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JlcepTallMOHHUAT TpyA € 00ChAECH U HAcOUeH 3a 3aimTa oT KatenpeHus cbBer
Ha KaTezapa ,,EleKTpocHa0AsIBaHe, €IEKTPOO003aBEXIaHE U €IEKTPOTPAHCIIOPT  KbM
Enexrporexauueckun dakynrer Ha TY-Codus Ha peToBHO 3aceIaHue, MTPOBEICHO
Ha 17.02.2026 r.

[IyOnnyHaTa 3ammTa Ha AMCEPTalUOHHUS Tpy 1ie ce cbetor Ha 02.06.2026 .
ot 13:00 gaca B Kondepentnara 3ana va BUL] na TexHuyeckn yHUBEPCUTET —
Codust Ha OTKpUTO 3acelaHME€ Ha HAYYHOTO JKypH, OINPEIEIIEHO CBhC 3alOBE[
Ne OXK-5.2-26 /25.02.2026 r. na Pextopa Ha TY-Codust B cbcTas:

1. nou. n-p unwx. bopucnas bornanos boiiueB — npeacenaren
2. Ilpod. n-p unx. [lnamen MunanoB Pu3zoB — HayueH cekpeTap
3. mon. a-p unxkK. Xpucto Tomopor Mopummmon

4. nou. n-p unx. Banentun Huxonos I'topos

5. nou. a-p unx. Opnun Jlro6omupos I[lerpos

Penensenru:
l. nou. n-p uuxk. bopucnas borganos boiues

2. non. a-p unak. Xpucro Tonopos NOpuimmmos

Martepuanute Mo 3amuraTa ca Ha pasloJIOKCHHE Ha MHTEPECYBAIlUTE CE B
kanienapusita Ha Enekrporexnuueckun @Pakynrer Ha TY-Codus, Omox Ne 12,

kabuuet Ne 12222,

JlucepTaHTBT € pPENOBEH JOKTOPAaHT KbM Kareapa ,EnexkTtpocHaOpsBane,
CJIEKTPO003aBekKIaHe U eneKTpoTpaHcnopt Ha Enextporexnuuecku dDaxynrer.
N3cnenBanusta Mo nucepTalmoHHaTa pa3paboTKa ca HalpaBeHH OT aBTOpa, KaTo
HSKOU OT TAX Ca MOJAKPENEHU OT HAYYHOU3CIIEOBATEIICKU TTPOCKTH.

ABtop: mar. unx. Jl>xenrusz Mopam

3arnaBue: Bp300HOBsIeMU €HEPTUHHN U3TOYHUIIA M YIIPABJICHUE HA PEaKTUBHA
€HEPIusl.

Tupax: 30 6pos

Otnevarano B UIIK na Texunuecku ynuBepcutet — Codus



I. OBIIA XAPAKTEPUCTUKA HA JUCEPTALIMOHHUA TPY /]

AKTYaJIHOCT HA npodJema

Enepruiinara crparerus Ha EBpornieiickus cbi03, B KOHTEKCTA Ha 3€JI€HUS AKT U TUPEKTUBUTE
3a JexapOOHM3aIMs, IMOCTaBsS KOHKPETHU IIeNIM MpeJ CTPAHUTE-WICHKH 3a JOCTHUTaHE Ha
KIMMaTuyHa HeyTpaiaHocT a0 2050 r. ToBa mpeamonara He camo JPACTUYHO yBEJIWYaBaHE Jielia
Ha BEW B eHepruiinus MHKC, HO u TpaHchopManus Ha ChIIECTByBallaTa €HEpruiiHa
nH(ppacTpyKTypa B OCOKa Ha U(PpoBU3AIUA, ACIICHTPATU3AIMSA U HHTSJIUTCHTHO yIPaBIICHHE.
B 1031 KOHTEKCT, bharapus cblo moeMa aHraXMMEHTH 3a YCTOWYMBO pa3BUTHE HA EHEPIUIMHUSA
CH CEKTOp 4pe3 HAIMOHAJIHUA IUIaH 3a BB3CTAHOBSIBAHE M YCTOMYMBOCT M HWHTETPUPAHUS
HalMOHaJeH miaH ,,Enepreruka u kmumat® (MHITEK).

C napactBaneTo Ha 6pos 1 momHocTTa Ha BEU B enekrpoeHepruiiHaTa cucteMa ce mosiBsiBat
peauia TEXHUYECKH M EKCIUIOATAIl[MOHHHW MPEIU3BUKATENICTBA, KOUTO IMOCTAaBAT IOJ] BBIPOC
HAJIEKIHOCTTA, yCTOMYMBOCTTA U €()eKTUBHOCTTA HA MpeskaTa. 3a pa3liuKa OT KOHBEHIIHOHATTHUTE
€JIEKTPOLICHTPAIM, KOUTO pa3lojiaraT ¢ Bb3MOKHOCTH 3a LEHTPAJIU3UPAHO pEryJUpaHe Ha
aKTMBHATa M PEaKTHBHATAa MOLIHOCT, Bb30OHOBSIEMHUTE TeHEpaTOpH (0c0OEHO POTOBOITAMUYHUTE
U BATHPHUTE HHCTAIALMH) C€ XapaKTepU3UpaT ¢ HECTaOWIHA W TPYIHO MPOTHO3HpyeMa
MIPOU3BOUTEIIHOCT, 3aBUCUMAa OT METEOPOJIOTUYHU YCIOBHS.

B T031 KOHTEKCT, IPOOJIEMBT C YIPABICHUETO HAa PEaKTUBHATA €HEPIHs Ce ouepTaBa Karo
KpuTH4yeH. HepaBHOMEpHOTO MPOU3BOJCTBO U NMOTPEOICHUE Ha PEaKTUBHA MOIIHOCT B MpeKara
BOAM [0 HEXKEJaHU KoJeOaHWsT B HAIPEKEHUETO, JONBJIHUTENIHM 3aryOM Ha €eHeprus u
HaMaJsiBaHe Ha eKCIUIOATAllMOHHHUS JKUBOT Ha oOopy/aBaHeTo. be3 epekTHBHO ynpaBieHHE Ha
peaKkTHBHATa eHeprus, 10pu Hail-moaepaute BEM cuctemu He Morat J1a rapaHTHpaT Ka4yecTBO HA
€JIEKTPOEHEepruaTa. YIpaBJIEHUETO Ha peakTHUBHATa MOILIHOCT HpUI00MBa OIIE MO-TOJISIMO
3HAQ4YCHUE B YCJIOBMATAa HA JELEHTpalIM3allHds Ha TeHepalusTa M HapacTBalla JWHAMHMKA B
€JIEKTPOCHEPIMMHUTE NTOTOLH.

]_Ie.]I Ha TUCECPTANUOHHUSA TPYA, OCHOBHHU 3aJJa4Y 1 ME€TO/IA 3a U3CJICIBAHE

Ilenta Ha AMCEPTAIMOHHHS TPYA € H3CICABaHE HAa BBH3MOXHOCTHTE Ha CIIEKTPOHHHTE
npeoOpa3zyBarenn Ha BEW na koMneHcHpar peakTHBHA MOIITHOCT U JIa U3IIBJIHABAT (DYHKIIUSITA HA
perysarop Ha HalpexeHHe.

3ajaunTe, NIOCTABEHU 32 M3IbJIHEHHUE HA 3a/1aJIeHaTa e ca:
e Jla ce uscnenaBa eeKTUBHOCTTa Ha KOMIIGHCHPAHE HA pPEaKTHBHA MOIIHOCT
MOCPEICTBOM (DOTOBOJITAMYEH UHBEPTOP
o I[a CC OLCHAT TEXHUKO-UKOHOMHNYCCKUTE ACTICKTU Ha KOMIICHCHUPAHC TOCPEACTBOM
eNeKTPOHHU Mpeobpa3yBaTenu Ha BEM u 1a ce CpaBHAT ¢ KJIIACHYECKUTE MACUBHU
KOMIIEHCHPAILIA YCTPOMCTBA;

e Jla ce pa3paloTiT MOJenM M AITOPUTMH 3a yrpaBieHHEe Ha (OTOBOJITAWYEH
MHBEPTOP 32 KOMIIEHCHPAaHE Ha pPeaKTHUBHA MOIIHOCT.

Hay4Hna HoBOCT

1) Pa3paboreH e aqropurThbM 3a JUCTAHIMOHHO YIIpaBieHHE Ha (pakTopa Ha MOLIHOCT Ha
¢dboToBONITANYEH UHBEPTOD;

2) Pa3paboren e Mojen Ha KOMIIEHCHpaHe Ha peaKTHBHA MOIIHOCT MOCPEJCTBOM TpHua3eH
MpPEXOBH HHBEPTOP, padoTenr B pexum kato STATCOM,

3) PaspaboteH e Moen Ha KOMIIEHCUPAaHEe Ha peaKTHBHA MOIIIHOCT MOCPEACTBOM eaHO(Da3eH
dboToBONMTanYeH UHBEPTOP. Pa3zpaboTeH e u mogo0peH Mo el o OTHOIIIEHNE Ha UMITJIEMEHTHPaHE
Ha [ITHM.



IIpakTH4ecka NPUI0KUMOCT

[TpoBeneHo e u3cieaBaHe Ha ChCTOSHUETO HA PEaKTUBHATA MOIIIHOCT Ha MHYCTPUAJIEH 00EKT
U BHCOKHTE pPa3xoAu 3a BbpHarata eneprus B EEC. Cnen aHanu3upaHe Ha TOBapHUTe ca
MPEAJIOKEHHU PEIICHHS 32 KOMIIEHCUPaHe KAKTO C KJIACMYECKHM KOMIICHCUPAIIX YCTPOUCTBA, TaKa
u ¢ ¢poToBoNTanyeH uHBepTOp. HampaBeHa e u TeXHUKO — UKOHOMHUYECKA OLIEHKa, Ha YusATO Oa3a
€ YCTaHOBEHO, Y€ NMePUOABT Ha OTKYITyBaHE € CXOJICH U 3a JIBETE MPEAJIONKEHHU PEIICHHUS.

Anpobanus

Pesynrarure or aucepTanMoOHHMS TPYH Ca JOKJIAABAaHU HAa MEXIYHAPOJIHU KOH(EpEHIINH:
BulEF, SIELA u ELMA.

Myoankanuu

OCHOBHM TOCTHXKEHHUSI U PE3YyJATaTH OT AUCEPTALIOHHUS TPYyJ ca MyOJuKyBaHU B 7 Opos
HAyYHU MyOJMKauu, oT KOUTO | e camocTosaTenHa. Beuuku myOnmkanuy ca WHACKCHPAHU B
MeXIyHapoaHata 6a3a Scopus, KaTo ca OT4eTeHU U 6 OpOost LIUTUPAHHUSL.

CTpykTypa u 00eM Ha IUCePTANMOHHUS TPYA

JlycepTallMOHHUAT TPy € B 00eM oT 125 cTpaHuly, KaTo BKIIIOUBA YBOJ, 4 IIaBU 3a pellIaBaHe
Ha GOpMyIIMpPaHUTE OCHOBHU 3aJla4H, CIIMCHK HA OCHOBHUTE MPUHOCH, CIUCHK Ha MyOIUKALUNUTE
Mo JUCEepTalMATa U U3Moi3BaHa tutepatypa. Lutupanu ca obmo 163 nutepatypHu U3TOUHUIIH,
karo 140 ca Ha jpaTuHUIA W 23 HA KUPWINIA, & OCTAHAIMTE Ca MHTEPHET ajapecu. Paborara
BKIItouBa 00110 109 dpurypu u 11 tadimnu. Homepara Ha purypute u Tabnumnure B aBTopedepara
CHOTBETCTBAT HA TE€3H B TUCEPTALMOHHUS TPY/I.



II. CbBABPKAHUE HA IMCEPTAIIMOHHUA TPY ]

I''TIABA 1. KOMIIEHCUPAHE HA PEAKTUBHA EHEPI'Us IIPH
HAJIMMUE HA Bb3OBHOBSAEMU EHEPI'MMHU U3TOYHU LN

Bovropekun mHo)xecTBoTO mnpenuMcrBa Ha BEM, B wactHoct Ha @ELl, xapakrepHute um
HEJOCTaThLIM HEe TpsiOBa 1a ObJaT MoAleHsIBaHU U peHeOpersanu. EAUH OT Te3u HenocTaThLu €
CBBP3aH C TOBA, Y€ TE ca B OCHOBATa Ha T.Hap. JELIEHTPAIM3UPAHO IPOU3BOACTBO (pasnpeaeieHa
reHepanusi), a ChbIlO U MOpaJXd HENOCTOSHHUS XapakTep Ha padoTrara UM (Iopu Morar jga ce
pasriexaar KaTo CTOXaCTUYHHU), TO C€ MPABIT U3CIEABAHUS 32 BIMSHUETO, KOeTO oka3BaT BEU,
BbpXxy HazexaHoctra Ha EEC. Enun oT ocHOBHUTE mpoOJieMH, KOUTO c€ MPOSIBSIBAT OT IO-
royssiMoTo ydactue Ha BEW B eneprulinus mMukc Ha bbarapus, ce okaspa, 4ye B Mpexara ce
MOJTy4yaBa 3HAYUTEIIHO MOBUIIaBaHe Ha HampexeHueto (Haa gonyctumute 10 %) B nepuoaute Ha
HUCKa KOHCYMaIlusi, HO ¢ BHCOKa mpousBoauTeiHocT oT BEU (B wactHocT ®ELL). Ipyr npobiiem,
KONTO BB3HMKBA, € 3HAKOIIPOMEHJIMBAaTa peakTuBHA MOUTHOCT (PM), pecriekTUBHO U peakTHUBHA
eneprus (PE). 3nakonpomennuBaTta nposiBa ce ABJKM Ha BJIMSHUETO HA HEJIMHEHMHHUTE TOBapH.
TakuBa TOBapH ca Haii- 4eCTO MHAYKIIMOHHH NIEIH, 3aBapbYHU arperartu, a ChIlo TaKa U CUJIOBUTE
€JIEKTPOHHH yCTPOMCTBA C HEJIMHEWHU BOJITaMIIEpHU XapakTepucTuku (BAX). @oroBontanunure
(®B) knetku, ot kouto ca m3rpageHn OB manenute Ha DELI, chio ca CHIIOBH €IEKTPOHHHU
enemenTH ¢ HenuHeitHa BAX. [Ipyru ycTpoicTBa, KOUTO ce XapakTepu3upar ¢ HenmHelina BAX,
ca MOIIHM TOKOM3IIPAaBUTEIU, YECTOTHU pPEryjaTOpu B EJIEKTPO3aJBH)KBaHUATA, a JOPU U
ChBKYITHOCTUTE OT MHOKECTBO CBETOJIMO/IHU OCBETUTEINH, 3a€IHO C HEOOXOIUMHUTE E€JIEKTPOHHU
0anacTv, MHOKECTBOTO MHKPOIPOLECOPH 32 yMpaBICHHE Ha €JIeKTPO003aBEeKIAHETO, KAKTO U
M300MJIMETO OT HACTOJHU KOMIIIOTPH, HENpeKkbcBaeMuTe 3axpanBamiu yctpoiictBa (UPS) u
ChpBBbpPU. XapMOHHUIIUTE HA HAITPEKEHUETO U TOKA, Ch3/1aJICHN OT HEJIMHEWHU TOBAPH, YBEIUYaBaT
3aryOuTe Ha MOIIHOCT B MpeKara, MPOMEHSAT CTOWHOCTHTE Ha (hakropa Ha MomHOCT (PF) n
HamaaBat epeKTUBHOCTTA U HaAexkgHocTTa Ha EEC. Benuko ToBa 00yciaBst HEOOX0IMMOCTTA OT
U3II0JI3BaHe Ha CPEJICTBA M METO/M 3a yIipaBienue Ha PM, 3a nogoOpsaBane Ha PF u 3a HamansiBane
Ha BJIMSTHUETO HA BUCIIU XapMOHULIH.

PeakTBHaTa MOIIHOCT BHHAaru € Ouija Hepas/eiaHa 4yacT OT IPOMEHIMBOTOKOBUTE CHCTEMHU.
3ary0uTe Ha MOIIHOCT, 3aryOUTe Ha HalpeKEeHUE, 3aXPaHBAHETO Ha MOTPEOUTENNTE C EHEPTHUs C
HaMaJIeHO Ka4yeCTBO U T.H. YECTO Ca IPUYUHEHU OT HENIPABUJICH WIX JOPH JIMIICATa HA KOHTPOJI Ha
PM. ToBa e ocHOBaHuE 3a ch3JaBaHeTO Ha AeduHUIMS Ha PM U BBBEXIaHETO HAa METOAU U
CpelCcTBa 3a HEHHOTO M3MEpBaHE W aHAIM3 B CHHycoMJalnHM pexumu. Koraro, obaue, BBHB
BepUrara uMa BKIIIOUEH HEJIMHEEH TOBap, YCIOBUATA HA paboTa ce MPOMEHST B HECUHYCOUIAIHH,
T.e. HAINILE € BIMSHHE OT BHCIIM XapMOHHIM. B TakbB cilyd4ail TpagulMOHHATa CHUTyaLHs,
Ha0Jro1aBaHa MPU CHHYCOUJAIHU PEKUMH, MIPHU KOSATO MOIIHOCTHTE C€ ONPEIENSAT ChITIACHO
TPUBI'BIIHUKA Ha MOIIHOCT, CBIIECTBYBa PaBEHCTBO Mexay cos ¢ u PF, e nHapymena u
HEIMPUIIOKUMA.

