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Mema pobomu. Memoio danoi pobomu € npoeedeHHs OYiHKU He2amusHUX akmopis, wo 6NiIueaOmsy Ha CMapin-
HA CUNOBUX PO3NOOITbHUX MPAHCHOpMamopis, po3pobka Hedimkoi mMooeni ynpasninus 3acobamu ix Komnencayii ma
00CTIONHCEN S Pe3YIbmamie 3acmocy8ants 3anponoH08anoi MoOeni 0N PI3HUX pedcumie pobomu enekmpuynoi mepe-
JHCI.

Memoou oocnidxcennsn. /[ns peanizayii cucmemu ynpagiinHsa pexcumamu pobomu eieKkmpuyHoi mepeici 6y6 6uKo-
PUCMAHUT MAMEMAMUYHUL MEMOO0 HeYimKoi 102iKU.

Ompumani pesynemamu. B pobomi npedcmagieHo cmpykmypy Ha OCHO8I HedwimKoi 102iKu O KoMheHcayii Qax-
mopie cmapinua po3noditeHux mpancgopmamopis. byno pospobdieno areopumm Harauwimyeants ma po3pooieno 3axo-
OuU, CNPAMOBAHI HA ONMUMI3AYTIO PIBH HABAHMANCEHHA ma Koeiyicuma nomyscHocmi mpancghopmamopa. Pospobrne-
Ha MoOenb ananizye napamempu ma Gaxmopu, wo eHaAUBAIOMb HA HOPMATbLHY pobomy mpancgopmamopa, i nonepe-
0Ccae Npo HAABHICMb HeDe3neyHux Qakmopis, AKi CMaHo8IAMs 3a2po3y HAOIHOCII MA MOJNCYMb Npu3eecmu 00 He-
cnpasnocmi. Kpim moeo, 6yno npoananizosano ma 062060peHo eeKmusHicms GomoeneKmpuyHux eeHepyouux Cman-
yitl, bamape WyHMOBUX KOHOEHCAMOpI6 i cucmem HAKONUYEHHA eHepeill, 6CMAHO8NeHUX HA CIOPOHI 6MOPUHHOI Ha-
npyeu, 0711 30epedceHHss mepMIHY CIYHCOU PO3NOOLIbHUX MPAHCHOPMAmMOpIs..

Hayxosa nosusna. B pobomi ompumanu nooansuiuii po3eumox Mooei Hewimkoi 102iKu, Wo 8UKOPUCMOBYIOMbCs
ona onmumizayii pobomu erekmpuyHoi mepexci ma Komnencayii oaxmopie cmapinHa cUI08UX po3noOiIbHUX MPAHC-
gopmamopias.

Ipaxmuuna yinnicmo. Ompumani 6 pobomi pe3yromamu MO#CYms 6ymu UKopucmani 0 no6y0oeu onmumas-
HOI cucmemu YNpaguinHa pexrcumMamu pooomu elekmpuyHoi Mepexci, AKA 3MeHULye paKmopu, wo nPUcKopiooms cma-
DIHHA CUNOBUX PONOOINLHUX MPAHCPHOPMATOPIS.

[IETPOBCBHKUH M. B.

BOJIOXIH B. B.

Kurouoei croea: enexmpomobini; cmapinns mpancgopmamopis; HaKonuueHHs enepeii; goomoenexmpuuni cucme-
MU; pO3no0in enexmpoeHepeii; KOMREHCayis peakmueHoi ROMYHCHOCMI.

JpyTe, N0 IIOJCHHUX ITKIB CIIOXKWBAaHHS TONAETHCS HO-

I. BCTYII 2 Ll ..
BUIl — BeUipHid, KOJIU €IEKTPOMOOUTI 3apsaKaTUMyThCs

OOMexeHicTh pecypciB 1 ekoJsoriuHi mpoOiemu
OCTaHHIX JECATWIITh aKTHBHO INTOBXAlOTh JIIOJICTBO [0
BiZIMOBHM BiJi BUKOPHCTaHHS Ha(TH 1 Iepexoy Ha ajbTe-
PHaTHUBHI JpKepena eHeprii. BaKIMBUM KPOKOM Ha LIbOMY
HIISIXY Ma€ CTaTH IMOCTYIOBUH Iepexill BiJ aBTOMOOLIIB 3
JIBUTYHOM BHYTPIIIHBOTO 3TOPSHHS /0 EJIEKTPOMOOLTIB
(EM).

OpHak mepexif A0 TPaHCTOPTHUX 3acO0iB 3 €JEKT-
PUYHKM TPHBOJIOM NPUHOCHUTH HE TIJIbKH NepeBar, ae i
BUKJIMKH, sIKI HeoOXinHO BupimmTy. [lo-nepiue, rnodasb-
HE CIOKMBAHHS €JIEKTPOEHEPTil B MPUHIIMII 3pOCTE, TOMY
110 MacoBa 3apajKa eJIeKTpoMoOiliB Oyze AojJaHa A0 IOo-
OyTOBOI TEXHIKH, MICEKUX 1 mpoMucioBuX 00’ ekTiB. [To-

BIIOMa Ta Ha MapKoBKax. [lo-TpeTe, 3pocTe HaBaHTa)KECHHS
Ha JiiHii enekrporepenadi i TpaHchopmMaTopH, OCKiIBKU
3apsijika eJICKTPOMOOIITIB CIIOKUBAE 3HAYHO O1IBIINE €JICK-
TPOEHEPrii, HiK 3BU-4YaifHa MOOyTOBa TEeXHIKa. Y TaOIuIli
1 HaBexeHo KiacH(iKallilo 3apsIHAX CTaHLINH 3TiITHO
3[1], [2]. Takum YMHOM, JHIIE ACKIIbKA 3apSITHUX CTaH-
il ;MyKe IBUAKOI 3apsAKH, IO MPaLIOTh OJHOYACHO,
MOXYTb TIPU3BECTH [0 3HAYHOTO IEPEBAHTAXKEHHS PO3-
HOJUTBHOTO TpaHchopMaTopa i akTuBi3auii Gpakropis, Mo
NIPUCKOPIOIOTH Horo crapinHs. CwiioBi TpanchopMaTopu
€ OJHMMH 3 KITIOYOBUX €JIEMEHTIB PO3MOIITBHUX EIICKT-
poMepex, 1 3abe3rmedeHHs X HAIHHOCTI Ma€ Tepuoyep-
roBe 3HaueHHA. [lepemawa Ta po3monALT eNEKTpOEHEpTil
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HEMOXXJIMBI 0€3 BHKOPUCTaHHS CHJIOBHX TpaHC(OpMaro-
piB, 110 BUMarae MpaBWIIbHOI eKCILTyaTalii Ta MOHITOpH-
HI'Y IUX €JIEKTPUYHUX MAaIIHH.

Tabauus 1. Kareropii 3apsmHux craHIiit

Tum [otyx- Crpym Yac zaps-
HICTH JDKaHHS,
roj
TToBinbHMI <10 kBt 3MIHHUU 3-24
3apsy
Hopwmans- Bix 10 kBt 3MIHHUHA 3-12
HUU 3apsa 1o 22 kBt
HIBuakwnit Big 22 kBt 3MIHHUUA 1-3
3apsn 10 55 kBt abo mo-
CTIHHHAI
Hyxe mBu- > 50 kBt MOCTIH- <1
JIKUH 3apsi HUN

I1. AHAJII3 JOCJILKEHD I ITYBJIKAILIA

[IpuiiHATO BBaXKaTH, IO 3apsaKa EICKTPOMOOiIiB
YacTO MOYMHAETHCS IICIS MOBEPHEHHS JIIOASH 3 poOOTH,
110 30ira€Thes 3 BEUipHIM MiKOM HaBaHTakeHHs [3]. Llei
OJTHOYACHHUH TMOIMKUT Ha OCBITJIIEHHS, MTOOYTOBY TEXHIKY Ta
3apsJIKY €IEKTPOMOOLTIB MOXKE MEPEBAHTAKUTH CUCTEMY
PO3MOITY SIEKTPOCHEPTii, sika CIIoYaTKy mependadanacs
JUISL HIDKYOTO TIOMMTY Ha eHeprito. IIpoTsirom ocrtaHHIX
POKIB 6arato JOCIHIAHUKIB 3aiiMaucs MATAHHSM BIUIHBY
3aps/PKaHHS eJIEKTPOMOOITIIB Bifl €JIEKTPOMEPEXi Ha CHUC-
TEMH PO3MOJTy eleKkTpoeHeprii Ta ii emementu. Y [3]
ABTOPH OIHWIH BIUIUB 3apsUKaHHS EIEKTPOMOOITIB Ha
EJIEKTPOMEPEXKY, BIOMA Ta Ha poOOTi, i MOBIIOMUIN TIPO
MTOMiTHE 3017TbIIeHHS HABAaHTKEHHS Ha JIiHII0 IPHOIN3HO
Ha 15%. Y poboti [4] moka3zaHO, mO poOOTa CTaHIH
HIBUJKOT 3apsKM MOXE MPU3BOIUTH 0 3HAYHOTO IijI-
BUILICHHSI TeMIepaTypHu TpaHcdopmaropa Ta CKOPOUSHHS
TepMiHy HOro ciyx0u. BIuiuB rapMOHIHHUX CIIOTBOPEHB
CTPyMy Ta Hampyrd Ha CTapiHHS PO3MOJUIBHOTO TpaHC-
¢dopmaropa omineHo B [S]. JlocmimkeHHs [6] mokasaio,
IO TapMOHIKM Hamnpyru MOXYTb CIPHYMHUTU 3HA4YHE
MiBUIIEHHSA TEMIIEpaTypd BEPXHBHOTO IIapy Macia Ta
BTPaTH B CEPACUHUKY MaCIITHUX TpaHC(OPMAaTOpiB, MOTi-
pIIeHHS 30y1sMii 0OMOTKH. Y [7] 3amporoHOBaHO METO-
JIOJIOTII0 UII OTPUMAHHS INPOCTOPOBUX 1 YaCOBHX IIPO-
THO3IB TONHTY HA 3apsKaHHS Ta OIHKH ITOTEHIliary
3MEHIIICHHS MIKOBUX HABaHTAXXCHb BiJl €IEKTPOMOOLTIB.
VY poboti [8] HpomeMOHCTPOBAHO MOMKIHMBICTH IIO/IOB-
KEHHA TEepMiHy cIykOm TpaHchopMmaTropa MIUIIXOM OII-
THMaJIbHOTO TUIAHYBAHHS 3apsIKH eIeKTPOMOOiIsL. ABTO-
pu [9] AOCHIKYIOTh, Y € MiACHICHHS MEPEeXi IOILIb-
HHUM 3 TOYKH 30pY BapTOCTi EIEKTPUYHOI MEPEeXi 3 BHCO-
KAM piBHEM BUKOPHCTAHHS €JIEKTPOMOOLUIIB, IiHIIOBIIN
BHCHOBKY, IO MOXXHa 3MEHIIMTH BHUTPATH Ha 3apsaKy
EM 3a nmoty»xHocTi TpanchopmaTopa CTpymy.

O1iHKa TOPUCKOPEHHS CTapiHHA  PO3MOAUIBHUX
TpaHc(hOpMATOpPiB B PE3YJIbTATI MTOJATKOBHUX 3apSIHHUX

HaBaHTAXEHb, JNOAAHUX TIOPUIHUMH EJIEKTPOMOOUIIMH,
0 MIAKTI0YAI0ThCS 10 SIEKTPOMEpeKi, HaBeaeHa B [10].
B [11], [12] npexncTaBieHi HMOBIpHICHI METOIH, KEPOBaHi
JAHUMH, JJIsI OLIHKM IIepEBaHTaXEHHS Ta CTapiHHSA
TpaHcdopmaropa, KOJH Lie MMOB’S3aHO 3 BUCOKHM piBHEM
TIONUTY Ha 3apsAKy eJEeKTPOMOOUIIB y MO€IHAHHI 3 TeHe-
pati€tro Bif (HOTOCIEKTpUYIHOI cucTeMH Ha aaxy. Y [13]
OLIIHEHO TEIIOBE CTapiHHA MAaciIsIHUX TpaHC(HOpPMaTOpiB
3a JIOTIOMOTOI0 IITY9HOI HEHPOHHOI MEpexXi Ta MOJEIIO-
BaHHS 3a MeTofgoM Monte-Kapmo. ¥V cratri [14] nporro-
HY€ThCSI BUKOPUCTOBYBATH MIAXiJ TITUOOKOTO HABYAHHS
Ha OCHOBI HEHPOHHOI MepeXxi I MPOTHO3YBaHHS TPUBA-
JocTi KUTTA TpaHcpopmaropa. ABropH [15] 1 [16] ouinu-
JU BTpATy pecypcy TpaHC(HOpPMATOPIB y PO3MOAUTEIHX
Mepexax 3 IHAMBIAyaJIbHUMH KUTJIOBUMH Oy/JMHKaMHu Ta
BEJIMKOIO KUIBKICTIO MiJKITIOUCHHUX CICKTPOMOOLTIB 1 J10-
CHIZIMIIH, SIK MOXKHA KOMIIEHCYBaTh (haKTOpH, 110 BHKIIH-
KaloTh CTapiHHA TpaHcdopmaropa 3a JIOOMOTOI0 Mi/ICH-
JICHHSI CUCTEMH JKUBJICHHS, BKJIIOYAIOYH JIOKaJIbHY (HOTO-
enexktpuuHy renepaunito (PE) ta akymynstoproi OGarapei
(BESS). Pesympratu [11], [12] moka3anu, mo HasBHICTH
(horoenekTpuuHOi reHepanii B €JIEKTPUIHAX MEpexax i3
3apSJHUMH MIPUCTPOSIMU IJISL €IIEKTPOMOOLITIB MOXE 3Me-
HIIATH CTapiHHA TpaHchopmatopa, a 3 BESS meli mos3u-
TUBHUH edekT € me Oinbmt 3HaunuM [15], [16]. YV [3], [7]
BIUIMB TIOTIUTY Ha 3apsAKY €IeKTPOMOOLIIB AOCHTIIHKEHO
JIMIIE AJIsl HATIPYTY Ha IIUHI Ta PiBHIB HaBaHTa)XCHHsS Ha
Bigraiayxernus. Y crarrsax [4], [7]-[10] mocmimkyeThes
3HOLIEHHSI TpaHCc(POpPMAaTOpiB, ajle HE BPaXOBYIOTHCS
BIUIMBH CIIOKUBAYIB i3 POTOENEKTPUYHUMH TTaHEISIMU Ha
Jaxy abo BapiaHTH MOZEpHI3allil eleKTPUIHOI Mepexi 3a
nonomoroto 6sokiB BESS. EcdexT po3nonineHoi renepa-
il Ta TeXHOJOTiHd 30epiraHHs eHeprii He BKIIIOYEHO B
MoOJIeNb CTapiHHs TpaHcdopmaropa B [13]. Meroau, 3a-
CHOBaHI Ha IITydyHOMYy iHTenekti [13], [14] BuMararoTh
BEJINKOI KIIBKOCTI AaHUX 3 BIIOMHMH yMOBaMHd Uil Ha-
BYAHHS Ta TECTYBaHHS, ajie BOHU BCE e CyO0'€KTHBHI.
Kpim Toro, B [14] xapakTepuCTU9HI BETUINHH, IO BUKO-
PUCTOBYIOTECSI B MOJIENI POTHO3YBaHH:, Oy OTpUMaHi
3 TPUOYHICHHSAM iX po3moxiny BeitOymma, skuit Moxe
OyTH MIHCHUM HE y BCiX BHMankax. J[ist KUTbKICHOTO BH-
Mipy HEBH3HA4YEHOCTEH BMIIAJIKOBHX MPOILECIB B poboTax
[11]-[13] BuxopuctoByeTbess MeTon Monrte-Kapio. On-
HaK TOYHICTh pO3paxyHKiB MeToioM MoHnTe-Kapio cuiib-
HO 3aJIeXHUTh Bif KUIbKOCTI iTepauiii. Hanpuxmiaza, mo0
MiBUIUTH TOYHICTh y 10 pa3siB, HEOOXIMHO 30LTBIIUTH
KiJbKicTh iTepaniii y 100 pa3iB. A 3i 30iIbIICHHSIM KiJb-
KOCTi iTepariii 301IbIIyeThCs 1 9ac po3paxyHky [17]. V
[16] monemoeThCs JTMIIIe OAWH PiBEHh MPOHUKHEHHS EM,
TONI SK PO3TJIAHYyTa YacCTKa PEaKTHUBHOI MOTYKHOCTI €
HepeasbHO BUCOKOIO IS KHTIIOBOI €JIEKTPOMEPEKi.

e nmocmimkenns: 0a3yeTbess Ha pe3ysbTaTax IoTIe-
penHix mocuimkens [15], [16]. [TopiBusHo 3 [15], y Moxe-
JroBaHHS OyJI0 BpaxoOBaHO BILIMB BHIIMX I'apMOHIK 1 Oa-
Taped mmyHTOBMX KOHAeHcaTopiB (BK) Ha crapinHs
TpaHchopMaTopiB, i OymT0 CTBOPEHO OiNBIIE CICHAPIIB.
[opiBasHO 3 [16], OymH PO3TIAHYTI Pi3HI PiBHI MPOHUK-
HeHHA EV, mo0 oxorumoBany miana3oH MPOHUKHEHHS Bij
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0% no 100%, i moreHwian (HOTOENEKTPUIHUX YCTAHOBOK
BHKOPHCTOBYBABCSl Ul KOHTPOJIIO KOe(illi€HTa IMOTYX-
Hocti (KIT). Byso omineHo eeKTHBHICTH KUIBKOX CTpaTe-
Tifl TOCWIICHHS eNEeKTPUYHOI MepeXi I KOMIICHCAIlil
CTapiHHs TpaHChOpMAaTopa 3a Pi3HUX PIBHIB MPOHUKHEH-
1 EM. Li ctpaterii BkimtowatoTs posropranHs BESS,
po3ocepemkeHy (OTOEIEKTPHYHY TEeHEepaIlilo Ta BCTaHO-
BIICHHA Oatapeil KOHAEHCATOpiB JUId KOMIICHCAIlil peax-
THUBHOI MOTY>KHOCTIi. |HCTpYMEHT Ha OCHOBI HEYIiTKOI JIO-
riku OyJi0 HalalITOBaHO JUIs 3aroOiraHHs IepeBaHTa-
JKEHHIO Ta IeperpiBy MaciisiHoro tpaHcgopmaropa, mij-
tpumytoun ripu upoMy KII Ha G6axanomy pisHi. [IpaBuna
HACTPOMKHM HaJAIITYBaHHS MOXYTh OYyTH CKOPHUIOBaHi
KOpUCTYBayeM 3aJIeKHO BiJ] HOMIHaJbHOI MOTY)KHOCTI,
piBHS Hanpyru a0 KOHKPETHHMX YMOB eKkciutyaTarii. Ta-
KMM YHMHOM, 3aIlpONOHOBAaHMH MiAXix Moxe OyTH 3acTo-
COBHHH JIUISI PI3HUX AISTHOK PO3MOIIIBUUX MEPEXK.

III. META POBOTH

e mocmimkeHHsS CIPsAMOBaHE Ha OIIHKY HETaTHB-
HOTO BIUIMBY BHIIE3a3HAUYCHUX (aKTOPIB HA CTApIHHA
TpaHchopmaTopa Ta po3poOKy HOBOI OCHOBHU ISl 3aro0i-
TaHHA BUXOXY 3 Jagy TpaHc(opMaTopa Ta IPOAOBKEHHS
TEepMiHy CiyXOu. JIOCATHEHHS TEXHOJIOTIH 30epiraHHs
eHeprii, po3noilieHol reHeparii, KOMIeHcalii peakTHB-
HOI TOTY>KHOCTI Ta HEYITKOI JIOTIKH OyAyTh BUKOPHUCTaHI
JUTS. BUPILIICHHS 3a3HAYEHOT ITPOOIEMH.

IV. BUKJIAJEHHSI OCHOBHOI'Y MATEPHAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

SIk mpaBWIIO, €IEKTPONOCTadyaHHs KUTIOBUX Oyau-
HKiB y €Bpomi 3MiACHIOETCS Yepe3 CHCTEMH €JIeKTpOIIe-
pemaugi (CEII), ski migKiIfOYeHi A0 PO3MOMUIEHAX TpaHC-
¢opmaropiB. Tomy 1 pobGora 30cepemkeHa Ha BIUIUBI
JOMAIIHBOI 3apsAAKH Ha PO3MOIUTBHI TpaHCHOPMATOPH,
10 xuBiATh i CEIL. 36impImeHHs CIOKUBaHHS €IEKTPO-
eHeprii TpaHchopMaTopaMu, 110 KHUBJIATH KUTIOBI OY/TH-
HKH, OCHAIICHI €JICKTPOMOOLISAMH, SIKI MOTPEOYIOTH MO-
TYXHUX 3apsiIHUX MpHUCTpoiB (Hampukian, 10-22 kBr) i,
LIBHIIE 32 BCE, 3apsKAIOThCS BBEUEPl, MOXKE 301/IbIIN-
TH HaBaHT)XEHHS Ha Il TpaHc(opMaTopH, OTKe, IIPUCKO-
proeThes iX cTapiHHs.

