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rikete tuvastamise voimalused.
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2) Millised torked voivad tekkida harjadeta alalisvoolumootorites?
3) Mis on vdimalikud laagririkete allikad ja kuidas vGib selliseid rikkeid tuvastada?

4) Millised on erinevate torgete vibratsioonispektrid ja mis on nende erinevus?
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EESSONA

Antud 16putdd teema esitati elektroenergeetika ja mehhatroonika instituudi elektrimasinate

uurimisrihma poolt. Koik katsed ja simulatsioonid olid labi viidud elektrimasinate teaduslaboris.

Suured tanud minu juhendajale Toomas Vaimannile abi ning toetuse eest antud magistritoo
kirjutamisel. Soovin tdnada ka minu kaasjuhendajat Bilal Asadi, kes aitas katsete jooksul saadud
andmeid to6delda ja analllsida. Soovin avaldada suurt ja siirast tdnu Ants Kallastele ja Anton

Rassolkinile, et toetasid nGuega ning aitasid sdilitada motivatsiooni antud 16putd6 kirjutamisel.
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SISSEJUHATUS

Antud uurimist6d tutvustab harjadeta alalisvoolumootorite peamisi rikkeid ja nende
diagnostikavGimalusi. P6hjalikult on uuritud levinumaid laagririkked. Need rikked tekitati fllsiliselt

tervetele laagritele, et uurida torgete mdju elektrimasina talitlusele.

Selliste mootorite populaarsuse kasvu t6ttu viimasel kimnendil on antud masinate hooldus ja
diagnostika Uha olulisemaks muutunud. Tanu 6konoomsele energiatarbimisele ja vdhesele
hooldusvajadusele, on nimetatud mootorid palvinud laialdast tahelepanu erinevates tdostuslikes ja
kodumaistes rakendustes: toostusautomaatikas, taastuvenergeetikas, lennunduses,
majapidamises, ja paljudes teistes valdkondades. Eriline tdhelepanu on poddratud harjavabadele
mootoritele transpordivaldkonnas, kuna harjavabad alalisvoolumootorid annavad oma panuse
keskkonnasobralike ja uuenduslike elektrisdidukite arengusse, nagu hubriid- ja elektriautod,

isesditvad autod, elektrilised jalg- ja tdukerattad.

Kuna masinaid kasutatakse nii laialt erinevates rakendustes, on selliste masinate ootamatud rikked
ebasoovitavad ja neid tuleb valtida. Antud [0put6d eesmargiks on uurida harjavabade
alalisvoolumasinate laagririkkeid. Selleks on vaja leida véimalused laagririkete tekitamiseks laboris

ja katsetuste teel selgitada rikete tuvastamise véimalused.

Esimeses peatiikis on pdhjalikult vaadeldud antud tiiipi mootoreid, nende eelised ja puudused.
Lahemalt on kirjeldatud mootorite konstruktsiooni ja t66pdhimdtet. Lisaks on loetletud ka erinevad

valdkonnad ja rakendused, kus kasutatakse harjadeta alalisvoolumootoreid.

Teises peatlikis on loetletud pohilised torked, mis vdivad tekkida harjavabades
alalisvoolumootorites. Kuna elektrimasinad tootavad erinevates tingimustes, siis pikaajalisel
talitlusel tekivad mootoris paratamatult mdningad rikked. PGhimotteliselt voib harjadeta
alalisvoolumootorites esinevad torked jagada kolme pdhiriihma: elektrilised, magnetilised ja
mehaanilised torked. Selles peatiikis on vaadeldud iga riihma kdige levinumaid rikkeid ja nende

valtimise vdimalusi.

Kolmandas peatiikis on vaadeldud harjadeta alalisvoolumootorite laagririkkeid. Harjavabade
alalisvoolumootorite rakenduste kasvuga voib sellise olulise komponendi nagu laager ootamatu

torge pdhjustada olulisi majanduslikke ja ohtlikke tagajargi. Seega laagrite tookindluse ja
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usaldusvaarsuse tagamine on aarmiselt oluline. Antud peatiikis on vaadeldud vdimalikud

laagririkked, nende tekkimise pdhjused ning soovitused, kuidas saab neid rikkeid valtida.

Viimastel aastakiimnetel on elektrimasinate diagnostika saanud pdhjendatud tahtsuse. Tanapaeval
on rikkediagnostikaks palju meetodeid. Peaaegu kdik signaalit6dtluse meetodid pdhinevad Fourier’
real. Neljandas peatiikis on loetletud erinevad tehnikad, mida kasutatakse rikete tuvastamiseks,
nagu kiire Fourier’ teisendus, lthiajaline Fourier’ teisendus ja lainikteisendus. Samuti on raagitud

lihidalt edasiarenenud diagnostikatehnikatest, mis on praegu maailmas kasutusel.

Viies peatiikk on kdige mahukam ja olulisem osa antud t60s. Antud peatikis on kirjeldatud
katsestend: kasutatud mootevahendid, mootor, laagritele tekitatud rikked. Kuna kasutatud
katsemootor on ette nahtud kasutamiseks elektrilises tdukeratastes, siis on valitud seitse tudpilist
laagririket, mis voivad ilmneda elektrilises tOukerattas. lga vigane laager annab teatud
vibratsioonisignaali, mida saab vorrelda flusiliselt terve laagri vibratsioonisignaaliga ja tuvastada

rikke olemasoleku. Antud t66 raames kirjeldatakse ja vorreldakse laagrite vibratsioonispektreid.

Esmajoones oleks antud I6putdd kasulik eelkdige ettevotetele, mis tegelevad harjavabade
alalisvoolumootoritega. Eriti oleks tehtud uuring kasulik firmadele, mis tegelevad elektriliste

t6ukerataste tootmise ja miiligiga voi rendivad elektrilisi téukerattaid.
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1. HARJAVABADE ALALISVOOLUMOOTORITE ALUSED

Struktuuri jargi voib alalisvoolumootoreid liigitada jargmiselt:

e harjadega alalisvoolumootorid (ingl. BDC — brushed DC motors),

e harjavabad alalisvoolumootorid (ingl. BLDC — brushless DC motors).

Lihtsaim mootoritliip on harjadega alalisvoolumootor. Koik harjadega alalisvoolumootorid
koosnevad samadest pShikomponentidest: staatorist, rootorist, harjadest ja kommutaatorist.
Harjadega alalisvoolumootoril on lihtne disain ja t66pdhimdte. Selliste mootorite madal hind
muudab need sobivaks paljudes rakendustes. Enamasti seisnevad harjadega alalisvoolumootorite
puudused harjade kasutamises. Harjad pS&hjustavad mira ja lihendavad mootori eluiga. Samuti

vajavad harjad regulaarset valjavahetamist.

Harjade poolt pdhjustatud probleemide (letamiseks tootati valja harjadeta alalisvoolumootorid.
Sellistes elektrimasinates ei kasutata harju voolu tlekandmiseks ja muundamiseks [1]. Sellist tlilipi
mootorid on elektrooniliselt kommuteeritud ja harjade puudumise tottu ei tekita need sadelust.
Selline omadus vdimaldab neid kasutada ka rakendustes, kus sddemed on ohtlikud (naiteks
gaasikeskkonnas). Lisaks sellele, harjade eemaldamine harjadeta alalisvoolumootorites vahendab
mehaanilist hddrdumist ja elektrilise erosiooniga seotud probleeme. Pilsimagnetite kasutamine
koos jouelektroonikaga véimaldab harjadeta alalisvoolumootoritel toota rohkem energiat kui
harjadega mootoritel. Lisaks sellele, on harjavabad alalisvoolumootorid vaiksemad ja kergemad kui
sama valjundvGimsusega harjadega mootorid, muutes need vaartuslikuks rakendustes, kus
kriitilised tegurid on suurus ja kaal. Uldiselt on harjadeta alalisvoolumootoritel jirgmised eelised

harjadega alalisvoolumootorite ees [2]:

e Suurendatud efektiivsus,

e Suuremad kiirusvahemikud,

e Vihendatud mira,

e Paremad kiirus-p66rdemomendi suhted,
e Vidiksemad suurus ja kaal,

e Suurendatud todkindlus,

e Pikem kasutusiga.
14



1.1 Harjavabade alalisvoolumootorite konstruktsioon ja
toopohimote

Harjadeta alalisvoolumootorite konstruktsioon sarnaneb pisimagnetitega siinkroonmootoriga.
Rootori ja staatori magnetvaljad pddrlevad samal sagedusel. SGltuvalt faaside konfiguratsioonist,
on staatoril vastav mahiste arv. Harjavabad alalisvoolumootorid vdéivad olla (ihefaasilised,
kahefaasilised voi kolmefaasilised. Neist on kolmefaasilised mootorid kdige populaarsemad ja

laialdasemalt kasutatavad. Antud 10putd6d keskendub kolmefaasilistele mootoritele, nagu on

naidatud joonisel 1.1.

Staator

Plsimagnetitega rootor

Halli andur

Mahised

Joonis 1.1 Kolmefaasiline harjavaba alalisvoolumootor [3]

1.1.1 Rootor

Harjavaba alalisvoolumootori rootor koosneb vdllist ja plsimagnetitega rummust. Rootorid véivad

sisaldada kaks kuni kaheksa pooluspaari, kus pdhja- ja Idunapoolused on vaheldumisi.

Plsimagnetitega elektrimasinate kasutamine on tdnapdeval kasvav trend, kuna sellised
elektrimasinad on t6husamad ja usaldusvadarsemad [4]. Seetdttu on viimastel aastatel kasvanud ka

plsimagnetitoostus ja ndudlus selliste materjalide jarele. Lahtudes rootori ndutavast magnetvalja
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tihedusest, valitakse rootori valmistamiseks dige magnetiline materjal. Viimasel ajal on neli peamist

magnetilist materjali, mida kasutatakse erinevates rakendustes:

o Ferriit,
e AINiCo (alumiiniumi, nikli ja koobalti sulam),
e SmCo (samariumi ja koobalti sulam),

e NdFeB (neodiiiimi, raua ja boori sulam).

Materjalide kasutamine viimastel aastatel ja nende prognoositud ndudlus on toodud joonisel 1.2.

1,800.0
1,600.0
1,400.0

1,200.0

1,000.0 = B
800.0
600.0
400.0
200.0
0.0

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
B Ferriit ®mNdFeB B SmCOo mAINICD

Joonis 1.2. Globaalse pisimagnetituru maht materjali jargi (2013 — 2024) [5]

Tanapdeval domineerivad globaalses pisimagnetitodstuses ferriitmagnetid. Ferriitmaterjalide
peamiseks eeliseks on nende maksumus. Seda tilpi pusimagnetid on (ks odavamaid
magnetitlilipeja nende valmistamise kulud on madalamad. Samuti on ferriidil vaga kdrge elektriline
takistus. Nendel magnetitel on vdga hea korrosioonikindlus ja pikk kasutusiga. Ferriitmaterjalide
peamine puudus on madal jaakinduktsioon, mis on pd&hjuseks miks antud magnetmaterjali ei

kasutata suure vGimsustihedusega rakendustes.

AINiCo magnetid on madala koertsitiivsusega, mis vGib pdhjustada materjali demagnetiseerumist.
Samuti on selle materjali maksimaalne energiatihedus umbes 1/5 SmCo materjalidest, kuid samas

on materjalil suureparased kdrgendatud temperatuuritaluvuse omadused ja korrosioonikindlus [6].

16



Plsimagnetitega elektrimasinad, mida kasutatakse autode elektrimootorites, sisaldavad tavaliselt
haruldastel muldmetallidel pd&hinevaid plisimagneteid (NdFeB ja SmCo), mis v&imaldavad
saavutada suurt joudlust laias temperatuurivahemikus [7]. Lisaks sellele, SmCo magnetitel on
parem vastupidavus termilise demagnetiseerumise suhtes, korge koertsitiivsus ja korge
korrosioonikindlus [6]. Teisest kiljest on SmCo magnetid rabedad ja suhteliselt kdrge hinnaga.
NdFeB magnetid on vahem rabedad, kuid nendel on halvad soojusomadused ja vastupidavus

korrosioonile.

Kummatigi on haruldaste muldmetallide sulamid tdnapdeval tooOstuses eelistatumad, eriti
kasutatakse neid sellistes rakendustes nagu elektrimasinad [8]. NdFeB sulameid kasutatakse
juhtudel, kus on vaja saada suurem vdimsustihedus ning SmCo sulameid kasutatakse laiade

temperatuurivahemike korral [9].

Harjavabade alalisvoolumootorite korral on kasutusel erineva konfiguratsiooniga rootorimagneti

ristlGiked. Peamised vGimalused on naidatud joonisel 1.3.

a b c

Joonis 1.3. Magnetite ristlGiked rootoril [10]:

a) pinnale paigaldatavad magnetid, b) rootori sisse paigaldatud tangentsiaalmagnetid, c) rootori sisse
paigaldatud radiaalsed magnetid.

Plsimagnetitega masinate korral on magneti paigutuseks rootoril peamiselt kaks erinevat varianti

[11]:

e Magnetid paigutatakse rootori pinnale nagu naidatud joonisel 1.3 3,

e Magnetid paigutatakse rootori piludesse nagu naidatud joonisel 1.3 b, c.
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Mootori korral, kus magneteid paigutatakse rootori pinnale (joonis 1.3 a), muutub mootori
konstruktsioon muude paigutustega vorreldes lihtsamaks. Samas vdivad pinnale paigutatud

magnetid vahendada elektrimasina tookindlust.

Samuti on vGimalused magnetite rootori sisemusse paigutamise jaoks (joonised 1.3 b, c). Soltuvalt
pohjusest voib kasutada erinevaid paigutusviise. Sel juhul muutub rootori konstruktsioon
keerulisemaks. Eeliseks sisemise paigutuse korral on koorimise v&i purunemise vdimaluse

vélistamine tsentrifugaaljdudude vai rikete korral [12].

1.1.2 Staator

Harjavaba alalisvoolumootori staator sarnaneb aslinkroonmootori staatoriga. Peamine erinevus
seisneb mahiste jaotuses. Kolmefaasilise harjavaba alalisvoolumootori staator on naidatud

joonisel 1.4.

Joonis 1.4. Harjavaba alalisvoolumootori staator
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Harjavaba alalisvoolumootori staator koosneb jarjestatud teraslaminaatidest, milles mahised on
paigutatud piludesse. Pilu on I8igatud piki laminaadi sisemist serva. Uldiselt kasutatakse mootorites
kolme taht-Gihendusega mahist. Samuti on vdimalused kolmnurk-ithenduseks. Neid kahte Gihendust
vorreldes kasutatakse taht-Uhendust suurema valjundmomendi saamiseks ning kolmnurk-

Uhendust suurema poorlemiskiiruse saamiseks [13].

1.1.3 Rootori tuvastussensorid

Erinevalt harjatud alalisvoolumootoritest on harjadeta mootorite t66 elektrooniliselt reguleeritud.
Rootori pideva pdorlemise saavutamiseks tuleb staatori mahiseid jarjestikku pingestada. Selleks et
Oigele mahisele pinget anda, on oluline teada rootori asendit. Rootori asendi tuvastamiseks

kasutatakse staatorisse sisse ehitatud Halli andureid, nagu on ndidatud joonisel 1.5.

Halli anduri véaljund

1
H1 5
H2 !
0
H3 y
0

Joonis 1.5. Harjadeta alalisvoolumootorites kasutatav Halli andur [14]

Enamikul harjadeta alalisvoolumootoritel on kolm Halli andurit, mis on sisse ehitatud staatorisse
mootori mitte-ajami otsa. Halli andurite kinnitamine staatorile on keeruline protsess, kuna Halli

anduri mis tahes vale paigutus rootori magnetite suhtes pdhjustab rootori asendi maaramisel torke.
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Halli andurite paigaldamise lihtsustamiseks on modningatel mootoritel lisaks rootori

peamagnetidele juba rootorisse sisse ehitatud Halli anduri magnetid.

