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Variablefrequency induction motor drives provide a challenge for bearing regreasing
frequency estimation. The current methodology is mostly based on a rough load estimate
and does not take into account the variaggeed andoad effectsThe propoed bearing
thermal model follows the estimated stator temperatseeallowing for a temperatur@nd
speedbased calculation of bearing grease agiiigg model is constructed from temperature
measurements at different load poinfsa 3#kW induction ma&hine. The model can be

applied both in steadgtate and dynamic usage.
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1 I NTRODUCTI ON

1.1 Scopeand outline of this thesis
The goal of this thesis work is to develop a simple, justifiable modehe temperature rise of

bearing in a totally enclsed fanrcooled (TEFC) induction machine, with emphasis on the drive
side (Dside) bearingnaintenance and lifetim&he termalmodel utilizes asimplified stator
thermal networkand availableinformation such as stator current, rotor speed and ambient

tenmperature.

The proposedhermalmodel, which is heavily based on the stator temperature estimagion,
intended to be useful for determining ttemperaturdbasedaging rate inbearing lifetime
calculations The model is constructed using grey box modeleadhniquedrom temperature,
torque, speed and current measuremdits focus is on Sfcontinuous}ype loading in different
cooling conditionsalthough there is some desire for the modelsowork for dynamic loads.

The work consists of the follang chapters:

1 Chapter 1,Introduction gives the necessary background motivation for developing a
thermal and agingmodel for a bearing. The induction motor and its failure modes,
Arrheniusés | aw and its rel at itommonitorindhear i n
methods for the bearing are presented. Finalljnk between the stator ardtive-side
bearing temperature rise is shown and the research probigotheses and research
guestions aréormulated.

1 Chapter 2Induction motorlosses presats thebasicinduction motor lossewith some
considerations of convertéed induction motor losses.

1 Chapter 3,Heat transfer,describes the basic heat transfer methods and presents the
induction motor heat transfeharacteristics

1 Chapter 4Systemdentification providesthe usefil system modelased in this work.

1 Chapter 4, Measuremenis presents the measurement setupeasurement plan
uncertainties and measurement results.

1 Chapters, Model creation andapplication presents the method for creaf the thermal

model A sensitivity analysis iperformed on the steagyate and dynamic performance of
the model The applicability of the model asotested against a dynamic load.
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1 Chapter6, Discussiona brief comparison to previous work is presehkey observations
made during the work are discussed, as are the limitations of the proposed mudel. F
work is suggested.

1 Chapter 7Conclusion the thesis work is summarizadd concluded.

1.2 ABB

ABB, short for ASEA Brown Boveri, is a SwedistBwissmultinational company headquartered

in Zarich, Switzerland ABB operatesnainly in robotics, power, heavy electrical equipment and
automation technologgectors ABB has been a Fortune 5@0mpany for decades and has
operations worldwidehaving over 13200 employees irover a hundredcountries ABB is a
pioneering technology leader that works closely with utilities, industry, transportation and
infrastructure customer(ABB 2019a)

ABB has integrated sustainability into ltssiness anthade itpart of is Next Level Strategsince

year 2014 The aim istocr eat e sustainable value for al |
customers, investors asdciety. ABB aims to be a world leading supplier of innovative, safe and
resource efficient products, systenmsl aervices that help customers increase productivity while
lowering environmental impadtABB 201%)

ABB in Finland

ABB has a strong industrial presence in Finland and its history can be dated back to the operation
of Oy Stromberg Ab, formerFinnish éectromechanical company, later acquired by ASEA.

Factories aréocatedin:

1 Helsinki, Pitagjanmaki (Motors, generators, frequency converters, collaborative production
management and paper machine drive solutions)

1 Helsinki, Hamina, Vuosaari (Azipd® electic propulsion systems)

1 Vaasa (Motors, special transformers, low voltage products and switchgear, power
transmission and distribution systems, distribution protection & control, power generation
systems, turnkey projects for process industry)

1 Porvoo (Wiing accessories)

ABB in Finland has service garages scattered over 20 p(#d&B.2018)

11



1.3 Industrial motivation

The modern worlds heavily dependent on electricitfhe total consumption of electric engrg
consists of converting electric energy to mextfical energy (motors), lightingheating,
communication, information, and othgsage.

Looking at the consumption worldwideis estimated thatlectric mototdriven systems (EMDS)
account between 43 and 46% of all global electricity consumptidhe industrial sectoEMDSs
comprise 69% ofotal electricity(Table1.1). In year 2006, e portions of industrial usage of
motorswere as follows

1 Compressors, 32%
1 Mechanical movement, 30%
1 Pumps. 19%
1 Fans, 19%
Tablel.1. EMDS electricity consumption by sectiWwaide & Brunner2011)
Sector Electricity Portion of all Portion of sector
consumption EMDS electricity  electricity (%)
(TWhlyear) (%)
Industrial 4488 64 69
Commerical 1412 20 38
Residential 948 13 22
Transporiand 260 3 39
agriculture

Most motors in useare small(fractional horsepowerinotors from tiny computer hard drive
motors tohousehold appliances handheld power toolghatdraw less than 0.75 kW of power
ead. Despite being so numeroubkese small motors consumenere9% of the total motor power
consumption. Large motors with rated power >375 kW comprise just 0.03% of all motors in use,
but their power accounts for 23% of total motor consumption-9¥idd notors in between these

two ratings with power ratingsom 0.75 to 375 kW consume 68% thfe total power used by
EMDSG. (Waide & Brunner 2011)

Mostof these miesized motors armassproduced offthe-shelfinduction motorsmost
commonly found in industl applicationsinduction machines account for over 80% of energy
conversion in industrial and commercial sect@yambalapitiya & McLarer1988)

1.3.1 Induction motor

The induction motor, since its invention in the™@entury, hasbeen a staple in indul
applications whiclonly required a single speghlut today with the advances in power electronics,
also in variablespeed application$ts success in industry has been attributed to its ability te self
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start and lacking brushes permanentnagnets.The induction motohas prevaileds areliable,
fault tolerant, cheap to produ@gsilyserviceableand easilydriven maturedechnologylt comes
as nosurprise thathe induction motor iso oftencalledthe workhorse of indust.

In the year 2011herewerean estimated 300 million electric motors in industry, most of which
wereinduction motorsThe demand for electric motonss therat 30 million motors per year and
is expected to increase the future (ABB 2011a)

It is estimated thads effiGency standarsibecomeverstricter, inductionmotors ma only be able
to conform to the standards in medumgh power ranger more than30 kW. Synchronous
reluctance motors have besunggested as magnetfree replacement for induction motofer

applicationsthat donot requie high overloadabilityespecially at lower power leve(&arkkainen
et al 2017).

An oftenusedpackage for induction motors comestre totally endosed farcooled (TEFC)
variant. TEFG-motorsare characterized n enclosuréhat does not allowutside aitinside the
machine protecting it from contamin@n, thus making it suitable for a wide variety of
environmentsA fan, which is often attached to the shafthe non-drive end blows cooling air
over the surface fitted ith coolingfins, cooling the motor dowrextending itdoadability and
lifetime. Motors of this type are manufactured in a multitudeizés andpower rangesdifferent
degree®f serviceability and for application specific purposgsutawayof the TEFC induction
motor is presented iRigurel.1.

Stator winding

Terminal box Cooling fan

Squirrel cage
rotor

Drive side bearing ; Cooling fins

Figurel.l. Induction motor cubut with the central componentgsible, reprintedwith the permissiomnf
ABB. (ABB 2008)
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1.3.2 Induction motor failure modes

|l nduction motorsoé failure ¢ an bdaengs®&entose(2018)t e d
made a review afeveraloften-cited studies by the Electric Power Research Institute (EPRI) that
areoftenused to justify the need to maor the condition of the stator and bearings. According to
the oftencited studies(EPRI 1982a, 1982pbAlbrecht 1987, electric motor failures can be
classifiedinto bearing, statorptor andunclassified categorie¥he oftencitedfailure percentages

for industrial motorsare presented irFigure 1.2. The quoted percentages were specifically for
electric motors used in utility applicationEEE conducted studies 1985and 1987f industrial

and commercial values (IEEE 1985a, 3881987).

B Bearing related Stator related M Rotor related W Other

Figurel.2. Percentage failure byotorcomponenby EPRI study

The EPRI study numbers, however, showed only motors above 15@0skwin utility (power
generation) applicationg\nother studyonducted by Thorsen and Dalva (198&)orted similar
percentges br motors 10 kW and above in petrochemical indus8tudies by IEEE (1985a,
1985b, 1987)on the same subject matteovered industrial and commercial sectors. Failure
percentages of eachajor component and by sector are presemé&igure1.3.

14
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Figurel.3. Motor component failure percentage by sector.

It is evidentfrom Figure 1.3 that mostof the failures happen in the bearinmggardless of sector
followed by stator failure. Reportedly most of the failures could be prevented by frequent
maintenance. lgh-speed machines experienced less failures ovecaipared to lowspeed
machinesbu the proportion of bearing failures in those machines were hig&&E 1985b)

In the studies, it was noted that the most affecting factor on the failures by year depended heavily
on the plantmost of the failures happening in relatively few plantghimbest plants there often

were extendednaintenancestandards that went beyomdmmonindustrial standardIEEE

19853

1.3.3 Reasons forbearing failure

The reasons for bearing failgrare attribueéd to physically, chemically aglectrically induced
failures(Bonnett1993) Most of the failuresn the bearingare related to problems in the lubricant
or a mechanism where the lubricant is involved.

More often bearing failugeresult fromtoo much grease rather than too little oftits typical that
bea i ngs that do not dfailfprereatureliywooldfunetion normatifioraant d e a
long time (Tong2014)

Below, in Tablesl.2to 1.4, the common rasons for bearing failuréailure males and reasons
for premature failure are liste(Lawrie 2001)

15



Tablel.2. Common reasons for bearing failure

Tablel.3. Canmon bearing failure mode:

Reason of bearing failure Percentage  Bearing failure mode Percentage
Incorrect or aged lubricant 22 Corrosion pitting 27
Debris denting/contamination 20
Dirty bearing, coarse particles, o 19 Dimensionaliscrepancies 17
liquid Handlig damage 7
Bearing wear 6
Too much or too little grease 14 Cage 3
Fatigue (surface and subsurface 3
Incorrect alignment 11 origin)
Other 17
Bearing currents/bearing 9
insulation
Vibration from motor or load 8 Tablel.4. Commqn reqscmfor premature
machine bearing failure.

Installation/maintenance failure 7
Manufacturing/dimensioning 6

Consequential damage/other 4

Cause of premature bearing Percentage
failure

Dirt 45.4
Misassembly 12.8
Misalignment 12.6
Insufficient lubrication 114
Overloading 8.1
Corrosion 3.7
Improper journal finish 3.2

Other 2.8

Temperature was found to bestmongfactor for failures, either directly or indirectlyBearing
overheating lowes theviscosity of bearing lubricastandmakes it easier for it to leak out of the
seals High temperature alsaveakenstheb e ar i n g abdity & dosme aubricating film.
Bearing overheating causes bearing material annealing and makes it vulte@diermation.

(Tong2014)

Factorghataffectthebearing temperatutie TEFC induction machineare(Bonnet 1993)

Winding temperature

Thermal circuit of the machine
Oil or grease viscosity

Radial internal clearance

= =4 =88 _49_9_95_4°_-2°

Bearing load, speed, type and size

Lubricant temperature (more of a factor in bearings with oil circulation)

Bearing seals, shields and lubricant type
The amount of grease in the bearing

Environment: ambient conditions and contamination

16



14 Arrheniusdés | aw

The Arrhenius laywnamed in honor of 8wedish scientisBvante Arrheniusis asemiempiric
relationfor the temperature dependence of reaction rates in chemistry. The equation has a vast and
important application in determining the rate of chemical reactionsaladlating their activation
energiesThe equatiortan be used to model mathermdly-induced processes, such as aging of
electronic components, deterioration of winding insulatiobearring grease.

The Arrhenius laws often depicted inraequatiorfor the dimensionles®actionrate constant
of the reaction

0 50— (1.1)

whereA is a dimensionless pixponentiacongant, O is the activation energy of the chemical
procesgin J/mol) "Yis the universal gas constahty@ p {—O) andT is theabsolutdempergure
in K.

For the processes that follaneAr r heni usdé | aw of decay rat e,
every 10 K (in some cases 15 K) of temperature rise, the lifetimé/esd{an some cases reduced
by a factor of 1.5)

This rule of thumb is applied very commonly, but the validity of it is affected by the activation
energy of the chemical process. For example, denote two chemical reaction rate cogfficients
andQ , with different activation energie® ; andOy,, that follow the Arrhenius law:

~ ﬁ |_2
'Q F] 6‘9 ( )

. h
0. ba— (1.3)

Then,we candefine the ratisf andf of thereaction rateand the reaction rate at 10Higher
temperatureo be

T~ . h (1.4
T QY p 1 Q
iy o L4 h
QY o
and
e : i (1.5)
T QY p 1 Q
T, . FI
Qn Y o—

As an example, we may plug' O  ut—, which is the interaction limit between physical

adsorption and chemisorptigRawlak2003) andO  p T +, which isconsidered to be a

17



good approxiratedactivaion energy for most lubrican{Rezasoltani & Khonsa@016),into
the eqations(1.4) and(1.5).

Plottingf A T 1A as a function ofibsoluteemperaturgK) yields the graphs depicted Figure
1.4. Zoneswherep® | ¢&8and1.35¢ p® y10% tolerance of 2 and 1.5 respectively)
are highlighted.

51 | fm b zeme "X
—— Thumb #one 1.5
at
3
e E-| = 50 kJ/maol
2
10 2(H k{11 T il 1] l1] TiH} Ll 1]
Temperature (K)

21

10 m— | humb zone "X

m—Thumb zone 1.5

E_I = 140 kJ/maol

SRTILN

&3
T

10" ' ' ' ' ' '
200 300 400 500 600 700 800

lemperture (K)

Figurel.4. Ratio of reaction rates at a difference of 10 K as a function of temperature.

In Figurel.4 for the lower actiationenergy, thehumb zonéfrom rule of thumbYor the duble
raterests at aroundlY ¢ w ¥ (room temperature) while for thEgher activation energy, that
double ratethumb zone rests a&¥ v 1t For both chemical reactions, the differenceha
reaction sped begin to shiftintothd 1 . 5 t h uvandbowez, louhtieedransition hagms at a
much slower rate than before these thumb zones. Note tHagume 1.4, the yscales are
logarithmic

Often, the Arrhenius equatias shown in the form o&n Arrhenius plof where there is a linear
correlation betweefi 'Q (reaction rateandpZ”’Y

oo . 0 (1.6)
Q@ 10 Yoy
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The Arrhenius plots are presented visuall¥igure1.5, using the example reaction rates and an
arbitrary value of 5 foA.

or
E = 50 kl/mol

E;. = 140 kJ/mol

Sy

90 +

00 . . . . .
3 4 4.5 3 3.5 fy
LT w 107

1 1.5 2 2.5 3 3.

Figurel.5. ExampleArrhenius plos. An arbitraryvalue of 5 forA is used.

The Arrhenius equation, however, does not explain the aging factor etetgpbut is a useful

tool. The Arrhenius plots can be used to estimate the prevalence of the chemical reactions taking
place, which then have different effects on the aging pro€ssain chemical reactions may
dominate the aging process in different temperature rangdsh affet¢s the aging factor and
makes evaluating it more difficult.
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1.5 Bearing lifetime

Each bearing has a limited service life. Factors tleterminethe lifetime include bearing
rotational speed, external loads, clearances, lubrication condition (formationrmhtbfilm,
contamination) lubricant type, operating condition (temperature, vibration, corrosive
environment) bearing type and size, bearing material, fitting condition, manufacturing process
installation and shaft misalignmeit.ong 2014)

The beamg lifetime is often stated with a statistitcased meter of reliability, where a certain
percentage of bearings begin to show signs of failure, after a certain number of revolutions or duty
hours, given that the bearing is maintained and lubricated fpyopée most common metrics of

this type are the@ and0 lifetimes, meaimg that statistically 10 or 1% of bearings suffer from
fatigue failure(spalling of certain sizejfter the specified timeThe 0 or 0 lifetimes do not
considercontamination, wear, misalignmem improper lubication which may dramatically
reduce the bearing lifetime

Thebasicformulafor basicbearinglife in millions of revolutionsatd reliability is:

O (1.7)
0 -

where'O is therateddynamicloadrating(kN), 'O  is the equivalerdynamicradial load

(kN) andbis a life exponent factor, which is 3 for ball bearings or 10/3 for roller bearings. Equation
(1.7) only considerghe appliedbearingradial load, rated load antlype. The revolutions can be
transformed into operation hours by

. . P (1.8)
U p v ——
H

S

wheren is the inner race (shaft) roianal speed in RPM.

