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Anortauisi- — Ha ocHoBi aHami3y JiiTtepaTypHuX KepeJ
NMOKA3aHO, 110 B eJeKTpoeHepreTU4Hiil cucremi cuiIoBi
Tpancpopmatopu (CT) — ue BapTicHuii Ta BianmoBinanbHuii
BH/I eJIEKTPHYHOro 00JaaHaHHs. Po3risinyTo MeToa aHajisy
AMILTITYIHO-4aCTOTHUX  XapaktepucTuk (AUYX), skuid
HLTSIXOM BUKOPHCTAHHS pe3yJbTaTiB BHMipIOBaHb
aMIUTITYTHUX 3HA4YeHb HAPYTH CHTHAJTY BiATYKY Ha TeCTOBMIi
CHTHAJI Ta HANPYrH TECTOBOr0 CHTHATY, BH3HAYeHHS
KoedinieHTa mepenayi TeCTOBOro CUrHaju Ha Pi3HUX YacTOTax
103BOJISI€E BUSIBUTH BiAXWJIEHHS 1bOro koediuienra Bin
HOPMOBAHMX J0ro 3HaYeHb HAa YacTOTaX, Ha SIKHX
NPosIBJAIOTHCA HalOLIbI yacTi momkomkennsi CT no3poJisie
OOIPpYHTYBaTH TeXHiYHMIi cTaH TpaHcopMaTopa Ta BY3JiB.
Buxopucrtano MeroJ HaiiMeHIIMX KBaJpaTiB, TeopeMy
TI'aycca-Mapkosa Ta MaTpHLIO KoBapianii ISt
CTATHCTUYHOI0 OLIHIOBAHHS MapaMeTpiB perpeciiiHoi Moaei,
oTpuMaHoOi 3a pe3yJbTaTaMH BHMipOBaHb. Bu3zHaueHe
perpeciiine piBHAHHA 3a0e3neuyye HaliMeHIle 3HAYEHHSI CYMH
KBaJpaTiB  BiIXWjieHb pe3yJbTaTiB BHMIpIOBaHb BijJ
obduucaennx 3a piBHAHHAM perpecii. Ha npuknagi ogwiei
aMILTITY10-9aCTOTHOI XapaKTePHCTHKHU IOCTIKYBaHOTO 3a
MiceM  po3TallyBaHHSI  CHJIOBOrO  TpaHcdopMartopa,
3alPONMOHOBAHO AJTOPHTM BH3HAUYEHHSI PEeKOMEHI0BAHOTO
TepMiHy Ta JaTH NPOBeJeHHs HACTYNHUX BUMipoBaHb AUX,
3 MeTOI0 3MeHINeHHsi PU3MKY BHHHKHEHHs aBapiiiHoro
Pe:XKMMY Ta 3MeHIIEHHs] BUTPAT Ha eKCILIyaTalilo CHJIOBOTO
TpaHcdopmaTopa IJISIXOM 30inbIIeHHS KiJbKoCTi
BHCOKOIH()OPMATHBHMX BHUIPOOOBYBaHb Ta BHMIpPIOBaHb
NiarHOCTHYHUX NapaMeTpiB.

Takok BU3HAYEHO MEXKY S5-TH BiICOTKOBOIO BiIXujeHHS
Ha iHQOPMATHBHOMY NPOMINKKY 4YACTOTH, JJIsl MOJAJIBIIOrO
BU3HAYeHHsl HMOBIpHOro nepetuHy rpagikis y BU3HAUYeHHX
TOYKAX, TAKOi Mexki, 3 MeTOI NPOrHo3yBaHHsl HMOBIpHOro
NMOLIKO/’KEHHSI 00MOTOK.

Knwuosi cnosea - mexuiunuit cman, mpamncgopmamop,
AMRIAIMYOHO-4ACIMOMHA XAPAKMEPUCIMUKA.

I. BcTvI

BimoMo mo B enexkTpoeHepreTHuHiil cHcTeMi, CHIOBI
tpancopmaropu (CT) - me BapTicHI Ta BiANOBiAANBHI
enemeHtn obOmagHanHs [1+3]. Koxxne HecmoxmiBane
BiakmoueHHs: CT moB’si3aHe 3 iHAHCOBUMH BTpaTaMH JUIsl
EJIEKTPOSHEPIeTUYHOTO  MIANPUEMCTBA, a  Takox
CIIO)KMBAYiB €JIEKTPOEHEPTil, sIKi OTPUMYIOTh NMOCTA4YaHHS
eJIeKTpoeHepTii yepes 1eit Tpanchopmarop [4]. Kpim Toro
BUBEJICHHSI 3 EKCILTyaTalii Takoro o01a HaHHs IPU3BEE 10
3MiHH PEXUMY POOOTH €IEKTPOCHEPTETUYHOI CHCTEMH, IO
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NpU3Bele 0 3HAYHUX BTPAT €JIeKTPUYHOI eHeprii. [leski
MOIIKO/KEHHS. MOXYTh IPU3BECTH JIO CIalaxy BOTHIO
TpaHc(OPMATOPHOTO pe3epByapa, Ud HaBITh 0 BUOYXY, UM
BUTIK MiHEpaJbHOTO Macia (Bce IIe JOMiHyKYe
CEpEeIOBUINE JUIA 130JISMii Ta OXOJIOJKCHHS B CHJIOBHX
TpaHchopMaTopax), 10 CIPUINHHUTH 3a0PYAHCHHS IPYHTY
Ta BoAM. HapiliHicTh TpaHcopMaropa BIUIMBAE Ha
HamidHICTE  emekTpomepexki.  ToMy — migTpuMaHHS
TpaHcopMaTopa B CIIPaBHOMY CTaHi BaKJIMBE 3aBIaHHSI
JUTSL T IBUIIICHHS HAIIHHOCTI CUCTEeMH [3, 4].

OpuuM 13 BaxwmBuX (akTopiB, migrpumanss CT B
HaJIe)KHOMY TEXHIYHOMY CTaHi, € JITOPUTM IIPOBEACHHA
JIarHOCTYBaHHS Ta BHM3HAUEHHS IIEPiONy IPOBEICHHS
BUMiptoBaHb.  [IpaBunpHWII  BUOiIp  IOiarHOCTHYHOI
MpoIeypH Ta TpaBWIbHA IHTEpIIpeTalis pe3yJbTaTiB,
OTPHMaHUX MPH PI3HUX BU/IAX BUMIPIOBAHHSIX PE3yJIbTaTiB
[4], 3a0e3meunTh €NEKTPOCHEPTETUYHOMY ITiIIPHUEMCTBY
HaJIiiHY poOoTy HOTO Mepexi.

Amnaniz yacrornoi xapakrepuctuku (FRA) - ne meron,
SKAH 3a3BUYail BUKOPHCTOBYEThCS JUISl OLIHKH CTaHy
00MOTOK Ta MarHiTorpoBoay Tpanchopmaropa[3].

AmHai3 JitepaTypHHAX Dkeped [6+8], cBiTIHTh mpo Te,
1110 3 JIOTIOMOT'O0 BUMIPIOBAaHHS YaCTOTHHUX XapaKTEPUCTHK
(mampuknmax  mpumagom  FRAnalyzer),  3’sBisieThes
MOXIIMBICTD BUSIBJICHHS TakuX JIe()eKTiB HaBiTh HA PaHHIN

CTalll 1X PO3BUTKY.

B [9+11] iineTscs mpo Te, 10 SKIIO, HOpMaTHBHA 0a3a
YaCTOTHUX XapaKTEPHCTHK, BBeJeHUX B ekciuryatanito CT,
HakoONM4YeHa, TO Y pa3i HEOOXiTHOCTi JiarHOCTYyBaHHS
00J1aTHaHHS, TUITAHOBOT'O YH Y pa3i HeBEIUKOI aBapii, MOXXHA
BukoHatH nociimkends CT, Ta BUBHAYUTH HOTO TEXHIYHHMH
ctad. OxHak 3 [2], BiZoMo 1110, OOTpYHTYBaHHS BUCHOBKIB 32
pe3yibTaTaMi BUKOPHCTAaHHA TAaKOTO JIarHOCTHYHOTO

obnmamHaHHs B YKpaiHi  OOMEXEHO  BiJICYTHICTIO
HOpPMAaTHBHOI TexHi4HOi JokyMmeHramii. Illo oOmexye
MOKJIHUBICTH ITIOBHOILIIHHO BUKOPHUCTOBYBATH Take
o0nagHaHHs.

ABtopu [12+14], omMCYIOTP MOXKIIMBICTH BHSBICHHS
HecripaBHocTi CT, Ha OCHOBI MOpIBHSAHHS IONEPEAHBO
orpumanoi AUX Ta BHUMIpSHOI XapakTePHCTHUKH IiJ dac
nmociimkenHs. Ockimbku ifes FRA anamizy mono crany
obmotkn CT 1pyHTyeTBCS HAa TOMY, IO BiIXWJEHHS abo
reoMeTpu4Hi Jaedopmanii 0OOMOTKH CTOCYIOTHCS 3MIiHH
BHYTpIIIHIX BiJICTaHEW MiXK BUTKaMH Ta OOMOTKaMH, SIKi
BU3HAYAIOTh HOTO €MHOCTI Ta IHAYKTHBHOCTI. A B [9+10]
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3BepTaeThes yBary Ha BIUIMB napametpiB CT Ha Hampyry
CHUTHAITy BIIT'YKY Ta TECTOBHIA CHTHAJ 3arajioM. Pazom 3 Tum,
y [2,4], aBTOpM MIiATBEpPIUKYIOTh, IO BU3HAYCHHS
texHiggoro crtany CT, 3 JomomMororw BH3HAYCHHS
BigxuneHHst AUX Ha 5% 1 OinbIre, acTh 3MOTY, TOBOPUTH
npo HecnpaBHU TexHiyHMH cran CT.

B Takomy pasi aBTOpamMH, ITAHOTO IOCIHIiIKCHHS,
MIPOTIOHYETHCS MPOBE3TH IOJATKOBI JOCIIJDKEHHS CTaHy,
HaNpHKIIaJ TaKi SK KOHTPOJIb TAHT'€HCa KyTa AieIeKTPHIHNX
BTpaT tgd, BHM3HAYEHHS ONOPY MOCTIHHOMY CTpyMYy,
MIPOBEACHHS EKCIEPUMEHTIB KOPOTKOTO 3aMHKaHHS Ta
XOJIOCTOTO X0y, XpOMaTorpagiuHOro aHaji3y pO3YHMHEHUX
B TpaHCQOpPMATOpHIH OJMBI Ta3iB, TEIIJIOBI3OpHE
00CTeX)KeHHsT 00’€kTy, Tomo. Ta BHKOHATA BUCHOBKH
BignoBigHO 10 [15]. SIKMIO % BiIXWICHHS XapaKTEPUCTHKH
Oyne w™enmmMm Hikx 5%, Ttomi Texuiunumii ctam CT
BBAXKAETHCSI CIIPaBHUM, 1 HacTymHe BuMiptoBaHHS AUX
Oyne TPOBOAMTHCH 3TiHO 3 TpadikoM NpOBEACHHS
IUTAHOBOTO TpadiKy TEXHIYHOTO OOCIYrOBYBaHHSI, ¥
BianoBigHOCTI 70 [15]. OqHaK, BUHUKA€E MUTAHHS, SIK TISTH
y pa3i BUSBICHHS BIIXMICHHS OJIM3BKOTO 33 3HAUYECHHSAM JI0
5%7?

B craTTi mpOmOHYEThCA TPOBE3TH CIIOCTEPEKCHHS 32
TEHJICHIIIEI0 3POCTaHHs Y1 CIIaJIaHHs IepeiaTHOl QPyHKLIT B
KOHKPETHIH TouIl, A TonepeKeHHs momkomkeHHs CT,
OCKUIbKU TaKUil arperaTr € JOCHTh BaXXJIMBUM €JICMCHTOM
€JIEKTPOCHEPTETUIHOI CHCTEMH.

Omxe, BUNPOOyBaHHS Ha BUSBJICHHS Jedopmaril
00MOTOK Ta MarHiTONpPOBOY MarOTh BaYKITNBE 3HAYCHHS TS
6e3neunoi ekcrutyararfii CT. Taki HOMIKOIKCHHS, BAYKJIUBO
BUKOPHCTOBYBATH Ta IIEPEBIPSATH, BCI CUTHAJIH, SIKI MOXYTh
BKa3yBaTH Ha MOTEHIIHHUH nedekt Tpanchopmaropa. Tomi
Ha OCHOBI HAJISKHOI AIarHOCTHYHOI MPOLEYPH MOXe OyTH

. . v
NPUAHATO e(EKTUBHE Ta pAI[iOHANBHE PIMICHHS II0J0
nmoakIoi ekcruryaranii qaroro CT.

MeToro JOCIHiKeHb, pPe3ylbTaTH SKUX IMPHUBEICHI Y
CTaTTi, € MiABHIIECHHS $KOCTI IUIAHYBAHHSA TEXHIYHOTO

obcmyropyBanHss CT 3a  pesympTataMl  KOHTPOIIO
YaCTOTHHUX XapaKTCPUCTHUK.

Jnst SIKICHOTO TIPOBEICHHS OCIIKEHHS
PO3B’3yBAUCH 337aui:

—  anam3 6asu AUX CT;

- BH3HAUCHHS TEXHIYHOIO CTaHy, BHUSBJICHHS

TEH/ICHITIH BiIXWICHHS 3HAYCHD JIarHOCTHIHHX ITapaMeTpiB
BiJl IOYATKOBHIA B BOJJHOYAC HOPM TNOOYIOBA JIiHIT TPEHITY
nmocaimxyBaroro CT 3a pe3ynpraTaMu aHANI3y OTPHMAaHIX
AUX;

— BHU3HAYCHHA PCKOMCHAOBAHOT'O TepMiHy

NPOBEACHHS HACTYITHUX BUMiptoBaHb AUX.

I1. OCHOBHA YACHUHA

A. Ananiz ma ynopaokyeanus AYX CT

JIyis BUpIIICHHS MMOCTaBJICHUX 3aia4, oTpuMano AUX,
SKi € pe3yJbTaTaMy BUMPOOYBaHb, YACTOTHUM aHAi30M
cunoBoro TpaHcdopmaropa tumy TMIT 1000/10 V1.
XapakTepucTuky, mpeacTaBieHo Ha fig 2, BuMipsiHi Ha
nitouomy CT, BOpoJOBXK TepMiHy HOTO eKcIutyararii, ajis
MEepeBipKH  HOTO  TEXHIYHOTO CTaHy. BumiproBaHHS
MPOBOJMIIKCH 3 JOMOMOrow mpuiaxy FRAnayzer ¢gipmu
OMICron Ha JifoYuX eNEeKTPOSCHEPreTHYHUX MiIPUEMCTBAX,
taki sk AT «BIHHULSAOBJEHEPTI'O» (Binaumbka
obnacte), Ta Iucapisceka ®EC TOB CepgictpaHcaBTo
(XmMenpHHAIIBKA 001aCTh), IPOIIEC MPOBEICHHS BUMiIPIOBAHb
npencraeieHo Ha fig 1.

Fig. 1. Tporec nposenents aiarnocryBanus CT

Meron yacrotHoro ananizy AUX mepenbauae anamiz
aMIUNITyJJHUX 3HAueHb CHUTHAJY BIArYKY Ha TECTOBHI
CHUrHaJ i, B Halll Yac, 3aCTOCOBYETHCS VIS JIarHOCTYBaHHS
CT [13+15]. Leit meron mosisirae y TOMy, IIO CIIOYaTKY
BUMIPIOIOTECSI aMIUTITYAHI 3HAU€HHS HAlpyTd CHUTHATY
BiAryKy Ha TecToBUM curHan (UaMmImLBiar) Ta Hampyru
tecroBoro curHany (Uamm.rect). Jlani BH3HauaeThes
koe(illieHT mepenadi TeCTOBOrO CUTHAN Ha Pi3Hii 4acToOTi
(3HaueHHs1 mnepenatHOi (YHKILIT), SK pe3yJibTaT AiJIeHHS

aMIDTITyJHOTO 3Ha4YeHHs Hanpyrn UammBiar (curaaia
BITyKYy Ha TECTOBHHA CHUTHAJI JUIS TIOTOYHOI YaCTOTH I[HOTO
CHTHATy) Ha aMIUNTyJHE 3HAYEHHS HANpyru (TECTOBOTO
curHamy A Takoi xk dactotH) Uamm.tect. Lleit pesymnprart
4acTo 3anucyeThes y aenndenax. Toai BiH BUSHAYAETHCS 32
HACTYITHOIO (OPMYJIOI0, SIKa € MmepeaaTHo GyHKIieo [16]
TectoBoro curHany (1) (F):

k(u) = 20 lOglO UaMl'l.Biﬂ,I‘/UaM.TeCT (l)

DOI: 10.33042/2079-424X-2019-3-56-92-98 93
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Fig. 2. Pesymbrat orpumannx AUX mix gac excrutyaranii CT:a) ksiters 2014p.; b) xxorens 2014p.; €) keitens 2015p.;... ; d) xoBrens 2018p. €)
kBiTens 2019p.; ) sxoBrens 2019p.

ITix yac MOpPiBHSHHS NOTOYHOI KPUBOI 3 HOMEPEIHBOIO,
BIAXWJIEHb HE CIIOCTEpIracThCs, ajie CIOCTEePIraloThCs
Bimxunenus B Mmexax 5% (fig. 3). Le cBimuute mpo
cnpasuuii cran CT. [Ipore, BpaxoByto4H NIpoIecH IiJ] 4ac
eKCIUTyaTalii Takoro arperaty (eJIeKTpOoAMHAMIYHI CHIIH,
KOPOTKI 3aMHKaHHS, TOINO), A0 HACTYIHOTO IUIAaHOBOTO
TEXHIYHOTO IarHOCTYBaHHs, € HMOBIPHICTh ITOIIKOIKCHHS
obmorok CT, mo Moke TPHU3BECTH IO BHBOLY HOTO i3
eKCILTyaTallii.

TIpornoHyeThCst TOCTITUTH TSHICHINO BigxmwieHb AUX,
Ta CIPOTHO3yBaTH WMOBIpHiCTH Buxoay 3 snaay CT, nis
NPUIHATTS TPABHIBHOTO PIllIEHHS IIOJ0 PEKOMEHAOBAHOT
HACTYITHOT JaTH MPOBECHHS JIarHOCTYyBaHHSI.

Jus mporo moOymyemMo Tpadiku 3MIHH BHUMIpPSHOI
BEJIMYMHH y KOHKPETHHX TOYKaX, B SKHX IiJI dYac
JIOCITIKEHHS BUSBIICHO 3MiHY 3HaUYCHb IIepeIaTHOT (PYHKIIIT
k(u), vacTrHa pe3ynbTatiB npeacrapieHa Ha fig 4.
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Fig. 3. 'padik nopiusaHst orpumanux AYX.

Jns 1mporo moOymyemo Tpadikd 3MiHH BHMIpSHOL
BEJIMYUHA y KOHKPETHHX TOYKaX, B SKHUX TMIiJ dYac
JTOCTIKeHHS BUSBIICHO 3MiHY 3HA4YEHb NIepeIaTHOT QYHKIIIT
k(u), wactuHa pe3ynprariB npezacrasiena Hafig4.
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Fig. 4. Pesynbrari MOPiBHSHHSA y JOCIIIKYBaHUX TOYKAX, 1€ CIIOCTEPIrajiucCh BiAXHICHHS:

a) k(u) = -9,2616 dB, nipn F= 239640 Hz; b) k(u) = -9,5472 dB, npn F= 245490 Hz; ¢) k(u) = -9,5064 dB, npn F= 251480 Hz;
f) k(U) = -6,6504 dB, npn F= 304980 Hz
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Takum YUHOM Ha  JOCHDKYBaHMX  TOYKax
CIIOCTEPITAETHCS TCHCHIIISI He3HAYHHUX BIIXHUIICHB. 3arajioM

KAPTHHA HA IPOMDKKY JOCIIUKyBAaHOi uacToTH HaOyBae -
BHUIJIIAY TpezcTaBieHomy Ha fig 5
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Fig. 5. Tennenmis 3minn AUX mpoTSroM IOCIIHKYBAHOTO TIEPiOTy

3a [2,4] BW3HAUMMO MEXy S-TH BiJCOTKOBOTO
BIIXWICHHS Ha JAHOMY np0M1>I<1<y YacTOTH, JUIf
MTOJANTBIIIOTO BU3HAYCHHS I/IMOBlpHOFO repeTHHy rpadikiB y
BHU3HAYCHUX TOYKAaX, TAKOT MEXKi, 3 MCTOIO MPOTHO3YBaHHS
HMoBipHOTO TToITKOKeHHS 00MoToK CT.

OTxe st KOXKHOT 13 JOCIIPKYBaHHX TOYOK, BU3HAYCHO
5% mexy. Pe3ynbpTaT npencTaBieHi B TabIMII:

TABLEI. PE3VIIbTATH OTPUMAHHS 5-% MEXI, JOCJIJIKYBAHUX
TOYOK
Hacrora 239640( 245490 | ... | 301330 | 304980
BHUMipIOBaHb, I'l(
fgcmﬂ"‘y“a“a TOUKR) 9 9616 -9,5472 |... |6,9666 |-6,6504
5% wmexa, 1b -9,7246 |-10,024 |... |-7,31493 [-6,98292

[MoGynyemo rpadiku 3miHK JZ[OCJ'IIJI)KyBaHI/IX TOUOK, 3
ypaxyBaHHsIM 5% Boi Mexi, Ta OOYIyEMO <CTIHIIO TPEH Y,
JUI TIPOTHO3YBaHHS TeHIEHMIi 3MiHM BimxmreHHS AUX.
Jlinito TpeHIy, NPOMOHYEThCS MOOYAYyBATH y BHIJISLII
MTOJIIHOMIANTBHOTO PIiBHAHHS, OCKUTBKH IS alpOKCHMAIii
MOCTABJICHOT 3a/1aui, METOJ Iependavyac HAOUIbII TOYHI
pe3yJIbTaTH  TNPOTHO3YBAaHHA. MeTox MOJIiHOMIadbHOT
ampoKCHUMaIlii, BHPIOIYETbCA 3  JIONIOMOTOI0  METOIY
HaWMEHIIMX KBaJPaTiB y BiAMOBIAHOCTI 10 piBHAHHS (2):

y=b+cx+c x*+cgx3+.. +c, )

ne b Ta ci...cn— KoHCTaHTH.

Meton Haiimenmmx kBanpatiB (MHK) € omaum i3
METOMIB perpeciifHoro aHaii3y, SKHH BHKOPHCTOBYETHCS
JUIL CTAaTHCTHYHOTO OIIHIOBAaHHS NapaMeTpiB perpeciiHoi
Mozeni 3a emmipuaHAMU JanuMu. 1o 103Bossie anekBaTHO
ouinuty, BuMipsiHy AUX CT. 3a nuM MeTo10M mapameTpu
JOCTi/PKYBaHOiI MOJIeNli TIOBUHHI  BIiJITIOBIZaTH TaKOMY
PIBHAHHIO perpecii, mo 3a0e3nedyye HallMEHIIE 3HAYEHHS
CyMH KBaJIpaTiB BIIXWIEHb EMITIPUIHUX TAHUX BiJ] TUX, IO
oOuncneHi 3a piBHAHHSIM perpecii. Tak, 3 IBOX pi3HUX
HaOJIMKeHb Ti€l )k caMoi eMITipuaHOi QYHKITIT, 110 3a/1aHa Yy
BUTJISII TaOJUIN, KPAIUM BBAXKAETHCS TE, IS IKOTO CyMa
KBaJIpaTiB BIIXWIICHHS Ma€ HAMEHIIIE 3HAUYCHHSI.
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I'padix GpyHKIIT IPOXOIUTH TAKAM YHHOM, IO PI3HUIIL
Mk 3HadeHHAMH ¢yHkOii THny (3) Ta opauHaTaMu
EMIIpUYHUX TOYOK Oyia O SKOMOTra MEHIIIE.

