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PETIJUMA AKTUALITATE

Apméram 58% no visas pasaulé sarazotas elektroenergijas pat€ré
elektrodzingji, apméram 7% apgaismojumam un atlikusie 35% apkurei un citiem
mérkiem. Galvenie elektrodzingju veidi ir sinhronais elektrodzingjs, asinhronais
elektrodzingjs un lidzstravas motors. Asinhronie elektrodzingji ar jaudu mazaku
par 3.5 kW sastada 88% no elektrodzingju kopskaita (Patel, 2021).

Asinhronajiem elektrodzingjiem ir vienkarSa konstrukcija un augsts
droSums, tom@r to atteices intensitate smagos darba vides apstaklos var bt 12%
no elektrodzingju kopskaita (Venkataraman, 2005). Tadi ekspluatacijas apstakli
ir raksturigi lauksaimniecibas objektiem, kur asinhronie elektrodzingji piedzen
stknus, baribas sagatavosSanas iekartas, ventilatorus, transportierus utt. Vairaki
apkartgjas vides apstakli, tadi ka putekli, augsta temperatiira darba telpa, var
izraisit asinhrona elektrodzingja parkarSanu. Asinhrona elektrodzingja statora
tinumu izolacijas bojajums, parkarSanas dél, var izraisit elektrodzingja atteici un
blis nepiecieSsams remonts. Asinhrona elektrodzingja atteice var apturét
razo$anas procesu, lidz ar to kopa ar tieS$am izmaksam par remontu, var biit
razo$anas zaud&jumi.

Asinhrono elektrodzingju droSumu analize Balticovo olu razotng lecava
paradija, ka vistu kiitts ir darba vide ar lielu graudu puteklu daudzumu, kuri
parkldjas uz mazas jaudas ventilatoru asinhronajiem elektrodzingjiem. Siem
ventilatoru elektrodzingjiem atteices intensitate ir salidzinosi augsta — 6 % no
ventilatora kopskaita razotn€ (Gedzurs, 2016). Izmantotas aizsardzibas ierices
asinhrono  elektrodzingju aizsardzibai nespgj aizsargat parkarsusos
elektrodzingjus, bet temperatiiras sensoru izmanto$ana mazas jauda asinhrono
elektrodzingju aizsardzibai no parkarSanas nav ekonomiski pamatota.

Pamatojoties uz mazas jaudas asinhrono elektrodzingju aizsardzibas
problému no parkarSanas, kuru izraisa dzes€Sanas traucgjumi, tika izveléta
promocijas darba téma par asinhrono elektrodzingju statora temperatiiras
noteikSanas metodes izstradi, kuras izmantoSana biitu ekonomiski pamatots
risingjums arT mazas jaudas asinhrono elektrodzingju aizsardzibai.

PETIJUMU HIPOTEZE, MERKIS UN UZDEVUMI

P&tijumu veikSanai izvirzita hipotéze — izmantojot attalinatu
elektrodzingja rotora rotacijas frekvences mériSanu, p&c noteikta algoritma ir
iesp&jams aizsargat elektrodzingja statora tinumu no parkarsanas.

Izvirzitas hipot€zes sevi ieklauj asinhrona elektrodzingja silSanas procesu
izp&ti, statora tinumu temperatiiras noteikSanas metodes izp@ti, rotora rotacijas
frekvences un statora tinuma temperatiiras sakaribu izpéti, dzes€Sanas
trauc€jumu un sprieguma ietekmi uz asinhrona elektrodzingja silSanas reZimiem.
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Zinatniska darba merkis ir teor@tiski un eksperimentali pamatot

asinhrona elektrodzingja statora tinumu temperatiiras noteikSanas metodi ar
attalinatu elektrodzingja rotacijas atruma meérisanu un izstradat algoritmu $is
metodes pielietoSanai mazas jaudas asinhrono elektrodzingju aizsardzibai pret
parkarSanu.

1.

2.

Darba meérka sasniegSanai izvirziti esosi uzdevumi:
veikt asinhrona elektrodzingja silSanas procesa, zudumu jaudas un
siltumtehnisko parametru noteikSanas teor&tisko analizi;
izpetit asinhrono elektrodzingju statora tinumu temperatiiras noteikSanas
metodes;

. veikt ar nemainigu slodzi ar dazadu rotora rotacijas frekvenci stradajosu

asinhrono elektrodzingju silSanas eksperimentalos pétjjumus pie normaliem
apstakliem un pie dazadiem dzes€Sanas traucgjumiem;

pilnveidot mazas jaudas asinhrono elektrodzingju sil$anas matematisko
modeli, apskatot to ka divu elementu kermeni;

. izstradat statora tinumu temperatiiras un rotora rotacijas frekvences izmainas

apraksto$u matematisko modeli;

matematiska modela parbaude (verifikacija un validacija) — asinhrono
elektrodzingju silSanas modela simulacijas rezultatu salidzinaSana ar
eksperimentaliem datiem;

mazas jaudas asinhrono elektrodzingju statora aizsardzibas algoritma izveide
un izstradatas statora tinumu noteikSanas metodes tehniski ekonomiskais
novertgjums lauksaimniecibas produktu razoSana, izmantoto asinhrono
elektrodzingju dro§uma uzlabosanai un atteices mazinasanai.

DARBA TAUTSAIMNIECISKA NOZIME

. Darba izstradatas statora tinumu temperatiiras noteikS§anas metodes ievieSana

lauksaimniecibas objektos ar smagiem darba apstakliem, Tpasi putekliem,
palielinas elektropiedzinas droSumu un laus nodro§inat razoSanas procesu
nepartrauktibu. Tas savukart uzlabos lauksaimniecibas produkcijas kvalitati
un produktu stabilitati.

. Elektrodzingja stavokla kontrole, izmantojot statora tinumu temperatiiras

noteikSanas metodi, laus novértét elektrodzingja silSanas dinamiku un
efektivak planot tehnisko apkopi atkariba no elektrodzingja tehniska stavokla,
nodro$inot aprites ekonomikas elementu ievieSanu, ka arT razoSanas
ekonomisko efektivitati.

. Piedavatais risinajums ir aktuals vietas ar nepartrauktu razoSanas procesu un

razotnés, kur ir griiti vai nav iesp&jams tikt pie elektrodzingja. Ipasi vértigi to
ievest ir lauksaimniecibas produktu parstrades un uzglabasanas uznémumos
gan Latvija, gan pasaulé



1. ASINHRONO ELEKTRODZINEJU DROSUMA
ANALIZE

Tipiski, asinhrono elektrodzingju darbmiizs ir 12 — 20 gadi. Saja laika
dzingjs var tikt partits 2- 4 reizes atkariba no to jaudas un darbibas apstakliem
(Bertoldi, 2015; De Almeida et al, 2008). Neskatoties uz augsto droSuma limeni,
ikgad€ja atteices intensitate ir aptuveni 3-5% no elektrodzingju kopskaita
(Venkataraman et al, 2005). Asinhrono elektrodzingju atteice var izraisit butiskus
tieSus un tehnologiskus zaudgjumus, t.i., dzingja nomainu, remontu un razo$anas
zaudgjumus. Vidgjie dikstaves zaud&jumi, ko izraisa dzingja atteice, var sasniegt
7000 USDh? kokapstrades uznémuma un 30000 USDh? partikas parstrades
uznémuma (Grubic et al, 2008).

Elektrodzingja parkar$ana, kuru var izraisit elektriskie, mehaniskie un
apkartgjas vides faktori, ir viens no galvenajiem faktoriem, kas biitiski ietekmé
elektrodzingja droSuma Ilimeni. Visvairak parmériga silSana ietekm€& statora
tinumu izolacijas ekspluatacijas laiku.

Elektroizolacijas materialus iedala klas€s atkariba no to termiskas
izturibas. Asinhrono elektrodzingju statora tinumu izolacijai visvairak tiek
izmantotas $adas klases:

1. Bizolacijas klase ar pielaujamo temperattru 130 °C;
2. F izolacijas klase ar pielaujamo temperatiiru 155 °C;
3. Hizolacijas klase ar pielaujamo temperattiru 180 °C.

1.1. Asinhrono elektrodzinéju atteices analize

1983. gada EPRI (Elektroenergijas P&tniecibas institlits) veica
elektrodzingju atteices analizi un vispargjo elektrodzingju droSuma novertjumu
vairakos uzne@mumos. No 1227 atteicem 41 % notika elektrodzingja gultnu
bojajumu del, 37 % — statora tinumu bojajumi, 10 % rotora bojajumi un 12 % —
citi bojajumi (Albrecht un citi, 1986, 1987).

Vel vienu plasu pétfjumu par elektrodzingju droSumu un atteicém veica
IEEE (Elektronikas un Elektrotehnikas inZenieru institiits) darba grupa.

Sajos pétijumos tika analizétas elektrodzingju atteices tautsaimnieciba,
industriala, naftas, gazes ieguves un apstrades industrija. Atbilstosi IEEE
petijumu rezultatiem elektrodzingju atteices sadalijums p&c bojatas dzingja
komponentes ir $§ads (Albrecht un citi, 1986, 1987; Thorson un Dalva 1995):
gultnu bojajumi — 51 %;
statora bojajumi — 16 %;
elektropiedzinas argjo elementu bojajumi — 16 %;
rotora bojajumi — 5 %;
varpstas bojajumi — 2 %;
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6. netika minéti atteices iemesli — 10 %.

Uznémuma SIA “Elektro” (Tukuma novads), kura tick veikts
elektrodzingju remonts, tika veikta elektrodzingju atteices analize (Justs, 2016).
Uznémuma vidgjais remontéto elektrodzingju skaits gada laika ir 246 dzing&ji
laika posma no 2010. gada lidz 2015. gadam. Analiz€ot remontgto
elektrodzingju bojajumus, tika konstatéts sekojoss bojajumu sadalijums:
statora bojajumi — 48 %;
gultnu bojajumi — 17 %;
citi bojajumi — 29 %);
rotora bojajumi — 6 %.

rPOONE

1.2. Asinhrono elektrodzinéju atteices analize SIA “Balticovo”
olu raZo$anas uznémuma

Lai noskaidrotu eso$o situaciju sakara ar elektrodzingju droSumu, tika
veikti razo$anas pétijumi. Par petijumu objektu tika izvélets SIA “Balticovo” olu
razo$anas un parstrades uznémums lecava. Tehnologisko procesu uznémuma
lecava var iedalit trTs grupas:

1. olu parstrade;
2. graudu uzglabasana;
3. olurazoSana vistu kitTs.

Visvairak elektrodzingju atrodas vistu katis — 1453 asinhronie
elektrodzingji. 1.1 kW asinhronie elektrodzingji sastada 43 % no elektrodzingja
parka. Tie darbina ventilatorus vistu kitis.

Elektrodzingju droSuma pétijuma rezultati “Balticovo” razotng ir paraditi
1.1. att€la. Atteicu intensitates no 2014. gada Iidz 2017. gadam pieauga gandriz
1.83 reizes, no 2.3 % Iidz 4.2 %. No 1.1. attéla datiem var secinat, ka lielaka
dala, apméram 65 %, no bojatiem elektrodzingjiem ir ventilatora elektrodzingji.

Balticovo razotné lecava, vistu kiitls, ventilatoru piedzinai izmanto
trisfazu asinhronos elektrodzingjus ar jaudu 1.1 kW. Lielaka dala no ventilatoru
asinhronajiem elektrodzingjiem ir ABB firmas razotie asinhronie elektrodzingji.
Bojato elektrodzingju tehniska apskate un atteicu iemeslu analize uznémuma
netiek veiktas. P&c demontazas asinhronie elektrodzingji tiek vesti uz remontu.

Vistu kiitis gaisa ventilacijai ir liela nozime, aptuveni 20-30 % no olu
razosanas apjoma ir atkarigs no gaisa kvalitates (Illunanos, 2009). Tapéc,
petljuma laika, uzmaniba tika versta uz ventilatoru piedzinas darba apstaklu
analizi, bojato ventilatora dzingu apskati un iesp&amo avarijas iemeslu
noteikSanu.
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1.1. att. Ikgadgjais elektrodzingju atteicu skaits “Balticovo” raZotne lecava
laika posma no 2014. gada Iidz 2017. gadam

Vistu katis 1.1. kW ABB ventilatoru asinhronie elektrodzingji ir sadaliti
2 grupas. Ventilatori, kas strada visu laiku, ir grupa “ecoclimate”, bet
“emergency”’ grupas ventilatori strada, kad nepiecieSams palielinat gaisa plismu.
Ventilatoru grupas darbibu regulé automatika, kas izmanto CO> koncentracijas
un temperatliras sensoru merjumus.

P&tijuma rezultati arT rada, ka 15 % no 1.1 kW ventilatora elektrodzingju
atteicem ir atkartotas atteices. Laika perioda no 2010. gada lidz 2017. gadam 22
gadijumos remontgtais elektrodzingjs tika bojats otro reizi. Lielakai dalai no tiem
ekspluatacijas laiks Iidz otrajai atteicei, ir 1-3 gadi. Vid&ji 2 reizes mazaks
ekspluatacijas laiks, neka lidz pirmajai atteicei. Lidzigs rezultats tick minéts ari
darba (Xomyros, 2010), kur remontéto elektrodzingju ekspluatacijas laiks bija
par 50 % mazaks neka jaunajiem elektrodzingjiem lauksaimniecibas nozaru
uznémumos.

Analizgjot 1.1 kW asinhrono elektrodzingju ekspluatacijas apstaklus, tika
konstateti divi ekspluatacijas faktori, kas visvairak ietekmé elektrodzingja
drosumu (1.2. attéls):

1. graudu putekli;
2. Kilsiksnas parvads.

Vistu kutls graudu transport€Sanas laika izdalas putekli, kuri péc tam
nonak uz ventilatora elektropiedzinas korpusa. Parklajoties ar putekliem, tiek
samazinata siltuma atdeve no asinhrona elektrodzingja korpusa uz apkartgjo vidi.
Salidzinosi liels puteklu slanis uz elektrodzingja var arl blok&t asinhrona
elektrodzingja dzes€Sanas ventilatora gaisa plismu. Vistu kiitis ventilatoru
asinhrono elektrodzingju korpuss pilnigi tiek parklats ar putekliem un bitiski
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samazinata gaisa pliisma, kas biitiski palielina elektrodzingja temperattru (skat.
1.2. a att€lu). 1.2. b att€la var redzet, ka ventilatoru piedzinai tiek izmantots
kilsiksnas parvads, kas rada lielaku radialo speku uz gultni un var paatrinat to
nodilumu, ja centréSana un siksna nav nospriegoti atbilstosi prasibam.

vistu kutis:

a— 1.1 kW ventilatora asinhronais dzingjs, b — ventilatora piedzina, 1 — puteklu slanis,
2 — 1.1 kW asinhronais elektrodzingjs, 3 — V-tipa siksnas pievads, 4 — ventilatora sparni

Pétijuma tika apskatiti ari bojatie 1.1 kW ventilatora elektrodzingji, kuru
galvenie bojajumi un ekspluatacijas apstaklu ietekme uz dzingjiem ir paraditi 1.3.
attela. Elektrodzingja pievadkarba ir sekojosie bojajumi:

1. elektrisko kontaktu un skriives korozija (1.3. a attéls);
2. statora tinumu vadu izolacijas bojajumi (1.3. b attels).

