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AHHOTALIUA
auccepranuonHoro ucciaenosanuss TAJKUBAEBA AJIMVIBEKA AMUPBEKOBUYA
Ha Temy: «MCCJIEJOBAHUE U PASBPABOTKA METOJAOB U CPEJACTB
IOCTPOEHMUS KJIMEHTOPUEHTUPOBAHHOM KOMIIJIEKCHOM
ABTOMATHU3UPOBAHHOM CUCTEMBI PACUETA ¥ U3IOTOBJIEHUA
TPAHC®OPMATOPOB», npencTaBieHHOH HAa COMCKaHUE CTETIEHH TOKTOpa (puitocopuu
(PhD) o cnennansnocti 8D07103 — « ABTOMaTH3aIMs U YIIPABICHUE)

Oo0mas xapakrepucTtuka padorbl. J[UccepTallMOHHOE HCCIIEIOBAHUE MPEACTABICHO K
3anre B (hopMe CEepUH CTaTell B COOTBETCTBHH C MYHKTOM 5-11IpaBui nmpucyxueHus CTerneHei
(ITpuka3z Munuctpa Hayku u Boiciiero oopazoBanusi PK Ne127 ot 31 mapra 2011 ¢ u3MeHeHHIMU
u nononHeHusiMu ot 18 uronst 2024 roga). OcHoBaHMEM /sl BBIOOpA JaHHOM (HOPMBI SBISIETCS
HalIu4yue y couckarens 3 (Tpex) myOauKaluii B MEXKIyHApOJHBIX PELEH3UPYEMbIX HayYHBIX
U3JaHusAX, BXomsmux B 1-it m 2-ii kBaptumu (Q1, Q2) 6a3er manHeix Web of Science Core
Collection. CoBOKyIHOCTh IpeICTAaBICHHBIX CTaTeld 00pa3yeT eIWHOE 3aBEpIICHHOE HAay4YHOE
HCcIIe0BaHue, 00bEeJMHEHHOE O0IIIEH 1IEIbI0, METOI0JOrHENH U 00BEKTOM MCCIEIOBAHUS.

Heab AuccepTanmoOHHOIO MCCIeI0BAHUS — MTOBBIIICHUE KAYECTBA U COKPAILIEHUE CPOKOB
W3TOTOBIICHUST ~ TPaHC(HOPMATOPHOTO  OOOPYAOBaHUS  IyTeM  CO3JAaHUS  KOMIUICKCHOU
ABTOMATU3UPOBAHHOW CHCTEMBI, KOTOpas oOBeAuHseT KOHTYyphl mnpoekTupoBanus (CAD),
umxenepHoro ananuza (CAE) u texnomoruueckoro ymnpasieHus (CAM) B eanHyto nudpoByio
cpeny ¢ oOpaTHOM CBSI3bIO.

3agauu MccieJ0BaHuUs:

1. Pa3paboraTte MeTOJ YMCICHHOTO aHaju3a W MUHUMHU3ALUU BHOPOAKYCTHUECKOMN
AKTUBHOCTH PEAaKTOPHOTO OOOpYJIOBaHMUS JJsi MHTETPALlMM B PACYETHBIH MOJYJIb CHUCTEMBI
(Pemenue B crathe Ne3 — «Cogent Engineering).

2. IlpoBectn  BKCHEpPUMEHTAJIbHOE HCCIENOBAaHUME U  pa3paboTaTb  AJITOPUTMBI
ONTUMM3AIMH TIPOLIeCcCa CYIIKH TBEPAON H3OJSIIMM ISl TEXHOJIOTUYECKOTO MOMIYJS CHCTEMBbI
(Pemenne B crathe No2 — «Results in Engineering).

3. Pa3paboraTe apXuTEKTypy U MPHUHIMIBI TOCTPOSHUS KIMEHTOOPUEHTHPOBAHHBIX
CUCTEM MPOEKTUPOBAHUS, YUUTHIBAIOIINX TpeOOBaHM 3aKa3urKa Ha paHHUX 3Tanax (Pemenue B
cratbe Nel — «Journal of Computational and Cognitive Engineeringy).

4. Co3matp mnporpammHo-anroputmudeckue cpeacrsa (CAIIP) s peanusanuu
npenioxeHHbix MeTofoB (Pemenne B cratbe Nel — Journal of Computational and Cognitive
Engineering).

O0beKkTOM HCCIeI0OBAHUS SBIIETCS ABTOMAaTHU3UPOBAHHOE YIPABIEHHE MPOLIECCAMH
IPOEKTUPOBAHUSI U IPOU3BOJICTBA BBICOKOBOJIBTHOTO MAaCJIOHAMOIHEHHOTO 00O0pYyA0BaHuUs
(TpaHchopMaTOpOB M PEAKTOPOB).

IIpenmer wMcciaegoBaHusi: METOAbl U QITOPUTMbl  aBTOMAaTH3allUM  pacyeTa,
KOHCTPYUPOBAHUS U YIPABICHUS TEXHOJIOTMYECKUMH MapaMeTpaMy U3TOTOBIEHUS (Ha IpUMepe
BUOPOAKYCTHYECKUX MPOIECCOB M CYIIKH U3O0JISIINH ).

Metogosoruss HCCJIeJOBAHMS OCHOBAaHA HAa MHHIYKTUBHOM CHCTEMHOM TOJXOJE.
HccnenoBanue cTponsioch MO MPUHIUITY «OT YaCTHOTO K OOIIEMY»:

1. Ha mepBom stane (2023-2024 roasl) HaMu ObLTH pPEIISHBI 337a4d UACHTU(DUKAINHA U
aBTOMATU3AIHI KPUTHYECKUX TEXHOJIOTHUYECKUX MOJCUCTEM.

- bbina pa3paborana MaTemMaTH4ecKast MOJIENb /IS TOJACUCTEMBI aHAITN3a BUOPOAKYCTUKH
(cratps B xxypHaine Cogent Engineering, Q2).

- W cuHTEe3upoBaHbl aNTOPUTMBI YMIPABICHHUS MPOLECCOM CYIIKH HW3OJSIIUHA IS
noacuctembl CAM (ctaths B xypHane Results in Engineering, Q1).

2. Ha Bropom, 3aBepmiaromeM dtane (2025 rox), Ha OCHOBE MOJTYYEHHBIX MOJENed U
ITOPUTMOB OBUT BBINOJIHEH TeOpeTHYecKuil cuHTe3. belna paspaborana oOmias apXUTEKTypa
KIIMEHTOOPUEHTUPOBAHHON CUCTEMBI, KOTOpasi O0beIMHUIIA ITH YacTHHIE pemieHus. Pe3ynpTaTsl



3TOTO 0000IIEHUsI TTPEACTABICHBI B 0030pHO-aHAIMTHYECKOU cTaThe (Journal of Computational
and Cognitive Engineering, Q1).

Hayuynast HOBH3HA IOJIy4YeHHBIX Pe3yJIbTATOB:

1. BriepBble 000CHOBaHA KOHIIETIUS KIMEHTOOPUEHTHPOBAHHOW aBTOMATH3UPOBAHHOM
CHCTEMBl TpaHC(hOPMATOPOCTPOECHUS, OTJIMYAIOLIAsICs CKBO3HOW MHTerpauued TpeGoBaHUM
3aKa3yMKa B TEXHOJIOTMUYECKUE TIepeIelibl (CyIKa, COOpKa).

2. Pazpa®oTraH MeTOJ] OLEHKHM BHOPOAKYCTHUECKUX XapaKTEPUCTHK UIIYHTHPYIOLIMX
PEaKTOPOB, OTIMYAIOIIMNCS yYETOM BIHMSHHUS KOHCTPYKTHBHBIX JeMII(EepOoB Ha pPE30HAHCHBIC
4acCTOThI aKTUBHOU YaCTH.

3. YcraHOBiIEHBl 3aKOHOMEPHOCTH KMHETUKH CYLIKM TBEPIOH W30JISILIMU, [TO3BOJIMBILINE
pa3paboTaTh aIrOpUTM BBIOOpA ONTHMAIBHOTO METOAA TEPMOBAKYYMHOH 00pa®oTKH [yis
MOBBILICHUS TUAIEKTPUUECKON TPOYHOCTH.

OcHoBHBIE 110J10KeHH S, BBIHOCHMBbIE Ha 3ALLHATY:

1. ApxuTekTypa KOMIUICKCHOH  CHCTEMBl  INPOEKTUPOBAHHS,  OOECIIEUMBAIOIIAS
TpaHchopManuo TpeOoBaHUH 3aKa3yuKa B BEpU(PULIMPOBAaHHbBIE TEXHUYECKHUE PEIICHUS.

2. Meronrka pacueTHOr0 aHaIM3a BUOPOAKTUBHOCTU PEAKTOPOB, IIO3BOJISAIOLIAs HA dTAlle
IPOEKTUPOBAHUS 00ECIIEUUTh COOTBETCTBUE CAHUTAPHBIM HOPMaM ILIyMa.

3. TexXHONOrMYeCKU  aJrOPpUTM  yHOPABICHUS  IPOLECCOM  CYLIKH  H3O0JIALMUH,
o0ecreunBarOIMi MaKCUMH3AIMIO pecypca TpaHCpopMmaropa 3a cueT yJajJeHus Biaru 0Oe3
JECTPYKIUU 1IEJUTF0I03bI.

AKTYaJIbHOCTB JUCCEPTALMOHHOIO MCCJIeI0BAHUS.

TpanchopmaropocTpoeHre Kak KIOUYeBasi OTPACib YHEPreTUUECKOr0 MAIIMHOCTPOEHUS
octaéres OAHOM M3 Hambosee TPYINOEMKUX M KOHCEpBAaTUBHBIX chep. TpaaurmoHHbIE METO/bI
IIPOEKTUPOBAHUS C MCIIOJIb30BaHMEM pa3po3HeHHbIX cucreM CAIIP, noxymentoobopora u
IUTAHUPOBAHMSI HE COOTBETCTBYIOT COBPEMEHHBIM TPEOOBAHUSAM IO CKOPOCTH 00paOOTKU TaHHBIX,
aJaNTUBHOCTH U TOYHOCTH PacuéToB.

B ycnosusix Uunyctpun 4.0 coBpeMeHHOE TpaHC(HOPMATOPOCTPOECHUE CTAIKUBAETCS C
cucteMHOM rmpoOnemoi. CyllecTBYIOIUME CpPEICTBAa aBTOMATH3alMUd HOCST «OCTPOBHOM»
Xapakrep:

— KOHCTpPYKTOpHI paboratoT B cBonx CAD-cucremax;

— PAacyYETUYUKH — B U30JIMPOBAHHBIX MATEMAaTUYECKUX MTAKETaX;

— TEXHOJIOTH B II€X€ YNPABIISAIOT MPoIlecCaMy (TaKUMH KaK CYIIKa I COOpKa), 3a4acTyIo
Ha OCHOBE 3MITMPUYECKOT0 OIbITa, 0€3 NpsAMOil HU(POBO CBA3U C UCXOIHBIM ITPOEKTOM.

OTOT pa3pbIB HH(POPMALIMOHHBIX TOTOKOB MPUBOAUT K TOMY, UTO TpeOOBaHUS 3aKazyuKa
TEpAIOTCS Ha CTBIKaX JTaloB, a (PU3MUECKUE OrpaHUYEHUs NPOM3BOJCTBA (HAIpUMED,
BUOpPALIMOHHBIE PHUCKM) HE YYMTHIBAIOTCA IPU MPOEKTUPOBAHMM. DTO TAKXKE NPUBOAUT K
YBEJIMYEHUIO CPOKOB Pa3pabOTKU U CHUIKEHHUIO HKCIUTYyaTallMOHHON HaJIe)KHOCTH.

Takum 00pa3oM, akTyajdbHOM HAyyHOM M MPAKTUYECKOM 3amayeil ABISETCS CO3/laHue
KIIMEHTOOPUEHTUPOBAHHOM  KOMIUIEKCHOM  aBTOMAaTU3MPOBAaHHOM  CUCTEMBI  YNPABICHUS
npoueccamu pacuéra u usroroieHus TpaHcopmaropoB (KKACVYIIPUT), obbenuusromein
WH)XEHEPHBIE PacYEThI, KOHCTPYKTOPCKO-TEXHOIOIMUECKYIO JOKYMEHTALIIO, TPONU3BOICTBEHHBIE
MIPOLIECCHI U B3aUMOJICHCTBHE C 3aKa3UUKOM B €JMHOM IIU(POBOM KOHTYpPE MPEANPUITHS.

IIpakTHYeckas 3HAYMMOCTD Pe3yJIbTATOB HCCJIeI0BAHMI.

Pa3paboranHas KIMEHTOOPUEHTUPOBAHHAS KOMIUIEKCHAsI aBTOMAaTU3UpOBaHHAs CHCTEMa
yhpaBiIeHus MpoleccaMu pacuéra u u3rotorieHus rpanchopmaropo (KKACYIIPUT) BHenpena
B Ipou3BOACTBeHHYIO pakTUKy npennpustuit TOO «Asia Trafo» u TOO «TRENCO R&Dy, rie
IIPOJEMOHCTPUPOBAJIA 3HAUNTENBHBIN TEXHOJIOTUYECKUH, OPTraHU3allMOHHBIA U SKOHOMHUYECKUI
abdexr. CpenHsisi ITUTEIHHOCTh MPOSKTHOTO IMKJIA yMeHbImMIAach ¢ 45 1o 30 kaleHaapHBIX
JHEH, a BpeMs COIJIacOBaHUs TEXHMUYECKOM AokyMmMeHTaumu — c¢ 10 mo 3 nHeit. KosnmuectBo
OIIMOOK, BBISIBISEMBbIX IMpHU Ieperade JAHHBIX MEXIY pPacY€THBIMH U IPOU3BOJCTBEHHBIMU
MOJpa3/IeIEHUsIMH, CHU3MWIIOCH OoJiee 4eM B MATh pa3. B TexHoIornueckoil 4yacTu npous3Bo/ICTBA
pazpaboTaHHass M BHeIpPEHHAs TEXHOJOTWS BaKyyMHOW CYIIKM TOJ HW30CTaTUYECKUM



IPEeCcCOBaHUEM OOECleynia MOBBIIIEHUE CTENEHU MOJUMEPHU3aLUKM H30JLMM, yJydlleHue eé
TURJICKTPUIECKUX CBOIMCTB U YBEIMUCHHE CpPOKa cy»O0bI TpaHnchopmaTopoB Ha 10—12 %. Bpewms
IIOJIHOTO IIMKJIA CYIIKH COKpaTHJIOCh 0oJiee YeM BJIBOE, a SHEPro3aTparhl Ha NPOLECC CHU3WINChH
Ha 30%. B o6mactm BUOpPOAKYCTHUECKHMX XapaKTEPHCTUK IIYHTUPYIOIIUX PEAKTOPOB

PEeaIn30BaHbI IPAKTHYECKUE MEPBI 10 CHUKEHHIO YPOBHs IyMa Ha 18 % u Bubpanun — Ha 25%.
Oxonomuueckass  d¢pdexkruBHocts  BHeapenuss KKACVYIIPUT  monrBepxmaercs
CHIKEHUEM IMpsMBIX 3aTpaT Ha MPOEKTHPOBAHHWE U CONPOBOXKIEHUE 3aKa3oB Ha 22-25%,
COKpAaIIeHUEM JUIMTEIIbHOCTH MPOU3BOJCTBEHHOro mukiaa Ha 20-25% wu yBenuueHueM
MPOU3BOAUTEILHOCTH WHXKEHEPHBIX mojapasneneHuii Ha 40%. B 1enoM BHeApeHUE CHUCTEMBI
MO3BOJIMJIO TIOBBICHTH  KOHKYPEHTOCIIOCOOHOCTh  MPEANPHATHH, YBEIUYUTh KOJHMUYECTBO
OJIHOBPEMEHHO BBINOJIHSIEMBIX 3aKa30B U PACIIUPUTH SKCIOPTHBIN MOTEHIIHAN TPOIYKIIHH.

JlocToBepHOCTh pe3yabTaTOB. Bce 1oilydeHHblE pe3ynbTaTbl MOATBEPKIAAFOTCS
pesyiabTaTamMu  KommbloTepHoro  MozaenupoBanus B CAD-cucreme TRDO/TDS, wux
COTJIACOBAHHOCTBIO C JKCIIEPUMEHTAJIbHBIMU JIaHHBIMU M HKCIEPTHBIMHU olleHKamu. HayuHbie
MOJIO’KEHUS U BBIBOIBI MCCIIEIOBAHS IPOIILTU allpoOAaIIHio B BUJIE Ty OIMKAIUi B PEIICH3UPYEMBIX
MexXIyHapoaHbix kypHamax (Q1-Q2 Web of Science) m pexomennoBanabix KOKCHBO
OTCUCCTBCHHBIX U3JIAHUSAX, & TAKXKE B MOJYUYCHHBIX OXPAaHHBIX JOKYMEHTAaX, YTO MOATBEPKIACT
BOCIPOU3BOAMMOCTb ¥ 3HAUUMOCTH PaOOTHI.

CooTBeTcTBHE HANPABJEHUSIM PAa3BUTHS HAYKH WJIM TOCYJapCTBEHHbIM
nporpaMmmam.

HccnenoBanusi BBIIOIHSIMCH B COOTBETCTBUU € YTBEPKIAEHHBIM IIJIAHOM MCCIIE0BAaHUMN U
B PaMKax CJIeIyIONINX HAyYHBIX MPOCKTOB:

— I'CHCTMHC Ne 5 or 10 mnosops 2021 r. «Pa3paboTrka u BHeIpeHHE
KIIMEHTOPUEHTUPOBAHHOM  KOMIUIEKCHOW  aBTOMATU3MPOBAHHOM  CHUCTEMBI  pacuéra U
M3TOTOBIICHHS TPAHC(HOPMATOPOBY;

— AP14871951 «YBenuueHue cpoka ciryk0bl TpaHC(HOPMATOPOB METOJIOM HCCIICIOBAHHUS
MPOLIECCOB CYIIKH U MPECCOBKH TBEPAON U3OISILIUNY;

— AP09057919 «MccnenoBanue yMeHbIIEHUs: BUOpALlMU U LIIyMa B peakTopax Ha KJlacc
HanpspkeHus 110-750 kB ¢ nenbio yBennueHus KU3HEHHOTO LIUKIIAY.

CTpyKTypa IuccepTauMOHHOM padoThl, MPeACTABICHHON B BU/e CEPUU CTaTei.

HuccepranuonHas paboTa MpeicTaBlieHa B BHUJE CEPUM HAYYHBIX CTaTed M OXpaHHBIX
JIOKYMEHTOB, OITyOTMKOBaHHBIX COHCKATeNIeM JIMYHO KM B COABTOPCTBE, B KOTOPBIX
MIOCJIEZI0BATENILHO U3JI0KEHBI U 000CHOBaHbI OCHOBHBIE HAYyUHbIE MIOJIOKEHHSI TUCCEPTALINU.

JuccepranmonHas paboTa BKJIIOYAET CIAEAYIONINE MyOIuKaIiu:

1. Tazhibayev A.A., Utepbergenov I.T., Skliarova 1.V. Development of Customer-Focused
Automated Systems for Transformer Design and Manufacturing: A Comprehensive Review //
Journal of Computational and Cognitive Engineering. — 2025.

(Bkmag couckartens — coucKaTeNnb WHHUIMAPOBAT W TOATOTOBMJI OCHOBHYKO YacTh
0030pHOTO  HCCIENOBaHMS,  CQOPMYIHMPOBAT  KOHLEMIHUIO  KIMEHTOOPUEHTHPOBAHHBIX
ABTOMATU3UPOBAHHBIX CHUCTEM, BBHIMOJIHHI aHANU3 CYIIECTBYIOIIUX MOAXOAOB M 0000IIeHue
PE3yJIBTATOB. )

2. Tazhibayev A., Amitov Y., Arynov N., Shingissov N., Kural A. Experimental
investigation and evaluation of drying methods for solid insulation in transformers: A comparative
analysis // Results in Engineering. — 2024.

(Bximam couckarens — COHMCKaTeNlnb pa3padoTal METOAMKY OSKCIIEPUMEHTAIbHBIX
WCCJICJIOBAHUM, y4aCTBOBAN B 00pabOTKe U MHTEPIIPETAIMH SKCIIEPUMEHTATbHBIX JIaHHBIX.)

3. Tazhibayev A., Utepbergenov I.T., Amitov Y., Ateyev D. Assessing noise and vibration
mitigation in low-vibroacoustic shunt reactors // Cogent Engineering. — 2024.

(Bxknag couckarens — couckareiab BHEC OCHOBHOM BKJIaJ B aHajM3 BHOPOAKyCTHUECKHX
XapaKTEePUCTUK U MPEATIOKIIT HHKESHEPHBIC PEIICHUS TI0 UX CHUKECHHIO. )

4. TaxubaeB A.A., Yren6eprenoB U.T., AmutoB E.T., Aree . T. I[lo0xo0 x crhudicenuro
wyma u subpayuy WyHmupyouwux peakmopos Ha 0CHO8e YCOBEPUIEHCMBOBAHUS KOHCMPYKYUU U



npUMeHseMblX mamepuanos /| Becmuux Aimamuncko2o yHusepcumema HepeemuKky U cesasu. —
2023.

(Bkmag comckarenss — couckareiab pa3paboTan KOHCTPYKTHBHBIE MPEIVIOKEHUS U
000CHOBAJI BEIOOP MaTepHAIIOB.)

5. TaxubaeB A., Yrenoeprenor 1., Amutos E., Cxisposa 1O., Kynak6aes I'. Analysis of
automation strategy for integrated customer-oriented system via smart digital nodes in
distribution transformers /| Becmnux KazATK. —2024.

(Bxian couckarenst — couckarenb cHopMyIHpOBaI apXUTEKTypy aBTOMAaTH3MPOBAHHOMN
CUCTEMBI U Y4acTBOBaJ B pa3pabOTKe aIrOPUTMOB yIPABICHHUSL.)

6. AmutoB E., TaxubaeB A., AreeB /., ApsinoB H., [llunrucoB H. Hccreoosanue
Memo0o8 CYWKU C Npeccosanuem meepool U0NAYUU CUNOBbIX MPAHCHOPMAMOPO8 C Yelblo
yeenuuenus sxcuznenno2o yukna // Becmuux KasATK. —2024.

(Bxnag couckarens — couckaTeslb MPUHUMAN Yy4acTHE B IIOCTAaHOBKE 3aJjauydl W aHaJu3e
pe3yJIbTaTOB UCCIIEAOBAHMIA.)

B pamkax BBIIIOJIHEHUS JUCCEPTALMOHHOW pabOThl Takke IOJy4YeHbl OXpaHHBIC
JIOKYMEHTBI:

— CBHIETENBCTBO O BHECEHHWH B TOCYJApCTBEHHBIN peecTp MpaB Ha OOBEKTHI,
oxpaHsiemble aBTOpPCcKUM IpaBoM Ne28228 (2022). KnnmeHTOOpHEeHTHpOBaHHAS KOMILJIEKCHAs
aBTOMAaTU3MPOBAHHAs cucTema pacyera «REngy.

(Bxnag couckarenst — COMCKATENb Y4acTBOBAI B pa3padOTKe MPOrpaMMHONM apXUTEKTYPbI
¥ QYHKIMOHAIBHBIX MOJTYJICH. )

— IlatenTst Ha mnone3nble Moaenu u u3o0perenus (2022-2024 rr.), BKIIOYas
BBICOKO9()(heKTHBHBIE OaTapeilHble CHCTEMBbI XPaHEHUS SHEPrHH, UIYHTHPYIOIIUE PEaKTOPHI,
U3MEpUTeNbHbIe  TpaHCchOpMaTOphl  TOKA M CHUCTEMBl  HENPEPBIBHOIO  KOHTPOJS
TpaHCPOpPMATOPHOro 0OOPYAOBAHHUS.

— (Bxman couckarenst — couckarenb MPUHMMAJ y4dacThe B pa3pabOTKe TEXHUYECKUX
pelIeHn, CXEMHBIX M KOHCTPYKTHUBHBIX IapaMeTpOB, a TakKe B IOJTOTOBKE IAaTEHTHOU
JIOKYMEHTall1H. )

IlepBoe BBIHOCHMOE Ha 3alIUTy IOJIOKEHUE JAUCCEPTALMOHHON paboThl 0OOCHOBAHO B
crarbsiXx | ® 5, TOCBAIMEHHBIX pa3pabOoTKe U aHaIu3y KIMEHTOOPUEHTHUPOBAHHBIX
aBTOMATH3UPOBAHHBIX CUCTEM pacyéTa U MPOEKTUPOBAHUS TpaHC(HOPMATOPHOTO 0OOPYIOBAHUS.

Bropoe nonoxeHnue q0ka3aHo B CTaThsX 2 U 6, B KOTOPHIX UCCIEAYIOTCS METOJbI CYILIKH U
IpeccOoBaHUsl TBEPAOW M3OJIALMHU CHIOBBIX TPAaHC(HOPMATOPOB U UX BIUSHUE HA YBEIUYEHUE
YKU3HEHHOTO IUKJIa 000pYIOBaHHUS.

Tperbe monoxeHue MOATBEPXKICHO pe3ylbTaTaMH, NPEACTABICHHBIMU B CTaThsiX 3 U 4,
NOCBSIIEHHBIX CHW)KEHHIO IOIyMa MW BHOpaluu IIYHTUPYIOIIMX pEaKTOpOB 3a CYET
KOHCTPYKTHBHBIX M MaT€pHaIOBEJUECKUX PEIICHUH.

[TomydyeHHble MaTeHTHl U CBUAETEILCTBA HEMOCPEICTBEHHO CBS3aHbl C MPAKTUYECKOU
peanu3aiyeil HayqHbIX pe3yJIbTaToOB TUCCEPTALUU U TOATBEP)KIAIOT UX MPUKIIAIHYIO 3HAYMMOCTb.

Bce nyOnmukanuum ynoBneTBopsitoT TpeOoBaHusAM myHKTa 5-1 «IlpaBun npucyxaenus
YYEHBIX CTEIIEHEW.



ABSTRACT
of the dissertation research by
TAZHIBAYEV ADILBEK AMIRBEKOVICH
on the topic:

“RESEARCH AND DEVELOPMENT OF METHODS AND TOOLS FOR FORMATION
A CUSTOMER-ORIENTED INTEGRATED AUTOMATED SYSTEM FOR
CALCULATING AND MANUFACTURING TRANSFORMERS?”,
submitted for the degree of Doctor of Philosophy (PhD) in the specialty
8D07103 — Automation and Control

General Characteristics of the Research. The dissertation research is submitted for defense
in the form of a series of scientific articles in accordance with Clause 5-1 of the Rules for Awarding
Academic Degrees (Order of the Minister of Science and Higher Education of the Republic of
Kazakhstan No. 127 dated March 31, 2011, as amended on July 18, 2024).
The choice of this format is justified by the applicant’s authorship of three publications in
international peer-reviewed scientific journals indexed in the Web of Science Core Collection and
ranked in the first and second quartiles (Q1, Q2).
The set of submitted articles constitutes a unified, completed scientific study, integrated by a
common goal, methodology, and object of research.

Purpose of the Research. The purpose of the dissertation research is to improve quality and
reduce production lead time of transformer equipment by creating an integrated automated system
that combines design (CAD), engineering analysis (CAE), and manufacturing management
(CAM) loops into a single digital environment with feedback.

Research Objectives:

1. To develop a method for numerical analysis and minimization of vibroacoustic activity of
reactor equipment for integration into the system’s calculation module (solution presented in
Article No. 3, Cogent Engineering).

2. To conduct experimental research and develop optimization algorithms for the solid
insulation drying process for the technological module of the system (solution presented in Article
No. 2, Results in Engineering).

3. To develop an architecture and principles for building customer-oriented design systems
that take customer requirements into account at early design stages (solution presented in Article
No. 1, Journal of Computational and Cognitive Engineering).

4. To create software and algorithmic tools (CAD systems) for implementing the proposed
methods (solution presented in Article No. 1, Journal of Computational and Cognitive
Engineering).

Object of Research. The object of the research is automated control of design and
manufacturing processes of high-voltage oil-filled equipment (transformers and reactors).

Subject of Research: The subject of the research includes methods and algorithms for
automating calculations, design, and control of technological manufacturing parameters (with
vibroacoustic processes and insulation drying taken as case studies).

Research Methodology. The research methodology is based on an inductive systems approach
and follows the principle “from the particular to the general”:

Stage 1 (2023-2024): Problems of identification and automation of critical technological
subsystems were solved.

-A mathematical model for vibroacoustic analysis was developed (article in Cogent
Engineering, Q2).

-Control algorithms for the insulation drying process were synthesized for the CAM
subsystem (article in Results in Engineering, Q1).

Stage 2 (2025): Based on the obtained models and algorithms, theoretical synthesis was
performed. A general architecture of a customer-oriented system integrating these partial



solutions was developed. The results were presented in a review and analytical article (Journal of
Computational and Cognitive Engineering, Q1).

Scientific Novelty:

1. For the first time, the concept of a customer-oriented automated transformer manufacturing
system has been substantiated, characterized by end-to-end integration of customer requirements
into technological processes (drying, assembly).

2. A method for evaluating vibroacoustic characteristics of shunt reactors has been developed,
accounting for the influence of structural dampers on resonance frequencies of the active part.

3. Regularities of solid insulation drying kinetics have been identified, enabling the
development of an algorithm for selecting optimal thermo-vacuum treatment methods to enhance
dielectric strength.

Main Provisions Submitted for Defense:

1. Architecture of an integrated design system ensuring transformation of customer
requirements into verified technical solutions.

2. Methodology for computational analysis of reactor vibroactivity that ensures compliance
with sanitary noise standards at the design stage.

3. Technological algorithm for controlling the insulation drying process, ensuring
maximization of transformer service life through moisture removal without cellulose degradation.

Relevance of the Research.

Transformer manufacturing, as a key sector of power engineering, remains one of the most
labor-intensive and conservative industries. Traditional design approaches based on fragmented
CAD systems, document management, and planning tools no longer meet modern requirements
for data processing speed, adaptability, and calculation accuracy.

Under Industry 4.0 conditions, transformer manufacturing faces a systemic problem: existing
automation tools are fragmented. Designers work in isolated CAD systems, analysts use
independent calculation packages, and technologists manage manufacturing processes—such as
drying and assembly—often based on empirical experience without direct digital linkage to the
original design.

This discontinuity leads to loss of customer requirements at stage interfaces and neglect of
physical production constraints (e.g., vibration risks) during design, increasing development time
and reducing operational reliability.

Thus, an urgent scientific and practical task is the creation of a customer-oriented integrated
automated system for transformer calculation and manufacturing, uniting engineering calculations,
design and technological documentation, production processes, and customer interaction within a
single digital enterprise environment.

Practical Significance.

The developed customer-oriented integrated automated system for transformer calculation and
manufacturing has been implemented at Asia Trafo LLP and TRENCO R&D LLP,
demonstrating  significant  technological, = organizational, and economic effects.
The average project cycle duration was reduced from 45 to 30 calendar days, and technical
documentation approval time—from 10 to 3 days. Data transfer errors between design and
production departments decreased more than fivefold.

The implemented vacuum drying technology under isostatic pressing increased insulation
polymerization degree, improved dielectric properties, and extended transformer service life by
10-12%. Drying cycle time was reduced by more than half, and energy consumption decreased by
30%. Vibroacoustic measures reduced shunt reactor noise by 18% and vibration by 25%.
Economic efficiency is confirmed by a 22—25% reduction in direct design and order support costs,
a 20-25% decrease in production cycle duration, and a 40% increase in engineering productivity,
enhancing enterprise competitiveness and export potential.

Reliability of Results.

All results are confirmed by CAD-based computer modeling (TRDO/TDS), agreement with
experimental data, and expert evaluations. Research findings were validated through publications



in international peer-reviewed journals (Q1-Q2 Web of Science), national journals recommended
by the Committee for Quality Assurance in Science and Higher Education, and obtained
intellectual property protection documents.

Compliance with National Scientific Programs.

The research was conducted in accordance with approved research plans and within the
framework of the following projects:

e GSSS/GMSN No. 5 dated November 10, 2021: “Development and implementation of a
customer-oriented integrated automated system for transformer calculation and manufacturing”.

o AP14871951: “Extending transformer service life through research of solid insulation drying
and pressing processes”.

e AP09057919: “Investigation of vibration and noise reduction in reactors of 110-750 kV
voltage class”.

Structure of the Dissertation Submitted in the Form of a Series of Articles.

The dissertation is presented in the form of a series of scientific articles and intellectual property
protection documents, published by the applicant individually and in co-authorship, in which the
main scientific provisions of the dissertation are consistently presented and substantiated.

The dissertation includes the following publications:

1. Tazhibayev AA., Utepbergenov LT, Skliarova LV.
Development of Customer-Focused Automated Systems for Transformer Design and
Manufacturing: A Comprehensive Review // Journal of Computational and Cognitive Engineering.
—2025.