[TapanensHO 3 UM MPOJOBXKYIOTH 3pOCTaTH TapMo-
HiitHi ciotBopenHs B CEI uepe3 nommpeHHs: HeMHIHHIX

HaBaHTAXEHb 1 €JIEKTPOHHUX NpucTpoiB. Kpim Toro, do-
TOEJEKTPUYHI CHCTEMH 3 HU3BKOIO NOTYKHICTIO KOPOTKO-
rO 3aMHKaHHS MOXYTh BIUIMBaTU Ha MPO(iib HANPYTH Ta
CHPUYUHATH FApMOHIHHI CIIOTBOPEHHS! HANPYTH Ta CTPY-
My [18], [19]. Konu HeniHiiiHI HABAHTAXXCHHS MIKITIOYCHI
mo CEIl, BoHM, SK TpPaBWIO, CIIOKHUBAIOTh HENIHIAHI
CTPYMH 1, SIK HACJiJIOK, CHOTBOPIOIOTh HANpPYTy CHCTEMHU
[20]. HaiiGinpm cyrreBUM e(heKTOM TapMOHIHHHMX CIIO-
TBopeHs BcepennHi CEIl e migBuIeHHS Temrmeparypu.
Kpim Toro, rapMoHiifHI CLIOTBOPEHHS MOXYTh HETaTHBHO
BIUTMBAaTH Ha MiKPOKOHTPOJEPH CHCTEMH, JIYHILHHKU
eJIeKTPOeHeprii, BUMUKAYl Ta pejie, BUKIMKAIOYH IX He-
cTabinpHy podoty [21].

MicnieBe BBEJCHHS CIEKTPOCHEPTIi BiJ (HOTOCIEKT-
pUYHOI CHCTEMH Ha PIiBHI rpoMaay Ta BiJ] CIIOKUBAYiB i3
(OTOCEKTPUUHIMH TTAHEISIMH Ha JIaXy MOXE JOMOMOI'TH
YHHUKHYTH TIEPEBaHTaXEHHsI TpaHchopMaTopa depes 3a-
pspkaHHs enekTpoMoOuTiB. OnHak, yepe3 crenudiuHui
npodiab reHepanii (COHSYHI YCTAaHOBKM 3a3BHYail po0-
JISTH CBiff OCHOBHUI BHECOK OIIiBAHI), BIUIUB HA CTapiHHSI
TpanchopmaTopa Oyze HempocTaTHIM [22].

Juis Oinbmn eeKTHBHOT KOMITEHCAIii (akTopiB, II0
MIPUCKOPIOIOTH CTapiHHSA TpaHchopmaTopa, reHepanis OE
MOBUHHA TIOETHYBATUCS 3 CHCTEMAaMU HAKOIIMYEHHS €He-
prii 3 BUKOpHUCTaHHS aKyMyJATOpHOi Oartapei [23]. Bera-
HosneHHsI BESS € Haii0inpm nommpernm ams Oy IHHKIB 3
(OTOCNEKTPUUHIMHU CHCTEMaMH, IO JIA€ JIOMOBJIACHUKAM
MOXJIMBICTh 30epiraTv IOCTYHHHMH HAIUIMIIOK eHepril
NPOTATOM JHS Ta CIOXHMBAaTH IF0 €HEpPrilo Iij 4Yac Iija-
BUILEHOTO TIOMHTY a00 KOJIM HeMae TeHepanii 3 BiJHOB-
JIOBaHUX Jpkepen [24]. Takox ais KOMITEHCAIlli peakTu-
BHOI MOTY>XHOCTI BUKOPHCTOBYIOTh OaTapei KOHIEeHcaTo-
piB (BK).

VY it poboTi OyaM BUKOPUCTaHI HaHi PIYHHUX IPO-
¢biniB HaBaHTakeHHs 11 peanbHUX JKUTIOBUX OYJHMHKIB i
MaJloro mjnpuemMcTsa (auB. puc.l). ArperoBasi rpadiku
MONUTY Ha MOTYXHICTh BiJl TOOYTOBHX 1 HPOMHCIOBUX
croxuBauiB arperoBani Ha muHi 0,4 kB Tpancdopmaro-
pa. Koedimient norysxnocri (KIT) kymyasTuBHOrO HaBa-
HTQXXCHHS 3MIHIOETBCS 3 YacOM, 1 HOro BUXIJHE CEepeHE
3Ha4YeHHs crtaHoBUTh Omm3pko 0,73. Ilpodims HaBaHTa-
JKESHHSI Ma€ PAHKOBUH 1 BeUipHill MAKCHMYyMH.
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Pucynok 1. TunoBa cxeMa po3mOAUTEHOI Mepexi

[ToropuHHe HaBaHTaXeHHs TpaHcdopmaropa Ha
KOXKHOMY t-My KpOILi BUOIPKH MOYKHA pO3paxyBaTH SIK
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IIpodini HaBanTakeHHs Ta rerepamis PE myst Tumo-
BOTO JITHBOTO POOOYOro [IHS B PO3MIISTHYTOMY MiCLi I1O-
Ka3aHi Ha puC. 2. 3HaYCHHS Ha OCI OPJAMHAT MEPEBEICHO Y
B.0. 1 MOKa3aHO y BiJICOTKaX BCTAHOBJIEHOI MOTYXHOCTI
TpanchopmaTopa.
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Pucynox 2. IIpodini crioxxuBaHHs pO3NOAITIBHOT MEpeKi

Xoua npoini Ha puc. 2 MoXyTh OyTH crienudivHu-
mu s CxinHoi €Bpomny, BHKOPUCTaHa METOJIOJIOTIS €
3arajpHOIO 1 MOke OyTH NpuifHATa B Oy Ib-sKiil KpaiHi un
perioHi.

B ocHOBI HaBeZieHOTO Ha pHUC. 3 ANTOPUTMY HaNAIl-
TYBaHHS 3HAXOJIMTHCS HEUITKHH KOHTPOJIEP.

10

VY wiii po6oTi po3riIsAHyTI 4 crieHapii PoOOTH EICKT-
PHYHOT Mepexi.

» ba3oswii crieHapiif. ®igep MICTUTH JIMIIE KUTIOBI
Ta BUPOOHMYI HAaBaHTAXKEHHs Ta eaekTpomooOini. Binco-
TOK eJeKTpoMoOiniB nocsrae 70%, a B ToguHM MiaGopy
Moxe nocsirati 60% B HOMIHAJILHOTO 3HAYEHHS TPaHC-
dhopmatopa. Cepenniit KIT dinepa 3a pik cTaHOBUTH OJH-
3pK0 0,73.

* Coenapiit 1. Ha mogaTok 10 KHUTIOBUX 1 BHPOOHH-
YUX HABAHTA)XXEHBb 1 €JIeKTPOMOOLTIB, y (imepi BCTaHOB-
neHo (ortoenekTpuyHi Om0kn. OCTaHHI MOXYTh OyTH
q)OTOGJ'IeKTpI/I‘-IHI/IMI/I CUCTEMaMU Ha JaxXy, aBTOHOMHUMMU
(HDOTOCIEKTPUYHUMHU CHUCTEMa-MH a00 KOMYHAJIbHUMHU
q)OTOGJ'IeKTpI/I‘-IHI/IMI/I CHUCTEMaMH, BCTAHOBJICHUMH Ha BTO-
pHHHIH cTopoHi TpaHcdopmaropa. BeraHoBieHa moTyx-
HICTh (DOTOETIEKTPUYHNX YCTAHOBOK cTaHOBUTH 100% Bin
MacIIOPTHOI NOTYKHOCTI TpaHcdopMmaropa.

* Cuenapiit 2. TloaiOHuit 10 momepenHbOro, aue 3
HEPEryJIbOBAHOK IIYHTOBOK OaTapeerd KOHICHCATOPIB,
BCTaHOBJICHOIO Ha BTOPHHHIA IIHHI TpaHchopMaTopa.
[Motyxnicte Kb cranoButh 90% peakTUBHOI MOTYXHOCTI
dinepa.

* Cuenapiit 3. IlogiOHuii 10 mOIEpEAHHOTO, ajie 3
koHTposiboBanuMu BESS. HakomuuyBau eneprii moxe
OyTH JOKalbHUM (HANpPHKIA, CTAlliOHAPHUI NOMAIIHIN
HaKOINMYyBay eHeprii) abo Ha piBHI IpoMajy, BCTAHOBJIE-
HUM Ha BTOPHUHHII CTOPOHI TpaHcopMaTopa.
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Mouatok

Tpa+cpopmarop
HTa)keHni abo KN
He onTUManbHUi

Hi

3apaemo dyHKuji
HanexHocTi Ana
HanawTyBaHHA

3apaemo Barosi
koediljieHTu ana
DYHKLi HaneKHOCTI

KoHTponep Ha 6asi
HeuiTKOT NIorikn

DOedasidikauin
(Mamdani)

HanawTtyBaHHA

36eperTu eHeprito 8
BESS

YetaHoBuTH
noTyHicTb Kb

MepepaxysaTi NapameTpu
PO3noAinbHOI Mepexi

OHoBAEHi curHany Ana
AiarHocTuTn

paxysah T
cTapiHHA TpaHCHOpMaTOpa

CrBopUTH
noBiAOMAEHHS AnA
avcneryepa

A

Pucynok 3. Anroput™M  3allpONOHOBAHOTO  HEUITKOTO
KOHTpOJIEpy

MerTor0 HaNAIITYBAaHHS € YHUKHEHHS CHJIBHOTO Iie-
peBaHTaxkeHHsT TpaHchopmaropa Ta miarpumanns KII
6mu3pko 0,92, xomu 11e MoxkIHBO. Lle MoXxHa pearnizyBaTn
IIISIXOM PETyJIFOBAHHS BHUXIJHOI PEaKTUBHOI MOTY>KHOCTI
BK, nuiaxoM kepyBaHHs peXUMaMH 3apsaIKU Ta pO3PAIKU
BESS, a Takox mIIsIXOM THMYacOBOI'0 NPUITMHEHHS T'eHe-
pariii ®E.

Cucrema HediTKOI JOTIKH Ui HaJaITyBaHHS ITOKa-
3aHa Ha puc. 4. BoHa Mae Tpu BXOOH, SIKi € JAaHUMHU TIPO
renepariro OF (PV_power), 3araipHy NOBHY HOTYXHICTh
(S_power), sika 3aJeKUTh BiJl IOTPeOH B eHeprii, i koedi-
nieHT notyxHocTi (cos_fi) Ha BropuHHii mmHI TpaHcho-
pmaropa. Koxen Bxin mae BOynoBaHi (QyHKIii HajeKHOC-
Ti.

power_control_with_BES

{mamdani)

™~
7

control_actior

S power

Pucynok 4. Cucrema HEYITKO1 JIOTIKH

HaJIalITyBaHHA

IS

11

Tpu dynkuii Hanexnocti «PV_power» Bu3HauaroTh
rerepamniro OF B giamazoni Big 0% g0 140% Bin HOMiHA-
JILHOT MOTY)KHOCTI TpaHchopMaTopa K HU3BKY, CEPEAHIO
abo BuCOKy (puc. 5a). JIpi pyHKmii HamexxHOCTI “cos_fi”
BU3HAYAIOTh MEPEeXiJi MK IMOTaHUM 1 BUCOKHM 3HA4YEHHS-
mu KIT (puc. 56). [IBi ¢hyHKII{ HaIeKHOCTI I 3araibHO-
T0 HaBaHTaKEHHS MepeTHHaAIOThCs B Touli 100% HOMiHA-
JBHOI MOTYXKHOCTI TpaHcopmaropa (puc. 5B). Tpu Buxi-
nIHI (QYHKINT HaJICKHOCTI BH3HAYAIOTh MOMIIMBI peakiil
cucremu. Bee Bin 0 10 0,5 BUMarae «TOHKOro» HajauTy-
BauHs1, Big 0,25 10 0,75 — «akTUBHOIO» HaJAIITYBaHHS, a
Bix 0,75 10 1 — «IHTCHCHBHOTOY» HAJIAINITYBaHHS (PUC. ST).
3aJeXHO B/l BUXIJHOTO 3HAYCHHS, CUCTEMa MOXE pery-
JIIOBAaTH BUXIZHY peakTuBHY motyxHicte Kb Bix 0% no
100% (ommH Kpok cTaHoBUTH 8,33%), ckopouyBaTH IO
15% nocrynnoi BuxinHoi notyxHocti PE Ta nmepemuxa-
THCSI MK peXKUMaMH 3apsiIki Ta po3psinku BESS.

[IpaBuia a1 HEUITKOTO AJTOPUTMY HATAIITYBaHHS
BU3HAYAIOTHCSA KOPUCTYBa4YeM 1 HaBeJeHi B Ta0m. 2. Heui-
TKi MTPaBHJIa HANAIITYBaHHS

Tabuuus 2. HamamryBaHHS HEHITKOTO KOHTPOJIEPY

IF OR AND THEN
PV_power cos_fi S power Output
low High - subtle
medium - - active
high poor - intense
low - high intense
medium - high intense
- high normal subtle

[IpogemMoHCTpyeEMO €(EKTUBHICTh HATANITYBAHHS
3alpPOIIOHOBAHOTO METONy JUIs KOMIIeHcalii (akTopiB
CTapiHHS PO3MOALIBHOIO TpaHc(hopMaTopa Ha TPHKIIAL
Toro camoro pobodoro gus npu 100% Bukopucranni EM.
[Tponiec HanmamTyBaHHS MOXXHA BBa)XKATH YCHIIIHUM, SK-
IO TPHUBAJICTH POOOTH TpaHCPOpMAaTopa B OLIBII KOPCT-
KHX YMOBaX CKOPOYYEThCS Ha KOPHCTH MEHII YKOPCTKUX
yMOB. Buxoay KOHTpOJIEepiB HEWITKOI JIOTIKK 111 0a30BO-
TO CIIEHapil0 Ta CIeHapilo 3 Micisi HANAINTyBaHHS HaBe-
neHi Ha puc. 6. [IpoananizyBaBim puc. 6, MOXHa 3p0o0Ou-
TH BUCHOBKH, L0 HAJIAIITYBAHHS JI03BOJIMJIO CKOPOTUTH
TPUBAIICTh HAWOLIBII PI3KOr0 PEXUMY POOOTH (Lise Yu-
cio 3 Bianosigae pexumy «Hemunyuoi npobiemn») Ha
KOPUCTh MEHII HECHPUSTIMBOTO pexXHMy «MoKinBa
npoGyiemay (4iTke 3Ha4eHHs 2). 3a3Ha4nMO, 10 Yuciy |
BiZMoOBiae pexxuMm «YBaray, a unciy 0 pexnm «Hemae
npobmemm» [25].
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low_PV medium_PV high_PV

input variable "PV_power"

(2)

high_cos_fi

poor_cos_fi

n n T L .
01 02 0.3 0.4 0.5 06 0.7 0.8 0.9 1
input variable "cos_fi"

(©)

nermal high

20 40 60 80 100 120 140 160 180

input variable "S_power"

(8)

subtle active intense

01 02 03 04 05 06 0.7 08 09 1
output variable "control_action”

(r)

Pucynok 5. ®ynkuii HanexxHocti: (a) renepauis OE; (0)
KOe(IIEHT MOTYXKHOCTI; (B) 3arajbHa IMOTYXHICTh; (T)
BUXiJl KOHTpOJIEpa HEYiTKOT JIOTIKU

12

BasoBMi cueHapii
== == Cuewapid 3

Cratyc TpaHcdopmaTopa

(V] 3 6 g

'-Iac:rron.
Pucynoxk 6. JIemoHCTparist pe3yabTaTiB podoTH
3mian KII mpoTsroM TOTO OMHOTO 3WMOBOTO JHS

JUTSL PI3HUX CIICHAPIIB 3MIIHCHHS €JIEKTPHUYHOI MEPEKi, 3a
100% xinekictio EM, nmponemoHcTpoBaHi Ha puc. 7.

Koediulent noty=HocT!

Yac, rog,

Pucynok 7. 3mina xoedimienty motyxuocti (KII) mpwm
100% 3acrocyBanni EM

st 6a3zoBoro Bunajaky cepenne 3naueHus KII cra-
HoBHTH Onm3bKo 0,9. Ilo crocyerbes Bumanxy 1, 3 mona-
BaHHSIM HEeKOHTpoabroBaHOi renepanii @E, To KII nanae, 3
0c00MBO TMOokuM mamindsM Mix 7:00 1 13:00. Axru-
Bailist koutposmo ®FE mis perymosanns KII moxe ioro
MOKpaluTy, ane B yacoBoMy BikHi Mixk 7:00 1 13:00 Bin
BCe IIl¢ 3HAYHO HIDKYMIA 3a Oakane 3HaueHHs 0,92. [luB-
JSTYACh HA BUIMAJOK 2, 3 JOJaBaHHSIM HEPEryJIhOBaHOI
koHaeHcatopHoi Oatapei KII 3anmummaeTbes 3aHAATO HU3b-
kM Mixk 6:00 1 12:00, Toi K IPOTITOM JESKUX TIEPiOJIiB
gacy (aampuknan, 3 15:00 mo 2:00) BiH GIU3BKHIA 1O OHU-
HUIl. AKTHBAIlil HEYITKOTO HAJAIITYBAHHS MOJIENI JUIS
KepyBaHHS BHXIJHOIO PEaKTHBHOIO MOTYkHIicTI0O Kb mo-
kpamrye KII nmmme dacTkoBO: BiH BCe IIe JalNeKWid Bij
Oaxcanoro 3Ha4deHHs 0,92 mpoTsrom OUIBIIOI YaCTHUHU
nas. Haitkpamux 3nadens KII MojkHa TOCSTTH Y BULIAAKY
3, KOJU eNeKTPUYHA Mepeka J0JaTKOBO MOCHIIEHA Kepo-
pauuM BESS.

V.BUCHOBKH

VY 1pOMYy JOCTIJDKEHHI TPENICTaBICHO CTPYKTYpPYy Ha
OCHOBI HEYITKOI JIOTIKH Il KOMIIeHcamii (akTopis, sKi
BU3UBAIOTH CTapiHHS TpaHC(POPMATOpa, IO KUBUTH CHC-
TEMy pPO3IOJUTYy €JIEKTPOCHEPrii 3 BUCOKHM piBHEM IIPO-
HUKHEHHS MiIKII0YeHUX eNeKTpoMoOiniB. bymo omineHO
e(eKTUBHICTh HACTYIMHHX METOMIB MiICHIICHHS Mepexi
JUTS 3amo0iraHHs cTapiHHA TpaHchopmaropa: GoToenekT-
pHUYHI TeHepyrodi OokH, Oarapei HIYHTYIOUHX KOHJeHCa-
TOpIB 1 CHCTEeMH HAKONMYEHHS €Heprii, sSKi BCTaHOBIIEHI
Ha CTOPOHI BTOPHHHOI HAIIPYTH.
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3anporoHOBaHUI HEUYITKHH ajJrOpUTM HaJallTyBaH-
HSl CHCTEMH CIIPSIMOBAaHHMH Ha YHUKHEHHS HEMPUHHATHOTO
NIepeBaHTaKCHHS Ta MiATPUMKY KoedilieHTa MOTy>KHOCTI
mo0nm3y O0a)kaHOTO piBHA. BiH MOXe KepyBaTH BUXOJOM
renepanii ®F, Buxonom Oarapei MIYHTYIOUMX KOHJECHCA-
TOpIB 1 3apsaKoro/po3psaakoro BESS.

3 orysiy Ha cTpaTerii MOCUIICHHST MEepexi, HalKparii
pe3ysIbTaTi MOXKHA CHOCTEpIraTd, KOJH eJICKTpUYHa Me-
pe’ka JI0JaTKOBO OCHAIIEHa KOHTPOJIHOBAHUM HAKONHTY-
BavyeM eHeprii, POTOCNEeKTPUIYHIMH yCTaHOBKaMHU Ta Oa-
Tapeero MIYHTYIOUHX KOHICHCATOpiB (TOOTO, BHMAIOK 3
JocimKeHHs). Y npoMy Bunaaxy npu 100% mpoHUKHEH-
Hi EM koeoimienT crapinas TpanchopMaTopa 3MEHIIY-
€ThCA OUTBII HIX y 5 pa3iB MOpiBHSAHO 3 0a30BHM BapiaH-
TOM. 3a JIOMOMOTroI0 Ifi€i KOMOIHOBaHOI CTpaTerii 3Mill-
HEHHSI MEepeKi MOKHA YCYHYTH BIUTHB 3pOCTAOuOro IMO-
NHUTYy Ha 3aps/IKy elIeKTpOMOOLTIB Ha cTapiHHs TpaHcho-
pmaropa.