Y =f(x)

Teopema I'aycca — MapkoBa BigmoBizae

y3arajlbHEHHIO YMOB 3aCTOCYBaHHS METOMY

HallMEHIIMX  KBajpaTiB. SIKmO  TpUNHATH

HPUITYIICHHST MOJIeNi, To piBHsHHS (2) HaOyBae
Burisny (4):

Yi=b0+b1'Xi1+b2'

3)

X12++bm le+£l (4)

e i = 1.n, N— obcar BUOIpKHM (KUIBKICTh eMITIPUYHHUX
TOYOK); Xj— JeTepMiHOBaHa Benu4MHa (y 3arajibHOMY
BUIIQAKy II€ MaTpHIsl pPe3yJbTaTiB N crocTepexeHb M-
BUMIpHOI BHIMAAKOBOI BEIMYMHM X, IO BIAMOBiga€e
CYKYITHOCTI 30BHIIITHIX (paKTOPIB);

M(g) = 0,M(ef) = V(&) = 02,

ne V(e)— wmatpurs KoBapiamifi  (momapHuMX — Bapiarriii)
MOXUOOK, &— MOXUOKA i-T0 BUMiPIOBAHHST;

M(g;e;) = 0,ipu t # s.

ne ti s ~_HOMepH BHMIpPIOBaHb, TO OIIIHKH IapaMeTpiB
bo, bl, bm, axi otpumani 3a MHK, maroTh HaiimeHITy
JIUCTIEPCItO cepe]l YCiX JIIHIMHUX HE3CYHYTHX OI[iHOK, TOOTO
1l OIHKY € ¢()eKTUBHUMH.

Mogpeni, ski moOymoBaHi 3 BHUKOPHUCTAHHAM METOIY
HalMEHIIMX KBAJpaTiB NPH BUKOHAHHI YMOB TEOPEMH
l'aycca —  MapkoBa, Ha3WMBaIOThCH  KIACHUYHUMH
€KOHOMETPUYHUMHU MOJEISMH, & CaM METOJ| X M0oOyJ0BH
HasuBaeThcsi IMHK, TO0TO OMHOKPOKOBHUH MeETOT
HaMEHIINX KBaJpAaTiB.

PosrisiHeMO  anroput™M  BHpPIIICHHS  IOCTaBJIEHOI
3agadi. J{ns niHiiHOT Mozl MaEMO YMOBHE PIBHSIHHS !

f(x B, h).
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Jlist mocInipKyBaHoi Moienti: MaeMo piBHAHHS (5): n_, . . A 5 2 ) -
S . S= (FO+F1-><1+F2-xl—ki) —min. (6
k(u,Fo R F) =R+ F-x +F ©) =
Ze U — Hampyra TECTOBOTO CHTHATY lf _ wactora e |:i — YacTOTa TECTOBOTO CHUTHAIY, Ki — BinbHUI wieH. 3
> i

TECTOBOTO CHTHAITY IO ITOJAETHCA B IOCIIKYBaHI A TOYII.
3a meronom HMK cknanemo ¢yHKIiIO cCymMH KBajpaTiB

METOIO alPOKCUMAIlii OTPUMAHUX SMITIPUYHUX JaHUX Ta Y
BiJIIOBITHOCTI 710 PiBHSHG (5—6), BU3HAYNMO PiBHIHHS JiHii
TPEHIY, U KOKHOI i3 JOCTIKYBaHUX TOUYOK (TIOKa3aHi Ha

HeB 130K (6):

fig.6 ta tablel):
TABLEII. PE3VJIbTATH OTPUMAHHS JIIHIi TPEHAY
I[OTC;IE(?ygaBHa Yacrora, Hz IMoninomianbHe piBHAHHS, JiHIl TPeHTY Koediuient R?
-9,2616 239640 k(u)=-0,00x® + 0,00x? - 0,84x + +12 002,27 0,89
-9,5472 245490 k(u) = -0,00x® + 0,00x? - 1,18x + 16 817,70 0,81
-9,5064 251480 k(u) = -0,00x° + 0,00x2 - 0,75x + 10 757,31 0,92
-9,3942 254530 k(u)=-0,00x® + 0,00x? - 1,14x + 16 239,65 0,78
-9,1086 260470 k(u)=-0,00x3 + 0,00x? - 0,34x + 4 831,71 0,96
-8,8842 267110 k(u) = -0,00x® + 0,00x? - 0,98x + 14 072,21 0,83
-8,8026 270350 k(u) = -0,00x® + 0,00x2 - 1,01x + 14 444,53 0,83
-8,6394 276940 k(u) = -0,00x® + 0,00x? - 1,00x + 14 277,22 0,78
-8,3436 283700 k(u) = -0,00x® + 0,00x? - 0,88x + 12 566,39 0,78
-7,5888 294150 k(u) = -0,00x® + 0,00x? - 0,91x + 13 075,31 0,78
-6,9666 301330 k(u) = -0,00x® + 0,00x2 - 0,77x + 11 066,89 0,89
-6,6504 304980 k(u) = -0,00x® + 0,00x2 - 0,79x + 11 296,54 0,81

BiamoBigHO 10 OTpUMaHKUX PiBHIHB MOOYyEMO JiHIT TpeHLy 11t AociimKyBaHux To4ok (fig.6):
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Fig. 6. Pucynok 6.Pesynpratu moOymoBu tiHii TpeHay aast AUX B mocimipKyBamiii Todi, 1e cnoctepiranics Bigxmienus: @) k(u) = -9,2616 dB, npu F=
239640 Hz; b) k(u) = -9,5472 dB, npu F= 245490 Hz; c) k(u) = -9,5064 dB, npu F= 251480 Hz;... ; d) k(u) = -7,5888 dB, npu F= 294150 Hz; €)
k(u) = -6,9666 dB, npu F= 301330 Hz; f) k(u) = -6,6504 dB, npu F= 304980 Hz

BU3HAYEHH S PEKOMEHJ/IOBAHOI'O

JaHIi  JOCHIDKYBaHIA  TOHII),

MOTOYHO1 AUYX, 3

TEPMIHY ITPOBEJIEHHA HACTYITHUX BUMIPIOBAHb AUX

3 BWIIE HaBEAEGHOTO pPHCYHKY BHAHO, IO Yy
JOCII/DKYBaHIl ToOUll 3HA4YeHHs IepenaTHoi (yHKIH «-
9,2616 dB» mpu 1acToTi TecToBoro curnaiy « 239640 Hzy
JiHisA TpeHRy nepernHae 5% 3HaueHHs B Toumli «February-
20», pucS.a. lle 3HaueHHS MOKa3ye, MO i3 BpaxyBaHHIM
TEHJICHII1 3MiHM BiJXWJIECHb, € HMOBIPHICTH IepeTHHy (Y

96

norrepebo BuMipstHOI0O AUX. Illo B cBOio wepry moxke
MPU3BECTH [0 TAKOTO IMOILIKOPKEHHS K HAlpHKIAA 3CYB
BHUTKiB OOMOTOK. Ta BpaxoBYIOYH Te MO JOCIHIKYBaHUX
TOYOK € JIeKUIbKA IIPOMOHYETHCS BHU3HAYUTH CEPETHIO
pPEKOMEHIOBaHy JaTy TpoBeAeHHsS naiarHoctyBaHHS TC,
nusixoM aHatizy Horo AUX. Takum uuHOM 3 fig.5 Maemo
pe3ynbTaTH  OTPUMaHUX PEKOMEHJOBAHWX  TEPMiHiB,
MPOBEACHHS BUMipIOBaHb!
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TABLEIII. PE3VJIbTATA OTPUMAHHS JIIHI{ TPEHAY
; Sly|3lglglelgllel|slgls
OCJIIZKYBaHa
Hoeninwynana | @ | 3121318 \8(3(8|3 (8|88
rouka, FNP| ||| F| BB DN |G|
Hacrora,Hz 191818181823 (8(28(3|8|8
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Taxum YUHOM cepenHsa Jara HACTYIIHOTO
PEKOMEH/IOBAHOTO ~ TPOBEJCHHS  nmiarHoctyBaHHs TC

ckiaamae motuii 2020 p. BpaxoByroum 1me, Ta mepiof
npoBezieHHs BUMiproBaHb AUX, aBTOpaMH HpPONOHYETHCS
BrkoHaTu BuMiptoBanHsI AUX CT He BiIIOBITHO 10 TUIaHY-
rpagiky, a B moromy 2020 p.

IV. BHCHOBKU

[lpuBenennii B CTaTTi NpHUKIAX CBIJYUTH TPO
MOXIJIMBICTh BH3HaueHHs1 TexHiyHoro crany CT uuisixom
aHamizy AUX, oTpuMaHHX 3a MicCIIeM HOTO pO3TalryBaHHs.

3anponoHoBaHMi B crarTi Meron aHanizy AUX, nae

3MOTy  OOIDYHTYBaTH 4Yac MPOBEICHHA HACTYIHHUX
BUMIPIOBaHb.
OOIpyHTYBaHHA  4Yacy  INpPOBEACHHS  HACTYIHHX

BHUMIPIOBaHb, 3a IICBHUX YMOB, CTBOPIOE MEPEIyMOBHU
mianpueMcTBam, mo ekciuryaryioth CT, BYacHO BXHUTH
3ax0/iB 3 3a0e3nedyeHHs Oe3aBapiitnoi excrutyatamii CT ta
YHUKHYTH 3aBUX BUMIPIOBaHb.
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On the basis of the analysis of literature sources it is shown that in the power system the power transformers (PT) — is acostly and

responsible type of electrical equipment. The method of the analysis of the frequency-amplitude characteristics (AFC) is considered. The
AFC method is using the results of measurements of the amplitude values of the test signal response voltage and the test signal voltage.
It determines the test signal transmission coefficient at different frequencies allows us to detect the deviation of this coefficient from its
normalized values at the special value of frequencies. Thisvalue of frequency permit to identify damage that allows us to substantiate the
technical condition of the transformer and elements. The least-squares method, the Gauss-Markov theorem and the covariance matrix
were used to statistically estimate the parameters of the regression model obtained from the measurement results. The determined
regression equation provides the smallest value of the sum of squares of the deviations of the measurement results from the cal culated by
the regression equation. On the example of one amplitude-frequency characteristic of the investigated PT by the location, an algorithm
for determining the recommended time and date for the subsequent measurements of AFC is proposed, in order to reduce the risk of
emergency mode and reduce the cost of operation of the PT by increasing the number of highly informative measurements.

A limit of 5 percent deviation is aso determined at the frequency information interval, to further determine the probable intersection
of the graphs at certain points, such alimit, in order to predict the probable damage of the windings.

Keywords - diagnosis, technical state, power transformer, frequency-amplitude characteristics, deviation, FRA, windings, magnetic
circuit, planning the day of diagnosis, forecasting.
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B1nHOBIIIOBAJIBHI JIKEpeiia €IEKTPOCHEPTi B
CIEKTPUYHUX MEPEKaX SIK €ICMEHT
€HEeProe(HEKTUBHOT'O €JIEKTPOCHOKUBAHHS

I1. /1. JIexxHrok
Bi “J:[ ] . ) C.B. KpaBuyk I.B. Kotmiko
IHHUILKAH HAI[lOHAJBLHUH TEXHIY- . . . . .
= . H KHECC EHEPJI)XI, BiHHUIbKUN HAIIOHAJILHUM TEXHIYU-
HUHN yHIBEpPCHUTET, .. ..
VYkpaina HUHN YHIBEpPCHUTET,

VYkpaina

Anorauiss — Iloka3ano, mo HectabinbHMIl XapakTep po-
00TH BilHOBJIIOBATBLHHX JIZKepeJl eHeprii BIVIMBA€ HA PEeXKUMHU
podotH enekTpuyHHX Mepex. HecTaflibHicTh reHepyBaHHsA
(¢oroenexkTpuunux Ta BiTpoBUX enekTpocTaHuiii (PEC,
BEC) komMneHcy€eTbCsl MOTY:KHICTIO, SIKa HAXOAUTh B PO3MO-
ainbHi esextpuuni Mepexi (PEM) 3 eneprocucremu. Yepes
ne ymoBuH OajancyBaHHs pexxumy PEM BmimBaoTh i Ha
pexuvu EEC. B ymoBax cboroienHs1 3a0e3ne4eHHs1 fajnancy
MOKJIA/ICHO CYTO HA LIEHTPAJIi30BaHy CHCTEMY eJeKTpPOIocTa-
yaHHA. OJHAK NOCTYNOBO BiA0yBalOTbCsl 3MiHM B MeXaHi3-
MaxX (yHKIIOHYBAaHHSI €HEPropMHKY YKpaiHH, 110 CIIOHYKa-
101s B/IE npamroBatu 3a 3agaHuM rpagikom, 30KkpeMa BBe-
JeHHAM mTpadiB 3a HeIOTPUMAHHSA 3asBJIEHOr0 /1000BOro
rpagika resepyBanns. [[i1s 3a0e3neuyennsi 6anancHoi Haaiii-
Hocti PEM BH3Ha4Ya€ThCs MOTY:KHICTH pe3epBy 3 eHeprocuc-
TeMH 200 BH3HAYAETHCA €MHICTHL HAKONMUYYBAaya eJIeKTpoe-
Heprii. Iloganema po3dynoBa BiTHOBJIIOBAJILHUX JKepes
eHeprii HeMOK/JIUBa 0e3 BUKOPHCTAHHS 3ac00iB 0ajaHCyBaH-
Hsl Ta OUIHIOBAHHA iX BILIMBY HA HaJiliHICTH eJeKTPUYHHMX
MepesK, 10 IKUX npueanyrbes BJIE.

IIpusenena 3mina SAIDI nas ocranHixX pokiB, KoM ak-
THBHO po30yaoByThest BJIE, B MicbKUX Ta ClIBCBKHX eJleK-
TpuyHux Mepe:xkax. BAE He 3aB:kau nmpu3BOAAATH 10 MiIBH-
LIeHHS HaJiliHOCTI eJIeKTPOMOCTAYaHHA Ta NOKPAIIaAHHS
sIKOCTi ejexkTpoeHeprii. BcraHoBiaeHo, mo 3 po30ya0BOIO
BJE Heo0XxigHo MOKpallyBaTH TeXHiYHMIl CTaH eJeKTPUY-
HHX MepeiK.

Po3pob.JieHa cTpyKTypHa cxeMa aBTOMATH30BaHOI CHCTe-
MH KepyBaHHS JKepelaMH eJleKTpoeHeprii 3 JIOKaIbHUMH
CAK nj19 kepyBaHHSI MOTOKAMH MOTYKHOCTI eJIeKTpoeHeprii
B eJIeKTPUYHUX Mepe:xkax 3 BJE nas 3MeHIIeHHS B HHX
BTPAT eJIeKTPOeHeprii.

Knwuoei cnosa - eionosnisansvui Oxcepena emnepeii,
HecmaobinbHicmy, HAOIHICMb poOOMU eNeKMPUUHOT mepedici,
JIOKAIbHA  e/IeKMPUYHA cUucmemd, empamu eieKkmpoenepeii,
cucmema ONMUMAILHOZ0 KEPYBAHHSL.

I. Bcrvho

EneproedekTuBHICTh CHCTEM €NEKTPONOCTAYaHHS BH-
3HAYa€ThCs JEKiJIbKOMa YMHHMKaMu. Lle, 30kpema, Hamii-
HICTh, TEXHOJIOTIYHI BTPAaTH B ENEKTPUYHUX Mepexax Ta
SKICTh €JeKTpU4YHOi eHeprii. Ha choromni cepenHs Kijb-
KicTe mepeps B enexTpornoctadanHi (SAIFI) s Ykpaian
CTaHOBUTH 5—6 B PIK, a TPUBAIICTh IEPEPB B EIEKTPOIIO-
cradarHi (SAIDI) cranosuts 600-300 xB/pix [1]. 3aransHi
TexHosoriuHi Butpatu enekrpoeneprii (TBE) B 2018 p.
cranoBwi 17,0 muipa. kBt-rog a6o 11,82% Bix Bigmycky
€JIEKTPOCHEPrii B MepeXy, HOPMaTHBHA (TE€XHIYHA) CKJa-
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noBa cranoBuia 19,1 mupa. kBr-rox ado 13,3% [2]. 3 siki-
CTIO €JIEKTPOEHEPIil TaKoXK HE BCE rapasfi, 30Kpema 3 Ha-
NPYrol0, OCKUIBKU PiBEHb KOMIICHCAllii peakTHBHOI MOTY-
JKHOCTI B €NIEKTPUYHUX MEpexax He OCTaTHif, a TpaHC-
¢dopmatopu 3 PITH BUKOPHCTOBYIOTBCS B HEMOBHIN Mipi 3i
CBOIMH MOXKJIMBOCTSIMH, HAZITO B aBTOMAaTHIHOMY PEKHMI.

B enekTpuuHUX Mepexax, OCOOJUBO B PO3NOALUIHHHX,
AKTUBHO PO30YyIOBYIOTHCS BiTHOBIIOBAJIBHI JKepesa eHe-
prii (BJE) — ¢doToenekTpuuHi Ta BITPOBI €NEKTPOCTAHLIT
(®EC 1a BEC). CyTTe€BO 3MIHIOIOTBCS YMOBH €KCILTyaTamii
CJIEKTPUYHUX MEPEX — 3MIHIOETHCS KOH(Iryparis, METo1u
KepyBaHHA TOTOKaMH MOTYXHOCTi, KpUTepil omTumizamii
TowIo. MeToI0 CTaTTi € PO3MIITHYTH MOTEHIIHHI MOXJIMBO-
CTi BiJJHOBIIOBAJBHHUX JDKEpEN EJICKTPOCHEpril BIUIMBATH
Ha CHEProe(eKTUBHICTh CUCTEM €ICKTPOIIOCTAYaHHS.

[1.  IIEPENYMOBU HOBOI KOHIIEILII CUCTEM
EJIEKTPOIIOCTAYAHHS

OCHOBHI TIepelyMOBH CTaHOBIICHHS HOBOI (iHHOBAIIiii-
HOi) KOHLEMNIII PO3BUTKY EJIEKTPOSHEPreTUKH: AeIIUT
JDKEpeIT eNeKTPUIHOI €HEprii; MOCTIHHO 3pOCTaiodi BUMOTH
JIO HaJ{IHOCTI 1 SIKOCTI €JIEKTPOIIOCTAuaHHs 3 OOKY CIIOXKH-
BadYiB; MMOCTIlHE MiBUIICHHS BAPTOCTI EIEKTPUYHOI CHEp-
rii B yChOMY CBITi; 3pOCTaHHSI BUMOT 3al[IKaBJICHUX CTOPIiH
JI0 PE3YNbTATiB JisUTFHOCTI €HEpreTHYHUX KOMIIaHii; BU-
MOTH €KOJIOTiYHOI ¥ IPOMHCIIOBOI Oe3neku (YHKIIOHY-
BaHHS €HEPreTUYHHUX O00'€KTIB; 3HW)KEHHS 3araJlbHOCHCTe-
MHHX BUTpAT.

Jus peanizamii HOBOI KOHIICMIII PO3BUTKY EIIEKTPOE-
HEPreTHKU HEeOoOXiMHa 3MiHA MapaJurMu KEpyBaHHS CHEp-
TOCHCTEMOI0 —— BiJl KOHICMINi IEHTPaTi30BaHOTO Kepy-
BaHHS JI0 KOHIEMIIi] po3no/IiieHoro kepyBaHHs. HoBi ymo-
BU 11 KaTasli3aTopy po3BUTKY (OPMYIOTH OTpedy B po3po-
OJieHHI 1 BIPOBAHKCHHI HOBHX TEXHOJIOTIH 1 €JIEMEHTIB,
0 3a0e3MeuyI0Th: PyX MOTOKIB €JIeKTpOeHeprii i iH(op-
MaIlil Bil eHepreTHYHUX KOMIIaHI{ 0 CIIOKUBAYiB 1 Ha3aI;
MOCTIHUN KOHTPOJIb 332 BCIMa eIeMEHTaMH MEpeki — Bif
pobOTH eJIEKTPOCTaHLIN 10 CIIOKMBAHHS €JIEKTPOEHepTil
IHAMBIAYQJIbHUMH TPUCTPOSMH; IHTETPAIil0 ¥ aJanTaiiio
posnozinenux Jpkepen enekrpoeHeprii (PE) (y Tomy un-
CJi BiTHOBJIIOBaHMX) i 3aC00IB aKyMyJIIOBaHHS €lEKTpOe-
Heprii.

SKmo enexTpudHi Mepexi (GyHKIIOHAIBHO OyH Ipu3-
HayeHi JJIsI TPAHCIOPTYBAHHS 1 PO3IOJIUICHHS eJIeKTpoe-
Heprii, BUpOOIEHOI IIEHTPaTi30BaHO Ha KPYIHUX €NEKTPO-
CTaHIIIAX, TO 3 pO30YIOBYIO B HUX HETPAJUIIHHIX 1 BITHO-
BIIIOBaHMX JDKEpesl eHeprii BOHM HaOyBalOTh PHC JIOKAJb-
Hoi enekrpoenepreTnanoi cucremu (JIEC). B 3B’s3ky 3
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UM BHHHUKAIOTh HOBI 3a/1a4i: y3ro/pKeHHs rpad)ikiB HaBaH-
Ta)KCHHsI CIIOXkKKBAYiB i reHepyBanHs BJIE 3 BpaxyBaHHsIM
iX HecTabiIBHOCTI, ONTUMaIbHE KEPYBaHHS MMOTOKAMHU TIO-
TY)KHOCTI 3 METOI0 3MEHILECHHS BTpAT €JIEeKTpOeHeprii i
MOKpaIaHHs ii AKocTi, 3abe3medeHHsT OajaHcOBOI Hafiii-
HocTi enekTpoeHeprii B JIEC, mo gpopmyeThes ieHTpai3o-
BaHNM 1 MICIIEBIM T€HEepyBaHHIM, ToImo. [IpupomHo, mo
BUPIILICHHS IMX 3a]a4 JOIJIBHO 3/iMCHIOBATUA 3 BUKOPHC-
TaHHAM cydacHHX Smart Grid TeXHOJOTiH.

Konnenuis Smart Grid nependadae noOyaoBy HiIKOM
IHTETPOBAHOI, CaMOPETYIHOBAHOI Ta CaMO BiJHOBIIFOBAHOI
CHCTEMH, 1110 MICTHTh BCl JpKepesia TeHepyBaHHs eJIEKTPO-
€Heprii, MaricTpabHi Ta pO3IOALIbHI MEPeXi, a TAKOXK BCl
BUJIU CIIO’KUBAYiB €JIEKTPOCHEPTil, sIKi KEPYIOThCS €IMHOIO
MEpEeKEI0 AaBTOMATH30BaHUX IIPHCTPOIB B peanbHOMY 4Yaci
[3, 4]. BpoBamxkenns Smart Grid TexHOJOTIH BiqOyBa€Th-
Csl B paMKax CIIEHapilo PO3BHUTKY €JICKTPOCHEPreTHKH, KO-
JM 3a paxyHOK po3oceperkeHoro renepysanus BJIE 3me-
HIIY€ThCSI IIEHTPANTi30BaHE TECHEPYBAHHSA, B pE3yIbTAaTi
YOT0 3MEHIIYETHCSI HABAHTAXXCHHSI HA MaricTpaJbHI eJIeKT-
pUYHI Mepexi, a PO3MOIITEHI MepeKi MOBHHHI aJanTyBa-
THCS JI0 HOBUX yMOB eKcnnyaTaui'l' OCKINIbKH pO3MOJIITBHI
eNEeKTPHYHI Mepexi 3i Beiero iHpPacTpyKTypoio TPOEKTY-
BaJIMCS IiJl LIEHTPalTi30BaHE >XMBJICHHS, TO HAa ChOTOJHI
BOHH BUMAraroTbh CyTTEBOI MOJIepHi3allii.