The modern equatiory SKF (2001)with additional factordo determine bearing lifetimat an
arbitrary reliabilityis:

O ; (1.9)

b e)

=

where® is alife adjustment factor for reliability compared @o lifetime and is a life
modification factor that takes into account the lubrication condiflabsicant viscosityatio), the
load level in relation to the bearifafigue load limitand contamination level. White is easily

obtained from tabulated dataaccordance to ISO 28007 (Tablel.5), determiningd is more
complex, having a wide range of values from 0.1 to 50 d#pgron the operating conditions.
can be determined using the calculation taolsharts provided by SK{019)
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Tablel.5. Life adjustment factor for relility in accordance to ISO 281:2007.

Rdiability Failure SKF rating life  Factor

(%) probability W
(%)

90 10 0 1

95 5 0 0.64

99 1 0 0.25

As an example, using the SKF bearing type 6313&0®)lerow deepgroove ball bearing with
increasedadial clearanceysed inthe D-sidebearing therateddynamic load ratingO IS
97.5 kN, the equivalent 1od® j is5kN and the rotational speeds 1500 RPMThe resulting
0 lifetime is:

WRE . i AL (110
0 Uﬂé X T pluET IORION T OOEI
which in operational hours:is
. xTepm . (111)
Ui ompomemn- WOTET

Thus, the basio lifetime for the6313/C3bearing i9.4 yeas at a radial load of 5 kNn good
operatingconditions (ideal temperature, frequent and correct relubrication, no contamiftation)
is typically 50, meaning that even for reliability (adjustmenfactor of 0.25), the lifetime of the
bearingwould be over a hundred yedans99% of the bearingddarsh operating conditions can
bring the lifetime down to just a few yea(SKF 2019)

If the bearing is properly maintained, the bearing lifetimainly depends on the lubricatio
guality.

Bearing greaselifetime and relubrication intervals

Bearingmanufacturers often use adified version otheArrhenius equation (based on their own
empirical datajo predict the bearingreasdifetime and provide a standard lifetime fabricants
depending obearing size, speed, working temperature and Badser (1974) presentedradel
for estimating grease life by considering temperature, grease composition, bearing s éestl.
He noted that there was empirical relationshipetweerthetemperaturand grease lifetimand
created a modeéhspired by the Arrhenius equation

N . v (1.12)
[ 1o v -
C v
wherel is the geometric mean greasetlifee in operational houmsithout accounting for speed
or load,u is the temperature factor (often chosen to be 24&6¢dbon observations that grease
life drops by a factor of 1.5 for each 10 K temperature ftiseis the life parameter (having a
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typical value of-2.3andwhich depends on the composition of the gegaandT is the absolute
temperature in K

To considerload and speeddooser developed the equation further and finally came uptkgth
following simplified equation

1 7C @ 2 ' mep (1.13)

whereW includes tabulated data foregrsesspeedpall bearing types, radial loading and specific
dynamic capacity of the ball bearin(@ooser 1974).

Later, thetemperature dependenca grease lifewas studied in different temperature zones
(Booser& Khonsari2010) It wasnotedthat inhot temperatureg@bove 160 °Cyvhere the grease
life is limited by oxidationan additional chemical proceske grease life dropped by hpkr10

K.

. T 1.14
Y
Forwarmtemperatures7Q to 160 °C) the lifetimgas found to drop by a factor of 1.5 per 10 K
as a consequence af loss by evaporation, creep and other physical dissipa

L ToC ca $U ) (1.15)

In Equation(1.15), thel i f e value offd® appliefor a number of premium mineral oil and
synthetic greases usitigickeners suchs lithium hydroxystarate, complex metal soaps and nion
melting polyurea powdersommonly used irelectric machine lubricatior{fKhonsari & Booser
2007)

For normal industrial temperatures (40 to 7Qt6¢ usage of bearing manufacturer given lifetime
wassuggestedwhich is usually given a maximum of 800 hours in milc&conditions.

In temperatures lower than 40 °C, where the effects of grease hardening and kigénaedtic
viscosity are in playthe effect on lifetime) is:

£y (1.16)
0%

b 0 ,0

where0d jis the lifetime in normal industrial temperaturgs, s t he gr e&iasnatés b as e
viscosityas a function of temperaiandt ; is the base okinematicviscosity in40°C.

The viscosity can be determined estimatedusing an expression derived from thdalther
equation
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T pm T (1.17)

whereA andB are either supplied by the grease manufacturer or if the kinematic viscosity is known
at two temperatures, by

(1.19)

e

X
TRX

{RP

O
B

]

and
o 1Tdic m™ 61¢ Y (119

Visually, equation8(1.14) to (1.16) effectscan be seem Figurel.6, where 40 000 hours is set as
the standard lifetime.
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Figurel.6. Bearinggreasdaemperature vs. life plot for premium mineral gikase in a ball bearing
(Booser & Khonsari2010)

ABB has listedlubrication intervaldor motorsusing thed principleat abearingtemperature of
80°C for low voltage process performance mot&B8B recommendselubrication at the midpoint
of the calculatedreasdifetime. Converterfed motors orlew motors with heavy loads should be

relubricatedmore frequently.(ABB 2017)

The lubrication intervanhformationfor motors fitted withball bearingsising lower power bound
valueshas been adapted Figurel.7.
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Figurel.7. Lubricationintervals in duty hours for ball bearings as a function of IEC frame size and speed
(RPM) usirg lower bound powerange values

In Figurel.7 it can be noted that the recommended lubrication interval depends on the frame size
and peed Higher power mtors in the same frame size require more frequent lubric@roitted

from the figure).Motors with larger frames and output power, higher speeds all require more
frequent ldorication ofthe bearings. Tabulated data for different feagsizes, speedand rated
powerareavailable h AppendixB for motors equipped with either badir roller bearings.
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1.6 Bearing condition monitoring methods

Given bearingso6 criticality 1 nbeihgnhdsubgednmwella |
motivated to avoid catastrophic failuréhereare severabeaing condition monitoring schemes
most of which require sensoré collection of these schemes along with their major advantages
and disadvantages presented ifable1.6.

Table1.6. Bearing condition monitoring schemé&houet al. 2007)

Monitoring Major advantage Major disadvantage

scheme

Vibration Reliable, standardized, Expersive, intrusive, subject to
monitoring (Related standard: ISO1081 sensor failures

Chemical Directly monitoring the Limited to bearings with closed
analysis bearing and its oil/grease loop oil supply system, speciali:

knowledge required

Extra Temperature  Standad available in some Embedded temperature detectc
sensor  measurement industries (Related standard required other factors may
required IEEE 841) cause the same temperature ris
Acoustic High signatto-noise ratio Sensor required, specialist
emission knowledge required
(ultrasonic
frequency)
Sound Easy to measure Background noise must be
measurement shielded
(audio
frequency)
Laser Alternative way to measure Laser sensor required, difficult
displacement bearing vibration to implement
measurement

Sensor  Stator current Inexpensive, nointrusive, Sometimes low signdb-noise
less monitoring easy to implement ratio, still in development stage

In Table 1.6, most of the bearing condition monitoring method=sjuire externasensors The
problem with manymethods isa highcost or complexitywhich isuneconomical for a fleet of
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small or midsizedmotors.The costof installation, operation and maintenarafea condition
monitoring sensoand related cablingnay be so high that thegxceed that of the motaiself.
(Yokogawa 2019)

Research orstator signal analysishas resulted in sophisticated frequency convettes can
determineissuesbased on wrent signals in both timeand frequency domai(M. El Hachemi
Benbouzid 2000 Rajagopalanet al 2007; Akin et al 2008; DuquePerez et al 2012;
Siyambalapitiya &McLaren 1988) Stator current analysis metho@ong with inexpensive
wirelessy connectedensorshat carsimplybeinsertedo n t h e mecah praventtherwised e
catastrophic failure due tocreasedibration am temperatureise The power in using a multitude

of inexpensivemethods is that they can credseck each otheto detectpotentialfailuresand
compensate for each @etherds weaknesses or f ai

1.7 Stator protection and relation of bearing temperature to stator
temperature

One of the greatest ' i miting factors for I n
temperaturelf the winding becomes too hot, the heas an adverse effect on its insulatidbhe

insulatiord s p usriofkeestiee windingurns from shortingThe insulation isnade of materials

that do not condudieat well nor can tolerate heating above a certain temperhikeebearings

and their lubricants, stator windimgsulation also adheres to Arrhenius law gleemial reactions

that deteriorate it over timénsulations are given standard IEC thermalassification, the most

common of which are listed ifablel.7.

Tablel.7. A selectiorof insulation thermal classes.

Insulation class Ambient Rated Hot spot Hot spot
temperature temperature rise allowance K) temperature°C)
(K)
105 A%) 40 60 5 105
130 B*) 40 80 10 130
155 ) 40 105 10 155
180 H*) 40 125 15 180

* Qutdateddesigration.

Therefore,temperature monitoringf the statorwinding has been a cornerstone of motor
protectionand extension a$tator windingnsulation life.To keept he st at or 6s t empe
rising too high,different protection methodsave beerdevisal. Temperature determination

methods include direct measurement of temperaturg embedded sensors, or sensorless
techniques such a@sermalmodels oparaméer-based estimation. Microcontroldeased thermal

relays with a simple thermal model still repratthe stat®f-the-art protection for motors without

embedded thermal sensoffisaraget al. 1994 Gao 2006)

Protection againsthortterm thermal stress such as frequent starting or heavy overloading, or
long-term stress such as Bfe continuous loadg are accounted for at a varying degrke
addition, to extend winding insulation life, class5insulation may b treated as if it were class
130.
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With so much emphasis on stator windiaugd bearingemperatee maitoring and protection
methodsjt has been empiricallgotedthat the Dside bearing temperaturise follows the stator
winding temperaturesetypically ata fraction of50 to 75%n TEFC motors(Baldor2015)

In this work, nitial investigations intdA BB 6 s  gamdhpeoceas| performee TEFCinduction

motor test report6ABB 2018b)seened to suggest that bearinps t e mper at imthat r i s e
rangeof stator temperature riseasgood rule of thumb indeekoldingtrue for a wide variety of

cast ironand aluminunframe TEFCinduction motors of varying size, power and IEC efficiency
classThe test reporthowever, list the temperature rise only for the nonopatating poinfrated

load and speedyith asinusoidal suppl The ratio of temperature rise ofédde bearing and stator
windingalong with key figures is presentedTiable1.8, and the data points wiluminum frame

motors highlighted arpresented ifrigurel1.8.

Tablel.8. Sttistical key figures foABB test report data.

IEC Frame size 112 132 160 180 200 225 250 280 315 355
Average—/—  0.64 0.58 0.49 0.55 0.58 0.63 0.61 0.66 0.63 0.65

Meandeviation 0.08 0.11 0.09 0.06 0.04 0.04 0.06 0.08 0.9 0.10
of —/—

Sample size 7 12 19 20 21 21 17 16 27 20

0.9 ® Cast-ron frame
© Aluminum frame o

100 150 200 250 300 350
IEC frame size
Figurel.8. The ratio of Dive-side(D) bearingand stator temperature rise as a function of frame size,
special notice to frame material.

In Figure1.8, one can notice the average ratio of theife bearing and stator temperature rises
—/— hovering around the value of O\Whether the frame is made of aluminum or -¢ast does
not seem to affect—/—, although aluminum frames typically rugtightly cooler because of
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alumi numbés bett er h édowerio thersinallertframe isizey but bédgmeto r at |
rise and settletowards a value as the frame size incredsegeneral, thenean deviatiorseems
quite largetowards thesmaller and larger frame sizes, around 0.1

Severaluncertaintyfactors that affect trse test report numbers are that while the test temperature
measurements are done according to a standard, the standard itself allows for a more and less strict
measurement procedure, and that thereansoccasional human mistake of inserting the
temperatue instead otemperature risénto the test report data, increasing the vayyécally by

20 to 25 K.Looking furtherinto Figure 1.8, one might ask if there is a relation to the number of

pole pais, efficiency (IE rating) or ratel power within the same frame sjzes they affect the

thermal behavior of the machine, thus may affect the ratie—~ Comparison by the pe-pair

number, IE rating anchted outpupowerare presented ihablesl.9and1.10

Tablel.9. The key figures to the-/— across the differerftamesizes, grouped byole pair numbep.

p=1 Framesize 112 132 160 180 200 225 250 280 315 355

Average 0.71 0.66 0.44 048 0.56 0.60 0.62 0.66 0.63 0.68
——

Mean 0.00 0.00 0.07 0.04 0.05 0.02 0.07 0.08 0.06 0.13
devation of
——

Sample size 1 1 10 5 10 5 7 5 9 6

p=2 Framesize 112 132 160 180 200 225 250 280 315 355

Average 0.61 052 0.61 0.56 0.55 0.62 0.59 0.66 0.63 0.59
——

Mean 0.15 0.10 0.06 0.05 0.03 0.05 0.04 0.07 0.13 0.12
deviation of
——

Sample size 3 4 3 10 3 10 5 6 11 6

p=3 Framesize 112 132 160 180 200 225 250 280 315 355
Average 0.62 0.65 0.52 0.60 0.61 0.68 0.61 067 0.65 0.67
——

Mean 0.00 0.00 0.08 0.04 0.04 0.03 0.06 0.09 0.08 0.05
deviation of
——

Sample size 1 2 6 5 8 6 5 5 8 8
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In Tablel1.9, we can see thamean deviation is the smallest at the 1sized frame$180 to 250)
regardless othe pole-pair numberwhile for smaller and larger frame sizbe mean deviation is
typically larger (sample size permittirig draw such conclusiopsThe average valudper frame
size)from Table1.9 are shown \gually inFigure1.9.

0.75
0.7 © le pai
° 2 8 R2=0.2627 ® 1| pole pair
0.65 e T & R2=0.0679 5 .
.................. g pole pairs
0.6 | s R R =0.1621
| O A OO \ B ® 3 pole pairs
]T ......
035 11 [ | [ e Lmear (1 pole pair)
°
0.5 . Linear (2 pole pairs)
0.45 ® e Linear (3 pole pairs)
0.4

100 150 200 250 300 350

IEC Frame size

Figurel.9. Ratio of Dside bearing temperature rise and stator temperature rise as a function of frame size
with the pole pair number as a parameter.

The number of poles does not affect tigerageratio of —/— significantlyin the casemotors
with pole pairs of 1 and. For notors with 3 pole pairghe average valuder —/—arelarger on
averageThere is a questionabliew value br R?) trend for the ratie—/—to rise as a function of
theframe sizeThe data points in all pole number cases foatusterthat hovers around the value
of 0.6.A conclusion can be drawn that pole pair number does not affect the ratiocaighyfi

Grouped by efficiency rating including IE1, IE2 and IE&fficiency ratingsthe key figures are
listed inTable1.10 and the data points are showrFigurel.10.
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Tablel.10. The ratio of test report motors by efficiency rating.

Efficiency IE1 IE2 IE3
class

Average 0.56 0.58 0.67
——

Mean 0.04 0.081 0.081

deviation
of —/—
Sample 29 69 40
size
1
e El
0.9
1E2 o
0.8
o [E3 o
< 0.7 ! O Average % 0.67
[a]
~
0.6
0.56 O 0.58 s
0.5 °®
] °
0.4 g ¢
0.3

Figurel.10. Ratio of Dbearing and stator temperature rise by efficiency class.

In the key figuresanddata points presentehble 1.10 andFigure 1.10, it can be seen that the
average values d@fficiency ratingdE1 and IE2 are very close to each other (0.56 and 0.58), but
the average value foE3 is alittle higher at 0.67. While the mean deviation of the rati—is
around 0.08, theverall variance (judging frorRigure1.10) is quite high.

Finally, groupingoy the frame sizes and as a function of rated output power, the data points are
presented ifrigurel.11.
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Figurel.11. Ratio of Dbearing and stator temperature rise as a function of rated output power, grouped
by different frame sizeand linear fitting withR?-value computed.

In Figurel.11, one can observe that in most cabesratio—f—on averagedoes novarygreatly
despiterelatively large output power differenciessome of the frame sizelm theframe size 132

it is apparent that the sample size is too low to neadem a rough justification for theend line

In all cases it is dubious to draw conclusions on the effect of rated output power on the ratio.