Izardot bojato elektrodzingju, vargja konstatet, ka statoru tinumi no
ventilatora puses tika parklati ar paroglotiem putekliem (1.3. d att€ls). Piedzinas
pus€ putekli nav nonakusi dzingja ieksa caur gultnu vaku, tapéc statora tinumi
nav parklati ar putekliem (1.3. ¢ attéls). Dzingja korpusa ieksgjas malas, statora
tinumi, gultni ir parklati ar putekliem. 1.3. h attéla var redzet slégto gultnu
smérvielu kopa ar putekliem. Augstas temperatiiras dél smére nonakusi arpus
gultna, savukart putekli caur spraugu starp vaku un varpstu nonak gultnu
iekSpusg. Pie $adiem apstakliem gultnu darbmuzs var tikt biitiski samazinats.

Berze starp statoru un rotoru izraisa statora tinumu bojajumus, un
mehanisko triecienu rezultata statora tinumos tiek iesista serdes plaksne (1.3. e
attels). Rezultata rodas issavienojums, statora un rotora tinumu bojajums (1.3. f
att€ls). Statora un rotora nodilumi tika konstatéti visiem apskatitajiem
asinhronajiem elektrodzingjiem.

Vienam elektrodzingjam bija konstatéts statora tinumu starpvijumu
issavienojums (1.3. i att€ls). Ta ka tiek izmantots siksnu parvads, kas samazina
vibracijas, un dzingjs strada ilgstosa darba rezima SI1, tad statora tinumu
starpvijumu 1ssavienojumu izraisija statora tinumu izolacijas parkarsana. Ta ka
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visiem apskatitiem bojatiem dzingjiem bija konstatéts statora un rotora berze, tad
uzmaniba tika pieversta $o bojajumu analizei.

1.3. att. 1.1 kW bojato ventilatora elektrodzinéju analize:
a — pievienosanas kontaktu korozija, b — statora tinumu vadu izolacijas bojajumi,
C — statora tinums no piedzinas puses, d — statora tinums no dzin&ja ventilatora puses,
e — statora tinumu bojajums statora un rotora berzes dgl,
f — rotora bojajumi statora un rotora berzes dél, g—putekli un gultnu smérvielas
maisijums; i — tinumu starpvijumu issavienojums
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Parak liela siksnas nospriegojuma dgl uz gultniem iedarbojas palielinats
radialais speks, kas paatrina gultna nodilumu (Harmon, 2009). Elektrodzingju
parmériga silSana un puteklu nokltSana gultnu sméré ari paatrina gultna
nodilumu (Karmakar, 2016). Rezultata ir vairaki faktori, kas vienlaikus
iedarbojas uz gultna nodilumu un var bitiski palielinat asinhrona elektrodzingja
gaisa spraugu.

Lauksaimniecibas nozares uzn€mumos elektropiedzinai lielakoties
izmanto asinhronos elektrodzingjus ar jaudu no 1 lidz 3 kW ar sinhrono atrumu
1500 aprg'mint. Smagie ekspluatacijas apstakli noved pie augstas elektrodzingju
atteices intensitates, un var sasniegt pat 20% (ITaxomos, 2008). RazoSanas
petijumi “Balticovo” razotné rada Iidzigu elektrodzin&ju parka sadalijumu. Bet
atteiCu intensitate nav tik liela. Tomeér atteiCu intensitate starp ventilatora
elektrodzingjiem vistu kiitis 2017. gada bija 8.3% un turpina pieaugt ar katru
gadu. Galvenais atteiCu iemesls ir elektrodzingju parkarSana, ko izraisa dzingja
parklasanas ar putekliem un izraisa statora tinumu parkarSanu. Lai samazinatu
ventilatora elektrodzingju atteiCu skaitu, ir jaaizsarga no statora sil$anas, bet
esoSie izmantojamie aizsardzibas aparati uzn€muma aizsargd tikai no
parslodzém un 1ssavienojumiem.

Temperatiras sensoru izmantosana mazas jaudas elektrodzingju
aizsardzibai nav ekonomiski efektivi. Tos ir griiti, vai pat nav iesp&jams, ievietot
statora tinumos ekspluatacijas laika, jo statora tinumos sensori tiek ievietoti
razo$anas vai remonta procesa, lai nodroSinatu labu kontaktu starp sensoru un
tinumiem. NepiecieSama ar1 papildus iekarta, kas parveido sensora mériSanas
signalu, vadi un to montazas darba resursi (Zhang un Habetler, 2016).

1.3. Statora tinumu temperatiiras noteikSanas metodes

Statora tinumu temperatiiru var noteikt ar silSanas modeliem vai
izmantojot elektrodzingja parametrus. Statoru tinumu temperatiiras noteikSanas
ar silSanas modeli gadijuma elektrodzingjs tieck sadalits vairakas dalas. Katras
dalas silSanas procesu raksturo ar silSanas ekvivalentu shemu jeb silSanas modeli.
Modela ieejas signals ir elektrodzingja zudumu jauda. Modela siltumtehniskie
parametri tiek noteikti ar parcialiem diferencialvienadojumiem vai péc
eksperimenta datiem. Ir nepiecieSami vairaki elektrodzingju parametri, kuri ne
vienmer ir pieejami vai zinami, vai arT nepiecieSami eksperimentu dati. Ta ka
silSanas modela ieejas parametri ir strava vai strava un spriegums, modelis nespgj
reagét uz dzes€Sanas un ar€jas vides temperatiiras izmainam.

Ta ka statora un rotora aktivas pretestibas izmainas ir atkarigas no
temperatiiras izmainam, tad statora un rotora temperatiiras noteik$anai lieto
statora un rotora aktivas pretestibas.
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Cita metode ir izmantot elektrodzingja ekvivalento elektrisko shému.
Sakuma tiek noteikta rotora aktiva pretestiba, izmantojot rotora un statora
induktivitates, statora stravas un sprieguma lielumus un rotora rotacijas atrumu.
P&c tam tiek veikts statora aktivas pretestibas aprékins, jo tas noteiksana ir jutiga
pret vajadzigo parametru mérisanas kladam.

Nosakot rotora aktivo pretestibu, statora tinumu temperatiiru var noteikt
vél ar divu metozu palidzibu. Pirma metode, péc EDF (Francijas elektroenergijas
padome) pieredzes, nosaka, ka rotora temperatiira ir par 10°C lielaka neka statora
tinumu temperattra (Dessoude, 1994). Otra metode nosaka, ka statora tinumu
pretestiba ir vienada ar (Kubota et al, 1993):

R, = R, -k, k, ===, (1.1)

an

kur Rs, Ry — statora un rotora pretestiba, Q;
Rsn, Rim— statora un rotora pretestiba no raZotaja datiem, Q;
k: — statora un rotora pretestibas attiecibas koeficients.

ST sakariba nosaka, ka statora tinumu pretestibas izmainas ir tiesi
proporcionalas rotora pretestibas izmainam. Ja ir korelacija starp statora un
rotora pretestibu izmainam, tad ar1 ir korelacija starp statora un rotora
temperatiiru izmaindm. Var secinat, ka, ja elektrodzingjs strada ar nemainigo
slodzi un nemainigiem tikla parametriem, tad rotora rotacijas atrums ir atkarigs
tikai no rotora pretestibas izmainam. Lidz ar to, pastav korelacija starp rotora
rotacijas atruma un statora tinumu temperatiiras izmainam, ko izraisa
elektrodzingja silSana pie nemainigas slodzes.

2. ASINHRONO ELEKTRODZINEJU SILSANAS IZPETE

Asinhrono elektrodzingju energijas zudumi tiek iedaliti sekojosi:
elektriskie zudumi;
magnétiskie zudumi;
mehaniskie zudumi;
papildzudumi.

Elektriskie zudumi statora un rotora tiek izdaliti, stravai pliistot tinumos.
Elektriskie zudumi ir atkarigi no stravas un aktivas pretestibas. Savukart strava
ir atkariga no mehaniskas slodzes uz rotora varpstas. Aktiva pretestiba ir atkariga
no mainstravas izraisita virsmas efekta un tinumu vadu temperatiiras.

Mehaniskos zudumus rada elektrodzingja rotora berze pret gaisu, berze
gultnos un gultnu blivslégos, un dzeseSanas ventilatora patéréta mehaniska jauda.
Magnétiskie zudumi, jeb serdes zudumi, sastav no histerzes un virpulstravas
zudumiem.

robdPE
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Papildzudumi ir zudumi, kurus ir loti griiti noteikt ar tie§o mériSanu vai
aprékiniem. Tie sastav no zudumiem statora serdé augstako harmoniku dgl,
starpvijumu nopliides stravas zudumiem, augstako harmoniku zudumiem rotora
tinumos un citam noplides plismam, kuras inducg stravas slodzes komponente
(Zabardast un Mokhtari, 2008).

Lai raksturotu asinhrona elektrodzingja statora tinumu silSanu, ir
izstradatas vairakas statora tinumu temperatiiras noteik$anas metodes. Analizgjot
literat@iru par statora tinumu temperattiras netie$as noteikSanas metodém, tas var
iedalit:

1. statora tinumu temperatiiras noteikSana, izmantojot silSanas tiklus un
modelus;

2. statora tinumu temperatiiras noteikSana, izmantojot asinhrona elektrodzingja
parametrus.

Silsanas k&des (thermal network) metodg, elektrodzingjs tiek sadalits pa
elementiem. Elementi tiek savienoti kopa, veidojot tiklu no mezgliem un
termiskam pretestibam. ST metode ir lidziga elektriskajam tiklam, kurs sastav no
stravas avota un pretestibas (Kylander, 1995).

Silsanas modela (lumped parameter thermal model) gadijuma,
elektrodzingjs tiek apskatits ka viens vai vairaki homogeni kermeni. Tiek
izmantota termiska pretestiba un termiska kapacitate siltumapmainas procesu
modelésanai. Izveidojot ekvivalento elektrisko k&di, elektrodzingja temperatiira
tiek aprekinata p&c elektrisko k&zu aprékinu metodém.

VienkarSakais silSanas modelis ir 1. kartas silSanas modelis, kad
asinhrono elektrodzingju apskata ka homogénu kermeni ar vienu termisko
siltumietilpibu C, kas raksturo termiskas ipasibas, un pretestibu R;, kas raksturo
siltuma atdevi apkartgjai videi (skat. 2.1. att€lu). Par ieejas signalu tiek nemta
statora tinumu elektrisko zudumu jauda P.

(oS IE

2.1. att. Asinhrona elektrodzinéja pirmas kartas silSanas modelis

Asinhrona elektrodzingja silSanas analizei izvélas nulles sakuma
nosacljumu. Pie laika momenta t = 0 min, elektrodzingja tinumu temperatiira ir
vienada ar vides temperatiiru. Asinhrona elektrodzingja nestacionaro silSanas
procesu apraksta vienadojums (Sniders & Straume, 2008):
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Q+Qy =P, .1)

kur Qa — akumulgéta siltuma pliisma, W;
Qv — videi atdota siltuma plisma, W;
P, — zudumu jauda, W.

Silsanas procesa sakuma, visa siltuma plisma akumulgjas asinhrona
elektrodzingja, palielinot to temperatiiru. Procesa beigas iestdjas stacionars
lidzsvara stavoklis un elektrodzingja temperattra ir konstanta. Zudumu radita
siltuma plisma izdalas apkartgja vide. Asinhrona elektrodzingja silSanas
dinamikas vienadojumi izvérsta veida (Sniders & Straume, 2008):

Qa +Qa = cm =2 + aSA6 = B, 2.2)

kur C — Ipatngja siltumietilpiba, J-(kg'K)?;
A6 — virstemperatiira, °C;
m — elektrodzingja masa, kg.

Dalot diferencialvienadojuma (2.3) abas puses ar oS, ieglistam
elektrodzingja sil§anas vienadojumu normalforma (Sniders & Straume, 2008):

TS +A0 =R, (2.3)

kur T = cm(aS)™* - sil$anas laika konstante, s;
Rt = 1(a'S)™ — termiska pretestiba, °K-W-L.

Reizinajums C = ¢m ir asinhrona elektrodzingja siltumietilpiba. Atrisinot
diferencialvienadojumu (2.4.), iegst eksponencialu funkciju, kas apraksta
siltuma parejas procesu elektrodzingja (Sniders & Straume, 2008):

AB(t) = AB;(1 — e YT) =R, - P,(1 —e™¥T), (2.4)
kur ABs= Ry P — stacionara (nostabilizeta) virstemperatiira, °C.

Pirmas kartas silSanas modelis tiek plasi izmantots relejos elektrodzingju
aizsardzibai.

Lai uzlabotu silSanas modela precizitati un var€tu noteikt arT rotora
temperatiiru, izmanto asinhrona elektrodzingja otras kartas silSanas modeli.
Viens no $adiem modeliem ir paradits Hurst & Habetler darba (Hurst & Habetler,
1997). Modelis sastav no statora Ps un rotora P, zudumu avotiem, statora Cs un
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rotora C, kapacitatém un termiskam pretestibam Ry, Ry, Rw. Statora Ps zudumi
sastav no statora elektriskiem un magnétiskiem zudumiem, bet rotora Py — no
rotora magnétiskajiem zudumiem.

Vel precizakai asinhrona elektrodzingja silSanas procesa model&Sanai,
tieck izmantoti augstakas kartas silSanas modeli (Nestler & Sattler, 1993;
Champenois et al., 1994; Bousbaine et al., 1995; Boglietti et al., 2003). Nester
un Sattler darba tika izmantots asinhrona elektrodzingja piektas kartas silSanas.
Modeli tiek atseviski modelStas statora serdes, statora tinumu serdes rievas,
statora gala tinumu, rotora tinumu un serdes temperatiiras. Siltuma zudumi —
statora serdes magnétiskie zudumi Py, statora tinumu zudumi serdes rievas P,
statora gala tinumu zudumi P, rotora zudumi Pa.

Augstakas kartas silSanas modeli spgj precizak noteikt elektrodzingja
temperatiiras un lauj labak izprast siltuma plismas elektrodzingja iekSpusg,
tomér termisko parametru aprékinasanai tiek izmantoti elektrodzingja izméri vai
silanas eksperimentu dati. Sie modeli ir ievérojami sarezgitaki, salidzinot ar
pirmas vai otras kartas silSanas modeliem, un to praktiska izmantoSana mazas
jaudas elektrodzingju aizsardzibai var biit ekonomiski neizdeviga.

