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MeHTOp ¥ 4IaHOBU KOMHUCH]e

MenTop:

Zp 3opaH JlasapeBuh, peioBHU podecop y NeH3uju

YHuBep3uTeT y beorpaay — EfieKTpoTeXHUYKU QaKyITET

Ys1aHOBU KOMUCH]eE:

Jp 3opaH PagakoBuh, penoBHuU npodecop

YHuBep3uTeT y beorpaay — EfieKTpoTeXHUYKH QaKyITET

Ap 3nataH CtojkoBuh, pesoBHU podecop

YHuBep3uTeT y beorpaay — EnekTpoTexHu4Yku paKyaTeT

np Henax KaprasnoBuh, HayyHM capafHUK
YuuBep3utet y beorpagy — EneKTpoTeXHUYKU UHCTUTYT

,HukoJsa Tecina“

JAp Musian Unuh, pegoBuu npodecop

YHuBep3uTeT y beorpaay — EnekTpoTexHu4Yku paKyaTeT

Ip Musbko Epuh, BaupegHu npodecop y neH3uju

YHuBep3uTeT y beorpaay — EnekTpoTexHUYKU paKyaTeT

JlaTym of6paHe:
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3axBaJIHMIIA

3a noJpuUIKy U capa/iiby U3pakaBaM UCKPEHY 3axBaJIHOCT MeHTOpY, npodecopy Ap 30paHy
JlazapeBuhy.

[TocebHy 3axBasiHOCT AyryjeM npodecopy Ap 3opaHy PajjakoBuhy 3a lheroBe KopucHe caBeTe
U CyrecTtuje.

3axBasiaH caM W Ap Henany Kapranosuhy 3a momoh y nsBohemwy orsiesia, Kao U OCTaIuM
yjaHoBUMa KoMucuje koju cy cBojuM mpuMmejbaMa U NpeAso3uMa JONpPHHENU KOHA4YHOj
obpaau aucepTanyje.

OBHUM pazioM ce Takohe Ki1amaM U ceHuMa Jiefie hopha JlykaH1a, AUIJLUHXK.eJ1., ¥ olla Pagmusia
JlykaHla, AWMJL.UHX.€J1., KOjU CYy MU Ha U3BECTAH HAYMH CKULUPaSU NpodecHuoHa/JHU NYT,
jep caM ca eJIeKTPOTEXHUKOM HEeKaKo U 0JIpacTao.

3a 6e3yc/I0BHY NMOAPUIKY 3aXBaJiaH caM U Majuu Bepunu /JlykaHail, kao ¥ poZ;6MHH, KYMOBHUMA
U puUjaTe/bUMa KOju cy Me 60pUJIU U 0XpabpHBaJIH.

Hophe Jykanary
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HacsioB foOKTOpCKe sucepTanuje:

»~IIppuMeHa UHF paBaya 3a HaA3upame U
oapebuBame MecTa napuuja/THUX NpaKkbemha
y eHepreTCcKuM tpancpopmaropuma’

Caxxerak

[IpenMeT oBe JOKTOpCKe AUcepTaLMje CacTOju ce U3 YeTUPH O6UTHA Jea. [IpBU K/by4HHU fieo je
eKCIlepUMEeHT HaJ3Upara NaplUja/JHUX NpaKkbemwa Yy NMOTOHy U CBeoOyxXBaTHA aHa/u3a
OTKpPHMBEHHUX CUTHa/a MapLUjaJHUX NpakKibewa JobujeHux ca yrpaheHe UHF coHze TOKOM
BpeMeHa, pa/i1 [IpoLieHe CTama eJIeKTpUYHe U30J1aliuje y eHepreTcKoM TpaHchopMaTopy.

Jlpyry K/bY4HHU [I€0 je HajlaKeke MeCTa W3BOopa NMaplyjaJHUX NpaKibema Y U30JallMOHOM
CUCTEMY eHepreTCKOr TpaHcpopMaTopa LITO je Moryhe TayHuje U NpenuM3HUje noMohy /iBa,
Tpu ¥ yeTupu UHF faBaya y ynpomheHoM Mozesly eHepreTckor TpaHcpopMaTopa ynoTpebomM
MATLAB-a 2022b. /IBa ciy4aja ce pa3JiMKyjy IpU YIOTPeOU YeTUPH AaBaya. Y MPBOM CAy4ajy
IpPEeTNOCTaB/bEHU Cy CUMYJHMPAaHU FPAaHUYHU OOJIMLM CUTHaJa MaplyjajJHUX NpaKibewa U
moyactu UHF aaBauu. Y Apyrom cay4ajy, TaJacHU OOJIUIU CUTHAJIA MapLUjaTHUX TPaXKbeha
NPETIOCTaB/bajy Ce Kao OHU J00UjeHu MeperweM ca jefHUM UHF naBayeM y 0GJIMKY COHJE Y
eKCIIepUMEHTY KOju je ONUCAaH y INPBOM KJ/bYyYHOM /JleJly OBe JOKTOpCKe JucepTaluje U
3aMHulllJbeHa cy Takohe yeTupu miovacta UHF faBava.