[TopiBHSHO 3 ICHYIOYMMH €JIEKTPUYHUMH MEpEeKaMU B
Mepekax Ha 6a3i koHmenmii Smart Grid npuiimMaroTbest 260
PO3BUBAIOTHCA 1HINI (DYHKIIOHANBHI BlacTHBOCTI. [0 HUX
BITHOCATBCS B TIEpPIIy Yepry: IBOCTOPOHHI KOMYHIKaIlii
MDK BciMa eJleMEHTaMH MEpEeXi, BKIIOYHO 1 eJIeKTpOCHO-
JKMBa4aMH; PO3IOJLICHEe T'€HEpYBaHHS 3 pe3epByBaHHAM
BiZ €JIeKTPOCHEPTeTHIHOI CHCTEMH (EEC) 3MiHa TOIOJO-
rii Big pa,ulanLHm JI0 3aMKHEHO{ 1 JiHiil enexTponepenayi
31 JBOCTOPOHHIM JKHBJICHHS; KEpyBaHHS IIOTOKAMH TTOTYX-
HOCTI 3 METOI0 3MEHIIICHHS BTPAT €JICKTPOCHEPTii 1 moKpa-
maHHs 1i AKOCTi; aBTOMaTH3alis KEepPyBaHHSA PEKHUMaMH
CJIEKTPUYHUX MEPEK 3 METOI0 1X CaMOONTUMI3allil; qucTa-
HIIIHHAI MOHITOPHHT Ta [IarHOCTHKA TEXHIYHOTO CTaHY
o0MagHaHHs, IO J03BOJsiE (opMyBaTd [ii Ha Momepe-
JOKEHHSI aBapiil.

Just peanizanii HOBUX (DYHKI[IOHAJBHUX BJIACTUBOCTEH
PO3MOAIIBHUX EIEKTPUYHUX MEpEeX 1 CTBOPEHHsS Ha iX oc-
HoBi JIEC HeoOximHO po3BuBatu iH(popMmariiiiHe 3abe3re-
YeHHs Ha HOBOMY SKiCHOMY piBHIi, SIKE Ma€ CTaTH IiACTa-
BOIO IS aBTOMATHU3AIlil POIIECIB BUPOOJICHHS, TPAHCIIOP-
TyBaHHA 1 po3mnoiry enekrpoereprii B JIEC.

HesBaxkatoun Ha Te 110 PO3MOJALIEHI JpKepelia MOXKYTh
BUPOOHTH ICTOTHY YacTKy €JIEKTPOEHEpTii B eHeprocucTe-
Mi, 3a BIJICYTHOCTI €()EKTUBHOTO KEPYBaHHS €ICKTPUYHH-
MH MepeKaMH PO3MOALIEH] pKepelia He 3MOXKYTh 3aMiHUTH
ICHyIOUl TEIUIOBi, aTOMHI 1 rifpoenekTpoctannii. OcraHHi
MOBHHHI OyAyTh TPOIOBXKYBAaTH B IOBHOMY 00Cs3i Haja-
BaTH CHCTEMHI MOCIYTH (PETYIIOBAHHS YaCTOTH W Hampy-
", 3a0e3MedeHHs] pe3epBiB MOTYKHOCTI Ta iH.), HEOOXiTHi
JUTSI T ITPUMKH HAAIHHOCTI €1eKTPOTIOCTavyaHHs.

I1l.  PEXWMHA I BAJJAHCYBAJIbHA HAJJIMHOCTI

Ha puc. 1 nokazano six ¢opmyerscst GallaHC TOTYX-
Hocti B JIEC 3 xoMOiHOBaHMM enekTporniocradaHHsaM. [1o-
CTYIUIEHHSI €JIEKTPOEHEepril 3AiHCHIOETHCS BiJl BHYTPILIHIX
mxepen BEC 1 ®EC, manmux rigpoenekrpocraniiit (I'EC),
koreHepamiitaux (KI'Y) i 6iorazoux (bI'Y) ycraHoBOK Ta
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JOKEpeN IICHTPATi30BAaHOTO JKUBJICHHA. HaBaHTa)keHHS
TpaHC(HOPMATOPHHUX MiJCTAHIINA CKIAJa€ThCs 3 HABAHTA-
YKEHHsI CITO’KUBAYiB 1 TeHEpYBaHHS JHKEPEI €IeKTPOCHEPTii,
SIKl 3HAXOATHCS Y HUX Ha OajaHCi.

P (1)

P (D) HakonuuyBay
BJI‘_ (t) LhL (t) + BEC (t) +

I'EC (t) + BI'Y (t) + Ky (t)

C o o o ]

Z PTI'I (t)
Fig. 1. Bananc noTy:KHOCTI B JIOKaJIbHIN eleKTpuuHill cucremi

Just JIEC 3 xOMOIHOBaHMM EJIEKTPOIIOCTA4YaHHSAM MO-
JKyTh BHHUKATH TPH DPi3HI 3amadi 0nTnMi3aui'1" 3a0e3me-

poeHeprii 3a yMOB OaraTtocTyneHeBoro tapudy eHepropu-
HKY Ta TEeXHIYHHX oOMexeHb 3 00Ky okpemux BJIE; 3me-
HIICHHS 3aJeKHOCTI JIOKAJBbHOI EJICKTPUYHOI CHCTEMHU 3
CYyMapHHM HABaHTAXCHHSM Puas(t) Bim HeHTpamizoBaHOro
EHEepromnocTayanHsa, TOOTO MiHiMi3amii HaBaHTaKEHHS JIO-
KaJIbHOI CHCTEMH Ha OCHOBHHUIl LIEHTp KHBJICHHS; MiHIMi-

3amii Ha 1HTepBaji Jyacy to — tk BIIXWJIEHD BiJ 3asBJIEHOTO

Ha HAaCTyNHY A00y MPOrHO30BaHOTO rpadika reHepyBaHHS
B JIEC 3 BpaxyBaHHSIM METEOPOJIOTIYHMX YMOB Ta Xapak-
tepuctuk B/IE.

3i 3pocranHsaM obcsry rerepyBanHsi BJIE B exektpud-
HHX Mepexax aKTyalbHOIO CTa€ 3a7ay4a, IKa (OpMyITIOETh-
Csl HACTYITHUM YHHOM:

tk n 2
1 .
|3 Porc®-> RO | ct—>min, ()
to i=1
ne Ppre(t) — 3asBienwii (3aganuil) rpadik cymapHOro
n
renepysannst BJIE B JIEC, ZP,(t) — TOTOYHE CyMapHe

i=1
rerepyBanHs BJIE, N — kimpkicts kepoBanux B/IE B JIEC.

B JIEC ayist HamifHOTO Ta SIKICHOTO €JICKTPOMOCTavYaH-
HSI CIIO’KMBAYIB M€ i ITPUMYBATHCS OAIaHC MOTY>KHOCTI:

(t)+ZP(t) ZPm,(t) APH)=0, (2
- J_

e F’WC (t) — noryxuicts, sxa nepenaersest B JIEC Bin

P (1)

HaBaHTaXEeHHs TpaHchopmaropuux migcraunuiit (TIT), m —
Kinekicts TII, AP(t) — Texmomoriumi BTpaTH €neKTpOe-

LEHTPAI30BaHUX JDKEpeN eJIeKTPOeHeprii,

Heprii (TBE) B enextpnunnx mepexax JIEC.

3 (2) BH3HAYAETHCS MOTYXKHICTH IEHTPaJi30BaHOTO
xwusnerss JIEC:

m n
Poe ® = 2 Prg () + AP(®) = > R (1) = 0. (3)
j:]_ i=1
[otyxnicts P,,.(t) B 3amexsocTi Bin BHyTpimmbOTrO

bamancy noryxHocti B JIEC Moxe OyTu 31 3HaKaMH TUTIOC
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abo minyc. B mepiroMy BUMAIKy HEHTPai30BaHE KHUBIICH-
HA € pe3epBoM TreHepyBanHs B JIEC, a B apyromy — JIEC
Bijytae Hajuuinok enekrpoeHeprii B EEC. Bigmitumo, mo

HeoOXigHOW ymoBolo BusHauenns P, .(t) e minTpu-

MyBaHHS 3 3a/aHOi0 TouHicTio rerepyBanHsi BJIE B JIEC

n
(ineampHO Mano 6 6yTH PBﬂE(t)—Z P (t)=0). Ilpu upomy
i=1
Ma€ BpPaxXOBYBATHCS IPOTHO3HA iH(poOpMamis MIOAO0 Me-
TeonapaMeTpiB, sSKa HATAETHCS BIIIOBIIHOIO MMiICHCTEMOIO
aBTOMaTH30BaHOIO cucteMoro kepyBaHHSI (ACK) i mo3Bo-
JISIE IOCTaTHBO aJICKBATHO BiTBOPIOBATH CTAHU KEPOBAHUX
BJIE Ha HactynHy nmo0y. 3a paxyHOK IIbOTO YMOBHO-
KepoBaHi Ta HecTabinbHI jkepena eneprii Tumy BEC Tta
OEC B mimboBuxX (YHKIIAX Ta OOMEXKCHHSIX 3a1ad ONTH-
MaJIbHOTO KepyBaHHS MOXKHA IPEACTABUTH MaTeMaTHIHUM
CHOMIBAaHHSAM  YacOBUX  3aJIEKHOCTEH  T'€HEepyBaHHSI

MBEC{P(t)}, M@Ec{P(t)},t € [to; tk].

{ono HaBaHTa)KeHHs TpaHC(HOPMATOPHMX MiICTAHIIH,
TO BOHO BH3HAYAETHCS 32 METOIUKOIO, BUKJIAJICHOI B [5].
Brpartu TBE B enekrpuunux mepexax JIEC AP(t) Busua-

YaIOThCS 3a JIOTIOMOTOI0 TPOTPAMHOTO KOMIUIEKCY [6], B
SIKOMY BHKOPHCTOBYIOTHCSI THITOBI Tpadikul i METO BH3HA-
YEeHHsI HABaHTa)XEHHs TPaHC(HOPMATOPHUX IMTiACTAHIIIHN.

B 6amanci notyxaocti JIEC cyTTeBe 3HaUCHHS Mae€ 3a-
sBienunit rpadik rewepysansst BJE Ppug(t), TouHicTs 10-
TPUMaHHsI SIKOTO 3aJICKHUTh BiJi TOYHOCTI MPOTHO3Y Me-
TeonapameTpiB. Kpaini crcremMu NIporHo3yBaHHS "Ha IICHb
Hanepen" MaroTh MOXHOKY B Mexax 10 +20%. Taka moxu6-
Ka He MOXE 3aJI0BOJIbHATH BHMOTH IIOJO TOYHOCTI IOTrO-
nuHHoro rpadika renepyBanns BEC i CEC 10%.

[MigBUIMTH TOYHICTH MOTOAUHHOTO TeHepyBaHHSI BEC
i ®EC nHa no0y Brepea MOXKIJIMBO, 3MEHIIMBIIN MOXUOKY
MIPOTHO3Y METEomapaMeTpiB, MO Mae 00’€KTHBHI oOMe-
JKEHHsI, 800 BUKOPHCTOBYIOYH 1HIIII METOMH.

Sk moKa3ye MpakTHIHHUN JOCBIN, Kpamluid METOJ IIPO-
rHo3yBaHHs1 reHepyBaHHa BEC 1 ®EC — e o0'eqnanHs
YCepeaHeHHs! NPOTHO3iB, OTPUMAaHHWX BiJ PI3HHUX IOCTa-
YaJIbHUKIB. SIK BapiaHT — BCTAQHOBJICHHSI MIEBHUX JIOBIPYHX
KOe(iIieHTIB I MapaMeTpiB pi3HUX MeTeocTyX0. [Himmid
LUIAX — OpraHizaiis 0alaHCyBaJIbHOIO B PealbHOMY dYaci
myHKTy Tpynoro BEC i ®EC, reHepyBaHHS KOKHOI 3 HUX
MOJICITIFOETHCS 1 IPOTHO3YEThCSL OKpeMo. [HTerpyrodi mpo-
THO3W BiJ] JIOKAJFHUX BUPOOHHKIB JAIOTh OLIBII TOYHE
3HAUEHHSI CyMapHOIo reHepyBaHHs. Pazom 3 TuM, Takuil
MIAXIA CIPOMIYeE 1 3[EMIEBIIOE MATPUMYBaHHS OallaHCy 3
3aCTOCYBaHHSM HAKONMYYBayiB eJeKTPOeHeprii abo 3 BHU-
KOpPHUCTaHHSIM CHCTEMHOTO Pe3epBY SIK IUIATHOI MOCIyry. B
LOMY BHUIaJKy NPOCTIlIe Y3roJKyBaTH rpadiku TreHe-
pyBanas BEC i ®EC Tta HaBaHTa)XCHHS CII0)KHBAYiB
€JIEKTPOCHEPrii.

Haii0inpe BiAXIICHHS BiJl 3asBICHOTO IIOTOJUHHOTO
rpagika renepyBanHsi BEC i ®EC MokHa KOMIIEHCYBaTH
nBoma criocodamu. Ilepmmii — KOHTpPOJIOBATH HE IIOTO-
JUHHUHA Tpadik MOTYXKHOCTI TeHEpYBaHHSA, a CyMapHE Te-
HepyBaHHS eJIeKTpoeHeprii 3a 100y. Sk mpaBmio, TyT mo-
XxuOKa BKIangaeTbesi y BeraHoBieHi 10%. Jpyruii crmocid
BHKOHAHHS 3asBJICHOTO JOOOBOTO Tpadika MOTYKHOCTI —
1€ JIOMYCTHTH OJHY-J(BI HOTO IIOTOYHI KOPEKIii 3a pe3yiib-
TaTaMd pealbHUX BHUMIipIOBaHb. BpaxoByroum po3zocepe-
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qxeHicTs BEC 1 ®EC B JIEC, Taka Kopekuis NPaKTU4HO
HE BIUIMHE Ha OalaHC B Hil.

3abesneuenns 6anancy pexumi JIEC B nporeci rene-
pYBaHHS, PO3IOALTY Ta CIIOKUBAHHSA EJIEKTPOCHEpPTii 3
ypaxyBaaHsM ocoOmmBocteit BEC i ®EC y peamsHOMY
qaci KpiM MOTYXHUX KOMYHIKallifHUX MOYIIMBOCTEH po30-
CepeIDKEHOT CHCTEMH KEPYBaHHS BHMAarae 3aylydeHHS
BIJIMIOBIIHAX MiIXOMAIB MO0 (HOPMYBaHHS KEPYHOUUX
BIUIMBIB Ta 3aKOHIB KEPYBaHHSI OKPEMHMH DKEpellaMH
CJIEKTPOCHEPTil 3 ypaxyBaHHAM CHelU(iKu iX KepOBaHOCTI
Ta CIIOCTEPEXKHOCTi. SIK MpHKIANm, Takoi CHCTEMH MOXHA
HaBecTu cucremy kepyBanHs JIEC 3 BJIE, sika 3anpormnoHo-
BaHa B [7]. OcoOIHUBICTIO i€ CHCTEMU KEPYBAHHS € T€, 110
BOHA BIJIKpUTA JJisI JONOBHCHHS HOBUMH (YHKI[ISIMH 1
po3mpeHHs MoIMBocTel. Ha choromHi BOHA JONMOBHEHA
OJIOKOM, B SIKOMY BHKOPHCTOBYIOTHCS THIIOBI Tpadiku
HABaHTAXXCHHA 1 peayli30BaHa METOJVKA BU3HAYCHHS Mak-
CHUMaJIHOTO HaBaHTa)XCHHS TpaHcopMaTOpPHUX
migcTaHtiii [5] it mporHo3yBaHHS GaNaHCy MOTYKHOCTI B
JIEC i BuzHauenHss TBE B enextpuunux mepexax. s
miaTpuMyBaHHS Oanmancy notyxHocTti B JIEC i1 reHepyBas-
1 BEC i ®EC 3a rpadikoM, y3ro»KeHUM 3 OIepaTopoM
0 PO3MOILTY elxeKkTpoeHeprii, 3anpononoBaHo ACK «En-
ergy Storage» HakonuuyBauaMu eJICKTPOSHEPTIi.

Crin BimmitaTh, mo ®EC po3MitieHi HepiBHOMIPHO 1Mo
TepuTopii YKpaiHH i, B CBOIO 4epry, JOCUTb BaXKKO OLIHH-
TH X BIUIMB HA HAJIWHICTH €JIEKTPOMOCTAYaHHS €JICKTPHY-
HUx Mepex. Ha puc. 2, nmpusenena 3mina SAIDI s 2011,
2015-2018 pokis, cepenne 3HadeHHA 10 OEC miist MichKkux
Ta CUIBCHKHX ENIEKTPHYHUX Mepex [1].

i b IS

Fig. 2. 3amnanoBannii nokasuuk SAIDI (1) ta ¢aktnunwmii (2) st
MICBKHX ENEeKTPUYHUX Mepex Ta 3 i 4 — BIIMOBIZHO IJISl CUIBCBKUX
mepexx OEC Ykpainu

Buxoasuu 31 CTaTUCTUYHUX JAHMUX, 30LIBIIEHHS IIOT-
Y)KHOCTI T€HEepyBaHHS BiIHOBIIIOBAILHUX JPKEpEN €Heprii,
AKTHBHE BIPOBA/DKEHHS SIKMX B €JEKTPUYHI Mepexi mova-
1o 3pocratu B 2015 pori, Moxxe OyTH MPUYMHOIO IiJBU-
IIEHHS JIOBIMX mepepB B enekrporocrayanudi (SAIDI)
eNeKTpUYHUX Mepex. [IpoaHanizoBaHO TEMIH 301IbIICHHS
rerepyBanHs B/IE B po3pi3i KOXKHOI eHepromnocradaibHOi
Kommanii, cepen iHmux BuaiieHo ITAT «Binuuiso0Ie-
Hepro» (puc. 3), OCKUTBKH TYT, mounHarouu 3 2015 poxy,
npupict notyxHocti reHepyBanHs OEC OyB HalOIIbIIMHI.
Amnanizyerscst nmme reHepyBanHs ®EC, Tomy mo Bitpo-
BUI TOTEHIiaN JuIsil bOTro periony € HezHayHuM. OTixe,
MOTYXXHICTh TeHEpyBaHHS Ha modaTky 2015 poxy cTaHOBH-
na 41,3 MBT i 30imbmmimcss Maike B YOTHPH pasl 3a
HacTymHi Tpu poku — B KiHi 2018 poky motyxHicte PEC
cranoBmia 180 MBr. IIpore e ®EC Ha HamilHICTB
MepeX TYT CyTTEBO BiJPI3HAETHCA Bif BIUTUBY Ha MeEpexi
OEC B uinomy (us. puc. 3).
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Fig. 3. 3amnanoBannii nokasuuk SAIDI (1) Ta daxtnunuii (2) wist
MICBKUX eJIeKTpHYHHX Mepex Ta (3) i (4) BIANOBIZHO ISl CLIBCBKHX
mepex ITAT «BiHHUII001eHEProY»

OpHOYacHE TIOKPAIICHHS PiBHA TEXHIYHOTO OCHAIICHHS
Mepexk, SK crocrepiractecst y «BiHHUIs0ONEHEproy, pa-
30M 3 po30ymoBoto @EC 1o3BosIsIE PO3KPUTH X MOTEHIIIAMT
3 OMVISIy Ha MOJKJIMBICTH 3a0€3NeYeHHs JOTPUMAaHHS MO-
Ka3HHKa TPUBAJIOCTI JIOBTUX IEPEpPB B CICKTPOIIOCTadYaHHI
B MICBKHX Ta CIJIbCBKHX EJIEKTPUYHUX Mepexax. AHai3
3aJIe)KHOCTEH Ha pHUC. 2 Ta 3 I03BOIISE 3pOOUTH BUCHOBOK,
10 OLIHHUTHU 1 JOCSITTH MaKCUMAaJIbHOTO e()eKTY Bif BIIPO-
Ba/DKECHHS BiJHOBITIOBAIBHHX JKEPEI €HEprii 3 Orsimy Ha
MOXJIMBICTh 3a0€3IeueHHs] HOPMAaTUBHUX IMOKa3HHKIB IO
HagiiHOCTI (0e3mepeOiitHOCTI) eNeKTPOIToCcTauaHHI MOXK-
Ha, BPaxXOBYIOUH TEXHIYHHH CTaH ENEKTPUIHOI MEPEexi, 10
SIKOT BOHU IIPUEJHYIOTHCS.

I'enepyBanass OEC Mae 3HaYHWA IOTEHINAN IS
MiJBUIICHHS C€()EKTUBHOCTI PO3MOAUIBHOT EICKTPHUYHOI
Mepexi i e ciin 3aoxouyBaTH. OIHAK, KOHCTPYKINS CH-
CTEMH PO3MOILTY 1 METOAM POOOTH, K MPABUIIO, HA OCHOBI
paniabHUX TOTOKIB MOTY>KHOCTI CTBOPIOIOTH HU3KY TpPO-
OleM Ui YCHINIHOTO BIIPOBAKCHHS PO30CEPEIHKEHUX
Jokepen eHeprii. Kpim 3amadi OamaHCyBaHHSA B €JICKTpHU-
HUX MeEpeXax s TiJBUINCHHS TEXHIKO-CKOHOMIUHOI
e(eKTHBHOCTI CyMicHOI excrutyaTamnii P/IE i po3monineHIX
CJIICKTPUYHUX MEpPEeXk HEOOXITHO pO3B’S3aTH I 3aaadi
3MEHIIICHHS BTPAT CNICKTPOCHEPTii B PO3MOIIIFHUX EJCeK-
TPUYHHUX MEPEXax 1 MOKpAIIaHHS SKOCTI EJICKTPOIOCTa-
YaHHS CII0KUBAYiB.

IV. KEPYBAHHS [IOTOKAMU IIOTYKHOCTI
EJIEKTPOEHEPT'1i B EJIEKTPUYHUX MEPEXAX 3 BIIE

B [8, 9] po3risiHyTO OCHOBHI CIOCOOM Ta AITOPUTMH
ONTUMI3allii MOTOKIB MOTYXKHOCTI B €JICKTPHIHUX Mepekax
3 BJIE s 3MeHIIeHHs B BTpaT enekTpocHeprii. OCHOBOIO
iX € BH3HAYCHHS MOTYXHOCTI Ta Micug min exHaHas B/IE
0 MEpexki, KOMIUIEKCHC BHKOPHCTaHHS PI3HOTHITHUX
BJIE, y3romxenns rpadikie reHepyBanas B/IE Ta HaBan-
TaxeHHs croXkuBavis [10].