Asinhrono elektrodzingju temperatiiras noteikSanas péc elektrodzingju
parametriem pamata ir aktivas pretestibas izmaina atkariba no temperatiiras. Lidz
ar to statora un rotora temperatiiras var noteikt, zinot to aktivas pretestibas.
Asinhrono elektrodzingju akftivas pretestibas noteikSanas metodes var iedalit
sekojosi:

1. pretestibas noteikSana ar lidzstravas signalu;
2. pretestibas noteikSana ar neironu tiklu modeliem;
3. pretestibas noteikSanas ar asinhrono elektrodzingju ekvivalento shému.

Apskatot asinhrono elektrodzingja temperatiiras noteikSanas metodes,
tika veikts katras metodes salidzinajums. Rezultati apkopoti 2.1. tabula.

2.1.tabula
Asinhrono elektrodzinéju temperatiiras noteik§anas metodes
salidzinajums
Metode Prieksrocibas Trukumi
- nepiecie$ams merit tikai -nav jutigs pret elektrodzingja
stravu dzes€Sanas traucgjumiem
Pirmas kartas - pietiekosi laba - nepiecie$ams zinat vai noteikt
silsanas modelis | noteikSanas temperatiiras elektrodzingja silSanas parametrus
precizitate - var notikt pirmslaiciga aizsardzibas
- vienkarss ierices nostrade
- sarezgits
Augstakas kartas | - preciza temperatiiras - nepiecieSams zinat elektrodzingja
silSanas modelis noteikSana izm&rus un konstrukcijas materialus
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2.1.tabulas turpindjums
Metode PriekSrocibas Trikumi
- dazus parametrus var tikai noteikt
silSanas eksperimentos
- nepiecieSams lidzstravas injicéSanas

aparats
- Nav nepiecieSams zinat |-nepiecieSama kabelu pretestibas kltidu|
Lidzstravas elektrodzingja parametrus kompensacija
signalu injiceSana | - jutigs pret elektrodzingja | - rada zudumus un rotacijas momenta
dzes@Sanas traucgjumiem pulsacijas
-nepiecieSams merit gan stravu, gan
spriegumu

- nav nepiecieSams zinat
elektrodzingja parametrus
- nepiecieSams méerit stravu
un rotacijas frekvenci

Neironu tikls - nepieciesams “iemacit” neironu tiklu

. - - nepiecieSams merit katras fazes
- jutigs pret elektrodzingja P

Elektrodzingja = . stravas un spriegumus
. dzes€Sanas traucgjumiem _ N
elektriskais T . - statora pretestibas noteikSana ir jutiga
- - pietiekosi laba noteikSanas . o
modelis pret citu parametru noteikSanas

temperatliras precizitate

kladam

Dazas asinhrono elektrodzingju statora tinumu temperatiiras noteiksanas
metodes izmanto rotora pretestibas izmainas. Asinhrona elektrodzingja rotacijas
frekvence ir atkariga no rotora pretestibas. Pie nemainigas slodzes asinhrona
dzingja rotors uzsilst, palielinas Ry un samazinas atrums, lidz ar to rotacijas
frekvences izmainu nosaka elektrodzingja silSana. Tap&c nakamaja nodala tiek
veikti eksperimentalie pétijumi, lai analiz€tu korelaciju starp statora tinumu
temperatiiras un rotacijas frekvences izmainam, ka ari rotacijas frekvences
merisanas pielietojuma iesp&jas statora temperatiiras noteiksanai.

3. ASINHRONO ELEKTRODZINEJU SILSANAS
EKSPERIMENTALIE PETIJUMI

Eksperimentalie asinhrono elektrodzingju sil§anas p&tijumi tika veikti pie
$adiem nosacijumiem:

1. nemainigas slodzes rezims bez dzes€Sanas trauc€jumiem. P&c elektrodzingja
silSanas parejas procesa beigam, pie nostabilizetas temperatiiras, tika
maksligi veidoti dzes€Sanas trauc€jumi;

2. nemainigas slodzes reZzims ar dzes€Sanas trauc€jumiem. Péc elektrodzingja
silSanas parejas procesa beigam, elektrodzingjs tika darbinats bez dzesésanas
trauc€jumiem;

3. elektrodzingju silSana pie nospriidusa rotora;
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4. asinhrono elektrodzingju darbiba pie dazadam sprieguma vértibam.

3.1. Eksperimentalo pétijumu metodika

P&tniecibas stends ir paradits 3.1. att€la un ta elektriska sheéma 3.2. attela.
Stends sastav no asinhrona elektrodzingja, lidzstravas generatora, lampu reostata,
temperatiiras logera, tahometra, elektrisko parametru merinstrumentiem, stravas
un sprieguma datu logera un datora. ABB trisfazu asinhrona elektrodzingja
dati — M2AA90S — 4; 220 — 240/380 — 420 V; 4.6/2.66 A; IP55; izolacija klase
-F, m=13 kg; P=1.1kW,; n =1410 min; s = 0.06; lietderibas koeficienta
klase - IE1; cose = 0.81. Asinhrona elektrodzingja slogoSanai tika izmantots
lidzstravas generators — P-22Y4, 220V, 59 A, P=1 kW, n=1500 min.
Slodzes regulésanai, generatoram tika pieslégts lampu reostats.

3.1. att. Asinhrona elektrodzingja silSanas pétijumu stends:
1 —dators; 2 — Line Seiki TM — 4010 tahometrs; 3 — stravas un sprieguma Simple
Logger L562 logeris; 4 — temperatiiras Pico TC — 08 logeris; 5 — lidzstravas generators;
6 — asinhronais elektrodzingjs; 7 — lampu reostats
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3.2. att. Asinhrona elektrodzingja silSanas pétijumu stenda elektriska
shéma:
1 — lidzstravas generators; 2 — lampu reostats; 3 — Line Seiki TM — 4010 tahometrs;

4 — temperatiiras Pico TC — 08 logeris; 5 — asinhronais elektrodzingjs; 6 — stravas un
sprieguma Simple Logger L562 logeris

Elektrodzingju slodzes raksturosanai tika izmantots slodzes koeficients:

k=1

Isn'

(3.1)

kur k — slodzes koeficients, nemot véra stravu;

lsn — statora nominala strava, A.

Eksperimenti tika veikti tuksgaitas reZima, pie nepilnas slodzes (k = 0.76
un 0.91), nominalas slodzes (k = 1), parslodzes (k = 1.18) un nospriidusa rotora
rezZima. Mazas jaudas tukSgaitas strava ir apméram 60% no nominalas stravas,
tapec mazako slodzi par k = 0.76 nevar dabit. Ja elektrodzingja parslodze ir
lielaka par 20%, tad aizsardzibas iekartas atri atsledz elektrodzingu un veikt
eksperimentus virs slodzes k = 1.18 nav praktiskas nozimes.

Lai imitétu dzes€Sanas traucgjumus, tika izmantotas divas metodes.
Pirmaja metodg tika nonemts ventilators, lai imitétu gadijumus, kad tika sabojats
ventilators vai to lapstinas. Otraja metode tika bloketi ventilatora vaka caurumi,
lai raditu situaciju lidzigu ka paradits 1.2. a att€la, lai blok&tu dzes€Sanas gaisa
plasmu. Eksperimenti ar dzes€$anas traucgjumiem tika veikti divos variantos.
Pirmaja varianta elektrodzingjs tika palaists pie normaliem apstakliem un pie
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nostabiliz&tas temperatiiras tika blokéta dzesesSanas gaisa pliisma, otraja varianta
— otradi.

3.2. Asinhrono elektrodzingju silSanas pétijjumu rezultatu
analize

ABB asinhrona elektrodzingja silSanas pétfjumu rezultati ir paraditi 3.3.
attcla. Nostabilizeta statora tinumu temperatiira pie parslodzes k=1.18 ir 103 °C,
sasniedzot tinumu temperattiru 103 °C pie apkartgjas vides temperatiiras 25 °C.
Statora virmas temperatiira pie nominalas slodzes k = 1 ir 82 °C, pie k =0.91 —
45 °C un pie k = 0.76 — 57.5 °C. Statora tinumu temperatiira pie nominalas
slodzes ar dzes€Sanas trauc€jumiem ir par 46.5 °C lielaka neka pie normaliem
apstakliem. Statora tinumu temperatiira pie 18 % parslodzes (k = 1.18) ir par
21 °C lielaka neka pie nominalas slodzes. Tas liecina par to, ka asinhrona
elektrodzingja dzeséSanas traucgjumi palielina elektrodzingja temperattiru vairak
neka nelielas parslodzes (20 — 30 %). Pie nominalas slodzes ar dzesé$anas
trauc€jumiem statora tinumu temperatiira var palielinaties Iidz vai parsniegt
tinumu izolacijas materiala pielaujamo temperattiru.

8 =71.6(1-e""")+30.9

105 R*=0.98

95

0=53.7(1-e"""}+27.6
R*=0.99

X X

85
75
T 65

S04 (1< 27,1
LR =0.99

55 :
0=30.8(1-""""+26.6
45 R>=0.99

35
25

0 10 20 ) 30 40 50
t. min
3.3. att. ABB asinhrona elektrodziné&ja silSanas eksperimentu rezultati pie
dazadam slodzém bez dzeséSanas traucéjumiem:
1 — statora tinumu temperatiira pie slodzes k = 1.18; 2 — statora tinumu temperatiira pie
slodzes k = 1; 3 — statora tinumu temperatara pie slodzes k = 0.91; 4 — statora tinumu
temperatiira pie slodzes k = 0.76
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3.4. att. Rotacijas frekvences izmaina ABB asinhrona elektrodzingja
sil§anas parejas procesa

ABB asinhrona elektrodzingja rotacijas frekvences izmaina pie dazadam
slodz&€m ir paradita 3.4. attela. Var redzet, ka rotacijas frekvences izmaina ir
lielaka, palielinoties elektrodzingja slodzei. Palienoties slodzei, strava rotora
tinumos pieaug, palielinas elektriskie zudumi, un palielinas rotora tinumu
temperatiira. Lidz ar to palielinds arT rotora pretestiba un rotora rotacijas
frekvence samazinas. Determinacijas koeficients R? = 0.99 pie nominalas slodzes
un parslodzes pierada, ka rotacijas frekvences izmainas notiek silSanas dgl, ja
elektrodzingja darba laika ir nemainiga slodze. Samazinoties rotacijas frekvencei,
samazinas ari elektrodzingja lietderiga (aktiva) jauda, ko apliecina vatmetra
radijumi. ABB asinhronam elektrodzingjam pie nominalas slodzes, statora
tinumu temperatiiras 25 °C un rotacijas frekvences 1422 + 0.2 min’, patéréta
aktiva jauda P = 1450 + 6 W, bet pie statora tinumu temperatira 122 °C un
rotacijas frekvences 1401.4 £ 0.2 min ta ir P = 1360 + 6 W. TukSgaitas reZima
asinhrono elektrodzingju rotora strava praktiski ir 0 A, rotora tinumi nesilts,
rotora aktiva pretestiba nemainas un lidz ar to ari rotacijas frekvence paliek
nemainiga.
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3.5. att. ABB asinhrona elektrodzingja statora tinumu temperatiiras un
rotora rotacijas frekvences mijiedarbibas raksturlikne:
a —nominala slodze k = 1; b — parslodze k = 1.18

Korelacija starp statora tinumu temperatiiras un rotacijas frekvences
izmainam pie nominalas slodzes un parslodzes ir paradita 3.5. attela. SilSanas
sakuma korelacija starp statora tinumu un rotacijas frekvences izmainam nav
lineara, jo statora tinumam ir mazaka silSanas inerce neka rotora tinumam. Tap&c
temperatiiras noteikSana p&c rotacijas frekvences silSanas procesa sakuma varbtit
nepreciza. P&c tam statora tinumu temperatiiras un rotacijas frekvences izmaina
ir linedra, ko ari parada linearas regresijas analize raksturliknes linearam posmam
(3.5. attels). Lineara posma korelaciju starp statora tinumu temperatiras un
rotacijas frekvences izmainam apraksta linears vienadojums:

6=a-n+0,, 3.2)

kur a — empiriskais koeficients, kas raksturo statora tinumu temperatiiras
un rotacijas frekvences izmainas attiecibu, °C'min;
n — rotora rotacijas frekvence, min;
0o — teordtiska statora temperatiira pie rotacijas frekvences 0 min, °C.
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3.6. att. ABB asinhrona elektrodzingja statora tinumu temperatiiras un
rotacijas frekvences izmainu korelacija lineara posma:
a— parslodze k = 1.18; b — nominala slodze k = 1; ¢ — pie slodzes k = 0.91

P&c regresijas analizes vienadojumiem pie dazadam slodzém var redzét
(skat. 3.6.att.), ka koeficienta a vértiba ir atkariga no asinhrona elektrodzingja
slodzes. Tabula 3.1. ir paraditi koeficienta a rezultati pie dazadam slodzem.

3.1.tabula
Koeficienta a atkariba no ABB asinhrona elektrodzingja slodzes
Asinhrona elektrodzingja slodze k Koeficients a, °C'min!
0.76 8.55
0.91 4.88
0.98 3.65
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3.1. tabulas turpinajums

Asinhrona elektrodzinéja slodze k Koeficients a, °C.min-1
1.00 3.54
1.18 2.58

Veicot regresijas analizi, tika iegiits vienadojums, kas apraksta
koeficienta a atkaribu no asinhrona elektrodzingja slodzes (3.7. att€ls). Nosakot
elektrodzingja slodzes koeficientu k elektrodzingja palaiSanas sakuma var noteikt
empirisko koeficientu ABB asinhronajam elektrodzingjam péc sekojoSa
vienadojuma:

a(k) = 114.1- =343k, (3.3)
9
Q

8
w7
E a=114.1¢}*
o 6
g5

4

3 Q

2

0.7 0.8 0.9 1 1.1 1.2

k
3.7. att. ABB asinhrona elektrodzingja koeficienta a atkariba no slodzes

Formulas 3.3. koeficients 114.1 nozime koeficientu a vértibu, ja slodze
bis vienada ar 0, kas praktiski nav iesp&jams, ja asinhronais elektrodzingjs tiek
darbinats.

Iegiito vienadojumu statora tinumu noteikSanai var pielietot apskatitaja
darba diapazona k = 0.76-1.18 un statora tinumu izolacijas pielaujama
temperatiiras diapazona. Vienadojums raksturo ari citas jaudas asinhronos
elektrodzingjus ar Tsslégto rotoru, bet biis citi koeficienti, kurus janosaka
eksperimentali.

P&c koeficienta a noteikSanas, var noteikt statora tinumu temperatiiras
izmainu, nemot vera elektrodzingja rotacijas frekvenci. Elektrodzingju silSanas
procesu sakuma korelacija starp statora tinumu temperatiiras un rotacijas
frekvences izmainam nav lineara. Tapéc statora tinumu noteikSanai $aja silSanas
procesa posma jaizmanto cita metode. SilSanas modela izmatoSanas trikums ir
nesp&ja reagét uz elektrodzingja dzes€Sanas apstaklu izmainam. Bet tika secinats,
ka asinhrono elektrodzingju silSanas procesu sakuma dzes€Sana praktiski
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neietekme statora tinumu silSanu, tapéc var izmantot silSanas modeli
elektrodzingju statora tinumu temperatiiras noteikSanai procesa sakuma.