Halli andurid tuvastavad pohja- voi IGunapoolust, kui magnetpool laheb andurist médda, ning
madravad rootori asukoha. Selle info pdhjal otsustab kontroller, millist staatori mahist pingestada.
Anduri méddetud signaali saab kasutada ka pilsimagnetite rikete tuvastamiseks, naiteks pragude

tekkimise voi demagnetiseerimise korral.

1.2 Harjavabade alalisvoolumootorite t66pohimote

Teine kriteerium, mille jargi saab mootorite klassifitseerida, on nende vastu-elektromotoorjéu (ingl.
EMF — Electromotive Force) jargi, ja nimelt nende juhtimise meetodi jargi. Erinevalt
plUsimagnetitega sinkroonmootoritest, harjavabad alalisvoolumootorid vdéivad kasutada kas
trapetsikujulist voi sinusoidset kommutatsiooni. Vastavalt juhtimise nimele, trapetsikujuline
juhtimine annab trapetsikujuliset vastu-elektromotoorjdoudu ja sinusoidne juhtimine annab

sinusiodset vastu-elektromotoorjéudu, nagu on naidatud joonisel 1.6 (a, b).

0 120 240 360 0 120 240 360
60 180 300 60 180 300
|
\
L
|

AB

B-C

D | * A

Joonis 1.6. Vastu-elektromotoorjou tiilibid:

a) trapetsikujuline elektromotoorjoud, b) sinusoidne elektromotoorjoud.

Lisaks vastu-elektromotoorjdule, véivad faasivoolud olla kas trapetsi- v6i siinusekujulised, vastavalt

mootori tidbile. Sinusoidne mootor muudab péérdemomendi sujuvamaks kui trapetsimootori
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korral. Ent sellega kaasnevad ka lisakulud, kuna sinusoidse elektromotoorjduga mootoritel on
staatoril mahiste jagunemise tottu tdiendavad Ghendused, mis suurendavad kasutatava vase hulka.

[10]

Joonis 1.7. Harjavaba alalisvoolumootori t66pShimote

Rakendades mahisele alalisvoolu, annab see energiat ja muutub elektromagnetiks. Harjadeta
alalisvoolumootori t66pohimdte pdhineb plsimagneti ja elektromagneti vahelisel vastasmdjul.
Jooniselt 1.7 selgub, et kui mahis A on pingestatud, rootori ja staatori vastaspoolused tédmbuvad.
Kui rootor Iaheneb mabhisele A, siis mahis B pingestub. Kui aga rootor ldheneb mahisele B, siis
mahis C pingestub. Pdrast seda pingestub mahis A vastupidise polaarsusega. Selline protsess

kordub ja rootor jatkab podrlemist.

1.3 Harjavabade alalisvoolumootorite rakendused

Madalama energiatarbimise ja vahese hooldusvajaduse téttu, on harjavabad alalisvoolumootorid
palvinud laialdast tdhelepanu erinevates toostuslikes ja kodustes rakendustes: lennunduses,
majapidamises, taastuvenergeetikas, todstusautomaatikas, jne. Eriline tdhelepanu on pooératud

harjavaba mootoritele autotddstuses ja transpordivaldkonnas.
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Keskkonna- ja majandusvaljavaated annavad tduke tdhusate ja sadstlike sdidukite valjatédtamiseks
linnatranspordi  jaoks [15]. Harjavabad alalisvoolumootorid annavad oma panuse
keskkonnasobralike ja uuenduslike elektrisdidukite arendamisse, nagu hibriid- ja elektriautod,

isesOitvad autod, elektrilised jalg- ja tdukerattad.

Elektriautode t66stus on viimase kiimnendi jooksul kiiresti kasvanud. Nende peamiseks eeliseks on
panus, mille nad saavad anda linnadhu kvaliteedi parandamisel. Tanapaeval on kasutusel nelja tltpi

mootoreid [16]:

e Aslinkroonmootor (ingl. induction motor),
e Reluktants-samm-mootor (ingl. switched reluctance motor),
e Harjadega alalisvoolumootor,

e Harjavaba alalisvoolumootor.

Autodes kasutatavate elektrisiisteemide disainis toimub kiire areng, mille eesmaérgiks on parandada
kiitusesaastlikkust, ohutust ja mugavust [17]. Seadmete energiatbhususe kasvava ndudluse tottu
kasutatakse suure joudlusega plisimagnetmootoreid (tha enam, asendates asiinkroonmootoreid
[18]. Harjavabad alalisvoolumootorid on daarmiselt sobivad elektrisdidukite jaoks laia kiiruse ning
voimsuse vahemike tottu. Samuti kasutatakse harjadeta alalisvoolumootoreid rummusiseste
mootoritena. Sellise konfiguratsiooniga mootorid (ihendavad endas ratta ja ratasse sisse ehitatud
veoelektrimootori, (ilekandemehhanismi ja monikord ka pidurisiisteemi. Selline konstruktsioon viib

suurendatud efektiivsuse saavutamiseni ja sdiduki massi ning suurure vahendamiseni.

Veel (iks mdrgatav trend transporditddstuses on elektrilised tdukerattad. Elektrilise tdukeratta
peamised nduded on suur vdimsustihedus ja kdivitusmoment, laiad kiirusvahemikud, téokindlus,
vdahendatud mira ja vdhene hooldusvajadus [19]. Harjavabad alalisvoolumootorid vastavad antud

nduetele paremini kui muud titpi mootorid.

Elektrilise 6husGiduki voi elektrilise gaasiturbiinmootori (ingl. EGTE — electric gas turbine engine)
loomine on (iks peamisi arengusuundi lennunduses. Elektriliste dhusdidukite disaini alused kdrge
tookindlus ja kompaktne ning suure vdimsustihedusega konstruktsioon. Uheks tehnoloogiliseks
probleemiks, mis takistab elektritehnoloogiate kasutuselevottu lennunduses, on lsna suured
elektriseadmete gabariidid. Nii harjavabad alalisvoolumootorid kui ka reluktants-samm-mootorid

on eelistatumad mootoritiilibid, mis vastavad lennunduse ja kosmose rakenduste nduetele. Uldiselt
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eelistatakse harjadeta alalisvoolumootoreid reluktantsmootorite asemel nende kompaktsuse ja

suurema voimsustiheduse tottu. [20], [21]

Samal ajal kui elektrilised 6husdidukid on alles arengujargus, on (ks teine lennunduse trend juba
palvinud erilist tahelepanu — droonid. Selleks, et hus hdljuda, tuleb droonide konstruktsioonis
kasutada kerget ja vdimsat mootorit. Ka siin sobivad lGlesande tditmiseks suureparaselt harjavabad
alalisvoolumootorid. Need mootorid véimaldavad pinget ja voolu kergemini reguleerida ja seega ka

kiirust juhtida, mis on oluline drooni Gihest kohast teise viimisel. [22], [23]

Lisaks logistikale ja transpordile on harjadeta alalisvoolumootorid leidnud laialdast kasutamist ka
paljudes toostuslikes rakendustes. Kuna konstruktsioonis puuduvad harjad, siis ei tekita sellised
mootorid sddelust. Selle omaduse t6ttu sobivad harjavabad alalisvoolumootorid vaga hasti nafta-
vOi gaasitdoostusesse, kus sidemed on eriti ohtlikud. Selles to6stuses mootorite kasutamise the
naitena voiks valja tuua 6litootmisel kasutatavad elektrilised sukeldatavad tsentrifugaalpumbad.

Peamised nduded mootoritele selles valdkonnas on jargmised:

e Mootori talitlus rootori minimaalse vibratsiooniga,
e Mootori minimaalsed gabariidid (kuna kaevu labimd6t on piiratud),

e Mootori vastupidavus kdrgetele valistemperatuuridele.

Vorreldes  teiste  mootoritlilipidega, tehnoloogilisest  kiiljest, lihtsustab  harjadeta
alalisvoolumootorite kasutamine sellises rakenduses pumba t66protsessi ja voimaldab tdhusamat

talitlust rasketes tootingimustes. [24], [25]

Kodumajapidamistes on alalisvoolumootoritest saanud populaarne lahendus veepumpade
rakenduste valdkonnas. Naiteks, nagu on kirjeldatud artiklis [26], saab harjadeta
alalisvoolumootorit kasutada kolbpumba sisteemis. Selliseid hidrosiisteeme kasutatakse

laialdaselt péllumajanduses.

Veel liheks rakenduseks, kus harjadeta alalisvoolumootoreid edukalt kasutatakse, on ventilaatorid.
Vorreldes teist tiilpi elektrimasinatega, on plisimagnetitega alalisvoolumootorid ventilaatori ajami
jaoks eelistatavamad. Seda eelkdige laia kiirusvahemiku ja lihtsa kiiruse juhitavuse, korge
efektiivsuse ja pika kasutusea tottu. Harjadega alalisvoolumootoritega ventilaatoreid vdib kasutada
vaid suhteliselt piiratud aja jooksul. Reluktants- ja asiinkroonmootoreid ei eelistata kdrgema
miirataseme tottu [27]. Samuti, asiinkroonmootori olemuse t6ttu, tekivad probleemid seoses
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pulseeriva péérdemomendiga. Harjadeta alalisvoolumootori kasutamine sellistes rakendustes on
pohjendatud ka energiasadasti silmas pidades. Energiat saab kokku hoida vahemalt 50% vorreldes

astinkroonmootoril pdhineva ventilaatoriga [28].

Lisaks kasutatakse tanapdeval harjadeta alalisvoolumootoreid ka autodes ventilaatorite osana
mootori jahutamiseks. Mootori jahutusventilaator on sdidukite elektrislisteemi (ks olulisemaid

osasid, kus on ndutud kérge efektiivsus ja madal vibratsiooni- ning miratase.

Viimastel kiimnenditel suurenenud siisinikuheide ja kahenev fossiilkiituste osakaal maailmas
julgustavad kasutusele votma keskkonnasaastlikumaid tehnoloogiaid, naiteks paikesepaneele voi
tuuleturbiine. Ka selles valdkonnas leiavad harjadeta alalisvoolumootorid kasutust. On kasutusel
sisteemid, kus pédikesepaneelidest toodetud energia abil kasutatakse alalisvoolumootoreid

veepumba juhtimiseks.
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2. HARJAVABADE ALALISVOOLUMOOTORITE POHILISED TORKED

Harjavabadel alalisvoolumootoritel vdivad to6tamise kaigus tekkida erinevad rikked.
Elektrimasinate rikkeid v&ivad p&hjustada erinevad tegurid. Uldiselt v&ib harjadeta

alalisvoolumootorites esinevad térked jagada kolme p&hiriihma [29]:

e Elektrilised térked (mahiste rikked),
e Magnetilised térked (plsimagnetite demagneetumine),

e Mehaanilised torked (ekstsentrilisus ja laagririkked).

Kuna elektrimasinad véivad to6tada erinevates tingimustes, on pikaaegse talitluse korral tekkivad

rikked paratamatud. Samal ajal on nende térgete vahel vastastikune seos.

2.1 Elektrilised torked

Seda tuipi rikkeid pShjustab tavaliselt méahise isolatsioonirike, mis juhtub sageli piirkondades, kus
laupmahised sisenevad staatori piludesse. POhjused, mis véivad tekitada elektrilisi rikkeid, on

jargmised [30]:

Kérgendatud temperatuur,
e Siirdeliigpinged,

e Saastumine,

e Tootmisdefektid,

e Lihised.

Termiline (lekoormus on kodige levinum pdhjus staatori mahise isolatsiooni kvaliteedi
vahenemiseks. Termiline stress vdib sliveneda kauakestva Glekoormuse, kdrgema temperatuuri voi
tasakaalustamata toitepinge tdttu [31]. Ulevoolud p&hjustavad mootori ilekuumenemist ja
isolatsiooni kahjustamist. Samuti vdivad mootori sagedased kaivitused ja seiskumised tdsta mahiste

temperatuuri ja liihendada mootori eluiga.

Teiseks, elektrodiinaamilised joud vdivad pdhjustada mootori mahiste torkeid. Peamiselt
pohjustavad seda atmosfaari liigpinged, muutuva sagedusega ajamid, kaitseliilitite avamine voi

sulgemine.
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Niiskus voib tekitada mootorile palju probleeme, p&hjustades mootori erinevate osade korrosiooni.
Eelkbige soovitab niiskus isolatsiooni ja viib lihiseni mahiste vahel, soovitab laagreid, mootori volli
ja rootorit. Selle kdigus vaheneb p6o6rlemise sujuvus, langeb efektiivsus ja [6puks jduab mootor

taielikku rikkeolukorda.

Mustus, naiteks tolm v6i muu praht, voivad blokeerida huvoogu mootori jahutusventilaatoritesse
ja pOhjustada tlekuumenemist. Lisaks voivad mootori sees olevad tolmuosakesed ja muud vaikesed
esemed tekitada mehaanilist takistust, mis aeglustab mootorit. Samuti voivad mustuseosakesed

abrasiivselt kahjustada isolatsiooni.

Elektriliste rikete véimalikuks pdhjuseks on ka liihised. Nagu on ndidatud joonisel 2.1, vGib praktikas

ette tulla viis kdige tavalisemat mahise riket.

LUHISKEERD

L1
KEERDUDEVAHELINE LUHIS

AVATUD FAAS

L3

Q—L FAASIDEVAHELINE LUHIS

L2 77 <— MAALUHIS

Joonis 2.1 Voimalikud lihiste tutbid [32]

Elektrilised torked masinates algavad tavaliselt keerduvahelisest llhisest ja v&ib kasvada kuni
faasidevahelise v6i maaliihiseni kui ennetavat hooldust ei tehta. Need lihisetiilbid voivad esineda
ka erinevates kombinatsioonides. See voib mootorit kahjustada niivord, et edasine t66 ei ole

voimalik.
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2.2 Magnetilised torked

Harjadeta alalisvoolumootorites kdige sagedamini esinevaks plisimagneti torkeks on selle
demagneetumine [30]. Demagneetumine tdhendab magneetumise osalist v&i tdielikku kadu.
Tingimused, mis voivad tekitada plisimasinate demagneetumist elektrimasinas, on enamasti

jargmised [33]:

e Masina lilekoormamine,
e Korge todtemperatuur,
e Tootmisdefektid,

e Lihised.

Ulekuumenemine ja ililekoormamine on piisimagneti demagneetumise pdhiliseks pdhjuseks.
Elektrimasina tootamine korgel temperatuuril ja kohase jahutussiisteemi puudumine vdib
suurendada pusimagnetite demagnetiseerumise riski. Teine tegur, mis vdib magneti omadusi
mojutada, on lihised. Magneti jaoks on kdige ohtlikum faasidevaheline liihis. Lisaks
demagneetumisele voib korrosioon viahendada magnetilise materjali omadusi. Kuigi ptsimagnetitel
on head magnetilised omadused ja neid kasutatakse laialdaselt erinevates té6stusharudes, on
nende stabiilsus agressiivsete ja keeruliste keskkonnatingimuste suhtes piiratud. Plisimagnetite

korrosioonikindluse t&stmiseks on kaks véimalust [34]:

e Magneti mikrostruktuuri modifitseerimine erinevate lisaelementide abil,

e Metall- v4i mittemetallkihtidega pinnakatete kasutamine.

2.3 Mehaanilised torked

Peaaegu 50% kdoigist harjadeta alalisvoolumootorite riketest on seotud mehaaniliste riketega [32].

Sellised vead viitavad enamikus masinates tavaliselt ekstsentrilisusele ja laagririketele.

