MIiHICTEep CTBO OCBITH 1 HAYKH YKpaiHu
KpuBOpi13bKUil HAIIIOHATBHUM YHIBEP CUTET

EnexrporexHiunuii paKkyibTeT

[TosicHrOBanbHA 3amKACKa
JI0 BUITYCKHOT p00OTH MaricTpa
3a crienianpHICTIO 141 — Enektp oenepreTrka, el1eKTp OTeXHIKa Ta

EIIEKTp OMeXaHiKa

TEMA BUITYCKHOI POBOTU

JOCJIIIKEHHA JIATHOCTMYHNX O3HAK ACUHXPOHHOI'O IBUT'YHA
3 KOPOTKO3AMKHEHM POTOPOM B ABAPIMHUX PEXXUMAX POTOP-

HOTI'O KOJIA
Buxkonas: crygent rpynu EMO-23m Hanuio TOHYAP
Kep1BHUK BUITy CKHOT pOOOTH 1.7.H., npod. Banepiit TUTHOK
HopMokoHTpoJiep A.7.H., mpod. Banepiit TUTIOK
Jexan ET® K.T.H., 1o11. Bnagucnap ®EJJOTOB
["apaHT O0CBITHBOI ITp OTpaMu 1.7.H., mpod. Cranicnas TOJIMAYOB
Kpusnii Pir 2024 p.



3ABJAHHS HA
BUITYCKHY POBOTY
3JI0OBYBAUY BHIIIOI OCBITH
Lonuapy Hanuny Onexcanoposuuy

(mpi3Buie, iM’s1, 0 6aTHKOBI)

1. Tema po6otu: «JlocmiaKeHHs J1arHOCTUYHUX O3HAK aCHHXPOHHOTO JIBUTYHA 3 KO-

POTKO3aMKHEHHUM P OTOPOM B aBap iIHUX P €KMMaX p OTOPHOTO KOJIa»
2. Ctpok nmomanHs 3100yBayeM pobotu : 5 rpynasi 2024 p.

3. Mera Ta 3aBJlaHHS BUITY CKHO1 p 000TH
Mera Ta 3aBHAHHSI BUITYCKHOI pOOOTH — OOTIPYHTYBAHHS MOKJIWBOCTI JIIATHOCTY-

BaHHS HECIPABHOCTEW POTOPHOIO KOJIa aCHHXP OHHOI'O KOP OTKO3aMKHEHOI'O JIBU-

T'VHA IIP ¥ BUMIP FOBAHHI CTATOPHUX BEJIMYMH; VI0CKOHAJICHHS MAaTEMATHYHOI MOAET]

ACHMHXP OHHOI'O ABUI'YHA JJIsI BUBYCHHS AP aMETPHUYHOI ACUMETP 1i POTOPHOI'O KOJId

Ha MOKA3HUKH p000TH AJl, BU3HAYEHHS JIIATHOCTHYHMX O3HAK aBap 1IMHOTO CTaHy Ol-

JS1901 KIITKH ACMHXP OHHOI'O IBUI'YHA.

4. 3MICT MOSICHIOBAJIBHOI 3aITUCKU (ITEPENTIK NUTaHb, sIKI HEOOX1JHO PO3POOUTH)
S. [lepenik rpagiyHOro Marepiany (3 TOUHUM 3a3HAYEHHSIM 000B’ I3KOBUX Kpec-
JIEHB)

_Cnaiiou npezenmayii' y Kinbkocmi

wmyx

6. Koncynbrantu po3aiutiB poboTu

JlaTta, mignuc

Posznain | [pi3Buie, iHiliaiu KOHCYJIbTaHTA =
3aBiaHHs BUJIaB | 3aBJaHHs IPUITHAB

I Tutiok B.K. 05.09.2024 10.10.2024

II Tutiok B.K. 05.09.2024 3.11.2024

I Tutiok B.K. 05.09.2024 25.11.2024




7. KanennapHuii 1aH BUKOHaHHS P 0OOTH Ta KOHCYJIbTAIIIN

HazBa eraniB pobotu

JlaTa
BUKOHAHHS

Oruisq HayKOBO-TEX HIYHOT JIITEp aTypH 3 1N
TaHb aBap1MHOCTI ACUHXP OHHUX JIBUTYHIB 7
KOP OTKO3aMKHEHHUM P OTOPOM, OTJIS ICHY O
YHX METO/1B BU3HaAUEHHS mapameTpiB A/l 14
HampsIMKIB JIaTHOCTUKH iX TEXHIYHOI(
CTaHy.

28.09.2024

dopMyIroBaHHS 00’ €KTa, TPEAMETA Ta METH
JTOCI1KEHHS

3.10.2024

MateMaTUyHE MOJIETIOBAHHS ACUHXPOHHUX
JIBUT'YHIB 3 BUKOPHUCTAHHSAM TEOPii y3araib
HEHO-TO eJIEKTPOMEXaHIYHOTO Tep ETBOPIO]
Baua.

14.10.2024

Po3pobka MaTeMaTUaHOT MO/1€JT1 ACHHXP OH
HOT'0 IBUT'YHA 3 OLIS40I0 KJTITKOIO Ha POTOP
3 BHUKOPHUCTaHHSM TEOpIi y3arajbHEHOIq
€JIEKTP OMEXaHIYHOr 0 TIep ETBOPIoBaya Ta 1]
Bep UPiKaris.

24.10.2024

AHani3 pexuMmiB poOOTH aCHHXPOHHOI(
JIBUTYHA 3 KOPOTKO3aMKHEHHM P OTOPOM
[P Y HECUMETP 11 HAIp YT )KUBJICHHS.

28.10.2024

AHani3 peXHMIB PpOOOTH ACHHXP OHHOIQ
JBUTYHA 3 KOPOTKO3aMKHEHHM P OTOPOM
[P ¥ BATKOBOMY 3aMHKaHHI CTaTOPA.

3.11.2024

AHan3 peKHMIB POOOTH ACHHXP OHHOIQ
JIBUTYHAa 3 KOPOTKO3AMKHEHHM P OTOPOM
p U 0OP MBI CTP M>KHIB OUTSIUOT KIIITKH.

10.11.2024

BuzHaueHHs 11arHOCTUYHUX O3HAK aCUHX
POHHUX JIBUTYHIB B aBapiiiHUX PEKUMAX PO
ootu

17.11.2024

OdopmiteHHS MOSICHIOBAJIBHOT 3aIUCKA T4
TIp €3CHTAaIlil BUITY CKHO1 p0OOTH

05.12.2024




Jlata Bugaui 3apgands 05.09.2024 p.

3100yBa4 BUIIIOI OCBITH T'onuap /1.O.
(minmmc) (T11B)
KepiBauk poéotu Turwk B.K.

(migmuc) (TITB)



SMICT

Pedepart

Beryn

Po3nin 1 CyuyacHuii cTaH €1eKTp OMEXaHIYHUX IIEp ETBOPIOBAUIB €HEPTii B

P OMHCIIOBOMY BUP OOHMIITBI

1.1 Anani3 TEXHIYHOTO CTaHy €JIEKTP OMEX aHIYHUX Tep €TBOPIOBAUIB CHEP-

Tii Ta Ip MYMH 1X aBap IMHOCTI

1.2 Orns aHrTOMOBHUX JIITEP aTYPHUX JIKEPEIT.

BucHoBku 1o po3auty 1

Po3ain 2. MatemaTiuuHe MOIETIOBAHHS ACHHXPOHHOTO IBUTYHA 3 O17151-

Y010 KJIITKOIO Ha pOTOP1

2.1 MaTtemaTHuHe MOJICTIOBAHHS aCHHXPOHHOTO JIBUTYHA B Tp Uda3Hii

KOOP JWHATHIN CUCTEMI

2.2 MatemaTiaHe MoaemoBaHHSA A J] OUTSI9010 KITITKOO 3 BUKOP UICTAHHSIM

Teopii y3arajabHEHOTO eJIeKTP OMEXaHIYHOTO Iep eTBOPIOBaYa

2.3 Peanizaiiigs MaTeMaTuaHOI Moeni Al 3 01144010 KITITKOIO y

MATLAB

BucHoBKku 110 p o3ty 2

Po3nin 3 locaimkeHHs 11arHOCTUHYHAX 03HAK aCHHXPOHHOTO IBUTYHA 3

OLTAYOFO KITITKOIO Ha pOTOP1 B aBapIMHUX p ©KUMAX

3.1 CriekTp anbHMIA aHAJI13 MUTTEBO1 IOTYKHOCTI aCHHXP OHHOTO ABUT'YHA

3 OUIAYOI0 KIIITKOIO HA pOTOP1 B aBAPIMHUX P EKUMAX

3.2 T'onorpad ctpymy cTaTopa aCHHXPOHHOT'O IBUTYHA 3 OLISTYOT0 KITIT-

KOIO Ha pOTOP1 B aBap INHUX P SKUMAX

BucHoBk#M 110 p 031ty 3

BucnoBku mo po6orti

Jlitepatypa




Pedepar

___CTOpPIHOK, _ TaOnullb, PHUCYHKIB, _ JI’KEp e JiTepaTypHu.

Tema BuImyckHoi po060TH: «JloCmiKeHHS TIarHOCTUIHUX 03HAK aCHHX POH-
HOTO JIBUT'YHA 3 KOP OTKO3aMKHEHHUM P OTOPOM B aBap IMHUX P €KUMaX P OTOPHOTO
KOJIa»

MeTo10 po60TH € 00T YHTYBaHHS MOKITUBOCTI A1arHOCTY BaHHS HECIP aBHO-
CTeil pOTOPHOr0 KOJIa ACHHXPOHHOTO KOPOTKO3aMKHEHOT'0 IBUTYHA TP U BUMIP 10-
BaHHI CTATOP HUX BEJTUYHH.

006’exTOM T0CTITKEHHA MaricTep CbKoi poOOTH € TP OLIECH €TIEKTP OMEX aHi-
YHOTO TIep ETBOPEHHSI aCHHXPOHHOTO €JIEKTP O/IBUT'YHA.

IIpenmMeroM aocaigskeHHs Maricrep CbKoi p00OTH € 0COOIUBOCTI €IEKTP OMe-
XaHITHOTO Mep ETBOPECHHS aCHHXPOHHOTO €JIEKTP OJBUT'YHA Y P 13HOMaHITHUX HECH-
METP MIHHUX P ©KUMaX, BKITIOUAOUN 0OPHB CTP MXKHS O1LI901 KITITKH KOP OTKO3aMK-
HEHOT'0 pOoTopa.

Bumnyckna po0oTa mp ucBsiueHa CTBOPEHHIO MATEMAaTUYHOT MOJI€JT1 aCUHXPOH-
HOTO JIBUT'YHA 3 Yp aXyBaHHSIM p €aJIbHOT KOHCTP YKIIi1 KOPOTKO3aMKHEHOTO P OTOpa
y GopMi OUISTYOT KITITKH, IO AO3BOJIWIO O BUBYATH P €KUMU P OOOTH ACUHX POHHOTO
JIBUT'YHA TP U p13HOMAHITHUX BUJIaM MEP €KEBO1 Ta Map aMeTPUYHOT HECUMETP11 3
00Ky cratopa Ta potopa. BuBueHHs p exxuMiB poOOTH aCHHXP OHHOI'O IBUTYHA Y
HECUMETP UYHMX P SKUMaX JT03BOJIMIO BUSBUTH J1arHOCTUYHI 03HAKH, SIK1 BKA3y-
I0Th Ha OOP MB CTP MKHS OUTSTI0T KITITKH.

3 BukopucranHsaM Matlab/Simulink cTBop eHO MOBHY MaTeMaTUYHY MOJIENb
ACHHXP OHHOT'O IBUT'YHa 3 OLJIT400 KITITKOIO Ta MOXIIMBICTIO yp aXyBaHHS P 13HUX

BU/IIB aCUMETP1i Ta IX KOMOIHYBaHHS.



Y 3HaYHOMY 00Cs131 BUKOPICTaHI P13HOMAaHITHI METOIH JTOCI1JIPKCHHS, TaK1 SIK
MaTeMaTUJHI P 03paxyHKH, TpadidHi MO0y I0BH, MAaTEMAaTHYHI 3aJIEKHOCTI Ta TEOP -
TUYHI TTOJI0KEHHSA 3 Kyp 1B « Teopist enexTp onpuBoay, « Enextpuyani mamuumy, « Te-
Op €TUYH1 OCHOBU €JIEKTP OTEXHIKW», « CydacHi METO U 11IeHTH]IKAIliT, MOHITOP UHTY
Ta J1arHOCTUKH €JIEKTP OMEXaHIYHOTO 00JIaTHAHHSD).

KrouoBi cioBa: ACMHXPOHHMI JIBUT'VH, BUISTYA KJIITKA, HECH-
METPIA XXUBJIEHHSA, TAPAMETPUYHA HECUMETPIA, ATATHOCTUYHI
O3HAKMU.



BCTYII

He3Bakarouu Ha aKTUBHE BITP OBA/IKEHHS B [P AKTUKY POOOTH BITYU3HSIHUX IT1]1-
[P UIEMCTB T'1p HUY0-BU 00y BHOI Ta METATyPT1MHOT ITP OMUCIOBOCTI, TP @aHCTIOPTY HO-
BHX Cy4acHUX TUIIB enekTp onpuBoiB (EIT), ouikyBaHa epeKTUBHICTD iX poOOTH
P OJOBXKY € 3aJTUILIATUCS TP 00JIEMOIO, SIKa BUMArae CBOI'o BUP 1IIICHHS.

[Tepu 3a Bee, 11e MOB'A3aHO 3 TAKOIO BAYKIMBOIO CKJIAJ0BOIO P 00JIEMHU, SIK Ha -
JIAHICT eJ1eKTp onpuBOIiB. Cep €] TOJIOBHUX CKJIa0BUX €JIEKTP OMEXaHIYHOTO 00J1a-
JHAHHS, 10 TOTP €0YIOTh BUP 1IIEHHS 3aa4l IABUIIEHHS 1X HAaJIMHOCT1, 0COOJIHUBO Yy
HICIISIp EMOHTHUM NIEP 101, B IEP LY YEPTY, HEOOX1THO BUAUTUTH €1EKTP UUHI ABUTYHU
sk noctitHoro (JI1C), Tak 1 3MIHHOTO cTp yMy: acCUHXp OHHUX (A J]) Ta CUHXp OHHUX
asuryHiB (C/[I). llop14HO BUXOAUTH 3 Ta1y 1 pEeMOHTYEThCs 10 30% napKy enekTp nd-
Hux aBUryHiB (EJI), 1110 BUKOP KICTOBYIOTHCS B ITP OMHUCIOBOCTI, 1 10 70%, 1110 BUKO-
PHUCTOBYIOTHCS Ha TpaHCIOPTi. B mep eBakHii OLIBIIOCTI, MICIS PEMOHTY SICKTP HUHI
JBUTYHU IOBEP TAIOTHCS Ha MNP HEMCTBA, JI€ [P OJIOBXKYIOTh €KCILTYy aTyBaTHUCH 10
HACTYITHOTO BUXOY 3 1aay. KUTbKICTh pEMOHTIB MOKE CTAHOBUTH 3 - 4 NP 3HAU-
HOMY 3MEHILIEHH1 Yacy HampaloBaHHs Ha BigMoBYy 10 0,5 - 1,5 poky. [lana curyais
MOSICHIOETHCS TUM, 1110 €JIEKTP OTEXHIYHA CTAJIb B IIP OLIECI pEMOHTY MiJI/Ia€ThC MEXa-
HIYHUX MOIIKO/IKEHb, 1 €JIEKTP MUHI IBUTYHH, SIK1 3HOBY HaA1MIILIIN Ha BUP OOHUIITBO,
MaroTh p €aJibH1 eKCIUTyaTalliiHi MOKa3HUKHU 3HAUYHO HIKYE, HIK 3aJ1€KJIapOBaHI 3aBO-
aoM-Bup 00HUKOM. KpiM TOT0, IMITy 1bCHUM XapaKTep HapyTH )KUBJIEHHS, IKHi1 Bi1ac-
TUBUN Cy4aCHUM Iep eTBOPIOBaYaM, 0€3 NP UHHATTS JOTOMIKHHUX 3aXO/11B, TAKOXK
P KCKOPIOE MP OLIEC BUXOTY €IEKTP UIHOT0 IBUT'YHA 3 JTATy .