Overall, there is estatisticaland observable linkage betwedhe D-side bearing and stator
temperature risthat does nasignificantlydepem onthemotor framematerial,motor frame size,
pole-pair numberefficiencyor rated output power
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1.8 Researchproblem, hypotheses, researchjuestionsand utility of this
work

The bearing temperatyrspeed and loadinggve been established to Ipeincipal factordor the
lifetime of the lubricanaind bearig. Therealso exists a statistical linkage between thesibe
bearing and stator temperature rise

Research problem

Shortly, the research problem isdsing condition monitoring in converttgd machines. What
components nie up this problem can be listed as follows:

1 Currentcommon industriamethods for relubricatiofrequencyare based mostly on time
and for singulaestimatedspeedsand loadsForconverterfed variable speedpplicatiors,
the current guidelines for 1greasing periodre notgoodenough they could be reflected
by usage that could be tracked by the frequency converter itself

1 Converterfed machines experiensgnificantlyhigher temperaturgbhan DOL (direct on
line) machinesn the electromagneticallgctive parts, which is reflected as an increased
temperature rise in the motordéds other part:
As higher temperatures cause accelerated agiting lubricantthis mustbe accounted for
in the bearing tengrature estimation aridetime calculation.

1 Direct temperature measurement is not economically feasible for smaller and medium
sized machinesA way to use sensorless methods is highly desirédsleeconomial
reasonsA way to estimate thbearingtempeature from another known attribute would
go a long way fotiming maintenance to causaly aminimum amount of downtime.

To make theesearciproblem more easily approachalitee following hypotheses are presented:

Hypothesisl:

The ratio of the bearg and stator temperature rise/— either stays constant or varies in a
predictable manneas a function ospeed and loath TEFC IMs If the stator temperature is
known, the bearing temperature can be derived from it.

Hypothesis II:

As there $ apresumedinkage in between stator temperature and-€debearing temperaturé
may be possible to utilize a stator thermal model to estimate the bearing tempeassunaing
that Hypothesis | is true.

Hypothesislll :
The model can also be apmito the Mn-drive-end (Nside)bearing.

To provide a solution to the research problem and to provide amswvéhne hypotheses, the
following research questiosse presented:
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Research questioni:

Does the ratio—/—stay constanbr vary in a predictive manndor a single machineover
different speedsloads andcooling conditios? If the cooling conditions are changed, does it
change, and if it does, by how much?

Research questioril :

Does the bearingransientthermal behavior follow the statotransientthermal behavioin a
constant or predictablgay?Is the resulting dynamic model simple and accurate?

Research questionill :
Repeat the research questidfik but for theN-bearing.

Utility of thi s work

Induction motortherma behavior has been researchedensivelyand both analytic and finite
elemenimethodand computational fluid dynamibased modelsave been formulatetiowever,
bearing temperaturgsually has not been focus in those mod& nor have they studied the stator
bearingtemperatureelationship in detail.

Of course, he model angneasurements done in this warkl probablynot work és i$for all
motordrive setupsnot everwith motors of the same type and s@perating onditions obviously
differ from plant to planeind there are many variables in the real world that desmow in a
laboratory setp.

If the hypotheses prove to be corrandsome rough conclusisrtan bedrawnfrom the simple

model,the information came usefullong with current test report ddta proliferating a bearing
thermal model for otheFEFC motorsThe measurements maittegeneralcan be used to verify
thermal models created out of motor design data.
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2 | NDUCTMARHI NOSSERD HEAT SIFEARN

The temperature rise of bearings is mostly caused by heat transfer from the electrically active parts,
the rotor and stator. Therefore, it is important to have some idea of the losses, their in¢he
machine, and how the heat from the logsmssfer to the bearings.

As the induction machine is not colegely efficient in converting electrical energy into
mechanical energy, losses are bound to odte efficiency- of an electrical machine converting
electricalpowerv into mechanicapowerv is:

6 0 2.1)

2

2
3

0 0 0

The loss componend, |, creates heat withithe volumewnhere the losses occWhen losses are
createl in avolume there is an increase in energyhe volumdhat manifests itself as an increase
in temperature within theolume The increase in temperaturgK) is dependent on the amount

of heatQ (J), thevolumed s speci fi ® _oh ara its massngkg)c i t y
0 (2.2

—_— -

wa

The differences in temperature within the machine create the potential for heat transfer not only
within the machine, but also between the hiae and the ambiénEventually the losses will all
disperse into the ambient.

2.1 Induction machine losses

There are several types of losses and their prevalence varies as a function of speed, load and
temperatureThe induction machine losses can be classified by eitherltoation or by their
electromagnetic origin, but most common classification is a combination of these two:
fundamental electromagnetic loss components are segregated, and the harmonic components are
lumped into additional losses. The mechanical lossdsmed into friction and windage losses.

A summary of the classification of losses is presentdcbie2.1.
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Table2.1. A summary of the classification of induction motor lossedrkainen2015).

Classification | Losses in stator and rotor Losses in magnetic circuit | Mechanical

by location ina | windings core materials losses of

motor the motor

Classification Fundamental | Harmonic Harmonic | Fundamental

by winding winding iron losses| iron losses

electromagnetic| losses losses

origin

Commonly used Winding Additional load losses Iron losses Friction

classification losses (Strayload losses) and
windage
losses

From a heat transfer perspective, the classification of the loss locatiorensedleas more
important, as heat traveigespective of whetheit was produced by fundamental or harmonic
losses. When comparing the thermal behavior of sinusoidal and corfedrterachines, the
distinction of fundamental losses from harmonic losses asenuseful, assuming that both
machines have similar fundamental loss profilese effect on losses by using a frequency
converter is that more additional losses are creajealtage and current time harmonics, and in
the specific case of runnirg50 @ 60 Hzmachine atts rated speeth field weakeningbecause

of the convertdy properties

To understand théundamentalloss production mechanisms in the induction machine, the
equivalent electrical circuit of the induction motor provides simgkplarations for the
transformation of electrical energy into kinetic energy and occulossgs Figure2.1).

[

E Oag Y

L

Y p i

Rl
C:

2
L*LJKJ <

Figure2.1. Induction motor equivalent electrical cirguibtorreferred to stator

In the equivalent circuit depictediigure2.1, currentflows into the stator winding (creatidgule
losses in the winding), magnetizes the core (credbisges in the core) and inducesurrent in
the robr side (creating losses in the rotor). The current depends on the load, whichaséiptes

s, which in the equivalent circuit decreases the valsipidependent resistanee—. From the
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mechanical energy created, friction and windiagses are subtracted beforéngally gets turned

into useful work.In the equivalent circuit, it is important to note that the referred rotor current
flows through the stator as well so thiaé stator current is the sum of magnetizing current and
referred rotor currentlt is assumed that the rotor core loss is miniatadteadystate operation,
although with frequency convertethere are additional time harmonics induced in the.rdtos

fact also changes slightly the locations where significasekare generated.

2.1.1 Winding losses

Thewinding osses are resistive | osses manifesting
which are the stator and rotor winding$ie windings are constructed with a highly conductive

material, such as coppfstator windings) or aluminum (commonly used as the rotor cage winding
material). Currenin the statoris needed to create magnetic flux arouhd windings, which

induces a current in tr@ippingrotor, which then creates its own magnetic flux, creadirfigrce

tensor in the air gap, which rotates the rotor and creates useful work.

The windinglossesO  (copper lossesh the conductoare proportional to the product of the
resistance of the conductor and the square of the current flowing thifwigbriductothrough
Joule heating

0 YO (2.3)

Time harmonics in the current waveform complidhiegs as the resistance is dependent on the

time derivative of the current waveform (slaffect). Assuming that the current signal consists of

the fundamental wave and its harmonics, the effective resistance for each harmonic component
can be calcul ated. According to Parseval s t h
frequency dmain and that the resistive losses can be represented as a superposition of losses at
each frequency of the current spectrum:

(2.4)
0 Y O YO

WhereY , O are the zerdrequency resistance and current, and ‘O are the AC resistance

and RMS current at harmonic frequerscidhe resistance needs to be determined for each
frequency, and the exact value depends on the geometries and material of the conductor and its
surrounding material

As theresigivity of conductive materials increasas a function of temperatunesigive losses
are thus temperature dependent, usually linearly so:

Y Y p | VY (2.5)
WhereY () is the resistance at some arbitrary temperature, often at room temperature or 20 °C,

| (p¥+ is the temperature coefficient of resistance & (K) is the diference between
temperature and reference temperatuseially 20°C

36



To define thawinding losses in an induction motor, it is useful to first describe the phase current
(heresmeans percent slipot the complex variabke=j¥) using the equivalent ciodt from Figure
2.1.

o} S (2.6)
& . Yi EO0f VI 0 VI 00,
Y EUq Y E orf Y E O

This phase current creates a voltage drop across the primary impe¥andgé (0 so the stator
induced voltage on the rotor referred to stator is

Y Y O QY E O (2.7)

The magnetizing curremer phaseés:

Y .. 10 (2.8)
Assuming that the voltagérop across the statmesistance and leakage reactaice K is small
and does not fluctuate greathgcause ofemperature or load, the magnetizing curdenstays

approximately constant

The referredotor currentper phasés:

. Y Y (2.9)
% @

vy o 2L g
Thestator winding loss is expressedtlas sum of resistive winding losses in the three phases:

0 5 o©2Y JG (2.10)

The phase current can be replaced by the equivalent line current:

N “ 211
Vo
Coh YOG (212
The rotorwinding lossesare:
0 5 ofYO ofY Q O (2.13)
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which is equal to (sing line current valugs

. L "Or, 214
O 5 oty —C?'_ ‘h_ ( )
o o
Ch YOG Y'Q 'Of Y 'Oy, (2.15)

What can be noted from the stator antbr fundamentaivinding losses is that they both can be
expressed as a function of line current squdre.14) and(2.15) the magnetizing currei® has
to be estimatedrhemagnetizing currerdoes not take part into rotor winding losses.

If the voltage source is nesinusoidal, it createBme-harmonic currents that cause additional
winding losses. Harmonics have a greater effect on rotor wihdimgs s es because, fr
point of view, thefrequencyis much greater. Th®tor slip with respect to a higfrequency stator
harmonicapproaches p as the harmonic number rises, making the harmonic losses almost
independent from rotor speed. Because rotor bars typically have much biggesectassal areas,

the skin effect is more pronouncékhe harmonic currents then see a much higher rasestan

the rotor side.

2.1.2 Iron losses

The ironlosses happen in the magnetic (high permeability) material in the machine, in the parts
through which te magnetic flux travels to fornthe magnetic circuitThe iron lossesare
traditionally dividedinto hysteesis losses and eddy current losgglesdan modéel Eddy current
losses are further categorized into classical and excess.losses

The totaliron losses can bexpressed as the sumezfch power loss component:
0 O 0 0 (2.16)

Hysteresis losses come from rotating the magnetic donmaitise core materialThe energy
required to change the magnetic field direction depends on how much tmeagpretic fieldags
the applied fieldwhich forms a hysteresis loop when plottedil coordinatesThe areaof the
hysteresis loofs directly proportional to the energy consumed during one oytlieh is assumed
to be constant or increasing only vdityle as a function of frequencywhen practical motor
frequencies are considerékhe power loss is then proportional to the frequeamay the peak of
themagnetic field densitfrom 1.5" to 2.5" power.

Eddy current losses are a resistive loss cause@ changing magnetic field in a conductive
medium proportionalto frequency squared and peak of magnetic field density squared.

Excess losses arassociated with interactions with the external magnetic field and local

inhomogeneousountetfields creaed by eddy current§heexcess losseare proportional to the
frequency and peak magnetic field density to the power of 1.5
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Togetherjf the waveforms are sinusoid#he iron losses can be described as:

0 VB3 8 QVQ6 0 Q86 8 (2.17)

Foran iron lossmodel thatconsidersionsinusoidal waveform@Manyage & Pillay 2007)

Ay 8 2.18)
w8 8 P A p AC L
0 Q% 0, R R R o M
where .
. 0 ,
0 L (2.19)
CA
and 3
. Q (2.20)
Q - 8
NCA

so that with sinusoiddlux waveforms(2.18) revertshackto (2.17). While the expression if2.17)

is wellagreed upon for sinusoidal flux waveforms &2d8) produced good results where it was
testedManyage & Pillay 2007)the usage of loss expressions that relgi®/dt for nonsinusoidal
waveforms are riacompletely agred upon(Belkasim 2008; Popesai al 2010)

The iron losses areften assumed to stay constant at a certain frequeanogily unaffected by
load.Analytically, as the flux is affected by voltage and increased loads increase the voltage drop,
the fundametal iron losses lower as a function of lo&&EM-simulations of a 3kW induction
machinehave shown significant positive load-dependencéor the iron losseshat include the
excess and eddyurrent lossegAarniovuoriet al 2016)
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2.1.3 Friction and windage losses

Friction and windage lossessult fromfriction in the bearings anoh the moving air inside and
outside the motor.

Friction and windage loss@s generalareproportionaleitherto the secondLipo 2018)or third
(Souseet al 1992)powerof speed which is dependent aimne summation othe bearing losses
and windage losseA.compromise that is utilized in the calculation of friction and windage losses
in standard IEC tests is by approximating the dependence on speed by a powkoof 208 oad
speed to rated load spe@HC 2014).

Hence, depending on the macharel its operationathe friction and windage losslation is

~

o © (2.21)
The significance of theittion and windage logends to rise with machine size goalver.

Bearing losses

Every surfacenwhich there is a sliding contact, contributes to tiifmal losses thatre created
in the bearing. Theontact surfaceshere such sliding happens are biearingracewaysthecage
for the rolling element, the seal (if the bearing has such) and the lubidaah all contribute to
the overall frictiontorque The bearindriction torque and the lossegpend on the bearing load,
shaft rotabnal speed, bearing dimensio@d materigl roughness of rolling elements and
raceways, lubricant condition ardbricant propertiesThe SKF model for bearing ftional
torqueis:

YUY Y Y Y (2.22)

where

“Y: total bearing frictionatorque(Typically Nmm, newtormillimetres,

“Y: rolling frictional torque

“Y: sliding frictionaltorque

“Y :frictional torqueof sealsand

“Y :frictional torqueof drag losses, churning, splashes and related fluid action.

The calculation of these friction&rquesdepends on the bearing type, material, size aad |
(radial and axial)lubricant characteristics and rotational speed.

Graphically,the bearing frictionalorqueas a function of speed looks like the followifkjgure
2.2).
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Figure2.2. Bearing frictionakorqueas a function of rotational speegtiuding lubrication mode¢SKF
2019)

In Figure2.2 thefrictional torque at a standstill and very low speeddiigh as only the asperities

are arrying the load. As speed is gained, a lubricating film is formed, beginning to carry the load,
reducing frictional torque considerablyhe mixedlubrication mode still contains some metial

metal contagtbutin full film lubrication, the sliding surfaes ar e fisur fi ngo on
metatto-metal contact is minimizedAs the speed increases, the viscous losses of the lubricant
increase. As the losses heat up the lubricant, the viscosity is lowered, emginihg losses at

higher speeds.

The kearing lossed (W) can then be expressed: by

0 p8tup 1Y (2.23

where"Y is the total frictional torque in Nmiandn is the rotational speed in RPNhe frictional

torquecan be especially high right after relubrication, up to two or four titlmesormal value,
before the new lubricant sets ifhe increased frictional torquecreagsthe bearinglosses and
cau® an elevated temperature rise in the bearing

Windage losses

Windage losses in an induction motor are due to surrounding fluid resisting n8diarretcage
induction motors typically havea numberof radial fans oneoutside the motorattached to the
shaft m the Nside two inside the motor, fixed tihe endrings The purpose of thexternalfan
is to provide cooling air flow over the motor frame, while ithiernalfansfixed totheendrings
are to distribute the heat more evenly within the machine.

Fortheexternalradial fan, the windage loss is

A (2.24)
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where— is the moved fluid volume ir-, & is the aerodynamic resistance—'ng, which depends

on thefluid pathgeometry and flu propertis, and— is the energetic efficiency of the fdhthe
moved fluid volume is directly proportional to the fan speed, the losses for the outside fan are
cubic as a function of speed.