3abe3neuenns Oamancy pexxumi JIEC B mporeci rene-
pYBaHHS, PO3MOALTY Ta CIOKHBAaHHS EJIEKTpOeHeprii 3
ypaxyBaaHsM ocoOmmuBocteit BEC i ®EC y peampHOMY
Yaci KpiM MOTYXHUX KOMYHIKaliHHAX MOXIIMBOCTEH P0O30-
CepeIDKEHOT CHCTEMH KEPYBaHHS BHMAarae 3aylydeHHS
BIJIMIOBIIHAX MiIXOMIiB MO0 (HOPMYBaHHS KEPYHOUHX
BIUIMBIB Ta 3aKOHIB KEPYBAaHHSI OKPEMHMH DKEpellaMH
EJIEKTPOCHEPTil 3 ypaxyBaHHAM cHel(iKu iX KepOBaHOCTI
Ta CIIOCTEPEKHOCTi. SIK MpHKIAN, TaKOi CHCTEMH MOXKHA
HaBecTu cucteMmy kepyBanHsa JIEC 3 BJIE (nus. puc. 4).
OcoOmuBICTIO TIi€i CHCTEeMH KepyBaHHA € Te, IO BOHA
BIJIKpHTA JUIsA JOTIOBHCHHS HOBUMH (DYHKI[ISIMHA 1 PO3IIH-
peHHsl MoxnuBocTell. Ha choronni BoHa nomoBHEHA 0Jio-
KOM, B SIKOMY BHKOPHCTOBYIOTBCS THIIOBI Ipadikyu HaBaH-
T@XEHHSA 1 peali30BaHa METOJMKA BH3HAYCHHS MAaKCH-
masnbHOTro HaBaHtaxeHHs TII [5] mis nporHosyBauHs Oa-
narcy notyxHocti B JIEC i Bu3Hauenns TBE B enexrpuu-
HUX Mepexax. J[is minTpuMyBaHHs OanaHCy MOTYXKHOCTI B
JIEC i renepyBannas BEC i ®EC 3a rpadikom, y3romke-
HUM 3 OIEPaTOPOM IO PO3MOMALTY EIEKTPOSHEPTii, 3ampo-
monoBano ACK «Energy Storage» HakomudyBadyamu
eJIeKTPOCHEPTil.

Bigmosizgo mo0 Smart Grid TexHonorii  neueH-
Tpai3alis YacTuHN (QyHKUiA KepyBaHHS (puc. 4) 3a paxy-
HOK 3aCTOCYBaHHs JIOKQJIbHHX CHCTEM KepyBaHHs, Iepe-
Ba)KHO aBTOMATHUYHHX, MOTPEOyE CTBOPEHHS YMOB CTiid-
KOCTi, aJIcKBaTHOCTI Ta aJanTUBHOCTI KEPYBaHHS CHEpre-
TUYHUMHU 00’ €KTaMHU, SIK y IITATHUX CUTYAIiIX — 3 METOIO
onTuMizalii (yHKIIOHYBaHHS, TaK i y HEIITATHUX — 3 Me-
TOI0 IIBHAKOI JIKBimamii aBapiii Ta MiHIMI3amii iX
HACJIIJIKIB.

Qe sani Wi

ABTORETHIEIAY CHETEND Fepyveiia {ACK)

-, l'-"lD:'!HL

=y

Poapagyuck pessngy | TBE a0 rpafusans
HABRHTARSHEN | ka TT1

FEOHTYEARHE TH TYAMOCT] TREDET

Humniemn
oAk

T

Pigszeis M|

Fig. 4. Crpykrypua cxema ACK mkepenamu enektpoereprii 3 mokampaumi CAK
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Takum BUMoOram, I10J10 KEPyBaHHS PEKUMAMHM JIOKaIIb-
HOT €JIEKTPUYHOI CHCTEMH HaWOiIbINe BiAMOBITAE ananTh-
BHe kepyBaHHS BJIE 3 neuenrpanizauieto yactuHu (yHK-
ifi. AJanTHBHI CHCTEMH aBTOMAaTHYHOTO KepyBaHHS
(CAK) mo3BonsrOTh 3IiMICHIOBATH KepyBaHHS TEXHOJIOTIU-
HUMH TPOIIECAMH B YMOBaxX HEMOBHOI ab0 HEIOCKOHAJOI
MMOTOYHOI iH(pOpPMALii BiTHOCHO XapaKTEPHUCTHK 00 €KTY
KepyBaHHs Ta BIUIMBIB 30BHIIIHBOTO CEpEOBHUINA, IO Xa-
pakTepHe AJIS BiTHOBIIOBAHUX JKEpeN eHeprii, 0co0iImBo,
SKIIO KEPYBaHHS Mae 3MIHCHIOBATUCSA Y pealbHOMY dYaci.
Haiibinpm  BiZOMHM  HampsIMKOM  JI€TEPMiHOBaHUX
(YHKIIOHAIBEHO-aIalITUBHUX, CaMOPETYJILOBAaHUX CHUCTEM
KEpyBaHHS € KEPyBaHHS 3 €TAJIOHHOIO MOEIIIIO.

BpaxoByroun HaBezieHe BHILE IS peasti3anii KOMIUIeK-
¢y 3amad onTuManbHOro KepysBaHHS BJIE B posmonineHuX
Mepexax HEOOXITHOK YMOBOI € 3a0C3MCUCHHS MOMKITH-
BOCTI [IEHTPAJIi30BAHOTO KEPYBAaHHA 00 ’€KTOM Y peaibHO-
My yaci. OnmHak, 11 yMOBa He MO)ke OyTH 3abe3nedyeHa
gepe3 MPOCTOPOBY PO3IMOIUIEHICTE 00’€KTa KepyBaHHS Ta
00Me)XeHY HaiiiHICTh KaHATIB 3B 3Ky MK HUMH Ta JIHUC-
MEeTYSPCHKUM LEHTPOM. BUX0/9H 3 bOTO aBTOMATH30BA-
Ha cHCTeMa KepyBaHHs 3 HEOOXiJAHUM IepenikoM (QyHKIii
KepyBaHHs MOOYIOBaHA SK LEHTPalTi30BaHa CHCTEMaA OIle-
PATHBHOTO KEpyBaHHS 3 JCUCHTpasi3alliero (QyHKINH pe-
aNbHOTO Yacy (puc. 4) 3a paxyHOK 3aCTOCYBaHHS JIOKAJIb-
HUX CUCTEM aBTOMAaTUYHOI'O KCPYBAHHH.

Oco6musictio podotu JIEC 3 BJIE € Te, mo HaBiTh KO-
JU BOHH PO3IMKHCHI, aje TpaIfol0Th MapaJiebHO 3
MaricTpalbHIMHU MEpEXaMH, TO yTBOPIOIOTHCS JiHIi 3 1BO-
CTOPOHHIM JXMBJIEHHSM. B 1uX BUmaakax, a, K MpaBHJIO,
MEpEeKi MPaIIOI0Th CaMe TaK, BUHUKAE 3a7a4a KOMIICHC a1
BIUIMBY MEpEXi BHIIOT Hanmpyrn Ha MeEpexXy HWKYOl
Hanpyrd. HaciigkoM Takoro BIUIMBY € JOJATKOBI BTpaTH
€JIEKTPOCHEPTil B MEPeKi HIDKYOI HANPYTH. 3MEHIIUTH i

10

110/10

BTPaTH MOXHA, KOPUTYIOUH ITOTOKH MOTYXXHOCTI Mixk BJIE
1 TICHTPaTi30BaHUMHU JDKEpeNIaMu elleKTpoeHeprii. PeabsHo
1Ie MOKHa 3poOuTH abo 3MiHIorouM noTyxHicts B/IE, abo
3MiHIOIOYH KoedirienTH TpaHcdopmarii Tparchopmaropis
3B’S13Ky PO3MOIIIBHOI 1 MaricTpaibHOI Mepex. B meprmomy
BUITAJKy BIJIIOBIIHUIM YWHOM KOPUI'YETHCS rpadik reHe-
pyBauus BJIE B Mexax JOMyCTHMHUX BiIXHWJICHD 3asBICHO-
TO HUMH rpadika.

Ockinpku  Tpadiky  HABaHTKEHHA  CIIOKHUBAYiB
CJIEKTPOCHEPTii MOCTIHHO 3MIHIOIOTHCS, TO 3MIHIOETHCS 1
notokoposnozin B JIEC. BixcminkoByBaTa i ONTHMI3yBaTH
noToku notyxkHocti B JIEC MOXINBO TUIBKH 3a TOOMO-
roto ACK, cxema sxoi mokazana Ha puc. 4. [{ns Kopury-
BaHHS MOTOKIB moTyxHocTi B JIEC BHKOpHCTOBYIOTBCS
kepoBaHi B/IE. Lle moxyts 0yt BEC, ®EC i mani ['EC,
1110 BXOJSTh B HET.

MOXIIMBUH HIINA BapiaHT ONTHMAIFHOTO KEpPYBaHHS
notokamu notyxHocTi B JIEC, konu e’aeKkTpuuHi Mepexi B
Hill 3aMKHeHi. B mpoMy BHDamKy, OCKiTbKH MepeXi BHIIO1
Harpyrd (BH) i1 Hmwxyoi Hanpyru (HH) npautorors mapa-
JETPHO, TO HEOOXiAHO 3MCEHIIYBaTH IOAATKOBI BTpaTH
enextpoeneprii B JIEC 3a monomoroto ACK B temmi mpo-
necy. Kopurysaneaux it BJIE, sk npaBuiio, HeIOCTaTHRO
i s onTuMizalii motokiB noTyxHocti B JIEC HeoOXigHO
3amistTu TpaHcpopmaropu 3B’s3Ky ii 3 EEC. Humu BBO-
JITBCSL 3pIBHIOBAJIbHI €JIEKTPOPYILiifHI CHIIM B 3aMKHEHi
KOHTYPU 1 KOMIICGHCYEThCS BIUIMB HEOIHOPIJHOCTI €JIeK-
TpuuHux Mepexx BH 1 HH.

SIx MpUKJIa] ONITHMAJIBHOTO KEPYBAaHHS MOTOKaMH MO-
tyxHocti B JIEC Ha puc. 5 HaBeZieHa cxeMa, sIKa KUBUTHCS
gepe3 TpaHchopmatopri mincraHmii 110/10 kB Bin
CJIEKTPOCHEPTETUYHOT CHCTEMH, a TaKOX BiJ COHSYHHX 1
MaNduX TiIPOETEKTPOCTAHIIH, BCTAHOBIECHUX Oe3moce-
peanso B JIEC.

DEC,

@ 2 3 4

Fig. 5. Cxema enextpuunoi mepeski 110/10 kB 3 BIIE

SAxmo enexrpruHa Mepeka 10 kB 3aMkHeHa, TO Mepexi
10 i 110 xB mpamrorots mapanensHo. Yepes iX KOHCTPYK-
THBHY HeonHopinHicTh (X/T #idem) B mepexi Huxuoi
HaTIpyTH HAaBOJAATHCS CTPYMH HeOadaHCy, M0 MPU3BOIUTH
B HI 10 J0JaTKOBHMX BTpaT enekTpoeHeprii. [ms Ttoro,
00 KOMITEHCYBAaTH HETaTWBHUH BIUIMB €JIEKTPUYHOI Me-
pexi 110 kB Ha mepexy 10 kB, ocranHst Moke po3mMHKa-
THCS 1 B HOPMaJbHOMY peXHMi (yHKIIOHYBaTH SIK
paniansHa. Micus po3mukanHs Mepexi 10 kB BUOUparoTh-
Csl TAKOXK 3 YMOB 3a0e3MeueHHs HaJifHOCTI eJIeKTPOoIocTa-
YaHHS CIIOXHMBA4iB eJeKTpoeHeprii. B mpukmami, 1o

pO3TIIAIaeThC, e po3’eqHyBadi B miHiAx 11-12, 17-18 Ta
26-27. B pesyabTaTi Takoro pO3MHKAHHS eJIeKTPUYHOI
mepexi B JIEC BcTaHOBIIOIOTBCSI HE ONTHUMAlbHI HOTOKH
MOTY)KHOCTI, 1[0 CYNPOBOXKYETHCS MiIBUICHUMU BTpa-
TaMHM €JIKTPOCHEprii B Hil i, SIK MPaBUJIO, IOTIPIICHHIM
sKkocTi Hampyru. OCKinbkH Tpadiku HaBaHTAXKEHHS CIIO-
JKMBaYiB  EJIEKTPOCHEpPrili IOCTIHHO 3MIHIOIOTBCSA, TO
3MiHIO€ThCA 1 ToTokopo3moain B JIEC. BincminkoByBaTH i
ONTHMI3yBaTH MOTOKH NOTYXHOCTI B JIEC MOJIMBO Tinb-
ku 3a gonomoroio ACK/[ns kopuryBaHHS HOTOKIB HOTYX-
Hocti B JIEC BukopucroBytothes kepoBani BJIE. Ile mo-
xyTb 0yt ®EC i mani 'EC, mo Bxoxsats B Hei. B Hammomy
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npukiazai Tpetii piserb ACK BiHOBIIOBaHUMHU JKepera-
MU €Heprii, CXeMH HaBEJEHOI Ha PUC 5, CKIAAAETHCS 3 JIO-
kanpHux CAK ®EC; , ®EC, , ®EC3, 'EC1 1 I'EC2 . Omn-
TUMaJbHE KepyBaHHi NoOTokaMu mnortyxHocti B JIEC
posrisiHemo Ha npukinani ['ECy , 3MiHIOIOYH TOTYXHICTB
SIKOT MOXKHA KOPUTYBaTH NOTY>KHICTh B BiTIi 23—32 royioBn
¢inepa, axuit Bigxoauts Bixg muH 10 kB migcranmii 110/10
kB EEC. 3wmina mnoryxnocti, renepoBaHoi ['EC,
3niticaroeTsest BrumBoM CAK Ha perymarop typOinu. 3Ha-
YeHHs i€l MOTY)XKHOCTI BU3HAYAa€ThCsl HACTYIHUM YHHOM.
B noxaneniit ACK 3a mOTOYHMMH DaHUMH, SIKI HaIXOIATH
B omepaTuBHO-iH(popManiiiHoro komiuiekcy (OIK),
BU3HAYAIOTHCA ONTUMAIBHI MOTYXHOCTI y Bitkax JIEC, mo
3a0e3neuyroTh MiHIMajbHI BTpaTh enextpoeHeprii B JIEC
mig dac ii mepemaui. HeoOXimHwid TPHPICT MOTYKHOCTI
I'EC; Bu3Ha4aeThCA SIK

0P = Pz}gfgz - onsmgz > “4)

Ponm

23-32
TOYHA 1 ONITUMAJIbHA.

ne Py, — noTykHOCTi y BiTui 23-32 mo-

B CAK T'EC; peanizyeTbcsi 3aKOH KepyBaHHS, SKHM

AP, . B pexumi MakcHMabHHX
HaBaHTaxkeHb JIEC, Hampukiaza, 3a paxyHOK 301UIbLICHHS
reaepyBanHsi [ EC1 mo 250 kBT BTpaTH B JiHii enexTporre-
penadi, 1o 3B’s3ye ii 3 By3imom 23, 3meHImimcs Ha 92 kBt
abo Ha 27%. BcranoBnena motyxHicte I'EC1350 kBr.
Slkmio © BOHA mpallfoBajia Ha IOBHY MOTYXKHICTh, IO
Bi,Z[l'IOBi,Z[a€ 3amaqi MaKCHMYMY Ha/IXOJUKEHb Bi pe-

BCTAaHOBJIKOETHCA

IIEHHA, a 10 361J‘H>H.I€HH$[ BTpaT CJCKTPOCHeprii B JiHii
enekrponepenadi. L{eit BapiaHT oIiHroeThCs Ha piBHI I B
ACK. KommpomicHuU# BapiaHT IPHAMAETBCS B 3aICKHOCTI
BiJl HasBHOro cymapsoro Oamancy nortyxHocti B JIEC i
JIOCTYITHOI pe3epBHOI MOTYXHOCTI 31 croporn EEC.

AHAJIOTIYHO OPTaHi30BYIOTECS PEKUMU POOOTH pEITH
BJIE B JIEC. CymapHul TeXHIKO-€KOHOMIUHHIA e(eKT B
iitomy o JIEC mocsraethCsi KOOPIUHAIIEKD TeHEPYBaHHS
Bcix kepoBanux B/IE, B Tomy umcni i @EC.

MOXJIMBUIA 1HIIKIT BapiaHT ONTUMAaJBHOTO KEpyBaHHS
notokaMu moTy)HOCTi B JIEC, Ko eneKkTpudHi Mepexi B
Hilf 3aMKHeHI. B nipoMy Bumnanky, ockinbku mepexi BH i
HH npauroroth mapanesnbHo, TO HEOOXIJHO 3MEHIIyBaTH
nmonatkoBi BTpatu enektpoeHeprii B JIEC 3a momomororo
ACK B temmi npouecy. Kopurysansuux niit BJIE, sk npa-
BUJIO, HEAOCTATHBO 1 JJIs1 ONITUMI3alii MOTOKIB MOTYKHOCTI
B JIEC HE0OXimHO 3aiiTH TpaHCPopMaTopu 3B’SI3Ky ii 3
EEC. Humu BBOISTBCS 3pIBHIOBANBHI ENEKTPOPYIIiiHI
cuin (EPC,p) B 3aMKHEHI KOHTYPH 1 KOMIIEHCY€EThCS BILTHB
HEOTHOPITHOCTI enekTpuaHux Mepexk BH 1 HH.

B 3anexnocTi Bim (opMHU BIACHOCTI MiX MEpEKaMH
BH ta HH MoxyTb OyTH NOCSATHYTI JIOMOBJIEHOCTI IIOJO0
MiHimi3anii cymapanx Brpar AR B HAX 1 BH3HAaYeHHS

ONTHMAJIBHUX 3HA4eHb KoedilieHTiB  TpaHchopmartii
TpaHchOpPMAaTOPiB i aBTOTpaHCHOPMATOPIB 3B'A3KY:

min{APy-= APy, +AP,, |, Q)

ne APy, , AP, — BTpaTn NOTY)XHOCTi BiATOBIZHO B
Mmepexxkax BH 1 HH.
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Aurte, 3Ba)Xalouy Ha Te, 10 3a MapaiesbHOI poOOTH Me-
pexx BH 1 HH Brparu 36inbmryrorscst Tinbku B Mepexxi HH,
TO 3a1a4a (5) BUPOHKYETHCS B HEOOXiTHICTh «BUTICHEHHS
HaBEJICHUX TPaH3UTHHUX IEPETOKIB MOTY)XHOCTI 3 Mepexi

HH y mepexy BH. To0To po3B’s3yeThcs Taka 3amada:
min(AP; ). (6)

BTpatu TOTYXHOCTI y BITKax eJICKTPUYHUX MEpPExK
JIEC MO’KHA BU3HAYMTH:

ASS = TKTS > (7)

ae ASB =AP, + JAQ, — BekTOp BTpar IMOBHOI (aKTHB-

HOi i PEaKTHBHOI) MOTYKHOCTI y BiTkax; S=P+jQ -
BEKTOp MOTYXHOCTEH y By3nax, a P = Re(S) - BEKTOp
Tyr— marpuns
Koe(ilieHTIB PO3MOALTY BTpPAaT HOTYKHOCTI y BiTKax 3a-
CTYIIHOT CXEMH B 3aJIS)KHOCTI BiJI IIOTYKHOCTEH y 11 By3nax

3 BpaxyBaHHsM KoedilieHTIB TpaHchopMmaii Tpancdop-
MaTOpHUX 3B’s13KiB [11].

aKTMBHOI TOTY)XHOCTI y BY3Jax;

Skimo koedilieHTH PO3MOMTY BTPAT MOTYKHOCTI JJIS

i-01 BITKH TkKTi 1 BCKTOp HOTy)KHOCTeI/I By3J'I1B S

srpymyBatu okpemo it mepexx BH i HH, Tto BTpatu not-
yKHOCTI B Oymp-sKiit i-if Bitii mepexxi HH MokHa BH3Ha-
YHTH 5K JB1 CKJIAJIOBI — BTPATH BiJl BIACHUX MEPETOKIB, SKi

. HH .
BH3HAYAIOTHCS MOTYKHOCTSIMH BJIACHHUX BY3IIiB, APHHi , 1
JIOJATKOBI BTPATH BiJl TMIEPETOKIB, SKi BUKIMKAHI BIUIMBOM

mepexi BH, AP :

ARy =APHH. +APHH| ‘ kKTITkKT" PBHI ()

HH BH
kKTtP +TkKTlP

ne TP, T2H. — BignoBinxHo xoedimientn posnominy
BTpaT MOTYXXHOCTI Jyist i-oi BiTku Mepexi HH Bix motyx-
Hocrteit By3niB mepexx HH i BH; pHH , pBH _ BiANIOBIIHO
BEKTOPH MOTYXKHOCTeH By3miB Mmepexxk HH i BH.

3HaIOUM BTPATH MOTYXHOCTI, SIKi BUKJIMKaHI BILITMBOM
Mepexi BH B koxHiit Biti mepexxi HH, moxHa BU3HaUNTH
cymapHi BTpatu B Mepexxi HH, siki BHKIMKAIOTHCS BILTH-
BOM Mepesxi BH:

P = > APR

IEMHH

a00 3 BpaxyBaHHsM (8):

APi = ¥

|EMHH

o PP, )

ne My, — MHOXMHA HOMepiB BiTOk Mepexxi HH.

3piButoBanbHi EPC,, , gKi BBOOATECA B KOHTYPH
3MiHOIO KoedilieHTiB TpaHcopManii TpaHchopMmaropis
3B’13Ky enekTpuuHux Mmepexx BH i HH, Busnauatotees y
BiTHOCHHX OJWHHIISX 3TiIHO [9]:
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E. p.a (t):ﬂ:a J*p (t),
E. 3p.p(t):np J*a(t)1

ne E*ap.a (t)'l E*sp.p (t) -

THBHUX CKJIa/I0BHX 3piBHIOBambHUX EPC;  J. (1), J.,(t)

(10)
BEKTOPH aKTUBHHUX 1 peak-

— BEKTOPHY aKTUBHUX 1 PEAKTHBHHX CKJIAJIOBUX CTPYMIB Y
By3JIax.

BexkTopu kputepiis moai6uocTi B (10) BU3HAYAIOTHCS:
- | g@ _1N c. | J@
Ty = 3p.a o Xe Py H
1
—_| @ (0)
m, =[EY, ONx,C[I7]
ne N — MmaTpuus 3’€JHaHB BITOK y KOHTYPH CXEMH;
-1
-1, —1, . . .
C =r_M, (M'r6 M't) — MaTpuLs KoedillieHTiB CcTpy-
Mopo3noaiTy po3paxyHkoBoi cxemu JIEC, B skiil omopu
BITOK NPEACTABICHI TINBKHA iX AKTUBHUMHU CKJIAJOBHMH
(3actynHa r-cxema JIEC), s Xs — JiaroHajbHi Marpuii
aKTHBHUX 1 PEaKTHUBHHX OMOpiB BiTok; M' — wmatpuips
3’€THaHb BITOK Y BY3JIM CXEMH, B SIKii BHKPECIICHI PSIKH,
10 BiJTOBiAAIOTh By3JIaM TeHEepyBaHHA (Il €KBIBaJICHTHO

00'eTHaHHIO BCIX JDKEpes JKUBJICHHS B OJMH PO3paxyHKO-
BUii OanaHcyrounii By30:1); M', — TpaHCIIOHOBaHa MaTPHIL

M". Tnmexcom (6) mo3HAUCHI BEMHYHHE 0A30BOTO PEIKHMY.

3a BigmomuMu 3piBHIOBaIbHUMUA EPC po3paxoByroThcs
KoedimieHTH TpaHCopMarii TpaHcHOpMaTOpPiB 3B’S3KY
mepexx BH i HH. Skmo pospaxynkoBa monens JIEC
chopMoBaHa Tak, Mo TpaHC(HOPMATOpPHI BITKH 3HAXOASATH-
csl B XOpJax 0a30BOi CUCTEMH KOHTYPIB, TO AJIsl KOSKHOTO i-
ro KOHTypa 3Ha4YeHHs KOMIUIEKCHOrO KoedilieHTa TpaHc-
(dopmariii BU3HAYAETBCSL:

k=1-E .

