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V_ BPEJHOBAILE NOJEAMHUX JEJOBA JOKTOPCKE JUCEPTAIIMJE:

1. Introduction (YBon)

[IpBo mornasibe aucepTanyje Npy)ka MIMPOKH Npersie] TPEeHYTHOT CTama y o0iacTu mpuMmeHe JyOokor
yuema 3a HaArlename W ONTUMH3ALHUjy eJeKTpoeHepreTrckux cucreMa. Ommcyje ce pelieBaHTHA
JUTEepaTypa W UCTpaKMBama Koja Cy JO caja CIpoBeneHa y oBoj obmactu. Ilormamipe Takohe yBomm
IpeaMeT HCTPAKUBaka JUCepPTalrje, a TO ¢y NMPOOJIEMH eCTUMALIH]je CTamka eIeKTPOSHEePIeTCKOT CHCTeMa
U TUHAMHUYKe peKoHpurypanuje nuctpudyTuBHe Mpexe. OmmcaHe cy merosne koje he Outn xopumhere -
rpaoBCKe HEYPOHCKE MpeXe U yueme rmoactunajeM. Ha xpajy, maje ce mperyiex JoIprHoca AUCepTaIlrje.

2. Power System State Estimation (Ectumanuja crama y el1eKTpOCHEPTeTCKIM CHCTEMHUMA)

Y Apyrom moriaBiby AMCEpTalHje Npyxa ce AedHHUIMja [Ba Hajuemha MpUCTyna pelaBamy HpodiiemMa
ecTUMalfje CTama y MPEHOCHOM EJIEKTpPOeHepreTckoM cucteMy. [IpBu mpucTyn yBakaBa Mepema M U3
SCADA (Supervisory Control and Data Acquisition) u WAMS (Wide-Area Monitoring System) cucrema.
OBaj mpuUCTYN ce OIlUCyje CHUCTEMOM HEIWHEapHUX jeJHAauYMHa W TPaJUIMOHAIHO CE pellaBa
HeHTpanu3oBano kopucrehn Gauss-Newton meron 3a UTEpaTHBHO peEIIaBamke CHCTEMa HEITMHEAPHUX
jemHaumna. Jlpyrm mpuCTyn yBakaBa caMo (asopcka Mepema m3 WAMS cucrema u nma ITUHEapHY
(hopmynanmjy, mro omoryhasa Op>ke M HEUTEPATHBHO peliche MpodieMa.

3. Graph Neural Networks (I'padoBcke HEYpOHCKE MpEKe)

Tpehe noriasibe aucepranyje npyxa KpaTak Iperiie]] MallHHCKOT yyewa Ha rpagoBHMa, OCHOBE TEOpuje
Be3aHe 3a rpad)oBcke HEypOHCKE Mpeke, U HaBOJAW HEKE IMPaKTHYHE acleKTe Yy yrnmoTpeOu rpadoBCKHX
HEYPOHCKUX MpeXa y peaJHUM NpuMeHama. [ JTaBHU 1Mk OBOT JieNa je Jia ce IPYXKU KOHTEKCT MoTpebaH
3a pasyMmeBame IpaOBCKMX HEYpOHCKHX Mpexa. Kaumunmar mpBo yBoau nepuHunMjy rpada u
KaTeropusyje Hajuemrhe 3ajaTke MaIIMHCKOT y4ewa Ha rpadoBuMa. 3aTUM ce Jaje KpaTak OCBPT Ha
TpaAMLHOHAIIHE METOJle MAallMHCKOI ydema Ha rpadoBrMa Kako OM ce HMCTakia morpeba 3a ydemeM
penpeseHTaija rpadosa. KonauHo, mpyxka ce Tperjien MeETojJa ydueHa pernpe3cHTadja rpadosa,
yKJbY4yjyhin u rpadoBcke HEypOHCKE Mpeke 3aCHOBaHE Ha TyOOKOM y4emy.

4. Graph Neural Network-based State Estimation (Ecrumanmja crama 0asupana Ha TpadOBCKHM
HEYPOHCKUM Mpexama)

VY 0BOM MOIJIaBJby, 00jalllbeHO je Kako ce rpadoBcke HEYPOHCKE MpEKe MOTY NMPUMEHHUTH Ha Mpodiem
JMMHEapHEe U HelIMHeapHe ecTuManujy crama. Ca moceOHOM maxmoM je obpaljeH mporiec TpanchopMmanmje
rpada eleKTpOeHEepPreTCKOr CUCTeMa, 1a O ce Haj ’bUM MOTrao MPUMEHHUTH MPEJIOKEHH METO U JAaTH Cy
JeTabil TPeIIoKeHe apXUTEeKType rpadoBCKe HEYpoHCKe Mpexe. Takohe, aHamu3upaHa je padyHCKa
CIOXKEHOCT ¥  JUCTpUOyHpaHa HMIUIEMEHTalMja IMPEeJJIOKEHOT  MeToja. lecTupameM  Ha
EJIEKTPOCHEPTreTCKAM CHCTEMHUMa pa3JIMUUTHUX BEIMYMHA, €BAIyHpaHa je MPEUU3HOCT MpPEAUKIHje
NPE/IOKEHOT METOJla Yy HOPMaJHUM paJHUM CTalbUMa CHCTEMa, Ka0 M OCETJbUBOCT Ha KOPYyMIIMpaHa
Mepema yCIoB/beHa cajOep HamaguMma U ryOUTaK yJa3HHX [0JaTaka yclell HEIPABUIHOCTH y HBUXOBOM
HPEHOCY.