Takox BaXXKJIMBUM € TIABUIIIEHHS HAJIHHOCTI MEHIII TTOTITUP €HUX Y HAP OMTHOMY
rocriogapctsi CJl ta JII1C, siki Takok MarOTh BUCOKUH BIJICOTOK aBap iftHOCTI. MoxHa
BUJIUTUTH P s17] MOXKIMBUX M1AXO/1B MiIBUIIIEHHS HaA1itHOCTI EM: p 03BUTOK HOBHUX
M1JIXO/11B P U P O3POOIIi MICASIPEMOHTHOI 1IarHOCTUKH €JIEKTP UMHOT0 0012 THAHHS;
pO3poOKy 1BIIp OBaLKEHHA 3ac001B MOHITOpUHTY EM y mp o11eci iX JKUTTEBOTO LU~
KITy; pO3pOOKY 1 BITP OBAXKEHHS TP UCTPOiB IHTENEKTyalIbHOTO 3axucty (13) EM. A

11e, Y CBOIO UepTy, P U3BOAUTH JI0 3MIHU EKCILTyaTallIHHUX XapaKTEPUCTHUK CUCTEM



pEeryJItOBaHHs Ta P €KUMIB EHEP TOCIOKUBAHHS CUJIOBOI0 YCTaTKyBaHHs. ToMy jaiar-
HOCTHKA TTap aMeTpiB, BUBHAYEHHS p €aJIbHOI p 000TO3maTHOCTI EM B TicIsip eMOHTHUIA
nepioja—3agava 0e3nocep eAHbO0 3a0e31neueHHs 30epeKeHHS e1EKTP UUHOT0 YCTaTKY -
BaHHS.

[To-agpyre, miABULIEHHS HAAIMHOCTI €1EKTP OMEXAaHIYHOI'O yCTATKYy BAaHHSI HE-
PO3PUBHO 3B’ A3aHO 3 HEMEP €p BHUM KOHTP OJIEM [1ap aMETP1B TEXHIYHOTO CTaHy (DyHK-
I[IOHYOUYMX MEXaHI3MiB, TOOTO, ITPp 00JIEMOIO TEXHIYHOT /1IarHOCTUKH B3arai. JlocBi
MOKAa3Yye, IO YIP OBAIKEHHS 3aCO01B J1arHOCTUKH CTAHY € OJTHUM 3 HaWBaKTUBIIINX
YUHHUKIB MABUIIEHHS €KOHOMIYHOT €()eKTUBHOCTI BUKO-P UICTOBYBAHHS MAIIIMH 1 M€-
XaHI3MIB Y BUP OOHHUIITBIL. Y Cy4aCHUX yMOBaX P U3HAUCHHS J11arHOCTH -KH MOJIATA€
HE TUTbKH y BUSBJICHH] B)KE BUHUKJINX, CKIJIBKU B TIOTIEP €IPKEHHI MOYKJIMBUX BiJIMOB 1
HECIp aBHOCTEH, a TAKOK B IATP KMITi ONTHUMAaJbHUX €KCILTyaTallIHHUX XapaKTepHC-
TUK BCTAHOBJICHUX BUMOTAaMH TEXHOJIOTTYHOTI'O IP OLIECY, B IP OTHO3YBaHHI 1X CTaHY 3
METOIO MOBHIIIOT0 BUKOP UCTOBYBAHHS JOPEMOHTHOTO 1 ITICIISIP EMOHTHOTO PECYPCY .
Teopis 1 npakTHKa J1arHOCTUKH P 03BUBAIOTHCSA Ha OCHOBI P €a113a11i1 p MHIUIIIB 0€3-
P 030IPHOCTI, YHIBEP CAJILHOCTI METO11B 1 3aC001B, 3a0€31eUeHHS BUCOKO1 OTIep aTHUB-

HOCTI iX BUKOP MICTOBYBaHHS.



Po3ain 1 CyyacHUHM CTaH eJIeKTpoMeXxa-
HIYHUX NepeTBOPIOBAYiB eHeprii B IPOMHUC-

JIOBOMY BUPOOHMITBI

1.1 AHaJ/Ii3 TEXHIYHOr'0 CTaHYy eJIEKTPOo-
MeXaHIYHHUX NepeTBOPIOBaYiB eHeprii Ta
NPUYUH IX ABAPiNHOCTI

Ctan aBapiiHOCTI €IEKTP MIHUX TP UBO/IIB HA IMI TP HEMCTBAX YKpaiHu, 0co0-
JIMBO B Tip HUYOI00yBHIH rairy3i, € Kp UTHYHO He3aJ0BIIbHUM. BU3Ha4YaIpHIM YHH-
HUKOM BUCTYIIA€ HAIIMHICTh €JIEKTP OJIBUT'YHIB, IOKAa3HUKH SIKMX 32 OCTaHHII Iepio]
3HAYHO MOTIP IHIAJUCS, MICISIMU 3HU3UBIIIUCH Y AECSITKU Pa3iB.

JleranbHUI aHATI3 TP MUUH BUXO/Ty €JIEKTP MYHUX MAIIIHH 3 JIay A€ 3MOTY BU-
OKp €MUTH JIBa KITFOUYOBI1 aCTIEKTH:

> Huzbkuii piBeHb TEXHIYHOTO 0OCITYTOBYBaHHS €JIEKTP OyCTATKY BAHHSI BU-
P OOHUYMM IIEp COHAJIOM, 1110 XapaKTePU3Yy€EThCS HEKBaI1(hiIKOBAHUMU J1SIMU, HEAOTPU-
MaHHSM BCTAaHOBJICHHX pETJIAMEHTIB 1, IK HACIIJIOK, ITep eA9aCHUM BUXO0I0M 001a1-
HaHHS 3 eKCIUTyaTalli.

> Bbpak yHi¢ikoBaHUX 3aXMCHUX MEXaHI3MIB IiJl Yac eKCIuTyaTallii, ki 0 He
nuiie 3a0e3neuyBainy JOTPUMAHHS YUHHUX P SKUMHUX BUMOT, alie i YHEMO>KITUBIIIO-
BaJTU TEXHIYHI MIOMUIKH 3 O0KY 00CIyTOBYIOUOIO Iep COHAIY.

Skuro nepa np MYMHA MOB's13aHa 3 HEKBaIi(PiIKOBAaHUM 0OCITYTOBYBaHHSM, TO
apyra6e3nocepeHbo CTOCYEThCS HEXTYBAHHS Ta HEHAJICKHOTO P 03yMIiHHS EKCIUTya-
TalIiHUX 1p aBu11 HOpM. [lapk efnexTp MYHUX MAIIMH HapaX OBY€e 3HAYHY KUTbKICTb
SJICKTP OJIBUTYHIB P 13HOMaHITHUX KOHCTP YKIIIH, OLIBIIICTh 3 SKUX HEOJHOP a30BO

P OXO/TWJIM p EMOHTHI MP OLIEYPH.



Bucoxki moka3HuKY aBap IHHOCTI TAKMX MAIlIMH 3a3BUYai 3yMOBJICH1 HE HU3b-
KOO SIKICTIO pEMOHTY, a BiZICY THICTIO HEOOX1THOT TeXHIYHOT JOKYMEHTaIlli Ta iHpop-
MaLi#HOT0 3a0e3neyUeHHs.

3a HasIBHUX YMOB Op aKye€ BUUEPITHUX TaHUX, K1 O T03BOJIIIN 00'€KTUBHO OI1i-
HUTHU HABaHTaKyBaJbHY CIIP OMOKHICTh €JIEKTP UYHOI MAIITUHH ITICJISI TIP OBEICHOTO
pemonTty [1].

[TpaxkTuaHMI JOCBIJ IIEp EKOHIMBO IEMOHCTD Y€, IO BiIp EMOHTOBAHA €JIEKTP U-
YHa MalllMHA HAaWJaCTIIe Ma€ BiIMIHHI B/ TIep BICHUX 3aBOJICHKHX IMACIOPTHI XapakK-
TEP UCTHKH, 110 3yMOBJIECHO CIICIU(IIHUMHU TEXHIYHUMHU 0CO OJIMBOCTSIMU Ta PaKTO-
pamu BIUTHBY.

Enexrpwuni MammuHu p 13HUX MO AUDIKATIIN, K TIP aBHUJIO, TIP OXO/ITh BITHOB-
JICHHS y CIIEHIaTI30BaHUX P EMOHTHHX IIeXaX 1 MANp UEMCTBAX. Y NESIKAX BUMAKaX,
0COOJIMBO P M HE3HAYHUX IMOUIKOPKEHHAX a00 J1J1s1 BEJIMKOTa0apUTHOTO €JIEKTP 000-
JaJIHaHHS, pEMOHTHI P OO0 TH 3IMCHIOIOTHCA 0€3110CEPEAHBO Ha MiCLIl €KCILTyaTallli.

TexHomor14Ha CKJIAIHICTh Ta P 13HOMAaHITHICTh PEMOHTHUX ITP OTIECIB Oe31moce-
P EIHBO 3aJIeXKaTh BiJl Criel(DiKK eIeKTp 000IagHaHH. 30KpeMa, B CKJIaTHUX CUCTe-
Max eJIeKTP ONPUBOJLY, OCHAIIICHUX, HATIPUKJIIA, THP UICTOPHHUMH ITep €TBOPIOBAYAMH,
OCHOBHHI 00CSAT €JIEKTP OP EMOHTHUX P 00IT BUKOHY€ThCS O€31mocep eHHO Ha MICIT:
HECTIP aBHOCTI TUP HICTOPHUX TI€P €TBOPIOBAYIB T1arHOCTYIOTHCS TP 0D 1IbHUMH CITY 5K-
O0amm, a JTOT1YHI Ta P €JIeHHO-KOHTAKTOPHI CHCTEMH 200 PEMOHTYIOThHCS, a00 Imiisra-
I0Th TTOBHIN 3aMiHI.

BpaxoByroun Tp uBaIiCTh Tep MiHY €KCILTyaTalli eeKTp MYHUX MAIINH, CTa€
OYEBUIHUM, 1110 IIOP IYHO P EMOHTY€ThCSl HA0AraTo OUIBIIE EEKTP MUHUX MATITUH, HIXK
BUP 00JII€THCS HA €JTEKTP OMAIIMHOOY IIBHUX MIJP HEMCTBAX. MOKHA CTBEp 1KY BaTH,
10 HOTYXHICTh €IEKTP MYHUX MAILUH, iX TUIIOJIOT1sl, yMOBHU €KCIUTyaTallli Ta 1HIIi Cy-
nyTHI (PaKTOp ¥ BU3HAYAIOTH MOXJIMBUH /11aNia30H MOKa3HUKIB HA1IMHOCTI CUCTEM
€JIEKTP OIIPUBO/IIB.

[Tonan 80% enexTp OpEeMOHTHHUX ITi TP HEMCTB Ta LIEX1B BXOSATh 0 CTP YKTYPH

np oPUTBHOI TaTy3l, a p emiTa nep e0yBaroTh y CKJIa 1 €IEKTP OTEX HIYHOT



TP OMHUCIIOBOCTI. TEeXHIYHHM P 1BEHD CIICKTP OPEMOHTHHUX ITIPUEMCTB, SIK ITP aBHIIO, €
HIDKYIWM TIOP IBHSHO 3 €JIEKTP OMAIIMHO Oy JIBHUMH 3aBOJIaMH, 110 3yMOBJICHO KLJTh-
KOMa 00'€KTUBHUMH NP MUMHAMH.

[To-nepure, B cucTeMi MiANP MEMCTB €JIEKTP OMEXaHIYHOI P OMHUCIIOBOCTI €JIEKT-
P OPEMOHTHI MIJNP UEMCTBA HE € TP 0h1IIbHUMU 200 0a30BHUMH, BHACII1IOK YOTO iM
P UIUTSETHCS 3HAYHO MEHIIIE YBaru Ta pecypcis. [lo-apyre, B CTp yKTypi iHIIHX TP O-
MUCJIOBUX Tany3er (paKTUUHO B1JICYTHI p €aJIbH1 MO>KJIMBOCTI CTBOP UTH YMOBH, X04a
0 4aCTKOBO CITIBCTaBHI 3 YMOBaMH, 1110 ICHYOTh Ha €JIEKTp OMaIIMHOOYAIBHUX 3aBO-
nax.

[HTEHCHBHICTH BIIMOB BUCTYTMA€E KIIOYOBUM IMOKA3HUKOM HA1HOCTI €JIEKTp U-
9HO1 MamuHM. Teop i1 HaAIHHOCTI BHOKPEMITIOE TP U XapaKTEPHI TUITH BIZIMOB, K1 €
BHY TP IIITHBO TP H”TAMAHHUMH MAIIlMHI Ta BHSBIISIIOTHCS HE3AIEKHO B1JT 11 00CITyTO-
BYIOUOT0 IIEP COHAITY .

J10 OCHOBHUX THIIIB B1IMOB BIJTHOCSITHCSl HACTYIIHI:

1. BigMoBH, 1110 BUHUKAIOTh y P aHHIM nep 101 eKcruTyaTtaii Mmamuau. 111 Bij-
MOBH MalOTh Ha3BY "BiIMOBH MoYaTKoBoro nepioay" [4], Ta 31e011bI10T0 € HACTi/I-
KOM HEJIOCKOHAJI01 TEXHOJIOT1i BUP OOHMIITBA 1 HU3HKOT IKOCTI KOHTP OJIIO JieTajiel Ha
erarax BUTOTOBJICHHS Ta CKJIaIaHHSI.