4. ASINHRONO ELEKTRODZINEJU STATORA TINUMU
SILSANAS MODELESANA

Simulacijas rezultati rada, ka pirmas kartas silSanas modela rezultati
atskiras no eksperimenta rezultatiem. Prakse biezi laika konstanti nosaka péc
grafoanalitiskas metodes (4.1. att€ls 1. Iikne) un dotaja gadijuma temperatiiras
starpiba starp eksperimenta un simulacijas rezultatiem ir 8.4 °C. Lidz ar to
simulacijas rezultati apstiprina to, ka pirmas kartas silSanas modela izmantoSana
asinhrono elektrodzingju aizsardzibai parslodzes gadijumos var priekslaicigi
atslégt elektrodzingju no tikla, elektrodzingjam nesasniedzot izolacijas klases
pielaujamo temperatiiru.

70
60
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AD,°C
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4.1. att. Pirmas kartas silSanas modela statora tinumu silSanas simulacijas
rezultati pie dazadiem T un R¢ lielumiem:
1-T=8.27minunRt=1.11 °CW; 2—-T =9.65 min un Rt = 1.11 °C'W1;
3-T=957minunRy=1.02 °CW; 4 — eksperimenta rezultati

4.1. Asinhrona elektrodzinéja otras kartas silSanas modela
izveide un elektrodzingja silSanas modeleéSana

Darba tiek apskatits mazas jaudas asinhrono elektrodzingju otras kartas
silsanas modelis ka divu kermenu kopums — statora tinums un korpuss (skat
4.2. attelu). Ir pienemti $adi vienkarSojumi:

1. magnétiskie zudumi statora serdeé mazas jaudas elektrodzingjos ir niecigi,
tapec tiks nemti vera tikai statora tinuma elektriskie zudumi;
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2. Viss siltums no statora tinumiem nonak statora serdé un korpusa;
3. elektrodzingja termiskas pretestibas Rt un siltumietilpibas C ir nemainigie

lielumi.
Tinums Apkartgja vide
P }—» Qu » Q
6 0,

4.2. att. Asinhrona elektrodzinéja otras kartas silSanas modela siltuma
plisma

Sadu otras kartas silianas modeli apraksta §ads diferencialvienadojums:

d?6, , 1 do; OrRy, _ Pe'Reyy  OkRy, Oy

2 —o (4.1)
d2t ' Ty dt Ry Ty Ty Ry TiTp Tl
kur Ru — statora tinumu termiska pretestiba, °C"W;
Ok — korpusa temperatiira, °C;
0 — statora tinumu temperatiira, °C;
Ry, — korpusa termiska pretestiba, °C"W™;
T1 = RuCy — statora tinumu laika konstante, s;
T, = Rp'Cy — korpusa laika konstante, s.

Trisfazu asinhronais elektrodzingjs sastav no trim vienadiem tinumiem,
tapec talak silSanas analizei tiks apskatits viens tinums. Otras kartas silSanas
modela ekvivalenta elektriska shéma ir paradita 4.3. att€la. Izmantojot
ekvivalento elektrisko sheému, elektrodzingja stacionara silSanas procesa var
aprekinat termiskas pretestibas:

R.. = 0¢—06k — AB¢—ABy (4 2)
t Pej Pel ’ '
0x—6 AB
Ry, = X2 ==K (4.3)
t2 P P
el el
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4.3. att. Asinhrona elektrodzinéja otras kartas silSanas modela ekvivalenta
elektriska shema
Pie nominalas slodzes ABB asinhrona elektrodzingja statora tinuma
nostabiliz&ta temperatiira 6y = 83.2 °C un virstemperatiira (6s— 0v) Abs =58.2 °C,
korpusa nostabiliz&ta virstemperatiira ABxs = 31.6 °C, statora strava [ = 2.5 A,
statora tinumu pretestiba Rs = 7.2 Q pie 0, =25 °C. P&c eksperimenta datiem ir
aprekinati elektrisko zudumu un termiskas pretestibas lielumi.

4.1.tabula
Elektrisko zudumu Pel un termisko pretestibu aprekinu rezultati pie
dazadam slodzém

Elektrodzinéja| Elektriskie Statora termiska |Korpusa termiska pretestiba
slodze, k | zudumi Pei, W |pretestiba Ru1, °C'W-! Ri, °CW-!
k=0.76 29.2 0.49 0.67
k=091 41.0 0.51 0.59
k=1.00 52.8 0.50 0.60
k=118 76.4 0.50 0.58

Aprekini rada (4.1. tabula), ka statora vid€ja termiska pretestiba ir
Ru = 0.5 °CW?, bet korpusa - Rp=0.61°CW? Talak siltumietilpibas
noteikSanai un silSanas procesu simulacijai tiks izmantoti aprékinatie Ry un Rp
lielumi pie nominalas slodzes. Veicot simulaciju, tika noteikts, ka
Ru = 0.45 °C'W-un C; = 300 J°C™.

Korpusa termiskas pretestibas un siltumietilpibas noteik$anas kartiba ir
lidzigi statora tinumu Rgy un Ci noteikSanai. Péc virtuala modela izveidoSanas
Matlab Simulink vidg, korpusa aprékinatie parametri — R =0.55 °C'W un
C,=1800J°C™

P&c Ry, Ri, C1 un C; noteiksanas tika izveidots aprakstita otras kartas
silSanas modela virtualais modelis Matlab Simulink vide (4.5. attéls).

ABB asinhrona elektrodzingja silSanas simulacijas rezultati pie nominalas
slodzes (4.6. attels) parada, ka piedavatais otras kartas silSanas modelis
nodrosina labu precizitati starp simulacijas un eksperimenta rezultatiem. Statora
tinumu simulacijas temperatiira sil§anas procesa sakuma un beigas praktiski ir
vienada ar eksperimenta rezultatiem (starpiba mazaka par 1 °C), bet silSanas
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procesa vidi lielaka starpiba ir 3.4 °C (4.10. att€ls). Starpiba starp korpusa
temperatiiras simulacijas un eksperimenta rezultatiem ir ~ 3 °C silSanas procesa
vidi un 1 °C silSanas procesa beigas.

(-]

Ty, min

Iy

: ABK,°C

[ BDE G

X
T, min
x

|
4.5. att. ABB asinhrona elektrodzinéja otras kartas silSanas modela
virtualais modelis Matlab Simulink vide

0 10 20 30 40 50
t, min

4.6. att. ABB asinhrona elektrodzinéja silSanas modela simulacijas rezultati
pie nominalas slodzes:
1 — statora tinumu temperatiiras simulacijas rezultati; 2 — statora tinumu temperatiiras
eksperimenta rezultati; 3 — korpusa temperatiiras simulacijas rezultati; 4 — korpusa
temperatiiras eksperimenta rezultati
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4.2. Asinhrona elektrodzinéja statora temperatiiras
noteikSana peéc silSanas modela un rotacijas frekvences

Asinhrono elektrodzingju statora tinumu temperatiiras noteikSana pé&c
silSanas modela un rotacijas frekvences notiek divos etapos. Pirmaja etapa,
statora tinumu temperatiiru nosaka péc silSanas modela. Ieejas parametri zudumu
jaudas aprékinasSanai ir statora stravas efektiva vertiba I, kura tiek merita
elektrodzingja darbibas laika, un statora tinuma aktiva pretestiba Rs pie
temperatiiras 25 °C (4.7. att€ls). Statora pretestiba tiek korigéta atkariba no
statora tinuma temperatiiras. Statora tinumu temperatiiras 0; aprékinaSanai ieejas
parametri ir statora termiska pretestiba Ry, statora tinumu siltumietilpiba Cy,
vides temperatiira 6y un korpusa temperatira Ox. Korpusa temperatiiras 0k
aprekinasanai — statora termiska pretestiba Ry, korpusa termiska pretestiba Ry,
korpusa siltumietilpiba C; un statora tinumu temperatiira 6x.

L am)= 114

| |
| ! |
| . . |
| R, R, korekeija Ry C, 0, I 1
| 3 3 |
I I Zudumu jaudas Statora tinumu 0 |1
: apreckins temperatiiras noteikSana :
| T, | Laika
I * | sledzis
: Korpusa temperatiiras : > '\
| noteik§ana | > 0
| | >
| I
| Ri||R: || C !
e e T T ___ 1
r-——"""¥Pr—— T T T T T T T T T T T T T T T |
\ n, I
‘ [
| An - = |
I Statora tinumu |
| I, 1, n temperatiiras izmainas T
I noteikSana |
} ¥ v a | P 2
L k=L T |
} [
|
! [

4.7. att. Asinhrona elektrodzinéja statora tinumu temperatiiras noteik§anas
blokshéma péc silSanas modela un rotacijas frekvences:
1 — silSanas modela bloksh&ma; 2 — statora tinumu temperatiiras izmainas noteiksanas
bloksh&ma péc rotacijas frekvences
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Otraja etapa pec noteikta laika statora tinumu temperatiiras izmaina tiek
noteikta peéc rotacijas frekvences un tiek pieskaitita pirmaja etapa aprékinatam
statora tinumu temperatiiras lielumam. Apskatitajam 1.1 kW ABB asinhronajam
elektrodzingjam $is laiks ir 8 minites, un tas tika noteikts, no elektrodzingja
silsanas eksperimentiem pie dazadiem dzes€Sanas apstakliem, un korigéts
simulacijas laika.

4.3. Asinhrona elektrodzinéja statora temperatiiras

modeleéSana péc silSanas modela un rotacijas frekvences

1.1 kW ABB asinhrona elektrodzingja statora tinumu silSanas process tika
simuléts ar ieprieks aprakstito metodi Matlab Simulink vidé un salidzinats ar
eksperimenta rezultatiem pie sekojo$am slodze€m un dzes€Sanas apstakliem:

Pie nominalas slodzes k = 1 bez dzes€$anas traucgjumiem, statora tinumu
temperatiiras simulacijas rezultatu maksimala starpiba no eksperimenta
rezultatiem ir 1.5 °C (skat. 4.8.). Pé&c stacionaras temperatiiras sasniegSanas bez
dzesgSanas traucgjumiem un elektrodzingja gaisa ventilacijas blok&sanas,
starpiba starp simulacijas un eksperimenta rezultatiem sil§anas parejas procesa
sakuma palielinas, sasniedzot 4 °C. Elektrodzingja silSanas parejas procesa
beigas starpiba starp simulacijas un eksperimenta rezultatiem samazinas lidz
1 °C. Sadu starpibas izmainu péc dzese$anas traucéjuma paradidands rada
silSanas inerces starpiba starp rotoru un statoru.
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4.8. att. Asinhrona elektrodzinéja statora temperatiiras simulacija péc
silSanas modela un rotacijas frekvences pie nominalas slodzes:
1 — statora tinuma temperatiiras eksperimenta rezultati; 2 — statora tinuma temperatiiras
simulacijas rezultati

8, °C
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Pie slodzes k = 0.98 un dzes€sanas traucgjuma (skat.4.9. att.) no silSanas
procesa sakuma Iidz silSanas parejas procesa beigam simulacijas klida
neparsniedz 2 °C. P& 140 min, sasniedzot stacionaro temperatlru,
elektrodzingja dzes€s$ana tika atjaunota un dzingja temperatiira sak samazinaties.
A1 $aja situacija rotora lielakas silSanas inerces dél ir kluda. Kladas maksimala
vertiba ir gandriz 7 °C, 10 miniites p&c dzes€Sanas apstaklu izmainas. PEc tam
kltida samazinas un silSanas parejas procesa beigas samazinas lidz 1 °C.
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4.9. att. Asinhrona elektrodzinéja statora temperatiiras simulacija péc
silSanas modela un rotacijas frekvences pie slodzes k = 0.98:
1 — statora tinuma temperattiras eksperimenta rezultati; 2 — statora tinuma temperatiiras
simulacijas rezultati

Kopuma, pie nominalas un zemakam slodze€m asinhrona elektrodzingja
statora tinumu temperatiiras simulacijas rezultati ir ar labu precizitati, simulacijas
klida neparsniedz 2.5 °C. Mainoties dzeseSanas apstakliem, rodas lielaka
simulacijas klida rotora lielakas silSanas inerces dgl, sasniedzot Iidz pat 7 °C.
Elektrodzingja sil$anas parejas process pie nominalas slodzes ilgst pietiekosi ilgi,
lai §1 klida samazinatos lidz 1- 2 °C. Lidz ar to pe€ksnas dzes€Sanas traucgjumi
var izraisit salidzinosi lielas kltidas, tomer sasniedzot stacionaro silSanas procesu
(varbiit arT kritisko tinumu izolacijas temperatiiru pie B klases izolacijas), §1
klida samazinas un ir 1-2 °C robezas.

Lidz ar to simulacijas rezultati apstiprina izvirzito hipotézi, ka asinhrono
elektrodzingju statoru tinumu temperatiiru var noteikt, izmantojot elektrodzingja
rotacijas frekvences merfjumus neregul&jamai piedzinai ar nemainigo slodzi, kas
ar algoritma palidzibu nosaka statora tinumu temperatiiras izmainas p&c rotacijas
frekvences izmainam.
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5. STATORA TINUMU TEMPERATURAS NOTEIKSANAS
METODES IEVIESANAS EKONOMISKAIS
NOVERTEJUMS

5.1. Asinhrono elektrodzinéju droSuma noteik$ana

Asinhrono elektrodzingju dro§umu analizei ir izmantots eksponenciala
sadalfjuma likuma kvantitativo droSuma raditajs un to analitiska izteiksme
Sniders, 1998):

T, = J P - dt= f e - de=1, 5.1)

kur e — elektrodzingju atteices intensitate, h't;
t— laiks, h;
P(t) — bezatteices darbibas varbitiba;
Ty — bezatteices darbibas vid&jais laiks, h.

Asinhrono elektrodzingju droSuma statiskajos pétfjumos tika iegta
funkcionala sakariba, kas saista elektrodzingju atteiCu intensitati ar galvenajiem
ekspluatacijas faktoriem — statora tinumu temperatiiru, ieslégsanas biezumu un
vibraciju atrumu (Korenenen H.®., Ky3neuos H.JI, 1988):

Mvia = exp — (K+0.135-0 — 6.4 - 107*0* — 1 - 1073f, —
—2.47-1075f, -0 —3.3-1077v- 0% — 8.1 - 10~*v?) , (5.2)

kur K — koeficients, kas raksturo elektrodzingja projekt€sanas un
izgatavoSanas stadija sasniegto droSuma Iimeni (jaunakajiem
Rietumeiropas firmu elektrodzingjiem K = 7 + 0.2);
Mvid - elektrodzingju vidgja atteices intensitate, h'%;
fo — ieslégSanas biezums, h'l;
Vv — vibraciju atrums, mm<s™.

