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Variable-frequency 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 variable speed and load effects. The proposed bearing 

thermal model follows the estimated stator temperature rise, allowing for a temperature- and 

speed-based calculation of bearing grease aging. The model is constructed from temperature 

measurements at different load points of a 37-kW induction machine. The model can be 

applied both in steady-state and dynamic usage. 
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ABBREVIATIONS AND SYMBOLS 
 

 

Acronyms 

ABB  Asea Brown Boveri 

AC  Alternating current 

DC  Direct current 

DOL  Direct on-line 

DTC  Direct torque control 

DTC2  ABB-variant of Direct Torque Control 

EMDS  Electric motor- driven system 

EPRI  Electric Power Research Institute 

FFT  Fast Fourier transform 

HBM  Hottinger Baldwin Messtechnik 

IE  International efficiency rating 

IEC  International Electrotechnical Commission 

IEEE  Institute of Electrical and Electronics Engineers 

IM  Induction machine 

ISO  International Organization for Standardization 

LTI   Linear time-invariant 

ME  Mean error 

NRMSE Normalized root mean square error 

TEFC  Totally enclosed fan-cooled 

SSE  Sum of squared error 

RMS  Root mean square 

RMSE  Root mean squared error 

 

Other terms 
D-side  Drive-side 

N-side  Non-drive side 

S1  Type of loading, where the loading stays constant for long periods of time 

S6  Type of loading, where the load is applied for short periods of time 

 

Roman variables 

A  General variable, dimensionless pre-exponential constant, grease parameter 

ὥ  Generic variable 

ὥ   Life adjustment factor for bearing 

ὥ   Bearing lifetime multiplicative factor made by SKF 

B  General variable, grease parameter, magnetic flux density 

b   Life exponent factor for bearing, generic variable 

C  Thermal capacitance used for circuit analogy 

c  Specific heat capacity, generic variable 

Ὁ  Source voltage (stator) 

Ὁ  Activation energy 



 

 

F  Loading 

f  Frequency 

I  Current 

K  Steady-state gain 

ὑ   Life factor for bearing 

Ὧ  Boltzmann constant 

L  Inductance 

ὒϷ  Statistical bearing lifetime metric (in revolutions or hours) for a certain reliability 

ὒ  Geometric mean grease lifetime 

l  Length 

m  Mass 

n  Rotational speed (RPM) 

P  Power, loss 

p  Weighting factor for stator thermal long and short time constants, pole pair number 

Q  Energy (heat) 

R  Resistance (thermal or electric), universal gas constant 

Ὑ   Coefficient of determination 

r  Radius 

S  Surface area 

s  Slip, complex variable (Laplace domain) 

T  Absolute temperature, torque 

U  Voltage 

W  Lifetime factor multiplier for a factor taking into account different bearings 

ὤ  Aerodynamic resistance   

 

Greek variables 

‌  Film heat transfer coefficient, temperature coefficient of resistance 

‍  Ratio of reaction rates 

Air  ‏ -gap length 

‐  Relative emissivity 

‗  Thermal conductivity 

‘  Dynamic viscosity 

‡   Kinematic viscosity 

–  Efficiency 

—  Temperature rise 

”  Density 

”  Electrical resistivity 

†  Time constant 

Output frequency  ‫ 

 

 

Subscripts  
c  Core 

Cu  Copper 

D  D-side bearing 

el  Electrical 



 

 

Fe  Iron 

fw  Friction and windage 

fs  Frame side 

ft  Frame top 

N  N-side bearing 

T  Total 

Th  Thermal quantity 

ic  Impaired cooling 

in  Input 

Њ  Fluid, steady-state value 

m  Magnetic 

me  Mechanical 

n  Natural integer 

nc  Normal cooling 

out  Output 

ʒ  Phase 

r  Rotor 

rr  Reaction rate 

s  Stator 

„  Stray 
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1 INTRODUCTION 

1.1 Scope and outline of this thesis 

The goal of this thesis work is to develop a simple, justifiable model for the temperature rise of 

bearings in a totally enclosed fan-cooled (TEFC) induction machine, with emphasis on the drive-

side (D-side) bearing maintenance and lifetime. The thermal model utilizes a simplified stator 

thermal network and available information such as stator current, rotor speed and ambient 

temperature. 

 

The proposed thermal model, which is heavily based on the stator temperature estimation, is 

intended to be useful for determining the temperature-based aging rate in bearing lifetime 

calculations. The model is constructed using grey box modeling techniques from temperature, 

torque, speed and current measurements. The focus is on S1 (continuous) type loading in different 

cooling conditions, although there is some desire for the model to also work for dynamic loads. 

 

The work consists of the following chapters: 

¶ Chapter 1, Introduction, gives the necessary background motivation for developing a 

thermal and aging model for a bearing. The induction motor and its failure modes, 

Arrheniusôs law and its relation in bearings, bearing lubrication, and condition monitoring 

methods for the bearing are presented. Finally, a link between the stator and drive-side 

bearing temperature rise is shown and the research problem, hypotheses and research 

questions are formulated. 

 

¶ Chapter 2, Induction motor losses, presents the basic induction motor losses with some 

considerations of converter-fed induction motor losses. 

 

¶ Chapter 3, Heat transfer, describes the basic heat transfer methods and presents the 

induction motor heat transfer characteristics. 

 

¶ Chapter 4, System identification, provides the useful system models used in this work. 

 

¶ Chapter 4, Measurements, presents the measurement setup, measurement plan, 

uncertainties and measurement results. 

 

¶ Chapter 5, Model creation and application, presents the method for creating the thermal 

model. A sensitivity analysis is performed on the steady-state and dynamic performance of 

the model. The applicability of the model is also tested against a dynamic load. 
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¶ Chapter 6, Discussion, a brief comparison to previous work is presented, key observations 

made during the work are discussed, as are the limitations of the proposed model. Future 

work is suggested. 

 

¶ Chapter 7, Conclusion, the thesis work is summarized and concluded. 

1.2 ABB 

ABB, short for ASEA Brown Boveri, is a Swedish-Swiss multinational company headquartered 

in Zürich, Switzerland. ABB operates mainly in robotics, power, heavy electrical equipment and 

automation technology sectors. ABB has been a Fortune 500-company for decades and has 

operations worldwide, having over 132 000 employees in over a hundred countries. ABB is a 

pioneering technology leader that works closely with utilities, industry, transportation and 

infrastructure customers. (ABB 2019a) 

 

ABB has integrated sustainability into its business and made it part of its Next Level Strategy since 

year 2014. The aim is to create sustainable value for all of ABBôs stakeholders, including 

customers, investors and society. ABB aims to be a world leading supplier of innovative, safe and 

resource efficient products, systems and services that help customers increase productivity while 

lowering environmental impact. (ABB 2019b) 

 

ABB in Finland 

ABB has a strong industrial presence in Finland and its history can be dated back to the operation 

of Oy Strömberg Ab, a former Finnish electromechanical company, later acquired by ASEA. 

 

Factories are located in: 

 

¶ Helsinki, Pitäjänmäki (Motors, generators, frequency converters, collaborative production 

management and paper machine drive solutions) 

 

¶ Helsinki, Hamina, Vuosaari (Azipod® electric propulsion systems) 

 

¶ 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) 

 

¶ Porvoo (Wiring accessories) 

 

ABB in Finland has service garages scattered over 20 places. (ABB 2018a) 
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1.3 Industrial motivation  

The modern world is heavily dependent on electricity. The total consumption of electric energy 

consists of converting electric energy to mechanical energy (motors), lighting, heating, 

communication, information, and other usage. 

 

Looking at the consumption worldwide, it is estimated that electric motor-driven systems (EMDS) 

account between 43 and 46% of all global electricity consumption. In the industrial sector, EMDSs 

comprise 69% of total electricity (Table 1.1). In year 2006, the portions of industrial usage of 

motors were as follows: 

 

¶ Compressors, 32% 

¶ Mechanical movement, 30% 

¶ Pumps. 19% 

¶ Fans, 19% 

 
Table 1.1. EMDS electricity consumption by sector (Waide & Brunner 2011). 

Sector Electricity 

consumption 

(TWh/year) 

Portion of all 

EMDS electricity 

(%) 

Portion of sector 

electricity (%) 

Industrial 

 

4488 64 69 

Commerical 

 

1412 20 38 

Residential 

 

948 13 22 

Transport and 

agriculture 

260 3 39 

 

Most motors in use are small (fractional horsepower) motors, from tiny computer hard drive 

motors to household appliances or hand-held power tools that draw less than 0.75 kW of power 

each. Despite being so numerous, these small motors consume a mere 9% 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. Mid-sized motors in between these 

two ratings with power ratings from 0.75 to 375 kW consume 68% of the total power used by 

EMDSôs. (Waide & Brunner 2011) 

 

Most of these mid-sized motors are mass-produced off-the-shelf induction motors, most 

commonly found in industrial applications. Induction machines account for over 80% of energy 

conversion in industrial and commercial sectors. (Siyambalapitiya & McLaren 1988) 

 

1.3.1 Induction motor 

The induction motor, since its invention in the 19th century, has been a staple in industrial 

applications which only required a single speed, but today with the advances in power electronics, 

also in variable-speed applications. Its success in industry has been attributed to its ability to self-
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start and lacking brushes or permanent magnets.  The induction motor has prevailed as a reliable, 

fault tolerant, cheap to produce, easily serviceable and easily driven, matured technology. It comes 

as no surprise that the induction motor is so often called the workhorse of industry. 

 

In the year 2011 there were an estimated 300 million electric motors in industry, most of which 

were induction motors. The demand for electric motors was then at 30 million motors per year and 

is expected to increase in the future. (ABB 2011a) 

 

It is estimated that as efficiency standards become ever-stricter, induction motors may only be able 

to conform to the standards in medium-high power range or more than 30 kW. Synchronous 

reluctance motors have been suggested as a magnet-free replacement for induction motors for 

applications that do not require high overloadability, especially at lower power levels. (Kärkkäinen 

et al. 2017). 

 

An often-used package for induction motors comes in the totally enclosed fan-cooled (TEFC) 

variant. TEFC-motors are characterized by an enclosure that does not allow outside air inside the 

machine, protecting it from contamination, thus making it suitable for a wide variety of 

environments. A fan, which is often attached to the shaft at the non-drive end, blows cooling air 

over the surface fitted with cooling fins, cooling the motor down, extending its loadability and 

lifetime. Motors of this type are manufactured in a multitude of sizes and power ranges, different 

degrees of serviceability and for application specific purposes. A cutaway of the TEFC induction 

motor is presented in Figure 1.1. 

 

Figure 1.1. Induction motor cut-out with the central components visible, reprinted with the permission of 

ABB. (ABB 2008) 



14 

 

1.3.2 Induction motor failure modes 

Induction motorsô failure can be attributed to the failure of windings and bearings. Penrose (2018) 

made a review of several often-cited studies by the Electric Power Research Institute (EPRI) that 

are often used to justify the need to monitor the condition of the stator and bearings. According to 

the often-cited studies (EPRI 1982a, 1982b; Albrecht 1987), electric motor failures can be 

classified into bearing, stator, rotor and unclassified categories. The often-cited failure percentages 

for industrial motors are presented in Figure 1.2. The quoted percentages were specifically for 

electric motors used in utility applications. IEEE conducted studies in 1985 and 1987 of industrial 

and commercial values (IEEE 1985a, 1985b, 1987). 

 

 
Figure 1.2. Percentage failure by motor component by EPRI study. 

 

The EPRI study numbers, however, showed only motors above 150 kW used in utility (power 

generation) applications. Another study conducted by Thorsen and Dalva (1995) reported similar 

percentages for motors 10 kW and above in petrochemical industry. Studies by IEEE (1985a, 

1985b, 1987) on the same subject matter covered industrial and commercial sectors. Failure 

percentages of each major component and by sector are presented in Figure 1.3. 
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Figure 1.3. Motor component failure percentage by sector. 

It is evident from Figure 1.3 that most of the failures happen in the bearings regardless of sector, 

followed by stator failures. Reportedly, most of the failures could be prevented by frequent 

maintenance. High-speed machines experienced less failures overall compared to low-speed 

machines, but the proportion of bearing failures in those machines were higher. (IEEE 1985b) 

 

In the studies, it was noted that the most affecting factor on the failures by year depended heavily 

on the plant, most of the failures happening in relatively few plants. In the best plants there often 

were extended maintenance standards that went beyond common industrial standards. (IEEE 

1985a) 

 

1.3.3 Reasons for bearing failure 

The reasons for bearing failures are attributed to physically, chemically or electrically induced 

failures (Bonnett 1993). Most of the failures in the bearings are related to problems in the lubricant 

or a mechanism where the lubricant is involved.  

 

More often bearing failures result from too much grease rather than too little of it. It is typical that 

bearings that do not suffer from an óinfant deathô (fail prematurely) would function normally for a 

long time. (Tong 2014) 

 

Below, in Tables 1.2 to 1.4, the common reasons for bearing failure, failure modes and reasons 

for premature failure are listed. (Lawrie 2001)  
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Table 1.4. Common reasons for premature 

bearing failure. 

 

 

 

 

 

 

Temperature was found to be a strong factor for failures, either directly or indirectly. Bearing 

overheating lowers the viscosity of bearing lubricants and makes it easier for it to leak out of the 

seals. High temperature also weakens the bearing greaseôs ability to form a lubricating film. 

Bearing overheating causes bearing material annealing and makes it vulnerable to deformation. 

(Tong 2014) 

 

Factors that affect the bearing temperature in TEFC induction machines are (Bonnet 1993): 

¶ Winding temperature 

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

¶ Thermal circuit of the machine 

¶ Oil or grease viscosity 

¶ Bearing seals, shields and lubricant type 

¶ The amount of grease in the bearing 

¶ Radial internal clearance 

¶ Environment: ambient conditions and contamination 

¶ Bearing load, speed, type and size 

Table 1.2. Common reasons for bearing failure. Table 1.3. Common bearing failure modes. 

Reason of bearing failure Percentage 

Incorrect or aged lubricant 

 

22 

Dirty bearing, coarse particles, or 

liquid 

 

19 

Too much or too little grease 

 

14 

Incorrect alignment 

 

11 

Bearing currents/bearing 

insulation 

 

9 

Vibration from motor or load 

machine 

 

8 

Installation/maintenance failure 

 

7 

Manufacturing/dimensioning 

 

6 

Consequential damage/other 4 

Bearing failure mode Percentage 

Corrosion pitting 27 

Debris denting/contamination 20 

Dimensional discrepancies 17 

Handling damage 7 

Bearing wear 6 

Cage 3 

Fatigue (surface and subsurface 

origin) 

3 

Other 17 

Cause of premature bearing 

failure 

Percentage 

Dirt 45.4 

Misassembly 12.8 

Misalignment 12.6 

Insufficient lubrication 11.4 

Overloading 8.1 

Corrosion 3.7 

Improper journal finish 3.2 

Other 2.8 
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1.4 Arrheniusôs law 

The Arrhenius law, named in honor of a Swedish scientist Svante Arrhenius, is a semi-empiric 

relation for the temperature dependence of reaction rates in chemistry. The equation has a vast and 

important application in determining the rate of chemical reactions and calculating their activation 

energies. The equation can be used to model many thermally-induced processes, such as aging of 

electronic components, deterioration of winding insulation or bearing grease. 

 

The Arrhenius law is often depicted in an equation for the dimensionless reaction rate constant Ὧ  

of the reaction: 

 
Ὧ ὃὩ  

(1.1) 

 

where A is a dimensionless pre-exponential constant, Ὁis the activation energy of the chemical 

process (in J/mol), Ὑ is the universal gas constant ( ψͯȢσρτ
Ͻ

) and T is the absolute temperature 

in K.  

 

For the processes that follow the Arrheniusô law of decay rate, a rule of thumb is derived that for 

every 10 K (in some cases 15 K) of temperature rise, the lifetime is halved (in 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 coefficients, Ὧ ȟ 

and Ὧ ȟ, with different activation energies, Ὁȟ and Ὁȟ, that follow the Arrhenius law: 

 

 
Ὧ ȟ ὃὩ

ȟ

 
(1.2) 

and 

 
Ὧ ȟ ὃὩ

ȟ

 

 

(1.3) 

Then, we can define the ratios ‍ and ‍ of the reaction rates and the reaction rate at 10 K higher 

temperature to be: 

 

 

‍
Ὧ ȟ Ὕ ρπ +

Ὧ ȟ Ὕ

Ὡ
ȟ

Ὡ
ȟ

 

 

(1.4) 

and 

 

‍
Ὧ ȟ Ὕ ρπ +

Ὧ ȟ Ὕ

Ὡ
ȟ

Ὡ
ȟ

 

 

(1.5) 

As an example, we may plug in Ὁȟ υπ , which is the interaction limit between physical 

adsorption and chemisorption (Pawlak 2003), and Ὁȟ ρτπ , which is considered to be a 
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good approximated activation energy for most lubricants (Rezasoltani & Khonsari 2016), into 

the equations (1.4) and (1.5).   

