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The aim of the thesis is to design a suitable thermal model that can be used as a tool 

for constructing the TEFC squirrel cage induction machine in addition to the 

electromagnetic model. A lumped-parameter thermal model is developed. The 

related problems and aspects of implementation are discussed in details. Losses are 

calculated analytically and the loss values are used in the thermal model. The 

sensitivity analysis is introduced to determine the most critical parameters of the 

model.  
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List of Symbols and Abbreviations 

Symbols 

a   the number of parallel paths 

bds   stator tooth width [m] 

di   insulation thickness [m] 

F   radial conductivity factor 

Fg   geometrical factor 

F1-2   view factor for dissipating surface [K] 

f   frequency [Hz] 

Gth   thermal conductance 

g   gravitational constant 9,81 m/s
2
 

kFe,n   correction factor 

ksq   skewing factor 

kw   winding factor 

l   length of the stator stack [m] 

lav   average length of the winding turn [m] 

lb   bearing housing width [m] 

lc   total length of a conductor in a coil [m] 

le   end-disk width [m] 

lm   distance of bearing centre to rotor mean [m] 

l0   slot winding overhang [m] 

m   number of phases 

mFe,n   mass of the magnetic circuit’s section [kg] 

ms   number of stator phases 

Ns   number of coil turns 

Nu   Nusselt number 

P   losses [W] 

Pad   additional losses [W] 

PCu   resistive losses [W] 

PFe   iron losses [W]      

Pin   input power [W] 
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Pr   Prandtl number 

P10 losses of the material per mass unit at 1 T peak value of flux   

density and frequency 50 Hz [W/kg] 

P15 losses of the material per mass unit at 1.5 T peak value of flux 

density and frequency 50 Hz [W/kg] 

Qr   number of rotor bars 

R   resistance [Ohm] 

Ra   Rayleigh number 

Ra   axial interconnecting resistance [K/W] 

Rr   radial interconnecting resistance [K/W]     

Rth   thermal resistance [K/W]          

rt   end winding toroid radius [m]        

r1   stator outer radius [m]    

r2   tooth outer radius [m]    

r3   tooth inner radius [m]    

r4   equivalent winding radius [m]    

r5   rotor outer radius [m]    

r6   end winding cross section radius  [m]    

r7   end-disk inner radius  [m]    

r8   equivalent rotor winding radius  [m]    

r9   shaft radius [m]    

S   cross-section area [m
2
] 

Sc   copper cross-section in slots [m
2
] 

S1   contact area of endcap [m
2
] 

S2   contact area of stator iron [m
2
] 

S3   contact area of stator teeth [m
2
] 

S4   contact area of endwinding [m
2
] 

S5   contact area of rotor end-disc [m
2
] 

S6   contact area of rotor iron [m
2
] 

s   lamination stacking factor 

Ta   Taylor’s number 

Tam   modified Taylor number 
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Tm   mean temperature of the component [K] 

 

β   coefficient of thermal expansion [1/K] 

δ   air gap 

ε   emissivity of the surface 

ηf   fan efficiency 

Θ   temperature rise [K] 

λ   thermal conductivity of the material [W/m⋅K] 

λa   aluminium conductivity [W/m⋅K] 

λair   thermal conductivity of the air [W/m⋅K] 

λc   convection coefficient [W/m
2
K] 

λCu   copper conductivity [W/m⋅K] 

λi   slot liner conductivity [W/m⋅K] 

λla   lamination axial conductivity [W/m⋅K] 

λlr   lamination iron conductivity [W/m⋅K] 

λR  radiation heat transfer coefficient 

λr   radial thermal conductivity [W/m⋅K] 

λs   shaft steel conductivity [W/m⋅K] 

λν   varnish conductivity [W/m⋅K] 

λ1s, λ1r stationary and rotating heat transfer coefficients between 

frame and external air [W/m
2
K] 

λ2s, λ2r stationary and rotating heat transfer coefficients between 

stator or rotor and air gap [W/m
2
K] 