For the nternalfans(attached to the rotor entdhgs),since the air flow forms a circuit inside the
motor, the aerodynamic resistangds closer to Qbutthe energetic efficiency also approaches
0. An experimental resuftom this (Dabala2001)is thatthe sum of bearing and internal fasses
is a secondlegree functiof speedvith aquadratic andinear term The internal and outside fan
losses, bsed on the measurement datase a relationship roughly approximated as

. - € -
0y O S (2.25)

g h

whered ; ,0 ; are the internal aneixternalwindagelosses respectively, is the bearing loss

ande T¢ is the speed ratidn (2.25), it is assumedhat the number of ternalrotor fans is

two and that the outside fan is not considerably large, else the outside fan would certainly dominate
the friction and windage lossasd make theveralld  relationshipcubic to speed

2.1.4 Additional load losses

Additionalloadlossesd  (or strayload lossesinclude losses that are hard to explainhatt re
not conventional losse$he additonal lossesnight include the time harmonic losses from
winding and iron losses. The additional loss amount is typi©aBto 2% oftotal input powein
squirrel cage motor€onverterfed machines tend to have a greater amount of additional load
lossesbecause of thBme-harmonic content in the voltage and current wavefgRyrhénen,
Jokinen & Hrabovco§2014)

Thesources for adtional load losses include the followin@en & Landa 1990)

Eddy current loss in the stator coppera result of thslot leakage flux

Loss in the motor end structuras a result of thend leakage flux
High-frequency rotor and stator surface losas®a result otoothtip leakage flux
Tooth pulsation and rotor copper lossssa result afooth-tip leakage flux

Rotor copper lossess a result ofirculating currets induced by the leakage flux
Iron losses with skewed motaas a result o$kewleakagelux

=4 =4 =4 -4 -8 -9

Additional losses are proportional to the square of the load current and to the power of 1.5 of the
frequency

0 o "0OQ8 (2.26)
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2.2 Induction motor heat transfer

Thermal networksf TEFC induction machines, varying in complexity, have been investigated by
Kylander (1991), Melloet al (1991), Bogliettiet al (2003).The thermal networks emerged from
these are reasonably accurate given that the geometry and material propekinesver. Most of

the complexity and disagreement come from the convection heat transfer problems of different
surfaces.

Conduction is the most significant method of heat transfer inside the machine between the solid
metal parts. Some of the heat transfeough the akigap between the stator and rotor is through
conduction and some cooling of the machine is provided by the flaBgavection is the main
method of heat dissipation into the ambiantl forms a significant portion of heat transfer inside

the machineRadiant heat transfer is small, and therefore it is ignorédyumre2.3.

| I
— A T - A
‘ 4 ' e i 0 A
«—J AR
N« . —
He— |
| B2 ¥ W |
i 1 \
4 J N
= Inlet/cooling air flow
———— Conduction heat transfer

_) Convection heat transfer

Figure2.3. Axial crosssection of a TEFC induction motor with heat transfer paths.

In Figure2.3, one can identify several major conductive and convective heat transfer paths. The
conductive paths are from stator to frame, and from rotor to bearings. The major convective paths
are from frame to ambient (forced & naturahneection) and from rotor to stator (@ap heat
transfer). In addition, there are other heat transfer paths, such as convective heat transfer of the
internal air and the parts that it is contact with, conduction through the flange and heat transfer
from the frame to bearings.

It is commonly assumed that in lgpower induction motors running at rated speed, 65% of the
rotor losses pass through the stator via thgair by a combination of conduction and convection,
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20% are transferred to the internalnfiby convection via internal air and 15% are transferred to
the bearings by conduction through the shaft. There is a presumption that in this treatment, stator
losses are all passed to the frame. (Boldea & Nasar 2002).

However, if the speed is loweredhen the thermal behavior of the induction machine changes
because of the reduced fluid movement, affecting convective heat transfer and above percentages
may not be used as.

2.2.1 Conduction heat transfer
Suppose that you have twarfacesat different tempetures connected by a conducting medium.
The heat flow— from the higher temperature surface to the other is

(2.27)

| &
-<| <
<

where'Y s thethermal resistancandY"Yis the temperature difference between the surféaes
samesized surfaces

‘ o (2.29)
Y J—
=Y

wherel is the distance between the two surfaces,the conductive heat transfer coefficient and
Sis the surface area.

For induction machines and rotatiatgctrical machines in general, cylindrical surfaaed heat
flux pathsare common. The conductive thermal resistance in that case is

A

i (229

1

Y

CAQ

>

wherei Fi is the ratio of outer and inner radiusis the conductive heat transfer coefficient and
lis the cylinderos axial | ength.

In Table2.2, the relevant thermaklated qualities of selected materials are presented.
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Table2.2. Thermalrelated attributesf common induction machine materiaksroom tempeature, most
of the values fronfPyrhoneret al.2014).

Material ~ Thermal Specific Density Electrical
conductivity heat " resistivity
_ capacity Ed "
77T+d c md pm
[kJ/(kgSt)]
Copper 394 0.385 8960 1.75
Aluminum 209 0.896 2700 2.8
Castiron 4046 0.5 7300 10
Carbon 45 0.465 7800 14-18
steel
(0.5%)
Electrical 22-40 (in 0.460.6 7700 2550
steel direction of
lamingion)

0.6 (normal to

lamination)
Bearing 20 0.46 7830 2
steel
(100Crg
Air 0.025 1 1.2
Insulation 0.2-1.2 1-2

Thermal conductivity of metals tends to lower as a function of temperature, while for gases and
insulators it énds to riseln Figure 2.4, the variation in thermal conductivity for various solid
materials, mostly metalgs shown.
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Figure2.4. Thermal conductivity as a function of temperatfor various solid material¥he temperature
area of interest (300 to 450 K) is highlighted, as it is a relevant temperatge=for electrical machines.
(Incropera & DeWit2002)

In Figure2.4 it can be sen that, in the teperature area of interest, neither aluminmuwncopper
doesnot vary in thermal conduction significantly. Iron and stainless steel both show significant
changes in opposite directiol@Zast iron(not shown irFigure2.4) is known b have lower thermal
conductvities of 0.54 (at 100 °C) and 0.51 (at 200 “CY | O3+ according to Shelton (1934).

All in all, the thermal conductivities of materials of interest stay relatively constant in the
temperature range of interest.

2.2.2 Convection heattransfer

Convection heat transfer consists of two mechanisms: diffusion of fluid molecules and bulk motion
of the fluid. The most common case when speaking of convection heat transfer is between a solid
objectds surface and that of the surrounding

Convection can be classified as either forced convection, where the fluid is moved forcefully (eg.
with a fan or pump), or natural convection, where the fluid moves by buoyancy. Both forced and
natural convection can be present in convection heat transfer

The rate equation for convective heat transfer regardless of heat transfas:mode
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AD :
-— | YY Y (230

wheredQ/dt is heat transfer rate (WJY and”Y are surfae and fluid temperatures (K)
respectively, and is the film coefficient [W/(mi)], which is dependent on the boundary layer
geometry, fluid motion characteristics and other properties.

The thermal resistance for convective surfaces is

p (2.3))

wherg is the convective film coefficient arfdlis the surface area. Typical values|foare given

in Table2.3.

Table2.3. Typical values for film coefficient in convective heat transfer.

Process Film coefficient
| [W/(m?K)]

Natural convection 5-25

Forced convection, gas 25-250

Forced convection, liquid 50-20 000

Convection with phase chan¢ 2500100 000
(boiling and condnsation)

Analytic solving of convective heat transfer problems often consists of determining the equivalent
geometry of the transfer surface and utilizempirical correlation number® determine the
effective film coefficient

Mapping o u t the convective sectionsd behavior as
Ky | a n(@999)identificationofalsk W machi neds heatTalleed.kaxf er co
clarity, nonspeed variableand parametersave beerlumped together anceplaced with(,

wheren=1, 2, 3
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Table2.4. Convectiveheat transfer interface changiea small induction machiret different speeds.

Interface Range of heat Speed relation
transfer coeffie@nt]|
from 25 to 100%

speed
7¥0 O
Average frame to ambient  20to 60 | O @ 8
Rotor to stator via aigap 25(laminar)to 100 "Y¢& G
(turbulent) 06 Y8 WY 8
| Q0o
Rotor to internal air 65 to 150 | o 8
Internal air to bearingend  40to 75 | o 8
shield
Bearing(endshield to D-side:30to 55 | w o 8
ambient N-side: & to 170 | o o 8
Endwindings to internal air 25 to & | o o 8
Shaft to internal air 8to 20 YQ @7
06 @YQS
| w0 o

In Table2.4 can be noticed that the convection coefficiehtlifferent interfaces variesby a
factor of2-4 in between slow (25%) and rated (100%) speed.

The walues used toalculatethe interfaceheat transfer coefficientsther than the framambient
were:

Rotational speed = 40to 157 rad/g375 to 1500 RPM)
average akigap radiud =02m,

air-gaplength p i,

kinematicviscosityt =p o&p nm —at 60°C
dynamic viscosity = p&p 1 —at 60°C,

fluid density” p8t ¢— at 60°C

OENABREOO mtd and

fluid conductivity _ T8t G B
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Using the values presentedTiable2.4 is questionable because the exattrnalgeometries of
the test machine were not giveeome values for are incredibly geometrgependentsuch as
the ar-gap length for determining its Taylor number

2.2.3 Radiation heat transfer

Unlike conduction and convection, radiation heat transfer requires no physical medium, as it
operates through electromagnetism; thermal radiation is infrared radiation. Everyvatijeat

finite temperature emits infrared through black body radiation, and the energy being radiated is
proportional to the fourth power of absolute temperature and the direction of this radtation

two enclosed grey surfaces, the rate equation foatiadiheat transfer is:

QY Y (2.32

P -k p P -k
v VO Yo

B &

where- i, -  arethe relative emissivis of the two surfaces™Q is the Boltzmann constant
( 5. 68WANE K "Y,"Y arethe surface arsa’'Q> is the view factor from surface 1 to surface
2, and Y, "Y are the absolute temperatures of the two surfades.change foheat in(2.32) is
from surface 1, which is negative if the temperature of surface 1 is higher than surface 2.

For heat transfer purposes, even though gases do emit and absorb thermal radiation, because the
density of gases is\g they can for all practical purposes be considered transparent (transmissivity
= 1). Most liquids can be considered opaque (transmissivity = 0) excluding special cases.

Radiation heat transfer is ignored in this work, as it is minor compatée tathe forms of heat
transfer Radiation forms a significant portion of heat transfer method at high temperature
differences or when convective heat transfer is weak (e.g. by natural convection only).

3 SYSTEM | DENTINFI CATI O

System identification is the art ofeating mathematical models of dynamic systems based on
measurement data. Often, the goal is to make the simplest model that still describes the system at
an acceptable @uracy linearizing as much as possibMethods for creating models include
statisti@l methods and optimal design of experiments. Previous knowledge of the system can help
with the method selection and model creation (grey box modeling).

A system can be considered linear if its outputs are in a set proportion to its inputs, and time
invariant if its properties do not change over tirn@ear timeinvariant (LTI) systems are simpler
to madeland they are realizable in transfer functiohgieneric transfer functio®(s)is described
by a ratio of two polynomials with real coefficients:
Wi O o E o i o i (3.1)
E &

"Oi — -
o i p Wi | Wi
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Wherey(s) is the output of the system(s)is the input to the systems = j¥ is the complex
variable,mis the numerator polynomial ordeo,s are the numerator polynomial coefficients,
is the denominator polynomial order aid¢ are the denominator polynomial coefficients.

The order of the system is diatdtbyn. For a transfer function to be proper,On, and strictly

proper ifm < n. Strictly proper systems will converge to zero as frequency approaches infinity,
which holds true for the vast majority of physical proces$és. roots of the numerator and
denominator are called zeros and poles respectively, and they determine the dynamic properties of
the transfer function.

3.1 First-order thermal model of the induction machine
A strictly propeffirst-order system is governed by the transfer function

Wi @ (3.2)
6i p i

Oi

If we sets= 0, then:

P (3.3)

on —
0]

We get the steadstate gain for the system, whiisexpressed witl«.

In (3.2) there are no zerobyt there ione polewhich is

i P (3.9
R
We can restructur€3.2) using(3.3) and(3.4):
. 0 (3.5)
Wi i)
ol i P
)
If we rearrang€3.2) a step inpud i - with zero initial valuesn the systemthen:
' (3.6)
" 0 ()
Wi T S—p
)
which has the inverse Laplace transform of
(3.7)

wo vop QT
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Normally & is replaced witht, which is the time constant of the firstder system

If we take out the input from (3.7) at the moment whergt) = Ku, so that is has the initial value
of Ku, we consider theansfer function tde fedwith an impulse funton of u(s) =u:

0
Wi 00— (38
p i T
whoseinverse Laplace transforms:
ho 060" (3.9)

which is the mirror shape ¢8.7) in termsof —. In fact, no matter how complex the linear network

is, this holds trudt is important to note that in linear systems, the output is always the sum of the
zero-initial value responsand the response with initial values due to the superposition principle.

Consider the firsbrder thermal networllepictedn Figure3.1.

QHIOIGF

Pt =—Ctn Rty

~ tgiref = ambient

Figure3.1. Firstorder thermal networknodelling the motor heat transfer

In Figure3.1the premise isimple lossesare injected intéhe machinevhichacts as one big lump
of effective thermamass (capacitancajansfering heat to the ambient/lone thermal resistance,
mostlyconsisting otombinedconductiveand convectivéeat transfer from thi@ner active parts

to the motor surfacandconvective heat transfés the ambientThe transfer function for this first
order network is

— i Y (3.10)

0 i p Y O i

Where0 is the total lossn the machine or at least the most dominant obes:0 (additional
loadlosses included)— Is thegeneralized motor temperature (stator temperatdre)is the
ambient temperatureormalized to O (so that we are dealing with temperature, fige)is the
thermal resistandeom the mototo ambientandd is the thermal capacitance oéthmotor and
together they form the time constant 'Y 0 for the thermal networkFirst-order thermal
networks arecommaly used inindustry for estimating the motor winding temperatusnd
usually thermakesistance and capacitance are loosalyed on the motor design dataking
conservative approaches
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To make the firsbrder model more accurateje segregatéhe losses into winding losses
(proportional to the square of the curreariyl core lossgassumed to be constant at one frequency
but changes as a function of frequendy)addition, we introducafeedback to the winding losses,
so that they change as a function of temperalure system becomes néinear, but we will soon
see that thisan be linearize

_|_
PFe(S) O f(/—\' RTh O dmoto|(S)

T I+ SRThCTh
12(s)0 %
+ -
+ Y

Figure3.2. First-order thermal network with feedback.

In Figure 3.2, the system is displayed as a system with two ipgutsand"O, and one output,

— . Theplantinthe systemtise same asihigure3.l, a first order ther ma
function. There is a feedback loop to the winding 1089&6 by increasing the electricahase

resistance as a function of temperativete that the thenal resistancey is a different quantity

to the phaseresistanceRs As the winding losses (stator and rotor) are combitieely include

lossesof both the copper windings and aluminuator bars the temperature coefficiemf

resistivity of whichar e di f ferent . The ¥dK fffoerr ecnocpepkefos asnnda |3l
aluminum, so the accuracy will nstiffer considerablyThe temperatures for stator and rotor are

also correlad in practiceso they can be lunegl together.

The transferdnction for the system depictedkigure3.2 is:

, Y (3.12)

— p Y QY

6 i YOoi , YIYO p
Y o

It is interesting to see th&8.11) still has the same structure as an ordinary-@rder transfer
function despite one of the inputs being affected by feedback and other ofié@&steady state
gain changs as eitherthe basic winding losses or thermal resistance chamagedoes the time
constantAs the winding losses approach zegf@11) becomes more similar (8.10). We may

call the system being linearized at mperating point, that is, when the inpat® step functions.

Assuming a machine wittivo modes of coolingwhereY T3t u+X7 for normal coolingand
Y T8t X 7 for impaired coolingd ¢ mmnIK,Y 1 dl, the time constant as a
function of line current is shown iRigure3.3 for both cooling cases.
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Figure3.3. Effect of line current on firsbrderthermal modekteadystate gain (left) and time constant

(right).

In Figure3.3, assuming that the rated current would be 75 A, the variarsteaufystate gain
andtime constanandwould be negligible atormal cooling conditionsY
T3t 07 T+ below the rated current, but would matteore in overloading conditior{gigher

line current) or where the cooling has been impaired.