Uks mehaanilisi rikkeid, mis ilmneb harjadeta alalisvoolumootorites, on ekstsentrilisus.
Ekstsentrilisuse rikked pdhjustavad rootori ja staatori vahelist ebatlihtlast Shupilu. Selle pdhjuseks

on peamiselt vale paigaldamine, poltide puudumine, vélli kdverdus vi rootori tasakaalustamatus
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[35]. Ekstsentrilisust on kolme peamist tllpi: staatiline ekstsentrilisus, diinaamiline ekstsentrilisus

ja elliptiline ekstsentrilisus. Voimalikud ekstsentrilisuse tiilibid on toodud joonisel 2.2

Joonis 2.2. Elektrimasinate ekstsentrilisuse titibid [11]:

a) korras mootor, b) staatiline, c) elliptiline, d) ja e) diinaamiline.

Rootori ja staatori vaheline mittehomogeenne Shupilu pdhjustab elektrimasinates ekstsentrilisuse
t&rkeid. Ohupilu lle 10% peetakse rikkeks [36]. See tekitab uitvoolusid staatori méahistes, mis

omakorda soojendab mootoreid ja pohjustab lisakadusid.

Ekstsentrilisuse rikked vGivad pdhjustada tdiendavat mira ja vibratsiooni. Kui ekstsentrilisus
muutub tdsiseks, voib see pShjustada hd6rdumist staatori ja rootori vahel ning kahjustab staatori

vOi rootori sidamikku, mojutades mootori normaalset talitlust [35].

Teine mehaaniline térge, mis vGib esineda harjadeta alalisvoolumootorites, on seotud
laagririketega. Sellise torke tilbi tekkimiseks vdib olla palju pdhjuseid. Peamised neist on seotud
laagrite halva maarimise voi lGlekoormamisega. Laagririket saab tuvastada suurenenud mira ja
vibratsiooni kaudu [30]. Laagririketega seotud probleeme kasitletakse Uksikasjalikult jargmises

peatukis.
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3. LAAGRID HARJAVABADES ALALISVOOLUMOOTORITES

Laagrid on elektrimasina pdhielemendid. Sel pdhjusel on olnud laagrid paljude uuringute objektiks
viimaste aastakiimnete jooksul. Laagrite tootmine toimub vastavalt laagrite kvaliteedinduetele.
Need on (iks tapseimaid tooteid, mida toodetakse masinaehituses. PGhimdotteliselt, nagu on

naidatud joonisel 3.1, koosneb enimkasutatud kuullaager jargmistest komponentidest:

e Sise- ja valisvoru,
e Veerekehad,

e Separaator, mis eraldab veerevaid elemente.

VALISVORU

SEPARAATOR

SISEVORU

VEEREKEHA

Joonis 3.1. Laagri konstruktsioon [37]

Laagritlibi valimisel tuleb lahtuda sellistest parameetritest nagu koormuse suund ja olemus, laagri
voru pudrlemiskiirus ja tookeskkond. Laagri rike pole alati enneaegne. Laagreid asendatakse
enamasti seoses laagrimaterjali tavaparase vadsimusprotsessiga (laagri loomuliku kulumisega).
Normaaltingimustes vGib Oigesti valitud ja Oigesti kasutatav laager t66tada kauem kui masin.

Uldiselt v&ib laagrite tiiibid jagada jargmistesse rithmadesse:
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e Veerelaagrid,
o kuullaagrid
o rull-laagrid
e Liuglaagrid,

e Magnetlaagrid.

Kuullaagrid on kodige laialdasemalt kasutatavad laagritlilibid, mis on leidnud kasutust ka harjadeta
alalisvoolumootorites. Optimaalsetes tootingimustes saab laagreid kasutada paljude aastate
jooksul. Kuna to6tingimused on harva ideaalsed, siis realiseeritakse laagrite potentsiaalne ressurss
harva  16puni.  Uldiselt  sdltub  laagri  kasutusiga  tootmistehnoloogia  tasemest,
ladustamistingimustest, laagri Gigest valimisest ja kasutamisest. Suur tdhtsus on ka Oigel

paigaldamisel, kvaliteetsel maarimisel ja tihendamisel.

Laagrid on tavaliselt komponendid, mis on teiste suuremate mootorikomponentidega vorreldes
vaiksemad, samal ajal mojub neile suur hulk erinevaid joudusid, muutes need kahjustuste ja

kulumise suhtes eriti tundlikuks.
Laagririkete pShjusteks vbivad olla erinevad keskkonna- vai tootmistegurid [36]:

e Materjali vasimus,
e Halb maarimine,

e Vale paigaldamine,
e Saastumine,

e Uitvoolud.

Laagrite talitluse jalgimisel, mira ja vibratsiooni md&6tmisel ning perioodiliselt maardeaine

kvaliteedi anallilisimisel saab laagrite kahjustuste riski markimisvaarselt vahendada.

3.1 Materjali vasimus

Materjali vasimus on progresseeruv ja lokaalselt struktuuriline kahjustus, mis tekib materjali
korduval mehaanilisel pingestamisel. Materjali vasimust pOhjustavad tavaliselt tstklilised voi
muutuvad koormused. Tsikliline ja kauakestev koormus podhjustab materjali pinnale pragusid. Kui

vasimuspragunemine laieneb jark-jargult suuremale pinnale, muutub laager I6puks edasiseks t6dks
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sobimatuks. Laagri vastupidavuseks loetakse selle poorete arvu, mille laager teeb enne, kui
esimesed vasimuse rikkemargid muutuvad margatavateks laagri pindadel ja veerekehadel.

Materjali vasimuse jarkjargulised etapid laagripinnal on nadidatud joonisel 3.2.

Joonis 3.2. Materjali vasimuse jarkjargulised etapid laagripinnal [38]

Aeg, millal esimesed esimesed materjali vdsimuse margid ilmnevad, s6ltub laagri pd6rlemiskiirusest
ja koormuse suurusest. Rikke arenemise esimesel etapil tekivad mikrolohed. Seda tiitipi kahjustuste
edasisel arenemisel hakkab laagripind kooruma ja pragunema. Vasimuse kogunemisega
laagrimaterjalisse muutub laagri pind karedaks ja laager hakkab mira tekitama ning kuumenema.
Pidev Ulekoormus, halvasti toodeldud ja saastunud pinnad poGhjustavad paratamatult
vasimusndhtusi. Seda saab véltida voi markimisvaarselt aeglustada, kui laager on puhas (mitte

saastunud) ja hasti maaritud.

3.2 Halb maarimine

Laagri Uks olulisemaid tootingimusi on selle korrektne madrimine. Maardeaine moodustab
toopindade vahel vajaliku elastohldrodiinaamilise &likihi, mis samal ajal pehmendab
veeremiskehade mdju vérude ja separaatori suhtes. Maarimine tagab laagri vastupidavuse. Maare
vahendab hédrdumist ja kaitseb laagrit korrosiooni ja kulumise eest. Samuti hoiab maardeaine ara

tahkete ja vedelate saasteainete sisenemist laagrisse.
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Vale maarimine vdib seisneda kas vadheses voi liigses maarimises, mis viib paratamatult laagri
enneaegse hoordumiseni ja lihendab selle kasutusiga. Vahest maarimist voib pdhjustada kas
madala viskoossusega maddrde kasutamine vdi selle puudulik kogus. Liigne maarimine vodib

omakorda pdhjustada volli libisemist, mis omakorda pohjustab pragude tekkimist ja arengut.

Lisaks sellele, maardeainete ebadige valimine aitab kaasa laagri saastumisele. maardeainete
tutpide hulka kuuluvad plastsed maarded ja erinevad 6lil péhinevad maarded, 6liudu maarimine,
Ohk-0li maarimine, and piserdumismaarimine [39]. Erinevate maardeainete vérdlus on toodud

tabelis 3.1.

Tabel 3.1. Erinevate maardeainete vordlus [39]

Madrimisviisid Plastsed Oliudu Ohk-ali Piserdumis-
Kriteerium maarded madrimine maarimine maarimine
Tookindlus Hea Keskmine Hea Suurepédrane
Temperatuuri tous Keskmine Keskmine Hea Suurepdrane
Jahutav efekt Vaene Keskmine Hea Suurepédrane
KGrge poorlemiskiirus Vaene Hea Hea Hea
V&imsuskaod Hea Hea Hea Vaene
Saastumine Hea Vaene Fair Hea

Igal maarimismeetodil on oma unikaalsed omadused. Seetdttu tuleb valida maarimismeetod, mis
vastab kdige paremini maarimisnduetele. Madrdeaine valik s6ltub laagri to6tingimustest, eriti
temperatuurivahemikust, kiirusest ja tookeskkonnast. Peamiselt maaritakse laagreid plastsete
madretega. Sellise maarde tlubi peamiseks eeliseks dlide ees on see, et plastne madre tootab
hddrdekohtades pikemat aega ja vihendab seega majanduskulutusi. Olide oluline eelis maarde ees
on tdiustatud soojuse hajutamine. Kuid vorreldes plastse madrdega on dlide oluliseks puuduseks

kdrge hind ja nende lekke oht.

3.3 Saastumine

Niiske ©6hk, mis siseneb atmosfadrist laagrisse, I6hub maardekihi laagri pindade

kokkupuutepunktides. Samuti voib maare saastuda, kui vesi vdoi muud keemiliselt aktiivsed ained
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sisenevad laagrisse. Maardeomaduste halvenemisega tekib laagrite korrosioon. Antud térke
valtimiseks vOib kasutada korrosioonikindlaid maardeid. Korrodeerunud laagri ndide on kujutatud

joonisel 3.3.

Joonis 3.3. Korrosiooni jaljed laagripinnal [40]:

a) Korrosiooni jaljed laagri valisvorul, b) Korrosiooni jaljed laagri sisevorul.
Saastumine juhtuda ka laagritihendite vale valiku korral. See vdib omakorda pShjustada erinevate

osakeste (tolmu v6i mustuse) sattumist laagrisse. Vodrkehad, naiteks metallilaastud, mis tungivad

laagrisse, tekitavad mélke, nagu on naidatud joonisel 3.4.
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Joonis 3.4. Mdlgid, mis on p&hjustatud vo6rosakeste mojuga laagrite pinnale (suurendus 50x) [40]

Laagri pinnal voivad tekitada molke ka naiteks paberiosakesed vGi tekstiilkiud. Mdlgid on enamasti
vaikesed ja jaotatud kogu laagrirajal. Selle valtimiseks tuleb valida Gige tihend. Oluline hoida laagri

paigutusel puhtust ja mitte kasutada saastunud maardeaineid ning hoiduda liigse j6u kasutamisest.

3.4 Vale paigaldamine

Laagrite vead voivad ilmneda ka jargmistel pdhjustel: laagri vale konstruktsioon tootmine voi
paigaldamine, laagriradade koverdus, veerekehade ebavérdsed labimdddud [41]. Enne
paigaldamist tuleb kontrollida laagris tootmisvigade olemasolu: valimust, péérlemist ning tehnilise
dokumentatsiooni nduete vastavust. Visuaalselt tuleb kontrollida avatud tidpi laagrites
sisseldikeid, saastumis- ja korrosioonijalgi. Suletud tiilpi laagrite korral tuleb kontrollida tihendeid

vOimalike kahjustuste suhtes.

Samuti tuleb enne paigaldamist kontrollida kestade ja vdllide kinnituspindasid. Laagritega
kokkupuutuvate vollide ja kestade pinnad tuleb p&hjalikult pesta, kuivatada ja maarida maardeaine
Bhukese kihiga. Veel tuleb kontrollida v3lli joondust. Uldiselt on vaja kontrollida k&igi samal teljel

asuvate pindade joondust.
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Suure jou rakendamine separaatorile voi otse rongale I60mine laagri paigaldamisel pole lubatud.
Rongale on lubatud teha vaid kergeid 166ke. Kdige sobivamad on paigaldusmeetodid, mille puhul
kogu paigaldatud ronga Umbermd&ddule rakendatakse samaaegset ja (htlast survet. Vale

paigaldamise voimalikud tagajarjed on toodud joonisel 3.5.

e

Joonis 3.5. Laagri valest paigaldamisest tulenevad praod [42]

Joonisel 3.5 (a) on toodud pragu, mis on tekkinud koonuslaagri sisemise ronga suurel ribil. Selline
olukord juhtub siis, kui laagrile rakendatakse vale aksiaalset vdi liiga tugevat 166kkoormust. See vdib

ilmneda ka siis, kui laagri paigaldamisel vGi demonteerimisel rakendatati ribile sobimatut jdudu.

Praod, mis on ndidatud joonisel 3.5 (b), tekivad tugeva l66kkoormuse voi liigse mehaanilise pinge
korral. Sellist nahtust véib taheldada siis, kui valisvoru on vollil nGrgalt kinnitatud ja tekib libisemine.

[42]

3.5 Uitvoolud

Laagreid vdivad mdjutada uitvoolud. Kui elektrivool Idbib laagrit (hest rongast teise labi

veereelementide, vdib laagris tekkida rike.

Kahjustuse suurus sOltub voolu tugevusest, koormusest, ajast, podrlemiskiirusest, maardeaine
valikust. Sel juhul on ainus viis laagrite kaitsmiseks valtida elektrivoolu liikumist Iabi laagreid. Samuti
saab kasutada elektrilise isolatsiooniga laagreid. Lisaks sellele, tuleb elektrilise keevitamise ajal
laagrid maandada, et viltida elektrivoolu labimist. [40]
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Selline tdrge erineb selgelt laagripinnal kdigist muudest tllpilistest laagrikahjustustest. Antud torke
tldp ja valimus sbéltuvad mootori tootingimustest. Joonis 3.6 nditab uitvooludega pdhjustatud

defekte, mida nimetatakse “fluting”, “frosting” ja “pitting”.

a b c

Joonis 3.6. Uitvoolude mdju laagrite pindadele [43]:

a) “fluting”, b) “frosting”, c) “pitting”.

Sagedamini on laagrivoolude esimesteks siimptomiteks tekkinud miira ja vibratsioon. Samuti
pohjustavad need rikked laagrimaterjali kuumenemist. Sel juhul moodustuvad erineva suurusega
varvilised alad, kus materjal kuumeneb ja seejadrel uuesti karastub ning mdnikord isegi sulab.
Kohtades, kus metall on sulanud, vbivad tekkida ka vaikesed lohud. Lisaks sellele, on antud torke

eriparaks on see, et veerekehad vGivad muuta oma varvi (matistuvad). [40]
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a b ¢

Joonis 3.7. Uitvoolude mdju laagrite pindadele praktikas [44]:

a) “fluting”, b) “frosting”, c) “pitting”.

Laagrivoolu kahjustused ilmnevad laagripindadel tavaliselt kohtades, kus on rakendatud suuremat
koormust. P&hjus on see, et maardekiht on sellistes kohtades vdaga 6huke. Kahjustatud pindade

valimus oleneb torke tulbist.

Peamine laagrivooludega p&hjustatud térge on “fluting”, mille vdlimus avaldub hulgalistes joontes,
mis “l6ikavad” laagri sise- ja valisvGru, nagu on ndidatud joonisel 3.7 (a). Tavaliselt ilmneb “fluting”
madalpinge ja plsiva poorlemiskiiruse kombinatsioonis. Kui mootor aga t66tab muutuva kiirusega,
ilmub teine hasti tuvastatav tdrge, mida nimetatakse “frosting”. “Frosting” on naidatud
joonisel 3.7 (b). Kolmandat torget, mida nimetatakse “pitting”, vGib pOhjustada madal
poorlemiskiirus. “Pitting” tekib enamasti rakendustes, kus kasutatakse alalisvoolu, naiteks raudtee
veomootorites. Sel juhul tekivad laagripinnal vdikesed kraatrid. Kraateri suurus, nagu on naidatud
joonisel 3.7 (c), on reeglina labim&6duga 0,1-0,5 mm ja on ndhtav palja silmaga. Selliseid kraatreid

voivad pdhjustada kdrgepinge lahendused.

Praktikas eristatakse veel Uhte uitvoolude térket, mida nimetatakse “dull-finish”. Selline rike
sarnaneb vaga “pitting”-uga, kuid palju vaiksemate lohkudega, nagu naidatud joonisel 3.8.
Mikrokraatrid on (sna levinud kahjustus, kui mootorit toidetakse labi sagedusmuunduri.

