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ON THE INTERCONNECTION OF ELECTROMAGNETIC PROCESSES OF A POWER
TRANSFORMER AND NORMAL MODES OF OPERATION OF ELECTRIC
NETWORKS

I. KHOMENKO!
! Department "electricity transmission”, NTU "Kharkov Polytechnic Institute”, Kharkov, UKRAINE

ABSTRACT A mathematical model of normal modes of an electrical network in the form of nodal equations is given. With the help
of vector measurement technology, such models allow you to monitor the modes in real time and evaluate the real state of the
electrical network. The relationship between the electromagnetic processes of the power transformer and the modes of the
distribution network is established. With the help of a synchronous measurement system, the daily load graphs of a power
transformer are obtained. The generalized analysis of experimental studies is carried out, the regulating and control effect of the
transformer is established. Using the theory of vector and scalar potentials and the Lorentz condition, a nonlinear mathematical
model of the electromagnetic processes of a power transformer is obtained. The dependence of this system of equations on the
change in the magnetic permeability of the medium is established. It is established that irreversible magnetic losses are caused by the
motion of bound magnetic domains, that is, by a change in the magnetic permeability of the medium. A generalized analysis of
theoretical and experimental studies.

Keywords: electrical networks; normal mode; power transformer, vector measurements; electromagnetic transformations, nonlinear
mathematical model.

Beryn Taki MOHATTA SK PO3YMHHUH OYAWHOK, pPO3yMHHI

€JIEKTPOTPAHCIOPT, PO3yMHE BHUPOOHMUITBO, PO3YyMHA

Enepreruka BXKE JITaBHO CTaja  MiACTaHLis, PO3YMHI MEpexXi Ta pO3YMHI €JIEeKTpUYHi
CHCTEMOYTBOPIOIOUYOI0 rajys3sio HapojHoro  cranuii. lle HempocTHil 1ILIAX PO3BHUTKY, KU BHMAarae
rocrojapcTBa. B ocraHHi pokM mi  TeHAeHHii  IIMPOKOi  iHTeNeKTyami3amii  BCiX ~ mpomeciB B
TTOCHITIOIOTHCSI. B TOH  Jke  d[ac Cy4acHa  €JEKTPOCHEPIeTHIll Ta CyIyTHIX Tary3sx. Merol Takoro

€JIEKTPOEHEPreTUKa MPOXOJUTh HENPOCTHH €Tal CBOro
po3Butky. lllmpoke BIpOBa/KeHHS eHEproe(eKTUBHIX

PO3BUTKY € TIABUINCHHA HATIMHOCTI Ta  SKOCTI
€JIEKTPOIIOCTAYaHHs TPH HOTO BHUCOKIH €(pEKTHBHOCTI.

Ta eHeproz0epiralouyux TEXHOJIOTiH, HEOJHO3HAYHE
CTaBIICHHS JI0 TEIDIOBOI i aTOMHOI TeHepallii, cTabiTbHAN
PO3BUTOK HETPAAWIIMHMX JDKEepeNl eHeprii Bce Iie
00yMOBJIIO€ IIMPOKHI HacTyn smart grid TexHOJoTii
MIOYMHAI0YH 3 BUPOOHHULITBA 1 3aBEPIIYIOYN CIIOXKUBAHHAM
enexTpuuHoi eneprii [1-3]. LlinkoM oueBHAHO, L0 B
HaWOIKYE NECSITUITITTS B HAIlIE )KUTTS IUPOKO YBIHIYTh

OCHOBOIO X TakOro PO3BUTKY €: |) BHKOpPHCTaHHA
pearpHOT0 MAaTeMAaTHYHOTO Ta (PI3SMYHOTO MOJEIIOBAHHS
CJICKTPOMATHITHUX TIPOIECIB B  €JIEKTPOCHEPTeTHYHUX
cucTeMax Ta ii eleMEeHTax B PeXHMI peallbHOTO 4acy; 2)
IIMPOKE  BIPOBA/DKEHHS  CYYaCHHX  KOMITIOTEPHHUX
TEXHOJIOTIH, 3ac00iB BUMIpPIOBaHH:, mepenadi i 00poOKu
iHpOpMAIIfHUX TOTOKIB B eJieKTpoeHepreTuil [4-6].

© XOMEHKO 1. B,, 2017

BICHUK HTY "XIII" Ne 53 (1274)

19


http://teacode.com/online/udc/66/665.9.html

CEPIA "HOBI PIIIEHHA B CYYACHUX TEXHOJIOI'AX"

ISSN 2079-5459 (print)
ISSN 2413-4295 (online)

TijgbKH KOMIUIEKCHE BHUPIIICHHS IIOCTAaBICHHX 3aBIaHb
MOKe 3a0e3leunTH SKICHY OIIHKY 1 eQeKTHBHE
YIPABIiHHA TEXHIYHHUM CTaHOM €JIEKTPOECHEePreTHYHUX
CHCTEM, IO B CBOIO Yepry € OJHHM 3 IIPIOPUTETHHX
HaNpsIMKIB PO3BHUTKY €JIEKTPOCHEPreTHYHOl Tramy3i Ha
HaHOIMXKIy mepcrekTuBy [7].