Tonmi 3 BpaxyBamHsaM (10) BeKTOp ONTHUMAaNBHHUX
Koe(ilieHTiB TpaHChopMaLlii 3aIUIIEThCS:

k=1-mJ., - jm J.,

a6o k,()=1-m J. )2k (O=-=nJ. (1), (1D

ne  K,,k, — BEKTOpH aKTHBHHX (nificHux) 1
PEaKTUBHUX (ys1BHUX) CKITQJIOBUX KoeilieHTiB
TpaHchopmaii.

Bupasu (11), 3aknaneni B8 CAK tpancdopmaropamu
3B’s13Ky JIEC 3 EEC, € 3axoHaMu KepyBaHHSI.

V. BHUCHOBKH

InrerpyBanns BJIE, 3okpema ®EC, Moxe 1 HOBHHHO
3MIMCHIOBATUCS 3 BPAaxXyBaHHAM IHTEPECIB EIEKTPUIHHUX
Mmepex. PozoynoBa ®EC B eNneKTpUYHUX Mepexax MOXKe
CYIIPOBOJKYBATHUCS T ABUIIIEHHSAM HaIIHHOCTI
(nmoxpamannsim  SAIDI 1 SAIFI), 3meHmeHHS BTpaT
€JIeKTpOCHEePrii 1 MOKpamaHHaM 1l sKocTi. BpoBamkeHHs
SMART GRID TtexHomoriii Ha piBHI JCHCHTPATi30BaHUX
CHCTEM €JEKTPONOCTaYaHHA TIIOKpAIly€e iX TEXHIKO-
€KOHOMIuHY e(eKTuBHiCTh. [lepexin Ha HOBY TeXHO-
JOTiUHY TWIATGOpMYy 00IIIse TMiIBUIINTH HAAIHHICTD, SKICTh
Ta €KOHOMIYHICTB €JIEKTPONIOCTA4YaHHSI.
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Renewable electricity sourcesin electrical networks as an
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It is shown that the unstable nature of the operation of renewable energy sources affects the modes of operation of the electricity
grids. The instability of generation of photovoltaic and wind power plants (FES, WPP) is offset by the power supplied to the distribu-
tion grids (REM) from the grid. Because of this, the conditions of the balancing of the SEM mode also affect the EES modes. In today's
conditions, the balance is solely placed on a centralized electricity supply system. However, there is a gradual change in the mecha
nisms of functioning of the Ukrainian energy market, which encourage RES to work according to a set schedule, in particular the intro-
duction of penalties for failure to comply with the stated daily generation schedule. To ensure the balance reliability of the SEM, the
power reserve of the grid is determined or the capacity of the energy storage is determined. Further development of renewable energy
sources is impossible without the use of balancing tools and the assessment of their impact on the reliability of the electricity grids to
which RES is connected.

A change in SAIDI for recent years, when RES is being actively deployed, is given in urban and rura electricity networks. RES do
not always lead to increased reliability of electricity supply and improved quality of electricity. It is established that with the develop-
ment of RES it is hecessary to improve the technical condition of the electrical networks.

Structural diagram of an automated control system for electricity sources with local SACs for controlling power flows in electric
networks is developed with RES to reduce electricity losses.

Keywords - diagnosis, technical state, power transformer, frequency-amplitude characteristics, deviation, FRA, windings, magnetic
circuit, planning the day of diagnosis, forecasting.
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Determination of power losses in the isolation of
distribution networks
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Abstract — The article deals with the problem of
determining the power losses in high-voltage transmission
lines, because their dielectric propertiesarelost over time. To
calculate power losses, the methodology for determining
losses in accordance with regulatory documents is presented
and its imperfection is shown. Experimental research
methods for PF-70A and PSD-70E type insulators have been
developed to determine the capacitance of the insulator and
the tangent of the dielectric loss angle. On the basis of the
developed methodology, experimental studieswere conducted
to deter mine the capacitance of the insulator and the tangent
of the dielectric loss angle for PF-70A and PSD-70E type
insulators. In experimental studies, three conditions were
examined under which insulators were investigated: a clean
dry insulator, adirty dry insulator, and a clean wet insulator.
The results of the capacitance of the insulator and the
tangent of the dielectric loss angle with different
contamination of the insulators were obtained. The results of
the experimental studies allowed us to calculate the losses of
active and reactive power in the isolators of overhead lines.
According to the results of the calculation, it was found that
the value of the losses of the reactive power component is
almost unchanged, regardless of the type of contamination,
and the active component increases when contaminated and
significantly increases when the insulator is wetted.
Analyzing the obtained results, it is concluded that during
operation, insulator contamination changes, which leads to
changes in leakage currents and, as a consequence, power
losses, so power losses are not constant, and they change
during operation depending on the environment, weathering.
the conditions and timing of this impact. The issue of
determining power losses is not fully resolved and needs
further, more detailed study..

Keywords — leakage current, insulation, glass insulators,
porcelain insulators, tan delta.

I. INTRODUCTION

Asit is known for all objects of power systems balances
of the electric power are formed. Electricity balance is a
guantitative characteristic that takes into account that the
amount of electricity that is supplied to an object must
always be equd to the amount of electricity that has come
out of the object and that has been consumed inside it.
However, there is also an unbalance of the system - as a

DOI: 10.33042/2079-424X-2019-3-56-107-111

consequence of the error in fixing the balance components
with the devices, as well as the presence of losses that are
not fixed at al by the devices, for example, technical
losses, the vaue of which is determined by calculation, and
commercial losses, which are explained both by the
characteristics of the object and and the impact on them of
external forces.

The value of technical energy losses in the transmission
of electrical energy in the insulating structures of overhead
power lines according to [1], taking into account the degree
of air pollution (DAP) is determined by the following
formula:

Uiom
3Riso'Ninsul hum g (1)

where Unom is the rated voltage OL, kV; Nis - the number
of insulators in the phase OL; Ng; - the number of insulator
strings, which is taken when designing overhead lines; Trum
- duration in the calculated period of wet weather (fog,
dew, rain, deet, frost), h; Risi is the electrical resistance of
one insulator, kQ2, which is determined according to [2] by
the formula:

Risoy = 1345 — 215+ (Np — 1) @)

Aw® =

isol —

where N, - the number of the level of the degree of
pollution of the atmosphere, which is determined according
to[3].

As can be seen from formula (1), it does not take into
account such parameters as: resistance to leakage current or
the conductivity of the layer of pollution on the surface of
the sulator skirt depending on the thickness of the insulator
[4 - 9] and the time of exposure to weather conditions. Not
taking into account these parameters introduces a
significant error in determining the magnitude of the
leakage current, and the reduced Ry resistance formula
(2), the value of which varies linearly depending on the
DAP, does not provide complete information to determine
the technical energy loss (1) in the insulating overhead
lines during electrical transmission energy. The paper
attempts to take the above parameters into account by
indirect methods.
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The influence of weather conditions reduces the
dielectric strength of insulators [6] and, in some cases, with
intensive contamination of the surface of insulators leads to
their overlap. Moistening the surface of the insulating
structure leads to an increase in the specific conductivity of
the contamination layer along the surface of the insulator
and, as a consequence, to an increase in leakage currents,
which in turn leadsto an increase in energy loss.

The determination of the leakage current and the
conductivity of the contaminated layer of an insulating
structure can be performed by measuring such insulation
parameters as: dielectric loss tangent tgd in the insulator
design and insulant capacitance Cinsu depending on DAP
and type of weather conditions (fog, dew, rain, wet snow,
frost). In the conducted research in laboratory conditions,
three states of the insulator plate surface were studied: dry,
clean; dry with alayer of dust; clean moistened with water.
This approach to experimental research alows simulating
a once severa variants of the surface conductivity of an
insulating part of insulators, which corresponds to different
degrees of environmental pollution.

II. DETERMINATION OF THE CAPACITY OF THE
INSULATOR AND TANGLES OF THE ANGLE OF DIELECTRIC
LOSSES

The active component of the leakage current on the
surface of the insulator in different sources [4 - 6] is
determined by the expression:

U
I, =—

YR (©)
where Ry is the leakage current resistance on the surface of
the insulator if the contamination layer has a thickness A
with a specific volume resistance p.

The leakage current resistance can be determined by the
following formula:

— pLy
u m-A-D

“)
where L, is the creepage distance.

Therefore, from formulas (3) and (4) the leakage
current will be determined as:

_ UmAD

I
u pLy

(&)

Based on the expression (5), without having the values
of such parameters as the thickness of the contamination
layer A and its specific volume resistance p, it is impossible
to calculate the leakage current. In addition, formula (5) is
given for the calculation of a cylindrical smooth insulator,
which makes its application in practice for the calculation
of real structures almost impossible.

You should pay attention to the fact that the value of
capacity C will vary depending on the absence or presence
of a layer of pollution. This is due to the fact that the
dielectric constant of the pollution layer will depend on its
state and composition. Therefore, the determination of the
capacity of the contaminated insulator will alow to take
into account the presence on its surface of a certain type of
pollution.
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Fig. 1. Diagram of replacing a string of insulators.

All of the above determines the need to clarify leakage
currents. In this paper, we propose to determine the leakage
currents by measuring two insulator parameters such as:
capacitance Cx and dielectric loss tangent tgd
experimentally. On the basis of the obtained experimental
results, it becomes possible to determine the active
component of the leakage current by calculation.

To experimentally determine the capacitance Cx of the
insulator and the dielectric loss tangent tgd, we performed 3
series of experiments, 100 experiments in each series, using
the Vector 2M measuring device, which works on the basis
of the Schering bridge principle (Fig. 2) and for measuring
the parameters of insulation, capacitance and tangent of
dielectric loss angle in high-voltage insulation at various
values of test voltages.

The measurement process consists in balancing the
bridge circuit by alternately adjusting the resistance of the
resistor and the capacitance of the capacitor stores.

i A\
Ly

Fig. 2. Schering Bridge Diagram
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where C; is the capacitor under study, R; is the series
resistance in the equivalent circuit of the capacitor under
study, C; is the reference capacitor, Rs is a non-induction
resistor, C4 is a variable capacitor, R4 is a variable non-
induction resistor connected in parallel with Ca.

Two types of insulators were chosen as objects of
study:

- "PF-70A" Fig. 3, suspended porcelain insulator with a
long creepage distance lox = 303 mm and a minimum
breaking load of 70 kN;

- "PSD-70E" Fig. 4. suspended glass double-wing
insulator (for areas with a polluted atmosphere), enhanced
insulating characteristics and a long creepage distance lout
=411 mm with a minimum breaking load of 70 kN.

148

Fig. 3. Insulator type PF-70A

i d—-l—-—
D

(N

[}
!

Fig. 4. Insulator type PSD-70E

Measurements of the studied parameters were carried
out for three states of the insulator plate surface (clean, dry,
contaminated with a layer of dust, clean wetted water)
using the “Normal” measurement circuit, which is shown
inFig. 5.
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Fig. 5. "Direct" measurement circuit

In measurements, two bridge switching schemes are
used: the so-called ‘“Normal” or “Direct”, in which the
measuring element is connected between one of the
electrodes of the tested insulation structure and the ground,
and “Inverted”, where it is connected between the electrode
of the test object and the high voltage output the bridge.
The “normal” circuit is used when both electrodes are
isolated from the ground, “Inverted” - when one of the
electrodesistightly connected to the ground.

The test voltage Unv supplied to the object “Pestle” of
the insulator according to the “Direct” measurement circuit
was 10 kV. The obtained average values of the results of
measurements of the capacitance of the insulator Cy and the
dielectric loss tangent tgd are presented in Table 1.

TABLE I. THE AVERAGE VALUES OF THE CAPACITANCE OF THE
INSULATOR CX AND TGA
Insulator Surface Condition
Type Dry clean Dry dirty Clean v\:lv:tt;ed with
CoPF | 1€5,% | CuPF | t25,% | CyPF | 125, %
| 8182 | 912 | s28 | 21 | 1203 | 209
P;)E_ 67.76 2.039 65.72 2.067 77.31 349

As can be seen from Table 1 for different states of
contamination of the surface of an insulator plate, the
values of capacitance Cx have different values and even
exceed the values given in [5]. Therefore, if we take into
account the varying parameter tgd, the active component of
the leakage current |, over the surface of the insulator will
also have different values.

[1l. CALCULATION OF THE ACTIVE LEAKAGE CURRENT
ON THE SURFACE OF THE INSULATOR
At alternating voltage, in insulation, a current flows,
which is ahead of the applied voltage by phase ¢ (Fig. 6),

which is less than 90 degrees at a small angle J, due to the
presence of active resistance.
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le
Fig. 6. Vector diagram of currents through alossy dielectric

where U is the voltage on the dielectric; | is the total
current through the dielectric; 1, Ic are, respectively, the
active and capacitive components of the total current; ¢ is
the phase shift angle between the applied voltage and the
total current; & - the angle between the total current and its
capacitive component.

Considering the simplest dielectric, you can write the
expression dissipated in it under the influence of an
alternating voltage power:

P.=U-l,,

where U is the voltage applied to the dielectric, |, is the
active component of the current flowing through the
dielectric.

The dielectric substitution circuit is usually represented
as a series-connected capacitor and active resistance. From
the vector diagram (seefig. 6):

lo = lotgd

where 6 is the angle between the vector of the total current
| and its capacitive component I..

Consequently
Pa=U-lctgd
but current
lc=U-®C,

where is the capacitance of a capacitor (of a given
dielectric) at an angular frequency o.

As aresult, the power dissipated in the dielectricis
P.=U%w-C-tgd

that is, the energy loss dissipated in the dielectric is
proportional to the tangent of the angle 9, the frequency of
the applied voltage and the capacitor capacitance.

Based on the experimental data obtained, Table 1,
knowing the capacitance Cx of the insulator, can determine
thereactive |, current by known formulas:

XC = !

- 2w Cy

(6)
U

=2 )

p_XC

where U is the applied voltage to the test object in our case
is10KkV.
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Knowing the reactive component of the current I, as
well as the tangent of the dielectric loss angle tgd, it is
possible by a known formula to calculate the active
component of the leakage current | »:

tgd =3¢ ®
Ip

Then, expressing from (5) the active component of the

leakage current |, we obtain:

Ia = IP ) tg(s (9)

Substituting the obtained experimental average values
into (6) (7) (9), we obtain the desired reactance values of
the insulator Xc, the reactive component of the current Ip,
and the active component of the current la, which are
summarized in table 2 for the PF-70A type insulator and in
table 3 The required parameter values for the PSD-70E
isolator are summarized.

TABLEII. CALCULATED VALUES OF THE DESIRED VALUES OF THE
INSULATOR TYPE PF-70A
Insulator Parameters
Surface U, f, Pa,
Condition KV | Hz | XeOMm | lpd o A W
Dry clean 10 50 | 3.63-107 | 03:10° 2.5-10° 0.25
Dirty dry 10 50 | 3.85:107 | 0.3-10° 5.810° 0.58
Cleanwetted | 14 | 53 | 385107 | 0410° | 79105 | 079
with water
TABLE III. CALCULATED VALUES OF THE DESIRED VALUES OF THE
INSULATOR TYPE PSD-70E
Insulator Parameters
Surface U, f, Xe,
Condition kV | Hz Ohm I A ls 4 Pa, W
Dry clean 10 50 | 4.7-107 | 02:10° | 43-10° 0.043
Dirty dry 10 50 | 4.8:107 | 02:10° | 43-10° 0.043
Clgan wetted 10 50 | 4.1-107 0.2:10° 8.5:10° 0.085
with water

As can be seen from tables 1, 2 and 3, under different
states of the surface of an insulator plate, the capacitance C
of the insulator changes, and the dielectric loss angle
changes and, as a consequence, the active component |, of
these |osses appears.

IV. CONCLUSIONS

During the work we see that during the operation of
insulator chains made of porcelain and glass at different
levels of atmospheric pollution zones and weather
conditions, the leakage currents on the surface of the
insulators can change their values. It is also seen that the
capacitance and the tangent of the dielectric loss angle of
an insulator also change their values depending on the type
of contamination of the insulator plate.

It is also necessary to note that the applied voltage to
one insulator when conducting research in laboratory
conditions was 10 kV, however, in actual operating
conditions, the voltage distribution over a sring of
insulators fig. 1, depending on the voltage class of the
overhead power line, has different voltage values.

As we see this question on the specification of leakage
currents on the insulating structures of power lines need
additional research. Since it is not known, the behavior of
leakage current valuesin actual operating conditions during
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BusHaueHHS BTpaT €JIEKTPOCHEPT] TP 130111
PO3HOAITEHUX MEPEK

C.IO. llleBuenko

Hanionansi Texmimmi H.0. lanunsueHKo L.I. Bop3enkoB
. " . . HaunioHaneHui TeXHIYHUI CyMchKH ep)kaBHUIN
yHiBepcuTeT " XapKIBCbKUI . "X anki N .
N N— yHiBepcuTeT " XapKiBChbKuii YHIBEpCTET,
Vipaia ’ MOJITeXHIYHUHN IHCTUTYT", VYkpaina
P VYkpaina

B crarTi po3mismacThcs NHTAHHS BU3HAYEHHS BTPAT IOTY)KHOCTI B i30JALIMHUX KOHCTPYKISIX BHCOKOBOJBTHHX JIHIN
eJIEKTpOIepeaadi, OCKIIbKA 3 4acoM eKCIUTyaTallii i30JITOpiB BTpadaroThCs IX MIENEKTPUYHI BIACTHBOCTI. i1 po3paxyHKy BTpar
MOTY)KHOCTI HaBEJJEHO METOIWMKY BH3HAUEHHS BTPAT BIANOBIAHO JO HOPMAaTHUBHUX JOKYMEHTIB Ta IOKa3aHO ii HEZOCKOHAIICTB.
Po3pobiaeHo MeToauKy TpPOBEINCHHS E€KCIEPUMEHTANBHUX JOCHiIKeHb i 130msaTopiB Tumy [1D-70A ta [ICA-70E mns Bu3HaueHHS
€MHOCTI 130JIATOpa Ta TaHTEHCa KyTa [ieNeKTpUYHUX BTpaT. Ha OCHOBI po3poOieHOi METOOWKH IPOBEIEHO EKCIIEPUMEHTAIbHI
JOCII/PKEHHS U1l BU3HAYCHHS €MHOCTI 130JIATOpa Ta TaHT€HCA KyTa JieJIeKTPUYHAX BTPAT A i30maropiB tumy [1dD-70A ta I[IC/I-70E.
[lixg gac excriepUMEHTABHUX JOCTIKEHb OYIJIO PO3TIITHYTO TPH YMOBH 3a SIKUMH JTOCTIHKYBAIHICh 130JIATOPH: YUCTUH CyXHH 130II5TOD,
OpyAHWH CyXWH 130JIITOp Ta YHCTUH 3BOJIOKEHWH i30iaTOp. OTpHMaHO pe3ylbTaTH €MHOCTI i30JTOpa Ta TaHIeHca KyTa
JieNIEeKTPHYHNX BTPAT 32 YMOBH Pi3HOTO 3a0pyaHEeHHs 130ys1TopiB. OTpUMaHi pe3ynbTaTH eKCIePUMEHTAIBHNX AOCITIPKEHb JT03BOJIMIIH
po3paxyBaTH BTpaTH aKTHBHOI Ta PEAKTHBHOI MOTY)KHOCTI B i30JI1TOpax MOBITPSHUX JiHIH. 3a pe3yabTaTaMu poO3paxyHKy Oyio
BUSIBJICHO, IO 3HAYEHHS BTPAT PEAKTHBHOI CKIIAJ0BOI MOTY)XHOCTI Maibke He 3MIHIOETHCS, HE 3BaXKAI0YM HA THUIl 3a0pyIHEHHS, a
aKTHBHA CKJIaJJ0Ba 30UIBIIYETHCS TIPH 3a0pyIHEHH] 1 3HAYHO 301IBIIYETHCS TP HAMOYyBaHHI i30isTopa. [IpoanamnizyBaBmm oTpuMaHi
pe3yabpTaTH 3pO0JICHO BHCHOBOK, IIO ITiJ] Yac eKCIUTyaTalil 3MiHIOE€ThCS 3a0pyIHEHHS 130JIATOPIB, IO MPH3BOAUTH 10 3MiHH CTPYMIB
BUTOKY 1, SIK HACIIIOK, BTpPAT IOTYKHOCTi, TOMY BTpPaTH IIOTY>KHOCTI HE € ITOCTIHHMM 3HAa4eHHSIM, a BOHH 3MIHIOETBCS i dYac
eKCIITyaTanii B 3aJIeKHOCTI BiJj HABKOJIHIITHHOTO CEPEIOBHINA, BIUTIBY IMOTOJHAX YMOB Ta Yacy I[bOTO BIUIMBY. [INTaHHS BH3HAYCHHS
BTpAT HOTY)KHOCTI HE € OCTATOYHO BHPIIIEHUM i MOTPeOyIO MOAANBIIOr0, GBI JETaJIBHOTO JOCIIHKEHHS.

Knrouoei cnosa - cmpym 6umoky, i301ayis, CKI0I30A9mopu, NOPYeAaHO8I I301aMopuU, ManeeHc 0enbmd..
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Abstract - It has been shown that the principle of
controlling the current of an electromagnetic drive of a hybrid
contactor of direct current isrealized by introducing a special
control electric circuit in parallel with adrive coil by means of
turning on apower SK (semiconductor key), which containsa
condenser, setting the time and controlled low-power
transistor key, in an output circuit of which a low-power
optron thyristor isincluded, moreover, an auxiliary transistor
key, providing the current discharge with the help of
additional secondary electric winding when commutation
current flows from the circuit of the main contactors to the
circuit of a power semiconductor key, isturned onin parallel
to the mentioned condenser.

The peculiarities of the processes of charging and
discharging of a condenser, which sets the time, in different
operating conditions of a contactor, have been deter mined.
Whereby, it has been found out that for providing reliable
circuitscommutation it is necessary that a condenser charging
time, setting thetime up to thelevel of voltage, providing turn-
on of a low-powered optron thyristor when a contactor is
turned on, shouldn’t exceed the value of minimum time of its
turn-on and the time of the condenser discharge when turned
off shouldn’t be lower than the minimum time of a contactor
turn-off. It allows to determine the parameters of the
elements, providing reliable commutation of a contactor.

As a result of the research it has been shown that the
proposed hybrid contactors due to the introduction of
electromagnetic drive current control and new connections as
compared with the existing ones, possess the properties
increasing their competitiveness. They also have increased
operation reliability, reduced dimensions and cost, their
production and technological indices are improved and the
sphere of their application is broadened.

The possibility of creating competitive reliable hybrid
contactors of direct current on the currents 100-630 A and
voltage up to 1000 V, which function in hard maintenance
conditions, isconsider ed to be an applied aspect of puttinginto
practice theresearch results obtained.
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l. INTRODUCTION. URGENCY OF THE RESEARCH AND
TARGET SETTING

Hybrid contactors of direct current or contactors with
arcless commutation combine positive qudities both of
contact apparatuses (small loses of power in on position),
and non-contact ones (arcless current commutation). In
these contactors paralel to the main contactors of the base
contactor, as arule, with electromagnetic drive, completely
controlled power semiconductor key (SK) is connected,
providing arcless commutation of disconnecting contacts.
Its turn-on and turn-off is made the control circuit. In on
position of a contactor a completely controlled SK is
bypassed by the main contacts. So, SK isunder theload just
for ashort period of time (some ms) at loading commutation
allowing to use completely controlled power semiconductor
devices (PSD) (IGBT-transistors: GTO- thyristors etc)
without coolers using natural cooling when constructing SK.
Besides, the use of ablowout system of the base contactor is
not necessary. It is very important for contactors intended
for the net voltage of higher than 500 V, when the
commutation process of inductance loading becomes
complicated.

As a result, commutation wear resistance of hybrid
contactors increases dozens of times and approaches the
mechani c one when an apparatus massis a bit increased (up
to 20-30%). However, in the case of using expensive
completely controlled power SK in these contactors, their
priceistwo timesor [1] or higher than of common classical
contactors.