2. BigMoBH, CIIp HUMHEH] 3HOIITY BAHHSIM OKP EMUX KOMITOHEHTIB Matiunai [1, 4].
BigMoBu uep e3 mp upogHE CIIp alFOBY BAaHHS AeTajIeH € IHIUKATOP OM CTap iHHSA 00J1a1-
HaHHS. Y 0araThb0X BUIAJIKaX TaKl eKCIUTyaTalllifHi O yIIEHHS MOKHA MIHIMI3yBaTH
[UISTXOM CBO€YACHOI 3aMIHW 3HOIIICHUX JICTaJI € IMiJT 9ac ITaHOBUX p EMOHTHHX P O0IT.

3. PanToBi BIAMOBH, 1110 BUHUKAIOTH y MEP10]1 IITATHOT €KCILTyaTallll MAIlIUHU.
Taki HecTipaBHOCTI € P €3yJIBTaTOM CTP MOKOMOJI0OHOT 3MIHU Xap aKTEpUCTUK a00 napa-
METp 1B MAIIIMHY BHACI1I0K HECTIO{IBAHUX ME€P €BaHTAXKEHb UM IHIIUX 30BHIIIHIX (aK-
topiB [1, 4]. He3pakatouu Ha CBOIO BUIIAKOBICTb, I1i BIIMOBH IiIKOP SIFOThCS TIEBHUM
CTaTUCTHYHHUM 3aKOHOMIPHOCTSIM, a IXHsI IHTCHCUBHICTh 3aJTUIIAETHCS TP HOJIM3HO HE-

3MIHHOFO MP OTATOM TP UBAJIOTO ITeP 101y eKCILTyaTallli 001a HaHHS.



He3Baxxarouu Ha IOCTIHE BAOCKOHAJIEHHS TEXHOJIOTIA BUTOTOBJICHHS KOHC-
TP YKIIHHAX MaTEPiajIiB 1 pEMOHTHHUX TP OTIECIB, CBITOBI TOKa3HUKH HAJIHHOCTI e1eK-
TP 0008 THAHHS 3aJMIIA0THCS TP AKTUIHO HE3MIHHUMU. 3 YCi€i KUTHKOCTI MOTIITKO-
JPKEHUX €JIEKTP OJIBUTYHIB 0J1U3bKO 78% Ip OXOITh PEMOHT, a 22% MmiJjisraloTh M0B-
Hii 3aMIH1 p €3€p BHUMH OJUHULSIMH.

CraTucTuka THIIB aBap il JEMOHCTP Y€ HACTYTHY KapTUHY:

- [Ip 0061t 1 KOp OTKE 3aMUKaHHS Ha 3eMJTi0: 28%

- Enextpuuni HecipaBHoCTi: 32%

- MexaniuHi ymrkopxeHss: 3 1%

Miciis iep BUHHOTO P OSIBY MOIIKOHKEHb P O3MOISIIOTHCS TaK:

- [30ms1111 0OMOTOK: 50%

- [TigmumarKoB1 By3a1: 29%

[IpuumHM aBapiii BKIKOYAIOTh:

- [Ip 061t 1305smii: 30%

- [leperpiB: 26%

- MexaHiuH1 yrkopxeHHs: 20%

JlonaTkoBi (pakTOp BAHUKHEHHS HECTIP aBHOCTEH:

- [Ipuponue dizuune crapinnsg ta 31oc: 34%

- HezagosunpHa sxicTs mactiiia: 15%

- [TigBumiena sosoricts: 10%

- HenocraTtHe p opinaktuyane o6cnyroByBanus: 17%

BukopucToBYrOUM CTATUCTUYHI JaH1 P O BiIMOBH MAIIIMH Ta 3aCTOCOBYIOUYHU
METOIY TeOp i1 IMOBIp HOCTEH 1 MATEMAaTUYHOT CTATHCTUKHU, MOKHA BU3HAUUTH Cep eI~
HI1i yac 0€3B1IMOBHOI p0OOTH MIXK IBOMA MTOTEHIIHHUMHU HECTIP ABHOCTSIMU, 1110 CITY-
I'y€ BaKJIMBUM KUTbKICHUM OKAa3HUKOM EKCILTyaTalliifHO1 HaJIHHOCT1 0012 THAHHSL.

EnekTponpuBoau 3 aCHHXPOHHUMH JIBUTYHAMM.

VY nep eBakH1M OLIBIIOCTI BUMAKIB BUXOTY 3 JIa 1y IMiJISITaIOTh €1EKTP OJIBU-

T'YHH ITOTYKHICTIO TToHA T 5 KBT. CTaTUCTHKA MTOMIKOKCHB BUTJISTA€ HACTYITHAM YH-

HOM [9]:



- MKBUTKOBI 3aMUKaHHA: 10 93%

- [Ip 0601 MiX@BUTKOBOT 1305151111 10 5%

- [Ip060i mazoBoi 13051s1ii: 10 2%

- MexaH14Hi MOIMIKOIKEHHS: 10 8%

XapakTep MOIIKO/IKeHb AaCHHXPOHHUX ABUTYHIB P O3MOALISETHCS TaK:

- Excrinyaramiiiai np manau: 10 50%

- TexHOOT14H1 p NYMHU, TOB's13aH1 3 BUp oOHHUKaMH: 110 30%

BiagMoBu uep e3 3aMuKkaHHs B OOMOTII CTaTOp a MalOTh P 13HOMaHITHY MP UPOTY,
30KpeMa:

- PoGota B 1BOha3zHOMY p €XKMMI

- JlokanpHI mep erpisu

- CxaiHi yMOBH 3aITy CKY

3Ha4Ha YacTUHA IIUX [P UYUH 00yMOBJIeHA OaraTopasoBUMHU pEMOHTAMU Ta
cneugpigyHOI0 TEXHOJIOTTUHO0 00pOOKOI0 CTaTOpal poTopa, TOOTO MOB'sI3aHA 3 OTIe-
pauisiMH, U0 TP U3BOAATH J10 3MIH Xap AKTEPUCTUK KOHCTP yKUIHHUX MaTep 1aJliB.

Po6oTa A/l 3a3BHuuaii Bin0yBa€eThCs B yMOBaX, JaJCKUX BiJl 171€alIbHUX, II10
P U3BOJIUTH 10 HEOOX1HOCTI Bp aXOBYBATH P 13H1 BUIM HECUMETP 11, IK1 HETaTUBHO
BILJIMBAIOTH SIK HA €KCIUTYaTallliH1 p ©KUMHU, TaK 1 Ha TEXHIKO -eKCIUTyaTalliiiHi moka3-
HUKH poOoTtu A/Jl.

[Tep emiynMo BUAM HECUMETP1i, IKI HAWYACTIIIE 3yCTP 19ar0ThCS 1 MAFOTh HaMiC-
TOTHIIIUI BIUTUB Ha poOoTy A/l.

Jlocuth yacto AJ] mparioe B p ©KMMi HECUMETP MUHOT HATIP YT JIKEP €712 KUB-
JIEHHS, 1110 MOXe Oy TH 3yMOBJIEHO, HAIIPUKJIIA]l, HETOUHUM CUMETP YBaHHSM O1HO(a3-
HUX HABaHTAXKEHb, & TAKOXK IHITUMH 0COOJTMBOCTIMH P 00OTH CUCTEMH €JIEKTP OI10-
CTayaHHS.

[HIIMM U OKO MOILITUPEHUM JIKEP €lI0M HECUMETP 11 € Tap aMeTpU4Ha aCUMET-
pis cratopHux oOMoTok. 3a JICTY gomyckaeThest po301KHICTh 0OMOTYBaJIBHUX J1a-
Hux A/l 3a okpemMumu pazamu B Mexax 2,5 % sk Ip MAHATHUHN TEPEKT MMp O1IeCy BU-

rotoBiienns A/Jl. [Tapamerpuuna acumerpist A /] Moxke BUHUKATH 1 B TP OTIECi



eKCIUTyaTaIli B X011 TOSIBU 1 pO3BUTKY Hecnip aBHOCTEH A /. OCHOBHUM BHI0OM He-
CIp aBHOCTI, III0 BUHUKAE i 9ac ekcruryaTtarli A /[, € MDKBUTKOBE KOP OTKE 3aMH-
KaHHSI, IKE BUHUKA€ B 0OMOTOK CTaTOpa, [ 1]. MKBUTKOBE 3aMUKAHHS BUKIIUKAE JIO-
KaJILHUH TIep erp 1B CTATOPHOI 0OMOTKH, 1110 TP U3BOUTH JI0 IO AJIBIITOTO JIaBUHOIIOTi-
OHOTO PO3BUTKY IILOTO Me(hEKTy I OCTATOYHOTO BUXOAY aCHHXPOHHOTO IBUTYHA 3
poboTH.

VY mporieci p03BUTKY MIKBUTKOBOTO 3aMHKaHHSI TTOCTYITOBO 3MCHIITY €ThCS K1JTh-
KICTh BUTKIB 0OMOTKH (ha3u CTaTOPa, 1110 3yMOBITIOE 3MEHIIIEHHS] aKTUBHOTO OTIOPY
00MOTKH (ha3u cTaTOpa, 10 3yMOBJICHO 3MEHIIICHHSIM JIOBKHMHH M OBITHUKIB. Takox
3MEHIIY€ThCS M IHAYKTUBHUH OIIP P O3CIIOBAHHS, 1110 BUKJIMKAHO 3MEHIIIEHHS KUThKO-
CT1 BUTKIB 0OMOTKH (ha3u cTaTopa.

VY TexHIuHIN niTepaTypi, [9], HAaBEACHO HACTYIIHI BUP a31 [ BA3HAYCHHS aK-

TUBHOTI'0 ONOpY (pa3u ctaTopa:

w1
R =pl ——.K
P A, (1)

ne Ic - nowxuHa BuTKa; Wa - KiIbKICTh BUTKIB B 0/1HIH KOTYy1II1Ii; KR - CIiBBIjI-
HOUIEHHSI MK OTOp oM (pa3u 3MIHHOTO 1 TOCTIMHOTO CTPYMY; @ - KUTbKICTh KOTYIIOK,;
pcu - TUTOMUM oTIip MaTepiany 0OMOTKH; ACOS— haKTUIHUHN TTOTIEp CYHUM ITep ETUH
NP OBITHUKA;

A TaKOX 715 p 03paxyHKY 1HAYKTHBHOTO OIIOPY P 03CIFOBaHHSI 0OMOTKH (ha3u

craTopa:

f oY I
x=158-— | — | -—>—(A, +A, +X,),
100 (100) p.q< nthathg) 2)
ne f; — vacrora Hanp yru KuBITUOT Mep eki; W1 — KUTBKICTh BUTKIB Ha OJTHY
dazy; | — imeanpHa JOBKHUHA BUTKA; (i — KUTBKICTh Ma31B HA OJWH MOJTIOC Ta a3y cTa-
TOpa; Pi— KUIBKICTb MOJIIOCIB, Ar1, Ay, Ay — KOE(IIIEHTH MarHiTHO1 P OB1THOCTI BiJI-
MTOB1THO JIJTsI TTA30BOTO P O3CIFOBAHHS, JJ1s1 TU(Ep SHITIATLHOTO P 03CIFOBAHHS Ta JIJIS

J000BOTO P O3CIFOBAHHS, M.



OToX, i 9ac MDKBUTKOBOTO 3aMUKAaHHS B110YBa€ThCS 3MCHIIICHHS YUCIIA BH-
TKIB 0OMOTKH (ha3u cTaToOpa, 110 CyIP OBOIKYETHCS 3MEHIIICHHSIM STK aKTHBHOTO
OTIOpY, TaK 1 IHIYKTHBHOTO OTIOPY P 03CiFOBaHHS 00MOTKH (pa3u ctaTopa. [Ipu oMy
3T1JTHO HABEICHUX BUPa31B MA€MO, III0 AKTUBHUH OIIIp P OTIOPLIHHUIN YUCITY BUTKIB,
a IHIYKTHUBHHI OTIip P O3CIFOBaHHS TP ONOPLIAHUNA KBaApaTy YHCIIa BUTKIB OOMOTKH
¢a3u cratopa.

[TapamerpuyuHa aCUMETP 151 p OTOPHUX OOMOTOK, Yepe3 BIAMIHHOCTI KOHCTP YKITIi
KOP OTKO3aMKHEHOTO P 0TOPa, IP OSIBJIIETHCS Y BUTJISII1 0O UBY CTp MXKHIB 01151901 KJTi-

TKH pOTOpA.

1.2 Oryiaa aHrJIOMOBHUX JIITEPATYPHHUX
JKepeJl.

1. Messaoudi, M.; Flah, A.; Alotaibi, A.A.; Althobaiti, A.; Sbita, L.; Ziad EIl-
Bayeh, C. Diagnosis and Fault Detection of Rotor Bars in Squirrel Cage Induction
Motors Using Combined Park's Vector and Extended Park's Vector Approaches.
Electronics 2022, 11, 380. https://doi.org/10.3390/electronics11030380

The induction motor (IM) is widely regarded as one of the most critical types

of motorsin industrial applications. A sudden failure of this machine can result in un-
expected downtime, leadingto increased costs, compromised product quality,and po-
tential safety risks. Over the past decade, numerous methods and techniques have
been proposed for diagnosing and detecting faults in induction machines. This paper
introduces a novel algorithmthat combinesthe Park’s Vector Approach (PVA)and
the Extended Park’s Vector Approach (EPV A)to detect and identify brokenrotor bar
(BRB) faults. Usingthe PV A, the fault is identified by analyzing changes in the
thickness and orientation of'the Park’s vector pattern, while the EPV A detects spe-
cific spectral components associated with the fault. To evaluate the performance of
the proposed algorithm, simulations and experiments were conducted, and the results
demonstrate its accuracy and effectiveness. This algorithm shows significant poten-

tial for widespread application in IM fault detection and diagnosis.


https://doi.org/10.3390/electronics11030380

2. Shrinathan Esakimuthu Pandarakone, Yukio Mizuno, and Hisahide Naka-
mura, "Distinct Fault Analysis of Induction Motor Bearing using Frequency Spec-
trum Determination and Support Vector Machine", DOI110.1109/T1A.2016.2639453,
IEEE Trans. Industry Applications.

In modern industrial environment, the demand for the condition monitoring
and the maintenance management for the induction motor has been increased. Among
all the components ofthe induction motor, bearing s the critical componentand the
fault occurringin it has to be considered as a major issue. Usually, the bearing fault
can be detected by the vibrational analysis. However, this method has a disadvantage
that location of the equipment s not always easily accessible and also quite costly.
Thus, inthis paper, the experiment for detecting the fault in the bearing of the three
phase induction motor is achieved by the frequency selection in the stator current
spectrum. Their feature was evaluated by Fast Fourier Transform and the diagnosis
was performed by Support Vector Machine. Experimental results were obtained, con-
sidering two types of outer raceway bearing faults at different load conditionsand the
promising resultswere obtained.

3. Liu, X.; Yan, Y.;Hu, K.; Zhang, S.; Li, H.; Zhang, Z.; Shi, T. Fault Diagno-
sis of Rotor Broken Bar in Induction Motor Based on Successive Variational Mode
Decomposition. Energies 2022, 15, 1196. https://doi.org/10.3390/en15031196.