Nemot veéra slodzes un vides faktorus, elektrodzingju faktisko atteices
intensitati aprékina p&c formulas (Kotenenen H.®., Ky3neros H.JI, 1988):

he = Ky - 0y - Ayig, (5.6)

kur e — elektrodzingju faktiska atteices intensitate, h;
Ky — vides iespaida korekcijas koeficients;
ok — korekcijas koeficients péc elektrodzingja slodzes koeficienta.
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Dros$uma raditaju aprekini ir veikti divam situacijam — eso$a situacija, kad
netiek veiktas periodiskas un tiriti elektrodzingji, un situacija, ja izmantos
temperatiiras noteik$anas risinajumu. Ventilatoru asinhrono elektrodzingju vidgja
atteices intensitate, faktiska atteices intensitate un vidgjais laiks Iidz atteicei pie
nominalas slodzes (o= 1) un vides iespaida korekcijas koeficienta Ky = 10 (daudz
puteklu, agresivas gazes, mitrums) ir paraditi 5.1. tabula:

5.1. tabula
DroSuma analizes parametru aprékinu rezultati
= vt ep = es s Situacija ar temperatiiras
arametrs Esosai situacijai . R
noteikSanas iekartu

Tinumu temperatira 0, °C 155 125
Ieslegsanas biezumsfe, ht 2 2
vibracijas atrums v, mm-s* 5 5

Atteices intensitate A, 10® h'1 31.1 8.1

Bezatteices darbibas vidgjais
laiks, Tv10° h 32 123

Rekini parada, ka statora temperatiirai ir liela ietekme uz ventilatora
asinhrono elektrodzingju droSumu — pie statora faktiskas temperatiras 140 °C
bezatteices nostrades laiks ir 32108 h vai 3.67 gadi “Bioclimate” ventilatoru
grupai. Ja statora faktiska temperatiira ir 110 °C, tad nostrades laiks 11dz atteicei
ir 3.8 reizes lielaks — 14 gadi (skat.5.1. att.).

160

140
123 tukst. h

32 tukst. h

95 105 115 125 135 145 155 165

5.1. att. ABB 1.1 kW asinhrono elektrodzinéju bezatteices darbibas
videjais laiks atkariba no statora tinumu temperatiiras
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5.2. Asinhrono elektrodzinéju statora tinumu temperatiiras
noteikSanas algoritms

Statora temperatiiras noteikSanas algoritma uzbuve ir paradita 5.2. attéla.
lesledzot iekartu, tiek palaista programma un pirmais solis ir ievadit/parbaudit
visus nepiecieSamos parametrus — elektrodzingja nominala strava,
siltumtehniskos parametrus prieks siltuma modela, apkartgjas vides temperattira
un statora temperatiiras limiti. Apkartgjas vides temperatiira var tiks ievadita, ja
ir nemainiga, bet mainigos apstaklos to biitu precizak mérit. Ja visi parametri ir
ievaditi, tad tiek mértta strava lidz momentam, kad strava biis lielaka par 0 A
(tiek palaists elektrodzingjs). Peéc tam 8 mintites statora tinumu temperatiira tiek
noteikta peéc silSanas modela un p&c 8 minitém tiek saglabats simulacijas
rezultats. Talak simulacijas rezultatam tiek pieskaitita temperatiras izmaina,
kura tiek aprékinata p&c rotacijas atruma izmainas. Nakamais solis ir salidzinat
temperatiiru ar iestatitiem temperatiiras limitiem. Ja rezultats ir zemaks par
130 °C, tad LED (gaismu izstarojosa diode) deg ar zalo krasu, ja lielaks par
130 °C — LED deg ar dzelteno krasu, bet ja lielaks par 155 °C — ar sarkano krasu.
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Programmas sakums

!

Tevadit elektrodzingja elektriskos un
siltumtehniskos parametrus,
apkartgjas vides temperatiiras
sensoru darbibas parbaude

!

Stravas mérisana

!

Vai stravas lielums ir | N&
lielaks par 0 A

¢ Ja
Elektrodzingjs ir ieslégts.
Elektrodzingju statora tinumu

temperatiras noteikSana péc silSanas
modela

!

Vai elektrodzingja Né
darba laiks ir lielaks par Programmas beigas
8 minitém 9 9
pe fre
Elektrodzin&ju statora tinumu Ja Vai stravas liclums ir

temperatiiras izmainas noteikSana -
'peratiras 1zmaias | . lielaks par 0 A
pec rotacijas atruma 1zmainas

!

: = Ne
Vai statora temperatiira - - =
ir lielaka par 130 °C > LED krdsa-zala
¢J5
5 LED krasa — dzeltena. Uz
Vai statora temperatiira Ne o monitora tiek paradits
ir lielaka par 155 °C " | elektrodzingjs, kura temperatiira
ir tuva kritiskai

*J a
LED krasa — sarkana. Uz
monitora tiek paradits

elektrodzingjs, kura temperatiira
ir kritiska vai lielaka

5.2. att. Asinhrono elektrodzinéju statora tinumu temperatiiras noteikSana
algoritms
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5.3. Asinhrono elektrodzinéju statora tinumu temperatiiras
noteikSanas iekartas ekonomiskais novertejums

Esosas situacijas un statora tinumu temperatiiras noteikSanas iekartu
ievieSanas situacijas ekonomiskajai analizei ir izmantota NPV (Net Present
Value), jeb pasreizgja neto vertiba. NPV metodes formula (Zizlavsky, 2014):

Ej

NPV =E, + ), ek (5.7)
kur E, — sakotngjie ieguldijumi, EUR;
Ei — naudas pliisma i — gada, EUR,;
I — diskonta likme, tiek pienemta 0.05 — 0.15 robezas.
0
-1
-2
=4
‘:‘)“. -3
2 .4
E
> -5 11 gadi
19 /
“ 6
- 6642 EUR
-7
" -7734 EUR
0 3 6 9 12 15

Ekspluatacijas laiks, gadi
5.3. att. Ventilatoru asinhrono elektrodzinéju ekspluatacijas NPV
dinamika vistu katis 15 gadu laika perioda:
1 — elektrodzingju ekspluatacija esosos apstaklos; 2 - elektrodzingju ekspluatacija ar
statora tinumu temperatiiras noteiksanas iekartu

Abu situaciju ventilatoru asinhrono elektrodzingju ekspluatacijas
izmaksas un NPV naudas plismas aprékini 15 gadu perioda ir paraditas 5.3.
attela. IevieSot iekartu 45 asinhrono elektrodzingju statora tinumu temperatiiras
noteikSanai, atmaksaSanas periods ir 11 gadi pie nosacljuma, ka iekarta tiek
ieviesta elektrodzingju ekspluatacijas sakuma. Iekartas ievieSanas varianta NPV
ir — 6642 EUR, par 1092 EUR mazaka neka salidzinot ar eso$o situaciju.
Asinhrono elektrodzingju droSuma analize un NPV aprékini apliecina, ka,
ieviesot vistu kiitts iekartu ventilatora asinhrono elektrodzingju statora tinumu
temperatliras noteikSanai, ir iesp&jams samazinat elektrodzingja ekspluatacijas
izmaksas to darbmiiza laika.
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SECINAJUMI

Eksperimentalie pé&tjumi liecina, ka dzes€Sanas trauc€jumi ietekme
asinhrono elektrodzingju silSanu vairak neka elektrodzingju nelielas
parslodzes. Pieméram, ABB asinhrona elektrodzingja ar jaudu 1.1 kW
silSanas eksperimentalie p&tijjumu rezultati rada, ka pie parslodzes k = 1.18
statora tinumu temperattira ir 103 °C, par 21 °C lielaka neka pie nominalas
slodzes. Statora tinumu temperatiira pie slodzes k = 0.98 un ar dzes€$anas
traucgjumiem ir 131.5 °C.

Asinhrona elektrodzingja sil$anas eksperimentalos pétijumos iegiitic dati lauj
konstat&t korelaciju starp statora tinumu temperatiiru un rotacijas frekvences
izmainam. Pielaujama statora tinumu izolacijas temperatiiras diapazona §1
korelacija ir lineara, un statora tinumu temperatiiras un rotacijas frekvences
sakaribu apraksta empirisks vienadojums
0 = a(k)'n + 0o, kur a — empiriskais koeficients, kas apraksta statora tinumu
temperatiiras izmainu, mainoties rotacijas frekvencei.

Elektrodzingja statora tinumu temperatiiras precizakai noteikS$anai visa
elektrodzingja darba rezima modelis pilnveidots, apvienojot empirisko
vienadojumu ar izstradato asinhrona elektrodzingja otras kartas silSanas
modeli.

Empiriskais koeficients a ir atkarigs no elektrodzingja slodzes. To apraksta
eksponencials vienadojums. Pieméram, ABB 1.1 kW elektrodzingjiem $§is
vienadojums ir a(k) = 114.1e33%k Ar %o vienadojumu ir iespgjams noteikt
statora tinumu temperatiiras izmainu, mérot rotacijas frekvences izmainu pie
dazadam asinhrona elektrodzingja slodzém.

Apstiprinas izvirzita hipoteze, ka ar attalinatu elektrodzingja rotora rotacijas
frekvences mériSanu péc noteikta algoritma ir iesp€jams aizsargat
elektrodzingja statora tinumu no parkarsanas.

Statora tinumu temperatiiras simulacijas rezultati, izmantojot pilnveidoto
modeli, parada, ka pie nominalas un zemakam slodzém simulacijas rezultati
ir ar labu precizitati, simulacijas klida neparsniedz no 2.5 °C lidz 7 °C.
Izmantojot izstradato asinhrono elektrodzingju statora tinumu temperatiiras
noteikSanas modeli, ir iespgjams aizsargadt mazas jaudas asinhronos
elektrodzingjus no statora tinumu parkarSanas pie dazadiem elektrodzingja
dzes€Sanas bojajumiem, pret kuriem automatslédzi nesp€ nodroSinat
aizsardzibu un temperatiiras sensoru izmantosana nav ekonomiski pamatota.
Pielietojot piedavato asinhrono elektrodzingju statora tinumu temperatiiras
noteikSanas modeli, ir iesp&ams efektivi planot elektrodzingja apkopes un
butiski pagarinat elektrodzingja ekspluatacijas laiku. Piem&ram, 1.1 kW ABB
asinhrona elektrodzingja droSuma simulacija parada, ka pie statora
temperattiras 110 °C, bezatteices nostrades laiks 3.8 reizes lielaks neka, ja
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statora temperattira ir 140 °C, kas atbilst darba apstakliem ar dzes€Sanas
traucgjumiem.

Asinhrona elektrodzingja statora tinumu temperatiiras noteikSanas
risindjuma, kurs strada atbilstosi darba izstradatam algoritmam, ievieSanas
izmaksas ir 2780 EUR. NPV analize parada, ka dota risinajuma ievieSanas
atmaksasanas laiks ir 11 gadi, salidzinot ar esoSo situaciju, kura netiek
nodro§inata statora tinumu parkarSanas aizsardziba pie dzes€Sanas
traucgjumiem. Pamatojoties uz to, ka elektrodzingja kalposanas laiks var bt
20 gadi un vairak, tad statora tinumu temperatiiras noteikSanas iekartas
ievieSana var biit ekonomiski pamatots risinajums asinhrono elektrodzingju
aizsardzibai no statora tinumu parkarSanas.
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SIGNIFICANCE OF THE TOPIC

Electric motors consume about 58% of all electricity produced worldwide,
about 7% is used for lighting and the remaining 35% for heating and other
purposes. The main types of electric motors are synchronous, induction and
direct current motors. Induction motors with less than 3.5 kW power make up
88% of the total number of electric motors (Patel, 2021).

Induction electric motors have a simple design and high reliability.
However, their failure rate in severe working environment conditions can be 12%
of the total number of electric motors (Venkataraman, 2005). Such operating
conditions are typical for agricultural facilities, where induction motors drive
pumps, feed preparation equipment, fans, conveyors, etc. Several environmental
conditions, such as dust, and high temperature in the working room, can cause
the induction motor to overheat. Damage to the insulation of the stator windings
of an induction motor due to overheating can lead to the failure of the electric
motor and will require repair. The failure of an induction motor can stop the
production process. Therefore, together with direct repair costs, there can be
production losses.

Safety analysis of induction motors in the Balticovo egg factory in lecava
showed that chicken coops have a working environment with a large amount of
grain dust, which overlaps the induction motors of low-power fans. The failure
rate of these fan electric motors is relatively high — 6% of the total number of
fans in the factory (Gedzurs, 2016). The protection devices used to protect
induction motors cannot protect overheated electric motors, but the use of
temperature sensors to protect low-power induction electric motors from
overheating is not economically justified.

Based on the problem of protection of low-power induction electric
motors from overheating caused by cooling disturbances, the topic of the doctoral
thesis was selected on the development of a method for determining the
temperature of the stator of induction motors, the use of which would be an
economically justified solution for the protection of low-power induction electric
motors as well.

RESEARCH HYPOTHESIS, AIM AND TASKS

The hypothesis of scientific work — using remote measurement of the
rotation frequency of the electric motor rotor, it is possible to protect the stator
winding of the electric motor from overheating according to a certain algorithm.

The proposed hypotheses include the study of the heating processes of the
induction motor, the study of the method of estimating the temperature of the
stator windings, the study of the relationship between the rotor rotation frequency
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and the temperature of the stator winding, the influence of cooling disturbances
and voltage on the heating modes of the induction motor.

The aim of the scientific work is to theoretically and experimentally
validate the method of estimating the temperature of the stator windings of an
induction motor with remote measurement of the rotation speed of the rotor and
to develop an algorithm for the application of this method for the protection of
small power induction motors against overheating.

Tasks set to achieve the aim of the scientific work:

1. to perform a theoretical analysis of the heating process of an induction motor,
power losses and determination of thermal technical parameters;

2. to study the methods of determining the temperature of the stator windings of
induction motors;

3. to carry out experimental studies of heating of induction motors operating at a
constant load with different rotor rotation frequencies under normal conditions
and under various cooling disturbances;

4. to improve the mathematical model of heating of low-power induction motors,
considering it as a body of two elements;

5. develop a mathematical model describing changes in the stator winding
temperature and rotor rotation frequency;

6. mathematical model verification (verification and validation) — comparison of
simulation results of the heating model of induction motors with experimental
data;

7. creation of the stator protection algorithm of low-power induction motors and
the technical-economic evaluation of the developed method of determining the
stator windings in the production of agricultural products, for improving the
safety of the used induction motors and reducing failure.

ECONOMIC IMPORTANCE OF THE WORK

1. The implementation of the method of estimating the temperature of the
stator windings developed in work in agricultural facilities with severe working
conditions, especially dust, will increase the reliability of the electric drive and
will ensure the continuity of production processes. They, in turn, will improve
the quality of agricultural production and product stability.

2. Control of the condition of the electric motor, using the method of
determining the temperature of the stator windings, will allow to assess the
heating dynamics of the electric motor and plan maintenance more effectively
depending on the technical condition of the electric motor, ensuring the
implementation of circular economy elements, as well as the economic efficiency
of production.