That is why, from the technical and economic point of
view, they should be used in hard maintenance conditions,
characterized by frequent commutations of active and
inductance loading and in conditions of increased explosion
and fire safety requirements.
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Nowadays, the sphere of using hybrid commutation
apparatuses (including contactors) of direct current widened
greatly due to the development of direct current nets, in
which renewable sources of eectric power are used (solar
and wind power stations) [3, 4].

In connection with that the works, aimed at the
development of new principles of creating hybrid
commutation apparatuses and methods of their calculation,
providing the increase of their competitiveness at the world
market of electro-technical products, are urgent and in
demand. The review of scientific works for a period of 10
years is given by the authors in [5] and shows that such
research work is carried out worldwide [6-8].

II.  THEAIM AND THE TASKS OF THE RESEARCH

The aim of the research is to develop the principles and
methods of calculating operating conditions and parameters
of hybrid contactors of direct current (with an
electromagnetic drive), controlled by the electric drive
current.

The following tasks are to be solved:

- To prove that the principle of controlling a hybrid
contactor by the current of its electromagnetic drive alows
to increase its competitivenessas compared with the existing
ones;

- To study nonstationary electromagnetic processes,
providing electromagnetic drive current control by a
contactor;

- To elaborate the methods of calculating €lectronic
circuit elements, providing electromagnetic drive current
control and to give recommendations on the choice of their
parameters and operating conditions.

I1l.  TECHNICAL SOLUTIONS ON CREATING HYBRID
CONTACTORS OF DIRECT CURRENT AND THEIR ANALYSIS

Technical solutionsin the form of an electric circuit of a
two-pin hybrid contactor of direct current, controlled by the
current of its electromagnetic drive, have been worked out
at O.M. Beketov National university of urban economy in
Kharkiv (Ukraine, Kharkiv). This principle is realized in
such away that a special electronic circuit of control with a
condenser, setting the time, and a controlled transistor key
with an optron thyristor connected with its input circuit, is
introduced in series with the coil of electromagnetic drive.
This circuit provides reliable contactless turn-on and turn-
off of a completely controlled SK, as the main contactor
contact is by-passed when the loading is commutated by an
apparatus. The main technical solutions, applied in the
contactor, are protected by patent [9.10].

An electric circuit of the given contactor is presented in
figure 1.

A classicd double-pole contactor with an
electromagnetic drive is applied as the base contact
apparatus.

Such elements of a contactor as the main contacts MC1
and MC2, IGBT-transistor VT3 with a reverse diode VD7,
primary coils W1.1, W1.2 of a current transformer TA1 form
the main circuit of a contactor on the circuit. At the same
time the contacts 1 and 2 MC1 and MC2 are adjusted in such
a way that the second contact is broken later than the first

DOI: 10.33042/2079-424X-2019-3-56-112-119

one (time latency is 8-9 ms), and instead of |GBT-transistor -
adual-operation thyristor can be applied.

A thyristor block R, is intended for spilling the power
accumulating in acircuit inductance, and an optron thyristor
VS3 - for spilling the power accumulated in a loading
inductance. The latter element alows to use the proposed
contactor in non-reverse circuits. The rest eements form the
circuit of controlling the commutation of the main contacts
or VT3.

Such elements as the button START and STOP, auxiliary
contacts MK1.1 and the coil of electromagnet MK1 provide
a drive control and thus the commutation of the main
contacts.

Such elements as a diode bridge (VD1 — VD4), a
condenser C1, setting the time, a transistor VT2, optron
thyristor VSI, resistors R. - Ry, a condenser C,, a voltage
regulator VD6 and a bilateral voltage selector VD8 provide
turn-on of atransistor VT3 (or adual-operation thyristor). In
their turn, such elements as a transistor VT1, resistors Ri -
R, a diode VD5, secondary coils W2.1 and W2.2, diodes
VD9 and VD10, a commutating condenser Cs, a
commutating thyristor V2, resistors Rio and R, an input
circuit of an optron thyristor VS3 provide turn-off VT3 (or a
dual-operation thyristor).

While a contactor is powered off all elements of its
electronic circuit are de-energized and in on-position just a
small amount of elements, included into the circuit of an
electromagnetic drive, are under load.

A detailed description of a contactor work is presented
in[9, 10].

As can be seen from the analysis presented in [5, 9, 10],
the technical solutions proposed by the authors alow to
create hybrid contactors, providing reliable arcless
commutation both in on-position and when powered off.
They don’t need the use of costly large standard driver with
aspecial power unit aswell asan additional source of power.
Furthermore, as compared with the existing contactors, they
possess the following additional positive characteristics:

1) Increased operation reliability, provided by the
following factors. excluding of a less-than-perfect contact
circuit, created on the basis of a current relay, from the
controlling circuit of a power SK, complete excluding of a
possibility of an emergency restart of a power SK upon
power failure, and economical operating conditions of the
elements of a contactor eectronic circuit as well as
excluding of a voltage influence on the elements of a
controlling circuit;

2) Reduced dimensions, mass and cost due to
considerable simplification of a controlling circuit
(excluding of the time relay and a large non-process current
relay, simplification of the connections between the electric
contacts);

3) The parameters and operating conditions of the
circuit controlling an electrical part don’t depend on the net
voltage and are determined only by the turned off current, it
allows to use the proposed technical solutions also for
creating hybrid contactors for the voltage higher than 1000
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4)  The absence of the commutation zone with an arc
increases its commutation durability as well as alows to

apply it in conditions of strict explosion and fire safetyv
requirements.
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Fig. 1. Hybrid double-pole electromagnetic contactor of direct current controlled by an electric drive current

The properties mentioned above essentially increase the
competitiveness of the proposed contactor due to the
increase of the maintenance properties and production
simplification.

For substantiation of the results obtained and for providing
practical redlization it is necessary to study the processes
which haven’t been considered before, but occurring in a
contactor circuits in case of loading commutation. On the
basis of the data obtained the necessary cal culation techniques
are expected to be worked out.

IV. THEORETIC RESEARCHES OF NONSTATIONARY
PROCESSES IN THE CIRCUITS OF HYBRID CONTACTORS
The data of the researched processes are presented

below. The main processes occur in the circuit of

114

electromagnetic drive of a contactor in case of its
commutation. The design circuit for studying these
processesis presented in figure 2.

The following symbols are used in the circuit:

e R - activeresistance of adrive coil;

e Ly - inductive resistance;

e C, - condenser connected with acoil in series;

e Rs - regulated resistor, connected with the input
circuit of the optron thyristor;

e VT2- transistor key;
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e VD1 - threshold voltage regulator, determining the
voltage level on the condenser, on which the turn-on
of the key VT2 occurs.

+O
”R;

i'

. L ] L 1 I
I :f I
1 |r VDI
= V12
O—e ‘\]

Fig 2. Dosign circuat for studying the processes cecunang m
the circust of an electromagnetic drive

As the resistor resistance R« is enormously higher than
that of the resistor Rs (in modern low power transistors the
coefficient of the current transmission £>100), it is possible
to consider with a fractional error that the equivalent value
of resistance, connected in parallel to the condenser Ci, will
be the following — Re = Rs.

The process of charging a condenser C, in case of a
turned on contactor isdivided into two stages. Thefirst stage
lasts up to the moment of turning on a transistor key VT2,
i.e. up to the voltage reaches the voltage value of the
breakdown of the regulator VD1. In this case a transmission
process in the circuit is determined with the following
equation:

uk=ik'Rk+Lk-£;—it’€+uC (1)
After the corresponding transformations we have:

2
d uc,

Rg ducy 1 _ Uk
A R )
dt Lg dat Lk-Cqy Lk-Cqy

According to [11] its solution looks like that:

U ) .
Uc = Uk+p1_sz'(P2 ePrt —p, - eP2h), 3)
- UK | (oP1t _ oP2t 4
'k Li-(P1-p2) (e er”) )
where R Re V1
SR Sy ) S
T G

In this case it is supposed that a charging process is
aperiodic, i.e.{[ R jz 1 } .
>

2L) LG

The second stage starts from the moment of turning on a
transistor key VT2 in case of aregulator breakdown VDL1. In
such case (Re = Re);

u
Uc(0) = Ucr, I;(0) = RLET = Lyrn—onvs1  (5)

where U cr - the voltage of the regulator breakdown VD1,
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RE :R61
I wrn-onvs1— turning on current of optron thyristor VSL (fig.
1).

For determining the time of a transistor key closing (t1)
it is necessary to solve the following transcendental
equation:

Uk (pz ,epl‘tl -p ,ePZ“l) (6)

1~ P>

In case when pl< p2 it is possible to use the following
equation for this circuit:

NU,~U ) '”(* %) (7

Uer=Uy +

t, =
* Py
For normal operation of an electronic circuit of control it
is necessary that

t1<t wn-onmin= 0,75t turn-on

The eguation of a transmission process at the second
stage looks as follows:
e = iy R + Lie - 25+ uc (8)
duc

where i, 261'7+:—C
E

Or after the corresponding transformations:

2
d Lic + &+ 1 .duicﬂjc.iA 1+& = (9)
d? (L R.-C ) d L-C, U R,
_Uk_UCI'
T L.-C,
Incasewhen t = 0, Ug(0) = Ugr, Ix(0) = ——E&— .
Lk (p1—p2)

. (epl"l _ ePZ'll )

Using known calculation techniques of transmission
processes of eectric circuits[11], we obtain:

Ue=Uy k=A% (AU ~Uy -k)-€% Y (10)

where 1 1« 0)|;
A=— '|:pi'(UCT_UK'k)+ « )}

P =P G
_ _Re |
~ Rg+Ry’
/ 2 1
=—at a2 ———;
p1,2 - K~Lk~C’
1 R 1
a==-(*- ).
2 Ly RE-Cq

So, in a stable condition the voltage on the condenser C;
isequa toUy - k = U,.

Practically the time of a condenser charge is determined
from the equation (10) assuming that Uy -k = U,.
However, if pl2>>p/y, this time can be determined from the
equation:

A
n———
o "0,05-U, _In0,95-U, —InA (11)
2 o/ p/
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In this case the full time of a condenser charge will be
tcharge = t1 +t2.

When a contactor is turned off, a condenser C; starts
discharging through an open semiconductor key VT2 and a
resistor Rs, and it finishes when the voltage on the condenser
occursand it isequal to the voltage of aregulator breakdown
VD1.

The equation of atransmission processin this case looks
like that:

duc

Rp-C—f+uc=0 (12)
Whent =0 — Uy = Ug - k. Then

uc=Uyg-k-e='/r (13)
wherer = Re-C1.
The time of a condenser discharge (taisch ), until the

voltage is Ucr, will be determined from the following
equation:

Uk (14)
) . Uer

For the normal operation of a circuit controlled by a
contactor it is necessary that the following in-equation to be
carried out:

taisen = 7+ In

tdisch <t turn-off max— 1' 25 'ttum—on (15)
. t —
In this case ¢, = -2n=offmax (16)
Rg‘In UIZT

For reducing over-voltage by the current of an input
circuit of optron thyristor VSL it is recommended to fulfill a

stipulationll]]L'k < (2 + 3). Inthis case the stipul ation will
CcT

be fulfilled at which a condenser discharge C: with the help
of atransistor key VT1 (fig. 1) will occur only in case of full
transmission of current to the by-passing SK, i.e. the
conditions, at which a reliable arcless commutation of a
circuit at a contactor cutoff will be provided.

For reducing the influence of a condenser, turned on in
paralel with the coil of an electromagnet, on a contactor
operation it has been proposed by the authors to change the
parameters of the base coil in such a way that an import
power of acircuit of control could remain unchanged:

Ufs _ Uks _
o= =Pk 7
KB KtRE

TABLEI.

where Ry, Pys- the resistance of acoil and the power of -
control of abase contactor respectively;

Ry~ changed resistance of acail;

Rg- equivalent resistance of a circuit which by-passes a
condenser.

Rg ta Ryg are determined in the following way:

U
REZU_C'RKBZk'RKB (18)
K
ASRKB = RK + RE then
Rg = Rgg- (1 —k) (19
The power on the changed cail:
Pg=Pep-(1—k) (20)

In case of using a base contactor without changes the
power in the coil would be (I — k)? times lower than in the
preceding case:

Py = Pgg - (1 = k)? (21)

So, the correlations obtained allow to calculate al the
processes occurring in the circuit of electromagnetic drive
and to choose the parameters of itsmain elementsrationally.

V. THERESULTSOF CALCULATING THE PARAMETERS
OF THE ELEMENTS OF AN ELECTROMAGNETIC DRIVE
CIRCUIT

The calculation values of the main parameters of the
elements of an electromagnetic drive circuit, participating in
the commutation process of a completely controlled power
SK, are presented in table 1. The calculations have been
carried out according to the formulae (18) — (20), (13) — (16),
(4) — (7), (10), (112). The contactors of the series KTII6000
were used as a base contactor. The main parameters of a
circuit of their electromagnetic drive are given in table 2
[12].

| U Parameter s of the electromagnetic cir cuit
NXM' N\‘/’M' U | | R Re, | P« | Uo, | Ucr, | Cy | Taish, | t, | tz, | toharg,
\% Ohm Ohm W Vv Vv ukF S S s s
11%% § 2562 | 28447 | 153 304 0l | 0053 | 024 | 0293
250 % ﬁ g 1613.3 179.2 24.3 22 9 858.25 | 0.138 | 0.074 |0.332| 0.406
400 [e) 1089 1210 36 1617.75 | 0.175 | 0.0985 | 0.424 | 0.522
630 3 613.53 68.17 63.9 3897 0237 | 0111 | 08 | 0911
TABLEII.
Rat. current, A
Parameters 100, 160 250 400 630
Coil loss, W 17 27 40 71
Coil resistance Ry at U, =220V, Ohm 2847 1792.6 | 1210 | 618.7
Coil inductance Lxg, H 28.5 18 12.1 | 6.817
Responcetime, s
When turned-on 0.18 0.28 0,40 | 055
When disconnected 0.08 0.11 0.14 | 0.19

The analysis of the calculation results shows that
calculation parameters of the elements of an electromagnetic
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drive circuit provide reliable operation of the circuit of
controlling the commutation of the completely controlled
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" SK in the whole range of nominal currents contactorsusing  level of overloading lower than 2,5 - Uyow can be achieved”

the contactless method. At each of the proposed nominal
currentsof abase contactor the charging time of acondenser
C; up to the voltage Ucr in case of its turning on is lower
than the minimum time of turning on a contactor and the
time of dischargein case of turning off is always higher than
the maximum time of cutting off a contactor. However, the
dimensions and cost of acondenser C; despite itsrather high
capacity, will be inconsiderable, as we use an electrolytic
condenser with low voltage (not higher than 25 V).

Calculation methods as well as calculation parameters of a
current transformer and the circuit of controlling the
commutation of a completely controlled SK for the range of
nominal currents (100— 130 A) is presented in the work [5].

Calculation methods of overload capacity of acompletely
controlled SK aswell as overloading limiter are presented in
[13], where it is shown that power semiconductor devices
performing the role of SK in hybrid contactors can be applied
without coolers using natural cooling. Providing of alowable

Start

T VD1/N /NVD2

220V - PV )=

QD3Z§ /N VD4

stop

due to the turned on series-parallel low power varistors with
the corresponding mass and cost.

VI. EXPERIMENTAL RESEARCH OF ELECTROMAGNETIC
DRIVE OF THE PROPOSED CONTACTORS

The aim of the research isto determine such important for
the anadyss of the work of an electromagnetic drive
parameters as the value of a contactor turning on time t wm-on,
a condenser charging time Cy- tenag @t turning on a contactor
and the time of its discharging tssn @ turning off. The
researches have been carried out using a specia installation,
the electrica circuit of which isshownin figure 3.

The originality of the experiment is that in the course of
the research a base contactor KTTI6000 with the nominal
current 250 V without any changes has been used.

MK1 o4

&UDJ
T

|

| 3

| oS L To

| VTl

| &

: K1 ;

| :

| :

| £

[ e

i > O
O—¢ tg ol 1
o o)

Fig. 3. Electricd circuit of the acting installation

Furthermore, operating conditions of electromagnetic
drive of this contactor were the same as in the research,
given in sections 4 and 5 for the same contactor. It has been
achieved due to the following conditions:

2 2

Uk _ _Uks =P
- — TKB»

RkB Rk+RE

UKE :J/UI(B'

k=—FE —0,1;

- Rx+RE -

— .Ucr _ UcrE
PK —PKB'O.g,_——,
RE RE

WhereU,, =220V; B, =27 W

vy ~ — - JPeg - (Rxg + Rp) = 1.054;
Uxs
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U_ =231,92V;R =199.20m;

U =10v- corrected values of controlling voltage,

equivaent to the resistance, the voltage of the voltage
regulator stabilization VD5 respectively.

In this case the value a condenser capacity remained
unchanged and equal to 858 uF.

Time measuring was carried out with the help of dual-
pattern digiscope, and the terminals 1 and 2 were used for
measuring twm-on, @nd the terminals 1 and 4 — for measuring
taisch aNd teharg. Measuring of tium-on fOr the base contactor was
carried out when Uk =250 V and closed contacts K1.

The voltage measuring was carried out with the help of a
digital voltmeter. The results of comparison of experimental
and caculation values of the parameters research are
presented in table 3. Furthermore, calculations were carried
out according to the same methods asin section 5.
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TABLEIII.
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EXPERIMENTAL AND CALCULATION VALUES OF THE MAIN PARAMETERS OF AN ELECTROMAGNETIC DRIVE.

Inowm, Rka, ReE, UcTe, Uokg, V 3, tturn-on, S g, tcharg, S 0, tdisch, S 9,

A Ohm Ohm V Exp. | Pay. % Exp. | Base | % | Exp. | Pay. | % Exp. Pay %
™ N 0 [ < - ) ~ - — o) Q

3 8 2 s gl g | 3|8 B (y|§|&8|8 8|53 |d
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Theanalysisof theresultsgiven in table 3 showed ahigh
level of coincidence of experimental and calculation values
of theinvestigated parameters. The maximum error does not
exceed 6,1% and it is quite acceptable for the engineering
calculation methods. These researches also showed that it is
not efficient to increase the vaue k higher than 0,1 because
of possible failure of adrive operation.

VIl. THEDISCUSSION OF THE RESEARCH RESULTS

The application of the hybrid contactors of an electronic
circuit control by an electromagnetic drive current, presented
in the schemes, dlows to create a series of podtive
characterigtics, increasing their competitiveness. It can be
achieved by the introduction, in paralel with adrive cail, of a
special electronic circuit of turn-on of acompletely controlled
power SK, containing a condenser, setting the time and a
controlled transistor key, in an output circuit of which alow-
power optron thyristor is turned on. In pardle with the
mentioned condenser an auxiliary transistor key is connected,
providing a discharge in case of commutation current flow
from the main contactors circuit to SK circuit with the help of
an additionally introduced auxiliary transformer coil. This
circuit provides areliable contactless commutation of a power
SK in dl operating conditions of a contactor. Additional
positive characteristics, obtained asaresult of using technical
solutions, proposed by the authors, are clearly defined in
section 3 and were confirmed with the results given above the
theoretical and experimental researches.

The weak point of these contactors is the fact that the
introduction of acharged condenser in parald with adrive cail
decreases the control power of this coil and consequently,
complicatesthe process of connecting acontactor. Asaresult, to
minimize this influence it is proposed to limit the voltage value
onthiscondenser at the level 0,1-Uk.

With the existing base of eements, the above mentioned
complicates the application of this contactor when the voltage
level of control is lower than 110 V. But this weak point is
compensated with the achieved positive characterigtics.

Carried out research of nonstationary processes,
occurring in the contactors circuits in case of commutation,
allowed to develop the methods of calculating the main
elements of an electronic circuit of a contactor. suitable for
engineering calculations.

Furthermore, it has been shown that the charging time of
a condenser, setting the time up to the level of voltage
providing the turn-on of alow-power optron thyristor when
a contactor is turned on, shouldn’t be higher than the value
of the minimum time of its turn-on, and the discharge time
of this condenser when turning off shouldn’t be lower than
the maximum time of turning off a contactor.

It has been aso shown that the consumption capacity in
controlling circuits of the proposed contactor should be
equal to the same capacity of a base contactor.

The results of calculations and experimenta researches,
presented inthe article aswell asin the works published by the
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authors before, show real posshbility of creating hybrid
contactors of direct current with the proposed principle of
opertion, rated for currents 100630 A and voltage up to
1000 V.

The results obtained may be applied when developing
contactors, which can be efficiently used in hard
maintenance conditions with frequent engine darts, for
example, in electric transport, in crane equipment, in rolling
production of metallurgical plantsetc, aswell asin electrical
systems of alternative electric power industry in conditions
of increased explosion and fire safety requirements.
Furthermore, their positive characteristics, mentioned
above, considerably increase their competitiveness.

VI1Il. CONCLUSIONS

It has been substantiated that the proposed hybrid
contactors as compared with the existing ones have the
following advantages:

Increased reiability of operation provided by excluding
of unreliable contact circuit on the basis of current relay
from the power SK control circuit and the possibility of
emergency restart of a power SK when disconnecting the
contactor is completely excluded;

Economical operating conditions of the elements of a
contactor electronic circuit;

The influence of a net voltage on the elements of a
control circuit is excluded,

The dimensions, mass and cost are reduced due to
essential simplification of a control circuit (time relay and a
large non-process current relay are excluded, the
connections between the elements are simplified);

The parameters and operating conditions of an electronic
control circuit do not depend on anet voltage and are determined
only by the current which isturned off and it alowsto apply the
proposed technica solutions aso for creating hybrid contactors
for the voltage higher than 1000 V.

Thelack of acommutation zone with an arc increases its
commutation wear resistance as well as allows to use it in
conditions of explosion and fire safety requirements.

It has been stated that for providing reliable commutation
of a circuit it is necessary that the time of a condenser
charging, setting the time up to the level of voltage and
providing turn-on of alow-power optron thyristor in case of
turning on a contactor, shouldn’t be above the value of
minimum time of its turn-on and the discharge time of this
condenser in case of turn-off, shouldn’t be below the
maximum time of turning off a contactor.

The developed methods of cal culating the main el ements
of acontactor electronic circuit allows to make calculations
with sufficient accuracy for engineering calculations and it
isconfirmed with the results of experimental researches. The
research results show the real possibility of creating
competitive hybrid contactors of direct current with the
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[IpyHIMNKM Ta METOAW PO3PAXYHKY IOPUIHUX KOHTAKTOPIB
MOCTIMHOT'O CTPYMY, IO KEPYIOTHCS CTPYMOM
€JIEKTPOIIPUBOTY

A.I'. CockoB S.b. ®opkyH
XapkiBChbKHH HALlIOHAILHUI YHIBEPCUTET MICHKOTO XapkiBChbKHH HALlIOHAIBHUIN YHIBEPCUTET MiCBKOTO
rocnogapctsa im. O.M.bekerona, rocrogapcTea iMm. O.M.BeketoBa,
VYkpaina VYkpaina
O.b. €ropos IO I1. KonoHnraeBchkuit
XapKiBCHKHUH HAIlIOHAIEHUHA YHIBEPCUTET MiCEKOTO XapKiBChKUH HaIllOHAEHUH YHIBEPCUTET MiCEKOTO
rocrogapctea iM. O.M.Beketona, rocrogapcTea iM. O.M.BekeTona,
VYkpaina VYkpaina

IToka3aHo, IO NPHHIMI KEPyBaHHS CTPYMOM €JIEKTPOMArHiTHOTO TNPHUBOJY TiOPHIHOTO KOHTaKTOpa IIOCTIHHOTO CTpyMy
peanizoBaHO MIITXOM BBEISHHS IOCITIJOBHO 3 KOTYIIKOIO IIPUBOAY CHEIiabHOI €IeKTPHIHOI CXeMH KepyBaHHS BKIIOUYEHHS CHIOBOTO
HK, 1m0 MicTHTh KOHIEHCATOP, IO 33JIa€ Yac, Ta KEPOBAHUIT MAIOIIOTYKHIHA TPaH3UCTOPHIH KITIOY, B BUXiTHE KOJIO SKOTO BBIMKHEHHI
MaJIONIOTY>KHHI ONTPOHHHMH THUPHCTOP, NMPU YOMY MapajeibHO BKa3aHOMY KOHJCHCATOPY BMHKAETHCS JOIOMIXKHUHA TPaH3UCTOPHIi
KITIOY, SIKHi 3a0e31meuye 3a JOIIOMOTOI0 TOJJTAaTKOBO BBEIEHOT BTOPUHHOT 0OMOTKH TpaHCHOpMATOpa CTpyMy HOTO pO3pS TIPH NepeTiKaHHi
KOMYTAIIHHOTO CTPyMY 3 KOJIa TOJIOBHHX KOHTAKTIB B KOJIO CHJIOBOTO HATTIBITPOBITHUKOBOTO KITIOYA.