During steady-state operation at low slip, detecting broken bar faultsin an in-

duction motor proves challenging because the fault signal is easily obscured by the
dominant power frequency (50 Hz) signal. However, the distinctive characteristics of
these faults become more discernible during motor startup, where the fault compo-
nent reveals a V-shaped trajectory in the time-frequency domain.

This research introduces an innovative methodology for identifying and as-
sessing brokenbar faults under startup conditions. The proposed approach employs
several sophisticated techniques:

1. Successive Variable Mode Decomposition (SVMD) is utilized to analyze the

stator starting currentand extract the fault-related component.


https://doi.org/10.3390/en15031196

2. A signal reconstructiontechnique is implemented to maximize the energy of
the fault component.

3. A quadraticregression curve method is applied to the instantaneous fre-
guency square value, enabling determination of fault occurrence.

4. Theenergy of the right part of the fault component is leveraged to evaluate
fault severity, based on the principle that fault componentenergy increases withthe
extent of damage.

Experimental validation was conducted usinga 5.5 kW three-pole induction
motor. The research findings demonstrate the method's effectiveness in both diagnos-
ing broken bar faultsand precisely determining their severity.

By focusing on the startup phase and employing advanced signal processing
techniques, thisapproach offers a morereliable and nuanced method for identifying
and quantifying induction motor defects.

3. M. Skowron, Application of deep learning neural networks for the diagnosis
of electrical damage to the induction motor using the axial flux, Bulletin of the polish
academy of Sciences, Technical Sciences, Vol. 68, No. 5, 2020,
https://doi.org/10.24425/bpasts.2020.13466 3.

Induction motorsrepresent one of the most widespread machine typesin indus-
trial drive systems. Throughout their operational lifecycle, these machines are suscep-
tible to various forms of damage, which can lead to substantial economic losses. No-
tably, electrical circuit damages account for more than 50% ofall reported defects in
induction motors.

Given these challenges, the early detection of machine defects has emerged as
a critical priority in contemporary drive system engineering. This imperative drives
continuous research into advanced diagnostic methodologies.

The research explores an innovative approach utilizing deep neural networksto
identify and diagnose stator and rotor-related damages. A particularly promising tech-
nique involves leveraging axial flux signals to detect two specific types of electrical
faults:



1. Shorted turns in the motor windings

2. Broken rotor bars

By employing sophisticated neural network algorithmsand analyzing axial flux
signals, researchersaim to develop more precise, real-time diagnostic capabilities.
This approach offers the potential to enhance predictive maintenance strategies, re-
duce unexpected equipment failures, and minimize overall operational disruptions in
industrial settings.

The proposed method represents a significant advancement in motor fault de-
tection, bridging the gap between traditional diagnostic techniques and cutting-edge
machine learning technologies.

5. S. Tierrafria-Baez, P. M. Calderon-Lopez, V. Cano-Valdez, B. K. Aviles-
Diaz, C. Rodriguez-Donate and E. Cabal-Yepez, "Broken Rotor Bar Detectionin In-
duction Motors through Information Entropy Analysis on the Start-up Transientand
Steady-State Current Signals,” IECON 2021 —47th Annual Conference of the IEEE
Industrial Electronics Society, 2021, pp. 1-6, https://doi.org/10.1109/IE-
CON48115.2021.9589669.

Induction motors are key elements for industrial and manufacturing processes.
An unexpected fault can provoke severe consequences about reparation costs, product
quality or even security. The breaking ofa rotor bar may produce secondary faults
that will generate catastrophic damages to the motor or surrounding equip ment;
hence, early fault detection in induction motors has gained significant relevancein
last few years. Related techniques in recent literature for broken bar detection employ
the combination of distinct signal processing algorithms increasing their computa-
tional cost and making difficult their online implementation. Furthermore, previous
approaches focus on the start-up transient currentanalysis since broken rotor bar de-
tection is easier under this regime than under the steady state. In this work, an experi-
mental examination about the feasibility of using information entropy analysis on the
electric currentsupply to an induction motor is performed, during its start-up transi-

entand its steady state. Obtained experimental results exhibit the high effectiveness



of information entropy as low computational cost index, for detecting a healthy motor
or a motor with one broken bar under both operational regimes, start-up transientand
steady state.

6. M'hamed, Birame, Bessedik Sid Ahmed, and Benkhoris Mohamed Fouad.
"Detection of partial rotor bar rupture ofa cage induction motor using least square
supportvector machineapproach”. Diagnostyka 22 no. 1 (2021): 57-63.
https://doi.org/10.29354/diag/133039.

This research explores the capabilities of Least Squares Support Vector Ma-
chine (LS-SVM) in detecting partial rotor bar ruptures within squirrel cage asynchro-
nous motors. The methodology encompasses several key analytical approaches:

First, the researchers employed stator current spectral analysis using the Fast
Fourier Transform (FFT) method to extract fault-specific frequencies associated with
partial rotor bar damage in cage induction motors. This spectral analysis servesas a
critical preliminary step in identifying characteristic signatures of mechanical deterio-
ration.

Subsequently, the LS-SVM approach was developed and implemented as a so-
phisticated monitoring system designed to assess the extentand severity of broken ro-
tor bar defects. Thetrainingand testing datasets were derived exclusively from spec-
tral analysis of a single stator phase current, which encapsulates critical information
about characteristic harmonics related to partial rotor bar ruptures.

The research demonstrates thatapplying LS-SVM to fault diagnosis yields no-
tably satisfactory and precise results. By leveraging advanced machine learning tech-
niques and sophisticated signal processing methods, the study provides a robust
framework for early detectionand quantification of rotor bar damage in industrial
electric motors.

This approach represents a significant advancement in predictive maintenance
strategies, offering engineers and technicians a powerful tool for identifying potential
mechanical failures before they escalate into more serious and costly equipment

breakdowns.



7. N. Medeiros M Nascimento, S. P. P. Silva, P. P. Reboucas Filho and C.
Marques Sa Medeiros, "Higher-Order Statistics applied to machine learningas an ap-
proach to identify brokenrotor barsin induction motors," in IEEE Latin America
Transactions, vol. 16, no. 8, pp. 2267-2274, Aug. 2018,
https://doi.org/10.1109/TLA.2018.8528245 .

Induction motorsarereportedas the horse power in industries. Dueto its im-

portance, researchers have been studied how to predict its faultsin order to improve
reliability. Condition health monitoring plays an importantrole in this field, since it is
possibleto predict failures by analyzing its operational data. This paper proposes the
usage of vibrationsignals, combined with Higher-Order Statistics (HOS) and ma-
chine learning methodsto detect brokenbarsin a squirrel-cage three-phase induction
motor. The Multi-Layer Perceptronand Optimum-Path Forest have presented as
promising approaches for faults classifications in an induction motor.

8. Skowron, M.; Ortowska-Kowalska, T. Efficiency of Cascaded Neural Net-
works in Detecting Initial Damage to Induction Motor Electric Windings. Electronics
2020, 9, 1313. https://doi.org/10.3390/electronics9081314

This research explores the potential of cascaded neural structures for detecting

electrical circuit damages in squirrel cage induction motors (IM) powered by fre-
quency converters. The study presents an innovative approach thatinvolves sequen-
tially connecting classic neural structures to enhance damage detection and classifica-
tion capabilities.

Key highlights ofthe research include:

1. Diagnostic Strategy

The authors propose a novel methodology of linking neural networks sequen-
tially to improve the overall efficiency of fault identification. This approach is partic-
ularly effective in detecting early-stage single or multiple electrical failures.

2. Diagnostic Information Source


https://doi.org/10.1109/TLA.2018.8528245
https://doi.org/10.3390/electronics9081314

The research utilizes the easily measurable axial flux signal as the primary
source of diagnostic information. This choice allows for straightforward yet compre-
hensive monitoring of motor condition.

3. Implementation Platform

The developed cascaded neural networks were implemented using LabVIEW
measurement and diagnostic software, ensuring practical applicability and user -
friendly interface.

4. Experimental VValidation

Experimental research conducted on a 1.5 kW induction motor supplied by an
industrial frequency converter demonstrated the high effectiveness of the proposed
approach.

5. Fault Detection Capabilities

The cascaded neural structures successfully detected:

- Inter-turn stator winding short circuits

- Broken rotor bars

- Mixed electrical failures

Critically, the method proved robustacross varying load torque and supply
voltage frequency ranges, offeringa comprehensive diagnostic solution for industrial
electric motors.

The research represents a significant advancement in predictive maintenance
technologies, providing engineers with a powerful tool for early fault detection and
prevention.

9. M. Sameh, A. Tarek and K. Yassine, "Bearing and Rotor Faults detection
and diagnosis of Induction Motorsusing Statistical Neural Networks," 2020 20th In-
ternational Conference on Sciences and Techniques of Automatic Controland Com-
puter Engineering (STA), 2020, pp. 77-81,
https://doi.org/10.1109/STA50679.2020.9329334 .

The Artificial Intelligence (Al) is revolutionizing extensively in various indus-

trial fields. The robustness of Al comes from utilization of information processing in
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solvingcomplex real world problems. Contrary to other types of artificial intelli-
gence, the Artificial Neural Networks (ANN) can monitor any industrial process, in-
spired by the functionality of the human brain. This paper is devoted to the diagnosis
of induction machine by usingtheartificial neural network based on the stator current
analysisas input features. The currentwork aims to compare the effectiveness of both
types ANN classifiers: the Radial Basis Function Network (RBF) and Probabilistic
Neural Network (PNN) in asynchronous machine faults (rotor and bearing faults) de-
tection and severity evaluation. We've proved that RBF networks are better suited for
assessingthe severity of defects while the PNN gives better results when differentiat-
ing between rotor and bearing defects. Theresults presented in this work are con-
firmed experimentally.

10. Sinha, A.K.; Hati, A.S.; Benbouzid, M.; Chakrabarti, P. ANN-Based Pat-
tern Recognition for Induction Motor Broken Rotor Bar Monitoring under Supply
Frequency Regulation. Machines2021, 9, 87. https://doi.org/10.3390/ma-
chines9050087.

Underground mining operations present unique challenges for squirrel cage in-

duction motors (SCIMs), particularly due to direct-on-line (DOL) starting require-
ments. This starting method subjects rotor bars to extreme stress, leading to sustained
rotor bar faults—aphenomenon less common in applications utilizing reduced volt-
age starting.

The research addresses two critical challenges faced by SCIMs in underground
mining environments:

1. Severe mechanical stressduring DOL starting

2. Unpredictable frequency fluctuations

Totackle these issues, the study proposes an innovative broken rotor bar detec-
tion scheme characterized by:

1. Diagnostic Methodology

- Utilizes Discrete Wavelet Transform (DWT) for stator currentanalysis

- Focuses on frequency regulation scenarios (4% of 50 Hz supply)


https://doi.org/10.3390/machines9050087
https://doi.org/10.3390/machines9050087

- Compares level-seven detailed coefficients between healthy and faulty rotors

2. Feature Extractionand Fault Identification

- Implements Artificial Neural Network (ANN) pattern recognition techniques

- Employstwo ANN approaches:

a) Feed-forward backpropagation
b) Cascaded forward backpropagation

3. Technical Implementation

- Developed andanalyzed using MATLAB/Simulink

- Validated through LabVIEW-based real-time implementation

- Testedona 5.5 kW, 415V, 50 Hz SCIM

The proposed scheme offers a sophisticated, multi-layered approachto detect-
ing and diagnosing rotor bar faults in challenging underground mining conditions,
potentially improving equipmentreliability and maintenance strategies.

11. Martinez-Roman, J.; Puche-Panadero, R.; Sapena-Bano, A.; Terron-Santi-
ago, C.; Burriel-Valencia, J.; Pineda-Sanchez, M. Analytical Model of Induction Ma-
chines with Multiple Cage Faults Using the Winding Tensor Approach. Sensors
2021, 21,5076. https://doi.org/10.3390/s21155076

Induction machines (IMs), particularly squirrel cage IMs (SCIMSs), are widely

used as a primary source of mechanical power in many industrial processes dueto
their durability and reliability. However, their sudden stoppage caused by undetected
faults can lead to costly production disruptions. One of the most common types of
faults involvesthe cage (e.g., breakages in bars or end ring segments), which is espe-
cially prevalent in motorsdirectly driving high-inertialoads (like fans), motors sub-
jected to frequent starts and stops, or those with poorly manufactured cage windings.
Continuous monitoring of IMs is essential to mitigate this risk, typically integrated
into plant-wide condition-based maintenance (CBM) systems.

Variousdiagnostic techniques have been proposed in technical literature, fall-
ing into two categories: data-based methods, which detect fault-specificanomalies in

IM data, and model-based methods, which identify discrepancies between data from


https://doi.org/10.3390/s21155076

theactual IM and its digital twin model. Both approachesrequire fast andaccurate
IM models for the development and optimization of fault diagnosis techniques.

Finite element methods can produce highly accurate models butare computa-
tionally expensive, making them unsuitable for real-time fault diagnostics. Con-
versely, analytical models are significantly faster but become increasingly complex
for highly asymmetrical machines, such as IMs with multiple cage faults.

This study introduces a novel analytical modeling method for IMs with asym-
metrical cage windings, utilizinga tensor-based approach. By applying routine tensor
algebra, this method simplifies the process of deriving the parameters of the faulty
IM model from the healthy one. The theoretical foundation of the winding tensor ap-
proach is presented and validated through the diagnosis ofa commercial IM with

multiple cage faults.

BucHoBKU 1o po3ainy 1

VY nepuroMy po3auti po3risiHyTO Cy4YaCHUM CTaH eJIEKTP OMEXaHIYHUX IIEp €TBO-
pIOBaYIB €HEPTii Ta NP MUMH iX aBap1MHOCTI. 3HAUHA YaCTKa aBap1iHUX BUXO/IIB 3
Jaly aCHHXPOHHUX JIBUTYHiB BUKJIMKaHa BUTKOBUMH 3aMUKaHHSMU CTaTOpa Ta 00 U-
BOM CTp MOKHEH OTS1901 KITITKU p OTOpa KOPOTKO3aMKHEHOTI'0 aCHHXPOHHOTO JIBUTYHA,
TOOTO Iap aMETPUIHOIO HECUMETP 1€10 0OMOTOK aCHHX P OHHOT'O ABUTYHA. OTIISAI Cy-
JaCHO1 HAyKOBO-TEXHIYHOI JIITEp aTyPH MIATBEP JHKYE BEJTUKY 3aIIKaBICHICTb JTOCTII-
HUKIB y BUBUEHHI TUTaHb, OB’ I3aHUX 3 POOOTOI0 OUISHOT KITITKH Ha IOKa3HUKH eJle-
KTP OMEXaHIYHOTO Iep €TBOPEHHS ACHHXPOHHOT'0 ABUTYHA, 1110 MiATBEP KY€ aKTyaJIb-

HICTb TEMHU JTOCIIIKEHHS.