Y TpeheM k/bydyHOM jesly, yIoTpeObOM eJIeKTpOMarHeTCKUX cuMmyJsanuja y Ansys HFSS-y
2020 R2, aHanu3upa ce jaynHa Moryher yTullaja MeTaJHUX aKTHBHUX [leJloBa M cyJa
eHepreTCKOr TpaHCPopMaTOpa Ha NPBOOUTHe 06JIMKe U IPOCTHPAbe U HEeNoCpeiHe MyTakbe
UHF esleKTpOMarHeTHHUX TaJjaca (CuUrHasa) u oJpehuBame MecTa M3BOpa NaplLiUjaJHUX
NpaKIbemha.

Y 4eTBPTOM K/bYYHOM JieJly, yropebyjy ce Moziesiv 3a oipehuBame MecTa U3BOpa NapLUjaTHUX
Npaxmewa Yy eHepreTckoM TpaHcdopmaTopy M3 Apyror M Tpeher k/byyHor jesa oBe
JIOKTOPCKe JicepTalyje U npeJJiaXe ce KOHa4aH MoJeJl, y3uMajyhu y 063Up cBe YUHUOLE KOjH
MOTy Jla YTU4y Ha Ta4HOCT oJipehuBama MecTa u3Bopa. [Ipy ToMe ce MUC/IU HA OHE YHUHHUOILE
3ace6HO U 3aje/lHUYKU 00yxBahieHe paHUje Npe/JIo)KEHUM MO/JleJIMMa, Kao U Ha OHE KOjU ’hbruMa
HUCY 00yxBaheHHU.

[lapuyjasiHa HpakKwkewa Y3POKOBAHA MOYETHHUM CIa60CTHUMA Yy H30JIAIMOHOM CHUCTEMY
eHepreTcKkor TpaHcpopmaTopa He MOry MOTIYHO Jia ce 3aHeMape, jep MOTy yHampe[ Ja
yno3ope Ha Moryhe 036u/bHe He/IOCTAaTKe, KOju 61 y HajTOPUM CJly4ajeBUMa MOTJIU [ja y3POKYjy
HeMoBpPAaTHU KBap eHepreTckor TpaHcpopmaTopa. OgpeheHr HUBO NApLHUjaTHUX MPAKHbEHA
MO>Ke CBECHO /ia Ce J103B0JIH, jep OM NOC/ie OTKpHBaha HeJOCTaTKa Y eJIEKTPUYHO] U30J1alUjU
61JI0 MOTPEOHO /1a Ce eHepreTCKU TpaHCcHOpMaTOp MPOMUCHO MCK/bYYU KM3 aKTUBHOT pajia
360r epUKACHOT U3Bohewa NPeBEHTHBHOT O/[p>KaBakba U OTKJIakhakha HeJ0CTaTKa.



MeToa McIMTUBaWka NaplyjaJHUX Npakkbewa noMohy UHF gaBaya KojuMa MOTY MPELM3HO
Jla ce cHUMe curHasuv Ha VHF u UHF y4ecTaHOCTUMa Mambe je 0CeT/bUBa Ha CIIOJbHE CMeTHe
(momyT KOPOHCKOT THpa)Kkbeka Ha BHCOKOHAMOHCKMM BOJIOBMMAa) y mnopebewy ca
eJIEKTPUYHUM MeTOJlaMa HMCIMTUBaka Ha HWXXUM ydecTaHocTuMa ucnon 1 MHz npema
ctangapay [EC 60270. Pa3yio3u 3a TO cy IITO MeTaJHU CyJ eHepreTckor TpaHcpopmaTopa
NpUOGJIKHO Jienyje kao PapajiejeB KaBe3 U IITO KaMallUTUBHOCTA U3BOJHUX M30JaTopa 3a
BUCOKM HAIlOH UMajy HUCKoINponycHe ¢uatepcke ocoorHe. Ha taj HauuH, UHF MeToa UMa
NpeJHOCTY NPU CHUMawy CUrHaJa NaplUja/IHUX NpaKibewa Y OKOJMHU Ca eJIeKTPUYHUM
IIYMOM, Kao Ha MpUMep, NPU UCIUTHUBakbUMa Ha €eHEPreTCKOM TpaHCPOopMaTopy y NOTrOHY Ha
MECTY YIrpajitbe Kao U 3a HEMPEKHUAHO HAiTJIelakbe CTamba.