5. Dynamic Distribution Network Reconfiguration ([unamuuka pekoH(UTypaluja ITUCTPUOYTHUBHE
Mpexe)

Y 0BOM NOrJaBIby, MPEACTABIbA]Y CE€ OCHOBE CTATHUYKE M JUHAMHUYKE PEKOH(UTypalnuje TUcTpudyTUBHE
Mpexe, UCTHUyhH HBUXOBY BaXKHOCT y cO(TBEpYy 3a YIpaBibame NUCTPUOYTUBHMM CHUCTEMOM. Takole,
npyka ce MaremaTudka (opmyJanyja npodsieMa IMHAMHUYKE PEKOH(GUTYpaIlje TUCTPUOYTHBHE MpPEKE,
koja he 6utu Tpancopmucana y oarosapajyhy hopmynanujy yuema MoACTHIIAjeM Y TOTIaBIby 7.

6. Reinforcement Learning (Yueme moacruiiajem)

Y oBOM mOITaB/bY YBOAM C€ OCHOBHA TEOpHja Be3aHa 3a ydUeme MOJACTHIajeM, (okycupajyhm ce Ha
ciesiehe KoHIenTe: KOHAYHM MapKoBJbeBH Tmpornecu omtyunBama (MIIO), Q-yueme n n1ydoko Q-yueme.
Konaunn MIIO ce xopucTe 3a MOZEIOBame CUTyalMja y KOjuMa je IPHCYTaH HPOLEC CEKBEHIINjaTHOT
JIOHOIIemha outyka. ObjammaBa ce ocHOBHa cTpykrypa MIIO-a, kao u nmpuMeHa (QyHKIMja Harpage u
npesasa crama. 3aTHM, (OKyc ce mpememra Ha Q-ydeme, Koje TpeJCTaBjba aJIrOPUTaM 3a Y4Yere
MOZICTHIIAjeM 3a MpOHANaXEHhe ONTHMAaJIHE CTpaTeruje y okpyxemwy 3acHoBaHoMm Ha MIIO-y. Ha kpajy,
pasmarpa ce ayboko Q-ydeme, Koje je MojiepHa BapHjaHTa Q-ydyema Koja KOpHCTH jyOOKe HEypOHCKe




Mpexe. OjanmaBa ce Mpolec TPeHUpama Ay0oKor Q-yuerma U MPETHOCTH KOje OHO TPYKa y MOCTU3AMY
00JpuX TIEpHOPMAHCH Y KOMIUICKCHAM OKPYKCHHMA.

7. Reinforcement Learning based Dynamic Distribution Network Reconfiguration (Junamuuxa
pekoHpuUrypaiyja TucTpuOyTUBHE Mpeke Oa3upaHa Ha yueky MOJCTHIIAjeM)

VY 0BOM MOIJIaBJbY OMNHKCYjE CE HAUYMH HA KOjU CE JUHAMHYKA PEKOH(HUrypalndja TUCTPUOYTUBHE MpEXe
u3pakaBa Kao mpoOJeM yuema mojacTunajeM. [letabHo ce oOjamimaBa Kako ce y3uMajy y 003up IMJbHA
(dyHKIMja U OrpaHUYEha, KA0 U aJITOPUTMH 3a 00YKY M €Balyalldjy MpeaaoKeHOI METO/Ia 3aCHOBAHOT Ha
nyookom Q-yuewmy. Ha kpajy, Bpiim ce eBanyauuja mepGOpMaHCH MPEMLIOKEHOT MPHCTyNa Ha TPH
JUCTPUOYTHBHE MpeXe: TeCTHA MPEka Koja caupxu 15 4BOpoBa, CTBapHA BEJMKA TUCTPUOYTUBHA Mpeka
u cragnapaHa |IEEE mpexa koja cagpyxu 33 uBopa.

8. Conclusions (3akspyurm)

VY 3aBpLIHOM IIOIJIaBJbY, M3HOCE C€ 3aKJbYYLM NOOMjEHH M3 HCTPAXUBAaKba U aHAHM3e MPEe3eHTOBAHUX
pesynrata. McTudy ce rilaBHE ZONPUHOCH JHCEPTALMje y BE3H ca MPUMEHOM MeToaa IyOOKOT yduema 3a
eCTHMAlLlUjy CTama CICKTPOCHEPTeTCKOr CHUCTeMa W JWHAMHUYKY PEKOH(QUrypalujy IUCTPHOYTHUBHE
mpexe. Takohe ce quckyTyje O NMOTEHHMjaIHMM yHarpehemrMa U JTajbUM HCTPaKHBAUMa KOja MOTY
npousalin U3 oBOT paga. Y IEIMHU, PE3ylNTaTH yKa3yjy Ha BEJMKU MOTEHIHWjall NMpUMeHe IpadOBCKHUX
HEYPOHCKHUX MpeXa M yuera MOACTHLAjeM y TOMEHY eJIeKTpOeHepreTckux cucrema. OBaj paj JONPUHOCH
pa3yMeBamy W IPUMEHH OBHX METOJa, Npyxajyhu OCHOBY 3a Jajbe MCTpaKMBaHE M Pa3BOj HANpPEIHUX
TEXHHKa 32 HA/IJIe/lathe 1 ONTUMHU3AIIH]y eIEKTPOSHEPTeTCKUX CHCTEMA.

Ha ocnosy uznoocenoe, Komucuja noaumueno oyeryje cee oeiose 00kmopcke oucepmayuje.