Po3ais 2. MaTeMaTH4YHe MO/ e/IIOBAHHA
ACUHXPOHHOIO ABUIYHA 3 Oi/JIA4Y010 KJIIT-

KOI0 Ha poTopi

2.1 MaTeMmaTu4He MOAC/TIOBAHHA dCHHXPOHHOI'O AIBUT'YHA B Tpn(l)a3-

Hill KOOpJAMHATHIH cUCTeMi

[Ipu cknaganHi cucremu Audep eHIIHHUX p1BHIHb ACHHXPOHHOTO IBUT'YHA BU-
KOP MCTOBYIOTh 3araIbHAMN MIIX 1/, PpO3BHHYTHH Y TEOP il y3araJbHEHOTO €JIEKTP OME-
XaHIYHOTO mep eTBoproBaya. [Ip nitMemMo HacTyTH1 Ip UITy IIIEHHS, K1 TOB'A3aHi 3 TI0-
HATTAM 10eai308aHa MAUUHA.

. MarHiTHa CUCTEMa €JIEKTP OMEXaHIYHOT O [1ep €TBOPIOBAYA HEHACHYUECHA;

= (a3H1 0OMOTKHM aCUHXP OHHOI'O JIBUT'YHA €JIEKTP UYHO CUMETP M4H1 1 P 03-
TaIIOBaHi B ITOIIEP €YHOMY IIep €THHI cTaTopa piBHOMIPHO i3 3cyBoM Ha 1209;

= MarHiTHO-P yII1HHI CUJIM OKpP EMUX 0OMOTOK MatOTh CUHY COTIaJIbHUMN PO3-
MTOJT1J1 B3/TOB3K MOBITP STHOT'O 3230DY;

. POTOP aCUHXPOHHOTO IBUTYHA EJIEKTP MYHO 1 MATHITHO CUMETP UUHU;

n peanbHi, pO3Io/IiIeHI 0OMOTKH aCHHXPOHHOT'O IBUTYHA 3aMIHIOIOTHCS 30-
cep eMKEHNMH, @ MATHITHO-P yIITfHA CHJia MPUHHSATA p IBHOIO MAarHITHO -PYITHHIN CHITL
peaabHOi OOMOTKH.

MarteMatryHa MOJI€Nb Oy 1b-SIKOT0 €JIEKTP OMEXAaHIYHOTO [IEP ETBOPIOBAYA,
CKJIAJIA€ThCS 3 P IBHSIHB €JIEKTP MYHOI pPIBHOBAru /i1l BCIX KOHTYP 1B €JIEKTP MUHOT Ma-
IIMHY Ta P IBHSHHS PyXYy MEXaHIUHOI YaCTUHU EJIEKTP OMEXaHIuHOI 0 IIep ETBOPIOBaya.

Po3risineMo acCMHXpOHHUI JBUTYH Y (JOP M1 CUCTEMU TP OCTOPOBO P O3MOILIIe-

HUX 0OMOTOK CTaTOpaTa pOTOpPA, sIKI MAarHITHO OB’ si3aH1 MK cO00t0, puc.2.1.



N

Pucynoxk 2.1 —IlpoctopoBa cxema p o3TairyBaHHS OOMOTOK CTaTOpa 1 p OTOpa aCUHX-

POHHOTO IBUTYHA

Cucrema 3BU4aiiHuX nuQep SHIIIMHUX P

IBHSIHB €JICKTP MIHO1 p IBHOBAru JJ1s 00-

MOTOK CTaTOpa i pOTOpa BUIJIsAIA€ HACTYTHUM YuHOM (2.1)-(2.2).

ay 4
U,=i,R,+—,
A T gL dt
d
UB:iBRS_Fﬂ" (2.1)
dt
dy ¢
Ur=isR . +——
Cc T lck dt
dy
0=i R, +—=;
la V+ dt
dy,,
0=i,R.+——
Ipls,. + dt
d
0=i R +—<
dt (2.2)

1€ Y 4, Yp, W - TOTOKO3YCTUICHHS a3 CTaTopa; V,, Yy, VY, -IIOTOKO3Yel-

neHHs ¢a3 poTopa; R,, R.- akThBHI oniopu (pa3 ctaTopai poTtopa.

[Toroko3uerienus Y noB1IbHOT 00OMOTKHM A /] 3a71€KUTH BT BJ1aCHOT 1HAYKTHUB-

HOCT1 OOMOTKH 1 3HaU€Hb B3a€EMHOT IHIYKTUBHOCTI 3 yCiMa 1HIIUMH KOHTYP aMHU.



OToX, 17151 MOTOKO34YeIIeHH a3u “A” MaTUMEMO HACTYITHHM BHp a3:
Vg =Lyig+Mypip+Mycic+ M yuiy + M ypip + My, (2.3)
ne L, - iHIyKTUBHICTb a3y, M,, - B3a€EMHA IHIYKTUBHICTb MK OOMOTKaMH x
iy.
ba3zyrounce Ha p MAHATOMY IP UITYIIEHH1 P O €JIEKTP UYHY Ta MATHITHY CUMET-

P10 ACMHXP OHHOI'0 ABUTYHA B3a€MHI IHAYKTUBHOCTI Mi>K 0OMOTKaMH CTaTopai po-

Topa Oy IyTh MaTH OJTHAKOBE 1 TIOCTIHE 3HAYCHHS:
MAB:MAC:MBC:MS; (2,4)

Mab:Mac:Mbc:Mr_ (25)

OnHak B3a€MHE P OCTOPOBE P O3MIIIEHHSI 00MOTOK pOTOpa i CTaTOpa BIIHOCHO
OJJHE OJTHOTO Oe3TIEPEPBHO 3MIHIOETHCS Uep €3 00epTaHHS poTopa. BHACTIIOK 1T5OTO
BEJIMYMHA B3aEMHO1 IHAYKTUBHOCTI MK 0OMOTKaMU CTaTopai poTopa € rap MOHIH-
HOIO (DYHKIIIEIO KyTa OBOP OTY POTOPA ACUHXPOHHOTO IBUT'Y HA.

[Ipu ciBnagiHH1 HAMp IMKY OCEW IBOX KOHTYP1B B3a€MHA IHYKTUBHICTb CATA€
CBOT0 MaKCUMaJIbHOTO 3HaueHHs. [Ip 1 nep neHANKyIIpHOMY p O3Tallly BaHHI OCei
JIBOX KOHTYP 1B B3a€MHA 1Hly KTUBHICTb 0P IBHIOE HYJIIO.

Otox, 115 pazu “A” OTp UMYEMO
M 4, = M cosy , (2.6)

e M - HalOUTbIIE 3HAYSHHSI B3a€MHOI 1HAYKTUBHOCTI [P ¥ CIIBHaA1HHI OCeil
«A» Ta «a»; y - KyT HOBOPOTY pOTOpa.

Ockinbku 3a puc. 2.1 daza «B» Bunepemxae gazy «A»Ha 1200, opumyemo
TaKuM BUP A3

M 4 = Mcos(y +2_ch
Ab 3 ’ (27)

Ockinbku (paza «Cy» Bigcrae Big Gazu «A» Ha 1200, oTpuMyemMO HACTY TTHHM BH-

pas:



My =M COS(Y - Z?th _ (2.8)

Po3MipkoByroun aHanoriuyHo, aJis ¢a3 «B» 1 «C» oTpruMaeMo HACTYIIHI P iB-

HSIHHS JIJTsl B3Aa€EMHHX 1HIYKTUBHOCTEH a3 ctaTopa Ta poTopa:

2n
Mp, = Mcos(y —?j
Mg, = M cosvy,
My =M ( +2nj
Be = Mcos\ Y+~ |;
I (2.9)
2n
Mc, = Mcos(y +?)
2n
M, —Mcos(y—?j,
M. = Mcosy
(2.10)

3anuiemMo BUp a3 Al HOTOKO34eruieHHs ha3u «A» craTtopaB pO3TOPHYTOMY
BUTJISAL:
wy=Ljg,+Mi,+Mi.+Mi, cosy+

+ Mi, cos(y + 27/ 3)+ Mi, cos(y — 27/ 3), (2.11)

3 ypaxyBaHHaM neporo 3akony Kipxroda i, +iz +ic=0,T0 —iy =ig +ic:

Yoy = (L M )i + Mi, cosy + Mi cos(y + 2_71) + Mi cos(y Z—T[)
4= - Y b - :
s ‘ 3 ‘ 3 (2.12)

Buznaunmo nep 11y noxXiaHy NOTOKO34EIIeHHs a3 « A» cTaTOpa B PO3TrOpHY-

TOMY BUTJISIL
d:I{’_ZA = (Ls — MS)CZ,—IAJr M%cosy - Moi, siny +
+ Mdicos(y + Z—TE) - Moi, sin[y + Z—RJ +
dt 3 3
+ M%cos(y - 2—n) — Mwi sin(y - 2—n)
dt 3 ¢ 3/

(2.13)



OcTaToYyHO OTP UMYEMO P IBHSHHS €IEKTP MIHOI piBHOBaru paszum « A» ctatopay

HACTYTHOMY BUTJISIAIL:

U-i R, + Mwi, siny + Moi, Sin(y + 2—;) + Moi, sin(y - ?) =

B )
dt dt dt 3
+ M di cos[y - Z—RJ
. ! (2.14)

3a noA10HMMU Mip Ky BaHHSMH HECKJIATHO CKJIACTH P 1BHSHHSA 1714 Pa3 «B» 1
«C» cratopaidas potopa.

V 1iit cuctemi piBHSIHB 151 aCHHX P OHHOTO ABUTYHA (AJl) Bi/ICy THI TOTOKO34e-
IJICHHS 0OMOTOK, @ HEBITOMUMU (DY HKIIISIMU € CTP yMH OKP EMHUX KOHTYPiB. 3 OTJISATY
Ha II¢ TaKa CUCTeMa P I1BHSHb HA3UBAETHCS CHCTEMOIO P 1BHSHB BIITHOCHO CTP YMIB.

Henoniku cucremu piBHSHB BITHOCHO CTP yMIB:

1. Cucrema nudep eHIlialbHUX P iBHSAHB € HET1HIIMHO0, OCKUTBKU MICTUTD
GyHKLII, SIKI 3a7€XKaTh B Iy KaHUX 3MIHHUX (CTPp yMIB) Ta KyTa OBOP OTY.

2. Bona He Moske OyTu 3anucaHa y KaHOHIYH1H op M1, BUp 111I€H1i BITHO-
CHO TIOX1THHMX, OCKIJIbKH B JI1B1M YaCTHHI KOXKHOTO P 1BHAHHS P UCY THI YOTUPHU MOX1-
JTH1 B1J] HEB1IOMUX (Y HKITIM.

Po3B's13aHHS TAKOT CHCTEMH MOJKITUBE 33 HACTYITHUM aJITOPUTMOM:

1. BukoprcToByroun moyaTKoB1 3HAYEHHSI CTP yMIB, IIIBUKOCTI Ta KyTa I10-

BOP OTY, BU3HAYAIOTh IOTOYHI 3HAYCHHS B3aEMHUX 1HAYKTUBHOCTEH MK 0OMOTKaMu

cratopa Ta poTopa.

2. OOGYUCIIOITH NP aBi YaCTUHU P IBHSIHB EJIEKTP MYHOI P1BHOBArM AJIsl BCIX
dbas3.

3. Po3rnsgaroTh cucTeMy 3 HIECTH P IBHSIHB SIK CUCTEMY JIIHIMHUX anreop ai-

YHUX P1BHSIHb BITHOCHO MOXIJTHUX CTP yMiB. 3aCTOCOBYIOTh YMCEIbHI METOIU
po3B’s13aHHs (Hanpukia, meroau Kpamepa, ['aycca a6o o6epHEHHS MaTpuI) A1

3HAXOJIKEHHS IMOX1THUX CTP YMIB.



4, UwrcenbHO IHTETP YIOTh CUCTEMY au]ep eHIllaJbHUX P 1BHSIHD, OTPUMYIOUH
HeBiTIoMI1 (DYHKITII.

Onnak i 3anuc gudep eHIIHHUX P 1BHSIHB BITHOCHO HEBIIOMUX MTOTOKO3Yel-
JIeHb He 3[]aTeH MOJINIINUTH cuTyanito. [Ipu rakomy miaxoi, 3a1al0uu MOYaTKOBI
3Ha4Y€HHs IOTOKO34EIUIEHb, MOKHA OOUYUCIIUTH CTPYMHU, P 03B’ SI3aBIIY CUCTEMY JITHIM-
HUX aJreOpaidyHuX piBHAHB JJIs TOTOKO3YEIUICHb.

Takum ynHOM, cucteMy nudep eHIiaTbHUX P IBHIHb ACHHXPOHHOTO JIBUTYHA Y
¢da3Hiit cucTeMi KOOp IMHAT MO>KHA BUKOP UCTOBYBATH JJ1s1 MOIEITFOBAHHS ITEP €X1THHX
np o1ieciB. OCHOBHMI HETOJIK IIbOTO METOTY — TP OMI3AKICTh, BEJIMKA KUTHKICTh He-
JHIAHUX €EMEHTIB 1 HEOOX1THICTh P O3B’ 3aHHS P OMIKHOT CUCTEMHU JIIHIHHUX P 1B-

HiHDb.

2.2 MaTeMmaTH4He MO/Je/Il0BaHHs A/l 6149010 K/JIiTKOI0 3 BUKOPHC-

TAaHHAM Teopi'l' y3araJibHeHoro eJIeKTPOMexaHi'-IHOI‘O NnepeTsoproBaydad

BigHocHO Masio 10CTIIKEHUM € TUTaHHS Bp aXyBaHHS CKJIaIHOT KOHCTP YKIIii
KOP OTKO-3aMKHEHOT'O POTOpa Y BUTJIS/I1 3aMKHEHOT 0araToCTpHKHEBOI 0111901 KIT1-
TKU, pUC. 2.2.

EndRing #1
k-2 k-1 k k+1 k+2

Rotor
bars IRk-2 IRK-1 IRk lric+1 lrk+2

End Ring # 2
Pucynoxk 2.2 - MoentoBaHHS CIp aBHO1 OUISYO0T KITITKA ACHHXP OHHOT'O IBUTYHA
JI1st O CiKEHHS BIUTUBY OOP MBY CTP MOKHIB O1IT901 KITITKHA pOTOpa Ha po0OTY
AJl BuKOpHCTOBYEMO TTO1aHHS poTopa Al y Burisiai cucremu 6aratodazHux o0OMo-
TOK, Y SIKifl KOXKEH CTPMKEHb POTOPa P O3IJISAIAETHCS SIK OKp eMa 0OMOTKa.
J1J1s1 BUBEZIEHHS p IBHSIHb TEOP ETUYHOT MaTeMaTnyHoi Moeni A/l 3 6araTtodas-
HUM POTOPOM BUKOPUCTOBYEMO TEOP 110 y3aralbHEHOI0 €IEKTP OMEXaHIYHOTO TIep e-

TBOpIOBaya.