λ3s, λ3r stationary and rotating heat transfer coefficients between 

stator iron, rotor, endwindings or endcaps and endcap air 

[W/m
2
K] 

µ   dynamic viscosity of the fluid [Pa s, kg/s m] 

ρ   mass density of the fluid [kg/m
2
] 

ρν transformation ratio for induction motor impedance, 

resistance, inductance 

σ   Stefan-Boltzmann constant, 5.670400 · 10	
 W/m
2
/K

4
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σc   conductivity of the conductor material [S/m] 

τu   slot pitch [m]  

υ   kinematic viscosity [Pa s/(kg/m
3
)] 

Фth   thermal power flow, heat flow rate [W]   

фp   tooth pitch [m] 

Ω   angular velocity of the rotor [rad/s] 

�   hot-spot to mean temperature ratio 

�r   rotor angular velocity [rad/s] 

∆T   temperature rise [K, °C] 

 

Abbreviations 

 

CFD   computational fluid dynamics 

FEM   finite-element method 

IEC   International Electrotechnical Commission  

PC   personal computer 

TEFC   Totally Enclosed Fan-Cooled 
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1 INTRODUCTION 

 

1.1 A literature review concerning thermal model of machine 

 

In the field of a motor design, much effort is put to improve motor performance and 

to reduce frame size, due to increased pressure on the development of smaller, 

cheaper and more efficient machines. Along with the electromagnetic design, 

thermal design has begun to attract serious attention of design engineers. This can 

be explained by the fact that the temperature is the main factor, determining how 

long a machine can be loaded. Exceeding the thermal limits leads to various 

undesired phenomena: accelerated oxidation process in insulation materials, which 

causes the loss of dielectrical property, deterioration of bearing lubricants, 

mechanical stresses and changes in geometry. To predict the temperatures of a 

machine thermal analysis is used. The electromagnetic design and the thermal 

design are interrelated, it is impossible to analyze carefully one without another. As 

shown by Staton et al. (2005), not only the losses are dependent on the temperatures 

and vice-versa, but also more complex issues arise at the design stage.  

 

Before practical computers appeared, the determination of electrical machine’s sizes 

was made by so-called D
2
L, D

3
L, and D

x
L sizing equations. The limiting values of 

specific magnetic and electric loadings and current density, obtained from previous 

experience were used in order to prevent overheating of the machine (Steven 1983). 

This method does not involve thermal analysis directly and it is not enough if a 

designer wants to improve motor performance, to reduce the dimensions, and vary 

the construction or to test new materials. In this case effective loss calculation and 

thermal analysis tools are required. Attempts were made to implement thermal 

network analysis based on lumped parameters. However, without the computer’s 

computation capability the thermal networks were very simple, e. g., maybe just one 

thermal resistance to calculate the steady-state temperature rise of the winding.  
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The thermal network complexity could be increased considerably when introducing 

computers to motor design. It allowed the thermal-network analysis to be the main 

tool used both for steady-state and transient analysis (Mellor et al. 1991, Rajagopal 

et al. 1998). After the introduction of induction motor inverter supplies, the interest 

in thermal analysis no more involves only an electrical machine, but also the drive 

and power converter design (Nelson et al. 2006, Gao et al. 2008). The effect of 

increased losses, resulting from six-step and pulse width-modulation voltages, on 

motor temperatures is a subject of an intensive research (Champenois et al. 1994, 

Boys and Miles 1995). As a result of increased attention toward thermal analysis, 

the software initially used for electromagnetic design has added thermal modelling 

capabilities to provide better integration between the electromagnetic and thermal 

designs (Mezani et al. 2005, Dorrell et al. 2006, Driesen 2000, Vong and Rodger 

2003). 

 

In the thermal analysis of electrical machine analytical lumped-circuit and 

numerical methods are applied. The advantages of an analytical approach lie in its 

simple mathematical form and the high calculation speed. However, the thermal 

network parameters should be carefully defined to model the main heat-transfer 

paths (Boglietti et al. 2003, Kylander 1992, Staton 2001, Saari 1995, Saari 1998). 