Paznuknre B MHOXECTBOTO TEOPUHU M IOJAXOJHM 3a OIPEAEIIHE HAa PEaKTHBHATA MOIIHOCT B
HECUHYCOMJAIIHU PEKUMH MOXKE 14 Ce CBEJIE 10 ThPCEHE Ha OTTOBOPH Ha CIEAHUTE JIBa BBIIPOCA:

e B kos obOnact (BpemeBaTa WJIM 4YECTOTHATa) TpsAOBa aa ObJAT OINUCBAHU
MOIIIHOCTHHUTE XapaKTEPUCTUKU HA €JHa cucTema’?

To3u BBIPOC MOXKE JOMBJIHUTENHO Ja CE€ CBee 0 BbIIpoca ,,TpsOBa U Ja ce U3MO0J3Ba
KOHIICTIMATA 32 XapMOHUIIM HA TOKA 3a ONPEJEIsHE Ha PEaKTUBHATA MOIHOCT U U3I0JI3BAHETO
My nomara Ju 3a Taszu nen?* OT efHa cTpaHa TPETUPAHETO HA TOKOBETE M HAIIPEKEHUATA, KATO
CyMH Ha XapMOHUYHH ChCTaBJISBaIIM (YeCTOTHA 00JacT), BOAU 10 HEIOMYCTUMHU 3aKJIIOUEHUS,
KaTo TOBa, Y€ AaKTHUBHATa MOIIHOCT (CHOTBETHO OTTaM M EHEpPrusTa), MpeAcTaBeHa KaTo
MIPOM3BEIEHUETO Ha TOK W HAmNpeXeHue, INMpeacTaBisBa Oe3kpaiiHa cyMa Ha OCLMIIUPAIIU
KOMIIOHEHTHU. ToBa € JJ0OKa3aHo, 4e He € BAPHO, olle OT u3cinensaneTo Ha Opuse. BeB BpemeBara
oOnact He ce Habm0aaBa MOJO0OHO OCHMWIMpPAHE Ha €HEPrus BbB BEpUrara, T.e. C TO3U MpPUMEp
MOXe J1a ce MpueMe, 4e BpeMmeBara objacT e mpeBbi3xoxaamnia. Obaue, ce 3abens3Bar U Apyru
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daktopu. PeaktuBHuAT TOK 1o [lledbpa u 3akukanu, KakTo U pasnpwvcHamusi TOK o YapHerku,
ca neMHUPAHU B YECTOTHATA O0JIACT, T.€. BIMSIAT CE OT XapMOHHUIIUA. A HATMYUETO HA T€3H TOKOBE
€ MpUYMHATa 32 CTOWHOCTTA Ha MbJIHATa MOIIHOCT S 1a ObJe Mo- rojsiMa OT CTOMHOCTTAa Ha
akThBHATa MoiHocT P. ClienoBaTenHO €IuH OT OCHOBHUTE BbIpocu (S > P) umMa OoTroBOp B
YecToTHaTa 00JIacT.
e [lo xakbB HA4YMH Ja OBAAT ONMHUCBAHU BHIPOCHUTE MOIIHOCTHHU XapaKTEPUCTHKH,
KaTo MOMEHTHH WJIM KaTO OCPEIHEHH 3a JIaJIeH NMepHoJ] OT Bpeme?

TBif KaTO MOMEHTHATA aKTHBHA MOITHOCT p(?) € pyHIaMEeHTaTHa BEIMYMHA B EIICKTPUUECKUTE
CUCTEMH, Upe3 KOSTO Ce OIpe/esisi EHepruilHUs MOTOK BbB BCEKH €IMH MOMEHT OT BpEME, MOXKE
na ObJie HampaBeH apryMeHT, 4e TpsOBa TeopHsTa Ja Ce MPEICTaBs ¢ MOMCHTHH BEIUYHHH.
W3non3BaneTo Ha MOMEHTHU BEJIMYMHHU € M OT TOJIIMO 3HAUYE€HHE B U3CJIEIBAHETO HA CMYIICHUS U
noBpeau. Haii- ronssMoTo mpensTcTBUE Ipe]] ToBa 1a ObAe KaTerOpUYHO H30paHO U3IOJI3BAHETO
Ha MOMEHTHU BEJIMYMHU €, Ye MPHU pas3riekIaHe Ha ToBapa He MOraT Aa 0bAaT UACHTU(PUIMPAHU
MOMEHTHHU BEIUYMHU. 3a moscHeHue ciyxu dur. 1-3, T.e. TOBapHT, NMPEACTABEH, KaTO YepHA
KyTHSI, MOXe€ J1a ObJIe pe3ucTop, UHAYKTUBHOCT WM KOHIEH3ATOP.
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®@ur. 1-3. Heu3BecTHH CTOHOCTH HA HANIPE:KEHUETO U TOKA HA TOBapa.

OTHOCHO OCpEHSIBAHETO HA BEIMYMHUTE, T€ MOT'aT /1a ObAaT BKIOYEHH B MOMEHTHATA TEOPUS,
HO ToBa OM ,,JIOZIKONAJIO® caMOTO TBBPJEHHE Ha Teopuara. B Teopusra Ha MomeHTHara PM
aKTHBHATa MOIIHOCT P MO>ke /1a ObJie olpesiesieHa eAMHCTBEHO Ype3 OCPEAHSIBAHE HA MOMEHTHATA
aKTUBHA MOIIHOCT p, HO ITbK TOTaBa KOHLEMIIMUTE 3a I'bJIHA MOIIHOCT S U 32 KOC(PHUIMEHT Ha
MOIIIHOCT c0S ¢ (pECEeKTUBHO U PF) He ChILIECTBYBAT.

3a )aJocT, Bce olle He MOXe Ja Ob/e 1a/IeH eIHO3HAaueH U KaTeropu4yeH OTrOBOp Ha TE3H JIBa
BBIIpOCA.

B ocHoBata Ha mnpoOnemute, Bb3HMKBamM ¢ PM, OT enHa cTpaHa CTOM JHMIICaTa Ha
HEJBYCMHUCJIEHAa AePUHHULIMS B CHEUMaTU3MpaHaTa JUTEpaTypa, CTaHIApTH U HOPMAaTHUBHU
JOKYMEHTH, IpEACTaBdAllla ChbIIMHATA M TOYHO, SICHO M KOPEKTHO, KOraTo Ce€ TOBOpH 3a
HecUHycouaaiaHu pexxuMu. OT apyra cTpaHa HauMHUTE 3a u3MepBaHe Ha PM u tapudure, no
KOUTO C€ 3aIulalia, ChlIo ce siBsBaT npensrcreue. [lopaau nuncara Ha eqHO3HA4YHA JepUHUIMS,
BCEKHU MPOM3BOANTEN Ha U3MEPBATEIIHU yCTPONCTBa (Haii- 00110 enekTpomepH) 3a PM moxe na
U3II0JI3Ba KOSITO M Jla € OT onucanure Aepuuuuuu 3a PM. CrnenoBarenHo, OTTyK ce mopaxzaa u
HE00X0IMMOCTTa CUCTEMUTE 3a YIIPABJICHHE HAa KOMIIEHCHpAILlUTe YCTPOUCTBA J1a ca ChoOpa3eHu
C U3MOJ3BaHaTa Ae(pUHUILIMS 32 U3MEPBAaHE Ha peakTHBHATa MOIIHOCT. Ha mpakTuka ce ctura o
CUTyalusATa, B KOATO 3aJadaTa 3a ynpasieHue Ha PM He ce cbCcTOM B KOMIIEHCHpaHE Ha
KOHCyMHpaHaTa WIM Ha OoTaajeHara (,,BbpHaTaTa”) B Mpexxara PE, a ce cBexxna 1o ynpasieHue
(perynupaHe, KOMIIGHCHpAHE) Ha pas3ldKara MeXIy H3MEpEeHUTEe CTOMHOCTH MEXIy
€JIEKTpPOMEpPHUTE Ha MOTPEOUTEINS U Ha I0CTaBUHKA.

Toii KaTo MOCTaHOBKaTa Ha mpobyieMa ce 3aKiIouaBa J0 TOBA, Y€ KOMIIEHCHpaHeTo Ha PM,
cboTBeTHO Ha PE, Tpsa6Ba na Obae cTpOro KOHKPETU3MPAHO 32 BCEKM MHAMBHyalleH Clydai,
ToraBa Tps0Ba J1a ce 0ObpHE BHUMAHUE U Ha IIHAaTa, M0 KOATO CE 3arJalia HEeKOMIIEHCHpaHaTa
PE. ToBa e oT ocobeno 3HaueHue 3a briarapus, HO 1 He caMo , IOPaJx TOBA, Y€ KOMIIEHCHPAHETO
Ha PM ce ochliecTBsBa 0 HAYMHU, KOUTO UMAT 3a IIeJT J1a MOIbpKaT Koe(UIIMeHTa Ha MOIIHOCT
cos ¢ = 0.9 (popmanno mexay rpanunute 0.9 m3npeBapsarl, T.€. KamauTHBEH xapakrtep, u 0.9
M30CTaBalll, T.€. UHAYKTUBEH XapaKTep).



C eBeaenara ot Komucusra 3a Enepruitno u Bogno Perymupane (KEBP) Hapen6a Ne 1 3a
peryiupaHe Ha LEHUTE Ha eJIEKTpUuecKaTa €HEepPrusi € OMNpeNeeH periiaMeHT, MO KOMWTO
OTJaZieHaTa B MpekaTa peaKkTHBHA €HEeprusl ce 3aruialia MHOTOKPATHO I0- CKBIIO CIPSIMO
KOHCyMHpaHaTa peakTHBHA EHEPTHs OT MOTPEOUTEH C MPUCHEIMHEHA MOLTHOCT, 110~ TOJIIMA OT
100 kW. Tunmuno, 6utoBute OEIL] kKakTo y Hac, Taka U MO CBETa ca MPOCKTUPAHH, U3TPAJCHHA U
npucbenuHenu ¢ MourHocT < 30 kWp , mopaau cyOcunupane. Obaue, mopaau ChIIUTE MIPUYUHH,
chiiecTByBaT U MHOKecTBO DELL, ynnTo MontHocTH OuBat nMeHHO > 100 kWp.

Ka3aHoTo 1OTYK SICHO IOKa3Ba 3alll0 € BaXHO M HE0oOXoauMo na ce ymnpasisiBa PM,
MOIbPKANKHU 5 B CbOTBETHUTE M IPAaHUIIH.

[Topaau TOBa, Ye €JIEMEHTUTE OT CUJIOBAaTA €JIEKTPOHUKA, Ca HEJTMHENHHU TOBApH U ca €IHU OT
OCHOBHHUTE MPUYUHH 32 BHBEXKJIAHETO HA XapPMOHMIIM U PEAKTHUBHH MOIIHOCTH B CHCTEMarTa, 3a
noJ00psBaHETO Ha TOKa3aTenu, kato (akropa Ha momHocT PF M XapMOHMYHHS ChCTaB Ha
TOKOBETE, MOTaT /a ObJaT AeUHUpPAHU JBE OCHOBHU HAIIPABIICHHUS 32 Pa3BUTHE, KAKTO CJIE/IBa:

e HoBute mnpeobpazyBatenu na ObaaT ch3JaBaHW [0 HOBH CXEeMH U Ja Obaar
YIOpaBIsiBaHU MO HOBU METOH, [0 KOUTO MOKa3aTeUTe J1a ca MoA00peHu;

e Jla ObIaT ch3aaBaHU €IEKTPOHHHM yCTPOMCTBA, KOUTO CIIyXkat 3a kopurupane Ha PF u
3a MoJ0OpsBaHE Ha XapMOHUYHUS CHCTaB HAa TOKOBETE HAa BEYE ChIIECTBYBAIIU
EJIEKTPUYECKU ChbOPBIKEHUS U 000PYIBaHUS.

Hanune ca ycnemHu npuMepu U 1O JBETE HANPaBJIEHUS, HO MPEAUMHO METOJO0JIOTUATA Ha
komreHcupane Ha PM e BogeHa oT BTOpoTo HampasieHue. [lo Ta3u mpuunHa Moxke na Obae
HarpaBeHa yCJIOBHA KiIacu(UKaIus Ha KOMIICHCUPAIINUTE CPENICTBA.

1.3.1 KIACUYECKH KOMITEHCUPAIIIY YCTPOMCTBA — koHzeH3aTOpHN OaTepuu
Y IIYHTOBH PEAKTOPH.

1.3.2 TUPUCTOPHO YIIPABJIIEMU KOMIIEHCHUPAIIIA YCTPOWMCTBA -
CTaTMYHU KOMIIEHCATOpM Ha peakTuBHa MomHOcT (SVC), TUPHUCTOPHO yHpaBiisieMU
MOCIIE0OBATETHH KOMIIEHCATOPH (TUPUCTOPHO MPEBKIIOYBAEMH MOCIEIOBATEIHU KOHJIEH3aTOPU
(TIIIK) 1 TupucropHo ynpasiseMu nocieaosarennu kouaensaropu (TYIIK)).

1.3.3 CTATUYHU CHHXPOHHHU KOMIIEHCATOPH - craTM4eH CHHXPOHEH
komrieHcatop (STATCOM) u cratuyeH cuHXpoHeH nociienoatesieH kommneHcatop (SSSC).

1.3.4 KOHTPOJIEPU HA MOIIHOCTHMU NOTOIIH (power flow controllers).

1.3.5 AKTUBHU CUWJIOBU OUJITPU - napanennu (IIyHTOBH) U TIOCIEIOBATEIHH
(cepuitam).

1.3.6 KOMIIEHCHUPAHE ITIOCPEJACTBOM MPEKOB UHBEPTOP.

1.4 U3BOIU KBM I'JIABA 1.

Ot HanpaBeHus IUTEPATYpEH MpeErje Morar Aa 0b/1aT HalPaBeHU CJIEIHUTE U3BOU:

[IpoGnemMuTe CHhC 3HAKOMPOMEHIMBATA pEAaKTHBHA MOIIHOCT, CHOTBETHO €HEprus, ca
M3KJIIOUMTETHO UHTEPECHU M aKTyallHU. T KaTo peakTUBHATa MOITHOCT He € (U3NYHa BEeJIHUKHA,
B IIpaKTHKaTa HsIMa €JuHHa JedUHUIUS 3a HEMHOTO ompezensHe. Hamnunero Ha MHOXXECTBO
nedUHUIIIN HA CBOM pefl BOAM 0 Bb3MOXKHOCTH 32 MOJIy4YaBaHe Ha Pa3IMyHU PE3YJITaTH, 0COOCHO
B HECHHYCOUJAIHU pexXuMH. ToBa BOAM A0 HEETHO3HAUYHOCT — 3ajadyara 3a KOMIEHCHUpPAHE ce
CBEXJIa HE 10 KOMIIEHCUpaHe Ha orpejeneHa (u3nyHa BeIWYMHA, a Ha TTOKa3aHUETO Ha ypeaa 3a
THPrOBCKO U3MEPBAHE.

B nocnenHuTe HAKOJIKO rOMHM c€ HAabJI0jaBa BCe TMO0- YECTO pasIpeiesieHO IPOU3BOJICTBO Ha
€JICKTPOCHEPT s UPE3 OMOI30TBOPsiBaHe Ha BE/ KaKTO 3a UHIyCTPHUAIIHU, TaKa U 32 OUTOBH IIEJTH.
HemnocrosuausaT xapaktep Ha paborata Ha BEHM, obaue, BOAAT 10 MpoOIEeMH, HaMalsBaIlld
HanexaHoctTa Ha EEC. Te3u npobiaeMu ce ChCTOST B TIOBHUIIIABAHE HA HAIIPE)KEHUETO B MpEXKara,
KaKTO M HaJu4yhe Ha 3HAKONPOMEHJ/IMBA pEaKTHUBHA MOIIHOCT OT HenuHeitHute BAX Ha
€JIEKTPOHHUTE €JIEMEHTH.