B nanmit yac BueHuMHM i (axiBISIMH B Tramysi
€JIEKTPOCHEPTEeTUKNA HAKOIMYECHUH BEIMKHUH JIOCBiJ B
o0JlacTi TIPOEKTYBaHHS, eKCIUIyaTalil Ta yNpaBIiHHS
CJICKTPUYHMMHU  Mepexxamu. Ha jgymky  Ouismmocti
¢axiBIiB HaWOUIBII e(pEeKTHBHUM 3acO00M YIPABIiHHS
PEKUMOM EJIEKTPUYHOI MEpeXi ChOTO/HI € KOMIUICKCHE
ynpasmiaHsA pexkxumom 1o U, Q i n [8,9]. Hagzeugaiino
BAXUIMBE 3HAYEHHSI B IIBOMY CEHCI Mae HaaidHa i
epexTBHa poboTa TpaHCPOpPMATOPHOTO OOIATHAHHS,
30KpeMa poboTa HOro 3aco0iB perysroBaHHsS HaIpYTH.
Taki cucTeMr TOBHHHI 3a0e3medyBaTH  HEOOXIiHI
napaMeTpH SIKOCTi eJIEKTPOEHEPTii Ta MiHIMalbHI BTpaTu
aKTHBHOI TIOTY)KHOCTI B €JIEKTPHYHHUX Mepexax, Ipasa
IIPU [BOMY JEHIO 3MIHIOIOTBCS HE TUIBKU IapamMeTpu
pexumiB, a i mapamerpu camoi Mmepexi [10]. Jlocin
eKCIUTyaTalii  TMokKa3ye, [0  HaWOimbIl  BRaio
3apekomenayBaiu cede nmpuctpoi PITH (perymroBanHs min
HABaHTAXKCHHAM), [I0 IPALIOIOTE B aBTOMaTHYHOMY
pexxnMi. OHAK, psAA cepio3HUX aBapiil TpaHcopMaTopiB
yepe3 Buxig 3 nmaay npuctpoiB PITH, smycunm ¢axiBmiB
OOMEXHTH 1X BHUKOPHCTaHHS Ta aKTHBI3yBaTH pOOOTH,
IIOJI0 BJIOCKOHAJCHHS METOJIB PEryJIOBaHHS Halpyru
[11-13].

TakuM YMHOM, IIJTKOM OYEBUAHUM € TOH (aKT, 10
MOJANbIINKA PO3BUTOK IHTENEKTyali3alil eleKTPUYIHUX
MepeX B LUIOMY 1 KOHKPETHOTO EHEpPreTHYHOTr0
oOyasiHaHHs ~ 30KpeMa, HEpPO3pHBHO  TIOB'SI3aHE 3
JNETaTbHUM BHBUYCHHAM iX (I3MYHHX TIPOIECIB i
MaTeMaTHYHUX  Mojenei, ski ix 3B'A3yl0TH 1
B3a€MOBIUTHBAIOTE OJMH Ha oxHOro. Haramaemo, mo min
IHTEeTeKTyami3amiel0o MH OyIeMO PO3YyMITH TiJABHIICHHS
HamifHOCTI 1 eQEeKTHUBHOCTI iX eKCIuTyaTamii mpH
MiHIMaJIbHUX BUTpaTax.

Anani3 myoJikamnii

CyyacHi MaTeMaTH4yHI MOJENI  EJIEKTPUYHHUX
cUcTeM 1 Mepexx mpencraBieHo B [14,15], ocHOBHI
MPUHINMOHN  e(PEKTHBHOTO YIPABIIHHS pPEXHMaMH B
[16,17]. B mux mpamsgx 3akiIaJiecH0 HayKOBO-TIPAKTHYHI
3acagi  pO3PaxyHKIB, aHanmizy 1 yHpaBIiHHA
€JIEKTPOSHEPTeTHIHUX CHCTEM 1 Mepex. Pexxumu podotn
OCHOBHOTO €HEPreTHYHOro OONaAHAHHS IPEACTaBICHO B

y3araibHEHOMY BHIVISIl. AHAN3 pexuMiB  podoTH
OCHOBHOTO eHeprernyHoro oOnamgHanHs B [18,19],
¢izuuni  ocHoBu QyHkuionyBanHs JIEIT i cuioBux

tpanchopmaropi B [20,21]. Leit anani3z mpoBeaeHoO s
OCHOBHOTO €HEpreTH4HOro oOsiaJHaHHs 0e3 ypaxyBaHHS
peaJbHUX YMOB eKCIUTyaTalil eNeKTPUYHHX CHCTEeM 1
MEpex.

Mertoro cTaTTi € JNOCIHIIKEHHS eJIEKTPOMarHiTHUX
MpOIIECiB 1 MaTeMaTHYHUX Mojenedl (yHKIIOHYBaHHS
pPO3NOALTEYMX — CNEKTPUYHHX  MEPEeX 1  CHIIOBOrO

TpaHcOpMaTOpHOTO OONAAHAHHSA 3 YpaxyBaHHAIM iX
B3a€MHOTO BIUIMBY B PEXHMI PEaIbHOTO Yacy.