The analysis is based on calculation of conduction, convection, and radiation 

resistances for different parts of the motor construction. In the lumped parameter 

thermal model, both radial and axial heat transfer inside the machine are considered. 

Also the model is able to provide transient solution (Mellor et al. 1991, Kylander 

1995). An additional cooling matrix is added in the model to consider the heating of 

the cooling fluid (Saari 1995).  

 

The thermal analysis tools widely use numerical methods, for example, the finite-

element method (FEM) and computational fluid dynamics (CFD). Numerical 

analysis is very expensive in terms of a model setup and computational time. Using 

FEM heat conduction problems in solid components can be solved more accurately 

than by a thermal network. This method is well suited for solving transient 

problems in the machine with large temperature gradients within individual 
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machine parts. It is a reasonable solution in machine with the main heat path in 

radial direction and with a low rotor speed. The drawback of FEM is that three 

dimensional and time-dependent problems are demanding both in software 

development and hardware requirements. It is also difficult to take the heating of 

the cooling fluid into account. The main strength of CFD approach is that it can be 

used to predict the flow in complex regions, such as around the motor end windings 

(Mgglestone et l. 1999, Staton et al. 2001).  The data obtained using CFD are useful 

for improving the analytical model. In (Trigeol et al. 2006), a combined network 

and CFD method are used to model the machine. The CFD methods will be more 

attractive due to the increase of PC computational speed and the availability of 

more friendly pre- and post-processing software. 

 

Each of the reviewed methods has advantages and disadvantages. Designers 

choosing one of them have to take into account the project development cost (i.e., 

time, result accuracy, and available resources) and the product market value. 

 

1.2 Objectives and outline of the thesis  

 

The present work deals with Totally Enclosed Fan-Cooled (TEFC) induction 

motors. These motors are probably the most commonly used motors in industrial 

environments. The TEFC motor has an external fan mounted opposite its drive end 

(Fig. 1.1). It provides additional cooling by blowing air over the motor exterior. A 

shroud covers the fan to prevent injury. TEFC motors can be used in dirty, moist, or 

mildly corrosive operating conditions, since no outside air enters the motor. 
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Figure 1.1 Enclosed Fan-Cooled (TEFC) induction machine (Scribd 2010) 

 

The target is to design a suitable thermal model in addition to the electromagnetic 

model that can be used as a tool for constructing cage induction motors and to 

describe all related problems and aspects of implementation. The model is totally 

analytical. Losses are calculated analytically and the loss values are used in the 

thermal model. A thermal model that has received increased attention over the last 

years is a lumped parameter thermal model. This method is known to offer an 

adequate thermal model for low- to medium rated TEFC machines. It is not 

necessary to create fairy complex model for these machines, because of the basic 

nature of their construction and cooling. Since we have TEFC-type we do not need 

to model the heating of the cooling fluid. However, the model should be sufficiently 

detailed in order to distinguish between the stator and rotor components. Since the 

risk of the failure is particularly high in either the stator or rotor windings. During 

the thermal analysis the question of heat removal and the distribution of heat 

sources have to be carefully studied. In electrical machines of TEFC design heat 

removal is ensured by thermal convection of air, thermal conduction through the 

fastening of the machine, and to a less extent, by thermal radiation.  The overall 

target is to get the knowledge of the machines steady state temperatures in the basic 

design stage. 
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2 LOSSES IN INDUCTION MOTOR 

 

The distribution of losses in different parts of the machine is of great significance, 

since the heat generators that form the input to the thermal equations are derived 

from the motor losses. The losses in electrical machine consist of the resistive losses 

in stator and rotor conductors, iron losses in the magnetic circuit, additional losses 

and mechanical losses. The iron loss is distributed among the stator and rotor 

components so that the majority of the loss occurs in the components that model the 

stator teeth and the combined rotor bars and teeth; nodes 3 and 8.The resistive loss 

is divided between the slot and the end windings in proportion to the quantity of 

conductor in each component. The additional loss is divided in such a way that 30 

percent of the loss is introduced in stator teeth, 40 percent in the windings in the 

slots and 30 percent in the rotor iron. The bearing losses are ignored but could be 

included as a heat generation in the shaft. One should keep in mind that because of 

symmetry only the half of the motor is considered and the half of the losses is 

introduced in the thermal model. 

