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U OOHO3HAYHOCHb Pe3YNIbMAmo8 00CMOSepU3AYUYL NPOGePeHbl DONLULUM KOTUYECIBOM PACUEMO8 CONACHO OAHHbIM CY-
MOYHBIX 2paguKkos dekmpuyeckoll Hazpysku dHepeoemkux npeonpusmuii IIAT «/{nenpobisnepeo» 3a 200080U nepuoo
epemenu. brubdm. 5, puc. 6, Tabmia.

KiroueBble cj10Ba: 10CTOBEpU3anysl, aHOMalIbHbIC 3HAUEHHS, KpuTepuid UeObIeBa, 3neKTpuiecKkast Harpy3ka, SHepro-
€MKHE TPEIPHATHSL.

P. Chernenko, O. Martyniuk, A. Zaslavsky

Institute of Electrodynamics of the National Academy of Sciences of Ukraine,

Peremohy, 56, Kyiv-57, 03680, Ukraine

Statistical homogeneity assurance of the electrical load daily schedules of the energy-consuming enterprises for short-
term load forecasting of electric power system

The efficiency of the Ukraine Interconnected Electrical Power System (IEPS) operating modes scheduling essentially
depends on short-term electric load forecasting results. The increase in number of factors significantly influencing on
electric load contribute to improve the accuracy and reliability results of forecasting. However their certainty is essen-
tial. The energy-consuming enterprises contribute a great share into the electricity consumption of IEPS of the Ukraine.
Analysis of the daily schedules of their electrical load over a long time period showed the availability of anomalous
data caused by the system of data gathering, transmission and the basic information processing failures. Also the
anomalous data appearance is dependent on abrupt changes of the operating conditions enterprises due to the techno-
logical and economic factors. The paper presents a two-stage statistically correct algorithm of the anomalous meas-
urements discarding and the energy-consuming power enterprises missing data replacement in the total electric load
sample. Besides, the anomalous values are subdivided depending on their character and continuance. At the first stage
of the verification the sample essential anomalous values identification and missing data replacement are performed
using linear interpolation. At the second stage the unobvious anomalous values are excluded by means of the prelimi-
nary discarding of the sample trend component by piecewise polynomial approximation. Single anomalous values re-
placement is performed with the aid of the linear approximation, but the group ones are replaced taking into account
their change character. At the both stages the determination of the statistical characteristics, the type of data distribu-
tion low (Gaussian, unimodal or arbitrary) and the discarding are performed by means of Chebyshev criterion.

The accuracy and unambiguous character of the verification results were controlled by a great number of calculations
based on data of daily electric load schedules for annual period of time for “Dniprooblenergo” energy-consuming en-
terprises. References 5, figures 6, table.
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Toxazano, wo Ha 6iOMIHY 6i0 hepOPe3OHAHCHUX NPOYECi8 HA OCHOBHIL YACMOMI, PO3PAXYHOK Hempaouyitinux gepope-
30HAHCI Y eNIeKMPUUHUX MEPEdHCax 8UCOKOT Hanpyau nompedye Oilbui MOUYH020 MOOeN08aHHs. Bukopucmants mooeni
2icmepesucy oae 3mozy nioSUWUMY MOYHICIb PO3PAXYHKY HempaouyiiHux gepopeszonancie. Mooenosanns zicmepesu-
¢y 6y10 8UKOHANO 3a 00NOMO20I0 Mooeii J{cinca-Amepmona, wo 00360uUn0 OibU MOYHO pO3paxysamu oonacmi He-
besneunux napamempis nempaouyiunux epopeszonancis. Hasedeno naiibinbw nowupeni 3acodu nonepeortceHHs pos-
8UMKY MaKux ¢hepope3oHancHux npoyecie. biomn. 7, pucyHOK.