HesBakaroum Ha TIOKpAaIEHHS pPEXUMY poOOTH
tpanchopmaropa, KII s BumankiB | i 2 3anumaerscs
HecTaOUIBHUM 1 YacTO Majae HIKIe OKaHOTO 3HAYCHHS.
Hns Bunanky 3 moskHa migrpumysati KIT 6mikde no
6a)xaHOTO 3HAYCHHS IPOTATOM JHS.

Po3pobnennit anroput™m i 3aci® Ha ocHOBi (a3i-
JIOTIKH € yHIBEpCAaTbHUMH i MOXKYTh OyTH 3aCTOCOBaHI Ha
Oynpb-sIKiii IIMAHII ENeKTPUYHOI Mepeki 3a HasBHOCTI
BHUXIIHUX [aHUX Ha II0 TUIAHKY. Y MalOyTHii poboTi
CIIJl PO3TIISIHYTH «M SIKi» CTpaTerii s MOKPameHHS KO-
ediuieHTy cTapiHHS TpaHCPOPMATOPiB, SKi BKIIOYAIOTh
IUTaHyBaHHS 3apsakd EM Ta enacTHyYHICTh HOMUTY.
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Purpose. This paper aims to evaluate the negative factors that affect the aging of power distribution transformers,
develop a fuzzy control model for their compensation, and study the results of applying the proposed model to different
modes of the electrical power network.

Methodology. The mathematical method of fuzzy logic was used to implement the control system of the power grid
operating modes.

Findings. The article presents a structure based on fuzzy logic for compensating depreciation factors of distribu-
tion transformers. A tuning algorithm and measures were developed to optimize the transformer's load level and power
factor. The developed model analyzes the parameters and factors affecting the normal operation of the transformer and
warns of dangerous factors that threaten reliability and may lead to a malfunction. In addition, the efficiency of PV
generating stations, shunt capacitor banks, and energy storage systems installed on the secondary voltage side to pre-
serve the service life of distribution transformers was analyzed and discussed.

Originality. The paper further develops the fuzzy logic models used to optimize the operation of the power grid
and compensate for the aging factors of power distribution transformers

Practical value. The results obtained in the paper can be used to build an optimal system for controlling the op-
eration modes of the electric power grid, which reduces the factors that accelerate the aging of power distribution
transformers.

Keywords: Electric vehicle; transformer’s aging; battery energy storage; photovoltaic systems, power distribu-
tion, reactive power compensation.
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Purpose. There is a trend of transition from a purely centralized power supply to a combined one, the number of
local decentralized sources of electricity directly in the distribution networks is increasing. Distribution electric
networks are transformed into a network with features characteristic of a local electric system, which receives power
both from its own distribution electric networks and from a centralized source. Renewable energy has a number of
advantages, but there are also disadvantages. Among them - the complication of the operation of electric networks with
the growth of the capacities of renewable sources of electricity installed in them and the instability of generation due to
their natural dependence on meteorological conditions, if we talk about technical shortcomings, then this refers to the
sinusoidal nature of voltages and currents and voltage deviations, ensuring the quality of electricity which directly
depends on ensuring the balance of active and reactive power in the electrical system. The purpose of this article is to
analyze the effectiveness of reactive power compensation devices as a tool for reducing the threshold of integration of
distributed generation sources into the electrical networks of Ukraine. The task is to study the reduction of the
integration threshold for distributed generation.

Research methods. Mathematical modeling of an electrical system with distributed generation elements and
reactive power compensation devices. The influence of the operation of reactive power compensation devices on the
parameters of the electric network is studied. Comparative analysis of network parameters and their change when
implementing distributed generation together with and without reactive power compensation devices.

The results obtained. The obtained results show that the use of reactive power compensation devices makes it
possible to increase the carrying capacity of operating power lines and transformers, which is especially important
when most of the power system schemes where distributed generation is integrated are of radial type, i.e. it actually
lowers the integration threshold for renewable generation in the electric network. A very important factor is that the
introduction of reactive power compensation devices together with distributed generation solves the problem of
stabilization and voltage loss in electric networks, and also improves the quality of electric energy.

Scientific novelty. The method of selecting reactive power compensators for distribution networks has been
further developed, which differs from the existing ones by taking into account the presence of renewable energy sources
of various types, which allows to increase the efficiency of the interaction of the local electric network with the
renewable generation integrated in it.

Practical value. It consists in lowering the integration threshold of distributed generation sources into electric
networks by introducing reactive power compensation devices together with them, which affects a number of
technological parameters in the node - reduction of power and voltage losses, stabilization and control of voltage,
improvement of electric power quality indicators.

Keywords: sources of distributed generation; renewable energy; reactive power compensation devices; electrical
network; losses; implementation.

variable nature of production, the total capacity of solar
power plants (SPP) and wind power plants will be 25% of
Under modern conditions, in many developed the capacity of all sources of electricity in Ukraine [4] —
countries, the growth in demand for electricity is met [5]. The term "sources of distributed generation" or
thanks to the integration of renewable energy sources "distributed generation" (DG) is used to describe
(RES) into the electric networks (EN) [1] — [2]. electrical energy sources that are directly connected to the
electrical network or connected to it by consumers.

I. INTRODUCTION

Over the past 10 years, the greatest growth in
Ukraine has been observed in the field of solar and wind It is necessary to continue improving the methods
energy. Over the next 10 years [3], regardless of the and means of managing the normal modes of the
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electrical networks of Ukraine for the development of
renewable sources of electricity. The integration of
renewable energy sources into the power system has its
advantages, but the connection of such sources to
distribution electrical networks has a significant impact
on power losses, the voltage level in the electrical
network, as well as on the operation of relay protection
and automation.

II.ANALYSIS OF RESEARCH AND
PUBLICATIONS

The implementation of DG affects distribution EN
and turns them into active elements of the power system.
This leads to the need to make changes (or review and
modernize) in the adoption of EN management, operation
and planning strategies. At the same time, their influence
can have both a positive and a negative character,
therefore it is advisable to carefully analyze the issue of
joining EN sources to distribution EN of Ukraine.

It is possible to single out the main directions of
influence of DG on EN:

« influence of DG on losses of electrical energy in
EM;

« influence of DG on voltage in EN;

« influence of DG on the quality of electric power;

* influence of DG on relay protection and
automation;

+ the impact of DG on the reliability of work and
operation of EN;

The influence of DG on the loss of electrical energy
in EN:

Installation of DG power sources in the distribution
EN not far from the load can change the direction of
power flows. At the same time, three situations should be
distinguished regarding the nodal load and DG [6]:

1. The own load of each node in the EN is greater
than or equal to the output power of the DG sources
connected to this node.

2. There is at least one node in the EN where the
output power of the DG sources is greater than the actual
load of this node, but the total power of the DG sources of
this EN is generally less than the total load.

3. In the EN there is at least one node where the
output power of the DG is greater than the own load of
this node and the total power of the DG sources of this
EN as a whole is greater than the total load.

In the first case, installed DG sources in the EN will
affect the reduction of power losses in the distribution
EN.

In the second case, DG sources can permanently
increase the power losses in some power transmission
lines (PTL) of the distribution EM, but, in general, the
total power losses in the EN are reduced.

In the third case, the total power losses of the entire
distribution EN will be greater than before the installation
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of DG sources. At the same time, the situation when
electric energy is transported in the reverse direction, i.e.
from the EN "tail" to its main section, is quite
unfortunate. This is due to the fact that the cross-section
of power lines in distribution networks, as a rule,
decreases from the main section of the power line to its
end, and, as is known, the resistance of the power line and
its losses depend on the cross-section of the wires. Also,
different sources of DG operate with different cose and
their output reactive power can vary from insignificant
generation (gas turbine plants, etc.) to significant, on the
scale of distribution EN, consumption (wind power
plants, etc.), which also negatively affects the value of
power losses in EN [7].

Thus, the installation of DG sources can both
increase and decrease power losses in EN, which mainly
depends on the location, power, level of introduction of
DG sources in EM, their cosg, as well as on the topology
of EN, etc.

The influence of DG on the voltage in EN:
Two types of influence can be distinguished.

First, it is the effect on the voltage level in the
steady-state  EN operation mode [8]. In traditional
distribution networks, that is, in EN radial type, voltage
reduction occurs along the direction of electricity supply
to consumers, from the main section of the transmission
line to its end. After the installation of DG sources in such
an EN, the load of the power feeder decreases, and the
voltage along the transmission line may increase. In this
case, the cosp of the DG sources and the type of generator
(synchronous or asynchronous) are important. In some
cases, when using relatively powerful synchronous
generators, the allowable voltage level may be exceeded
(>1.1U). Thus, the magnitude of the voltage change
depends on the installation locations of the DG sources,
their power and coc¢ (generation or consumption).

Secondly, the influence of DG on voltage
fluctuations in EN [8]. In a traditional distribution EN, the
active and reactive load of the nodes changes with time,
which causes certain fluctuations in the voltage level in
the EN. In the direction from the main section to the end
of the power line, the voltage fluctuations, as a rule,
increase. If the load is concentrated mainly near the end
of the transmission line, the voltage level will fluctuate
more intensively. After connecting the DG sources to the
distribution EN, the latter will affect the fluctuations of
the voltage levels in the nodes, increasing or decreasing
them. In the case when the DG sources work in
coordination with the local load, that is, their power
increases (decreases) when the load in the nodes increases
(decreases), they will dampen voltage fluctuations. But,
when DG sources work inconsistently with the local load,
since the power of DG sources depends on primary
resources and the initial characteristics of which are
difficult to control (such as wind speed, intensity of
sunlight radiation, etc.), then in such a situation, DG can
significantly increase voltage fluctuations in EN. In
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addition, some DG sources (for example, WPP,
photovoltaic elements) are characterized by a strong
fluctuation of the output power, which significantly
affects the fluctuation of voltage levels in the EN nodes,
the effect is stronger, the greater the installed power of the
DG sources.

The influence of DG on the quality of electrical
energy:

The installation of DG sources in distribution EN
has a rather significant effect on the quality of electrical
energy [9] —[10].

First, DG sources lead to an increase in the flicker
dose, which can occur when powerful DG sources are
introduced or removed from operation in distribution EN,
a sudden change in the output power of RG sources,
interaction between DG sources and regulating devices.

Secondly, DG sources can generate high-order
harmonics in EN, while DG sources can either themselves
be sources of higher-order harmonics or are connected to
the distribution EN through an inverter that generates
higher-order harmonics in the network, which is typical
for fuel and fotogalvanic elements, wind turbines, etc.

Thirdly, DG sources affect voltage dips, which is
mostly related to the type of generator. For example, in
the case of DG with synchronous generators, after a
voltage drop, the latter is restored approximately to the
initial level, and in the case of asynchronous generators,
the voltage is not restored to the initial level due to a
decrease in reactive power support [11]. It should also be
noted that the total influence of DG sources on voltage
dips depends on the DG power, but not strongly enough.

If we briefly summarize the above effects of DG on
the loss of electrical energy, on the voltage and quality of
electrical energy, then the use of reactive power
compensation devices during the introduction of DG will
make it possible to partially or completely solve these
problems.

III. PURPOSE OF THE WORK

With the help of mathematical modeling and
comparative analysis, the parameters of the local electric
network into which distributed generation is integrated
with and without reactive energy compensation devices
are investigated. The ability of the reactive energy
compensation device to increase the efficiency of the
interaction of the local electric network with distributed
generation and to lower the integration threshold for it is
determined.

The main problems of the technical aspects of the
implementation of distributed generation and how
reactive power compensation devices can affect or
eliminate these problems are given.
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IV. PRESENTATION OF THE BASIC MATERIAL
AND ANALYSIS OF THE RESULTS
OBTAINED

Basically, compensation of reactive electricity is
used for:

* reduction of active e/e losses in feeder lines;

* unloading power equipment from reactive power
flowing through it;

» reduction of payments for reactive electricity;

* increase in voltage.

To reduce reactive power flows along lines and
transformers, sources of reactive power should be located
near the places of its consumption. At the same time, the
transmission elements of the network are unloaded from
reactive power, which reduces losses of active power and
voltage.

The use of reactive power compensation devices
must be preceded by a thorough technical and economic
analysis due to the high cost and sufficient complexity of
these devices.

The methods of using compensating devices,
depending on their location in the electric power system,
are divided into the following types: individual, group,
centralized.

With individual compensation, capacitors (capacitor)
are connected directly to the place of generation of
reactive power, i.e. own capacitor (s) - to an asynchronous
motor, individual - to a welding machine, personal
capacitor - for an induction furnace, for a transformer, etc.
In this way, the power wires suitable for a specific
consumer are unloaded from reactive currents. Figure 1
shows the scheme of individual compensation.

l
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Figure 1. Scheme of individual compensation
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Group compensation - refers to the connection of
one common capacitor or a common group of capacitors
at once to several consumers with significant inductive
components.

The line feeding this group of consumers will be
unloaded from reactive power. Figure 2 shows the scheme
of group compensation.

v

5 0%

Pus, KWt Pug, kWit

Qez, KVAY
Figure 2. Scheme of group compensation

Centralized compensation involves the installation
of capacitors with a regulator in the main or group
distribution board. The regulator evaluates the current
consumption of reactive power in real time, and quickly
connects and disconnects the required number of
capacitors. As a result, the total power consumed from the
network is always minimized in accordance with the
instantaneous value of the required reactive power. Figure
3 shows the scheme of centralized compensation.

I/'“‘\TL

63]) 3, kVA

v QF1 v QF2 % QF3

Figure 3. Scheme of centralized compensation
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The main modern reactive power compensation
devices include capacitor units (0.4-10kV) and
STATKOM (6-35kV and above)

Condenser units are of 2 types:
* Regulated (automatic) capacitor units (ACU);

* Non-regulated (non-automatic) condensing units
(NCU);

Regulated (automatic) capacitor units (ACU) mean
that the reactive power in the network is regulated using a
microprocessor regulator, which, thanks to the signal
from the current transformer at the input of the enterprise
or distribution device, etc., supplies the command to close
or open the stages of the capacitor unit that make up the
battery.

The power of such an installation is calculated based
on the analysis of the electricity consumption data of the
enterprise or the power grid and is selected by the
appropriate load levels. Generation of settings is disabled
due to the settings of the regulator. A one-line diagram of
such an installation is shown in Figure 4.

2 S e

Figure 4. One-line scheme of AKU-0,4kV

The advantages include:

* automatically monitors the change in the reactive
power of the load in the network and in accordance with
the given value of cos ¢;

 generation of reactive power to the network is
excluded;

* all main parameters of the network are visually
monitored;

* a system of emergency shutdown of the condenser
installation and warning of service personnel is provided;

The switching time of one stage is no more than 3
minutes. If it is necessary to reduce the discharge time of
capacitors, special discharge devices are used.

NCU are usually used in networks of 6 kV and
above (but 0.4 kV is not an exception). The rated power is
also set by stages from capacitors, but unlike the ACU, all
stages are turned on at once or stage switching is possible
only in manual mode. The regulator is absent, or it may
be, but it is used only as a protection unit for the capacitor
unit.
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Such installations have a number of advantages and
disadvantages compared to the 6kV battery, the
advantages include:

e lower cost than ACU, due to the absence of
vacuum contactors and protective devices assigned to
them;

+ the service life of capacitors is longer, therefore
there are no frequent commutations and accompanying
peak shock currents up to 100 x Inom;

* case of operation due to the absence of mechanical
moving parts;

* lower operating costs;
* no need for constant control;

« regulation and prevention of switching devices by
personnel;

e smaller dimensions of the installation in
comparison with ACU

As for the disadvantages, the most important of them
is the possible generation of reactive power in the energy
system, which will cause serious problems.

Figure 5 shows the structural diagram of the 10 kV
NCU.

| Block of

| protections

.
S

730kVAr
Figure 5. Structural diagram of the 10 kV NCU

STATKOM (static synchronous compensator) is a
fast-acting device capable of emitting or absorbing
reactive current and thus regulating the voltage at the
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point of connection to the power grid.

It is classified as a flexible alternating current
transmission system (FACTS). The technology is based
on the "Voltage Source Converter" (voltage source
converter) with semiconductor gates in a modular multi-
level configuration [12].

The main schematic configuration of STATKOM
includes a set of filters of higher harmonics of filter-
compensating circuits, which are permanently connected
to the network or switched by switches, and included in
parallel with them in a triangle of three phases of
thyristor-controlled reactors - thyristor reactor group
(TRG) Figure 6.

The firing angle of thyristors TRG can be quickly
changed so that the current in the reactor monitors the
load current or the reactive power in the power system.

The STATKOM control and protection system
provides quick compensation of the reactive power of the
load and maintenance of the adjustable parameter in
accordance with the set point, performs protection of the
STATKOM equipment, control and signaling of failures
and can be modified for specific EM requirements.

The response time of the STATKOM control system
to a change in the regulated parameter is 5 ms for arc steel
furnace type loads and 25-100 ms for general industrial
loads of network substations.

STATCOM has a level of automation that ensures
its operation without the constant presence of personnel.
STATKOM is controlled from a remote control panel or
from an automatic technological process control system
through an external interface.

The nominal power and STATKOM scheme is
selected for a specific object depending on the parameters
of the power supply system, the type and power of the
compensated load, and the requirements for the quality of
electricity and the functions performed. For each
individual case, the non-circulating power of the TRG and
filter-compensating circuits is calculated and their
composition is determined.

As already mentioned above, the massive production
of photovoltaic energy connected to the network creates
many problems, such as voltage stability, compensation
of reactive power of local loads, operational reliability,
etc.

In order to implement the compensation of the
reactive power of local loads, reduce the loss of electrical
energy and improve the controllability of the photovoltaic
system, it is proposed to consider the option of installing
STATKOM 35kV together with SPP.



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Ne2 (2024)

Po3nin «EnexkTpoeHeprernka

bus HY
rr IJ
A AT
o CLE
Ua
1
@ bus LW
v 8 Da Ua la [a
X i i ! : : .-:' 1: ;'\.
control .- ,. TN g | |
cabinet B o - == == == == B
. I gt Lk - £
cabinat of - . FRL
ralasy TEG TRG
protections

Figure 6. An example of execution of STATKOM 35kV

(AT - autotransformer; CLR - current-limiting
reactor; Q — switch; FR — filter reactor; TV — thyristor
valve; TRG - thyristor-reactor group; FKC - filter
compensating circuit; CB — capacitor bank)

In DSTU 8635:2016 [13], there are requirements for
voltage magnitude, quality of electrical energy and
regulation of reactive power of SPP, namely:

* Permissible frequency and voltage ranges of
electricity produced by a photovoltaic plant (FPP) must
meet the requirements for frequency and voltage levels in
normal and emergency modes of operation of the power
system in accordance with GOST 13109 and DSTU EN
50160:2023. At the same time, the generation capacity of
the FPP should be reduced by the minimum possible
amount;

* Indicators of the quality of electric energy
produced by the FPP at the connection point must meet
the requirements for the quality of electricity in
accordance with GOST 13109 and DSTU EN
50160:2023;

* If necessary, the FPP should be equipped with
appropriate high-speed means of compensation of reactive
power with filters of higher harmonics. The compliance
of FPP equipment with the requirements for the quality of
electric energy must be confirmed by modeling and/or
experimentally;

* The photovoltaic plant must be equipped with
reactive power regulation functions. The current settings
of the parameters for regulating the reactive power and
voltage must be determined before putting the FPP into
operation by the owner of the electric networks (and, if
necessary, by the system operator);
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» The photovoltaic plant must be able to fix power
factor settings with an accuracy of 0.001 kVA. If the
power factor setting for a FPP with a capacity of more
than 25 MW is changed, then such changes must be
accepted within 2 seconds and take effect no later than 30
seconds after receiving the order to change the setting.
The error of the performed adjustment and set settings
should not exceed + 2% of the setpoint value or + 0.5% of
the nominal power, depending on which of the criteria is
stricter.

Therefore, based on the above-mentioned State
Standard of Ukraine, the introduction of reactive power
compensation devices is a necessity for the normal
functioning of the SPP and its integration into the EN.

Let's consider how the parameters of the normal EN
mode (Figure 7) will change when STATKOM 35 kV 6.5
MVAr is implemented (the power is chosen to cover the
local reactive consumption) together with a 20 MW SPP
in one of the districts of Odesa Region (Figure 8).

For modeling, the maximum instantaneous values
from the summer measurements of electrical energy were
taken.

The SPP generates a power of 20MW, this power
fully covers the node's active energy needs, and the rest of
the electrical energy from the SPP goes to the balancing
node in EN through the lines from substation 4.

This option is not the best from a technical and
economic point of view, because the generated electrical
energy does not remain in the node, but its remains go
through the 35kV feeder lines to the EN balancing node.

As can be seen from the simulation in Figures 9 and
10, the flow of current in the feeder power lines is
significantly reduced, and therefore the losses of electrical
energy are reduced, the lines are unloaded and the voltage
on the substations, which are closer to the balancing node,
is increased.