 

2.1 Resistive losses 

 

The proportion of resistive losses in machine total losses is high. Resistive losses in 

a winding with m phases, current I and resistance R are generated according to 

Ohm’s law 

 

RmIP
2

A =  .                                                                  (2.1) 

 

Copper losses change with temperature, as resistance increase directly proportional 

to temperature. According to Ohm’s law the resistance R depends on the total length 

of a conductor in a coil lc, the number of parallel paths a in windings without a 

commutator, per phase, or 2a in windings with a commutator, the cross-sectional 

area of the conductor Sc and the conductivity of the conductor material σc 
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cc

c

aS

l
R

σ
=  .                                                                   (2.2) 

 

Resistance is highly dependent on the temperature of the machine. The resistance 

should be obtained at the highest allowable temperature for the selecting winding 

type. For this purpose the specific heat conductivity is found for the temperature 

rise Θ by the following formula 

 

c

c20C
c

1 α

σ
σ

Θ+
=  ,                                                               (2.3) 

 

where σc20C is the conductivity of conductor material at room temperature (+20 ºC), 

αc is the temperature coefficient of resistivity for conductor. The stator windings are 

usually made of copper and the rotor bars are made of aluminium. The specific 

conductivities at room temperature and the temperature coefficients of resistivity for 

copper and aluminium are listed in Table 2.1. 

 

Table 2.1 Parameters of copper and aluminium 

Material 
Conductivity at 

+20ºC/S/m 

Temperature coefficient 

of resistivity/K 

Copper 57 · 10
� 3.81 · 10

	� 

Aluminium 37 · 10
� 3.7 · 10

	� 

 

The stator resistive losses should be divided into the losses occurring in the copper 

in the slots and the losses in the end windings. The average length lav of the winding 

turn of a low-voltage machine, required for losses separation is given approximately 

as 

 

1.04.22av ++= Wll                                                        (2.4) 

 

where l is the length of the stator stack, W is the average coil span.  
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To calculate resistive losses in the rotor the rotor resistance and rotor current 

referred to stator are used. When it is necessary to refer the rotor resistance to the 

stator, it has to be multiplied by the term (Pyrhönen et al. 2008). 

 

2

sqνq

wννs

r

s
ν

4














⋅=

k

kN

Q

m
ρ                                                      (2.5) 

 

where ms is the number of stator phases, Qr is the number of rotor bars, Ns is the 

number of coil turns, kwνs is winding factor, ksqνr is the skewing factor. 

 

2.2 Iron losses 

 

In an asynchronous machine all the parts of the machine experience an alternating 

flux. There are two different types of losses in an iron circuit. That are hysteresis 

losses and eddy current losses. If the magnetic field applied to a magnetic material 

is increased and then decreased back to its original value, the magnetic field inside 

the material does not return to its original value. The internal field ‘lags’ behind the 

external field. This behaviour results in a loss of energy, called the hysteresis loss, 

when a sample is repeatedly magnetized and demagnetized. Also the alternation of 

flux induces voltages in the conductive core material and eddy currents occur in the 

core. These currents resist changes in the flux. In solid objects the eddy currents 

considerably restrict the flux from penetrating the material. To eliminate the effect 

of eddy currents laminations or high-resistivity compounds are used instead of solid 

ferromagnetic metal cores. Also magnetic cores are made of sheet, which enables 

eddy currents to occur. The hysteresis losses and eddy current losses can be 

calculated separately, but usually manufactures give combined losses. The losses of 

the materials are given per mass unit at a certain peak value of flux density and 

frequency, for instance specific iron loss per mass for lamination material P15 = 6.6 

W/kg, 1.5 T, 50 Hz or P10 = 2.09 W/kg, 1.0 T, 50 Hz.  