Kop akycTvyHe MeToze, mopeJ yTUl@ja oAbOHUjalba U NpesaMamka MeXaHUYKHUX Tajlaca Of
npelnpeka Kao IITO Cy HIIp. MarHeTHO je3rpo WJK 6aKapHU NPOBOJHMIY, TellKoha je 1 BeoMa
HU3aK HUBO (Tj. Majia jaulHa) CHUMJ/bEHOT CUTHaJla aKyCTUYHUM JlaBayeM LITO je ocaefuna
cJlab/bera aKyCTHUYHMX Tajlaca NpU INPOJIACKY KpO3 CyJ, eHepreTckor TpaHcpopmaropa.
AKyCTHUYHM JiaBadu Tpeba Ja cy y MOryhHOCTH Aa CHMMe aKyCTUYHHU CUTHaJ/ NapLyjaJHUX
npaxmwema y oncery (10 - 300) kHz. OTnopHHM Cy Ha eJIeKTpOMarHeTCKe CMeTH€, ajlu He U Ha
aKyCTH4YHe cMeTwme (HIOp. yciaes Bubpanuja jesrpa MU HaMmoTaja, pajd Y/bHUX NYyMIHU U
BeHTHJIaTopa 3a xJahemwe). UHF MeToJjla ©Ma BUCOKY OCET/bBUBOCT Ha CUTHaJle MapLyjaTHUX
IpaKIbemha.

Yo6uyajeHO HaJ3vMpame 3aCHOBAaHO Ha MNAaXK/bMBOM HCIHUTHBAKBY PACTBOPEHHMX TacoBa y
eHepreTCKOM TpaHchopMaToOpy He Jaje 06aBELITEHhe 0 MECTY HeJOCTAaTKa Yy U30JIallMOHOM
CUCTEMY eHepTeTCKOT TpaHchopMaTopa Koje je HEOTIXO/AHO 32 MOTNYHY MPOIeHY 036U/bHOCTH
omrtehemwa. U3 Tor passora, mpezjiaxke ce MeTOJa UCNUTHUBAKA MapLUHjaTHUX MPAKEEHA
nomohy ZjaBaya 3a CUTHaJle Ha YJITPa BUCOKUM y4eCTaHOCTHMA.

Kaga ce UHF paBauyv MOHTHPAjy Ha pa3JIMYMTHM MeCTUMa, CUTHA/IM NapLUjaJHUX IPaKberba
cTusahe /10 ojeAMHUX JlaBaya IPpU HejeZJHAKUM BpeMeHUMa. BpeMeHa npucTU3ama cUrHazna
M3 M3BOpa NapLUjaJHUX Npaxmwewa [0 nojeaiuHux UHF pgaBadya Mory oHja Ja 6yay
uckopuurheHa 3a npopadyH pasJyivka usMeby curnasna y BpemeHny npucneha f0 oarosapajyhux
UHF paBaya (of KojuX je jeiaH usabpanu pepepeHTHU UHF faBa4). Ha oCHOBY BUX MOXKe Jlajbe
Jla ce MPOLLeHU UM NPUOJINKHO OZipe/iu MeCTO NapLiUjaJHUX NPaKibeba.

PasHu wu3BOpM mnapuMja/JHUX NpaXikewa Yy eHepreTcKoM TpaHcpopmaTtopy cTBopuhe
pas3/IMYMTe UMITyJICe MAPLUjAJTHUX IpAXKbeha U IOHEeKa/, 0BU UMITYJICH MOT'Y [la UMajy 3HATHO
NpOAYXEHO BpeMe Tpajakba uesa uMmyJca. MebhyTuM, mnopes curHaza mnapuujaJHUX
npaxwewa, UHF faBad npuMa Y N03aJUHCKHU yM. [I[pUcycTBO 1IyMa Mewa TaJlaCHU 06JIMK
CUTHaJIa NapLyjaJHOT NpaXbena. CUrHa/u KOju OTUYY U3 U3BOpa NAapUUjaTHUX IPaXKHEebha
MOTY Jia O0yZly 3HauajHO MaJie jauuHe LITO OTeXaBa KUXO0B NpHjeM. 3aTO ce Y 0BOj JJOKTOPCKOj
JlucepTalyjyu Takohe pasmaTpa ¥ yTULAj eJIeKTPUYHOT LIyMa.

3Hayaj OBOT HAYYHOT UCTPaKMBakba OrJie/a ce y npe/CTaB/beHUM NpeJHOCTUMa npuMeHne UHF
MeTo/le Y nopehewy ca IpyruM no3HaTUM MeToJaMa UCIHUTHBAaKba NapUUjaJIHUX MPAKbEeHba.
[IpBO y cMUCIy HaZ3Mpamka U aHaJIM3Mpakba CHUMJ/bEHUX CUTHaJa NapLyjaJHUX IpaKmbemha
npuMeHoM jeaHor UHF paBadya. U pgpyro y cmucay oapebuBamwa MecTa napuujaJHUX
NpaXKHkeha Y U30JIal[MOHOM CHUCTeMY eHepreTcKor TpaHcdpopMmaTopa MPUMEHOM HEKOJHMKO
UHF paBaua.