B cbBpeMeHHUTE eNeKTPOCHA0AUTETHN CUCTEMH MOTaT Ja ce Ha0Jt01aBaT 3HAKOIIPOMEHINBU
peaKkTUBHU TOBapu. B 3aBHCHMOCT OT pexuma Ha pabora, 00OOLIEHUAT TOBAp M3MEHS CBOS
XapakTep OT aKTUBHO — MHIYKTUBEH Ha aKTHBHO — KaMallUTUBEH 1 00paTHo. TakuBa ToBapu Morar



Jla ce KOMIIEHCHPAT C KJIACHYECKHU CPENICTBA, HO BB3MOKHOCTTA J1a CE KOMIICHCUPAT € IIOMOIITA Ha
CUJIOBaTa €JIEKTpOHUKA Ha BE/ craBa BCe 10- aTpaKTUBHA.

Ot rnenHa Touka Ha PEI] peakTHMBHATa MOILIHOCT MOXe Ja ObJie KOMIIEHCHUPaHAa U 4pe3
ynpasieHue Ha (POTOBONTAUYHHS WHBEPTOP. TpaguIiiOHHO, T€3U HHBEPTOPH PabOTST B PEKUMH,
IIPU KOUTO KOE(PHUIIMEHTA HAa MOLITHOCT € eIMHHIA (cos ¢ = 1), HO TEOPETUYHO MOTaT J1a IPOMEHST
cos ¢ B IMPOK nuana3oH. Oka3Ba ce, 4e KOMIIEHCUPAHETO Ha PEaKTUBHA MOIHOCT IIOCPEICTBOM
ynpasieHue Ha @B MHBEPTOp, € CbBPEMEHEH METOJ 3a KOMIICHCHpPAHE, NPU KOWTO HE €
HE00X0JMMO BbBEKIAHETO HA JOIBJIHUTEIHU YCTPOHCTBA.

I'JTABA 2. YIIPABJIEHUE HA ®OTOBOJITAUYEH NHBEPTOP

Ot nurepatypHHst 0030p CTaHa SICHO, Y€ CHILECTBYBA pa3jiMKa B METOAMTE 32 U3UHCICHUE HA
pEeaKTHBHAaTa MOLIHOCT, PECIIEKTUBHO €Heprus. Tasu pas3iiuka € NpUuYMHA 3a IOJy4yaBaHE Ha
Pa3IMYHM pEe3yNTaTh OT U3MEPBATEIHHUTE amapaTH, KOETO HA MPAKTUKA BOAM U 10 (PMHAHCOBU
pas3xoau, KOUTO B HAKOM CIyyau MoOraT jAa ObJaT 3HauuTeNnHU. B TakbB ciyuail e penHo na ce
HaIpaBU OLEHKAa HAa TOYHOCTTa HAa METOJAUTE, CpPEIIaHU B NpakTukara. OCBEH TOBa, MHTEPEC
IpeCTaBisiBa U U3CIEIBAHETO Ha (POTOBOJITAUYHUTE HHBEPTOPU B POJIATA HA KOMIIEHCATOPU Ha
peaKkTMBHAa MOLIHOCT, ThI KaTo ca BCE I10- YECTO CpelllaHu B Hamu AHU. [lo Ta3um mpuunHa e
HAIpaBeHO EKCIEPUMEHTATHO Hu3cjenBaHe Ha XuOpuaeH (oToBonTaMueH WHBEPTOP B
OJIaronpusATHH YCIOBUSA (CIIBHYEB JIEH) U HEOIArOMPHUAITHH YCIIOBUS (00JIadeH JIeH).

2.5 XUBPUJEH ®OTOBOJTAMYEH MHWHBEPTOP B PEXUM HA
KOMIIEHCUPAHE HA PEAKTUBHA MOIIHOCT.

HampaseHo e excriepMeHTaIHO U3CIIEIBaHE Ha peXUMUTE Ha paboTa Ha eAHO(a3eH XUOpuieH
UHBEPTOP C OIJIe]] CIIOCOOHOCTUTE MY J1a PEryjupa peakTUBHa MoIHOCT. M3cnenBanaTa cucrema
ce ceerou oT 4 6post OB nanenu, Bceku OT KOUTO ¢ HOMUHaiIHA MoIIHOCT 550 Wp, xubpuaeH
uHBepTOop Ha Gupma Deye ¢ HomuHamHa MouHOCT 6 kW, 4MuTO mapameTpu ca OMHMCaHU I10-
noapo6Ho B [Ipunosxkenne Ne 1. ToBa e equH OT Haii- MOMyJSIPHUS U300p 32 XHOPHUICH HHBEPTOP
Ha Obarapckus mnazap, MOpagd IIMpPOKaTa CH CbBMECTHUMOCT C OaTepuud Ha pa3IUuHU
IIPOU3BOIUTEIIH.

VYnpaBiaeHHeTo Ha peakTHBHA MOIIIHOCT CJIe/IBa HAITBJIHO KOHBEHLIMOHATHNUTE HAcTpoiku 3a PF
B pa3uCKBaHUTE rpaHulid. TouHOCTTa Ha peryaupane Ha uaeptopa Deye e 1 %, koeTo o3HauaBa,
ye uMa 41 Bp3MokHOCTH 3a M300p Ha PF. B mu3cnenBaneTro ca m3bpanu 5 OT TSAX, CUMTAHM 32
ocHoBHH. Te ca umenno PF=0.8 L; PF=0.9 L; PF=1; PF=0.9 C; PF = 0.8 C. Ilo To3u HauuH
ce IpaBy OIIEHKA 3a MOBEJCHUETO Ha MHBEPTOPA MPH 3HAKONPOMEHJIMBU YCIIOBHS Ha paboTa. 3a
BCEKH €/IMH OT T€3M PEeXUMH Ca W3MEpPEHHU HAIPEKEHUETO M TOKa Ha M3X0/la Ha MHBEPTOpa B
yCIIOBHATA Ha CITbHYEB U Ha 00JayeH JIeH, KaTo ca BU3yaJu3upaHu (OopMUTE HA HANIPEKEHUETO U
Ha Toka. HanmpaBeHu ca 1 CbOTBETHUTE M3YUCIICHUS 34 PEaKTUBHATA MOIIHOCT.

2.5.1 EKCIIEPUMEHTAJIHO U3CJIEABAHE B CIBHYEB IEH

e 3aganue PF =1
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®@ur. 2-7. Hanpe:xkenue (KbJAT0) U TOK (cHb0) nipu PF =1 B ciibHYeB aeH.
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®@ur. 2-9. PeakTuBHa momHocT Q npu PF = 0.9 unayxkrusen.

e 3ananue PF = 0.8 (MHOYKTHBEH XapakrTep)
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®@ur. 2-10. Hanpe:xernue (KbJT0) U TOK (cMHbO) npu PF = 0.8
B CIbHYEB JI€H.

Pasrnexna ce pabota Ha XUOPUIHUS
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M3YHCIIeHaTa PEaKTHBHA MOIIHOCT TIO
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®@ur. 2-11. PeaktuBna momnoct Q npu PF = 0.8 unaykruBen.

3amanue PF = -0.9 (kamauutuBeH xapakrep)
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@ur. 2-12. Hanpe:xenue (KbJTO) U TOK (cuHbo) npu PF =-0.9
B CIbHYEB JIEH.

PeakTuBHa mowHocT Q npu PF = 0.9C
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e 3ananue PF = -0.8 (kamanuTHBeH XapaxkTep)
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B CIbHYEB JIEH.
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®@ur. 2-15. PeaktuBaa momHoct Q npu PF = 0.8 kanauutusen.

2.5.2 EKCIIEPUMEHTAJIHO U3CJIEJIBAHE B OBJIAYEH JEH
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3ananue PF = 0.9 (MHIyKTHBEH XapakTep)
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®@ur. 2-17. Hanpeskenue (5kbJT0) M TOK (cuHbO) mpu PF = 0.9 B 06.,1a4eH aeH.
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®@ur. 2-18. PeaktuBna MmomHocT Q npu PF = 0.9 unaykTHBEH B 00J1a4Y€H J1€H.

3ananue PF = 0.8 (MHIyKTHBEH XapakTep)
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®@ur. 2-19. Hanpesxkenune (kba10) ¥ TOK (cuHb0o) npu PF = 0.8 B 001auen gen.
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PeakTuBHa mowHocT Q npu PF = 0.8L
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®@ur. 2-20. PeaktuBna MmomHoct Q npu PF = 0.8 unaykTHBEH B 00J1a4Y€eH /1€H.

e 3ananue PF =-0.9 (kamauutuBeH xapakrep)
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......................... .E |nk53?er Ha @I/Ir. 2_21' Ca
..... 4;. Dﬂ.—. IpeCTABEHN
Btoeodhersivonthopoiziodhorciorsethorelsercrordination HAINPEeKEHUETO U TOKA.
AW SRR TAW B ATAW . Ha @ur. 222 e
g IpeCTaBeHa
......................... : | A —
......................... % MOIIHOCT IO TCOpI/I}ITa Ha
. . . . M . AKaFI/I
MATH ] B EDGE S
CHZ == Saaml)

®@ur. 2-21. Hanpexenue (3kbaT0) U TOK (cuHb0) npu PF =-0.9 B 06;1a4ueH neH.

PeakTuBHa mowHocT Q npu PF = 0.9C
200 T T T T T T T T

150 [ ﬁ :
ul
|

50 — b

So0F| ||

PeakTuBHa MowHocT Q, VAr

4100 [

50| \l |/

-200 | | | | | | | 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Bpeme t, s

@ur. 2-22. PeaktuBHa momHocT Q npu PF =-0.9 kananuTuBeH B 00/1a4eH AeH.
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e 3ananue PF = -0.8 (kamanutuBeH xapakrep)

= " ISAVE/REC Pasrnexna ce pabora Ha
__________ ] e XHOHUIS  MHBEPTOP
o npu 3aganue PF = -0.8.
......................... .g 'Inksa‘fe[ Ha @I/IF' 2_23' Ca
..... 4;. I:Iﬂ-—- IpeCTaBEHN
TIO0F SOUOON WU OOOE QUCEIOUON OO IOOE WO ... HaIpEeKEHHETO U TOKA.
Ll LA AL = Ha @ur. 224 e
o § Z [pe/ICTaBeHA
......................... Frode o HRMHCICHATA  pEAKTHBHA
......................... .§. . MOH_IHOCT 110 T€0pI/ISITaHa
T N ETER (ST Axare
CH3 == SEEml)

®@ur. 2-23. Hanpexenue (kba10) U TOK (cuHb0) npu PF =-0.8 B 06.1aueH aen.

150 PeaktuBHa mowHocT Q npu PF = 0.8C
) T T T

100 [~

50 -

|
-50

PeakTuBHa mowHocT Q, VAr

100 |- |

-150 [~

-200 1 | 1 1 | 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Bpemet, s
@ur. 2-24. PeaktuBHa MomHocT Q npu PF = -0.8 kananuTuBeH B 00/1a4eH AeH.

OT MOJIYYCHHUTC PE3YJITAaTU MOKE [a CC 3aKJII0OYU, Y€ U3KIIHOUUTCIIHO HUCKUTC CTOMHOCTH Ha
pEaKTHBHATa MOIIHOCT Ca BCJIEICTBME HA HUCKATa TEKylla aKTUBHAa MOIIHOCT. NHBEpTOpPHT ce
OIIUTBA A4 3alladyu KOHCTAaHTCH (I)aI(TOp Ha MOIIHOCTTA, IO aHaJorusa C TEOopusiaTa B 1.3.6.2.
Cutyanusta ce OKa3Ba Takapa, 4e B CIIbHYEBUTE JHU € HAJUIE TbPBUYEH U3TOYHUK, OCUTYPSBAIIL
AKTUBHA MOIIHOCT, 4 p€aKTUBHATA CC ABsABA YaCT OT aKTUBHATA. O6paTHO, B 00JIAUHUTE JHHU HE €
HaJIMYEH JOCTAaThYCH IIbPBUYCH PECYypPC 32 aKTUBHATA MOIIHOCT, IIOpal KOETO U pEaKTUBHATA €
C U3KJIIOUYUTEITHO HUCKHA CTOMHOCTH.

CepuiecTByBaT M ce cpemiar Ha naszapa @B HWHBEPTOPH, XapaKTepU3UpallU Ce C Pa3MIHUPEHU
(I)yHKLII/IOHa.IIHOCTI/I, II03BOJIsIBAIll a4 pa6OT$IT HU30AJI0 ¢ PCaKTUBHA MOMIHOCT (aHaJIOPI/I‘{HO Ha
KOMITCHCHPAIIIA YCTPOMCTBA), a JOPH M J1a Ca M3TOYHHIIM HA PEaKTHUBHA MOIIHOCT HE CaMO B
HEeOJaronpusTHA YCIIOBHs, HO M Ipe3 Homra. TakuBa ca MHBepTOpHTE C (QyHKuMATa ,,Q at
night* Ha HSIKOM OT BOJCIINTE MPOU3BOIUTEIIH.

2.7 AJITOPUTBM 3A VYIPABJIEHUE HA PEAKTHUBHA MOIIHOCT
MHOCPEACTBOM ®OTOBOJITAUNYEH UHBEPTOP

Pa3pa60TeH € aJITOPUTHM, NMOCPCACTBOM KOMTO MOKE Ja CC yIipaBJisiBa (I)aKTopa Ha MOIIHOCT
PF na unBeptopute B peanHo BpeMe. OT HampaBeHETO J1a0OpaTOPHO M3CJEIBAHE CE€ BUIS, 4e
MacoBO Pa3MPOCTPaHEHUTE HHBEPTOPHU, KoraTto pabotaT B HeOmaronpustau 3a MPPT ycnoBus, ce
3aTpyAHSBAT J1a U3IIBIHSABAT MIPUOPUTETHUTE CU QYHKIIUH, & TIO- CIICIHATIM3UPAHUTE TaMH UMaT
BB3MOKHOCTH 3a YIIPABJIICHUC HA PCAKTHBHA MOIIHOCT ITPUOPUTETHO. AJITOpI/IT’LM’BT Ha IIpaKTHUKa
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MIPEACTABIISIBA NIPEUIOKEHNE 33 TUCTAHIIMOHHO YIIPaBJICHUE Ha MHBEPTOPA MOCPEACTBOM CEpUITHA
xomyHukanus RS485 (MODBUS RTU).
biiok nuarpama Ha anropuTbma € npeacraBeHa Ha @ur. 2-26.
JelictBueT0  Ha  alropurbma €
Haato caenHoro. OTuuTaT ce TEeKyIM CTOMHOCTH
3a HalpeXeHHUEeTo, Toka u cos ¢ (i PF) or
u3MepBaTeNHaTa amnaparypa. BwBexna ce

CBbOTBCTHO 3aJJaHUC 3a COS (OIK, IIPU KOCTO

BXO.:[HH_ CTOHHOCTH CC U34YHCJIsIBA pa3jinKaTa 6 = COS (PXK - COS .
u, 1, cosQ

Ta3u paznuka € HOpMHpaHa C JIOIYCTHMO
OTKIJIOHEHHUE OTTrOpe U OTH0Iy. B ciydanre,
KOTaTo TEeKylla pa3jiiKa € IMOo- TojiiMa OT
JIONTyCTUMAaTa CHU CTOWHOCT, TOraBa ce
ompeens ToJeMUHATa U XapakTepa (3HaKa)

Ha HeoOXoauMara KOMIIEHCHpaIa
.| Hzuncnaeane
> s=coso, cose MOIIHOCT QKOMI W Ce€ TIpeMHHaBa KbM
KOMIIEHCHUPAHE. Komnencupanero

MPOABIDKABA, JOKATO pa3sinKara O HE CTaHe
paBHa Ha JIONyCTUMa CTOMHOCT.
AnropurbMbT paboTH € TpOMSHA
(paznuka) Ha cos @, HO He ¢ ¢pukcupana Q —
Q e uact ot P. Torasa, 3a na ce Tbhpcu
pa0oTa, Karo Mo3HAaT KOMIIEHCATOp, TO €
HEOOXOIMMO J1a MMa JpYr W3TOYHHK Ha

CTOHHOCT H 3HAK

Qe €Heprus, OCUrypsBall Ta3d AaKTUBHA
MouHocT (Hamp. 6arepusi, PV u T.H.).

i AJTOPUTHMBT € PEABUICH /1a pabOTH C
Mpenecrease Ha JIOITBJIHUTEIIEH BBHILEH KOHTPOJIEP, 4Ype3
padoTHara To4Ka KOWUTO ce (l)OpMI/Ipa yIpaBJsBalio

BB3jaeiicTBue. Ha ®ur. 2-27 e mpeacraBeHa

l CXeéMa Ha JIHWCTaHIMOHHO YIIPAaBJICHUE HA
Komnercrpane Ha HHBCPTOpA. HSMepeHI/ITe MOMCHTHH

Q CTOMHOCTH Ha TOKa U HANPEKEHUETO Ha

IIMHHATE Ca BXOJHU JaHHU 3a KOHTPOJIEPA.