KiwouoBi ciioBa: (hepope3oHaHC, eleKTpHYHA Mepeka, epeHanpyra, HaJacTpyM.

depope3oHaHC — e CKJIaIHI HeNiHIHHI KOJUBaHHS, SKi BUHHKAIOTh B CIIEKTPUYHHUX Mepe-
’ax 1 BUKJIMKAIOTh IMOSBY MEPEHAIPYT Ta HAACTPyMiB. ExcTpeManbHi 3Ha4eHHs mapaMeTpiB peKu-
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My MOXYTb 3HAYyHO IMEPEBUIIYBAaTH HOMIHaIbHI Ta OyTH TpUBaIMMU. BOHM NpU3BOAATH 10
MOILKO/KEHHS 1307151111, TIeperpiBaHHsd Ta BUXOJY 3 JIaJy YCTaTKyBaHHS €JIEKTPUYHOI Mepexi, a
TaKOX JI0 PO3BUTKY CUCTeMHHUX aBapiil. /Iy mosiBu (epope30HaHCHUX MPOLECIB y €NEKTPUUYHUX
Mepekax HeoOXiJHO, MO0 ICHYBaJIO JDKEPENI0 KHWBJICHHS (OTPUMAHHS CHEpTii s MiATPUMKH
KOJIMBaHb), HENMiHIMHA IHAYKTUBHICTH (CHIIOBUH TpaHCchopMaTop abo TpaHchopMaTOp HAMPYTH) Ta
€MHICTH (€EMHICHI IUTbHUKYA BUMHUKAUiB, KaOeTi, JTiHIT eleKTporepeiad).

depope30HaHCHI KOJIMBAHHSA MOXHA PO3IUINTH HAa YOTHPH rpynH [3]:

— mepioanyHi (hepope30HaHCHI MPOLECH Ha OCHOBHIHM yacToTi. [Ipu Takomy ¢epope3onaHnci
Hampyry Ta CTPyMU MEePIOAUYHI 3 IEPIOAOM, 1110 IOPIBHIOE MEPIOTY CUCTEMU;

— cyOrapMoHi4Hi (epOope30HaHCH, HAPYTH Ta CTPYMH SIKUX € TIEPIOJUYHUMH Ta KPAaTHUMHU
710 TIepioly JpKepesa KuBiIeHHs. LI KoJMBaHHS MaroTh, SIK IPaBUIIO, HEMAPHUH MOPSI0K;

— KBasinepioauuHi (epope3oHaHCHI mporecH. Taki mporecu He € NepiOJUYHUMH 1 MAlOTh
JUCKPETHUH CIEKTP TapMOHIYHUX CKJIaI0BUX, HE KPATHUX 0 MEPIoy JPKepesa )KUBJICHHS;

— xaoTnuHi pepope3onancu. g rpyna depope3oHaHCIB TakoX HE € MepioJuuHOI0 3 Oe3re-
PEPBHUM CIIEKTPOM TapMOHIYHUX CKJIaIOBHX.

3aranoM 10 HETpaIuIiMHUX (EepOope30OHaHCHUX IMPOLECIB MPUHHATO BIIHOCUTH (epope3o-
HaHCH HE Ha OCHOBHIM 4acTOTi, TOOTO BCIX TPyl KpiM nepioi. [Ippaomy HE0OX1THO 3a3HAYUTH, 11O
MOYaTKOBI YMOBH (HAIIPHUKJIAJ, piBEeHb HACHUEHHS CepeyHHKa TpaHc(hopMaTopa) BiIirparoTb OJHY
3 BUpIIIAIBHUX POJIEH Y BUHUKHEHHI Ta PO3BUTKY HeTpaaMIliitHOoro gepope3onancy. Tomy nms Bu-
3HA4YeHHs MMOBIPHOCTI TOSBU HETPAIULIMHUX BHUIIB (EepOpe30HAHCY BAXKIMBE 3HAYCHHS Mae
TOYHICTh MoJIeIel TpaHCHOPMATOPIB.

3po3ymilio, 110 AJisT MOACITIOBaHHS (epOPE30HAHCHUX MPOIIECiB HEOOX1THO BUKOPHCTOBYBA-
TH HENHIMHY MaTeMaTH4Hy MOJIeldb TpaHcopmaTopa, XapaKTEpUCTUKH SIKOT 3yMOBJICHI
MarHiTHUMH BJIACTUBOCTSIMH MaTepialliB ocepis TpaHC(HOpMATOPIB Ta OMUCYIOTHCSA 3AJIEKHICTIO
MarHiTHO1 1HAYKIIi B Bia HanpykeHocTi mois H :

B=u,(H+M), (1)

1€ |\, — MarHiTHa IPOHUKHICTh; M — HaMarHiuyBaHHs oceps TpaHchopMaTopa.