Pagu npeapynpebewa kBapa eHepreTckor TpaHchopMaTopa, HaA3UpameM CHUTHaJA
napLujaJHUX paxkKewa npuMeHoM UHF laBaya KoJi eHepreTCKOT TpaHcpopMaTopa y NOroHy
omoryhyje ce wuxoBa obpajia y Uu/by yTBphUBamwa rjiaBHUX 0COOMHA CHUMJ/b€HUX CUTHaJa
napLujaJHUX NpakKiewa (HIp. BUCHHE aMIVIMTY/le, Y4eCTaJOCTH IOHAB/batba, GPEKBEHTHOT
orcera).
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Y 0BOj [JOKTOpPCKOj AuCEpTaLUjH, Y NMPBOM K/bYYHOM JeJy, MpeJCTaB/beHU Cy HAKHAJHO
obpaheHH pe3yaTaTH NOoCceOHO M3BeJleHOT eKcniepuMeHTa noMmohy UHF faBaya yrpaheHor Ha
reHepaTtopckoM TpaHchopmaTtopy y Tepmoenexktpanu ,Hukona Tecna B“ y O6peHoBLy.
OBuM orsiejoM o6e3beheHo je mpukym/bawe nojgartaka ca UHF paBaya yrpabheHor Kpos
MCIYCHU Y/bHU BEHTHUJI CHUMalheM CHTHaJla BeOMa BHCOKE YYeCTAaHOCTH Ha HAaYHH KOjUM je
oMoryheHo Ja ce M3BpIUM HUXOBA JAa/ba 00paja y LU/by Ipelno3HaBama BPCTe M3BOpa
napuujaJHUX NpakKikbewa U JPYruX 0COOMHA Koje ce OJIHOCE Ha MPEeHOC CUrHasia Kpo3
eHepreTcku TpaHchopMmaTop. AHa/M3a CUTHajla MNaplyjaHUX MpaXmbema [100UjeHHux
eKCIIepUMEeHTa/IHUM NyTeM U3BpIleHa je moMohy HOBUX MOCEOHO pa3BUjeHUX aJropuTaMa y
nporpaMmy HanucaHom y MATLAB-y.

Y JpyroM KJ/by4HOM JeJly, IPUMEHOM MOCEOHO pa3BUjeHUX PAUYyHCKUX IOCTyNakKa y JiBa
KOpUCHUYKa mnporpama y MATLAB-y oapebeHu cy oaroBapajyhu reoMeTpHjCKH CKYIOBH
Tayaka KOjUMa Ce OIMCyjy O4YeKMBaHa MeCTa M3BOpa MMapLMjaJIHUX Npaxmewa y Cyay
eHepreTcKor TpaHchpopmaTopa y cjiydyajeBUMa npuMeHe ABa u Tpu UHF pgaBada. Y mpBoM
C/1y4ajy, MCIIOCTaBJ/ba Ce Jla ce 0YeKMBAHO MeCTO M3BOpa Naplyja/IHUX MPaXKkbewa Ha/la3u Ha
noBpLIHU (jeJHOM KpUJy JBOKPHUJHOT XUnep6osouaa). ¥ Jpyrom cjayyajy, Ipy NOCTaB/beHOM
pacnopesy TpW JAaBaya y jeAHOj JIMHUjHA, TEOMETPHUjCKU CKYyNl Tadaka MecTa H3Bopa
napuyjajJHUX NpaXkbea NpeJcTaB/ba KPUBY (€0 KpYKHUILLE).