Bu3HaueHi 0coOIMBOCTI MPOLIECIB 3apsiay Ta Po3psaAy KOHICHCATOPA, IO 33/a€ Yac, B Pi3HUX peXUMax podoTu KoHTakropa. [Ipn
1[bOMY OyJIO BCTAHOBJICHO, 110 TS 3abe3nedeH s HaaiifHOT KoMyTallii Koja HeoOXiaHO, o6 yac 3apsay KOHAeHCATopa, 10 3a/a€ 4ac,
N0 PiBHS Hampyru, 1o 3abesnedye BKIIOYCHHS MAaJONOTY)KHOTO ONTPOHOTO THUPHCTOpa MPU BMHUKAHHI KOHTAKTOpa, HE MOBHUHEH
HEepeBUIIYBaTH 3HAYCHHS MiHIMAJIBHOTO Yacy HWOro BMHKaHHs, a 4ac pO3psay LbOr0 KOHASHCATopa MpU BUMUKAHHI HE MOBHHEH OyTH
MEHIIHMM, HDK MaKCHMaJlbHHH Yac BiIMHKaHHS KOHTaktopa. Lle 10o3Boiisie OOIpyHTOBAHO MIIXOJWTH A0 BU3HAUCHHS MapamMeTpiB
€JIEMEHTIB, 10 3a0€3MeUyI0Th HaiifHy KOMYTAIlil0 KOHTaKTOpa.

B pe3ynbraTi npoBeaeHuX JOCIiKEeHb TAKOXK OYII0 MOKa3aHo, M0 IMPONOHOBAHI TiOPH/IHI KOHTAKTOPH 3aBISKH BBEICHHIO KEPyBaHHS
CTPYMOM EJIEKTPOMATHITHOTO TIPUBOIY Ta BBEIEHHIO HOBHX 3B’SI3KiB IMOPIBHSHO 3 ICHYIOUUMH MAaIOTh BIACTUBOCTI, IO MiABUILYIOTH 1X
KOHKYPEHTOCIPOMOXKHICTh. 30KpeMa B HUX IiJBHIIEHA HaAIHHICTh pOOOTH, 3MEHILICHI rabapyuTH Ta BapTiCTh, MOKpaIIeHi iX BUpOOHUYO-
TEXHOJIOT1YHI OKa3HUKH, PO3LIMPEHa 001acTh 3aCTOCYBaHHSI.

[IpyKIagHAM acCeKTOM BHUKOPHCTAHHS OJIEPXKAHOTO HAYKOBOTO PE3yJbTAaTy € MOMKIIMBICTH CTBOPEHHSI KOHKYPESHTOCIIPOMOXKHHUX HaiiHUX
ribpuIHIX KOHTAKTOPIB MOCTiiHOrO cTpyMy Ha ctpymu 100630 A ta Hanpyry o 1000 B, 1110 npaiioroTh y BaKKUX YMOBaX eKCILTyaTallii.

Kniouoei crnosa — 2ibpudnuii KOHMaxmop, NOCMItiHULL CIMpPYM, 20J08HI KOHMAKMU, CUT08UL HANIENPOGIOHUKOBUL KIHOY, KePYBAHHS
CMPYMOM, e1eKmpPOMASHIMHULL NPUBOO.
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Abstract - Cylindrical linear induction motors are
used in the electric drive of manipulators and
industrial robots due to their advantages, the main of
which are simplicity of design, high manufactur ability,
unification of units and parts. They provide direct
linear movement of the executive body of the
manipulator without the use of circular to linear
converters. These motors have a closed design, in
which the stator winding is protected from direct
environmental influences and can be sealed. They are
convenient for installation, dismantling and repair.

The article describes the design features of linear
asynchronous cylindrical motors. A constructive
variety of engines is noted, which is due to a specific
mechanism with linear movement of the executive
body.

A review of literature showed that thereisno single
approach to the name of engines of thistype. Different
sources use the following names: three-phase
cylindrical magnetofugal motor, coaxial linear motor,
cylindrical linear asynchronous motor, tubular linear
asynchronous motors.

The decomposition of the structure. The main
structural elements of the engine include the following:
a dtator, a runner, a runner centering system and an
engine cooling system. In practice, engine design
optionswith a fixed and a movable stator are used.

In production mechanisms, the following options
are used for the design of the stator magnetic circuit:
longitudinal plates with grooves, continuous cross
washers, transverse sets of washers alternating with
stator winding coils, in which longitudinal sets of plates
areinstalled.

The three-phase winding of the motor stator is
made in the form of coils placed in the stator magnetic
circuit and installed in atubular housing.

The decomposition of the structure. The main
structural elements of the engine include the following:
a dtator, a runner, a runner centering system and an
engine cooling system. In practice, engine design
optionswith a fixed and a movable stator are used.

In production mechanisms, the following options
are used for the design of the stator magnetic circuit:
longitudinal plates with grooves; continuous cross
washers; transverse sets of washers alternating with
stator winding coils, in which longitudinal sets of plates
areinstalled.
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The three-phase winding of the motor stator is
made in the form of coils placed in the stator magnetic
circuit and installed in a tubular housing.

Keywords- runner, linear induction motor, cooling system,
runner centering system, stator.

l. INTRODUCTION

Use of linear electric motors in drives of manipulators
and industria robots, due to lack of mechanical converters
of rotational motion to trandational, provides a number of
advantages, main of which are economy and weight and
size

Cylindrica linear induction motors (LIM) are
characterized by simplicity of construction, high
workability and maximum unification of units and parts.
Such motors have a closed version, in which stator winding
is protected from direct environmental influences and can
be sealed. They are convenient for installation, dismantling
and repair.

Aim of this work is to analyze constructive features of
cylindrical LIM, their influence on functionality of engine
and its scope.

II. CONSTRUCTIVE FEATURES OF LIM OF CYLINDRICAL
PERFORMANCE

First cylindrical LIM was developed by L. |. Shturman
[1] in 1946 and was caled a three-phase cylindrical
magnetofugal engine. Embodiment of this engine is shown
on fig. 1. Stator of motor 1 is assembled from packages of
electrical steel with annular recess (grooves) and placed in
cylindrical housing 2. Winding is made in form of set of
coils 3 placed in grooves of stator. Runner 4 - cylindrica
uniform,

==
B3

Fig. 1. L. I. Shturman design engine

Disadvantages of such engine include incomplete use
of working volume of stator (presence of zones where
stator magnetic circuit is absent) and high electrical
resistance of runner (made of sted!).
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I. S. Rogachev showed effectiveness of using copper-
plated runners (steel runner with a copper-plated surface)
for engines of thistype later (1948) [2].

New version of embodiment and new name for engines
of this type (coaxia linear electric motor) were proposed
(1960) by G. S. Kvachev.

Coaxia linear motor of construction of G. S. Kvachev
is shown on fig. 2 [3, 4]. Stator housing 1 is made in form
of cylinder, inside of which there are coils of stator
winding 2. Between coils are placed steel washers 3, which
serve as magnetic circuit. In cLIMping nuts 4, bronze plain
bearings 5 are installed, which serve to center and set
direction of movement of runner. Runner is made in form
of steel rod 6, on surface of which a spiral 7 iswound from
copper or aluminum wire.

Fig. 2. G. S. Kvachev design engine

Authors of work [5] improved construction of engine
(fig. 3) and gave it name “cylindrical LIM”. Inductor of
this engine consists of sequentially alternating flat coils 1
and packages of washers 2, assembled from electrical steel
and having grooves 3 for lay of magnetic circuit in outer
diameter. Washers 2 have a cut 4, which excludes closure
of eddy currents and is used for laying of outlets of flat
coils. Grooved stedl islaid in grooves 3. Inductor is placed
in cylindrical housing 5.

Speed of running electromagnetic field Vo of LIM is
determined by expression

@

Vo=2-7-f

where f — mains frequency,
T — poledivision.

r

Fia. 3. Cvlindrical LIM

Stator winding module of a low-speed cylindrical LIM
is shown on fig. 4 [6]. Runner speed in this engine is
significantly reduced by reducing pole division of stator
winding. Module is assembled from two series-connected
flat coils 1 and 2, wound in spiral on insulating washers 3
and 4.
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Fig. 4. Stator winding module of alow-speed cylindrical LIM

Ferromagnetic element 5 is placed between coils,
separated from coils by insulating layers 6 and 7. To limit
eddy currents, radial groove is made in ferromagnetic
element 8. Conductor 9 with insulation 10 is placed in
groove, which connects flat coils 1 and 2. To fix coails, flat
coils impregnated with adhesive. Modular coils (fig. 4) can
also be made by printed wiring.

Motors of described structures (fig. 2 and fig. 3) operate
in short-term mode, in drive of switching devices in
particular [3, 4]. Use of these engines to drive manipulators
and industrial robots operating in recursive short-time
modes has necessitated change in construction of runner's
centering system.

Runner centering system consists of bronze bushings 5
mounted on ends of stator 1 and acting as diding bearings
when runner 6 is moving for engine (fig. 2). Runner 6 hasa
copper coating 7, need for which is due to electrical
considerations. When engine is operating in recursive
short-time mode with large number of cycles per minute, as
result of intense friction in dlip bearings, phenomenon of
wear of copper-coated surface of runner and surface of
bronze bushing is appeared.

Cylindrical LIM was described in [7], runner of which
is mounted on dliding bearings. It is coated with a layer of
high-strength chrome to reduce wear on copper-plated
surface of runner when the engine isin recursive short-time
mode.

Engine described in [8] is shown on fig. 5. Runner of
this motor moves in bearings 1. Stator is similar to motor
shown in fig. 1, consists of packages of comb plates 2, in
grooves of which cylindrical coils are placed 3. There is
fixed magnetic cylindrical core 4 inside runner through
which magnetic field lines of traveling field are closed.
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Work [9] describes cylindrical LIM with external
runner, device of which is shown in fig. 6. Solid stator 1
has grooves in which winding 2 is distributed. Engine has
external windingless runner consisting of cylinder 3 made
of magnetic material and aluminum cylinder 4 rigidly
fastened to it. Longitudinal groove 5 is made for intercoil
jointsin stator.

Fig. 6. Cylindrical LIM with external runner

Another solution to centering system for LIM operating
in recursive short-time mode is shown in fig. 7 [10]. In this
variant, brackets 1 are fixed to stator housing, on which
rolling bearings 4 are mounted using bolts 2 and eccentrics
3. Bearings are placed in collapsible clips 5, outer surface
of which is made along arc of runner’s circle. Use of
eccentrics 3 makes it possible to center runner relative to
axis of stator. There is no friction of copper-coated surface
of runner on surface of bronze deeve in proposed
construction, which eliminates phenomenon of wear.

Work of LIM with intense loads requires solving
problem of increasing of intensity of engine cooling.
Construction of LIM with forced air cooling system [10] is
shown on fig. 8. Winding coils 2, magnetic circuit 3 and
runner 4 are placed in cylindrical housing 1 of motor stator.
Cylinder 5 forming separate chamber, inside of which
piston 6 mounted on runner moves is placed at one end of
motor stator. Cylinder 5 is closed by cover 7. Valve system
of engine includes a valve 8 passing air from inner air
channel of runner 9 to chamber 10, and valves 11 passing
air from chamber 10 to chamber 12, and then through gap 6
between runner and stator into engine. Thus air is supplied
that removes heat from inner surface of stator windings and
outer surface of runner when electric motor is operated.
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Fig. 8. LIM with forced air cooling system

A variant of forced liquid cooling system is aso
possible (fig. 9), which is fed through fittings 1 into space
between stator housing 2 and casing 3 [10].

Fig. 9. LIM with water cooling system

I1l. FUNCTIONALITY ANALY SIS OF CONSTRUCTIVE
ELEMENTSOF LIM

Above review shows following options for embodiment
of main components of LIM of cylindrical execution.

Following options is applied during manufacture of
stator:

- from longitudinal packages of comb plates, in grooves
of which winding coilsarelaid;

- continuous transverse washers (clips) between which
winding coils are located;

- windings aternating with coils, transverse sets of
washers with grooves in which longitudinal sets of plates
areinstalled;
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- longitudinal packs of comb plates and fixed magnetic
cylindrical coreinside tubular runner;

- modular execution.
It isapplied during manufacture of runner:
- homogeneous sted! bar;

- hollow or homogeneous stedl bar coated with material
with higher electrical conductivity (two-layer runner);

- two-layer runner with coating (third layer) of high-
strength material to reduce wear of eectrically conductive
layer.

Mounting and centering system of runner is carried out
using dliding bearings (guide bushings) or using rolling
bearings.

Bushing of stator of magnetic circuit (motors in fig. 1
and fig. 3) alows to increase magnetic conductivity for
main magnetic flux and reduce eddy current losses.
However, symmetry of electromagnetic field in engine is
broken with such constructive solutions, engine volume is
not fully used, since there are air gaps between longitudinal
packets. Part of magnetic flux passes through runner,
magnetic circuit of which is not laden. As a result, energy
performance of engineis getting worse.

In mass production of LIM for manipulators and
industrial robots, from point of view of simplicity of
construction and manufacturability, preference should be
given to construction engine of G. S. Kvachev (fig. 2).
These engines are characterized by axial symmetry of
electromagnetic field, which reduces influence of pulsating
components. Engines are produced by severa factories and
are used to drive busbar disconnectors in traction
substations of urban electric vehicles. Increased eddy
current losses in a solid stator and runner magnetic circuit
do not significantly affect operation of motor, since it
operates in short-term mode with a turn-on time of tenths
of second.

However, runner centering system with bronze
bushings is effective only in the short-term mode. Pair of
copper-bronze  has poor antifriction  properties.
Phenomenon of wear of copper-coated surface of runner
and surface of bronze sleeve appears when engine is
operating in recursive short-time mode with cycle time of
several seconds. Axis of runner and stator are displaced,
what violates axial symmetry of electromagnetic field and
leads to appearance of additional radial forces that degrade
energy performance of engine. In addition, radial forces
contribute to wear at point of contact between runner and
deeve. Wear progresses and engine fails.

One of ways to eliminate wear is to chrome runner’s
copper-coated surface, i.e. application of three-layer
runner: steel, copper and protective film of chromium.
However, in this case, problem is partially solved, since
wear of surface of sleeve remains.
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Using of runner centering system shown in fig. 9,
provides reliable operation of engine in recursive short-
time mode with cycle time of several seconds. Its use is
justified in drives of manipulators and industria robots. At
the same time, one of described cooling systems can be
used depending on intensity of engine load.

IV. CONCLUSIONS

1. Cylindrical LIM used in drive of manipulators and
industrial robots are considered.

2. Options of embodiment of main engine elements are
considered: stator, runner, runner centering system, engine
cooling system.

3. Analysis of influence of embodiment of main
elements of engine on its functionality in short-term and
recursive short-time modesis carried out.
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KOHCTpYKTI/IBHl 0COOJIMBOCTI MWIHAPHUYIHUX JITHIMHHUX
ACMHXPOHHHUX IBHUI'YHIB
B. M. OxpimeHKO M. B. 36iTHeBa 10. I1. KononTtaeBchbkuit
XapKiBCHKUI HaIllOHATEHUH XapkiBchKa TyMaHITapHO- XapKiBChKHUIT HAITIOHANBHUI
YHIBEpCHTET MiCEKOTO TeIarorigHa akajgeMist YVHIBEpCHUTET MiCEKOTO
rocrogapcTBa iM. O.M.BekeroBa VYkpaina rocnogapcrsa iMm. O.M.bekeroBa
VYkpaina VYkpaina

JIiHiliHl AaCMHXPOHHI JABUTYHM LWJIIHAPHUYHOTO BUKOHAHHS 3aCTOCOBYIOTH B €JEKTPOIPUBOIAI MAHIMYJIATOPIB 1 NMPOMHCIOBHX
po6oTiB B CHily iXHIX MepeBar, OCHOBUHHMH 3 SKHX € MPOCTOTa KOHCTPYKIii, BUCOKA TEXHOJIOTIYHICTh BUTOTOBJICHHS, yHi(ikarris
BY3JIiB 1 feraneil. Bonu 3abe3nedyroTs Oe3mocepeqHe JiHiMHE MepeMillleHHs] BUKOHABYOTO OpraHy MaHIMylIsTopa 0e3 3aCTOCYBaHHS
MIepEeTBOPIOBAYIB KPYTOBOTO PyXY B IpsSMONIHIHHHUHA. Lli IBUTYHH MaloTh 3aKpHTe BUKOHAHHS, P IKOMY 0OMOTKa CTaTOpa 3aXHUIIeHa
BiJl IPSIMOTO BIUTMBY HAaBKOJMIIHBOTO CEPEOBHINA i MOXKe OyTH BUKOHAHA TepMETHYHOIO. BOHM 3pydHI IpH MOHTaXi, JEMOHTaXI Ta
PEMOHTI.

VY cTarTi pO3rISIHYTI KOHCTPYKTHBHI OCOOJMBOCTI JIHIHHMX AaCHHXPOHHUX IBUTYHIB IIIIHAPHYHOTO BHKOHAHHS. BinsHaueHo
KOHCTPYKTHUBHE Pi3HOMAHITTS JBUTYHIB, sSIK€ 3yMOBJICHE KOHKPETHUM MEXaHi3MOM 3 JIIHIHHAM HepeMillleHHsIM BUKOHABYOTO OpTraHy.

Ormsin JliTepaTypHUX JUKEpeT TMOKas3aB, IO BIACYTHIM €IMHHWIA MiAXil 1O Ha3BH JBUTYHIB IIOTO THUIYy. Y PI3HHX JDKepenax
BHUKOPUCTOBYIOTh TaKi Ha3BW: TpH(a3HUH IMIIHAPHIHUHA MAarHITOQYTaJbHUH ABUTYH, KOAKCIiaJIbHO-TIHIHHMI ABUTYH, LTIHIPHYHAI

JHIHUI aCHHXPOHHUI IBUTYH, TpyOUacTHi JIIHIHHUI aCHHXPOHHHH JIBUT'YH.

Jlo OCHOBHHMX KOHCTPYKTHBHHX €JICMEHTIB BiJJHECEHI Taki: CTaTop, OIryH, CHCTeMa IIEHTPYBaHHs OiryHa i cHCTeMa OXOJIO/KCHHS
JBHUTYHA. [CHYIOTh KOHCTPYKLIT IBUTYHA 3 HEPYXOMUM i 3 PyXOMHM CTaTOPOM.

Ha mnpakTumi BUKOPHUCTOBYIOTBCS HACTYIHI BapiaHTH KOHCTPYKTHBHOTO BHKOHAHHS MAarHITOIIPOBOIY CTaTopa: IO3MOBXKHI
IUIACTHHY 3 Ta3aMM; CYLUIBHI MONepeyHi maiou; monepeyni Habopy a6 1o YepryroThCs 3 KOTYIIKaMH OOMOTKH CTaTopa, B SKUX
BCTAHOBJICHI IT03/I0BXKHI HAOOPH ITACTHH.

OOMOTKa cTaTopa BUKOHYETHCS Y BUIIISAI KOTYIIOK, PO3MIIIEHNX B MarHiTOIPOBOII CTaTopa.

BuxopucToByIOoThCS Taki KOHCTPYKIil OiryHa ABHTYHA: KpyIJia OJHOpiIHA CTajeBa IITaHTra; Kpyria MOpPOXKHS abo OmHOpimHa
CTaJieBa IITAHTa 3 TIOKPUTTSM 3 MaTepiajy 3 BUCOKOIO €IEKTPOMPOBITHICTIO (JBOIMIAPOBHUI OIryH); ABOIIAPOBHI OI'YH 3 TOKPUTTSIM 3

BHUCOKOMIITHOTO MaTepiaiy.

JIBUTYHU, 110 TPAIOIOTh Y TMOBTOPHO-KOPOTKOYACHOMY PEXHMi, MAlOTh CHCTEMY LIEHTpYBaHHs OiryHa, sika 3a0esrneuye poOoTy
IBUTYHA 0€3 3HOCY TIOKPUTOI MiIIf0 MoBepxHi OiryHa. Ha HUX Tak0ok 3aCTOCOBYETHCS CHCTEMA IIPHIMYCOBOTO OXOJIOKEHHS.

Kniouoei cnosa - bieyH, niniliHuil ACUHXPOHHULL O8USYH, CUCHEMA OXOT0O0HCEHHS, CUCTNeMA YEeHMPYBAHHs OicyHa, CIamop.

124 DOI: 10.33042/2079-424X-2019-3-56-120-124



MIXXHAPOAHWI }KYPHA/ «CBIT/IOTEXHIKA TA E/IEKTPOEHEPTETUKA»

. |.Shcherbak, Bun.56, N203.

YK 621.311

*

Mathematical model of consumer regulators
management for alignment of electric load graphs
of transformer substation 10/0.4 kV

|. Shcherbak

O.M. Beketov National University of Urban Economy in Kharkiv
Ukraine
e-mail: ie.shcherbak@gmail.com

Abstract -The change of load of the transformer substa-
tion TS 10/ 0,4 kV in the mode of maximum and minimum
load is measured. It is noted that the process is non-
stationary at the daily interval. Hourly intervals of time are
highlighted on the daily graph of electrical load, the study of
the law of distribution is conducted, and the normal law of
distribution is confirmed by Pearson's criterion. The station-
arity test was performed on parametric tests, namely the
verification of the Fisher's Fisher's constant variance and the
mathematical expectation of the Student's t-test and the cor-
relation function.The values of numerical characteristics were
obtained at the stationary areas and a probabilistic mathemati-
cal model of the TS10/ 0.4 kV load was constructed.

The method of equalization of the electric load graph of TS
10/ 0,4 kV is developed by optimal management of the power of
consumers-regulators in urban eectric networks, taking into
account the features of the electric load graph of the main con-
sumers of TS 10 / 0,4 kV. For this purpose, we set a target
function, where the criterion of optimization is the total min-
imum cost to cover the losses of eectricity in the network
caused by the irregularity of the electric load graph and the
electricity consumed, a system of constraints caused by the
load capacity of the transformers and the required energy
consumption by the technology regulators has been compiled
and boundary conditions determined by the installed capaci-
ties of the consumers-regulators. In order to take into ac-
count the trade-off between the constituents of the objective
function, the weighted coefficients of the generalized objec-
tive function are chosen by the method of expert estimation.
A nonlinear programming method was used to fulfill the
optimization process, and the extremum of the function was
found using the Newton method. The solution of the problem
isimplemented in M S Excel.