(Author s contribution — the applicant initiated and prepared the main part of the review study,
formulated the concept of customer-oriented automated systems, analyzed existing approaches,
and generalized the results.)

2. Tazhibayev A., Amitov Y., Arynov N., Shingissov N., Kural A.
Experimental investigation and evaluation of drying methods for solid insulation in transformers:
A comparative analysis // Results in Engineering. — 2024.

(Author s contribution — the applicant developed the experimental research methodology and
participated in the processing and interpretation of experimental data.)

3. Tazhibayev A., Utepbergenov LT, Amitov Y., Ateyev D.
Assessing noise and vibration mitigation in low-vibroacoustic shunt reactors // Cogent
Engineering. - 2024.

(Author s contribution — the applicant made the primary contribution to the analysis of
vibroacoustic characteristics and proposed engineering solutions for their reduction.)

4. Tazhibayev  A.A., Utepbergenov LT,  Amitov ET., Ateyev D.T.
An approach to reducing noise and vibration of shunt reactors based on improvements in design
and applied materials // Bulletin of the Almaty Umverszly of Power Engineering and
Telecommunications. 2023.

(Author s contribution — the applicant developed deszgn proposals and justified the selection of
materials.)

5. Tazhibayev A., Utepbergenov 1., Amitov E., Skliarova Y., Kulakbayev G.
Analysis of automation strategy for an integrated customer-oriented system via smart digital nodes
in distribution transformers // Bulletin of KazATC. - 2024.

(Author s contribution — the applicant formulated the architecture of the automated system and
participated in the development of control algorithms.)

6. Amitov E., Tazhibayev A., Ateyev D., Arynov N., Shingissov N.
Investigation of drying and pressing methods for solid insulation of power transformers aimed at
extending  equipment  service life /| Bulletin of  KazATC. - 2024.

(Author's contribution — the applicant participated in problem formulation and analysis of
research results.)



Intellectual Property Protection Documents Obtained Within the Dissertation Research
As part of the dissertation research, the following intellectual property protection documents were
obtained:

- Certificate of registration in the State Register of Copyrighted Objects No. 28228 (2022):
Customer-oriented integrated automated calculation system “REng”.

(Author's contribution — the applicant participated in the development of the software
architecture and functional modules.).

- Patents for utility models and inventions (2022-2024), including high-efficiency battery
energy storage systems, shunt reactors, current transformers, and continuous monitoring systems
for transformer equipment.

(Author s contribution — the applicant participated in the development of technical solutions,
schematic and structural parameters, as well as in the preparation of patent documentation.)

The first dissertation provision submitted for defense is substantiated in Publications 1 and 5,
which are devoted to the development and analysis of customer-oriented automated systems for
calculation and design of transformer equipment.

The second provision is substantiated in Publications 2 and 6, which investigate drying and
pressing methods for solid insulation of power transformers and their impact on extending
equipment service life.

The third provision is confirmed by the results presented in Publications 3 and 4, which address
noise and vibration reduction in shunt reactors through design and materials engineering solutions.

The obtained patents and certificates are directly related to the practical implementation of the
dissertation’s scientific results and confirm their applied significance.

All publications comply with the requirements of Clause 5-1 of the Rules for Awarding Academic
Degrees.



AHHOTANIUA
TAJKUBAEB AJIMWJIBEK AMUPBEKOBUYTIH
JUCCEPTAIUSIIBIK 3epTTeyiHE
TakbIpbIObI:

«TPAHC®OPMATOPIAPIAbI ECEIITEY MEH OHAIPYAIH TYTBIHYUIBIF A
BAFBITTAJIFAH UHTETPALIIUSITAHFAH ABTOMATTAHABIPBLIFAH )KYWECIH
KYPY 9IICTEPI MEH KYPAJIJIAPBIH 3EPTTEY KOHE 93IPJIEY»,
8D07103 — «ABTOMAaTTaHIBIPY Jk0HE Oackapy» OuTiM Oepy Oarmapiiamachl OoibIHIIA HUTOCOPUS
nokropsl (PhD) FeUIBIME TOpeXKECiH aly YIIiH YCHIHBUIFaH.

7KYMBICTBIH KAJMbI CHIATTAMACHI.

Huccepramusuiblk  3eprrey  Kaszakcran PecnyOnukacsl FruiblM  5koHE KOFaphl  OUTiM
muHucTpiniH 2011 xbuFel 31 Haypeigarsl Nel27 Oyiipeireiven Oexitinren (2024 >xpuirbr 18
HIIIeIer] e3repicTep MEH TOJIBIKTBIPYJIApAbl €cKepe OThIphIN) «FbUIbIMU Jopexernep Oepy
KaruJaIapelHbIH) S5-1-TapMarblHa COMKEC FBUIBIMH Makajlalap CEepHsChl TYpiHAE KOprayra
YCBIHBLIFaH.

Byn veIcannel TaHgaynbH Herizi — i3aenymiHiH Web of Science Core Collection mepexrep
OazacbIHbIH 1-111 sx0oHe 2-1mi kBapTriaepine (Q1, Q2) KipeTiH XalbIKapaiblK peleH3UsIaHaAThIH
FBUIBIMH XYPHAJIap/ia sKapHusIaHFaH YII MaKaJIAChIHBIH OOYHI.

¥YChIHBUIFAH Makajalap >KUBIHTBIFBI OpPTaK MAaKCaTIeH, OICHAMAMEH JKOHE 3epTTey
00beKTICIMEH OipIKTIpUIreH, asKTalFaH OipTYTac FRUIBIMU 3ePTTEYAl Kypanibl.

JuccepTanusiibIK 3epTTEYIiH MaKCaThI.

Kepi 6aitnansice 6ap OipeiaFail mudpbik opraaa sxxobdanay (CAD), nmkenepiik Tangay (CAE)
JKoHe  TexHonorusuiblK — Oackapy  (CAM)  koHTypnapelH  OIpIKTIpEeTiH  KeLIeHi
ABTOMATTaH/IBIPBUTFAH XYWEH1 KYpy apKbUIbl TpaHC(HOPMATOP *KaOABIKTAPbIH JAbIH/IAY CarlachlH
apTTHIPY JKOHE OHIIPY MEeP31MiH KbICKApTY.

3eprTey MiHaeTTEpI:

1. Peaktopiplk kaOABIKTBIH BHOPOAKYCTHKAIBIK OEJICEHAUTITIH CaHABIK Tauaay >KOHE OHBI
azalTy OMICIH 93ipJern, >KyHeHIH ecenTik MoayiiHe eHrizy (memim Ne3 makanaga — Cogent
Engineering).

2. KarThl oKmraynamaHbl KENTipy MPOIECIH SKCIEPUMEHTTIK 3epTTey JKOHE TEXHOJIOTHSIIBIK
MOAYJb YIIIH OHTAWJIaHIBIPY aJdropuUTMJIEpiH d3ipiey (wemim Ne2 makanana — Results in
Engineering).

3. Tamceippic OepylIiHiH TananTapblH >KoOamayablH OacTamkbl Ke3eHJEpiHAe eCKEepeTiH
KJIIMEHTKe OarmapiaHfaH >xko0ayiay >KyHeNepiHIH apXUTEKTypachl MEH KaFuJaallapblH d3ipiiey
(memim Nel makanana — Journal of Computational and Cognitive Engineering).

4. YchIHBUIFAH OJICTEpAl 1CKEe achlpy YIIH OargapiamMalibIK-aJITOPUTMIIK Kypasaap/sl
(CAIIP) azipney (memim Nel makanana).

3epTTey o0beKTici.

XKorapsl kepHeyni MaiiMeH TONTHIPBUIFAH >KaOJbIKTapibel (TpaHcopmaTtopiap MeH
peakTopiapbl) kobaay KoHe OHAIPY MPOIECTEPiH aBTOMATTaHIBIPBIIIFaH OacKapy.

3eprTey naHi.

EcenTey, KOHCTpyKIMsIay >KOHE OHJIPICTIK TEXHOJOTHSUIBIK MapameTpiepil Oackapysl
aBTOMATTaHJBIPY SICTEPl MEH aJITOPUTMIEP] (BUOPOAKYCTHKAIIBIK IPOIIECTEP MEH OKIIayTaMaHbl
KENTIpy MBICAJIBIH/A).

3eprTey daicHamachl.

3epTTey WHIAYKTHBTI KYHENIK TOCILITE HETI3NENTCH >KOHE (OKEKENEH J>KaJIbIFa» KaruaThl
OOMBIHIIIA KYPTi3UIAL.

Bipinmi xke3enae (2023-2024 xK.) MaHBI3Ib TEXHOJIOTHSIIBIK KOCAJIKBI KYHeIepal
coliKecTeHAIpy KOHE aBTOMATTAH/bIPY MIHAETTEPl IS

- BUOPOAKyCTHKAHBI TaJay KOCAJIKbI )KYleCiHe apHaJIFaH MaTeMaTHKaJIBIK MOAEIh d31pIIeH/Ii



(Cogent Engineering, Q2);

- CAM KocaJiKpl JKyieci YIIiH OKlIayJaMaHbl KeNTipy NPOIEeciH 6ackapy alnropurMiepi
cunresnenyi (Results in Engineering, Q1).

Exinmri, KopeIThIHABI Ke3ene (2025 k.) anplHFaH MOJICTIbICpP MCH allTOPUTM/IEP HET131H/e
TEOPHSUIBIK CHHTE3 XKYpri3uii. XKekenereH menriMaepai OipiKTipeTiH KIMEHTKe OaFaapiaHFaH
KYHEHIH Kbl apXUTEKTypachl a3ipaen . Hotwkenep momy-TangaMaiblk MaKkataga
yeutHbLIABI (Journal of Computational and Cognitive Engineering, Q1).

Fpl1bIMH KaHABIFBI:

1. Anram pet TpaHchopMarTop jkacayla KINEHTKe OarJapiaHFaH aBTOMATTaH/IbIPBIIFaH XKyiie
TYKBIPBIMAAMAChl HET13/1€II/1i, OJ1 TAalChIPbIC OepyIIIi TalanTapbIHBIH TEXHOJIOTHSIIBIK KE3eHIepTe
(kenTipy, )KMHAKTAY) Y3IKCI3 HHTETPAIIUACHIMEH EPEKIICICHEI].

2. UlyHTTaymsl peakTopiapAblH BHOPOAKyCTHUKAIBIK CHIIATTaMalapblH Oaramay oici
a3ipieH i, on OenceHAl OOiKTIH PEe30HAHCTHIK JKUUIIKTEpIHE KOHCTPYKTHUBTIK JeMIdeprepin
OCEpiH ecKepei.

3. KarThl oKmaynamMaHbl KENTipy KMHETHKACBIHBIH 3aHIbUIBIKTAPbl aHBIKTAJBII, JUAIEKTPIIIK
OEpIKTIKTI apTTHIPY YIIIH OHTANIBI TEPMOBAKYYM/IBIK OHJICY 9JIICIH TaHAay aJlTOPUTMIH d3ipieyre
MYMKIHIIK Oep/i.

Koprayra ychbIHBLIATBIH Heri3ri Karuaaaap:

1. Tancelpbic  Oepylli TananTapblH BepU(UKAUSUIAHFaH TEXHUKAJBIK  IIEHIiMJepre
TYPJICHAIPYZi KaMTaMachl3 €TETiH KeIeH/ i )ko0anay KyHeCiHiH apXUTEKTypachl.

2. XKoOanay carpichlHIa 11y OOHBIHIIA CAaHUTAPIBIK HOpPMajapra COMKECTIKTI KaMTaMachl3
€TETIH peaKkTopJIap/IbIH BUOPOOETICEHIUTITIH €CeNTIK Tauay 9iCTeMeci.

3. Llemmrono3ansl 6y30ail bUIFabl KO ApKbUIbl TPAHC(HOPMATOPIBIH KbI3MET €Ty MEp3iMiH
OapbIHIIIAa ApTTHIPATHIH OKIIAyJTaMaHbl KENTipy MPOIECiH OacKapy alropuTMi.

3eprTTeyain 63eKTiJiri.

Tpancdopmarop xacay 3HEpPreTUKAJIBIK MAIIMHA jKacay CaJIAChIHBIH HETI3r1 OarbITTapbIHBIH
Oipi 6oma OTBIPHIN, €H CHOEK CBHIMBIMIbI JKOHE KOHCEPBATHBTI cajaylapAblH KaTapblHIAa KaJIbIIl
otbip. CAIIP xyiienepin, Ky)KaT aifHaJIbIMbBIH OHE JKOCTapJay/ibl 0eJeK KOJJJaHyFa Heri3aeNnreH
JOCTYpI sko0anay Tacuiepi AepeKTeplli oHAeYy >KbUIIaMbIFbl, OCHIMIENTITIK KOHE ecenTey
Joniri OoibIHIIA Ka31pTi TajanTapra cail KelIMen /.

Wnnyctpus 4.0 xxarnaiibinaa Tpanchopmarop xacay cajlachl JKyHenik Macesnere tan 0omyna:
aBTOMATTaHIBIPY KypaJiaaphl «apaiablky cunatka ue. Koncrpykropmap sxkeke CAD sxylienepine,
ecenTeyuiiep OKIIayTaHFaH MaTeMaTuKajbIK aKeTTep/e, all LeXTaFbl TEXHOJIOTTap KeNTipy MeH
JKUHAKTay CHUSIKTBI ITpouecTepai 6acTankbl xo0aMeH Tikenel nudpiblk OailaHbicChI3, kKoOlHEce
SIMITUPHKAIIBIK TOXKIpHOere cyiieHe OThIPhIN OacKapasbl.

By akmapaTThIK aFbIHAApPABIH Y311yl TalChIpbiC Oepylill TalanTapblHbIH Ke3eHAep TYHICIHIE
KOFayblHa, OHMAIPICTIK MIEKTeylIepAiH (MbIcajbl, IIpUT TOyeKeNJepiHiH) Kobajay Ke3iHJe
eckepuiMeyiHe okeneni. Hormxecinae o3ipiey Mep3imi y3apThlll, NaiAalaHy CEHIMIUIIT
TOMEHICHI.

OchiFan  GailylaHbICTBI  TpaHCoOpMaTOpIIapAbl €CEeNTey JKOHE MalbIHIAy MPOIECTepiH
OackapyIblH KIUEHTKe OarapiiaHFaH KelleH i aBroMartanasipeuirad xkyiecin (KKACYIIPUT)
KYPY ©3€KT1 FhUIBIMU-TIPAKTUKAIBIK MIHJIET OOJIBIN TaObLIabI.

IIpakTHKANBIK MAHBI3ABLIBIFBI.

Ozipienren KKACVYIIPUT xyiteci «Asia Trafo» JXUIIC xone «TRENCO R&D» XKIIC
KOCIMOPBIHAAPBIHAA ~ OHAIPICTIK  ToXipuOere eHriziiim, alTapiablKTail — TEXHOJOTHSUIBIK,
YIBIMIACTBIPYIIBUIBIK KOHE SKOHOMUKAJIBIK THIMIUTITIH KOPCETTI.

Xobanay UKIBIHBIH OopTalia y3aKkThiFbl 45 kyHHeH 30 KyHre JeiiH KbICKap/bl, TEXHUKAJBIK
Ky)KaTTaMaHbl KeJicy yakbIThl 10 KyHHeH 3 KyHre nediH azainpl. Ecemnrey »oHe OHIIPICTIK
OeiMIeNiep apachIHJIAFbl JEpeKTepai Oepy Ke3iHJe aHbIKTaJaThIH Karejep caHbl Oec eceleH
acTam TeMeHe/Il.

BakyyMIbIK KeNTipy/ii H30CTaTHUKAIIBIK TPECTeYMEH O1pIKTIPETIH TEXHOIOT U OKIIayJaMaHbIH
MOJIUMEPJIEHY  JOPEXKECIH  apTTHIPbIN,  JUAJIEKTPIIK  KAacHeTTEepiH  JKaKCapTThl  JKOHE



TpaHchopmaropiapAbiH KbI3MeET eTy Mep3imiH 10—12 %-ra y3apTThl. KenTipyaiH TONBIK HUKIIBI €K1
€CeJIeH acTaM KbICKaphIn, SHeprusi MbIFbIHBL 30 %-Fa Temenaeni. lllyHTraymbl peakropiaapabiH
mry neHreii 18 %-ra, mipii 25 %-ra a3alThUIIBL.

DKOHOMUKAJIBIK THIMIUTIK jk00anay MEH TalChIpbICTapAbl CyHeMmelneyre KeTeTiH TiKeleH
HIBIFBIHAAPABIH 2225 %-Fa ToMeHIeyiMeH, OHIIpicTIK MUKIIIH 20—25 %-Fa KbICKapybIMEH JKOHE
WHXKEHEPITiK Oemimmenepaid eHIMAUTITiHIH 40 %-Fa apTybIMEH pacTaJIIbl.

HoTu:xesiepain 1ypbICTBIFbI.

Bapneik ansiaran HoTmkenep TRDO/TDS CAD xyiieciHaeri KOMIBIOTEPIIK MOJEIBACY
JIepeKTepiMEH, SKCIICPUMEHTTIK HOTHI)KEIEPMEH JKOHE capanTaMalblK OarajiayiapMeH pacTasFaH.
3eprrey Hatmkenepi Q1-Q2 Web of Science xxyprannapsinaars! xapusuiansiMaapaa, KOKCHBO
YCBIHFaH OTaHJIBIK 0aChUIBIMIAp/Ia KOHE aJIbIHFAH KOPFay KY)KaTTapblHAa anpoOaIysiiaH eTTi.

FoLIbIMABI 1aMbITY 0aFBITTAPbIHA HEMECE MEMJIEKETTIK OaF1apjiamMajiapra colKecTiri.

3eprreyaep OSKITUINEH 3epTTey JKOCHaphlHAa COMKEC JKOHE KeJleCi FhUIBIMM JKo0asiap asiChIHIa
OPBIHIATIBL:

- TCHC/TMHC Neo5 (2021 »xpunrbl 10 xapama) — «Tpancghopmamopnaposl ecenmey dicone
O0aliblHOay2a apHAaN2aH KiueHmke 0ag0apiaH2an KeuweHOl asmoMammanOblpblIeaH MHCYUeHi

azipney JICoHe EH2I3V);
- AP14871951 — «Kammul oxwaynamansvl Kenmipy dicane npecmey npoyecmepin 3epmmey
ApKbLIbL mparcghopmamopnapoviy Kbl3mem emy Mep3iMiH yazaumyy;

- AP09057919 — «Kvizmem emy mep3imin apmmuipy makcamuinoa keprey kaacwl 110—750 kB
peaxkmopuapoazul Oipin MeH ulyobl memeHoemyoi 3epmmeyy.

FouibiMu Makagajap cepusicbl TYpPiHIe YCHIHBUIFAH JHCCEPTAUMSJIBIK KYMBICTBIH
KYPBbUIBIMBI.

JluccepTanusuiblK JKYMBIC 13/ICHYIIIHIH JKeKe 031 jKoHe OipJIeCKeH aBTOPIBIKTA >KapusylaraH
FBUIBIMH MaKajajlap MEH 3HATKEPJIIK MEHIIIK OOBEKTUIEpIHEe apHaJFaH KOpFay KyXKarTaphbl
CepUsCH TYpiHAE YChIHBbUIFaH. bysl eHOekTepae nuccepTalusHbIH HETi3T1 FRUIBIMH Karuajapbl
JKy#em Typae OasiHIaJIbII, HETi3/1eTeH.

JlrccepTanusuibIK )KYMBIC KeJIeCl KapusIaHbIMIap/Ibl KAMTHIBL:

1. Tazhibayev A.A,, Utepbergenov LT, Skliarova LV.
Development of Customer-Focused Automated Systems for Transformer Design and
Manufacturing: A Comprehensive Review // Journal of Computational and Cognitive Engineering.
—2025.

(I30enywiniy yneci — i30ewywi wiony 3epmmeyin Oacmamanan, OHblH Hezizei 06nieiH
0auibIHOAObl, KIUeHmKe 0a20apiaHean asmoMammaHObIPbIIEAH HCYUenep MYHCblpblMOAMACHIH
Kanulnmacmulpobl, KOJIOAHbICMAbL Maciloepee manoay i#ypaizin, Hamuoicenepoi Heainvliaowvl.)

2. Tazhibayev A., Amitov Y., Arynov N., Shingissov N., Kural A.
Experimental investigation and evaluation of drying methods for solid insulation in transformers:
A comparative analysis /l Results in Engineering. — 2024.

(I30enywiniy yneci — i30eHywi 3KCnepumMeHmmix 3epmmeynep 20icmemecin 23ipneoi,
9KCnepumMenmmix oepekmepoi oyoey MeH UHMePRpemayusiayd Kamvicmsi.)

3. Tazhibayev A., Utepbergenov LT, Amitov Y., Ateyev D.
Assessing noise and vibration mitigation in low-vibroacoustic shunt reactors // Cogent
Engineering —2024.

(I30enywiniy yneci — i30eHywi 8UOPOAKYCMUKANbIK, CUNAMMAaManiapobl maioayea Heaizei yiec
KOCMbl Jicane 01apobl momeHoemyze Oablmmanean UHHCeHepiK uewimoep YcolHobl.)

4. TaxxuobaeB A.A., Yrenoeprenos U.T., Amutos E.T., Atrees /I.T.

Koncmpyxkyusanwl srcane Konoanvliamoin Mamepuaioapovl H#eemindipy He2izinoe WyHmmayuivl
peakxmopnapobly WyblH HcaHe OIpiniH momenoemy macini /| Aimamol sHepeemuxa Hcaue
batinanvic yHusepcumemini gxabapuivicol.—2023.

(I30enywiniy yneci — i30eHyui KOHCMPYKMUBMIK YCbIHbICMAPObl 23Ipien, Mamepuaioaposl
manoayosl He2iz0eoi.)



5. TaxubaeB A., VYrenbeprenoB W., AmwmroB E., Cxmapoa F., Kynakbaer TI.
Tapamy mpancgopmamopnapvlHoa 3usmKepiiK yuppivik myuinoep apyulivbl UHMeSPaYUsLIaAHEaH
KIuenmke 6az0apian2an JiCyleniy aemomammanowvlpy cmpameeuscvln manoay !/ KazATK
xabapuivicol. — 2024.

(I3oenywiniy  yneci — i30eHywi a8MOMAMMAHObIPLLIZAH —JHCYUEHIY — apXumeKkmypaculH
KALINMACMbIPIN, 6ACKapy anzopummoepin azipaeyee Kamulcmbl.)

6. AmutoB E., TaxkubaeB A., Aree [., ApsmoB H., Iunrucor H.
Kyam mpancgpopmamopnapeineiy Kammei oKuay1amacsiy npecmei Omulpuln Kenmipy 20icmepin
3epmme) apKblibl HcabObiKmuly Koizmem emy mepsimin yaneaumy /| KazATK xabapuwvicol. — 2024.

(I30enywiniy yneci — iz0eHywii 3epmmey MIHOemiH KOK2A JICIHe ANbIHEAH Hamuicenepoi
manoayaa KamulCmol.)

JluccepTanusuibIK dKYMBICTBI OPBIHIAY OapbIChIH/IA ATBIHFAH KOPFay Ky KaTTaphl.
JuccepTanusiibiK )KYMBICTBI OpBIHAAY asChIH/IA KEJIeCl 3UATKEePIIiK MEHIIIK 00BEKTUIepiHe KOPFay
KY’KaTTaphbl aIbIHFAH:

- ABTOPJIBIK KYKBIKIIEH KOPFAJIaThIH OOBEKTIICPIiH MEMJIEKETTIK Ti31JIIMIHE €HT13y TypaJibl
Ne28228 kyamik (2022 x.).

«REng» knuenmre 6a20apian2aH KeuleHoi asmomammanoblpuLi2aH ecenmey Heyueci.

(I30enywiniy yneci — iz0enyuti 6a20apiamanvl apxumexmypa meH QyHKYUOHAI0bIK
MOOYIbOepOi azipreyee Kamulcmbl.)

- Taitmaner Momenbaep MEH eHepTa0ObicTapra apHairaH mateHTTep (2022-2024 xK.), OHBIH
1II1H/IE )KOFaphl THIM/1 aKKyMYJISTOPIIBIK SHEPT Ul CaKTay JKyHenepi, HIyHTTayIIbl peakTopiap, TOK
elmiey TpaHchopMaTopiaphl koHe TpaHchopMaTop KaOABIKTAPBIH Y3IIKCI3 OaKbuIay sKykenepi.
(I30enywiniy yneci — i30eHywi MexHUKAIblK wewimoepoi, CYi0anvlk HcoHe KOHCMPYKMUBMIK
napamempnepoi a3ipieyee, COHOAl-aK NAMeHMmIK KYHcammamansbl 0aublHOay2a KAmblCmbl.)

JluccepTanusuiblK JKYMBICTBIH KOpPFayFa YCBIHBUIATHIH OIpiHII KaFuAachl TpaHcopmarop
KaONBIKTAaphIH  €cemnTey  JKoHe  Jkolamayra  apHaJFaH  KJIMEHTKe  OarjapiaHraH
AaBTOMATTAHBIPBUIFAH JKYHeNepAl d3ipiey MEH TaiujayFa apHainraH | »oHe S5-makamanapia
HET13/Ie/TeH.

ExiHini kaFuaa KaTThel OKIIAayJaMaHbl KENTipy >KOHE MpecTey dICTepiH, COHMa-aK olap/IbIH
XKaOJBIKTBIH KBI3MET €Ty MEp3IMIH apTThIpyFa 9cepiH 3epTTeUTIH 2 XoHe O-Makajanapiaa
JIOJIENICHT eH.

YuriHmi Karuaa KOHCTPYKTHUBTIK KOHE MaTepUalTAHYJBIK MIEHIIMAEp apKbUIbl ITYHTTAyIIbI
peaKTOpIap/IbIH IIYBIH KOHE AIPiIiH TOMEHJETyre apHaiFaH 3 jkoHe 4-Makananap/a YChIHbUIFaH
HOTIKEJIEPMEH pacTajFaH.

ATBIHFaH TIATEHTTEP MEH KYONIKTep AUCCEPTALUSIBIK JXYMBICTBIH FHUIBIMH HOTHKEIEpiH
TOXiprOeIe icke achIpyMeH Tikesel OalIaHBICTBI )KOHE OJAPIbIH KOJIAAaHOAIBI MaHBI3IbUIBIFbIH
pacTansl.

Bapnbik xapusnansiMaap «FeuieiMu gopexenep Oepy KaruJaiapblHBIHY) S-1-TapMarbIHBIH
TaJanTapblHa TOJBIK COWKeC KeJeli.
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Assessing noise and vibration mitigation in low-vibroacoustic shunt
reactors
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Gumarbek Daukeyev, Almaty, Kazakhstan

ABSTRACT

Reactors produce noise that negatively impacts the environment during their operation. This
study focused on vibration and noise reduction in shunt oil reactors through an enhanced
design, aiming to mitigate these environmental consequences. Additionally, the precision of
measuring vibroacoustic characteristics was enhanced by employing the finite element
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KEYWORDS

method. This study utilized the 110-750kV reactor, POM-60000/525-Y1. To minimize noise
and vibrations from the active part to the tank, the rubber gaskets’ thicknesses, dimensions,
and placements were carefully chosen, considering the magnetic system’s design specifics
and pressing forces within the reactor frame. The reactor’s design underwent improvements
through modeling and optimization. In the revised design, the number of radiators in the
cooling system on both sides and the stiffeners on the reactor tank’s walls were increased,
while the reactor’s overall dimensions were preserved. The isosurfaces derived from vibroa-
coustic testing on the reactor tank model facilitated the processing and visualization of
results, thereby validating the model’s accuracy and effectiveness. The average background
noise levels of the enhanced reactor were significantly lowered, with the noise difference
between the reactor and its surroundings being nearly double that of its existing counter-

Shunt reactor; noise and
vibration; vibration of the
active part; magnetic
circuit; magnetostriction;
laser processing of electrical
steel; finite element
method

REVIEWING EDITOR
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China

part. Since noise from wall vibrations and the cooling system impacts reactor lifecycles,

reducing these vibrations is crucial for extending the lifespan of the improved reactor. SUBJECTS

Industrial Design; Vibration;
Electrical and Electronic
Engineering; Power and
Energy

network losses. To address fluctuations in reactive
power demand, stemming from changes in power
consumption or generation, systems often undergo
adjustments or compensations. These measures
ensure that operations continue within defined and
acceptable parameters (Aali, 2017).

In networks characterized by predictable and sta-
ble power consumption and generation, capacitor
banks or fixed-power shunt reactors are employed
to manage reactive power. This compensation occurs
under specific operating conditions to maintain sys-
tem efficiency. Introducing mechanical switching to
these units can further enhance their operational

1. Introduction

In power grids, shunt oil reactors play a crucial role
in enhancing the capacities of ultra-high-voltage
lines, mitigating reactive power in voltage lines, and
stabilizing both reactive power and voltage levels
(Belyaev et al, 2005; Meiying, 2019; Yinbiao et al,
2018). Reactive power flow within electrical networks
is a dynamic process, oscillating between consump-
tion and generation. An excess of reactive power
can lead to heightened active losses and an increase
in grid frequency (Bengtsson et al., 2020; Sun et al.,
2017). Load variations alter the system’s characteris-

tics, modifying the flow of reactive current. This flow
induces a voltage drop, lowering the system voltage
below its no-load value, and results in additional

flexibility. Shunt reactors play a pivotal role in stabi-
lizing voltage levels, ensuring fluctuations remain
within a 2% threshold. Additionally, they contribute
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Table 1. Main technical data related to POM-60000/525-Y1.

Name Technical specifications
Rated power, kVA 60,000
Rated voltage, kV 525/\3
Rated highest voltage, kV 5503
Rated current, A 197.94
Rated total resistance, Q 1531.6
Losses adjusted to an estimated temperature of 75°C 140
Connection scheme in the three-phase group Vo
Frequency, Hz 50
Number of phases 1
Type of cooling ONAN
Neutral of winding Grounded
Winding material Copper

Oil grade (type)

Nytro Lyra X

to a reduction in power losses, typically between 15
and 20%, thereby bolstering system stability and
overall capacity (Tong et al., 2017).

During operation, transformer-reactor equipment
generates noise, which in turn has adverse effects
on the environment. The noise in reactors originates
from the vibration of the active components and the
cooling system’s fans. Concurrently, the equipment’s
vibration, the primary source of this noise, compro-
mises its mechanical integrity, shortening its lifespan
and elevating the risk of internal damage. Notably,
DC control windings, employed to maintain a con-
stant magnetic bias flux, significantly contribute to
vibration and noise by altering the core’s magnetic
saturation level (Shuai et al, 2015; Zhang et al,
2019).

Magnetostriction in siliceous steel, which causes
deformation of the crystal lattice in magnetic materi-
als during magnetization, along with electromag-
netic forces between the discs in the active zone
and dynamic forces within the windings, are primary
factors contributing to reactor vibration (Chen et al.,
2019; Gao et al, 2009; Yuan et al, 2022).
Consequently, there is an increasing focus on proc-
esses aimed at minimizing the environmental impact
of power equipment utilized in the distribution and
transmission of electrical energy. The continuous
vibration of the reactor core primarily accelerates
the wear of insulating components, necessitating fre-
quent maintenance and replacement of these parts
in the unit (Isaac et al, 2021; Wrona et al.,, 2022).
Presently, transformers within the 110-750kV range
emit noise levels from 79dB(A) to just above
90 dB(A). However, health standards dictate that sus-
tained noise exposure should not exceed 74 dB(A)
during the day and 59dB(A) at night to avoid audi-
tory harm (Beltle & Tenbohlen, 2016; Mazur et al.,
2021; Murat et al., 2020). Recent advancements have
seen the finite element method applied in computer
simulations to design and analyze shunt oil reactors

(Tu et al., 2021). This study aims to diminish noise
and vibration in reactors of the 110-750kV class
through design enhancements of the POM-60000/
525-V1 shunt oil reactor, thereby improving its noise
and vibration characteristics and extending its oper-
ational lifespan.

2. Materials and methods

This study examined the POM-60000/525-Y1 reactor,
known for its improved vibration and noise charac-
teristics, with the main technical data presented in
Table 1. At the design stage, we used TDS, a 3D
design, computer modeling, and visualization pro-
gram developed by the Soft Team Group.' In the
TDS environment, the reactor's geometric model fea-
tured a spatial shell with stiffeners (Figure 1(a)). The
geometric model of the tank is depicted in
Figure 1(b).

Figure 2 displays the dimensional parameters
obtained in TDS and the three-dimensional (3D)
model of the improved POM-60000/525 design.
Using the finite element method in TDS, we simu-
lated and optimized the tank design to lower the dis-
placement amplitudes of its walls, consequently
reducing reactor vibrations. Vibration analysis in TDS
calculates the tank walls’ bending amplitudes at vari-
ous frequencies due to a harmonic load. The tank’s
geometric model included a spatial shell with stiff-
eners, and a 3D acoustic environment model was
built inside, transmitting sound pressure to the tank
walls through this oil. The tank's geometric model
included a spatial shell with stiffeners, and a 3D
acoustic environment model was built inside, trans-
mitting sound pressure to the tank walls through the
oil. The model focused solely on sound pressure and
its transmission through the oil to the tank walls.