®ur. 2-26 AJropuTbM 32 KOMIIEHCHPaHe HA PeaKTUBHA
MOIIHOCT ¢ (pOTOBOJITANYEH HHBEPTOP.

B choTBercTBHE ¢ pa3zpaboTeHHs alropuThM, Ha Oa3aTa Ha TE3UW M3MEPBAHUS C€ U3BBPIIBA
W3UYHMCIISIBAaHE HAa aKTUBHATAa MOIIIHOCT, pEaKTUBHATA MOIIIHOCT U cos ¢. Bb3 0OCHOBa Ha ITOJIy4eHNUTE
pe3ysITaTi KOHTPOJIEPHT popMupa 3a7aHue 3a KoeuIIueHTa Ha MOILITHOCTTA COS ¢, KOETO OTpa3sBa
JKEJIAaHOTO HUBO Ha PEaKTHBHA MOIIHOCT. 3aJlaHUETO CE MpEAaBa KbM MHBEPTOpPA MOCPEACTBOM
cepuiiHa KOMyHHUKaIusl, KOETO MO3BOJISIBA HAJIEXK/IEH U CTaHAAPTU3MPaH OOMEH Ha IaHHU MEXIy
OTJIEJIHUTE yCTPOMCTBA.

[TpenuMcTBOTO Ha TO3M MOJXOJ] € B TOBA, Y€ CE€ M3IOJI3BAT CTAaHJAPTHU YCTPOMCTBA, KOUTO ca
MacoBo pasnpoctpaHenu (ctangapreH PLC mnmm mporpamupyem power meter). Hegoctarek e
TOBA, Y€ 3a Pa3IMYHUTE CEPUH MHBEPTOPHU, JJOPU HA €IUH U CHIIN MPOU3BOAUTEN, PETUCTPUTE 32
Halpe)XeHUe, TOK, aKTUBHA MOIIHOCT, pEaKkTHBHA MOIIHOCT M (paKkTOp Ha MOIIHOCTTA ca Ha
pa3INyYHU aApecu.
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B Ilpunoxenne Ne 2 e npencTaBeH JUCTUHT MPEXA

Ha Koa Ha e3uka Python, peamusmparn wh
Bpb3Ka C KOMYHHUKAIIUATA, KAaKBaToO €
e I

HeoOXouMa 3a JOCTBIT O PETHCTPUTE HA u s KOHTPONEP
UHBEpTOpa. Perucrpure ce oryuatar oT _ j
MODBUS Tta6nuim l |

TOBAP 1‘

|

WHBEPTOP

p— ModBus / RS 485
3ananue 3a cos ¢

@ur. 2-27 IMCTAHIINOHHO yNIPaB/IeHUE HA UHBEPTOP.

2.8. U3BOJIU KBM I'JIABA 2

Ynpasnenuero Ha @B MHBEPTOP 3a PEryJIMPaHE HA PEAKTUBHU MOILIHOCTH € Bb3MOYKHO, HO
CBBP3aHO C peaAUIla OTPAHUYCHUS:

MacoBuTte XUOpUIHE HHBEPTOPH MOTaT Ja ObAaT yIpaBiIsiBaHU B TECCH JUANa30H Ha (aKkTopa
Ha Mo1rHoctra oT -0.8 mo +0.8.

MacoBute XuOpHAHM HHBEPTOPH IO3BOJSBAT yIIpaBicHUE (B OMpEIeNieH Iuana3oH) Ha
(dakTOpa Ha MOIITHOCTTA, HO HE U HA TCHEpHUpaHaTa peakKTUBHA MOITHOCT, T.€. HAJIMYHATA CIbHYCBA
panuanus onpenesns reHepupaHara akTUBHA €HEpPrusl U, Thil KaTo ce 3amaBa PF, Te U3MEHST U
reHepUpaHaTa peakTuBHa eHeprus. Ka3aHo ¢ Apyru 1yMu, peakTUBHATa MOIIHOCT € CaMO 4acT OT
TEKyIllaTa aKTUBHA MOIIHOCT, C KOSATO MHBEPTOpPUTE pabOTAT. TAXHATA 1] € MOJAbPKAHETO Ha
KOHCTaHTEH (PaKTOp Ha MOIIHOCTTA, Ype3 KOWTO KOCBEHO MOXKE J1a c€ TBBbPAM 3a YIIpaBJICHUE Ha
peakThBHaTa MOINHOCT. ToBa ce€ MOTBBbpXKJaBa MU OT EKCHEPUMEHTAJIHOTO M3CJIC/IBAHE.
VYpaBieHueTo Ha peakTUBHATa MOLIHOCT 10 aHAJIOTUs C MACUBHUTE KOMIIEHCUPAIIU YCTPOMCTBA
MOXE J1a C€ MOCTUTHE €IMHCTBEHO, AKO € HAJIMYEH IbPBUYEH U3TOYHMK HA AKTUBHA EHEPIUs, HAIp.
Oarepuu, KOUTO Jia ce MOAABPKAT 3apeIeHM UMEHHO 32 OCUTYPSIBAHETO HAa OCTaThYHA aKTHBHA
MOUIHOCT, @ OTTaM U Ha pEaKTUBHA.

KomepcuanHo HaMUYHUTE HHBEPTOPH C BB3MOXKHOCTH ,,QQ on demand 24/7”, ,,Q at night” morat
J1a paboTAT caMO B €IMH OT PEXKUMHUTE — FEHEPATOP Ha peaKTHUBHA WJIM HA aKTUBHA €HEPTHsl.

Borpekun ropenzOpoeHUTE OrpaHHYEHHUs, HMHBEPTOPUTE MOraT Ja C€ H3IMO0JI3BaT Karo
KOMIIEHCATOPU HA PEaKTUBHA MOIIIHOCT C YIPABJIEHUE B PEATHO BPEME.

I''TABA 3. KOMIIEHCUPAHE HA 3HAKOITPOMEHJINBU TOBAPHU

Pe3ynrature OT mpeaxoiHaTa riiaBa Moka3BaT UMEHHO TOBa, Y€ peaKTHBHATa MOILHOCT € 4acT
OT aKTUBHATa U MHBEPTOPUTE CE CTPEMSAT Ja MOJIbPKAT 3aaJeHusl CU (HaKTOp Ha MOIIHOCTTA.
ToBa 00ycnaBst HEOOXOAMMOCTTa OT M3CJIEeIBaHEe Ha Ka3yca, IPEeICTaBEeH B HACTOSAIIATA TJIaBa.

[IpencraBen e mpumep 3a peaneH 00eKT, 3a KOWTO € HaO0/1aBaHa 3HaKonpoMeHynBa PM u ca
aHAJIM3UPAHU Bb3MOKHOCTUTE 32 HEMHOTO KOMIIEHCUPAHE.

3.1 UHAYCTPUAJIEH OBEKT

>, KABETHA NIVHUS KABEMHA IVHVA ¢
TP-P 1 P2
TOBAP TOBAP

®@ur. 3-1. EqHonHeliHA cXeMa Ha eJIEKTPO3aXpPaHBAaHETo.
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HampaBeHo e n3ciieiBane Ha Bb3MOYKHOCTHUTE 32 KOMIICHCUPAaHE Ha PEaKTUBHATA MOITHOCT Ha
WHAYCTpHAJIEH 00EKT. 3aXpaHBaHETO HA MHAYCTPUATHHS O0CKT € pealu3upaHo MOCPEACTBOM JBA
Opost kabemnu nmuaun Ha Cp.H. 20 kV ot cwemectByBama noacradmus 110/20 kV. Oruerenu ca
JIAaHHU 34 3HAUUTEITHU Pa3XOAM 3a 3aIialaHe Ha peakThuBHA eHeprus. MiIMeHHoO B HamasiBaHe HA
pa3xoJMTe 3a 3arulalllaHe Ha 3HAKOIMPOMEHJIMBA pEaKTHMBHA CHEPrus W IMoA0OpsSBaHE Ha
KaueCTBOTO HA EJICKTPOCHAO IIBaHE € U3pa3eHa H HeOOXOIMMOCTTa OT KOMIICHCUPAHE.

IIpencraBenara ennonuHeiiHa cxema Ha @ur. 3-1 mnpencraBs HauMHa Ha 3aXpaHBaHE W
MOoCTaHOBKaTa Ha mpobiema. J[Bara tpanchopmaropa Tp-p I u Tp-p 2 (20/0.4 kV u HOMUHAITHA
momHOCT 400 kVA) pabGoTsaT B mapajiena W BCSKa CEKIUS € 3axpaHeHa OT CHhOTBETHHS CH
tpancopmarop. KbM cekiuuTe ca BKIIOYEHH KAKTO TOBapU C HHIYKTHUBEH XapakTep
(emeKTpoABUTATENIN, BEHTHJIATOPH, KIIMMATHIIN, TIOMITH ¥ YAIBPH), TAKA U TAKUBA C KamaliTUBEH
XapaxkTep (CusIoBa €JIEeKTPOHUKA, CBETOAMOIHO OCBETIICHHE, ChbPBBPHU U KOMITIOTpU). OCBEH TOBA,
KaOeJTHUTE JTMHUM ca M3TOYHMIIM Ha 3HAYMTEIIHA KarallMTHBHA PEaKTUBHA MOIIIHOCT.

180 [HeBeH TOBapoOB rpacuk Ha akTUBHA MOLLHOCT Ha cekuusa 1
T T T T T T T

160 [~ \

140 — H

]
S

L H\\H‘

AkTuBHA MowHocT P, kW

o
15}

60— U

1 1 1 1 1 1 1 1 1 1
40
00:00:00  02:00:00  04:00:00 06:00:00  08:00:00 10:00:00 12:00:00 14:00:00 16:00:00 18:00:00
Bpeme t, h

®@ur. 3-2. /lHeBeH TOBAPOB rpa)MK HA AKTUBHATA MOIIHOCT HA CeKUMATA Ha TpaHchopmaTtop Tp-p 1.

| | |
20:00:00  22:00:00  24:00:00

2 [HeBeH TOBapOB rpacduk Ha peakTUBHA MOLYHOCT Ha ceKums 1
T T T T T T T T T
[
10 - h “ A A
H\M LI | H A
| | |
: . .
O T
s (R | H
3.10— “ HH H H m\‘ ~ “\“‘H il
: Wil
EEs I \ w H ‘\ §
: [ i MH\
2 Al H\”‘ H‘ H\\ |
o ‘ ‘M | ‘ ‘ vRiual ‘ ‘ ‘ H ‘
s nan ‘ ‘ ‘ \’ “u‘ ‘ \
RS N ) N i
-3 y J
o \
“ |
40 | | | -
| |
|| |
50 - \N “ s
I I
| |
I |
| | | | 1 1 L | 1 | | \“ 1
00:00:00 02:00:00 04:00:00 06:00:00 08:00:00 10:00:00 12:00:00 14:00:00 16:00:00 18:00:00 20:00:00 22:00:00 24:00:00

Bpeme t, h
®ur. 3-3. ,ZIHeBeH TOBapoB rpaq)mc Ha peaKTUBHATA MOIIIHOCT HA CEKIUATA HA Tpaﬂcq)opMaTop Tp-p 1.
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HampaBenu ca usmepBanus Ha cexiuute Ha H.H. (0.4 kV) Ha Bceku ot TpaHChHOpMATOPHUTE.
[IpencraBenu ca ToBapoBute rpaduuu Ha aktuBHaTa (Pur. 3-2 3a cekuusara Ha Ip-pl u dwur. 3-5
3a ceknuaATa Ha Tp-p2) u Ha peaktuBHATa (Dur. 3-3 u dur. 3-6, peCIEKTUBHO) MOIIIHOCTH, KaKTO
Y U3MEHEHHUETO Ha cos ¢ Ha aBete cekuuu (Pur. 3-4 u Our. 3-7). [lopaau ToBa, 4ye KOCHUHYC €
yeTHa (PYHKIIMS, 32 XapakTepa Ha TOBapa ce ChAM OT TOBAPOBUTE rpaduild Ha PEaKTHBHUTE
MOITHOCTH. 3abensi3Ba ce€ 3HAKOMIIPOMEHJIMBUS XapaKTep C MPEAUMHO KalallMTHBHO BIUSHHE.

HpI/I‘II/IHa 34 3HAYUTCJIHATA pCAaKTHBHA MOIIHOCT C KallalUTHUBCH XapaKTEp Ca ABJIITUTEC KabeHu
JIMHHH.

W3meHeHune Ha cos @
L T T
g |
i
| i
IV

s
A \
VI W
095 - | WA
il \ I \‘m
I\ Vo
IRE |

0.9—‘ ‘ ‘ ‘ —

085 | ‘ ‘ ‘ |

\
0.8 — U\‘ | ‘ ‘ .
I

cos @

075 |
!
07 | -

065 \ \“ -

l 1 L L 1 1 L 1 1 1 L 1 1
0.6
00:00:00  02:00:00 04:00:00 06:00:00 08:00:00 10:00:00 12:00:00 14:00:00 16:00:00 18:00:00  20:00:00  22:00:00  24:00:00
Bpeme t, h

®@ur. 3-4. U3MeHeHHe HA eCTeCTBEHHS COS (¢ HA CeKUUATA Ha Tpancdopmatop Tp-p 1.

[AHeBeH TOBapOB rpacmk Ha aKTUBHa MOLIHOCT Ha ceKkuus 2
I

]
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150 —
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@
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o
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AxkTuBHa mowHocT P, kW
8 3
T T

90

80 [~

70 —

60
00:00:00  02:00:00  04:00:00 06:00:00 08:00:00 10:00:00  12:00:00  14:00:00  16:00:00  18:00:00  20:00:00  22:00:00  24:00:0C
Bpeme t, h

@ur. 3-5. /lHeBeH TOBapoB rpauK HA aKTHBHATA MOLIHOCT HA ceKNMATa Ha Tpancopmartop Tp-p 2.
HabmionaBa ce ciennarta cutyanus, KosTo € moscHeHa rpaguuno ¢ dwur. 3-8 u dur. 3-9.

Koraro ca nanuue muayktuBHH ToBapH (dur. 3-8), kamauuTHBHAaTaA peakTHBHA MOIIHOCT Ha
KaOeHUTe JTMHUU OMBa €CTECTBEHO KOMIIEHCHpaHa.

18



De

[HeBeH TOBapOB rpadiuK Ha PeaKTUBHA MOLHOCT Ha CeKuus 2

-20
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PeakTuBHa MowHocT Q, kVAr
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Bpeme t, h

®@ur. 3-6. IHeBeH TOBapPOB rpauk HA PeaKTHBHATA MOLHOCT Ha ceKUUATA HA TpaHcpopmaTtop Tp-p 2.

WU3meHeHue Ha cos @
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Bpewme t, h
@ur. 3-7. I3MeHeHHe HA eCTeCTBEHHS COS @ HAa ceKIMATa Ha TpaHcdopmaTtop Tp-p 2.
HpOTI/IBHO, KOTaTO TOBAPHUTC C HWHAYKTHBCH XapaKTCp Ca H3KIKOUCHU, KallallMTUBHATA
peaKkTHBHA MOITHOCT OT KaOSTHUTE JTMHUH 1 KaNallMTUBHUTE TOBApU HE MOXKE 1a ObJIe €CTECTBEHO
KomrneHcupana (Pur. 3-9).

Qrep

Qm

@ur. 3-8. BekTopHa 1uarpaMa Ha TPUBI'bJIHHKA HA
MOLIHOCTH NMPH MHAYKTHBEH XapaKkTep Ha TOBapa.

Qu

Quam

I Qun
Qrpp

@ur. 3-9. BekTopHa 1uarpaMa Ha TPUBI'bJIHHKA HA
MOIIHOCTH MPH KANAIUTHBEH XapaKTep Ha ToBapa.

3.1.1 PEAKTHUBHA MOIHOCT HA KABEJIHU JIUHUA
PeakTuBHaTa MOIMIHOCT Ha KaOenHa nuHuS Q7 ce onpeaens upes (3.1).

Qxn = 3(wC,UZ — wLyI?), VAr

(3.1)

kpaeto Uy, V e edexTuBHaTa CTOWHOCT Ha (a3zoBOTO HampexkeHuero, I, A e edekTuBHaTa
cToifHOCT Ha (ha3oBHs TOK, @ = 27f, 5! e BrioBara yectoTa, a /= 50 Hz e yectoTaTa Ha MpexaTa.
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KabGennnTe nMHHMM ce XapakTepu3upar ¢ pasmpeaeneH KanmanuteT C, W pasmpereieHa
WHAYKTUBHOCT L, 3a enuHuna AbokuHa. OOWMKHOBEHO € TIPUETO, Ye pas3mpelereHara
WUHIYKTUBHOCT L, € To- Majka OT pasmpezaeieHus kamamureT Cp, IpU KOETO MOXe 1a Oble
npenebpernata. Torasa, 3a Qkir ce cBexaa 1o (3.2):

Qun = 3wC,Uj, VAr (3.2)
3.1.2 CEKLOUSA HA TPAHC®OPMATOP TP-P 1

HeobOxonrmara KoMIleHCHpalia peakTUBHa MOIIHOCT Qxomi MOXe na Obae ompenencHa
cropent (1.9), HO 3a MBAHOTA U3PA3BT € MPEACTaBeH OTHOBO ¢ (3.3), .