The iron losses are obtained by dividing the magnetic circuit of the machine into n 

sections with approximately constant flux density. In present work the magnetic 
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circuit is divided into the stator yoke and the stator teeth. Because of the very low 

fundamental frequency in the rotor, the rotor iron losses are taken into account in 

the additional losses.  

The losses PFe,n of the different parts of the machine can be estimated as follows: 

 

nFe,

2

n
10nFe,

1
m

T

B
PP 








=  or nFe,

2

n
15nFe,

5.1
m

T

B
PP 








=

,           

(2.6) 

 

where mFe,n is the mass of the magnetic circuit’s section.  

The total losses are calculated as a sum of losses in different sections of the 

magnetic circuit. The problem is that the loss values P10 and P15 are valid only for a 

sinusoidally varying flux density. Unfortunately, the pure sinusoidal flux variation 

never exits in the rotating machine. There are rotating fields that have different 

losses compared with varying field losses. Due to field harmonics the losses will be 

higher. Also the stresses created in the punching of the sheet and the burrs increase 

the loss index. In manual calculations the iron losses can be estimated by taking into 

account the empirical correction coefficients kFe,n defined for different sections n 

and listed in Table 2.2 (Pyrhönen et al. 2008). 

 

∑ 







=

n

m
T

B
PkP nFe,

2

n
10nFe,nFe,

1
 or ∑ 








=

n

m
T

B
PkP nFe,

2

n
15nFe,nFe,

5.1 .   

(2.7) 

 

Table 2.2 Correction coefficients kFe,n for the definition of iron losses in different sections of 

different machine types taking into account above-mentioned anomalies into account.   

Machine type Teeth Yoke 

Synchronous machine 2.0 1.5-1.7 

Asynchronous machine 1.8 1.5-1.7 

DC machine 2.5 1.6-2.0 
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2.3 Additional losses 

 

Additional losses include all the electromagnetic losses which are not taking into 

account in the resistive and iron losses. These losses are difficult to estimate and 

measure. In the IEC standards the additional losses are assumed to be 0.5 % of the 

input power in induction motors  

 

in

2

ad 105.0 PP −⋅=  .                                                          (2.8) 

 

There are basically six mechanisms that cause additional losses in the machine (Sen 

and Landa 1990) 

• Eddy current loss in the stator copper due to slot leakage flux 

• Loss in the motor end structures due to end leakage flux 

• High-frequency rotor and stator surface losses due to tooth-tip leakage flux 

• Tooth pulsation and rotor copper losses due to tooth-tip leakage fluxes 

• Rotor copper losses due to circulating currents induced by the leakage fluxes 

• Iron losses with skewed motors due to skew-leakage flux 

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

of 1.5 of the frequency, that is 

 

5.12

ad ~ fIP                                                                    (2.9) 

 

If the additional losses are known for one pair of the current and frequency, they 

can be determined for another pair of current and frequency using Equation (2.9) 

(Pyrhönen et al. 2008). 
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3 THERMAL MODEL 

 

3.1 Lumped parameter thermal model 

 

Among different methods of thermal analysis of electrical machine, such as exact 

analytical calculation (‘distributed loss model’) and numerical analysis lumped-

parameter or nodal method (‘concentrated loss model’) is simple but sufficiently 

complex to identify the temperatures at most locations in the machine. In general, 

the lumped parameter model is a way of simplifying the behaviour of spatially 

distributed systems into a topology consisting of discrete entities that approximate 

the behaviour of the distributed system under certain assumptions. 

This method solves the thermal problems by applying thermal networks in analogy 

to electrical circuits, in which the mathematical analysis is much simpler than 

solving the Maxwell equations for the actual physical system. Table 3.1 represents 

the analogous thermal and electrical quantities (Pyrhönen et al. 2008). 