Tpaguuiiino ang  aHamizy (Eepope30HAHCHHX MPOLECiB Yy  OLIBIIOCTI  BHUITAIKIB
BHKOPHCTOBYEThCS KpHUBAa HaMarHiuyBaHHs TpaHcopmaTopa [6], sKa anmpOKCHUMYETHCS
MOJIIHOMIANBHUMU PiBHSHHAMM, TPUTOHOMETPUYHUMH a00 rinepOoniunumu ¢pyHkiismu. [pu npo-
My SIBUIIE TICTEPE3UCy HE BPaxoBYeThCs. OHAK HETpaaMIliiiHI (epope30HaHCHI MPOIECH TMOTpe-
OyIOTh OLJIBIII TOYHOTO MOJIENIOBAHHS, TOMY IOCTa€ MUTAHHS MPO MOJEIIOBAHHS TicTepe3nucy. 3a-
3BUYAll JUIsl IIOTO 3aCTOCOBYEThCA Mojnenb [Ipelizaxa, sika € JHOCHTh CKJIQJHOI0 TPH YHCEIbHIN
pearnizanii i moTpedy€e BUKOPUCTAHHS 3HAYHOI KUTBKOCTI MapameTpiB. Y MOPIBHSHHI 3 MOJEIUIIO
[Ipetizaxa [2], mogensb JIxinca-ATepToHa € OUIBIT TPOCTOIO TPH peatizallii 1 Mae MEHIITY KiJIbKICTh
napameTpiB [4, 5]. Mogens [Ixinca-ATepToHa 3alUCY€ThCS y BHUIIBIAI JTU(EpEeHIIaTbHOTO
PIBHSHHS, J€¢ HaMarHidyBaHHS CTaJbHOTO oOcepAs TpaHcdopMmaropa € CyMOIO IOCTIHHOTO

HaMarHidyBaHHs M. Ta 3MIHHOTrO HamarHiuyBaHHs M, . CHnodaTky posrisgaeTscs Oesricrepe-

3MCHA MOBEIIHKA, 1 KpUBa HAMArHIUyBaHHS ONUCY€ETHCS PIBHIHHIM

H a
M, =M,| cth 76 = | ()

e

ne M ,, — Oesrictepe3ucHe HaMarHiuyBaHHs; M, — HaMarHiYyBaHHS HACHUYCHHS, TapaMeTp MOJEII
Jlxinca-Ateprona; H, = H +aM — edexTuBHE MardiTHe nose; a — napamerp mozeni Jhxinca-ATepTroHa.

3 ¢i3MyHMX MIpKyBaHb IpOIECY HaMarHidyBaHHsS 3B’S30K MDK LMMH BHJaMM HaMarHi-
qyBaHHS 3aIUIIEMO SIK

M, =c(M,,—-M,,), 3)
ne ¢ — napametp moneni JIxinca-ATepToHa, SIKUM 3MIHIOETHCS BiJl HYJIsl IPHU TIOBHICTIO HEOOOPOT-

HOMY HaMarHidyBaHHi JI0 OJIMHUIII TIPH MTOBHICTIO 000POTHOMY HaMarHidyBaHHi.
[TocTiiiHe HamMarHivyBaHHs ONUCY€ETHCS BiTHOLIICHHIM
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dMirr — Man _Mirr (4)

dH kd ’

e
ne k — mapametp mozeni Jlxkinca-AtepToHa; 0 — Koe(illieHT mepeMarHiayBaHHS.
BpaxoBytouu piBHsHHS (3), MOYKHA 3aITHCATH:
M=M,,+c(M,,-M,,)=1-c)M,, +cM,, . (5)

rr

[Micna nudepenniroBanns piBHIHD (2) Ta (5) 3 ypaxyBaHHSIM €(pEeKTUBHOI MarHiTHOT 1HYKIIii
B, = H + oM 3anuiieMo

2

Moy _ M, 1—cth2(ij+ =1 6)

dB, ap, a H, ’

dﬂ:(l—c)dMir’ +ch“”. (7)
dB, dB, dB

e

PiBHsIHHS (4) MO’KHA TIEPETIMCATH y TAKOMY BUTJISII:
dMirr — Man _Mirr (8)
dB, nokd

dB dB
ne d=1opu —>0T1a 6=-1 opu —<0.
P P

. M —cM
Bpaxosytoun piBHsHHA (3), 3anumemo M, = l—c“”