 

Plotting ‍ ÁÎÄ ‍ as a function of absolute temperature (K) yields the graphs depicted in Figure 

1.4. Zones where ρȢψ ‍ ςȢς and 1.35 < ‍ ρȢφυ (10% tolerance of 2 and 1.5 respectively) 

are highlighted. 

 

 
Figure 1.4. Ratio of reaction rates at a difference of 10 K as a function of temperature.  

In Figure 1.4 for the lower activation energy, the thumb zone (from rule of thumb) for the double 

rate rests at around Ὕ ςωπ + (room temperature) while for the higher activation energy, that 

double rate thumb zone rests at Ὕ υππ +. For both chemical reactions, the difference in the 

reaction speed begin to shift into the ñ1.5 thumb zoneò and lower, but the transition happens at a 

much slower rate than before these thumb zones. Note that in Figure 1.4, the y-scales are 

logarithmic. 

 

Often, the Arrhenius equation is shown in the form of an Arrhenius plot, where there is a linear 

correlation between ÌÎὯ (reaction rate) and ρȾὝ: 

 

 
ÌÎὯ ÌÎὃ

Ὁ

ὙὝ
 

(1.6) 
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The Arrhenius plots are presented visually in Figure 1.5, using the example reaction rates and an 

arbitrary value of 5 for A. 

 
Figure 1.5. Example Arrhenius plots. An arbitrary value of 5 for A is used. 

The Arrhenius equation, however, does not explain the aging factor completely, but 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 process. Certain chemical reactions may 

dominate the aging process in different temperature ranges, which affects the aging factor and 

makes evaluating it more difficult.  

Ì
ÎὯ
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1.5 Bearing lifetime 

Each bearing has a limited service life. Factors that determine the lifetime include bearing 

rotational speed, external loads, clearances, lubrication condition (formation of lubricant film, 

contamination), lubricant type, operating condition (temperature, vibration, corrosive 

environment), bearing type and size, bearing material, fitting condition, manufacturing process, 

installation and shaft misalignment. (Tong 2014) 

 

The bearing lifetime is often stated with a statistics-based 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 properly. The most common metrics of 

this type are the ὒ  and ὒ lifetimes, meaning that statistically 10 or 1% of bearings suffer from 

fatigue failure (spalling of certain size) after the specified time. The ὒ  or ὒ lifetimes do not 

consider contamination, wear, misalignment, or improper lubrication, which may dramatically 

reduce the bearing lifetime. 

 

The basic formula for basic bearing life in millions of revolutions at ὒ  reliability is: 

 

 
ὒ

Ὂ ȟ

Ὂ ȟ
 

(1.7) 

 

where Ὂ ȟ  is the rated dynamic load rating (kN), Ὂ ȟ  is the equivalent dynamic radial load 

(kN) and b is a life exponent factor, which is 3 for ball bearings or 10/3 for roller bearings. Equation 

(1.7) only considers the applied bearing radial load, rated load and type. The revolutions can be 

transformed into operation hours by  

 

 
ὒ ȟ ὒ

ρπ

φπὲ
 

 

(1.8) 

 

where n is the inner race (shaft) rotational speed in RPM. 

 

The modern equation by SKF (2001) with additional factors to determine bearing lifetime at an 

arbitrary reliability is: 

 

 
ὒϷ ὥ ὥ

Ὂ ȟ

Ὂ ȟ
 

 

(1.9) 

where ὥ  is a life adjustment factor for reliability compared to ὒ  lifetime and ὥ  is a life 

modification factor that takes into account the lubrication conditions (lubricant viscosity ratio), the 

load level in relation to the bearing fatigue load limit, and contamination level. While ὥ  is easily 

obtained from tabulated data in accordance to ISO 281:2007 (Table 1.5), determining ὥ  is more 

complex, having a wide range of values from 0.1 to 50 depending on the operating conditions. ὥ  

can be determined using the calculation tools or charts provided by SKF (2019).  
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Table 1.5. Life adjustment factor for reliability in accordance to ISO 281:2007. 

Reliability  

(%) 

Failure  

probability  

(%) 

SKF rating life Factor 

ὥ  

90 10 ὒ  1 

95 5 ὒ 0.64 

99 1 ὒ 0.25 

 

As an example, using the SKF bearing type 6313/C3 (single-row deep-groove ball bearing with 

increased radial clearance) used in the D-side bearing, the rated dynamic load rating Ὂ ȟ  is 

97.5 kN, the equivalent load Ὂ ȟ  is 5 kN and the rotational speed n is 1500 RPM. The resulting 

ὒ  lifetime is: 

 

 
ὒ

ωχȢυ Ë.

υ Ë.
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(1.10) 

 

which in operational hours is: 

 

 
ὒ ȟ
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(1.11) 

 

Thus, the basic ὒ  lifetime for the 6313/C3 bearing is 9.4 years at a radial load of 5 kN. In good 

operating conditions (ideal temperature, frequent and correct relubrication, no contamination), ὥ  

is typically 50, meaning that even for ὒ reliability (adjustment factor of 0.25), the lifetime of the 

bearing would be over a hundred years in 99% of the bearings. Harsh operating conditions can 

bring the lifetime down to just a few years. (SKF 2019). 

 

If the bearing is properly maintained, the bearing lifetime mainly depends on the lubrication 

quality. 

 

Bearing grease lifetime and relubrication intervals 

Bearing manufacturers often use a modified version of the Arrhenius equation (based on their own 

empirical data) to predict the bearing grease lifetime and provide a standard lifetime for lubricants 

depending on bearing size, speed, working temperature and load. Booser (1974) presented a model 

for estimating grease life by considering temperature, grease composition, bearing speed, and load. 

He noted that there was an empirical relationship between the temperature and grease lifetime and 

created a model inspired by the Arrhenius equation: 

 

 
ÌÏÇὒ  ὑ

ὑ

Ὕ
 

 

(1.12) 

where ὒ is the geometric mean grease lifetime in operational hours without accounting for speed 

or load, ὑ  is the temperature factor (often chosen to be 2450) based on observations that grease 

life drops by a factor of 1.5 for each 10 K temperature rise, ὑ  is the life parameter (having a 
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typical value of  -2.3 and which depends on the composition of the grease), and T is the absolute 

temperature in K. 

 

To consider load and speed, Booser developed the equation further and finally came up with the 

following simplified equation: 

 

 
ÌÏÇὒ ςȢσ

ςτυπ

Ὕ
πȢσπρὡ 

 

(1.13) 

where W includes tabulated data for greases, speed, ball bearing types, radial loading and specific 

dynamic capacity of the ball bearing. (Booser 1974). 

 

Later, the temperature dependence on grease life was studied in different temperature zones 

(Booser & Khonsari 2010). It was noted that in hot temperatures (above 160 °C) where the grease 

life is limited by oxidation, an additional chemical process, the grease life dropped by half per 10 

K. 
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(1.14) 

For warm temperatures (70 to 160 °C) the lifetime was found to drop by a factor of 1.5 per 10 K 

as a consequence of oil loss by evaporation, creep and other physical dissipation: 
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Ὕ
 

 

(1.15) 

In Equation (1.15), the life termôs value of -2.6 applies for a number of premium mineral oil and 

synthetic greases using thickeners such as lithium hydroxystearate, complex metal soaps and non-

melting polyurea powders commonly used in electric machine lubrication. (Khonsari & Booser 

2007) 

 

For normal industrial temperatures (40 to 70°C), the usage of bearing manufacturer given lifetime 

was suggested, which is usually given a maximum of 40 000 hours in mild conditions. 

 

In temperatures lower than 40 °C, where the effects of grease hardening and high oil kinematic 

viscosity are in play, the effect on lifetime ὒ is: 

 

 
ὒ ὒ  ЈϽ

‡  Ј

‡Ὕ
 

 

(1.16) 

where ὒ Ј is the lifetime in normal industrial temperatures, ‡ is the greaseôs base oil kinematic 

viscosity as a function of temperature and ‡ Ј  is the base oil kinematic viscosity in 40°C. 

 

The viscosity can be determined or estimated using an expression derived from the Walther 

equation: 
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 ‡ ρπͮ πȢχ (1.17) 

 

where A and B are either supplied by the grease manufacturer or if the kinematic viscosity is known 

at two temperatures, by: 

 

 

ὄ
ÌÏÇ

ÌÏÇ‡ πȢχ
ÌÏÇ‡ πȢχ

ÌÏÇ
Ὕ
Ὕ

 

(1.18) 

and 

 

 ὃ ÌÏÇÌÏÇ‡ πȢχ ὄÌÏÇ Ὕ  (1.19) 

 

Visually, equationsô (1.14) to (1.16) effects can be seen in Figure 1.6, where 40 000 hours is set as 

the standard lifetime. 

 
Figure 1.6. Bearing grease temperature vs. life plot for premium mineral oil grease in a ball bearing. 

(Booser & Khonsari 2010) 

ABB has listed lubrication intervals for motors using the ὒ principle at a bearing temperature of 

80°C for low voltage process performance motors. ABB recommends relubrication at the midpoint 

of the calculated grease lifetime. Converter-fed motors or slow motors with heavy loads should be 

relubricated more frequently. (ABB 2017)  

The lubrication interval information for motors fitted with ball bearings using lower power bound 

values has been adapted to Figure 1.7. 
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Figure 1.7. Lubrication intervals in duty hours for ball bearings as a function of IEC frame size and speed 

(RPM) using lower bound power range values. 

In Figure 1.7 it can be noted that the recommended lubrication interval depends on the frame size 

and speed. Higher power motors in the same frame size require more frequent lubrication (omitted 

from the figure). Motors with larger frames and output power, higher speeds all require more 

frequent lubrication of the bearings. Tabulated data for different frame sizes, speeds and rated 

power are available in Appendix B for motors equipped with either ball- or roller bearings. 
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1.6 Bearing condition monitoring methods  

Given bearingsô criticality in industrial processes, monitoring their well-being has been well-

motivated to avoid catastrophic failure. There are several bearing condition monitoring schemes, 

most of which require sensors.  A collection of these schemes along with their major advantages 

and disadvantages is presented in Table 1.6. 

 
Table 1.6. Bearing condition monitoring schemes. (Zhou et al. 2007)  

 
Monitoring 

scheme 

Major advantage Major disadvantage 

 
Vibration 

monitoring 

 

Reliable, standardized, 

(Related standard: ISO10816) 

Expensive, intrusive, subject to 

sensor failures 

 
Chemical 

analysis 

 

Directly monitoring the 

bearing and its oil/grease 

Limited to bearings with closed-

loop oil supply system, specialist 

knowledge required 

Extra 

sensor 

required 

Temperature 

measurement 

 

Standard available in some 

industries (Related standard: 

IEEE 841) 

Embedded temperature detector 

required, other factors may 

cause the same temperature rise 

 
Acoustic 

emission 

(ultrasonic 

frequency) 

 

High signal-to-noise ratio Sensor required, specialist 

knowledge required 

 
Sound 

measurement 

(audio 

frequency) 

 

Easy to measure Background noise must be 

shielded 

 
Laser 

displacement 

measurement 

Alternative way to measure 

bearing vibration 

Laser sensor required, difficult 

to implement 

Sensor-

less 

Stator current 

monitoring 

Inexpensive, non-intrusive, 

easy to implement 

Sometimes low signal-to-noise 

ratio, still in development stage 

 

In Table 1.6, most of the bearing condition monitoring methods require external sensors. The 

problem with many methods is a high cost or complexity, which is uneconomical for a fleet of 
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small or mid-sized motors. The cost of installation, operation and maintenance of a condition 

monitoring sensor and related cabling may be so high that they exceed that of the motor itself. 

(Yokogawa 2019) 

 

Research on stator signal analysis has resulted in sophisticated frequency converters that can 

determine issues based on current signals in both time- and frequency domain (M. El Hachemi 

Benbouzid 2000; Rajagopalan et al. 2007; Akin et al. 2008; Duque-Perez et al. 2012; 

Siyambalapitiya & McLaren 1988). Stator current analysis methods along with inexpensive 

wirelessly connected sensors that can simply be inserted on the motorôs side can prevent otherwise 

catastrophic failure due to increased vibration and temperature rise. The power in using a multitude 

of inexpensive methods is that they can cross-check each other to detect potential failures and 

compensate for each otherôs weaknesses or failures. 

1.7 Stator protection and relation of bearing temperature to stator 

temperature 

One of the greatest limiting factors for induction machine loading is the stator windingôs 

temperature. If  the winding becomes too hot, the heat has an adverse effect on its insulation. The 

insulationôs purpose is to keep the winding turns from shorting. The insulation is made of materials 

that do not conduct heat well nor can tolerate heating above a certain temperature. Like bearings 

and their lubricants, stator winding insulation also adheres to Arrhenius law via chemical reactions 

that deteriorate it over time. Insulations are given a standard IEC thermal classification, the most 

common of which are listed in Table 1.7. 

 
Table 1.7. A selection of insulation thermal classes. 

Insulation class Ambient 

temperature 

Rated 

temperature rise 

(K) 

Hot spot 

allowance (K) 

Hot spot 

temperature (°C) 

105 (A*)  40 60 5 105 

130 (B*)  40 80 10 130 

155 (F*)  40 105 10 155 

180 (H*)  40 125 15 180 
* Outdated designation. 

 

Therefore, temperature monitoring of the stator winding has been a cornerstone of motor 

protection and extension of stator winding insulation life. To keep the statorôs temperature from 

rising too high, different protection methods have been devised. Temperature determination 

methods include direct measurement of temperature by embedded sensors, or sensorless 

techniques such as thermal models or parameter-based estimation. Microcontroller-based thermal 

relays with a simple thermal model still represent the state-of-the-art protection for motors without 

embedded thermal sensors. (Farag et al. 1994; Gao 2006) 

 

Protection against short-term thermal stress such as frequent starting or heavy overloading, or 

long-term stress such as S1-type continuous loading are accounted for at a varying degree. In 

addition, to extend winding insulation life, class 155 insulation may be treated as if it were class 

130. 
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With so much emphasis on stator winding and bearing temperature monitoring and protection 

methods, it has been empirically noted that the D-side bearing temperature rise follows the stator 

winding temperature rise typically at a fraction of 50 to 75% in TEFC motors. (Baldor 2015) 

 

In this work, initial investigations into ABBôs general- and process performance TEFC induction 

motor test reports (ABB 2018b) seemed to suggest that bearingsô temperature rise being in that 

range of stator temperature rise is a good rule of thumb indeed, holding true for a wide variety of 

cast iron and aluminum frame TEFC induction motors of varying size, power and IEC efficiency 

class. The test reports, however, list the temperature rise only for the nominal operating point (rated 

load and speed) with a sinusoidal supply. The ratio of temperature rise of D-side bearing and stator 

winding along with key figures is presented in Table 1.8, and the data points with aluminum frame 

motors highlighted are presented in Figure 1.8. 

 
Table 1.8. Statistical key figures for ABB 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 

Mean deviation 

of — /— 

 

 

0.08 0.11 0.09 0.06 0.04 0.04 0.06 0.08 0.09 0.10 

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

 

 
Figure 1.8. The ratio of Drive-side (D) bearing and stator temperature rise as a function of frame size, 

special notice to frame material. 

In Figure 1.8, one can notice the average ratio of the D-side bearing and stator temperature rises, 

— /—, hovering around the value of 0.6. Whether the frame is made of aluminum or cast-iron does 

not seem to affect — /—, although aluminum frames typically run slightly cooler because of 

—
Ⱦ—
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aluminumôs better heat conductivity. The ratio is lower in the smaller frame sizes but begins to 

rise and settles towards a value as the frame size increases. In general, the mean deviation seems 

quite large towards the smaller and larger frame sizes, around 0.1. 

 

Several uncertainty factors that affect these 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 there is an occasional human mistake of inserting the 

temperature instead of temperature rise into the test report data, increasing the value typically by 

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

pole pairs, efficiency (IE rating) or rated power within the same frame size, as they affect the 

thermal behavior of the machine, thus may affect the ratio — /—. Comparison by the pole-pair 

number, IE rating and rated output power are presented in Tables 1.9 and 1.10.  

 
Table 1.9. The key figures to the — /— across the different frame sizes, grouped by pole pair number p. 