This greatly affects the technical and economic
efficiency of the joint operation of EN and RES.

In addition, as is known from [14] — [16], SPP
inverters are sources of harmonic distortions, therefore
STATKOM performs an additional function of a
harmonic filter, thereby improving power quality
indicators.

Also, according to the simulation results in [17], it
can be stated that STATKOM is one of the effective tools
for solving problems with voltage deviation.

As an example, STATCOM is installed at such
facilities - SVG-STATCOM 35 kV 4x8 MVAr, FC 35 kV
4x5 MVAr for Pokrovska SPP LLC (DTEK VDE LLC).
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V.CONCLUSIONS

The installation of STATKOM 6.5 MVAr helped to
relieve the power grid lines by 109 A, and in percentage
terms to reduce the load on the lines:

Table 1. Reduction of line load

Line name | BV- | PSI- [ PS2- [ PS3- [ PS4- [ SPP-
! PS1 | PS2 | PS3 | PS4 | SPP | PS5
Before, % | 65,6 | 62.8 | 70.9 | 79.1 | 76,5 | 36.5
After, % | 24.4 | 37.9 | 56.1 | 685 | 69.3 | 31,7
lefiﬁence’ 412 | 249 | 148 | 106 | 72 | 48
0

Citing [18] - the company "DTEK VDE" completed
the process of additional adjustment of reactive power
compensation devices (Statcom) at its enterprises,
designed to solve the issue of low-frequency oscillation
damping (POD - power oscillation damping) in the UES
network of Ukraine, which was one from the conditions
of its synchronization with ENTSO-E, as well as the
implementation of Statcom, this will contribute to the
expansion of Ukraine's export opportunities in the
ENTSO-E network by 730 MW (currently, the technical
possibility for export from the united within the
framework of integration with ENTSO-E systems of
Ukraine/Moldova to Europe is 400 MW).

This indicates a real perspective
implementation of STATKOM for EN of Ukraine

of the

Therefore, the use of controlled reactive power
compensation devices:

« will allow to increase the carrying capacity of
existing power lines and transformers [19] —[20];

» will reduce the loss of electrical energy, which is
very expensive in monetary terms;

* will solve the problem with stabilization or loss of
voltage in EN;

« will improve power quality indicators.

All of the above contributes to the acceleration of
the integration of RES into the EN of Ukraine, especially
when most of the EM schemes where RES is integrated
are of the radial type.
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NIIBULIEHHS EGEKTUBHOCTI BHPOBAIKEHHS TA B3AEMO/IT
PO3MNOAIIEHOI TEHEPAIII 3 IOKAJIBHOIO EJJEKTPUYHOIO

MEPEXEIO
JAHWJIBYEHKO  kann. TexH. Hayk, [OUEHT, [JOUEHT Kadeapu mepenadi eNeKTPUYHOI  eHeprii
11.0. HamionansHoro yHiBepcuteTy «XapKiBCBKHH —IIOJITEXHIYHMH I1HCTHTYT», XapKiB,
Vkpaina, e-mail: dmytro.danylchenko@khpi.edu.ua, ORCID: 0000-0001-7912-1849;
KY3HELIOB JI.C.  acnmipanr xadenpu nepenaui enektpuunoi emeprii HamioHaqbHOrO — TEXHIYHOTO

YHIBepCUTETy «XapKiBCHKHH TMOJITEXHIYHUN I1HCTHTYT», XapkiB, YKpaiHa, e-mail:
dmytro.kuznetsov@ieee.khpi.edu.ua, ORCID: 0009-0003-1543-7854;

Mema pobomu. Cnocmepizacmvbca menoenyis nepexody 6i0 YUCMO YEeHMPANi308aH020 eNeKMPONOCMAYAHHA 00
KOMOIHOBAH020, 3pOCMAE KINbKICMb MICYEBUX PO30CePe0dceHUX 0ixcepell eleKmpoenepzii 6e3nocepeonbo 8 po3noodiib-
HUX eleKmpuyHuUx mepecax. Posnodinvui enexmpuuni mepesici nepemsopioromucst 6 Mepexcy 3 03HAKAMU, XapaKmep-
HUMU OJIA JIOKATIbHOI eIeKMPUUHOI cucmemu, KA OMPUMYE HCUBTIEHHSA AK 8i0 GNACHUX PO3NOOINbUUX eNeKMPUUHUX Me-
peoic, max i 8i0 yeHmpanizo8anozo dxcependa. BioHoenoeanvha enepeemuxa mae pso nepesae, 0OHax € i nedonixu. Ce-
peo HUX - YCKIAOHEHHs! (DYHKYIOHY8ANHS eLeKMPUYHUX MePeNC NpUu 3POCMAHHI 8 HUX 6CMAHOGIEHUX NOMYICHOCEN
BIOHOBIOBAHUX Odicepell eIeKMPOeHep2ii ma HeCMAabIbHICMb 2eHePYBAanHs Yepe3 NPUPOOHY IX 3a1edCHICIb 8I0 Memeo-
PONO2IUHUX YMO8, AKUIO NPO MEXHIUHI HeOONiKU MO ye CMOCYEMbCA - CUHYCOIOHOCMI Hanpye i cmpymie ma 6i0XueHsb
Hanpyeu, 3a0e3neyeHHs AKOCMI eleKMpPOeHepeii ke Hanpsamy 3a1edcums 6i0 3abe3neyeHHs: OAIAHCY NO AKMUGHIN ma
PEeaKmueHili NOMYd*CHOCMI 8 enekmpuyHitl cucmemi. Memoro yici cmammi € ananiz egpekmugHocmi pobomu npucmpois
KOMReHcayii peakmu@Hoi ROMYAHCHOCMI SIK THCMPYMeHmy OJis 3HUICEHHS. Nopo2y IHmezpayii 0dicepen po3nooiieHol ee-
Hepayii 8 enekmpuyHi mepedxci Yxpainu. 3a60anns nonaeac 8 00CaiOHCeHHi 3HUNCEHHS THmMe2payitinozo nopo2y O po3-
nooinexoi eenepayii.

Memoou oocnioxncennsn. Mamemamuune MOOeNOBANHS eIEKMPUYHOL CUCIEMU 3 elleMEeHMAMU PO3N0OLNEeHOT ceHe-
payii ma npucmposmMu KOMREeHCayii peakmusHoi nomyxcnocmi. JJocnioxncyemscs 6naue pobomu npucmpoie KoOMneHca-
yii' peakmueHoi nomysicHocmi Ha napamempu enekmpuyHoi mepesici. IlopieuanbHull ananiz napamempis mepesici ma ix
3MIHA NPU BNPOBAONCEHHT PO3ZNOOLNEHOT 2eHepayii pazom 3 NPUCIPOIMU KOMIEHCAYIT peakmugHoi nomyscHocmi ma 6e3
HUX.

Ompumani pezynomamu. Ompumani pe3yibmamu noKazyomys, Wo 3acmocy8aHHs NPUCMpPOi8 KOMneHcayii peax-
MUBHOT NOMYAHCHOCMI 003601A€ NIOBUUUMU NPONYCKHY CAPOMOIICHICMb Oltouux NiHil erekmponepeday i mpancgop-
Mamopis, wo 0coOIUB0 YIHO KOMU DLIbULICMb CXeM eleKmpoMepedci Kyou IHme2pyemvCsi po3nooleHd 2eHepayis MAe
paodianvrull mun, moomo, paxmuiuHo 3HUXHCYE IHmMezpayiliHull nopie 01 8i0HO6II0EANbHOI ceHepayii 8 eleKmpudHi Me-
peoici. Hemano saxciueum gaxkmopom € me wjo, 8NPOSAONCEHH NPUCMPOLE KOMNEHCAYI] PeaKmueHol NOMyNCHOCMI
PA30M 3 pO3NOOLNEHOI0 2eHepayicio supiulye npobiemy 3i cmabinizayicio ma 6mpamor HAnpyeu 6 eieKmpuyHux mepe-
JHCAX, A MAKOXHC NOKPAUYE NOKAZHUKU AKOCMI eIeKMPUYHOT eHepeil.

Haykosa nosuszna. Ompumasg nooarsuiuli po3eumox Memoo eubopy KOMHEHCAmopie peakmuHoi NOMYHCHOCHI
OJ1s1 PO3NOOIILYUX MEPENC, WO GIOPIZHAECMbCSL 8I0 ICHYIOUUX 8DAXYEAHHIM HASGHOCMI GIOHOGNIOBAHUX Odcepell eHepeil
PI3HUX MUNIG, WO 00380JIAE NIOSUWUMU eqheKMUBHOCTI 83AEMODIT TOKANLHOT eleKMPUYHOT MepediCi 3 IHMe2po8aHow 00
Hei 8i0H08I108ANILHOIO 2eHEPAYIENO.

Ilpakmuuna yinnicme. [lonseac 6 3HuUdICeHHI IHMeZPAYiUHO20 NOPO2Y 6 eNeKMPUYHI Mepedici 0dcepen po3nodiie-
HOI' 2enepayii, 3a paxyHoK 6NPOBAONCEHHS PA3OM 3 HUMU NPUCNPOI8 KOMNEHCAYI] peaKmueHOi ROMY#CHOCHI, Wo 8Niu-
8a€ Ha PO MEXHONOSIMHUX NAPAMEmpI6 8 Y3/ - 3HUICEHH 6Mpam NOMYJICHOCHMI ma Hanpyeu, cmabinizayis ma
YNPAGAIHHA HANPY2010, NOKPAWEHHS NOKA3HUKIE AKOCMI eleKmMPUUHOiL eHepeii.

Knrwouosi cnosa: oixcepena poznodinenoi zenepayii; 6i0H061108a1bHA eHePeMUKA; RPUCMPOT KOMReHcauil pea-
KIMUGHOT NOMYIICHOCI; eeKMPUYHA Mepedica; 6MmPamu; 6nPpoeaoIHceH .
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JOCJII)KEHHSI HAIIPYTU HECUMETPII Y TPUPAZHUX MEPEXKAX 3
PI3BHUMMU PEXKUMAMMU HEHUTPAJII

CTEITAHEHKO KaHA. TeXH. HayK, IOLEHT, IONEHT KaeIpH eleKTpoeHepreTHk: HarioHalbHOro
I0.B. TEXHIYHOTO YHiBepcuTeTy «JlHimpoBchka moritexHikay, JlHinpo, VYkpaina, e-mail:
stepanenko.yu.v@nmu.one, ORCID: 0000-0001-5999-1927

Mema pobomu. Busnauenns @niugy napamempis Mepesic 3 PISHUMU PEICUMaMUu HeUmpani Ha Hanpyey Hyibogoi
noci008HOCHI.

Memoou Oocnidxcennn. Memooonozis 0ocioxcenHs: 6A3yEMbC HA 3A2ANbHIU MeopPil eNeKmMpPOMexHIKU i, 30Kpemda,
Ha MemoOoi CUMEMPUYHUX CKIAOOBUX.

Ompumani pesynomamu. Po3pobneno mamemamuyny mooenv 05t 6CIMAHOGIEHH XAPAKMepy 3MIHU HANpyeu Hy-
160801 NOCTIO0BHOCMI O PI3SHUX pexcumie Helumpani mepedxci. Bcmanosneno sHauenHs Hanpye HYIb080i NOCIi008HOC-
mi ma Kymie Midxc 8eKmopom Hanpyeu @azu 3 HecCUMempicto ma 6eKmopoM HAnpyeu Hy1b080i NOCIIO08HOCHI 3A1€HCHO
8i0 EMHICHOI Hecumempii, EMHOCMI Ma AKMUBHO20 ONOPY I301AYii MepediCi OJis PISHUX PedHCUMi8 HeUmpaii.

Hayxoea nosusna. Ilposedeni 00cniodicentss NOKA3aau, wo Haubiivue 3p0OCmManis Hanpyau Hy1b080i NOCIi006HO-
cmi 8i03HAUAEMbCst Npu EMHOCMI Hecumempii, sixa cmanosums 10...30% 6i0 emnocmi izonsyii mepesci. Ilpuvomy nati-
Ointbu cymmesuil 6NAU6 8IOHOCHA EMHICHA HeCUMempisi [3048Yil npu 3MiHI 3HAYEHb EMHOCMI Mepedici 8IOHOCHO 3eMill
HAOA€E HA BeNUYUNY HANPY2U HYIbOBOI NOCIIO08HOCI 6 MEPENCAX 3 KOMNEHCOBAHOIO HEUMPAINIO | NPAKMUYHO GUKIIO-
YAEMBbCA NPU NOGHICTIO [3071b0GAHIL HEUMPATIL MEPeNCi BIOHOCHO 3eMIi.

Ilpaxmuuna yinnicms. /{13 peanvrux napamempis mepexci 3a pe3yibmamamy meopemuinux ma eKcnepumenma-
JIBHUX OOCNIONCEHb MOJNCHA CYOUMU NpO Npaye30amHuicms iCHYIOYUX 3acobig 3axucmy ma UKOpUucmosyeamu ix npu
PO3POOYI HOBUX NPUHYUNIG | NPUCMPOIE 3aXUCTY.

Knrouosi cnosa: nanpyza; Hynvoea nociioognicme; Hecumempis; i3071606aHa HElIMPAIb; KOMREHCOAHA Hellm-
Datb; mepedxca 3 pe3ucmopom y Helmpaiii.

L. BCTYII Hpyruii cTynine (pe3epBHUIT) 3aXUCTY Bijl 3aMHUKaHb
Ha 3eMITI0 BUKOHYETECS, B OCHOBHOMY, Ha MaKCHMaJIbHUX

B enexrpuunnx MEpexax TIPHUYUX MIANPUEMCTE  peje HaNIPYTH, SAKi pearyroTh Ha PiBEHb HAIPYTH HyJIHOBOI
Hanpyrotoo monan 1 kB BixnosinHo no [1] Ta ramys3eBUX  ocmigoBHOCTI.

mpaBwil OC3MEKU Mepe0avaeThCsl 3aCTOCYBAaHHS JBOCTY-
MHYACTOTO 3aXKCTY BiJl OJHO(MA3HUX 3aMUKAHb HA 3EMITIO
3 JI€10 Ha BIAKIIOYEHHS.

[pane3naTHICTh HOTO CTYIEHS 3aXUCTY Ha IiJCTaBi
KIJIBKOCTI CIIpaljboBYBaHb IpH 3adikcoBaHMX Ta He3adik-
COBaHMX BiMOBax IEPIIOTO CTYIECHS OLHEHA EHEproc-

JlociimKeHHs CBIT4aTh, O y Kap'epHUX PO3MOJIiIb- Jy’K0aMH SIK HE3a10BLIbHA.

HHUX MepeXax NPYTHi CTYIiHb Ma€ JIOCUTh BEIUKHHA Bij-

3axXUCT CHpaIbOBYE MPU MOBHX Ta AYrOBUX 3a-
COTOK XMOHUX crpaipoByBasb (10...30 %). PatiboBye TIput TPy a

] MHUKaHHSX. YCTaBKa 3a 4acoM JIpyroro CTyIEHs He JI0-
Onmi€ro 3 MPHYNH HENPABHIBHOTO CIPALEOBYBAHHS  3p0715€ BIZICTPOIOBATHCS BiJl IBOX CTYIEHIB 3aXHUCTIB, L0

3aXMCTy CJIIA BBAXATH TIOABY HANIPYTH HECUMETDII 33 BII-  pai(f0r0Th 3a HAMPSIMOM HYJIbOBOT MOCITiTIOBHOCTI.

CYTHOCTI Y MEpEXi 3aMUKaHHS Ha 3eMITIO. . . .
prFI/II/I CTYIIIHb BUABJIACTHCA 61J'IBH_I YyTIUBUM 3a

II. AHAJII3 JTOCJIKEHB I ITYBJIIKAIIA MEepIInil CTYMIHBb 32aXUCTY TI0 CTPYMY.

Ha mincraBi pe3ynpTaTiB ONMUTYBAHHS €HEPTOCITYKO
MiAPHEMCTB MOXKHA BiI3HAYUTH: JOCBIN EKCIDTyaTamii
MIEPIIOTO Ta JAPYToro CTYIEHIB 3aXUCTY BiJ 3aMHUKaHb Ha
3eMITIO BiIOOpakae IXHIO HE3a0BUIbHY pOOOTY, IO HPH-
3BOAUTH 10 HEBHUIIPABIAAHUX BiJKIIOYCHb JDKEPENa JKHB-
JeHHs (CeKuii mWH MiACTaHIii) 1, BIAMOBIIHO, TOB'SI3aHO
31 3HAYHMMHU CKOHOMIYHHUMH 30MTKAaMH BiJl IPOCTOIO Be-
JIMKOT KUTBKOCTI MpHUY0100yBHUX MallIKH.

3a OWiHKOIO eKCIUTyaTaliiHUKIB Mix 9ac poOoTH 3a- 1. META POBOTH

XHCTY MamTB‘MiCHe BUIIAZKK Bi/:_lMOBH TEPKOHOBHUX PEIIC J1s1 mpaBUIBHOTO BUOOpPY 3ac00iB 3aXMCTY, OLIHKU
Ta HamIBMPOBITHUKOBHX MpHIaiB. JIo TOro * 3a3Ha¥a-  yoxMBOCTI CTBOPEHHS HOBHX IPUHIMIIB Ta TPHCTPOIB
FOTBCSL YaCTi BiAMOBHU 3aXHCTy [pH NyTOBUX 3aMUKAHHAX  3axpcTy HOTPiOHO MOCHIAWTH BIUIMB HECHMETpIl Ha aMIl-
Ha 3€MIIIO, 8 TaKOK HECCIICKTUBH1 BINKIIOYCHHA. nmitynHi Ta ($a3oBi mapamerpu HaNpyrd HyJIbOBOI MOCHI-

B nanuit yac HalOLIBII MOMIMPEHUMH TUITAMH 3aXH-
CTY BiJl 3aMHKaHb Ha 3eMJIIO (TIEPLIMI CTYIIHB) € TaK 3Ba-
Hi cripsiMmoBaHi 3axuct [2], [3].

3a BiATYKaMH €HEProciy0 MigIpHUEMCTB, 3 ypaxy-
BaHHSM CepelHbOl KITBKOCTI CHpallbOBYBaHb MPHCTPOIB,
BiZICOTKa TPYNOBUX BIAKIIOYEHb NMPHU CTIHKUX 3aMHUKaH-
HSX, MPale3laTHICTh NEpIIOro CTYNEHs 3aXHCTy X He
3aJI0BOJIbHSIE.

© Crenanenko F0.B., 2024
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JIOBHOCTI IIPH Pi3HUX peXHUMax poOOTH HEUTpalli MEepexi.

IV. BUKJIAJEHHSI OCHOBHOI'Y MATEPHAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

VY TNOTyXHiif eHepreTH4Hil CHCTeMi TPUKYTHHK JIi-
HIHHHX HAmpyT YTBOPIOE OPCTKY cucTeMy. Moro moso-
JKEHHS IIOJ0 TOYKH BiJUTIKYy BH3HAYA€THCS IPOBIITHOCTS-
MH Ha 3€MJIIO Ha 3aTHUCKadYax JHKepelia Ta B IHIIHX TOYKax
CHUCTEMH.

CHMETpUYHOMY TPHUKYTHHKY JTiHIHHUX HAMpyT Bif-
MOBiTae cuMeTpuyHa 3ipka ¢azoux Hanpyr [4], [5]. Oxn-
HaK, [I¢ CIPaBE/UTMBO TUTBKH IPH HYJIbOBOMY MOTEHIIAI]
HEeHTpasi BiTHOCHO 3eMJIi, III0 Ma€ MiCIe TIPpH TOBHiH cH-
MeTpii 1307l (a3, sKa CKIagaeThes 3 aKTHUBHOTO OTIOPY
Ta EMHOCTI MEpExXi.

3anexHICTh MapaMeTpiB HYITBOBOI TOCHTiJOBHOCTI
BiJl aKTHBHHUX OIIOPIiB 130JAIii PO3TIITHYTa JOCHUTH JCTa-
neHO [6], [7].

[ikaBUM € JOCIiIKEHHsI BIUTMBY €MHOCTEH (a3 me-
PeXi BiTHOCHO 3eMITi. BennuuHa 1mux éMHOCTE! TTOBHICTIO
BH3HAYA€ TMOJOXCHHS TPUKYTHUKA JTIHIMHUX HANpPyT Bif-
HOCHO 3€MIJIL.

€MHOCTI MK (pazamMu He BIUIMBAIOTH HA MOTEHIIAI
CHCTEMH ILI0JI0 3eMJIi: BOHH yTBOPIOIOTh IIUIAX VISl B3ae-
MHOTO OOMiHY CTpyMy MiX (pazamu, CTBOPIOIOYH J0/aT-
KOBE HaBaHTAXXEHHs B KOHTYPI, SIKUH CKIIQIA€THCS 3 MPO-
BOJIiB Ta OOMOTOK TpaHC(opmaropa.