Kahjustatud pinnal tekivad mikrokraatrid, mis katavad veerekehasid ja laagripindasid. [44]
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Joonis 3.8 “Dull-finish” ja kraatrid laagri sisevérul [44]

Kraatri suurused on viikesed, enamasti labimddduga 5—8 um, soltumata sellest, kas kraater asub
laagri siserdngal, valisrGngal vGi veerekehadel. Selliste kraatrite tegelikku kuju vGib ndha ainult

mikroskoobi all, kasutades vaga suurt suurendust. [44]
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4. DIAGNOSTIKA VOIMALUSED HARJAVABADES
ALALISVOOLUMOOTORITES

Viimastel aastakiimnetel on elektrimasinate diagnostika saanud pohjendatud tdhtsuse. Tanapaeval
on rikkediagnostikaks palju voimalusi. Neist suurema osa voib jagada jargmistesse kategooriatesse

[45]:

e Temperatuuri mddtmine,

e Elektromagnetvilja jalgimine,

e Raadiosageduslike hairingute seire,

e Keemiline analiiis,

e Akustilise miira médtmine,

e Mootori voolukuju anallils (ingl. MCSA — motor-current signature analysis),
e Miira ja vibratsiooni jalgimine,

e Mudelitel, tehisintellektil ja narvivérgul pohinevad tehnikad.

Uldiselt on kaks suurt rithma, mille alla saab liigitada elektrimasinate diagnostilised tehnikad —
invasiivsed ja miiteinvasiivsed tehnikad. Invasiivsete tehnikate korral, on andurid mootorisse sisse
ehitatud. Seda tiilipi diagnostilised tehnikad on tihti tdpsemad, kuid véivad pShjustada keerukust
ja ebatdpsusi anduri enda rikke puhul. Mitteinvasiivsete tehnikate korral, ei ole masinas
sisseehitatud andureid ja otsusi tehakse kaudsete m&&tmiste teel. Kuigi mitteinvasiivsed meetodid
on vahem tapsed, vorreldes invasiivsete meetoditega, on nende eeliseks see, et ei ole vaja muuta
masina konstruktsiooni anduri paigaldamisel. Samuti avab globaalsete parameetrite m&&tmine
suure hulga signaalianallilisi tehnikaid, mida saab kasutada soltuvalt masina olemusest ja selle

rakendusest.

Peaaegu koik signaalitootluse tehnikad pShinevad Fourier' real ja selle variantidel. Fourier’ rea idee
on see, et mis tahes perioodilist funktsiooni saab esitada siinuste ja koosinuste seeriana. Fourier’
rida tegeleb ainult perioodiliste signaalidega. See tdhendab, et signaalid korduvad teatud aja
jooksul. Fourier’ rea keerulisi valemeid saab valtida kiire Fourier’ teisenduse abil, mis muutub

arvutusalgoritmi kiiremaks ja lihtsamaks.
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4.1 Kiire Fourier’ teisendus

Kiire Fourier’ teisendus (ingl. FFT—Fast Fourier transform) muundab ajadomeeni
sagedusdomeeniks. Vorreldes Fourier’ reaga, kasitleb kiire Fourier teisendus nii perioodilisi kui ka
mitteperioodilisi signaale. Andmetidbi jargi saab kiire Fourieri teisenduse jagada kahte

kategooriasse:
e Pidev Fourier’ teisendus (ingl. CTFT -continuous time Fourier transform)
CTFTX(w) = [___ x(De /*dt (1)
kus x(t) on pideva ajadomeeni funktsioon.
e Diskreetne Fourier’ teisendus (ingl. DTFT - discrete time Fourier transform)
DTFT X(2) = ¥¥__,, x[n]e ~/%" (2)
kus x[n] on diskreetne ajadomeeni funktsiooni.

Antud diagnostikaviis on vaga lihtne, vorreldes paljude muude signaalitootluse tehnikatega. Selline
tehnika nduab vdhem arvutusvéimet, kuid kiirel Fourier’ teisendusel on ka mitmeid puudusi ja
piiranguid. Esiteks, vaike diskreetimissagedus vdib pohjustada signaali moonutust. Teiseks, signaali

ajapiirang voib pohjustada spektrileket. Spektrileke on p&hisageduse komponendi energialeke.

Kiire Fourier’ teisenduse peamiseks puuduseks on aga see, et algoritm t66tab ainult statsionaarsete
signaalidega ja ebadnnestub, kui signaal on mittestatsionaarne. Pealegi on selle tehnika abil

keeruline kasitleda katkendlikke signaale. Sel juhul on lahenduseks lihiajaline Fourier’ teisendus.

4.2 Liihiajaline Fourier’ teisendus

Luhiajalise Fourier’ teisenduse (ingl. STFT — short-time Fourier transform) algoritm pd&hineb
originaalsignaali jagamisel llhikesteks osadeks. Akna lihenemisel vdib signaali pidada
statsionaarseks, mis véimaldab arvutada kiire Fourier’ teisendust iga segmendi kohta eraldi. Selline
tehnika tagab parema aeg-sageduse esituse. Andmete efektiivsemaks hankimiseks on vdimalik
tulemusi analiilisida ka 3D-graafikute (aeg-sagedus-amplituud) abil. Lihiajalise Fourier’ teisenduse

vorrand on jargmine:
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X (m, ) = Lo x[n]w [m - n]e /" (3)

kus x[n] on taielik signaal ja w/m-n] on kadrpimisaken, mis liigub ja vOtab osa signaalist ajalihiku

kohta.

Lihiajalisel Fourier’ teisendusel on aga sarnased puudused kiirele Fourier’ teisendusele. Nende

puuduste vahendamiseks on vadga oluline aknafunktsiooni nutikas kasutamine signaali kdrpimiseks.

4.3 Lainikteisendus

Jargmine signaalitdotluse algoritm, mis kasitleb peaaegu igat tlilipi signaale, on lainikteisendus
(ingl. Wavelet transform). Samal ajal kui kiire Fourier’ teisenduse signaalid jagunevad |Gpmatu
kestusega sinusoidideks ja koosinusteks, signaalid lainekujulises teisenduses jagunevad piiratud

kestusega laineteks.

Samuti, vOrreldes Fourier’ teisendusega, on aeg-sageduse esitus parem. Peamiseks puuduseks on,
et lainikteisendus vajab rohkem arvutusvéimsust ja malu andmete salvestamiseks. Lainikteisenduse

vorrand on jargmine:
W(ab) = [ (52 f(odt (@)

kus a on transleerimise parameeter, b on skaleerimise parameeter, ia normaliseerimiskonstant,
P (%) on emalainik.

Selle tehnika algoritm pdhineb tGhe konkreeste emalainiku valimisel ja selle vérdlemisel mdddetud
esialgse signaaliga. Kindla sagedusega malainikut vorreldakse analiilisitava signaaliga ning
transleerimise ja skaleerimise parameetrid maaratakse parima korrelatsiooniga |6ikudes. Parast
seda muudetakse emalainiku sagedusparameetreid ja protsessi korratakse, kuni kdik sagedused on
taastatud. Kasutusel on erinevad emalainikud tiilibid. Neist peamised ja kdige levinumad on

ndidatud joonisel 4.1.
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Joonis 4.1. Levinud emalainikute ttubid [46]:

a) Haari lainik, b) Morlet’ lainik, c) Rickeri lainik, d) Meyeri lainik, €) Daubechies lainik, f) Biortogonaalne lainik,
g) Symlet lainik, h) Coiflet lainik.

4.4 Arenenud tehnikad

Tulenevalt asjaolust, et infotehnoloogia on vaga kiiresti arenev, on mdistlik keskenduda
korgtehnoloogiate integreerimisele elektrimasinate diagnostikasse. Tanapdeval kasutatakse palju
arenenud diagnostilisi tehnikaid, nagu narvivorgud, hagusloogika voi kujutuvastus. Diagnostikas
saab kasutada ka ménda analttiliselt arenenud tehnikat, nagu pé6rdprobleemi teooria, masinGpe
ja parameetrite hindamist. Sellised arenenud tehnikad pakuvad tohusamaid ja tdpsemaid tulemusi.
Enamik neist meetoditest soltub slisteemi matemaatilistest mudelitest, mis muudab need

keerukamaks. Ulalmainitud diagnostiliste meetodite liihikokkuvdte on toodud tabelis 4.1.

Tabel 4.1. Rikkediagnostika meetodite vérdlustabel

Eelised Puudused
w
=}
T
S Puudub vdimalus mittestatsionaarseid signaale
(2] v .
v T66 mitteperioodiliste signaalidega, anallisida,
,E Viikesed infokaod, Aeg-sageduse esitus ei ole voimalik,
-
§ Vaiksem arvutusvéimsus. Esitus,
o Spektrileke.
S
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Eelised Puudused
?§ Too6 mitteperioodiliste signaalidega, Halb aeg-sageduse esitus
— = 7
3@ Vdimalus analtusida mittestatsionaarseid .
e 3 . Esitus,
o 2 signaale, )
£ 9 . o1 Spektrileke,
T 2 Aeg-sageduse esitus on véimalik,
o * . . Vorreldes kiire Fourier’ teisendusega on vaja
= 3-D graafikute (aeg-sagedus-amplituud) rohkem arvutusvdimsust
3 kasutamise vdimalus. :
" Vaga tapne tehnika, . .
S ] Vahetulemuste salvestamiseks on vaja rohkem
g Aeg-sagedus esitus on parem, milu
Q ’
g o s . . .
K] Véimalus analuus!da mllttestat5|onaarse|d Vorreldes lihiajalise Fourier’ teisendusega on
'é signaale, vaja rohkem arvutusvdimsust,
3 Emalamlku.te mltr.nek.e5|sus muudab Suurem tapsus nduab rohkem iteratsioone.
tehnikat paindlikumaks.
T - . .
2 c o - Kaasaegsed ja keerukas tehnoloogiad on
S AE< T6husam analliUs, nSutud
c ’
@5 Tapsemad tulemused. n . -
g & Nouab palju arvutusvdimet.
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5. TOO PRAKTILINE OSA

Aeg-ajalt juhtub, et laager tdidab oma funktsiooni ainult osaliselt ning kahjustub. Selline ndhtus vdib
ilmneda mitmel pdhjusel, naiteks suure koormuse, ebapiisava maarimise vGi ebadige maardeaine
téttu. Enamikul juhtudel on véimalik tuvastada kahjustuse p&hjus ja v6tta kasutusele asjakohaseid

meetmeid, et valtida laagri korduvat kahjustamist tulevikus.

5.1 Eksperimentaalne katsestend

Eksperimentaalne katsestend on toodud joonised 5.1.

DEWETRON OXYGEN
MOOTMISTARKVARA

ALALISVOOLU

TOITEALLIKAS HARJAVABA

ALALISVOOLUMOOTOR

Joonis 5.1. Katsestend

Andmete hankimise tooriistana kasutati katsetes Dewetron OXYGEN modtmistarkvara. Antud
tarkvara v6imaldab andmeid hankida, m66tmisi salvestada ja tulemusi analiiisida. On vdimalus

tootada on kolmes erinevates tooreziimis:
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e LIVE mode: tarkvara ainult hangib ja kuvab andmeid, kuid salvestamist ei toimu.
e REC mode: tarkvara hangib andmeid ja salvestab neid andmefaili.

e PLAY mode: andmete Ulevaatamine, analiiiisimine ja eksportimine.

Katsestendis kasutatud mootor on naidatud joonisel 5.2.

HARJAVABA
ALALISVOOLUMOOTOR ANDUR 1

KONTROLLER

ANDUR 2 ANDUR 3

Joonis 5.2. Kasutatud katsetes harjavaba alalisvoolumootor

Katsetes kasutati kolmefaasilist harjavaba alalisvoolumootorit, mis on mdeldud elektriliste

téukerataste rakenduseks. Testmootoril on 15 poolust ja 27 uuret. Mootori peamised elektrilised

parameetrid on toodud tabelis 5.1.
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Table 5.1. Katsestendis kasutatud harjadeta alalisvoolumootori tehnilised andmed

Parameeter Viairtus Uhik
Nimipinge 54 Vv

Nimipoorlemiskiirus 600+10 p/min
Nimivool 810,5 A
Tihijooksuvool <1 A
Nimiv@imsus 350 w

Mé&Gtevahendina kasutati kolme kolmeteljelist horisontaalse kinnitusega kiirendusandurit (x, vy, z-
teljed). Nagu on naidatud joonisel 5.2, paigutati andurid erinevale kaugusele mootorist. Andur 1 oli
paigutatud mootori volli kohale, kus vibratsioonid on tugevamad mootori volli ldheduse tottu.
Andur 2 oli paigutatud esimese anduri korvale, kuid vollist eemale. Andur 3 oli asetatud mootorist

koige kaugemasse serva.

Mootoris kasutati kuullaagrid (tlilip 16003-2RS) md6tmetega 17 x 35 x 8 mm. Kuna antud mootorit
elektrilises tdukeratases valiti seitse tllpilist laagririket, mis vdivad ilmneda elektrilise tdukeratta

kasutamisel. Kokku testiti kaheksat laagrit:
a) Fdusiliselt terve laager (uus laager ilma muudatusteta),
b) Laager ilma maardeta (kuiv laager),
c) Laager kahjustatud separaatoriga,
d) Saastunud laager (maardesse lisatud liiva),
e) Kuumenenud laager 230°C,
f)  Kuumenenud laager 330°C,
g) Loigatud laager (laagri valissaale oli ristipinnas katki 16igatud),

h) Korrodeeritud laager.
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Joonis 5.3. Katsetes kasutatud laagrid:

a) korras laager, b)laager ilma maardeta, c)laager kahjustatud separaatoriga, d)saastunud laager,
e) kuumenenud laager 330°C, f) kuumenenud laager 330°C, g) |I8igatud laager, h) korrodeeritud laager.

5.2 Katsete tulemused

Iga vigane laager annab mootori t66tamise ajal teatud vibratsioonisignaali, mida saab vorrelda
terve laagri vibratsioonisignaaliga. Kuna signaal on statsionaarne ja koormamata mootor t66tas
maksimaalse konstantse kiirusega, valitiandmete analtiUsiks kiire Fourier’ teisendus (FFT). Tdpsema
andmetootluse saamiseks oli voimalus kasutada ka lainikteisendust voi monda arenenud tehnikat,

kuid see tooks kaasa keerulisi matemaatilisi mudeleid ja muudaks protsessi keerulisemaks.

Joonis 5.4 naitab terve laagri vibratsioonisignaale, mis olid korraga salvestatud kolmelt
kiirendusanduritelt kolme erineva telje suunas. Nagu on ndha, kdige margatavam vibratsioon tuleb
andurist 1, mis asub volli kohal. Vollist eemale liikudes, vibratsioon vaheneb. Samuti tuleb mainida,

et vibratsioonid tekivad enamasti x- ja y-teljel, samal ajal kui z-telje signaal eriti ei muutu.
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Joonis 5.4. Korras laagri vibratsioonispektrid:

a) anduri 1 signaal, b) anduri 2 signaal, c) anduri 3 signaal.

Peamine diagnostika tunnus on laagririkete spetsiifiline avaldumine vibratsioonispektris. Rikke
ndhud ilmnevad spektris, kui rike kasvab sellisele tasemele, et sellest vabanev energia muutub
margatavaks ja esineb spektris. FliUsiliselt terve laagri kiire Fourier’ teisenduse spekter on toodud
joonisel 5.5 (a). Vorreldes vigaste laagrite spektritega, mis on toodud joonisel 5.5 (b), on naha, et
vigaste laagrite vibratsiooni amplituudid on palju suuremad. Erinevused amplituudides on

margatavad koigil kolmel teljel.
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Joonis 5.5. FFT spektrid:

a) korras laager, b) vigased laagrid.
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FFT spektrites on kdige margatavamad amplituudid saastunud laagri korral (kollane joon joonisel

5.5 b). Erinevus on margatav ka teisendamata vibratsioonispektris, mis on naidatud joonisel 5.6.