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

Average 

— /— 

 

0.71 0.66 0.44 0.48 0.56 0.60 0.62 0.66 0.63 0.68 

 
Mean 

deviation of 

— /— 

 

0.00 0.00 0.07 0.04 0.05 0.02 0.07 0.08 0.06 0.13 

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

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

Average 

— /— 

 

0.61 0.52 0.61 0.56 0.55 0.62 0.59 0.66 0.63 0.59 

 
Mean 

deviation of 

— /— 

 

0.15 0.10 0.06 0.05 0.03 0.05 0.04 0.07 0.13 0.12 

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

            

p = 3 Frame size 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 0.67 0.65 0.67 

 
Mean 

deviation of 

— /— 

 

 

0.00 0.00 0.08 0.04 0.04 0.03 0.06 0.09 0.08 0.05 

 
Sample size 1 2 6 5 8 6 5 5 8 8 
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In Table 1.9, we can see that mean deviation is the smallest at the mid-sized frames (180 to 250) 

regardless of the pole-pair number, while for smaller and larger frame sizes the mean deviation is 

typically larger (sample size permitting to draw such conclusions). The average values (per frame 

size) from Table 1.9 are shown visually in Figure 1.9. 

 

 

  
 
Figure 1.9. Ratio of D-side 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 the average ratio of — /— significantly in the case motors 

with pole pairs of 1 and 2. For motors with 3 pole pairs, the average values for — /— are larger on 

average. There is a questionable (low value for R2) trend for the ratio — /— to rise as a function of 

the frame size. The data points in all pole number cases form a cluster that hovers around the value 

of 0.6. A conclusion can be drawn that pole pair number does not affect the ratio significantly. 

 

Grouped by efficiency rating, including IE1, IE2 and IE3 efficiency ratings, the key figures are 

listed in Table 1.10 and the data points are shown in Figure 1.10. 

  

—
Ⱦ—
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Table 1.10. The ratio of test report motors by efficiency rating. 

Efficiency 

class 

IE1 IE2 IE3 

Average 

— /— 

 

0.56 0.58 0.67 

Mean 

deviation 

of — /— 

 

0.084 0.081 0.081 

Sample 

size 

29 69 40 

 

 
Figure 1.10. Ratio of D-bearing and stator temperature rise by efficiency class.  

In the key figures and data points presented Table 1.10 and Figure 1.10, it can be seen that the 

average values of efficiency ratings IE1 and IE2 are very close to each other (0.56 and 0.58), but 

the average value for IE3 is a little higher at 0.67. While the mean deviation of the ratio —Ⱦ— is 

around 0.08, the overall variance (judging from Figure 1.10) is quite high. 

 

Finally, grouping by the frame sizes and as a function of rated output power, the data points are 

presented in Figure 1.11. 
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Figure 1.11. Ratio of D-bearing and stator temperature rise as a function of rated output power, grouped 

by different frame sizes and linear fitting with R2-value computed. 

In Figure 1.11, one can observe that in most cases the ratio —Ⱦ— on average, does not vary greatly 

despite relatively large output power differences in some of the frame sizes. In the frame size 132 

it is apparent that the sample size is too low to make even a rough justification for the trend line. 

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

 

Overall, there is a statistical and observable linkage between the D-side bearing and stator 

temperature rise that does not significantly depend on the motor frame material, motor frame size, 

pole-pair number, efficiency or rated output power. 

—
Ⱦ—

 

—
Ⱦ—

 

—
Ⱦ—

 

—
Ⱦ—

 

—
Ⱦ—

 

—
Ⱦ—

 

—
Ⱦ—

 

—
Ⱦ—

 

—
Ⱦ—
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1.8 Research problem, hypotheses, research questions and utility of this 

work  

The bearing temperature, speed and loading have been established to be principal factors for the 

lifetime of the lubricant and bearing. There also exists a statistical linkage between the D-side 

bearing and stator temperature rise. 

 

Research problem 

Shortly, the research problem is bearing condition monitoring in converter-fed machines. What 

components make up this problem can be listed as follows: 

 

¶ Current common industrial methods for relubrication frequency are based mostly on time 

and for singular estimated speeds and loads. For converter-fed variable speed applications, 

the current guidelines for re-greasing period are not good enough, they could be reflected 

by usage that could be tracked by the frequency converter itself. 

 

¶ Converter-fed machines experience significantly higher temperatures than DOL (direct on-

line) machines in the electromagnetically active parts, which is reflected as an increased 

temperature rise in the motorôs other parts as well, such as the bearings and their lubricant. 

As higher temperatures cause accelerated aging of the lubricant, this must be accounted for 

in the bearing temperature estimation and lifetime calculation. 

 

¶ Direct temperature measurement is not economically feasible for smaller and medium-

sized machines. A way to use sensorless methods is highly desirable for economical 

reasons. A way to estimate the bearing temperature from another known attribute would 

go a long way for timing maintenance to cause only a minimum amount of downtime. 

 

To make the research problem more easily approachable, the following hypotheses are presented: 

 

Hypothesis I : 

The ratio of the bearing and stator temperature rise — /— either stays constant or varies in a 

predictable manner as a function of speed and load in TEFC IMs. If the stator temperature is 

known, the bearing temperature can be derived from it. 

 

Hypothesis II: 

As there is a presumed linkage in between a stator temperature and D-side bearing temperature, it 

may be possible to utilize a stator thermal model to estimate the bearing temperature, assuming 

that Hypothesis I is true. 

 

Hypothesis III : 

The model can also be applied to the Non-drive-end (N-side) bearing. 

 

To provide a solution to the research problem and to provide answers to the hypotheses, the 

following research questions are presented: 
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Research question I :  

Does the ratio — /— stay constant or vary in a predictive manner for a single machine, over 

different speeds, loads and cooling conditions? If the cooling conditions are changed, does it 

change, and if it does, by how much? 

 

Research question II : 

Does the bearing transient thermal behavior follow the stator transient thermal behavior in a 

constant or predictable way? Is the resulting dynamic model simple and accurate? 

 

Research question III : 

Repeat the research questions I-II  but for the N-bearing. 

 

Utility of thi s work 

Induction motor thermal behavior has been researched extensively and both analytic and finite 

element method and computational fluid dynamic -based models have been formulated. However, 

bearing temperature usually has not been in focus in those models, nor have they studied the stator-

bearing temperature relationship in detail. 

 

Of course, the model and measurements done in this work will  probably not work óas isô for all 

motor drive setups, not even with motors of the same type and size. Operating conditions obviously 

differ from plant to plant and there are many variables in the real world that do not show in a 

laboratory setup. 

 

If the hypotheses prove to be correct and some rough conclusions can be drawn from the simple 

model, the information can be useful along with current test report data for proliferating a bearing 

thermal model for other TEFC motors. The measurements made in general can be used to verify 

thermal models created out of motor design data. 
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2 INDUCTION MACHINE LOSSES AND HEAT TRANSFER 
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 location in the 

machine, and how the heat from the losses transfer to the bearings. 

 

As the induction machine is not completely efficient in converting electrical energy into 

mechanical energy, losses are bound to occur. The efficiency – of an electrical machine converting 

electrical power ὖ into mechanical power ὖ  is: 

 

 

 
–
ὖ

ὖ

ὖ

ὖ

ὖ ὖ

ὖ
 

(2.1) 

 

 

The loss component, ὖ , creates heat within the volume where the losses occur. When losses are 

created in a volume, there is an increase in energy in the volume that manifests itself as an increase 

in temperature within the volume. The increase in temperature — (K) is dependent on the amount 

of heat Q (J), the volumeôs specific heat capacity ὧ 
Ͻ

 and its mass m (kg): 

 
—

ὗ

ὧά
 

 

(2.2) 

The differences in temperature within the machine create the potential for heat transfer not only 

within the machine, but also between the machine and the ambient. Eventually 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 

temperature. The induction machine losses can be classified by either their location 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 losses are lumped into friction and windage losses. 

A summary of the classification of losses is presented in Table 2.1. 
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Table 2.1. A summary of the classification of induction motor losses (Kärkkäinen 2015). 

Classification 

by location in a 

motor 

Losses in stator and rotor 

windings 

Losses in magnetic circuit 

core materials 

Mechanical 

losses of 

the motor 

Classification 

by 

electromagnetic 

origin 

Fundamental 

winding 

losses 

Harmonic 

winding 

losses 

Harmonic 

iron losses 

Fundamental 

iron losses 

 

Commonly used 

classification 

Winding 

losses 

Additional load losses 

(Stray-load losses) 

Iron losses Friction 

and 

windage 

losses 

 

From a heat transfer perspective, the classification of the loss location is deemed as more 

important, as heat travels irrespective of whether it was produced by fundamental or harmonic 

losses. When comparing the thermal behavior of sinusoidal and converter-fed machines, the 

distinction of fundamental losses from harmonic losses is more useful, assuming that both 

machines have similar fundamental loss profiles. The effect on losses by using a frequency 

converter is that more additional losses are created by voltage and current time harmonics, and in 

the specific case of running a 50 or 60 Hz machine at its rated speed in field weakening because 

of the converterôs properties. 

 

To understand the fundamental loss production mechanisms in the induction machine, the 

equivalent electrical circuit of the induction motor provides simple explanations for the 

transformation of electrical energy into kinetic energy and occurring losses (Figure 2.1). 

 

 

 
Figure 2.1. Induction motor equivalent electrical circuit, rotor referred to stator. 

 

In the equivalent circuit depicted in Figure 2.1, current flows into the stator winding (creating Joule 

losses in the winding), magnetizes the core (creating losses in the core) and induces a current in 

the rotor side (creating losses in the rotor). The current depends on the load, which creates a slip 

s, which in the equivalent circuit decreases the value of slip-dependent resistance . From the 
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mechanical energy created, friction and windage losses are subtracted before it finally 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 that the stator current is the sum of magnetizing current and 

referred rotor current. It is assumed that the rotor core loss is minimal at steady-state operation, 

although with frequency converters there are additional time harmonics induced in the rotor. This 

fact also changes slightly the locations where significant losses are generated. 

 

2.1.1 Winding losses 

The winding losses are resistive losses manifesting in the machineôs highly conductive active parts, 

which are the stator and rotor windings. The windings are constructed with a highly conductive 

material, such as copper (stator windings) or aluminum (commonly used as the rotor cage winding 

material). Current in the stator is needed to create magnetic flux around the windings, which 

induces a current in the slipping rotor, which then creates its own magnetic flux, creating a force 

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

 

The winding losses ὖ  (copper losses) in the conductor are proportional to the product of the 

resistance of the conductor and the square of the current flowing through the conductor through 

Joule heating: 

 

 ὖ  ὙὍ (2.3) 

 

Time harmonics in the current waveform complicate things, as the resistance is dependent on the 

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

the fundamental wave and its harmonics, the effective resistance for each harmonic component 

can be calculated. According to Parsevalôs theorem, power in the time domain equals power in the 

frequency domain and that the resistive losses can be represented as a superposition of losses at 

each frequency of the current spectrum: 

 

 
ὖ  Ὑ Ὅ ὙὍ 

(2.4) 

 

 

Where Ὑ , Ὅ  are the zero-frequency resistance and current, and Ὑ , Ὅ are the AC resistance 

and RMS current at harmonic frequencies. The 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 the resistivity of conductive materials increases as a function of temperature, resistive losses 

are thus temperature dependent, usually linearly so: 

 

 Ὑ Ὑ ρ ‌ЎὝ (2.5) 

 

Where Ὑ (ɱ) is the resistance at some arbitrary temperature, often at room temperature or 20 °C, 

‌ (ρȾ+ is the temperature coefficient of resistance and ЎὝ (K) is the difference between 

temperature and reference temperature, usually 20°C. 
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To define the winding losses in an induction motor, it is useful to first describe the phase current 

(here s means percent slip, not the complex variable s = jɤ) using the equivalent circuit from Figure 

2.1. 
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(2.6) 

 

 

 

This phase current creates a voltage drop across the primary impedance (Ὑ Ê‫ὒ  so the stator 

induced voltage on the rotor referred to stator is: 

 

 

 Ὗ Ὗ Ὁ Ὅȟ Ὑ Ê‫ὒȟ  (2.7) 

 

 

The magnetizing current per phase is: 
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(2.8) 

 

Assuming that the voltage-drop across the stator resistance and leakage reactance Ὑ Êὢ is small 

and does not fluctuate greatly because of temperature or load, the magnetizing current Im stays 

approximately constant. 

 

The referred rotor current per phase is: 
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(2.9) 

 

 

 

The stator winding loss is expressed as the sum of resistive winding losses in the three phases: 

 

 ὖ ȟ σϽὙϽὍȟ (2.10) 

 

 

The phase current can be replaced by the equivalent line current: 
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(2.11) 

 

 

 

 Ḉὖ ȟ ὙϽὍȟ  (2.12) 

 

The rotor winding losses are: 

 

 ὖ ȟ σẗὙὍ σẗὙ Ὅȟ Ὅȟ  (2.13) 
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which is equal to (using line current values): 
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(2.14) 

 

 

 

 Ḉὖ ȟ ὙὍȟ ὙὍȟ Ὅȟ ὙὍȟ  (2.15) 

 

 

What can be noted from the stator and rotor fundamental winding losses is that they both can be 

expressed as a function of line current squared. In (2.14) and (2.15) the magnetizing current Ὅ has 

to be estimated. The magnetizing current does not take part into rotor winding losses. 

 

If the voltage source is non-sinusoidal, it creates time-harmonic currents that cause additional 

winding losses. Harmonics have a greater effect on rotor winding losses because, from the rotorôs 

point of view, the frequency is much greater. The rotor slip with respect to a high-frequency stator 

harmonic approaches ί ρ as the harmonic number rises, making the harmonic losses almost 

independent from rotor speed. Because rotor bars typically have much bigger cross-sectional areas, 

the skin effect is more pronounced. The harmonic currents then see a much higher resistance on 

the rotor side. 

 

2.1.2 Iron losses 

The iron losses happen in the magnetic (high permeability) material in the machine, in the parts 

through which the magnetic flux travels to form the magnetic circuit. The iron losses are 

traditionally divided into hysteresis losses and eddy current losses (Jordan model). Eddy current 

losses are further categorized into classical and excess losses. 

 

The total iron losses can be expressed as the sum of each power loss component: 

 

 ὖ ὖ ὖ ὖ  (2.16) 

 

Hysteresis losses come from rotating the magnetic domains in the core material. The energy 

required to change the magnetic field direction depends on how much the core magnetic field lags 

the applied field, which forms a hysteresis loop when plotted in B/H coordinates. The area of the 

hysteresis loop is directly proportional to the energy consumed during one cycle, which is assumed 

to be constant or increasing only very little as a function of frequency when practical motor 

frequencies are considered. The power loss is then proportional to the frequency and the peak of 

the magnetic field density from 1.5th to 2.5th power. 

 

Eddy current losses are a resistive loss caused by a changing magnetic field in a conductive 

medium, proportional to frequency squared and peak of magnetic field density squared. 

 

Excess losses are associated with interactions with the external magnetic field and local 

inhomogeneous counter-fields created by eddy currents. The excess losses are proportional to the 

frequency and peak magnetic field density to the power of 1.5. 
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Together, if the waveforms are sinusoidal, the iron losses can be described as: 

 

 ὖ ὯὪὄȢ Ȣ Ὧ Ὢὄ Ὧ ὪȢὄȢ  (2.17) 

 

For an iron loss model that considers non-sinusoidal waveforms (Manyage & Pillay 2007): 
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where 
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(2.19) 

 

and 
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(2.20) 

 

 

so that with sinusoidal flux waveforms, (2.18) reverts back to (2.17). While the expression in (2.17) 

is well-agreed upon for sinusoidal flux waveforms and (2.18) produced good results where it was 

tested (Manyage & Pillay 2007), the usage of loss expressions that rely on dB/dt for non-sinusoidal 

waveforms are not completely agreed upon. (Belkasim 2008; Popescu et al. 2010) 

 

The iron losses are often assumed to stay constant at a certain frequency, mostly unaffected by 

load. Analytically, as the flux is affected by voltage and increased loads increase the voltage drop, 

the fundamental iron losses lower as a function of load. FEM-simulations of a 37-kW induction 

machine have shown significant positive load-dependence for the iron losses that include the 

excess and eddy-current losses. (Aarniovuori et al. 2016) 
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2.1.3 Friction and windage losses 

Friction and windage losses result from friction in the bearings and in the moving air inside and 

outside the motor.  

 

Friction and windage losses in general are proportional either to the second (Lipo 2018) or third 

(Sousa et al. 1992) power of speed, which is dependent on the summation of the bearing losses 

and windage losses. A 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 power of 2.5 from no-load 

speed to rated load speed (IEC 2014). 

 

Hence, depending on the machine and its operational, the friction and windage loss relation is: 

 

 ὖ ᶿ   (2.21) 

 

The significance of the friction and windage loss tends to rise with machine size and power. 