[Ipu ckmagaHHI p1BHSIHB BUKOPHUCTOBY EMO 3aTalbHOIPWAHSTI TP UITY IIICHHS,

MOB's13aHi 3 MOHATTSM 17€a1130BaHOTO JBUTYHA:

1. CTaJlb IBUT'yHa HEHACUYEHA;

2. (azHi 0OMOTKH CTaTOpa p1BHOMIPHO P O3MOLIEHI B IIP OCTOP1;

3. CTp M>KHI1 OLIA401 KIIITKH pOTOpa p1BHOMIPHO P O3MOUIEHI B ITP OCTOP1;

4, pEaNBHO PO3MOAUIEHI OOMOTKH 3aMIHIOIOTH 30cep emxeHnumu, a MJIC

npuiiMaeTbest piBHOO MJIC p eantbHOT 0OMOTKH.
5. M/IC 0OMOTOK 1 MarHiTHUX MOJI1B OIIMPIOIOTHCSI CHHY COTAAJIBHO B3JIOBX
KOJIa TIOBITP STHOTO 3a30DpY;

VsaBimo A/l sik crcTeMy MarHiTHO MOB'si3aHUX 0OMOTOK. J[J1s1 3araibHOCTI BH-
KiTagay OyaeMo BBaXKaTH CTATOPHY 0OMOTKY Oararodasznoro. Ha ctaTopip o3ramoBani
M o6moTOK, maKTIoYeHHX 10 M dha3Horo mkepena xxupineHds. Ha poropi p o3rarmo-
BaH1 N KOp OTKO3aMKHEHUX 0OMOTOK, /i€ N 10p IBHIOE UUCITY CTP M>KHIB OISO KITi-

TKH, (puc. 2.3).

Pucynok 2.3 - Cxema B3a€EMHOTO p O3TalllyBaHHS 0OMOTOK cTaTOpai poTopa ba-

ratodaznoro AJl ais Bunaaky uucia a3 cratopaM = 3.



Cucrema piBHSIHB eJ1eKTp MIHOI piBHOBaru A/l 3 6araToda3HuM pOTOPOM Yy Ma-

TpUIHIN HOPMi MATUME BITOMUN BUTJISI:

W]=[R] (1] + S [ (o))

(2.15)
VY 11boMy pIBHSTHHI TP MAHATO TaKl TO3HAYEHHS :
BekTop-croBnens >KMBUIBHUX HATIPYT CTATOPA Ma€ P O3MIPHICTh M:
[Us]=[u1 Uz -~ U] (2.16)
YBeaemMo 104aTKOBI MO3HAYCHHS:
ps =21/M;pgp=2m/N (2.17)
Toxi Hanp yTy )KUBJICHHS CTaTOP a B 3aTaIbHOMY BUTJIS 1 3aITUIIIEMO TaK:
U=VEU 5o t-ps (k1) @2.18)

1€ wc=2n- f-p — KyTOBa LUIBUAKICTb 00€p TAHHS MOJIS CTATOPA 3 YaCTOTOO HKH-
BJIsT901 Mep exi f rp v umcii map mostrocis p.
Bekrop-cToBnels KUBMIbHUX HAMIPYT AJIsI KOP OTKO3aMKHEHOTO P OTOpa sBIISIE

c00010 Hy IbOBHI BEKTOP PO3MIPHICTIO N.

T

[usl=[0 0 - ] (2.19)
Ton1 BeKTOp -CTOBNELb )KUBUIIBHUX HANIP YT Y KIIITUHHO -MaTPUUHII popmi J10-
P1BHIOE
i
Ur] (2.20)

1 Mae po3mipHicTb M+N.

AHAaJIOT14HO, BEKTOP-CTOBIIEIb CTP yMIB 0OMOTOK CTATOPa Ma€ p O3MIPHICTh M:



ls]=[11 12 = 1wl (2.21)
BekTop-croBnens cTp ymiB 0OMOTOK p oTopa po3MipHOCTI N:
IR=[1r 1Rz - Irn]' (2.22)

BekTop-cToBnelb cTp yMiB Y KIIITUHHO-MaTpUYHIN (opMi TOPIBHIOE

| zm (2.23)

KBaapatHa giaroHajgpHa MaTpuUIilsd aKTUBHUX oTIopiB [ R] Mae p o3mipHICTh
(M+N) x (M+N). EnemenTs roJ10BHOT 1iaroHati i€l MaTp U1l 10P IBHIOIOTh AKTHUB-
HUM OTIOP aM BiIMOBITHUX 0OMOTOK, 110 JTa€ 3MOTY MOJICITFOBATH P ©XKUMH p 000TH A J]
3 HECUMETP MUYHUMH aKTUBHUMU OTIOP aMH.

AHAJIOT1YHO JI0 CTP YMiB, BEKTOP-CTOBIICIh TOTOKO3YEIUIEHh 0OMOTOK CTaTOp a

Mae p 03MIpHICTh M:
[ws]=[w1 ¥2 - ¥m] (2.24)
Bekrop-croBnenp NoOTOKO34eIjIeHb 00MOTOK p OTOpa p 03MIpHOCTI N
woslr e el (2.25)

BekTop-croBnenp NOTOKO34EIIEHb Y KIITUHHO -MAaTpP MUH1 Op M1 JOPIBHIOE

T:[‘Zj (2.26)

PiBHAHHS TOTOKO3YEIIICHHS JIJTsI KOXKHOT 0OMOTKM MO>Ke Oy TH 3anucaHo y $o-

pMI:

RS 02



ne ¥,, |, L, - TOTOKO3YeIJICHHs, CTPyM Ta IHIYKTUBHICTh OOMOTKH 3 1HAEKCOM K;

l;, My; CTPyMj-TO KOHTYpY 1 B3a€MHa iHy KTUBHICTb OOMOTOK 3 1HAeKcaMu k 1 J.

[ToToKO34erIeHHs KO3KHO13 00MOTOK YMOBHO MO>KHA P O3/IUTMTH Ha JIB1 CKJ1a-
JIOB1: yTBOP €H1 CTPp yMaMK 0OMOTOK HEP yXOMUMH, OJTHA BITHOCHO OJHO1, 1 0OMOTOK,
1110 00ep Tar0ThCs 0JJHA BITHOCHO O/IHO1 31 IBUIKICTIO POTOpA.

MaTtpuiis BmacHUX iHIyKTUBHOCTEH CTATOP HUX 0OMOTOK MOXe Oy TH 3amrcaHa

B TAKOMY BUTJISIII:
[Lss]=[Lss]+[Mss] (2.28)

ne Lss — kBaJipaTHa JiaroHajbHa MAaTPUIIS BIACHUX 1HAYKTUBHOCTEH P 03CIFOBAaHHS
po3MipHIcTIO MXM; eTeMeHTH TOJI0BHOT I1aroHATI ITI€T MATp MIIi TOP IBHIOIOTH IHTY K-
TUBHOCTSIM P O3CIFOBaHHS CTATOPHUX 00MOTOK; Mss KBaipaTHa MaTpHULIs B3aEMHHUX
IHAYKTUBHOCTEH MIXK CTATOP HUMH OOMOTKaMHM p 03MIpHICTIO MXM; eneMeHTH I1i€l
MaTp U1l JOP IBHIOIOTH B3AEMHHUM 1HYKTHBHOCTSM MK BIITIOBITHUMH CTaTOP HUMH
oOmoTkamu. OCKUTbKH CTATOP HI 0OMOTKH 3CyHYTI B TIP OCTOP1 OJIHA BITHOCHO OJTHOT
Ha BEJIMYMHY PS, TO BUP a3 B3a€EMHOI IHIYKTUBHOCTI MIXK CTATOP HUMH OOMOTKaMHU 3
1HAeKcaMH | 1 k MOXHa 3aMucaTH TaK:

MSS [j,k]=m1'005(ps'(k—j))? J =1..M;k=1...M (229)

Oxpemi nonanku piBHSHHSA (14) y po3ropHyTii HopMi ITOJaHO HUKYE.

s 0 - 0 0O
0 I -+~ 0 O

0 o lis O
0 o0 0 Iy
my-cos(pg-(1-1)) my-cos(pg-(2-1)) - my-cos(pg-(M —1-1)) my-cos(pg-(M —1))
my-cos(pg-(1-2)) my-cos(pg-(2-2)) - my-cos(pg-(M—1-2)) my-cos(pg-(M —2))

my-€os(pg-(1-(M =1))) my-cos(pg-(2-(M-1))) - my-cos(pg-(M ~1-(M ~1))) my-cos(ps-(M —(M -1)))
my-cos(pg-(1-M)) my-cos(pg-(2-M)) o my-cos(pg-(M—-1-M)) my-€os(pg (M —M))



Tyt ;s — iHAyKTHUBHICTB po3citoBanus (ha3u cratopa AJl; M — MaKCHUMalbHe
3HAYCHHS B3a€EMHOT IHIYKTUBHOCTI MK (pa3zaMu cTaTopa.
AHaJIOTITYHUM YHHOM, 3 YP axXyBaHHIM KUTBKOCTI (a3 poTopa, MOXKHA MOJATH 1

MaTp ULl BIACHUX 1HAYKTUBHOCTEH POTOPHUX OOMOTOK.
[Lrr]=[Ler]+[Mrr] (2.30)

ne Lsr — kBagpaTHA JlaroHAIbHA MATPHIIS BIIACHUX 1HTYKTHBHOCTEH P 03C110-
BaHHA po3MipHicTI0O NXN; ereMeHTH roJI0OBHOI laroHaJIi i€l MaTp Uil AOP iIBHIOIOTh
1HAYKTUBHOCTSIM P 03CIFOBaHHS P OTOPHUX 00MOTOK; MRR - KBaJpaTHa MaTpHIIs B3ae-
MHUX 1HIYKTUBHOCTEH MK pOTOPHUMH 0OMOTKaMu p 03MIpHICTIO N*XN; eneMeHTH
I1€1 MaTp U1l JOP IBHIOIOTh B3AEMHHUM 1HAYKTUBHOCTSIM MIX BIJIIIOBIHUMHU P OTOP-
HUMH 00MOTKaMU. OCKUTLKH p OTOPHI 0OMOTKHM 3CYHYTI B ITP OCTOP1 OTHA IITO0 OJTHOT
Ha BEJIMYMHY PR, TO BUP a3 B3aEMHOT IHIYKTUBHOCTI MIXK POTOPHUMHU OOMOTKAMH 3 1H-

nekcam | 1 k MorKHa 3anucaTH TAKUM YHHOM:
Mgg [J.k]=mp-cos(pg-(k=]));j=L...N;k=1...N (2.31)

Jlami HeoOX1THO CKJTACTH MaTpP UITIO B3aEMHUX 1HAYKTUBHOCTEH M1’k 0OMOT-

KaMH cTaTopa i 00MOTKaMH p OTOpa, 1[0 00EPTAFOThCA.

Buxonasiau 3 reoMeTp MIHUX Mip KyBaHb, pHC. 2.3, Gop MyITy JJ1s B3aEMHOI 1H]TY -
KTUBHOCTI M1k 0OMOTKOIO pOTOpa 3 HOMEP OM N 1 0OMOTKOIO CTaTOp a3 HOMEP OM M

MO?ZKHa 3aITMCaT TAaKUM YHHOM:

Mg Zmo'COS(Y(t)_ps(m_1)+pR(n_1)) (2.32)

1e My — MaKCUMaJTbHE 3HAYEHHS B3a€MHOI 1HTYKTUBHOCTI MK 0OMOTKaMH CTaTopa
1 poTopa nmpu 30iry ixHix ocei; y(t) — MUTTEBE 3HAUEHHS KyTa ITIOBOP OTY p OTOpA.
Martpuris B3a€EMHUX IHTYKTHUBHOCTEH Mi>k 0OMOTKaMu cTaTopaiporopa Oyie B

3arajbHOMY BUIAJIKy IP SMOKY THOK MaTp MLIE0 po3MIpHOCTI MXN.



Toxi moBHA MaTp UIIA B3a€EMHUX 1HIYKTHBHOCTEH OaraTtodasznoro AJl moxe

OyTH IIp €CTaBICHA B TaKiil KJIIITHHHO-MaTpP MUHINA (hopMi:

M _ {E_ss.__ _'_\’.'_SB}
Msn | L (2.33)

L{st MaTp I € KBaAp aTHOXO 1 Ma€ po3MipHICTh (M+N) x (M+N).

OO6ep TanbHUN MOMEHT ACHHXP OHHOTO JIBUT'Y HA MOXe Oy TH 004HMCIEeHHI TAaKUM

YUHOM, [14]:

z
TE:T;[\PA(IB_IC)'HPB(IC_IA)"'TC(IA_lB)}_ (2.34)
a00 3a HaO LTI 3araJIbHUM BUP a30M

3, (oo 3o (o
TeE=—7Zp (PixI1)=—7Zp (|4 [T 'Sm(a\y—al)
22, i)~ 22, i i (o) 239
300p axxyBaibH1 BEKTOP X MOTOKO3YEIUIEHHS 1 CTPYMY CTaTOpa MOXKYTh Oy TH
BH3HAYEHI 32 IXHIMU MUTTEBUMHU 3HAYEHHIMU 3 ypaxXyBaHHAM (pa30BOTr0 3CyBY BEJH-
YUH NOTOKO3YEeIJICHHS 1 CTP yMY OKp eMHX (a3 aCHHXP OHHOT'O IBUTYHA:
—~ N il
=X e
k=1 (2.36)
PiBusinus pyXy yactun A /], 110 06ep TatoThCsl, OTp UMAEMO Ha OCHOB1 3aKOHY

30ep eXKEHHS IMITYJIbCY, SIKE, 3@ CTAJI0CTI MOMEHTY 1HEp11ii, 301raeTbcs 3 BIIOMUM P 1B-

HSIHHSIM JIp yToT0 3aKOHY Hb10TOHa 1151 00€p TATbHOTO PYXY:

|\/|—|\/|C=|\/|_,:JO'—CO

dt (2.37)



2.3 Peasti3aniss MaTeMaTHU4YHOI MoeJl

A/l 3 6i1a49010 KiIiTKOK0 y MATLAB

JIJ1s1 MaTeMaTUYHOTO MOJIETOBaHHS HECUMETP MUHUX P €knMiB A /] 0yI10 BUKO-

pUCTaHO aCUHXPOHHUM ABUTYH TUIy 4A90 L2 3 TAKMMM TEXHIYHUMU Xap AKTEPUCTH-

KaMH:

HowminanbHa mOTY>XHICTh, KBT 3,0

Howminansna Hanpyra, B 380

HowminansHuii ctpym cratopa, A 6,4

Howminanpaa yactora o6epranas, 00/XB 2860

Howminansanii K.IT. /1. 0,845

HominanpHuit koeilieHT NOTyKHOCTI 0,88

K.I1.A. npu 75% 3aBaHTa)KeHH1 0,855

Koedimient notysxnocti npu 75% 3aBantaxkenni 0,85

KpartHicTb mycKoBOTO CTpyMy 6,0

[lepeBaHTaxKyBajibHa 3/1aTHICTh 2,5

MowmenT iHep i, kI M2 0,0049

KinbKicTh CTpKHIB pOTOpa 20

Ta6nuus 1. [Mapamerpu T-mo1i0HOT cXeMu 3aMiIIEHHS.
4A9012 R1 R2 X1 X2 XM
Karanor, 2,4943 1,6282 1,9747 3,464 117,7871
}?;)\ipaxy— 2,3576 1,7783 2,9516 3,9878 104,405
HOK, OM

Po3B's13aHHS 3a11pONOHOBAaHUX P 1BHSAHB OYJIO P €aIi30BaHO 3a IOIIOMOI OO I O-

rpamu Ha MOBI1 iporpaMmyBaHHs MATLAB 3 Bukopucranssam texHoJiorii LiveScript.