OCHOBHA YacTHHA

CyuacHuit aHaii3 MpolLeciB B
€JIEKTPOCHEPIeTHYHNX CHCTEMax Ta Mepekax 0a3yeTbcs
Ha TEOPETHYHHMX 1 EKCHEPUMEHTAIBHHUX JIOCHIPKCHHSX.
He3Baxaroun Ha OypHMH  pPO3BUTOK 1  IIMpOKE
BIIPOBA/DKEHHS TIEPEIOBUX HAYKOBHX TEXHOJOTIH 1
TEOPETHYHI 1 EKCIIEPUMEHTAIbHI METOAM MAaKTh CBOI
npobmemu Ta Hemosiku. Tak, Hampukimam, Ut
TEOPETHYHHUX JIOCTI[DKEHb AaKTyaJlbHOIO 3aJadeio €
po3poOka  AWHAMIYHUX MaTeMaTHIHUX MoJeen
€JIeKTPOCHEPTCTHIHNX CHUCTEM [8], a TUTS
EKCMEePUMEHTAIPHUX —  MiJBUIICHHS JOCTOBIPHOCTI
oTpuMaHuX pe3yibrariB [16]. BpaxoByroue 1e MoxHa
MPUITYCTATH TONUIBHICTh JOMOBHEHHS 1 TO€IHAHHS
TEOPETUYHHUX 1 EKCIIEPUMEHTAJIbHUX JIOCTIDKEHb MiX
c000I0 3 METOI0 OTPUMaHHS SIKICHO HOBHX PE3yJIbTATIB.

Haii6inp11 mommpeHo MaTeMaTHYHOI MOEIITIO
PEXXUMIB PO3MOILUTEYO0I MEPEKi € BY3JIOBi PiBHSIHHSA [22]:

k
2 * .. *
U, -U YUY, +8 =0 (O

1
Jj=1
J#i

ne U i U I KOMILTEKCHI HANpyTu B By3/1ax i Ta j, Yi —

BJIaCHA TPOBIAHICTH -TO BYy37a, Yj

*

S -

1

B3a€MHa

NPOBIIHICTE i-r0 1 j-rO BY3IIB, COpPSKEHUN

*
KOMILIEKC IOTYXHOCTI CriokuBaeMoi B i-my Bysmi; U; —
CHPSDKEHUH KOMIUIEKC HAaNpYTH i-TO By3Ja.
EdextuBHrM 3aco00M Ui BUPIMICHHS CHCTEM
HENiHIHHUX PIBHSAHB € Pi3HOMaHITHI Moau(iKamii MeToIy
HeproTona. B 3aranbHOMY BUIIIS/II MOXKHA TIPEJICTABUTH:

wi+ W ix-—o- )
dx

ne W — BeKTOp-CTOBOEIh PO3paxyHKOBUX 3HaYeHb ; AX —

BEKTOpP-CTOBOCI> HEB’s30K 3MiHHMX; ( — Bekrop-
CTOBOCIb, CIEMEHTH SKOTO JOPIBHIOIOTH HYIIIO; aw
dX
MaTpUI MOXITHUX (Mampuys Axobi).
BukopucroByroun TEXHOJIOTIIO BEKTOPHHUX
BHUMIPIOBaHb MOJKJTHBO MO/IC/TIOBATH PeKUMU

CJIEKTPUYHOI MepeXi B PEeXHMI pealbHOr0 4Yacy Ta
OLIIHIOBaTH TEXHIYHUH CTaH ENEeKTPUYHOI Mepexi Ta ii
OKpEMHX eJIeMEHTIB. By3JoBi pIBHSHHS € pe3ynbTaToM
CHUHTE3yBaHHS MOJENel By3JiB 1 TIoK. Y TOH ke 9ac
OCHOBHHMH €JEMEHTaMH PO3MOAUIBYOI  eNEeKTPUYHOT
Mepexi € cuitoBi TpaHcdopmaropw, JiHIT enekTponepenayd
1 HABaHTaKCHHS. Y pO3paxyHKaxX BOHH NPEACTABISIOTHCS
CBOIMH cXeMaMH 3aMimmeHHs. [ po3poOku eQeKTHBHUX
3ac00iB  MIaTHOCTHKH 1  YNPaBIiHHA  pPEKAMaMH
ENIEKTPUYHOT Mepexi HeoOXiZHe YiTKE pPO3YMIHHS
¢bi3uuHEX TponeciB, 1O BiAOYBAIOTbCS B T OKpPEMHX
€JIEMEHTax, TaKk 1 B LIIOMYy B yciii Mepexi. Po3risHemo
OibII  JIOKJIAZHO MpPOLIECH, 10 BiIOYBarOThCS B
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TpaHc(hOpMATOpi 3 TOYKH 30PY MONKIIUBOCTI AIaTHOCTHKH
TEXHIYHOTO CTaHy i e(EeKTUBHOTO YIPABIIHHA peKUMaMHI
pO3MOMIMBYMX eNeKTpHYHHX Mepex. s amamizy i
PO3paxyHKy PEKUMIB pealbHi PO3PaXyHKOBI CXEMH SIK
NPaBUJIO MPEACTABIIAIOTH B OLIBII KOMIAKTHOMY BHIJISIII
(puc. 1) [8].