[lomohy moce6HO pa3BUjeHUX ajropuramMa y nporpamuma y MATLAB-y, mecTo H3BOpa
napLujaJHuX Npaxmwewna noMohy yetnpu UHF naBava Moxe /ia ce oZjpe/id y HEKOJIMKO KopakKa
3a CUMrHaJjle MaplyjaJHUX NpaXKkewa ca NPeTNOoCTaB/beHUM I'PaHUYHUM U pa3HUM NOCEOHO
obpaheHMM CTBapHUM TaJaCHUM OO6JHIMMa JOOMjeHUM paHHje TOMEHYTHUM OIJIe[lOM.
YBaxXeHO je MpOCeYHO CcJab/behe CUTrHajla MNapLUjaHUX [paKikbemkba TOKOM HeroBor
NpoCTUpawka Kpo3 CyJ, eHepreTckor TpaHcpopmaropa. M y nmpBoM U y JpyroM mporpamy
IpUMemYyje ce MeTo/la OTKpHUBamwa IPBOT BpXa CUrHaJla apLHja/JHUX IpaXKkbeha CHUMJ/beHUX
Ha cBakoM oA, yeTupu UHF faBaya, fa 6 ce Hallljle pasjvKe U3Mehy curHasza y BpeMeHHMa
NpHCcTU3ama U3 U3Bopa Jo oAroBapajyhux UHF faBava (Ipu 4yeMy ce jeJlaH 0o/, ’bUX y3UMa 3a
pedepentHu UHF paBa4). MecTo u3BOpa NapuyjaJHUX MpaKikbema HU3padyyHaBaHO je
NPUMEHOM oJroBapajyher cucreMa jefHayuHa. /leTa/bHO ce aHa/JM3Upajy Tpellke NpH
oApehuBamwy MecTa U3BOpa NapLUjaJHUX NPpaXKbewa y Cyly eHepreTcKor TpaHcdpopMaTopa.
OHe HacTajy 0OM4YHO ycJ/ieJ] HeCcaBpILIeHOCTH MeTo/le ofpehuBama pasivka usmehy curnanay
BpeMeHHMa NpUCTHU3ama [0 OAroBapajyhux JaBaya, OrpaHH4YeHe pe3oJiyluje y3uMama
y30paka CHrHaJjia NoMohy JWTUTaJHOI OCLMJIOCKONA, YTHIAja IIyMa Yy CyAy €eHepreTcKor
TpaHchopMaTopa M OrpaHHYerma MeToJe 3a Cy3bujambe ILIyMa y CHUTHaAy KOjU CaJpXKHu
NapLUjaTHO PAXKbEHhe.

Y npBoM KopucHU4KOM mnporpamy y MATLAB-y, ctBapuu UHF curHaind Ha ojroBapajyha
yeTupu UHF paBaya onoHauajy ce kopuinheweM ofroBapajyhux MaTeMaTHUUYKHX MoJieJia.
/lBa TUIIMYHA MaTeMaTU4Ka MoJeJsla ce 3ace6HO KOPUCTe 3a /Ba 'PaHUYHA TaJlacHa 06J/IMKa
UHF curHasa napiyjajHuX NpakKibekha pajy MojeJUHAaYHUX aHa/lu3a U nopehema bUXOBUX
pe3yaTtaTa. [loce6HO cy pasmMaTpaHu cjaydyajeBUM 0e3 MPUCYCTBA LIyMa U ca MPUCYCTBOM
cnaydajHor TomnoTHor (laycoBor 6esor) myma. Cy3bujambe TONMJIOTHOT iyMa y cBakoMm UHF
CUTHaJly, KaZjla ce y4eCTaHOCTH LiyMa IpeKJalajy ca y4eCTaHOCTUMa CUTHaJja MapuUjaJHOT
IpaXKbEeHa, U3BPIIEHO je KopullheweM MyJITUBAapUjaHTHOT cy36Ujakba yMa Tanacnhuma. U
nopeJ, Tora, Moxke Zjohu Jio rpeiike ycjiej npeckoka npu oapehrBamy NpBOT Bpxa CUTHaJa
TaMo rJie je WyM Yy OJHOCY Ha CUTHaJ HajjayH, Tj. TaMO TJe CUTHaJ Hajayxe IMyTyje Ka
oarosapajyhem UHF paBauy. 3aTo je pa3BUjeH OPUTMHAJIHU PayyHCKU MOCTYNaK KOjUM Ce Te
rpellke yKIamwajy.
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Y apyrom KopucHU4YKoM nporpamy y MATLAB-y, cumy.ianiyja ogpehuBama MecTa napuujaaHux
npaxmwemwa ca yetupu UHF paBada crnpoBefieHa je Haj cumyaupaHuM VHF curHaavma
CTBApHOI TaJlaCHOT OOJIMKA KOju Ccy JA00UjeHU U3 paHUje HaBeJIeHOr OrJeJla OTKpHUBamba
CUrHa/la NapuyvjaJHUX MNpaxmwewa Mnomohy jeaHor UHF paBava. H3BpumieHa je npBo
MHTepnoJalyja pajyd JobHjamka IUTO BEPHUjUX TaJaCHUX OOJIMKA CHMTHajla NapuyjaJTHUX
npakiheha NOTPeOHKUX 3a LITO NPeLU3HUje U TaYHUje oApehuBame pasinka usmehy curaasa
y BpeMeHuMa npucneha 3a ciyvaj npumeHe dyetupu UHF paBava. 3aTuM, pagy Aobujama
yHnopeJUBUX TaJaCHUX OOJIMKa ca NpPeTHOCTaB/beHUM CHUrHaJMMa TPaHUYHUX TaJlaCHUX
00J1MKa MapUUjaJHUX [paXKbeba, U3BPIIEHO je 0roBapajyhe MHOXewe CUTrHasa A00ujeHuX
M3 paHHje NOMEeHyTOr orJjeAa ca oJpeheHUMM cauuHHOLEM 300r yTHLAja HENO3HAaTOr
cnab/beba Ha Te curHase. [locebHO je pa3BHjeH OpPUTHHAJHU AJCOPUTAM 3a HaJaXKeHe
noyeTKa Hajjayer napuujaJHoOr MpaKkewa Y CBaKOM CHUMJbeHOM VHF curHajy u3 paHuje
IIOMEHYTOT OrJeAa.