 

Bearing losses 

Every surface on which there is a sliding contact, contributes to the frictional losses that are created 

in the bearing. The contact surfaces where such sliding happens are the bearing raceways, the cage 

for the rolling element, the seal (if the bearing has such) and the lubricant, which all contribute to 

the overall friction torque. The bearing friction torque and the losses depend on the bearing load, 

shaft rotational speed, bearing dimensions and material, roughness of rolling elements and 

raceways, lubricant condition and lubricant properties. The SKF model for bearing frictional 

torque is: 

 

 Ὕ Ὕ Ὕ Ὕ Ὕ  (2.22) 

 

   

where: 

 

Ὕ: total bearing frictional torque (Typically Nmm, newton-millimetres), 

Ὕ : rolling frictional torque, 

Ὕ : sliding frictional torque,  

Ὕ : frictional torque of seals, and 

Ὕ : frictional torque of drag losses, churning, splashes and related fluid action.  

 

The calculation of these frictional torques depends on the bearing type, material, size and load 

(radial and axial), lubricant characteristics and rotational speed. 

 

Graphically, the bearing frictional torque as a function of speed looks like the following (Figure 

2.2). 

 

 

 

 



41 

 

 
 

 
Figure 2.2. Bearing frictional torque as a function of rotational speed including lubrication modes. (SKF 

2019) 

In Figure 2.2 the frictional torque, at a standstill and very low speeds, is high as only the asperities 

are carrying the load. As speed is gained, a lubricating film is formed, beginning to carry the load, 

reducing frictional torque considerably. The mixed-lubrication mode still contains some metal-to-

metal contact, but in full film lubrication, the sliding surfaces are ñsurfingò on the lubricant and 

metal-to-metal contact is minimized. As the speed increases, the viscous losses of the lubricant 

increase. As the losses heat up the lubricant, the viscosity is lowered, evening out the losses at 

higher speeds. 

 

The bearing losses ὖ (W) can then be expressed by: 

 

 ὖ ρȢπυϽρπὝὲ (2.23) 

 

   

where Ὕ is the total frictional torque in Nmm and n is the rotational speed in RPM. The frictional 

torque can be especially high right after relubrication, up to two or four times the normal value, 

before the new lubricant sets in. The increased frictional torque increases the bearing losses and 

cause an elevated temperature rise in the bearing. 

 

Windage losses 

Windage losses in an induction motor are due to surrounding fluid resisting motion. Squirrel-cage 

induction motors typically have a number of radial fans: one outside the motor, attached to the 

shaft on the N-side; two inside the motor, fixed to the end-rings. The purpose of the external fan 

is to provide cooling air flow over the motor frame, while the internal fans fixed to the end-rings 

are to distribute the heat more evenly within the machine. 

 

For the external radial fan, the windage loss is: 
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where  is the moved fluid volume in , ὤ  is the aerodynamic resistance in 
Ͻ
, which depends 

on the fluid path geometry and fluid properties, and – is the energetic efficiency of the fan. If the 

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 internal fans (attached to the rotor end-rings), since the air flow forms a circuit inside the 

motor, the aerodynamic resistance ὤ is closer to 0, but the energetic efficiency – also approaches 

0. An experimental result from this (Dabala 2001) is that the sum of bearing and internal fan losses 

is a second-degree function of speed with a quadratic and linear term. The internal and outside fan 

losses, based on the measurement data, have a relationship roughly approximated as 

 

 ὖȟ ὖ
ὲ

ὲ
ὖȟ  

 

(2.25) 

 

where ὖȟ , ὖȟ  are the internal and external windage losses respectively, ὖ is the bearing loss 

and ὲ Ⱦὲ  is the speed ratio. In (2.25), it is assumed that the number of internal rotor fans is 

two and that the outside fan is not considerably large, else the outside fan would certainly dominate 

the friction and windage losses and make the overall ὖ  relationship cubic to speed. 

 

2.1.4 Additional load losses 

Additional load losses ὖ  (or stray-load losses) include losses that are hard to explain or that are 

not conventional losses. The additional losses might include the time harmonic losses from 

winding and iron losses. The additional loss amount is typically 0.3 to 2% of total input power in 

squirrel cage motors. Converter-fed machines tend to have a greater amount of additional load 

losses because of the time-harmonic content in the voltage and current waveform. (Pyrhönen, 

Jokinen & Hrabovcov§ 2014) 

 

The sources for additional load losses include the following (Sen & Landa 1990): 

 

¶ Eddy current loss in the stator copper as a result of the slot leakage flux 

¶ Loss in the motor end structures as a result of the end leakage flux 

¶ High-frequency rotor and stator surface losses as a result of tooth-tip leakage flux 

¶ Tooth pulsation and rotor copper losses as a result of tooth-tip leakage flux 

¶ Rotor copper losses as a result of circulating currents induced by the leakage flux 

¶ Iron losses with skewed motors as a result of skew-leakage flux 

 

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

frequency: 

 

 ὖ ᶿὍὪȢ 
 

(2.26) 
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2.2 Induction motor heat transfer 

Thermal networks of TEFC induction machines, varying in complexity, have been investigated by 

Kylander (1991), Mellor et al. (1991), Boglietti et al. (2003). The thermal networks emerged from 

these are reasonably accurate given that the geometry and material properties are known. 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 transfer through the air-gap between the stator and rotor is through 

conduction, and some cooling of the machine is provided by the flange. Convection is the main 

method of heat dissipation into the ambient and forms a significant portion of heat transfer inside 

the machine. Radiant heat transfer is small, and therefore it is ignored in Figure 2.3. 

 

 

Figure 2.3. Axial cross-section of a TEFC induction motor with heat transfer paths. 

In Figure 2.3, 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 & natural convection) and from rotor to stator (air-gap 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 low-power induction motors running at rated speed, 65% of the 

rotor losses pass through the stator via the air-gap by a combination of conduction and convection, 
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20% are transferred to the internal frame by 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 lowered, then 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-is. 

 

2.2.1 Conduction heat transfer 

Suppose that you have two surfaces at different temperatures connected by a conducting medium. 

The heat flow  from the higher temperature surface to the other is: 
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(2.27) 

where Ὑ  is the thermal resistance and ЎὝ is the temperature difference between the surfaces. For 

same-sized surfaces: 
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(2.28) 

where l is the distance between the two surfaces, ‗ is the conductive heat transfer coefficient and 

S is the surface area. 

 

For induction machines and rotating electrical machines in general, cylindrical surfaces and heat 

flux paths are common. The conductive thermal resistance in that case is: 
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(2.29) 

where ὶȾὶ is the ratio of outer and inner radius, ‗ is the conductive heat transfer coefficient and 

l is the cylinderôs axial length. 

 

In Table 2.2, the relevant thermal-related qualities of selected materials are presented. 
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Table 2.2. Thermal-related attributes of common induction machine materials at room temperature, most 

of the values from (Pyrhönen et al. 2014). 

Material Thermal 

conductivity 

‗ 
7Ⱦ+ϽÍ  

 

Specific 

heat 

capacity  

c 

[kJ/(kgϽ+)] 

Density  

” 

ËÇȾÍ  

Electrical 

resistivity  

” 

ɱϽÍϽρπ  

Copper 

 

394 0.385 

 

8960 1.75 

Aluminum 

 

209 0.896 

 

2700 2.8 

Cast-iron 40-46 0.5 

 

7300 10 

Carbon 

steel 

(0.5%) 

 

45 0.465 

 

7800 14-18 

Electrical 

steel 

 

22-40 (in 

direction of 

lamination) 

 

0.6 (normal to 

lamination) 

 

0.46-0.6 7700 25-50 

Bearing 

steel 

(100Cr6) 

 

20 0.46 

 

 

7830 2 

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 tends to rise. In Figure 2.4, the variation in thermal conductivity for various solid 

materials, mostly metals, is shown. 
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Figure 2.4. Thermal conductivity as a function of temperature for various solid materials. The temperature 

area of interest (300 to 450 K) is highlighted, as it is a relevant temperature range for electrical machines. 

(Incropera & DeWitt 2002) 

In Figure 2.4 it can be seen that, in the temperature area of interest, neither aluminum nor copper 

does not vary in thermal conduction significantly. Iron and stainless steel both show significant 

changes in opposite directions. Cast iron (not shown in Figure 2.4) is known to have lower thermal 

conductivities of 0.54 (at 100 °C) and 0.51 (at 200 °C) 7ȾÍϽ+ 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 heat transfer 

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 

objectôs surface and that of the surrounding fluid. 

 

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 transfer mode is: 
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(2.30) 

where dQ/dt is heat transfer rate (W), Ὕ  and Ὕ  are surface and fluid temperatures (K) 

respectively, and ‌ is the film coefficient [W/(m2ϽK)], which is dependent on the boundary layer 

geometry, fluid motion characteristics and other properties. 

 

The thermal resistance for convective surfaces is: 
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(2.31) 

where ‌ is the convective film coefficient and S is the surface area. Typical values for ‌ are given 

in Table 2.3. 

 
Table 2.3. Typical values for film coefficient in convective heat transfer. 

Process Film coefficient 

‌ [W/(m2 K)]  

Natural convection 

 

5-25 

Forced convection, gas 

 

25-250 

Forced convection, liquid 

 

50-20 000 

Convection with phase change 

(boiling and condensation) 

2500-100 000 

 

Analytic solving of convective heat transfer problems often consists of determining the equivalent 

geometry of the transfer surface and utilizing empirical correlation numbers to determine the 

effective film coefficient.  

 

Mapping out the convective sectionsô behavior as a function of speed is mostly based on 

Kylanderôs (1995) identification of a 15-kW machineôs heat transfer coefficients (Table 2.4). For 

clarity, non-speed variables and parameters have been lumped together and replaced with ὧ, 

where n = 1, 2, 3. 
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Table 2.4. Convective heat transfer interface change of a small induction machine at different speeds. 

Interface Range of heat 

transfer coefficient ‌ 

from 25 to 100% 

speed 

7ȾÍ Ͻ+ 

Speed relation 

Average frame to ambient 

 

20 to 60 ‌ ὧ ὧ‫Ȣ 

Rotor to stator via air-gap 

 

 

 

25 (laminar) to 100 

(turbulent) 
Ὕὥ ὧ‫  

ὔό ὧὝὥȢ ὧὝὥ Ȣ  

‌ ὧὔό 

Rotor to internal air 

 

65 to 150 ‌ ὧ‫Ȣ  

Internal air to bearing (end-

shield) 

 

40 to 75 ‌ ὧ ὧ‫Ȣ  

Bearing (end-shield) to 

ambient 

D-side: 30 to 55 

N-side: 65 to 170 

 

‌ ὧ ὧ‫Ȣ 

‌ ὧ ὧ‫Ȣ 
 

End-windings to internal air 

 

25 to 45 ‌ ὧ ὧ‫Ȣ 

Shaft to internal air 8 to 20 ὙὩ ὧ ‫ 

ὔό ὧὙὩȢ 

‌ ὧὔό 
 

In Table 2.4 can be noticed that the convection coefficient of different interfaces ‌ varies by a 

factor of 2-4 in between slow (25%) and rated (100%) speed.  

 

The values used to calculate the interface heat transfer coefficients other than the frame-ambient 

were:  

 

Rotational speed   = 40 to 157 rad/s (375 to 1500 RPM),  

average air-gap radius ὶ = 0.2 m,  

air-gap length ‏ ρϽρπÍ,  

kinematic viscosity ‡ = ρσπȢωϽρπ  at 60°C, 

dynamic viscosity ‘ = ρȢωϽρπ
Ͻ
 at 60°C, 

fluid density ” ρȢπφ  at 60°C, 

ÓÈÁÆÔ ÒÁÄÉÕÓ ὶ πȢπτ Í and 

fluid conductivity ‗ πȢπςυ
Ͻ

. 
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Using the values presented in Table 2.4 is questionable because the exact internal geometries of 

the test machine were not given. Some values for ‌ are incredibly geometry-dependent, such as 

the air-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. Every object with a 

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 radiation. For 

two enclosed grey surfaces, the rate equation for radiation heat transfer is:  
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(2.32) 

where ‐ȟ, ‐ȟ are the relative emissivities of the two surfaces, Ὧ is the Boltzmann constant 

(5.67Ā10-8 W/m2 K4) Ὓ, Ὓ are the surface areas, Ὂᴼ  is the view factor from surface 1 to surface 

2, and  Ὕ, Ὕ are the absolute temperatures of the two surfaces. The change of heat 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 low, 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 compared to the other 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 IDENTIFICATION 
System identification is the art of creating 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 accuracy, linearizing as much as possible. Methods for creating models include 

statistical 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 time. Linear time-invariant (LTI) systems are simpler 

to model and they are realizable in transfer functions. A generic transfer function G(s) is described 

by a ratio of two polynomials with real coefficients: 
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(3.1) 
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Where y(s) is the output of the system, u(s) is the input to the system, s = jɤ is the complex 

variable, m is the numerator polynomial order, ὦȣ  are the numerator polynomial coefficients, n 

is the denominator polynomial order and ὥȣ  are the denominator polynomial coefficients.  

 

The order of the system is dictated by n. For a transfer function to be proper, m Ò n, and strictly 

proper if m < n. Strictly proper systems will converge to zero as frequency approaches infinity, 

which holds true for the vast majority of physical processes. The 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 proper first-order system is governed by the transfer function: 

 

 
Ὃί

ώί

όί

ὦ

ρ ὥί
 

(3.2) 

 

 

If we set s = 0, then: 
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(3.3) 

 

 

We get the steady-state gain for the system, which is expressed with K. 

 

In (3.2) there are no zeros, but there is one pole, which is: 
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We can restructure (3.2) using (3.3) and (3.4): 
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(3.5) 

 

 

If we rearrange (3.2) a step input όί  with zero initial values in the system, then: 
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(3.6) 

 

 

which has the inverse Laplace transform of: 

 

 
ώὸ ὑόρ Ὡ  

(3.7) 
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Normally ὥ is replaced with †, which is the time constant of the first-order system. 

If we take out the input  from (3.7) at the moment where y(t) = Ku, so that is has the initial value 

of Ku, we consider the transfer function to be fed with an impulse function of u(s) = u: 

 

 
ώί όϽ
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(3.8) 

 

whose inverse Laplace transform is: 

 
ώὸ ὑόὩ  

 

(3.9) 

 

which is the mirror shape of (3.7) in terms of . In fact, no matter how complex the linear network 

is, this holds true. It is important to note that in linear systems, the output is always the sum of the 

zero-initial value response and the response with initial values due to the superposition principle. 

Consider the first-order thermal network depicted in Figure 3.1. 

 
Figure 3.1. First-order thermal network modelling the motor heat transfer. 

In Figure 3.1 the premise is simple: losses are injected into the machine which acts as one big lump 

of effective thermal mass (capacitance), transferring heat to the ambient by one thermal resistance, 

mostly consisting of combined conductive and convective heat transfer from the inner active parts 

to the motor surface and convective heat transfer to the ambient. The transfer function for this first 

order network is 

 

 — ί

ὖ ί

Ὑ

ρ Ὑ ὅ ί
 

(3.10) 

 

 

Where ὖ is the total loss in the machine or at least the most dominant ones: ὖ ὖ (additional 

load losses included), —  is the generalized motor temperature (stator temperature), —  is the 

ambient temperature normalized to 0 (so that we are dealing with temperature rise), Ὕ  is the 

thermal resistance from the motor to ambient and ὅ  is the thermal capacitance of the motor, and 

together they form the time constant † Ὑ ὅ  for the thermal network. First-order thermal 

networks are commonly used in industry for estimating the motor winding temperature, and 

usually thermal resistance and capacitance are loosely based on the motor design data, taking 

conservative approaches.  
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To make the first-order model more accurate, we segregate the losses into winding losses 

(proportional to the square of the current) and core losses (assumed to be constant at one frequency, 

but changes as a function of frequency). In addition, we introduce a feedback to the winding losses, 

so that they change as a function of temperature. The system becomes non-linear, but we will soon 

see that this can be linearized. 

 

 
 

Figure 3.2. First-order thermal network with feedback. 

In Figure 3.2, the system is displayed as a system with two inputs, ὖ  and Ὅ, and one output, 

— . The plant in the system is the same as in Figure 3.1, a first order thermal networkôs transfer 

function. There is a feedback loop to the winding losses ὍὙ by increasing the electrical phase 

resistance as a function of temperature. Note that the thermal resistance Ὑ  is a different quantity 

to the phase resistance Rs. As the winding losses (stator and rotor) are combined, they include 

losses of both the copper windings and aluminum rotor bars, the temperature coefficient of 

resistivity of which are different. The difference is small, 3.81Ā10-3/K for copper and 3.7Ā10-3/K for 

aluminum, so the accuracy will not suffer considerably. The temperatures for stator and rotor are 

also correlated in practice, so they can be lumped together. 