Hdust gitkoro  po3yMiHHA  (QYHKIIOHAIBHOTO
MIPU3HAUEHHSI CWIJIOBOTO TpaHchopmaTopa (axiBii, K
MpaBWIO, BHUIUITIOTH YOTUPU OCHOBHI  €JIEMEHTH:
OOMOTKY, MAarHiTONIpOBi/, CHCTEMY OXOJOJDKEHHS i
CHCTEMy peryioBaHHA Hampyrd. lle Bu3Hawae nBi

® ®
il m /
'

Usn: 115 kB;
T1: TATH-40000/115/38,5/11;

BH PITH-19-10-1,78
JI1: 25-AC-240 (110 &B);

Kpim Toro, ¢axiBmi yacom He 3BEepTalOTh yBarm Ha
me OAHy YHIKagbHYy OYyHKHOiII0O (200 MOKIIHBICTB)
CHJIOBOTO TpaHC(opMaTopa: CHIOBHH TpaHchopmaTop €
YHIKaJIbHOIO ~ €KCIIEPUMEHTAIBHOIO  YCTaHOBKOKO VIS
JOCIII/DKEHHSI TPOLIECIB  B3a€MOJIT  €JIEKTPOMArHiTHOTO
MoJii 1 PEYOBHHM. 3apajd CIPaBEIIMBOCTI cmif
3a3HAYMTH, 11O 1€ BIJHOCUTHCS A0 OyIb-SKOTO EIEMEHTY
€JIEKTPOCHEPTETUYHOI CUCTEMH OKPEMO, TaK 1 B LIJIOMY
JI0 BCIi€l €JeKTPOCHEPreTHYHOI cucreMu. B ocranHi poku
B 3B'I3Ky 3 LIMPOKUM BIPOBA/DKCHHSAM Cy4YacHHUX
BUMIpPIOBAIPHUX Ta iH(OpMaumifHUX TEXHOJOTIH Yy

(axiBIiB 3'SIBUINCS XOPOIIl MOXIIMBOCTI IO IIHPOKOMY
R1
M
F

o
E—

T2 TMH-10000/36,75/10,5;
wnu TIAHC-16000/36,75/10,5;
BH PITH-19-10-1,3

J12: 10-AC-185 (35 xB);
Puc.1 - Po3paxynukoea cxema enekmpuinoi mepeorci

OCHOBHI (pyHKIIi1, SIKi BUKOHY€E CHIIOBHI TpaHchopMaTop,
SK eJIEMEHT CIEKTPHYHOI Mepexi:

- cuiIoBHil TpaHcdopMaTop 3AIHCHIOE IEPETBOPEHHS
OJTHOTO KJIacy Hampyrd B IHIIWH, 3A1HCHIOIOYH
nepeady eIeKTPOSHEprii Ha BEJHMKI BIJICTaHi Bif
JDKepeia JIo KiHIIEBOTO CIIOKUBayva;

- cminoBHi  TpaHcopMaTop  TOB'SA3yE  MeEpexi
pizHOTO KJIacy HaTpyTH, 3MIACHIOI0YN
aBTOMAaTHYHE YOpaBIiHHA iX pexuMamu (3a
paxyHOK ABTOMATHYHOT'O YIIPaBITiHHS

ITOTOKOPO3MOALIOM B CIICKTPUIHHUX MEPEkKax).

T3: TM-1800/10/0.4;

BH ITEB-5-3-2,5
JI3: 5-AC-150 (10 xB).

BUKOPUCTaHHIO CTATHCTHYHOTO MaTepiany IUisi aHawizy
mporeciB, mo BimOyBatoTcsi B enemeHtax EEC i
e(EeKTHBHOTO YINpPAaBIiHHA PEKUMaMU  EIEeKTPHYHUX
Mepex [15]. Ile cmpusuto TOMy, IO OCTaHHIM YacoM
3'SBUIIOCS PsAJl LIKaBUX ITyONiKaliil Mpo JOCHiIPKEHHS
HOpMAJIbHUX, MCPEXiTHUX 1 aBapiiHUX pEKUMIB B
CUIIOBHUX TpaHcdopmaropax [23,24].

PosrisiHeMO  cIpolieHO  mpolec  BKIIFOYEHHS
TpaHchopmaropa MmiJ HaBaHTaxeHHs. [l mpocToTH
PO3IJISHEMO BHUMAJOK MPHBEACHOTO ABOX OOMOTKOBOTO

TpaHcdopmaropa (puc.2).

Rz Zn

| g |

— 1
.
Uz UH
&

e

ZH

—

Puc.2 - Cxema pobomu mpancgopmamopa nio HA8AHMANCEHHAM:
Z,, — cymapnuti komniexcuuti onip JIEIL, Z,, — cymapruil komniekchuil onip naganmadicenns, Uy— nanpyaa na 6x00i
mpancgopmamopa, U, — nanpyza na euxooi mpancgopmamopa, U, — nanpyza y cnosicusayis

Ilin BmmBoM mpukmageHoi Hampyru U;, mo
HNepBUHHII 00MOTII TpaHchopMaTopa OYNHAE MPOTIKATH
CTpyM I;, piBHHMI TOKy Xojoctoro xony: I; = Iy = Ixy.
Ieft cTpyM CTBOpIOE OCHOBHHMIM MATHITHHM TIOTIK B
Cep/IeYHUKY TpaHchopmaTopa @1 . Benmuuuna ctpymy Iy

mpu 1pOMYy HesHauHa (Ommspko 1% Bim [,,y), IO
00yMOBIIEHO BEJIMKOIO BEITMYUHOIO MAarHiTHO{
MIPOHMUKHOCTI MarHitonpoBoay (; (6mau3pko 10000) i

OT)KE€ BEJIHMKOI0 BEIWYMHOI IHAYKTHBHOCTI Lq.Ilim

BIUIMBOM OCHOBHOI'O MAarHiTHOrO IMOTOKY @] , B

nepBUHHIN 00MoTII HaBoauThCs EPC camoinmykinii Eu s
a y BropunHiit EPC B3aemoinmykuii E;,. Ilix BrmBom
E,, y BropuHHiii 06MoOTHi (IpM BKMIOYeHHI i mia
HABAHTAXKEHHS) IOUMHAE NPOTIKATH CTPyM I,. Lleit crpym

cTBOproe  cBiif Marnithmit motik @D,, cnpsmoammii
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3YCTPIYHO @1, 1 OTXKe BiH pO3MarHiuyye MarHiTOIPOBII.