Korras laagri ja saastunud laagri vibratsioonispektrite vordlemisel on signaalide erinevus nahtav

koigil kolmel teljel.
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Joonis 5.6. Vibratsioonispektrite vordlus:

a) korras laager, b) saastunud laager.

Teoreetiliselt saab eristada kolm k&ige sagedamini esinevat signaalispektri tlilipi, mis vastavad

erinevatele defektide arenguetappidele [47].

/_./H l/Fn . //*1 l/F.H 1:
i "
a b c

Joonis 5.7. Laagririkete arenguetapid [47]
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Nagu on ndidatud joonisel 5.7 (a), defekti tekkimise esimestel etappidel ilmneb selgelt margatav

sageduse tipp, mis oli ndhtav ka saastunud laagri korral. See v6imaldab tapselt defekti olemasoleku

tuvastada, eriti kui sagedusspekter esitada logaritmilisel skaalal. Defekti arenemisega ilmuvad

peamise sagedustipu vasakul ja paremal kiiljel esimene kdrvalharmooniliste paar, nagu on naidatud

joonisel 5.7 (b). Antud nahtust vGib tdheldada ka koigist kolmest andurist saadud signaalides

saastunud laagri korral (Joonised 5.8 a, b, c). Eriti on neid piike nadha logaritmilisel skaalal

joonisel 5.8 (d).
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Joonis 5.8. Saastunud laagri FFT spektrid:
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a) anduri 1 signaal, b) anduri 2 signaal, c) anduri 3 signaal, d) korras laagri ja saastunud laagri spektrite vordlus.

Mida arenenum on defekt, seda rohkem kiilgsagedusi ilmub sageduspdhipiigi kdrval. Selle nahtuse

pohjuseks on see, et vigastatud veerekeha nihkub nii palju, et kiilgnevad veerekehad kannavad juba
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pohilist koormust, et toetada vélli mehhanismi. Sellel etapil tdidab laager oma funktsioone ja voib

talitleda, kuid nduab laagri valjavahetamist Idhimal ajal lisanduva koormuse tottu.

Rikke arenemise viimasel etapil on laager juba degradeerunud ja lakanud oma funktsioone taitmast.
Praktiliselt iseloomustab seda etappi lisasageduste ilmumine, millel on juhuslik iseloom, nagu on

naidatud joonisel 5.7 (c). Sellist ndhtust antud t66 raames ei taheldatud.

Teine spektril selgelt margatav rike on korrosioon. Signaalide erinevus on margatav isegi

teisendamata vibratsioonispektris, mis on nadidatud joonisel 5.9.

02

£ il bl A s
I e L

: g :
b ¢ Korrodeeritud laager

02 I 1 1 I I I

Aeg (5} 20 25 30

Joonis 5.9. Vibratsioonispektrid:

a) korras laager, b) korrodeeritud laager.

Vibratsioonispektrite vordlemisel on signaalide erinevus nahtav kdikidel telgedel. Jooniselt 5.10

saab naha laia harmoonilist spektrit vahemikus 0-50 Hz.
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Joonis 5.10. Korrodeeritud laagri FFT spekter

Omavahel vorreldi ka erinevatel temperatuuridel kuumutatud laagreid: (iks laager olid kuumutatud
temperatuuril 230°C ja teine temperatuuril 330°C. Nende rikete sagedusspektrite vordlus on

toodud logaritmilisel skaalal joonisel 5.11.

107 y T T T 1 T T . '
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Joonis 5.11. Kuumenenud laagrite FFT spektrite vordlus logaritmilisel skaalal
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Vorreldes toodud spektreid omavahel, olulist erinevust ndha ei ole. Kummatigi, nagu on naidatud
joonisel 5.12, ilmnevad mdlemal juhul kiilgsagedused pdhipiigi kdrval vasakul ja paremal kiljel.
Samuti on ndaha sageduse hiipet vahemikus 120-180 Hz. See annab marku tdsisema kahjustuste

olemasolust ja laagri mehaanilisest nGrgenemisest.
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Joonis 5.12. Kuumenenud laagrite FFT spektrid:

a) kuumenenud laager 230°C, b) kuumenenud laager 330°C.
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Sarnased spektrid on taheldatavad ka |Gigatud laagri korral (joonised 5.13 a, b, ¢) ja kahjustatud

separaatoriga laagri korral (joonised 5.13 d, e, f). Mdlemal juhul on sageduse amplituud kdrgem kui

fuusiliselt terve laagri korral. Samuti saab vaadelda sageduse hiipet vahemikus 120-180 Hz.
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Joonis 5.13. FFT spektrid:

a) I6igatud laagri signaal andurist 1, b) I16igatud laagri signaal andurist 2, c) IGigatud laagri signaal andurist 3,
d) kahjustatud separaatoriga laagri signaal andurist 1, e) kahjustatud separaatoriga laagri signaal andurist 2,
f) kahjustatud separaatoriga laagri signaal andurist 3.
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Ilma maardeta laagril (joonis 5.14) ilmneb Iigatud laagriga sarnane spekter.
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Joonis 5.14. llma maardeta laagri FFT spekter

Lisaks peatikis esitatud joonistele, on t606 lisadesse pandud teised mitte pohiosas mainitud vigaste
laagrite vibratsiooni- ja FFT spektrid. Uldiselt olid pdhiosas kirjeldatud spektrid, mille signaalid olid
vOetud andurist 1. Selle péhjuseks on see, andur 1 asub otse volli kdrval ja selle signaalid on
margatavamad ning annavad rohkem informatsiooni. Seet&ttu voib selliseid spetreid pdhjalikumalt
uurida. Samal ajal, et saada selge pilt, andurite 2 ja 3 andmed on ka vajalikud ja neid tuleb votta

arvesse.
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KOKKUVOTE

Antud 0putdds tutvustati harjadeta alalisvoolumootorite peamisi rikkeid ja nende

diagnostikavdimalusi. Eriline tahelepanu oli péératud levinumatele laagririketele.

Antud uurimisteema on vaga aktuaalne ja oluline, sest tdnapdeval kasutatakse harjavabu
alalisvoolumootoreid nii Eestis kui ka valismaal vaga paljudes rakendustes. Need on olulisel kohal
nii kodumajapidamises kui ka téostuses. Oluliseks on nende tookindluse tagamine ka selleparast,
et seda tlilipi mootorid on kasutuses viimasel ajal vdga palju elektrisGidukites: hibriid- ja
elektriautodes, jalg- ja tOukeratastes. Kasvav rakenduste arv muudab mootori seisundi seire vaga

oluliseks, eesmargiga valtida rikete negatiivseid tagajargi.

To6 esimene peatikk “Harjavabade alalisvoolumootorite alused, tutvustas harjadeta
alalisvoolumootorite olemust: elektrimasina konstruktsiooni, t66pdhimotet ja rakendusi. Teises
peatlikis “Harjavabade alalisvoolumootorite pdhilised torked,, loetleti pohilisi rikkeid, mis vbivad
tekkida antud tiitipi mootorites. Kolmandas peatiikis “Laagrid harjavabades alalisvoolumootorites,,
vaadeldi voimalikke laagririkkeid, nende tekkimise p&hjuseid ja esitati soovitused, kuidas neid
rikkeid  valtida. Neljas peatikk “Torgete  diagnostika  voimalused  harjavabades
alalisvoolumootorites,, tutvustas erinevaid diagnostika meetodeid, mis on maailmas laialt
kasutusel. Viimases ja koige olulisemas peatiikis “To6 praktiline osa, kirjeldati katsestendi,
kasutatud moéotevahendeid, mootorit ja méotmistarkvara. Samuti tutvustab peatiikk antud t66

raames tehtud katseid.

ToO lisades on teised mitte pohiosas mainitud vigaste laagrite vibratsiooni- ja FFT spektrid. Samuti
on lisades teadusartiklid, kus 10put6d autor on osalenud pdhi- v6i kaasautorina. Artiklid olid

esitatud rahvusvahelistel teaduskonverentsidel ja publitseeritud (ETIS kategooria 3.1):

e Teadusartikkel 1: K. Kudelina, B. Asad, T. Vaimann, A. Rassélkin, A. Kallaste, D. V. Lukichev,
“Main Faults and Diagnostic Possibilities of BLDC Motors”, 27th International Workshop on
Electric Drives: MPEI Department of Electric Drives 90th Anniversary IWED2020 (1-6), IEEE,
Moskva (Venemaa), 2020.

e Teadusartikkel 2: A. Rassdlkin, T. Vaimann, K. Kudelina, G. L. Demidova, D. V. Lukichev, S. Y.

Perepelkina, “Modern Mechatronics and Robotics Education Program: Border Cooperation
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between Estonia and Russia”, IEEE Global Engineering Education Conference (EDUCON)
(1272-1277), IEEE, Porto (Portugal), 2020.

e Teadusartikkel 3: K. Kudelina, B. Asad, T. Vaimann, A. Rassolkin, A. Kallaste, A. “Effect of
Bearing Faults on Vibration Spectrum of BLDC Motors”, Open International Conference

“Electrical, Electronic and Information Science” (eStream 2020), IEEE, Vilnius (Leedu), 2020.

Loputod raames tehtud katsete kdigus, nii tervete kui ka vigaste laagritega korral, selgus, et
vibratsioonispekter vdib naidata laagris kahjustuste olemasolu. Iga vigane laager annab mootori
talitluse ajal teatud vibratsioonisignaali, mida saab vorrelda terve laagri vibratsioonispektriga.
Plaanis on vilja tootada kontseptsiooni, mis lubaks tuvastada defekti enne kui laager puruneb ja
muutub  kasutamiskdlbmatuks. Antud [6put6d eesmargiks oli uurida harjavabade
alalisvoolumasinate laagririkkeid. Selleks olid laagririkked tekitatud ja katsetuste teel selgitati valja
rikete tuvastamise vdoimalused. KokkuvéGtteks, I6put6é eesmaérgid saavutati. Too kaigus leiti

vastused kisimustele, mis olid pustitatud 10putdo alguses.
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SUMMARY

In this Master thesis, the main faults of brushless DC motors and their diagnostic possibilities were

introduced. Special attention was paid to the most common bearing failures.

This research topic is very relevant and important, because nowadays brushless DC motors are used
in many domectic and industrial applications abroad, and also in Estonia. It is also important to
ensure their reliability because these types of motors have recently been used extensively in
electric vehicles: hybrid ja electric cars, electric bycicles ja scooters. The growing number of
applications makes the monitoring of the these motors condition very important, in order to avoid

the negative consequences.

The first chapter of the work “Basics of Brushless DC motors ” introduced the nature of brushless
DC motors: construction, operation principle and applications of these electric machines. In the
second chapter, “Main Faults of Brushless DC Motors”, there were listed the main failures and
damages, which can occur in this motor type. In the third chapter, "Bearings in brushless DC
motors", there were listed possible bearing failures: the reasons and some recommendations on
how to avoid them. The fourth chapter, "Fault Diagnostics Possibilities in Brushless DC Motors",
introduced various diagnostic methods that are widely used in the world. The last and most
important chapter "Practical part of the work" described the test bench: used in experiments
measuring tools, motor and the softwares. The chapter also introduces the experiments performed

in this work.

The vibration and FFT spectra of faulty bearings, which are not mentioned in the main part, are
included in the appendices. In addition, in the appendices there were included papers, which had
been written as both an author and a co-author during the Master's studies. These articles were

presented at international scientific conferences and published (ETIS category 3.1):

e Research paper 1: K. Kudelina, B. Asad, T. Vaimann, A. Rassdlkin, A. Kallaste, D. V. Lukichev,
D. V. “Main Faults and Diagnostic Possibilities of BLDC Motors”, 27th International
Workshop on Electric Drives: MPEI Department of Electric Drives 90th Anniversary
IWED2020 (1-6), IEEE, Moscow (Russia), 2020.

e Research paper 2: A. Rassolkin, T. Vaimann, K. Kudelina, G. L. Demidova, D. V. Lukichev, S.

Y. Perepelkina, “Modern Mechatronics and Robotics Education Program: Border
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Cooperation between Estonia and Russia”, IEEE Global Engineering Education Conference
(EDUCON) (1272-1277), IEEE, Porto (Portugal), 2020.

e Research paper 3: K. Kudelina, B. Asad, T. Vaimann, A. Rassélkin, A. Kallaste, “Effect of
Bearing Faults on Vibration Spectrum of BLDC Motors”, Open International Conference
“Electrical, Electronic and Information Science” (eStream 2020), IEEE, Vilnius (Lithuania),

2020.

During the experiments wirh healthy as well as faulty bearings, which were performed in the
framework of the research, it became clear that the vibration spectrum may indicate the presence
of damage in the bearing. Each faulty bearing gives its certain vibration signal, which can be
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Abstract—This paper presents the main fauolts of brushless
DC motors and their diagnostic possibilities. Due to the
popularity gain of such devices in the past decade, the
maintenance and diagnostic of such machines iz getting more
important. As the machines are nsed in various applications,
they are often critical parts of devices. Due to this, the
unexpected failures of such machines are undesired and are to
be avoided. The main faults of the machines are listed, some
possibilities of their monitoring and diagnostics have been
addressed. The necessity of further study has been pointed out.

Keywords—permanent magnet motors, brushless motors,
Juilure analysis.

I INTRODUCTION

Brushless direct current (BLDC) motors have been widely
uzed in different industrial and domestic applications over the
past decade. This is one of the moter types, which zains rapid
popularity today. Based on the structure, direct current (DC)
motors can be classified as:

* brushed DC motors (BDC),
o brushless DC motors (BLDCY).

BLDC motors were developed on the base of EDC motors
[1]. AllBDC motors are made of the same basic components:
stator, rotor, brushes and commutator. BDC motor has a
simple design and operating principle. The disadvantages of
EDC motors mostly lies in the usage of brushes. Brushes
cause the noize and shorten the motor lifespan. Also, brushes
need regular replacement.

To make the motor operation more reliable and efficient,
BLDC motors were developed, in order to overcome the
problems caused by brushes. BLDC motors are electronically
commutated, and due to the absence of brushes, they do not
produce sparking. This feature of BLDC motors allows them
to be suitable for the uvse in applications, where sparks are
dangerous (for example gas environment). In addition,
removal of the brush on the BLDC motor, overcomes the
problems associated with the mechanical friction and
electrical erosion [2].

Using permanent magnets, combined with power
electronics, allows BLDC motors to generate more power
than the BDIC motors. In addition, the BLDC motors are
smaller and lighter than BDC motors with the same output
power, making it valuable in applications, where size and
weight are the critical factors. Over the BDC motors, the
BLDC motors offer the following advantages [3]:

# Increazed efficiency,
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» Higher speed ranges,

& Reduced noize,

» Better speed-torque characteristics,

¢ Smaller size and weight for a ziven power,
o Increased reliability,

s Longer lifetime.

II.

With the increasing demand on enerzy efficiency in
appliances, the high-performance permanent magnet motors
are being increasingly emploved by replacing the induction
motors [4]. Due to the lower energy consumption and
maintenance, BLDC motors have gained wide attention in
different industrial and domestic applications: automotive,
household, aercspace, remewable energy, industrial
automation, etc.

APPLICATIONS OF BLDC MOTORS

Special attention has been paid to BLDC motors in
automotive and transportation applications. Nowadays, there
are four types of motors, which are used for electric vehicles
51

« BDC motor,

& induction motor,

o zwitched reluctance motor,
* BLDC motor.

However, the BLDC motor iz more relizble for electric
vehicles than the BDC motor, as there 13 an electric
commutator instead of a mechanical one [6]. BLDC motors
are extremely appropriate for electric vehicles due to the wide
speed and power ranges. Also, the brushless mechanizm leads
to reduced vehicle size and increased reliability.