3. The proposed solution is relevant in places with a continuous
production process and factories where it is difficult or impossible to get to an
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electric motor. It is especially valuable to introduce it to agricultural products
processing and storage companies both in Latvia and in the world

1. RELIABILITY ANALYSIS OF INDUCTION MOTORS

Typically, the span life of induction motors is 12-20 years. During this
time, the motor may be rewound 2-4 times, depending on its power and operating
conditions (Bertoldi, 2015; De Almeida et al., 2008). Despite the high level of
reliability, the annual failure rate is about 3-5% of the total number of electric
motors (Venkataraman et al., 2005). Failure of induction motors can cause
significant direct and technological losses, i.e. engine replacement, repair, and
production losses. Average downtime losses due to engine failure can reach 7000
USD-h in a wood processing plant and 30000 USD-h! in a food processing
plant (Grubic et al., 2008).

Overheating of an electric motor, which electrical, mechanical and
environmental factors can cause, is one of the main factors that significantly
affect the level of safety of an electric motor. Overheating affects the lifetime of
the stator winding insulation the most.

Electrical insulation materials are divided into classes depending on their
thermal resistance. The following classes are most often used for the insulation
of the stator windings of induction motors:

1. B insulation class with a permissible temperature of 130 °C;
2. F insulation class with a permissible temperature of 155 °C;
3. H insulation class with a permissible temperature of 180 °C.

1.1. Failure analysis of induction motor

In 1983, EPRI (Electric Power Research Institute) conducted a failure
analysis of electric motors and a general safety assessment of electric motors in
several companies. Of the 1,227 failures, 41% were due to motor bearing failures,
37% to stator winding failures, 10% to rotor failures, and 12% to other failures
(Albrecht et al., 1986, 1987).

Another extensive study of electric motor safety and failure was
conducted by an IEEE (Institute of Electronics and Electrical Engineers) working
group.

These studies analysed the failures of electric motors in the economy,
industrial, oil, gas extraction and processing industries. According to IEEE
research results, the failure distribution of electric motors by damaged motor
components is as follows (Albrecht et al., 1986, 1987; Thorson and Dalva 1995):
1. bearing damage — 51%;
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2. stator damage — 16%;

3. damage to the external elements of the electric drive — 16%;
4. rotor damage — 5%;

5. shaft damage — 2%;

6. the reasons for failure were not mentioned - 10%.

In the company SIA "Elektro" (Tukums district), which repairs electric
motors, an analysis of the failure of electric motors was carried out (Justs, 2016).
In the company, the average number of repaired electric engines per year is 246
engines in the period from 2010 to 2015. Analysing the damage of the repaired
electric motors, the following damage distribution was found:

1. stator damage — 48%;
2. bearing damage — 17%;
3. other damages — 29%;
4. rotor damage — 6%.

1.2. Analysis of failure of induction motors in the egg
production plant **Balticovo™

In order to clarify the current situation regarding the reliability of electric
motors, studies were carried out on the production site. The egg production and
processing plant of SIA "Balticovo" in lecava was chosen as the place of research.
The technological process in the plant lecava can be divided into three groups:
10. egg processing;

11. grain storage;
12. egg production in henhouses.

The largest number of electric motors are located in henhouses — 1453
induction motors. 1.1 kW induction motors account for 43% of the electric motor
fleet. They power fans in henhouses.

The results of the safety study of electric motors at the Balticovo plant are
shown in Figure 1.1. The intensities of failures increased almost 1.83 times
between 2014 and 2017, from 2.3% to 4.2%. From the data in Figure 1.1 it can
be concluded that the majority, about 65 %, of the damaged electric motors are
fan electric motors.

Balticovo's production facility in lecava, in the henhouses, uses three-
phase induction motors with a power of 1.1 kW for fan drive. Most of the fan
motors are induction motors manufactured by the ABB brand. Technical
inspection of damaged electric motors and analysis of the causes of failures in
the plant are not carried out. After dismantling, induction motors are carried out
for repair.

In henhouses, air ventilation plays an important role, about 20-30% of
egg production depends on air quality (Illumanos, 2009). Therefore, during the
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study, attention was paid to analysing the working conditions of the fan drive,
examining the damaged fan motors and identifying possible causes of the failure.
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1.2. fig. Annual number of electric engine failures at the Balticovo plant in
lecava for the period from 2014 to 2017

In henhouses 1.1. kW ABB fan induction motors are divided into two
groups. Fans that work all the time are in the group "ecoclimate”, while fans of
the "emergency" group work when it is necessary to increase the airflow. The
operation of the fan group is regulated by automation, which uses measurements
of CO; concentration and temperature sensors.

The study’s results also show that 15% of the failures of the 1.1 kW fan's
electric motors are recurrent failures. Between 2010 and 2017, in 22 cases, the
repaired electric engine was damaged for the second time. For most of them, the
operation time until the second failure is 1-3 years. On average, two times less
service life than until the first failure. A similar result is mentioned in work
(XomyTos, 2010), where the service life of repaired electric motors was 50 %
less than that of new electric motors in enterprises of agricultural sectors.

Analysing the operating conditions of 1.1 kW induction motors, two
operational factors were identified that have the most significant impact on the
safety of the electric motor (Figure 1.2):

13. grain dust;
14. wedge belt transmission.

In the henhouses, dust is released during the transportation of grain,
entering the body of the fan's electric drive. Coverage with dust reduces the heat
output from the induction motor housing to the environment. A relatively large
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layer of dust on an electric motor can also block the airflow of the cooling fan of
the induction motor. In henhouses, the body of fan induction motors is
completely covered with dust and the flow of air is significantly reduced, which
significantly increases the temperature of the electric motor (see figure 1). 1.2.
(a)). Figure 1.2 In Figure b, it can be seen that a wedge belt transmission is used
to drive the fans, which produces a greater radial force on the bearing and can
accelerate their wear if the center and strap are not tensioned according to the
requirements

= i
1.3. fig. Operating conditions of the ABB 1.1 kW fan electric motor in
henhouses:

a— 1.1 kW fan induction motor, b — fan drive, 1 — dust layer, 2 — 1.1 kW induction
motor, 3 — V-type belt drive, 4 — fan wings

The study also examined the damaged 1.1 kW fan electric motors, the
main damage and the effect of operating conditions on the motors are shown in
Figure 1.3.. The connection box of the electric motor has the following damages:
1. corrosion of electrical contacts and screws (Fig.1.3 a);

2. damage to the insulation of the wires of the stator windings (Fig. 1.3 b).

When disassembling the damaged electric motor, it was found that the
stator windings on the fan side were covered with charred dust (Figure 1.3 d).
On the drive side, dust has not entered the engine through the bearing cover, so
the stator windings are not covered with dust (Figure 1.3 ¢). The inner edges of
the motor housing, stator windings, bearings are covered with dust. 1.3. In figure
h, you can see the grease of the closed bearings together with the dust. Due to
the high temperature, the grease has gone outside the bearing, while the dust
enters the bearings inside through the gap between the cover and the shaft. Under
such conditions, the service life of the bearings can be significantly reduced.

Friction between the stator and the rotor causes damage to the stator
windings, and the mechanical impact causes the core plate to be driven into the
stator windings (Figure 1.3 €). As a result, there is a short circuit, damage to the
stator and rotor windings (Figure 1.3 f). Stator and rotor wear were found for all
induction motors examined.
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One electric motor was found to have a short circuit between the stator
windings (Figure 1.3 i). Since the belt drive is used, which reduces vibrations,
and the engine works in the long-term operation mode S1, the short circuit
between the stator windings was caused by overheating of insulation of the stator
windings. Since friction of the stator and rotor was found in all examined
damaged engines, attention was paid to the analysis of these damages

1.3. fig. Analysis of 1.1 kW faulty electric fan motors:
a — corrosion of connection contacts, b — insulation damage of stator winding wires,
¢ — stator winding from the drive side, d — stator winding from the engine fan side,
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e — damage to stator windings due to stator and rotor friction,
f — rotor damage due to stator and rotor friction, g — dust and bearing grease mixture; i —
short circuit between windings

Excessive belt tension causes increased radial force on the bearings,
which accelerates bearing wear (Harmon, 2009). Excessive heating of electric
motors and dust getting into bearing grease also accelerate bearing wear
(Karmakar, 2016). As a result, there are several factors that simultaneously affect
bearing wear and can significantly increase the air gap of an induction motor.

Induction motors with a capacity of 1 to 3 kW with a synchronous speed
of 1500 min-* are mostly used for electric drive in agricultural enterprises. Severe
operating conditions lead to a high failure rate of electric motors, which can reach
up to 20% (ITaxomos, 2008). Production studies at the "Balticovo" production
plant result in a similar distribution of all electric motors. But the intensity of
failures is not so great. However, the failure rate among electric fan motors in
chicken houses was 8.3% in 2017 and continues to increase every year. The main
cause of failures is overheating of electric motors, which is caused by dust
covering the motor and causing the stator windings to overheat. In order to reduce
the number of electric fan motor failures, it is necessary to protect against heating
of the stator, but the existing protection devices used in the company only protect
against overloads and short circuits.

The use of temperature sensors for the protection of low power electric
motors is not economically efficient. They are difficult, if not impossible, to
insert into the stator windings during operation, as sensors are inserted into the
stator windings during manufacturing or repair to ensure good contact between
the sensor and the windings. Additional equipment that transforms the sensor's
measurement signal, wires and their assembly work resources are also required
(Zhang and Habetler, 2016).

1.3. Methods of estimating the temperature of the stator
windings

The temperature of the stator windings can be estimated by heating
models or by using the parameters of the electric motor. In the case of estimating
the temperature of the stator windings with the heating model, the electric motor
is divided into several parts. The heating process of each part is characterized by
a heating equivalent scheme or heating model. The input signal of the model is
the power loss of the electric motor. The thermal technical parameters of the
model are estimated by partial differential equations or by experimental data.
Several parameters of electric motors are required, which are not always
available or known, or experimental data are required. Since the input parameters
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of the heating model are current or current and voltage, the model cannot respond
to changes in cooling and ambient temperatures.

Since changes in the active resistance of the stator and rotor depend on
temperature changes, the active resistances of the stator and rotor are used to
determine the temperature of the stator and rotor.

Another method is to use the equivalent electrical circuit of an electric
motor. At first, the active resistance of the rotor is estimated using the values of
the rotor and stator inductances, the stator current and voltage, and the rotor
rotation speed. After that, the calculation of the active resistance of the stator is
carried out, since its determination is sensitive to errors in the measurement of
the required parameters.

By estimating the active resistance of the rotor, the temperature of the
stator windings can be estimated with the help of two more methods. The first
method, according to the experience of the EDF (French Electricity Board),
determines that the rotor temperature is 10 °C higher than the stator winding
temperature (Dessoude, 1994). The second method determines that the resistance
of the stator windings is equal to (Kubota et al, 1993):

R,= R, -k, k, = i— (1.1)

where Rs, Ry — stator and rotor resistance, Q;
Rsn, R — stator and rotor resistance from data sheet, Q;
k: — stator and rotor resistance coeficint.

This relationship states that the change in resistance of the stator windings
is directly proportional to the change in rotor resistance. If there is a correlation
between changes in stator and rotor resistances, then there is also a correlation
between changes in stator and rotor temperatures. It can be concluded that if the
electric motor works with a constant load and constant network parameters, then
the rotor rotation speed depends only on the change in rotor resistance. Therefore,
there is a correlation between the rotor rotation speed and the temperature
changes of the stator windings caused by the heating of the electric motor at a
constant load.

2. RESEARCH OF INDUCTION MOTORS HEATING
PROCESS

Energy losses of induction motors are divided as follows:
1. electrical losses;
2. magnetic losses;
3. mechanical losses;

49



4. additional losses.
Electrical losses in the stator and rotor are dissipated as current flows through the
windings.

Electrical losses depend on current and active resistance. The current, on
the other hand, depends on the mechanical load on the rotor shaft. The active
resistance depends on the AC-induced surface effect and the temperature of the
winding wires.

Mechanical losses are caused by the friction of the electric motor rotor
against the air, friction in the bearings and bearing seals, and the mechanical
power consumed by the cooling fan. Magnetic losses, or core losses, consist of
hysteresis and eddy current losses.

Magnetic losses are losses that are very difficult to determine by direct
measurement or calculation. These consist of losses in the stator core due to
higher harmonics, interwinding leakage current losses, higher harmonic losses in
the rotor windings and other leakage currents induced by the load component of
the current (Zabardast and Mokhtari, 2008).

In order to characterize the heating of the stator windings of an induction motor,
several methods of determining the temperature of the stator windings have been
developed. Analyzing the literature on the methods of indirect determination of
the temperature of the stator windings, they can be divided into:

1. determination of the temperature of the stator windings using heating networks
and models;

2. determination of the temperature of the stator windings using the parameters
of the induction motor.

In the thermal network method, the electric engine is divided into elements. The
elements are connected together by a network of nodes and thermal resistances.
This method is similar to an electrical network consisting of a current source and
a resistor (Kylander, 1995).

In the case of the lumped parameter thermal model, the electric engine is viewed
as one or more homogeneous bodies. Thermal resistance and thermal capacity
are used to model heat exchange processes. When creating the equivalent electric
circuit, the temperature of the electric motor is calculated according to the
methods of electric circuit calculations.

The simplest heating model is the 1st-order heating model, when the induction
motor is viewed as a homogeneous body with one thermal heat capacity C, which
characterizes the thermal properties, and resistance Rt, which characterizes the
heat return to the surrounding environment (see Figure 2.1). The electrical loss
power of the stator windings P; is taken as the input signal.
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2.1. fig. First-order heatiné model of induction motor

A zero starting condition is chosen for the heating analysis of the
induction motor. At the moment of time t = 0 min, the temperature of the
windings of the electric motor is equal to the temperature of the environment.
The equation describing the non-stationary heating process of an induction motor
(Sniders & Straume, 2008):

Q. +Qy =P, (21)

where  Qa —accumulated heat flow, W;
Qv — heat flow to the environment, W;
P, — loss power, W.

At the beginning of the heating process, all the heat is accumulated in the
induction motor, increasing its temperature. At the end of the process, a steady
state of equilibrium is reached and the temperature of the electric motor is
constant. The heat flow caused by the losses is released into the surrounding
environment. Equations of the heating dynamics of an induction motor in an
expanded form (Sniders & Straume, 2008):

Q,+Q, =cm 4 asp0 = P, 2.2)
a a dt

where ¢ — specific heat capacity, J(kg'K)™;
AO — overtemperature, °C;
m — mass of the electric motor, kg.

Dividing both sides of the differential equation (2.3) by 'S, we obtain the
electric engine heating equation in normal form (Sniders & Straume, 2008):

TS24+ A0 =R, (2.3)

where T =cm(orS)?- heating time constant, s;
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R; = 1'(a:S)* - thermal resistance, °(K-W™.