VI CIIMCAK HAYYHHUX U CTPYUYHUX PAJOBA KOJHU CY OBJAB/bEHU NJIN
INPUXBAREHU 3A OBJAB/bUBAIBE HA OCHOBY PE3YJITATA HCTPAJKUBAIbBA Y
OKBHUPY PAJJA HA JOKTOPCKOJ JUCEPTALIUJINA:

TakcaTHBHO HaBECTH Ha3MBE pajioBa, re U Kaaa cy oOjaBibeHu. [IpBO HaBeCTH HajMame jefaH paj
o0jaBsbeH wim mpuxBahieH 3a o00jaBipuMBame y CKiIamy ca [lpasunuma OOKMOPCKUX cmyouja
Yuueepsumema y Hosom Cady Koju je TIOBE3aH ca caapikajeM TOKTOPCKe Jucepraiyje. Y ciaydajy pajaosa
npuxBahieHux 3a 00jaBJbHBambe, TAKCATUBHO HABECTH HA3MBE PaJioBa, I/ie U Kajaa he OuTH 00jaBsbeHU U
NPWJIOKHUTH NMOTBPY YPEIHHUKA YaCOMHUCa O TOME.
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VI SAK/bYYIIN OJHOCHO PE3YJITATHU HCTPAKHUBAIbA:

JyOoko yueme je TmOKazalno BEJIMKH IOTEHIWjall 3a yHanpeheme pasnuyuTux anropurama y
EJIEKTPOCHEPTreTCKUM CUCTEMHMa, YKJbYdyjyhH ainropurMe Haarieiamba Kao MITO Cy IpolieHa
CTaOMITHOCTH M OTKpHUBAamkE JIOKAIlMje KBapoBa, Ka0 M aJIrOPUTME ONTHUMH3AIMje TMOMyT MpopadyHa
ONTUMAJTHUX TOKOBA CHara. JemaH of TpeHAOBa y OBOj oOmacTH je ymorpeba rpadOBCKHX HEYPOHCKHX
Mpeka W ydema MOJICTUIajeM. Y OBOj AWCEPTAIHjH CY OBE METOJE NMPUMEHEHE Ha MpoOeMe eCTUMAIIN]je
CTama M JUHAMUYKEe pPEKOHQUrypaiyje IUCTPUOYTHBHHX MpeXka M II0Ka3aHO je Ja OBE METOAE
WCII0JhaBajy BHCOK HHMBO TayHOCTH W MoOoJeinane mepdopmance y mopehemy ca TpaaullMOHATHO
kopumhennm TexHukama. Kako ce oBa obnacT HacTaBiba pa3BujaTH, odekyje ce aa he Ouru crnposeneHo
BUILIE MCTPAXXMBamha M pa3Boja y OBMM oOiacThMa, ca (JOKyCOM Ha MMIUIEMEHTALM])y OBUX TEXHHKa Y
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OKBHPY CTBapHUX EJIEKTPOCHEPIeTCKMX CHCTeMa pajd JIEMOHCTpAlldje EUXOBOI MPAKTHYHOT
MOTEHIIH]jaNa.

IIpBu meo oBe mucepTanmje UCTPaxKyje Kako ce TpagoBCke HEYPOHCKE MPEKEe MOTY MCKOPHCTUTH 3a Op30
U TPENU3HO pellaBamke JIMHEApHOT W HENMHEapHOI mpoOieMa ecTHMaldje CTama y HPeHOCHHM
SIIEKTPOCHEPreTCKUM cHCTeMHuMa. EBamyanujoM oOydeHOr Mojelia Ha HOBHM CKYIIOBHMa YJIa3HUX
Mepema TOTBplyje ce na TpeAsioKeHH MPHUCTYNT MOKe OWTH KOpHIIheH Kao BHCOKO Mperu3aH
alPOKCUMATOp TPAJHWIHOHAIHHUX pellerka 3a eCTUMALHWjy CTama, y3 NOJaTHY HPEIHOCT JIMHEapHe
padyHCKE KOMIUIEKCHOCTH TOKOM TIIporeca mnpeamknuje. Mogen maje moOpe pesyiarate Wy
HEOICepBaOWIHUM CIIEHapHjuMa KOjU HHCY pEIIMBH KOpHUIINEmeM TpaJulMOHATHUX MeTola 3a
ecTUMalujy crama. Takole, npemioxkeHn MeTos je poOdycTaH Ha Mepema ca BUCOKUM BapHjaHcaMa, Kao U
Ha TIPOMEHE YJIa3HUX [OJlaTaKka Y3pOKOBaHUX cajOoep Hamamuma. [IpeanokeHH NPHUCTYI IOKazyje
CKaJIaOMIIHOCT KaJla Ce TecTHpa Ha eJEKTPOCHEPIeTCKUM CHUCTEMHMa DPa3IMYMTHX BEJIMYHHA, Kao M
e(pMKaCHOCT Y30pKOBama jep pe3ylTHje KBAIUTETHHM IpeIUKIMjaMa Yak M Kajga je oOydeH Ha MajoM
Opojy HaCyMHYHO IeHEepUCaHUX NojaaTaka. KoHayHo, MPpeayoKeH! METO/1 HaIMalllyje yCTajbeHe MPUCTYIIe
3a eCTHMAIlH]y CTamka 3aCHOBAaHE Ha JyOOKOM yuewmy, Iliefajyhm TagyHOCT mpeaBuhama U 3HAYAJHO MambU
0poj mapameTapa, IIoceOHO KaKo ce BEMYWHA CIICKTPOCHEPIeTCKOr cucTeMa nosehasa. KoHauHO, cClimyHU
3aKJbYYLIM MOTY C€ NPEHETH M 3a NMpUMEHe Ipa)OBCKHX HEYPOHCKHX MpeXa Ha apyre (Gopmynanuje
npobieMa ecTuMandje crama. Ha mpumep, crmocoOGHOCT MPEIOKESHOI MOZENA Ja MPYXH peieBaHTHA
peliema y HeoIcepBaOITHIM CIIEHApHjIMa YKa3yje Ha TO Ja OM OH MOTao OWTH KOPUCTaH 3a eCTHMAIH]Y
CTama y TPaJAUIMOHATHO HEOTICEPBAOMIHUM TUCTPUOYTHBHUM CUCTEMHUMA.