Qkomn = P(tg ¢ — tg ¢x) (3.3)

OT BEKTOpHUTE Iuarpamu 3a tg ¢. ce nomydasar uspaszure (3.4) u (3.5) B 3aBUCHUMOCT OT

XapakTepa Ha €CTCCTBCHATA pCAaKTHUBHA MOIITHOCT.
_ Qe QTOB+QTp—p_QK}T

tg e = % = Gty (3.4)
e —QroptQrp—p—0
tg g = % = L (3.5)

AHaJOTMYHO € U 3a ceKluATa Ha Tpanchopmatop Tp-p 2.
3.1.4 KOMIIEHCUPAHE ITOCPEACTBOM KJIIACHYECKH KOMIIEHCHUPAIIIN
CPEICTBA

[IpeacraBeno e pemeHueTo 3a cexkuusita Ha Tp-p [, KaTo 3a cekuusra Ha Ip-p 2 TO €
AQHAJIOTUYHO.

3a U3NbJIHEHUE HA KPUTEPHUS 3a MO AbpKaHe Ha cos ¢ > 0.9 e mpensnokeH noaxo/, Npu KOMTo
MOCTOSIHHO ca BKItoueHH [//P c peaktuBHa MmourHOcT 35 kVAr, a mpe3 oTueTeHUTE BpeMEBU
nepuoau, 3a Kouto cos ¢ < 0.9 — ce BxirouBar aonbaHutenaHu [[/P. B Tabn. 4 ca uznoxxeHu
MourHocTuTe Ha [P, a na ®ur. 3-10 e npencraBeHa cxeMa Ha CBbp3BaHe Ha [//P KbM IMHUTE HA

CCKIMATA.
Ta6J. 4. CTbnanHo ynpasJjieHHe HA HIIYHTOBHTE PeaKTOPH Ha cekuusita Ha Tp-p 1.

I/I3qncneﬂa HOCTI/IFHaTa KoMIIeHcHpaIH VCTPoiicTBa
Qxomn, KVAr Qxommn, KVAr pamu yerp
35 35 L+ L
37.5 37.5 Li+ L2+ Ls
40 40 Li+L>+Ls+ L7
57.5 57.5 Li+ Lo+ L3+ Ls+Ls+Le
60 60 Li+L>+L3+Ls+Ls+Ls+ L7
LWWMHWU HH - 0,4 kV
=SF 1 =SF2 -SF 3 -SF 4 -SF5 -SF 6 =SF7
KM 1 ¢ KM 2\ ¢ KM3 KM 4\ ¢ -KM 5 KM 6\ ¢ KM 7N
L1 A L2 n 13 n L4 ,: L5 :\ 16 /\ L7 :\
25 KVAr 10 KVAr 10 KVAr 5 KVAr 5 kVAr 2,5 KVAr 2.5 KVAr

®@ur. 3-10. Cxema Ha CBbP3BaHe HA IIYHTOBU PEaKTOPH KbM IIMHHUTE HA ceKnuaATa Ha Tp-pl.

[Ipu oTunTaHe Ha U3JI0KEHOTO IO MOMEHTA U 3aMECTBaHE ChC CTOMHOCTH B (3.3) ce momydaBat
CIIETHUTE PE3YJITATH 3a peakTuBHATa MOIIHOCT (Dwur. 3-11) u 3a koedueHTa Ha MOIITHOCT COS @
(®ur. 3-12).

3a cexkuusTa Ha Tp-p 2 pe3yararsT 3a peakTUBHA MOIIHOCT CJIeJ] KOMIIEHCUPAHETO € Ha Dwur.
3-14, a 3a cos ¢ — @wr. 3.15.
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[HeBeH ToBapOB rpad)uk Ha peakTUBHA MOLYHOCT Ha CeKUMs 1 Npu KOpUrMpaH cos @
T T T T T T T

60 — T T

50 — -

IS
S
T
1

PeaktuBHa mowHocT Q, kVAr
5
T
|

N
S
T
1

0 1 1 1 L | L L 1 1 1 1 1 L
00:00:00 02:00:00 04:00:00 06:00:00 08:00:00 10:00:00 12:00:00 14:00:00 16:00:00 18:00:00 20:00:00 22:00:00 24:00:00
Bpeme t, h

@ur. 3-11. I'padpuk Ha peaKTHBHATA MOIIHOCT HA cekuus Ha Tp-p 1 ciaen KoMneHcanus.

] V3aMeHeHHe Ha KOPUTMPaH Cos @
T T T T T

0.98 — -

4
g 0.96 — =
o

0.95 -

L L L 1 1 1 L L 1 1 1 L L
92
00:00:00 02:00:00 04:00:00 06:00:00 08:00:00 10:00:00 12:00:00 14:00:00 16:00:00 18:00:00 20:00:00 22:00:00 24:00:00
Bpewme t, h

®@ur. 3-12. U3MeHeHUe HA KOPUTHPAH cos ¢ HA cekuusiTa Ha Tp-p 1.

7 [iHeBeH TOBapOB rpadyMK Ha PeakTUBHATa MOWHOCT NPU KOPUrNPaH Cos ¢
T T T T T T T T

@ IS @
S S S
T T T
| | |

PeakTtuBHa mowHocT Q, kVAr

N
=]
T
1

I I I I I I I I I | I I I
0

00:00:00 02:00:00 04:00:00 06:00:00 08:00:00 10:00:00 12:00:00 14:00:00 16:00:00 18:00:00 20:00:00 22:00:00 24:00:00
Bpeme t, h

@ur. 3-14. I'paduk Ha peaKTHBHATA MOIHOCT HA ceKuusA HA Tp-p 2 ciaen KoMneHcanus.
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W3meHeHMe Ha KOpUrMpaH cos @
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®@ur. 3-15. U3MeHeHue HA KOPUTHPAH cos ¢ HA cekuusTa Ha Tp-p 2.

Fos ||
gDQS* ‘
8

] Hm““h

3.1.5 KOMIIEHCHUPAHE HNOCPEACTBOM YIIPABJIEHUE HA
®OTOBOJITAUYEH UHBEPTOP

CoBpemeHHuTe @B MHBEpPTOpPU pabOTAT MPEAUMHO C AKTUBHA MOIIMHOCT M3IPJIO, T.€. C
KOe(UIIUEHT Ha MOIIHOCT cos ¢ = 1, KaKTO € BUJIHO OT TeopusiTa. Bb3MoXkeH e, TEOpeTUUHO, U
pexuM Ha paboTa €AMHCTBEHO C PEaKTUBHA MOIIHOCT — cos ¢ = (. Brnpeku ToBa, B mpakTUKaTa
@B unBepTOpHTE YecTo OUBAT orpaHnyaBanu A0 odxsata cos ¢ =[0.8 L, 0.8 C].

Pasrnexna ce nokpusHa ®EIL] 3a koMIIeHcHpaHe Ha peakTHBHA MOITHOCT. [ lmonra Ha nokpusa
Ha oOekTa ¢ SobekT = 860 m2. Ha Ta3u mom Moxke na 0b1ae nHcTanmpana OEL] ¢ HomuHaiHa
momHOCT Pdenr = 215 kWp, cbcraBena ot 391 6p. @B manenwu (rpu npueTa eIMHUYHA MOITHOCT

ot 550 Wp).
3.1.6 TEXHUKO - UKOHOMHYECKU AHAJIN3
3.1.6.1 OneHka Ha TEKYIIOTO ChCTOSTHHE

CrriiacHo u3pas (1.3) ce onpenens KOIMUECTBOTO peaKTUBHA €HEPIHsl, 3a KOSATO Ce 3aruiamia
Ha/i0aBKa. 3a HalpaBEeHHUTE 10 MOMEHTA ChOOPaXEHUs, KOJTMUYECTBOTO PEAKTUBHA €HEPrus Epni,
KOETO cliefiBa Ja ce 3araimia € (3.9):

Epun = Ep, . — 049 X E =26570.43 — 0.49 X 40 002.9 = 6969. 009 (3.9)

WuaykTuBHAaTa 9acT OT eHeprusara ce 3armama 10 % oT IeHara 3a akTHBHaTa eHeer;I, a
KamalnquTUBHATa 4aCT OT CHEPTHA CC 3aIlialla 1o ncHara, CbOTBETCTBAIIlAa HA aKTUBHATA CHCPIrus.
Toit kaTo ce HaOIIOJaBa €IWHCTBEHO KamallUTHBHA EIEKTPOCHEPrHs, MECEYHHUTE Pa3xou, 3a
KOATO Ce 3ariaiia Haji0aBka, Bp3au3ar Ha (3.10):

kVArh

Cuee = Epnn X e = 6969.009 x 0.132828 = 925.67 - =P (3.10)
Wnu 3a ronuna (3.11):
Cron = 12 X Cyyec = 12 X 925.67 = 11 108.04 — =R (3.11)
3.1.6.2 TexHHKO — HKOHOMHMYECKAa OLEHKA Ha KOMl‘leHCHpaHeTO ¢ KJaCHYeCKH

cpeacraa

TexXHUKO — MKOHOMHUYECKHUAT aHaIM3 MOXKE Jia Objie HalpaBeH C IIeJ ThPCEHE Ha CPOK Ha
OTKYIIYBAaHC Ha HallpaBe€HaTa MHBCCTUIMA, HJIW ITPHU U3BECTCH CPOK KaKBA 4aCT Ha Bb3BPbIIACMOCT
MOXe Ja Obje MojydeHa MpH JaJCH JIMXBEH MpoleHT. ChIIeCTBYBaT M JAPYTH MOCTAHOBKH.

Pa30upa ce, BbB BcsKa €Ha OT TE3HM IOCTAHOBKH CE M3MOJ3Ba METOJla Ha HETHATa CerairHa
croitHocT (NPV) (3.12).

= — n g (21—
NPV = —K + Y™, B; ((W)t) (3.12)
KbJieTo K ca KanmuTajloBJIOKEHUSATAa (3HAKBT MHHYC IOKa3Ba, Y€ ca pa3xojau), eBpo; B; ca

TOAUIIHUTEC IIPUXOU, €BPO, 7 — T'OJAUIIIHA JINXBA, %; ! — Bpeme, Iro.
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I'padguuna BU3yanu3anus 3a CpaBHEHUE HAa HETHATa CEerallHa CTOMHOCT Ha JIBETE pEIleHUs €
npencraBeHa Ha dur. 3-18. ScHo ce BuKIa, Y€ KIACMYECKUAT METOJ C€ OTKYyIyBa Ha BTOpaTa
TOJIMHA, a TO3H ¢ (POTOBOJITAUYHMSI MHBEPTOP — MAJIKO CJIE/l BTOpaTa rOAMHa.

P OB uHB

350000
300000
250000
200000

150000

NPV

100000
50000
0
-50000

-100000
f[oanHK

®@ur. 3-18. I'padpuyna BU3yaau3anus Ha HETHATA CeraliHA CTOMHOCT HA JBeTe pelleHusl.

3.2 U3BO/JIU K'bM I'JIABA 3.

HanpapeHo e u3cneBaHe Ha KOMIEHCHPAHETO Ha peaKTHBHA €HEePTUs Ha HHIyCTPUAIICH OOCKT.
ITocTanoBKaTa Ha Ka3yca pa3KpuBa, 4e Ce I0Iy4aBa CUTYallHsl, B KOSTO KallallUTUBHATA PEaKTUBHA
MOIIHOCT Ha 3aXpaHBaIuTe kabenHu TUHUU Oy, HE C€ KOMIIEHCHPA €CTECTBEHO OT PEaKTUBHUTE
MOIITHOCTH C WHIYKTHBEH XapakTep Ha ToBapa (Omes M Ha Tpanchopmatoputre QQumpp, KaTO
pa3iukKata BOAM 10 Toiemu (uHAHCOBH 3aryOu. M3cienBaHo € KakTo KOMIIEHCHUPAHETO C
KJIJACMYECKM KOMIEeHcHpamu ycrpoiictBa ([[/P), taka u ¢ @B wunHBeprop. OTHOCHO
KOMIIEHCUPAHETO ITOCPEACTBOM DB MHBEPTOP € pas3IielaHu BapuaHT ¢ NokpuBHa PEI]. DoKyChbT
HE € HAaCOYEH KbM ONTUMAJIHOTO M3IOJ3BaHe Ha PEL] ¢ NpUCHUIUS aJrOPUTHhM 38 MAKCUMAJIHA
MomHocT MPPT, a xbM M3IOJI3BaHETO Ha PB MHBEPTOpPA KATO KOMIICHCATOpP HAa PEAKTUBHA
MOIIHOCT U peryyiarop Ha HamnpexeHue. OcraTbuHaTa aKTHBHAa MOIIHOCT € NpeIBUJCHA 3a
COOCTBEHUTE HYX M.

HanpaBenu ca v TEXHUKO — MKOHOMHYECKH OLEHKHU Ha NpemioxkennuTe pemenus. [lepuoast Ha
OTKYIIyBaHE HAa WHBECTULHMATA B Cily4yas IPU KOMIIEHCHpPaHE NOCpeacTBOM [[/P HacTbIBa Ha
BTOpata roauHa. OT npyrata cTpaHa, NpH KOMIIEHCHpaHe ¢ @B HMHBEpTOp MEpPUOABT Ha
OTKYITyBaHE€ HacThIIBA MAJIKO CJIEJl BTOpaTa roJAnHa.

I'TABA 4. EJIEKTPOHHHU NTPEOBPA3YBATEJIN 3A KOMIIEHCHUPAHE
HA PEAKTUBHA EHEPI'USL

OT mpenxoAHWTE TJIaBU CTaHa SICHO, Y€ BB3MOKHOCTHUTE Ha H3MOJI3BAHUTE HHBEPTOPH B
NPaKTHUKaTa [0 OTHOIIEHUE Ha YIIPAaBJICHHE HAa pEaKTUBHATa MOLTHOCT Ca 3HAYUTEITHO OTPaHUYEHH.
EnextponHuTe mpeoOpa3yBaTeiy ca B ChCTOSHHUE Ja PadOTAT KaTO TEHEpPaTOpH Ha pEakTHBHA
MOIITHOCT, HO € HEOOXO0JUMO /1a ObJIe TPOMEHEHO YIPABICHUETO UM.

B Ta3m rmaBa ca M3NOXKeHHM pa3pabOTEHWTE MOJENU 3a YIpaBIeHHE Ha (OTOBOITANYHU
MHBEPTOPH C L1eJ1 YIpaBJeHNUE Ha peakTHBHA MOIHOCT. [IpescTaBeHnTe Mojienu ca pa3paboTeH!
B cpenata MATLAB/Simulink 2019b. M3non3sana e 6ubnanorekara Simscape.

4.1 MOJAEJIUPAHE HA CTATUYEH CUHXPOHEH KOMIIEHCATOP

4.1.1 MOJEJIUPAHA TNOCTAHOBKA HA CTATHYEH CHUHXPOHEH
KOMIIEHCATOP

Pa3paboTeH e Mozesn Ha KOMIEGHCHpPAaHE HAa PEaKTHBHA MOIIHOCT, M3IBIHEHO ITOCPEICTBOM
STATCOM. Mopnenst € cberaBeH oT PEL], STATCOM, mpexa u ToBap.

Ha Ga3ara na Tpanchopmanuute Ha Knapk u [Tapk ce o6pasyBa pedepentno Hanpexenue U,
KOETO ce u3Mnoin3Ba B [///M upe3 cpaBHEeHHE C TPHOHOOOpa3eH curnai ¢ yectota 20 kHz.
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4.1.2

CHUHXPOHEH KOMIIEHCATOP
Ha ®ur. 4-10 ca npeacTaBeHU HAIPEKEHUETO HA UHBEPTOPA Viusepmop U TOKA HA UHBEPTOpPA
Luncepmop BBB QYHKIIUSI OT BpemeTo. Beanara moxe na Oble 3a0ens3aHo, ye HANpeKEHUETO Ha
WHBEPTOpa 3aJlbpka MPaBObI'bIHATA CH (POpMa, KOSTO € XapaKTepHa M HAMBJIHO OYaKBaHA 3a
MHBEPTOpP Ha HamnpexeHue. OTHOCHO AuarpaMara Ha TOKA luusepmop, CHIIO MOXKE J1a CE KaXe, Ue €
1o100€H Ha CUHYCOMJIa, HO C SIBHU U3KPUBSBAHUS, IOPAJAH BIUSHUETO HA BUCIIUTE XapPMOHHUIIU.