TakuMm 4MHOM, OTpUMY€EMO 3BOpPOTHE AudepeHiiaabHe piBHIHHSA Moaeni Jlxinca-ATepToHa,
JUI SIKOTO, Ha BIAMIHY BiJ OpHUTiHANBHOTO piBHSHHA JXKinca-ATepToHa, /1€ HaMarHidyBaHHS
OTPUMYETBCS 3 HANPYKEHOCTI MarHiTHOrO TOJSA, Y I[bOMY BHIIQAKy CyMapHEe HaMarHiqyBaHHS

O0YHCITIOETHCS 3 MATHITHOT 1HAYKIII:

M. dM
(1 —C') i 4 e an
a dB, " dB, o
dB B dM[I‘r dMa"I .
1+HO(I_C)(I_Q)TBg—i_uOC(I_a)TBe

JUisi  TpakTUYHUX ~ PO3paxyHKIB HETPaAWIIHHUX (EepOpEe30HAHCIB 3  ypaxyBaHHIM
ricTepe3ucy JOIIFHO BUKOHATH Tiepexia Binm B— H mapamerpiB 1o ¢—i mapameTpis. Sk Bimomo,

HaNpy>KEHICTh MarHiTHoro mosst H :71, e i — CTpPyM y KOTYIII; n — KUIBKICTh BUTKIB; [ —

JOBKMHA KOTYIIKH. MarHiTHui notik ¢ = BS, ae S — 1wioma mepepidy cepledHrKa KOTYIIKH, 3

. 1 . . .

iHIIoro OOKY, d):—J.Udt, ne U — nampyra; ¢ — yac. [licns nudepenmiroBanHs piBHsHHS (1) Ta
n

PIBHSHHS JUI MarHiTHOTO TIOTOKY 13 3aCTOCYBAHHSM JIAHIFOTOBOT'O IIPAaBUJIa MOYKHA 3alUCaTH:

dH 1 dM

dH _ 1 _aM . (10)
dB n, dB
dﬂ:dﬂﬁzgdﬂ_ (11)
dB  d¢ dB dé

Tomi
d_Hz(ijﬂ_ (12)
dB \IS)d¢

Bpaxosytoun piBusHH (11), miacraBnsemo (12) y piBusaus (10):

di IS 1 _dM ) _ISf 1 o dM ) (13)
dop nip, dB n
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TakuM YuHOM, JJIs1 aHAJTI3y PO3BUTKY HETPAIUIIIMHUX (epOpPE30HAHCHHUX MPOIIECIB OTpUMa-
Ha mojenb (13), ska Jae 3MOTy pO3PaxOBYBATH METIIO TICTEPE3NUCy 3a JOIMOMOTOIO 3BOPOTHOI
mozem Jxinca-ATeproHa B ¢ —i KOOpAMHATAX.

1106 nepeBipuTH SIK BILIMBAE MOAEIH TICTEPE3NUCY HA PO3PAXYHOK MOKITMBOCTI BUHUKHEHHS
HETUNOBUX (epope3oHaHciB, Oyla BHKOpUCTaHa THUIOBa (EpOpPEe3OHAHCHA CcXema  Juis
PO3MOIITFHOTO MPUCTPOIO IMiICTAHIIIN BUCOKOT HAMPYTH 3 €)EKTUBHUM 3a3eMJICHHSIM HewTpani [1].
3MIHIOBAIHNCh €KBIBAJIEHTHA €MHICTh AUIBHUKIB Hampyrd BUMHKada Cp 1 €KBIBaJ€HTHAa €MHICTh
mUH Ta npueanadoro odnagnanus Cyy. s imenTudikamii napamerpiB 380poTHOI Moeni Jxinca-
ATepToHa BHKOPHCTAHO TETIIO TICTEpPe3ucy, mo Oyla OTpUMaHa €KCIIEPUMEHTAIBHO Ui TPaHC-
¢dopmaropis Hanpyru 220 kB cepii HK®. Cuctemu nudepeHmiaasHuX piBHIHB PO3B’I3yBAINCH M-
togoM Pynre-Kyta gyerBeproro nopsuky.