Althoughthe underlyinghermal network and loss production in an induction machine is more
complex,thefirst-order model gives the principal mechanics into its thermal beh@viecond
order model that separates the stator and rotor neittesheir own loss sourcesould allow for

a more accuta thermal model, especially at high slip with pronouncéar losses

3.2

Identification of stator time constants

The firstorder induction machine thermal moaeth just one time constaig adequatén most
usecases. In actual operation, however, therglistinct, fast time constant that affects especially
theinitial thermal behavior in the transiefthewinding heats up quickly as the thermal capacity
of the winding is relatively low. The hefibm the windinghas to flow through the winding and
slot insulation before reaching the conghich heats up slowgeventually balancing out with the
external cooling, creating the situation for the long time constant.

If there are two distinct time constantsc#n bestated that one of thdistincttime constants is
dominant The dominant time constaistidentified assuming thaither time constant&ie out
quickly relative to the dominant time constant.

Let usaszime a situation wheran induction motors operatingn a thermaltransient condition,
for example, from a steaestateno-load into a rated load.HE stator temperature over time
(assuming secordrder modetvith long and short time constaptan be characterized by:
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‘ o . (3.12)
—0 — nMAA p QN

Where — 0 is the observedstator temperature rise over timey, is thefinal steadystate
temperature ris of the stator is theproportionality coefficienfweighting factor) orhow much
effecteither time constarttason the final temperature riset ; it 5 are thelong andshorttime
constars respectivelyand—; is the initial temperaterrise value of the statofhe higherp is,
the morethe response looks like a firstder systemThe general structure ¢8.12) is similar to
the one presented in (ABB 2011b).

Over time, as thehorttime constant ;; diesout, the response wilhcreasingly resemble a first
order responsevhich follows thecharacteristi@ifferential equation of

A—0o . (3.13
Th i —0
from whicht j can be solved:
. — —O (3.19)
T A=0o
A0

which, however, requires the final value to be knowhelongtime constant can be determined
from thetime derivative alone by:

(3.15)
e Ao P o
F] = < ﬁ’
AAADEY
o A0 o

which can be used tetermine the final value, in (3.13).

Knowing thelongtime constant makes it easterfind the correct parametgrandt j for (3.12).
The identification can then be done using a method of least squares.

3.3 ldentification of the bearing time constant

The heat transfer path to the bearifiga/s eitherthroughthe frame, motor iternalair or by the

shaft. On the nodrive end bearings, the heat transfer path by the frame is strongly affected by
convective heat transfer established by the coolingTaa.driveend bearing is less affected by
theair flow causedy the cooling fanThe bearing also creates its own losses by friction, but how
much thisaffects themeasuredearing temperaturgdepends on wherde temperature sensor is
physically insertedThe bearing has a complex structin@m a loss creation aneat transfer
standpoint, but if the point of observation is instead the bearing houkawyroblem becomes
simpleras the bearing losses are more easily ignaretithe bearing can be considered to be a
part of theendshield
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It can beassumedhat he bearingemperaturéollows the statotemperaturén some wayhat can
be represented as a lumped moAslthe bearing hsa small heat capaciompared to the active
parts, it could be assumed that the bearing only acts as a follower of thaestgierature but
doesnot act as a significaenergystorageln system tens, whichever transfer functiesmdevised
for the primary, the bearing follows that system witishowntransfer functionKigure3.4).

Stator
temperature
Losses Stator thermal T Bearing Bearing
- model thermal model temperature

Figure3.4. Simplified stator and bearirthermalmodel.

The identification scheme for the bearing is asgig that the stator thermal modet oiathep u t
input to thebearing thermal modddentifying the steadgtategain is done by dividing the bearing
steadystate temperature rise by the stator stestdte temperature rise. The bearing time constant
can be identified with a method of least squares.
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4 MEASUREMENTS

All measurements were carried on akB8V TEFC inductim motor designed for explosive
atmosphere Except for the IEC standard method tests1(2B, sinusoidal supply)all the
measurements were done by driving the motor with an ABB ACS880 frequency converter using
the ABB-variantDirect Torque Control (which eshall call DTC2galgorithmand the focus of the
measurements was on the thermal transient and sstateyvaluesThe 37kW test machine was
connected to wariableload machine by a mechanicabupling Measurement data (phase voltages
and currents, tor torque and speed, temperatures) welleaed using LabVIEVE programs

and connected instrumentation

A multitude of different measurements were done in different coalwgoading condition3.he
most important measurements for the sake of creatthgrmal model were the heat runs

4.1 Measurement setup

The measurement setup corsisbf a testmachine used as a motdoad machineand their
separate frequency convertarsgeasurement devices for speenique temperaturederminatto-
terminalresisances, phase voltageandcurrentsand other electrical data.

The test machineasconnected to the load machine via a common shaft supported by bearings.
The load machinsevas driven by a frequency converter (ACS800) whighs controlled by a

L ab VI E \&gtamprne sensor for torque and rotational speed measurements (HBNv&4 2)
placed on th common shaft. Measurements for electrical quantities in eftie thregphass

was by connecting a power scope (Yokogawa PX80@Opbetween the test machine and it
frequency converter (ACS880)he st machiné eemperatureseremeasuredby inserted PL00
temperature sensoc®nnected to a multimeter (Keithley 2708everalLabVIEWE programs
compiled the dah from each measurement devige a function of time, witing it into a text file
readyfor further analysisThe general view of the measurement setup is presenkégure4.1.
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Figure4.1. Measuremerand tessetup.

Themeasuredwa nt i ti es, i nstruments used to measur e
accuracies are listed rable4.1.

Table4.1. Measured quantities, measuremestionments and their egracies.

Quantity Instrument Accuracy

Voltage Yokogawa PX8000 Power % (0.2% of reading + @% of
Scope range)

Current Yokogawa PX8000 Power =+ (0.2% of reading + @% of
Scope range)

Temperature of stator Keithley 2701 multimeter +0.06 °C

windings, bearings, framand o ) <o cor +(0.30 + 0.005 |t]) °C

inlet air

Stator resistance Keithley 2701 multimeter + (0.01% of reading +

measurement 0.002% of range)

Motor speed HBM T12 + 0.1 rpm

Motor torque HBM T12 +0.03% Nm
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Testmachine and frequency converter

The test mchinewasM3JP 225SMA 4a 37kW, low voltage, insulation class 15%pole, three

phase induction motor especially designed and built for explosive atmosphéres. maesto r 6 s
report is provided in Appendix Alhe frequency converter used was an ACS880a single drive

using a DT@-scheme for control.

Figure4.2. Test motoM3JP 225 SMA 4 (left) and its frequency converter ACS88(right)

Load machineand frequency converter
To provide a variable load to the test motor, the test setup indil@l€B 280SMA 4 a 75kW,

low voltage, insulation class 15&-pole, thregphase induction motor driven by an ACSS88) a
low harmonic single drive frequency convemising a DT@-scheme for control.

Figure4.3. Load motor M3KP 280SMA 4 (left) and its frequency converter, ACSR0Qight).
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Power scope

A Yokogawa PX8000 Precision Power Scope was used to takeevaltaigcurrent
measurements from all three phasesetween the test machine and its frequency converter.
PX8000 was also used to capture voltage and current waveforms

......

.

Figure4.4. Yokogawa PX8000 PrecigidPower Scope.

Resistance and temperature measurement

A Keithley 2701 multimeter was used to measure the resistance of the machine windings as well
as to read the temperature sensorsodo resistanc

Figu.5. Keithley 2701 multimeter.
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Speed and torque measurement

A HBM T12 torque transducer placed in between the test and load machine was used to capture
the rotational speed and torque on the shaft.

KN

Figure4.6. HBM T12 torque transducer.

Temperature sensos

A total of 8 temperature sensors were installed in the motar.temperature sensors were of
Pt100 type The locations for the temperature senseese:

1 3in the stator windingffactory installed)

1 2in the bearindousinggdD- and Nend)

1 2for the motor frame surface (top and right side)
1 1 for the inletair flow

The stator temperature sensors presumalgge installed in the stator end windings, as they
probablyarethe easiest location for them te mstalled The end windings aralso known to be

the hottest part of the stateindings, which makes them critical from the insulation degradation
perspectivelnformation about the exact location for the stator winding temperature sensors could
not beattained.

The bearing temperature sensors were inserted througinthehields as can be seen kigure

4.7. To capture the Mide bearing temperature sensor location, the fan cover had to be removed.
The sensors penetrate ~2 amn the side at an angle of 45 ° into #melshieldand the silicone
coated tip of the sensor is effectively measuring the bearing housing temperature.
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Figure4.7. Temperature sensor locations fobBaing (left) and Nbearing (right).

The emperture sensors for the frame surface were installed on to the top and right side of the
motor. For the top sensor, a hole was drilled for it, but in the case of the side sensor, it was secured
with conductive tap (Figure 4.8). A notable detail about the side temperature measurement

| ocation is that it is one of the recommended
Sensor.

Figure4.8. Motor frame surface temperature sensors for top (left) and right side (right).
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The temperature sensor for measuring motor inlet temperature was taped in front of the fan cover,
suspendeth the air.

Figure4.9. Sensor for measuring motor inlet air temperature.

4.2 Sources of uncertainty

While the used measurement equipmeas accurate, the measurements were subject to both
environmental interference and systematic error, which account for mostwicertainty.

Environmental interference

The laboratory in which the measurements were conducted, was also used for other measurements.
If there was another machinglated to another measurembaing run, it would have an effect in

the ambient tempenate. The event of opening an entry door to the laboratory during wintertime
would have a visible effect on the temperature readidgsther factor is that the measurements

took over a period of six months, which means that both ambient temperature addyhum
changed over time on a macro level towards cooler and drier towards theedatdie humidity

was not measured, but the laboratory air was overall dry most of the time. The recorded ambient
temperature at the end of each measurement is shdvigure4.10.
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Figure4.10. Ambient temperature over the shonth period of measurements.

The motor rested onthermallyconductive, grounded metallic platform, which achsa slight
heat sink extension to the frame, which affects reproducibility of the measurements.

Systematic error

Most of thedistinctruns were ran only once, which medhat theconfidence intervatemains
undetermined. However, the system can be considereainileiteic for all practical purposes and

the sheer number of measurements and the similarity of their results compensate for the lack of
duplicate runs. In the runs that were duplicated, the similags/considered enough.

The standard practice of dititag steadystate temperature kpbservingwhere the temperature
change of 0.5 K per 30 minutes is reached, proved to be a wrong practice when the change in load
was small, in which a change of 0.5 degreesstituted a relatively great part in the transie
Evaluating transientehich had not yet reached their steadyestatl tosituations where the least
squares optimization algorithm would give odd results that were not physically justifiabl

To compensate for unfinished transients, ¢hd state teperature could either be set as a free
variable or be estimated to reduce the number of free variables. For a constant, systematic
approach, it proved to be better to use a percetitaged method supported by estimation to
reduce the amount of systemaéioor. For example, using E(3.3) to approximate the end
temperature from the thermal transient and then evaluating the time constants gave reliable results.
The uncertainty comes from the fact that the procedure was changgekasree was gained.

4.3 Measurements
The measurements whose results are shown in this work consisted of:

IEC standard measurements, to get an idea of the basic loss distribution
Heat runs and transients in a normal cooling condition
Heat runs and transientsan impaired cooling condition
Dynamic load tests, only in impaired cooling condition
Effect of various levels of cooling impairment at a single speed and load

= =4 =4 -8 -9
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4.3.1 |EC standard measurements

The measurement process started with the standard IEC methbd @ have an idea of tHess
distribution in the machine ahe rated load with a sinusoidal supply. The IEC standard
measurement was done at two different frequencies, 50 and 37.5 Hz. In addition to identifying loss
components, the measurement resutisld also be used to compare the temperature rises against

a converteffed machine.

The 21-1B method is a recommended method for tpleased machines up to an output power
of 2 MW. The method consists of three consequent tests: rated load test (to destatonand
rotor losses), load curve test (stlagd losses) and Hoad test (iron and mechanical losses).

The calculations are according to the stand&f@ 600342-1 and the procedure is presented in
detail in the standard itself (IEC 2014) dndK arkkainen(2015.

The measurements were taken at two frequencies: 50 and 37Théfe was no impairment of
coolingfor the IEC standard measurements.

4.3.2 Heat runsin different cooling conditions

The main portion of the measurements lied in the heatatuddferent speed and load torque
points when the machine was fed with a frequency converter. The ma@siet to reach thermal
equilibrium before performing another measurement. In addition to capturing-stedelpoints,

t he mac hi n e Gestbehdvierwasafl intetest, ahunsshe stestdye points were chosen

in a way to capture most of the interesting transients for the purpose of making a dynamic thermal
model for the machine.

Measurements were done in different cooling conditions: nocowing and heavily impaired
cooling, where both the inlet air flow and air flow through the cooling fias reduced by
polyurethane fom filling. Additional measurements were made with intermediate cooling modes,
but these two extreme modes form thé&imi the measurements.

Heat runs in normal cooling conditions

The machinelynamicthermal behavior wasnknown, hence the initial measurement plan focused
on gaining a general idea of how the machine behaves upon changing the speed or load torque.

To test out botithe majorsteadystate values and whether or not the direction of change mattered
significantlyfor the transient performandeg points were selectedsesies, orings, which would

first be traverseth counterclockwisedirectionand thenupon reaching the original point, would

be repeated but clockwise in the reverse direcffogure 4.11). This way, it would be seen
whether the thermal behavior depends on the direction of the change.
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Figure4.11. Ring traversingn the load point matrix.

The measurement plan for the normally cooled machine was mabk 4.2 andFigure4.12).
Eachseries of measuremestrepreserd by a number ¢(b). The measuremesériesl to 3 were
part of the aginal measurement plan, forming rings

It was noted during the first three rings that changes in speed only resulted in uninteresting thermal
transients, hence the following measurahy@an was constructed mostly to capture stesidie

points and transients that result from the change of IBael singular load point {5series) was

later measuredeparatelyas it was deemed as amédrestingoad point

Table4.2. Measurement plan for the normally cooled machine.

Measurement seridsr a normally cooled machine (1, 2, 3, 4, 5)

v

1 2 3 4 5

n@) [T@)] [n@)][T@] [n@®)[T®] [n@)][T®)] [n®) ]| T %)

S || 100| 100 50| 50| | 100] 50| | 100] 25 75| 100
S 90| 100 50| 25| | 100| 75 90| 25
3 90| 50 75| 25 75| 75 90| 75
£ 100| 50 75| 50 75| 50 63| 75
> [ 100] 100 50/ 50| | 100] 50 63| 25
S| 100] 50 75| 50 75| 50 63| 50
= 90| 50 75| 25 75| 75 25| 50
90| 100 50 25| | 100] 75 25| 25
100/ 100| | 50%| 50| | 100] 50 25| 75
25| 50
25| 63
25| 75
50| 75
90| 75
v 25| 75

The measurement series presentebaile4.2 is shown visually irFigure4.12.
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Figure4.12. Measurement poingnd transitionsf the normally cooled machingesented graphically

Each measurement ring, path or point would be first started from an ambienAsttite.steady

stateis reached, waveforms of phase voltages and curvemitd be taken. The change of speed

and torque state would only be made after the steady state had been.raatheend of each
measurement ring/path, the machine was let to cool down by using the load machine to spin the
rotor and fan, with the ideaf capturing information abouhe motorcooling characteristics and
beari ngs 0 o0 wsecontrdoumipndtwastnoted ¢hat the bearings did not contribute a
significant temperature rise in a cold machine

Heavily impaired cooling heat run measurenents

It is common for TEFC motors to operate monoptimal cooling conditionssuch as in
environmentsvhere it is covered by pulp in paper manufacturing facilitiBg blocking 75% of
the inlet air flow entrance and filling in between cooling finstantbp and sides with polyurethane
foam cut from a&ommoncamping mattress, the cooling capability of the motor sigsificantly
impaired Figure4.13).
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Figure4.13. Test motor wih impaired cooling.

With this cooling impairment setup presentedHigure 4.13, to reach the same amount of
temperature rise the statoras with the motor with normal cooling, thead had to be set up at

roughly 80% of nominaldad atther at ed speed. This 80% of nomin
nominal point, from which new load point®0, 40 and 60%)ould be derived.

Asnoted earlier, because ttiganges in the speed proved to be uninterekimgansient behavior
the measrement plan for impaired cooling was focused on transients upon load changes at
singular speedd’ hemeasurement plan for impaired cooling measurements is listeabia4.3.

Table4.3. Measurement plan fdreavilyimpaired cooling.