 

The transfer function for the system depicted in Figure 3.2 is: 
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(3.11) 

 

 

It is interesting to see that (3.11) still has the same structure as an ordinary first-order transfer 

function, despite one of the inputs being affected by feedback and other one not. The steady state 

gain changes as either the basic winding losses or thermal resistance changes, as does the time 

constant. As the winding losses approach zero, (3.11) becomes more similar to (3.10). We may 

call the system being linearized at one operating point, that is, when the inputs are step functions. 

 

Assuming a machine with two modes of cooling, where Ὑ πȢπυ +Ⱦ7 for normal cooling and 

Ὑ πȢπχυ +Ⱦ7 for impaired cooling, ὅ φπ πππ J/K , Ὑ πȢρυ Џ, the time constant as a 

function of line current is shown in Figure 3.3 for both cooling cases. 

PFe(s) 
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ɗmotor(s) 

 

‌Ὑ 
 



53 

 

     

 
Figure 3.3. Effect of line current on first-order thermal model steady-state gain (left) and time constant 

(right). 

In Figure 3.3, assuming that the rated current would be 75 A,  the variance of steady-state gain 

and time constant and would be negligible at normal cooling conditions (Ὑ

πȢπυ 7Ⱦ+ below the rated current, but would matter more in overloading conditions (higher 

line current) or where the cooling has been impaired. 

Although the underlying thermal network and loss production in an induction machine is more 

complex, the first-order model gives the principal mechanics into its thermal behavior. A second-

order model that separates the stator and rotor nodes with their own loss sources would allow for 

a more accurate thermal model, especially at high slip with pronounced rotor losses. 

3.2 Identification of stator time constants 

The first-order induction machine thermal model with just one time constant is adequate in most 

use cases. In actual operation, however, there is a distinct, fast time constant that affects especially 

the initial thermal behavior in the transient. The winding heats up quickly as the thermal capacity 

of the winding is relatively low. The heat from the winding has to flow through the winding and 

slot insulation before reaching the core, which heats up slower, eventually balancing out with the 

external cooling, creating the situation for the long time constant. 

 

If there are two distinct time constants, it can be stated that one of the distinct time constants is 

dominant. The dominant time constant is identified assuming that other time constants ñdie outò 

quickly relative to the dominant time constant. 

 

Let us assume a situation where an induction motor is operating in a thermal transient condition, 

for example, from a steady-state no-load into a rated load. The stator temperature over time 

(assuming second-order model with long and short time constants) can be characterized by: 
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— ὸ —ȟ ὴϽὩ ȟ ρ ὴὩ ȟ —ȟ 

(3.12) 

 

 

Where — ὸ is the observed stator temperature rise over time, —ȟ  is the final steady-state 

temperature rise of the stator, p is the proportionality coefficient (weighting factor), or how much 

effect either time constant has on the final temperature rise, †ȟȟ†ȟ are the long and short time 

constants respectively and —ȟ is the initial temperature rise value of the stator. The higher p is, 

the more the response looks like a first-order system. The general structure of (3.12) is similar to 

the one presented in (ABB 2011b). 

 

Over time, as the short time constant †ȟ dies out, the response will increasingly resemble a first-

order response, which follows the characteristic differential equation of: 
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from which †ȟ can be solved: 
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which, however, requires the final value to be known. The long time constant can be determined 

from the time derivative alone by: 
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(3.15) 

 

 

which can be used to determine the final value —ȟ  in (3.13). 

 

Knowing the long time constant makes it easier to find the correct parameters p and †ȟ for (3.12). 

The identification can then be done using a method of least squares. 

3.3 Identification of the bearing time constant 

The heat transfer path to the bearings flows either through the frame, motor internal air or by the 

shaft. On the non-drive end bearings, the heat transfer path by the frame is strongly affected by 

convective heat transfer established by the cooling fan. The drive-end bearing is less affected by 

the air flow caused by the cooling fan. The bearing also creates its own losses by friction, but how 

much this affects the measured bearing temperature depends on where the temperature sensor is 

physically inserted. The bearing has a complex structure from a loss creation and heat transfer 

standpoint, but if the point of observation is instead the bearing housing, the problem becomes 

simpler as the bearing losses are more easily ignored and the bearing can be considered to be a 

part of the end-shield. 
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It can be assumed that the bearing temperature follows the stator temperature in some way that can 

be represented as a lumped model. As the bearing has a small heat capacity compared to the active 

parts, it could be assumed that the bearing only acts as a follower of the stator temperature but 

does not act as a significant energy storage. In system terms, whichever transfer function is devised 

for the primary, the bearing follows that system with its own transfer function (Figure 3.4). 

 
 

Figure 3.4. Simplified stator and bearing thermal model. 
 

The identification scheme for the bearing is assuming that the stator thermal modelôs output is the 

input to the bearing thermal model. Identifying the steady-state gain is done by dividing the bearing 

steady-state temperature rise by the stator steady-state temperature rise. The bearing time constant 

can be identified with a method of least squares.  

Stator thermal 

model 

Bearing 

thermal model 
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4 MEASUREMENTS 
All  measurements were carried on a 37-kW TEFC induction motor designed for explosive 

atmosphere. Except for the IEC standard method tests (2-1-1B, sinusoidal supply), all the 

measurements were done by driving the motor with an ABB ACS880 frequency converter using 

the ABB-variant Direct Torque Control (which we shall call DTC2) algorithm and the focus of the 

measurements was on the thermal transient and steady-state values. The 37-kW test machine was 

connected to a variable load machine by a mechanical coupling. Measurement data (phase voltages 

and currents, rotor torque and speed, temperatures) were collected using LabVIEWÊ programs 

and connected instrumentation. 

 

A multitude of different measurements were done in different cooling and loading conditions. The 

most important measurements for the sake of creating a thermal model were the heat runs. 

4.1 Measurement setup 

The measurement setup consisted of a test machine used as a motor, load machine and their 

separate frequency converters; measurement devices for speed, torque, temperatures, terminal-to-

terminal resistances, phase voltages and currents and other electrical data.  

 

The test machine was connected to the load machine via a common shaft supported by bearings. 

The load machine was driven by a frequency converter (ACS800) which was controlled by a 

LabVIEWÊ program. The sensor for torque and rotational speed measurements (HBM T12) was 

placed on the common shaft. Measurements for electrical quantities in each of the three phases 

was by connecting a power scope (Yokogawa PX8000) in between the test machine and its 

frequency converter (ACS880). The test machineôs temperatures were measured by inserted Pt100 

temperature sensors connected to a multimeter (Keithley 2701). Several LabVIEWÊ programs 

compiled the data from each measurement device as a function of time, writing it into a text file 

ready for further analysis. The general view of the measurement setup is presented in Figure 4.1.  
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Figure 4.1. Measurement and test setup. 

The measured quantities, instruments used to measure those quantities along with the instrumentsô 

accuracies are listed in Table 4.1.  

 
Table 4.1. Measured quantities, measurement instruments and their accuracies. 

Quantity Instrument Accuracy 

Voltage Yokogawa PX8000 Power 

Scope 

± (0.2% of reading + 0.2% of 

range) 

Current Yokogawa PX8000 Power 

Scope 

± (0.2% of reading + 0.2% of 

range) 

Temperature of stator 

windings, bearings, frame and 

inlet air 

Keithley 2701 multimeter ± 0.06 °C 

Pt100 sensor ± (0.30 + 0.005 |t|) °C 

Stator resistance 

measurement 

Keithley 2701 multimeter ± (0.01% of reading + 

0.002% of range) 

Motor speed HBM T12 ± 0.1 rpm 

Motor torque HBM T12 ± 0.03% Nm 
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Test machine and frequency converter 

The test machine was M3JP 225SMA 4, a 37-kW, low voltage, insulation class 155, 4-pole, three-

phase induction motor especially designed and built for explosive atmospheres. The motorôs test 

report is provided in Appendix A. The frequency converter used was an ACS880-01, a single drive 

using a DTC2-scheme for control.  

 

  
 

Figure 4.2. Test motor M3JP 225 SMA 4 (left) and its frequency converter ACS880-01 (right). 

Load machine and frequency converter 

To provide a variable load to the test motor, the test setup includes M3KP 280SMA 4, a 75-kW, 

low voltage, insulation class 155, 4-pole, three-phase induction motor driven by an ACS800-31, a 

low harmonic single drive frequency converter using a DTC2-scheme for control. 

 

  
 

Figure 4.3. Load motor M3KP 280SMA 4 (left) and its frequency converter, ACS800-31 (right). 
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Power scope 

A Yokogawa PX8000 Precision Power Scope was used to take voltage and current 

measurements from all three phases in between the test machine and its frequency converter. 

PX8000 was also used to capture voltage and current waveforms. 

 

 
Figure 4.4. Yokogawa PX8000 Precision Power 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 sensorsô resistance. 

 

 
Figure 4.5. 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. 

 

 
Figure 4.6. HBM T12 torque transducer. 

 

Temperature sensors 

A total of 8 temperature sensors were installed in the motor. The temperature sensors were of 

Pt100 type. The locations for the temperature sensors were: 

 

¶ 3 in the stator windings (factory installed) 

¶ 2 in the bearing housings (D- and N-end) 

¶ 2 for the motor frame surface (top and right side) 

¶ 1 for the inlet air flow 

 

The stator temperature sensors presumably were installed in the stator end windings, as they 

probably are the easiest location for them to be installed. The end windings are also known to be 

the hottest part of the stator windings, which makes them critical from the insulation degradation 

perspective. Information about the exact location for the stator winding temperature sensors could 

not be attained. 

 

The bearing temperature sensors were inserted through the end-shields as can be seen in Figure 

4.7. To capture the N-side bearing temperature sensor location, the fan cover had to be removed. 

The sensors penetrate ~2 cm from the side at an angle of 45 ° into the end-shield and the silicone 

coated tip of the sensor is effectively measuring the bearing housing temperature. 
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Figure 4.7. Temperature sensor locations for D-bearing (left) and N-bearing (right). 

The temperature 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 tape (Figure 4.8). A notable detail about the side temperature measurement 

location is that it is one of the recommended installation locations for the ABB AbilityÊ Smart 

Sensor. 

 

  
 

Figure 4.8. 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, 

suspended in the air. 

 

Figure 4.9. Sensor for measuring motor inlet air temperature. 

4.2 Sources of uncertainty 

While the used measurement equipment was accurate, the measurements were subject to both 

environmental interference and systematic error, which account for most of the uncertainty. 

 

Environmental interference 

The laboratory in which the measurements were conducted, was also used for other measurements. 

If there was another machine related to another measurement being run, it would have an effect in 

the ambient temperature. The event of opening an entry door to the laboratory during wintertime 

would have a visible effect on the temperature readings. Another factor is that the measurements 

took over a period of six months, which means that both ambient temperature and humidity 

changed over time on a macro level towards cooler and drier towards the end. Relative 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 shown in Figure 4.10. 
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Figure 4.10. Ambient temperature over the six-month period of measurements. 

 

The motor rested on a thermally conductive, grounded metallic platform, which acted as a slight 

heat sink extension to the frame, which affects reproducibility of the measurements. 

 

Systematic error 

Most of the distinct runs were ran only once, which means that the confidence interval remains 

undetermined. However, the system can be considered deterministic 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 similarity was considered enough. 

 

The standard practice of dictating steady-state temperature by observing where 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 degrees constituted a relatively great part in the transient. 

Evaluating transients which had not yet reached their steady state led to situations where the least 

squares optimization algorithm would give odd results that were not physically justifiable. 

 

To compensate for unfinished transients, the end state temperature 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 percentage-based method supported by estimation to 

reduce the amount of systematic error. For example, using Eq. (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 changed as experience 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 transients in an impaired cooling condition 

¶ Dynamic load tests, only in impaired cooling condition 

¶ Effect of various levels of cooling impairment at a single speed and load 
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4.3.1 IEC standard measurements 

The measurement process started with the standard IEC method 2-1-1B to have an idea of the loss 

distribution in the machine at the 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 results would also be used to compare the temperature rises against 

a converter-fed machine. 

 

The 2-1-1B method is a recommended method for three-phased machines up to an output power 

of 2 MW. The method consists of three consequent tests: rated load test (to determine stator and 

rotor losses), load curve test (stray-load losses) and no-load test (iron and mechanical losses). 

 

The calculations are according to the standard IEC 60034-2-1 and the procedure is presented in 

detail in the standard itself (IEC 2014) and by Kärkkäinen (2015). 

 

The measurements were taken at two frequencies: 50 and 37.5 Hz. There was no impairment of 

cooling for the IEC standard measurements. 

 

4.3.2 Heat runs in different cooling conditions 

The main portion of the measurements lied in the heat runs at different speed and load torque 

points when the machine was fed with a frequency converter. The machine was let to reach thermal 

equilibrium before performing another measurement. In addition to capturing steady-state points, 

the machineôs thermal transient behavior was of interest, thus the steady-state 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: normal cooling and heavily impaired 

cooling, where both the inlet air flow and air flow through the cooling fins was reduced by 

polyurethane foam filling. Additional measurements were made with intermediate cooling modes, 

but these two extreme modes form the bulk of the measurements. 

 

Heat runs in normal cooling conditions 

The machine dynamic thermal behavior was unknown, 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 both the major steady-state values and whether or not the direction of change mattered 

significantly for the transient performance, the points were selected as series, or rings, which would 

first be traversed in counter-clockwise direction and then upon reaching the original point, would 

be repeated but clockwise in the reverse direction (Figure 4.11). This way, it would be seen 

whether the thermal behavior depends on the direction of the change. 
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Figure 4.11. Ring traversing in the load point matrix. 

The measurement plan for the normally cooled machine was made (Table 4.2 and Figure 4.12). 

Each series of measurement is represented by a number (1-5). The measurement series 1 to 3 were 

part of the original 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 measurement plan was constructed mostly to capture steady-state 

points and transients that result from the change of load. The singular load point (5th series) was 

later measured separately, as it was deemed as an interesting load point. 

 
Table 4.2. Measurement plan for the normally cooled machine. 

 

 

1   2   3   4   5  
n (%) T (%)  n (%) T (%)  n (%) T (%)  n (%) T (%)  n (%) T (%) 

100 100  50 50  100 50  100 25  75 100 

90 100  50 25  100 75  90 25    
90 50  75 25  75 75  90 75    

100 50  75 50  75 50  63 75    
100 100  50 50  100 50  63 25    
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    

         25 75    
 

The measurement series presented in Table 4.2 is shown visually in Figure 4.12. 
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Measurement series for a normally cooled machine (1, 2, 3, 4, 5) 
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Figure 4.12. Measurement points and transitions of the normally cooled machine presented graphically. 

Each measurement ring, path or point would be first started from an ambient state. As the steady 

state is reached, waveforms of phase voltages and currents would be taken. The change of speed 

and torque state would only be made after the steady state had been reached. At the end 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 idea of capturing information about the motor cooling characteristics and 

bearingsô own temperature rise contribution. It was noted that the bearings did not contribute a 

significant temperature rise in a cold machine. 

 

Heavily impaired cooling heat run measurements 

It is common for TEFC motors to operate in non-optimal cooling conditions, such as in 

environments where it is covered by pulp in paper manufacturing facilities.  By blocking 75% of 

the inlet air flow entrance and filling in between cooling fins on the top and sides with polyurethane 

foam cut from a common camping mattress, the cooling capability of the motor was significantly 

impaired (Figure 4.13). 
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Figure 4.13. Test motor with impaired cooling. 

With this cooling impairment setup presented in Figure 4.13, to reach the same amount of 

temperature rise in the stator as with the motor with normal cooling, the load had to be set up at 

roughly 80% of nominal load at the rated speed. This 80% of nominal point became the ónewô 

nominal point, from which new load points (20, 40 and 60%) would be derived.  

 

As noted earlier, because the changes in the speed proved to be uninteresting for transient behavior, 

the measurement plan for impaired cooling was focused on transients upon load changes at 

singular speeds. The measurement plan for impaired cooling measurements is listed in Table 4.3. 

 
Table 4.3. Measurement plan for heavily impaired cooling. 

Load torque of rated load 

T (%) 

n = 100% 

 
T (%) 

n = 90% 

 
T (%) 

n = 75% 

 
T (%) 

n = 50% 

 
T (%) 

n = 25% 

80 
 

40 
 

80 
 

80 
 

40 

88 
 

20 
 

40 
 

40 
 

20 

40 
 

60 
 

88 
 

88 
 

60 

20 
 

80 
 

20 
 

20 
  

60 
   

60 
 

60 
  

 

The measurement plan presented in Table 4.3 is shown graphically in Figure 4.14. 
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Figure 4.14. Measurement plan for impaired cooling in graphical form. 