CUMVYJIAIIMOHHU PE3YJTATH OT MOJAEJIUPAHUSA CTATHYEH
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®ur. 4-10. HanpeskeHue U TOK HA HHBEPTOPA.
Ha ®wur. 4-11 ca npencraBeHn (pyHKIMUTE HAa aKTHBHATa M HA PEaKTHBHATa MOIIHOCTH Ha
MHBEpPTOpPA BbB BpemMeTo. T'hid KaTo 3a nepuoja Ha cumyiauus, @EL] e "3TOYHUKBT Ha €HEPrus,
TO aKTHBHATa MOIIHOCT Ha WHBEPTOpa € OTpHUIlaTelIHa, T.€. OTAaBaHe B Mpexkara. ChOTBETHO,
peaKkTHBHATA MOIIHOCT € Cbe cpeaHa ctorHocT 20 KV Ar, 1.e. okosio 10 % oT akTuBHAaTAa.
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®@ur. 4-11. AKTHBHA MOIIIHOCT M PeaKTHUBHA MOIIHOCT HA MHBEpPTOpA.
AKTUBHAaTa U pPEaKTUBHAa MOIIHOCTM Ha ToBapa ca mnoka3zaHu Ha Pur. 4-13. Cpennure
CTOMHOCTH OTroOBapAT Ha 3allokeHuTe Pr u (Q7, MPU KOETO MOXE Ja CE€ CUUTa, Y€ TOBAPHT €

3axpaHeH 0e3MpoOIeMHO.

03

AKTHBHaTa M peakTHBHATa MOILHOCTH Ha Mpekara ca u3noxxkeHu Ha dur. 4-15. AxkTuBHaTa
MOIIIHOCT Ha MpeXara B ClIy4asl ce sIBIBa KOHCYMarTop.
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®@ur. 4-13. AKTUBHA 1 peaKTUBHA MOUIHOCT HA ®@ur. 4-15. AKTUBHA 1 PeaKTHUBHA MOIIHOCT HA
ToBapa. MpeKaTa.

4.2 MOAEJIUPAHE HA EJHO®A3EH ®OTOBOJITAUYEH UHBEPTOP

4.2.1 OBl CBEJAEHUA U IOCTAHOBKA

MopnensT € cbcTaBeH OT eAHO(da3eH MHBEpPTOp U Mpexa. OTHOBO € MPUIIOKEH MMOAX0/a 3a
nonydaBane Ha LITHM ype3 U,.ru Tpanchopmanuute Ha Knapk u [Tapk, kaTo roieMruHaTa Ha TOKa
Ha WHBEPTOpa lne MOXKE N1a OBb/Ie IPOMEHSIHA Ype3 MPOMSHA Ha CTOMHOCTTA Ha OJIOKa, HapeueH
Jrcenana amniumyoa, OT MojcucTeMaTa 3a oopasyBaHe Ha pe)epeHTHOTO HanpekeHue Uyer.

4.2.2 CUMYJAINMUOHHU PE3YJITATHU OT MOAEJIUPAHUSA EJJHO®A3EH
®OTOBOJITAUYEH UHBEPTOP

Ha ®uwur. 4-25. ca npencraBeHu nuarpaMuTe Ha TOKa HA HHBEPTOPA Luue(t), Ha HATPEIKEHUETO
Ha uHBepTopa Uuu(t), Ha TOKa Ha Mpexarta ,,(t) U Ha HampexeHueTo Ha mpexara U,,(t) npu
enaHa amiuintyaa ot 10 A.
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Bpeme, s
@ur. 4-25. [losryyeHH pe3yaTATH NPH 3a/laHUE HA JKeJJaHATa aMILIUTY/AQ HAa TOKa HAa MHBepTopa 10 A.

Hanpexenuero Ha Mpexata U,p(t) e nedasupano Ha 90 ° cnpsimo aBara Toka. Thi Karto
HaIlpEKEHUETO H30CTaBa CIPSAMO TOKOBETE, TO XapaKTEpPbT HA pPEAKTUBHATA MOIIHOCT €
KanauuTuBeH. ToBa e yciioBUe Ja ce CUMTa, Y€ Ce OTAaBa PeaKTHBHA MOILIHOCT OT MHBEPTOpa B
Mpexara.

4.3 CPABHUTEJIEH AHAJIM3 HA METOIUTE 3A KOMIIEHCHUPAHE HA
PEAKTUBHA MOILHIHOCT

HamnpageH e cpaBHUTEIIEH aHAIN3 HA MOJEIMPAHUTE METOIU 32 KOMIICHCUPAHE HA pEaKTUBHATA
MOIIHOCT — CTaTM4Y€H CUHXPOHEH KOMIIeHCAaTop U (oToBoJITandeH MHBepTOp. CpaBHUTEIHUAT
aHaJIu3 ce ChbCTOU B CPaBHIBAHE HA XaPMOHUYHUS ChCTAaB U KOS(UIIMEHTA Ha HECUHYCOHIATHOCT.

|
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Mogenst cbe STATCOM e npepabotern na monenupa eanodaszen STATCOM, a oTHOCHO
MeToJa ¢ OB MHBEPTOpP B CPABHUTEIHMSI aHAJIU3 €A BKJIFOYEHU KaKTO MOJENA, IPEICTaBEH B 4.2,
TakKa 1 1o00peH MoJieJl, KOWTO € MpeACTaBeH Mo- J0Iy.

4.3.2 PE3YJITATHU OT CPABHUTEJIHUA AHAJIN3

B Tab6n. 10 e npexncraBeH, 00001Ie€HO, HANIPAaBEHUsl aHAJIW3 HA IOCTUIHATUTE XapMOHUYHU

CbCTaBH OT MOJICIINTC.
Ta6a. 10. O60611eHU pe3yJITATH OT CHIIOCTABSIHETO HA XaDMOHUYHUTE CHCTABU B PA3JIMYHHUTE MOJIEIH.

Hogo6pen moge va exHodazen PB

Xapm. cheTas, % Eanodazen STATCOM mogen Mogen na exHodazen B naBepTOP HHEepTOD
Tow na Tox na Tox Ha
ungepmopa Jue unsepmopa s uneepmopa lus
Ne Ha xapMoOHHK
hs 0.3325 4454 0.5525
hs 6.358 0.8476 03918
by 269 0.507 0.287
he 0.1754 03229 02256
hn 0.6908 0.1906 0.1849
ha; 03175 0.1525 0.1567
has 0.1082 0.1308 0.1363
hy 0.749 0.1151 0.1209
hie 3.074 0.1157 0.1092
THD, % 937 11.86 848

4.4 N3BOJIU KBM I'TABA 4.

['maBata pasriexaa MoAeNUMpaHe Ha METOAM 3a KOMIIGHCHUpaHE Ha peakTuBHA eHeprus. B
ocHoBata Ha mojenute e 3anoxeHa OELl, cebp3ana ¢ mpexarta. OT U3J105)KEHOTO B IJIaBaTa MOraT
na ObJaT HallpaBeHH CIICIHUTE U3BOIM:

*  Paspaboren e Mozen Ha Tpu(azeH CTATUYCH CUHXPOHEH KOMIICHCATOP 32 KOMIICHCHUPaHe
Ha peakTuBHa MolHOCcT. [lokazano e, e ce ormgaBa momHOocT oT PEIl B Mpexara, karo
HaIlpeKEHUETO Ha Mpekara M Ha TOBapa ca CHUHyCOMJaaHU. PeakTMBHAaTa MOIIHOCT € B
3aJI0’KEHUTE TPaHUIII, TOPaIH TOBA, Y€ B MoJieNa e(peKTUBHO € 3aJI03KEH MPeopa3MepeH HHBEPTOD,
OCHUTYpsIBalll IOCTaThuHA aKTUBHA MOIITHOCT. [Ipu ToBa MOXe J1a ce cunTa, 4e MOACIIBT U3ITBIHSIBA
3a/1ayata 3a KOMIIEHCUpPAaHE Ha pEaKTHBHA MOILHOCT U TOBApPbHT C€ 3aXpaHBa CbC CUHYCOMAIHU
HaIpeKeHUE U TOK;

*  Paspaboren e Mmozen Ha eqHo(dazeH poroBonTanueH HHBEpTOp. CHCTABEH € AITOPUTHM 32
[oJlyyaBaHe Ha peQEepeHTHO HANpeXeHHe CIopel 3a/ajieHa KejlaHa aMIUIUTyJa Ha TOKa Ha
uHBepTOpa. PedepeHTHOTO HampekeHue ce u3MnoinsBa 3a peanusupane Ha [IIUM, ¢ koaro na ce
ynpasinsisa @B nnBepTopa, cien kato ce oOpa3yBa IPOCTPAHCTBEH BEKTOP C TpaHChHOpMaLUNUTE
Ha Knapk u Ha [lapk cnopen p-q teopusita Ha Akaru. OT MOJy4YEeHUTE pe3yTaTH CTaBa SICHO, ue
Ce OTJlaBa peaKTHBHA MOIIIHOCT OT MHBEPTOPA KbM MPEKATA;

*  HanpaBeH e cpaBHUTENIEH aHAJIN3 HA METOJUTE 32 KOMIIEHCUPAHE HA pEaKTUBHA MOILHOCT.
Bonpeku e mogoOpeHusT moen Ha enHodazen @B unBepTop npeAcTass Hail- 100pu pe3yiaTaTH
M0 OTHOIIEHUE HAa XapMOHWYHH W3KPHUBSBAHUS, MOXKe Aa ObJe Ka3zaHO, Y€ BCEKHU €IUH OT
MOJICNIUTE W3ITBJIHSABA 33ja4aTa 3a KOMIICHCHpPAaHE Ha pPEaKTUBHA MOIIHOCT — MOJIEIHPAHUTE
WHBEPTOPH ca MapaMeTPU3UPAHU TaKa, ue Ja OCUTypsABaT HEOOXOAMMAaTa peaKTHBHA MOIITHOCT BHB
BCEKH €IMH MOMEHT, T.€. IPEOpa3MepEeHH ca M0 aKTUBHA MOITHOCT.

HAYYHO-ITPUJIOKHU U ITPUJIO’KHU ITPUHOCHU

HayuHo — npuJI0KHN NPUHOCH:
1) Pa3paboTeH € anropuThM 3a TUCTAHIIMOHHO YIpaBiieHne Ha (hakTopa Ha MOIIHOCT

Ha (OTOBOJITANYEH UHBEPTOP;

2) Pa3pa60TeH ¢ MOJCJI Ha KOMIICHCUPAHC Ha PCAKTUBHA MOIIHOCT MMOCPEACTBOM

TpudazeH MpexoBU UHBEPTOP, padorer B pexum kato STATCOM;
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3) PaspaboreH e Monen Ha KOMIIEHCHpaHE HAa PEaKTUBHA MOIIHOCT IOCPEACTBOM
enodazeH ¢oroBosNTandeH HWHBEPTOp. Pa3paboreH € m mogo0peH Mojen IO
OTHOILIEHHE HA UMILIeMeHTupane Ha [I[IHM.

IpnJ10:KHM PUHOCH:

1) IIpoBeneHo e wu3ciefBaHE Ha CBHCTOSHUETO HAa pPEaKTUBHATa MOIIHOCT Ha
UHIyCTpHaJieH O0CKT M BHCOKUTE Pa3Xoiu 3a BbpHaTata eHeprus B EEC. Cnen
aHaJIM3MpaHE Ha TOBApHUTE Ca MPEIUIOKEHH PEIICHHS 33 KOMIIEHCHpaHE KaKTO C
KJIACHYECKH KOMIICHCHPAIM YCTPOWMCTBA, Taka M C ()OTOBOJTAMYECH HWHBEPTOD.
HanpaBena e 1 TEXHUKO — IKOHOMHYECKa OIIEHKA, Ha YHATO 06a3a € yCTaHOBEHO, ue

NepruoaABT Ha OTKYITYBaHE € CXOACH U 3a ABCTC NPCIAJIOKCHH PCIICHUS.
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RENEWABLE ENERGY SOURCES AND REACTIVE POWER CONTROL
Author: Msc. Eng. Dzhengiz Yalmaz Ibram

SUMMARY

The dissertation is comprised of four chapters. First chapter consists of literature review on the
current state of renewable energy sources, reactive power issues that occur in power grids with
high presence of renewables and the necessity of reactive power compensation. The different
compensation methods have been explored. In contemporary power supply systems variable loads
can be observed. Depending on operation mode, loads change their character from active-inductive
to active-capacitive and vice versa. Loads of such kind can be compensated by conventional means,
but utilizing RES’ power electronics is becoming increasingly more appealing.

Second chapter concerns experimental research on a hybrid photovoltaic inverter and its
capabilities to operate as a reactive power compensator. Furthermore, an algorithm for remote
control of power factor has been developed.

A case study of a real industrial facility with regards to reactive energy issues and their
respective financial expenses has been explored in third chapter. Load schedules have been
constructed based on the provided input data. The reactive energy is predominantly active-
capacitive in nature. Two solutions have been proposed — using conventional compensation means
and using photovoltaic inverter control. A technical — economic assessment of the two solutions
has been made.

The previous chapters have shown that the capabilities of inverters used in practice in terms of
reactive power control are significantly limited. Electronic converters are capable of operating as
reactive power generators, but their control needs to be modified. Thus, the fourth chapter is
purposed to the development of simulation models for reactive power compensation via control of
photovoltaic inverters. Three distinguished models have been developed. Obtained results have
shown respective key characteristics in relation to their reactive power control capabilities.
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I. GENERAL CHARACTERISTICS OF THE DISSERTATION

Actuality of the problem

The energy strategy of the European Union, in the context of the Green Deal and the
decarbonisation directives, sets specific goals for member states to achieve climate neutrality by
2050. In this context, Bulgaria is also committing to the sustainable development of its energy
sector through the National Recovery and Resilience Plan and the Integrated National Energy and
Climate Plan (INPEC).

With the increase in the number and capacity of renewable energy sources in the electricity
system, a number of technical and operational challenges emerge that call into question the
reliability, sustainability and efficiency of the grid. Unlike conventional power plants, which have
the ability to centrally regulate active and reactive power, renewable generators (especially
photovoltaic and wind installations) are characterised by unstable and difficult to predict
performance dependent on weather conditions.

In this context, the problem of reactive energy management emerges as critical. Uneven
production and consumption of reactive power in the grid leads to unwanted voltage fluctuations,
additional energy losses and a reduction in the service life of the equipment. Without effective
reactive energy management, even the most modern RES systems cannot guarantee electricity
quality. Reactive power management is becoming even more important in the context of
decentralization of generation and increasing dynamics in electricity flows.

Purpose of the dissertation, main tasks and research methods

The aim of the dissertation is to investigate the capabilities of electronic RES converters to
compensate for reactive power and perform the function of a voltage regulator.

The tasks set for the implementation of the set goal are:
1. To investigate the efficiency of reactive power compensation using a photovoltaic inverter
To assess the technical and economic aspects of compensation by means of electronic RES
converters and to compare them with classic passive compensating devices;

3. To develop models and algorithms for controlling a photovoltaic inverter for reactive
power compensation.

Scientific novelty

1) An algorithm for remote control of the power factor of a photovoltaic inverter has been
developed;

2) A model of reactive power compensation has been developed using a three-phase grid
inverter operating in a mode such as STATCOM;

3) A model of reactive power compensation using a single-phase photovoltaic inverter has
been developed. An improved model has also been developed regarding PWM implementation.

Practical applicability

A study has been carried out on the state of the reactive power of an industrial site and the
high costs for the returned energy to the UES. After analyzing the loads, solutions for
compensation with both classic compensating devices and a photovoltaic inverter have been
proposed. A technical and economic assessment has also been made, on the basis of which it has
been found that the buyback period is similar for both proposed solutions.

Approbation

The results of the dissertation have been reported at international conferences: BulEF, SIELA
and ELMA.
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Publications

Main achievements and results of the dissertation have been published in 7 scientific
publications, of which 1 is independent. All publications are indexed in the international database
Scopus, and 6 citations are also reported.

Structure and volume of the dissertation

The dissertation is 125 pages long, including an introduction, 4 chapters on solving the
main problems, a list of main contributions, a list of publications on the dissertation and
references. A total of 163 literary sources are cited, 140 of which are in Latin and 23 in
Cyrillic, and the rest are Internet addresses. tables. The numbers of the figures and tables in
the abstract correspond to those in the dissertation.