Jlpyru neo oBe aucepTalidje HCTPaXKyje BHUIICKPUTEPHjyMCKY GopMysandjy mpodiieMa JAHAMHYKE
pekoHduUrypanmje AUCTPUOYTHBHE MpEXe C LHJBEM MHHHMHU30Baa YKYIHHX TPOIIKOBA TIyOHTaKa
eHepryje U MaHUIyJanyuja npekuaadkom onpemom. [IpeanoxeHo pememe, 3aCHOBaHO Ha yOOKOM YUewy
MOJCTHLIAjeM, YCIIEIIHO TPETUpa AMHAMHUUYKY PeKOH(QUIypalujy AUCTpUOYTHBHE Mpexe Kao MapKoBJbeB
IpoLec OUTyYHBama KOPUCTENM CMameH CKyN BapHjaliid cTama W PadyyHCKH e(dUKacaH MPUCTYH 3a
yBa)KaBake OrpaHMuYcHa Opoja MaHHWITyNamyja MPEKHJAuKoM OIpeMoM. PesynTaTu cy mokasanu jga ce
pa3BHjeHH alropuTaM Op’ke HM3BpIIaBa OJ TPEHYTHO KOPHUIINEHHX METOAa, Y3 IOCTH3amke CIMYHHX
BpEIHOCTH onTUMH3anuoHe ¢yHKuuje. [IpemmoxkeHn MeTox je yCIeIHO W3BplueH kopuctehn momatke
W3BOJIa JAUCTPUOYTHBHE MpEXKE ca BEIWKHM OpojeM 4YBOpOBa, Mmokasyjyhm meroBy ckamadmraoct. OBO
UCTpaXMBakbe JONPHHOCH OONACTH YIpaB/bamka M ONTUMHU3ALHje EJICKTPOCHEPIeTCKUX CHCTEMa
NpY’KameM HOBOT M epUKaCHOT pellietha 3a TUHAMUYKY PEKOH(PHUTYPALU]y TUCTPUOYTUBHUX MpexKa.




VIl O EHA HAYMHA INPUKA3A U TYMAUYEA PE3YJITATA UCTPAJKKUBAIbA:
ExcrnnunyuTHO HaBeCTU INO3UTUBHY WM HEraTHBHY OLCHY HAauWHA IIPUKa3a M TyMadewa pe3yirara
UCTPaXXKUBama.

Pesynratn mcrpaxuBama y OBOj IHCEpTAllUjH Cy AOOpO OIMMCAaHM W IpuKazaHU. [Iporec reHepucama
mojaraka 3a morpede oOyke M eBalyanyje MoJelna 3aCHOBaHHX Ha AyOOKOM y4emy je jaCHO O0jallheH, a
pe3ynTaTu cy IPEe3eHTOBAHM KPO3 CIHKE, Tabene W aujarpame KOjU Cy JIAKO Pas’yMJBUBH M IOMaxy y
BUXOBOM TyMademy. AHalW3a pe3yiTara je KOHIM3HA, JIOTHYHAa W N0o0po ycMmepeHa Ha H3Boleme
3akspydaka. Takole, pesynratu cy ynopeheHn ca paHHjUM HCTpaXHBamHMa, a JaTH CYy W TPEIUIO3N 3a
Oynyha ucTpakuBamkba W INPAaKTHYHY NPUMEHY. YKpaTko, HayMH INpHKaza M TyMadema pesyiTaTa
UCTpa)XMBabha y OBOj AUCEPTALMjHU je 100po CTPYKTYpHUpaH, jacaH U MOAP)KaH OAroBapajyhuM BU3yeITHUM
cpencteuMa. Pan je mpoBepeH y copTBepy 3a aeTekiyjy miardjapusma iThenticate, y bubdnaunorern ®TH-
a, 0 YeMy je KOMHCH]ja U3BELITEHA IIyTeM €JIEKTPOHCKE TOIITE.

IX KOHAYHA OIIEHA JOKTOPCKE JUCEPTALIMJE:
ExcrumuiMTHO HaBeCTH [a JM JAWCEpTalfja jecTe WM HHUje HalucaHa y CKIaay ca HaBeICHUM
00pa3IoKeHEM, Kao U Jia JIK OHA CaJp KK U He CaJpiKu CBe OMTHE eneMeHTe. JaTu jacHe, mperu3He u
KOHIIM3HE OJIrOBOpE Ha 3. U 4. IUTamE!

1. Jla nv je aucepTanyja HallMcaHa y CKJIaay ca 00pas3ioKemeM HaBEeACHUM Yy IIpHjaBu Teme?

Jla, TOKTOpCKa qUcepTalldja je HalkcaHa y CKIIaay ca 00pasiioKemheM HaBSICHUM Yy MTPUjaBU TEME.

2. la nu aucepraiyja caapiKu CBe OUTHE eeMeHTe?

Ha, mucepranuja caipKu cBe OMTHE €IEMEHTE, YKIbYUyjyhu HAacIoB, CaapKHUHY, pe3yiTaTe 1 TyMaueme
UCTHUX, IITO CE 3aXTEBa O/l OBAKBE BPCTE paja.

