABIIAIONINX B HEYETKOM allTOPUTME
ynpasnenuss PM nns mpenorBpamieHus dacteix neperpy3ok BCK u coort-
BETCTBCHHO OOecTieueHHs HEBBIXOJAa M3 CTpos MX cekuumid. Jlns mpencrasie-
HUS 3(PPEKTUBHOCTH HCMOIB30BAHUS MPEATIOKEHHOIO HEUETKOro alropuTMa
B Buze (3) HP PM B aneKTpHUECKHX CETSX SHEPrOCHCTEM B YCIOBHIX HECHHY-
COMJANIHOCTH MUTAIOLIETO HANPSKEHHUS MPOBEACHBI PACUETHBIE 3KCIIEPUMEHTHI
MyTeM KOMIIBIOTEPHOTO MOJIEIUPOBAHUSA B Cpele MPOrpaMMHOIO KOMILIEKCa
MatLab ¢ ucnons3oBanuem moayis Fuzzy Logic Toolbox [12]. ®parment mpo-
HEeAyphl MPHHATHS PEIICHHS HAa OCHOBE peajH3allid alropuTMa OTOOpaKeH
Ha puc. 5. [Ipn MoaenpoBaHNH WCIOJB30BaHbl TUITMYHBIE CYTOYHbIC TPaQUKH
AKTHBHBIX M PEaKTUBHBIX HArpy30K, KOTOPbIE MTOKa3aHbl Ha pHC. 6.

Bnaronapst komnbroTepHoit peanmzanuu anroputma HP PM nHa ocHoBe 0a-
3bl 3HaHUH B BHAE (3) MONMy4YeHBI ABE Hapbl YHPABICHUS MOBEPXHOCTH Y =
=fU’, Ky) n Y =f(Q, K,), kKoTopble n300paxeHs! Ha pHc. 7a, b.



I F. I'yiues
322 HedeTkwii anropuT™ yrpaBieHUs TOTOKAMU PEAKTHBHOW MOIIHOCTH. . .

Q =3,2e + 006 du=-11 THD =4 TQ =0,686
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Puc. 5. ®parmMeHT npouesypbl HPUHATHS PEIICHUS

Fig. 5. A fragment of the decision-making procedure
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Puc. 6. TunuuHele CyTo4YHbIE TPaMKH AKTUBHBIX M PEAKTUBHBIX HATPY30K:
—e— — PEaKTUBHOW Harpy3Kku, —aA— — aKTUBHOI Harpy3ku

Fig. 6. A typical daily schedule of active and reactive loads:
—e— —reactive load; —a— — resistive load

Ecan Ky = HopMasbHoe, TO 17151 yMEHBIICHUS HANPsDKEHNS U Kodddumm-
eHTa peakTuBHOM MomHocTH tge HP PM mpuHuMaeT perieHus o BKIIOYEHMS
cexunn BCK, a mpu cOOTBETCTBUM HANpPsHKEHHUS TEPMaM, BbIIIE HOMHHAIBHBIX
HaNpsHKEHUH, HeUeTKH KOHTpoIiep GopMUpYyeT yIpaBisioliee BO3IeHCTBIE Ha
otkioueHue cexuii bCK.

[pu 3Hauennn Ky = Boabuioe HeueTKUii KOHTpOIJIEp MPUHUMAET PEeLICHNE
MraoBeHHoro oTkmoueHust bCK HezaBucHMO OT 3HaUEHUI HApsKEHUH U tgo.

IIpu Ky = HemHoOro 6ospuioe B 3aBUCHMOCTH OT 3HAYEHHUS HAIPSKCHUS
u tJe KOHTpOJIIEp NPUHUMAET TO WIM MHOE PEIIECHHE B COOTBETCTBUM C aJIro-
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put™MoM yripasieHuss HP PM. Bpems Beigepku pabOThI KOHTPOJIIEpa TCHEPH-
pyeTcsl B 3aBUCHUMOCTH OT KoudecTBa nepexmouennid cexiuit BCK u ot 3Hade-
HUS NepeMeHHON «/[MHaMuka». Eciu KOnM4YecTBO NMEepeKIIoueHuil 3a 1eHb MaJlo
¥ AWHAMUKa OTpHUIATeNbHAasl, TO 3alepkka OyneT cpemHeld. Eciam xommdecTBo
MEPEKITIOYEHIH 3a JIeHb MaJIo U TWHAMUKA MOJIOKUTENbHAS, TO 3aepKKa OyneT
KOpPOTKOM, U T. II.