II. CONTENT OF THE DISSERTATION

CHAPTER 1. OFFSETTING REACTIVE ENERGY IN THE PRESENCE OF

RENEWABLES

Despite the many advantages of RES, in particular of PV plants, their characteristic
disadvantages should not be underestimated and ignored. One of these disadvantages is related to
the fact that they are the basis of the so-called. decentralized generation (distributed generation),
and also due to the intermittent nature of their operation (they can even be considered stochastic),
research is being done on the impact of RES on the reliability of the EES. One of the main problems
that are manifested by the greater participation of RES in the energy mix of Bulgaria turns out to
be that there is a significant increase in voltage in the grid (above the permissible 10%) during
periods of low consumption, but with high productivity from RES (in particular PV plants).
Another problem that arises is the variable reactive power (RM), respectively reactive energy (PE).
The sign variable manifestation is due to the influence of non-linear loads. Such loads are most
often induction furnaces, welding units, as well as power electronic devices with nonlinear
voltampere characteristics (VAH). The photovoltaic (PV) cells, from which the PV panels of the
PV power plant are built, are also power electronic elements with nonlinear VAH. Other devices
that are characterized by non-linear VAH are powerful rectifiers, frequency drives in electric
drives, and even the sets of multiple LED luminaires, along with the necessary electronic ballasts,
multiple microprocessors to control electrical equipment, as well as the abundance of desktop
computers, uninterruptible power supplies (UPS) and servers. Voltage and current harmonics
created by nonlinear loads increase power losses in the network, change the power factor (PF)
values, and reduce the efficiency and reliability of the EES. All this determines the need to use
means and methods for managing PM, to improve PF and to reduce the influence of higher
harmonics.

Reactive power has always been an integral part of AC systems. Power losses, voltage losses,
power supply to consumers with reduced quality, etc., are often caused by improper or even lack
of PM control. This is the basis for the creation of a definition of PM and the introduction of
methods and means for its measurement and analysis in sinusoidal modes. When, however, a
nonlinear load is included in the circuit, the operating conditions change to non-sinusoidal, i.e.
there is an influence from higher harmonics. In such a case, the traditional situation observed in
sinusoidal regimes, in which the powers are determined according to the power triangle, there is
equality between cos ¢ and PF, is violated and not applicable.

The differences in the many theories and approaches to determining reactive power in non-
sinusoidal modes can be reduced to a search for answers to the following two questions:

1. In which domain (time or frequency) should the power characteristics of a system be
described?

On the one hand, treating currents and voltages as sums of harmonic constituents (frequency
domain) leads to inadmissible conclusions, such as that active power (hence energy), represented
as the product of current and voltage, it represents an infinite sum of oscillating components. This
has been proven to be not true since Friese's study. In the time domain, no such oscillation of
energy in the circuit is observed, i.e. with this example, it can be assumed that the time domain is
superior. However, other factors are also noticeable. The Shefford and Zakikani reactive current,
as well as the Czarnecki scattered current, are defined in the frequency domain, i.e. they are
influenced by harmonics. And the presence of these currents is the reason for the value of the total
power S to be greater than the value of the active power P. Therefore, one of the main questions
(S > P) has an answer in the frequency domain.

2. How should the power characteristics in question be described, as instantaneous or as
averaged over a given period of time?

Since the instantaneous active power p(?) is a fundamental quantity in electrical systems by
which the energy flow at any given moment in time is determined, an argument can be made that
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the theory should be represented by instantaneous quantities. The use of instantaneous quantities
is also of great importance in the study of interference and failure. that no instantaneous quantities
could be identified when examining the load. Fig. 1-3, that is, the load represented as a black box
can be a resistor, inductance or capacitor.

i {,

“;\ ua "

4 k
Fig. 1-3. Unknown values of voltage and load current.

As for the averaging of quantities, they can be included in the instantaneous theory, but this
would "undermine" the very statement of the theory. In the theory of instantaneous RM, the active
power P can only be determined by averaging the instantaneous active power p, but then the
concepts of total power S and power factor cos ¢ (respectively PF) do not exist.

Unfortunately, an unequivocal and definite answer to these two questions cannot yet be given.

At the heart of the problems arising with PM, on the one hand, is the lack of an unambiguous
definition in the specialized literature, standards and normative documents, presenting its essence
accurately, clearly and correctly when talking about non-sinusoidal modes. On the other hand, the
ways of measuring PM and the tariffs at which it is paid are also an obstacle. Due to the lack of an
unambiguous definition, any manufacturer of measuring devices (generally electricity meters) for
PM can use any of the described definitions of PM. Therefore, there is also the need for the control
systems of compensating devices to comply with the definition used for measuring reactive power.
In practice, it comes to the situation in which the task of PM management does not consist in
compensating for the consumed or (returned) to the grid, but is reduced to managing (adjusting,
compensating) the difference between the measured values between the electricity meters of the
consumer and the supplier.

Since the formulation of the problem is that the compensation of the PM, respectively of the
PE, must be strictly specified for each individual case, then attention should also be paid to the
price at which the uncompensated RE is paid. This is of particular importance for Bulgaria, but
not only because the compensation of the PM is carried out in ways that aim to maintain the power
factor cos ¢ = 0.9 (formally between the boundaries of 0.9 ahead of the curve, i.e. capacitive nature,
and 0.9 lagging behind, i.e. inductive nature).

With Ordinance No. 1 on regulation of electricity prices, introduced by the Energy and Water
Regulatory Commission (EWRC), a regulation has been defined, according to which the reactive
energy supplied to the grid is paid many times more than the consumed reactive energy by
consumers with connected power greater than 100 kW. Typically, domestic solar power plants
both in our country and around the world are designed, built and connected with capacities < 30
kWp, due to subsidies. However, for the same reasons, there are many PV plants whose capacities
are precisely > 100 kWp.

What has been said so far clearly shows why it is important and necessary to manage the PM,
keeping it within its respective limits.

Due to the fact that the elements of power electronics are non-linear loads and are one of the
main reasons for the introduction of harmonics and reactive power in the system, for the
improvement of indicators such as the power factor PF and the harmonic composition of currents,
two main directions for development can be defined, as follows:

e New converters to be created according to new schemes and to be managed by new
methods by which the indicators are improved;

e To create electronic devices that serve to correct PF and to improve the harmonious
current composition of already existing electrical equipment and equipment.
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There are successful examples in both strands, but mainly the methodology of compensating
the PM is guided by the second strand. For this reason, a conditional classification of compensatory
means can be made.

1.3.1 CLASSIC COMPENSATING DEVICES — condenser batteries and shunt reactors.

1.3.2 THYRISTOR-CONTROLLED COMPENSATORS - static reactive power
compensators (SVCs), thyristor-controlled series compensators (thyristor-controlled serial
capacitors (TCCs) and thyristor-controlled series capacitors (TUPCs)).

1.3.3 STATIC SYNCHRONOUS COMPENSATORS - static synchronous compensator
(STATCOM) and static synchronous sequential compensator (SSSC).

1.3.4 Power flow controllers.

1.3.5 ACTIVE POWER FILTERS — parallel (shunt) and series (series).

1.3.6 OFFSETTING BY NETWORK INVERTER.

1.4 CHAPTER 1 CONCLUSIONS.

The following conclusions can be drawn from the literature review:

The problems with alternating reactive power, respectively energy, are extremely interesting
and relevant. Since reactive power is not a physical quantity, in practice there is no uniform
definition for its determination. The presence of multiple definitions, in turn, leads to the
possibility of obtaining different results, especially in non-sinusoidal modes. This leads to
ambiguity — the task of compensating is not limited to compensating for a certain physical quantity,
but to the reading of the commercial meter.

In the last few years, there has been an increasing frequency of distributed electricity production
through the utilization of RES for both industrial and domestic purposes. However, the inconsistent
nature of the RES operation leads to problems that reduce the reliability of the UES. These
problems consist in an increase in the voltage in the grid, as well as the presence of variable
reactive power from non-linear V'Cs of electronic elements.

Depending on the mode of operation, the aggregated load changes its character from active —
inductive to active — capacitive and vice versa. Such loads can be compensated by classical means,
but the possibility to compensate with the help of the power electronics of RES is becoming more
and more attractive.

From the point of view of the PV plant , the reactive power can also be compensated by
controlling the photovoltaic inverter. Traditionally, these inverters operate in modes where the
power factor is one (cos ¢ = 1), but theoretically they can change the cos ¢ over a wide range.
inverter is a modern method of compensation in which the introduction of additional devices is
not necessary.

CHAPTER 2. PV INVERTER CONTROL

From the literature review it became clear that there is a difference in the methods for
calculating reactive power, respectively energy. This difference is the reason for obtaining
different results from the meters, which in practice also leads to financial costs, which in some
cases can be significant. In this case, it is appropriate to assess the accuracy of the methods
encountered in practice. In addition, the study of photovoltaic inverters in the role of reactive
power compensators is also of interest, as they are becoming more and more common these days.
For this reason, an experimental study of a hybrid photovoltaic inverter in favorable conditions
(sunny day) and unfavorable conditions (cloudy day) was carried out).

2.5 HYBRID PHOTOVOLTAIC INVERTER IN REACTIVE POWER
COMPENSATION MODE.

An experimental study of the operating modes of a single-phase hybrid inverter has been carried
out in view of its ability to regulate reactive power. The studied system consists of 4 PV panels,
each of which has a nominal power of 550 Wp, a hybrid inverter of Deye with a nominal power
of 6 kW, the parameters of which are described in more detail in Appendix No. 1. This is one of
the most popular choices for a hybrid inverter on the Bulgarian market, due to its wide
compatibility with batteries from different manufacturers.



The reactive power management follows the fully conventional PF settings within the limits
under discussion. The adjustment accuracy of the Deye inverter is 1%, which means that there are
41 choices of PF. In the study, 5 of them were selected, considered basic. They are precisely PF =
0.8 L; PF=09L; PF=1; PF=0.9 C; PF = 0.8 C. In this way, an assessment of the behavior of
the inverter under variable operating conditions is made. For each of these modes, the voltage and
current at the output of the inverter in sunny and cloudy conditions are measured, and the voltage

and current forms are visualized. The relevant calculations for the reactive power have also been
made.

2.5.1 EXPERIMENTAL STUDY ON A SUNNY DAY

e Setting PF =1
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Fig. 2-7. Voltage (yellow) and current (blue) at PF =1 on a sunny day.
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Fig. 2-9. Reactive power Q at PF = 0.9 inductive.
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e Setting PF = 0.8 (inductive)
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Fig. 2-11. Reactive power Q at PF = 0.8 inductive.
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2.5.2 EXPERIMENTAL STUDY ON A CLOUDY DAY

e Setting PF =1
T

et dreay

....................................

deridrett

e = - S

M

T
.
¥
*
+
+
*
-
*
*
+
+
*
*
-
+
+
+
*
+
+
]
*
+
4
*
*
-
*
+
*
+
*
*
*
+

.....................................

*
*
+
*
'
-
*
+
*
*

Bmoe . [SAVE/REC

Save
All

Ink Saver

1] —

Destination

usB

X

ELGE

ra

CHE == S
Fig. 2-16. Voltage (yellow) and current (blue) at PF =1 on a cloudy day.

Setting PF = 0.9 (inductive)
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Fig. 2-17. Voltage (yellow) and current (blue) at PF = 0.9 on a cloudy day.
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Setting = 0.8 (inductive)
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Fig. 2-20. Reactive Power Q at PF = 0.8 inductive on a cloudy day.
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Fig. 2-22. Reactive power Q at PF = -0.9 capacitive on a cloudy day.
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Fig. 2-24. Reactive power Q at PF = -0.8 capacitive on a cloudy day.
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From the results obtained, it can be concluded that the extremely low values of reactive power
are due to the low current active power. The inverter tries to maintain a constant power factor, by
analogy with the theory in 1.3.6.2. The situation turns out to be such that on sunny days there is a
primary source providing active power, and the reactive one is part of the active one. Conversely,
on cloudy days, there is not enough primary resource available for active power, which is why
reactive power is extremely low.

There are and are found on the market PV inverters, characterized by advanced functionalities,
allowing them to operate entirely with reactive power (analogous to compensating devices), and
even if they are sources of reactive power not only in adverse conditions, but also at night. Such
are the inverters with the "Q at night" function of some of the leading manufacturers.

2.7 ALGORITHM FOR CONTROLLING REACTIVE POWER USING A
PHOTOVOLTAIC INVERTER

An algorithm has been developed by means of which the PF power factor of inverters can be
controlled in real time. A laboratory study showed that widespread inverters, when operating in
unfavorable conditions for MPPT, find it difficult to perform their priority functions, and more
specialized ranges have the ability to control reactive power as a priority. The algorithm is
practically a proposal for remote control of the inverter via RS485 serial communication
(MODBUS RTU).

A block diagram of the algorithm is presented in Fig. 2-26.
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The action of the algorithm is as follows.
Current values for voltage, current and cos
¢ (or PF) from the measuring equipment are
reported. A corresponding assignment for
cos @zh is entered, in which the difference

Input values O = cos @zh - cos ¢ is calculated. In cases
U, i, CO8 where the current difference is greater than
its permissible value, then the size and
nature (sign) of the required compensating
power Qcomp is determined and
compensation is switched to. Compensation
continues until the difference d equal to a
permissible value.

8= Cos g =08 P The algorithm works with a change

(difference) of cos ¢, but not with a fixed Q
— Q is part of P. Then, in order to look for
work, as a known compensator, it is
NO necessary to have another energy source
providing this active power (e.g. battery,
PV, etc.).
The algorithm is designed to work with

Enter

COs (g

Caleulate

an additional external controller, through
Walue and sign which a control effect is formed. In Fig. 2-
0 27 is a diagram of remote control of the
LU . .
l inverter. The measured instantaneous
values of the current and voltage of the
Shift operation busbars are input data for the controller.
ot
Compensate

Q
Fig. 2-26 Reactive Power Compensation Algorithm with
Photovoltaic Inverter.

In accordance with the developed algorithm, on the basis of these measurements, the calculation
of active power, reactive power and cos ¢ is performed. Based on the results obtained, the
controller forms a task for the power factor cos ¢, which reflects the desired level of reactive power.
The task is transmitted to the inverter through serial communication, which allows reliable and
standardized data exchange between the individual devices.

The advantage of this approach is that standard devices that are widely used (standard PLC or
programmable power meter) are used. The disadvantage is that for different series of inverters,
even from the same manufacturer, the registers for voltage, current, active power, reactive power
and power factor are at different addresses.
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Appendix No. 2 presents a listing of code in GRID

the Python language, making a connection @

to the communication, which is necessary to

access the registers of the inverter. e jj SMART Hcowow
Registers are reported from MODBUS | |

tables L}m ;

Setting for cos ¢

Fig. 2-27 Remote Control Per Inverter.

2.8. CONCLUSIONS TO CHAPTER 2

The control of a PV inverter for reactive power regulation is possible, but it is associated with
a number of limitations:

Mass hybrid inverters can be controlled in a narrow power factor range of -0.8 to +0.8.

Mass hybrid inverters allow control (within a certain range) of the power factor, but not of the
reactive power generated, i.e. the available solar radiation determines the active energy generated
and, as PFis set, they also alter the generated reactive energy. In other words, reactive power is
only a fraction of the current active power that the inverters operate with. through which it can be
indirectly claimed to control the reactive power. This is also confirmed by the experimental study.
The control of reactive power by analogy with passive compensating devices can only be achieved
if a primary source of active energy is available, e.g. batteries to be kept charged precisely to
ensure sufficient active power, and hence reactive.

Commercially available inverters with "Q on demand 24/7", "Q at night" capabilities can
operate in only one of the modes - reactive or active energy generator.

Despite the above limitations, inverters can be used as reactive power compensators with real-
time control.

CHAPTER 3. COMPENSATION FOR VARIABLE LOADS

The results of the previous chapter show precisely that reactive power is part of the active power
and inverters strive to maintain their set power factor. This necessitates the study of the case
presented in this chapter.

An example of a real object for which a sign-variable PM has been observed and the
possibilities for its compensation have been analyzed.

3.1 INDUSTRIAL SITE
CABLE LINE CABLE LINE

B e _——_— - —- -

@ TRANSFORMER 1 @ TRANSFORMER 2
[]
{ [

LOAD LOAD

Fig. 3-1. Single-line power supply scheme.
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A study of the possibilities for compensating the reactive power of an industrial site has been
carried out. The power supply of the industrial site has been realized through two cable lines of
S.N. 20 kV from an existing 110/20 kV substation. It is in reducing the cost of paying for variable
reactive energy and improving the quality of electricity supply that the need for compensation is
expressed.