Jliis anaumizy Oyiia BUKOpHCTaHA YacTHHA 00JacTi mapaMeTpiB pepope3oHaHCy, sSKa MOoKa3y-
Baja BIJACYTHICTb HETPAJAMLIMHUX (EpPOPE30HAHCHUX TMPOLECIB 3TiTHO 3 PO3PaXyHKOM 3
anpOKCHMALIIEI0 KpUBOI HamarHiuyBaHHs Tpanchopmaropa Hanpyru HK® 220 kB noninomom 11-
ro nopsaky 0e3 BpaxyBaHHs rictepesucy. OmHaK Ticis BpaxXyBaHHS TICTEPE3UCY 3a JOIMOMOTOIO
3BopoTHOT Mozeni [[xinca-Ateprona B ¢—i BenuuumHax Oyyo 3HaineHo o0nacTh HeOe3MmeuyHuX

rapaMeTpiB ICHyBaHHSI HETPATUIIIHHOTO (DepOpEe30HAHCHOTO MPOIIECy (PUCYHOK).

G
CB+CIII
0.3
0.2 W
—
0.1
6000 6500 7000 7500 Cy+Cpy, 1D

MopnentoBaHHsI TMPOIECIB 3a JIOMIOMOTOI0 MporpamMHoro 3abesneueHHss Matlab-Simulink
MIITBEPIUIIO MOMIIMBICTD TIOSIBY B 11 00J1aCTI XaOTUYHOTO (PepOpe30HaHCYy.

OT1xe, MOKHA 3pOOUTH BUCHOBOK, IO MPH TPAJAULIHHOMY IMiTXOi, KOJU HE BPaXOBYETHCS
e(eKT ricTepe3ncy, 3aJHMIIAIOTHCA 11032 YBAarokw IE€BHI 00J1acTi, B SKUX ICHYE WMOBIPHICTH
BUHUKHEHHS HETPATUIIMHOTO (hepope30HaHCHOro Mpolecy. TakuM UYMHOM, BpaxyBaHHS LOTO
e(deKTy 1ae MOXJIUBICTh OUIBII TOYHO BU3HAYMTH 00JACTI HEOE3NMEYHUX MapaMeTpiB HETpaIu-
LiHHUX (epOpPE30HAHCIB.

[[{o6 yHUKHYTH BUHUKHEHHS Ta PO3BUTKY HETPATUIIHHUX (DepOope30HaHCHUX MPOIIECIB J0-
CHUTb MOIIMPEHUM 3acO00M € IMiJKII0UEHHS HaBaHTaXEeHHs 10 TpaHc(opmaTopiB Hanpyru [7], mpo-
TE 1€ MO’KE€ MOTIPIINTH BUMIPIOBAJIbHI BIACTUBOCTI cXeMU. bk eekTnBHUM 3aC000M € BUKOPH-
CTaHHs CIeliadbHUX 3aXMUCHHUX MPUCTPOIB, K1 JAIOTh 3MOTY 3aMoOIrTH PO3BUTKY (Pepope3oHaHCIB
SIK Ha OCHOBHIM 4acTOTI, TaK 1 HETPAJAUIIHHAX (EPOPE30HAHCHUX MTPOIICCIB.
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Bausinue 3¢gexra rucrepesuca Ha BOSHUKHOBEHUE HETPAAMLMOHHBIX (PeppPOPe30HAHCHBIX NMPOLECCOB B 3JIeK-
TPHYECKHUX CeTAX