The target sound power level was set at 96 dB(A),
with a 19.1dB transition adjustment from the cor-
rected to the uncorrected A-scale. To simulate the



a)

Figure 1. 3D geometric models of the (a) reactor and (b) tank.
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Figure 2. (a) Dimensional parameters of the magnetic circuit and (b) 3D model of the reactor.

active part’s vibration load, acoustic pressure was
applied across the tank’s inner surface. The calcu-
lated sound pressure and power are listed in
Table 2.

The design of the POM-60000/525 tank was
improved as follows:

1. The number of ‘M'-type radiators in the cooling
system of the reactor was increased from six to
seven on both sides.

2. The number of vertical and horizontal stiffeners
on the wall of the reactor tank was increased to
15 and 7, respectively.

Laser-treated M090-27Pb HIB laser-grade electric
steel with low vibroacoustic characteristics was used
for manufacturing the magnetic circuit in the active
part of the reactor. Laser treatment of the metal sur-
face in the final stage of production can reduce spe-
cific magnetic losses by 8-10%. In transformer cores
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Table 2. Design sound pressure and power.

Mode designation Sound pressure at 0.3 m (dB(A))

Sound pressure at 2.0 m (dB(A)) Sound power (dB(A))

Rated voltage 929 733 71.0
Max voltage 94.0 745 726
Table 3. Design characteristics and dimensions of the POM-60000/525-U1 reactor.
Cross-sectional area
Part of the magnetic core Section m? % Weight, kg
Rod Rod 1 A-A 0.4148014 100
Side yoke Vertical Yoke 1 B-B 0.2693376 65
Yoke 2 c-C 0.2693376 65
Horizontal (outermost parts) Yoke 3 D-D 0.2693376 65
Yoke 4 E-E 0.2693376 65
Corners L-type - - -
T-type - - - -
Magnet system 24,384
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Figure 3. Saturation curve of the core material.

made of anisotropic electrical steel, eddy current
losses account for up to 70% of the total remagneti-
zation losses. Eddy current losses can be reduced via
several methods, such as obtaining a material with
adjustable grain size, artificially narrowing 180°
domains by mechanically scratching the surface of
finished sheets, and surface treatment with pulsed
or continuous CO, laser radiations. Surface treatment
of electrical steel using continuous CO, laser radia-
tions does not break the insulation coating or gener-
ate additional mechanical stresses (Maharjan et al.,
2019). The selected 0.27-mm-thick cold rolled grain-
oriented steel possessed the following guaranteed
magnetic properties: maximum specific loss at 1.7 T
and 50Hz was 0.90W/kg and the polarization at
H=28004/M was J=1.88T. The design characteristics
and dimensions of the reactor are listed in Table 3.
The saturation curve of the material is shown in
Figure 3. As shown in Figure 3, the dependence of
the peak values of flow coupling on the peak values

of current is almost linear. Experimentally, the noise
and vibration levels transmitted from the active part
to the reactor tank were found to be reduced by 2-
3dB when the magnetic circuit was manufactured
using M090-27Pb HIB laser electrical steel with rub-
ber gaskets (Figure 4) and transition disks with diam-
eters of 800 and 1205 mm in the reactor core and
the central core of the magnetic circuit.

The reactor design contained a central ferromag-
netic rod with nonmagnetic gaps evenly distributed
along the length of the rod, which reduced the main
losses owing to the reduction in the length of the
magnetic field line in the non-magnetic medium.
The use of adapter discs in these gaps can reduce
noise levels.

According to thermal calculations, the maximum
temperature of the surface of the magnetic system
should be no more than 75°C above the ambient
temperature. Nitrile rubber has excellent oil resist-
ance at high temperatures up to 300°C and has
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b)

Figure 4. Installation of rubber gaskets on the 3D model of the reactor: (a) 1—between the packages of the magnetic system
and (b) 2—between the beam and the yoke on the assembled reactor.

Figure 5. Grounding scheme of the magnetic system stacks.

gasoline resistance. The dimensions and position
of the rubber gaskets were selected based on
the design features of the reactor frame and
the pressing forces of the magnetic system of this
frame.

Simulations revealed that dividing the active area
of steel into small areas, which increases the damp-
ing effect, can reduce noise and vibrations via the
installed rubber dampers made of nitrile butadiene
rubber gaskets. When nitrile rubber is used, each
section of the magnetic system is grounded accord-
ing to the scheme shown in Figure 5.

The following areas were included in the present
study:

1. Comparative analysis of the vibration and noise
characteristics of the new shunt oil reactor with
an improved design and that of the operating
analog, POMBCM-60000/500Y.

2. \Verification of the adequacy of the model devel-
oped using the TDS program based on the finite

element method for calculating vibration dis-
placements of reactor tank walls.

3. Results and discussion
3.1. Conducting noise tests

POM-60000/525-Y1 has a cooling system of the ‘M
(ONAN)’ type consisting of two groups of seven radi-
ators each. Figure 6 shows the points at which
sound levels are measured in the reactor with the
cooling system.

The test reactor was installed on a stand without
rollers, the nominal excitation voltage was 303.11kV,
the height of the reactor tank was 3190 mm, the
total area of the test room was 891m?
the measuring line perimeter related to the measure-
ment distance L =2.0m was 34 m. Sound levels were
measured using a handheld analyzer (model B&K
2250L-100) (Figure 7).

The measurement lines were placed 0.3m from
the radiating surface of the reactor at 1/3 and 2/3 of
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the reactor height. A microphone was installed at
each measurement point in the direction of the test
objects. Before the tests, the noise meter was acous-
tically calibrated, and the extraneous noise levels
were measured. Tables 4 and 5 summarize the meas-
ured sound data.

The measurement results were processed, and the
corrected sound power level was calculated accord-
ing to IEC 60076-6-2014. The constant sound reflec-

e S S s o)
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Figure 6. Points at which the sound levels of the reactor
are measured: A—high-voltage lead and X1, X2—grounded
side.

tion coefficient K (dBA) of the room in which the
tests were performed was calculated as follows:

S
K1o.|g-<1+4.A>, Q)

where S is the area of the measuring surface.
Additionally, A is the equivalent area over which
sound is absorbed in the room and is approximately
calculated using the following formula:

A=a-5,=0.15 - 891 = 133.65 m?, (2)

where a is the average sound absorption coefficient
equal to 0.15 (IEC 60076-10-1:2016) and S, is the
total area of the test room (m?).

Table 5. Measured sound levels.

Measured sound power (2 m distance) (dB)

Measurement At 1/2 height of At 2/3 height of
points the tank the tank
1 68.5 68.5

2 723 725

3 70.2 70.6

4 66.5 66.6

5 68.5 68.8

6 68.7 68.7

7 65.3 65.5

8 67.4 66.6

9 68.8 68.8
10 61.7 61.9
1" 68.5 68.7
12 68.2 68.4

Average measured Lgg,3 = 68.0 (dB)

Figure 7. Process of measuring the sound levels of the POM-60000/525-Y1 reactor.

Table 4. Measured extraneous noise levels.

Measured extraneous noise levels (background levels)

Measurement points 1 2 3 4 5

7 8 9 10 Average background noise (dB)

Before testing 39.3 38.6 389 39.3 394 388
After testing 386 384 39.0 39.5 393 389

384 385 38.5 38.6 38.8
38.1 38.6 38.6 38.6




Furthermore, S is the area of the surface over
which the radiation of the reactor was measured.

So3=1.25-H-L=1.25-3.19-34=135.57 m%,  (3)

where H is the height of the tank and L is the length
of the measuring line perimeter.

Calculated constant K, which considers the influ-
ence of the reflected sound, was

133.65
135.57

Ko3 =10 - log - (1 +4. ) — 7.04 dBA.
The calculated average sound level L, of the
reactor with the cooling system was

LA0'3 = LaO,3 - ALa0,3 - K0,3 =68-0-7.04
= 60.96 dBA. (4)

Corrected sound power level L, was
Lpa=La+10-log - (So3)=60.96+10-log - (135.57)
=82.2 dBA.
(5)

Therefore, the corrected sound power level of
the POM-60000/525-Y 1 kV reactor was 82.2 dBA with a
permissible value of 100 dBA based on IEC 60076-6-
2014. Table 6 compares the calculated noise characteris-
tics of the POM-60000/525-Y1 reactor and those of
its analog, POMBCM-60000/500-Y1, obtained from
acceptance tests https://drive.google.com/drive/folders/
1pONbTSHgscVpXBTDI5BFjm8VyrWV6Vwr?usp=sharing

The analysis of the collected data shows a marked
decrease in the average background noise levels for
the improved reactor, POM-60000/525-VY1, with the
noise disparity between the reactor and its ambient
environment being roughly double that of its prede-
cessor, POMBCM-60000/500-Y1. The wear on the
insulating components within the reactor's magnetic
system is primarily due to noise and vibration from
the magnetic system’s operation, a phenomenon
largely attributed to magnetostriction. Specifically,
the insulation between the magnetic system and the
pressing yoke beams, as well as the insulation
between the magnetic system and the fixing brack-
ets, tends to degrade first. Moreover, the end beams
and foot, along with the cardboard cooling rails situ-
ated between the electrical steel package layers in
the magnetic system, are among the first compo-
nents to show signs of wear. Consequently, these
parts often require replacement during comprehen-
sive maintenance activities. Given that reactor
noise—which significantly influences its lifespan—is
linked to the vibrations of the reactor walls and the
cooling system, it is anticipated that the lifespan of
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the enhanced reactor, POM-60000/525-VY1, will sur-
pass that of its predecessor.

3.2. Conducting vibration tests

Vibration displacements for both the tank wall and the
cooling system were assessed on a fully assembled
POM-60000/525 shunt reactor (Figure 8). This reactor
was securely positioned on a stand devoid of rollers,
with an applied excitation voltage of 303.11kV. The
testing protocol adhered to the standards outlined in
IEC 60068-2-80:2005. For these measurements,
VIBROTEST MG-4 measuring instrument was employed.
The specific locations where these vibration displace-
ments were recorded are depicted in Figure 9. The
measured vibration displacements at the designated
points are detailed in Tables 7 and 8. The peak vibra-
tion displacement observed on the tank wall reached
21.9um, remaining within the acceptable limit of
30 um as stipulated by IEC 60076-6-2014. In the case of
the cooling system, the maximum displacement
recorded was 12.15um, well below the allowable
threshold of 60 um. Consequently, the POM-60000/
525-VY1 reactor successfully met the vibroacoustic test-
ing standards and complied with the criteria set forth
in [EC 60068-2-80:2005.

3.3. Calculated and modeled vibration
displacements of the tank walls using the finite
element method

Using the finite element method within the TDS pro-
gram facilitated the estimation and representation of
reactor tank wall displacements through isosurfaces.
Should the outcomes from the model align with
those from vibroacoustic testing, it would confirm
the model’s accuracy.

The vibration analysis encompassed the bending
amplitudes of the tank walls across various frequen-
cies under harmonic loading. In constructing the geo-
metrical model, intricate details, such as the active
part’s design—including the yoke, windings, disks,
and studs—along with the positioning of the support
points at the tank’s base, were meticulously incorpo-
rated. The computational framework within the TDS
program employed specific modules: SHELL181 for
shell structures, SOLID185 for solid elements, and
PIPE59 for pipe elements. The inclusion of contact ele-
ments, namely TARGE170 and CONTA174, facilitated
the simulation of interactions within the model.

Inside the tank, a volumetric model of the acoustic
medium, i.e. oil, through which the sound pressure
was transmitted to the tank walls was constructed.


https://drive.google.com/drive/folders/1pONbTSHgscVpXBTDl5BFjm8VyrWV6Vwr?usp=sharing
https://drive.google.com/drive/folders/1pONbTSHgscVpXBTDl5BFjm8VyrWV6Vwr?usp=sharing
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This model was divided into two volumes. The first
was directly in contact with the tank wall, and the
second, the internal volume, was in contact with the
active part. This calculation scheme considered only
the sound pressure and the transmission of this pres-
sure through the oil to the tank walls. The calculated
sound power level was 96 dB(A). The transition correc-
tion from the corrected-A scale to the uncorrected
scale was 19.1dB. The acoustic pressure applied to
the inner surface of the tank was modeled as the
vibration load generated by the active part. The cal-
culated load was 364 Pa. The frequency interval was
assumed to be 50-150Hz. The relative damping coef-
ficient was assumed to be 0.02 (2%). The model was
fixed at the locations where the bottom beams rested
on the wheels.

The calculation results were presented in the
form of isosurfaces on the geometric model using a
given scale, depicting the mutual correspondence
between color and numerical data. Figure 10 shows
the calculated total vibration displacements of the
entire tank at 100 Hz according to the IEC 60068-2-
80:2005 test method.

The analysis revealed that the tank walls experi-
enced their maximum displacement at the base,
measuring 0.0162mm, or 16.2um, as depicted in
Figure 8. Displacement measurements for the tank’s
four sides were conducted at 100Hz along each
coordinate axis. For every side of the tank, displace-
ment curves were plotted at points corresponding
to the X and Z coordinate axis directions, within a
frequency range of 50-150 Hz. Specifically, Figure 11
illustrates the HV ('=Z’) side of the POM-60000/525-
V1 reactor tank, where the displacement peaked at
0.01052 mm or 10.52 pm.

Figures 12(a,b) show the displacement plots (mm)
in the frequency range of 50-150Hz obtained from
points 10-12 and 13-15, respectively, along the z-
axis. The maximum displacement of the tank walls at
a frequency of 100 Hz was observed at the center of
the longitudinal walls (points 10 and 14 in Figures
6(a,b), respectively). This displacement was
0.0105mm = 10.5um, and the maximum double
value of displacement was 21um. The maximum
average value of the vibration displacements of the
tank walls was measured using a hand-held device
(VIBROTEST MG-4) and was found to be 21.9 pm.

Thus, the model created with the TDS program,
which was employed for computing the vibration
displacements of the reactor tank walls using the
finite element method, proved to be adequate. The
discrepancy in the measured maximum displacement
was found to be 4.3%.

Corrected
82.2
88.0

sound power
LA +10- |Og . (50_3) (dBA)

level L,

60.96
67.0

Surface
noise level
Lao3 — Algo3 — Ko3 (dB)

Lao3

Background noise
level ALaolg
0
0

Difference between
the transformer noise
and the
background noise (dB)
29.2
15.0

Average
38.8
54.0

background noise
level (dB)

Average
noise level Ly 3
of the transformer
(dB)

68.0
69.0

Table 6. Comparison between the calculated noise characteristics of POM-60000/525-Y1 and those of POMBCM-60000/500-Y1.

Type of reactor
POM-60000/525-V1
POMBCM-60000/500-Y1
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Figure 8. Process of measuring vibration displacements of the tank wall and the cooling system of POM-60000/525-Y1.
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Figure 9. Points at which vibration displacements are measured on the tank wall (1-12) and the reactor cooling system
(1-14).

Table 7. Measured vibration displacements of the tank wall.
Point Ne 1 2 3 4 5 6 7 8 9 10 1" 12
Displacements (um) 3.42 114 16.2 5.34 7.29 10.7 1.5 21.9 5.74 7.42 9.13 11.42

Note: The peak vibration displacement observed on the tank wall reached 21.9 um (highlighted in bold), remaining within the acceptable limit of
30 um as stipulated by IEC 60076-6-2014.

Table 8. Measured vibration displacements on the cooling system.
Point Ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Displacements (um) 5.14 7.19 12.15 12.03 10.33 738 6.15 4.85 8.19 8.64 8.62 11.35 7.10 5.35

Note: In the case of the cooling system, the maximum displacement recorded was 12.15um (highlighted in bold), well below the allowable thresh-
old of 60 um.
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Figure 12. Displacement plots (mm) in the frequency range of 50-150 Hz were obtained from (a) points 10-12 and (b) 13-15
along the z-axis.



4, Conclusion

Using the finite element method in the TDS environ-
ment, the POM-60000/525 reactor was modeled and
optimized to lower tank wall displacement ampli-
tudes and reactor vibration levels. This led to the fol-
lowing reactor design improvements. The number of
‘M’-type radiators in the cooling system was
increased from six to seven on both sides.
Additionally, the number of vertical and horizontal
stiffeners on the reactor tank wall was increased to
15 and 7, respectively.

To further reduce vibration, the reactor's magnetic
circuit utilized laser-treated M090-27Pb HIB laser-
grade electric steel, and nitrile butadiene rubber was
chosen for the damping gaskets. Furthermore, in the
improved POM-60000/525-Y1 reactor, transition
disks of 800 and 1205 mm diameters were employed
in the magnetic system’s central core. The innova-
tions halved the noise difference between the
reactor and background, compared to the existing
POMBCM-60000/500-Y1 model. Since reactor noise
from wall and cooling system vibrations significantly
impacts its lifecycle, these improvements extended
the lifespan of the POM-60000/525-V1 reactor.

This study’s key contribution is the design
enhancement of the POM-60000/525-U1 shunt oil
reactor, reducing noise and vibrations for 110-750 kV
reactors and extending their service life. The TDS-
developed model’s adequacy for calculating reactor
tank wall vibration displacements was confirmed,
with a maximum displacement measurement error
of 4.3% by the VIBROTEST MG-4 device.

Note

1. softteamgroup.com.ua/Home/Productinfo?id=7d13b7f9
-5c4c-44cb-ad44-52694bcal64e.
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Power transformers

Drying of transformer winding insulation has a direct impact on the dependability and durability of the trans-
former. The extraction of moisture from paper insulation is a crucial need in the manufacturing process of
transformers. Insulation efficiency in transformers can be reduced over time due to the detrimental effects of
temperature, moisture, and air, often known as aging. Heat, oxygen, and residual moisture increase the dete-
rioration of cellulose in transformer solid insulation. This might potentially result in premature failure of the
transformer. The factory’s insulation drying process should ensure that the residual moisture content of bulk
solid insulation remains below 0.5 %. The primary aim is to maintain a high degree of polymerization, often
ranging from 1000 to 800. This article investigates the factors contributing to the degradation of cellulose
insulation and analyzes various techniques that are used in manufacturing plants in Kazakhstan. In addition, this
study experimentally investigates the impact of vacuum on the process of moisture evaporation and partial

discharge (PD) in analysis with other methods of drying transformers.

1. Introduction

Power transformers (PT) are essential components of the power
system since they provide a consistent supply of electricity. The main-
tenance of electricity requires the appropriate functioning of trans-
formers. The failure rates of transformers may be represented as a
“bathtub” curve, whereby the first stage is characterized by premature
neonatal demise [1]. Production issues caused by faulty materials or
control systems contribute to the low rate of failures. A statistical study
found that 48 % of transformer failures can be linked to problems with
winding insulation [2]. The study explores in Ref. [3] the use of palm
kernel oil methyl esters (PKOME) as liquid bio-insulators in distribution
transformers by developing and validating a heat transfer model using
COMSOL Multiphysics. The model accurately predicts temperature
variations, closely matching experimental data, thereby supporting the
potential application of PKOME in transformers. The manufacture pro-
cess of transformers significantly impacts the life expectancy and quality
of the winding insulation in power transformers [4-6].

* Corresponding author. TRENCO R&D LLP, Astana, Kazakhstan.

Large PT require a comprehensive manufacturing process to achieve
precise specifications because of their intricate designs [7]. Be cognizant
of avoiding excessive moisture from getting into solid insulation while it
dries. PT solid insulators commonly utilize hygroscopic cellulose. In
tropical regions, high levels of humidity lead to a significant accumu-
lation of moisture. Before incorporating oil-liquid insulation, it is
important to allow the solid insulation to undergo the drying process.
Excessive moisture retention can be observed in insulation during the
drying process, which may be due to various factors such as material,
design, or management issues [8]. Even little amounts of moisture might
cause damage to PT insulation. Chemical processes that generate
increased moisture content can reduce dielectric strength and accelerate
aging [9,10]. Partial discharge (PD) is an additional theoretical frame-
work that is associated with this phenomenon. The occurrence of insu-
lation breakdown may be attributed to the occurrence of excessive
failure mode PD activity [11]. Optimal drying time is necessary to
minimize remaining moisture in the production process [12].

The manufacturer plays a crucial role in determining the
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dependability and longevity of distribution and power transformers.
Prior to applying insulating oil, it is essential to ensure thorough drying
of the cellulose solid insulation inside the transformer. The aging process
is challenging, as the degradation of insulating materials may be
accelerated by oxidation, hydrolysis, and pyrolysis due to the material’s
properties and the functioning of transformers. Hence, it is essential to
minimize the presence of hygroscopic moisture throughout the pro-
duction process of solid insulation to guarantee its safe and reliable
performance. Insulation concerns account for 40-48 % of PT break-
downs [13]. Pyrolysis emits carbon monoxide (CO), carbon dioxide
(CO2), and acids, and the insulation tends to be hot. Electricity trans-
mission and distribution in power networks are interconnected by
oil-filled PT [14]. Customers face difficulties and incur financial set-
backs due to equipment damage and power supply outages resulting
from transformer failure. The dielectric strength of solid insulation di-
minishes as the water content rises. Therefore, the process of drying
transformer insulation occurs throughout the production phase, as well
as during the repair of leaking tanks and subsequent wetting. Hence,
solid insulation is responsible for the bulk of moisture in transformers,
whereas oil has a lesser impact [15].

The drying procedure for transformer windings in Kazakhstan was
established. Initially, the ambient air inside the cabinet was subjected to
a specific temperature elevation. After achieving the required temper-
ature, the winding was further subjected to heating. Subsequently, the
pressure inside the vacuum-drying cabinet (VDC) was decreased, facil-
itating the process of vacuum drying [16,17]. The measurement of
insulation temperature is not conducted, and the windings are subjected
to separate pressing prior to the drying process [18]. The winding is then
dried during the process of pressing. The disadvantage of this drying
technology is an increased depolymerization of solid insulation due to
an uncontrolled rate of rise in the temperature of the insulation, a
relatively long drying time, and the need to manually adjust the axial
size of the windings by removing or adding spacers. Also, increased
depolymerization occurs due to the rapid extraction of moisture from
the solid insulation during the pressure reduction stage. Rapid moisture
extraction occurs due to a decrease in the temperature of moisture
evaporation by vacuuming [19].

In order to contract the issues and comprehend the reasons behind
the deterioration of cellulose insulation, it is imperative to examine the
methodologies used in drying solid insulation. Based on the factors of
the PT and the maintenance circumstances at on-site or manufacturing
facilities, these technologies may be categorized into several classes.

The rest of the paper is organized into the following sections. Section
2 depicts the mechanisms of moisture intrusion into transformer cellu-
lose insulation. Various methods of drying solid insulation in trans-
formers in Section 3. Section 4 describes the experimental testbed at the
Kazakhstan manufacturing plant, detailed experimental tests are elab-
orated, and the conclusions are summarized in Section 5.

2. Mechanisms of moisture intrusion into transformer cellulose
insulation

Moisture intrusion into insulation can occur through three primary
mechanisms: residual moisture left from manufacturing, from the at-
mosphere, and the cellulose decomposition process due to aging [7]. The
residual moisture comes from either the surrounding environment or the
production process. It could also be a result of cellulose deterioration
due to aging. The presence of moisture in solid insulation can occur
during normal operation and when the transformer tank is opened. The
transformer’s ability to prevent moisture from entering the external
environment does not affect the degradation of cellulose molecules and
the resulting production of water. Fig. 1 illustrates the breakdown of
cellulose into smaller segments. The process of cellulose aging can be
influenced by factors such as hydrolysis, raised temperatures, and the
presence of oxygen and acid oxidation. The degree of polymerization
(DP) is a useful indicator for assessing the condition of the cellulose
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Fig. 1. Degradation processes of cellulose molecules.

insulation. The DP values in new papers typically range from 1200 to
1250. As time goes on, cellulose molecules start to break down as shown
in Fig. 1, leading to a decrease in the DP value. The power density
typically falls within the range of 600-800 units. When the DP falls
below 200 units, the paper insulation for the windings becomes insuf-
ficient. Regularly drying the solid insulation of the transformer is crucial
for minimizing the effects of moisture on the aging process and physical
characteristics of cellulose. This study specifically examines the most
commonly used drying processes in oil-filled transformers for practical
applications.

The degree of polymerization (DP) is a measure of the number of
repeating units in a polymer molecule. It can be calculated using the
molecular weight of the polymer (M) and the molecular weight of the
repeating unit (M,) with the following formula:

M,

DP:E (€8]

3. Methods of drying solid insulation in transformers
3.1. Indirect method

Drying solid insulation is the continuous drying of transformer oil
using an absorbent. This approach can be considered a preventive
measure as it helps to control and regulate the moisture content in the
solid insulation of the transformer during its operation. However, this
approach can also be considered an indirect drying method, primarily
affecting the oil rather than the solid insulation. This procedure is
implemented. Several adsorbers, each containing absorbent, are linked
to the transformer. The absorbent has a substantial capacity for ab-
sorption. The absorbent removes the water from the oil as it passes
through the adsorbers at a moderate speed of approximately 30 L per
minute. When a transformer is in use, water moves from the liquid to the
solid insulation. As a result, the solid insulation is effectively dried, and
the circulation of oil helps remove any remaining water. Fig. 2 dem-
onstrates the utilization of adsorbers to continuously remove moisture
from oil and solid insulation within a transformer. A vacuum lowers the
ambient pressure when applied to a system. This reduction in pressure
decreases the boiling point of water (and other liquids), allowing
moisture to evaporate at lower temperatures than it would under normal
atmospheric conditions. Applying a vacuum can enhance the efficiency
and speed of moisture removal in the context of drying transformer oil
and solid insulation.

3.2. Vapor phase drying

The vapor phase drying (VPD) has two heating stages, in which the
low-viscosity solvent vapor is used for heating. The drying chamber is
where the solvent vapor undergoes condensation; subsequently, the
vacuum pump eliminates it from that area. The drying process comprises
many stages: preparation, heating and drying, pressure reduction, and
fine vacuum. During the preliminary phase, the chamber pressure is
decreased to 6 mbar by using a vacuum. The heated evaporator
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Fig. 2. (a) Continuous drying of transformer oil and solid insulation with ad-
sorbers at the substation, and (b) relation between the vapor pressure of water
and temperature.

introduces the solvent vapor into the vacuum chamber at a temperature
of 403 K. During the heating and drying phase, the solvent vapor un-
dergoes condensation as a result of variations in temperature and con-
centration. After the completion of this step, the drying chamber is filled
with air, water vapor, and solvent vapor. A vacuum pump is used to
evacuate this gas mixture for circulation. The solvent vapor is halted and
then condensed in the condenser prior to being transferred to the
evaporator as a component of the pressure reduction procedure. The
process of decreasing the pressure is stopped once the pressure within
the drying chamber reaches 26 mbar. The solvent is removed from the
vacuum chamber, and the pressure is decreased to 1 mbar during the
fine vacuum phase. The cycle is interrupted when the remaining mois-
ture in the active components of the transformer drops below 0.3 %.

3.3. Hot air drying

Raising the surrounding temperature between 100 and 110 °C is a
successful method for drying out transformer solid insulation, but it can
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lead to uneven heat spread in the insulation. Therefore, hot air drying is
only suitable for small transformers because their tanks cannot handle
full vacuum conditions. Typically, it takes approximately 12-14 h to dry
small transformers with a peak voltage of 6-10 kV using hot air in
convection ovens. The hot air drying process is commonly used indoors,
particularly in repair and production activities.

3.4. Heat and vacuum treatment chambers

Manufacturing factories and service shops utilize specialized cham-
bers to dry cellulose insulation effectively using heat and vacuum. When
the transformer core is exposed to heat in a chamber, the insulating
layers experience water evaporation. Once the desired temperature is
reached, a vacuum pump is employed to create a vacuum in the cham-
ber. This helps to remove water vapor and improve the efficiency of the
drying process. As illustrated in Fig. 2(b), the boiling point of water
drops significantly when subjected to a vacuum. This allows for the safe
extraction of water from paper without exceeding 65 °C, thus preventing
any decomposition. The drying time is reduced because the chamber
quickly heats up through direct heating. The heating elements are hid-
den behind panels within the chamber. Fans are essential for evenly
distributing heat, as they circulate hot air through internal convection
during the heating cycle. This ensures uniform heating of the windings,
resulting in efficient and effective thermal vacuum drying. This drying
method is suitable for all types of transformers.

4. Experimental testbesd at the manufacturing plant
4.1. Vapor phase dryings in manufacturing plant

In our experiments conducted on 83.3 MVA 275/160 kV power
transformers, we used vapor phase drying (VPD) to remove moisture
from cellulose insulation, as seen in Fig. 3 (a) and drying chamber at
Fig. 3 (b)-(c). Suction and heat are used to expedite and enhance the
drying process. The heat precursor used in this study was a unique
organic liquid vapor with a temperature of 110 °C. The transmission of
heat from the winding assembly to the solid insulating sections results in
the removal of moisture from the inner layer, leading to its evaporation
as water vapor on the outer layer. The production of condensed organic
liquid and water vapor was achieved using vacuum pumping. The
organic liquid was thereafter circulated for the purpose of drying. The
evaporation of water with little thermal energy may be achieved by
manipulating the heating temperature and pressure inside the VPD
chamber. The pressure of the vacuum was set to 10-3 bar.

4.2. Heating and vacuum techniques for drying chambers

Heat and suction are utilized in specialized chambers within pro-
duction plants and service centers to aid in the drying process of cellu-
lose insulation. When subjected to higher temperatures within a
chamber, the transformer’s core undergoes the evaporation of water
from its insulating layers. Once the desired temperature is reached, a
vacuum pump is utilized to create a vacuum within the chamber,
effectively eliminating water vapor and enhancing the efficiency of the
drying process. Fig. 4 (a) shows the drying chamber and Fig. 4 (b) dis-
plays the design diagram of staged drying under isostatic compaction,
which is proposed for implementation. As evident from Fig. 4(b) that,
the drying time is significantly reduced in the staged drying process. In
the diagram, each colored curve represents specific parameters: The
temperature is indicated by the red line, while the vacuum pressure in
the chamber is represented by the green line. It is also noted that varying
operating conditions could potentially impact the results, including the
optimal time for certain processes such as drying. Changes in operating
conditions, such as temperature, humidity, and pressure, can influence
the kinetics of polymerization and drying processes. The yellow line
shows the percentage of shrinkage of the winding. The black line
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Fig. 3. (a) Block diagram of power transformers manufacture VPD chamber for drying, (b)-(c) chamber for drying the power transformer at the manufacturing plant.

indicates a significant vacuum. The blue line represents the moisture
extraction from the insulation.

4.3. Implementing phased drying with an isostatic pressing system

Fig. 5 shows an isostatic press. The top and lower plates are con-
nected to the hydraulic station of the isostatic press. One of the key
advantages of implementing phased drying with an isostatic pressing
system is the capability to utilize hot air for heating the transformer
winding. Time has the power to regenerate the air. When the winding
temperature exceeds a certain threshold, the air heating process is
replaced by a phase where VDC pressure is reduced. Even in colder
environments, the lower pressure within the VDC causes more moisture
to evaporate from the insulation. This process leads to the heating of the
transformer insulation and a subsequent decrease in depolymerization.

The heating and pressure reduction process is repeatedly carried out
once the winding temperature surpasses a specific threshold. By
adjusting the duration of the high vacuum phases, we can achieve a
faster drying cycle while still maintaining the necessary heating phase.
Furthermore, it is crucial to maintain a moderate initial pressing in-
tensity to ensure a smooth drying process for solid insulation, without
any interruptions. As the temperature reaches its peak for drying, the
pressing pressure is gradually increased until it reaches the desired
force. Coils are uniformly stabilized through vertical pressure. Hydraulic
cylinders, pumps, and a pressure control valve are utilized to maintain a

Water Tank

specific pressure level. Throughout the process, the computer screen of
the operator shows the force being applied and the force exerted
downwards. Transformer designers can calculate the shrinkage of solid
insulation and winding height by maintaining the recommended
pressing force after drying. By reducing drying durations, you can lower
energy expenditures and improve productivity with vacuum drying
apparatus. Using isostatic pressing during the drying process improves
the winding’s durability against mechanical stresses.

4.4. Partial discharge assessment for transformer reliability

The PD testing and measurements were carried out following the IEC
60270 standard [20]. The PD was represented using the ABC model,
which is a capacitive network that depends on apparent charge. A
bushing tap coupling was used to connect the measuring impedance
between the earthed transformer tank and the tap terminal. The termi-
nal is connected to the commercially available PD measuring instrument
Omicron MPD 600 using shielded coaxial cables (LiYCY) to measure and
record PD. The LV winding experienced a gradual rise in AC voltage,
reaching approximately 325 kV, following the IEC-60076-3 test voltage
method.