[pu upomy p, < [y , a OTXKE 1 BIacHa IHAYKTUBHICTD L,,
Mae He3HauHy BenuuuHy L,, < L;;. B3aemonuis nmortokis
O u D
NPOHUKHICTh {{; 3MEHINYETHCS, L, TaKOX 3MEHIIYEThCS,
a cTpyM I; 36imbmryerscs i mpuiiMae HOBe 3HAYEHHS, IO
Bi/TIOBiZIa€ 3HAYEHHIO CTPyMy HaBaHTaxeHHs I,. Le i
BU3HAYa€ (PI3UYHY OCHOBY PETYJIIOIOYOI0 1 KEepyHuoro
edeKTy poOOTH CHIIOBOTO TpaHchopMaTopa.

Takum uymMHOM, Kepyrouuit (abo peryirorunii)
MpuHOMN Jii TpaHcdopMaTopa 3aCHOBaHUM Ha 3MiHi
MarHiTHOL MIPOHUKHOCTI MAarHITOIPOBOTY
TpaHcopmaropa, IO € pPE3yJbTaTOM  B3aEMOJIi
MarHiTHUX MTOTOKiB 0OMOTOK TpaHC(opMmaropa. MarritHa
MIPOHUKHICTh CHIJIOBOTO TpaHCcopmaropa [y (a oTxke i
IHAYKTUBHICTD L;) 3MIHIOETbCA BIiATIOBIAHO A0 3aKOHY

npu3BoOAUTL 10 TOro, wIo MardiTHa

CuHycoimanpbHHH 3aKOH 3MIiHH CTPyMiB B OOMOTKax
TpanchopmaTopa  MPHU3BOAWTHE A0  TOSABH  HETIi
ricrepesncy CTajleBUX MAarHIiTONPOBOMAIB. 3aKOH 3MiHH
HaBaHTAXEHHS TPaHCPOpMATOpa MOJYJIIOE BETMUMHY LIUX
CTPpyMiB, IO MNPHU3BOJUTH 10 3MIiHM IUIOII e
ricrepesucy. Ilpu 30ijbLIeH]I HaBaHTaXEHHS BOHA
3MEHIIYETHCS, a IPU 3MEHIIEHI — 30IbIIyeThCsa. A 11 B
CBOIO Uepry BH3HA4Yae 3aKOHOMIPHOCTI 3MiHHM BTparT Ha
HAMarHidyBaHHS B MarHiTONPOBOJax TpaHc(HopMaTopis.

ExcriepuMeHTanbHI  TOCTIKCHHS, IPOBEACHI 3a
JIOTIOMOTOI0  iHQOPMAIIHHO-KEPYIOUOTO0  KOMIDIEKCY
«CriekTp», TOBHICTIO  MIATBEPDKYIOTH  TEOPETHYHI
nonoxeHus. Ha puc.3 mpuBexeHa NpPUHLMIIOBA CXeMa
eKCIIepHMEHTAIbHOI YCTAHOBKH, a Ha pHC.4 — pe3yabTaTu
N00OBHX BHMIPIOBaHb CTPYMIB 1 HANPyT B MEPBHHHHX i
BTOPMHHHMX OOMOTKax CHJIOBOro TpaHcopmartopa TM-
10000/35. TIlpoBeneHi BUMIpIOBaHHS MOXYTh OyTH
MPOBEJEHI 3 BHUKOPUCTAHHSIM TEXHOJIOTIT BEKTOPHHUX

3MIHM  HABaHTaXCHHS, SAKAH  MOXKHa  OTpPHUMAaTu .
eKCIIEPHMEHTATBHIM 200 PO3PaXyHKOBUM mumsixom [25].  BMMIPIOBAHb.
GPS GPS GPS
me | = 7{ ‘ INE
TH TH ‘
N ] g = h e TH [
) o S | Y T s/
T_[ | =2 { (\I " 4 =
I - nEN N 4 AIEN | L
AR e et — ey
= Cunoeuii =
TC TpatchopmaTop TC TC

Puc.3 - Cxema excnepumenmanvioi yCmaHosKu.:
TH — mpancgopmamop nanpyeu, TC—mpancgopmamop cmpymy, JIEII — ninis enekmponepeoaui, GPS — xananu
36 ’a3xy, IIIE — inouxamop napamempie eHepeoCnoNCUBanHs