Tokazano, umo 6 omaudue om Qeppope3oHaHCHBIX NPOYECCO8 HA OCHOBHOU YACMOme, AHAIU3 HeMPAOUYUOHHBIX ¢hep-
POPE30HANCO8 8 INEKMPUYECKUX CEMAX B8bICOKO20 HANpsdiceHusi mpebyem 0ojee mMOYHbIX MAMEeMAmuieckux mooenell.
Ommeueno, 4mo ypogeHb HACLIWEHUS CEPOeYHUKA MPanHchopmMamopa uzpaenm oOHy U3 pewarowux poaei 8 603HUKHO-
BeHUU U PA3BUMUU HEMPAOUYUOHHO20 (eppope3onanca. Yuecmsv sghgexm 2ucmepesuca u noGviCUMb MOYHOCIb Helu-
HeUHOU Mamemamuyeckol mooenu mparcgopmamopa nozeonsem moodenv Hocunca-Amepmona. Ilokasano, umo no
CPABHEHUI0 ¢ OpY2UMU MOOEIAMY 2UCMEPe3UCa, OHA A6Aemcs 6oaee NPOCMOl NPU Pearu3ayul U umeem meHbuiee Ko-
audecmeo napamempos. /s anaiuza HempaouyuoHHbIX heppope3oHancos paspabomana obpamuas moodeas [xcuica-
Amepmona 6 eenuuunax, KOmopwle UCHONL3VIOMCA Ha npakmuke. Ymobbl npoepums, KaK MoOeb cucmepe3uca 6iusem
Ha onpeodenenue 803MONCHOCU BO3HUKHOBEHUSA HEMUNUUHBIX (DePPOPE3OHAHCHBIX NPOYeccos, Obll Nposeder aHaAIu3
deppopesonancholl cxemvl 05 pacnpeOerumenbHo20 YCmpoucmea noOCManyul 8b1cOK02o Hanpaxjcenus. Bapvuposa-
JUCH IKEUBATICHMHAS eMKOCTNb Oenumeinetll HanpAXCeHUs SLIKIoYamena U IK6UBANEHMHAS, eMKOCMb WUH U NPUCOeou-
HeHHO20 06opydosanus. Cucmembvl OUPOepeHyuarbHbix ypasHenutl peutanucy memooom Pynee-Kyma uwemeepmoco
nopaoka. B omauuue om pacuema ¢ annpoxcumayueri Kpugou HAMACHUYUSAHUSL MPAHCHOPMAMOPA NOTUHOMOM OOUH-
Haoyamozo nopso0Ka, npu yyeme 2uUcmepesuca ¢ NOMowb oopamuol modenu [xcunca-Amepmona 6viia Halioena 0o-
JACMb ONACHbIX NAPAMEMPOS CYWeCmE08anUs HempaouyuoHHo20 @eppope3onancrnozo npoyecca. Moodenuposanue ¢
nomowbro npoepammuozo obecneuenuss Matlab-Simulink noomsepouno 6o3mooicHocms noseienuss 8 danHol obracmu
Xaomuueckozo eppopesonanca. Yuem sucmepesuca ¢ nomowwlo mooenu Jicuica-Amepmona oaem 603MONHCHOCHIL
Oonee MouHO ouepmums 001ACMU, 8 KOMOPLIX CYUWecm8yen 8epoamHOCHb 803HUKHOBEHUA HEMPAOUYUOHHOZ0 (eppo-
pe3onancHozo npoyecca. Ommeuervl 603MONCHbIE CPEOCMEA NPeOYNpestcOeHUs. pa3eumusl OAHHbIX eppope3OHAHCHIX
npoyeccos. bubi. 7, pucyHoOK.
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The impacts of hysteresis on the development of non-conventional ferroresonance processes in electrical net-
works

This article investigates the impacts of hysteresis on the calculations of non-conventional ferroresonance phenomena. It
is shown that unlike fundamental frequency ferroresonance, non-conventional ferroresonance analysis in high voltage
electrical networks require more accurate simulation. As one of the initial conditions the level of saturation of the
transformer core plays a major role in the initiation and development of non-conventional ferroresonance. The Jiles-
Atherton model allows to take into account the hysteresis effect and improve the accuracy of the transformer nonlinear
mathematical model. It is indicated that this model easier in simulation and has few parameters in comparison with the
other hysteresis models. For the analysis of non-conventional ferroresonance the inverse Jiles-Atherton model is ap-
plied and allows to model of nonlinear ferromagnetic core. To verify how the model of hysteresis affects the calculation
of non-conventional ferroresonance the feroresonant circuit of high-voltage substation switchgear is applied. Capaci-
ties of voltage dividers and the sum of the electric equipment capacities relative to the ground are varied. To solve the
systems of differential equation the fourth-order Runge-Kutta method is used. Taking into account hysteresis with the
inverse Jiles-Atherton model helps to more accurately delineate the areas in which the initiation of non-conventional
ferroresonance is possible. The means of the prevention of non-conventional ferroresonance development are pre-
sented. References 7, figure.
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