3 iHmoro OOKy, JJIsl 3apsAAHUX CTPYMIB, LIO TEUYTh
Ha 3eMJII0, HEMA€E NUISXY JUIsl TIOBEPHEHHS, SKIIO CHCTeMa
He 3'eAHaHa i3 3emiero. 3a mepmmM 3akoHoM Kipxroda
OCTaHHS BiJlirpa€ poJib By3Ja CXEMH 1 CyMa BCiX CTPYMiB,
110 MPUTIKAIOTH 10 HHOTO, IOPIBHIOE HYITIO.

[To3HAUMBIIY TPH BEKTOPHU HAIPYTH BIHOCHO 3€MUIi

UAes UB(:) UC(:) OTPUMAEMO:
Uge Yg+Upe Yp+Uce Yo =0 (1
Hexaii nesika Touka, 0 JIS)KUTh BCEPEIUHI TPUKYT-
HUKa JIHIHHUX Hamnpyr, Mae noteHmian 3emii. Hampyru
BiTHOCHO 3€MJIi, HAallpyT¥ BiIHOCHO HEHTpalli Ta 3MilIeH-
Hs HEUTpami TOB's3aHI TaKUMHU CIiBBITHOIICHHSME [4],

[5], [8]:

UAerA +U0
Upe =Up +Up 2)
UCe:UC +U0

Bonn crpaBemmmBi s Oynp-sikoi GpopMu TpUKYT-
HUKa HamNpyTH, a He TIIBKH cUMeTpuyHoi. Cyma TpBOX
(a3Hux MmoTokiB TpH(a3HUX CHUIOBHX TpPaHCHOPMATOPIB
TOYHO JAOPiBHIOE HYJIO.

e cnpaBemnuBoO i UIS HAMPYT, IHAYKOBAHHUX MU
MTOTOKaMH B TPHOX (pa3zax, Mo MPHU3BOIUTE IO CIiBBiTHO-
IICHHS, SIKE BIU3HAYAE MOJIOKCHHS HYIbOBOI TOUKH:

U, +Up+Up=0 (3)

28

CniBBinHonreHHs (2) ta (3) 103BOJISIOTH HAAATH BU-
pasy (1) Takoi inTepnperauii. CTpyMH CHCTEMHU Ha 3€MJIIO

14=(U +Up)-Yy
Ip=(Ug+Up) -Yp
Ic=(Uc+Uy)-Yc
MOXYTb OyTH TIeperpyIoBaHi Ta IpeAcTaBieHi y BUIIISIIL:
(U4 Y +Ug Yp+Uc Yo )+ Uy - (Yy+Yp+Y0)=0 (4)

Bupa3 y nepmmx IyKKax € CTpyMOM, KA IPOTiKaB
O0m Ha 3eMITfO, SIKOM HANPYTH MPOBOIIB BITHOCHO 3EMITi
JIOPIBHIOBAJIM HanpyraM (a3 BiJHOCHO HeUTpaJIi.

Cyma 1BoXx uieHiB Bupasy (4) 3rigHo i3 3akoHoM Ki-
pxroda nopiBHIOE Hyir0. SIkmo emMHOCTI Ha 3emio Cy,
C3, Cc piBHI MK c00010, TIEpIINI WICH piBHAHHS HA TiI-
crasi (3) 3HUKaE.

[Ipu upoMy i Apyruil 4ieH MOBUHEH CTaTH PiBHUM
HYJIIO, a, 0TXke, 1 Uy = 0. TakuM 9uHOM, HEUTpAIh CHMET-
pudaHOi Tpru(a3HOI CUCTEMH, IO 3HAXOAUTHCS B PIBHOBA-
31, Ma€ MOTEHIAII 3EMIIi.

[Ipu 3'enHanH] OAHOTO 3 TPHOX MPOBOAIB (a3 i3 3em-
Je0 3MIHM JIHIHHOT Hampyru He BigOYBaeThCs, SKIIO
JOKEPEJIO XKHUBJICHHS JOCUTH TTOTYKHE.

Juis nocmimKeHHs HalpyTH HYJIBOBOI MOCIITOBHOCTI
HEOOXiTHO CKJIACTH CXEMY 3aMiIleHHS PO3MOAIIFHOI Me-
pexi, sika mpenacTaBise co0OK CYKYNHICTh CXeM 3aMmi-
IIEHHS OKPEMHUX EJIEMEHTIB 3 ypaxXyBaHHSIM HACTYITHUX
puIymess [8]:

1) cucrema EPC mxeperna )XUBICHHS CHMETPHYHA Ta
HE MiCTUTh BUIIHAX TAPMOHIHHUX;

2) piBHOMIpHO PO3MOJiJIEHI EMHOCTI Ta OIOpPHU 130-
naril pa3 Mepexi BIIHOCHO 3eMJIi 3aMiHEHI 30cepeipke-
HUMU;

3) axkTuBHI Ta IHIYKTUBHI OIOPH IMPOBOJIIB JIHIN
NPUIHATI pIBHUMH HYJIIO;
4) iHOYKTHUBHICTH IpOCeNs, IO KOMICHCYeE, HE 3a-

JEKUTH BiJl IPUKJIAIEHOI HAIIPYTH, a aKTUBHI BTPATH iMi-
TYIOTBCSI aKTHBHOIO NIPOBIIHICTIO;

5) akTHBHUH OIIp 1 iHIYKTUBHICTH OOMOTOK TpaHC-
(hopmaropa, 10 KUBHUTH, PiBHI HYJIIO.

3 ypaxyBaHHSM BHIIEBUKIIAJIEHOIO, CXEMH 3aMi-
IIEHHS PO3NOAUILHOI Mepexi 0e3 ypaxyBaHHsS HaBaHTa-
JKEHHS! IS IOCTIJDKEHHS HallpyTH HYJIbOBOI TIOCITIIOBHO-
CTI B PEeXHMi, IO BCTAHOBHBCS, NMPU PI3HUX peXHMax
poboTH HeHTpani MaloTh BUIJISAA, INPEICTABICHUHA Ha
puc.112.

Ha cxemax 3aMillleHHsS PO3MOAUIBHOT Mepexi Io-
3HAYEHO:

Y4, Yp, Yo — KOMIUTEKCHI MPOBIAHOCTI i30is1miil (a3
BIJIHOCHO 3eMiTi;

Yy = Yx — IpOBIiAHICTH MPHUCTPOIO, IO KOMITCHCYE;
Yy = Ygr — IpoBiAHICTE pe3ucTopa B HEUTpalli;

y — IPOBiIHICTB, SIKA BU3HAYAE HECUMETPIIO 130JIAMii
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Mepexki BITHOCHO 3eMIIi.

Pucynok 1. Cxema 3aMmimieHHS Mepexi 3 130JbOBaHOIO
HEUTpaIuTio 1 JociikeHHs Uy

3

ko

Pucynok 2. Cxema 3aMiIlleHHS KOMIIEHCOBAHOI Mepexi
Ta MEpeXi 3 pe3UCTOPOM y HelTpaii

IMpn ckmaganHi MaremaTH4HOI Mopeni mepeabaua-
€ThCS, 11[0:

* Y HOPMaJbHOMY peXHMi poOOTH Mepexi MpoBif-
HOCTI KOXKHOI (ha3u piBHI MiX COOOI0;

* pazni EPC mepexi piBHI 32 BETHYHHOIO 1 3CYHYTI
ojHa BigHocHO oaHoI Ha 120°;

* MOTYXKHICTh TpaHc(hOpPMaTOpa, 110 KUBUTH, HE 00-
MEXEHa.

Taxi mpuITymeHHs, BpaxOBYIOUH BiTHOCHO HEBEJIH-
Ky TPOTSDKHICTB JiHIA PO3NOAUIEHUX MEpeX, M0 BiIXO-
JISITh, TO3BOJISIIOTH CIPOCTUTH MAaTEMAaTHYHI BUBCICHHS 1
MEPETBOPCHHA, aJI€ IPHU LIbOMY NMPAKTUYHO HE BILJIMBATU-
MYTh Ha TOYHICTb KiHIIEBUX PE3yJIbTATIB.

Jna mpencraBieHoi Ha puc. 1 cxeMu 3aMileHHS
3rigHo 3 mepmuM 3akoHoM Kipxroda MoxHa 3amucaru:

jA+jB+jC+j3 =0
abo
Uge Yy+Up, Yp+Uc, Yo +U 40 y=0

3 ypaxyBanHsM Y, =Yp=Yc=7Y 1iBupasis (2) Ta
(3) orpumyemo:

(3-Y+y)-Uy+y-Uy=0 (5)

3amiHuBIM y BUpa3i (5) MpOBiTHOCTI iX 3HAUCHHS-
M Y=1/R+joC Tta y=joC;orpumaemo Bupas (6)
JUTA HAaIPpYTH HYJIbOBOi TOCTIJOBHOCTI, BUPAKECHUN Uepes3
rapaMeTpy eNeKTPHIHOT Mepexi:

29

3R+ jo-(3C+Cyp)

Uy=

(6)

__ UAC‘)CLZ
(3/RF +@° -(3C+Cy)

slo-3cv )+ j3/R)

me R i C — BIANOBIIHO aKTUBHUI OIip Ta €EMHICTH 130-
il onniel dasu Mepeski BitHocHO 3emii; Cy; — €MHICTb
HECHMeTPii.

Jiroue 3HauYeHHS HANPYTW HYJIBOBOI MOCIIJOBHOCTI
IIpU HECHMETpii B Mepexi 3 130JIbOBAHOI0 HEUTpaLTIO,
BUpakeHe Yepe3 (asHy Hampyry Ta rnapamerpu i30Jsmil
Mepexi:

w-C
Uy=Ug 4

JOIRP +(3-0-C+o-Cy

Kyt Mix BekTopoM Hanpyru ¢a3u 3 HeCUMETPI€lo Ta
BEKTOPOM HAIIPyTd HYJIbOBOI ITOCIIJOBHOCTI BU3HAYAETH-
csl 3 BUpasy:

:]80°+al”ct _—
o1 8o R(3C+Cy)

PesynbraTi po3paxyHKiB mapaMeTpiB Harpyra Hy-
JIbOBOI TOCIIIIOBHOCTI NpeJCTaBIIeH] IrpadiyHuMK 3a1exk-
HOCTSIMH.

Ha puc. 3 HaBeneHi xapakTepHi KpWBi 3MIHM 3Ha-
YEHHsI HANPYTW 3MILIEHHS] HEHTpaii Npu pi3HUX Mapame-
Tpax pO3MOJAUIEHOI Mepexi, EMHICHOI HecUMeTpii Ta iX
MO€/THAHHSX.

KpuBi 3MiHM KyTa BEKTOpa HAIpyrd HYJIHOBOI ITO-
CJIIZIOBHOCTI NIPE/ICTaBJICHI Ha puc. 4.

Jlnst Mepeski 3 KOMIIEHCOBaHOI HEHTPAIITIO 3TiTHO 3
nepirM 3akoHoM Kipxroda:

Ty+lg+lc+ig+13=0 (7
3 ypaxyBaHHsAM TOTO, 10

Ix =Up-(1/Rg - j(1/wl))

HaTpyra HyJIHOBOi MOCTITOBHOCTI Yepe3 MapamMeTph Me-
PEXi TiCIs BiAMOBIAHNX MEPETBOPEHDb BU3HAYAETHCS:

3/R+1/Rg + j(30w-C+aw-Cy~1/(wl))

Uy =

Jiroue 3HaYeHHS HANpPYTW HYJIHOBOI ITOCIIJOBHOCTI
IIPU €MHICHIH HecHMeTpii B Mepexi 3 KOMIIEHCOBaHOIO
HEUTPaJUTI0 BUSHAYAETHCS BUPA30OM:

w-C
Up=Ug - X

\/(3/R +1/Rg )} +(30-C+a-Cy - 1/(coL))2

Kyt Mix BekTopoM Hanpyru ¢a3u 3 HECHMETPI€Io Ta
BEKTOPOM HaIpyry HyJbOBOI MOCIIiI0BHOCTI:
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3/R+1/Rg
®-(3C+Cy)~1/(wl)

@; =180°+arctg

/3
1 I
0,3
! 2. 3 |4
=TS
0,003 1{
0 0.2 04 0.6 08 Cp,mxd

Pucynok 3. Hanpyra HyJ150BO1 IOCITITOBHOCTI B MEPEIXKI 3
130JIbOBAHOI0 HEHUTPAILIIO B 3AJIEXKHOCTI BiJ €MHOCTI He-
cumeTtpii pu R = 5 kOm ta C (Mx®), mo nopiBHIOE: 1 —
1,0;2-2,0;3-3,0;4—-4,0;5-5,0

(Pno
270 ———— I
I R Ea e VA
260
2
250 \ 7|
240
230
3
220
4
210
200 3
190 _—7
i
180
0 02 0.4 0.6 0.8 Cp, Mx®

Pucynok 4. 3anexHicts (a3u Hanpyra HyJIbOBOI ITOCIIi-
JIOBHOCTI B MEPEXi 3 130JIbOBAHOIO HEHTPAILTIO BiJ] EMHO-
cti Hecumerpii mpu C (Mk®P) i R (kOM) BiImoBinHO piB-
mux: 1-0,111;2-1,0tal1;3-0,1Tal10;4-50T1al;5

30

—10tal;6-1,0Ta10;7—-5,0Ta 10; 8—10Ta 10

[Ipn po3paxyHKy mapaMeTpu Mepeski 3MiHIOBAIUCS
Y JIOCHUTH IIMPOKOMY Jialia30Hi MOKJIMBUX 3HAUYCHb aKTH-
BHOTO OTIOpY 130JIAIIii Ta EMHOCTI BiTHOCHO 3eMJIi pO3IIO-
TUTBHAX MEPEeXK.

Pexxum xoMneHcauii eMHICHUX CTPYMIB NpHiMaBcCs
PE30HAHCHHUM 1 3 PI3HUM CTYIEHEM pO3JIajay JyroracHoi
KOTYILIKH, SIK y OiK HeIOKOMIIeHcaIlil, TaK i B OiK 1mepeko-
MIIEHCaIil.

Ha puc. 5 1 6 HaBeneHi XxapakTepHi 3aJIe)KHOCTI 3Mi-
HU BEJMYUHM 1 KyTa Hampyrd HyJIbOBOI IOCIIJIOBHOCTI
JUI pI3HUX MapaMeTpiB MepeXi Ta pPEeKUMIB HajallTy-
BaHHS JyroracHOi KOTYIIKH.

A
1 — —
1 /___.—-—-""'"-_____
?1——
003 .{
0,003
0 0,2 04 06 08 Cgpmxd

Pucynox 5. 3anexxHicTh HaPYTH HYJIHOBOI MOCHITOBHOC-
Ti B MEpeXi 3 KOMIICHCOBAHOIO HEHTPAJLTIO IPH PE30HAH-
CHOMY HaJIAIITYBaHHI AyroracHOi KOTYIIKH, BiJl EMHOCTI
Hecumetpii mpu C (Mx®P) piBHomy: 1 — 0,1; 2 — 2,0; 3 —
4,0;4-5,0

s mpenacTaBiaeHOl Ha pUC. 2 CXEMH 3aMillleHHS
PO3MOAUTBEHOT MEpexki 3 HEUTPaJUTIo, 3a3eMJICHOIO Yepe3
pesucrop i npuiiMatoun Yz = 1 / Ry  anaznoriyuao (7)
MO>KHA 3alHCaTH:

Iy+lg+lc+Iig+i3=0

[Micnst BiAMOBIAHWX TIiICTAHOBOK 1 IIEPETBOPECHD
OTPUMAEMO BHpPAa3 Ul BU3HAUCHHS HAMPYTH HYJIHOBOT
IIOCITOBHOCTI:

3R+1/Ry + j(3w-C+@-Cy)

Uy =
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Jliroue 3HauCHHs HANpPYTW HYJIHOBOI ITOCIIIOBHOCTI
IIPY €MHICHIM HECUMETpii B Mepexi 3 pe3ucTOpPOM y Hel-
Tpai BU3HAYAETHCS:

w-C
Uy=Ugp- A

\/(3/R+1/RN)2 +(3a)-C+a)-Cﬂ)2

KyT Mixx BekTOpOoM HampyTH (a3 3 HECUMETPIEIO Ta
BEKTOPOM HaIlpyT'H HYJIHOBOI IIOCTIJOBHOCTI BU3HAYa€Th-
Csl 3a BUPA3oM:

R+1/R
(01 = ]800 + arcth
3w-C+w- Cﬂ
q’l:n
KT
2
260 AN
\ A
250
\\
240 =
230 £
220
210
200
190
180
] 02 04 0.6 08 Cpuxd

Pucynok 6. 3anexHicTh a3y HAIPYTH HYJIBOBOI ITOCITi-
JOBHOCTI Bix emHOCTI HecumeTpii mpu C (MK®D) i R (kOm)
BinnosingHo piBHEX: 1 —1011;2—-0,1 Ta 1; 3 — 10 Ta 10;
4-0,1Tal0

ITpu po3paxyHkax IirO4Oro 3HAYEHHS Ta KyTa Ha-
NpYyr¥ HECUMETPIi MapameTpu po3MOJiUILHOI Mepexi 3Mi-
HIOBAJIMCSl TAaKOX Y JIOCHTh HIMPOKHX Mexax. Bemuuuna
OTIOpY pe3ucTopa B HEHTpaJli BU3HAYasIacs 32 YMOBH:

Ry=(1/3..2/3)-X¢

Ha puc. 7 Ta 8 HaBeneHi KpuBi 3MiHA 3HAYEHHS Ta
KyTa BEKTOpa HAalPyT'y HYJIbOBOI MOCIIOBHOCTI B MEPEXKi
3 PE3UCTOPOM y HEHTpaJIi.

[IpoBeneHuit aHami3 pe3yNbTaTiB JOCIIIKEHb Ja€

31

MOXJIMBICT BCTAHOBHUTH XapakKTep 3MiHM BEJIWYHMHHU Ha-
NPYTd HYJHOBOI ITOCIIJIOBHOCTI 3aJIeKHO BiJI €MHICHOT
HecuMeTpii, EMHOCTI Ta aKTUBHOTO OIOpY i30JIs1ii Mepe-
K1 IS pI3HUX PEXKHUMIB HEHTpaIti.

VY pexumi i3071b0BaHOT HEHTpasll Hanpyra HeCUMET-
pii 30inbIIyeThCS 32 3MIHU BEIMYMHH €MHOCTI MEpexi
BigHOCcHO 3emi Bif 10 Mk®D 10 0,5 MkD.

U,

0,03

0,003

EJ.-O' 0.8 Cp MED

04

Pucynok 7. Hampyra HyJIp0BOi MOCTIIOBHOCTI 3aJICKHO
Bix emHOCTI HecumeTpii mpu R = 5 kOMm 1 C (Mx®D), mo
nopiBaioe: 1 -0,5;2—-1;3-3,0;4-5,0
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Pucynoxk 8. 3anexHicts (a3u Hanpyra HyJIbOBOI ITOCIII-
JIOBHOCTI B MEPEXi 3 pE3UCTOPOM B HEHTpasli BiJ €MHOCTI
nHecumetpii npu C (Mk®D) i R (kOM) BiamosiHO piBHUX: 1
-0,111;2-1Tal;3—-5T1al1;4-10Ta1;5-0,1 Ta 10;
6-11al10;7-5T1210;8—-107Ta 10

3rayHe 301IBIICHAS HAIPYTH HYJIHOBOI TOCIIiJOBHO-
CTi criocTepiraeTbcsi y pasi 3poCTaHHS €MHOCTI HECHMET-
pii.

Ha xapaxrep 30inbmenns U, 3anexHo Big C; Benu-
YUHA €MHOCTI MEpeXi Ta aKTUBHOTO OIOPY i30JAmii He
BIUTUBAIOT.

VY Mepexi 3 KOMIEHCOBAHOI0 HEWTpalIio IpH Pe3o-
HaHCHOMY PEXMMI HaJlaIllITyBaHHS JyrOracHOI KOTYIIKH,
Hanpyra HyJIbOBOI HOCIIZOBHOCTI 301IBIIYETHCS 31 3pOC-
TaHHSIM €MHOCTi HECHMETDii.

Y pa3i 30iblIeHHS] aKTUBHOTO OIOPY 13011 Me-
peXi XapakTep 3pOCTaHHS HANPYTH 3MIIICHHSA HEWTpasi
3MIHIOETHCSI — HAPOCTAaHHS BiZIOyBa€THCS IUIABHIIIIE.

VY pexumi mepeKkoMIIeHcarii 301iMbIIeHHs €MHOCTI
HECHMETpii CIPHYUHIE 3pOCTAaHHS HANPYTH HYJIHOBOI
NOCIIZOBHOCTI TUM OiNblile, YUM BHUIIMHA aKTHBHUH OMIp
130JIAIIIT MEepexKi.