 

The measurements for impaired cooling included a slight overloading (compared to the 80% of 

nominal load) of 10%. The measurements for the load points at 90% rated speed were not initially 

made, but later added as its importance was identified. Overloading was omitted for 90% of rated 

speed, although 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 normal cooling. This was partly 

fixed during dynamic load measurements where the initial steady states (50 and 75%) were 

comparable to the ones taken in normal cooling conditions. 

4.3.3 Dynamic load measurements 

So far measurements had been made only with loading that resulted in a steady state. To test out 

machine operation with a dynamic load, an intermittent cycle was used, where there were 

subsequent 6 minutes of overloading and 24 minutes of lower loading, repeating until a dynamic 

steady state had been achieved. The 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 

Table 4.4. 
Table 4.4. 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 shown visually in Figure 4.15. 
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Figure 4.15. Dynamic load points in graphical form. 

4.3.4 Effect of different levels impairment methods on the motor part temperatures 

The motor cooling ability was 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 

impairment setup was ñstripped downò gradually at a single speed (90%) and load torque (80%) 

point. The steady-state temperatures were taken in the following cooling impairment conditions, 

listed in Table 4.5. 

 
Table 4.5. Different cooling conditions. 

Level of 

cooling 

impairment 

Description 

A 75% of inlet air blockage and fin blockage in 

between all of the cooling fins  

 

B 75% of inlet air blockage and blockage in half 

the cooling fins 

 

C 75% of inlet air blockage and no fin blockage 

 

D 50% of inlet air blockage and no fin blockage 

 

E Normal cooling without any impairment 
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4.4 Measurement results 

In this section, the measurement results (mostly minimally processed) are shown. 

 

4.4.1 IEC loss segregation test 

In the IEC test, the different losses (stator and rotor copper losses, iron losses, friction and windage 

losses and additional load losses) were segregated with the IEC standard test. The efficiency was 

determined by the subtraction of input power with the losses. The efficiency determined from the 

IEC loss segregation method was compared with the input-output method. In Table 4.6, the 

segregated losses, electrical and mechanical powers, and efficiencies calculated with either the 

segregated losses or by the input-output method are shown. 

 
Table 4.6. Loss components and efficiency determined from IEC method at 50 and 37.5 Hz, rounded to 

the nearest watt. 

Attribute Output 

frequency  

37.5 Hz 

Output 

frequency 

50 Hz  

ὖ ȟ (W) 855 871 

ὖ ȟ (W) 519 519 

ὖ  (W) 428 586 

ὖ  (W) 38 102 

ὖ  (W) 

 

316 431 

ὖ  (W) 

 

2156 2507 

ὖȟ  (W) 29886 

 

39664 

 

ὖ ȟ  (W) 27595 

 

37728 

 

Segregation 

method 

efficiency (%) 

 

 

 

92.8 

 

93.7 

Input-output 

efficiency (%) 

92.3 

 

93.2 

 

 

 

In Table 4.6 can be seen that with a sinusoidal supply, stator and rotor copper losses stay very 

much the same regardless of frequency. At a higher frequency, 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 overall. There is a 0.5% difference in the 

efficiency calculation of segregated method and input-output method, with the segregation method 

showing a higher efficiency. 
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4.4.2 Comparison of sinusoidal versus converter-fed machine 

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

it was interesting to see the difference between a direct on-line and converter-fed 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 

increased both frequency and voltage fundamental value. 

 

The electrical and mechanical values for the comparison are listed in Table 4.7. 

 
Table 4.7. Electrical and mechanical value comparison at operation point at output frequency of 37.5 and 

50 Hz and full load. 

  37.5 Hz   50 Hz  

Attribute  Sinusoidal 

source 

 

Converter 

source 

 

 Sinusoidal 

source 

 

Converter 

source 

 

Line voltage 

fundamental 

(V, RMS) 

 

 300 302.4  400 375 

 

Line current 

(A, RMS) 

 

 68.5 69.3  68.5 

 

72.9 

Power factor, 

fundamental 

 

 0.84 

 

0.85 

 

 0.85 

 
0.86 

Output 

frequency (Hz) 

 

 37.5 38  50 50.56 

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 field-weakening (375 vs 400 V), the converter-fed machine shows a noticeably 

higher current at the output frequency of 50 Hz, but otherwise the values are close to each other.  
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Table 4.8. Efficiency and loss comparison at 37.5 and 50 Hz. 

  37.5 Hz   50 Hz  

Attribute  Sinusoidal 

source 

 

Converter 

source 

 

 Sinusoidal 

source 

 

Converter 

source 

 

Input 

power (W) 

 

 29886 30840  39664 40665 

Loss (W) 

 

 2156 2731  2507 3200 

Efficiency 

(%) 

 92.8 91.1  93.7 92.1 

 

In Table 4.8 the converter-fed losses and calculated efficiency are calculated by the input-output 

method, but the sinusoidal source losses and efficiency are by the loss segregation method. The 

converter-fed motor shows a 1.6 to 1.7% efficiency drop compared to the motor connected to a 

sinusoidal source. 

Comparisons between sinusoidal and converter-fed temperature rise of motor parts at two different 

frequencies are presented in Tables 4.9 and 4.10. 

 
Table 4.9. Temperature rise comparison at rated load and output frequency of 37.5 Hz. 

Machine 

part 

temperature 

rise 

Sinusoidal 

37.5 Hz 

300 V 

68.5 A 

Converter 

38.0 Hz 

302.4 V 

69.3 A 

Relative 

increase 

(%) 

Absolute 

increase 

(K) 

Stator (K) 77.4 90.9 17.4 13.5 

D-bearing 

(K) 

44.2 52.7 19.2 8.5 

N-bearing 

(K) 

15.7 18.9 20.4 3.2 

Frame side 

(K) 

43.4 50.5 16.4 7.1 

Frame top 

(K) 

28.3 33.4 18.0 5.1 

Ambient 

temperature 

(°C) 

25.3 21.9   
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Table 4.10. Temperature rise comparison at rated load and output frequency of 37.5 Hz 

Motor part 

temperature 

rise 

Sinusoidal: 

50 Hz 

400 V 

68.5 A 

Converter: 

50.56 Hz 

375 V 

72.9 A 

Relative 

increase  

(%) 

Absolute 

increase 

(K) 

Stator (K) 78.1 91.2 16.8 13.1 

D-bearing 

(K) 

45.4 52.8 16.3 7.4 

N-bearing 

(K) 

14.6 17.4 19.2 2.8 

Frame side 

(K) 

42.8 48.9 14.3 6.1 

Frame top 

(K) 

27.4 31.1 13.5 3.7 

Ambient 

temperature 

25.2 24.4   

 

A temperature rise increase of 10-15 degrees on the converter-fed motorôs stator at the rated load 

was expected. The absolute increase in temperature stood quite constant despite the non-linearity 

caused by the field weakening. 

 

4.4.3 Steady-state electrical and performance values 

The steady-state values for the RMS fundamental voltage and current, percent slip, output 

fundamental frequency, efficiency and losses were determined for the whole speed- and load point 

range. 

 

In the case of normal cooling, all measurements were taken in a thermal steady-state. 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 voltage, determined from the voltage waveformôs FFT, is presented in 

Figure 4.16. 

 
Figure 4.16. Fundamental voltage as a function of speed and load, normal cooling (left) and impaired 

cooling (right). In the rightmost image, the values above 88% torque are not in a thermal steady-state but 

are included in the image. 

In Figure 4.16 the applied fundamental voltage changes in a linear fashion from minimum speed 

towards the maximum speed. The applied fundamental voltage is increased slightly as a function 

of load to compensate for increased winding resistance and voltage drop. At the rated speed, the 

voltage is reduced as load is increased. There is some erratic voltage behavior in the impaired 

cooling mode with 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 adjusted frequency converter settings in between 

the measurements affecting the applied voltage. 

 

Comparing the difference in voltage between the two cooling modes, under impaired cooling and 

rated (100%) speed, the fundamental voltage is increased slightly, most noticeable at higher load 

torque. Elsewhere, the fundamental voltage does not differ much. 

 

The measured line current (RMS) is shown in Figure 4.17. 
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Figure 4.17. Line current (RMS) as a function of rated speed and load torque, normal cooling (left) and 

impaired cooling (right). 

In Figure 4.17 the line current is mostly dictated by load torque. The applied current does not 

change strongly as a function of speed. Only when field weakening is active (100% speed) there 

is a noticeable increase in current at higher loads. 

 

The fundamental output frequency was obtained through taking the FFT of the fundamental 

frequency from the line current waveform. The fundamental output frequency is shown in Figure 

4.18. 

 

 
Figure 4.18. Fundamental output frequency as a function of rated speed and load torque, normal cooling 

(left) and impaired cooling  (right).  
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In Figure 4.18 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 needing a larger output frequency to compensate the increased slip. The 

output fundamental frequency is not affected by the impairment of cooling. 

 

The slip, calculated by the difference of slip-speed and zero-slip-speed (output frequency divided 

by the pole pair number), is presented in Figure 4.19. 

 

 
Figure 4.19. Slip as a function of speed and load, normal cooling (left) and impaired cooling (right). In the 

rightmost image, the values above 88% torque are not from a thermal steady state 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 input-output method (comparing electrical input power to output 

mechanical power) is shown in Figure 4.20. 
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Figure 4.20. Steady-state efficiency as a function of speed and load, normal cooling (left) and impaired 

cooling (right). In the rightmost image, the values above 88% torque are not thermal steady-state but are 

included in the image. 

In Figure 4.20 can be seen that the highest efficiency is attained near the rated speed and moderate 

load. The efficiency is not affected by the cooling impairment in an obviously noticeable way. 

 

The losses, derived from the efficiency and input power, are presented in Figure 4.21. 

 

 

 
Figure 4.21. Losses as a function of speed and load, normal cooling (left) and impaired cooling (right). In 

the rightmost image, the values above 88% torque are not thermal steady-state but are included in the 

image. 
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In Figure 4.21, like efficiency, the losses stay quite similar despite the cooling impairment 

affecting the motor temperature. 

 

The power factor, calculated by dividing the measured real power by apparent power, is presented 

in Figure 4.22. 

 

 
Figure 4.22. Power factor as a function of speed and load, normal cooling (left) and impaired cooling 

(right). In the rightmost image, the values above 88% torque are not steady-state but are included in the 

image. 

In Figure 4.22 the power factor changes only as a function of load torque. The value for power 

factor does not change significantly in the different modes of cooling. 
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4.4.4 Steady-state temperature rise of motor parts 

The temperature rise maps at different load points are shown for the stator winding, D- and N-side 

bearings and the frame side and top. The shown values here are strictly taken in a thermal steady 

state. 

 

The stator winding temperature rise is shown in Figure 4.23. 

 

 
 

Figure 4.23. Steady-state stator temperature rise as a function of speed and load torque, normal cooling 

(left) and impaired cooling (right). 

In Figure 4.23 the stator temperature rise is mostly a factor of load torque, although minor speed-

dependent behavior can be seen. The speed-dependency of stator temperature rise is higher in the 

case of impaired cooling at low loading (20% torque) and medium-high loading (75% and 80% 

torque). The speed dependencies are opposite for the low and medium-high loadings: for the low 

loading, the temperature rise is higher as a function of speed, while for the medium-high loading, 

the temperature rise is higher at lower speeds. 

 

The D-side bearing temperature rise is shown in Figure 4.24. 
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Figure 4.24.Steady-state D-side bearing temperature 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, the D-side bearing temperature rise depends mostly on 

load torque, minorly affected by speed. A notable difference between the normal and impaired 

cooling modes can be observed, even up to almost 20 K of difference in high load torque points.  

 

The N-side bearing temperature rise is shown in Figure 4.25. 

 

 
Figure 4.25. 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 speed-dependency of N-side bearing temperature rise is observed in Figure 4.25. Impaired 

cooling mode has a visible effect on the temperature rise, but in terms of absolute increase, it is 

small. The measured N-side bearing temperature rise was low to begin with because of the cooling 

fanôs effectiveness. 

 

The frame side temperature rise is shown in Figure 4.26. 

 
 

Figure 4.26. Frame side temperature rise as a function of rated speed and load torque, normal cooling 

(left) and impaired cooling (right). 

In Figure 4.26 the frame side temperature rise is mostly a function of load torque. The effect of 

cooling impairment is very noticeable with temperature rise differences of up to 30 K. 
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The frame top temperature rise is shown in Figure 4.27. 

 
 
Figure 4.27. Frame top temperature rise as a function of rated speed and load torque, normal cooling (left) 

and impaired cooling (right). 

In Figure 4.27 the frame top temperature rise depends on load torque and speed. Cooling 

impairment removes most of the speed dependency. The difference in temperature rise is very 

noticeable of up to 20 K. 
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4.4.5 Dynamic load temperature rise characteristics 

The average values of the temperatures were determined by taking the average value of one 

cycle in the period where the temperature response repeats itself, i.e. in a dynamic steady state. 

The minimum and maximum values are the minimum and maximum values of the dynamic 

steady-state cycle. The results are in Table 4.11. 

Table 4.11. Dynamic load measurement general temperature rise values. 

 
 

Stator winding D-side 

bearing  

N-side 

bearing  

Frame 

side  

Frame 

top  

 Dynamic load 

measurement 

number (speed 

in RPM) 

Max.

— 

Min. 

— 

Avg. 

— 

Avg. 

—  

Avg. 

—  

Avg. 

—  

Avg. 

—  

75ī100% 

load 

torque 

1 (1500) 93.4 87.5 89.4 56.3 21.6 67.7 45.6 

2 (1350) 93.2 87.7 89.5 55.5 22.4 68.2 48.5 

3 (1125) 96.0 90.2 92.0 56.6 24.7 69.8 50.4 

4 (750) 100.6 94.5 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 

50ī125% 

load 

torque 

6 (1500) 90.3 73.1 78.7 50.0 19.0 57.7 42.2 

7 (1350) 87.5 71.5 76.6 48.4 19.1 56.1 41.6 

8 (1125) 89.2 72.7 77.9 48.7 20.9 56.6 42.4 

9 (750) 93.0 75.3 81.1 49.5 25.1 58.5 45.3 

10 (375) 95.9 77.7 83.7 48.7 32.8 59.7 48.7 

 

In Table 4.11, the average stator winding temperature rises slightly as speed is reduced and is 

dependent on the loading style. The D-side bearing temperature seems to depend on the loading 

style rather than speed. The N-side bearing shows strong speed-dependent behavior. The frame 

side temperature increases slightly as speed reduces and is dependent on the loading style. The 

frame top average temperature shows stronger speed-dependence under the 75ī100% loading than 

under 50ī125% loading. 
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4.4.6 Effect of different levels of impaired cooling 

The steady-state temperatures of the different motor parts at different levels of cooling were 

measured at 90% of rated speed and 80% of rated load. The results are shown in Figure 4.28. 

 
Figure 4.28. Temperature rise of different motor parts in different cooling conditions. 

In Figure 4.28 the temperature rise of different motor parts gradually lowers as cooling impairment 

is reduced. The greatest jump is between 75% and 50% of fin blockage (scenario C and D).  

Another noticeable jump in temperature rise of the frame parts (side and top) is between full- and 

half-blockage of fins (scenario A and B). 

 

The effect of having fin blockage but no inlet blockage was not included in this work. 

5 MODEL CREATION AND APPLICATION 
In this section, models are created for the stator temperature rise and time constants. The stator 

model then acts as the input to the bearing thermal models. The bearing (D- and N-side) thermal 

gains and time constants are modeled similarly using linear regression to obtain simple speed-

dependent linear models. 

5.1 Models for stator line current and temperature rise 

The stator temperature rise (Figure 4.23 in Section 4.4.4) can be modeled both as a function of 

load-torque and current. The model for stator current is included in this 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 value into a load torque. 

 

Model for stator current 

The relationship between 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 torque-dependent component, there could be a squared torque-dependent 

component. Other factors considered, but they did not yield satisfactory results, showing a wide 

confidence interval. 

 

Stator    D-bearing N-bearing   Frame side   Frame top 
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In the current model fitting, the field-weakening speed points (Speed = 100%) have been left out 

of consideration because they represent a non-linearity for the rest of the model. 

 

The coefficients and goodness-of-fit characteristics for current as a function of torque are listed 

in Tables 5.1 and 5.2. 

Table 5.1. Torque-dependent line current model for normal cooling. 

Model Ὅ ὥ ὦϽὝ Ὅ ὥ ὦϽὝ ὧϽὝ  

Coefficients and 95% 

confidence interval 

  

a 15.95 ± 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 

R2  0.9955 0.9998 

 

Table 5.2. Torque-dependent line current model for impaired cooling. 