HpaKTI/I‘IHI/Iﬁ aHami3 CKCIICPUMCHTAJIbHUX HOaHUX

Ha  CTOpOHI  BHCOKOI  Hampyra

(edpexr

MIOKA3ye:
— TOTIK eHeprii HaAXOOUTh 3 OOMOTKH BHCOKOL
Hampyrd B OOMOTKY HH3BKOI 3a BiZHIMaHHIM
BTpar XX 1  HaBaHTaXyBaIbHUX  BTpaT
Tpanchopmaropa. I[uHdopmaiis mpo  XapakTep
CTHOXKMBAHHSI TepelacTbcsi 3 OOMOTKM HH3bKOI
Hampyrd B OOMOTKY BHcokoi. IIpum mpoMy B
MEpBUHHUX OOMOTKaxX CIHOCTEpIraeTbcs OLIbII
pPIBHOMIpHMH  XapakTep  3MIHH  CTPYMOBHX
HaBaHTaXXEHb, HDK y BTOpUHHUX  (edexT
BUPIBHIOBaHHS HABAHTAXKCHH);

— 1100OBI KOJMBAHHS CTPYMOBHMX HaBaHTaXXCHb 1 Ha
CTOPOHI BHCOKOI 1 Ha CTOPOHI HU3BKOI HaNpyTH
cknanaiote 50-100%, mpu 1OMY KOJNHUBAHHS
piBHIB Hampyru cknamaroTh 10 10%. KomuBanus
piBHIB Hanpyru oOyMOBJIEHI HMaliHHAMH HAIpPyTH
Ha Tparcdopmatopi i JIEIT po3noineHOi Mepexi B
3B'SI3KY 31 3MIHAMH HaBaHTAXKCHHSI;

— CTPYMOBI HABAaHTAXXCHHS Ha CTOPOHI BHCOKOL
Hampyrd OUIbIl CHMETPHYHI, HDK Ha CTOPOHI
HHU3bKOI HAalpyT', B TOW K€ 4ac PiBHI HANpPyrd Ha
CTOPOHI HU3bKOI HANPYTH OLIBII CUMETPUYHI, HIX

CHUMETpPYBaHHsI HABAHTAXXCHHS);

— 3MiHA HaBaHTA)XCHHS, SK Ha AUITHKAX 3pOCTaHHS,

TaK i Ha MUITHKAX 11 3HIDKEHHS, CYTIPOBOIKYIOTHCS

CHMETpYIOUMM e(QeKTOM  HaBaHTaXeHHsA. Ha

IUISHKAX PIBHOMIPHOTO CIIOYKHBAHHS BOHO OLIBII

HECUMETPHYHE;

3pOCTaHHS  HABAaHTXKCHHA  INPHU3BOOUTH  JO

3HW)KEHHS PIBHIB HAIPYTH, SIK 3 OOKY BHCOKOT, TaK

13 OOKY HU3BKOI HAIPyTH;

— XapakTep 3MiHHM CTPyMOBHMX HaBaHTa)KCHb 1 PIBHIB
HaIpYTY iIEHTUYHUH, SIK HA CTOPOHI BUCOKO, TaK 1
Ha CTOpPOHI HH3BKOI Hampyrum 1 MOB'A3aHI
koedinieHTaMu TpaHchopMarii;

— PpiBHI CHOXWBAaHHSA AaKTHBHOI TOTYXHOCTi, SK
MpaBWJIO, B JEKiNbKa pa3iB  IEPeBUIIYIOTh
CIIO)KMBAHHS PEaKTHBHOI IOTYKHOCTI;

XapakTep CIIOKMBAaHHSA AaKTHBHOI IIOTYXHOCTI
IIGHTHYHUN ~ XapakTepy  3MiHH  CTPYMOBHX
HaBaHTaKEHb, XapaKTep CIOKUBAHHS PEaKTUBHOT
MOTY)KHOCTI ~ HEOMHO3HAYHMKA - Ha JICAKUX

IOUITHKax BIH IAGHTHYHUI XapakTepy 3MiHH
aKTHBHOI IIOTY>KHOCTi, Ha IHIOUX 30iraerbcs 3
XapaKkTepoM 3MiHH PiBHIB HalPYTH.
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Takum YUHOM, y3arajbHEeHUN aHawi3
EKCIIEPUMEHTAIBHUX PE3YJIBTATIB IIOKa3ye, 0 CHIIOBHH
TparchopMaTop € e(DEeKTUBHHM KEPYIOUHM IIPHUCTPOEM
eNEeKTpUYHOi ~ Mepexi. BiH  aBTOMaTHYHO  Kepye
CIIOYKHBAHHSIM i MIOTOKOPO3MOIITIOM
€JIEKTPOCHEPTETUYHUX TOTOKIB EJIEKTPUYHHUX MEPEK.
KpiM Toro, BiH mepemKO/KAaE IIOMMPEHHIO BHUIIUX
TapMOHIK B €IEKTPHYHUX Mepexkax [26], a Takoxk HaJae
CHUMETPYIOUMH 1 3TJIaXy0unil BIUIMB Ha (a3Hi cTpyMH i
Hanpyrd, 1o Oe3yMOBHO € BaKJIMBUM (akTtopom y

3a0e3MeuyeHHl  mapaMeTpiB  SKOCTI  €JIEeKTPOEHeprii.
[MprunHoto  cuMerpyitodoro edekTty €  CTBOpEHHS
3arajJbHOTO MarHiTHOTO MIOTOKY BCepenHi