VY pexxnmi HeZOKOMIIEH CaNii XapakTep 3MiHH Harpy-
TH 3MIMIEHHS HEUTpasi aHAJOTIYHWN XapakTepy 3MiHH
IIPY PE30HAHCHOMY PEXXNMI HalAIITyBaHHS KOTYIIKH.

[Tpuyomy, BeaM4YMHA HAIIPYTHd HECUMETPIi Jeno Me-
HIIIA, HDK TIPY PE30HAHCHOMY PEKHMI.

VY Mepexi 3 pe3sucTopoM y HeHTpaii Hampyra HyJbo-
BOI MOCJIIZIOBHOCTI 301IBIIYETHCS 31 3pOCTaHHAIM €MHOCTI
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HecUMeTpii.

[Ipu 30ipIIeHHI aKTHBHOTO OMOPY 130JIALIT Mepexi
TaKOXX CIIOCTEPIraeTbcs 3POCTAHHS HANPYTH 3MIIICHHS
HeHTpat.

I3 30iMBIICHHSAM €MHOCTI MEpeKi BITHOCHO 3eMIIi
BEJINYMHA HAIIPYTH HECUMETPIil 3HMKY€ETHCS.

Ha BenmuuuHy KyTa MiXK BEKTOpOM Hanpyru ¢asu 3
HECHMETPI€I0 Ta BEKTOPOM HANpyrd HyJIHOBOI ITOCIIIOB-
HOCTI TaKOX BIUIMBA€ 3HAYCHHS] €EMHOCTI HECUMETPIi.

Jnst pi3HUX pEeXUMIB POOOTHM HEWTpasli Bij3Haua-
I0ThCS TaKi 0COOIMBOCTI:

* 3a [HIIUX PIBHUX YMOB MCHIIIA 3MiHa KyTa MiX Be-
KTOpOM Hampyru (a3u 3 HECHMETPI€I0 Ta BEKTOPOM Ha-
MIPYTH HYJIBOBOi MOCTIIOBHOCTI BifOYBA€THCS B MEPEXKi 3
PE3UCTOPOM y HEWTpai;

* Hali0bIIa 3aJeXHICTh KyTa HANpYTH HYJIHOBOI
MIOCITIZIOBHOCTI BiJl MapaMeTpiB 130JLii crocTepiraeTbes
Yy MepexKi 3 i30JIbOBAHOI0 HEHTPAILITIO.

[Ipu pi3Hiit eMHOCTI HEecUMETPIi Ta 3MiHI MapaMeTpiB
Mepexi B peallbHUX Mexkax, (a3oBUil KyT Hampyru Hy-
JIOBOI IOCIIJIOBHOCTI 3MIHIOETBCS B JliamaszoHi Bix 270°
Jo 180°.

Haiibinpime 3pocTaHHs HANpyTH HYJIBOBOI MTOCIiIO-
BHOCTI BIJI3HAYa€ThCS MPU EMHOCTI HECHUMETpIi, sika cTa-
HOBHTH 10...30% Bix EMHOCTI 130JIAIIIT MEPEKI.

[onmanpme 301IbpIICHAS YaCTKA €MHOCTI HECHMETPii
HaJa€ BIJHOCHO MEHIIMH BIUIMB Ha HANPYTy 3MillCHHSA
HelTpati.

Haii0inpin cyTTeBUIl BIUIMB BiHOCHA €MHICHA He-
CHUMETpis 130Jmii mpH 3MiHI 3HAYEHb E€MHOCTI MeEpexi
BIJIHOCHO 3eMJIi HAJIa€ Ha BENMYMHY HANpPYTH HYJIBOBOI
MOCTITOBHOCTI B MepeXkax 3 KOMIIEHCOBAHOIO HEHTPaJLITIO
1 MIPaKTUYHO BUKIIOYAETHCS MPH MOBHICTIO 130JIbOBaHIN
HeHTpai Mepexi BiTHOCHO 3EMITi.

V.BUCHOBKH

AHaJTi3yI0YM HAsBHI METOIU Ta 3aCO0HM 3aXHUCTY Bij
onHo¢a3sHUX 3aMHMKaHb Ha 3emiro [9] — [17], , MoxHa
c(hOpMyITIOBaTH NICBHI BUCHOBKH.

i peanpHEX apaMeTpiB Mepexi 3a pe3yIbTaTaMu
TEOPETHYHHX Ta EKCIIEPUMEHTAIBHUX JOCTIHKEHb MOXKHA
CYyIUTH TPO Mpaine3IaTHICTh ICHYIOUHUX 3aC00IB 3aXHCTy
Ta BUKOPUCTOBYBATHU IX NPU pO3pOOILi HOBUX NPUHIIMUIIB i
IIPUCTPOIB 3aXUCTY.

Mo>kHa 3 YIeBHEHICTIO CKa3aTH, 10 IPYTUi CTYIiHb
3aXHUCTY Bix 0HO(A3HUX 3aMUKaHb Ha 3eMITIO TIPH MTEBHil
€MHICHIH HecmMeTpii 130Jmii Mepexi Oyae mpalrfoBaTH
XI/I6HO, TUM CaMHUM IMPU3BOAAYN OO BilIKJ'[IO‘IeHHSI JOKEpEe-
J1a JKMBJIEHHS 1, BIIITOBIIHO, 3HAYHUX €KOHOMIYHUX 30MT-
KiB Yepe3 MpoCTOl TEXHOJIOTIYHOTO 00J1aIHAHHS.

Juis BUKITIOUEHHS XHUOHOI POOOTH IPYTroro CTYIEHS
3aXHMCTy HEOOXITHO pO3pOONSATH 3aXWUCHHUHA TPHUCTPIi,
IPYHTYIOUHCh Ha HOBOMY HPHWHIIMIII, [0 BKIIIOYAE, OKPIM
KOHTPOJIIO HANPYTH HYJIBOBOI MOCTIIOBHOCTI, IHIINK Ta-
pameTp, SKUH He 3aJeKUTh BiJl EMHOCTI HECHUMETpii Me-
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pexi.

3axHCTH MEpIIOro CTYMEHs MMPU EMHICHIH HECUMET-
pii TaKOX MOXXYTh TIOMIJIKOBO IPAIfOBAaTH, OCKIIBKH (ha-
30Bl XapaKTEPUCTHKH MapaMeTpiB HYJIbOBOI HOCIIiIOBHO-
CTi aHAJIOTIYHI peXXUMy O0JHO(DA3HOrO 3aMUKAHHS Ha 3eM-
JIO.

Takosx BapTO 3BEpHYTH yBary Ha MOXKJIMBI JI0JaTKO-
Bl BTpaTH eJEKTpOeHeprii y objanHaHHI NMPH 3HIDKEHHI
skocTi Hampyru [18], ockinbky XMOHE CHpalbOBYBaHHS
abo BiZIMOBa MPUCTPOIB 3aXUCTY ONOCEPEJKOBAHO BILIH-
BAIOTh 1 Ha MIOKA3HHUKH SIKOCTI EJIEKTPUYHOI eHeprii.
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STUDY OF UNBALANCE VOLTAGE IN THREE-PHASE NETWORKS
WITH DIFFERENT NEUTRAL MODES

STEPANENKO Ph.D, Associate professor, Associate professor of the Department of Electric Power
Y.V. Engineering, Dnipro University of Technology, Dnipro, Ukraine, e-mail:
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Purpose.Determination of the influence of network parameters with different neutral modes on the zero-sequence
voltage

Methodology. The research methodology is based on the general theory of electrical engineering and, in particu-
lar, on the method of symmetrical components.

Findings. A mathematical model has been developed to establish the nature of the zero-sequence voltage change
for different modes of the network neutral. The value of the zero-sequence voltages and the angles between the phase
voltage vector with asymmetry and the zero-sequence voltage vector depending on the capacitive asymmetry, capaci-
tance and active resistance of the network insulation for different neutral modes are established.

Originality. Conducted studies have shown that the largest increase in the zero-sequence voltage is observed at
the asymmetry capacity, which is 10...30% of the network insulation capacity. Moreover, the relative capacitive asym-
metry of the insulation when changing the values of the capacitance of the network relative to the ground has the most
significant effect on the value of the zero-sequence voltage in networks with a compensated neutral and is practically
excluded when the neutral of the network is completely isolated relative to the ground.

Practical value. For real parameters of the network, based on the results of theoretical and experimental studies,
it is possible to judge the efficiency of existing protection devices and use them in the development of new principles
and protection devices.

Keywords: voltage; zero sequence; asymmetry; isolated neutral; compensated neutral; network with a resistor in
the neutral.
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SUBSTANTIATION OF ENERGY EFFICIENCY OF AUTOMATED
HEATING TECHNOLOGY AT HPS
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Purpose. Justification of rational control parameters of heat pumps to ensure energy-efficient operation of hy-
droelectric power plants in heating mode. Development of an automated methodology for calculating rational parame-
ters for a complex system of hydroelectric power station (HPS) operating in heating mode.

Methodology. Mathematical analysis and modeling.

Findings. The application of the heat pump to ensure the heating mode at the hydroelectric power station for the
needs of heating and hot water supply of buildings is analytically substantiated, as well as the rational parameters of
the heat pump, which ensure the efficient heating mode at the hydroelectric power station, are determined. It is imprac-
tical and inefficient to pass the full flow of water passing through the hydraulic unit through the heat pump, because in
this case the energy consumption in the heat pump compressor is several times higher than the consumption of the hy-
draulic unit in pumping mode, which devalues the proposed measure as an energy-saving measure. Therefore, the limit-
ing and rational values of the design and operating parameters of the heat pump and heat accumulator, which ensure
the heating mode of operation of the HPS to meet the needs of hot water supply, were substantiated. According to the
proposed technology, the operation of a hydro unit with a typical capacity of 120 MW in the heating mode for various
energy consumptions for the electric drive of the heat pump compressor was investigated. In accordance with these
costs, the values and ratios of the electricity and heat generation shares of the modernized HPS changed.

The proposed unconventional technology for converting hydroelectric power plants to the heat generation mode
allows for wide effective maneuvering in different proportions of electric and thermal generation, unlike CHP and other
power plants. The technology under consideration allows for virtually no consumption of non-renewable energy re-
sources, providing consumers with both electric and thermal energy.

Originality. The technology of using a heat pump to transfer the operation of the hydroelectric power station to
the heating mode (heating and hot water of residential buildings) is substantiated. An automated technique for deter-
mining the rational parameters of heat pump (HP) for the implementation of HPS heating technology has been devel-
oped. The developed automated technique allows to calculate the values of operational parameters of HP for the bal-
ance and arbitrary modes, which ensure the heating operation of the HPS to meet the current needs of heating and hot
water supply.

Practical value. The use of a heat pump at a hydroelectric power station for heating and hot water supply allows
you to save a third of conventional fuel consumption compared to a boiler unit.

Keywords: heat pump; heat accumulator; automation; energy saving; hydro storage power plant; thermal
power; control.
tively small maximum efficiency (about 42%) and the
majority of heat is wasted in the environment, which is

In today's difficult conditions, the energy system of  shown in the diagram of fig. 1. Therefore, combined heat
Ukraine has significant problems with the shortage of all ~ and power plant (CHPP) are used to increase the degree
types of energy, namely: not only electric but also ther-  of use of thermal energy. Combined production of elec-
mal, especially in the cold season. Of course, to overcome  tricity and thermal energy is carried out at the TPP. At the
this crisis, it is necessary to restore the destroyed genera-  same time, the coefficient of thermal energy utilization
tion and networks, but this requires huge capital expendi-  almost doubles - up to 80% in TPP plants with condens-
tures, which are in short supply at this difficult time. ing turbines, which is shown in the diagram in fig. 2. But
in turn, the share of electricity production in the total en-
ergy balance of the station is significantly reduced com-
pared to the combined heat and power plant (on average
twice). Also, the principle of mutual parallel production
of thermal and electrical energy causes a strong interde-
pendence of these generations and imposes significant
restrictions on maneuvering modes of production of these
energies. In addition, thermal power plants, like thermal
power plants, operate mainly on coal fuel, which also has
difficulties in terms of quality and availability.

. INTRODUTION

Therefore, it is necessary to use various technical
improvements and non-traditional measures regarding the
existing energy equipment in order to increase the vari-
ability of the use of the existing generating capacities and
the possibilities of effective transformation of thermal
energy into electrical energy and vice versa.

Currently, the production of electricity and thermal
energy is mainly carried out separately, respectively, at
thermal and nuclear plants and in boiler houses.

However, thermal power plants (TPPs) have a rela-
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B Other heat losses
M Electricity production

M Energy losses in the capacitor

Figure 1. Components of the heat balance of the TPP

B Other heat losses
M Electricity production
® Energy losses in the capacitor

Heating system

Figure 2. Components of the heat balance of the CHHP

Therefore, the idea of using a hydroelectric power
station (HPS) in heating mode is relevant. To implement
this unconventional technology, it was decided to use a
heat pump. That is, during the operation of the hydroelec-
tric power plant, the heat pump takes low-potential heat
energy from the flow of water passing through the turbine
and heats water for centralized heating and hot water sup-
ply systems.

[l. ANALYSIS OF LAST RESEARCHES

In past studies, the author substantiated a number of
innovative technologies for switching various power
plants to heating mode. [1-5]. A heat pump was used in
each variant. A universal automated method of calculating
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thermal processes was developed, with the use of heat
pumps in the utilization of thermal emissions.

The main principle of the heat pump is that the de-
vice takes heat energy from various low-potential energy
sources and transforms it into high-temperature heat en-
ergy, and only then transfers it to end users. Some energy
is spent on the operation of the electric drive of the heat
pump compressor.

Based on the results of research [1], conducted with
the help of the calculation methodology developed by the
authors, the possibility of using a heat pump in the ther-
mal circuit of the TPP as a water heater in the hot water
system is substantiated. It will allow the use of condens-
ing power plants in the heating mode. The scheme is
shown in fig.3.

<

Boiler

(1]

Condenser

=

Figure 3. Scheme of application of the heating mode at
the TPP (SH1, SH2 — steam heaters before the boiler)

Heat
pump

Hot water
supply

The paper substantiates the rational mode of opera-
tion of the combined thermal power plant + heat pump
system using the example of the power unit of the Kry-
vorizka thermal power plant with a condensing steam
turbine of the K-300-240 KhTGZ type. According to the
research results, the heat utilization factor for this system
has acquired a rational value of 78%, and the energy con-
version factor is 7.2, which corresponds to a high level of
heat pump efficiency.

Heat pump and heat storage technology to transfer
the functioning of the hydroaccumulating power plant
(HSPP) to the heating mode of hot water supply of resi-
dential buildings was also substantiated. The scheme is
shown in fig. 4. An automated method for determining the
rational parameters of HP and HA for the implementation
of HSPP heating technology was developed [2].
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Figure 4. Scheme of application of the heating regime at
the HAPP (HA — heat accumulator, HSPP - Hydro storage
power plant)

It was determined that the use of a heat pump and a
heat accumulator on the HSPP for the needs of hot water
supply allows to save a third of conventional fuel con-
sumption compared to a boiler unit.

However, passing the full flow of water passing
through the hydraulic unit through the HP is impractical
and inefficient, because then the energy consumption in
the HP compressor is many times higher than the con-
sumption of the hydro unit in pumping mode, which de-
values the proposed measure as an energy-saving meas-
ure.

Therefore, the limiting and rational values of the de-
sign and mode parameters of HP and HA, which ensure
the heating mode of operation of the HSPP to meet the
needs of hot water supply, were substantiated.

That is, the use of HP requires conscientious re-
search and justification in each case of the use of non-
traditional technologies. In addition, such a scheme has
significant limitations in maneuvering power ratios of
electric and thermal generation.

Therefore, from the point of view of energy saving
and providing consumers with electrical and thermal en-
ergy in a given ratio, an actual idea was proposed to sub-
stantiate the implementation of the heating mode of op-
eration of the HPS for the needs of heating and hot water
supply.

In works [3-5], the possibilities of using heat pump
equipment for the use of heat from powerful units of in-
dustrial and domestic purposes for hot water supply and
heating of premises were investigated. The use of heat
accumulators showed a significant increase in efficiency
from the use of the proposed technologies.

In works [6], are considered the main theoretical
propositions on which the calculations in the study are
based.

The work [7] substantiates the efficiency criteria by
which the energy efficiency of heat pumps can be as-
sessed. This is the energy conversion factor, which is
equal to the ratio of the energy that reached the consumer
to the energy that was used to implement the cycle. And
the actual conversion factor, which takes into account the
correction for the energy efficiency coefficient of the heat
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pump, which takes into account all energy consumption in
the heat pump. The value of the energy efficiency of
modern heat pumps is in the range of 0.65-0.7.

Sources [8, 20] reveal the issue of building a simula-
tion model and methods of economic analysis of the ob-
tained results.

Article [9] presents the results of experimental ex-
periments on the implementation of a water heater with a
heat pump, which uses low-pressure steam in a power
plant condenser as a source of thermal energy. The influ-
ence of water flow, as well as the temperature of the water
entering the condenser on the performance of the heat
pump, has been experimentally proven. The data obtained
are very important for the design of such systems, both in
mathematical and simulation modeling. When conducting
real experiments, a value of energy conversion coefficient
of 4.5 was obtained, as well as other parameters, which
makes it possible to check the adequacy of the con-
structed simulation and mathematical models.

The study [10] analyzed the use of heat pump
equipment among the urban population. The results
showed that more than 40% of surveyed households use
heat pumps to heat water. The decisive factors have been
identified when deciding to install heat pump equipment,
the main one of which is price. The characteristics of the
equipment used in the presented urban sample were ana-
lyzed. We used these data to forecast the prospects for the
widespread introduction of improved heat pump tech-
nologies in Ukraine.

Article [11] discusses the results of experiments on
an improved installation for heat pump water heaters. The
improvement lies in the presence of a phase transition in
the heat pump, which ultimately allowed the heater to
operate stably and for a long time. At the same time, the
capacity of the thermal accumulator, required to accumu-
late the same amount of energy, decreases. The thermal
accumulator for a system built on the new technology is
57% of the volume of the thermal accumulator using the
old technology, with all the same energy characteristics.
This promotes the introduction of such technologies for
household consumers.

The main goal of work [12] was to develop a model
of a compact heat pump for hot water supply, as well as to
conduct experimental tests. The peculiarity is that this is
an intelligent model with low computational require-
ments. In addition, manufacturers can apply this model to
existing pumps using simple experimental calculations.
The reservoir model uses experimental correlations to
account for the complex mechanism of mixing water
flows during its intake. The results of these studies are
taken into account when constructing our mathematical
models of heat pump systems.

Article [13] describes the results of studies of an ex-
perimental installation of a water heating system with a
heat pump, with a cyclic heating mode. The factors influ-
encing the stability and efficiency of the heat pump are
analyzed. The data obtained in the work was also used by
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us to assess the adequacy of the constructed models, and
to carry out simulation and mathematical modeling.

In the article [14], the authors analyzed energy effi-
ciency standards for heating, ventilation and air condition-
ing. The evolution of the development of these standards
is considered, and recommendations are presented for
further improvement of the criteria when introducing
modern energy-saving heating, ventilation and air condi-
tioning systems, even at the building design stage.

In works [17-18], we obtained basic methods for
calculating the technological parameters of heat pumps
and solar collectors, which can be used as modules in our
technology.

In the study [19], using the example of the state of
Korea, energy efficiency standards are analyzed. In the
carbon-neutral era, energy efficiency goes beyond simply
providing economic benefits through fuel savings, but is
valued as the most effective means of responding to cli-
mate change.

Particularly important for our research was article
[21], which proves the greatest energy efficiency of heat
pumps with water as a source, compared to other heating
equipment, including heat pumps with an air source of
thermal energy. The relationship between the energy con-
version coefficient and exergy efficiency with the tem-
perature of water at the inlet and outlet of the evaporator
and condenser is analyzed.

Based on the materials reviewed, we draw a conclu-
sion about the feasibility of using turbocompressor heat
pumps with a water source of thermal energy for use in
technologies for extracting useful thermal energy for heat-
ing and hot water supply needs. Unlike the previously
discussed technologies, our research will concern hydroe-
lectric power as a source of thermal energy for the use of
a heat pump.

. FORMULATION OF THE WORK PURPOSE

Justification of rational parameters of HP to ensure
efficient operation of HPS in heat-fixation mode. Devel-
opment of an automated methodology for calculating ra-
tional parameters for a complex system of HPS operating
in heating mode.

IV.EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

The technology of applying the heating mode of operation
of hydroelectric power plants for the needs of heating and
hot water supply (HWS) was studied. To implement this
idea, it was decided to apply HP. That is, during the op-
eration of the hydroelectric power plant, the heat pump
takes low-potential heat energy from the flow of water
passing through the turbine and heats water for central-
ized heating and hot water supply systems. The scheme is
shown in fig. 5.
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Figure 5. Scheme of application of the heating regime at
the HPS

A steam compressor unit operating according to the
main refrigeration cycle was presented as a HP. For this
technology, on the basis of the p, i diagram of the selected
refrigerant (Freon-11), the functions of changing the pa-
rameters of the refrigeration cycle from the heat capacity
of the condenser and the condensation temperature of the
refrigerant at the refrigerant evaporation temperature of 2
°C were determined. A hydro unit with a typical capacity
of 120 MW for the Zaporizhzhya HPS was accepted as
the research object.