5 Load torque of ratedhd
S| T®) T (%) T (%) T (%) T (%)
= n=100% n=90% n=75% n=50% n=25%
2 80 40 80 80 40
© 88 20 40 40 20
§ 40 60 88 88 60
2] 80 20 20
60 60 60

Themeasurement plan presented able4.3 is shown graphically ifrigure4.14.
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Figure4.14. Measurement plan for impaired coolimggraphical form

The measrements for impaired cooling included a slight overloading (compared to the 80% of
nominal load) of 10%The measurements for tlead points a®0%rated speediere not initially
made, but later added as its importance was identified. Overloadingmwitesd for 90%of rated
speedalthough it could have proved to be an interesting point.

In retrospect, deriving the new load points (60, 40 and 20% load torque) was a bad idea, as the
load points could then not be directly compared with the ones in noowolahg. This was partly

fixed during dynamic load measurements where the initial steady @@ataad 75%jvere
comparable to the ones taken in normal cooling conditions.

4.3.3 Dynamic load measurements

So far measurements had been made only with loadingethalted in a steady state. To test out
machine operatiowith a dynamic load, an intermittent cycle was used, where there were
subsequen® minutes of overloading and 24 minutes of lower loadiageating until a dynamic
steady state had been achievElde dynamic load measurements were done only on the heavily
impaired cooling condition.

Two types of dynamic load were used at speeds of 100, 90, 75, 50 and 25%. These are shown in

Table4.4.
Table4.4. Dynamic measurement pairs.

Overloading period Lower loading period
Loading pair 1 6 minutes of 100% load 24 minutes of 75% load
Loading pair 2 6 minutes of 125% load 24 minutes of 50% load

The dynamic load measurement plan is sheisnally in Figure4.15.
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Figure4.15. Dynamic load points in graphical form.

4.3.4 Effect of different levelsimpairment methods on the motor part temperatures

The motor cooling abilitywvas impaired in the following ways: blocking the inlet air flow and
blocking the path between the cooling fins. To see the relative effect of air blocking, the cooling
i mpairment set up gradaaflyatid single sppeo €©0%) dnd lwad dordd@/f)

point Thesteadystate temperatures were takerthe following cooling impairment conditions
listed inTable4.5.

Table4.5. Different cooling conditions.

Level of Description

cooling

impairment

A 75% of inlet air blockage and fin blockage
between albf thecooling fins

B 75% of inlet air blockage arwlockage inhalf
the cooling fins

C 75% of inlet air blockage and no fin blockac

D 50% of inlet air blockage and riim blockage

E Normal cooling without any impairment
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4.4 Measurement results
In this section, theneasuremenesults(mostly minimally processe@ye shown.

4.4.1 IEC loss segregation test

In the IECtest, the different losses (stator and rotor coppeess®n losses, friction and windage
losses and additional load losse®resegregated with the IEC standard .t&$te efficiencywas
determined by the subtraction of input power withltdsses Theefficiencydeterminedrom the

IEC loss segregation ried was compared with the inptdutput methodln Table 4.6, the
segregated losses, electrical and mechanical powers, and efficiencies calculated with either the
segregated losses or by the inputput method arshown

Table4.6. Loss componenind efficiencydetermined from IEC method at &d 37.8Hz, rounded to
the neareswatt

Attribute Output Output
frequency frequency
37.5Hz 50Hz

0 k(W) 855 871
0 k(W) 519 519
0 (W) 428 586
0 (W) 38 102
0 (W) 316 431
0 (W) 2156 2507
0§ (W) 29886 39664

0 5 (W) 27595 37738

Segregation

method 92.8 93.7
efficiency (%)
Inputoutput  92.3 93.2
efficiency (%)

In Table4.6 can be seen that with a sinusoidal supply, stator and rotor copper losses stay very
much the sameegardless of frequencit a higherfrequency the friction and windage losses are

higher, as are iron losses and additional load losses. The total losses are higher at the higher speed,
but the machine operates slightly more efficiently overBtiere is a 0.5% difference in the
efficiency calculation of segregated method and wquiputmethod with thesegregatiomethod

showing a higher efficiency.
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4.4.2 Comparison of sinusoidal versus converteffed machine

As the IEC lossegregatiortest was made at two frequency points, 37.5 and 50 Hz at rated load,

it was interesting to see the difface between a direct dme and convertefed machine. The
machine was let to reach the thermal equilibrium in all cases. The frequency and fundamental
voltage values were not exactly the same, as the converter had slip compensation enabled, which
increagd both frequency and voltage fundamental value.

The electrical and mechanical values for the comparison areilhsiedble4.7.

Table4.7. Electrical and mechanicahlue comparison at operation paititoutput frequency &7.5and
50 Hzand full load.

37.5Hz 50 Hz
Attribute Sinusoidal Converter Sinusoidal Converter
source source source source
Line voltage 300 302.4 400 375
fundamental
(V, RMS
Line current 68.5 69.3 68.5 72.9
(A, RMS)
Power factor 0.84 0.85 0.85 0.86
fundamental
Output 375 38 50 50.56
frequency (Hz)
Speed (RPM) 1104.5 1117.9 1479.6 1491.267
Torque (Nm) 238.6 240.1 238.6 239.759
Slip (%) 1.98 1.93 1.36 1.68

Because of fieldveakening (375 vs 400 V), the converted machine shows a noticeably
higher current at the output frequency of 5Q biat otherwise the values are close to each other
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Table4.8. Efficiency and loss comparisat 37.5 and 50 Hz

37.5Hz 50 Hz
Attribute Sinusoidal Converter Sinusoidal Converter
source source source source
Input 29886 30840 39664 40665
power (W)
Loss (W) 2156 2731 2507 3200
Efficiency 928 91.1 937 92.1

(%)

In Table4.8 the convertefed losses and calculated efficiency are calculated by the cuppiit
method, but the sinusoidal source losses and efficiency are by the loss segregationTiethod.
converteffed notor shows a 1.6 to 1.7% efficiency drop compared to the motor connected to a
sinusoidal source.

Comparisosbetween sinusoidal and converted temperaturase of motor parts atvo different
frequencies are presentedliables4.9and4.10

Table4.9. Temperature rise comparison at rated load and output frequency of 37.5 Hz.

Machine Sinusoidall Converer | Relative| Absolute
part 37.5Hz |38.0Hz |increasel increase
temperature 300 V 302.4V | (%) (K)

rise 68.5 A 69.3 A

Stator(K) | 77.4 909 17.4 135
D-bearing | 44.2 52.7 19.2 8.5

(K)

N-bearing | 15.7 18.9 204 3.2

(K)

Frame side 43.4 50.5 16.4 7.1

(K)

Frame top 28.3 334 18.0 51

(K)

Ambient 25.3 21.9

temperatire

C)
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Table4.10. Temperature rise comparison at rated load and output frequency of 37.5 Hz

Motor part| Sinusoidal:| Converter:| Relatve | Absolute
temperaturg 50 Hz 50.56 Hz | increase| increase
rise 400 V 375V (%) (K)
68.5 A 72.9 A
Stator(K) | 78.1 91.2 16.8 13.1
D-bearing | 45.4 52.8 16.3 7.4
(K)
N-bearing | 14.6 17.4 19.2 2.8
(K)
Frame side 42.8 48.9 14.3 6.1
(K)
Frame top 27.4 31.1 13.5 3.7
(K)
Ambient 25.2 24.4
temperature

A temperatureise increase of 2@5 degrees on theonvertesf e d  mstatooat tie sated load
was expected. Thabsolutencrease in temperatustoodquite constant despite the ndinearity
caused by the field weakening.

4.4.3 Steadystateelectrical and performancevalues

The steadystate values fothe RMS fundamental voltage and current, percent slip, output
fundamental frequency, efficiency and losaese determined for the whadpeed andload point
range.

In the case of normal cooling, all measurements vaerntin a thermal steadyate.Only in the

case of impaired cooling, the values for load torques of 125 and 100%, which were not thermally
safe, were instead taken at the highest temperature point available.
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The RMS fundamental voltagedetermined front he v ol t age \sapnresertendinmbés F
Figure4.16.

Fundamental voltage, normal cooling Fundamental voltage, impaired cooling 400
125 ¢ 125 ¢
350
2
100 300 @
=
-~ 250
= 750 E
9 200 E
=) =
5 63f =
= 150 2
50 =
=~
100 %’J
257 50
' ' ‘ ‘ A 0
25 50 63 75 90 100
Speed (%) Speed (%)

Figure4.16. Fundamental voltages a function of speed and lgarmal cooling (left) and impaired
cooling (right).In therightmost image, the values above 88% torque arsreothermakteadystate but
are included in the image.

In Figure4.16 the applied fundamental voltage changes in a linear fashion from minimum speed
towards the maximum speéethe applied fundamental voltage is increased slightly as a function

of load to compensate for increased winding resistance and voltageAttbp.rated speed, the
voltage is reduced as load is increased. There is some erratic voltage behavior inatfedimp
cooling modewith the voltage showing higher values for measurements taken during the dynamic
load tests (load torques 50, 75, 100 and 125%). The exact reason for this is unknown, but it is
suspected that it might have something to do with adjustgdéncy converter settings in between

the measuremenggfecting the applied voltage

Comparing the differende voltagebetween the two cooling modes)derimpaired cooling and
rated (100%) speed, the fundamental voltage is increased sligiathy ndiceable at higher load
torque Elsewhere, the fundamental voltage does not differ much.

Themeasuredine current(RMS) is shown inFigure4.17.
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Figure4.17. Line current (RMS) aa function of rated speed and load torquamal cooling (left) and
impaired cooling (right)

In Figure4.17 the line current is mostly dictated by load torque. The applied current does not
change stingly as a function of spee@nly when field weakening is active (100% speed) there
is a noticeable increase in current at higher loads.

The fundamental outpufrequency was obtained thrdudaking the FFT othe fundamental

frequency from the line current waveform. The fundamenigbutfrequency is shown ifigure
4.18.
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Figure4.18. Fundamental output frequency as a function of rated speed and load torque, normal cooling
(left) and impaired cooling (right
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In Figure4.18 can be seen that the output fundamental frequency changes mostly linearly as a
function of speed, as expected. The effect of slip compensation is also visible, as higher loads
cause a larger slip, thus neediniguayer output frequency to compensateititreased slip. The
output fundamental frequency is not affected by the impairment of cooling.

The slip, calculated by the difference of stipeed and zerslip-speedoutput frequency divided
by the pole pair nmber) is presented iRkigure4.19.
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Figure4.19. Slip as a function of speed and lpadrmal cooling (left) and impaired cooling (right).the
rightmost image, the values ab®82% torque are ndtom a thermakteadystate but are included in the
image.

In Figure 4.19 the slip shows to increase as load increases and as speed decreases, showing
exceptionally high values at low speeds and high load torque.

The efficiency calculated by the inpatitput methoqcomparing electrical input power to output
mechanical poweiis shown inFigure4.20.
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Efficiency, normal cooling Efficiency, impaired cooling
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Figure4.20. Steadystate &iciency as a function of speed and lgatbrmal cooling (left) and impaired
cooling (right).In the rightmost image, the values above 88% torque athermhalsteadystate butare
included in the image.

In Figure4.20 can be seen that théghest efficiency is attainattarthe rated speed and moderate
load. The efficiency isot affected by the cooling impairment in abviouslynoticeable way.

The losses, derived from the efficiermyd input powerare presented iRigure4.21.
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Figure4.21. Lossesas a function of speed and loadrmal cooling (left) and impaired cooling (right).
the rightmost image, the values above 88% torque ath@whalsteadystatebut are included in the
image.
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In Figure 4.21, like efficiency, the losses stay quite similar despite ttooling impairment
affecting the motor temperature

The power factqgrcalculated by dividing theweasuredeal power by appant powerjs presented
in Figure4.22.
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Figure4.22. Power factoas a function of speed and lgabrmal cooling (left) and impaired cooling
(right). In the rightmost image, thalues above 88% torque are not stesidye but are included in the
image.

In Figure4.22 the power factor changesnly as a function of load torque. The value for power
factor does not change significantly in the different mardeooling.
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4.4.4 Steadystate temperature rise of motor parts

The temperature rise maps at different load points are shown for the stator windingd, Nbside
bearings and the frame side and top. The shown values here are strictly taken in a thermal steady
state.

The stator winding temperaturigeis shown inFigure4.23.
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Figure4.23. Seadystate sator temperature rise as a function of speed and load torque, normal cooling
(left) and impaired cooling (right).

In Figure4.23 the stator temperature rise is mostly a factor of load torque, although minor speed
dependent behavior can be seen. The sdepdndency of stator temperature rise is higher in the
cag of impaired cooling at low loadin@0% torque) and mediumgh loading (75% and 80%
torque). The speed dependscare opposite for the low and medtaigh loadings: for the low
loading, the temperature rise is higher as a function of speed, whileforediurshigh loading,

the temperature rise is higher at lower speeds.

The D-side bearing temperature rise is showFRigure4.24.
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Figure4.24.SteadystateD-side bearing tempature rise as a function of rated speed and load torque,
normal cooling (left) and impaired cooling (right).

As in the case of stator temperature rise, th&de bearing temperature rise depends mostly on
load torque, minorly affected by speed. A notatliféerence between the normal and impaired
cooling modes can be obseryeden up to almost 20 K of difference in high load torque points.

The Nside bearing temperature rise is showFRigure4.25.
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Figure4.25. N-side bearing temperature rise as a function of rated speed and load torque, normal cooling
(left) and impaired cooling (right).
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The speediependency of Mide bearing temperature rise is observeligure 4.25. Impaired
cooling mode has a visible effect on the temperature bisiein terms of absolute increase, it is
small. The measured-dlde bearing temperature rise was low to begin with because of the cooling
fanbs ef.fectiveness

The frane side temperature rise is showrkigure4.26.
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Figure4.26. Frame side temperature rise as a function of rated speed and load torque, normal cooling
(left) and impaired coolingright).

In Figure 4.26 the frame side temperature rise is mostly a function of load torque. The effect of
cooling impairment is very noticeablgth temperature rise differencesug to 30 K
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The frametop temperature risies shownin Figure4.27.
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Figure4.27. Frametop temperature rise as a function of rated speed and load torque, normal cooling (left)
and impaired cooling (right).

In Figure4.27 theframe top temperature riskepends on load torque and spe@doling
impairment removes most of the speed dependdrimdifference in temperature rise is very
noticeableof up t020 K.
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4.4.5 Dynamic load temperature rise characteristis

The average values of the temperaturesegletermined by taking the average value of one
cycle in the period where the temperature response repeats itsglfaicdynamic steady state
The minimum and maximum values are the minimum and maximum \afltlesdynamic
steadystate cycle. The results areTiable4.11.

Table4.11. Dynamic load measurement general temperatseevalues.

Statorwinding D-side | N-side | Frame| Frame
bearing | bearing | side top
Dynamic load | Max. Min. Avg. | Avg. Avg. Avg. | Avg.
measurement | — — — — — — —
number(speed
in RPM)
751 100% | 1 (1500) 934 875 894 |56.3 21.6 67.7 |45.6
load
torque 2 (1350) 93.2 87.7 895 |555 22.4 68.2 | 48.5
3(1125) 96.0 90.2 920 |56.6 24.7 69.8 | 504
4 (750) 100.6 945 96.6 |58.8 30.2 69.3 |54.2
5(375) 106.2 100.0 102.0|58.7 40.8 72.3 |60.0
501 125% | 6 (1500) 90.3 73.1 78.7 |50.0 19.0 57.7 |42.2
load
torque 7 (1350) 875 715 766 (484 19.1 56.1 |41.6
8(1125) 89.2 727 779 |48.7 20.9 56.6 |42.4
9 (750) 93.0 753 811 |495 25.1 585 |45.3
10(375) 959 77.7 83.7 |48.7 328 59.7 |48.7

In Table4.11, the average stator winding temperature rises slightly as speed is reduced and is
dependent on the loading style. Thesibe bearing temperature seeto depend on the loading

style rather than speed. Theshle bearing shows strong spakbendent behavior. The frame

side temperature increases slightly as speed reduces and is dependent on the loading style. The
frame top average temperatur@sis stonger speedependence undtére 75 100% loading than
under50i 125% loading.
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4.4.6 Effect of different levels of impaired cooling

The steadystate temperaturesf the different motor parts at different levels of cooling were
measuredt 90% of rated speed aBA@% of rated loadThe resultsare shown irFigure4.28.