The mathematical relationship for the optimal time at which the
degree of polymerization (DP) starts to rise can vary depending on the
specific conditions and factors affecting the polymerization process.
However, a common approach is to use empirical models or experi-
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Fig. 4. (a) Drying Chambers for transformer, and (b) Staged drying diagram under isostatic pressing.

mental data to derive an equation that describes the relationship be-
tween time and DP as follow:

K

DP ()=

2)
where K is the carrying capacity or maximum DP that can be achieved, r
is the growth rate parameter, and ty is the time at which the growth rate
is maximized. In this equation, the parameter t, represents the optimal
time at which the growth rate is highest, and the degree of polymeri-
zation starts to rise most rapidly.

During the drying process, solid insulation effectively absorbs heat
transfer energy. Cellulose remains unaffected by heat, which helps to
minimize water contamination. Fick’s law can help explain the slow
movement of moisture in cellulose. The relationship between the
charge’s apparent magnitude and the drying time as shown in Fig. 6. It is
observed from Fig. 5 that the results of the PD test indicated a tendency
for extended drying times, specifically those lasting less than 68 h.
Excessive heat absorption during the drying process of cellulose solid
insulation can cause the polymer chain to break and the polymerization
value to decrease, which may lead to structural damage. By shortening
the polymer chain, the physical characteristics of cellulose insulation are

reduced, leading to a decrease in the PD inception voltage. When drying
periods exceed the optimal duration, the apparent charge tests of PD
show a rise due to first indications of age. A drying period of less than 68
h is insufficient to completely remove excess residue in solid insulation,
leading to a higher apparent charge of PD.

4.5. Assessing the relationship between water extraction and partial
discharge

Water exhibits remarkable electrical conductivity because of its
minimal resistance. The highest PD test result was recorded at 150-400
g of water extraction, while the lowest result was observed at 2232 g.
Based on a study conducted by Christina et al. [21], the amount of water
removed during the drying process has a notable impact on the presence
of residual moisture. This, in turn, is negatively correlated with the re-
sults of PD tests and can cause an increase in apparent charge conduc-
tivity. The conductivity of kraft paper insulation made from cellulose
increases as the moisture content rises. This is due to the impact of
dielectric response polarization and depolarization current. According
to the findings of [14], the surface partial discharge of the
oil-impregnated paper increased in a linear manner as the moisture
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Fig. 5. (a)-(b) Connecting the hydraulic station to the stabilizing press, (c) Hydraulic unit for stabilizing press, (d) Connecting a stabilizing press to a vacuum drying
cabinet, and (e)—(f) Installing the winding in a pressing device Pressing the winding in a stabilizing press.
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Fig. 6. Impact of drying period on partial discharge apparent charge

test results. Fig. 7. Analyzing partial discharge apparent charge test results considering

different levels of water extraction.
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content increased during the trials. Fig. 7 shows a comparison between
the extracted water content and the results of the PD apparent charge
test.

5. Conclusions

An experimental investigation was carried out to examine the in-
fluence of drying duration and water extraction on the partial release
encountered during the production of 83.3 MVA 275/160 kV power
transformers. Various testing methods were implemented, such as vapor
phase dryings in manufacturing, heating, and vacuum techniques for
drying, phased drying with an isostatic pressing system, and partial
discharge assessment. An investigation has been made on water
extraction and partial discharge to understand the apparent partial
discharge charge test results, considering different levels of water
extraction. Two procedural factors were shown to have a significant
impact on the outcomes of PD. Following a drying period of 68 h, we
observed that the minimum partial discharge was 21 pC, while the
maximum partial discharge was 60 pC after 81 h. Both values satisfied
the acceptance criteria. A comprehensive investigation has discovered
that the most favorable duration is 67.4 h, as established by the use of
polynomial regression. While shorter drying periods may not adequately
eliminate residual moisture, resulting in elevated PD values, longer
drying intervals can induce cellulose degradation due to excessive
heating. An essential aspect of assessing the effects of water recovery on
insulating residual moisture and PD outcomes is comprehending the
correlation between residual moisture content and charge conductivity.
A notable rise in PT partial discharge values has been seen when exposed
to drying durations of 67.4 h or more. By maintaining the residual
moisture content below 0.5 %, the techniques ensure a high degree of
polymerization (1000-800), which is crucial for prolonging transformer
lifespan and reliability.
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Abstract: This study examined significant progress in intelligent manufacturing (IM) technologies in collaboration with a prominent pro-
ducer of electric power transformers. The study particularly focused on the role of intelligent supply chain management (SCM) technologies
in optimizing the manufacturing process. The intelligent SCM modules incorporated in the intelligent machine demonstration utilize an
ontology to establish linguistic linkages across key aspects such as intelligent supplier selection, component ordering, and intelligent prod-
uct quality prediction. These modules are essential in synchronizing orders with analytic hierarchy process analysis and multi-objective
integer optimization, thereby improving both the efficiency and quality of the manufacturing process. One of the key challenges faced by
decision-makers is identifying multiple feasible solutions while adhering to stringent operational constraints. To provide further insights, this
study also includes a comprehensive literature review of the transformer manufacturing process, covering advanced technologies, intelligent
SCM, optimization techniques in transformer design, and various IM methods. This review critically examines the advantages and limita-
tions of existing solutions, identifying areas where further advancements are needed. By integrating intelligent supply chain technologies
with manufacturing processes, this study highlights potential improvements that can enhance operational performance and decision-making

in transformer production.

Keywords: intelligent manufacturing, optimization, power transformers, supply chain management techniques

1. Introduction

Modern industrial systems utilize the Internet of Things (IoT),
cloud computing, and big data analytics to apply artificial intel-
ligence (Al) techniques that facilitate smart decision-making and
adjust to changing market demands [1, 2]. Many companies are
improving their supply chain operations and processes to better
decision-making in inventory management, production scheduling,
predicting machine failures, preventing equipment breakdowns, and
ensuring product quality [3]. Research is actively underway in smart
manufacturing, focusing on prediction-driven product quality con-
trol and optimization. This work uses advanced predictive modeling
techniques grounded in data, mainly when complex end-product
characteristics are crucial and constantly changing. Predictive mod-
els are created and assessed using paired data whenever possible
to quantify the critical component features that influence the final
quality attributes. Predicting product quality accurately is essen-
tial for enhancing manufacturing processes and operational factors
[4]. The Industry 4.0 effort is prepared to impact supply chains,
strengthen the efficiency of workers and machines, boost commu-
nication, optimize data management, and raise standards among

*Corresponding author: Irbulat Utepbergenov, Almaty University of Power
Engineering and Telecommunications named Gumarbek Daukeyev, Kazakhstan.
Email: i.utepbergenov@aues.kz

environmental and market stakeholders [5]. Entities and people
are using the advantages of sophisticated technology, digital trans-
formation, and cloud-based solutions. Market dynamics compel
corporations to adapt to variable labor markets, varied product
demands, and increasing material costs. The fourth industrial revo-
lution integrates physical and digital elements to optimize processes,
manage data, and automate functions to minimize costs, enhance
quality, and boost efficiency and productivity [6].

Advanced manufacturing systems are designed to meet specific
requirements for automation control, facility configuration, and pro-
duction capacity. Information management design comprises three
distinct levels: workshop logistics and production, field control
networks, sensor configurations, and manufacturing execution sys-
tems (MES) [7, 8]; dynamic operations, concerning the movement
of equipment and work-in-process (WIP) [9]; and static physical
configuration, encompassing production line layout and equipment
planning. Transformations are driven by escalating rivalry within
the industry to optimize production and delivery schedules, reduce
manufacturing expenses, and augment operational efficiency. These
modifications are implemented to cater to the varied requirements
of customers seeking more personalized, tailored, and smaller
quantities of items [10].
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To maintain global competitiveness, organizations must pri-
oritize robust manufacturing quality to consistently provide
high-quality final goods, particularly for intricate items requiring
substantial customization [11]. Overseeing intricate production pro-
cesses in conventional manufacturing systems presents difficulties
due to supply chain deficiencies, restricted data sets, and inade-
quate data digitization [12]. Numerous companies and institutions
have transitioned from traditional paper-based operations to inte-
grated information systems to tackle the issues they encounter.
Integrating loT and cloud computing facilitates the rapid collec-
tion and organization of in-process data inside production systems
while concurrently assimilating information from an expanding net-
work of suppliers [13]. This capability enhances the forecasting of
final product attributes, significantly influencing their functioning,
structural integrity, and longevity [14]. Figure 1 shows the trans-
former manufacturing unit with supply chain management (SCM).
It is essential for intelligent manufacturing (IM) firms to promptly
implement a traceable process and a dynamic control system that
incorporates intelligent quality decision support [15]. This research
is undertaken in collaboration with a leading power transformer
producer that caters to a worldwide clientele with varied require-
ments [16]. Industrial power transformers are intricate, expensive,
and engineered for specific applications. To thrive in the global mar-
ket, the organization must enhance its digital connection, facilitate
information exchange across the supply chain, and use intelligent
decision-making in production, including predicting final product
quality [17]. The firm is executing a digital transformation plan
aligned with the tenets of Industry 4.0. This approach integrates
sophisticated business processes with cutting-edge methodologies
and digital technology to generate value for intelligent businesses,

particularly within smart manufacturing value chains. Digitizing
industrial operations and associated methods and making educated
management choices, such as anticipating end-product quality in a
supply chain, may enhance productivity, maximize resource use,
minimize waste, and increase profitability [18]. Digital transfor-
mation may enhance creative communities, streamline industrial
processes, and swiftly address market demands [19]. This research
will use material data to forecast the product’s attributes, notably
focusing on power transformer iron core losses. Organizations
tested samples from each batch to verify compliance with client
expectations [20]. The corporation incurred significant waste in
labor and raw materials when completed items failed to fulfill
customer quality criteria. Manufacturers and their supply chain col-
laborators use sophisticated IoT apps to digitize product lifetime
data [21]. Data on fundamental components may be used to forecast
product quality using precise predictive models. This work presents
amodel that uses numerical values for iron and copper cores to fore-
cast the quality of transformer products, including iron and copper
losses that significantly influence transformer performance. The
predictive model is evaluated using supervised, semi-supervised,
and integrated machine learning techniques to forecast transformer
quality precisely [22, 23].

1.2. Key contributions

The article primarily focuses on optimizing transformer
design by integrating advanced manufacturing techniques, Al, and
predictive modeling. However, transformer design is inherently
linked to the broader industry supply chain, as improvements in

Figure 1
Transformer manufacturing unit with supply chain management
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design influence material selection, production efficiency, cost-
effectiveness, and overall SCM. Likewise, advancements in the
supply chain—such as the adoption of smart logistics, real-time
monitoring, and automated quality control—support the develop-
ment of high-performance transformers by ensuring the availa
bility of high-quality materials, minimizing delays, and reducing
costs.

By addressing the limitations of conventional quality predic-
tion methods, this study contributes to the advancement of IM within
the Industry 4.0 paradigm. Studies emphasize how these technolo-
gies enhance operational efficiency through predictive maintenance,
real-time monitoring, and smart decision-making, particularly in
Industry 4.0 frameworks. Despite the opportunities, challenges
remain, especially for small and medium-sized enterprises in adopt-
ing complex systems like MES. Sustainability is also a growing
focus, with e-commerce and energy-efficient models becoming cen-
tral to smart manufacturing. Al and machine learning continue to
play a critical role in improving diagnostics and decision-making
in industrial maintenance. This study serves as a step toward a
more integrated, data-driven approach to predictive quality con-
trol, facilitating the broader adoption of digital transformation in
manufacturing industries.

The article is structured into the following sections:
Section 2 presents the manufacturing process at the industry level.
Section 3 depicts a comprehensive literature survey on SCM in the
power industry and optimizing transformer design using Al tech-
niques. Section 4 elaborates on advanced technologies and systems
in smart manufacturing, followed by conclusions in Section 5.

2. Power Transformer Manufacturing

The design and development of transformers in the latter
half of the 19th century were pivotal to the operation of modern
electricity networks. These devices efficiently convert electrical
energy to the required voltage or current levels, enabling the
practical use of electricity across various applications. While low
voltages are advantageous for power generation and consumption
due to reduced energy loss, high voltages are more effective for
long-distance electricity transmission, minimizing losses over vast
distances [24]. The foundation for transformer technology was laid
in 1831 by British scientist Michael Faraday, who demonstrated
the principles of electromagnetic induction, highlighting the essen-
tial role of transformers [25]. Over the following five decades, the
application of alternating current (AC) systems solidified the impor-
tance of transformers, with the “power transformer” emerging as a
vital component for electricity transmission and distribution [26].
Today, transformers play a crucial role in ensuring the reliability
and efficiency of electrical systems. Power transformers, typically
immersed in oil, rely on this oil for both cooling and insulating
their windings and cores [27]. In some cases, additional cooling
fluids are necessary to maintain optimal performance. Transform-
ers operate by adjusting the impedance, current, and voltage of an
AC source, which is achieved through the interaction of primary
and secondary coils wound around an iron core [28]. A magnetic
saturation transformer, in particular, regulates and isolates the pri-
mary coil by controlling these key parameters. When voltage is
applied to the secondary coil, the AC in the primary coil induces an
alternating magnetic flux in the iron core, allowing the transformer
to convert electrical energy effectively [29].

Figure 2 illustrates the industrial manufacturing process at
Asia Trafo LLP in Shymkent, Kazakhstan, where transformers are

Figure 2
Manufacturing process of power transformer at Asia Trafo
LLP in Shymkent, Kazakhstan
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produced [30]. These devices typically feature coils with two or
more windings, enabling them to perform their essential func-
tions. In essence, transformers are designed to regulate voltage,
current, and impedance reliably through electromagnetic mutual
inductance. The iron cores within transformers enhance magnetic
coupling between the coils. They are constructed from silicon steel
sheets welded together to minimize hysteresis losses and reduce
eddy currents. The copper coils are insulated from the electrical
system to minimize eddy currents further, and the wires or alu-
minum components may be encased and laminated. Eddy currents
occur when ACs interact with the fluctuating magnetic field of
the primary coil. Keeping these currents low is critical to prevent-
ing disruptions in the core current flow between the primary and
secondary coils. The iron core plays a central role in this pro-
cess, converting electrical energy from the primary circuit into
magnetic energy and then back into electrical energy in the sec-
ondary circuit. This study aims to achieve better voltage regulation,
reduce losses, improve efficiency, and reduce raw material
costs [31].

3. Comprehensive Literature Analysis

Manufacturing high-quality products and items is essential to
guarantee sustainable business operations and foster client trust.
This section comprehensively reviews the transformer manufactur-
ing process, addresses quality prediction, and summarizes ensemble
learning and machine learning studies.

The key research areas covered in this section are categorized
as follows: SCM (30%), optimizing transformer design using Al
techniques (25%), advanced technologies and smart manufacturing
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Figure 3
Focus areas (a) transformer manufacturing literature, (b)
number publications in the area
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systems (20%), Al and machine learning for quality prediction
(15%), and sustainability and environmental focus (10%) as shown
in Figure 3. This classification provides a structured approach to
understanding the key research areas and their relative significance.
Furthermore, this review highlights advancements in model-based
manufacturing quality inspection, offering insights into the role of
digital transformation in modern manufacturing.

3.1. Supply chain management in power industry

The power transformer sector has undergone significant
changes in the past decade, reflecting broader trends in SCM. Smart
transformers have been introduced to improve grid reliability, align-
ing with the global shift toward outsourcing raw materials and
reducing costs [32]. However, during this time frame, there was
an increase in the costs of raw materials, specifically steel and
copper, which presented difficulties for major companies such as
ABB, Siemens, and GE [33]. In the next year, the launch of environ-
mentally friendly transformers, including ester-filled options, was in
line with the sector’s emphasis on sustainable supply chains and cut-
ting carbon footprints amid stricter environmental rules. The rise of
renewable energy led to a greater need for high-voltage transform-
ers, as blockchain technology also started enhancing transparency
in supply chains.

However, disruptions in the supply chain were caused by
geopolitical tensions. There was a growth in digital transformers
using IoT-based monitoring, encouraging manufacturers to adopt
lean production methods to shorten lead times, even with the
increasing cybersecurity threats in SCM [35]. The efforts were made
to streamline installation processes through standardization and

04

modularization initiatives, utilizing Al-driven demand forecasting
to enhance supply chain efficiency. Yet, difficulties were encoun-
tered in obtaining global transformer components due to tariffs
and trade barriers. The hybrid transformers integrating traditional
and renewable energy capabilities emerged, with advanced ana-
lytics improving inventory management and supplier connections.
However, the industry continued to be affected by economic uncer-
tainties, which caused fluctuations in demand [36]. The COVID-19
pandemic in 2020 heavily impacted the sector, resulting in delays
in projects, shortages in supplies, and a move toward more robust
and adaptable supply chains focusing on local sourcing. This was
followed by a surge in electrification and urbanization, leading to
upgrades in transformers and the use of digital twins and Al-based
tools for SCM to enable predictive maintenance despite ongoing
raw material shortages and shipping delays [37]. The sector was
concentrating on creating energy-saving transformers to achieve
decarbonization goals, as visibility technologies in the supply chain,
such as [oT and blockchain, were becoming more popular due to
sustainability demands. The HVDC transformer technology was
introduced to transmit power over long distances and implement
circular economy strategies for recycling and reusing transformer
components [38]. However, production was impacted by world-
wide semiconductor shortages. The combination of smart grids and
progress in digitalization will continue to improve supply chains,
fueled by the use of Al and machine learning [39]. It will also
tackle issues surrounding energy transition and grid moderniza-
tion. Major companies such as GE, Schneider Electric, and Siemens
are important figures in the changing environment of the power
transformer industry as they work to manage the challenges of sup-
ply chain dynamics [40]. A comprehensive study on SCM in the
power industry in manufacturing power transformers is tabulated in
Table 1.

3.2. Optimizing transformer design using Al
techniques

Al has played a pivotal role in optimizing transformer design,
addressing challenges such as efficiency improvement, material
cost reduction, and enhanced reliability. This section explores var-
ious Al-based methodologies, including genetic algorithms (GAs),
artificial neural networks (ANN), and multi-objective evolutionary
optimization techniques. Researchers use several Al techniques to
tackle issues in improving transformer design [41, 42].

3.2.1. Genetic algorithms

J.H. Holland invented GAs in 1975, while David Goldberg and
L.B. Booker demonstrated their efficacy in addressing complicated
issues in 1989 and 1975 [43]. GAs are efficient instruments for opti-
mization across several domains, including engineering, research,
and industry [44]. Their comprehensive perspective, accessible
design, and vast application have significantly increased their
appeal. Gas-insulated systems have shown reduced costs related
to the building, operation, and maintenance of transformers. Using
these GAs enhances the design of the cooling system for dis-
tribution transformers. A GA-based evolutionary computational
model was developed by Wong et al. [45], including identifying
power transformer characteristics. GAs have enhanced toroidal core
transformers and cast-resin distribution transformers. An improved
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Table 1
A comprehensive survey on supply chain management in the power industry

Key manufacturing company

Key trends in power
transformers

Developments in supply
chain management

Challenges

ABB, Siemens, GE

Schneider Electric, Hitachi

Toshiba, Alstom Grid

Mitsubishi Electric, Hyundai
Electric

ABB, Siemens

Schneider Electric, GE

Toshiba, CG Power

Siemens Energy, Hitachi Energy

ABB, Hyundai

Siemens, Mitsubishi Electric

GE, Schneider Electric

Adoption of smart transformers
for improved grid reliability

Introduction of eco-friendly
transformers (e.g., ester-filled
transformers)

Increased demand for high-
voltage transformers due to
renewable energy integration

Rise of digital transformers with
IoT-based monitoring

Standardization and modulariza-
tion of transformers for easier
installation

Emergence of hybrid trans-
formers combining traditional
and renewable energy
compatibility

Impact of the COVID-19 pan-
demic: Delayed projects,
shortages in supply

Increased electrification
and urbanization driving
transformer upgrades

Development of energy-
efficient transformers to meet
decarbonization targets

High-voltage direct current
(HVDC) transformer technol-
ogy for long-distance power
transmission

Smart grid integration with
transformers, further

Global outsourcing of raw mate-
rials; increased focus on cost
optimization

Focus on sustainable supply
chains, reducing carbon
footprints

Blockchain in supply chains for
better transparency

Push toward lean manufacturing
to reduce lead times

Al-driven demand forecasting in
supply chains

Advanced analytics for inven-
tory management and supplier
relationship optimization

Shift toward resilient and flex-
ible supply chains; emphasis
on local sourcing

Digital twins and Al-powered
SCM for predictive
maintenance of transformers

Supply chain visibility technolo-
gies (e.g., [oT, blockchain)
gaining ground

Circular economy practices
emerging in the supply
chain (recycling, reusing
transformer parts)

Al and machine learning fully
integrated into supply chain

Rising costs of raw materials
(steel, copper)

Environmental regulations
tightening on manufacturing
processes

Supply chain disruptions due to
geopolitical tensions

Cybersecurity risks in supply
chain management

Tariffs and trade barriers affecting
global transformer component
sourcing

Fluctuations in demand due to
economic uncertainties

Logistics disruptions, factory
closures, labor shortages

Raw material shortages, ship-
ping delays due to pandemic
recovery

Sustainability pressures on
transformer production
processes

Global semiconductor shortages
affecting production

Energy transition challenges and
grid modernization demands

advancements in digitalization

optimization

design for a rectifier power transformer was attained by using a
GA and simulated annealing, as outlined in Wang et al. [46]. GA
effectively enhanced the designs of rectifier power transformers.
Georgilakis tackled the issue of decreasing transformer expenses
using evolutionary algorithms and external elitism. The distribution
transformer design used a hybrid optimal technique that inte-
grated deterministic approaches, GAs, and two-dimensional finite
elements to get the most efficient solution. A penalty function tech-
nique for assessing objective functions with weighted coefficients
and a basic evolutionary algorithm was used in Koutsoukis et al.
[47] to illustrate the ideal transformer design based on the total cost
of ownership.

3.2.2. Advanced techniques in artificial neural networks
ANN provide a computational framework inspired by biologi-
cal neural networks and are widely applied in transformer design and

fault diagnosis. ANN models have been used to predict transformer
prices, forecast magnetic core properties, and minimize iron losses
during manufacturing [48]. In Cantillo-Luna et al. [49], it was sug-
gested that ANN could be used to forecast transformer prices during
the design phase. On the other hand, Santamargarita et al. [50]
used ANN to forecast the properties of magnetic transformer cores
and related core losses to minimize iron losses in produced trans-
formers. Applying neural networks and evolutionary programming
improved the performance of wound core distribution transformers.
Hajiaghapour-Moghimi et al. [S1] effectively predicted losses in dis-
tribution transformers by utilizing daily load curve data with neural
networks. This eliminated the need for the utility to evaluate the load
profile for each client type. In a situation with supply imbalances,
neural networks were used to evaluate iron losses, and Taguchi tech-
niques were applied to improve core manufacturing processes to
minimize iron losses [52]. Kaminski et al. [53] used a neural net-
work to assess how long transformer oil would remain effective. The
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model was applied to ten transformers with known transformer oil
breakdown voltages. The modeling of nonlinear power transform-
ers was accomplished using complex, valued open recurrent neural
networks. Additionally, ANN often play an important role in identi-
fying malfunctions in transformers. Wavelet signals were used in a
real-time detection method described by Silva et al. [54]. This sys-
tem was created to detect transformer inrush and fault currents using
ANN. Sharma et al. [55] and Ekojono et al. [56] have shown how
dissolved gas analysis can be used in training neural networks to
identify early flaws in transformers. Meanwhile, other researchers,
Elagoun and Seghier [57] and Mharakurwa [58], have demonstrated
the effectiveness of an ANN in diagnosing problems with bushings.
A specific neural network model was used in Torres-Huitzil and
Girau [59] to identify each type of issue, showcasing the capability
of ANN to classify errors.

Recent advancements in Al, particularly deep learning and
large-scale models, have significantly improved transformer design
optimization. Deep learning techniques like convolutional and
recurrent neural networks enhance fault detection, lifetime estima-
tion, and performance forecasting by extracting complex features
and recognizing patterns. Large Al models, such as vision trans-
formers and generative models, enable predictive analysis and
automated design exploration, optimizing efficiency and reduc-
ing material costs. Additionally, integrating Al with digital twin
technology allows real-time simulation of transformer behavior,
enabling predictive maintenance and design adjustments to improve
reliability and minimize downtime [60, 61].

3.2.3. Optimizing transformer design with multi-objective
evolutionary algorithms

Multi-objective optimization effectively identifies one or
more optimum solutions for complicated problems with many
goals. Numerous real-world search and optimization tasks include

numerous goals. Evolutionary multi-objective optimization meth-
ods use an iterative process to assess increasing solutions, enhancing
their significance in the domain. Consequently, evolutionary algo-
rithms are advantageous for maximizing several goals [62]. The
research [63] enhanced transformer design by integrating an evolu-
tionary multi-objective optimization approach with an unbounded
populationsize and chaotic sequences. The methodology for develop-
ing the differential algorithm using the truncated gamma probability
distribution function was shown in Coelho et al. [64]. Particle
swarm optimization enhanced efficiency and reduced costs [65],
while GAs effectively optimized the multi-objective design of
high-frequency transformers. During the design phase of transform-
ers, a multi-objective evolutionary optimization technique was used
to determine the necessary parameters accurately [66]. A bacterial
foraging method was proposed by Abou El-Ela et al. [67] to achieve
optimum multi-objective transformer design. The objective of this
strategy was to elevate expenses while concurrently diminishing the
efficiency of'a 500 kVA transformer. The authors assert that advance-
ments in the design of multi-objective optimum transformers are
ongoing.

4. Advanced Technologies and Systems in Smart
Manufacturing

Clients in the industrial sector have diverse needs regard-
ing mechanical and electrical engineering products, particularly as
many larger pieces of equipment are highly specialized [68]. This
specialization creates a significant challenge for manufacturers, as
they must meet market demand while striving to improve produc-
tion efficiency, maintain product quality, and control manufacturing
costs. Digital transformation plays a crucial role in addressing these
challenges, yet it is a complex endeavor [69, 70]. The situation
is further complicated by rapid changes in global demand and the
expectation of shorter delivery times. Manufacturers of high-quality

Figure 4
Supply chain management knowledge framework
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electrical power transformers, for instance, must ensure quality at
every stage of operations—from procurement and production to
distribution [71, 72]. Stability in production processes is crucial
to avoid disruptions that could impact customer satisfaction. This
section explores the essential role of SCM, machine learning, and
IoT in driving digital transformation. By leveraging these tech-
nologies, manufacturers can optimize operations, swiftly respond
to market demands, and enhance product quality, leading to greater
customer satisfaction [73-75].

4.1. Supply chain management knowledge
framework

The SCM knowledge framework is illustrated in Figure 4.
Historically, vertical integration was a dominant strategy among
electromechanical engineering manufacturers. However, in today’s
digital economy, companies increasingly rely on digital integra-
tion with global suppliers to enhance operational efficiency [76].
Advanced information technology is crucial in this shift, as it can
significantly improve SCM by gathering accurate, real-time data
from upstream suppliers and downstream consumers. This data-
driven approach enables manufacturers to optimize their resources,
ensuring they can effectively meet customer needs regarding prod-
ucts and services. One of the primary benefits of this digital
integration is improved communication with customers, which, in
turn, boosts company revenue [77]. Manufacturers can personal-
ize their production systems by utilizing data for real-time planning
and control, ensuring that products meet specific customer spec-
ifications. This capability also facilitates seamless order relaying
to reliable suppliers, further enhancing efficiency. The first step
in effective SCM is procuring raw materials essential for pro-
ducing and selling finished goods to end users. Successful SCM
involves managing key components such as inventory, demand,
quality, and delivery time while integrating all suppliers into the
company’s internal and external product and service value chain.
Supplier management encompasses the organization of the entire
supply chain, including merchants, logistics providers, and manu-
facturers. Key steps in this process include acquiring raw materials,
developing efficient production methods, and distributing prod-
ucts to customers. Organizations must consider multiple factors,
including quality, cost, delivery time, and service when selecting
suppliers to ensure they meet ISO standards. Supplier selection
is a critical process involving weighing various criteria impact-
ing customer satisfaction. Factors such as delivery time, product
quality, service levels, and pricing are vital. The weighted aver-
age method is often employed to evaluate and prioritize these

criteria during the supplier selection process. For example, Supplier
A might offer fast delivery at a lower price but provide lower-
quality goods. In contrast, Supplier B may deliver higher-quality
products at a higher cost but with slower delivery. A weighted aver-
age can help businesses balance these trade-offs, enabling them
to meet specific goals in a highly competitive market. Companies
can enhance their competitiveness and ensure market sustainabil-
ity by focusing on high-quality products. In the supplier evaluation
process, opportunity costs, risks, and other quantitative factors are
translated into cost measures, facilitating informed decision-making
[78]. A matrix is frequently employed to outline key stages and
priorities in the supplier evaluation process, using ratio and nomi-
nal scales for supplier comparison [79]. Various SCM methods are
available to identify and evaluate suppliers effectively. One notable
method is the Delphi technique, which anonymously gathers expert
feedback through iterative questionnaires to reach a consensus. The
total cost method evaluates cost ratios before selecting suppliers,
while mathematical models, such as multi-objective linear or non-
linear programming, consider constraints and multiple objectives.
The data envelopment analysis model assesses supplier performance
across market segments. Additionally, the fuzzy analytic hierarchy
process (AHP) is beneficial when information is ambiguous, and the
multi-objective AHP effectively combines qualitative and quantita-
tive factors for decision-making in commercial situations [80, 81].
Overall, AHP plays a critical role in the backdrop of business prior-
ities and strategies, and research indicates that it effectively fosters
long-term supplier relationships. By adopting these methodologies,
organizations can make more informed decisions that enhance their
supply chain efficiency and contribute to their overall business
success [82].

4.2. Manufacturing operations management
(MOM)

Manufacturers today face mounting pressure from global
competition, shifting labor markets, increasing material costs,
trade disputes, and regulatory constraints [83, 84]. Industry 4.0
technologies, particularly IoT, Al, and cloud computing, are crit-
ical in overcoming these challenges by enhancing efficiency,
reducing costs, and increasing productivity. In this context, advanc-
ing Industry 4.0 technologies is crucial for reducing costs,
enhancing quality, and significantly increasing productivity and
efficiency. The IoT plays a pivotal role in this transformation
by connecting the entire value chain through digitalization, Al,
and automation. This integration facilitates the straightforward

Figure 5
Manufacturing execution knowledge framework
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acquisition of physical equipment, efficient communication, col-
laborative development efforts, and real-time management of
components for the bill of materials [85]. The combination
of cloud computing with application systems enables the cre-
ation of intelligent industrial systems at a more affordable price,
allowing organizations to remain agile and responsive in a
fiercely competitive global marketplace. It is essential for buy-
ers and sellers to collaborate effectively in customizing high-value
items that are offered in limited quantities. To improve com-
petitiveness and foster brand loyalty, businesses must enhance
customer service by increasing process efficiency and lowering
product manufacturing costs [86, 87]. In the typical manu-
facturing sector, three strategies have emerged as particularly
effective for improving productivity: enhancing output, reduc-
ing labor costs, and acquiring new equipment. Analyzing current
manufacturing operations can uncover opportunities to meet chang-
ing customer order demands and enhance the supply chain’s
equipment, workforce, and production capacity. Figure 5 illustrates
how manufacturing operations management (MOM) contributes to
the advancement of information-driven IM. MOM systems assist
managers in reallocating human resources and optimizing produc-
tion capacity to meet performance targets and objectives. This
optimization is achieved through a comprehensive analysis of sev-
eral critical areas, including operator and production management,
quality management, machine and equipment production rates,
human resource management, material loss status, and work-in-
process quality. To enhance overall performance and delivery, it is
essential to optimize production management, quality management,
machine and equipment production rates, and human resource man-
agement. These components are defined within the manufacturing
systems, and the ontology is illustrated in Figure 6. By focusing
on these key areas, organizations can achieve a more efficient and
effective manufacturing process, ultimately leading to improved
competitiveness and customer satisfaction [88, 89].

This study by Torres et al. [90] examines error-proofing strate-
gies to document industrial quality issues and reduce variability
through human error analysis. To reduce the reliability problems
stemming from equipment design in the workplace, it is essential
to have a clear understanding of the root causes of faults [91].
Effective supply management, analysis of equipment production
rates, monitoring of manufacturing history, and the implementa-
tion of enterprise resource planning (ERP) systems are essential
elements that need to be established to collect management data
prior to the commencement of production for client orders [92].
Managers can meet customer requirements by optimizing machine
operations, effectively managing material demand, and utilizing
real-time quality management data from various sources. Twelve
essential functions of MES have been defined to address the needs
of the manufacturing industry.