The product C = cm is the heat capacity of the induction motor. Solving
the differential equation (2.4.), one obtains an exponential function that describes
the heat transfer process in the electric engine (Sniders & Straume, 2008):

AB(t) = ABs(1 — e V/T) =R, - P,(1 — e ¥T), (2.4)
where  AOs= Ry P — stationary (stabilized) overtemperature, °C.

The first-order heating model is widely used in relays to protect electric
motors.

To improve the accuracy of the heating model and to be able to determine
the rotor temperature, the second-order heating model of the induction motor is
used. One such model is presented in the work of Hurst & Habetler (Hurst &
Habetler, 1997). The model consists of stator Ps and rotor P, loss sources, stator
Cs and rotor C; capacitances and thermal resistances Ry, Ry and Ry. Stator Ps
losses consist of stator electric and magnetic losses, and rotor P, - of rotor
magnetic losses.

Higher-order heating models are used for more accurate modeling of an
induction motor's heating process (Nestler & Sattler, 1993; Champenois et al.,
1994; Bousbaine et al., 1995; Boglietti et al., 2003). Nester and Sattler's work
used fifth-order heating of an induction motor. In the model, the stator core, stator
winding in core grooves, stator end winding, rotor winding and core temperatures
are simulated separately. Heat losses — stator core magnetic losses P1, stator
winding losses in core grooves P2, stator end winding losses P3, rotor losses P4.

Higher-order heating models can more accurately determine the
temperatures of the electric motor and allow a better understanding of the heat
flows inside the electric motor, however, the dimensions of the electric motor or
data from heating experiments are used to calculate the thermal parameters.
These models are significantly more complex than the first or second-order
heating models, and their practical use for the protection of low-power electric
motors may be economically disadvantageous.

The temperature determination of induction motors based on the
parameters of the electric motors is based on the change of active resistance
depending on the temperature. Therefore, the stator and rotor temperatures can
be determined by knowing their active resistances. The methods of estimating
the active resistance of induction motors can be divided as follows:

1. determination of resistance with a direct current signal;

2. determination of resistance with neural network models;

3. resistance determination with induction motors equivalent scheme.
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A comparison of each method was made of estimating the temperature of
an induction motor. The results are summarized in table 2.1.

2.1.table
Comparison of the method of estimating the temperature of induction
motors

Method Advantages Disadvantages

-not sensitive to cooling interference of
the electric motor

- it is necessary to know or estimate the

- it is necessary to measure
only the current

First-order heating)_ sufficient accuracy of the

model d . heating parameters of the electric motor
etection temperature e Ve adiustment of the
- simple pre-emptive adjus
protection device may occur
- complex
- need to know the dimensions of the
Higher order - accurate temperature | electric motor and the materials of the
heating model estimation construction
- some parameters can only be estimated
in heating experiments
- it is not necessary to - a DC injection apparatus is required
know the parameters of the|-compensation for cable resistance errors
Injecting DC electric motor is required
signals - sensitive to cooling - causes loss and rotational pulsations
interference with the -it is necessary to measure both current
electric motor and voltage

- it is not necessary to
know the parameters of the
Neural network electric motor - need to "teach" the neural network
- need to measure current
and rotational frequency

- sensitive to cooling
. - - need to measure currents and voltages
interference with the

Electric model of . for each phase
- electric motor . T .
electric motor - stator resistance estimation is sensitive

- sufficient accuracy of the : A
s to errors in estimating other parameters
estimation of temperature

Some methods of determining the temperature of the stator windings of
induction motors use changes in the resistance of the rotor. An induction motor's
rotation frequency depends on the rotor's resistance. At a constant load, the rotor
of the induction motor heats up, Rr increases, and the speed decreases. Therefore,
the change in rotation frequency is determined by the heating of the electric
motor. That is why, in the next chapter, experimental studies are carried out to
analyse the correlation between the temperature of the stator windings and
changes in the rotation frequency, as well as the application possibilities of the
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measurement of the rotation frequency for the determination of the stator
temperature.

3. EXPERIMENTAL STUDIES OF HEATING OF
INDUCTION MOTORS

Experimental heating studies of induction motors were carried out under
the following conditions:
1. constant load mode without cooling disturbances. After the end of the transient
heating process of electric motor, at the stabilized temperature, cooling
disturbances were artificially created;
2. constant load mode with cooling disturbances. After the end of the transient
heating process of the electric motor, the electric motor was operated without
cooling disturbances;
3. heating of electric motors at the locked rotor mode;
4. operation of induction motors at different voltage values.

3.1. Experimental research methodology

The research bench is shown in Figure 3.1 and its electrical circuit in
Figure 3.2. The bench consists of an induction motor, a DC generator, a lamp
rheostat, a temperature logger, a tachometer, measuring instruments for electrical
parameters, a current and voltage data logger and a computer.

3.1. fig. Induction motor heating research stand:
1 - computer; 2 — Line Seiki TM — 4010 tachometer; 3 — current and voltage Simple
Logger L562 logger; 4 —temperature Pico TC — 08 logger; 5 - DC generator; 6 —
induction motor; 7 — lamp rheostat
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ABB three-phase induction motor data — M2AA90S - 4; 220 — 240/380 —
420 V; 4.6/2.66 A; IP55; insulation class - F, m = 13 kg; P = 1.1 kW; n = 1410
mint; s = 0.06; efficiency class - IE1; cosp = 0.81. A DC generator was used to
load the induction motor — P-22Y4, 220 V, 5.9 A, P = 1 kW, n = 1500 min™. For
load regulation, a lamp rheostat was connected to the generator.
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3.2. fig. Electrical circuit of the induction motor heating research stand:
1 - DC generator; 2 - lamp rheostat; 3 — Line Seiki TM — 4010 tachometer; 4 —
temperature Pico TC — 08 logger; 5 - asynchronous electric motor; 6 — power and
voltage Simple Logger L562 logger

Load factor was used to characterize the load of electric motors:
(3.1)

where k — load factor, calculated from current;
lsn — Stator rated current, A.

The experiments were conducted at idle mode, at part load (k = 0.76 and
0.91), rated loads (k = 1), overload (k = 1.18) and slammed rotor mode. The low-
power idling current is about 60% of the rated current, so the lower load than k
=0.76 can not be obtained. If the overload of the electric motor is more than 20%,
then the protective equipment quickly switches off the electric motor and conduct
experiments above the load k = 1.18 has no practical meaning.
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Two methods were used to simulate cooling interference. In the first
method, the fan was removed to mimic cases when the fan or their blades were
damaged. In the second method, the holes in the fan cover were blocked to create
a situation similar to that shown in Figure 1.2a to block the flow of cooling air.
Experiments with cooling disturbances were carried out in two variants. In the
first variant, the electric motor was started under normal conditions and at the
stabilized temperature the cooling air flow was blocked, in the second variant —
vice versa.

3.2. Analysis of the results of heating studies of induction
motor

The results of ABB induction motor heating studies are shown in 3.3. in
the picture. The stabilized temperature of the stator windings at overload k = 1.18
is 103 °C at an ambient temperature of 25 °C. The stator surface temperature at
nominal load k =1is 82 °C, at k =0.91 — 45 °C and at k =0.76 — 57.5 °C. The
temperature of the stator windings at nominal (rated) load with cooling failure is
46.5 °C higher than under normal conditions. The temperature of the stator
windings at 18% overload (k = 1.18) is 21 °C higher than at nominal load. This
shows that cooling disturbances of an induction motor increase the temperature
of the electric motor more than small overloads (20-30%). At rated load with
cooling problems, the temperature of the stator windings may increase to or
exceed the permissible temperature of the winding insulation material.

105 0 =71.6(1-""7)+30.9

R*=0.98
95 6 =53.7(1-e""")+27.6
2 _
e R?=0.99
b X
o 75 1
= 65 3 0=42.4(1-e"")+27.1
R*=0.99
55 _
0 =30.8(1-e""*)+26.6
45 R2=0.99
35
25
0 10 20 30 40 50

t. min
3.3. fig. Results of ABB induction motor heating experiments under
various loads without cooling disturbances:
1 - the temperature of the stator windings under load k = 1.18; 2 - temperature of stator
windings under load k = 1; 3 - the temperature of the stator windings under load k =
0.91; 4 — stator winding temperature under load k = 0.76
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3.4. fig. Rotational frequency change in ABB induction motor heating
transient process

The change in the rotation frequency of the ABB induction motor at
different loads is shown in Figure 3.4. in the picture. It can be seen that the change
in rotation frequency is greater as the load on the electric motor increases. As the
load increases, the current in the rotor windings increases, electrical losses
increase, and the temperature of the rotor windings increases. Consequently, the
resistance of the rotor also increases and the frequency of rotation of the rotor
decreases. The coefficient of determination R, = 0.99 at nominal load and
overload proves that the change in rotation frequency occurs due to heating if
there is a constant load during the operation of the electric motor. As the rotation
frequency decreases, the active power of the electric motor also decreases, which
is confirmed by the readings of the wattmeter. For an ABB induction motor at
rated load, stator winding temperature 25 °C and rotation frequency 1422 + 0.2
min, consumed active power P = 1450 + 6 W, but at stator winding temperature
122 °C and rotation frequency 1401.4 = 0.2 min it is P = 1360 + 6 W. In idle
mode, the rotor current of induction motors is practically 0 A, the rotor windings
do not heat up, the active resistance of the rotor does not change, and therefore
the rotation frequency remains unchanged.
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3.5. fig. Characteristic curve of the interaction between the temperature of
the stator windings and the rotor rotation frequency of the ABB inductiom
motor:
a—rated load k = 1; b —overload k = 1.18

Correlation between changes in the stator winding temperature and
rotation frequency at nominal load and overload is shown in 3.5. in the picture.
At the beginning of heating, the correlation between the stator winding and the
change in rotation frequency is not linear because the stator winding has lower
heating inertia than the rotor winding. Therefore, estimating the temperature by
the rotation frequency at the beginning of the heating process may be inaccurate.
After that, the change in temperature and rotation frequency of the stator
windings is linear, which is also shown by the linear regression analysis for the
linear section of the characteristic curve (Figure 3.5). The correlation of the linear
stage between the changes in temperature and rotation frequency of the stator
windings is described by a linear equation:

6=a-n+0,, 3.2)
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kur a — the empirical coefficient that characterizes the relationship between
the temperature of the stator windings and the change in rotation
frequency, °C'min?;
n — rotor rotation frequency, min;
0o — theoretical stator temperature at rotation frequency 0 min, °C.
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3.6. fig. The relationship between the temperature and rotation frequency
of the stator windings of the ABB induction motor in the linear part:
a—overload k =1.18; b - rated load k = 1; ¢ — at load k = 0.91

After the regression analysis of the equations at different loads, it can be
seen (see Fig. 3.6) that the coefficient value depends on the load of the
asynchronous electric motor. In table 3.1. the results of coefficient a at different
loads are shown.
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3.1.table
Factor a dependence on the load of the ABB induction motor

Load of the induction motor k coefficient a, °C- min!
0.76 8.55
0.91 4.88
0.98 3.65
1.00 3.54
1.18 2.58

By carrying out the regression analysis, an equation was obtained that
describes the coefficient a's dependence on the load of the induction motor
(Figure 3.7). By determining the electric motor load factor k at the start of the
electric motor start-up, the empirical factor for the ABB asynchronous electric
motor can be determined according to the following equation:

a(k) = 114.1 - e7343K, (3.3)
9
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3.7. fig. Relationship between coefficient a and load factor of ABB
induction motor

Equation’s 3.3. coefficient 114.1 means the value of the coefficient a if
the load will be equal to 0, which is practically impossible when the induction
motor is operated. The obtained equation can be used to estimate the stator
windings in the working range k = 0.76-1.18 and in the permissible temperature
range of the stator winding insulation. The equation can also be used for
induction motors with other power ratings, but for each motor with a different
power rating, the coefficients will be determined experimentally.

After determining the coefficient a, the temperature change of the stator
windings can be determined, taking into account the rotation frequency of the
electric motor. At the beginning of the heating processes of electric motors, the

60



correlation between the changes in the temperature of the stator windings and the
rotation frequency is not linear. Therefore, another method should be used to
determine the stator windings at this stage of the heating process. The
disadvantage of using the heating model is the inability to respond to changes in
the cooling conditions of the electric motor. But it was concluded that cooling at
the beginning of the heating process of induction motors practically does not
affect the heating of the stator windings, so the heating model can be used to
determine the temperature of the stator windings of electric motors at the
beginning of the process.

4. MODELING OF HEATING OF STATOR WINDINGS OF
INDUCTION MOTORS

The simulation results show that the results of the first-order heating
model differ from the experimental results. In practice, the time constant is often
determined by the graphanalytical method (Figure 4.1, curve 1), and in this case,
the temperature difference between the experimental and simulation results is
8.4 °C. Therefore, the simulation results confirm that using the first-order heating
model to protect induction motors in cases of overload can prematurely
disconnect the electric motor from the power grid without the electric motor
reaching the permissible temperature of the insulation class.
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4.1. fig. Simulation results of the heating of the stator windings using first-
order heating model at different values of T and Rt:
1-T=8.27minun Ri=1.11 °CW?; 2 -T =9.65min and Rt = 1.11 °CW;
3-T=9.57minand Ri=1.02 °CW-; 4 — experimental results
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4.1. Development of the second-order heating model and
modelling of induction motor heating

In this work, the second-order heating model of low-power induction
motors is examined a set of two bodies - the stator winding and the case (see
figure 4.2. image). The following simplifications have been used:

1. the magnetic losses in the stator core in low-power electric motors are
negligible, so only the electrical losses of the stator winding will be taken into
account;

2. all the heat from the stator windings enters the stator core and casing;

3. The electric motor's thermal resistance R; and heat capacity C are constant
values.

creliieds Ambient
. environment

7 o
7 .

4.2. fig. Heat flow of the second-order heating model of induction motor

Such second-order heating model is described by the following
differential equation:

d®6; , 1 do; OrRy; _ Pe'Reyy  OkRy, Bk

d?t " T dt Ry Ty T Ry T T

(4.1)

where Ry — thermal resistance of the stator windings, °C'W-;
0« — case temperature, °C;
0: — stator winding temperature, °C;
Ry, — case thermal resistance, °CW;
T1 = RuCy — time constant of stator windings, s;
T, = R’C, — time constant of case, s.

A three-phase induction motor consists of three identical windings so one
winding will be considered below for heating analysis. The equivalent electrical
circuit of the second-order heating model is shown in figure 4.3. The thermal
resistances during the stationary heating process of the electric motor can be
calculated:

0¢—0x _ AB—ABK
Pel Pel

(4.2)
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4.3. fig. Equivalent electrical network of second-order heating model of
induction motor

At rated load, the stabilized temperature of the stator winding of the ABB
induction motor 6 = 83.2 °C and overtemperature (6 — 6y) ABs = 58.2 °C, the
stabilized overtemperature of the casing Afxs = 31.6 °C, stator current | = 2.5 A,
stator winding resistance Rs = 7.2 Q at 6, = 25 °C. From the experimental data,
the values of electrical losses and thermal resistance have been calculated.