The water in the HP will be heated from 5 to 85 °C
(as for the cold period). Accordingly, the refrigerant con-
densation temperature is set at 90 °C.

Energy for heating
and hot water supply

The automated method of calculating the parameters
of the integrated HPS system operating in the heating
mode has the following action algorithm:

1. Setting the power of the hydraulic unit, the geo-
metric head of the station, the initial and final tempera-
tures of the water that gives heat to theHP and water in
the heating and HWS systems, physical parameters of
water and refrigerant, technical parameters of the heat
pump.

2. Formation of functions for changing the parame-
ters of the refrigeration cycle from the thermal power of
the heat pump condenser, and the formation of the refrig-
erant condensation temperature at constant evaporation
temperatures, which is necessary for mathematical model-
ing of the operation of heat pumps.

3. Formation of the function of the dependence of
the thermal power of HP and the function of the depend-
ence of the electric power going to the electricity supply
of consumers from the electric power of the HP compres-
sor for a given refrigerant condensation temperature.

4. Determination of the balance power of the HP
compressor and its corresponding HP parameters and the
power supply of electricity consumers.

5. Formation of the function of the dependence of
the electric power of the HP compressor and the function
of the dependence of the electric power going to the elec-
tricity supply of consumers on the thermal power of the
HP for a given refrigerant condensation temperature.
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6. Determination of HP parameters and HPS elec-
tricity supply capacity for arbitrary values of compressor
power or HP thermal power.

7. Analysis and comparison of the received parame-
ters of the HP and the power supply system of the HPS
and the choice of a more profitable heating mode of op-
eration of the HPS.

According to this technology, the operation of a hy-
dro unit with a typical capacity of 120 MW in the heating
mode for various energy consumptions for the electric
drive of the HP compressor was investigated. In accor-
dance with these costs, the values and ratio of the electric
and thermal generation shares of the improved HPS
changed. Figure 6 shows the dependences of the electric,
thermal and total generation capacities of the HPS on the
HP compressor capacity for the refrigerant condensation
temperature of 90 °C, i.e. for the maximum load on the
system during the heating period.

The heat generation power function is calculated as
follows

Qm (Nx > tK

)=f{NK

N_ — electrical power of the HP drive, W; l‘Kf re-

ZK(tK)‘M(QVn(NK,tK)7tK)} (1)
n,n,-m.

frigerant condensation temperature, °C; ZK — theoretical
specific work of the HP compressor, Jx/kr; M — mass

flow of the refrigerant in the HP circuit, kr/c; 7], — adia-
batic compressor efficiency; 7] — mechanical efficiency

of the compressor; 7], — compressor electric drive effi-
ciency.

The function of power supply of electricity consum-
ers

Ne (Nrc ) = Neen - NK (2)

N, — nominal capacity of the hydropower
unit.
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Figure 6. Determination of the balance power Ny, of the
heat pump compressor for a refrigerant condensation
temperature of 90 °C
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In turn, when the condensation temperature is reduced
to 70 °C with average loads on the heating system, the
efficiency of this system will essentially increase along
with the conversion factor from 2.3 to 3.3.

Analyzing the graphs, it is possible to highlight such
features of this technology as the ability to ensure the
operation of the HPS in purely electric or purely thermal
mode. Or it is enough to freely maneuver in different ra-
tios of electricity and heat generation shares, which is
impossible to achieve at a CHPP plant. At the same time,
the mode of equal ratio of the shares of electric and ther-
mal generation, which we called the balance regime, can
cause significant interest. With the help of this technique,
it is possible to determine the conditions for achieving
this regime. Namely, it is about determining the appropri-
ate value of the power of the HP compressor, which we
also called the balance (N,). It was noted that in this
mode, about 30% of electricity is spent on heating needs,
while ensuring an equal ratio of electric and thermal en-
ergy generation. In addition, the use of this technology
allows you to save up to a third of conventional fuel for
heating and hot water needs compared to a boiler with
average loads on the heating system.

The balance value of the HP compressor power de-
pending on the refrigerant condensation temperature

N ()=rle. Wi )=N() o
Figure 7 presents the calculated dependences of the
electric power of the HP compressor and the electric
power supplied to consumers from the thermal power of
the HP for a refrigerant condensation temperature of 90
°C. According to these functions, it is quite convenient to
perform calculations on the redistribution of shares of
electric and thermal generation of HPPs depending on the
current needs of thermal energy consumers.

Thus, the dependence of the electric power of the TN
compressor on the thermal power of the TN and the con-
densation temperature of the refrigerant

1(t)M(O .t
NK(QW,ZLK): K(K) (Qm k)

P/
Q, — thermal power of HP, W.

“4)

Then the dependence of the electric power that goes to
the power supply of consumers on the thermal power of
the HP and the condensation temperature of the refriger-
ant will be

N,0,.t)=N,,-N,(0,.t,) (5)

In turn, the mass flow rate of the refrigerant in the
HP circuit, depending on the thermal power of the HP and
the condensation temperature of the refrigerant, will be

Q 6
M(Qm’tk): - ( )
9.(t,)
g, -~ specific heat load of the condenser,
J/kg.
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Figure 7. Dependence of the electric power generation
capacity of the HPS on the thermal power of the HP for a
refrigerant condensation temperature of 90 °C

The advantages include a sufficient number of low-
potential energy sources, the close location of the hydroe-
lectric power plant to large cities, relatively low costs for
the operation of pumping equipment, and almost complete
independence from fuel resources.

Difficulties in implementing this non-traditional
technology include the need to design specialized high-
power heat pump equipment.

V. CONCLUSION

The technology of using a heat pump to transfer the
functioning of the hydroelectric power station to the heat-
ing mode (heating and hot water of residential buildings)
is substantiated. An automated technique for determining
the rational parameters of HP for the implementation of
HPS heating technology has been developed. The follow-
ing provisions were obtained.

1. The proposed non-traditional technology of
switching the HPS to the heating mode allows for wide
effective maneuvering in different ratios of electricity and
heat generation shares, unlike CHPP and other power
plants.

2. The use of a heat pump at a hydroelectric power
station for heating and hot water supply allows you to
save a third of conventional fuel consumption compared
to a boiler unit.

3. The developed automated method allows to calcu-
late the values of the operating parameters of HP for the
balance and arbitrary modes, which ensure the heating
operation of the HPS to meet the current needs of heating
and hot water supply.

4. The considered technology allows not to waste
non-renewable energy resources, providing consumers
with electrical and thermal energy at the same time.
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OBI'PYHTYBAHHSA EHEPTOE®EKTUBHOCTI ABTOMATHU30BAHOI
TEXHOJIOT'Ti OITAJIEHHSA HA T'EC

OJIIIIEBCBKUI  acuipant Ta achcrent xadenpu Gesmekd indopmawii Ta TenekomyHikawii, HTY
1.T. «/lninpoBcbka momitexHikay, JHinpo, VYkpaina, e-mail: olishevskiyih@gmail.com,
ORCID: 0000-0001-8573-3366

Mema pooomu. Obrpynmysants payioHarbHux Napamempie Kepyeanhs meniosuM Hacocamil Ol 3abesneyenis
enepeoeghexmugnoi pobomu 2iopoerekmpocmanyiti 6 pexicumi onanenns. Po3pooka agmomamusoeanoi Memoouku pos-
PDAXVHKY PayioHANbHUX napamempie KomniekcHoi cucmemu ciopoenekmpocmanyii (I'EC), wjo npayroe 6 pescumi ona-
JIEHHSL.

Memoou docnioxycennsn. Mamemamuunuti ananiz ma MoOenI08aAHH.

Ompumanni pesyavmamu. Anarimuuno 0OIPYHMOBAHO 3ACMOCYSAHHS MENN08020 HAcocy OJid 3a6e3neyenHs
mennoQiKayitinoco pexcumy Ha 2iopoerekmpocmanyii 01 nomped OnaleHHs ma 2apa4020 8000NOCMAayants 6yoisen,
a maKodc 8u3HaueHi payioHanbli napamempu meniogo2o HAcocy, wo 3abesneuyioms egexmusHull menio@ikayinnuil
pedicum Ha eiopoenekmpocmanyii. Ilponyckamu uepe3 menioguti HACOC NOBHUL NOMIK 800U, WO NPOXOOUMb Uepe3 2io-
poazpezam, € HeOOYinbHUM | HeeheKMUSHUM, MOMY WO 8 YbOMY BUNAOKY CIOHCUBANHS eHepeii 8 KOMNpecopi mennoeo-
20 Hacoca 6 pasu nepesuyye CHOJICUBAHHS 2i0poazpezamy 6 HACOCHOMY PedCUMi, WO 3HEYIHIOE 3anponoHO8AHUL 3aXi0
sk eHep2030epieaioyuil.

Tomy 0bIpyHmMOBAHO panuyHi ma payioHANbHI 3HAYEHHA KOHCMPYKMUSHUX Mda POOOYUUX NAPAMempPI8 Menaio8020
Hacocy ma mennogoco AKKyMYAAmopa, wo 3sabesneuyioms onaniogaivhui pesxcum pobomu I'EC Ons 3a0oeonenus
nompeb 2apsu020 6000NOCMA4aHHs. 3a 3aNPONOHOBAHO MEXHOLO02IEI D0CI0NHCeHO pobomy 2idpoazpezamy munoeorw
nomyaxcnicmio 120 MBm 6 peoicumi onanenns 3a pisHUX eHep2oGUMpam HaA eleKmponpusoo Mmenyiogoco HAcocd-
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Komnpecopa. Bionosiono 0o yux eumpam 3minunucs 6eruNUHU MA CNIBGIOHOWIEHHS YACMOK GUPOOHUYMBA
enexmpoenepeii ma menua mooeprizosanoi I'EC.

3anpononosana nempaduyiiina mexuonozis nepesody I'EC y mennogikayiiinuil pesxcum 0038015€ 30IUCHI0O8AMU
wupoke egpexmuene MAHespy8aHHs. Y PIHUX CHIGGIOHOWEHHSX YACMOK eleKmpudHoi ma meniosoi 2enepayii Ha
siominy 6i0 TEL] ma inwux enepzemuunux ycmano8ox.Po3ensiHyma mexnono2isi 0036051€ NPAKMUYHO He SUmMpavamu
HeBIOHOBNIOBANI eHep2emudii pecypcu, 3a0e3neuylodu CnoJCU8auie 00HOYACHO eeKMPULHOI0 MA MenI080I0 eHep2Icio.

Haykosa noeusna. O0IpyHmMosaHo mexHon02iio 6UKOPUCMAHH MENI08020 HACOCA OJsi NepesedeHHs. pobomu
eiopoenekmpocmanyii 6 mennroikayitinuil pexcum (onaienHs ma eapsaue 8000NOCMAYAHHA HCUMIOBUX OYOUHKIB).
Pospobreno asmomamuszosany memoouxy 6usHaA4eHHs PAYiOHANbHUX napamempie mennogoco Hacoca (TH) ons
3abe3neuennss mennogixayiinozo pexcume I'EC. Po3pobiena asmomamu3zoeana memoouxa 00360J5€ 00UUCTIO8AMU
3HauenHs excnayamayiinux napamempie TH 0ns banancogozo ma O0O0BLIbHUX pedcumis, wo 3ab6e3neyyioms
mennogixayiiine gpyuxyionysanus I'EC 0151 3a00801€HH NOMOYHUX ROMPed ONANIeHHS MA 2apsAu020 6000NOCMAYAHHSL.

Ilpakmuuna winnicme. 3acmocyeanns mennosoeo Hacocy Ha [EC 0ns nomped onanewHs ma 2apsiozo
B000NOCMAYAHHS O00360]€ HA MPEMUHYy 3eKOHOMUMU GUMPAMU YMOBHO20 NAIUEA Y MNOPIGHAHHI 3 KOMENbHUM
azpe2amom.

Kniouogi cnosa: mennosuii Hacoc; mennosuii aKymyasmop; AeMOMamu3ayis; eHepzo30eperceHHs; 2i0po-
eNeKmpPoCmanyis; mennoea enepzis; Kepyeanns.
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Mema pobomu. Po3podxa mexampouHoi cucmemu Ha npuxiadi mooeni riimaivHozo anapama muny «ILianepy ons
BUBYEHHS MA OOCIONCEHHSA NPOYECi8 KePYBAHHS HUM.

Memoou oocnioxcenna. Qisuunuli ekCnepumeHm Ha po3podaeHoMy 1abopamopHOMYy cmendi, KomMn tomepHe Mo-
0en108anH A, PO3PAXYHKOBO-AHANIMUYHULL.

Ompumani pesynomamu. B x00i 0ocniodxcents OYI0 po3eanymo ma npoanaiizo8aHo 0CHO8HI npoyecu KepyeaHHs
NIAHePOM. 83AEMOOII0 OP2AHI8 Kepy8aHHs niioma ma oilouux mexanizmie kpuna. Ilposedeno ananiz Hedonikie ma nepe-
8az iCHyIOUUX PO3POOOK 3a OOCTIONHCYBAHOI0 MEMAMUKOIO 3 YPAXY8AHHAM NUMAHbL MOOITLHOCHI, eKOHOMIYHOCI, NPoOC-
momu i HAOIUHOCMI 6UKOHAHHA, A MAKONC MONCTUBOCMI SUKOPUCTNAHHA 8 AKOCMI HA8YAIbHO20 cmeHdy. Pospobneno
nabopamopuuli cmeHo y 8uena0i MEXamporHoi cucmemu Ha npuknadi modeni nimanvrozo anapama muny «IInanepy
O/ BUBYEHHSL MA O0CAIOJNCEHHS NPOYECi8 83AEMO0II OP2aHie Kepy8aHHs ma GUKOHABYUX MeXaHizmie noavomy. Iliokuo-
YeHHs1 NPOSPAMHO-ANAPAMHO20 KOMNIEKCY 30ICHIOEMbCS 3 donomozoro inmepgpeticy USB. /[nsa 06pobku komano npo-
cmi inmepdeiticy kepysanns obpano dxcoticmuk Logitech Extreme 3D. 3 memoio niosuugenns nodionocmi 00 peanbHux
cucmem nepedbaveno negHy 3ampumxy (iHepyiro) Midxc MOMEHMOM 6NAU8Y ONepamopa HA OHNCOUCMUK MA pPearyicio
nnanepa. Ax mamepian mooeni nianepa guxopucmaro ninononicmupon. Cepgonpusoou MG-90S ma DS-37 suxopuc-
MoBYIOMbCsl O KePYBAHHA NOJONHCEHHAM PYXOMUX YacmuHr mooeni nianepa. Obepmanns niaunepa 30iliCHIOEMbCA 34
oonomozoio ogueyna 28BY.J-48. Pospobneno npoepamne 3abesneyents, 0CoOIUBICMIO AKOSO € Je2Ke HANaWmMY8aHsa ma
WeUOKUll 3anyck nabopamoprozo cmenoy. Ilepedbauumu MoHICIUGicmy 8e0eHHA HCYPHALY, AKUL 003801UMb HPOBOOU-
mu ananiz oii onepamopa cmendy. B pesynomami nposedenozo 0ocniodncents 6yn0 eusHayeHo 0coonu80Ccmi Kepy8anis
NIAHEPOM Ma CMPYKMYPY MEXAHi3Mi6, wo 3a0e3neuyioms npoyec KepyeanHsi.

Haykosea nosusna. 3anpononosano ma po3pooneHo MexampoHHy cUcmeMmy MOOeli AimanibHo20 anapanmy muny
«IInanepy na ocnosi npospammo-anapamnozo komniekcy na oasi ArduinoUno, saxuil 6i0pisHAEMbCA 6i0 ICHYIOUUX HAAG-
HICMIO Npozpamu, AKA 3a0e3neuye necke Halaumysants ma WeuoKull 3anycK JimaibHo20 anapamy, wo 00380J5€ 00-
COHCYBAMU 83AEMOOTIO OP2AHI8 KePYBAHHA MA BUKOHABYUX MEXAHI3MI8 NOIbOMY.

Ilpakmuuna yinnicme. Po3pobOaenutl 1abopamopuuti cmeno Ha OCHOSI aimanvHoz2o anapamy muny «Ilianepy
PO3UUPIOE MOICTUBOCHE GUGUEHHS MA O0CTIONCEHHS eNeKMPOMEXAHIYHUX NPOYECI8 CUCMEM AGMOMAMUYHO20 KEPYEaH-
HS CKIAOHUMU MEXAMPOHHUMU 00 'eKmamu.

Kniwouoei cnosa: mexampouna cucmema, 1imanvHuil anapam, nianep, cCUcCmema KepysanHs, 1a60pamopruii
cmeno, mooenroeanns, Arduino, C++.

L BCTYII MoaudiKaIli iCHYIOUHX JITAJbHUX anapaTis, 100 3a10Bi-
’ JBHUTH 3pocTarounii monut. IIporec po3poOku JiTaabHUX

Ha croroani asiamis € oaHi€ro 3 HalGiIBII IIKPOKO-  alapaTiB NoTpedye BUCOKOKBaNTi(hikOBaHUX KaapiB, BUCY-
OXOILTIOIOYMX Taly3ell OCKiIBKM BOHA MOB’A3y€e Oi3HEC Ta  Ba€ BUCOKI BUMOTH JI0 BUPOOHUYHUX HMOTYKHOCTEH, BUMa-
JrOJeN y BCIX KyToukax cBity. Temmu ii BHKopucTaHHsA  rae uuManoro ¢inancyBanHsa. Uepes mi ¢axropu BigHOC-
HEBITMHHO 3pOCTAlOTh HE3BAKAIOYM HA EKOHOMiYHI Ta  HO Jy)Ke Maja KiIbKICTh KpaiH Ma€ NOBHUI LMK BUPOO-
MOJNITHYHI KOJMBAaHHA B CBiTi. TUM Taue CITi 3ayBakKWTH  HULTBA JiTalpHUX amapaTiB. Ilif uac MpoeKTyBaHHS HO-
10 OCTaHHIM 4acoOM OTPUMaB BHCOKHI PO3BMTOK HaIlpsi-  BOI'O Ta OHOBJIEHHs BJKE iCHYIOUOro 00JafHaHHS 0coOIu-
MOK BHKOPHCTaHHS Ge3MIOTHUX ab0 MUCTAHIHHO Kepo-  BO PETENIBHO JIOCIHIIKYIOTh MOKIMBOCTI BIIPOBAKEHHS
BaHUX JITATPHUX anapariB. PO3MIMPEHHs Tany3i BUKJIMKAe  €IEKTPOHHUX CHCTEM 4epe3 Te, L0 BOHM 3/1aTHi iCTOTHO
noTpedy y po3poOli Ta BUPOOHMIITBI HOBUX, @ TAKO  PO3IIMPUTH (YHKI[IOHAIBHI MOXIMBOCTI JTaIbHOTO
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armapary, MiABHIIMTH 3py4YHICTH KepyBaHHs HuUM. Jlocii-
JUKEHHS Ta PO3BUTOK aBIOHIKH — II€ OCHOBA JUI PO3pOOKH
Ta BHPOOHMITBAa CYYacCHHX, KOHKYPEHTOCIIPOMOXKHHUX
JTaNpHUX aIapariB, sKi BiNMOBINATHMYTHh aKTyalbHIM
¢yakmioHansHUM BuMoraMm. OIHIEIO 31 CKIIaJOBHX aBio-
HIKH € 3a1a4a 3a0e3MedeHHs Ta TMOMIMIICHHS MOXIHBOCTL
KepyBaHHS JITAJBPHUM amapaToM, a came, MiATPpHIMKa
3B 3Ky MK OpraHaMH KepyBaHHS, Ji€3/1aTHICTb Ta BIIPO-
Ba/KEHHSI BIIIMOBOCTIMKOCTI yChOTO (PYHKIIIOHATY, SKHH
HEOOXI1THUH JUTs 31HCHEHHSI KEPYBaHHSIM.