Y TpeheM k/bydHOM Jesly, NPUMEHOM TPOJUMEH3MOHAJHOI CHUMyJlallujcKor codTBepa
Ansys HFSS 3a jenHy TUNMYHY KOHCTPYKIIMjy eHepreTcKor TpaHcdopMaTopa, U3BpIIEHe CYy
eJIeKTPpOMarHeTcKe cuMyJlaluuvje npoctupawa UHF curhHasa oj U3BOpa MNapuUjaHUX
npaxmwemwa o0 npujeMHux UHF aHTeHa. 3a OBy CBpXy, nocebHO je u3paheH Mojesn mMajor
Tpoda3HOT eHepreTCKOr TpaHCcPopMaTopa KOHCTPYKIMje TUIIa je3rpa. 3aTUM je aHa/IU3UpaH
yTUL@j peasiHE KOHCTpPYyKLuje TpaHcpopMaTopa, NpBO Ha npoctupawe UHF Tanaca
naplyjajJHUX IpaKbemha 0] MeCcTa lbUXOBOT TeHepUCama 0 PUjeMHUX aHTeHa U ApYyro Ha
oApehrBame MecTa M3BOpa NaplUjaJHUX Npaxmwewa noMmohy yetupu UHF faBava, Koju cy
IIOCTAaBJ/bEHU Y UCTOM pacnopezy Kao y IpyroM K/by4YHOM JieJly OBe JOKTOpPCKe JucepTalyje.
Y3eta cy y 063up cBa of6ujatba UHF Tanaca o 3u/l0Ba Cy/ila eHepreTcKor TpaHcpopMaTopa,
kKao U Audpakiuje (cKpeTamwa) Tajsaca OKO U OJ0Ujatba Tajsaca OJi eJleMeHaTa aKTUBHUX
MeTaJIHUX JleJIoBa eHepreTCKor TpaHcdopMaTopa.

Y 4eTBPTOM K/bYYHOM /JieJly, aHAJIM3UPaHE Cy pasJjiMKe Y MIPOLLeHU MecTa U3BOpa NapliujaJHuX
NpaKiheha y eHepreTckoM TpaHcpopMaTopy, 3a MOAUPUKOBAHU N0jeJHOCTAB/bEHU MOJieN Y
MATLAB-y u Tpu Mogena y Ansys HFSS-y pasindyvTe CJI0XKEHOCTU €HepreTCKOT
TpaHcopmaTopa, y3uMajyhu y o63up McTe AUMeH3Uje cyJa TpaHchopMmaTopa, pa3iuyvdTa
MecTa u3Bopa v pacnopes UHF aHTeHa y lbeMy.

Ha kpajy je AaT onvc 3aMULI/beHOT KOHAaYHOT MoJiesla KOju 00jeflibyje MoJesie ONUCaHe y
JipyroM u TpeheM K/bydHOM Jiesly OBe JOKTOpcKe aucepraudje. OcuM Tora, y mera cy
YK/byYEHU U CBU OCTaJM YMHHUOLM KOjU OH, y AATHM OKOJHOCTUMA, MOTJIU Y HEKOj MepHU Jia
yTHU4Yy HA BpeMeHa NPOCTUpalbe CUTHa/Ia NapLUja/IHUX NMpaKkewma U3 BUXOBOT M3BOpa [0
UHF paBaya ¥ Ha ojpebuBame MecTa M3BOpa MaplUjaJHUX NpaKkbewka y eHepreTCKoM
TpaHcopmaTopy.
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Title of doctoral dissertation:

“Application of UHF sensors for partial
discharge monitoring and location in
power transformers”

Abstract

The subject of this doctoral dissertation consists of four significant parts. The first key part is
an experiment of monitoring partial discharges in the plant and a comprehensive analysis of
the detected partial discharge signals obtained from the built-in UHF probe over time to assess
the condition of the electrical insulation in the power transformer.