The functions encompass resource allocation and control,
production scheduling, data collection and acquisition, quality man-
agement, management of production processes, material batch man-
agement, production traceability, performance analysis, operational
and detailed planning, document management, human resource
management, maintenance management, and material transporta-
tion, storage, and tracking [93, 94]. Further, the MOM of top
manufacturing companies is summarized in Table 2.

4.3. Material flow mechanisms in key operational
units

Specialized part suppliers can improve process efficiency
and minimize setup and changeover times on production lines by
allocating low and irregular-volume components to additive man-
ufacturing (AM). This process programming, which supports the
idea that AM and traditional manufacturing (TM) function together,
is referred to as “combinational,” and this term defines it [95].

Figure 6
Hierarchical model of transformer casing components
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AM simplifies the stages of TM, enhances material transportation,
reduces waste, lowers work-in-process inventory, and minimizes
errors. This makes it especially advantageous for companies con-
centrating on batching and job work [96]. Two different machining
methods and components that were produced for inventory were
incorporated into the TM process before the finishing, testing, and
packaging stages. AM has led to a notable decrease in work-in-
progress and finished product inventories [97]. The achievement
arose from printing being the main production method, and there
was no need for client design involvement. Producing in smaller
batches can lower costs, allowing for delays in production, local-

ization, and adjustments directly at the distribution point [98]. The
order decoupling point needs to be moved to the customer’s site
to improve timeliness. This gives supply chain companies, usu-
ally smaller than specialized suppliers, an additional incentive to
utilize technology to produce different components on their manu-
facturing lines. Bringing component fabrication closer to assembly
facilities and delivering spare parts nearer to clients could improve
the efficiency of original equipment manufacturers (OEMs). This
will result in lower costs for material handling, transportation,
component shortages, and inventory management. Possible areas
for improvement are bottlenecks, capacity management, and line

Table 2

A comprehensive survey on MOM

Main manufacturing companies

Key trends in power transformer
manufacturing

Manufacturing operations
management (MOM) innovations

Challenges in MOM

ABB, Siemens

Schneider Electric, Hitachi

Toshiba, Alstom Grid

Mitsubishi Electric, Hyundai
Electric

ABB, Siemens

Schneider Electric, GE

Toshiba, CG Power

Siemens Energy, Hitachi Energy

ABB, Hyundai

Siemens, Mitsubishi Electric

GE, Schneider Electric

Shift toward energy-efficient
transformers and high-capacity
units

Increasing demand for compact,
high-performance transformers

Focus on automation and opti-
mization of production
processes

Implementation of lean manu-
facturing principles to reduce
waste

Rise of digital twins to simulate
manufacturing processes

Standardization of transformer
manufacturing processes across
global facilities

COVID-19 pandemic leads
to remote monitoring and
automation upgrades

Recovery from pandemic impacts
leads to increased automation
investments

Greater emphasis on sustainability
in transformer manufacturing
processes

Use of additive manufacturing
(3D printing) for customized
transformer parts

Integration of green energy in
manufacturing operations for
carbon-neutral production

Introduction of basic digital dash-
boards to track production in real
time

Early adoption of manufacturing
execution systems (MES) for pro-
duction scheduling and quality
control

Use of automated assembly lines
and quality control testing using
SCADA systems

Introduction of IIoT sensors to collect
real-time data on production floor
operations

Adoption of integrated MOM systems
combining MES, ERP, and PLM for
better decision-making

Data-driven MOM systems leverag-
ing Al and machine learning for
predictive maintenance

Virtual commissioning tools adopted
to simulate production and reduce
on-site workforce

Al-driven process optimization
for improved yield and reduced
downtime

Cloud-based MOM platforms enabling
global collaboration and real-time
data access

Real-time visibility into all stages of

production through advanced MOM
dashboards

Full-scale integration of AI/ML in
MOM for predictive analytics and
resource optimization

Limited integration

of production sys-

tems, siloed data
management

Fragmented data systems

impacting operati
efficiency

High costs of implement-

onal

ing advanced MOM

solutions

Data overload due to

multiple sources;

managing predictive

analytics

Cybersecurity vulnerabil-
ities in interconnected AQ1

MOM systems

Integration challenges

with legacy equip
and systems

ment

Production delays and

labor shortages impact-

ing manufacturing

schedules
Shortages of skilled
workers to man-

age complex MOM

systems

Supply chain disruptions

affecting raw mat
procurement

erials

Complex compliance

requirements and

evolving regulations

Increasing need for
cybersecurity and

data

protection in MOM

environments
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balancing. Implementing AM at the factory level reduces reliance on
just-in-time supplier coordination, leading to significant transporta-
tion cost savings. Additionally, minimizing material waste enhances
operational efficiency. However, studies indicate that AM systems
generally have lower throughput compared to TM methods, mak-
ing it essential to evaluate demand rates when assessing production
speed and efficiency [99, 100].

4.4. Communication flow and collaborations among
essential partners

AM can significantly reduce demand planning and forecast-
ing errors by minimizing the distance between supply chains and
producing components on-site with fewer supply chain entities
[101]. This results in greater collaboration among supply chain

Table 3
Comprehensive survey

Author(s) Key findings Drawbacks Main decisions Role of data enabler Algorithms used

Wang et al. [103] Emphasizes Lack of stan- Enhance Facilitates real-time N/A
collaboration dardized partnerships data exchange for
across the frameworks and integrate decision-making.
supply chain. for collabo- data sharing

ration. protocols.

Lee et al. [104] Identifies ben- Challenges in Invest in Provides analyt- Regression Analysis
efits such as technology training and ics for demand
improved vis- adoption and technology forecasting and
ibility and workforce integration. inventory control.
responsive- skills.
ness.

Gupta et al. [105] Highlights High imple- Develop a Supports automa- Decision Trees,
opportunities mentation phased tion through Simulation Models
in automa- costs and approach to data insights and
tion and data cyber- technology analytics.
analytics. security adoption.

risks.

Khan et al. [104] Demonstrates Complexity in Implement Ensures data Hash Algorithms,
potential implemen- blockchain integrity and Smart Contracts
for trans- tation and in phases, security in
parency and integration starting transactions.
traceability. with legacy with critical

systems. suppliers.

Ivanov and Dolgui [107]

Discusses the

Lack of a com-

importance of prehensive

resilience and model for

adaptability. measuring
resilience.

Akbari and Hopkins [108] Links sustain- Difficulties in
ability with balancing
digital tech- sustain-
nologies for ability and
efficiency. cost.

Kar and Kushwaha [109] Al improves Dependence
decision- on data
making and quality and
reduces algorithm
operational biases.
Costs.

Awotunde et al. [110]

IoT enhances

Data security

real-time and privacy
monitoring concerns.
and tracking

capabilities.

Build resilience
strategies
into supply
chain designs.

Create
sustainability
metrics
aligned
with supply
chain goals.
Incorporate Al
tools for data
analysis and
forecasting.

Adopt IoT
technologies
gradually,
ensuring data
protection
measures.

Enables real-time
risk assessment
through data
collection.

Provides data analyt-
ics for sustainable
practices.

Acts as a facilita-
tor for big data
analytics.

Provides contin-
uous data flow
for operational
insights.

Machine Learning
Algorithms

Multi-Criteria
Decision-Making

Neural Networks,
Genetic Algorithms

IoT Protocols, Data
Fusion Techniques
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Table 4
Quantitative analysis of technical methods and outcomes in transformer manufacturing
Reference Technical method Application context Quantitative outcome Key metric
Koutsoukis et al. [47] Hybrid GA + finite element ~ Transformer cost 15% reduction in ownership Cost efficiency

Kaminski et al. [53]

Coelho et al. [64]

Khan et al. [106]

Lee et al. [104]

Rasiya et al. [97]

Pereira et al. [98]

Santamargarita et al. [50]

Hashemi and Kilic [66]

Wang et al. [103]

Kar and Kushwaha [109]

Mika and Goudz [34]

analysis

Artificial neural networks
(ANN)

Gamma Differential
Evolution

Blockchain traceability

IoT-enabled logistics

Additive manufacturing
(AM)

AM vs. traditional
manufacturing (TM)

ANN-based real-time
monitoring

NSGA-III optimization
Blockchain integration

Al-driven decision-making

Material recycling
initiatives

optimization
Oil breakdown
prediction
Multi-objective
transformer design
Supply chain fraud
prevention
Production
throughput
improvement
Material waste
reduction

Lead time reduction

Core loss
minimization

Harmonic distortion
reduction

Supply chain
transparency

Operational cost
reduction

CO,emissions
reduction

costs

94.2% accuracy in predicting
oil lifespan

20% cost reduction, 10%
efficiency gain

22% reduction in supply
chain fraud

18% increase in throughput

28% reduction in material
waste

25% faster production for
low-volume parts

8.5% reduction in core losses

18% decrease in harmonic
distortion

40% reduction in transaction
delays

25% reduction in operational
costs

25% reduction in carbon
footprint

Predictive accuracy

Cost and efficiency

Risk mitigation

Operational speed

Sustainability

Lead time efficiency

Energy efficiency

Power quality

Operational
transparency

Cost efficiency

Environmental impact

organizations, particularly in the design capabilities employed by
OEMs and AM providers. Incorporating information about com-
ponent management in digital design enables assemblers to reduce
the number of decisions they need to make regarding scheduling
and planning. Improving demand visibility can be accomplished
by eliminating supply chain intermediaries through electronic com-
merce solutions for asset management [102]. This will improve
production scheduling and optimize capacity. Co-creation improves
the relationship between customers and their suppliers by enhanc-
ing the customer’s membership in the supply chain. This enables
more precise local decision-making based on data. Bringing manu-
facturing operations closer to customers enables this transformation.
A comprehensive survey is enumerated in Table 3. A detailed quan-
titative analysis of technical methods and outcomes in transformer
manufacturing is summarized in Table 4.

5. Conclusions

This article has examined the advancements in innovative man-
ufacturing technologies and their impact on power transformers’
manufacturing and design processes. Integrating Industry 4.0 tech-
nologies, particularly IoT, cloud computing, and Al, is essential for
enhancing SCM and optimizingmanufacturing processes. Employing
current data allows producers to make informed decisions, improve
manufacturing processes, and maintain quality standards across the
supply chain. The study highlights the importance of collaboration
among supply chain participants, emphasizing the preference for
digital integration over conventional vertical integration. This modi-
fication allows organizations to more effectively respond to changing
market demands and save operational costs. The findings indicate

that, despite obstacles such as cybersecurity threats, technological
implementation expenses, and supply chain interruptions, the strate-
gic use of predictive analytics and machine learning may effectively
mitigate theseissues. The study also examines several methodologies,
including GAs, neural networks, and multi-objective optimization,
to enhance the performance and efficacy of transformers. The sig-
nificance of data as a facilitator in this context is paramount; it is
essential for forecasting, guaranteeing quality, and optimizing pro-
duction levels. Manufacturers may improve their competitiveness
and advocate for sustainable practices in the industry by focusing on
intelligent SCM and using new technology. This research contributes
to the ongoing discourse on digital transformation in manufacturing,
offering insights to bolster future efforts to enhance productivity,
quality, and customer satisfaction within the power transformer sec-
tor. However, the study is limited by the scope ofavailable data, which
may not fully capture the complexities and variances across differ-
ent manufacturing environments. Future research could explore case
studies across diverse regions and industries, considering additional
challenges such as the scalability of technologies, the adaptability of
workforce skills, and the long-term economic impacts of digital trans-
formation in manufacturing. Additionally, further investigations into
the integration of emerging technologies, such as 5G and blockchain,
in enhancing supply chain resilience and performance could provide
valuable insight.
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QUERIES

AQ1: Please provide expansion for “PLM”.

A: PLM is Product Lifecycle Management)
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Annomayun. AKmyanrbHoCmb UCCIE008AHUS CEA3AHA ¢ MEM, YMO UOPayus, AGIAIOWAACS UCIIOYHUKOM WymMa
peaxmopa, enusem Ha e20 COOCMEEHHYIO MEXAHUYECKYI0 NPOYHOCMb, CHUMNCAA CPOK cayichOwl. Llenvio nacmosuyux
NPUKTAOHBIX UCCTeO08AHULl ABTACNCA YMeHbUleHUe SUOPAYUYU U WyMa 6 WYHMUPYIOWUX MACTAHBIX Peakmopax c
UCNONL308AHUEM NPEONONCEHHIX UHHOBAYUOHHBIX DpeuleHull Ha OCHO8e YCOBEPUEHCMEOS8AHUs KOHCMPYKYuu u
NpUMeHAEMbIX MAmepuanos Os yeeauueHus dcusnennozo yuxia. Hayunas mosusma npeonazaemozo KOMHIEKCHO2O
nOO0X00a COCMOUM 6 CHUMNCEHUU AMNAUMYObl nepemewjeHuti Cmenox 6axka u coomeemcmeeHHo YMeHbUeHUs YPOGHS
subpayuu peaxmopa ¢ UCHOIb308AHUEM KOMNLIOMEPHO20 MOOETUPOSAHUA U ONMUMUZAYUU KOHCMPYKYuu 6axa
APOEKMUPYeMo20 peakmopa u 6 NpUMeHeHuu OAsf AKMUGHOU YACmu peakmopa Mamepuanios ¢ HUKUMU
subpoaxycmuueckumu  xapaxkmepucmuxamy. CpagHeHue wWyMOSbIX XaApPAKMepucmux Hogoeo peaxmopa POM-
60000/525-V1 ¢ pesyibmamamu 0053amMeNbHbIX NPUEMO-COAMOYHBIX GUOPOAKYCIMUYECKUX UCHLIMAHULL HOOOOHbIX
Ppeakmopog 0aHHo20 Kiaccd, npousgooumvix 6 Kasaxcmane, noomeepounu CHUdiCeHue KOpPeKmupOS8aHHO2O0 YPOGHS
368YK0BOU MOWHOCMU HOB020 peakmopa. Pesynbmamvl uccredosanus umerom 60abutyr0 npakmuieckyro 3HaAYUMocnb
07151 OMeYeCmeeHHO20 MPAHCHOPMAMOPOCMPOEHUS.

Knrouegvie cnosa: wynmupyrowuii peaxmop, eubpayus akmugHoll 4acmu, yCo8epuleHCmeosane KOHCmpyKyuu
peaxmopa, 8ubpoaxycmuieckue Xapakmepucmuxy, UCHbImMaHue, UCHbIMAHUE PeaKmopa HA Hazpes, peaxkmueHas
MOWHOCb, HANPAXCEHUE.

BBenenne

IllyaTHpytomnme MacisHble PEakTOpPhl HCHOJB3YIOTCI Ha OOBEKTaX JJIEKTPUYECKHX CEeTeH IS
MIOBBIIICHHS TPOITYCKHOM CITIOCOOHOCTH JIMHUH CBEPXBBICOKOTO HANPSDKEHUS, pasrpyKasi UX 10 PEaKTHBHOM
MOIIIHOCTH, & TAKXK€ PEryJIUPOBAHUS PEAKTUBHON MOIIHOCTU U HanpsbkeHus. [I0Tok peakTHBHON MOITHOCTH
B JJIEKTPUUYECKUX CETSIX SIBIIIETCS CJIEICTBUEM IMEPEMEHHOTO MOTPeOJICHHUS M TCHEPUPOBAHUS PEaKTHBHON
MOUIIHOCTH. QpesMepHaﬂ peaKTI/IBHaﬂ MOIIHOCTH BBI3BIBACT YBCJII/IT-IGHI/Ie AKTUBHBIX HOTepB U TTOBBIILICHUC
gyacToThl cetH [1-5]. [Ipu u3MeHeHnn xapakTepa Mo Harpy3ke MEHSETCS U PEaKTHBHBIN TOK, MOCTYMAIOIINI
u3 cucteMsel. [Ipu mpoTekaHWM pPEeaKTUBHOTO TOKA MPOUCXOAUT MaJeHHUE HANpSKECHUSA, W HANpsDKeHHE B
cucrteMe OyIeT CHIKAThCS MO OTHOIICHHWIO K HAMPSHKEHUIO XOJOCTOTO Xoma. Kpome Toro, mporekaHue
peaKTI/IBHOFO TOKa BBI3ZOBET AOITOJIHUTCIIbBHBIC HOTepI/I B CCTU.

[IpuMeHHTENBPHO K CHCTEMaM, B KOTOPBIX TpPeOOBaHHS MO ITEPEMEHHONH PEaKTHBHONH MOIIHOCTH,
00yCIIOBJIICHHOW W3MEHEHHSMH B IIOTPEOJICHUH W/WIH TEHEPHUPOBAHWM DSHEPIrUU, HE MOTYT OBITh
YZIOBHGTBOPCHBI, O6H_IerI/IH$ITOI71 HpaKTI/IKOﬁ ABJISICTCSA  HWCIIOJIB30BAHUC CpeIICTB KOppeKI_II/II/I NINn
KOMIICHCAIINHU C LICJIIBIO O6eCHe‘II/ITL pa60Ty CHUCTCEMBI B 3aIaHHBIX U HpI/IeMHeMBIX yCJIOBI/IHX.

B cersx, rie motpebiieHue M TEHEPUPOBAHKME XOPOIIO MPECKA3yeMbl U CTAOWIBHBI, UCIOIB3YIOTCS
KOHJICHCATOpPHBIE Oaraped WIM IIYHTHPYIOIIWE PEaKTOpbl (PUKCUPOBAHHONH MOIIHOCTH. OJHAKO B 3TOM
cnyqae KOMIICHCAIIs peaKTHBHOﬁ MOUIIHOCTHU BBIIIOJHACTCA TOJIBKO IJIA OHpejleJIeHHLIX pa6oq1/1x YCHOBHﬁ.
Bonpmias THOKOCT MOXKET OBITh JAOCTUTHYTA, €CJIH MPEIYCMOTPEHO MEXaHHUYECKOE MEPEKIIOYCHHE STUX
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arperaroB. lllyaTHpyromuii peakTop IOMOTaeT HOPMAaJIN30BaTh YPOBEHD HAIMPSDKEHUS TAKHUM 00pa3oM, 4To
ero KkoseOaHWs HE BBIXOJAT 3a mpenenbl 2%. Pe3ynbraTomM €ro yCTaHOBKH SIBIISICTCS 3HAYMTEIHHOE
COKpAaIllCHHE aKTHUBHBIX IMOTEPh: CHIDKEHHE MOTEph dJeKTposHepruu Ha 15-20%, uto, B CBOIO OYepenb,
OPUBE/ICT K YIYUIICHUIO CTAOMIBHOCTH U MPOITYCKHOM CITOCOOHOCTH cHUCTeMBI [6, 7].

B mnpouecce skcmiyatauuu TpaHcQOpMaTOpHO-PEAKTOPHOE OOOPYAOBAaHHE MPOU3BOIUT IIYM,
MPUYUHON KOTOPOTO SIBISETCS BUOpanys 000pymOBaHUs. AHAIHU3 IMOKA3bIBACT, YTO UCTOYHUKAMY CHUIHHON
BHUOpAIlNU 1 ITyMa SIBISIOTCS YIPABISIONHE 0OMOTKH TIOCTOSIHHOTO TOKA, MCIIONBb3YeMBbIe IS 00ecredeHus
MOCTOSTHHOTO MarHUTHOTO TTOTOKA CMEIIEHHsI, KOTOPHIA N3MEHSAET CTENeHb YPOBHS MarHUTHOTO HACHIIIEHUS
cepreunnka [8, 9]. Takke K OCHOBHBIM IMpPHYMHAM BUOpPAIMU PEAKTOPOB OTHOCSATCS MAarHUTOCTPUKIIUS
KPEMHHCTOHN CTalli, MpUBOIAIIas K AedopMaIiii KPUCTALTUIECKON PElIeTKH MarHUTHOTO MaTepuaia Ipu
€ro HaMarHU4MBaHWH, U DIIEKTPOMArHUTHAS CHJIa MEXTy JUCKAaMHU aKTHBHOMW 30HBI, U JUHAMHYECKUE CHIIBI B
obomotkax [10-13].

Ha cerogmsimHuii MOMEHT CpeAHMII YpOBEHb IIyMa, MPOU3BOAMMEIN TpaHChOpPMATOPaMH,
MorHOCThI0 peakTopa 110-750 kB cocrasiser ot 79 ab(A) 1o uyts 6onee 90 nb(A) [14,15]. Bubpamus
BIMSCT HAa €ro COOCTBEHHYI0 MEXaHHWYECKYIO IPOYHOCTh PEaKTOpa, CHIXKAs CPOK CIIYKOBI U TOBBIIIAS
BO3MOXKHOCTh BO3HMKHOBEHHUS BHYTPESHHUX TOBPEXKICHHUH. V3-3a MOCTOSHHON BHOpAIK aKTUBHOW YacTH B
MEPBYIO OYepellb MPOUCXOMUT HM3HOC HW3OJAINHUOHHBIX JeTalied, YTO MPHUBOAWT K YaCTHIM KamUTAIbHBIM
pPEMOHTaM W 3aMEeHaM H3OJSIUOHHBIX NeTaneil. [losToMy cHIDKeHWe mIymMa W BHOpaIliu Ha HACTOSIIHA
MOMEHT OCTaeTCsl OJJHOHM U3 aKTYaIbHBIX 33/1a4 COBPEMEHHOTO TPAHCHOPMATOPOCTPOCHHSL.

[Ipennaraemplii KOMIUIEKCHBI TIOJXOJ OCHOBaH B HWCIIOJNIb30BAaHUM BO3MOXKHOCTH CHW)KCHHUS
aMIUTATYIBl TIEpEMENIeHNH CTEeHOK 0aka M COOTBETCTBEHHO YMEHBIIICHHS YPOBHS BHOpAlMH peaKTopa C
MPUMEHECHUEM KOMITBIOTEPHOI'O MOJICIIMPOBAHUS M ONTHMH3AIMUA KOHCTPYKIMH 0aka IPOCKTHPYEMOTO
peakTopa W MaTEpUAJIOB C HH3KMMHU BHOPOAKyCTUYCCKUMH XapaKTEPUCTHUKAMH IS aKTUBHOW YacTH
peakTopa. Pabora mocBsimieHa WCCIENOBAaHUIO YMEHBIICHHS IIyMa W BHOpalMd B peakTopax Ha KiIacc
HanpspkeHust 110—750 kB ¢ wenpio yBenWYeHUsl >KA3HEHHOTO LMKIJIAa Ha MPUMEPE YCOBEPUICHCTBOBAHUS
KOHCTPYKIIMM  INYHTHPYIOIIETO  MacisHoro peakropa POM-60000/525-V1 ¢ ynydieHHBIMH
BUOPAIMOHHBIMY U IITYMOBBIMHU XapaKTEPUCTHKAMH, PACCYNTAHHOTO Ha 0OJIe€ JUINTENBHBIN CPOK CIYXKOBI 110
CPaBHEHHUIO C aHAJIOTAMHU.

MertonoJiorus

Jiast  wccnenoBaHWii  ObUT  HWcHonb30BaH — peaktop POM-60000/525-Y1 ¢ ymydmieHHbIME
BUOpAIlMOHHBIMA W IIYMOBBIMH XapaKTEPUCTHKAMH, OCHOBHBICE TEXHUYECKHE JIAaHHBIE KOTOPOTO
MpeJICTaBICHbI B TabuIe 1.

Tab6nuna 1 - OcHOBHBIE TEXHUYECKHE aHHbIe peakTopa POM-60000/525-V 1

HaunmenoBanmue TexHuYecKHe XapaKTePUCTUKH
HomuHansHas MOIIHOCTE, KBA 60000
HomunansHoe HanpsbkeHue, kB 52513
Jluneitnoe Hampsbkenue kB 525
HowmunansHoe HanbospIIee HanpshkeHne, KB 5503
HomuHaneHbIN TOK, A 197,94
HomunansHoe nosHoe conpotusienue, Om 15316
[otepu, npuBeneHHsle k pacueTHol Temneparype 75°C kBt 140
Cxema ¥ rpymnmna coeIMHeHUs Y -3a3eMIieHHE TITyX0€ HIIH Yepe3 PeakTop
Yacrora, I'ry 50
Uucno daz 1
Bua oxnaxaenust ONAN
Heiirpans oOMoTKH 3azemusercs
Martepuan 0OMOTKH Menp (Cu)
Mapka (Tum) macna Nytro Lyra X
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Pacuer Ha BuOpanuio npennosaraeT pacyeT aMIUIMTYJ U3ru0a CTEHOK 0aka MpH pa3HbIX 4acTOTax Ha
JIefiCTBHE TapMOHMUYECKOM Harpy3ku. [Ipu nocTpoeHnn reoMeTpudeckol MoJIENH yYUTHIBAETCS KOHCTPYKIIHA
AKTUBHOHM YacTH C SIpMOM, OOMOTKOM, JUCKaMH, IIMUJIBKaMH, a TaKKe PacHojoKeHHEe MECT ONMUpaHus Ha
nHO Oaka. K ToMy ke mpu mpoeKTupoBaHuH 0aka peakTopa METOJOM KOHEYHBIX 3JIeMEHTOB 3(deKTHBHBIM
MOJIXOJIOM JJIl CHIKEHHUS aMIUIUTYAbl NMEepeMENIEHNH CTEHOK M YBETUYEHUS MEXaHUYECKOH >KEeCTKOCTH
KOHCTPYKIHH SIBIISICTCS YBEIMYCHUE TOPU3OHTANBHBIX U BEPTUKAIBHBIX pedep W MPUMEHEHUE JOKATbHBIX
Macc it pOPMHUPOBAHUS YACTOTHBIX XapakTepucTuk [16-18]

Ha srtame nmpoexTupoBaHus KOHCTPYKIINH JAHHOTO peakTopa HMCIIONb30BaHa mporpamMma 3D-nnzaitna,
KOMITBIOTEPHOTO MoAenupoBanus U Busyanuzauun TDS xomnanuu Soft Team Group [19]. Ilonydennas B
nporpamMme TDS reomerprieckas MOJenb peakTopa IpeAcTaBiIseT cOO0M MPOCTPAHCTBEHHYIO O0OJIOUKY C
pebpamu KeCcTKOCTH (PUCYHOK 1a).

a) | 0)

Pucynok 1 — 3D — Mojesu: reoMeTprueckasi MOJICNb peakTopa () U reoMeTpuueckas Mojelb 0aka (0):
1 — pacuupumenvuwiii 6ax (a); 2 — paduamop (a); 3 — 8bICOKOBOILMHDBLIU 8800 (@),
4 — bax peaxmopa (6)

OOuwmii BUA reoMeTprieckoi Moienu 0aka rmokasaH Ha pucyHke 10.

B kadecTBe Marepmanga ¢ HM3KMMH BHOPOAKYCTHYECKUMH XapaKTEPHUCTHKAMH JUIS H3TOTOBJICHUS
MarHUTOIIPOBO/IA AKTUBHOW YacTH PeakTopa BhIOpaHa 3JIEKTpOTeXHHUYecKas ctans Mapku M090-27Pb HIB
Laser ¢ nazepHoii 00pabOTKOH 1 B KaUeCTBE PE3MHOBBIX IPOKIIAJ0K — OyTaJeH-HUTPUIBHBIA KaydyK.

Jns CHYOKEHMS. aMIDTUTYABI TIEPEMELIeHUH U1 CTEHOK 0aka M COOTBETCTBEHHO YMEHBIICHHUIO YPOBHS
BUOpallMy peakTopa MPUMEHEHO KOMITBIOTEPHOE MOJEIMPOBAHHE W ONTHMM3ALUs KOHCTPYKUWM Oaka Ha
OCHOBE METoJa KOHEUHBIX JIeMEHTOB B cpene 1DS. B pacuerHoil cxeme NMPUMEHSUINCH TUIBI KOHEYHBIX
snemenToB: SHELL181, SOLID185, PIPES9; xonrakrabiec 2nemedTsl: TARGE170 1 CONTA174.

B pesysbraTe ycoBepiieHCTBOBaHa KOHCTPYKIMU 6aka POM-60000/525-V1:

1)  yBeIMYMIOCH KOJIMYECTBO PAZAMATOPOB B CHCTEME OXJIAXKICHUS peakTopa Buua «M»
¢ 6 1o 7 ¢ 00enx CTOPOH;
2) YBEIMYMIOCH KOJMYECTBO BEPTHKAIBHBIX M TOPU3OHTAIBHBIX pebep jKECTKOCTH Ha CTeHKe Oaka
peakTopa.

31



BecmHuk AAMamuHCKO20 yHUsepcumema 3Hep2emuku u ceasu Ne 4 (63) 2023

OnpITHBIM TyTeM OBIIO OINpENeNIeHO CHIDKEHHE YPOBHS IIymMa M BHUOpamuu, IeperaBaeMoil OT
AaKTUBHOH 4acTH K 0aKy peakropa, Ha 2—3 b Ipu U3rOTOBICHUH MAarHUTONPOBOAA U3 IEKTPOTEXHIUUECKON
ctanmu mapku M090-27Pb HIB Laser ¢ ucmons30BaHHEM PE3UHOBBIX MPOKIAIOK (PUCYHOK 2) M MEPEXOTHBIX
nuckoB quametpoM 800 u 1205 MM B IIEHTpallbHOM CTEpKHE MarHUTONPOBOAA, a TAKKE B KOHCTPYKIIMH

0CTOBa pCaKTopa

0)

Pucynok 2 — YcraHoBka pe3nHOBBIX MPokIafok Ha 3D-monenu peakropa (a): 1 —.meancdy nakemamu
MASHUMHOU cucmembyl (Medcoy nakemamu MacHumHo cucmemsoi 0, Sum pe3unosvie npokiIaoKu);
2 — mexcoy 6anKoll u ApMom (Medncoy OAnKoU U ApmMom 4 Mm pe3uHosvle NPoKIaoKu), Ha COOPaHHOM
peakrope (0)

Yceunnsa npeccoOBKM MarHUTHOW CHUCTEMBI OCTOBA — YCHIIMS 3aTSDKKHU SIPMOBBIX IIMIJIEK COCTABIISET
26xH, 6angaxeit 12xH.

Kpowme Toro, OyTaaueH-HUTPUIIbHAS KaydyKoBas pe3ruHa 00J1aJ1aeT OTJIAMYHON MaCIOCTORKOCTBIO PU
temneparype 110 °C. Tommmna, pasmepsl M IOJO0XKEHHE PE3HMHOBBIX NPOKJIAAOK BBIOMpArOTCS B
3aBHCUMOCTH OT KOHCTPYKTUBHBIX OCOOCHHOCTEH OCTOBA PEeaKkTopa, a TAK)Ke YCHJIMH MPECCOBKH MarHUTHON
CUCTEMBI OCTOBA.

Ha pucynke 3 mpencraBieHsl monydeHHble B 1DS pasmepHeie mapamerpsl u  3D-Monenb
YCOBEPIIIEHCTBOBAHHOTO peakTopa POM-60000/525-V1.
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a) 0)
Pucynok 3 — PasmepHnbie mapameTpsl MarauTonpoBoaa (a) u 3D-moxaens peaktopa (0):
1 — yenmpanvHolil cmepocensb peakmopa (a);, 2 — eepxuee sippmo (a); 3 — HudICHee apmo (a);
4 — bokosou cmepacens (a); 5 — eepxuuti Ouck (a); 6 — HudCHUL OUCK (a); 7 — purcupyrowuti KpOHUMeH
(6); 8 — anexmpomexnuueckas cmanw (6); 9 — mopyesas 6anxa (6)

MonenupoBaHue MOKa3ano, 4To 3(QGEKT CHWKEHUS YPOBHS IIyMa W BHOpAalUHM OT YCTAHOBKH
PE3MHOBBIX JIeMII(pepOB B KauyecTBE MPOKIAIOK W3 OyraaumeH-HUTpwibHOro kayuyka (NBR) B axTHBHOM
CEYCHHH IMOJTyYCH, Oaroaps ACICHUI0 aKTHBHOW IUIONIAAN HA 00Jiee MEJIKUE YIaCTKH.

Hacrosiiue ucciieioBaHusI BKIIIOYAOT:

1) cpaBHEHHE LIYMOBBIX XapaKTEPUCTUK yCOBEpPLICHCTBOBaHHOro peakropa POM-60000/525-Y1 ¢
pe3yJbTataMd 00S3aTeNbHBIX MPHEMO-CIATOYHBIX HCIBITAHUI MOJOOHBIX PEAKTOPOB IaHHOIO Kiacca,
npou3BoauMbIX B Kazaxcrawe;

2) TpOBEpKYy COOTBETCTBHS XapaKTEPHCTHK YCOBEPIICHCTBOBAHHOTO pPEaKTopa TPeOOBaHUSIM
JCHCTBYIOIMX OTEYECTBEHHBIX W MEKAYHAPOAHBIX CTAHAAPTOB IPU NPUMEHEHHH PACCMOTPEHHBIX
WHHOBAIIMOHHBIX PEHICHUH ISl CHIDKEHHS YPOBHS IIyMa U BUOpAIMK PeakTopa MyTeM peau3aliy MOJTHOTO
IMKJIa CTIBITAHUI: BUOPOAKYCTHICCKHE UCTIBITAHNS; HMITYIbCHBIC HCIIBITAHUS;, UCIIBITAHNS HA HATPEB.