IL. AHAJI3 JTOCALKEHD I ITYBJIUKAILIA

MexaTpoHHa cHCTeMa JITAIBHOTO arnapary - Le Cy-
KYIHICTh MEXaHI4HOTO Ta EJIIEKTPHUYHOTO OOJIaHAHHS,
aBTOMAaTHUKHM Ta MPOrpaMHOl YacTHHH, siKa 3abesredye
MOXKJIMBICTh BUKOHYBATH TMOJBOTH JIITAKa 3 BUCOKOIO Ha-
JiiHICTIO Ta To4HicTIO. CHCcTeMa YIIpaBiIiHHA € KOMOiHa-
L0 TEBHOI KUIBKOCTI NPHCTPOiB: NaT4MKiB, OpraHiB
yHOpaBiiHHA  KaOiHOIO, NPUBOJIB Ta  MPOTrPaMHO-
o0uHcIIOBAIbHUX ckiagoBux Ttomo [1, 2]. Cucrema
YIPaBIiHHS TIOJILOTOM TIOAUISETHCS HA JBI MiJICUCTEMH:
MIePBUHHY (KepMO, €JIepOHH, CTa01Ii3aTopr) Ta BTOPHHHY
BimmoBinHO. BoHM 3a0e3meuyroTh yrpaBiliHHS JTiTATEHIM
armaparoM g Jac noipoty [3]. Po3poOka cucrem ympas-
JIHHSA JTITAIFHAM anapaTtoM BifOyBa€eThCs Ty>Ke pPETEIbHO
OCKIUTbKM 11 HaNIWHICTh BIUTUBAE OE3MOCEpPETHLO Ha 0e3-
BIJMOBHY pPEaKILil0 IMOBITPSIHOTO CyAHA Ha Jil MiJTOTIB.
KepyBaHHs JiTalbHUM anaparoM Mae MeBHI crieludivHi
ocobauBoCTI [4]. 3MiHA MOJOKEHHSA X04a O OHOTO 3 OC-
HOBHHX €JICMEHTIB YIPaBIiHHSA MOJBOTY (KepMa, cTabisi-
3aTropa abo eNepoHiB) BIDIMBAE HA PO3MOILT TUCKY HAaBKO-
JIO KpWJI Ta Ha HArpsM ITOTOKY Habirarodgoro nositps. Lle
Ha/la€ IJI0TY 3JaTHICTh YNPAaBIiHHS Y TPbOX OCSAX OCKi-
JIBKHM BIUTMBA€ Ha MOBITPSHHUK OMOp 1 MiHOMHY CHITY I10-
BiTpsiHOTO cynHa [5]. IIpaBunbHICTH Ta peTeNbHUN MpO-
pPaxyHOK KOHCTPYKIi MOBITPSHOTO CyjaHa 3abe3rnedye
JIETKICTh KEpyBaHHSI JIITAKOM IIiJl 4aC MaHEBPIB 1 3arajibHy
CTaOUTBHICTD y TOBITpi. 3BICHO IO Yepe3 MEeBHI KOHCTPY-
KIIHHI 0COOJMBOCTI € TEBHI OOMEXEHHS Ha Iialla3OHH
BIIXWJICHHS JJIsI OpraHiB KepyBaHHA. [IpukimamoM Moxe
BUCTYNaTH OOMEXEHHS pyXy KepMa YMpaBiiHHSA, 100
3amo0irT MepeHanpy>KEeHHIO JIiTaka i yac MaHeBpy [6].
VY crarti [7] DOCHiKYyEThCS HalaHHs OC3MIIOTHUM JTiTa-
JILHUM araparam IIaHEpHOTO THUITY MOJJIMBOCTI aBTOHO-
MHOI IMOCaIKH. SIKIIO MPHITYCTUTH, IO JIITAILHUH amapar
OCHAIIIEHO OY/Ib-SIKOI0 HAIIHOI CHCTEMOIO BHMIipIOBaH-
HS IIBHJKOCTI, TAKOIO SIK CHCTEMAa ITT00AIBHOrO MO3MIIO-
HyBaHHsA a00 IHEpUiHHWA BUMIpIOBaIBHHUNA OJIOK, MOXKE
OyTH BUKOPHCTaHA IIBHJKICTH IUIAHEpa, 00 3 BHCOKOIO
TOYHICTIO BH3HAYUTH WOTO BUCOTY Mix 4ac mocaiaku. L{s
iHpopMaris cTiiika 10 Pi3HUX YMOB 30BHIIIHBOTO OCBIT-
JIEHHSI Ta Ha PI3HUX TUIAX TEKCTypOBaHOI 3eMJl, L0 €
B)KJIUBOIO BIJIACTHMBICTIO I KOHTPOMIO (Da3u MOCAIKH
jitaka. 3a0e3rneucHHs O€3MeKH IONBbOTY JUCTAHIIHHO
MJIOTOBAaHMX aBiaIllifHUX CHCTEM € CKIAaIHOI0 Tpolire-
MOIO Yepe3 MacoBICTh TaKOTO poxy 00’ekTiB [8]. ¥ moky-
MeHTI [9] mpencraBieHO KOMIUIEKCHE NPOESKTYBAaHHS Ta
METO/I TIEPEBIPKH JIiTaKa Ta CUIIOBOI YCTAHOBKH. Ines mo-
JISITa€ B TOMY, 100 MEPETBOPUTH MOJEIHh CHUCTEMHOTO
piBHS Ha CTaHAApPTU30BaHY apXiTEKTYpy CHCTEMH, sKa
MICTUTh CTPYKTYpYy Ta oOMexeHHs. Takum 4uHOM, apxi-
TEKTypa CUCTEMH CTa€ OPIEHTUPOM VIS IPOESKTYBaHHS Ta
mepeBipku Ha OCHOBI Moperi Jitaka. L{g podora [10] mia-
KPECIIIOE MePeBaru CHCTEMHOIO0 MOJICTIOBAHHS Ta CHUMY-
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TSIl 71l MATPUMKH aHali3y HaBaHTaXKEHHS KOMITOHEH-
TiB TpaHCMICil (HAaIlpHUKIIad, MIPUBOMAIB, MOMCHTHHIX BaJiB
TOIIO) Ha eTali KOHIENTYyalbHOTO MpPOCKTYBaHHI. Y
crarti [11] mpencraBiIeHO METOA MOMICTIOBAHHS, SIKHIMA
00’eTHy€ KiTbKa KIFOYOBUX OOJIACTEH: MUHAMIKA TOJBO-
Ty, KEpYBaHHS M0JbOTOM, KEPYBaHHS IBUI'YHOM, TUHAMI-
Ka JBHUTYHA, BHUXJION JBHMIYHA, LIyM JIiTaKa, E€KOHOMis
MAJIMBa, TUIAaHYBAaHHS IIONBOTY, IO JTO3BOJISE JOCITIIUTH
BiJNIOBiTHI TOKa3HUKH €(heKTUBHOCTI.

Otxe, i1es1 CTBOPEHHS JJa00OPaTOPHOTO CTEHILY, SIKHIA
MPEJCTaBIsiE COOOK MEXAaTPOHHY CHCTEMY MOJEII JiiTa-
mpHOTO amapary tumy «llmaHepy, s BUBYEHHS Ta IO-
CIJUKEHHS TPOLECIiB KEepyBaHHSI HUM € aKTYyaJIbHOIO,
y4acTh y po3poOIli CTEHIy CTYICHTIB crpusie (GopMyBaH-
HIO Y HUX TBOPYOi CKJIAZOBOI, 3AaTHOCTI aHAlli3yBaTH
OTpPUMaHI Pe3yJbTaTH, MPUIMATH PINICHHS Y HECTaHIap-
THUX CHTYaIlisfX, IO MiJABHIIYE PIiBEHb X TCOPETUYHOI i
MPaKTHYHOT MiAroToBKHU [12].

III. META POBOTH

[IpoBecTn ananiz HEMOMIKIB Ta IepeBar iCHYIOYHX
PO3po0OK 3a JOCITIKYBAaHOIO TEMATHKOIO 3 YPaxXyBaHHSIM
MUTaHb MOOUTHPHOCTI, €KOHOMIYHOCTI, TIPOCTOTH 1 HaIili-
HOCTI BHKOHAQHHS, 8 TAKOXX MOXJIMBOCTI BUKOPHCTaHHS B
SIKOCTI HaBYAJIBHOTO CTeHAY. Po3pobutu mabopatopHuit
CTEH]| y BUMIIAAI MEXaTPOHHOI CHCTEMH Ha MPUKJIALi MO-
Jeni JitanpHOrO amapara tuiy «llmaHep» Ui BUBYEHHS
Ta JIOCJIJDKEHHS MPOLIECiB KepyBaHHI HUM. B sikocTi iH-
Tepdeiicy miaKIoYeHHs cTeH1y BUKopucToByBatd USB.
[Mepen6aynTi MOXIUBICTH BEJCHHS XKypHAIy, SIKHH J0-
3BOJIMTH TIPOBOIMTH aHATI3 Jill OmepaTopa CTCHIY.

IV. BUKJIAJEHHSI OCHOBHOTI'O MATEPIAJIY
TA AHAJII3 OTPUMAHUX PE3YJIBTATIB

Po3podka meTony B3aemofii KOpHCTyBa4iB 3 CcHC-
TeMo10. [Ipu npoekTyBaHHI POrPaMHO-ANaPaTHOTO KOM-
wiekcy (ITAK) BpaxoBaHO OCOOJHBOCTI 3aCTOCYBaHHS y
HaBuasibHOMY mporeci [13, 14]./lo napamerpiB, ajanrto-
BaHMX I KOPHCTYBA4a-MOYaTKIBLS BiTHOCSTHCS HHU3b-
KU 9ac Ha PO3ropTaHHS CUCTEMH y poOOYEe CTAaHOBHIIE,
HMOBIpHICTh Mayioi 00i3HAHOCTI KIiHIIEBOTO KOPHCTYyBaua
(ctynenra) B mporpaMyBaHHi, BiIMOBOCTIHKICTb /0 pam-
TOBOTO BUMKHEHHSI €JIEKTPOXKMBJIICHHS T4 HEKOPEKTHOTO
3’€THAHHS KOMITOHEHTIB [15,16]. 3MiHa Ta MoaepHi3amis
HaJlaTyBaHb Ja0OpaTOpHOro CTeHay Oyna 3abopoHeHa
JUIl KOPHCTYBadiB KOMIIJIEKCY 1 MOJJIMBA JIMIIE 3 3aiy-
YaHHAM aIMiHICTpaTOpa KoMIuiekcy (puc. 1, 2).

Po3pobka anapaTtHoi yacTHHH Komiuiekcy. IIpo-
BEJICHUH aHANi3 CKJIAaIOBUX MOJYIIB, 3 IKUX Ma€ CKJaJa-
tuck [TAK nokasas, o BaXXITMBOIO YaCTHHOKO € MiKPOKO-
HTPOJICPHUH MOJYJIb, 0 Ma€ 3a0e3MeuyBaT 3YUTYBaHHS
JTAaHUX 3 KOMI [0Tepy, 00pobmoBaTH foro Ta hopMyBaTH
BUXITHUH CHUTHANI Ha 0e3MmocepeIHhO MOACTH IIaHEPY.
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Aiarpama s3aemoaii kopucTyeaya 3 NAK

Kopuctysay CreHg

YaimuHyTH cTena,
nig'eaHaT Qo koMnioTepa

PoanoquTae pofioTy, pearye
Ha KepyBaHHA

We noTpiGHa

3asepwye poboty,
nnaKep 3afMae NoMaTkose
NONGHEHHA

BHMEHYTH
cTeHn

Big'ennaty sig komn'ioTepa

Pucynoxk 1. [liarpamu ISUTBHOCTI

(ctymenta) 3 ITAK

KOpHCTyBa4a

fiarpama s3aemogii agminicTpartopa 3 NAK

ApgminicTpatop Creng

YBIMKHYTH CTEHA,
nig'egHaTi
Oo komn'ioTepa

BecranoenexHa
AKTYaNLHOro NporpaMHore
sabesneqdenHn

OxoeuTH HeobBxigHi
napameTpu NporpaMHoro
sabeaneqeHHA

BiMkHyTH cTeHA, Big'eaHaT
Bia komn'iotepa

Pucynoxk 2. Jliarpamu nisutbHOCTI aaminictpatopa 3 [TAK

Po3rmsiHyBIIM iCHYFOUYI MOXYJIBHI pIllIEHHS, a came
KOHTpoJiepu Ha 0a3i miardgopmu Arduino Oysno obOpaHo
came Arduino UNO (puc. 3) ocKiIbKM BOHA Ma€ BiIHOCHO
BHCOKY OOYMCIIOBAJIBbHY MOTYKHICTH Ta IIOMIpHI pO3MipH
[17]. 3 Meror0 MiABMINEHHS PEaAICTUYHOCTI KepyBaHHS
OyJo TPHUHHATO pIMICHHS BUKOPUCTOBYBATH B SKOCTI
npuctporo BBoay mkoictuk Logitech Extreme 3D PRO.
IIpu obOpanni Momeni JIA BaXXJIMBUM ITOKAa3HHKOM Oyl
XapaKTepUCTHKH MaTepiaiy, 3 SKOro BoHa 3pobOieHa. Pe-
3yJbTaTOM aHaNi3y CTaJI0 BU3HAHHA ITiHOIONiICTHPOITY
HaliKpaoiiM BapiaHTOM B SIKOCTI OCHOBHOTO MaTepiary
JUISL MOZieNi. 3 METOl 3a0e3redyeHHs PyXOMOCTI Mojeni
JIA iHTErpoBaHO 10 CTEHAY IBa CEPBONMPHBOIHN (PYJIst
niBoro ta npasoro) MG-90S (puc. 4), KpOKOBHI JBUTYH
28BYJ-48 (puc. 5) Ta npaiisep ULN20 no HbOTO.
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Pucynok 4. MG-90S Ta #oro iHTerparis 10 CTeHIy

Jliis 3a0e3medyeHHss Hao4YHOI imitarii podoru JIA, a
came — JUIsl pyXOMOCTI KepMa BHCOTH, KepMa HalpsMy Ta
€JIePOHIB OYJI0 BUKOPUCTAHO KiIbKa KOMITAKTHHX CEPBO-
npuBoaiB DS-37. 3 ormsimy Ha OOMEXKEHICTh KiTBKOCTI
inTepdeticiB BBoy miatu Arduino Oyno 3amisHO pO3IIH-
proBau moptiB LIIM PCA9685. Takox BHKOPHUCTaHO
Omox xuBneHHA 12 B Ta mepeTBOprOBad IMOCTIHHOTO
ctpymy LM2596. B pesynbraTi MpoeKTyBaHHS 3 ypaxy-
BaHHSIM OOpaHMX KOMIIOHEHTIB OyJio po3poOieHo apXiTe-
KTypy HpOrpaMHO-alapaTHOTO KOMILIEKCY, IO 300pake-
HO Ha (hyHKIIOHANBHIHM cxeMi (puc. 5). AIroputM poboTH
1a00paTOPHOTO CTEHY POKA3aHO HA PUCYHKY O.

Po3po6ka nporpamMHoi yacTuHH KoMmIuiekcy. [1pu
PO3po0ITl IPOrpaMHOro 3abe3neueHHs 0yJI0 CIIPOEKTOBA-
HO miarpamy pobotu ITAK Ta anroputm podoTu mporpa-
MHoOro 3abesnedyeHHs (puc. 7). [oyarkom poboTH KOM-
IUICKCY € iHilliami3aiis MpOrpaMHOro 3a0e3leUeHHS Ha
koHTpoJepi Arduino ta xommr totepi. Ilicns woro I1K Ha-
JamToOByE OOMIH JaHUMHU 3 JDKOWCTHKOM Ta OTPUMYE HO-
TO TIOYATKOBE IOJIOKEHHS. 3YNTaH] JaHi KOMIT'I0Tep HO-
pMye Ta HajcHiIae Ha KOHTpoyiep Arduino Ha THOYaTKy
POOOTH KOMILIEKCY .
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Pucynox 8. ®oto naboparopHoro creHmy

Konrponep Arduino mocriiiHo nepebyBae B OUiKy-
BaHHI JJaHUX I0JI0 AKTYAJILHOTO IOJIOXKEHHS PKOWCTHKA
y mpocropi. [licis oTpumanHs gaHuX BiH (hopmye 1 Haf-
CWJIa€ BIAIOBIZHI KOMaHIM JO BUKOHABYMX MEXAHI3MIB
(cepBONPHBONIB Ta KPOKOBOI'O JBUIYHA) Ul BCTaHOB-
JIEHHS TUIaHepy y HeoOXimHe monoxeHHs. KomyHikaris
MIKpOKOHTpOJIEpa 3 KOMIT IOTEepOM 3IiHCHIOETHCS 3a HO-

nomoroto COM-opTy — JABOHANPABIEHOTO IIOCIIIOBHO-
ro iHrepdeiicy oOMiHy naHMX, Iepenada B SKOMY BinOy-
BaeTbcs OIT 3a OiToMm. 3a3BMYail 0T0 BHKOPHCTOBYIOTH
JUIS TIAKIIOYEHHS TPHCTPOiB BBOAY HA 3pa30K MHII Ta
KJIaBiaTypH, TOMY BiH MOXKE 3a0€3MEUUTH JTOBOJI IIBHI-
kuii oOMiH maHumu. DOTO MOJENi JTAIBFHOIO amapary
tuny «lImanep» 3 MEXaTpOHHOIO CHCTEMOIO MTOKa3aHO Ha
pUCYHKY 8. 3 METOIO MiABHIIEHHS MOAIOHOCTI 10 peaib-
HHUX CHUCTEM IepeadaueHo MeBHy 3aTpUMKy (1HEpIio) Mix
MOMEHTOM BIUIMBY OIlepaTropa Ha JPKOHCTHK Ta PeakIiero
IUIaHepa.

V.BUCHOBKH

B pesynbTati mpoBEICHOTO JOCHTIKCHHS OYyJI0 BU-
3HAYEHO O0COOJIMBOCTI KEPYBaHHS TIAHEPOM Ta CTPYKTYPY
MeXaHi3MiB, 110 3a0e3MeUyI0Th MPOIICC KEPYBAHHS.

Po3pobneHo mporpamMHo-anapaTHUil KOMIUIEKC y BU-
A1 MEXaTPOHHOT CUCTEMH Ha MPUKJIAAlI MOIEII JiTajb-
Horo amapata Tumy «[lmaHep» Ui BUBYCHHS Ta ITOCIIi-
JOKCHHS MIPOIIECIB B3a€MOJIIT OPraHiB KEPyBaHHS Ta BHKO-
HABYMX MEXaHI3MIB MOJKOTY. Po3po0iieHo mporpamue
3a0e3neueHHsI, 0COOIMBICTIO SIKOTO € JIETKE HaJallTyBaH-
HS Ta [MIBHKWH 3aITyCK JIAOOPaTOPHOTO CTEHY.

B nopansmomy miaHyeTbesi yAOCKOHAJEHHS J1abo-
paToOpHOro CTEHAY LUIIXOM PO3LIMPEHHS anapaTHOi dac-
TUHM JJIs1 3aCTOCYBaHHS B YMOBaX HecTaOUILHOTO JKHB-
JICHHS  MEpeXi Ta  BIJICYTHOCTI  MEPCOHAIBHOTO
KOMIT'FOTEpY; BIPOBA/DKCHHS JKypHally BHKOPHCTaHHS
CTEHJy; BIIPOBaDKEHHS iHTepdeiicy aaMiHicTpaTopa mif-
BUIUTh 3pYYHICTH HAJAIITYBAaHHS I BUKOPHCTAHHS CHC-
TEMHU.
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Purpose. Development of a mechatronic system based on the example of a Glider type aircraft model for studying
and researching its control processes.
Methodology. Physical experiment on the developed laboratory bench, computer modelling, calculation and ana-

Iytical methods.

Findings. In the course of the study, the main processes of glider control were considered and analyzed: the inter-
action of the pilot's controls and the operating mechanisms of the wing. An analysis of the shortcomings and advan-
tages of existing developments on the subject under study was carried out, taking into account the issues of mobility,
economy, simplicity and reliability of implementation, as well as the possibility of using it as a training stand. A labora-
tory stand has been developed in the form of a mechatronic system based on the example of a "Glider" type aircraft
model for studying and researching the interaction processes of control bodies and flight executive mechanisms. The
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software and hardware complex is connected using the USB interface. A SOC platform with an ArduinoUno microcon-
troller was used to process processor commands and convert them into aileron movements. The Logitech Extreme 3D
Joystick was chosen as the control interface. In order to increase the similarity to real systems, a certain delay (inertia)
is provided between the moment of the operator's impact on the joystick and the response of the glider. Styrofoam was
used as the material of the glider model. Servo drives MG-90S and DS-37 are used to control the position of the moving
parts of the glider model. The airframe is rotated using a 28BYJ-48 engine. Software has been developed, the feature of
which is easy setup and quick start-up of the laboratory stand. Provide for the possibility of keeping a log, which will
allow analysis of the actions of the stand operator. As a result of the conducted research, the features of glider control
and the structure of the mechanisms that ensure the control process were determined.

Originality. A mechatronic system of a "Glider" type aircraft model based on an ArduinoUno-based software-
hardware complex has been proposed and developed, which differs from the existing ones by the presence of a program
that provides easy setup and quick start-up of the aircraft, which allows you to study the interaction of control bodies

and executive mechanisms flight.

Practical value. The developed laboratory stand based on the "Glider" type aircraft expands the possibilities of
studying and researching electromechanical processes of automatic control systems of complex mechatronic objects.
Keywords: mechatronic system, aircraft, glider, control system, laboratory stand, modeling, Arduino, C++.
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