The second key part locates the source of partial discharges in the insulation system of the
power transformer as accurately and precisely as possible using two, three, and four UHF
sensors in a simplified model of the power transformer using MATLAB 2022b. Two cases differ
when using four sensors. The first case assumes simulated limit forms of partial discharge
signals and plate UHF sensors. The second case assumes the waveforms of the partial discharge
signals as those obtained by measurement with a single probe-type UHF sensor in the
experiment that is described in the first key part of this doctoral dissertation and also imagines
four plate UHF sensors.

The third key part, using electromagnetic simulations in Ansys HFSS 2020 R2, analyses the
strength of the possible influence of the metal active parts and the tank of the power
transformer on the original shapes and propagation and direct paths of UHF electromagnetic
waves (signals) and determining the location of the source of partial discharges.

The fourth key part compares the models for determining the location of the source of partial
discharges in the power transformer from the second and third key parts of this doctoral
dissertation and proposes the final model, taking into account all the factors that can affect the
accuracy of determining the location of the source. It refers to those factors separately and
jointly covered by the previously proposed models, as well as those that are not covered by
them.

Partial discharges caused by initial weaknesses in the insulation system of the power
transformer cannot be completely ignored because they can warn in advance of possible
serious defects, which, in the worst cases, could cause the irreversible failure of the power
transformer. A certain level of partial discharges can be deliberately allowed because after
discovering a defect in the electrical insulation, it would be necessary to properly disconnect
the power transformer from active operation to effectively perform preventive maintenance
and eliminate the defect.

The partial discharge test method using UHF sensors that can precisely record signals at VHF
and UHF frequencies is less sensitive to external interference (such as corona discharge on high
voltage lines) compared to electrical test methods at lower frequencies below 1 MHz according
to IEC 60270 standard. The reasons for this are that the metal tank of the power transformer
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approximately acts as a Faraday cage and that the capacitances of the high-voltage bushings
have the properties of low-pass filters. In this way, the UHF method has advantages when
recording partial discharge signals in an environment with electrical noise, for example, during
tests on power transformers in operation at the installation site, as well as for continuous
condition monitoring.

With the acoustic method, in addition to the influence of the reflection and refraction of
mechanical waves from obstacles such as, for example, magnetic core or copper conductors,
the difficulty is also the very low level (i.e., low strength) of the signal recorded by the acoustic
sensor, which is a consequence of the weakening of the acoustic waves when passing through
the tank of the power transformer. Acoustic sensors should be able to capture the acoustic
signals of partial discharges in the range of (10 - 300) kHz. They are resistant to
electromagnetic interference but not to acoustic interference (e.g., due to vibrations of the core
and windings, operation of oil pumps, and cooling fans). The UHF method has a high sensitivity
to partial discharge signals.

Conventional monitoring based on careful testing of dissolved gases in the power transformer
does not provide information on the location of the defect in the insulation system of the power
transformer, which is necessary for a complete assessment of the severity of the defect. For this
reason, the method of testing partial discharges using sensors for signals at ultra-high
frequencies is proposed.

When UHF sensors are mounted in different locations, the partial discharge signals will reach
the individual sensors at unequal times. The arrival times of the signals from the partial
discharge source to the individual UHF sensors can then be used to calculate the time
differences of arrival between the signals at the respective UHF sensors (one of which is the
selected reference UHF sensor). Based on them, the location of partial discharges can be further
estimated or approximately determined.

Various sources of partial discharges in the power transformer will generate different pulses of
partial discharges, and sometimes these pulses can have much longer pulse front durations.
However, in addition to partial discharge signals, the UHF sensor also receives background
noise. The presence of noise changes the waveform of the partial discharge signal. Signals
originating from a source of partial discharges can be significantly low in strength, which makes
their reception difficult. That is why the impact of electrical noise is also considered in this
doctoral dissertation.

The importance of this scientific research is reflected in the presented advantages of applying
the UHF method compared to other known methods of testing partial discharges. First, in terms
of monitoring and analysing recorded partial discharge signals using a single UHF sensor.
And second, in terms of determining the location of partial discharges in the insulation system
of the power transformer using several UHF sensors.

To prevent power transformer failure, by monitoring partial discharge signals using a UHF
sensor at the power transformer in operation, their processing is enabled to determine the
main characteristics of the recorded partial discharge signals (e.g., amplitude height, repetition
frequency, frequency range).

This doctoral dissertation, in the first key part, presents the post-processed results of a specially
performed experiment using a UHF sensor installed on a generator transformer in the
"Nikola Tesla B" Thermal Power Plant in Obrenovac. This experiment ensured the collection of
data from the UHF sensor installed through the oil drain valve by recording very high-frequency
signals in a way that enabled their further processing to identify the type of source of partial
discharges and other features related to the signal transmission through the power



transformer. The analysis of the partial discharge signals obtained experimentally was
performed using new specially developed algorithms in the program written in MATLAB.