3. Ilo uemy je aucepTalyja OpUrHHAJIAH JONPUHOC HAYIH?

OpurnHanHM HaydyHM JONPUHOCH Jella JOKTOPCKE JHcepTaldje KOoju ce 0aBM ecTHMAalHjoM CTamba
eJICKTPOSHEPTeTCKUX cucTeMa nomohy rpadoBcknx HEypOHCKHX Mpexa cy cienehu:

1. Ilpemyoxxena je opuruHaiHa NpUMeHa rpaOBCKUX HEYPOHCKHMX Mpexa Ha (aktop rpadoBe ymecto Ha
TpaIMLUHOHAIHN MOJEN eJeKTpoeHeprerckor cucrema. OBo omoryhasa (eKCHOMIIHOCT y MHTErpaluju 1
WCKJbYYMBaKy pa3IMUUTHX BpPCTa Mepewma Ha ca0MpHMIlaMa W TpaHama Mmpexe. [IpencraBibeHa je u
apXUTEKTypa rpaOBCKe HEYPOHCKE MpEKe CIIelHjajn30BaHa 3a IPUMEHY Ha (pakTop rpadose.

2. [IpennosxeHN MO/IET UMA JINHEAPHY PadyHApPCKy CIOXKEHOCT Y OJHOCY Ha BETIMYHHY €JIeKTPOSHEPIeTCKOT
cUCTeMa, IITO Ta YHHU MOTOJHMM 3a NPUMEHY Ha Beluke cucteme. Takole, meroBa MMILICMEHTAIHja j€
MOTO/IHA 33 AUCTPUOYNPAHO M3BPILABAKE U TapajIeIn3alyjy.

3. TlepdopmaHce TpemIOKEHOT MOfela Cy eBalyHpaHE Y pa3IHIUTHM CIEHApHjUMa, YKIBYy4yjyhu
CUTyalllje ca HEAOCTYNHHM IoJalMMa, IpelikamMa y IPeHoCy IMojaTaka M 3JI0HAMEPHOM IPOMEHOM
BpeqHocTH nojataka. Takole, ncTpaxkeHa Cy JIOKaJHa CBOjCTBA MOJIeJIa U MOKa3aHO je Jia Ce IMOTOpIIaBambe
KBaJIUTE€Ta MPEAWKIHja jaBJba CaMO y OKBHPY ONHCKOT CyceICTBa YBOpa TIA€ C€ jaBjba IpeIlKa HIIH
3JI0HaMepHa MPOMeHa MoJaTaKa.

OpurvHAIHA HAy4YHH JONPHHOCH JeJia JOKTOPCKE JWCepTalyje Koju ce 0aBH JHHAMHYKOM
PeKOH(DUTYpAIHjOM AUCTPUOYTHBHE MPEXKE 3aCHOBAHOM Ha YUCHY MOJCTHIIAjeM cy cienehu:

1. [IpennoxeHa nepununMja BaprjadbiIy cTamba areHTa 3aCHOBAHOT Ha yueky MOACTHIajeM 00yxBaTa MambH
Opoj BenmmunHa y mopehemy ca 10 cana mpeasiokeHUM npuctynuMma. CMmameme CKyna BapHjabin crama
3HAYajHO OJIAKIIaBa NMPHMEHY ajIrOPUTMa y CTBAPHOM CBETY, 300T Mamer Opoja Mepema NMoTpeOHMX 3a
n3Bpuiewke anropurma. CMamere 0poja BapHjadii ctama Takohe oJlakIIaBa TpEHHpame HEYPOHCKE Mpeke




KOja ce KOPUCTH y alrOpUTMY.

2. TlpemnoxeH je edukacaH HAaYMH 3a yBa)KaBamkbe OTpaHHWYCHa Opoja MaHWITyJAlHja MPEeKHIadKOM
OTpEeMOM TIPIINKOM H300pa akmuja y amroputmy. OBaj mpuCTyn je oMoryheH axypupameM cKymna
JOCTYITHUX aKI{ja TOKOM H3BpIIaBama HTepalyja OO0yKe aJropuTMa TaKo Jla ce OTpaHHYema Opoja
MaHUITyJIaIja TPEeKUAadKoM ompeMoM He kpimre. OBO MmojeqHOCTaBJbYje (GYHKIHjy Harpaze y OJHOCY Ha
NPUCTYI KOjU [03BOJbAaBA aKIMje KOje KpIIe OrpaHHuYerha, Al MX KaKHkaBa BEIMKOM HETaTUBHOM
HarpamoM. OBaj HauWH W300pa aKmyja MOKE ce IPUMEHHTH M Ha CIHUYHE HpobjeMe ympaBibama H
ONTHMU3AIIH]j€ EHEPIeTCKUX CUCTEMA.

3. TlpemnoxeHu anropuraMm je ckajgadwiaaH U e(UKacaH TOKOM W3BpIIaBamha, ald 3aXTeBa BUCOKO
aHra)koBambe pauyyHApCKHX pecypca TOKOM mporeca oOyke. Y mopehiemy ca mo caga kopurrheHUM
METo/IaMa, TIPEIOKEHN aJiITOPUTaM MOKa3yje MPUOIHKHE Wi 00Jbe BPEAHOCTH ONTUMH3AIMOHE (DYHKIH]e
U CMambeHO BPEME U3BPIIIABAHA.

4. Koju cy HenocTany Jucepralyje 1 Kakas je ’bUXOB yYTHUIIA] Ha PE3yJTaT HCTPaKUBamba?

VY nwcepTandju HUCY YOUEHH HEJIOCTAlM KOji OM YTHIAIN Ha pe3yJITaTe UCTPaKHUBambha.