Model Ὅ ὥ ὦϽὝ Ὅ ὥ ὦϽὝ ὧϽὝ  

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 

R2  0.9948 0.9998 

 

The linear model is not bad (having an Ὑ -value of 0.9955 and 0.9948 for normal and impaired 

cooling respectively) but taking the squared factor into account simply makes a better model. The 

current models for normal and impaired cooling are very similar to each other. 

 

Model for stator temperature rise 

To determine the model for stator temperature rise, due to field-weakening, the values at 100% 

speed and high load (75% and over) are excluded. The fitted model is shown in Table 5.3. 

  



86 

 

Table 5.3. Load-torque-based model for stator temperature rise in normal and impaired cooling modes. 

Model —ȟ ὥ ὦϽὝ  —ȟ ὥ ὦϽὝ  

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 

R2  0.9896 0.9882 

 

In Table 5.3, using speed as a variable resulted in wide bounds for uncertainty, which is why there 

is no speed-dependent term used in the models. This is somewhat surprising but explained by the 

fact that iron and additional load losses are reduced at lower output frequencies, as is the cooling 

ability of the machine (the 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 map that varies mostly by load. For this machine in particular, the balance is very 

close across the load and speed range. For other machines, their temperature rise models could 

very well include a speed-dependent term. 

 

The relative change in the stator temperature rise model between the normal and impaired cooling 

modes is shown in Table 5.4. 

 
Table 5.4. The relative increase in the stator temperature rise model when the cooling has been impaired. 

The range shown inside parentheses is by using the edge values from the coefficient confidence interval. 

Model — ὥ ὦϽὝ  

ὥ Ⱦὥ  1.44 (1.28, 1.63) 

ὦ Ⱦὦ  1.37 (1.26, 1.5) 

 

In Table 5.4 the average relative 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 

coefficient a, while for b the range is tighter. 

 

Interestingly, when the ratio of coefficients a/b are compared with the ratio of constant losses to 

the sum of load-dependent losses determined from the IEC loss segregation test at 50 Hz (Section 

4.4.1), they show rather similar values (Table 5.5). 

 
Table 5.5. Comparison of loss ratios and stator temperature rise model coefficients. The effect of friction 

and windage losses are included in parentheses. 

ὖ ὖ

ὖ ὖ
ȟυπ (Úȟ)%# 

ὥ

ὦ
ȟÎÏÒÍÁÌ ÃÏÏÌÉÎÇ 

ὥ

ὦ
ȟÉÍÐÁÉÒÅÄ ÃÏÏÌÉÎÇ 

 

0.322 (0.378) 0.341 0.358 
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In Table 5.5 the friction and windage losses are included in parentheses because, in principle, only 

the friction and windage losses happening inside the machine would contribute meaningfully to 

the temperature rise of the stator.  

5.2 Thermal steady-state gains 

If the statorôs steady-state temperature rise is the input and another motor partôs steady-state 

temperature rise is the output, the steady-state gain for the transfer function can be identified by: 

 

 
ὑ  ὲȟὝȟὸ

—  ὲȟὝȟὸ

— ὲȟὝȟὸ
 

(5.1) 

 

 

The thermal gains of different motor parts as a function of speed and torque are presented in the 

following, starting with the D-side bearing gain (Figure 5.1). 

 

 
Figure 5.1. D-side bearing gain in normal cooling (left) and impaired cooling (right) modes. 

In Figure 5.1 the D-side bearing gain stays at a rather constant value of around 0.6, although there 

is a very small torque-dependency. It is interesting to see that the gain is affected minimally by 

cooling impairment. For the most part. the gain can be modeled using only a single constant value, 

0.6, but in impaired cooling conditions, the gain increases slightly as a function of speed. 

 

The fitted model for the D-side bearing gain is shown in Table 5.6. 
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Table 5.6. The model for a constant value for D-side bearing thermal gain. 

Model ὑȟ ὥ ὑȟ ὥ 
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 D-side bearing gain shows speed- and torque dependency in impaired cooling (Figure 

5.1), the fitted model with speed- and torque dependent factors is shown in Table 5.7. 

 
Table 5.7. The model for a speed- and torque dependent D-side bearing gain. 

Model ὑȟ ὥ ὦϽὲ  ὧϽὲϽὝ 

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 

Ὑ  0.918 

 

The speed- and torque-dependent model presented in Table 5.7 is more accurate than the model 

which only included a constant value. In practice, the constant value of 0.6 would probably be the 

simplest to use with acceptable accuracy. 

 

The N-side bearing gain is shown in Figure 5.2. 
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Figure 5.2. N-side bearing gain in normal cooling (left) and impaired cooling (right) modes. 

In Figure 5.2 the N-side bearing gain has a visible non-linear speed-dependency and minimal load-

dependency, ranging from around 0.2 to 0.3 for the case of normal cooling. The cooling 

impairment affects the gain by increasing the normal cooling gain by around 33% over the whole 

load point range. 

 

The model for the N-side bearing gain is shown in Table 5.8. 

 
Table 5.8. Fitted model for N-side bearing gain. 

Model ὑȟ ὥ  ὦϽὲ ὑȟ ὥ ὦϽὲ 
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 

Ὑ  0.920 0.936 

 

A general model for the N-side bearing gain is created by taking the mean of the parameters: 

 
Table 5.9. General model for the N-side bearing gain. 

Model ὑȟ ὥ ὦϽὲ 

Coefficients  

a 0.36 

b -0.16 
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Using a speed-dependent N-side bearing gain that changes depending on cooling conditions would 

be hard to implement in practice, but the speed-dependent model itself is quite good. 

 

The frame side gain is shown in Figure 5.3. 

 
Figure 5.3. Frame side gain in normal cooling (left) and impaired cooling (right) modes. 

In Figure 5.3 the normal cooling gain for the frame side appears to be similar in magnitude as the 

D-side bearing but shows stronger speed- and load dependency. For impaired cooling, the gain is 

significantly larger and compared to the normal cooling, the speed dependency is reversed. The 

possible model would be both speed- and load-dependent and potentially complex. 

 

The frame top gain is shown in Figure 5.4. 
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Figure 5.4. Frame top gain in normal cooling (left) and impaired cooling (right) modes. 

In Figure 5.4 the frame top gain shows mostly speed-dependency. When the cooling has been 

impaired, the speed-dependency decreases, and the gain rises close to the same value as the D-side 

bearing gain. The possible model complexity is similar to the frame side. 
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5.3 Thermal dynamic load gains 

The thermal gain of different motor parts was evaluated in the dynamic thermal steady state. The 

value used for the stator temperature rise was the time average of one cycle. The results are in 

Table 5.10. 

 
Table 5.10. Dynamic steady-state gains of different motor parts. 

 Dynamic load 

measurement 

number (speed 

in RPM) 

—Ⱦ— —Ⱦ— —Ⱦ— —Ⱦ— 

75ī100% 

load torque 

1 (1500) 0.63 0.24 0.76 0.51 

2 (1350) 0.62 0.25 0.76 0.54 

3 (1125) 0.61 0.27 0.76 0.55 

4 (750) 0.61 0.31 0.72 0.56 

5 (375) 0.58 0.40 0.71 0.59 

50ī125% 

load torque 

6 (1500) 0.64 0.24 0.73 0.54 

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 Table 5.10 the dynamic steady-state thermal gains are very close to the gains in the normal 

steady-state, showing even similar speed-dependence. 

5.4 Thermal time constants 

The stator time constants and weighting factor were identified by first identifying the long time 

constant and then fitting the temperature transient curves by a method of least squares. 

 

The bearing time constants were determined by identifying the pole of a first-order plant into which 

the stator temperature signal was fed. The inverse absolute value of that identified pole is the time 

constant.  

 

In general, the simplest predictors for time constants were found to be the end point speed and 

torque. Only the responses whose NRMSE-value was over 0.8 were considered for mapping. 

Furthermore, for simple model fitting, the worst points of the model were removed until the 

modelôs Ὑ -value would be over 0.8. In this work, only the stator and bearing time constants are 

assigned a model. 

 

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

The identifiable second-order stator model parameters are the long and short time constants and 

the proportionality (weighting) factor. 

 

The long time constants with NRMSE above 0.9 and relative width 0.03 are shown in Figure 5.5. 

 

 
Figure 5.5. Stator long time constant. 

In Figure 5.5 the stator long time constant shows mostly speed-dependence. The time constants in 

impaired cooling are noticeably higher at comparable points. 

 

The model for the stator long time constant is shown in Table 5.11. 

 
Table 5.11. Model for the stator long time constant. 

Model †ȟȟ ὥ ὦϽὲ †ȟȟ ὥ ὦϽὲ 
Coefficients and 95% 

confidence 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 

R2  0.815 0.902 

 

  

Stator model long time constant, 

normal cooling 
Stator model long time constant, 

impaired cooling 
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The relative increase in the coefficients when moving from the model in normal cooling to 

impaired cooling is shown in Table 5.12 with the edge cases inside parentheses. 

Table 5.12. Relative increase of the stator long time constant coefficients when the cooling has been 

impaired. 

Model †ȟ ὥ ὦϽὲ 

ὥ Ⱦὥ  1.390 (1.18, 1.64) 

ὦ Ⱦὦ  1.263 (0.87, 1.94) 

 

The short time constants with NRMSE over 0.9 and relative width of 0.5 are shown in Figure 

5.6. 

 
Figure 5.6. Stator short time constant. 

The short time constant shows strong independence from speed or load and high variance. As the 

fitted parameter shows a wide confidence interval, it is enough to just assume a constant value of 

5 minutes. 

 

The weighting factor with NRSME over 0.9 and relative width under 0.03 is shown in Figure 5.7. 

 

Stator model short time constant, 

normal cooling 
Stator model short time constant, 

impaired cooling 
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Figure 5.7. Stator second-order model weighting factor. 

The weighting factor stays almost constant throughout the speed- and load point range. It is 

reasonable to assume a constant value for it by the taking the average value, resulting in 0.85. 

 

5.4.2 Bearing time constants 

By feeding the stator temperature rise into a first-order plant with a known steady-state gain but 

an unknown pole, the time constant for the bearings can be approximated. 

 

The fitted D-side bearing time constants are shown in Figure 5.8. 

 

 
Figure 5.8. The fitted D-side bearing time constants. 

D-side bearing time constant,  

impaired cooling 

D-side bearing time constant,  

normal cooling 

Stator model weighting factor, 

normal cooling 

Stator model weighting factor, 

impaired cooling 
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The fitted model for the D-side bearing time constant is shown in Table 5.13. 

 
Table 5.13. Model for the D-side bearing time constants. 

Model †ȟȟ ὥ ὦϽὲ †ȟȟ ὥ ὦϽὲ 
Coefficients and 95% 

confidence interval 

  

a 68.19 ± 9.62 54.94 ± 4.9 

b -46.63 ± 12.15 -30.53 ± 6.86 

SSE 324 335 

RMSE 4.81 4.09 

R2  0.829 0.812 

 

The resulting general model for the D-side bearing is acquired by taking the average of the normal 

and impaired cooling parameters (Table 5.14). 

 
Table 5.14. The general time constant model for the D-side bearing. 

Model †ȟȟ ὥ ὦϽὲ 

Coefficients  

a 61.6 

b -38.6 

 

The N-side bearing fitted time constants are shown in Figure 5.9. 

 

 
Figure 5.9. The fitted N-side bearing time constants. 

The model for the N-side bearing time constants is shown in Table 5.15. 

 

N-side bearing time constant,  

normal cooling 
N-side bearing time constant,  

impaired cooling 
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Table 5.15. Model for the N-side bearing time constants. 

Model †ȟȟ ὥ ὦϽὲ †ȟȟ ὥ ὦϽὲ 
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 

R2  0.812 0.855 

 

The coefficients in Table 5.15 do not change dramatically when cooling is impaired, hence taking 

the average is easily justified (Table 5.16). 

 
Table 5.16. The general model for the N-side bearing time constant. 

Model †ȟȟ ὥ ὦϽὲ 

Coefficients  

a 48.6 

b -33.3 

5.5 Full  thermal model 

The proposed full model includes: 

 

¶ The steady-state stator temperature rise model that is load-torque- and cooling-dependent 

¶ The long thermal time constant model for the stator that is speed- and cooling-dependent 

¶ The short thermal time constant model for the stator that is constant 

¶ The D-side bearing gain that is constant 

¶ The linear speed-dependent gain for the N-side bearing 

¶ Linear speed-dependent thermal time constants for both bearings 

 

There is an assumption that it is possible to detect the impaired cooling, identify the statorôs 

thermal behavior and adjust the model accordingly. The full thermal model is presented in Table 

5.17. 
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Table 5.17. Fitted stator and bearing parametric thermal model using speed and torque as free variables. 

Parameter Equation in normal cooling Equation in impaired cooling 

Steady-state stator 

temperature rise — (K) 

 

ςςȢστφυȢτχϽὝ  σςȢρφψωȢψτϽὝ  

Stator long time constant †ȟ 

(minutes) 

 

ρσφȢτ χφȢψςϽὲ ρψωωχϽὲ 

Stator short time constant †ȟ 

(minutes) 

 

5 

Weighting factor p 

 

0.85 

D-side bearing gain ὑ  

 

0.6 

D-side bearing time constant  

† (minutes) 

 

φρȢφ σψȢφϽὲ 

N-side bearing gain ὑ  

 
πȢσφ πȢρφϽὲ 

N-side bearing time-constant 

† (minutes) 
τψȢφ σσȢσϽὲ 

 

In Table 5.17 the torque T and speed n are per-unit values: 1 for full speed or torque, 0.5 for half 

speed or torque, and so on. The equations for the parameters are the same for both cooling modes 

except for the steady-state stator temperature rise and the long time constant. 

5.6 Thermal aging model in steady-state 

Using the greaseôs thermal aging model presented in Section 1.5, the thermal aging factor, which 

is solely based on temperature, is applied on the thermal model at steady-state points. The aging 

model assumes a unity thermal aging factor range from 40 to 70 °C and separate handling for 

temperatures below and above it. The grease parameter A is 9.224 and B is -3.59, with a base 

kinematic viscosity of 68 ÍȾÓ. 
 

The thermal aging factor, based on the temperature rise measurements only, is presented in Figure 

5.10. 
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Figure 5.10. Measurement-based thermal aging factor for the D-side bearing at 25°C ambient temperature 

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

The same map, but now using the model presented in Table 5.17, is shown in Figure 5.11. 

 

 
Figure 5.11. Model-based thermal aging factor for the D-side bearing at 25°C ambient temperature for the 

normal cooling mode (left) and impaired cooling mode (right). 

By comparing Figures 5.10 and 5.11, we can see that the proposed model is quite accurate at 

predicting the stator temperature and the resulting bearing temperature, which results in similar 

thermal aging factors across the speed/torque map. 
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While hypothetical, the model is tested at 40°C ambient temperature, with the assumption that the 

stator temperature rise and D-side bearing gain remain the same. The resulting thermal aging factor 

maps are shown in Figure 5.12. 

 

 
Figure 5.12. Model-based thermal aging factor for the D-side bearing at 40°C ambient temperature for the 

normal cooling mode (left) and impaired cooling mode (right). 

In Figure 5.12, at the highest points, the effect of the higher ambient (an increase of 15 K) is 

roughly doubling the aging factor compared to the normal ambient temperature (25°C). In normal 

cooling, the effect at 75% load torque is just slight (the bearing grease ages only 29% faster), but 

in the case of impaired cooling, the effect is large, as the bearing ages 2.43 times faster. 

 

The above treatment is also given to the N-side bearing. The measurement-based calculated 

thermal aging factor map for the N-side bearing at an ambient temperature of 25°C is shown in 

Figure 5.13. 
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Figure 5.13. Measurement-based thermal aging factor for the N-side bearing at 25°C ambient temperature 

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

Next, the thermal model with the same aging model and ambient temperature is applied, resulting 

in the thermal aging factor maps in Figure 5.14. 

 

 
Figure 5.14. Model-based thermal aging factor for the N-side bearing at 25°C ambient temperature for the 

normal cooling mode (left) and impaired cooling mode (right). 

It can be seen from Figures 5.13 and 5.14 that the N-side thermal model and the subsequent aging 

model are sufficiently close to each other. The model-based aging factor map slightly 

underestimates the N-side bearing temperature, resulting in slightly higher aging factors for high 
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speeds and low loads. The accelerated aging for the N-side bearing is all due to the grease being 

too cold. 

 

When the N-side bearing thermal aging model is brought to an ambient temperature of 40°C, the 

aging factor operates at unity across the speed/torque map regardless of cooling impairment. 