J11st urucenbHOTO P 03B's13aHHS 3aMTpornoHoBaHuX p iBHsIHL A J[-BK 0yiio Bukopucrano

BupimyBau ODE45 3 BitHOCHOIO TOUHICTIO | €-6 Ta MakCMMaIbHUM KpP OKOM




iaTerpyBanus 0.0005.

J11s1 iep eBip kv aJIeKBaTHOCTI P 03p00JIeHOT MAaTEMAaTUIHOI MOJIEIT1 38 TOTTIOMO-
roro MATLAB 6yo oTpumano p 03B's13ku AJ1s1 cranAapTHOT KoHpirypaii AJl 13 Tpu-
(ha3HUMU CUMETP MUHUMH OOMOTKaMU Ha cTatopiTa poTopl. OTp UMaHI1 p ILLIEHHS

npeacTaBieHl Ha puc. 2.4.

60

L
i

T 10000151 e
P T

0 0.2 0.4 0.6 0.8 1
ts

Pucynok 2.4 — Jliarpamu 3amycKy 1 HAKHIaHHS HOMIHAJbHOTO HaBaHTAKECHHS
(t=0.5c¢), orpumani gy A/l 13 aucinom a3 potopaN = 3: a - crpymu cratopa; 6 -

CTPYMHU pOTOPA; B - €IEKTP OMATHITHII MOMEHT; T' - KyTOBa IIBUAKICTb.

OTpumaHi AlarpaMu IEMOHCTPYIOTh 301T Iy CKOBOTO CTPYMY CTaTOPa, CTPyMy
HaMarHi4yBaHHS 1 HOMIHAJIbHOTO CTP yMY 3 IACTIOP THUMH 3HAUEHHSAMH, 1110 BCEIISIE B
HAC ONTUMI3M 1010 aIEKBATHOCTI MOJENI.

Hapuc. 2.5 nHaBeneHo anasnoriuHi giarpamu 1ist AJl 13 6aratodasHum p oto-

powm, KutbKicTh cTp uxHIB N=20.
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Pucynox 2.5 — Jliarpamu 3ammycKy 1 HAKHIaHHS HOMIHAJTBHOTO HABaHTAXKEHHS
(t=0.5c¢), orpumani g1 A/l i3 aucimom a3 potopaN =20: a - ctpymu ctatopa; 0 -

CTPYMHU pOTOPA; B - €IEKTP OMAaTHITHHI MOMEHT; T - KyTOBa IIBUIAKICTb.

Sk BUIIMBAE 3 HABEACHUX I'Ppa(iKiB, 3HAUEHHS CTP YMIB CTATOPA, TOKa3HUKH
po0OoTH MexaHIYHOT YacTUHU A/l HE 3MIHIOIOTHCSI, IO € HETIP IMUM M1ATBEP JXKEHHSIM

KOP €KTHOCTI P 03p00JIEHOT MOIETI.
BUCHOBKH 110 po3Ainy 2

VY napyromy p03/i1i 3 BUKOP UCTAHHSIM TEOPii y3aralbHEHOTO EJIEKTP OMEX aH14-
HOTO TIep €TBOP I0Ba4a p 03p00JIeHO MaTEMATHY HY MO/JIETb aCHHXPOHHOTO JIBUTYHA 3 Y
3arajJpHOMY BUIAJIKy Oararoda3HuM CTaTOpOM Ta OLIAYOI0 KITITKO0 Ha poTopi. Po3-
poOJieHa MaTeMaTUYHA MO/JI€Ib MA€ BUTJIsA1 0araToBUMIPHOI CHCTEMH 3BUYANHUX JIH-
(dep eHUITHUX p1BHAHB. PO3B'13aHHA 3aIpONOHOBAHUX PiBHSAHB OYJIO p €ai30BaHO 32
JIOIIOMOT OO ITp oTpamMu Ha MOB1 ip orpamyBanHs MATLAB 3 BUKOp UCTaHHSIM TEXHO-
norii LiveScript. [1is nep eBipku p 03p0o0sieHOT MaTeMaTUYHOI MO 1711 0YJI0 BUKOPHUC-

TaHO aCUHXP OHHMM NBUTYH THITY 4A90 L2 3 K1IbKICTIO cTp FKHIB poTtopa N = 20.



OTpumaHi p IIIIeHHS MaTEMAaTUYHOT MO 1 CITIBITAJAF0Th 13 3arajJbHOTEOPEeTHY -
HUMH Yy SIBJICHHSIMU ITP 0 p0OOTY ACHHX POHHOTO €JIEKTP OJIBUTYHA. UKMCII0BI 3HAUCHHS
€JIEKTP OMEXaHIYHUX KOOPIMHAT aCHHXPOHHOTO IBUTYHA CIIBIA1a0Th 3 MACTIOP T-
HUMU TaHUMH TECTOBOTO JIBUTYHA, 110 MiATBEP HKYE aICKBATHICTH P 03p00IEHOI Ma-

TEMATUYHOI MOJIEIL.



Po3aia 3 locaigKeHHs Al1arHOCTUYHHX
O3HAK ACUHXPOHHOTI'0 ABUI'YHA 3 OL/IA4Y010

KJIITKOIO HA pOTOPi B aBapiMHUX peXumMax

3.1 CneKTpa/IbHMM aHaJIi3 MUTTEBOI IOTY>KHOCTI aCHHXPOHHOI'O /iBU-

ryHa 3 6i/1s19010 K/IITKOI0O Ha pOTOPi B aBapilHUX pexKuMax

Hecumerpuuni p exxumu po6otu Al € map kepaMu p 03BUTKY aBapiiHOI CUTya-
mii.

J1J1s1 A1arHOCTUKY HECUMETP UIHHUX P &KUMIB p000TH A/ Tp OTIOHY €THCSI BUKO-
pPUCTOBYBATH CHIEKTP AJIbHUN aHAJI13 CUTHAJIIB MUTTEBOI MOTY>KHOCTI M €JIEKTP OMarHi-
THOTO MOMEHTY A/l y kBa3zicTaaoMy pexuMi poooTu. CieKTp albHUM aHAN13, SIK Oy e
MOKa3aHO HUXKYE, I03BOJISIE OTPUMATH OUTbII BUP aXKEHI J11arHOCTUYHI CUTHAJIU TIOP 1B-
HSIHO 3 aHAJI130M MUTTEBUX 3HAUYEHb CTP YMIB, HAIIPYT 1 MUTTEBOT MOTYKHOCTI.

Cursan MUTTEBOT MOTYKHOCTI, cCIOKKUBaHO1 A /[, MOke OyTH 00uunCIIeHHi 3a

s(t)=

[TepeBaroro Takoro BUOOPY € Te, 110 CUTHAJI MUTTEBOI MOTYKHOCTI MOXKe Oy TH
6e3nocep eqHLO BUMIp SIHUM 0€3 3yTMHKU BUP OOHUYOT O P OLIECY .

CurHai e1eKkTp OMarHiTHOrO MOMEHTY HaBIIAKU HE MOXKeE Oy TH BUMIp SHUI 0€3-
nocep enHb0. OHaK MOTro CIEKTP ajibH1 XapaKTEPUCTUKU MOKYTh Oy TH OLIIHEH1 I001-
YHO 3a pe3yJbTaTaMu BIOpOaKyCTUYHOT 0 aHaJli3y pobotu A /.

Hapuc. 3.1, a, 6 HaBeeHO AiarpaMu CTp yMiB cTaTopa, Ha puc. 3.1, B, T - miar-
paMH €JIEKTp OMarHiTHOTO MOMEHTY 1 MUTTEBOT TOTY>XKHOCTI A/ y kBaziycraneHui
pEXuM poOOTH 3 HECUMETP MYHOIO HATIP YIoko cTaTopa. B obuncnioBambsHOMY ekcie-
pUMEHTI OyJ10 P UHHSATO, 1110 HarpyTa da3u B cratopa cranoButh 90 % Big HOMIHA-

JIBHOI.



Hapwuc. 3.1, 1, € HaBeneHO Alarp aMu MOTYKHOCTI CITIEKTP a CUTHAJIIB €JICKTP O-

MarHITHOTO MOMEHTY 1 MUTTEBOT MOTYKHOCTI A J].
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a) Ctpymu ctatopa A/l npu HeEcuMmeTpi
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B) €JI€KTP OMarHiTHHUI MOMEHT Y KBa31y-
CTaJICHOMY P €KHMI ITP ¥ HECUMETP i1 Ha-

npyru KuBJiIeHHA y Pa3iB
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0) Ctpymu cratopa A/l npu Hecumerpii
HAIp YTy XKUBJIEHHS y ¢a3i B, 3011b-
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I') MUTTEBA ITOBHA MOTYKHICTh Y KBa31y-
CTaJICHOMY P €KMMI ITP ¥ HECUMETP i1 Ha-

Npyru KuBJIeHHS y pa3iB
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Pucynok 3.1 — Cnextpanbamii anami3 poodotu A J[-bK npu HasisBHOCTI HecumeTp ii

HAIp yT'Y )KUBJICHHS CTaTOpa

Sk moka3ye getaabHUAN aHA13, 3M1HA P1BHSI HECUMETP 1i )KUBJISTYO1 HAIIP YTU HE
BIUTMBAE HA MOJI0KEHHS €KCTP EMYMIB CIIEKTP aTbHOI XapaKTEPUCTUKH, aJi€ Cy TP OBO-
JIKY €ThCSI 3SMIHOIO IXHBOT aMILTITY JTH.

AHAaJIOT14HI pe3yJbTaTh 0y10 OTP UMAHO [P ¥ aHAJ131 p 00OTH ACUHXPOHHOTO
JBUTYHA [P ¥ BATKOBOMY 3aMHUKaHHI CTATOP HOl 0OMOTKH. MaTeMaTUIHUM MO IEITIO-
BaHHSIM BCTAHOBJIEHO, II[0 OOP MIB p OTOPHOT'O CTP FDKHS HE BIUTUBAE HA CIICKTP aJIbHY
XapaKTepPUCTUKY MUTTEBOT TOTYXHOCTI A /.

TakuM YuHOM, HASIBHICTh BUKUIB CIIEKTP aJIbHOI XapaKTEPUCTUKH MUTTEBOT
moBHOI Moty kHOCTI Ha gacTtoTax 100 Ta 200 ' € HagItHUMU T1aTrHOCTUIHUMHA O3HAa -
KaMU, 110 BKa3YIOTh Ha HAABHICTh HECUMETP1l y CTATOP1aCUHXPOHHOT'O IBUT'YHA, aJ1e

HE Ja€ %O HO1 1H(OP MaIlil BITHOCHO CTaHy O UTSI401 KITITKH.

3.2 T'oporpad cTrpyMy cTaTOpa aCHHXPOHHOT'O ABUTYHA 3 Oi/IA4010

KJ/IITKOI0 HA POTOPi B aBapiHUX peXKuMax

Jlist 3p yuHOCTI Bizyaiizaiii Gopmu cTp yMiB 0y10 o0y a0BaHO rogorpadu 30-
Op a>KyBaJIBHMX BEKTOPIB JIJIs CTPYMIB CTaTopa 1 poTopa.
[Tp ocTopoBe moJ10KeHHsI 300paKyr0uoT0 BEKTOpa CTPyMy CTaTopaabo poropa
MOske OyTH BU3HAYCHE 32 IX MUTTEBUMU 3HAUCHHSIMU 3 yP aXyBaHHIM ()a30BOr0
3CYyBY 3Ha4€Hb CTPyMY 1 MOTOKY OKp eMHX (ha3 aCHHXP OHHOT'O IBUTYHA!
— N il
I1= Z |k.e|(k 1)
k=1 (3.2)
Sk 1 cmig OyJi0 OYIKyBaTH, y CUMETP HIHOMY P €KHUMI P OoOOTH roorpadu 30-

Op a)KyBaJIbBHUX BEKTOPIB JIJISI CTP YMIB CTaTOpa 1 pOTOPA € 116 TbHUMH KOJIaMH 3



IIEHTP OM Ha IMOYaTKy KOOPAWHAT, pHUC.3.2.

Godograph of Stator current

10 10 Godograph of Rotor current

T T /,/ \"u\
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Imag(15)
Imag(IR)
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Real(IS) ) Real(IR)
Pucynok 3.2 — I'ogorpadu 300paxxyBaibHIX BEKTOPIB IS CTP YMIB CTa-
TOpaipoTopa: a - rogorpad 300pakyrodoro BEKTOpa CTpyMy CTaTopa;

0 - rogorpad 300paxkyrouoTo BEKTOpa CTPyMy pOTOpa

Ha puc. 3.3 npencrasieno giarpamu pa3HuX cTp ymiB ctatopa A/l y kBasiycra-
JIGHOMY P €XKHUMI1 p00O0TH 3 HECUMETP MYHOIO HAIIP YTO10 cTaTopa. B oOuuncioBaib-
. o 0
HOMY €KCIep UMEHTI OyJ10 Ip MMHATO, 1110 Hanpyra ¢a3u B ctatopa cranoButs 90 %
Bi1 HOMIHATBHOI. ['padiku puc. 3.3,0 HAOYHO TOKA3YIOTh BIIMIHHOCTI (Da3HUX CTPY-

MiB, BUKJIMKaHI JAaHUM BHI0OM HECUMETP 1.

AWUM-M 90L2, 1A AHM-M 9012, TA

AL, A
[B(t), A
1C(), A

Pucynok 3.3 — Ctpymu cratropa AJ[-bK 3a HecumeTp i1 Hanp yru >KMBJICHHS CTa-
Topa:a- ctpymu ctatopa Al 3a HecuMeTp1i Hanp yru )kuBJIeHHA y (pa3i B; 0 -

crpymu cratopa A/l 3a HecuMeTp i1 Hanp yru )KuBJieHHs y da3i B

TakoX, Ip ¥ IbOMY CIIOCTEP ITAFOTHCS MYJILCAIIIi €IEKTP OMATHITHOTO MOMEHTY



AJl 1 HECUMETp HIHHM P 03TIOIUI CTP YMIB Y CTP HOKHSX POTOpA.

Ha puc. 3.3. npencrapieno rogorpadgu 300paxxyBaibHUX BEKTOPIB IJIsI CTPY-
MIB CTaTOpa 1 pOTOpPa 32 HECUMETP 1i )KUBIITYUX HATIP YT.