TpaHchopmaropa. Pexwum poboTH TEpBHHHOI OOMOTKH
TpaHc(hopMaTopa y3araJbHIOE eeKTPOMAarHiTHI POIIECH,
0 XapaKTEePU3YIOTh PEXKUMH poOOTH HaBaHTaxeHb, JIETT
i cuioBHX TpaHC(OPMATOPIB EIEKTPUYHOT Mepexi.
Pexxumu poOOTH BTOPHMHHOI OOMOTKH TpaHcdopmaropa
XapaKTepu3yrTh MOJTMBOCTI €HEeproCcHUCTeMHU
3a0e3MedyBaT CIICKTPOCHEPTIEI0 KIHICBUX CII0KHUBAYiB.
Cunre3oBaHy  MaremarnuyHy 1 (QisuuHy  Mozenb
HOPMAaJIBHUX PEXHMIB poOOTH TpaHchopMaTopa MOXKHA
TIpeACcTaBUTH Ha 0a3i MaTepianiB po3pobnenux y [27, 23].

HemniniifHa MateMaTHYHa MOJIENb, IO BigoOpakae

VA+<>(U~€ra_utosmzo

0 €
VA +— Ur—f =0
C
Jie — ¢c— MBHUAKICTH CBITIIA.

B Tomy pasi skmo nponumkHocti £, 1 U, He

HOCTIfHI BeIM4IMHY, Hanpuknan U, , € QyHKuig gacy, T0

BimmoBimHO a0 Bupasy (3) ymoa JlopeHia HaOyBae
IHIIAN BUTIISL

oQ ou
VA+g, U, —+E€ £ =
aua Ot a¢ dt
3BIICH:
op ou
VA=-¢g,——-cp—2 4
R @

[lepme piBHSHHS MakcBena MpH LHOMY OIUCYETHCS
CIIBBIHOIIEHHIM:

o Mg ou g

[VB]=¢.u, e (5)

(isuyHi  TpOLECH  HOPMANBHHX — PEXHMIB  poOOTH  pe B — BEKTOp IHAYKIII MarHiTHOro nois, E — Bekrop
TpanchopmaTopa  Moke ~ OyTH  OTpHUMaHa  TIpH . S
BUKOPHCTaHHI  TeOpii BEKTOPHOTO 1  CKaJsIpHOTO HArpyKCHOCTL — CHICKTPUTHOTO O, ~BeKTOp
notenmianie i ymoBum  Jlopenmma  [28]. IIpm  HVIBHOCTI CTPyMy.
PO3MOBCIOKEHH] €JIEKTPOMATHITHOTO oJIse B Ockimsku B = [VA] E=-Vop- % ToMy:
MaTepialbHOMY CEPEIOBHIN, IO XapaKTePU3YEThCS ot
rnapamerpamMu abCOJIOTHUX JieICKTPUYHOI Ta MarHiTHOT 0 0A
nponukHocti €, = &€ &, i U, =M Uy, ymosi Jlopenua [V[VA]] - Sauaa (—V(p B E) *
Bi/IMOBiae BUpa3: T v JA\ Ju,
E — —_— — —
vA.,.M:O 3) e ot ( ¢ 0t> ot
ot Ane [V[VA]] = V(VA)— VZ2A, takum unsoM:
Je — A, @ — BEKTOPHUH 1 CKaJISIpHI MOTEHIiaNH, t — Jac.
TOOTO:
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T00TO mudepeHmiaabHa Gopma Teopemu ['ayca, B TomMy
akmo M, € O¢yHkmia dacy,
JIOTTIOMOT OO TTOTCHIIIATIB TAKAM YHHOM:

pasi 3amHCy€eThCs 32

ot €,
TOYHIIIE:
0 0
~-Vp-—VA=—
¢ ot €

a
B ocrannpOMy piBHSTHHI CJTii BAKOPHCTOBYBATH 3HAUCHHS
BEJIMYMHY, BU3HAUYEHe y Bupasi (4), Toxi:

_quo_ﬁ(_eu 0_¢_ OLJ j B

ot ot ot )T e,
abo:
02 a
Vz(p — &MU, at(f & a.:zl = _s% (7)

Takum unHOM, piBHsHHA (6) 1 (7) B CYKYyITHOCTI 3
PIBHSIHHSM (4) YTBOPIOIOTH CHUCTEMY PIiBHSHB, NOBHICTIO
eKBIBAICHTHY piBHAHHsIM MaxkcBena. Ili  piBHSIHHS
BPaxoOBYIOTh 3MiHH B 4aci MarHiTHOi MPOHUKHOCTI, TOOTO
CKJIaJIOBOi aKTHMBHHUX BTpPAaT B MarHiTHOMY CEpelOBHILI.
i HeoOOpOoTHI MarHiTHi BTpaTH OOYMOBIECHI pPyXoM
3B’S3aHAX MArHITHHX JOMeHiB. OTpUMaHi pe3yibTaTH
MOBUHHI 3a0€3MeYUTH MiBUIIEHHS TOYHOCTI PO3PaxyHKY
€NIeKTPOMArHITHOTO ot i e(peKTHBHOCTI
(GyHKLIOHYBaHHS CJICKTPOTEXHIYHUX  CHCTEM 3
(epoMarHiTHUMH eJeMeHTaMH. Y HalIOMy BHIAAKY
MPHUBE/ICHI MaTeMaTUu4Hi Moeli OMHCYIOTh
€JIEKTPOMArHiTHI MePEeTBOPEHHS CHJIOBHX
TpaHcopmMaTropiB B pI3HOMaHITHHX peXHMax poOoTH
PO3MOUIBYNX SIEKTPUUHUX MEPEXK.