 

Table 3.1 Analogous thermal and electrical quantities

 

 

The electrical machine is divided geometrically into a number of lumped 

components, each component having a heat generation and interconnections to 

neighbouring components through the thermal resistances.  All the heat generation 

in the component is concentrated in one point. This point represents the mean 

temperature of the component. The lumped parameters are derived from entirely 

dimensional information, the thermal properties of the materials used in the design, 
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and constant heat transfer coefficients. As a result the model is adapted to a range of 

frame sizes (Mellor et al. 1991). Resistive losses, iron losses, mechanical losses and 

additional losses represented by the heat sources, which are calculated analytically. 

And the thermal resistances of iron cores, windings, frame and so on are given as 

resistances. 

 

The lumped parameter thermal model is allowed to include all the major 

components and heat transfer mechanisms within the machine. The geometry of a 

TEFC induction motor can be divided into the 10 components shown in Fig. 3.1, 

where symmetry is assumed about the shaft and a radial plane through the centre of 

the machine.  

 

 

Figure 3.1 Induction motor principal construction 

1 Frame   4 Stator winding  7 End cap air  10 Shaft   

2 Stator iron  5 Air gap   8 Rotor winding 

3 Stator teeth  6 End winding  9 Rotor iron 

 

The influence of the asymmetrical temperature distribution in electrical machines is 

assumed to be small. The solid components of the frame (1), stator (2, 3), windings 

(4, 6) and rotor (8-10) have a cylindrical form so they are all modelled as a network 

of thermal resistances based on a general cylindrical lumped component. Two 

further components represent the air gap (5) and the end cap air (7). The 

components are connected directly or with additional thermal resistances taking into 

account the convective heat transfer across the cooling air paths inside the machine.   
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3.2 Heat transfer basics 

 

Heat transfer is process of heat propagation. To transfer heat from one body to 

another the prerequisite is a temperature difference between bodies, and heat is 

transferred from the body with a higher temperature to a body with a lower 

temperature. The body with the higher temperature is called the source of heat, and 

the body with the lower temperature - the receiver of heat (heat sink). Methods of 

heat transfer are: thermal conductivity, convection and radiation.  

In real conditions the heat transfer is ensured with a combined method. For 

example, if heat transfers between a solid wall and a gaseous medium it is 

transferred simultaneously by convection, conduction and radiation. Even more 

difficult is a process of transferring heat from a heated fluid (gas) in terms of 

separating their surface (heat transfer). 

Usually in electrical machine of TEFC design, the most significant method of heat 

removal is convection through the air. However, if the motor is flange-mounted 

relatively large amount of heat can be removed by conduction through the flange to 

the device connected with the motor. The amount of heat transferred by radiation is 

quite small. For thermal model considered in this thesis any heat transfer due to 

radiation from the internal surface is neglected. 

 

3.2.1 Conduction 

 

When a temperature gradient exists in a body, it is known that there is energy 

transfer from the high-temperature region to the low temperature region. It is said 

that the energy is transferred by conduction and that the heat-transfer rate per unit 

area is proportional to the normal temperature gradient: 

                                                        
x

T

S

Φ

∂

∂
~th

 

 

When proportionality constant is inserted, 
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TSΦ ∇−= λth  [W],                                                          (3.1) 

 

where Φth is the thermal power and 
x

T
∂

∂  is the temperature gradient in the 

direction of  the heat flow. The positive constant λ is called thermal conductivity of 

the material, and the minus sign is inserted so that the second principle of 

thermodynamics will be satisfied; i.e., heat must flow downhill on the temperature 

scale, as indicated in the coordinate system of Fig. 3.2. 

 

Figure 3.2 Sketch showing the direction of heat flow  

 

Equation (3.1) is known to be Fourier’s law of heat conduction and defining 

equation for thermal conductivity. On the basis of this definition, the thermal 

conductivity of different materials can be determined by experimental 

measurements.  

 

Let us next consider thermal conductivities of materials used in electrical machines. 