100
“ 80
% 60
—,—? 40
= 0L g Dl
“ Iln ||
Stator D-bearing N-bearing Frame side Frame top
mA: Heavily impaired B: Half of fin blockage removed
mC: 75 % of inlet blockage m D: 50 % of inlet blockage

mE: Normal cooling
Figure4.28. Temperature rise of different motor parts in different cooling conditions

In Figure4.28the temperaturase of different motor parts gradually lowers as cooling impairment
is reduced The geatest jumps between75% and 50% of fin blockage (scenario C and D)
Anothernoticeable jump in temperature rise of the frame parts (side ans togtween fulland
half-blockage of fingscenario A and B).

The effet of having fin blockage but nialet blockag was not included in this work.

5S MODECREATI ONARRDI CATI ON

In this section, models are created for the stator temperature risenanconstantsThe stator
modelthenact as the input to the bearing thermal models. The bearingr{® Nside) thermal
gainsand time constants are modeled similarly using linear regression to obtain simple speed
dependent linear models.

5.1 Models for gator line current and temperature rise

The stator temperature rigeigure4.23 in Section4.4.4 can be modeled both as a function of
loadtorque and curreniThe model for stator current is includedtims work as the frequency
converter normally makes calculations based on the current measurement. The models which use
load torque as a variable can be used by converting the current valaéogdotorque.

Model for stator current

The relationship bateen current and load torque was assumed to be linear (referred rotor current)
with a constant magnetization current component. However, the measurement data suggested that
in addition to a linear torquéependent component, there could be a squared tdependent
component. Other factors considered, but they did not yield satisfactory results, shomiaey
confidence interval
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In the current model fitting, the fieldeakening speed points (Speed = 100%) have been left out
of consideration because thepresent a nehinearity for the rest of the model.

The coefficients and goodnestfit characterists for current as a functiaf torque are listed
in Tables5.1and5.2

Tableb.1. Torquedependent line current model for normal cooling.

Model 0 & ©OJIY "0 @O OJIY OJY
Coefficients and 95%
confidence interval

a 1595+1.14 20+ 0.44

b 51.84 +3.70 35.06 + 1.66
c 14.36 + 2.54
SSE 13.07 0.3936
RMSE 0.904 0.162

R? 0.9955 0.9998

Table5.2. Torquedependent linewrrent model for impaired cooling.

Model 0 & WY 0 d OIY OJY
Coefficients and 95%
confidence interval

a 16.19 £ 0.96 20.85+2.15
b 51.16 +1.49 31.04+1.81
c 18.42 +1.63
SSE 15.35 0.5924
RMSE 0.817 0.1641
R? 0.9948 0.9998

The linear model is not bad (having ‘an-value of 0.995%nd 0.9948 for normal and impaired
cooling respectivelybuttaking the squared factor into account simply makes a better moeel.
current models for normal and imiped cooling ar@ery similar to each other.

Model for stator temperature rise

To determine the model for stator temperature rise, due tovietdkening, the values at 100%
speed and high load (75% and over) are exclutled fitted model is shown ihable5.3.
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Table5.3. Loadtorquebased rodel for stator temperature risenormal and impaired cooling modes

Model — 0 QJY —  © @JY
Coefficients and 95%
confidence interval

a 22.34 + 1.56 32.16 +1.63
b 65.47 +3.14 89.84 + 3.66
SSE 92.9 178.5
RMSE 2.1552 2.44

R? 0.9896 0.9882

In Table5.3, using speed a& variable resulted in wide bounds for uncertainty, which is why there

is no speedlependent term used in the modélis issomewhasurprising buexplained by the

fact that iron and additional load losses are reduced at lower output frequencidise a®ding

ability of the machindthe fan is attached to the shaft and its speed is dependent on the output
frequency) The decreased cooling ability balances out with the decreased losses, resulting in a
temperature rise mdpat varies mostlpy load.For this machine in particular, the balance is very
close across the load and speed rafge.other machinegheir temperature rise models could

very well include a speedependent term.

The relative change in the stator temperature rise model betiaeanrimal and impaired cooling
modes is shown ifable5.4.

Table5.4. The relative increase thestator temperature rise model when the cooling has been impaired.
The range showmside parentheses is by using the edge values from the coefficient confidence interval.

Model — O oJY
0 § (R 1.44 (1.28, 1.63)
&) p (R 1.37 (1.26, 1.5)

In Table5.4 the averagealative increase in the model coefficients is around 40%. Taking the edge
cases into account, the range of relative increase looks to be especially high for the constant
coefficienta, while forb the range is tighter.

Interestingly, when the ratio of ciieients a/b are compared witthe ratio of constaribsses to
the sum of loaglependentosses determined from the IEC loss segregation test at 50 Hz (Section
4.4.1), they show rather similar valueBaple5s.5).

Table5.5. Comparison of loss ratios asthtor temperature rise moaalefficients.The effect of friction
and windage losses are included in parentheses.

O 0 o ) o =R T OTAATI | —FET DPAKOAK
T o %G &
0.322 (0.378) 0.341 0.358
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In Table5.5 the friction and windage losses are included in parentheses bgnaarsnciple,only
the friction and windage losses happeningd@ghe machine would contribute meaningfully to
the temperature rise of the stator.

5.2 Thermal steady-state gains

| f t he ststteotred st esmpeeardayt ure ri se i s thsaatei nput
temperature rise is the outptlig steadystae gain for the transfer functiaran be identified by:

, g eR Yo (5.1)
] eRYD — TV

Thethermalgainsof different motor partsis a function of speed and torque are presented in the
following, garting with the Bside bearing ga (Figure5.1).
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Figureb.1. D-side bearing gain in normal cooling (left) and impaired cooling (right) modes.

In Figure5.1 the D-side bearing gain stays at a rather constant \wdlasound 0.6although there

is avery smalltorquedependency. Itsiinteresting to see that the gain is affected minimally by
cooling impairmentfFor the most part. the gasanbemodeled usig only a single constant value
0.6, but in impaired cooling conditions, thgain increases slightly as a function of speed.

The fitted model for the Bide bearing gain is shown Trable5.6.
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Table5.6. The model for a constant value forsitle bearinghermalgain.

Model 0pr VLR W
Coefficients and
95% confidence

interval

a 0.597 + 0.0044 0.621+ 0.0085
SSE 0.0021 0.0173

RMSE 0.01 0.0236

Because the Bide bearing gain shows speadd torque dependency in impaired coolifgure
5.1), the fitted model with speednd torque dependent factors is showmable5.7.

Table5.7. The model for a speednd torque dependebtside bearing gain.

Model VFp O O & JY
Coefficients

and 95%

confidence

interval

a 0.5722 £ 0.0073
b 0.1165 + 0.0133
c -0.081 + 0.01534
SSE 0.0014

RMSE 0.007

Y 0.918

The speedand torquedependent model presentedTiable5.7 is more acurate than the model
which only included a constant valua practice, the constant valae0.6would probably be the
simplest to use with acceptable accuracy.

The Nside bearing gaiis shown inFigure5.2.
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Figure5.2. N-side bearing gain in normal cooling (left) and impaired cooling (right) modes.

In Figure5.2 the N-side bearing gain has a visillentlinearspeeddependency and minimal load
dependeay, ranging from around 0.2 to 0.3 for the case of normal coollige cooling
impairment affects the gain liycreasinghe normal cooling gain by aund 33% over the whole
load point range.

The model for the Mide bearing gain is shown Trable5.8.

Tableb5.8. Fitted model for Nside bearing gain.

Model VfF O OF 0 ® Ol
Coefficients and
95% confidence

interval

a 0.3137 £ 0.0137 0.411 +0.0133
b -0.1379 + 0.019 -0.182 £ 0.0178
SSE 0.0024 0.0049

RMSE 0.011 0.013

Y 0.920 0.936

A general modefor the Niside bearing gairs created by tang the mean of the parameters:

Table5.9. General model for the HHide bearing gain.

Model 0 ® ol
Coefficients

a 0.36

b -0.16
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Using a speedependeni-side bearingain that changes depending on lxog conditions would
be hard to implement ipractice, but the speatependent model itself is quite good.

The frame side gaiis shown inFigure5.3.
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Figure5.3. Frame sideyain in normal cooling (left) and impaired cooling (right) modes.

In Figure5.3 the normal cooling gain for the frame side appears to be similar in magnitude as the
D-sidebearing bushows stronger speednd load dependenclyor impaired cooling, the gain is
significantly larger and compared to the normal cooling, the speed dependency is rélesed.
possible modelvould be both spee@dnd loaddependent and potentially complex.

The frame top gain is skwn in Figure5.4.
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Frame top gain, normal cooling
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Figure5.4. Frame top gain in normal cooling (left) and impaired cooling (right) modes.

0.8

Gain

In Figure 5.4 the frame top gain shows mostlyeggtdependency. When the cooling has been
impaired, thespeeddependencyecreasesnd the gain rises close to the same value as-thdeD
bearing gainThe possible model complexity is similar to the frame side.
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5.3 Thermal dynamic load gains

The thermabain of different motor arts was evaluatdd the dynamidchermalsteady statelhe
value used for the stator temperature rise was the time average of one cycle. The results are in
Table5.10.

Table5.10. Dynamic steadgtate @ins of different motor parts.

Dynamic load —1— | —F— | —F— | —1—
measurement
number (peed
in RPM)
757 10 (1(1500) 0.63 (0.24 |0.76 |0.51
load torque| 2 (1350) 0.62 |0.25 |0.76 |0.54
3(1125) 0.61 |0.27 |0.76 |0.55
4 (750) 0.61 (031 |0.72 |0.56
5(375) 0.58 (040 |0.71 |0.59
5071 12 %6(1500) 0.64 |0.24 |0.73 |0.54
load torque| 7 (1350) 0.63 |0.25 |0.73 |0.54
8(1125) 0.62 |0.27 |0.73 |0.54
9 (750) 0.61 [0.31 |0.72 |0.56
10(375) 0.58 |0.39 |0.71 |0.58

In Table5.10 the dynamic steadgtate thermabains are very close to tlgains in the normal
steadystate, showing even similar spegejpendence.

5.4 Thermal time constants

The stator time constangmd weighting dctorwere identified byfirst identifying the long time
constant and then fitting the temperature transient curves by a method of least squares.

Thebearingime constants were determined by identifying the pole of adid#rplant into which
the stabr temperature signal was félthe inverse absolute value of that identified pole is the time
constant.

In general, he simples predictors for time constantgere found to be the end point speed and
torgue.Only the responses who®dRMSE-value was oveD.8 were considered for mapping
Furthermore, for simple model fitting, the wosbints of the model were removed until the
mo d eY -@akie would be over 0.8. In this work, only the stator and bearing time corastants
assigned a model.

The units for the time constarisesented here are in minutes.
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5.4.1 Stator time constants and weighting factor

The identifiable secondrder statomodel parameters are the long and short time consiadts
the proportionalitfweighting)factor.

The long time constasitvith NRMSE above0.9 andrelativewidth 0.03areshown inFigure5.5.
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Figure5.5. Stator long time constant.

In Figure5.5 thestatorlong time constant shows mostly spekpendence. The time constants in
impaired cooling are noticeably higher at comparable points.

The model for th stator long time constant is showrTable5.11.

Table5.11. Model for the stator long time constant.

Model thr O O3 Thr © &
Coefficients and 95%
confiderce interval

a 136.4 £ 15.5 189 +9.8
b -76.82 + 20.16 -97 +12.88
SSE 1300 1880
RMSE 9.3 8.5

R? 0.815 0.902
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The relative increase in tloeefficientswhen moving from the model in normal coolittg
impaired cooling is shown ifable5.12 with the edge cases inside parentheses.

Table5.12. Relative increasef the stator long time constastefficientswhen the cooling has been

impaired
Model tr O O
& § (R 1.390 (1.18, 1.64)
&) p (R 1.263 (0.87, 1.94)

The short time constants with NRMSE 0@e9 andrelative width of0.5are shown irFigure
5.6.
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Figure5.6. Stator short time constant.

The short time constashowsstrong independence from speed or load and high variAsdbe
fitted parameter shasaawide confidence interval, it isnoughto just assume a constant wabf
5 minutes.

The weighting factor with NRSME over 0.9 and relative width under i8.88own inFigure5.7.
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Figureb.7. Stator seconarder model weighting factor.

The weigling factor staysalmost constanthroughout thespeed and load point rangelt is
reasonable to assume a constahte for t by the taking the average valuesulting in 0.85.

5.4.2 Bearing time constants

By feedingthe stator temperature riggo a firstorder plant with a known steadyategain but
an unknown pole, the time constant for the beartagsbe approximated.

The fitted Dside bearing time constants are showRigure5.8.
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Figure5.8. Thefitted D-side bearing time constant
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The fitted model for the Bide bearing time constant is showable5.13.

Table5.13. Model for the BDsidebearingtime constants

Model tar O O3 e O O3
Coefficients and 95%
confidence interval

a 68.19 + 9.62 5494+4.9

b -46.63 +12.15 -30.53+ 6.86
SSE 324 335

RMSE 4.81 4.09

R? 0.829 0.812

The resulting general model for thesitle bearing is acquirdwy taking the average of the normal
and impaired cooling parametefsaple5.14).

Table5.14. The general time constant model for theiDe bearing.

Model t mR ® o
Coefficients

a 61.6

b -38.6

The Nside bearing fitted time constants are showhigure5.9.

N-side bearing time constant,
normal cooling

N-side bearing time constant,
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Figure5.9. Thefitted N-side bearing time constant

The model for the Msidebearing time constants is shownTiable5.15.
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Table5.15. Model for the Nside bearing time constants.

Model tTarp O O3 tar O O3
Coefficients and 95%
confidence interval

a 50.8 £9.2 46.41+ 4.38
b -35.27+ 11.26 -31.39 £5.62
SSE 195 236

RMSE 4.21 3.35

R? 0.812 0.855

Thecoefficientsin Table5.15do not ©iange dramaticallwhen cooling is impairgchence taking
the average is easily justifiefigble5.16).

Table5.16. The general model for the-dide bearing time constant.

Model T hn O O
Coefficients

a 48.6

b -33.3

5.5 Full thermal model
The proposed full model includes:

Thesteadystate stator temperature rise model that is-toague and coolingdependent
Thelong thermal time constantodelfor the statothat s speedand coolingdependent
The short thermal time constant model for the stator that is constant

TheD-side bearingjain that is constant

Thelinear speediependent gain for the-slde bearing

Linear speedlependent thermal time constantsidothbeamngs

= =4 =4 -8 -8 -9

There is an assumption that it is possibledébect the impaired cooling,dent i fy t he s
thermal behavioand adjust the model accordinglyhe full thermal model is presentedTiable
5.17.
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Table5.17. Ftted stator and bearing parametric thermal model using speed and torque as free variables.

Parameter Equation in normal cooling Equation in impaired cooling
Steadystate stator C®T & Y o® o Y& Y
temperature rise—(K)

Stator long time constarit;, p o8 x @ C& pUYwwYE

(minutes)

Stator short time constant; 5

(minutes)

Weighting factomp 0.85

D-side bearing gain 0.6

D-side bearing time constan ¢ @ o &2
T (minutes)

N-side bearing gain ™ @ T (@

N-side bearing time&onstant 1T & o &2
T (minutes)

In Table5.17 the torqueTl and speea are perunit values: 1 for full speed or torque, 0.5 for half
speed or tonge, and so orThe equations for thearameters ahie samdor both cooling modes
except forthe steadystate stator temperature rise and the long time constant.

5.6 Thermal aging modelin steady-state

Usingt he greaseds ther mal imnd.5 thegthemmal dgng fagbor, whice nt e d
is solely based on temperature, is appbadhe thermal model at steasgtate pointsThe aging

model assumes @nity thermal aging factor range from 40 to 70 °C and sephsatdling br
temperatures below and aboveTihe gease parameteXk is 9.224andB is -3.59, with a base
kinematicviscosity of 68 7O

Thethermal aging factor, based on the temperature rise measurements only, is presagtee in
5.10.
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D-side bearing thermal aging factor, D-side bearing thermal aging factor,

normal cooling and 25°C ambient impaired cooling and 25°C ambient 3
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Figure5.10. Measuremenbased thermal aging factor for thesidle bearing at 25°C ambient temperature

for the normal cooling mode (left) and impaired cooling mode (right)

The samenap, but now usinthe model presented rable5.17, is shown inFigure5.11.

D-side bearing thermal aging factor, D-side bearing thermal aging factor,
normal cooling and 25°C ambient impaired cooling and 25°C ambient
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Figure5.11. Modelbased thermal aging factor for thesidle bearing at 25°C ambient temperatiar the
normal cooling mode (left) and impaired cooling mode (right)

By comparing Figure$.10and5.11, we can see that the proposed model is quite atecata
predicting the stator temperature and the resulting bearing temperakich results irsimilar
thermal aging factors across the speed/torque map.
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While hypothetical the model idestedat 40°C ambient temperatukeith the assumption théhe
stator temperature rise anddide bearing gain remain the saffiee lesuling thermal aging factor
mapsareshown inFigure5.12.