Another noticeable trend in the transportation industry
are the electric scooters. The main requirements for the
electric scooter are the hizh power density and starting
torque, high cruising speed. reliability, noise-free and
minimum maintenance [7]. The BLDC motors meet these
requirements better than the other motor types.

In addition. the BLDC motors are frequently used in
domestic applications: washing machines, air conditioners,
water pumps. A good example of the integration of BLDC
motors into the household are the ceiling fans. Before the
usage of BLDC motors, the construction of ceiling fans was
based on induction motors. Due to the induction motors
physics, there are problems related to pulsating torque. For
the energy-saving reasons, the BLDC motor is a choice to use
in an application like the fan. The energy can be saved at least



50%. compared to the ceiling fan based on the induction
motor [8].

III. CONSTRUCTION AND OPERATING PRINCIFLE OF
BLDC MOTOR.

The construction of BLDC iz similar to the permanent
magnet synchronous motor. The magnetic fields of the rotor
and the stator rotate at the same frequency. BLDC motors can
be single-phase, two-phase or three-phase. Depending on
phase configuration, the stator has an according number of
windings. At Fig. 1 a three-phase BLDC motor is shown.

Fig. 1. Dizazsambled view of a BLDC motor [9].

The operating principle of a BLDC motor is based on the
force interaction between the permanent magnet and the
electromagnet. By applying DC power to the coil, it energizes
and becomes an electromagnet.

A. Stator

The stator of the BLDC motor is similar to the one of an
induction motor. The main difference consists in the
distribution of the windings. In general, the three star-
connected stator windings are widely vsed in BLDC motors.
There are also possibilities of delta-connection. Comparing
these two connections, star-connection is used to get higher
output torque and delta-connection to get higher rotational
speed [10].

B. Rotor

The rotor of BLDC motor consists of the shaft and the hub
with permanent magnets. It varies from two to eight pole
pairs, where north and south poles are alternated. Rare earth
magnetic material alloys are preferred in permanent magnet
industry nowadays, especially in the magnets used for
applications such as electrical machines [11]. Over the last
years, mostly NdFeB and SmCo are being chosen as the
desired permanent magnet material NdFeB iz used to get
higher power demsity and SmCo iz used due to the wide
temperature range [12]. There are different configurations of
rotor magnet cross-sections. The main options are shown in
Fig. 2[13].

C. Rotor Detection Sensors

Dvifferently from the BDC motors, the operation of ELDC

motors i3 electronically controlled. To get a continuous

rotation of the rotor, the stator windings must be energized in
a sequence.

Fig. 2. Fotor magnet cross saction [11].

85

Hall-effect sensors, embedded into the stator, are used in
motors for determination of rotor position. The Hall-effect
sensors indicate the north or south poles, when the magnetic
pole passes the sensor. A sensor determines the position of
the rotor. Based on this information, the controller decides,
which stator coil to energize. The signal measured from this
sensor can also be used as a potential candidate to detect the
defects in the permanent magnets. such as cracks and
demagnetization. However, a stator embedded coil can be
uzed to study a variety of fanlts in steady state regime.

IV. MAMFAULTS OF BLDC MOTORS

The faults that occur in BLDC motors can be classified as
mechanical faults (bearings and eccentricity), electrical faults
(drive and winding failures) and magnetic faults
(demagnetization) [14].

A Mechanical Paults

Almost 50% of all failures in BLD'C motors are related to
mechanical fanlts [15]. The most frequent failures are the
bearings related failures. The bearing failure can be indicated
by increazed noize and vibration [16]. The reasons for
bearing failurez can be different environmental or
manufacturing factors [14]:

o Overload,

» Wrong emplacement,

¢ DMaterial fatigue,

« Bad lubrication,

+ Environmental pollution,

¢  Bearing and/or shaft currents.

a) Material fatigue: Fatigue of the material is usually
cawsed by the cyclic load. The cyclic and continuous load
cavses cracks on the surface of the material If fatigue
cracking progressively expands to a larger surface, the
bearing eventually becomes unsuitable for further operation.

b) Bad lubrication: Bad lubrication can consist of either
scarce or surplus lubrication. Scarce lubrication can be
cauzed by either low viscosity grease or small amount of the
lubricant. Surplus grease can lead to the shaft slipping. which
also leads in torn to crack progression. In addition, incorrect
lubricant selection contributes to lubricant contamination.

¢) Envirommental pollufion: The grease can becoms
contaminated when water or other chemically active
substances pollute the Ilubricant This cauvses bearing
corrosion, as the lubricant properties are deteriorated. The
contamination can occur in hand with wrong bearing gasket
zelection.

d) Shaff currents: The bearing can be affected by stray
currents. Defects in bearing surfaces due to the stray currents
are clearly different from any other typical bearing damage,
making it very easy to detect them visually. The type and the
view of this defect depend on the operating conditions of the
motor. Fig. 3 shows common effects on shaft currents on the
bearing surface.



Fig 3. Effects of shaft currents on bearings track surfaces (fluting, frosting,
pitting).

Fluting occcurs in the combination of low voltage and
constant rotational speed. When the motor runs at varying
speeds, another well-detectable fault called frosting will
appear. Pitting iz cavsed by high voltage and low rotational
speed.

Ancther frequently cccurnng fanlt in BLDC motors iz
eccentricity. The unequal air gap between rotor and stator
causes eccentricity faults in electric machines. The air gap
eccentricity exceeding 10% 1= considered as a faolt [14]. This
conduces to stray corrents in stator windings, which in turn
heat the motors and lead to losses.

There are two main types of eccemtricity: static and
dynamic [16]. In the caze of static eccentricity, there is a
displacement of the rotation axis. This can be caused by stator
ovality or misaligned mounting of bearings, rotors or stators.
In the case of dynamic eccentricity, the stator axis and the
rotation axis of the rotor are idemtical, however, the
centerpoint of the rotor is displaced to some extent. In some
caszes, elliptic eccentricity can be found, where the center
points of the rotor and stator symmetry are matching, but the
eccentricity 15 caused by erther rotor or stator circumferential
tolerance error [17].

B. Armature Faults

This type of machine faults is usuvally caused by winding
insulation failure. The conditions that can occur due to the
armature failures are [16]:

+  High temperature (stator core or windings),
#  Electrical discharges,

»  Environmental pollution,

#  Short circuit.

Az shown in Fig. 4 [17], there are five most common
winding failures.

TURN TO TURN

COIL TO COIL

OPEM CREUIT
/ Ly

PHASE TO PHASE

L2 ¥+ =8— COIL 10 GROUND

Fiz 4. Stator possible failure modes [18].
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Also, these failure modes can occur in  different
combinations. The fault vsvally starts with a tumn-to-tum
short circuit. Then it can progress to a phase-to-phase short
circuit or a ground fault. It can damage the motor eliminating
further operation.

C. Permanent Magnet Faults

The most frequent permanent magnet fault is its
demapnetization [16]. The demagnetization means partial or
complete loss of magnetization. Overheating and overload
are frequent cavses for permanent magnet demagnetization.
Apart from demagnetization, corrosion decreases useful
properties of the magnetic material. Another factor that can
influence the magnet properties is a short circuit The most
dangerous electrical fault for the magnet is the phase-to-phase
short circuit of the machine.

V. FAULT DIAGHNOSTIC POSSIBILITIES FOR.BLDC
MOTORS

During recent years, the diagnostics of electrical machines
has received reasoned importance. Nowadays, there are many
possibilities for fanlt diagnostics [19] . The majority of them
can be divided into the following categories:

o  Temperature measurement,

¢ Electromagnetic field monitoring,

¢ Radio-frequency emissions monitoring,

o  Chemical analysis,

s Acoustic noise measurement,

o  Motor-current signature analysis (MCSA),

» Noise and vibration monitoring,

o  Model, artificial intelligence and neutral-network
based techniques.

Additionally, there are two large groups under which all
the diagnostic techniques can be classified — invasive and
non-invasive techniques.

A. Imvasive Diagnostic Technigues

In the caze of invasive diagnostic technigques, the sensors
are built into the motor. These types of diagnostic techniques
can be more accurate but at the cost of more complexity and
difficult maintenance if the sensors are failing.

B. Non-imvasive Diagnostic Technigues

In non-mmvasive technigues, there are no embedded
zensors in the machine. Although, non-invasive methods are
less accurate, as compared to the invasive techniques, they
possess advantages, such as, the machine structure does not
need to be changed, the measurement of global parameters
open a vast domain of signal analysis technigues, which can
be uzed depending on the nature of the machine and its
application. Almost all kind of signal processing techniques
depend on the Fourier transformation and its variants.

C. Fourier Series

The idea of the Fourier series is that any periodic function
of time can be represented az a series of sinusoids and
costnes. The Founer series deals only with periodic signals.
This means that signals repeat themselves in a certain interval
of time (time period). The complex formulas of Fourier series
can be aveided by using fast Fourter transform (FFT), which
13 an algorithm to solve them in a faster and simpler manner.



a) Fast Fourier frangform (FFI): The Fast Fourier
transform converts time domain signal into a frequency
domain signal. Compared to the Fourier series, it can deal
with both periodic and aperiodic signals. According to the
data type, the Fast Fourier transform can be divided into two
categories:

» CTFT {continuous time Fourier transform)

CTFT X(w)= [, x(t)e’®tdt (1)

where x(t) iz a major function in continuous time domain.
# DTFT (discrete time Fourier transform)

DTFT X(0)=T% .x[n]e ¥ 2

where x(n) 13 a major function in discrete time domain.

This technigue requires less computational power.
However, there are also several disadvantages and limitations
of FFT. Firstly, the small sampling rate can lead to a wrong
signal. This cccurrence is called aliasing. Secondly, the signal
time limitation can lead to spectral leakage. Spectral leakage
is an energy leakage of the main frequency component into
the side lobes. The FFT is intended for the measuring signal
with infinite length. Practically, the signals have a finite
length. Spectral leakage can be fatal for frequencies having
very small amplitude. This will malre algorithm difficult to
measure fault frequencies at an incipient stage. The length of
the signal should be long enocugh to measure the harmonics
correctly. The main drawback of FFT is that this algorithm
works only with stationary signals and fails when the signal
iz non-stationary. Moreover, the signals with discontinuities
are difficult to be handled using this technique. A lot of work
related with fault diagnostic of electrical machines can be
found in literature. The authors in [20]used to investigate the
broken rotor bars for inverter fed induction machines.
[21]uzed it along with infinite impulse rezponse filter to
improve the legibility of spectrum. The researchers in [22]
used this technique to detect principal slot harmonics in
motor’s  current spectrum.  Despite being  very easy,
comprehensive and compatible with various other signal
processing techniques, it fails if the signal iz in transient
condition or un-stationary. It means that it is not possible to
locate the time of the particular harmonic using this
technique. In thiz case, the sclution is short time Fourier
transform.

&) Short time Fourier trangform (STFI): The algorithm
of this transform 13 based on dividing the original signal into
short segments. Due to the shortening window, the signal can
be considered as a stationary signal, making it able to
calculate the FFT from each segment separately. This
application provides better time-frequency representation.
There iz also a possibility to analyze data by 3D plots (time-
frequency-amplitude) for more efficient data acquisition.
However, the short-time Fourier transform has alzo the same
drawbacks referred to the fast Fourer transform. such as
aliasing and spectral leakage. The clever uze of windowing
function for truncation of the signal is very important to
reduce the above mentioned problems. Another emerging
signal processing algorithm to get time frequency response of
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almost every kind of signals is the wavelet The equation of
wavelet transform is as follows:

X (m, @)=¥2 . x[n]w[m - a]eie® (3)

where x[n] i3 complete signal and w[m-n] is the truncation
window which moves and take a portion of the signal at a
time. This technique iz being used widely for the fault
diagnostic of electrical machines in the literature. A good
comparizon of STFT with other time-frequency methods can
be found in [23]. The shaft fault diagnostic using time-
frequency maps is presented in [24]. While the authors in [25]
used fractional Fourier transform to detect rotor fault. Since
the STFT inherits the problems of FFT and leakage of
windowing functions, the wavelet transform can be a better
solution.

¢} Wavelet transform: While i FFT the signals are
decomposzed in sinusoids and cosines of infinite duration, the
zignals in wavelet transform are decomposed into wavelets of
finite duration. In the wavelet transform the signals are
deconstructed with the same wavelet with different scales.
There are many types of wavelets. The main of them are
shown at Fig. 5 [26]. The algorithm of this technique is based
on taking one of the mother wavelets and comparing it with
the measured original signal. The mother wavelet with certain
frequency is swiped across the entire zignal and its translation
and scaling parameters are recorded, where it 13 in best
correlation. These parameters of mother wavelet are changed
and the process is repeated until all frequencies are recovered.
This technique is accurate encugh. Also, comparing to the
Fourier transform, the time-frequency resolution is better.
The leading drawback of wavelet transform is the
requirement of bigger computational power and memory to
zave the information. The wavelet transform equation is as
follows:

W (a.0)= + [ow (50) ft)at )

VT

where a 1s the translation parameter, b is the scaling
parameter, % normalization constant, (%)is the mother
wavelet.

The variety of wavelet based applications for fault
diagnostics are available in literature. [27] used it to detect
the rotor rub fault, while the authors in [28] used it to detect
bearing faults of induction motor. The broken rotor bars fault
detection under transient regime iz presented in [29]. This
technique can be considered as a reliable diagnostic
technique. However, there are two main disadvantages:
increased complexity of this techmique and its cost The
dynamic eccentricity in BLDC motors 1s studied in [30].

Fig. 5. The mam types of wavelet trameform [26]: a) Haar wavalet b) Morlat
wavalet o) Maxican hat wavalet d) Meyer wavelst o) Daubachies wavalat £)
Biorthogonal wavelet z) Bymlsts wavelst h) Couflets wavelst.



TABLEL THE DISCRIPTION OF DIAGNOSTIC TECEHDIQUES
Technique Technigue attributes
Advantages Drawbacks
Unzble to analyze the non- sl:i.ti.cuan s1gnals
Work with aperiodic signals Time-frequency reprasentation is not poszible
Small losses of information Aliz=ing
FFT (DTFT, C ) FRaguirss less computational power Bad reschution
Eazy to mmplement m on-board processors Spectral
Bad for discontimuities m the signal
Work with apericdic siznals Spectral lazkazs
Ability to work with non-stationary signals Aliasing
STFT Tmme-fraquency rapresentation is possible Bad time-frequency resclution
3-D (tme-freaquency-ampliuda) plots can bs more | Compromiza beh\-'eentlme and frequency
informative Dlors o iomal power is required as compared to FFT
’];:;rpcrem;henhmque - Mare memory is raquirad to save intermediate results
Waalat e SquENCY rRao/umon Requires more computational power as comparad to STFT
Akility to analvze non-stahionary signals Thet terations
A variety of mother wavelets makes it more flexible = precision requires more itera
Advanced More efficient anaby=is Mlodern and sophisticated technology is required
techniguas More presice results Feguires a lot of computational powar
d) Advanced diagnostic technigues: Due to the fact that  [4] H. Shen, ¥. Li, W. Zhao, C. Zn, and B. Il Kwon, “Desizn and

computer science has moved foward and has become a
growing industry over the last years, it is reasonable to focus
on the integration of advanced techniques into the diagnostics
of electrical machines. Nowadays, many advanced diagnostic
techniques are used, such as nevral networks, fuzzy logic or
pattern recognition. Also, some analytical advanced
techniques can be used in diagnostics, such as inverse
problem theory, machine learning, parameters estimation.
These advanced techniques can provide more efficient and
precise results. The most of these techniques depend on the
mathematical models of the system, which makes them more
complicated. A good number of references regarding
advanced fault diagnostic techniques can be found in [31).

VI CONCLUEION

The use of ELDC machines is increasing day by day in
electric and hybrid vehicles, electric bicycles, computer hard
drives, industrial robots, CNC machine tools, conveyer belt
systems, compressors and small power supply fans, etc. The
increasing number of applications makes their condition
monitoring very important to avoid any catastrophic
sitnation.