In the second key part, by applying specially developed calculation procedures in two user
programs in MATLAB, appropriate geometric sets of points were determined, which describe
the expected locations of the sources of partial discharges in the tank of the power transformer
in cases of application of two and three UHF sensors. In the first case, it turns out that the
expected location of the source of partial discharges is on the surface (one sheet of the two-
sheeted hyperboloid). In the second case, with the set arrangement of three sensors in one line,
the geometric set of the points of the location of the source of partial discharges represents the
curve (part of the circle).

Using specially developed algorithms in the user programs in MATLAB, the source location of
partial discharges using four UHF sensors can be determined in several steps for partial
discharge signals with assumed limiting and various specially processed real waveforms
obtained from a previously mentioned experiment. The average attenuation of the signal of
partial discharges was taken into account during its propagation through the tank of the power
transformer. Both the first and the second programs apply the method of detecting the first
peak of the partial discharge signal recorded at each of the four UHF sensors to find the time
differences of arrival between the signals from the partial discharge source to the
corresponding UHF sensors (one of which is taken as the reference UHF sensor). The location
of the source of partial discharges is calculated using the appropriate system of equations.
Errors in determining the location of the source of partial discharges in the power transformer
tank are analyzed in detail. They usually arise due to the imperfection of the method of
determining the time differences of arrival between the signals at the appropriate sensors, the
limited resolution of signal sampling using a digital oscilloscope, the influence of noise in the
power transformer tank, and the limitation of the method for suppressing the noise in the signal
containing partial discharge.

In the first user program in MATLAB, the real UHF signals at the corresponding four UHF sensors
are simulated using the appropriate mathematical models. Two typical mathematical models
are used separately for two limiting waveforms of UHF signals of partial discharges for
individual analyses and comparison of their results. Cases without the presence of noise and
with the presence of random thermal (Gaussian white) noise were especially considered.
Suppression of thermal noise in each UHF signal, when the noise frequencies overlap with the
partial discharge signal frequencies, was performed using multivariate wavelet denoising.
In addition, there may be an error due to skip when determining the first peak of the signal
where the noise relative to the signal is the strongest, i.e., where the signal travels the longest
to the appropriate UHF sensor. That is why an original calculation procedure was developed
that removes those errors.

In the second user program in MATLAB, a simulation of the localization of partial discharges
with four UHF sensors was carried out on simulated VHF signals of a real waveform, which were
obtained from the previously mentioned experiment of detecting partial discharge signals
using a UHF sensor. First, interpolation was performed to obtain the most accurate waveforms
of the partial discharge signals necessary for the most precise and accurate determination of
the time differences of arrival between signals for the case of the application of four UHF
sensors. Then, to obtain comparable waveforms to the assumed signals of the limiting
waveforms of partial discharges, the signals gained from the previously mentioned experiment
were multiplied with a certain factor due to the influence of the unknown attenuation on these
signals. An original algorithm was specially developed for finding the beginning of the strongest
partial discharge in each recorded VHF signal from the previously mentioned experiment.
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In the third key part, using the three-dimensional simulation software Ansys HFSS for a typical
construction of a power transformer, electromagnetic simulations of UHF signal propagation
from the source of partial discharges to the receiving UHF antennas were performed.
For this purpose, a model of a small three-phase power transformer of core-type construction
was specially made. Then the influence of the real construction of the transformer was
analyzed, firstly on the propagation of UHF waves of partial discharges from the place of their
generation to the receiving antennas, and secondly on determining the place of the source of
partial discharges using four UHF sensors, which were placed in the same arrangement as in
the second key part of this doctoral dissertation. All reflections of UHF waves from the walls of
the power transformer tank, as well as diffraction (deflection) of waves around and reflections
of waves from elements of active metal parts of the power transformer, were taken into
account.

The fourth key part analyses the differences in the estimation of the source location of partial
discharges in the power transformer for a modified simplified model in MATLAB and three
models in Ansys HFSS of different complexity of the power transformer, taking into account
the same dimensions of the transformer tank, different source locations and the arrangement
of UHF antennas in it.

In the end, a description of the imaginary final model is given, which merges the models
described in the second and the third key parts of this doctoral dissertation. In addition,
it includes all other factors that, under the given circumstances, could in some way affect the
propagation times of the partial discharge signals from their source to the UHF sensors and the
determination of the location of the partial discharge source in the power transformer.

Keywords: Ansys HFSS, arrival time, computer simulation, MATLAB, partial discharges, power
transformer, signal analysis, signal monitoring, source localization, UHF sensor

Scientific field: Technical sciences - Electrical engineering and computer science
Specific scientific field: Power converters and drives

UDC number: 621.3
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