BucHoBku

TakuM dYMHOM, HaBeZEHAa MaTeMaTW4HA MOJIENb
HOPMaJIbHUX DPEXKUMIB ENEKTPUYHOT Mepexi y BHIJISLII
BY3JIOBHX PIBHsIHb. 32 JIOIIOMOT'O0 TE€XHOJIOTIT BEKTOPHUX
BUMIpIOBaHb TaKi MOJEJi J03BOJSIOTH KOHTPOJIOBATH
PEKUMHU B peajbHOMY 4aci 1 OLIHIOBATH PEalIbHUH CTaH
eJIeKTpUYHOI Mepexi. TeopeTHyHo 1 eKCHeprMEeHTaNbHO
JIOCHI/DKEHUH 3B'I30K MDK HOPMAaJIbHUMH PEXHMaMHU
@JIEKTPUYHOI MEpexXi 1 eNeKTPOMAarHiTHUMHU IpolecamMu
cuiioBoro Tpancopmartopa. Beranosnenuit kepyroumii i
peryioounii epekT poboTH cuiIoBOro TpaHcdopmaropa.
Po3pobnena maremaTndHa MOJAETh HENIHIMHUX MPOIECiB
TpanchopMaTopa Yy  BHINIAAI ~ CHCTEMH  PIBHSHB
€JIeKTPOMATHITHUX  TOTEHIIadiB, IO eKBiBaJCHTHA
piBHsAHHSIM MakcBena. BcraHoBiieHa 3aekKHICTH ITIET
CHCTEMH BiJl 3MiHU MarHiTHOI IPOHMKHOCTI CEpeIOBHIIIA.
ITokazaHo, 110 HEOOOPOTHI MarHiTHI BTpaTH 00YMOBJICHI
PYXOM 3B’s3aHMX MAarHiTHHX JIOMEHIB, TOOTO 3MiHOIO
MarHiTHOi TPOHUKHOCTI  CEpeIOBHIIA. OTtpumani
pe3ysbTaTh JIOTOBHIOIOTh KAapTHHY EJIEKTPOMAarHiTHUX
NIepeTBOPEHh B  TpaHCopMaropi Ta EIEKTPUYHUX
Mepexax 1 MOXYyThb OyTH BHKOpPHCTaHi HpH po3podii

HOBHX smart grid TexHomorid s MiABHIICHHS
HaJiHHOCTI, €(PEeKTHBHOCTI i KEpPOBAHOCTI HOPMAIBHUX
pSKHMIB B CHCTEMi  ONEPATHBHO-TEXHOJOTIYHOTO
KepyBaHHS.
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AHOTALHA [lpusedena mamemamuueckas MOOeib HOPMATbHbIX PENCUMOS INEKMPULECKOl cemu 8 guode y3n06uix ypasuerut. C
NOMOWbIO MEXHON02UU BEKMOPHBIX USMEPEHUN MaKue MOoOeiu NO380JSI0M KOHMPOIUPOBAMb DENCUMbl 8 DealbHOM BPEMEHU U
OYeHUBamMs peabHoe COCMOHUE IIeKMPUYecKoli cemu. Ycmanoeiena 63aumoceszb Mexucoy NeKmpOMAHUMHbIMU NPOYeccamu
CUI08020 mpancopmamopa u pedxcumamu pacnpederumenvroll snexkmpuyeckol cemu. C HOMOWBIO CUCEMbl CUHXPOHHBIX
uMepeHull NOIYYeHvl  CYMOYHble 2pauKku  HaspysKu Ccunogozo mpaucopmamopa. Ilpogeden 06006wenHbIll  aHAIU3
IKCNEPUMEHMATLHBIX UCCLeO08AHUL, YCMAHOGIEH pe2yiupylowuti u ynpasisiowuil 3¢gexm pabomwr mpanchopmamopa. Ilpu
UCNONL30BAHUU MEOPUU 6EKMOPHO20 U CKAIAPHO20 NOMEHYUANo8 u yciosus Jlopenya nonyueHa HeiuHeuHas MAmeMamuieckdast
MOOenb INEeKMPOMASHUMHBIX NPOYECCO8 CUN0B020 MPAHCHopmamopa. Ycmanognena 3a6UucumociG SMmoil cucmemvl YpagHeHut om
UBMEHeHUs. MASHUMHOU NPOHUYACMOCMU CPeObl. YCmanoeneno, umo Heobpamumbvle MazHUMHbLIE NOMeEPU 00YCL08IEHbL OBUNCCHUEM
CBA3AHHBIX MACHUMHBIX OOMEH08, MO eCMb USMEHEeHUeM MAasHUmHOU npoHuyaemocmu cpeovi. IIposeden 06006wennbll anaiu3
MeopemuiecKux u IKCNePUMEHMANbHbIX UCCLe008AHUIL.

Kniouesvle cnosa: siexmpuueckue cemu; HOPMALbHLIL PeJCUM; CULOBOU  mMpancgopmamop;
NEKMPOMASHUMHbLE NPe0BPA306aHUsL; HeIUHEUHAS. MAMEMAMUYecKds MOOeb.
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