In this paper all possible fault types associated with BLDC
machines are first summarized and the signal processing
techniques are discussed in the perspective of their
advantages and disadvantages. The main benefits and
drawbacks of possible diagnostic technique for ELDC motors
are shown at Table 1. Because of the involvement of the
controller, the clever choice of the diagnostic technique is
very important The practical implementation of these
techniques on the signals taken from test rig with different
types of faults will be considered as future work.
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Abstract—The paper describes the interaction between
Tallinn University of Technology (TalTech, Tallinn, Estonia)
and ITMO University (St. Petersburg, Russia) based on
recently signed agreement. The purpose of the agreement is to
record the intention of TalTech amd ITMO University to
cooperate on implementing a double master’s degree program,
which involves confirmation of the master’s educational level
absorption and the award of master’s degree and obtention of
two diplomas, and to outline the organizational form,
principles and terms of the implementation. The double degree
Program is a two-year Master’s program of 120 ECTS credit
points. Its structure and content meets the requirements that
both TalTech and ITMO University have established for their
master’s programs, in accordance with the government
standards. Development and approval of the double degree
Program is held by the Parties in accordance with the
procedures established by them. This paper describes the
procedure of implementation of a double-degree master
program in mechatronics engineering.

Eeywords— Educational programs, Engincering education,
Mechatronics

I. INTRODUCTION

The international cooperation between academic
institutions is one of the main aspects in boarder cooperation
between many countries. Such cooperation helps to improve
the guality of the didactic and give the students a more wider
experience and better opporfunities in the labor market
Double-degree programs in engineering fields are widely
uzed worldwide [1]. there iz number of double-degree
programmes successfully implemented between middle-sast
and European Union (EU) countries [2]-[4], at the zame time
Fuszia iz also one of the major partner for EU countries [5]-
[71-

Usually, it is a great challenge to try to establish a
common grovnd and propose courses for the new program
that would fit the needs of all parties and an industrial
enterprise, complement each other and be mutually
beneficial. An example of distance degree presented in [3].
the agreement consists in the creation of a double degree in
ICT (Information and Communication Technologies)
Engineering, delivered in e-learning modality. The use of e-
learning didactic allows students to study at home or in home
vniversity and to take a double degree, that may be
recognized in both countries. A double degree study program
with only one obligatory abroad iz p ted in [3].
One interesting case of joint master degree of different
practice-oriented and theory-oriented curricula’s is presented

FCO-H-3000-P000- OIS 00 82030 IEEE

90

Galina L. Demidova , Dmitry V. Lukichev, Svetlana
Yu Perepelkina
Faculty af Control Systems and Robotics
ITMO University
St. Petersburg, Russia

in [6]. Very important that the parties agree to the mutual
recognition of eredits for the incoming students from the
university participating in the double degree program.

In [4] avthors attempts to investigate the persomality
development of engineering students who embarked in a
double degree programme. study shows that the students
who have been exposed internationally may articulate the
qualities that are expected to be highly regarded by an
emplover and the environment that they have experienced
has helped them to be an adaptable person who could
communicate with people of different backgrounds and
enriched with creative thinking.

Financial support plays important role in creation of any
double degree program. It iz important that parties are
following their national policies and regulations regarding
tuition fees. Both parties must agree that they do not have
reciprocal claims regarding compulsory tuition fees. Usually,
international programs that encourages higher education
nstitutions mobilities are involved. In [2] double degree
master program in mechatronics was developed based on the
TEMPUS (Trans-European Mobility Programme for
University Studies) bachelor curriculum (within ca 800
students enrolled). In [4] DAAD (German Academic
Exchange Service) supports joint double degree program
between Malaysia and Germany. Moreover, 2 number of
activities in Evrope is supported by Erasmus+ actions, as [8]
for example.

To extend cooperation between Tallinn University of
Technology (TalTech) and ITMO University in the field of
Mechatronics  the agreement on  cooperation in  the
framework of a double master’s degree program has been
signed. The main purpose of the agreement is to ensure
master’s theses counseling and to conduct quality assurance
of the double degree Program. The full-time double degree
Program in Mechatronics and Robotics, program Intelligent
Technologies in Mechatronics aims at training of highly
qualified specialists with cuoltural linguistic and unique
profeszional skills by coordinating the content of the double
degree Program and integration of resources of TalTech and
ITMO Univerzity in thiz academic field with including a
compulzory mobility period in the degree requirements for
the students of both universities.

II. MASTER STUDY ADMISSION

A. Tallinn University of Technology (TalTech)



TalTech iz a promoter of science, techmology and
innovation and a leading provider of engineering and
economic education in Estonia since 1918, The university’s
vision 15 innovative Estonia in a developing world. The core
values of TalTech are professionalism and reliability,
entrepreneurship  and  innovation,  openness  and
cooperativensss. The university pursues these values in all of
its fields of activity. Today, more than 10 000 students from
nearly 100 countries are studying at the TalTech. One of the
goals of the university is internationalization and the
proportion of international staff has increased year by year:
from 7% in study year 13/16 to 11% in 18/19 [9].

Study and teaching at TalTech is based on internationally
recognized research and the graduates are highly rated on the
labor market. The University’s approximately 70,000 alumni
have shaped the economic landscape of present-day Estonia.
Number of master students at TalTech in last decade is
shown at Fig.l. As it can be seen from the diagram the
number of graduates students has positive trend, in despite of
total number of master students is decreasing in last five
years. Decreasing of total number of the master students at
TalTech that started five vears ago may be explained by
general demographic situation in Estonia, however, today the
number of students in general education started to grow
according to [10]). Unfortunately, there are still a high
number of students that interrupt their master studies, around
15% of all master students.
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Fiz. 1. Mumber of master students at TalTach

With a total number of students 1144 admitted in
2018/19 to TalTech majority were chosen engineering and
business fields of study, as shown in Fig 2.

At TalTech in the academic year 2018/19, the total of 13
master’s programmes taught in English were opened for
admizsion [9]. five of which were joint study programmes
with other Estonian universities (the University of Tartu,
Tallinn University and the Estonian Academy of Arts) and
one was an international study programme with parter
universities: the Catholic University of Lewven (Katholieke
Universiteit Leuven) from Belgiuvm and the University of
Minster(Universitat Minster) from Germany.
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B ITMO University

ITMO University was founded in 1900 and it 15 one of
the oldest engineering educational establishments in Russia
and is recognized as the leader in informational technologies
and optics. ITMO University celebrates its 120th anniversary
in 2020. Today ITMO University is one of the most well-
known, fashionable and popular universities in Russia. The
mission of ITMO University iz to open up opportunities for
the harmonious development of a competitive personality
and inspire to solve global problems The strategic goal of
ITMO University: the generation of new Imowledge,
markets, businesses and human navigation in the world of
information, providing a balance of physical and virtual
realities. During the last decade ITMO University's
programming team was five times the world champion in the
ACM International Collegiate Programming Contest [3].

In education, much attention is paid to:

o digital culture and digital ethics, forming
competencies and skills necessary for life and work in
the digital world; students are taught to work with big
data, with artificial intelligence technologies,
realizing their role in solving socially significant
problems;

» enfrepreneurial culture and competencies to respond
to uncertainties and challenges of the external
environment and solve non-standard problems;
students are taught to see positive experiences in
failures and not be afraid to take risks, going beyond
the limits of template decisions; we develop creativity
and enterprise;

o analytical, critical and systemic thinking, necessary
for navigating the world of information and
highlighting the main from the multitude, for critical
understanding of reality and recogmition of
differences in its physical and virtoal manifestations.



Therefore, the goal of ITMO University is to help
students become a high-class and advanced programmer,
scientist, engineer, businessman_ choose the profession of the
future at the junction of new directions.

ITMO University has a unique scientific and educational
profile: information technology, robotics and photonics, thewr
cofivergence.

ITMO University iz the world's only seven-time
champion of the ACM ICPC International Collegiate
Programming Contest [6]. Winner of the international
programming competitions Google Code Jam, Facebook
Hacker Cup, Yandex Algorithm and others. In the field of
Cyberphysical systems I[TMO TUniversity has three-time
champions of the World Robot Olympiad (WEQ), winners
and finalists of international and national, competitions in
robotics - Robocup, Robotex, Robofest and computer
security — CTF.

Currently, ITMO University is in the TOP-100 of the
world's best IT universities in the Times Higher Education
Computer Science ranking (71st place); TOP-400 in THE
Engineering and Technology: 436th place in QS WUR, 76-
100th place in the ARWU by Subject Automation & Control,
201-250th place in Q8 WUR by Subject Electrical &
Electronic Engineering.

Currently, 13,000 students are studying at the university.
These are bachelor’s students (ca 6700 students), specialists
{ca 300 students), master’s students (ca 5100 students) and
PhD= ( ca 900 students). ITMO University is one of the few
universities in Russia who is given the right to independently
develop and approve educational standards.

Every year the number of applicants to the University for
master's programs 1s significantly increasing (Fig.3). In 2019
67% of them did not study at [TMO previously — from 35
countries 321 universities.
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Most of the master's degree programs are in IT and
engineenng, busmness fields of study, as shown in Figd. To
promote and increase the efficiency of academic and
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scientific activity of Master and PhD students and to
diversify research and development in ITMO University,
eScience Research Institute was created in 2007 [3].
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Figd. Azgresated mdicators by master studies at [TMO University for
admezsion 201920

I, COLLABCRATION

Strategically, TalTech strives to intermationalise its
educational activities and build ties with knowledge
institutions in Fussia - the region that has a long history of
strong Basic Science, excellent mathematicians and a rich
pool of young research talent TalTech !, the only
technological university in Estonia, iz the flagship of
Estonian engineering and technology education. Here, the
synergy between different fields (technological, natural,
exact, economic and health sciences) iz created and new
ideas are born. TalTech strives to become one of the leading
technological universities in the Baltic Sea region.

What makes ITMO? a desirable partner for TalTech is the
fact that ITMO iz one of the best engineering schools in
Fussia. Unlike many other Fussian vnrversities, [TMO has a
broad range of courses tanght by professors with worldwide
recognition in English, which makes it possible for TalTech
to set up a high-quality exchange scheme - develop joint
research projects and exchange students at Master’s and PhD
levels.

In 2015, representatives of TalTech participated mn ITMO
International Days and had high-level meetings between the
university managers. In 2017 and 2018, ITMO's students
participated in the final round of Fobotex - the largest
robotics competition in Europe organized by TalTech and the
University of Tartu. In 2017, ITMO team had won the first
prize of the competition.

In terms of joint curricula development, TalTech and
ITMO have been working on an interdisciplinary eduecational
module “Internet of Things™. During 2016-2019, this project

! https:/italtech ee/en/
2 https://en.itmo.ru/en/



haz been supported by the gramt Erasmus+ Strategic
Partnership for Higher Education (http://iot-open.eu). Thanks
to the long-term cooperation, the partner departments have
made necessary adjustments to the curricular within their
Master's degree programmes delivered in English, which
makes the exchange of students between the programmes in
the two universities possible.

What iz also important for cooperation between
universities the number of common research works is
growing. According to official statistic by Estonian Ministry
of Education and Fesearch number of joint publications with
foreign authors 1s increasing. Fig.5 shows last 13 years
statistic of Estonian authors and joint publications with
foreign authors. The scientific publications take into account
the Estonian publications in the Thomson Reuters Web of
Science (SCI-EXPANDED, SSCI A & HCI databases),
conference abstracts and corrections are  excluded.
Collaborative publications take into account all publication
types. Only Estonian authors mean those publications which
have been written only in co-operation with Estonian
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IV. DOUBLE DEGREE PROGEANMM

The double degree Program is a two-year Master's
program of 120 ECTS credit points. Its structure and content
(Table I and Table II) will meet the requirements that both
TalTech and ITMO University have established for their
master’s programs, in accordance with the government
standards. Development and approval of the double degree
Program take hold by the parties in accordance with the
procedures established by them. The study process under the
double degree program has to be carried out in accordance
with the jointly approved study plan before the mobility of
the student.

Both partners have committed to taking on clearly
defined responsibilities. The sending institution nominates
students/staff based on a transparent selection procedure. The
criteria for the students are based on grades, motivation and
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knowledge of the English language. The host institution has
the right to examine the quality of the students (eg. by a
skype interview), and to reject the candidacy if they think the
student does not fit the required profile. In that case the
sending institution has the right to propose another student.
The staff will be selected on who iz the most beneficial for
the purpose of this particular mobality. Once the nominations
have been accepted, the host institution will provide
information to the students/staff on insurance and it will offer
pre-departure guidance. It will also offer visa support and
assistance in finding accommodation. At TalTech, the
practical support will be divided between the specialized
central units (accommodation, insurance, visa support, etc)
and the Faculties. TalTech pays the scholarships to all
grantees and reports on the mobilities in the Mobality Tool+.

The concerned TalTech’s Faculties will inform their
students about thiz mobidity project through its normal
communication channels: the webszite, information seszions,
and emails. Individual lecturers who are involved in this
mobility will alse address individual students who might
benefit from this mobality. ITMO will assist visiting staff and
students with finding accommodation, enrolling into courses,
and obtaining necessary insurances. Medical, accident,
travel, repatriation and civil liability insurances will remain
the responsibility of visiting scholars and students. Visa
invitation letters will be provided to visiting staff and
students by ITMO’s Visa Department. In the framework of
the project, all efforts, responsibilities, and the budget will be
distributed asz equally as possible taking into account
differences in hourly rates of staff members. Organisational
Support grant will be split equally between the two
universities.

In addition to an existing Cooperation Agreement signed
by the Higher Education Institutions (HEIs) in December
2017, both parties will sign a new Inter-Institutional
Agreement (IIA), in which they will agree that a merit-based
selection of participants will be organised at both HEISs, it
will be supervized by the International Student Coordinator
from the School of Engineering; all exchange students will
pay fees only to their home universities in accordance with
their regulations; all academic credits obtained during the
credit mobility exchange project at the host HEL: will be
recognized by the home HEIs upon return of each student;
all participating staff members will remain emploved and
paid by their home universities through the project lifetime;
for monitoring purposes, HEIs' reports will be provided in
the EU's Mobility Tool+ on a monthly basis; English
language will be the language of mstruction in both HEIs,
however the HEIs will be ready to provide complementary
language courses upon students’ request; a common
procedure for the recogmition and tramsfer of credits is
established between HELs.

Measuring learning outcomes of the credit mobility
project: students will be required to submit a written report
after the conclusion of the project to their supervisors at both
host and home universities; students will be asked to fill out
questionnaires at mid-point and at the conclusion of their
semester abroad to evaluate the quality of their mobility
experience, including learning outcomes, on-site experience,
engagement with peers and staff, accommeodation. This will
help the institutions to evaluate the quality of the project
implementation and make necessary improvements, if
required, during the project. Upon their return home, students



will go through a re-entry orientation and will be encouraged
to contribute their new skills in their learning environment as
well as share their experience through university's
publications, website and social media.

V. CONCLUSIONS AND DISCUSSICNS

Nowadays a number of universities encourage opening of
internationally  aftractive study programmes taught in
English, in particular at master’s level, and study
programmes, the graduates of which will receive the
graduation certifeates of several partner universities (double
degrees).