The presented single-line diagram of Fig. 3-1 presents the method of power supply and the
formulation of the problem. The two transformers 7r-r I and Tr-r 2 (20/0.4 kV and rated power
400 kVA) operate in parallel and each section is powered by its respective transformer. LED

lighting, servers and computers). In addition, cable lines are sources of significant capacitive
reactive power.
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Fig. 3-2. Daily load schedule of the active power of the section of transformer 7r-r 1.
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Fig. 3-3. Daily load schedule of the reactive power of the section of transformer 7r-r 1.

Measurements of the sections of N.N. (0.4 kV) of each of the transformers are made. The load
schedules of the active (Fig. 3-2 for the section of 7r-r/ and Fig. 3-5 for the section of 7r-r2) and
of the reactive (Figs. 3-3 and Figs. 3-6, respectively) powers, as well as the change of cos ¢ of the
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two sections (Figs. 3-4 and Figs. 3-7). Because cosine is an even function, the nature of the load
is judged by the load schedules of the reactive powers. A familiar variable character with a

predominantly capacitive influence is noticeable. The reason for the significant reactive power of
a capacitive nature is the long cable lines.
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Fig. 3-4. Amendment of the natural cos ¢ of the section of transformer 7r-r 1.
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Fig. 3-5. Daily load schedule of the active power of the section of transformer 7r-r 2.

The following situation is observed, which is graphically clarified in Fig. 3-8 and Fig. 3-9.

When inductive loads are present (Fig. 3-8), the capacitive reactive power of the cable lines is
naturally compensated.
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Fig.

3-6. Daily load schedule of the reactive power of the section of transformer 7r-r 2.
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Fig. 3-7. Amendment of the natural cos ¢ of the section of transformer 7r-r 2.

On the contrary, when inductive loads are switched off, the capacitive reactive power from the
cable lines and capacitive loads cannot be naturally compensated (Fig. 3-9).

Qrr

QLOAD

Fig. 3-8. Vector diagram of the power triangle under
inductive nature of the load.

Pes

Qe

QLOAD

Qcomp

Qcr

QTR-RT
Fig. 3-9. Vector diagram of the power triangle under
capacitive nature of the load.

3.1.1 REACTIVE POWER OF CABLE LINES
Cable lines’ reactive power Q. can be determined by (3.1).

Qc = 3(wC, U2, — wLyl?), VAr

(3.1)

where Upi, V is root mean square of phase voltage, /, A is root mean square of phase current,
o =2rf, s is angular frequency, and = 50 Hz is grid’s frequency.
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Cable lines are characterized by distributed capacitance C, and distributed inductance L, per
unit length. It is generally accepted that the distributed inductance L, is smaller than the distributed
capacitance Cp, in which case it can be neglected. Then, for Q. it reduces to (3.2):

Qe = 3wC,Upy, VAr
3.1.2 TRANSFORMER SECTION TR-R 1

The required compensating reactive power Qcomp can be determined according to (1.9), but for
completeness the expression is again represented by (3.3), .

Qcomp = P(tg pe — tg Pa) (3.3)

Equations (3.4) and (3.5) for g ¢. with regards to the character of the actual reactive power can
be determined from vector diagrams.

(3.2)

Qe _ Qload+Qtr—Qci

tg e =, = b (3.4)
Qe —Qioad +Qtr—0Qc
tg e = = —T—= (3.5)

It is similar for the section of transformer 77-r 2.
3.1.4 COMPENSATION BY CLASSICAL COMPENSATORY MEANS

The decision for the section of 7r-r [ is presented, and for the section of 77-r 2 it is analogous.

To meet the criterion for maintaining cos ¢ > 0.9, an approach is proposed, in which CP with
a reactive power of 35 kVAr is constantly switched on, and during the reported time periods, for
which cos ¢ < 0.9 — additional CP is included. Table 4 shows the capacities of the CP, and Fig.
3-10 presents a diagram of connecting CPR to the section busbars.

Table. 4. Stepwise control of the shunt reactors of the section of Tr-r 1.

Calculated Achieved Compensating devices
Qcomp, KVAT Qcomp, KVAT P 9
35 35 L1+ L
37.5 37.5 Li+L>+Ls
40 40 Li+L>+Ls+ L7
57.5 57.5 Li+ Lo+ L3+ Ls+Ls+Ls
60 60 Li+L>+L3+Ls+Ls+Ls+ L7
LWWMHWU HH - 0,4 kV
=SF 1 =SF2 -SF 3 -SF 4 -SF5 -SF 6 =SF7
KM 1 ¢ KM 2\ ¢ KM3 KM 4\ ¢ -KM 5 KM 6\ ¢ KM 7N

£

2,5 kVAr

£

2,5KkVAr

£

SkVAr

A

5 kVAr

£

10 kVAr

£

10 kVAr

L1 /\
25 kVAr

Fig. 3-10. Scheme of connection of shunt reactors to the rails of the section of Tr-rl.

Taking into account the above mentioned so far and substituting with values in (3.3), the
following results are obtained for the reactive power (Fig. 3-11) and for the power factor cos ¢
(Fig. 3-12).

Section Tr-r 2 reactive power results after compensation are presented in Fig. 3-14, as for power
factor cos ¢ — Fig. 3-15.
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Fig. 3-11. Schedule of the reactive power of section of Tr-r I after compensation.
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Fig. 3-12. Amendment of the corrected cos ¢ of the section of 7r-r 1.
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Fig. 3-14. Schedule of the reactive power of section of Tr-r 2 after compensation.
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Fig. 3-15. Amendment of the corrected cos ¢ of the section of 7r-r 2.
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3.1.5 COMPENSATION BY CONTROLLING A PHOTOVOLTAIC INVERTER
Modern PV inverters operate mainly with active power in their entirety, i.e. with a power factor
cos ¢ = 1, as can be seen from the theory. It is also possible, theoretically, to operate only with
reactive power — cos ¢ = 0. However, in practice, PV inverters are often limited to the range cos
=[0.8 L, 0.8 C].
A rooftop solar power plant is being considered to compensate for reactive power. The roof
area of the site is Object = 860 m2. On this area, a solar power plant with a rated capacity of PV =
215 kWp, consisting of 391 pcs. PV panels (with an accepted unit power of 550 Wp).

3.1.6 TECHNICAL AND ECONOMIC ANALYSIS
3.1.6.1 Assessment of current status
According to expression (1.3), the amount of reactive energy for which a surcharge is payable

is determined. Based on the considerations made so far, the amount of reactive energy E,. that
should be paid is (3.9):

Evc = Eronensy — 049 X Ec = 26 570.43 — 0.49 x 40 002.9 = 6969.009 —— (3 9)
The inductive part of the energy is paid 10 % of the price for the active energy and the capac1t1ve

part of the energy is paid at the price corresponding to the active energy. As only capacitive

electricity is observed, the monthly costs for which a surcharge is paid amount to (3.10):
EUR

kVArh

Conth = Ere X Csing = 6969.009 X 0.132828 = 925. 67 — (3.10)

Or for a year (3.11):
Connuar = 12 X Comonen = 12 X 925.67 = 11 108.04 ﬂ (3.11)
3.1.6.2 Technical and economic assessment of the compensatlon by classical means

The technical and economic analysis can be done in order to search for a period of redemption
of the investment made, or at a certain period of time what part of the return can be obtained at a
given interest rate. There are other productions. Of course, each of these assumptions uses the net
present value (NPV) method (3.12).

NPV = =K + X% By () (3.12)

(1+41r)t
where K are the capital investments (the minus sign indicates that they are expenses), EUR; Bi
are the annual revenues, euros; » — annual interest, %; ¢ — time, year.
A graphical visualization to compare the net present value of the two solutions is presented in
Fig. 3-18. It is clearly seen that the classic method is bought out in the second year, and the one
with the photovoltaic inverter — shortly after the second year.
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Fig. 3-18. Graphic visualization of NPV of both proposals.

3.2 CONCLUSIONS TO CHAPTER 3.

A study on reactive energy compensation at an industrial facility is conducted. The case study
reveals that a situation arises in which the capacitive reactive power of the power supply cable
lines Q¢ 1s not naturally compensated by the inductive reactive powers of the load Qi and the
transformers Qy, with the difference leading to significant financial losses. Both compensation
with conventional compensation devices (shunt reactors) and with a PJ inverter have been
investigated. With regard to compensation by means of a PV inverter, a variant with a rooftop PV
system has been considered. The focus is not on the optimal use of the PV plant with the inherent
MPPT maximum power algorithm, but on the use of the PV inverter as a reactive power
compensator and voltage regulator. The residual active power is provided for own needs.

Technical and economic assessments of the proposed solutions have also been made. The
redemption period of the investment in this case in case of compensation by means of shunt
reactors occurs in the second year. On the other hand, in case of compensation with a PV inverter,
the redemption period occurs shortly after the second year.

CHAPTER 4. ELECTRONIC CONVERTERS FOR REACTIVE ENERGY
COMPENSATION

From the previous chapters it became clear that the possibilities of the inverters used in practice
in terms of reactive power management are significantly limited. Electronic converters are able to
operate as reactive power generators, but their control needs to be changed.

This chapter outlines the developed models for controlling photovoltaic inverters for the
purpose of reactive power management. The presented models were developed in the
MATLAB/Simulink 2019b environment. The Simscape library was used.

4.1 STATIC SYNCHRONOUS COMPENSATOR MODELING

4.1.1 MODELED SETTING OF A STATIC SYNCHRONOUS COMPENSATOR

A model of reactive power compensation has been developed, implemented by means of
STATCOM. The model is composed of PV plants, STATCOM, network and load.

Based on the Clark and Park transformations, a Uref reference voltage is formed, which is used
in PWM by comparison with a 20 kHz trio-shaped signal.
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4.1.2 SIMULATION RESULTS OF THE MODELED STATIC SYNCHRONOUS
COMPENSATOR

Inverter’s voltage Vin, and inverter’s current /;», with relation to time are exhibited in Fig. 4-10.
Immediately, it can be seen that inverter’s voltage Vin, keeps its’ rectangular waveform, which is
an expected trait of voltage inverters. On the other hand, inverter’s current /;»» can be said to be
similar to sinusoidal, but with evident distortions due to high order harmonics.
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Fig. 4-10. Inverter voltage and current.

Figs. 4-11 show the functions of the active and reactive power of the inverter over time. Since
for the period of simulation, the PV plant is the source of energy, the active power of the inverter
is negative, i.e. output to the grid. Accordingly, the reactive power has an average value of 20

kVAr, i.e. about 10% of the active power.
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Fig. 4-11. Active power and reactive power of the inverter.

The active and reactive power of the load are shown in Fig. 4-13. The average values correspond
to the set PT and QT, whereby it can be considered that the load is loaded smoothly.

The active and reactive capacities of the network are shown in Fig. 4-15. The active power of
the network in this case is the consumer.
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4.2 MODELING A SINGLE-PHASE PHOTOVOLTAIC INVERTER

4.2.1 GENERAL INFORMATION AND STAGING

The model is comprised of a single — phase inverter and a grid. Once again, the approach for
obtaining PWM through U, and the Clarke’s and Park’s transformations has been applied,
whereby the magnitude of the inverter current /;;, can be changed by changing the value of the
block called desired amplitude from the subsystem for forming the reference voltage U,

4.2.2 SIMULATION RESULTS OF THE MODELED SINGLE-PHASE
PHOTOVOLTAIC INVERTER

In Fig. 4-25 are presented diagrams of inverter’s current /i,(?), inverter’s voltage Uin(2), grid’s
current /g4(2) and grid’s voltage Ugria(?) as a function of time at desired amplitude of 10 A.
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Fig. 4-25. Results obtained when setting the desired amplitude of the current of the inverter 10 A.

Grid’s voltage Ugria(t) is out of phase with regards to both currents at 90 °. Due to voltage
lagging behind currents, it can be determined that reactive power’s character is capacitive. That is
a prerequisite for consideration that reactive power is being supplied by the inverter to the grid.

4.3 COMPARATIVE ANALYSIS OF REACTIVE POWER COMPENSATION
METHODS

A comparative analysis of the modeled methods for compensation of reactive power is made -
static synchronous compensator and photovoltaic inverter. The comparative analysis consists of
comparing the harmonic composition and the non-sinusoidal coefficient.
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The STATCOM model has been redesigned to model single-phase STATCOM, and regarding
the PV inverter method, both the model presented in 4.2 and an improved model, which is
presented below, are included in the benchmarking analysis .

4.3.2 RESULTS OF THE BENCHMARKING
In Table. 10 presents, in summary, the analysis of the harmonic compositions achieved by the
models.

Table. 10. Summarized results of the comparison of harmonic compositions in different models.

h::::lﬁ:zics Single-phase STATCOM model | Single-phase inverter model Improved single-phase PV model
%
Inverter current I, Inverter current I » Inverter current Iy pv
Ne of harmonics
h3 0.3325 4.454 0.5525
h5 6.358 0.8476 0.3918
h7 269 0.507 0.287
h9 0.1754 03229 0.2256
h11 0.6908 0.1906 0.1849
h13 03175 0.1525 0.1567
h15 0.1082 0.1308 0.1363
h17 0.74%9 0.1151 0.1209
h19 3074 0.1157 0.1092
THD. % 937 11.86 8.48

4.4 CONCLUSIONS TO CHAPTER 4.

The chapter discusses modeling methods for compensating for reactive energy. The models are
based on a solar power plant connected to the grid. From what has been stated in the chapter, the
following conclusions can be drawn:

* A model of a three-phase static synchronous compensator has been developed to
compensate for reactive power. It is shown that power is supplied by a PV plant to the network, as
the voltage of the network and the load are sinusoidal. The reactive power is within the set limits,
due to the fact that the model effectively has a resized inverter that provides sufficient active
power. In this case, it can be considered that the model performs the task of compensating for
reactive power and the load is supplied with sinusoidal voltage and current;

* A model of a single-phase photovoltaic inverter has been developed. An algorithm has
been compiled for obtaining a reference voltage according to a set desired amplitude of the
inverter's current. The reference voltage is used to realize PWM to control the PV inverter after a
spatial vector is formed with the Clark and Park transformations according to Akagi's p-q theory.
From the results obtained, it becomes clear that reactive power is delivered from the inverter to
the grid;

* A comparative analysis of the methods for compensating for reactive power is made.
Although the improved model of a single-phase PV inverter presents the best results in terms of
harmonic distortions, it can be said that each of the models performs the task of compensating for
reactive power — the modeled inverters are parameterized so as to provide the required reactive
power at any given time, i.e. they are resized by active power.
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SCIENTIFIC, APPLIED AND APPLIED CONTRIBUTIONS

Scientific and applied contributions:
1) An algorithm for remote control of the power factor of a photovoltaic inverter has

been developed;

2) A model of reactive power compensation has been developed using a three-phase

grid inverter operating in a mode such as STATCOM,;

3) A model of reactive power compensation using a single-phase photovoltaic inverter
has been developed. An improved model has been developed in terms of PWM

implementation.

Applied contributions:
1) A study of the state of the reactive power of an industrial site and the high costs of

the returned energy in the UES has been carried out. After analyzing the loads,
solutions for compensation with both classic compensating devices and a
photovoltaic inverter have been proposed. A technical and economic assessment
has also been made, on the basis of which it has been established that the

redemption period is similar for both proposed solutions.
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RENEWABLE ENERGY SOURCES AND REACTIVE POWER CONTROL
Author: Msc. Eng. Dzhengiz Yalmaz Ibram

SUMMARY

The dissertation is comprised of four chapters. First chapter consists of literature review on the
current state of renewable energy sources, reactive power issues that occur in power grids with
high presence of renewables and the necessity of reactive power compensation. The different
compensation methods have been explored. In contemporary power supply systems variable loads
can be observed. Depending on operation mode, loads change their character from active-inductive
to active-capacitive and vice versa. Loads of such kind can be compensated by conventional means,
but utilizing RES’ power electronics is becoming increasingly more appealing.

Second chapter concerns experimental research on a hybrid photovoltaic inverter and its
capabilities to operate as a reactive power compensator. Furthermore, an algorithm for remote
control of power factor has been developed.

A case study of a real industrial facility with regards to reactive energy issues and their
respective financial expenses has been explored in third chapter. Load schedules have been
constructed based on the provided input data. The reactive energy is predominantly active-
capacitive in nature. Two solutions have been proposed — using conventional compensation means
and using photovoltaic inverter control. A technical — economic assessment of the two solutions
has been made.

The previous chapters have shown that the capabilities of inverters used in practice in terms of
reactive power control are significantly limited. Electronic converters are capable of operating as
reactive power generators, but their control needs to be modified. Thus, the fourth chapter is
purposed to the development of simulation models for reactive power compensation via control of
photovoltaic inverters. Three distinguished models have been developed. Obtained results have
shown respective key characteristics in relation to their reactive power control capabilities.
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