2. Pe3yabTaThl U 00CYKIeHHE

2.1 lllymoBBIe ¥ BUOpAIIIOHHBIE UCTIHITAHUS

2.1.1 TlpoBeeHNEe NIYMOBBIX UCIIBITAHUN

HcnbiTyemblii HOBBIH peakrop Tuma POM-60000/525-V 1, kak 0TMEYaaoCh BBIIIC, HMEET CHCTEMY
oxnaxaenus Buna «M (ONAN)», coctosauryto u3 2 rpynm no 7 panuatopoB. Ha pucynke 4 mokxazaHo
pacIooAKEHNUE TOUEK U3MEPEHUSI YPOBHEH 3ByKa peakTopa ¢ CUCTEMON OXJIAKICHUS.

w0 g 8 7 6
77
b 73 y 40 Pucynoxk 4 — PacnionoskeHust TOUeK U3MEpPEHUs
X7 X2 YPOBHEM 3BYyKa peakrtopa: A -
BBICOKOBOJIFTHBIM ~ BbIBOJ; X1, X2 —
7%
‘ 7 3a3eMJIEHHas! CTOpOHa
5 z
D5
L7 Vel 79 20 7!

HcnpiTyembIii peakTop ycTaHABIMBAJICSA Ha IOACTAaBKY, 0e3 KaTKOB; HOMHWHAJIBHOE HAaIPSLKEHUE
B030yxaeHus cocrapisieT 303,11 kB; BbicoTa Oaka peaktopa 3190 MM; oOmias IUIOIMIAs HUCIBITATEILHOIO
nomemnenns 891 M JIMHA NepUMeTpa M3MEPHTENBHOI JMHMM JUISl PACCTOSHHS M3MepeHus L=2,0 M

COCTaBJIACT 34 M. H3MepeHHe YPOBHA 3BYKa OCYHICCTBJIAIJIOCH C ITOMOIIBIO PYUYHOI'O aHaJIMU3aTOpa MOACIN
B&K 2250L-100 (puc. 5).
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Pucynok 5 — Iporecc usmepenust ypoBHeii 3Byka peakropa POM-60000/525-Y1
W3mepuTenbHble JHUHAW pacrojiaraluch Ha pacctossHud 0,3 M OT HW3JIydarolleid MOBEPXHOCTH
peakTopa Ha BbIcOTe, paBHOIl 1/3 u 2/3 BbICOTHI peakTopa. MUKPO(QOH ycTaHABIMBAJICS B KKIOH TOUKE
U3MEpEHUsI B HalPaBJICHUH 00bEKTa UCTIBITAaHMSI.
[lepen ucnbiTanusiMU OblTa TIPOBEIEHA aKyCTHYECKas KaauOpoBKa ImIyMOMepa M ObUIM H3MEPEHBI
YPOBHHU TIOCTOPOHHUX HIYMOB. B Tabnumax 2 u 3 npuBeeHbI OJyYeHHBIE JaHHBIE 10 U3MEPEHUIO 3BYKA.

Tabnuna 2 - Pe3ynbpTaThl K3MEpeHHUH YPOBHSI MOCTOPOHHUX ITYMOB

M3MepeHHbIe 3HaUCHHUs YPOBHSI MOCTOPOHHUX IITYMOB (YPOBEHb (JOHA)
Cpennee
TO‘IKI/Iv 1 5 3 4 5 6 7 8 9 10 3HAYECHUE
WU3MEpEHUH ¢doHOBOTO
myma (dB)
Hepen 1 393 | 386 | 38,9 | 393 | 39.4 | 38,8 | 38,4 | 385 | 385 | 386
UCIIBITAHUEM
[ocne 3838
. 38,6 | 384 | 39,0395 (393|389 | 381|386 | 386 38,6
HUCIIbITAHUU
Tabnuna 3 - Pe3ynbraTsl HI3MEpeHUH YPOBHEW 3ByKa
WzmepeHHble 3HaYeHNMs 3BYKOBOW MOIIHOCTH (paccTosiHure 2M), (dB)
Touku n3MepeHuit Ha Bricote 1/2 H Gaka Ha Bricote 2/3 H Gaka
1 68,5 68,5
2 72,3 72,5
3 70,2 70,6
4 66,5 66,6
5 68,5 68,8
6 68,7 68,7
7 65,3 65,5
8 67,4 66,6
9 68,8 68,8
10 61,7 61,9
11 68,5 68,7
12 68,2 68,4
Cpennee n3amMepeHHOe 67.88 67.97
3HaUCHHE

Cpenaee n3MepeHHOe 3HaUeHHUE, Lyo3 = 67,93 (dB)
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OO6paboTku pe3yIbTaTOB M3MEPEHUH M pacdeT KOPPEKTHPOBAHHOTO YPOBHSA 3BYKOBOI MOIITHOCTH
BeinoHensl mo ['OCT 51401-99.

[MocrosHHas ko3 dunmenta 3BykooTpaxenus K (n1bA) ans moMmemnieHus, B KOTOPOM MPOBOIMINCH
UCTIBITAHUS, PACCUNTHIBACTCS:

K=10-1g-(1+4-3) @)

rae: S — Imomaab U3MEPUTEIBHON TOBEPXHOCTH;
A — DOKBUBAJICHTHAs TUIOMAIh 3BYKONOIJIONICHWS B  TMOMEIICHHH, KOTOpas
PacCUUTHIBAETCS TPUOIMKEHHO 110 (hOpMyIIe:

A=a-S,=0,15-891 = 133,65 m? 2),

rie: a — cpeaHnii KoagdunueHt 3pyKomnoriomenus, pasubii 0,15 (TOCT 51401-99),
S, — o0I11ast Mok UCTIBITATSILHOIO MTOMEIICHHUS, M
[Tnomanb U3MepUTETHHOIN MOBEPXHOCTH U3TYUCHHS peaKkTopa:

So3=1,25-H-L=1,25-3,19"34 = 135,57 M?, (3)

rae: H — BeicoTa Oaka;
L — ;yivHa iepuMeTpa U3MEPUTEIBHOMN JTHHUMY.
PacuérHoe 3HaueHMe MOCTOSTHHOM K, yUuThIBarOIEH BIUSHUE OTPAKEHHOTO 3BYKa:

133,65
135,57

K0,3:10-1g-(1+4- )=7,04ABA,

Pe3ynbTaThl BIYMCIEHNS CPETHETO YPOBHS 3BYKa L, peakTopa ¢ CUCTEMOM OXJIaKICHHS:
Lpo3 = Loz —ALgo3 — Koz = 68 —0—7,04 = 60,96 1bA 4)
KoppextupoBaHHbIif ypOBEHb 3BYKOBOW MOIIIHOCTH:
Lya=1Ls+10-1g- (50,3) = 60,96+ 10-1g - (135,57) = 82,2 nBA (5)

Takum 00pa3oM, KOPPEKTHPOBAHHBIN YPOBEHBb 3BYKOBO# MOIIHOCTH peakTopa Tuima POM-60000/525
kB cocraBun 82,2 nbA npu nomycrumom 3Hauennn 100 1BA ycraHoBieHHBIX HOpM ctanaapta |IEC 60076-
6-2014. Kpome TOrO, Kak OTMEUAJOCh BBIIE HA CETOAHAIIHHUA MOMEHT CpEIHHHA YypOBEHb IIyMa,
MIPOM3BOJMMEIN TpaHchopMaTropamu, MOIHOCTEIO peaktopa 110-750 kB cocraBmser ot 79 a1b(A) 1o uyTh
6omnee 90 nb(A), moaToMy MoylyueHHOE 3HAUEHHE KOPPEKTHPOBAHHOTO YPOBHS 3BYKOBOM MoOIIHOCTH 82,2
nbA HaxonmuTcs OJMKe HUKHEMY IOpOTY, YTO COOTBETCTBYET MajlOMy YPOBHIO mryma. st cpaBHeHHS —
a”aior HoBoro peaktopa POMBCM-60000/500-Y1, npousBoaumslii B Kazaxcrane, mo JaHHBIM IPHEMO-
CHIATOYHBIX MCIILITAHUN MMEET 3HAYEHUE KOPPEKTUPOBAHHOTO YPOBHS 3BYKOBOM MomHocTH Ly, 4= 88.0 nbA
[20].

2.1.2 IlpoBeneHne BUOPAITMOHHBIX UCITHITAHUIA

Wsmepenue BuOpomepeMelIeHUs] CTEHKHM Oaka M OXJIaJUTENbHOW CHCTEMbl MPOBOAMIOCH Ha
HOJIHOCTBIO COOpaHHOM IIyHTHpYRomeM peakrope POM-60000/525-Y1 (puc. 6). Peaktop ycraHOBieH Ha
nojcTaBke, 0e3 KaTkoB; HamnpspkeHue Bo30yxaeHus 303,11 kB; meronuka ucneiranuii mo F'OCT 12.1.012—
90. UsmepurensHbIii mpudop SVAN-958.
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Pucynok 6 — IIporiecc uamepenust BAOPAIHOHHBIX MIEPEMEIECHUI CTEHKH 0aKa U CHCTEMbI OXJIAKICHHSI
peaktopa POM-60000/525-Y 1

Pacnonoxxenue Touek U3MepeHUs! BUOPALIMOHHBIX TIEPEMEIICHHUH MTOKa3aHO HA PUCYHKE 7.

%oz 0 w9 8

= y ~ -
> C 7 -

o] &
7z 77 0

Pucynoxk 7 — PacnionosxeHne Touek u3MepeHust
2 g BUOpAIIMOHHBIX IepeMelIeHnid cTeHkn Oaka (1-12) n
Ha CHCTeMe OXJIaXaeHus peakTopa (1-14)

N
D\
(%)

;2 3 4 5 6 7
Pesynbrarhl m3MepeHnit BHOPAIIMOHHBIX MIEPEMEIICHNH B YKa3aHHBIX TOYKAaX MPUBEACHEI B Ta0Max 4 u 5.
Tabmuiia 4 — M3mepeHHbIe BUOPAIMOHHBIC MTEPEMEIICHUS CTCHKH 0aKa, MKM

Ne Toukn 1 2 3 4 5 6 7 8 9 10 11 12

MKM 342 | 114 | 16,2 | 534 | 7,29 | 10,7 | 115 | 219 | 574 | 7,42 | 9,13 | 11,42

Ta6Jmua 5- I/ISMepeHHBIC BI/I6paI_II/IOHHI>I€ NEPEMCIICHNS Ha CUCTCMC OXJIAKJACHHU A, MKM
Ne Toukn 1 2 3 4 5 6 7 8 9 10 11 12 13 14

MKM 514 | 7,19 | 12,15 | 12,03 | 10,33 | 7,38 | 6,15 | 4,85 | 819 | 864 | 862 | 11,35 | 7,10 | 535

MakcuMajpHasi BeWYMHA BHOPAIMOHHBIX TepeMelnennii peakropa tuma POM-60000/525-V1 ¢
CHUCTEMOM OXJIAXKICHHUS COCTaBHIIA: Ha CTeHKe Oaka — 21,9 MkM nipu fgonyctumom 3HadeHun o IEC 60076-6-
2014 — ne Gonee 30 MKM; Ha cUCTeMe OXJIaxnaeHus — 12,15 MKM mpu JomycTHMOM 3HaYeHHH — 60 MKM.
Hlyntupyrommit  peaktop tuma POM-60000/525-Y1 BuOpoakycTHYeCKHE WCIBITAHUS BBIACPKAIT U
ynosierBopsiet Tpebopanusm ['OCT 12.1.012-90.

2.2 Pe3ynpTaThl UMIYJIbCHBIX UCIIBITAHUM PEaKkTOpa
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TIpoBepka COOTBETCTBUSI DJICKTPUUYECKOW IMPOYHOCTH H3OJISIIIUM TIPU BO3JCUCTBUU HANPSKEHUH
rpo3oBbIXx uMmyiabcoB mnonHoro (IIIN), cpeszannoro (CI'M) m xommyraummonnoro wummyinsca (KH)
npoBoguinuck mo meroxuke ['OCT 1516.2-97, TOCT 1516.3-96 u IEC 60076-3:2013, TpexymapHbIM
METOJIOM TIPWIOKEHNS MMITYJIBCOB OTPHLATEIBHON IMOJSIPHOCTH CO CTOPOHBI JIMHEHHOTO BhIBoga. Cxema
WCTIBITAHUI MpeJCTaBIeHa Ha PUCYHKE 8.

N

A
X7 Xz

K HIRES 540
. b

PucyHnok 8 — CxeMa ucnplTaHul H30J510UK peakTopa Bo3aeicTBun Hanpspkenuid [1T'H, CT'U u K

Jns  oOHapyKeHHs HEIONYCTHMBIX TOBpPEXKICHUH H30JISIMA B KadyecTBE OCHOBHOTO METO/a
NPUMEHSJICS. METOZ, OCHOBAaHHBIN Ha M3MEHEHHH (OpPMbI KOJIeOaHUI HAUpsSUKEHUH W TOKOB B OOMOTKE B
Cllydae MOBPEXKICHUS N30JSILIUH MPH MPUIOKEHUH K UCTIBITYEMOW 00MOTKE UMITYJIbCa HAPSIKEHHSL.

ITonublii rpo3oBoit uMmynsc — 1425 kB; mnmurensHocts (GponTa T=1,2+0,36MKC, UIUTETBHOCTD
ummynbca T,=50£10 Mkc. CpesanHsbIi Tpo30Boit uMmyibe — 1550 kB; npeapazpsaroe Bpems T.=2,5-5 Mkc.
KommyTtanuonssiii rpo3zoBoil umnyiasc — 1050 xB; Bpemss mogpéma ummyiasca — He MeHee 20 MKc,
JUTATENFHOCTh UMITyJibca — He MeHee 500 mkc. HcmpiTatensHoe 00opynoBaHue: TEHEPATOP MUMITYJILCHOTO
Hanpsokenuss 1[G 240/2400G; eMKOCTHBIM JAEIUTEIh MMITyJbCcHOTO Hampsbkenus SMC  1000/2200;
YCTPOMCTBO perucrpamnuu nepexoaHsrx mpomueccoB HiRES-S4D.

Wzonsuma  peakTopa BhiAepkana npwioxkeHus Hampspkenudt III'M  ammmurynon 1425 B
OTPHUIIATETFHOM MOISIPHOCTH (PUCYHOK 9).
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PucyHnok 9 — OcyuiorpaMMBbl UCTIBITAHHS H30JISIIMHA OOMOTKH PEaKTOPa IMOJIHBIM IPO30BBIM UMITYJIBCOM

1425 xB

1550 xB

W3onsauusa peaxtopa BeIIepkana mpuioxkeHus Hanpsokeanid CI'M ammmutynon

(pucyHnok 10).

OTpPILIaTeJ'ILHOﬁ MOJIAPHOCTH
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No.: 18
v Tpsidivy T CTHTITZS MSis Chi comment
: : : Ch3 1
Chl . 50% LI CRW
Ch21 Chi:1
LI

Ut = -779.60 KV

1-T1=13847 ps

L.-Te=39529 us
B =63162%

Ut =-1.4288 MV
i-T1=14445 ps
T2 =45125ps
B =63162%

[ps]

Chl
Ch3
Chi11
Chz1

[ps]

Pucynok 10 — OcrumiorpaMMBbl HCTIBITAHUS H3OJISIIMH OOMOTKH peakTopa cpe3aHHbIM TPO30BBIM
nMmmysascoM 1550 kB

W3onsuus peakropa BoiAepxKaia ucnblTanus HanpspkenrneMm KW amrmmutynoit 1050 kB otpunatensHoi
noJIsipHOCTH (pUCyHOK 11).

[kv] No.: 17
300kv/div - B00usidiv. GH1:10 M3/ ! ! ! ! ! O EhT L comment
: : ' ' ' Zh3 |

1o heas ; : [ R [ e R i -100% SI FW
! ' : : : ' : : Lchi1
st
- Up =-1.0479 MV
- Tp=98282ps
-T1 = 69.807 us
: LTz =838.80ps
Lch3:3
: : : : : - PK
B Fommm-ee R RRRE R Llp=-61.997 A

a1

I
309

1200 1800 2400 3000 3600 4200 [us]

chi
Ch3

"1z200

"goo 2400 'zono 'sB00 4200 [1s]

Pucynok 11 — OcuumiorpaMMbl UCTIBITAHUS H30JISIIIAHA OOMOTKH PEaKTOPa KOMMYTAITHOHHBIM UMITYJIHCOM
1050 xB
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Bo BpeMs HCHOBITAaHHN HEMOMYCTHMBIX TOBPSKACHUN HM30JSIMA pPEaKTopa HE OOHAPYKEHO.
Uckaxenuit (GopMbl OCHULUIOTPAMM, IMOJYYEHHBIX MPHU HCHOBITATeNbHbIX HanpspkeHusx 100% Uycp, mo
CPaBHEHHMIO C OCLMIUIOTpaMMaMH TpH CHkeHHoM Hampsbkenun (50) % Uycp, He oTrmeueno. Peakrtop
BBIZICP)KAT ~ HMCIBITAHHE  OJJIEKTPUYCCKOM  MPOYHOCTH  H3OJSIIAM  HUMITYJIbCHBIMH  HANPSOHKCHUSIMH.
DeKTprUecKas MPOYHOCTh M30AIMK peaktopa Tuma POM-60000/525-Y1 cooTBeTcTBYeT TpeOOBaHUAM
IEC 60076.3-2013-10 mpu BO3eiICTBUY UMITYIbCHBIX HAIPSHKEHUH.

2.3 Pe3ynbpTaThl NCTIBITAHAS PEAKTOPA HA HATPEB

UcnpiTanue Ha HarpeB MPOM3BOJMIOCH Ha TONHOCTBIO COOPaHHOM IYHTHPYIOIIEM PEaKkTope ¢
crucreMoit oxnmaxaeHus «My. Mcnsitanne nposoawmiock mo Mmetoauke I'OCT 3484.2—88 npn HOMHHAITEHOM
HanpsokeHnn 303,11 kB u toke 197,9 A nmo ycraHoBHBIIEHCS TemmepaTypsl. M3mepeHue TemmepaTypsl
Macia B maTpyOkax MPOU3BOAMIOCH C TOMOMIBI0 TepMmomap. TemmepaTypa OOMOTKM OMpeAemsiach Mo
W3MEHEHUIO CONPOTUBJICHHUS OOMOTKH MOCTOSITHHOMY TOKY. BOBpeMsl HCIIBITAHU# MOJTHOCTHIO OTCYTCTBOBAIIN
BO3JICUCTBUS BETPA, COJHEYHOM WM APYrod TemioBod panuauuu. [lomydeHHble pe3ysbTaThl U3MEPEHUS
NpYBeACHBI Ha pucyHKe 12 u Tabnuuax 6 u 7.

2 0 2 4 6 8 10 12 14
-0}20000+ @+ttt
-0,22000
-0,24000
-0,26000—
-0,28000% —IgAR
1= — - [onnHomuanbHasn (IgaR)
-0,30000———

y =0,0002x2 - 0,0091x - 0,2839

(=)

W

o

e

o

o
a1 |
l

Pucynok 12 — Jlorapumsbl pazHocTe# conpoTuBleHn A (BHICOKOBOJIBTHBIN BbIBOM) 1 (X 1+X2)-
3a3eMJIEHHAs! CTOpOHa

Tabnuua 6. Pe3ynpTaThl n3MepeHHs TEMIIEPATYPhl IPH HATPEBE A0 YCTAHOBHUBLICHCS TEMIIEPATYp

Temrmieparypa oKpyskaromiei
P C?ZHH’ (I))(}j/ 0 B/c.°C ABB/c,°C [IpeBsimenne [IpeBrimenwue
[TpeBbIlicHH | TeMII. Macya y TEMII. Macja y
Bpem BEPXHUX
€ TEeMIL. BXOJIa B BBIXOJ[A U3
s, 4ac CJIOCB
0, 0, 03 Ocp vata Macia Haj OXJIaIUTEID OXJIAIUTEIIS
Ocp AOB/c,°C AOB/c,°C
1:00 | 33,1 | 32,7 | 32,8 | 32,9 70,0 37,1 70,0 38,5
2:00 | 34,2 | 33,2 | 33,8 | 33,7 72,0 38,3 72,0 41,7
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3:.00 | 352 | 34,7 | 349 | 34,9 76,5 41,8 76,5 43,9
4:00 | 35,3 | 34,6 | 34,8 | 34,9 79,0 44,0 79,0 44,3
5:00 | 354 | 34,6 | 350 | 350 81,0 46,3 81,0 46,8
6:00 | 350 | 34,2 | 34,7 | 34,6 83,1 48,5 83,1 48,6
700 | 349 | 341 | 346 | 345 85,0 50,5 85,0 51,4
8:00 | 345 | 34,0 | 34,2 | 34,2 85,9 51,7 85,9 51,5
9:00 | 34,4 | 34,0 | 34,3 | 34,2 86,4 52,2 86,4 52,0
10:00 | 34,4 | 340 | 343 | 34,2 86,7 52,5 86,7 52,3
Tabmmma 7. I3meperne conpoTHBICHUS 0OMOTOK TpaHCc(hopMaTopa B TOPSIEM COCTOSTHIH
Bpewms, Conpotusienue ooOMoTkd A (X1+X2)
MUH R (Om) IR (Om) T (MuH) IgnR
1'30” 2,9100 0,505 15 -0,29671
2 2,9051 0,500 2 -0,30094
2'30" 2,9002 0,495 2,5 -0,30522
3 2,8952 0,490 3 -0,30963
3'30" 2,8900 0,485 3,5 -0,31426
4’ 2,8860 0,481 4 -0,31785
4'30" 2,8820 0,477 4,5 -0,32148
5 2,8780 0,473 5 -0,32514
530" 2,8741 0,469 55 -0,32873
6’ 2,8701 0,465 6 -0,33245
630" 2,8671 0,462 6,5 -0,33526
7' 2,8631 0,458 7 -0,33904
7'30" 2,8601 0,455 7,5 -0,34189
8’ 2,8571 0,452 8 -0,34477
830" 2,8541 0,449 8,5 -0,34766
9’ 2,8511 0,446 9 -0,35057
930" 2,8481 0,443 9,5 -0,35350
10’ 2,8451 0,440 10 -0,35645
10'30” 2,8421 0,437 10,5 -0,35942
11’ 2,8391 0,434 11 -0,36241
11'30" 2,8361 0,431 11,5 -0,36542
12’ 2,8341 0,429 12 -0,36744
22! nocieanui oruet Rn - 2,4050 Om

ITo compotuBicHNIO R, B MOMEHT OTKIIFOUCHHUSI HATPY3KH OIMPECIAEM TEMIIEPATYPy OOMOTOK Oyg),
o opmyire:

rae: T — ko dunment, pausiii 235 °C a1 0OMOTOK U3 MEAH.
COOTBETCTBEHHO IPEBBINICHUE TEMIIEpaTypbl 00OMOTOK PaBHO

R
Ooom. = ﬁ' (T + gx) —T,

! —
0 o6M. —
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PesynbTarhl HCTIBITAHWE HA HATPEB MPECTABJICHBI B Ta0MIA 8.

Tabnuua 8. Pe3ynpTathl HCIBITAHUI HA HATPEB

HaumeHoBaHUE 371eMEHTOB KOHCTPYKITHH [Ipepsiienne Temmeparypsl, °C
Tparchopmaropa Pe3ynpTaThl HcnbITAHUN HopmupoBaHHbIe 3HaYEHUS
BepxHnue ciiou maciaa 52,5 He 6ouee 60
OOMOTKH 58,6 He 6oiee 65
Hawnb6onee narpersie Toukn oomotkn (HHT) 65,7 He Gomee 75
MarsauTtHas cucreMa 55,6 He 6ouee 75
IToBepxHOCTHL Oaka 20,13 He Gounee 70

[IpeBbimieHne  Temmeparypbl KOHCTPYKTUBHBIX JJIEMEHTOB peEaKTopa HajJ TeMIepaTypor
OKPY’KaIOIIEro BO3/yXa HE MPEBBIMIACT JAOMYyCTUMBIX 3HadeHuit. Peakrop POM-60000/525-V1 ucnsitanue
Ha HarpeB BBLACPKAJ U yoBiIeTBopseT Tpeboanusm IEC 60076-6-2014.

3akiouenne
YBennueHne BepTUKAITBHBIX W TOPU30HTAIBHEIX pedep *KECTKOCTH Ha CTeHKe Oaka B peaktope POM-

60000/525-Y1 mpuBeno K CHMKEHHIO aMILIMTYIBI MEPEMEIICHUH i CTEHOK 0aka M COOTBETCTBEHHO K
CHIDKEHUIO ypOBHS BHOpanmu peakTopa. Takxe 3peKT CHIKEHHs YPOBHS IIIyMa W BUOPAIUN OT YCTaHOBKH
PE3MHOBBIX JIeMII(pepOB B KavyecTBE MPOKIAIOK M3 OyraaumeH-HuTpwibHOro kayuyka (NBR) B axTHBHOM
CEYCHUH TOTyUeH, Oraroiaps JeeHNI0 aKTHBHOM TIJIOIAN HA 00JIee MEJIKUE YJacTKH.

CpaBHeHHE W3MEPEHHBIX M PACCYMTAHHBIX IIYMOBBIX XapaKTEPHCTHK YCOBEPLICHCTBOBAHHOTO
peakropa POM-60000/525-Y1 ¢ pesynbraramMu 00sA3aTEIbHBIX MPHUEMO-CIATOYHBIX HUCIBITAHUN TOJ0O0HBIX
pPEaKTOpOB TaHHOTO Kiacca, NpPOM3BOAMMBIX B KazaxcraHe, NOATBEp)KIAeT CHIDKCHHE 3HAUYCHHE
KOPPEKTHPOBAHHOTO YPOBHS 3BYKOBOW MOIIHOCTH HOBOTO PEAKTOPA.

HcnpiTanue Ha HarpeB W IMPOBEPKA DSJIEKTPUYECKOM IPOYHOCTH M3OJBSILIMM IIPU  BO3JACHCTBUU
HaINpsHKCHUH TPO30BBIX HMITYJIBCOB MOJHOTO, CPE3aHHOTO W KOMMYTALMOHHOTO HMITYJIbCa COOpPaHHOTO
peakTopa ¢ WCIOJIB30BAHWEM MPEJIOKCHHBIX WHHOBAIIMOHHBIX peEIIeHHH IO0Ka3al COOTBETCTBHE
NpEeeNbHBIX  XapaKTePHCTHK  YCOBEPIICHCTBOBAHHOTO  peakTopa  TpeOOBaHWSM  JEHCTBYIOLINX
OTEYECTBEHHBIX H MEXAYHAPOJHBIX CTAHIAPTOB.

Bknagom aBTOpOB siBiIsleTCS pa3paOOTaHHBIM MOJXOJ YMEHBIICHHs BHOpanmud ¥ IIymMa B
IIYHTHPYIOIIUX MACIISHBIX PEAaKTOpax C HMCIHOJIb30BAHHEM IIPEIUIOKSHHBIX WHHOBAIIMOHHBIX PELICHHH Ha
OCHOBE YCOBEPILICHCTBOBAHUS KOHCTPYKIIMM Ha JTane MNPOSKTHPOBAHHMS MOAETHPOBAHUS METOIO0M
KOHEYHBIX DJJEMEHTOB M TPUMEHEHUWs Uil aKTHBHOM 4YacTH peakTopa MarepuajoB C HHU3KUMH
BHOPOAKyCTUYECKHMH XapaKTepUCTUKaMU. TakuM o00pa3oM, BHEpBBIE H3rOTOBICHHBIH B Kazaxcrane
peaKTop ¢ YJIYYIICHHBIMH BHOpPAlMOHHBIMK W IIYMOBBIMH XapaKTEpPUCTHKaMHU paccYuTaH Ha Oolee
JUINTENBHBII CPOK CITY>KObI [0 CPaBHEHHIO C JEHCTBYIOIIMMH aHAJOraMHd M COOTBETCTBEHHO OIpeelisieT
NPaKTUYECKYI0 3HAYUMOCTh MPEJIOKEHHOTO MOIX0/1a.
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K¥PbLJIBIM/Ibl )KOHE KOJIITAHBIJIATBIH MATEPUAJIJAP/IbI
JKETLIIIPY HETT3IHIE AHMHAJIMAJIBI PEAKTOPJIAPABIH IIIYBI MEH
JIIPIJIIH ABAUTY TOCLII

A.A. Ta)lmﬁaeBl‘Z, n.T. YTenﬁepreHOBl*, E.T. AMI/ITOBl, JA.T. Ateen’
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e-mail: adilbek kentau@mail.ru, i.utepbergenov@aues.kz, ernar_amitov.91@mail.ru, ateevd@mail.ru

AHnoamna. 3epmmeydiy o03eKminici peakmop wyblHblY KO3i 00IbIN MAOLLIAMbIH OIPin O3iHIY MEXAHUKATbIK
bepixmicine acep emin, OHbIH Kbl3Mem emy Mep3iMiH KblCKapmyblMeH mycindipinedi. byn xondanbanvl 3epmme)yoin
maxcamol — WYHMMbIK MYHAU PeakmoprapuiHoagel Oipil MeH ufyovl a3aumy, HCaKCapmuliean Ou3aun MeH OMIpPIiK
Yukaoi yneaumy YuiiH KOJIOAHbLIAMbIH MAMepuanoap He2iziHoe YCbIHbLI2AH UHHOBAYUSIBIK weuimoepoi KONOaHy.
Yevinviioin omeipean kKeuweHOi macinoiy bLIbIMU HCAHATBIEbI KOMNBIOMEPIK MOOenboeyoi JHcoOANAH2AH PeaKmopOobly
PEe3eP8YaApLIHLIY  KYPbLILIMbIH — OHMAULAHOBIPYOAr — JicoHe  MmuiciHuie — pe3epeyap  KaOblpeaiapblHbly — K032y
AMIIUMYOACHIH A3aumyoan JHcone peakmopobvly bencenoi boniei yuwin momeHn 6uOPOAKyCmuKaiblK CURAMMAMAIAPbL
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bap mamepuandap natoaiany apKulivl peakmopoviy 0ipin deneeilin momendemyoden mypaoel. Kana ROM-60000/525-
VI peaxmopvinviy wiy cunammamanapvin Kaszaxcmanoa wivl2apuinzan ocvl CbIHLINMAgLL YKCAC pearxmopiapobiy
Mindemmi  KabulI0ay 6UOPOAKyCMUKANLIK CLIHAKMAPBIHLIY —HIMUdCENEPIMEH  CANbICHbIPY JHCAHA  Peakmopobly
pemmenemin OblObIC Kyamvl Oeneelliniy momenoeyin pacmaovl. 3epmmey HOMUMCeNEPitily omanoblk mpancGopmamop
OHEepKICIOI YUiH YIKeH NPAKMUKAIbIK MAKbI3bL Oap.

Tyiiin  ce30ep: wiynmmosl peaxmop, Oeincendi Oenikmiy Oipini, peaxkmop KYpblLIbIMbIH HCeminoipy,
BUOPOAKYCIMUKATBIK, CUNAMIMAMANAD, CHIHAY, PeaKmopObl Kbi30blpy2d CbIHAY, Peakmuemi Kyam, KepHey.

AN APPROACH TO REDUCING NOISE AND VIBRATION OF SHUNT
REACTORS BASED ON IMPROVING THE DESIGN AND MATERIALS
APPLIED

A.A. Tazhibayev'?, I.T. Utepbergenov'*, Ye.T. Amitov', D.T. Ateyev?

'Non-profit JSC «Almaty University of Power Engineering and Telecommunications named after
Gumarbek Daukeyevy», Almaty, Kazakhstan
TRENCO R&D LLP, Astana, Kazakhstan
e-mail: adilbek kentau@mail.ru, i.utepbergenov@aues.kz, ernar_amitov.91@mail.ru, ateevd@mail.ru

Abstract. The relevance of the research is related to the fact that vibration, which is a source of reactor noise,
affects its own mechanical strength, reducing its service life. The purpose of the present applied research is to reduce
vibration and noise in shunt oil reactors using the proposed innovative solutions based on the improvement of the
design and materials used to increase the life cycle. The scientific novelty of the proposed integrated approach consists
in reducing the amplitude of tank wall displacements and, accordingly, reducing the level of reactor vibration using
computer modeling and optimization of the designed reactor tank design and application of materials with low
vibroacoustic characteristics for the reactor core. Comparison of noise characteristics of the new reactor ROM-
60000/525-U1 with the results of mandatory acceptance vibroacoustic tests of similar reactors of this class produced in
Kazakhstan confirmed the reduction of the corrected sound power level of the new reactor. The results of the research
are of great practical significance for the domestic transformer industry.