4.1.table
Calculation results of electrical losses Pel and thermal resistances at
different loads

Load factor, k|Electrical losses| Thermal resistance of| Thermal resistance of motor
Pel, W stator windings R, case Rez, °C'W-!
oc.w-l
k=0.76 29.2 0.49 0.67
k=0.91 41.0 0.51 0.59
k=1.00 52.8 0.50 0.60
k=118 76.4 0.50 0.58

Calculations show (Table 4.1) that the average thermal resistance of the
stator is Ry = 0.5 °C'W, and case — Ry = 0.61 °C'W-L. Next, the calculated values
of Ry and Ry, at the rated load will be used to determine the heat capacity and
simulate heating processes. During the simulation, it was determined that
Ru = 0.45 °C'W? and C; = 300 J°C™.

The procedure for calculating the casing's thermal resistance and heat
capacity is similar to the stator windings' calculation of Ry; and C,. After creating
the virtual model in the Matlab Simulink environment, the calculated parameters
of the body are Ry = 0.55 °C'W and C, = 800 J-°C*.,
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After determining Ru, Rw, C1, and Cy, a virtual model of the described
second-order heating model was created in the Matlab Simulink environment
(Figure 4.5).

The heating simulation results of the ABB asynchronous electric motor at
nominal load (Figure 4.6) show that the proposed second-order heating model
provides good accuracy between the simulation and experimental results. The
simulation temperature of the stator windings at the beginning and end of the
heating process is practically the same as the experimental results (the difference
is less than 1 °C), but in the middle of the heating process, the largest difference
is 3.4 °C (Figure 4.10). The difference between the body temperature simulation
and experiment results is around 3 °C in the middle of the heating process and
1 °C at the end.
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4.5. fig. Virtual model of the second-order heating model of ABB induction
motor in Matlab Simulink
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4.6. fig. Simulation results of ABB induction motor heating model at rated
load:
1 — simulation results of the temperature of the stator windings; 2 — the results of the
stator winding temperature experiment; 3 — results of body temperature simulation;
4 — results of the body temperature

4.2. Estimating the stator winding temperature of induction
motor by heating model and rotation frequency

Estimating the temperature of the stator windings of induction motors
using the heating model and rotation frequency takes place in two stages. In the
first stage, the temperature of the stator windings is estimated according to the
heating model. The input parameters for calculating power losses are the RMS
of the stator current I, measured during the motor's operation, and the active
resistance Rs of the stator winding at a temperature of 25 °C (Figure 4.7). The
stator resistance is corrected depending on the temperature of the stator winding.
The input parameters for calculating the temperature 0; of the stator windings are
the thermal resistance of the stator Ry, the heat capacity of the stator windings
C1, the ambient temperature 6y, and the body temperature 8¢. To calculate the
body temperature 0 — Stator thermal resistance Ry, body thermal resistance Ry,
body heat capacity C,, and stator winding temperature 6:.
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4.7. fig. Block diagram for estimating the temperature of the stator

windings of induction motor by the heating model and rotation frequency:
1 — heating model flowchart; 2 — stator winding temperature change calculation
flowchart by rotational frequency change

In the second stage, after a specific time, the temperature change of the
stator windings is calculated by the rotation frequency change. It is added to the
value of the temperature of the stator windings calculated in the first stage. For
the considered 1.1 kW ABB induction motor, this time is 8 minutes, and it was
determined from heating experiments of the electric motor at different cooling
conditions and corrected during the simulation.

4.3. Modelling the stator winding temperature of induction
motor by heating model and rotation frequency

The heating process of the stator windings of the 1.1 kW ABB induction
motor was simulated using the previously described method in the Matlab
Simulink environment and compared with the experimental results at the
following loads and cooling conditions — at rated load k = 1 without cooling
disturbances, the maximum difference between the simulation results of the
temperature of the stator windings and the experimental results is 1.5 °C (see
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Figure 4.8). After reaching the stationary temperature without cooling
disturbances and blocking the air ventilation of the electric motor, the difference
between the simulation and experimental results at the beginning of the heating
transition process increases, reaching 4 °C. At the end of the electric engine
heating transition, the difference between the simulation and experimental results
decreases to 1 °C. Such a differential change after the occurrence of a cooling
disturbance is caused by the difference in heating inertia between the rotor and
the stator.
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4.8. fig. Simulation of the stator temperature of induction motor according
to the heating model and rotation frequency at rated load:
1 —results of the stator winding temperature experiment; 2 — results of stator winding
temperature simulation

8, °C

At load k = 0.98 and cooling disturbance (see Fig. 4.9), from the
beginning of the heating process to the end of the heating transition process, the
simulation error does not exceed 2 °C. After 140 min, reaching the stationary
temperature, the cooling of the electric motor was restored, and the motor's
temperature started to decrease. Also, in this situation, there is an error due to the
larger heating inertia of the rotor. The maximum value of the error is almost 7 °C,
10 minutes after the change in cooling conditions. The error then decreases to
1 °C at the end of the transient heating process.
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4.9. fig. Simulation of the stator temperature of induction motor according
to the heating model and rotation frequency at load k = 0.98:
1 - results of the stator winding temperature experiment; 2 — results of stator winding
temperature simulation

In general, at rated and lower loads, the temperature simulation results of
the stator windings of the induction motor have good accuracy, and the
simulation error does not exceed 2.5 °C. As the cooling conditions change, a
larger simulation error occurs due to the larger heating inertia of the rotor,
reaching up to 7 °C. The transition process of electric engine heating at nominal
load lasts long enough for this error to decrease to 1-2 °C. Therefore, sudden
cooling disturbances can cause relatively large errors. However, when the
stationary heating process is reached (perhaps also the critical winding insulation
temperature for B insulation class), this error decreases and is within 1-2 °C.

Therefore, the simulation results confirm the proposed hypothesis that the
temperature of the stator windings of induction motors can be estimated by the
measurements of the rotation frequency of the electric motor for a drive with a
constant load. With the help of an algorithm, this determines the temperature
changes of the stator windings after the rotation frequency changes.
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5. ECONOMIC ASSESSMENT OF IMPLEMENTATION OF
STATOR WINDING TEMPERATURE ESTIMATION
METHOD

5.1. Calculation of the reliability of induction motor

The following quantitative reliability parameters of the exponential
distribution law and its analytical expression (Schniders, 1998) have been used
to analyse the reliability of induction motors:

T, = [P dt= [Je7e - dt= 7, (.1)

where A — failure intensity of motor, h';
t—time, h;
P(t) — probability of failure-free operation;
Ty — average time of failure-free operation, h.

In the studies of the reliability statistics of induction motors, a functional
relationship was obtained that links the failure intensity of electric motor with
the main operation factors - the temperature of the stator windings, the switching
frequency, and the speed of vibrations (Korenenen H.®., Kuznetsov H.JI, 1988):

Mvia = exp — (K+0.135-0 — 6.4 - 107*0* — 1 - 1073f, —
—2.47-1075f, -0 —3.3-1077v- 0% — 8.1 - 10~*v?) , (5.2)

where K — coefficient characterizing the level of reliability achieved during
the design and manufacturing stage of the electric motor (for the latest
electric motors of Western European companies, K =7 +0.2);
Avid — average failure intensity of electric motors, h;
f. — switching frequency, h*?;
v — vibration speed, mms™.

Taking into account load and environmental factors, the actual failure
intensity of electric motors is calculated by the equation (Korenenenm H.D.,
Kysnenos H.JI, 1988):

re = Ky - 0 - Avig, (5.6)

where A — actual failure intensity of electric motors, h™?;
Ky — environmental impact correction factor;
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ax — correction factor according to the load factor of the electric motor.

Calculations of reliability parameters have been made for two situations -
the existing situation, when periodic maintenance and cleaning of electric motors
are not performed, and the situation when a temperature detection solution will
be used. The average failure intensity, the actual failure intensity, and the average
time to failure of the fan asynchronous electric motors at nominal load (a = 1)
and environmental impact correction factor K, = 10 (a lot of dust, aggressive
gases, moisture) are shown in table 5.1.

5.1. table
Results of calculations of reliability parameters
For an existing Situation witlj the_
Parameters S temperature estimation
situation .
device

Tinumu temperatira 6, °C 155 125
Frequency of switching fe, h! 2 2
vibration speed v, mm-s*! 5 5
Failure intensity A, 106 h! 31.1 8.1

average time of failure-free
operation, Tv103 h 82 123

Calculations show that the stator temperature has a significant influence
on the reliability of the fan's induction motors. At the actual stator temperature
of 140 °C, the failure-free operation time is 32108 h or 3.67 years for the
"Bioclimate" fan group. If the actual temperature of the stator is 110 °C, then the
operating time until failure is 3.8 times higher — 14 years (see Fig. 5.1).

160

123:10° h

32:10°h

0
95 105 115 125 135 145 155 165

5.1. fig. Average time of failure-free operation of ABB 1.1 kW induction
motors depending on the temperature of the stator windings
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5.2. Induction motor stator winding temperature estimation
algorithm

The design of the stator temperature measurement algorithm is shown in
Figure 5.2. When the equipment is switched on, the program is launched and the
first step is to enter/check all the necessary parameters — the rated current of the
electric motor, the thermal parameters for the heat model, the temperature of the
surrounding environment, and the temperature limits of the stator. The
temperature of the surrounding environment can be entered if it is constant, but
it would be more accurate to measure the ambient temperature under changing
environmental conditions. If all parameters are entered, then the current will be
measured electric motor is started. After that, for 8 minutes, the temperature of
the stator windings is determined by the heating pattern, and after it, the result of
the simulation is saved. Next, a temperature change is added to the simulation
result, which is calculated after the change in rotational speed. The next step is
to compare the temperature with the set temperature limits. If the result is lower
than 130 °C, the LED (light-emitting diode) shall be illuminated with green color,
if more than 130 °C — the LED shall be illuminated with yellow and, if greater
than 155 °C — red.
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Start of the program

'

Enter the electrical and thermal
technical parameters of the electric
motor, test the operation of the
ambient temperature sensors

Current measurement

!

Is current greater than | No
0A?

#Yes

The electric motor is on.
Estimation of the temperature of the
stator windings of electric motor by

the heating model

!

Is the operation time of | No
the electric motor End of proaram
greater than 8 minutes prog

‘Yes _

T Ne

Calculation of the temperature

change of the stator windingsof | _YES | Is the current greater
electric motors by the change in the | than0 A

rotation speed

!

Is the stator temperature No
greater than 130 °C

#Yes

\

LED color - green

LED color — yellow. The
Is the stator temperature No - electric motor whose
greater than 155 °C | temperature is close to critical
‘Yes is shown on the monitor

LED color — red. The electric
motor whose temperature is
critical or higher is displayed on
the monitor

5.2. fig. Algorithm for estimation of temperature of stator windings of
induction motors



5.3. Economic evaluation of device for estimation temperature
of stator windings of induction motors

NPV (Net Present Value) has been used for the economic analysis of the
current situation and the implementation of the stator winding temperature
detection equipment. NPV method equation (Zizlavsky, 2014):

Ej

NPV =E, + T (5.7)
kur E, — initial investments, EUR;
Ei — cash flow in i — year, EUR;
r —discount rate, 0.05 — 0.15.
0
-1
-2
g .3
11}
Y -4
>
% 5 /11 years
-6
- 6642 EUR
-7
7734 EUR

0 3 6 9 12 15
Operation time, years
5.3. fig. NPV dynamics of fan induction motors operation in chicken coops
over 15 years:
1 — operation of electric motors in existing conditions; 2 - operation of electric motors
with a device for estimating temperature of stator windings

Operating costs and NPV cash flow calculations of induction motors for
both situations in 15 years are shown in Figure 5.3. When introducing the device
for estimating the temperature of the stator windings of 45 induction motors, the
payback period is 11 years, on the condition that the device is introduced at the
beginning of the operation of the electric motors. In the option of implementing
the equipment, the NPV is 6642 EUR, 1092 EUR less than compared to the
current situation. Reliability analysis of induction motors and NPV calculations
confirm that, by introducing a device in chicken houses for estimating the
temperature of the stator winding of the fan induction motors, it is possible to
reduce the operating costs of the electric motors during their span life.
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CONCLUSIONS

1. Experimental studies show that cooling disturbances affect the heating of
induction motors more than small overloads of electric motors. For example, the
experimental results of heating an ABB induction motor with a power of 1.1 kW
show that at an overload k = 1.18 the temperature of the stator windings is 103 °C,
21 °C higher than at the nominal load. The temperature of the stator windings at
load k = 0.98 and with cooling disturbances is 131.5 °C.

2. Results of experimental studies of the heating of the induction motor show a
correlation between the temperature of the stator windings and changes in the
rotation frequency. In the permissible temperature range of the stator winding
insulation, this correlation is linear, and the relationship between the temperature
of the stator windings and the rotation frequency is described by the empirical
equation 0 = a(k)'n + 0, where a is the empirical coefficient that describes the
temperature change of the stator windings as the rotation frequency changes.

3. For amore accurate estimation of the temperature of the stator windings of the
induction motor in the entire working range of the electric motor, the model has
been improved by combining the empirical equation with the developed second-
order heating model of the induction motor.

4. The empirical coefficient a depends on the load of the electric motor. An
exponential equation describes it. For example, for ABB 1.1 kW electric motors,
this equation is a(k) = 114.1.e-3.34-k. With this equation, it is possible to estimate
the temperature change of the stator windings by measuring the rotation
frequency change at different loads of the induction motor.

5. The proposed hypothesis is confirmed that by remote measurement of the
rotation frequency of the electric motor rotor according to a specific algorithm,
it is possible to protect the electric motor stator winding from overheating.

6. The simulation results of the temperature of the stator windings using the
improved model show that at rated and lower loads, the simulation results have
good accuracy, and the simulation error does not exceed 2.5 °C to 7 °C.

7. With the developed model for determining the temperature of the stator
windings of induction motors, it is possible to protect low-power induction
motors from overheating of the stator windings. In the event of various motor
cooling failures, against which circuit breakers cannot provide protection, the use
of temperature sensors is not economically beneficial.

8. By applying the proposed model for estimating the temperature of the stator
windings of induction motors, it is possible to effectively plan the maintenance
of the electric motor and significantly extend the span life of the electric motor.
For example, the reliability simulation of the 1.1 kW ABB induction motor
shows that at a stator temperature of 110 °C, the failure-free operation time is
3.8 times higher than when the stator temperature is 140 °C, which corresponds
to the operating conditions with cooling disturbances.
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9. The cost of implementing the solution for estimating the temperature of the
stator windings of an induction motor, which works according to the developed
algorithm, is 2780 EUR. The NPV analysis shows that the payback time of the
implementation of the given solution is 11 years, compared to the existing
situation, where the overheating protection of the stator windings in case of
cooling disturbances is not provided. Based on the fact that the span life of an
electric motor can be 20 years or more, then the introduction of a device for
estimating the temperature of the stator windings can be an economically
justified solution for the protection of induction motors from overheating of the
stator windings.
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