X  MPEJAJIOT:

Ha ocHOBY HaBeJIeHOT, KOMHUCH]a MPEeJUIaxe:

a) 1a ce IOKTOPCKA JUcepTalMja NPUXBATH, a KAHJAWAATy 0100pu 010paHa;
0) 1a ce MOKTOpPCKa AMCEpTallfja BpaT KaHAXUAATY Ha Topaay (1a ce TOMyHH OJJHOCHO U3MCHH);
B) Jla ce JOKTOPCKa JucepTaluja oaduje.

Mecto u natym: Hoeu Can, 13.10.2023.
1. np Tatjana Jlonuap-Typyxaio,
peaoBHU npodecop

, IPEJICETHUK

2. ip Munan Pananh, pegosHu

npogecop
, WIaH

3. ap [penpar Bunosuh, Baupeaau

npodecop
, WIaH

4. np Mupcan hocosuh, omeHT
, WIaH

5. np Jlejan BykoGparoruhi, pesjoBHu

poecop
, MEHTOD

6. np [Jparuma Mummkosuh, Hay9H!
capaJiHuK
, MEHTOP

HAITIOMEHA: Unan xoMucHje KOju HE K€U Ja HOTIHIIE M3BEIITa] jep ce He CaXe ca MUIBEHEM
BehuHe wiaHOBa KOMHUCH]e, Ty’KaH je Ja YHece Y M3BeIITaj] 00pa3iokeme 0OJJHOCHO Pas3jiore 300T KOjux He
JKEJTH JIa TIOTTIMIIIE U3BEIITaj U JIa UCTH MOTIUIIIE.
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OVERVIEW OF THE DOCTORAL DISSERTATION:
Concisely summarize the dissertation content with indicated number of pages, chapters, figures,
images, charts etc.

The doctoral dissertation encompasses 139 numerated pages, 10 tabels, 31 figure, and 174
references.

It consists of the following chapters:
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. Power System State Estimation

. Graph Neural Networks

. Graph Neural Network-based State Estimation
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. Reinforcement Learning
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V EVALUATION OF INDIVIDUAL DISSERTATION CHAPTERS:

1. Introduction

The first chapter of the dissertation provides a broad overview of the current state of the art in the field of
deep learning applications for power system monitoring and optimization. The relevant literature and
research that have been conducted so far in this area are described. The chapter also introduces the subject
of the dissertation research, namely the problems of power system state estimation (SE) and dynamic
distribution network reconfiguration (DDNR). The methods that will be used are described: graph neural
networks (GNNs) and deep reinforcement learning (DRL). Finally, an overview of the contributions of the
dissertation is given.

2. Power System State Estimation

The second chapter of the dissertation provides a definition of the two most common approaches to
solving the problem of SE in the transmission power system. The first approach considers measurements
from both SCADA (Supervisory Control and Data Acquisition) and WAMS (Wide-Area Monitoring
System) systems. This approach is described by a system of nonlinear equations and is traditionally solved
in a centralized manner using the Gauss-Newton method for iteratively solving systems of nonlinear
equations. The second approach considers only the phasor measurements from the WAMS system and has
a linear formulation, which enables a faster and non-iterative solution to the problem.

3. Graph Neural Networks

The third chapter of the dissertation provides a brief overview of machine learning on graphs, the basics of
the theory related to GNNSs, and lists some practical aspects in the use of GNNs in real-world applications.
The main goal of this section is to provide the context needed to understand graph neural networks. The
candidate first introduces the definition of a graph and categorizes the most common machine learning
tasks on graphs. Then, a brief review of traditional machine learning methods on graphs is given to
highlight the need for learning graph representations. Finally, an overview of methods for learning graph
representations, including GNNs based on deep learning, is provided.

4. Graph Neural Network-based State Estimation

In this chapter, it is explained how GNNs can be applied to the problem of linear and nonlinear SE. The
transformation process of the graph of the power system was treated with special attention, so that the
proposed method could be applied to it, and the details of the proposed architecture of the GNN were
given. Also, the computational complexity and distributed implementation of the proposed method were
analyzed. By testing on power systems of different sizes, the accuracy of the prediction of the proposed
method in the normal operating conditions of the system was evaluated, as well as the sensitivity to
corrupt measurements caused by cyber attacks and the loss of input data due to irregularities in their
transmission.

5. Dynamic Distribution Network Reconfiguration

In this chapter, the basics of static and DDNR are presented, highlighting their importance in distribution
management system software. Also, a mathematical formulation of the problem of dynamic
reconfiguration of the distribution network is provided, which will be transformed into a suitable
formulation in the DRL framework in Chapter 7.

6. Reinforcement Learning

This chapter introduces the basic theory related to deep reinforcement learning (DRL), focusing on the
following concepts: finite Markov decision processes (MDPs), Q-learning, and deep Q-learning. Finite
MDPs are used to model situations in which a sequential decision-making process is present. The basic
structure of an MDP is explained, as well as the implementation of reward functions and state transitions.
Next, the focus shifts to Q-learning, which is a DRL algorithm for finding an optimal strategy in an MDP-
based environment. Finally, deep Q-learning is discussed, which is a modern variant of Q-learning that
uses deep neural networks. An explanation of the process of training deep Q-learning is given, along with
the benefits it provides in achieving better performance in complex environments.