Keywords- electrical load graph, distribution networks,
probabilistic mathematical model, nonlinear programming,
optimization, consumer controllers

I. FORMULATION OF THE PROBLEM

One of the ways of increasing the efficiency of the elec-
trical distribution networks (EDN) is the alignment electri-
cal load graph (ELG). An analysis of the methods and
means of regulating the ELG indicates that the coverage of
the ELG occurs mainly at the higher levels of the electricity
system (ES), while the most effective influence is precisely
on the process of electricity consumption in the distribution
electrical networks. Formation of uniform modes of power
consumption will allow to increase efficiency of produc-
tion, transmission and consumption of electricity. Improv-
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ing the configuration of the ELG at lower ES levels will
also influence the alignment of electrical load graph at
higher ES levels to some extent. The scientific
substantiation of methods, criteria and technical means of
control of the modes of consumption of consumers-
regulators (CRs) in the distribution electric networks for
the purpose of alignment of the electrical load graph is an
urgent scientific task.

II. ANALYSISOF RECENT RESEARCH AND PUBLICATIONS

Analysis of recent research and publications indicates
the problem of non-uniformity of electrical load graph in
distribution electrical networks.

Many scientists, including Zorin V.V., Kirilenko O.V.,
Yandulsky O.S., Govorov P.P., Mikhailov V.V., Rosen
V.P. et a. addressed the issue of increasing the efficiency
of electrical networks. The papers considered the
optimization of circuits, parameters and modes in
distribution networks. The issue of involving a group of
consumers-regulators was investigated in order to change
the configuration of electric load graphs. The issue of au-
tomatic selection of the optimal structure and modes of
operation of consumers-regulators, which ensure the for-
mation of an electric load graphs, has not been resolved.

I11. THE PURPOSE OF THE ARTICLE

The purpose of the article is to increase the efficiency
of distribution of power networks by aligning the TS 10/0.4
kV electrical load graph with the management of consum-
ers-regulators.

IV. BASIC MATERIAL

In order to improve the automatic control systems of
power capacity of additionally connected to TS 10/ 0,4 kV
CR, it isimportant to forecast the hourly electrical load of
the main consumers of TS 10/ 0,4 kV within one day, i.e.
to make an operational forecast [1].

A prereguisite for an objective mathematical prediction
is the availability of an adequate mathematical model of the
10/0.4 kV TS mode, for which different methods are used
[2]. Given the task, it is most appropriate to apply the prob-
abilistic method.

Given that the argument of a random function istimet,
the electrical load graph (ELG) is the implementation of a
random process of power change.
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The process of power consumption of the main con-
sumers of 10 / 0.4 kV TS can be represented by a set of
randomly ordered random variables P(t,), P(t,), ..., P(t,),
where 7; < 7;,4. In what follows, we assume that the mo-
ments of measurement t; equidistant from each other by
magnitude A, that is, for any i is
Tiy1 = T + AT'

The researches of random process P;(t;) of the change
of load at TS 10/ 0,4 kV were conducted, which is shown
infig. 1.
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Fig. 1. Implementation of arandom functionload TS 10/ 0,4 kV

The change of load of the transformer substation TS 10
/ 0,4 kV is stochastic, which is non-stationary at the daily
interval. In a non-stationary random process, it is possible
to determine the characteristic periods of time of the sta-
tionary areas. The stationary random process can be ana-
lyzed from any point in time because it isin a state of prob-
able equilibrium, that is, the numerical characteristics of
random variables P(t;) are independent of time 7;. The
separation and study of the stationary process were per-
formed at hourly intervals. An estimate of the distribution
law is made for each interval. It is found that the distribu-
tion law is normal at all intervals (Pearson-tested (x2).

The conditions of stationarity of arandom processare[3]:
the constancy of the process variance

D,(t) = D, = const; )
1) the constancy of the mathematical expectation of
the process
M,(t) = M,, = const; (2);

2) dependence of the correlation function on one ar-
gument, what is the difference between the argu-
ments

Kp(TivTi + Ar) = Kp(T)' (3)

The time series are divided into two levels by the num-
ber of values of the part, each of which is considered as
some independent sample set having a normal distribution
law. Let the first part P() contains n, observations P(t;),
i=1,2,..,n;, and the other part — PU" contains n;, ob-
servations P(t;),i = n; + 1, ...,n; + ny. For each part of
the time series, calculate the sample mean My,;, My,

n
M-fz

pl — Y Pi
i=1

and sample variances D;, Dy;.

C)

126

1
Tl,—l

D,

im—mﬁ.(m

=
To confirm that the variances of both parts of the series
are the same, we use the Fisher test:

max(D;, Dy;)
ST 1 n (6)
min(D;, D;;)
where D,, D;;. — variance estimates calculated from the
first onen; and the other n,; parts of the time series.

Thecritical areaistheinterval (F,,, «). If we observe a
value F; does not fall into the critical region, then the null
hypothesis is accepted H,: D, = D;;. As an example of a
value on an interval 03:00-04:00 make up F, = 1,138 <
F, = 1,476.

As aresult of the calculations, it is determined that the
actual values of the Fisher coefficients do not exceed the
critical values at the selected intervals, that is, the hypothe-
sis of the constancy of the variances is accepted.

Then the hypothesis about the constancy of the mean of
the time series is tested. We calculate the value of the Stu-
dent's test

Mpl - MpII
KS == "
Jou =D+ (ny, — DDy,

M ‘ny(ny +ny —2)

7

If inequality holds K; < t(1 — a,n; + n; — 2), then
the hypothesis of the constancy of mathematical expecta-
tion is accepted with alevel of significance a.

We calculate the value of the Student's test and the t
critical two-sided. For example, the critical area for maxi-
mum load mode is shown in the time interval 03:00-04:00,
is a union of two intervals and looks like (-0, —1,976] U
[1,976,0). The value of t-statistics K = —0,233 does not
fall into this region, which testifies to the homogeneity
(heteroscedasticity) of residuals of the random distribution
and the hypothesis is accepted H,: M(P(t;)) = const
about equality of mathematical expectations.

Acceptance of hypotheses about the equality of vari-
ances and equality of mathematical expectations allows us
to accept the hypothesis about the absence of atrend com-
ponent in agiven time series, that is, a hypothesis about the
stationarity (in the broad sense) of the time series.

The degree of datistical association between the se-
qguencesP (t,), P(t3), ..., P(13,) and
P(t141), P(T241), -, P(T41), that are displaced relative to
each other by lag | can be determined by the autocorrela-
tion coefficient:

o) = (P(r)) - M [P(TL)])(I;(TLH) MI[P (7)) ®)
The sequence of autocorrelation  coefficients
p(0), p(1), p(2) is an autocorrelation function of the time
series, graphs of dependencies of values p(l) from the
magnitude of the lag for the interval 03:00-04:00 built in
STATISTICA shown in fig. 2.
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Correlation functions indicate the ergonomics of the
process and are approximated by analytical dependence

(Fig. 3)
R(t) =D -e %" - cos(B1), 9

where D is the variance of a random function;
aif — least squares coefficients[4].

= | 0.5R;
]
| I
i 0 -
| 1 7 10
-0.5 -
a) 0)

Fig. 2. Autocorrelation functions at the daily interval from 03:00 to
04:00 hours: & sequence of autocorrelation coefficients; b) an
approximated function

The analysis of autocorrelation functions makes it pos-
sible to conclude that time series are stationary at all inter-
vals, for both maximum and minimum load modes.

For the stationary process, comprehensive statistical in-
formation on load modes is the two simplest numerical
characteristics - mathematical expectation and standard
deviation [5-9].

For a reliable description of the load change processes
TS 10/0,4 xV probabilistic modeling method was used.
Using the measurement data, the values of the numerical
characteristics of the studied processes were obtained at the
stationary sites[10] and a probabilistic mathematical model
of loading was constructed. The calculated vaue of the
load isfound by the formula:

P(t) = M[P;(t)] + Ba[P(D)], (10)

where M[P;(t)] - mathematical expectation of load at

timet,
o[P;(t)] — standard deviation of load at timet,

B — coefficient of scatter of random load magnitude,
which takes into account the intensity of scatter of random
load values near the accepted design value.

Probabilisic  mathematical model of loading
TS 10/0,4 xV in the mode of maximum (Fig. 3) and mini-
mum (Fig. 4) loads.

a) b)

Fig. 3. Fig. 3. Probabilistic mathematical model of loading TS 10/0,4 kV
in the maximum load mode: a) active, b) reactive load
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a) b)

Fig. 4. Fig. 4. Probabilistic mathematical model of loading TS 10/0,4 xV
in the mode of minimum loads: @) active, b) reactive load

The smulated ELGs dlow to take into account the real
process of load behavior, which is an important task for per-
forming quditative modeling of the work of consumers-
regulators.

For the management of the ELG, it is necessary to have
alegal mechanism of regulation, namely, the existence of
the Law of Ukraine "On the Electricity Market" [15] and
economic incentives for the regulation of the ELG, which
provide a change in the price of eectricity (EP) by hours
of day and seasonality.

The level of technica loss in dectrica networks depends
on the losses in lines and step down  transformers 10/ 0.4 kV,
i.e. on the nature and magnitude of the change of the ELG.

Thus, the solution to the problem of increasing the effi-
ciency of the power supply system [13], i.e. optimization of
the mode is reduced to control the process of power con-
sumption of CR.

Considering the mode of operation of TS 10/ 0,4 kV,
we will define that under the main load of TS 10/ 0,4 kV
we will understand the unregulated load of consumers con-
nected to TS 10/ 0,4 kV, and under the concept of load of
consumers-regulators (CR) - attached load of a specia
group CR that force can be controlled

The CR management process can be considered as a
mathematical problem. The mathematical model of the
optimization problem includes the objective function, con-
straints and boundary conditions.

Load optimization criterion TS 10/0,4 kV is the total
minimum cost of the additional costs of the energy supply
organization to cover the losses of electricity caused by the
unevenness of the ELG and for the consumed el ectricity to
carry out the technological process of CR.

The optimized parameters are the power of the CR at
the i-th intervals (Pcg;). The coefficients for the CR load
optimization problem are tariff coefficients (k;), that are
valid for agiven period of time.

It is necessary to minimize the objective function that
takes into account the technical component - the loss of
electricity and the economic component - the cost for the
consumption of Electric Power (EP), taking into account
the tariff coefficients

I (Z Z ((P () + Pcpl)2 +Q? - ti)

n=1i= n

]
AP - ((Pi(t) + Pep)® + QF)
* Z Z ( m- S *

j=1i=
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i=1
under the congtraints given in the form of inequality and
equation

{Pcm < (M- Syourn — VPi(£)2 + Q;(£)?) - cose
N
| Z Pep -t = Wep

i=1
and boundary condiltions that define the range of changein
the values of the variables:

(12)

0= PCPi < PUOMCP’
where cosgp — coefficient of phase shift;

JP; ()% + Q;(t)? — load of main consumers of TS in
the i-th period of time (determined from the probabilistic
model);

P,,..cp —rated power of CR;
Wp — eectricity for CR needs.

Considering the disproportionate components of the ob-
jective function (a much smaller proportion of the cost of
covering electric power compared to the cost of consumed
electric power for the needs of the CR), it is important to
take into account the scientifically sound proportions be-
tween these values, which is an important factor in the ef-
fective regulation of the ELG. Increasing the share of loss-
es component alows to change the configuration of the
ELG most effectively.

It is possible to make a compromise between taking in-
to account the data of the congtituents of the objective func-
tion, taking into account the weight coefficients. Multicrite-
ria optimization is carried out according to a generalized
objective function, which includes the accepted criteria
with their weighting factors. The generalized function is
written as follows:

(13)

ay By ,
Bgen = B - min,
=1 knorm
where B, — k-th the target function expressing k-th cri-

terion;

(14)

Binorm — the normalized value of the k-th objective
function;

a; — the weight factor of the k-th objective function;
K - number of criteria accepted.

Dividing the k-th aobjective function by its normalized
value brings al the objective functions to one dimension
(relative units).

Consider severa variants of the coefficients obtained by
the method of expert estimates. From the values of the
weighting coefficients a; = 0,83,, a, = 0,17, the optimi-
zation function becomes sensitive to the technical compo-
nent - the level of loss of electrical energy. From the values
of the weighting coefficients a; = 0,86, a, = 0,14, the
optimization function begins to gradually decrease the sen-
sitivity to the increased tariff coefficients of the objective
function. Therefore, according to the method of expert es-
timations, the values of the weighting coefficients are given
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a, = 0,85, a, = 0,15, as those for which the optimization
function isthe most sensitive to the two components.

Methods for solving optimization problems refer to op-
erations research methods or mathematical programming
methods [16, 17], which alow to determine the extreme
value of the objective function (11) under the established
congtraints (12) in the range of variables determined by the
boundary conditions (13).

Given that the optimization problem, that is, the problem of
choosing the optimal CR power a thei timeinterval, isset asa
nonlinear optimization problem, then a method of nonlinear
programming can be applied to obtain its solution.

To determine the extremum of a nonlinear function, we
use gradient methods, namely, we apply the Newton meth-
od. The solution of the optimization problem is implement-
ed inthe MS Excel package.

According to the optimization model (11 — 13), the val-
ue of the power of the CR was determined and the general
ELG of TS 10/0,4 kV after the connection of the CR was

constructed (Fig. 5).
[
1
a) b)

Fig. 5. Electric load graph: a) consumers-regulators; b) TS 10/0,4 kV
after connection of consumer regulators

T W

Comparison of changes of dectric load graphs before and
after connection of consumers-regulators is made. Thus, the

coefficient of non-uniformity before the connection CR k,; =
0,23, and after connection of CR k,, = 0,42; form factor
ke = 1,084, kg, = 1,014; maximum coefficient k,,; =
1,79, k,,, = 1,36; demand factor k;; = 0,46, k;, = 0,57,
coefficient of fulfillment fector k.r; = 0,56, kr, = 0,74

and load factor TS k;; = 0,26, k;; = 0,42, which indicates
the dignment of the 10/ 0.4 kV TS EL G after connection and
control of the CR load [18]. By improving the ELG
configuration and increasing the efficiency taking into
consderation the uniform and optimal load throughout the day,
a reduction in power losses of 9.5% per unit of transmitted
power has been achieved

V. CONCLUSIONS

The probabilistic mathematical model of the 10/ 0.4 kV
TS load is improved, which takes into account the station-
ary areas and allows to increase the compl eteness of infor-
mation support of the control process.

The method of alignment of the graph of electric load
of TS 10/0,4 kV by optimal control of the power of CR is
developed. To this end, a mathematicad model has been
created that meets the objectives of optimizing CR power
management based on the selection and acceptance of the
cost criterion. The technical criterion is taken into account
as the cost of covering electricity losses in the network
caused by the non-uniformity of the ELG, and the econom-
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MaremaTruyHa MOJCJIb KCPYBAHHA CIIOKMBAYaMU-

peryisiTopaMu Jisi BAPIBHIOBAHHA Ipa()iKiB HABAHTAKECHHS
TII 10/0,4 xB

L.€. Ulepbax

XHYMI im. O.M. Bekerona,
VYkpaina

IIpoBeneHO BUMipIOBaHHS 3MiHM HaBaHTaXeHHs TpaHcpopmatoproi mincranmii TII 10/0,4 kB B pexnmi MakCHMalbHHX Ta
MiHIMaJbHUX HaBaHTaKeHb. 3a3HAYEHO, 0 Ha J0O0BOMY iHTepBai Impolec HecramioHapHUil. Ha moboBomy rpadiky eIeKTpHIHOTO
HaBaHTa)KEHHS BHUIIIICHO TOAWHHI iHTEPBAJIH Yacy, MPOBEACHO MOCITIIKEHHS 3aKOHY PO3MOoIiy, 3a kputepieM [lipcoHa miaTBepxeHo
HOpMaJIbHUI 3aKOH pO3Moniry. BukoHaHa mepeBipka CTallioHapHOCTI 32 MTapaMeTPHYHIMH TECTaMH, Ta KOPEILIiITHOI0 (DyHKIIIETO.

Ha gingHkax cTamioHapHOCTI OTpHMaHi 3HAYCHHS YHCIOBHX XapaKTEPUCTHK Ta MoOyJOBaHAa WMOBIpHICHA MareMaTW4HA MOJETh
naBanTaxxenns TIT 10/0,4 xB.

Po3pobneHo meron BHpiBHIOBaHHS rpadika enexrpuuHoro HaBantaxxeHHs TI1 10/0,4 kB 1usixoM onTHMaabHOTO KepyBaHHS MOTY-
JKHICTIO CIIOXKHBAUiB-PEryJSITOPIB y MICEKUX €IEKTPUYHHUX Mepexax 3 BpaxyBaHHIM 0COOJMBOCTEH rpadiky eleKTpUYHOrO HaBaHTa-
»KeHHs ocHOBHHX crioxkuBauiB TTI 10/0,4 kB. 3 mieto MeToro 3aaHa 1inboBa QyHKIiS, A€ KPUTEPiEM ONTHMIi3alii NPUHHITO CyMapHUit
MIiHIMYM BapTOCTi Ha MOKPUTTS BTPAT €IEKTPUYHOI €Heprii B Mepexki BUKIMKAHAX HEPIBHOMIPHICTIO IpadiKy eIeKTPUIHOTO HaBaHTa-
KEHHS Ta 32 CHOXUTY EIeKTPUIHY €HEprilo, CKIaJieHa CHCTeMa 00MeXeHb 00YMOBIICHNX HaBaHTaXKyBaJIbHOIO 3IaTHICTIO TpaHC(opMa-
TOpIB 1 HEOOXITHOK KUTBKICTIO €JIeKTPHYHOI eHepril Ha BHKOHAHHS TEXHOJIOTIYHOTO MPOIECY CII0KHBAUYaMH-PETYISTOPAMH, Ta Tpa-
HUYHI YMOBU 00YMOBJICHI BCTaHOBJICHUMH ITOTYXKHOCTSIMH CIIOKUBaUiB-perynsTopis. st peanizamii mporecy ontumizanii BHKOpHCTa-
HUI1 METOJl HEJIHIHHOTO MpOrpaMyBaHHs, 3HAXOMKEHHS eKcTpeMyMy (GYHKUIT 3aificHeHO 3a MeTonoM HbtoToHa. Pimenns 3anadgi pe-
amizoBaHo y MS Excel.

Knrouogi cnosa - epagix enekmpuuHo20 HABAHMANCEHHS, PO3NOOLIbHI eleKMPUYHT Mepedicl, LMOGIPHICHA MAMeMamuyHa Mooenb,
Heninitine NPOSPAMYBAHHS, ONMUMI3AYIs, CRONCUBAYI-PECYNAMOPU
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(U) UNICHECK

IIlanoBHi aBTOpH!

HaykoBi my0uikariii € HeBiJl'€MHOIO CKJIaJJOBOIO OCBITHBOTO MPOIIECY BHUINOI MIKOIU YKpai-
HU. SIKiCHI Ta aKTyajabHI HayKOBI Mpalli CTYJCHTIB Ta HAYKOBIIB - 11 00IMYYSl HAYKOBOI Jisib-
HocTi YHiBepcuTety. Bin sikocTi HayKoBHX MyOutiKamiid YHIBEPCUTETY 3aJI€KUTh HOTO pEHTHHT,
MOMYJISIPHICTE cepell abITYPIEHTIB 1 CTYACHTIB Ta 3HAYMMICTh B CUCTEMI OCBITH YKpaiHU Ta CBi-

Ty.

Came TomMy XapkiBChbKMI HAIlOHATBHUM YHIBEPCUTET MICBKOTO TOCIOJApCTBa 1MEHI
O.M.bekeroBa MpHUIHSAB y4acTh y COIIAIbHOMY MPOEKTI, IO MiATPUMYy€e HAyKOBI BUAAHHS, ITi[
kepiBHUITBOM KoMaHu Unicheck. Takum uynnoM, mounHaroum 3 1 BepecHs 2017 poky Bci Hay-
KOBI IIpalli, 1110 NOJAI0THCS 10 APYKY Y MiKHapOJHOMY HayKOBO-TEXHIUHOMY KypHaii "CBiTio-
TEXHIKa Ta eJIEKTPOeHepreTuka’, MepeBipsAIOThCS HAa O3HAKW IUIariaty 3a JOTMOMOIOI0 cepBicy
Unicheck.

Unicheck - e cepBic 3 mepeBipku poOIT Ha 03HAKH IUIATIATY, SIKK BYUACHO HAJIA€ MIATPUMKY
CBOIM KOPUCTYBauaM Ta MO’KE€ aJalTyBaTH CHUCTEMY BiJNOBITHO JO MOTped HAaBYAJIHHUX 3aKia-
JIiB.

CrBopenuii ykpaiHcbkMMHU po3poOHuKamu y 2014, BiH MOXe BUKOPHUCTOBYBAaTHCh OHJIAWH
a0o 1HTerpyBaTHCh 3 HaBuanbHUMU cucteMamu BH3 (Tak 3Bani learning management systems).
Cepen nux - Moodle, Canvas, Blackboard, Schoology, Google Classroom Ta ixmri. Hapasi cep-
BICOM KOpHUCTYIOThCs OubiI HIX S50 ykpaiHchkux yHiBepcuteTiB. HaBuanbhi 3aknanu CLIA, Ic-
nanii, benbrii Ta IHIIMX KpaiH CBITY TakoX MepeBipsAoTs podotu 3 Unicheck.




AJIDABITHUMN MOKAKYUK

bopzenxos L1 107
['pumyx M.O. 92
Janunpuenko J1.0. 107
€ropos O.b. 112
306iTHeBa M.B. 120
Kononraescokuii FO.I1. 112
Kononraescokuii FO.I1. 120
Kortunko I.B. 99
Kpapuyk C.B. 99
Jlexnrox I1.J1. 99
Oxpimenko B.M. 120
Py6anenxo O.€. 92
Py6anenxo O.O. 92
CockoB A.T. 112
®opkyH A.b. 112
[IleBuenko C.1O. 107
[epbax L.€. 125
HAVYKOBE BUJJAHHA

KYPHAJ «CBITJIOTEXHIKA TA EJIEKTPOEHEPT'ETHUKA» Ne 3(56)

Texuiunmii pegaxrop B.O. I'pinina

Jwmzaiin ooknaguaku A.O. borocnasenp

3 eNeKTPOHHOK BEPCI€0 )KypHAIY MOXKHA 03HAHOMUTHUCS Ha caiiTi YHiBepcuTeTy WWw.Kname.edu.ua B
rdpoBomy penosuropii: http://eprints.kname.edu.ua ta Ha caiiti sxyprany_http://lepe.kname.edu.ua

Mignucano xo mpyky 11.12.2019p. Tapuitypa «Times New Romany» ®dopmar 60x84/8
Manip odcerrnit Ywm. npyk. apk. —3.72 Haxman 150 mpum.
3am. Ne Lina moroeipHa

Anpeca penaxiii: 61002, Xapkis, Bys1. Mapmiana Baxanosa, 17
XapkiBChbKHI HallIOHAIBHUI YHIBEPCUTET MichbKoro rocnoaapcrsa imeni O.M. bekeroBa
BimipykoBaHo 3 roToBuX opuriHaiiB-makeriB y napykapHi @OIT «KASBAMAEB B.P.»
CaimonTBo mpo aepxkaBHy peectpartito B02 Ne 229278 Bing 25.11.1998 p.
CBiIonTBO PO BHECEHHSI Cy0’€KTa BUAABHUYOI CIIPABH J0 ACPKABHOI'O PEECTPY BUAABIIIB,
BHUTOTIBHUKIB 1 po3MOBCIOIKYBadiB BunaBHu4oi npoaykuii. Cepis XK Ne 135 Big 23.02.2005
M. XapkiB, By ITo3HaHChKa, 6, k.84, Tei. 8 (057) 362-01-52


http://eprints.kname.edu.ua/

	Страница 1