The opening of attractive imternational stody programs
taught in English, in particular at the master's level, graduates
of which receive double diplomas from several partner
universities, can increase the competitiveness of engineering
education in Fuossia and Estonia, educating graduates who
have skills and abilities from different fields and are able to
vse these skills to solve specific tasks of real life. This article
describes the educational cooperation of the two largest
universities in Russia and Estonia in the field of
mechatronics and robotics (industrial robots, technologies for
robot’human  imteraction, unmanned vehicles, service
robotics, etc). The features that laid the foundation of this
cooperation, as well as the features and advantages of this
double edocational program are shown. These features
include:

¢ two diplomas from the leaders of engineering
education in Russia and Estonia for 2 years provide
world-wide recognition of education i mechatronics
and robotics;

e one of the best master’s programs to prepare an
engineer of international level for a successful career
in the global world;

s international teaching
qualifications;

staff of  intermational

s study in Estonia and modern teaching methods;
® talented and ambitious students;

¢ a3 unique university intemnational communication
environment for students, teachers, researchers;
s external exams provide an independent double

procedure for assessing students' knowledge and the
highest international quality standards;

s  bright, rich student communication, ideas, initiatives
student lifs;
s praduates  successfully  withstand  international

competition, both when entering the best foreign
universities and when hiring;

* a variety of forms of financial support provide the
best applicants and students with access to the
program, regardless of the income of thetr families.
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After 5 years of activities of the full-time double degree
Program in Mechatronics and Robotics between TalTech and
ITMO University more than twenty unique international
mechatronics experts have been trained to meet the rapidly
changing global labour market baszed on a synthesis of
zcientific and professional knowledge and experience of
universities partners.

The experience recieved in implementing thiz double
degree Program shows that the Program requires continuous
monitoring, renewal and updating not only the content of the
dizciplines, but also the educational technologies used. Due
to mutoal responsibility, the quality of education increases,
which, in turn, increases the status of the program and the
competitiveness of partner universities as a whole.
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Abstract— The topic of this paper is the brushless DC motors®
bearing faults. Such motors have been gaining popularity during
the past years due to the specific nature of the usage of the
machines. Bearing faults are the most common failures emerging
in the machines. The paper presents the most common bearing
faunlt types, related to brushless DC machines. In addition, it
presents the case study, where these faults are implemented to
healthy bearings, in order to further test the impact on machine
performance. Laboratory experiments of the setup with healthy as
well as faulty bearings are explained and presented. Possibilities
of monitoring and diagnostics, as well as the necessity of further
study, have been pointed out.

Keywords—ball bearings, brushless motors, fault diagnosis,
vibrations

I  INTRODUCTION

Bruzhless DC (BLDC) motors have gained wide attention in
the electrical machine industry during the last decades. As there
are no brushes used for magnetic field creation in those
tachines, the operation of the BLDC motors is more reliable.
Also, brushless construction leads to reducing the overall
dimensions of the motor. The combination of permanent
tmagnets and power electronics allows generating more power.
A three-phase BLDC motor is shown in Fig, 1.
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Fig. 1. Dizazzembled view of a ELDC motor [1]

The operating principle of a BLDC motor is based on the
force interaction between the permanent magnet and the
electromagnet. The coil energizes and becomes an
electromagnet when DC power is applied to it. For sequential
energizing of the coils, generally, Hall-effect zensors embeddad
into the stator are used.

This branch of the industry develops constantly and during
the last years, the researchers have found many options on how
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to improve the reliability and increase the efficiency of the
BLDC motors. Many works related to diverse design and
analysis methods of electrical machines can be found in the
literzture. The authors in [2] present and compare different
control methods for BLDC motors, such as PI controller, Fuzzy
Logic controller, hybrid (PI controller and Fuzzy Logic) and
Grey Wolf Optimization (GWO) algorithm.

The BLDC motor is a perceptible trend in transportation
applications, particularly in electrical scooters, bicycles,
airplanes, boats, ete. The BLDC motors meet most of the
requirements for electrical vehicles, such as high power density
and starting torque, high cruising speed, and reliability, noise-
free and minimum maintenance [3]. Nowadays, this industry
develops rapidly. The researchers in [4] present a prototype of
the electrical machine with improved energetic performances,
which was vsed for electrical scooter application Besides,
authors in [3] introduce PID-Fuzzy speed-control design for
BLDC motors in dynamic electric vehicles to improve steady-
state performance.

Additionally, the given type of motors has gained wide
attention in different domestic applications. The researchers
in [6] propose improvements of the new structure of a BLDC
motor for the ceiling fan, which can save at least 50% of energy,
compared to the conventional fan based on the induction motor.
In [7] the starting characteristics of the plunger pump hydravlic
zystem driven by BLDC motor were analyzed, where the speed
of motor and pressure of the hydraulic system were studied.
While the authors in [8] present a reliable water pumping based
on the solar PV fed BLDC motor drive through a PV-utility grid
interface.

Because the operation of BLDC motors is controlled
electronically, the BLDC moters overcome problems related to
sparking, which makes the machines suitable for the application,
where sparks could be a critical factor, for example, in
dangerously explosive environments. The researchers in [9]
present the comparizon of the slotted and slotless stator core
design for BLDC motors in the oil and gas industry. While the
authors in [10] outline the designs and the experience of the
applications of special brushless synchronous motors for a
special use in oilfield pumps.

This paper deals with common fault types of BLDC motor
bearings. The main core of this work is to present a study of fault
diagnostic and monitoring possibilities for BLDC motors,
implementing the most spread types of bearing failures.



II. Common BEarmiGFauLts v BLDC MoTors

The fauvlts that occur in BLDC motors can be divided into
three main groups [11]:

¢ mechamcal faults (beanngs and eccentricity),
o electrical faults (drive and winding failures),
s magnetic fanlts (demagnetization).

Within the framework of the given paper, the typical and the
most spread mechanical faults related to BLDC motors, such as
bearings related faults were studied.

A Maferial Fatigue

One of the common bearing failures is material fatigue.
Fatigue is material weakening caused by the cyclic load. As a
result, damage to the material structure i3 inflicted and the
growth of the cracks is rising.

B. Material Corrosion

Differently from fatigue, corrosion is a process bebween
metal and environment, which results in material consumption
or dissolution. The cormroded bearing will generate additional
vibrations due to the produocts of corrosion that interfere with the
balls during the rotation of the shaft [12]. The uvsage of the
bearings in an aggressive environment leads to the more rapidly
developing corrosion of the material The material corrosion can
be canzed by excessively high or low temperature, humidity or
moisture.

C. Bad Lubrication

Lubrication provides a thin coating between the contact
surfaces of a bearing to reduce friction and heat Besides,
lubricant facilitates mhibit corrosion on balls and raceways. Bad
lubrication can mean either scarce or surplus lubrication. Scarce
lubrication can lie in either a small portion of the lubricant or its
low viscosity. Surplus grease leads to shaft slipping, which in
turn can lead to material corroston and structural damage.
Incorrect lubricant selection can affect bearing operation and its
lifespan.

D. Shaft Currents

Another well-detected bearing fanlt is the shaft currents. Due
to the currents, this damage can ideally be detected visually, as
it leaves a recognizable print on the bearing surface as shown i

Fig. 2.

a I ¢

Fig. 2. Effect: of shaft currents on bearings track surfaces [13]
&) fluting &) frosting o pitting
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E. Ewnvironmenial Pollution

As water or other chemically active substances pollute the
lubricant, it can become unusable. The properties of the grease
become deteriorated. It can lead to bearing cofrosion
Additionally, the bearing can be polluted by sand, dust or other
abrasive particles, which m tum interferes with bearing
operation and leads to scratches, cracks or other structural
damage.

1. Commod DracwosTic METHODS

Most of the diagnostic techniques, which are based on the
signal-processing algorithm, relate to the Fourter series.

a) Fast Fourier transform (FFT): Differently from the
Fourier series, FFT iz used to process either periodic or apeniodic
signals. Depending on the sipnal nature, FFT can be divided into
two categories:

s CTFT (Continmous-time Fourier transform)
CTFT X(w)= [ -, x(t)e™dt (1)

where x(t) iz 2 major function in the continuous-time domain.
¢ DTFT (Discrete-time Fourier transform)

DTFT X(Q)=F i . x[a]e ¥ @

where xin) is a major function in the discrete-time domain. The
majority of machines related fault diagnostic techniques depend
on FFT amalysis of its global parameters, such as cormrents,
voltages, speed, torque and vibration signals.

A lot of research work based on FFT can be found in
literature, e.g. in [14] authors use coment and voltage spectrum
analysis of induction motor to detect the broken bars under
different operating conditions. The authors in [15] investigated
the broken bars by doing the spectrum analysis of a motor’s
active and reactive currents. The use of FFT in conjunction with
Park’s vector was investigated in [16] to make ants clustering of
frequencies. The authors in [17] used the auto regressive method
relying upon DTFT and adaptive Notch filter. The use of band-
stop filters to improve the legibility of the spectrum can be found
in [18] The authors in [19] used FFT to investigate the broken
bars based on mechanical vibrations measurement of induction
motor. However, for the implementation of FFT, the signal must
be stationary. If the signal i not stationary, the Short-Time
Fourier transform can be used.

b) Short-Time Fourier trangform (STFI): The 1dea of this
signal processing technique is based on dividing the signal into
short segments After that it could be considered, that the signal
in the segment is stationary, making it able to apply the FFT on
each of the segments. The equation of the transform iz as
follows:

X (m, @)= 5[n]w [m— ﬂ]e'jml @)

where x[n] is the complete signal and w{m-n] is 2 window that
moves and takes a signal segment at a time_ Despite advantages,
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Fig. 3. Experimentzl setup: ELDC motor, motor controller, acceleration sensors

the STFT also meets the same drawback and limitations as the
FFT, such as aliasing, bad resolution, and spectral leakage.

¢) Wavelet transform: The main core of the wavelet
algorithm lies in taking one of the mother wavelets and
comparing it with the original signal. Each mother wavelet has
a certain form and a certain frequency. As the mother wavelet is
swiped across the measured signal and parameters are recorded,
where it is in the best correlation in the frequencies. Then
parameters of mother wavelet are changed and the process is
repeated until all frequencies are recovered. This technique is
quite precise. However, compared to the FFT and STFT, more
memory and computational power are required [20].

d) Advanced techniques: As computer science is developing
day by day, it is sensible to focus on advanced techniques for the
diagnostics of electrical machines. Advanced techniques can
give more precise results, but for their implementation, modern
and sophisticated technologies are required.

IV. EXPERIMENTAL SETUP DESCRIPTION AND DATA
ACQUISITION

The motor used in the iments is shown in Fig. 3. This
is a three-phase BLDC intended for electric scooter application.
The test motor has 15 poles and 27 slots. The main electrical
parameters of the motor are shown in Table I.

As a measuring tool in the setup, three acceleration sensors
with three-axis horizontal mounting (X, Y, Z) were used. The
sensors were placed at different distances from the motor.
Sensor 1 was placed over the shaft of the motor. Sensor 2 was
mounted near to the first sensor but beyond the shaft. The last,
sensor 3, was placed on the most distant edge from the motor.
Within the framework of given research, the measuring results
were taken from the acceleration sensor 1, where the noise and

e

Fig. 4. Bearings used in the experiment

2) Healthy bearing b) Corroded bearing c) Bearing tempered at 300°C d) Bearing with d d e) C
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vibrations are higher and more tangible due to the vicinity of the
mator shaft.

TABLEL MoTor PERFORMANCE PARAMETERS
Parametar Dam Uit
Rared voltage 54 v
Foated rotating speed 600410 pm
Fated current 8203 A
HMo-load current s1 A
Fated power 350 | W

In the motor. ball bearings (type 16003-2R58) with
dimensions 17 x 35 x 8 mm were used. As the given motor 1s
been used in transportation and as shown m Fig. 4, five typical
bearing failures were chosen, which can occur during the usage
of the electric scooter.

a) Healthy bearing — new bearing without modifications,

b) Corroded bearing — bearing, which was placed into an
aggressive alkaline environment and after some time was
tested with obvious sign of corrosion,

¢} Tempered bearing — bearing, which was heated up to the
temperature 300°C,

d) Bearing with the damaged separator,

Each of faulty bearings gives its certain vibration pattern
during the motor operation that can be compared to the vibration
zignal of the healthy bearing. As the signal is stationary and the
no-load motor has been rotating with maximum constant spead,
according to the previously discussed diagnostic methods, FFT
was chosen to analyze the results. For more precise and accurate
data processing, wavelet transforms analysis or one of the
advanced techniques could have also beenused. However, it will
lead to complicated mathematical models and more
computational data requirements.

As a data acquisition tool, the measurement of software
OXYGEN was used in the experiments. This software allows
acquiring data, recording the measurements and analyzing the
results. Additionally, OXYGEN software has an analysis
moduole, which allows measuring of the noise and vibration,
during the motor operation.

V. RESULT ANALYSIS

For the result analysizs, two comparizon methods were
chosen: vibration spectrum analysis and FFT analysis. Fig. 5
shows the vibration signals taken from the acceleration sensor in
three different axes at the same time. As seen in Fig 3, the
vibration amplitudes of the faulty bearings are much higher in
each of the cases. The distinctions in the amplitudes are
noticeable in all three axes.

e) Contaminated bearing.
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Fig. 5. Vibration signzls taken from the acceleration sensar 1
a) Healthy bearing b} Corroded bearing ) Bearing temperad at 300°C dj Bearing with damaged separator e} Contaminated bearing

99



Hlallﬂ; DQBE

amplitude
=
=
=
&

J.Lul_l'l.lAAllAl
0 20 4 (24 L] 100 120 o 160 10 200

frequency (Hz)

0.01
Corrocedbeamng
0.009 ——— Bearingtemperadat 300
Damaged separair
0.008 Contaminated baang
6007 |
0.006
%
£ 0.005
o A
E 0004
0.003
0 002

0001

100

120 o0

0 20 40 60 L] 160

frequency (Mz)
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3) FFT spectrum of the hezlthy bearing b) FFT spectra of the faulty bearings

Fig. 6 shows the FFT analysis applied to the acceleration
signal. It is visually detectable that each frequency spectrum of
the faulty bearings is much higher than in the case of the healthy
bearing.

For comparison, one of the perceptible examples was taken.
As shown in Fig. 7, compared to the frequency spectrum of the
healthy bearing, frequency peaks in the spectrum of the
contaminated bearing are much higher.
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Fig. 7. Comparizon of FFT spectra of healthy and contaminated bearing in the
range of 0-60 Hz

The main diagnostic feature is the presence of a specific
manifestation of bearing defects in the spectrum of vibrational
signals. The signs of the defect appear in the spectrum when it
grows to such a level that the energy released by it becomes
relatively noticeable in the total vibration energy of the bearing
and will be presented on the spectrum. For detecting early
bearing problems, special attention must be given to the FFT
spectrum’s and bearing defect frequencies [21]. On the first
stages of defect development, there appears a clearly noticeable

100

frequency peak, as it is seen in the case of contaminated bearing
in the given research. It makes possible to identify accurately the
defective element, especially if the harmonic amplitude is
represented on a logarithmic scale.

As the defect develops, the first pair of side harmonics
appear in the spectrum on the left and right side of the main peak,
as shown in Fig. 8. The more developed the defect is, the more
side frequencies near the main peak will appear. The reason
behind this phenomenon is that the failed rolling body shifts so
much that the adjacent rolling bodies already bear the main load
to support the shaft of the mechanism. On this stage, the bearing
fulfills its functions and can operate, but requires replacement in
a short time because of added stresses.

In the last stage, the bearing has already degraded and ceased
to fulfill its functions. Practically, this stage is characterized by
appearing of additional harmonics, which have a random nature.
This case has not occurred in the given experiment.
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Figz. 8. FFT spectrum of contaminated bearing in the range of 0-200 Hz
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VI CoNcLusioN

In this paper, possible bearing faults of BLDC motors are
pomnted out and the diagnostic techniques are dizcussed. The
faultz were inflicted on the bearings on purpose to investizate
the failure effect on the vibration spectrum. The faults that have
been implemented to the bearings are the typical bearing faults,
which can occur in an electric scooter, as the test motor is
intended for this application. Expeniments with healthy and
faulty bearings show that the vibration spectrum can indicate the
presence of the damage in the bearing. Measurement results
show that when applying FET to the acceleration signal of faulty
bearings, visible harmonic changes, related to the faulty
conditions, appear. The research of detecting bearing faults
through the vibration spectrum and the implementation of this
research into practice will be considered as fiture work.
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