7. Reinforcement Learning based Dynamic Distribution Network Reconfiguration




This chapter describes how the dynamic reconfiguration of a distribution network is expressed as a DRL
problem. It explains in detail how the objective function and constraints are taken into account, as well as
the training and evaluation algorithms of the proposed deep Q-learning based method. Finally, the
performance of the proposed approach is evaluated on three distribution networks: a test network
containing 15 nodes, a real-world large distribution network, and a standard IEEE network containing 33
nodes.

8. Conclusions

In the final chapter, the conclusions obtained from the research and analysis of the obtained results are
presented. The main contributions of the dissertation related to the application of deep learning methods
for power system state estimation and DDNR are highlighted. Potential improvements and further research
that may result from this work are also discussed. Overall, the results indicate a great potential for the
application of GNNs and DRL in the domain of power systems. This work contributes to the
understanding and application of these methods, providing a basis for further research and development of
advanced techniques for monitoring and optimizing power systems.

Based on the above, the committee positively evaluates all parts of the doctoral dissertation.
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DOCTORAL RESEARCH:

List the manuscript titles, where and when they were published. First, list at least one paper published or
accepted for publication in accordance with the Rules of Doctoral Studies of the University of Novi Sad
that is related to the content of the doctoral dissertation. In the case of manuscripts accepted for
publication, list the titles of the works, where and when they will be published and attach a confirmation
from the journal editor.




List of results M21 - Paper in a top international journal

1. Ognjen Kundacina, Mirsad Cosovic, Dragisa Miskovic, and Dejan Vukobratovic. Graph Neural
Networks on Factor Graphs for Robust, Fast, and Scalable Linear State Estimation with PMUs.
Sustainable Energy, Grids and Networks, pp. 1-16, 2023, DOI:
https://doi.org/10.1016/j.segan.2023.101056.

List of results M23 - Paper in an international journal

1. Ognjen Kundacina, Predrag Vidovic, and Milan Petkovic. Solving dynamic distribution network
reconfiguration using deep reinforcement learning. Electrical Engineering, pp. 1-15, 2021, DOI:
10.1007/s00202-021-01399-y.

Presentation from the international meeting printed it its entirety.

1. Ognjen Kundacina, Mirsad Cosovic, Dragisa Miskovic, and Dejan Vukobratovic. Distributed Nonlinear
State Estimation in Electric Power Systems using Graph Neural Networks, 2022 IEEE International
Conference on Communications, Control, and Computing Technologies for Smart Grids
(SmartGridComm), Singapore, 2022, pp. 1-6, DOl:
10.1109/SmartGridComm52983.2022.9960967.Cniucak pesynrara M33 - Caomiureme ca MeljyHapomHor
CKYyIla HITAMIIAHO Yy HCJINHU

2. Ognjen Kundacina, Miodrag Forcan, Mirsad Cosovic, Darijo Raca, Merim Dzaferagic, Dragisa
Miskovic, Mirjana Maksimovic, and Dejan Vukobratovic. Near Real-Time Distributed State Estimation
via Al/ML-Empowered 5G Networks, 2022 IEEE International Conference on Communications, Control,
and Computing Technologies for Smart Grids (SmartGridComm), Singapore, 2022, pp. 1-6, DOI:
10.1109/SmartGridComm52983.2022.9961031.

3. Ognjen Kundacina, Mirsad Cosovic, and Dejan Vukobratovic. State estimation in electric power
systems leveraging graph neural networks, 17th International Conference on Probabilistic Methods
Applied to Power Systems, pp. 1-6, 2022, DOI: 10.1109/PMAPS53380.2022.9810559.

4. Ognjen Stanojev, Ognjen Kundacina, Uros Markovic, Evangelos Vrettos, Petros Aristidou, and
Gabriela Hug. A reinforcement learning approach for fast frequency control in low-inertia power systems.
2020 52nd North American Power Symposium (NAPS), pp. 1-6. IEEE, 2021, DOI:
10.1109/NAPS50074.2021.9449821.

5. Ognjen Kundacina, Gorana Gojic, Mile Mitrovic, Dragisa Miskovic, and Dejan Vukobratovic.
Supporting Future Electrical Utilities: Using Deep Learning Methods in EMS and DMS Algorithms, 22nd
International ~ Symposium  INFOTEH-JAHORINA  (INFOTEH), pp. 1-6, 2023, DOI:
10.1109/INFOTEH57020.2023.10094173.

6. Ognjen Kundacina, Gorana Gojic, Mirsad Cosovic, Dragisa Miskovic, and Dejan Vukobratovic.
Scalability and Sample Efficiency Analysis of Graph Neural Networks for Power System State
Estimation, Sixth International Balkan Conference on Communications and Networking (BalkanCom),
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Vil CONCLUSIONS AND RESEARCH RESULTS:

Deep learning has demonstrated great potential to improve various tasks in power systems, including
monitoring tasks such as stability assessment and fault detection, as well as for optimization tasks like
Volt-Var optimization, optimal power flow, etc. One of the current trends in the field is the use of GNNs
and DRL. In this thesis, we applied these methods to SE and DDNR problems and shown that these
methods exhibit high levels of accuracy and improved performance when compared to traditionally used
techniques. As the field continues to evolve, it is expected that more research and development will be
conducted in these areas, with a focus on implementing these techniques in real-world power systems to
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demonstrate their practical potential.