2 -3

1

Puc. 7. YnpaBneHue NOBEpPXHOCTHIO C y4eTOM 3HaueHui Ky

Fig. 7. The surface control based on the values of K

[MoyueHHble AUarpaMmbl HeyeTkoro yrpasienus PM (a) u tge (b) npu uc-
XOJIHOM pEXUME C yJ4eTOM W HEeydeTOM 3HaueHWd kodddunnenta Ky mzobpa-
KeHbl Ha puc. 83, b. Kak BumHO u3 puc. 8, B COOTBETCTBHU C YIpPaBICHHEM
[IOBEPXHOCTH TpH yuere 3HadeHus: Ky HedeTKHUHl KOHTpOJUIep BbIpabaThIBAaeT
YIPaBJISIOLINE CUTHAIBI TOJIBKO IPHU €€ MajbIX 3HAYEHUSIX M 3HAYEeHUSX, Haxo-
psmuxest B npepenax Hopmbl (KJ™™), ycranoBnennsix [3]. Ilpu ynpanenun
3HaueHus (gQ B ompeieeHHbIe Yachl (Hanpumep, 4acoB B 4—7 tge = 0,71) mony-
qafoTCs BbIe HOpMbL. Ho HecMoTps Ha 3T0, nipu ycinosuu K > K™ npenort-
BpamaroTcs neperpyska kongencatopoB BCK, a takxke mx mpexneBpeMeHHBIH
BBIXOJ] U3 CTPOSL.

Takum 00pa3oMm, Ha OCHOBE HEUETKOI 0 aJiroputMa MaMIaHu NpeasioxKeH ai-
roputm HP PM B snekTpuyeckux ceTax co chnenu(UYecKUMH Harpy3kamu
C LIENbI0 MOJJEpKaHUs 3HaueHHs Kod(dduimenta peakTnuBHOW MoimHOCTH {gQ
B MpeleNax, YCTAaHOBIECHHBIX B TEXHHYECKUX YCIOBHAX AJSl HOTpeOHTENeH,
a Takxe Ui o0ecredeHus] HOpMaJIbHOTO 3KCIlTyaTaoHHoro cocrosiausa bCK.
B pesynbrare yuera B anroputme BI'C HampspkeHus nmpenoTBpaliaroTcs mepe-
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rpy3kn bCK ¢ TokamMu BBICIIMX TapMOHHK. JTO TPUBOAUT K MOBBIIICHUIO
HaJIeKHOCTH TIEPEKIIOYAIOIINX YCTPOHCTB, a Takke bCK.
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Puc. 8. lnarpamMmbl ynpaBiieHUs peakTHBHOW MoIIHOCThO (a) u tge (b):
—&—— — JICXOJHBIH PSKIM; —8— — TI0CJIe HEUETKOTO PEryIHpOBaHMUS;
—A— — T0 Xe ¢ ygeTroM Ky

Fig. 8. Chart of the control of reactive power (a) and tge (b):
—&—— —original mode; —=— — the one after fuzzy regulation;
—a—— the same in consideration of Ky

BbIBO/IbI

1. IIpeuiokeHb! CTPYKTYpHas CXeMa U alIrOPUTM JJIsl HEYETKOTO peryssropa
PEaKTUBHOW MOIIHOCTH B PaCIpeIEIUTENbHBIX dIEKTPUUECKUX CETSIX SHEPrOCH-
cTeM, paboTaOLINX CO clelM(UIEeCKMMHU Harpy3KaMu. BelnonHeHs! pacueTHbIe
9KCIEPUMEHTHl B PEATbHON D3JIEKTPUUECKOW CeTH € INpeoOpa3oBaTeNbHBIMU
yCTaHOBKaMH, MHUTAIOIIMMH 3JeKTpUPUIUpOBaHHBIA TpaHcopT. [lomyueHHbIe
pe3ybTaThl CBUAETEIBCTBYIOT O TOM, YTO CyMMAapHBIH KO3 (GHUIMEHT TapMOHU-
YECKUX COCTABIIIOIIMX HANPSDKEHUS] 3HAUYUTEIBHO IPEBOCXOAMUT yCTaHOBIJICH-
HbIE HOPMBI.

2. Pe3ynbpraThl KOMIIBIOTEPHOTO MOAEIMPOBAHMS NMPEIJIOKEHHOIO METOAa
PEryaupoBaHusl MOKa3aJik, YTO Y4eT FapMOHUYECKUX COCTABIISIOIIMX HampshKe-
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HUS TIO3BOJISIET YCTPAHUTH JOMOMHUTENbHYI0 Harpy3ky bCK ¢ Tokamu BeICIX
TapMOHHK, 2 CaMO PETYJINPOBaHHE MOTy4YaeTcs Ka4eCTBEHHBIM, KOJMIECTBO Tie-
PEKIIIOUCHUN CHWXKAETCS, KOHJIEHCATOpHAsT OaTapesi CIIY>)KHUT JIOJIbIIEe U BEPOST-
HOCTP €€ 0TKa3a YMEHBIIAeTCH.
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