Godograph of Rotor current
15 . T T

Godograph of Stator current

10t i \
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a) 0)
Pucynok 3.4 — I'omorpadu 300pakyBajibHUX BEKTOPIB IS CTP YMIB CTaTOpa 1
pOTOpa3a HECUMETP 1i HAIP yTH )KUBJIIEHHS: a - ToAgoTpad 300pakyBaIbHOT O BEK-
TOpa CTpyMy cratopa; 6 - rogorpad 300paxxyBajbHOTO BEKTOpa CTPyMy pOTOpa
['onorpad crpymy cratopa siBiise COOOI0 EITINC 3 HAXUJIOM BIIPaBO, HOTO (PO-
pMa MOKe CITyTYBaTH J1IarHOCTUYHOIO 03HAKOK0 HECUMETP 11 )KUBIISU01 HATIP YTH, &
CHIBBITHOIIIEHHS BiCEH 1bOTO €JI1Ica BKa3y€ Ha CTEMIHbL HECUMETP 1.
Ha puc.3.5 HaBeneno aiarpamu pazaux crpymis ctatopa AJl y kBasiycraie-
HOMY p €XKHUM1 p00OOTH 3 BUTKOBUM 3aMUKAHHSIM B O/1HIH 13 (ha3 ctaTtopa. B obuucio-
BaJILHOMY €KCIIep UMEHTI OyJ10 Ip MHATO, 110 y ¢a3i B craTopamomrkomxero 30 %

BUTKIB. ['padiku puc. 3.5,06 HAOYHO TOKA3YIOTh BIAMIHHOCTI (Da3HUX CTP yMIB, BUKJIH-

KaH1 JaHUM BHJIOM HECUMETPi.
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Pucynok 3.5 — Ctpymu craropa AJ[-bBK npu BUTKOBOMY 3aMHKaHHI cTaTOpa: a -
ctpymu ctatopa Al 3a HecuMeTp1i Hamp yrHl )KUBJIeHHS y (ha3i B; 6 - ctpymn

cratopa A/l 3a HecumeTpii Hanp yru *uBIeHHS Y Pa3i B

Ha puc. 3.6 npencrasieno rogorpadu 300paxyBaIbHIX BEKTOP 1B AJI51 CTP yMiB

cratopaipoTopalpu BUTKOBOMY 3aMHKaHH1y (a3l B cratopa.

Imag(IS)

Godograph of Stator current

-~ ~—

Real(IS)

Godograph of Rotor current

Real(IR)

a)

0)

Pucynok 3.6 — I'ogorpadu 300paxxyBalibHUX BEKTOPIB 1JIsI CTP YMIB CTaTOpa i

poTopampu BUTKOBOMY 3aMuKaHH1 y (a3l B cratopa: a - rogorpad 3006paxyBa-

JBHOTO BEKTOPa CTpyMy cTaTtopa; 0 - rogorpad 300paxyBajibHOTO BEKTOpa

CTpyMy poTopa




I'ogorpad ctpymy cratopa siBisie COO0T0 ETITC 3 HAaXWIIOM BII1BO, HOTO (hopMa
MO’K€ CITyTYBATH JIarHOCTUIHOIO 03HAKOIO BUTKOBOTO 3aMUKAHHS CTATOPa, a CITiB-

BIJTHOIIIEHHS BICEH IIHOTO eJIiTca BKa3ye Ha CTETiHb HECUMETP 1.

Hocmixyemo podoty AJI-BK nipu 06pusi crpmxas potopa. Po6ora AJ[-bK
MOYMHAETHCS 3 IOBHICTIO CUMETP UYHOTO P &XKUMY POOOTH y cripaBHOMY cTaHi. [Ticis
3aITy CKy BXOJOCTY B1J0YBAa€ThCsl HAKUIAHHS HABAHTA)KEHHS B MOMEHT yacy t =1 c.
[Ticist HacTaHHS CTAJIOTO PEXKUMY POOOTH 3 HOMIHAJIbHUM HABAHTAKEHHSIM Y MOMEHT
yacy t =2 ¢ Bi10yBa€eThCs 0OpPUB CTP MXKHS POTOPA, 1 IBUTYH IIEP €XOAUTh B aBTOKOJIU-

BaJIbHUH p exxuM. OTICaH1 p €3yJIbTaTH NP €ICTaBIeHO Ha puc. 3.7 1 puc.3.8.
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Pucynoxk 3.7 — Jlocmimkenns podotu AJI-BK npu 0OpuBi cTp mxKHS B poTOp1

Ha puc. 3.8 npencrasieno rogorpadu 300paxyBaabHUX BEKTOP 1B 1JII CTP YMIB

craTopaipoTopaB pa3i 00pUBY CTP UKHS B pOTOPI.

Godograph of Stator current __ Godograph of Rotor current
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a) rogorpad 300paKyBaIbHOTO BEKTOP a 0) rogorpad 300paxkyBaIbHOTO BE-
CTpyMy cTaTopa KTOpa CTpyMy-Ka poTopa

Pucynok 3.8 — 'ogorpadu 300pakyBaIbHIX BEKTOPIB I CTP yMiB cTaTopa i

poTOpaB pa3i 00pUBY CTP MKHSI B pOTOP1

['onmorpad crpymy cratopa siBiisie C00010 KibIIE JOCUTh IMOMITHOT WP UHH,



Taka ioro (hopmMa MOKe CIyTyBaTH J1arHOCTUIHOIO 03HAKOK 0OpHBA CTP MHKHS O1715-
401 KIITKH poTtopa. IllupunHa Kinbig rogorpada cTpyMy cTaTopa 3aaeKuTh BiJl MO-
MEHTY OTIOPY Ha BaJTy €JIeKTP OABUTYHA, 1 TP M HE3HAUHUX MOMEHTaX OTIOPY 1if Jiar-

HOCTHUYHA O3HaKa MO>Ke OyTH HEOCTATHHO HAIIHHOIO.

3BepTae Ha ceOe yBary, 110 30BHIIITHIN BUTJIsA rojiorpada crpymy cratopa, 10-
CTYITHOTO JIJIsl BAMIp F0OBaHb, MA€ JIOCTATHLO P 13HUM BUTJIS IS P 13HUX THITIB HECUME-
TPUYHUX P EKUMIB, IO MOXKE OyTH BUKOP UCTAHO HA 1Al ITiJ] Yac p o3p00IeHHS METO-
IiB 11eHTU(IKAIT p13HOMAHITHUX HECTIP aBHOCTEW aCUHXP OHHOTO JIBUT'YHA, BKJTIOYa-

F0YH 0OPMB CTP MKHS OUTSTIO01 KITITKH.

BUCHOBKH 110 po3ainy 3

Y TperboMy p 03/1i11 BUKOHAHO JIOCII1I>KEHHSI pOOOTH ACHHXPOHHOTO JIBUTYHA 3
OUIS19010 KIIITKOIO P U P 13HUX BUAAX TAPAMETPUYHOI HECUMETP1i CTaTOP HUX Ta P OTO-
PHUX OOMOTOK. Y SIKOCTI JIArHOCTUYHUX O3HAK P O3TJITHYTO CIIEKTP aIbHUM CKJ1a]1 CH-
rHAJTy MEUTTEBOI IMMOTY>KHOCTI JKUBJISTY01 MEp €K1 3 O0KY CTaTOp a Ta rTeOMETp UuHY (Po-
pmy rogorpada crpymy cratopa. L{i o3Haku 06paHo came ToMy, 110 11 03HAKH MO-
KyTh OyTH BU3HAUYCHI B OHJIAWH-PEKUMI P OOOTH SIIEKTP ONIPUBO/IY Ta BAMAraroTh BU-
MIp FOBaHHS JIMIIIE €JIEKTP UYHUX BEIIMYHH.

[Toka3zaHo, 1110 CTIEKTp aJIbHUH CKJ1aJl MUTTEBOT TOBHOI MOTY>KHO CTi CTATOP a Ma€
00OMEKEHHUH J11ana30H BUKOPUCTAHHS, HE 03BOJISIE P O3P13HUTH HECUMETP 110 KUBJIS-
401 Hamp yIy BiJl BATKOBOTO 3aMHUKaHHS CTATOPA, HE 103BOJISIE 1IEHTU(PIKYBATH 0OpUB
CTP WXKHS OUTSIYOT KITITKH.

®opma rogorpada ctpymy cratopa € OuTb1I IH(HOP MATUBHOIO 03HAKOIO, 103BO-
Jsi€ nudep SHIII0BATH P 13H1 BUIU HECUMETP 11, J03BOJISAE HAIIMHO J1arHOCTYBATH 00-
PUB CTP WOKHS OUTs1901 KITITKU. Ha miarHoCTHYHI XapaKTEpUCTUKU 0O UBY CTp MKHS O1-
J4Y01 KITITKH BIUTUBA€ 3HaUEHHS MOMEHTY OTIOpY Ha BaJly aCUHXP OHHOI'O IBUTYHa,
110 BUMAarae J0AaTKOBUX JOCIKEHb JJ1s MABUILICHHS HA1ITHOCTI BUKOP UCTAHHS

i€l J1arHOCTUYHOT O3HAKH.






BHCHOBKH

VY nep oMy po3aii po3risTHyTO Cy4acHUH CTaH eJTeKTP OMEXaHIYHUX IIep €TBO-
pIOBaviB €HEPTIi Ta P MUMH iX aBap 1HHOCTI. 3HAYHA YaCTKa aBapiifHUX BUXO/IIB 3
JaJly aCHHXPOHHUX JBUTYHIB BUKJIMKaHA BUTKOBUMH 3aMUKaHHSIMH CTaTOPa Ta 00p -
BOM CTP FDKHEH O17IT901 KITITKHA P 0TOpa KOPOTKO3aMKHEHOI'0 aCHHXPOHHOTO JIBUTYHA,
TOOTO Map aMETPUIHOIO HECUMETP 1€10 0OMOTOK ACHHX P OHHOT'O IBUTYHA. OTJIs/1Cy-
4aCHO1 HAyKOBO-TEXHIYHOI JIITEp aTypH NIATBEP JKYE BEJIMKY 3aLI1KaBIEHICTb 10CT1-
HUKIB Y BUBUEHHI IUTaHb, I0B’ 13aHUX 3 POOOTOO OUTSAYOT KIITKM HA MOKa3HUKY eJle-
KTP OMEXaHIYHOTO Iep €TBOPEHHS ACHHXPOHHOT'0 IBUTYHA, 1110 MiATBEP KY€ aKTyaJlb-
HICTh TEMU JIOCTII>KEHHS.

VY apyromy p03/1i1i 3 BUKOP MICTAHHSM TEOPii y3arajIbHEHOTO €J1eKTP OMEX aHi4-
HOTO Iep €TBOP I0Baya p 03p00JIEHO MATEMATHYHY MOJI€NTb ACHHXPOHHOI'O IBUTYHA 3 Y
3arajlbHOMY BHMAAKy 0araroda3sHuM cCTaToOpoM Ta OLISTIOF0 KIITKOIO Ha poTopi. Po3-
poOJieHa MaTeMaTHIHA MOJI€TTb MAa€ BUTJISA1 0araToBUMIPHOI CHCTEMH 3BUYANHKX JTU-
dep eH1iiTHUX p1BHAHB. P0O3B'13aHHS 3aMpONOHOBAHUX P 1BHSHB OYJIO p €aJli30BaHoO 32
JOTIOMOTOIO0 ITp OrpamMu Ha MOBI p orpamyBanHsi MATLAB 3 BUKOp MCTaHHSIM TEXHO-
norii LiveScript. Jlns nep eBipku p 03po01eH0T MaTeMaTUIHOT MOIeITi OYJ10 BHKOPHUC-
TaHO acUHXpOHHUN ABUTYH THITY 4A90 L2 3 kinbkicTio crpmkHiB poTopa N = 20.

OTpumaHi pillIeHHsI MaTEMaTUYHOT MOJIEI1 CIIBIIA1a0Th 13 3araJIbHOTEOPETHY -
HUMH Yy SIBICHHSIMU ITP O p0OOTY ACHHXPOHHOTO €JIEKTP O/IBUTYHA. UMCI10B1 3HAUCHHS
eJIEKTP OMEXaHIYHUX KOOPAMHAT ACHHX POHHOTO JIBUTYHa CITiBITa1a0Th 3 TACIOP T-
HAMH JaHUMH TECTOBOTO IBUTYHA, IO IMIATBEP JHKYE aICKBATHICTH P 03p00JICHOT Ma-
TEMATUYHOI MOIETI.

VY TperboMy p 03/1111 BUKOHAHO JTOCI1I>KEHHSI pOOOTH ACHHXPOHHOTO JIBUTYHA 3
OUIS19010 KIIITKOIO P U P 13HUX BUAAX TAPAMETPUYHOI HECUMETP1i CTATOP HUX Ta P OTO-
PHHUX OOMOTOK. Y SIKOCTI 1IarHOCTUYHUX O3HAK P O3IJIIHYTO CIIEKTP aJIbHUI CKIIa ] CU-
rHAJy MUTTEBOI IMMOTY>KHOCTI JKUBJISTY01 MEp €Ki 3 OOKY CTaTOp a Ta rTeOMEeTp UuHY (Po-

pmy rogorpada ctpymy cratopa. Lli o03Haku 00p ano caMe TOMYy, 110 111 O3HAKH



MOXYTb Oy TH BU3HA4YEHI B OHJIAMH-PEKUMI p 000TH €JIEKTP OIPUBOIY Ta BAMATrarTh
BUMIp FOBAHHS JTUILIE €JIEKTP MUHUX BETUYHH.

[Toka3zaHo, 1110 CTIEKTp aJIbHUH CKJ1aJl MUTTEBOT TOBHOT MOTY>KHO CT1 CTATOP a Ma€e
oOMeXeHUH Jliara30H BUKOPUCTAHHS, HE TO3BOJISIE P 03P13HUTH HECUMETP 110 )KHUBJISI-
401 HaNp yIy BiJl BATKOBOT'O 3aMHUKaHHS CTATOPA, HE 103BOJISIE 1IIEHTU(IKYBATH 0OpUB
CTP OKHSI OUTSIYOT KITITKH.

®opma rogorpada crpymy cratopa e OuTb1I 1HHOP MATUBHOIO 03HAKOIO, 103BO-
Jsi€ nudep eHIII0BAaTH P i13H1 BUIU HECUMETP 11, J03BOJISE HAJIIMHO A1arHOCTYBATH 00-
PUB CTPp WOKHsI 0151901 KiTiTKU. Ha miarHOCTHYHI XapaKTepUCTUKU OOP UBY CTP MKHS O1-
JST901 KITITKY BIUTUBA€ 3HAUCHHS MOMEHTY OTIOPY Ha BaJTy aCHHX P OHHOT'O JIBUTY Ha,
1110 BUMAarae J0JaTKOBUX TOCI1KSHb JJ1s M IBUIIIEHHS HAIIHOCTI BUKOP UCTAHHS

i€l 71arHOCTUYHOT O3HAKH.
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