D-side bearing thermal aging factor, D-side bearing thermal aging factor,
normal cooling and 40°C ambient impaired cooling and 40°C ambient s
100 ¢ 100 -
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g O3 2 60t B0
= = =
= 50 o— o B = 50 @ =
HIpEIR SRSl 5
401 =
25+
| . . | . . 20+ R
25 50 63 75 90 100 25 50 75 90 100
Speed (%) Speed (%)

Figure5.12. Modelbased thermal aging factor fdret D-side bearing at 40°C ambient temperature for the
normal cooling mode (left) and impaired cooling mode (right)

In Figure5.12, at the highest pointshe effect of the higher ambie(dn increase of 15 Kis
roughly doublinghe aging factocompared tdhe normal ambient temperature (25°@)normal
cooling,the effect at 75% load torquejisst slight (the bearing grease ages only 29% faster), but
in the case of impaired cooling, teffect is largeasthe bearing agea.43times faster

The above treatment ialso given to the Nside bearing The measuremeitasedcalculated
thermal aging factor map for the-$ide bearingat an ambientemperature of 25°@& shown in
Figure5.13.
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N-side bearing thermal aging factor, N-side bearing thermal aging factor,
normal cooling and 25°C ambient impaired cooling and 25°C ambient
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Figure5.13. Measuremenbased thermal aging factor for thesMle bearing at 25°C ambient temperature
for the normal cooling mode (left) and impaired cooling mode (right)

Next, thethermal model with the same aging modetl ambient temperatuieapplied resulting
in the thermal aging factor mapsFigure5.14.

N-side bearing thermal aging factor, N-side bearing thermal aging factor,
normal cooling and 25°C ambient impaired cooling and 25°C ambient 3
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Figure5.14. Modelbased thermal aging factor for theshile bearing at 25°C ambieeimperature for the
normal cooling mode (left) and impaired cooling mode (right)

It can be seen from Figurésl3and5.14that the Nside thermal model arttie subsequent aging
model are sufficiently close to each othdmhe modelbased aging factor map slightly
underestimates the-Blde bearing temperature, resulting in slightly higher aging factors for high
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speeds and low load$§he accelerated aging fdnd N-side bearing is all due the grease being
too cold.

When the Nside bearing thermal aging model is brought to an ambient temperature oti®°C,
aging factor operates ahity across thepeed/torque map regardless of cooling impairment

N-side bearing thermal aging factor, N-side bearing thermal aging factor,
normal cooling and 40°C ambient impaired cooling and 40°C ambient 3
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= 507 = 50 =
O
=
40 1 =

25
| . . | . . 20 7 B B
25 50 63 75 90 100 25 50 75 90 100
Speed (%) Speed (%)

Figure5.15. Modelbased thermal aging factor for thesidle bearing at 40°C ambient temperature for the
normal cooling mode (left) and impaired cooling mode (right)

In Figure5.15the themal aging factor is all unityT'his means that the bearing is assumed to age
at a normal rate regardless of twling mode.
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5.7 Sensitivity analysisof the steadystate aging model

Each of the stator and bearing thermal mo@deameter valueare adjustedy 15% and their
effecton the highedbearing thermadging factor in thie respective map@-iguress.11,5.12 5.14
and5.15 is show in Table5.18.

Table5.18. Steadystate thermal aging factor sensitivity analysis aiostand bearinghermalparameters

D-side bearing25°Cambient, D-side bearing25°C ambient,
normal coolingref. pea~k aging: 1.43 Impaired cooling, ref. Qeak aging: 2.15
W Wk ‘ VI () W | 0
+15% 1.57 1.87 2.12 +15% 2.44 2.83 3.33
-15% 1.3 1.09 1 -15% 1.9 1.62 1.36
D-side bearing4(*C ambient, D-side bearing40°C ambient,
normal coolingref. peqk aging: 2.77 Impaired cooling, ref. Qeak aging:03
WDF W ‘ 0 F @ ‘ W ‘ 0
+15% 3.01 3.54 3.98 +15% 4.53 5.19 6.03
-15% 2.54 2.15 1.89 -15% 3.59 3.11 2.64
N-side bearing25°C ambient, N-side bearing25°C ambient,
normal cooling, ref. peak aging: 2.83 impaired cooling, ref. peak aging: 2.3
WO ‘(I)F, ‘(I)ﬁ ‘(I)ﬁ WO ‘(:)F, ‘(I)ﬁ ‘(I)F,
+15% 263 279 251 264 +15% 207 227 186 2.09
-15% 3.06 287 342 3.05 -15% 256 233 285 253
N-side bearing40°C ambient, N-side bearingd0°C ambient,
normal cooling, ref. peak aging: 1 _ normal cooling, ref. peak aging: 1 _
W ‘ Wp, ‘ D ‘(bﬁ W ‘(bﬁ ‘(I)ﬁ ‘d)ﬁ
+15% 1 1 1 1 +15% 1.00 10 123 1
-15% 1 1 1 1 -15% 1 1 1 1
FortheD-s i de bear i ng dah?2aand40 ambiedt eelrgturea and both cooling
modes, the most sensitive parameter igied , f ol | owed by t hebasd at or 6
then | astly theastBheridorsc rcaoansd ainnt dmlciteonrt t e mg

doubles the peak aging value

FortheNsi de bearing, the effects of parameter va
factor in impaired coolingThe N-side bearing aging model in this situation sees increased aging
mostly from being too cold rather than being abovedm®mon industrial rangéhe higher

ambient putsthed i de bearing right at the common i nd
becomes incredibly insensitive to parameter variation.
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5.8 Thermal model performance in transient

The transients used for this evaluation have been-p@akdd from the whole set ofansients,
roughly comprising ofone stadup transient and various other transients at different speeds
balanced for transitions to higher/lower load tordem thenormal coolingnode the wholespeed
range is used, but laghanges in load torgaee reserved for the higher speeds. For the impaired
cooling mode, there are fewesed speeds, but they have a more completsid¢rarselection.

The thernal model performance with modeased parameter estimatis presented ithe
Tables5.19t05.24

Table5.19. The performance dhestator winding thermal model withodetbasedbaraneter estimation
in normal cooling.

Stator winding, normal cooling

Meas. Speed Torque | RMSE Mean | Weighting | Stator Stator

number | (RPM) change | (+ error factor long time | short time
(Nm) (K) p constant | constant

Th T
(minutes) | (minutes)

1 1500 0 2.53 -1.00 |0.85 60 5
Y240

5 1500 120 1.77 -0.77 |0.85 60 5
Y240

6 1500 240 0.56 0.07 0.85 60 5
Y120

29 1500 180 1.99 1.94 0.85 60 5
Y120

3 1350 240 1.62 1.35 0.85 67 5
Y120

8 1390 120 4.21 4.15 0.85 67 5
Y240

27 1125 120 2.13 2.05 0.85 79 5
Y180

14 1125 60 0.42 0.11 0.85 79 5
Y120

17 1125 120 0.69 -0.49 |0.85 79 5
Y60

12 750 120 0.47 -0.25 |0.85 98 5
Y60

19 750 60 0.53 -0.49 |0.85 98 5
Y120

38 375 120 1.01 0.96 0.85 117 5
Y60

40 375 120 3.40 -3.35 0.85 117 5
Y151
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Table5.20. The performance dhestator winding thermal model with modehsed parameter estimation
in impairedcooling.

Stator windingjmpaired cooling

Meas. Speed Torque | RMSE Mean | Weighting | Stator Stator

numbe | (RPM) change | (+ error factor long time| shorttime
(Nm) (K) p constant | constant

th Ty
(minutes) | (minutes)

46 1500 0 2.97 2.63 0.85 92 5
Y193.

87 1350 48.5 1.56 -1.53 |0.85 102 5
YO96. 9

93 1350 145.3 1.16 -1.03 | 0.85 102 5
YO96. 9

94 1350 96.9 2.14 2.07 [0.85 102 5
Y193.

96 1350 48.5 2.03 1.92 0.85 102 5
Y193.

97 1350 193.8 1.14 112 |0.85 102 5
Y145.

08 1350 145.3 2.32 -2.20 |0.85 102 5
Y48.5

59 750 193.8 0.92 -0.23 | 0.85 141 5
YO96. 9

62 750 48.5 0.35 -0.28 | 0.85 141 5
Y145,

100 750 96.9 0.35 -0.26 | 0.85 141 5
Y145.

101 750 145.3 3.61 -3.43 0.85 141 5
Y193.

102 750 193.8 0.96 0.19 0.85 141 5
Y48. 5

104 750 96.9 0.42 0.39 0.85 141 5
Y48.5
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Table5.21. The performance dheD-side bearinghermal model with modddased parameter estimation
in normal cooling.

D-side bearing, normal cooling

Meas. | Speed | Torque | RMSE | Mean | D-side | D-side

number| (RPM) | change| (+ error bearing| beaing
(Nm) (K) gain time

0 constant
T
(minutes)

1 1500 0 1.46 -0.51 0.60 23
Y240

5 1500 120 1.02 -0.13 0.60 23
Y240

6 1500 |240 [0.46 [0.39 [0.60 |23
Y120

29 1500 180 1.43 1.36 0.60 23
Y120

3 1350 | 240 1.65 |145 [060 |27
Y120

8 1350 120 2.04 2.00 0.60 27
Y240

27 1125 120 0.93 0.78 0.60 33
Y180

14 1125 |60 037 |0.04 |0.60 |33
Y120

17 1125 120 0.42 -0.22 0.60 33
Y60

12 750 120 0.32 -0.11 0.60 42
Y60

19 750 60 0.30 -0.25 0.60 42
Y120

38 375 120 0.54 0.48 0.60 52
Y60

40 375 120 2.13 -2.08 0.60 52
Y151
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Table5.22. The performance dheD-side bearing thermal model with modelsed parameter estimation
in impairedcooling.

D-side bearingimpairedcooling

Meas. | Speed | Torque | RMSE | Mean | D-side | D-side

number| (RPM) | change| (+ error bearing| bearing
(Nm) (K) gain time

0 constant
.'.
(minutes)

46 1500 0 1.74 1.38 0.60 23
Y193

87 1350 48.5 1.44 -1.31 0.60 27
YO6.

93 1350 | 1453 [0.73 [-0.66 [0.60 |27
Y9 6.

94 1350 96.9 1.34 1.06 0.60 27
Y193

96 1350 48.5 1.32 0.91 0.60 27
Y193

97 1350 193.8 0.83 0.78 0.60 27
Y145

98 1350 | 1453 [1.49 |[-141 [0.60 |27
Y4 8.

59 750 193.8 | 0.54 0.19 0.60 42
YO6.

62 750 [485 |0.32 [-026 [060 |42
Y145

100 750 96.9 0.37 -0.26 0.60 42
Y145

101 750 145.3 2.33 -2.25 0.60 42
Y193

102 750 193.8 |0.82 042 0.60 42
Y48.

104 750 96.9 0.39 0.29 0.60 42
Y4 8.
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Table5.23. The performance dheN-side bearing thermal model with modelsed parameter estimation
in normal cooling.

N-side bearing, normal cooling

Meas. | Speed | Torque | RMSE | Mean | N-side | N-side

number| (RPM) | change| (+ error bearing | bearing
(Nm) (K) gain time

0 constant
T
(minutes)

1 1500 0 0.32 0.09 0.20 15
Y240

5 1500 120 0.30 0.23 0.20 15
Y240

6 1500 | 240 1.05 [1.02 [020 |15
Y120

29 1500 180 1.48 1.45 0.20 15
Y120

3 1350 | 240 1.76 |1.64 [022 |19
Y120

8 1350 120 2.00 1.94 0.22 19
Y240

27 1125 120 2.49 2.45 0.24 24
Y180

14 1125 60 1.28 1.27 0.24 24
Y120

17 1125 120 1.14 1.11 0.24 24
Y60

12 750 120 1.47 1.45 0.28 32
Y60

19 750 60 1.45 144 0.28 32
Y120

38 375 120 1.33 1.31 0.32 40
Y60

40 375 120 0.32 0.29 0.32 40
Y151
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Table5.24. The performance daheN-side bearing thermal model with modelsed parameter estimation
in impairedcooling.

N-side bearingimpairedcooling

Meas. | Speed | Torque | RMSE | Mean | N-side | N-side

number| (RPM) | change| (+ error bearing| bearing
(Nm) (K) gain time

0 constant
.'.
(minutes)

46 1500 0 2.81 -2.70 0.20 15
Y 193.8

87 1350 48.5 1.88 -1.87 0.22 19
YO6.

93 1350 | 1453 [1.84 [-1.83 [0.22 |19
Y9 6.

94 1350 96.9 2.55 -2.55 0.22 19
Y193

96 1350 48.5 2.66 -2.65 0.22 19
Y193

97 1350 1938 |1.91 -1.90 0.22 19
Y145

98 1350 [1453 [1.72 [-1.71 [0.22 |19
Y4 8.

59 750 1938 |156 [-140 [0.28 |32
YO6.

62 750 48.5 1.92 -1.91 0.28 32
Y145

100 750 96.9 1.84 -1.84 0.28 32
Y145

101 750 1453 | 3.69 -3.62 0.28 32
Y193

102 750 193.8 1.47 -1.13 0.28 32
Y48.

104 750 96.9 0.67 -0.65 0.28 32
Y4 8.

The stator model shows mostly low (under 1nkgan errorNIE), but n sometransients the ME
and RMSE shovnigher valuesAs the RMSE an#lE in those cases are similar, it suggests that
the error is mostly caused by the inaccuracy of the ststadly model, especially in the lower
loads.

The D-side bearing model shows that thsaluteME stays mostly under 1 K, bin 90% speed
(1350 RPM) and 25% speed (375 RPM) the ME can be as much as 2 K. These are, similarly to the
stator model 6s -dalkeerrotscomi ngs, steady

The N-side bearing model shows absolute ME that is undenist of the time and always less
than 4 K. In almost all cases the steathte error is the culprit.
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Relatively speaking, the stator model is the most accurate, followed bysiue Dearing model
and lastly theN-side bearingThe order in accuraayoes in line with the criticality of each model.

5.9 Sensitivity analysis of transient model

The sensitivity analysis for the dynamic part of the model is performed on the factors that do not
affect the steadgtate performance. For the stator, these factorshareveighting factor, the
stator 6s | o nagefficients(eonstant arsl speatepehdent), short time constant (a
constant value). For the bearings, the afor e me
constantoefficients(constantand speediependent) affect the dynamic behavior and they will be
evaluated by varying the parameters one at a time in the following way:

1  p 1t Bor the weighting factofconstant)
T 20% for the stator long time constacdefficientsa (constant)and b (linear speed
dependent)

50% for the stator short time constéenstant)

20% for the Dside bearing time constaotefficientsa (constantlandb (linear speed
dependent)
1 20% for the Nside bearing time constaobefficientsa (constantlandb (linear sped-

dependent)

1
1

A total of 8 different parameters. The sensitivity analysis results are presented in the next three
pagesn Figures5.16t0 5.21
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Figure5.17. Sensitivity analysis for the stator thermal m@ddlynamic properties impairedcooling
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The sensitivity analysis shows that stator wi.i
hasheb ggest i mpact on the stator windingds mean
the speediependent factor. The weighting factor, even if varied by a relatively large amount
(10%), has less of an effect. The effect of varying the short time obmsta very little effect on

the resulting error. The startup (transient number 1 in normal cooling and 46 in impaired cooling)

is especially sensitive toefficientvariation, especially in the case of impaired cooling.

The Dside bearing modeshows tle highests ensi ti vity to the variat:i
constantcoefficients followed by the Db e ar i ngé s o weoefficientsand thbemthe t a n t
weighting factor, and practically no effect by the variation of the short time condgiasttof the
parameters have an i mpact of 0.5 Boefficknican t he s
have an impact aip t00.8 K.

The N-side bearingnodelshowsthe most sensitivity to the stator long time constant parameters,
but overall the effects arquite low, being mostly under 0.5 K for eadefficient.
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5.10 Applicability for dynamic load s
The model wasomparedagainsthe dynamic load measurements presented in SetBof

The short time constant of the stator waarged from 5 minutes to 2% minutes as it could then

follow the rapid initial temperature changes better.

The performancef the modekan be observeid Figures5.22to 5.31below.
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