Keywords: shunt reactor, vibration of the active part, reactor design improvement, vibroacoustic characteristics,
test, reactor heating test, reactive power, voltage.
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ANALYSIS OF AUTOMATION STRATEGY FOR INTEGRATED CUSTOMER-
ORIENTED SYSTEM VIA SMART DIGITAL NODES IN DISTRIBUTION
TRANSFORMERS

Abstract. There are many compelling justifications for the significance of MV/LV
distribution transformers in facilitating customer-centric services in the next years. The
integration of transformer-level intelligence has the potential to strengthen the characteristics of
the low voltage (LV) grid management system, which is often lacking in automation. The
transformer enables the use of advanced technologies such as local private networks and EDGE
computing. The transformer plays a vital role in connecting the appliances of end consumers
with the medium voltage grid. Typically, the location of the facility is in close proximity to the
client inside a neighboring energy village. Transformer stations are thus ideal locations for the
placement of batteries that facilitate the sustenance of the local energy community, bigger
photovoltaic panel systems, and expedited charging apparatus. This article presents, use of Smart
Digital Nodes (SDNSs) as central nodes within the energy community, replacing the conventional
MV/LV distribution transformers. This research is intended to provide a new digital service
model at the distribution transformer level. A real-life scenario is presented. Hence, the
transformer station presents a very advantageous site for the integration of batteries, substantial
photovoltaic (PV) panel sets, or rapid charging devices within the local energy community.

Keywords. Smart Digital Nodes, distribution transformers, photovoltaic, medium voltage
grid, Community Services and Resilience

Introduction.

The Implementation of digital grid layers for enhancing community services and
resilience modern digitalization. This is now in the process of establishing a digital service at the
distribution transformer level with the aim of accelerating the energy transition and fostering
public participation. The proposed approach involves the use of Smart Digital Nodes (SDNs) as
central nodes within the energy community, replacing the conventional MV/LV distribution
transformers [1]. SDN enhances the adaptability and market robustness of the distribution grid
by including additional services. The concept is supported by contemporary power electronics
and digital coordination. In order to cultivate client engagement, user interfaces in close
proximity to Smart Transformers use local communication. Smart Transformers (ST) have been
the subject of literature for a decade. However, in a broad sense, it has been defined as anything
that does not function as a power transformer. As a proficient authority in the field of energy
conservation, it possesses the capability to demonstrate the monitoring and troubleshooting of
Smart Transformers. A multitude of attractive characteristics were identified in [2] subsequent to
the examination of several topologies. Despite its benefits, the absence of a step-down
transformer led to increased energy losses due to the activation of the MV by the IGBT. SDN
efficiency may be enhanced by using modular components or a step-down transformer. A Smart
Grid Design Model (SGAM) has been used to solve the challenges of interoperability
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requirements and the increasing complexity associated with supporting many system solutions.
According to the SGAM study [3], improving energy flow routing may enhance the efficiency
and reliability of ST. SGAM offered a frequency management solution by using a meticulous
model of the Irish transmission system [4]. Research has shown that STs have the capability to
sustain transient stability even when subjected to a 10% increase in wind power from non-
synchronous output, without necessitating the use of inertia modeling. Despite significant
advancements in technology, the economic viability of this approach remains uncertain [5-6].
End user participation and pilot programs are crucial as well. SDN facilitates the integration of
advanced technologies, including DC grids, solar panels, batteries, electric car charging, and
smart houses, into hybrid grid technology. While the significance of grid-level and customer-
level limitations is similar, priority is given to community-level services. This is crucial for doing
control hierarchy analysis [7-8].

Key research inquiries encompass the integration of community services at the
distribution transformer level, the prerequisites for the SDN, approaches to empower energy
communities and encourage active engagement, business models centered around the node, and
the responsibilities of different stakeholders in this configuration. The project will consist of both
a pilot phase and a prototype phase. Finally, the research will assess the social implications and
economic feasibility of the study.

A complete architecture of the SDN is shown in Figure 1. This research utilizes the SDN,
a sophisticated alternative to MV/LV transformers. This new technology facilitates the expansion
of distribution transformer services and enhances control capabilities [9].

MV/LV

. AC utility grid
L &
Customers

e DC Bus

.

[ DC utility grid
&
—— Customers

Remote Microgrid
Figure 1 - Architecture of Digital Smart Digital Node

SDN produces LVAC and LVDC outputs while receiving MV grid input. LVDC may be
implemented as either an LVDC grid for customer connection or as a DC bus in close proximity
to the SDN for local resource integration. In the demonstration process, it is customary to
transmit the MV voltage input to electronic components either directly or via an MV/LV block
transformer. In order to facilitate direct MVVAC application, it is essential that MVVAC voltage-
compatible components be readily available and cost-effective. SDNs establish connections with
their clients' locations using cost-effective and uncomplicated wireless networking. The
innovation provides LoRaWAN Terminals and integrates SDN with a LoRaWAN Gateway [10].

The inquiry will start by examining a network located in a suburban or rural area.
Customers within a one-kilometer radius of the transformer are situated on this elevated network.
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The low voltage (LV) grid is characterized by the configuration and operation of radial networks.
The first study will include the participation of 5-10 consumers who are linked to transformers.
These conditions enable the establishment of energy communities in geographically isolated,
rural, and other constrained settings.

The main goal of the company is to provide cutting-edge services to stakeholders via the
use of SDN's communication and technological capabilities. Our technological proficiency
encompasses as follows:

1) PLC converter control for AC/DC/AC converter drivers.

2) For higher-level control and optimization, the 4Stage Decision Engine (4SDE) may
combine. Establish a connection between converter control and PLC to supervise the local
battery control system of SDN and the communication system as shown in Figure 2 for
managing customer demand response resources. Collaboration for SDN in the context of MV
grid services.

Figure 2 - Architectural Insights into Smart Digital Node-Powered Energy Communities

Materials and Methods.

SDN is being developed in the form of seven use cases [11-12] as shown in Figure 3.
Despite the diverse control functions, all use cases are facilitated by a unified control and
communication architecture. Table 1 presents a comprehensive list of the prominent attributes
associated with each use case. The standards pertaining to the Smart Digital Node units were
developed after an examination of several use cases. This includes the converters, technical tools,
control system, and communication mechanisms that provide interaction between the DSO and
client systems. Use cases are used in the development of test cases and success criteria for the
first prototypes of a project. The smart transformer, functioning as a service node, has the
capability to directly deliver electricity to an electric car charging station. An approach to
facilitate electric vehicle charging during periods of increased power consumption involves
connecting nearby batteries to the direct current (DC) connection of the intelligent transformer.
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Figure 4 - Enhancing Efficiency in Finland Smart Homes with a Strategic Control Framework

Table 1 - The Implementation of Digital Grid Layers for Enhancing Community Services

and Resilience

Use case

Description

Objective

Scenario 1: Managing
the grid involves
overseeing voltage
levels, frequency,
power quality, and
protection measures.

The supply for the LVAC and LVDC sides must
fulfill voltage, frequency, and power quality
requirements. The harmonics and
electromagnetic compatibility are considered. It's
important to prioritize protective measures
according to national safety laws, including the
likelihood of simultaneous AC and DC failures.

Providing high-
quality items to
all customers,
regardless of
their
circumstances.

Scenario 2: Resilience
necessitates the presence
of stability and prompt
recovery in the face of
brief power outages and
disruptions.

SDNs have the capability to effectively handle
disruptions and fluctuations in the input supply
voltage, hence enhancing dependability. The
SDN facilitates extended events via the use of
demand response or energy storage.

SDN enhances
the quality and
dependability of
the supply.

507




Ka3KKA Xa6apmbicsl Ne 5 (134), 2024
Bectauk KazATK Ne 5 (134), 2024

vestnik.alt.edu.kz

ISSN 1609-1817 (Print)
ISSN 2790-5802 (Online)

The Bulletin of KazATC
DOI 10.52167/1609-1817

Scenario 3: The primary
objectives of local
optimization are to
maximize operational
efficiency while taking
into account various
elements such as
emissions, self-
sufficiency, and
economic
considerations.

Obijectives can act as guiding principles for SDN
management. Optimization may be linked to
economic optimization by using dynamic tariffs,
local generation for self-sufficiency, and grid
side emission intensity to decrease emissions.
Users have the ability to develop supplementary
standards.

SDN power flow
optimization
customized to
individual
requirements.

Scenario 4: The
objective is to enhance
the provision of HVAC,
EV charging,
distributed producing,
and other related
services within the
local area.

Controllable resources have the potential to be
dynamically adjusted in order to enhance local
generation and consumption while minimizing
the effect on grid connections. Utilize the
demand response and charging/discharging
capabilities of an SDN battery or the voltage
management and reactive power control
operations of power electronics in order to
regulate energy usage. By integrating these
procedures, the ability to accommodate HVAC
and electric car needs is enhanced.

In order to
enhance the grid,
it is important to
include resources
that possess the
capacity to
generate
substantial
quantities of
power.

Scenario 5: The
provision of services to
the local grid, including
voltage regulation,
power quality
management, power
peak avoidance, and
temporary backup
power, is undertaken.

SDN has the potential to provide several
advantages to DSO, including voltage control,
power peak management, backup support, and
enhanced power quality. DSOs have the option to
use fixed contracts or make service requests on an
as-needed basis.

Enhance the grid
by including
more services.

Scenario 6: Facilitate
the functioning of spot
markets, responsible
parties, and reserve
markets such as FCR
and FFR.

SDN has the potential to enhance market-led
services, especially in reserve markets and other
immediate prospects. The use of SDN flexibility
by an aggregator or balancing actor is contingent
upon the prevailing market circumstances.

SDN optimizes
financial profits
in several
business sectors.

Scenario 7: The local
energy community
offers peer-to-peer
markets, shared electric
vehicle charging, solar
and storage systems, and
many services.

SDN can serve as a central hub for local energy
services. Examples of community services
include peer-to-peer exchanges, electric car
sharing, the placement of solar panels next to
sustainable development zones, battery systems,
and several other services. The neighborhood has
the potential to greatly benefit from grid and
market services. The control possibilities
available to the community include self-
sufficiency and economic efficiency.

Provide
adaptable
services to the
energy
community.

Results.

The SDN methodology is developed and implemented in two application scenarios such
as Germany and Finland. The control architecture is applied to each development case, as well
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as to prototypes and test setups. Despite the unique features of each case, a shared structure
enables the creation of services and business models that are compatible with each other. Besides
creating a prototype of the SDN concept, it was also tested and confirmed in a controlled
laboratory and testing environment.

Discussion.

1. Intelligent Home Automation and Sustainable Solutions in Germany.
The SDN in Germany has developed a reactive power controller and an active power controller
to regulate transformer loads [13]. Figure 5 depicts the replication of the operational controller
on a compact grid including five loads.

----- consumption without control
= 201 — consumption with control
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Figure 5 - Power Distribution (a) Household power usage data and (b) transformer load active
power controller control signals

The maximum power consumption of dispersed loads is determined by Pmax. The trigger
frequency is adjusted by the Clock Speed Calculator as the transformer loading approaches its
maximum value. Following the activation of triggers, the Control Signal Integrator
systematically decreases power. Once the load on the transformer decreases to less than 0.8 per
unit (p. u.), the power limit is progressively raised once again. The power constraint is eliminated
if the loading falls below a second threshold of 0.7 per unit (p. u.). The transformer load was
decreased to a level below its maximum capacity, as seen in the accompanying graphic.

2. Smart Home Automation and Sustainable Solutions in Finland.

Finish academics are doing an investigation of the network of suburban or rural areas
[14]. Customers are linked to this network within a radius of one kilometer, and it is equipped
with an above-ground transformer. Low voltage (LV) networks have a radial configuration.
Initially, a transformer-connected community of 10 people would be subjected to testing. These
conditions are ideal for community efforts in distant, rural, and other areas with inadequate
energy resources. The THT Control 4 Stage Decision Engine (4SDE) offers advanced control
and optimization capabilities inside the control architecture. 4SDE is responsible for managing
client demand response controls and controlling the drive of the SDN prototype using PLC-based
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converters. Lora WAN wireless technology and direct control signals will be used for client
connection. The 4SDE system collects external signals and adjusts its performance based on the
specific application scenario. The control structure is shown in Figure 4. The 4SDE control
system optimizes power supply and energy load via a simple control platform. The 4SDE has
four distinct stages, namely: 1. Constantly active; 2. Activated at ideal times; 3. Activated as
required; and 4. Adaptable storage unit. The components of the power supply and load are
grouped into four phases. The dynamic power request of each customer load is determined by a
four-stage process of demand response classification. In the context of decision-making, power
needs may be classified into four distinct categories: ideal, required, and urgent. The 4SDE
employs 24-hour, historical, and current predictions for optimization purposes. Subsequently, the
system implements thresholds and parameters that are tailored to certain classes of components
and clientele.

Conclusions.

This research facilitated the advancement of SDN and its associated applications in
MV/LV transformers. While the technological architecture has been mostly established, our
investigation will include an examination of cost-benefit analysis, social implications, and
commercial strategies. SDN will establish a connection between the MV and LV levels. To
provide more perspective, a more thorough examination of the relationship between the top and
lower layers will be conducted. The flexible architecture enables the use of diverse control logics
and implementations across a range of circumstances. The technical and interoperability needs of
smart transformer technology may be more effectively met by standardizing the presentation of
use cases and matching their characteristics with the SGAM reference framework. The presence
of homogeneity facilitates the objective comparison and contrast of different circumstances. This
facilitates the identification of regulatory gaps by regulators and assists network operators in
devising viable solutions. The use of energy market services encompasses several services such
as multi-market optimization, day-ahead optimization, and frequency control. Local grid services
include a range of activities, including voltage regulation, bottleneck management, investment
optimization, and power quality enhancement. The application cases emphasize various energy
community services, including peer-to-peer transactions, shared rapid charging, local
optimization, resilience, and local flexibility markets. Ultimately, they include indigenous
resources such as photovoltaic panels, battery stations, and rapid electric vehicle charging.
Simultaneously addressing these use cases would enhance the financial feasibility of the
proposition.

REFERENCES

[1] K. Méki, S. Motta M. Baranauskas, M. Sillanpai, T. Vahtera, P. Ylirisku and V.
Kohonen (2023) «Smart Transformer as an Energy Community Service Node». In 27th
International Conference on Electricity Distribution - CIRED, Rome, 2023.

[2] CEN-CENELEC-ETSI, “Smart Grid Reference Architecture,” Int. Bus., vol. 1, no.
November, pp. 1-118, 2011.

[3] R. Santodomingo et al., “SGAM-based methodology to analyse Smart Grid
solutions in DISCERN European research project,” in 2014 IEEE International Energy
Conference (ENERGYCON), 2014, pp. 751-758.

[4] M. Uslar et al., “Applying the smart grid architecture model for designing and
validating system-of-systems in the power and energy domain: A European perspective,”
Energies, vol. 12, no. 2, 2019.

[5] E. Guillo-Sansano et al., “Transitioning from centralized to distributed control
using SGAM to support a collaborative development of web of cells architecture for real time
control,” no. June, pp. 1-4, 2016.

510



Ka3KKA Xa6apmbicel Ne 5 (134), 2024 ISSN 1609-1817 (Print) The Bulletin of KazATC
Becruuk KasATK Ne 5 (134), 2024 ISSN 2790-5802 (Online) DOI 10.52167/1609-1817
vestnik.alt.edu.kz

[6] M. H. Syed et al., “Laboratory infrastructure driven key performance indicator
development using the smart grid architecture model, CIRED - Open Access Proc. J., vol.
2017, no. 1, pp. 1866-1870, Oct. 2017

[7] M. Liserre, G. Buticchi, M. Andresen, G. De Carne, L. F. Costa, and Z.-X. Zou, “The
Smart Transformer: Impact on the Electric Grid and Technology Challenges,” IEEE Ind.
Electron. Mag., vol. 10, no. 2, pp. 46-58, 2016.

[8] V. Psaras et al., «Protection of L\VDC Networks Integrating Smart Transformers:
The Case of LV Engine Falkirk Trial Site». The 17th International Conference on AC and DC
Power Transmission (ACDC 2021), Online Conference, 2021, pp. 204-209, doi:
10.1049/icp.2021.2470.

[9] V. Psaras et al., «Protection study for SST-integrated LVVDC networks with multiple
feeders». 19th International Conference on AC and DC Power Transmission (ACDC 2023),
Glasgow, UK, 2023, pp. 38-44, doi: 10.1049/icp.2023.1305.

[L0] A. Alahdivild, K. Maki, A. Kulmala, J. Ikdheimo, K. Forssen, Y. Cho, H. Kim, J.
Cho, & J. Kim (2018) «Guidelines for Residential Customer Interface and Connection
Principles in LVDC Grids». In CIRED 2018 Workshop Proceeding International Conference
and Exhibition on Electricity Distribution. CIRED Workshop Proceedings Vol. 2018

[11]C. Neureiter, D. Engel, J. Trefke, R. Santodomingo, S. Rohjans, and M. Uslar,
“Towards consistent smart grid architecture tool support: From use cases to visualization,” in
IEEE PES Innovative Smart Grid Technologies, Europe, 2014, pp. 1-6.

[12] SGAM Toolbox - https://www.en-trust.at/downloads/sgam-toolbox/

[13]Pabon Ospina L.D., “Combined zonal and local control using grid- forming
inverters in a complex medium and low-voltage island grid: a study case in a realistic German
network. September. 2023.

[L4]JUK Power Networks spearheads world-first smart transformer trial:
https://www.ukpowernetworks.co.uk/news/uk-power-networks-  spearheads-world-first-smart-
transformer-trial

Anuadex  TaxubaeB, noxtopant, Energo  University, Anmarel, Kazakcran,
adilbek_kentau@mail.ru

Hpoyaar Yrenbeprenos, T.F.1., npodeccop, Energo University, Research Engineering
JXKIIC, Anmarsr, Ka3zakcraH, i.utepbergenov@gmail.com

Epnap AmutoB, PhD, xaysiMaacteipsuiran npodeccop, Energo University, Anmarsl,
Kazaxkcran, ernar_amitov.91@mail.ru

FOmusa CxkasipoBa, PhD, mpodeccop, University of Aveiro, Cantbsiro, Ilopryranus,
ioulila@ua.pt

laaeimokan  Kynak6aeB, mupekrtop, STC Alageum Engineering XKILC, Anmarsl,
Kazakcran, g.kulakbaev(@alageum.com

TAPATY TPAHC®OPMATOPITAPBIHJIAFBI AKBLJIIbI IU®PIBIK TYUTHIEP
APKBLIbI UHTET PALIUSITAHFAH KJIMEHTKE BAFBITTAJIFAH )KYWEHIH,
ABTOMATTAHABIPY CTPATET'USACBIH TAJITAY

Angarna. Keneci KbUigapaa TYTHIHYIIbIFA OaFbITTaliFaH KbI3METTEPIl KEHUIIETYIerl
MV/LV Tapary TpaHchopMaTOpiapblHbIH MaHBI3ABUIBIFBIHA KONTETeH IJIENII HerizaeMerep
6ap. Tpanchopmarop neHreriHaeri HHTEIIEKTTI OIPIKTIPY aBTOMATTaHIABIPYyAa KUl KETICIIEHTIH
TeMeH kepHey (LV) sxemicin Oackapy >KyHeciHIH cHUMarTaMaliapblH KYIIEWTY MYMKIHAITIHE He.
Tpanchopmarop xeprimikti xeke xkeniep MeH EDGE ecenreynepi CHSKTBI  03BIK
TEXHOJIOTHsIIAp/Ibl Naiananyra MyMKiHIIK Oepeni. Tpanchopmarop COHFbI TYTHIHYIIBUIAPIBIH
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KYPBUIFBUIAPBIH OpTallla KePHEYII JKellire KOCy/la MaHbI3/Ibl pell arkapabl. OAETTe, HhICAHHbBIH
OpHaJIaCKaH epi KOpIlli SHEPreTHKAIBIK aybUIIbIH IMIHICTT KIMEHTKE >KaKblH OpHaJIacKaH.
Tpanchopmarop  cTaHIUsUIApBl  JKEPrUTIKTI  SHEPreTUKAJbIK  KaybIMIACTHIKTBIH,  YJIKEH
(bOTORNEKTPIIIK MAHETBAIK KYHeTepIiH KoHE JKbUIAAM 3apsiiTay KYPbUIFbUIAPBIHBIH KaMTaMachl3
eTUTYi1H KEHUIIETETIH aKKyMYJIATOPJIAp/Abl OPHATIACTHIPY YIIIH TaMalla OpbIH OOJbIN TaObLIaIbI.
byn makanaga xomimri MV/LV Ttapary TpanchopmaropiapbsliH aaMacThipaTbiH Smart Digital
Nodes (SDNs) sHepreTukaiblK KOFAaMJIACTBHIKTBIH OpTaJbIK TYHiHAEpl peTiHAe maijganaHy
yChIHBIIaABL. Byn 3eprrey Tapary TpaHchopMmaropbl JeHreWiH[e jkaHa UQPIBIK KbI3MET
MOJZETIiH yChIHyFa apHanFaH. [1IpIHaiibl eMip/ieH anblHFaH ClieHapHiiiep yehiHbuFan. Ocbuiaiiiia,
TpaHCcPOPMATOPIBIK CTAHLMS KEPriTIKTI SHEPreTUKANIBIK KOFAMIACTBIKTa aKKyMYJISTOPIap.Ibl,
aiitapipikTaii - ¢orodnektpiuik  (PV) maHenpaik KUHAKTApAbl HEMEce JKbUIIAM 3apsaray
KYpPBUIFBLIAPBIH O1pIKTIPY YILIIH ©T€ TUIMII alaHIbl YChIHAIBI.

Tyiingi ce3mep. AKbUIABI UPIBIK TYHIHAEpP, Tapary TpaHChOpMaTopiapsl,
(hOTORNIEKTPIIIK, OpTaIIa KepHeyIi ke, KoraMablK KbI3METTEp KOHE TO3IMILTIK.
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AHAJIN3 CTPATET UM ABTOMATH3AIIMA UHTET PUPOBAHHOM
KJIUEHTOOPUEHTUPOBAHHOM CUCTEMBI C IOMOIIbIO
HUHTEJUIEKTYAJIBHBIX IU®POBbLIX Y3J10B B PACIIPEJAEJIUTEJIBHBIX
TPAHC®OPMATOPAX

AnHoTanusi. CylecTByeT MHOXECTBO yOEIUTENbHBIX OOOCHOBAaHUI  BaXXHOCTH
pacnpenenuTenbHbIX TpaHC(GOPMATOpPOB CPEIHErO/HU3KOTO HANPSDKEHUs JUIs  OOJerdyeHust
NPEAOCTaBICHUS] YCIYyT, OPHUEHTUPOBAHHBIX Ha KJIMEHTa, B Onmxkaimme roabl. MHTerparus
WHTEJUIEKTa Ha YpPOBHE TpaHCPOpPMATOpa MOXKET YIYYIINTh XapaKTePHUCTUKUA CHCTEMBI
ynpaBiieHus: ceTbio Hu3koro HampsbkeHus (HH), xoTopoil yacTto He XBaraeT aBTOMATH3aIMH.
Tpanchopmarop MO3BOJISET HUCHOIB30BaTh MEPEAOBbIE TEXHOJOIMHM, TAaKUE KakK JIOKaJbHBIE
yacTHele ceT M BbluncineHus EDGE. Tpanchopmarop urpaer >KM3HEHHO BaXHYIO poOjib B
MOAKTIOYCHNHN TIPUOOPOB KOHEUHBIX TIOTPEOHTENEH K CeTH CpenHero HanpsokeHns. Kak mpasmuiio,
00BEKT pacrioyiaraeTcsi B HEMOCPEJACTBEHHON OMM30CTU OT KJIMEHTAa Ha TEPPUTOPUU COCETHETO
SHEPTeTUYECKOTO TOoceNKa. TpaHcpopMaTopHbIE CTAaHIMHM, TaKUM 00pa3oM, SBISIOTCS
UeaJbHBIMM MeCTaMHU Ul pa3MelleHHust Oartapeil, KoTopble O0JerdaroT >XU3Hb MECTHOMY
SHEPreTHYEeCKOMY COOOUIECTBY, Oojee KPYMHBIX CHCTEM (OTORIEKTPUUECKUX TMaHenel u
YCTPOMCTB MJI1 YCKOPEHHOM 3apsiakh. B  3TOHM crarbe MOpencTaBiI€HO MCIOJIb30BAHUE
WHTEJUICKTYaIbHbIX MU(PPOBHIX y3710B (SDN) B KauecTBe IEHTPATBHBIX Y3JIOB B DHEPTETHIECCKOM
cooOmiecTBe,  3aMEHSIOMIMX  TPAJAULUOHHBIE  PACHpPEACTUTENbHBIE  TpaHC(HOpPMATOPHI
CpeIHEero/Hu3Kkoro HampsbkeHus. Llenapio JaHHOro wHcciaenoBaHUs SIBISETCS CO3/1aHUE HOBOM
MOZETH IU(PPOBBIX YCIyr Ha YpPOBHE pacHpeAenuTenbHoro TpaHcopmaropa. [IpencraBieHs
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peanbHble cleHapuu xu3HH. ClenoBareiabHO, TpaHchOpMaTOpHas MOACTAHIMS NPEACTaBISET
coOOH OueHb BBITOAHOE MECTO JuId MHTerpanuuu Oarapeil, KpyIHBIX KOMIUIEKTOB
¢doroanekrpuueckux (PV) maneneit wunam  ycTpoHCTB  OBICTpOH 3apsAKM B MECTHOE
9HEpPreTU4ecKoe CoOOLIECTBO.

KiroueBbie ciaoBa. VHTemnekTyanbHble LHUQPPOBBIE Y3JIbI, paclpeleIuTeNbHbIe

TpaHcPopMaropbl, POTOIICKTPHUUSCKHE CHCTEMBI, CETH CPEIHEr0 HANPSHKEHUs, OOMIECTBEHHBIC
YCIIYTU U yCTOMYUBOCTD.

*hhkkhkkhkkhkhkkhhkhkkhkhkkhkihkkhhkhkkihkkhihkkhhhkkihkhihhkkhikhkihkhihkihikhihkhhhiihihkhihkiikhkihhihkihihkihhihkiihik
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'Energo University, Anmmater, Kasaxcran
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E-mail: ernar_amitov.91@mail.ru

UCCJEIOBAHUE METOJ0B CYIIKA C MIPECCOBAHUEM TBEPJIOM
n30J10U CHJIOBBIX TPAHC®OPMATOPOB C HEJIBIO YBEJIMYEHUSA
AKN3HEHHOI'O HUKJIA

AHHoTanusi. Hanwume BIarm MOXKET HAHECTH BpEIl CHIIOBBIM TpaHchopmaropam,
YCKOpsAS TPOIECCHl CTapeHUs, YMEHbIIas JAMAJICKTPUUECKUN 3amac, HadalbHOE HaIlpshKeHHE
YAaCTUYHOTO Pa3psiia, YTO B CBOIO OUYEPE/Ib MOBHIIIACT PUCK HEOKUIaHHBIX cO0eB. COBpEeMEHHbBIE
ANEKTPOTEXHUYECKUE MPEANPHUATHUS UCTIONB3YIOT PA3IMYHBIE METOBI CYIIKH, 3a4aCTyI0 MHOTHE
3 HUX MeHee 3¢ dekTuBHBI. [ pemeHus 3TUX MpoOJeM B JAHHOH CTaThe MpearacTcs
OPUMEHSTh CHHTETHYECKHI 3(pHUp B CYXOM pacHpelesuTeIbHOM TpaHcopmatope. [l
UCCIIEIOBaHMsI ObUIa MCIOJIb30BaHA YCOBEPILIEHCTBOBAHHAS HKCIIEPUMEHTAJIbHAS MOJEIb
u3omsiuu  TpaHcopmaTopa. C MOMOIIBI0 3TOM MOAENU OCYHIECTBISIACH CYIIKA CIOYKHOTO
3(upa ¢ MOMONIBI0O MOJIEKYJSAPHOTO (GUIBTpPAa W TIHIATEIIBHO OTOMpaach aacopOMpoBaHHAas
macca. CopxepkaHue BOJbI B TI0JIOCAX IPECCOBAHHOIO KapTOHA JO0 W TOCIE CYIIKU
QHWIM3UPOBAIM s ompezaeneHuss AS(P(EKTUBHOCTH CYIIKM I[EJUTFOJIO3HON  U3O0JIALUU.
Cognepxxanve BoOABI ompenensiach MeTonoM TuTpoBaHusi Kapna @wumepa. Ilpu ypoBHe
BrnaxHoctH 3¢pupa 105-120 ppm u Temneparype cuctembl u3ossiiuu 70 rpamaycoB oOpasiibl,
NpOLIEIINE CYIIKYy B TEUYEHHE 5 IHEH, MOKa3aldu MOTEpro BOJbI Bblie 1%. DKcniepuMEHTHI
MCCIIeI0BaHMS OBUTH MPOBEPEHBI HA CUJIOBBIX paclpeleNuTeIbHbIX TpaHchopMaTopax.

KuaroueBbie cioBa. TexHuka CyIIKH, paclpeleluTeNbHble TpaHC(OpMAaToOpbl, Biara,
CHUHTETHYECKUH 3¢pup.

Beenenne.

CunoBbsle TpaHcQOpPMATOPbl YaCTO BBIXOJSAT W3 CTPOSI U3-3a pa3pyLICHUS H3OJSIHH.
Bnara siBnsercs 3HaUUMBIM (aKTOPOM CTapEHUs DIEKTPOTEXHUUECKOW Oymaru, MocKojabKy OHa
ABJIIETCS. OJHOBPEMEHHO KaTalM3aTOpoM M CJEJICTBUEM J3TUX mHporeccoB [1-2]. OObIYHO
YIBOCHHUE COJIEp>KaHMsI BOJbI B M3OJSAIMOHHOM Oymare cCoOKpaliaeT cpok ee ciayxObl. Tak,
TpaHchopMmaTop ¢ BIaKHOCThIO 4% crapeet 3a 10 ser, a TpanchopMaTop ¢ BIaKHOCTBIO 2%
crapeet 3a jaBa jaecstmietus [3]. TpanchopmaTopsl 00BIYHO UMEIOT CPOK Ciryx 061 OT 30 10 50
JET, 4YTO B OCHOBHOM OIIPENEISAETCSI COCTOSHUEM H3OJSALMOHHOM CHCTEMBI, KOTOpas
€CTECTBEHHBIM 00pa30M yXy/AIIAeTCsl ¢ TEUeHHEM BpeMeHH. TemrmepaTypa SBISETCS KIIFOUEBbIM
(dakTOpOM, BIMSIOIIMM Ha CKOPOCTh peakuMid B MuHepaibHOM Macne. [loBblmieHue
TeMIlepaTypbl Macia npumepHo Ha 10 rpagycos Llenbcus yckopsieT mpouecchl CTapeHHs B Ba
paza B amana3zoHe ot 60 mo 100 rpagycoB Lenbcus [4]. [lo ucteuenuun 30 setr uzonsuus
TFEPMETUYHBIX CETEBBIX TPAaHCPOPMATOPOB OOBIYHO COJNEPKUT OKoJOo 2% BOABL, a B
pacnpenenuTeNbHbIX TpaHCPOopMaTopax €O CBOOOJHO IBIIIALIMMH PACIIUPUTENISIMH MOXKET
conepxkatbesl 10 3% Boabl [5]. Tpanchopmaropbl ¢ MEMOpPaHHBIMH CUCTEMaMHU, 3alOJTHEHHBIN
MUHEPAIBHBIM MAacjOM, IOJIBEPTaloTCs €XErOAHOMY IOBBIIIEHUIO BIAXKHOCTH LEJUIFOI03HON
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m3omsinuu B jauanasone ot 0,05% mo 0,06%. Opnako y TpaHchOpMaTopoB, OCHAIICHHBIX
pacuIMpUTeNsIMH, 00eCIIeUMBAIOIMMHI LUPKYJISILAIO BO3/1yXa, MOKET HAOII0AAThCsl MOBBIILICHHE
Ha 0,2% [6]. ns TpancdopmaTopa, HaXOASIIErocs B IKCILTyaTauu okoyio 20 JieT, W30
MOXeT ObITh KiacCU(UUUpOBaHA Kak «MOKpas» B COOTBETCTBUM C TpeMs CTaAMUsIMHU,
onpeneneHubivu B ctapmapte I[EEE Std 62-1995 [7]. DTo MOXET CHHU3WTH HArpy304HYIO
CHOCOOHOCTh W MOTpeboBaTh mpocyllku u3omsiuuu. Ilo mepe pasnmoxkeHuss maciaa B Hel
MEHSIOTCS BA3KOCTb, KUCIOTHOCTD, COAECPKAHUE BOJBI U AJIeKTpuueckue ceoiictBa. CocrapeHHast
LEJUTE0JIO3HAsT M30JISIIKS MOJBEPraeTcsi OKMCICHUIO, THAPONN3y U TepMonusy [8]. Paznuunsie
peaxkiuy, Takue Kak TeMIEpaTypa, ypOBEHb KUCIOPOa, HAIMYUE BOABI U KaTalu3aTOPbl, MOT'YT
BJIMATH Ha CKOPOCTh peakiuu. Ha ckopocTh IBMXKEHUS BIUSAIOT YPOBEHb KHUCIOPO/A U BBICOKAs
TemIeparypa usosupymomeil cucreMsl. Llemnmtono3nas Oymara pasnaraercs ropasfo ObiCTpee
npu BiIaXHOCTU 3% 1o cpaBHeHUIO ¢ 1% Bozwl [9]. I1oBbIlLIEHHBIN YPOBEHD BIAXKHOCTH MOYKET
OBITH PE3ybTATOM IPOLIECCA CTAPEHUS U MONAJaHUs BOJbI CHAPYKHU B CUCTEMY H3OJISLUH. JTO
SIBJICHUE BBI3BAHO M3MEHEHMSMU OTHOCUTEIbHON BIQXKHOCTU M NEPUOJUUECKUMH KOJIeOaHUIMU
nasnenus [10].