This thesis presents two main contributions. As the first one, we investigate how GNN can be used as fast
and accurate solvers of linear and nonlinear SE. The proposed graph attention network-based model,
specialized for the newly introduced heterogeneous augmented factor graphs, recursively propagates the
input measurements from the factor nodes to generate predictions in the variable nodes. Evaluating the
trained model on unseen data samples confirms that the proposed GNN approach can be used as a highly
accurate approximator of the traditional SE solutions, with the added benefit of linear computational
complexity at inference time. The model is robust in unobservable scenarios that are not solvable using
traditional SE and deep learning methods, such as when individual measurements or entire measurement
units fail to deliver measurement data to the proposed SE solver. Furthermore, the GNN model performs
well when measurement variances are high or outliers are present in the input data. The proposed approach
demonstrates scalability and sample efficiency when tested on power systems of various sizes, as it makes
good predictions even when trained on a small number of randomly generated samples. Finally, the
proposed GNN model outperforms the more conventional deep learning-based SE approach in terms of
prediction accuracy and significantly lower number of trainable parameters, especially as the size of the
power system grows. In this work, we focused on using GNNs to solve a linear and nonlinear transmission
system SE model. However, the proposed learning framework, graph augmentation techniques, and
conclusions can be applied to a wide range of SE formulations. For example, the GNN's ability to provide
relevant solutions in underdetermined scenarios suggests that it could be useful for GNN-based SE in
highly unobservable distribution systems.

As a second main contribution, this thesis has explored a multi-objective formulation for DDNR, aimed at
minimizing the total cost of energy losses and switching operations. The proposed solution, based on
DRL, demonstrated successful treatment of DDNR as an MDP through the use of state variables with
reduced observability requirements and a computationally efficient approach for handling switching
operation constraints. The results showed that the developed algorithm is scalable, performs faster than the
state-of-the-art method while yielding comparable cost savings, and is capable of handling large-scale
wholereal-world distribution networks. This work contributes to the field of power system control and
optimization by providing a novel and effective solution for DDNR.

The committee considers that conclusions are logically derived from the obtained results and clearly
reflect the significance and scientific contribution of the conducted research.

VIII  ASSESSMENT OF THE METHOD OF PRESENTATION AND INTERPRETATION OF
RESEARCH RESULTS:
Explicitly state a positive or negative assessment of the way research results are presented and
interpreted.

The research results in this dissertation are well described and presented. The process of generating data
for the training and evaluation of deep learning-based models is clearly explained, and the results are
presented through figures, tables and diagrams that are easy to understand and aid in interpretation. The
analysis of the results is consistent, logical and well moderated in drawing conclusions. Also, the results
are compared with earlier research, and suggestions for future research and practical application are given.
In short, the way of presentation and interpretation of research results in this dissertation is well structured,
clear and supported by appropriate visual means.

The work was checked in the software for plagiarism detection iThenticate, in the Library of the Faculty of
Technical Sciences, about which the committee was informed via e-mail.

X FINAL ASSESSMENT OF DOCTORAL DISSERTATION:
Explicitly state if the dissertation is or is not written in accordance with submitted dissertation proposal,
as well as does it contain all the important elements. Provide clear, precise and concise answers to
guestions 3 and 4




1. Was the dissertation written in accordance with the previously submitted dissertation proposal?

Yes, the dissertation is written entirely in accordance with previously submitted dissertation
proposal.

2. Does the dissertation contain all the important elements?

Yes, the dissertation contains all the essential elements, including the title, content, results, and their
interpretation, which is required from this type of work.

3. Why does this dissertation provide original contributions to science?

The original scientific contributions of the part of the doctoral dissertation related to the power system state
estimation using graph neural networks are as follows:

1. An original application of GNNs to factor graphs instead of the traditional power system model is
proposed. This allows flexibility in the integration and exclusion of different types of measurements on
buses and network branches. The architecture of a GNN specialized for application to factor graphs is also
presented.

2. The proposed model has a linear computational complexity regarding the size of the power system, which
makes it suitable for application to large systems. Also, its implementation is suitable for distributed
execution and parallelization.

3. The performance of the proposed model was evaluated in various scenarios, including situations with
unavailable data, data transmission errors, and malicious data value changes. Also, the local properties of
the model were investigated and it was shown that the deterioration of the quality of model's predictions
occurs only within the close neighborhood of the node where the error or malicious change of data occurs.

The original scientific contributions of the part of the doctoral dissertation related to the dynamic
reconfiguration of the distribution network based on deep reinforcement learning are as follows:

1. The proposed definition of DRL agent's state variable set is smaller compared to the approaches proposed
so far. Reducing the set of state variables significantly facilitates the implementation of the algorithm in the
real world, due to the smaller number of measurements required to execute the algorithm. Reducing the
number of state variables also makes it easier to train the neural network used in the algorithm.

2. An efficient way to satisfy the constraint of the number of switching manipulations during the selection
of actions is proposed. This approach is made possible by updating the set of available actions during the
execution of algorithm training iterations so that the switching manipulation constraints are not violated.
This simplifies the reward function compared to an approach that allows constraint-violating actions but
punishes them with a large negative reward. This way of selecting actions can also be applied to similar
problems of management and optimization of electric power systems.

3. The proposed algorithm is scalable and efficient during execution, but requires a high computational
effort during the training process. Compared to the methods used so far, the proposed algorithm shows
approximate or better values of the optimization function and reduced execution time.

Overall, this dissertation makes significant contributions to the field of power system monitoring and
optimization, offering novel and effective solutions for both power system state estimation using graph
neural networks and dynamic reconfiguration of distribution networks through deep reinforcement learning.
The insights and methodologies developed in this research can also be applied to address similar challenges
within the broader domain of power systems, enhancing their overall monitoring, control, and optimization.




4. What are the shortcomings of the dissertation and what is their impact on the research results?

In the dissertation, no shortcomings were observed that would affect the results of the research.

X PROPOSAL.:

Based on the indicated information, the committee is proposes:

a) To accept the doctoral dissertation and approve the candidate's defense;
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