 

 
Figure 5.15. Model-based thermal aging factor for the N-side bearing at 40°C ambient temperature for the 

normal cooling mode (left) and impaired cooling mode (right). 

In Figure 5.15 the thermal aging factor is all unity. This means that the bearing is assumed to age 

at a normal rate regardless of the cooling mode.  
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5.7 Sensitivity analysis of the steady-state aging model 

Each of the stator and bearing thermal model parameter values are adjusted by 15% and their 

effect on the highest bearing thermal aging factor in their respective maps (Figures 5.11, 5.12, 5.14 

and 5.15) is shown in Table 5.18. 

 
Table 5.18. Steady-state thermal aging factor sensitivity analysis of stator and bearing thermal parameters. 

D-side bearing, 25°C ambient,  

normal cooling, ref. peak aging: 1.43 

 
D-side bearing, 25°C ambient, 

Impaired cooling, ref. peak aging: 2.15  
ὥȟ  ὦȟ  ὑȟ  

 
 ὥ ὦ ὑȟ 

+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 bearing, 40°C ambient,  

normal cooling, ref. peak aging: 2.77 

 D-side bearing, 40°C ambient, 

Impaired cooling, ref. peak aging: 4.03  
ὥȟ  ὦȟ  ὑȟ   

 
ὥ ὦ ὑȟ 

+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 bearing, 25°C ambient, 

normal cooling, ref. peak aging: 2.83 

 N-side bearing, 25°C ambient, 

impaired cooling, ref. peak aging: 2.3 

  
ὥȟ  ὦȟ  ὥȟ ὦȟ  

 
ὥȟ ὦȟ ὥȟ ὦȟ 

+15% 2.63 2.79 2.51 2.64  +15% 2.07 2.27 1.86 2.09 

-15% 3.06 2.87 3.42 3.05  -15% 2.56 2.33 2.85 2.53 

 

N-side bearing, 40°C ambient, 

normal cooling, ref. peak aging: 1 

 N-side bearing, 40°C ambient, 

normal cooling, ref. peak aging: 1  
ὥȟ  ὦȟ  ὥȟ ὦȟ  

 
ὥȟ ὦȟ ὥȟ ὦȟ 

+15% 1 1 1 1  +15% 1.01 1.09 1.23 1 

-15% 1 1 1 1  -15% 1 1 1 1 

 

For the D-side bearingôs aging model, at both 25 and 40°C ambient temperatures and both cooling 

modes, the most sensitive parameter is the gain ὑ, followed by the statorôs quadratic factor b and 

then lastly the statorôs constant factor a. The increase in ambient temperature (25Ÿ40ÁC) roughly 

doubles the peak aging value. 

 

For the N-side bearing, the effects of parameter variation are all mild save for the gainôs constant 

factor in impaired cooling. The N-side bearing aging model in this situation sees increased aging 

mostly from being too cold rather than being above the common industrial range. The higher 

ambient puts the N-side bearing right at the common industrial range (40ī70ÁC) so the model 

becomes incredibly insensitive to parameter variation. 
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5.8 Thermal model performance in transients 

The transients used for this evaluation have been hand-picked from the whole set of transients, 

roughly comprising of one start-up transient and various other transients at different speeds, 

balanced for transitions to higher/lower load torque. For the normal cooling mode, the whole speed 

range is used, but large changes in load torque are reserved for the higher speeds. For the impaired 

cooling mode, there are fewer used speeds, but they have a more complete transient selection. 

 

The thermal model performance with model-based parameter estimation is presented in the 

Tables 5.19 to 5.24. 

Table 5.19. The performance of the stator winding thermal model with model-based parameter estimation 

in normal cooling. 

Stator winding, normal cooling 

Meas. 

number 

Speed 

(RPM) 

Torque 

change 

(Nm) 

RMSE  

(+ 

Mean 

error  

(K) 

Weighting 

factor 

p 

Stator 

long time 

constant

†ȟ 

(minutes) 

Stator 

short time 

constant 

†ȟ 

(minutes) 

1 1500 0 

Ÿ240 
2.53 -1.00 0.85 60 5 

5 1500 120 

Ÿ240 
1.77 -0.77 0.85 60 5 

6 1500 240 

Ÿ120 
0.56 0.07 0.85 60 5 

29 1500 180 

Ÿ120 
1.99 1.94 0.85 60 5 

3 1350 240 

Ÿ120 
1.62 1.35 0.85 67 5 

8 1350 120 

Ÿ240 
4.21 4.15 0.85 67 5 

27 1125 120 

Ÿ180 
2.13 2.05 0.85 79 5 

14 1125 60 

Ÿ120 
0.42 0.11 0.85 79 5 

17 1125 120 

Ÿ60 
0.69 -0.49 0.85 79 5 

12 750 120 

Ÿ60 
0.47 -0.25 0.85 98 5 

19 750 60 

Ÿ120 
0.53 -0.49 0.85 98 5 

38 375 120 

Ÿ60 
1.01 0.96 0.85 117 5 

40 375 120 

Ÿ151 
3.40 -3.35 0.85 117 5 
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Table 5.20. The performance of the stator winding thermal model with model-based parameter estimation 

in impaired cooling. 

Stator winding, impaired cooling 

Meas. 

number 

Speed 

(RPM) 

Torque 

change 

(Nm) 

RMSE  

(+ 

Mean 

error 

(K) 

Weighting 

factor 

p 

Stator 

long time 

constant

†ȟ 

(minutes) 

Stator 

short time 

constant 

†ȟ 

(minutes) 

46 1500 0  

Ÿ193.8 
2.97 2.63 0.85 92 5 

87 1350 48.5 

Ÿ96.9 
1.56 -1.53 0.85 102 5 

93 1350 145.3 

Ÿ96.9 
1.16 -1.03 0.85 102 5 

94 1350 96.9 

Ÿ193.8 
2.14 2.07 0.85 102 5 

96 1350 48.5 

Ÿ193.8 
2.03 1.92 0.85 102 5 

97 1350 193.8 

Ÿ145.3 
1.14 1.12 0.85 102 5 

98 1350 145.3 

Ÿ48.5 
2.32 -2.20 0.85 102 5 

59 750 193.8 

Ÿ96.9 
0.92 -0.23 0.85 141 5 

62 750 48.5 

Ÿ145.3 
0.35 -0.28 0.85 141 5 

100 750 96.9 

Ÿ145.3 
0.35 -0.26 0.85 141 5 

101 750 145.3 

Ÿ193.8 
3.61 -3.43 0.85 141 5 

102 750 193.8 

Ÿ48.5 
0.96 0.19 0.85 141 5 

104 750 96.9 

Ÿ48.5 
0.42 0.39 0.85 141 5 
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Table 5.21. The performance of the D-side bearing thermal model with model-based parameter estimation 

in normal cooling. 

D-side bearing, normal cooling 

Meas. 

number 

Speed 

(RPM) 

Torque 

change 

(Nm) 

RMSE  

(+ 

Mean 

error 

(K) 

D-side 

bearing 

gain 

ὑ  

D-side 

bearing 

time 

constant 

† 

(minutes) 

1 1500 0 

Ÿ240 
1.46 -0.51 0.60 23 

5 1500 120 

Ÿ240 
1.02 -0.13 0.60 23 

6 1500 240 

Ÿ120 
0.46 0.39 0.60 23 

29 1500 180 

Ÿ120 
1.43 1.36 0.60 23 

3 1350 240 

Ÿ120 
1.65 1.45 0.60 27 

8 1350 120 

Ÿ240 
2.04 2.00 0.60 27 

27 1125 120 

Ÿ180 
0.93 0.78 0.60 33 

14 1125 60 

Ÿ120 
0.37 0.04 0.60 33 

17 1125 120 

Ÿ60 
0.42 -0.22 0.60 33 

12 750 120 

Ÿ60 
0.32 -0.11 0.60 42 

19 750 60 

Ÿ120 
0.30 -0.25 0.60 42 

38 375 120 

Ÿ60 
0.54 0.48 0.60 52 

40 375 120 

Ÿ151 
2.13 -2.08 0.60 52 
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Table 5.22. The performance of the D-side bearing thermal model with model-based parameter estimation 

in impaired cooling. 

D-side bearing, impaired cooling 

Meas. 

number 

Speed 

(RPM) 

Torque 

change 

(Nm) 

RMSE  

(+ 

Mean 

error 

(K) 

D-side 

bearing 

gain 

ὑ  

D-side 

bearing 

time 

constant 

† 
(minutes) 

46 1500 0  

Ÿ193.8 
1.74 1.38 0.60 23 

87 1350 48.5 

Ÿ96.9 
1.44 -1.31 0.60 27 

93 1350 145.3 

Ÿ96.9 
0.73 -0.66 0.60 27 

94 1350 96.9 

Ÿ193.8 
1.34 1.06 0.60 27 

96 1350 48.5 

Ÿ193.8 
1.32 0.91 0.60 27 

97 1350 193.8 

Ÿ145.3 
0.83 0.78 0.60 27 

98 1350 145.3 

Ÿ48.5 
1.49 -1.41 0.60 27 

59 750 193.8 

Ÿ96.9 
0.54 0.19 0.60 42 

62 750 48.5 

Ÿ145.3 
0.32 -0.26 0.60 42 

100 750 96.9 

Ÿ145.3 
0.37 -0.26 0.60 42 

101 750 145.3 

Ÿ193.8 
2.33 -2.25 0.60 42 

102 750 193.8 

Ÿ48.5 
0.82 0.42 0.60 42 

104 750 96.9 

Ÿ48.5 
0.39 0.29 0.60 42 
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Table 5.23. The performance of the N-side bearing thermal model with model-based parameter estimation 

in normal cooling. 

N-side bearing, normal cooling 

Meas. 

number 

Speed 

(RPM) 

Torque 

change 

(Nm) 

RMSE  

(+ 

Mean 

error 

(K) 

N-side 

bearing 

gain 

ὑ  

N-side 

bearing 

time 

constant 

† 

(minutes) 

1 1500 0 

Ÿ240 
0.32 0.09 0.20 15 

5 1500 120 

Ÿ240 
0.30 0.23 0.20 15 

6 1500 240 

Ÿ120 
1.05 1.02 0.20 15 

29 1500 180 

Ÿ120 
1.48 1.45 0.20 15 

3 1350 240 

Ÿ120 
1.76 1.64 0.22 19 

8 1350 120 

Ÿ240 
2.00 1.94 0.22 19 

27 1125 120 

Ÿ180 
2.49 2.45 0.24 24 

14 1125 60 

Ÿ120 
1.28 1.27 0.24 24 

17 1125 120 

Ÿ60 
1.14 1.11 0.24 24 

12 750 120 

Ÿ60 
1.47 1.45 0.28 32 

19 750 60 

Ÿ120 
1.45 1.44 0.28 32 

38 375 120 

Ÿ60 
1.33 1.31 0.32 40 

40 375 120 

Ÿ151 
0.32 0.29 0.32 40 
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Table 5.24. The performance of the N-side bearing thermal model with model-based parameter estimation 

in impaired cooling. 

N-side bearing, impaired cooling 

Meas. 

number 

Speed 

(RPM) 

Torque 

change 

(Nm) 

RMSE  

(+ 

Mean 

error 

(K) 

N-side 

bearing 

gain 

ὑ  

N-side 

bearing 

time 

constant 

† 
(minutes) 

46 1500 0  

Ÿ193.8 
2.81 -2.70 0.20 15 

87 1350 48.5 

Ÿ96.9 
1.88 -1.87 0.22 19 

93 1350 145.3 

Ÿ96.9 
1.84 -1.83 0.22 19 

94 1350 96.9 

Ÿ193.8 
2.55 -2.55 0.22 19 

96 1350 48.5 

Ÿ193.8 
2.66 -2.65 0.22 19 

97 1350 193.8 

Ÿ145.3 
1.91 -1.90 0.22 19 

98 1350 145.3 

Ÿ48.5 
1.72 -1.71 0.22 19 

59 750 193.8 

Ÿ96.9 
1.56 -1.40 0.28 32 

62 750 48.5 

Ÿ145.3 
1.92 -1.91 0.28 32 

100 750 96.9 

Ÿ145.3 
1.84 -1.84 0.28 32 

101 750 145.3 

Ÿ193.8 
3.69 -3.62 0.28 32 

102 750 193.8 

Ÿ48.5 
1.47 -1.13 0.28 32 

104 750 96.9 

Ÿ48.5 
0.67 -0.65 0.28 32 

 

The stator model shows mostly low (under 1 K) mean error (ME), but in some transients the ME 

and RMSE show higher values. As the RMSE and ME in those cases are similar, it suggests that 

the error is mostly caused by the inaccuracy of the steady-state model, especially in the lower 

loads. 

 

The D-side bearing model shows that the absolute ME stays mostly under 1 K, but in 90% speed 

(1350 RPM) and 25% speed (375 RPM) the ME can be as much as 2 K. These are, similarly to the 

stator modelôs shortcomings, steady-state errors. 

 

The N-side bearing model shows absolute ME that is under 2 K most of the time and always less 

than 4 K. In almost all cases the steady-state error is the culprit. 
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Relatively speaking, the stator model is the most accurate, followed by the D-side bearing model 

and lastly the N-side bearing. The order in accuracy goes 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 steady-state performance. For the stator, these factors are the weighting factor, the 

statorôs long time constantôs coefficients (constant and speed-dependent), short time constant (a 

constant value). For the bearings, the aforementioned stator parameters and the bearingsô own time 

constant coefficients (constant and speed-dependent) affect the dynamic behavior and they will be 

evaluated by varying the parameters one at a time in the following way: 

 

¶ ρπϷ for the weighting factor (constant) 

¶ 20% for the stator long time constant coefficients a (constant) and b (linear speed-

dependent) 

¶ 50% for the stator short time constant (constant) 

¶ 20% for the D-side bearing time constant coefficients a (constant) and b (linear speed-

dependent) 

¶ 20% for the N-side bearing time constant coefficients a (constant) and b (linear speed-

dependent) 

 

A total of 8 different parameters. The sensitivity analysis results are presented in the next three 

pages in Figures 5.16 to 5.21. 
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Figure 5.16. Sensitivity analysis for the stator thermal modelôs dynamic properties in normal cooling. 

 
Figure 5.17. Sensitivity analysis for the stator thermal modelôs dynamic properties in impaired cooling. 
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Figure 5.18. Sensitivity analysis for the D-side bearing thermal modelôs dynamic properties in normal 

cooling. 

 
Figure 5.19. Sensitivity analysis for the D-side bearing thermal modelôs dynamic properties in impaired 

cooling. 
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Figure 5.20. Sensitivity analysis for the N-side bearing thermal modelôs dynamic properties in normal 

cooling. 

 
Figure 5.21. Sensitivity analysis for the N-side bearing thermal modelôs dynamic properties in impaired 

cooling. 
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The sensitivity analysis shows that stator windingôs constant factor of the time constant calculation 

has the biggest impact on the stator windingôs mean temperature during the transient, followed by 

the speed-dependent 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 constant has very little effect on 

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

is especially sensitive to coefficient variation, especially in the case of impaired cooling. 

 

The D-side bearing model shows the highest sensitivity to the variation of statorôs long time 

constant coefficients, followed by the D-bearingôs own time constant coefficients and then the 

weighting factor, and practically no effect by the variation of the short time constant. Most of the 

parameters have an impact of 0.5 K, but the statorôs long time constantôs constant coefficient can 

have an impact of up to 0.8 K.  

 

The N-side bearing model shows the most sensitivity to the stator long time constant parameters, 

but overall the effects are quite low, being mostly under 0.5 K for each coefficient. 
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5.10 Applicability for dynamic load s 

The model was compared against the dynamic load measurements presented in Section 4.3.3.  

The short time constant of the stator was changed from 5 minutes to 2½ minutes as it could then 

follow the rapid initial temperature changes better. 

 

The performance of the model can be observed in Figures 5.22 to 5.31 below. 

 

Figure 5.22. Simulated and real 75ī100% dynamic loading at 100% speed. 

 

 



116 

 

 

Figure 5.23. Simulated and real 75ī100% dynamic loading at 90% speed. 

 

Figure 5.24. Simulated and real 75ī100% dynamic loading at 75% speed. 
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Figure 5.25. Simulated and real 75ī100% dynamic loading at 50% speed. 

 
Figure 5.26. Simulated and real 75ī100% dynamic loading at 25% speed. 
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Figure 5.27. Simulated and real 50ī125% dynamic loading at 100% speed. 

 
Figure 5.28. Simulated and real 50ī125% dynamic loading at 90% speed. 
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Figure 5.29. Simulated and real 50ī125% dynamic loading at 75% speed. 

 
Figure 5.30. Simulated and real 50ī125% dynamic loading at 50% speed. 