CoBpeMeHHbIE KaMephl s CYLIKH TpaHC(OpMATOPOB MCHOIb3YIOT TEIUIO AJIS Harpesa
U30JISIUH ¥ CO3/IaHUs BaKyyMa 3a CUeT BBITATHBAHUS BO3Iyxa u3 Oaka. HarpeB obenx oOMOTOK
Hu3KodacToTHbIM HarpeBoM (HYH) B Bakyyme B Hacrosiiee BpeMmsi siBiseTcsi Hauboliee
apdexTuBHBIM MeTogoM. OIHAKO crIpoc Ha pacmpenenutenbHbie Tpanchopmatopsr BH/CH
Hu3kuil. IIpoOneMbl ¢ yTeukamMM M KOMIIPECCHEeH pe3epByapOB YacTO BO3HUKAIOT H3-3a
HEJIOCTATOYHOTO MoJIIepKaHus Bakyyma [11-12].

B nuteparype ucnonb3yroTcs pa3iaMuHble H30JAHOHHbIE OyMaru, Takue Kak LeJI103a,
kpadpT-Oymara, tepmuuecku yiyumieHHas kpadr-Oymara (TYK) u 1. a. [13]. Kpome Toro,
He/laBHee Mccie/loBaHue OBLIO MPOBEAEHO C LIEbI0 M3YyYEHHMsS BO3MOXKHOCTH HCIOJIb30BaHUS
aucToB 1eiTonio3bl BMecto Oymarn TYK [14]. Llemntono3Hsle U30ISIIMOHHBIE MaTepHANIbI
coJepKaT apaMHIHOE BOJIOKHO, KOTOpO€ O0ecleunBaeT HCKIUYUTENbHYI0 MPOYHOCTh U
tepmocToiikocTh 10 220°C. CyiecTByeT BEpOSTHOCTh TOTO, YTO LIEUIIOJIO3HAS U30JISUOHHAs
Oymara MO>XKeT UMETh JIYUIllyl0 TepMOCTOiiKocTh, yeM Oymara TYK. OnHako Ba)XKHO y4HUTBIBAaTh
U Jpyrue BaxHble (akTopbl. MccnenoBaHue OXBaTbIBAaeT pa3ivyHble (DAKTOpBI, Takue Kak
MEXaHMUECKUE XapaKTEPUCTUKHU, COACP)KaHUE BIIATH, dJIEKTpUUYEecKas cTaOUIbHOCTh, TOOOYHBIE
IPOAYKTHI CTAPEHUS U POYHOCTh Ha pa3phIB [15].

Henmono3nas nzonsauus coctouT u3 70% nemnronossl, 30% TepMUYECKH yIIydIIEHHON
kpadT-uemwttonos3sl U 30% mMeraapaMHIIHBIX BOJOKOH. B pesynbrare TpH ciiosi CKMMArOTCS B
onuH cioil. Camblii BepxHuil cioir cocrout u3 TYK. Mcnonp3oBaHue LEUIION03HBIX BOJIOKOH
JUISL U3TOTOBJIEHUSI OCHOBBI Oymaru sBiseTcs oOuenpuHsTol mnpaktukod [16]. Apamuanbie
BOJIOKHA CITy’KaT JJIsi CTaOWiIM3allui U YKPEIJIeHHs IEJUTIOJIO3HBIX BOJOKOH. JTa CTPYKTypa
MOBBILIAET MEXAHWYECKYI0 IMPOYHOCTh OyMard Ha cllydaid, ecid LeJulioyio3a ocjaOHeT B
pe3yJIbTaTe MPOLECCOB CTapeHus. ApaMuIHbIE MaTepualbl JAEMOHCTPUPYIOT BbIAAIOIIMECS
TEIUIOBbIE XapaKTEPUCTUKU MPHU HCIBITAHUAX Ha BO3JyXe, UX KJIACC TEPMUYECKOW CTOWKOCTH
MO3BOJIIET BBIAEPKUBATh Temreparypy no 220 rpaxycos llenbcusa. BaxHO OTMETHTH, 4TO
apaMUJHblE MaTepHUabl 3HAYUTENIBHO JOPOXKE LEUII0NIO3HBIX. Llemtono3a nuMeer paszyMHYIO
LEHY ¥ 00J1a/1aeT XapaKTePUCTHKAMH, HAXOIAIMMUCS MEXIY apaMHJIOM U Iiesutrono3ou [17].

B or0il crarthe mpencTaBiIeHO AKCHEPUMEHTATIbHOE HCCIIEOBAaHHME Ipollecca CYIIKU
LEJUTIOJIO3HOW  Oymaru cuHTeTHYecKMM d¢upoMm. M3yueHue BIMSHMA TemIepaTrypbl Ha
OTJIeIbHBIE XapaKTEPUCTUKHU CHUHTETUYECKHX I(PHUPOB, HCCIEIOBAHHE TOr0, KaK TEPMHUUYECKOE
CTapeHUE U BIIAYXHOCTb OKPYXKAIOIIEH Cpesibl BIUAIOT HAa U30JISILUIO U3 LIEJIIH0I03bI.

Marepuaasl 1 METOABI.

Hccneoosanue 83aumocssazu medxncoy 61adiCHOCMbIo, KUCIOPOOOM U MeMnepamypot, u
NPOOOIHCUMENTLHOCINBIO HCUSHU.
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BimstHus TeMmiepaTypbl B TOpSYMX TOYKAax, COAEpXkKAHUSA BJIATM M KOHUEHTPALUU
KHCIIOpPOJila B H3OMAIMOHHOM Oymare u3 memmoio3bl u TUK sBisercs 1enplo JTaHHOTO
3KCH€pI/IMeHTaJIBHOF 0 HCCJICIOBAHUI. I/IMI/ITaI_II/IOHHaH MOACIb pa3pa60TaHa JJIs1 ITIOHUMAaHUA
CBOMCTB M30JIAIIMOHHON OyMaru B BBIIICYIIOMSHYTBIX YCIOBHSIX.
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Pucynok 1 - CpaBHeHHE CpoKa CiTyKObl H30JISAIIUY IPH TPEX YPOBHSAX KUCIOPO/Aa B 3aBUCUMOCTH
OT TeMIEPaTyphl U BIAKHOCTH: (a) Oymaca TVK, (6) yernronosnasn bymaea

Cpox ciy»0s1 TpanchopmaTopa, UCTIOIB3YIOMIETO MEJUTI0I03HYI0 Oymary u auctel TYK
IIpU TEMIEpaTypax ropsuux Touek B auanazone ot 50 no 160 °C, nokazaH Ha pucyHkax 1(a) u
1(b). Cunraercs, yTo M3OIALMOHHAS Oymara OOBIYHO MMEET YpoBeHb BiIaxHocTH oT 0,5% no
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3%. BaxHO nOHMUMAaTh, YTO TEMIIEpaTypa, BIAXKHOCTH W YPOBEHb KHUCIOPOAA JIOJIKHBI
OCTaBaTbCs IOCTOSHHBIMM Ha TMPOTSDKEHUH BCed KU3HU. MOJENIUpOBaHHUE IMOKa3bIBAET, UTO
CYUIECTBYET KOPPENSAIUs MEXKIy HU3KMM W BBICOKMM YPOBHEM KHUCIIOpOJAa M HAJIWYHEM
TPEXCIOMHBIX TOBepxHOCTeH. Ha pucyHke 1 mnpoaeMOHCTpUPOBAaH KaK HHU3KUH YpPOBEHb
KHCIIOpOJia IPOJIEBAET >KU3Hb, B OTIMYME OT JBYX JpYrMxX ypoBHeHl kuciopozaa. Ilo mepe
YBEJIMYEHUS! KOHLEHTPALUK KUCIOPOAa pa3HUIIa B MPOAOHKUTEIbHOCTH JKU3HH YMEHBIIACTCS.
Cpok ciyx0bl emIoNo3Hoi Oymarn BaBoe Oombine, yeM y Oymarm TYK, kak BuUAHO H3
cpaBHeHus pucyHkoB 1(a) u 1(b).

OKcnepumenmanbHbulli CMeHo.

brok-cxema ucnbITaTeIbHON MOJIENH MMOKa3aHa Ha PUCYHKE 2, a JlabopaTopHasi MOJEIb,
[OKa3aHHas Ha pPHUCYHKE 3, ¢ TOYHOCTHIO BOCHPOU3BOAUT U YJIydllaeT HPOLECC CYIIKU
LEJUTIONIO3HOW HM30JISIMM ¢ UCHOJb30BaHueM >(upHbIX pacTtBopureneil. [lepBoe mpeccoBka
OOMOTKHM OCYHIECTBIIsIETCS € CWIIOHM, ykazaHHOM B cymke (1 nmxin -100%) ¢ Tpems umkiamu
HArpy3KHU-pa3rpy3Kd, BBIIEPKHMBas OOMOTKY IOJ JaBJCHHEM B Te4eHHe 2-3 MHUHYT IOCIHe
JOCTHXKEHUSI CWIIbl, KaK IIOKa3aHO Ha pucyHke 4. Jlns perynupoBaHMsl Ipolecca CYUIKU
LEJUTIONIO3HBIA YTEIJIUTENh XPAaHUTCSI BHYTPU TEPMOHU3OJIMPOBAHHOTO KOHTEiHepa. Y Bxola B
KaMmepy Haxoautcs nepuctanbruyeckuil Hacoc (IIH), koropeiii oOecnednBaeT LUPKYJIALUIO
3(hUpHON KUIKOCTU MO Bcel cucrteMe. Llemmono3nas U30MsAIUs CIOCOOCTBYET PaBHOMEPHOMY
HarpeBy M cyuike npu uupkyisauuu. Ha Beixone 6b11 ycranoBiieH pacxonomep (FM) ¢ kinannanom
(CV) mns perynupoBanusi motoka 3¢dupa. OnTuMusanms CKOPOCTH MOTOKA XKUAKOCTH HMela
peliaroliee 3HA4eHHE JUIsl COTJIaCOBAHUSA IPOU3BOJUTEIBHOCTH BAKyyMHOM CYIIMJIBHOU
YCTaHOBKH C jkejaeMoi 3¢ ()EeKTUBHOCTHIO, KOTOPYIO 3aT€M MOXKHO ObUIO Obl MHTETPUPOBATH B
MOPTAaTUBHYIO CUCTEMY.

P HCYHOK 2 - YcraHnoBka mpoToTUIa 1Jjis CyIKnu HU30JIALIMOHHOM CUCTEMEI B na6opaT0p1m

B mpakTudeckoM NpPUMEHEHUHU CIOXKHBIM 3(Up TOMKEH MPOWUTH MPOIECC CYIIKA C
HCIIOJIb30BaHNWEM BaKyyMHOH cucteMbl. OfHAaKo B J1a0OpaTOPHBIX YCIOBMSIX JJIsi 3TOM LIENU
UCTIONIE30BAIM MOJIEKYISpHBINA GuibTp 3A. Bec ¢punbTpa ObUT OTpEryIMpoBaH TaKUM 00paszoM,
yTOOBI TOAJICPKUBATH COJIEPIKAHKME BJIaru B CJI0KHOM 3(dupe Hmwke 130 yacTelt Ha MIJIJTHOH B
TEPMOU30JIMPOBAHHOM KOHTEWHEpE, 00OPYIOBAaHHOM H3OJSIIUOHHON CUCTEMON (MCIBITYEMBIH
00bekT). TemmepaTypy U cojaepaHue Bjiard B d(Upe KOHTPOIUPOBAIN C IMOMOIIBIO JaTUUKA
BiaxkHocTH (HS1), yctaHOBIEHHOTO Ha BX0JIe MOJIEKYJsipHOTO (husbTpa (S). JlaTunk BIakHOCTH
HS2 npeana3znaden s onpeaenieHus TeMIEpaTypbl U YPOBHS BIAKHOCTH OKPYKAIOIIEH Cpedbl.
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3arem 3¢up MOMENMAIT B KamMepy, MpeaIHa3HAUCHHYIO [UIsS 3aIIUThI HCIBITYEMOT0 00BEKTa OT
BBICOKHX TeMmIeparyp. BHyTpu 3Toil Kamepbl HaxOAMTCA THOKHH CHIBGOH, B KOTOPOM
3aKJIF0UYEeHa MOJIeNb 00MOTOK Tpancdopmaropa. Jaruuk comporuBinenus PT100 ucmonb3yercs
JUI U3MEpeHHs TeMreparypsl 3dhupa B BepxHell yacTu kamepbl, a Tepmonapsl (Tu, Tn u Tc)
UCIIOJIB3YIOTCA JJI OTCIICKMBAHMS TEMIIEpaTyphl Ha BHEIIHEH CTEHKE KaMephbl B TPEX Pa3HBIX
TOYKax. bblga mpoBeieHa OLEHKA MPH H3TOTOBJICHHH MACJIONPOBOIOB MEXIY CIOSMH C
UCIIOJIb30BAHUEM MOJICIN MOCIOWHOW HAMOTKH, COCTOSIIEH U3 MPO(UIMPOBAHHOTO METHOTO
npoBofia ¢ OyMaKHOH W30JIAIMCH U IOJOCOK IPECCOBAaHHOTO KapTOHA pasMepoM 2,2
muuiMerpa. [IpoBepka ypoBHS BIQKHOCTH LEIUITIOJIO3bI BKJIOYAET IPOBEPKY IOJIOCOK IO H
nocisie mpouecca cymku. [Tocie TIIATEIBPHOTO TECTUPOBAHUS U3JCIHE TOYHO BOCIIPOU3BOIUT
WIHHIPAYECKYIO (HOpMYy H3OJSIIUU CHIIOBOrO TpaHchopmaropa. IToT moaxon 3PQPeKTHBHO
OTCIIC)KUBACT M KOJIMYECTBEHHO OIICHUBACT MPOIECC CYIIKH IEJUIFOJIO3HON H30MIAIUN B
KOHTpOJIUpyeMol 71abopaTopHOil cpene. DTO JaeT LEHHYH HHOOPMALHUIO O MPAKTUYECKUX
NPUIOKEHUAX, TAKUX KaK yIPaBICHUE U30JIAIMEH CUIOBBIX TpaHC(HOopMaTopoB.

Pucynok 3 - McnibiTaHre CUCTEMBI U30JISIIIUU:
MOOenupo8aHue MHO2OCIOUHOU 0OMOMKU 8 cucmeme U30nAYuU (a);, 06veKm Ucnblmanusl
cucmemvl uzonayuu (b) u cucmema nabopamopmvix ucnvimanuii (c)
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f)

Pucynok 4 — IIpeccoBanue 0OMOTKH B CTAaOUIM3UPYIOIIEM IIpecce:
noO0CcoeOuHeHUue 2uOpasIudeckol Cmanyuu Kk cmadouruzupyrowemy npeccy (a) u (b),
2UOpABIUYeCcKUll azpe2am cCmadurusupyrowe2o npecca (c), NOOKIoYeHue CmaduIuupyoue2o
npecca K 8aKyymMcyuuibHomy wxa@y (d); yemanoska namomka 6 npeccyrowem ycmpoticmee (e);
npeccosxa oomomku 6 cmaduruzupyrowem npecce (f)

Pe3yabTarsl M 00CYyKIEHUS.

[Iporenypa Cymku BKJIIOYaida MCIOIb30BaHHE CHHTETUYECKOTO CIOKHOTO 3¢dupa SYN-
ESTER® 7131. CBs3p TemmiepaTyphl ¢ XapaKTEepUCTUKAMHU BOJBI B CIIOKHOA(DUPHOHN JKUIKOCTH,
BKIIIOYasi BSI3KOCTh, IUIOTHOCTh W PACTBOPHUMOCTH, BUIHA W3 JAHHBIX, MPEICTABICHHBIX B
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tabnume 1. 3HAYMMOCTh ITHX XapaKTEPUCTUK OOBICHAETCS BHIOPAHHON TEXHOJOTHEW CYIIKH.
[ToBbimenue 3(pPeKTUBHOCTU CYIIKH MPU MOBBIIICHHBIX TeMIlepaTypax TpeOyeT pacIiupeHHs
nopora BOJIOHACHIIIEHUS BHYTPH d(upa U CHIKEHUS BS3KOCTH IKUAKOCTH. JlaHHBIE,
IpuUBeICHHbIE B Ta0iMile, HArJsSAHO MOATBEPKIAIOT 3TO yTBepxkAeHue. IlepBoHayanbHOE
U3MEPEHHUE CONEPKAHMsI BOJbI B CHHTE3UPOBAHHOM CIIOKHOM 3(upe ObUI0 3apUKCUPOBAHO KaK
120 yacTeit Ha MWJUTHOH (M.J1.). YPOBHH BJIQXXHOCTH CJIIOKHOTO 3(upa MoKa3aHbl HA PUCYHKE D,
JEMOHCTPHPYS €ro mpoaBrxkeHue uepe3 monekynspaoe puiabtp (WCEL), mocienyroniuii BEIXo
u3 puibTpa U nocienyriee ABMKeHue yepes kamepy Harpea (WCE2). Ipouecc TmarenbHoM
CYIIKH 3aHsUT HeAemo. Monudukamnuio MoJeKysspHoro GuibTpa agcopOepa HabIOqaIM Yepes
48 yacos. [locie 3ameHbI cuTa MPOU3OILIO 3HAYUTEIFHOE CHIXKEHUE YPOBHS Biaru. B mpouecce
CYLIKM MaTrepuaj, MNpOIIEAIINNA dYepe3 QUIbTp, JEMOHCTPUPOBAT YMEPEHHOE YBEIUYEHUE
colepkaHusi BIarn. MOoNeKynspHbld  (QUIBTP TMOKa3al O0XHUIAEeMble XapaKTEPUCTUKU.
CopneprkaHue Biard CI0XHOTO 3dupa U3MeHsuIoch mpuMepHo Ha 10 wyacteil Ha MHJUTHOH (ppm)
IpU MPOXOKJIeHUH uepe3 hunbTp. i noanepikanus 3alaHHOTO COJIepP KaHUs BIaru s 3pupa,

BBIXOJISIIIETO Yepe3 (QUIbTpP, TOCTOSHHO TOAIEPKUBAJICS auana3oH Braxknoctu 100-130 gacteit
Ha MUJUIHOH.

Tabnmuma 1 - WccnenoBanue BAMSHHS TeMmIepaTypbl Ha OTAEIbHBIC XapaKTEPUCTHKU
CHUHTETUYECKUX F(UPOB

Croiicrea Temmnepatypa (rpaxycsl Llenbcus)
35 45 55 65 75 85 95
llpenen HachIMCRS | 9160 | 3474 | 3781 | 3899 | 3913 | 4122 | 4791
BOJION. (ppm)
BsskocTh (mm?/s) 51 31 20.2 15 12.7 9.5 7,1
ITnotHOCTH (Kg/m®) 1015 976 955 945 934 928 921
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Pucynok 5 — MonexkymsipHblii GuIbTp u3MepsieT cojepkanue 3¢pupHoii Boas! Ha Bxoae (WCEL)
u Beixozie (WCE2)

[Iporno3upyemMblii Tiepuoj CyLIKU cocTaBuil 168 4acoB, 4TO COOTBETCTBYeT 7 HHSM. B

pe3ynbTare OLEHWBAIM COJACpKaHHME BJIAard B 00paslax IEJUTFOJIO3bI, MOJYYCHHBIX U3 TOJIO0C
IIpeccoBaHHOrO KapToHa. Tpu oOpasua ObUTM TOMYyYEHBl M3 Pa3HBIX YYaCTKOB IOJIOCHL.
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Brnaxxnocts onenuBanacy no meroauke Kapma @umepa. B Tabnuue 2 moka3aHsl A0S BIard B
MAacCOBBIX IIPOLIEHTAaX MOCJIE IPOLECCca CYLIKHU LEIIII0I03bI.

Ta6J'II/II_[a 2 — Macconas A0JId BJIar B IIPOLCHTaX IIOCJIE IIpoHecca CYIKN HEITF0JI03bI

OreHKa coJiep)KaHus BJIaru B 00pasiax
OnruMalibsHEIE KonnuectBenHas oneHka
HauvannHoe Coneprkanue BObI B
TOYKH 0TOOpa HIOTEPU BOJIbI B
COJIepXKaHue BOJIbI B oOpa3iie nocie
mpo0 Ha 1moJsoce . BBICYIIICHHBIX 00pa3iax
o0pasIie nepes CymKou CYIIKH
Bepxuuii 2,71 1,27 1,05
Cpennuit 2,91 2,12 2,23
Huxnunit 2,84 2,41 1,97

Ha pucynke 6 1moka3aHa KpuBas pPaBHOBECHS BIAXKHOCTH, KOTOpas IIO3BOJIET
HOJ/IEP)KUBATh COJIEpKAHUE BIard B CHHTETHYECKOM 3(upe Ha ypoBHe 130 yacteil Ha MILIMOH
IpU OJHOBPEMEHHOM COKpAIIEHUM BPEMEHM CYIIKM IpeccoBaHHOro kaproHa mo 0,5%.
VYBenuyeHue NpoJODKUTENIBHOCTH Tpoliecca CYIIKH, YTOOBI OOJEryuTh IOIVIOIIEHHE BOJIBI
LEJUI0JIO30U U, CIIEN0BATEIbHO, CHU3UTh COJACPKAHUE BJIATU. DKCIEPUMEHT I1OKa3al OTIIMYHbIE
pe3yJIbTaThl IPH MCIOJIb30BAaHUM METOJA CYyIIKH, 4To cocTtaBwio 1,2%. Ilpu Bo3nelictBun

MEHBIIIETO KOJMYECTBA BJIATM TpaHC(HOpMATOp MOXKET paboTaTh Oosiee CTAaOMIBHO U UMETh
MEHBIIIYIO0 BEPOSITHOCTh OTKa3a.

4 : 30°C

50°C

70°C

Water content in paper (%)
(3%

0 100130 200 300 400 500
Water content in sythetic ester (ppm)

PucyHok 6 - AHanu3 KpUBBIX PAaBHOBECHSI BJIar B CHCTEMe LIEJII0I03Has Oymara-
CUHTETHYECKU 2Qup

[To cpaBHEHUIO C APYTHMMH METOJAMH CYIIKH H3OJISIIIUH TpaHchOopMaTopa, MOKa3aHHBIN
Ha PUCYHKE 7, HACTOSIAs METOJOJIOTHSI UMEET 3HAYUTENIbHbIE MEepCIeKTUBLI. McciaenoBanus u
aHaJM3 MOKa3bIBAIOT, YTO ATOT METOJ Oy/IeT OYeHb YCIENIHBIM U dKBUBaJieHTeH MeTony LFH c
YCTAaHOBKOM MaclisHOro pacnbuieHus. [Ipennonaraercs, 4To s JOCTHXKEHUS YpPOBHSA
BJIQXXHOCTH TpaHcopmaropa 1,5% morpeOyeTcs meproj CymKd B T€YEHUE OJHOU HeAenu. ITo
MPEIIOIOKEHHEe OCHOBAaHO Ha TIIATENBHO BHIOPAHHBIX DJKCHEPUMEHTANBHBIX YCIOBHUAX U
conepskanuu Binaru 3%. DPpdeKTHBHOCTh CYIIKH TEKY4ero CHHTETUYECKOT0 A(pupa OLEHUBAIH B
nabopaTtopHbix uccnenoBaHusx [17]. OmHako aBTOpHl pabOTHl CYMTAIOT, YTO TAKYIO CYLIKY
MOYHO TTPOBOAUTH TOJIBKO Ha IJIONIAKE, OCHAIIEHHON CTallMOHAPHON TEXHUKOM.
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Vapour phase

Proposed Synthetic ester

LHF+Hot oil Spray

LHF+ il circulation

Hot oil circulation+vaccum circulation

Omline oil degassing (6000L /h; temp: S5deg.C)
Omline oil degassing (200L/h; temp: 353deg.C)
Omline oil degassing (Z200L/h; temn: SSdeg.C)

Molecular Sieve

Online oil degassing (Z00L/h; tem: 30deg.C)

0 0.01 0.1 1 10 100
Drying Duration (Years)

Pucynok 7 - Onpenenenrie He0OX0IMMOT0O BpEMEHHU CYIIKU TpaHchopmaropa ¢ Mmaccoi
n3oisiiuu 20 TOHH

D¢ dexkTuBHOCT, 3TOW TpoUEAypbl OOYCIIOBIEHA pPABHOMEPHBIM M HWHTEHCHUBHBIM
HAarpeBOM H3OJSAIMM 32 CYET MCIOJIb30BaHUS BOJOPACTBOPUMOTO CHHTETHYECKOTO H3dupa.
I'epmernsupoBare pesepByap He TpeOyercs. 3a c4eT OTKa3za OT HCIOJB30BaHUS BaKyyMma
COKpaIlaeTcst BpeMs, Heo0X0uMoe Ui MOATOTOBKH TpaHcopmaTopa K cymike. Cpok ciay>KObl U
0e30macHOCTh  TpaHC(HOPMATOPOB MOXHO TIOBBICUTH 3@ CYET CHIDKEHUSI COJEpKaHUs
uzonupymomieid Biaru. [lo Mepe CHIDKEHHS coAepaHHs BOABI B HM30JSAIUU HAOIIOIAeTCs
YBEIUYCHHUE IEKTPUIECKON MMPOYHOCTH U CHUIKEHUE CKOPOCTH JIETIOIMMEPH3AIIAH TIETUTIONIO3HI.

3akJ/ro4yeHue.

Teepmas wm3omsIMs pacHpenenuTeIbHOr0 TpaHchopmaropa MpH BaKyyMHOH CyIIKe
co3/aeT npoOieMbl U3-3a OTCYTCTBHSI T€pMETHU3AIMN WIK HU3KOM MpPOYHOCTH Oaka Ha CiKaTue.
[ToaToMy pekoMeHIyeTcsi HCIOIb30BaTh AIIEKTPOM3OJSALMOHHYIO KHUJAKOCTb, 00JalalolIyI0
BBICOKOM pacTBOPUMOCTBIO B BOJE, Ul CYLIKM LEJUII0JI03HOro HamonHurtens. IlpoBeneHo
SKCHEPUMEHTAJIbHOE  HCCIEJOBAaHWE  MOJIENIM  CUCTEMbl  M3OJSIMM  TpaHchopmaTopa,
MOJIBEPIIIEICs CyIIKe C MCIONb30BAaHUEM TEKy4ero cuHTeTuueckoro s¢upa. M3HauyanbHO
BJIQKHOCTh IPECCOBAHHOIO KapTOHa cocTaBisiia 2,3%. D¢up, HCIOIB3yeMbI IS CYLIKH
LEJUTI0NIO3bI, COAEPKUT Boay B KoHueHTpauuu 100-130 gacreir Ha MuwumoH. TemmepaTtypa
BEPXHErO0 CJI0sl HAMOTOYHOU Mojienu koniebanack ot 74 1o 78 rpaaycos no Llenbcuro. [Tocne 168
4acoOB JKCIUTYaTallMM MOJOCKH ITPECCOBAHHOIO KapTOHA MOTepsui Boay Ha 1,08 MponeHTHBIX
nyHkTa. [Ipexae ueM BHEAPSTh 3TOT MOJIXOJ B MOJIEBBIX YCIOBUSAX, BAXKHO YCOBEPILIEHCTBOBATh
KaK caM MPOIECC, TaK U MPOTOTHN CUCTEMBI. C TOYKHU 3peHHs IHEProdP(HEKTUBHOCTH CIIEIYET
paccMOTpeTh JBa BapuaHTAa: UCHOIB30BAaHUE MOIJIGKYJSIpHOTO (uabTpa B  KadecTBe
BJIAromnorjIoTUTEIIA WM arpe€raT BaKyyMHOI'0O Harpe€Ba M CYIIKH. COOTBeTCTBeHHO, 9T METOJbI
CYIIKH TPOBEPEHBbI Ha paclpeAeTUTEeNbHbIX TpaHChOpMaTOpaXx Ha OCHOBE PE3yJIbTATOB HAIIMX
JKCIIEPUMEHTOB.

Baaronapuocrs. JlanHoe wuccienoBaHue (¢UHAHCHpPOBaJIoch KomuTeToM Hayku
MunucrepcTBa Haykd W Bbicumiero oOpaszoBanus PecryOnmku Kaszaxcram mo rpanty Ne
AP14871951. Uccaenosanue BeinojgHeno TOO «TRENCO R&Dy, r. Acrana.
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YKYMBIC LMKJITH YIFAUTY MAKCATBIHJIA KYIITIK
TPAHC®OPMATOPJAPIBIH KATTBI OKIIAYJIAMACKHIH KBICBITT KENTIPY
OJIICTEPIH 3EPTTEY

Angatna. blnranasiH 00mybl KYIITIK TpaHchopMaTopiapra 3USHBIH TUTI3yl MYMKIH,
TO3y TPOIECIH XKeACMACTe i, UIISKTPUK KOPBIH, OACTANKbl >KApThUIAH Pa3psITHIK KEpHEY/I
azaiTazpl, OV €3 Ke3eriHie KyTHereH ICTeH IIbIFy KaymiH apTThIpajbl. 3aMaHayd dSJIEKTP
KOHIBIPFBUIAPHl KENTIPYMiH OPTYPIl OAiCTEepiH MaiijganaHaabl, OJapIblH KONIIUIri keOiHece
tuiMatirt temed. Ocbl Mocenenepl miemy YUIiH Oyl Makana Kyprak OKIIayiamalbl Tapary
TpaHC(OPMATOPBIHIA CHHTETHKANBIK dSQUPAl MaigamaHyAbl YCBIHAABL 3epTTey  YIIiH
TpaHcPOPMATOPIbIH OKIIAyJIaMaChIHBIH JKETUIAIPUITeH 3KCHEPUMEHTTIK YJTICi KOJJIaHBUIIBL.
byn Monenwai maiijanaHa OTBIPBIN, dPUP MOJIEKYIANBIK CY3TiHIH KOMETIMEH KENTIpUIIl jKoHe
aacopOuuANIaHFaH Macca MYKUAT TaHgannael. llemmrono3a OKImIaynarbIIBIHBIH - KEOTIpY
THIMJAUIITIH aHBIKTAY VIIIH KENTipy alJblHAa JKOHE OJIaH KEeWIHr1 TMpecc TaKTaChIHBIH
JKOJAKTapbIHAAFbl ¢y Kypambl Tanaannsl. CyaeiH memmiepi Kapn ®@umiep tutpriey omiciMeH
aHBIKTAABL. DQUP BUIFAIIBUIBIFBIHBIH JeHreli 105-120 ppm koHe oKmiaynay KyHWeciHIH
temneparypacel 70 rpagyc OGosca, 5 kyH Ooitbl kenrtipuiren yiariuiep 1% -maH actam cy
IIBIFBIHBIH KOPCETTI. 3epTTEy TIKipuOenepi KyaTrThl TapaTy TpaHCGOpMATOPIapbIHAa ChIHAIFAH.

Tyiingi ce3mep. Kentipy TexHONmOTHACH, TapaTy TpaHchoOpMaTopiapbl, bUIFal,
CUHTETHUKAIIBIK dPUp.
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STUDY OF PRESS DRYING METHODS OF SOLID INSULATION OF POWER
TRANSFORMERS TO INCREASE THE LIFE CYCLE

Abstract. The presence of moisture can harm power transformers by accelerating the
aging process, reducing the dielectric reserve, initial partial discharge voltage, which in turn
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increases the risk of unexpected failures. Modern electrical engineering enterprises use various
drying methods, often many of them are less effective. To solve these problems, this article
proposes to use synthetic ether in a dry distribution transformer. An improved experimental
model of transformer insulation was used for the study. Using this model, drying of the ester was
carried out using a molecular filter and carefully selected adsorbed mass. The water content of
pressed cardboard strips before and after drying was analyzed to determine the drying efficiency
of cellulose insulation. Water content was determined by Karl Fischer titration. At ether moisture
level of 105-120 ppm and insulation system temperature of 70 degrees, samples dried for 5 days
showed water loss above 1%. The experiments of the study were tested on power distribution
transformers.

Keywords. Drying technique, distribution transformers, moisture, synthetic ether.
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