Thermal energy can be transferred in solids by two modes: lattice vibration and 

transport by free electrons. In good electrical conductors a rather large number of 

free electrons move about in the lattice structure of the material. These electrons 

may carry thermal energy from a high-temperature region to low-temperature 

region as well as transport electric charge. Transmitting energy as vibrational 

energy in lattice structure is not as significant as the electron transport. As a result 

good electrical conductors are usually also good heat conductors, viz., aluminum, 

copper and silver. Electrical insulators are unfortunately also poor heat conductors. 
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Table 3.2 contains values of thermal conductivities for relevant materials in the 

induction machines. 

 

Table 3.2 Conductivities of some materials 

Material Thermal conductivity λ /W/K m 

Copper 400 

Aluminium 237 

Lamination iron 39 

Shaft steel 40 

Slot liner 0.3 

 

 

Generally, thermal resistance Rth describing the conductive heat transfer in one 

dimension is 

 

S

l
R

λ
=th  ,                                                                        (3.2) 

 

where l is the length of the body, λ is thermal conductivity and S is the cross-section 

area. 

It is well known that the main parts of the machine are based on general cylindrical 

components shown in Fig. 3.3. 

 

 

Figure 3.3 General cylindrical component with four unknown temperatures: two at the axial 

edges and two on the outer and inner surfaces 
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To describe the heat conduction across the cylindrical component, the following 

assumptions are maid: 

• The heat flows in the radial and axial direction are independent. 

• A single mean temperature defines the heat flow both in the radial and axial 

directions. 

• There is no circumferential heat flow. 

• The heat generation is uniformly distributed. 

On using these assumptions, two separate three-terminal networks shown in Fig. 3.4 

are obtained. One network represents the solution of the heat conduction equations 

in radial and axial directions. 

 

 

Figure 3.4 Independent axial and radial thermal networks, described by T-equivalent 

blocks. Tm is the average temperature, and the losses are denoted by P 

  

In each network, two of the terminals represent the appropriate surface temperatures 

of the component, and the third represents the mean temperature Tm of the 

component. The internal heat generation is introduced in the mean temperature 

node. The central node of each network gives the mean temperature of the 

component if there is no internal heat generation. If there is heat generation the 

mean temperature will be obtained as a result of superposition of internal heat 

generation. This mean temperature is lower than the temperature given by the 

central node, which is reflected in the network by the negative values of the 
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interconnecting resistances R3a and R3r. The thermal resistances of each network are 

obtained from solutions of conduction equation in the radial and axial directions. 

The dimensions of the cylinder and the radial and axial conductivities λr, λa are 

required for the calculation (Roberts 1986).  
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When considering conductive heat transfer in electrical machine’s parts, one must 

keep in mind that heat conductivity can be in its maximum either in the radial or 

axial direction. For example, because of the presence of dielectric coating layers in 
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laminated structures, the effective heat conductivity in the stack’s axial direction is 

much lower than in the radial direction. And as a result the main heat transfer path 

is in the radial direction. In stator windings the radial heat conductivity is low, 

because of the presence of different insulation layers, but the axial conductivity is 

almost the same as for copper, ca. 400 W/m·K. The main heat transfer path is in the 

axial direction and the heat generated by the coil losses is removed towards the end 

windings, where it is removed by convection to the end cap air. Hence the 

maximum temperature in electrical machines is often found in the end-winding 

areas. 

 

If it is assumed that the face temperatures Taxial,right and Taxial,left are equal, since the 

temperatures in the cylinder are symmetrical about a central radial plane. Reduced 

thermal network is presented in Fig. 3.5, where the half of the cylinder is modelled 

with only a half of heat generation. 

 

  Figure 3.5 Combined thermal network for symmetric component 

 

This network consists of two internal nodes and four thermal resistances Ra, Rb, Rc 

and Rm. 
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This combined network allows different thermal conductivities in the radial and 

axial directions. Thus, the thermal effect of the stator and rotor laminations can be 

considered. 

 

For more detailed description of the different machine parts the axial and radial 

thermal resistance networks are obtained by applying (3.2) instead of T-equivalent 

blocks. This approach is used for modeling complex structural shapes. It allows 

getting desired accuracy. For example, Kylander in his work (Kylander 1995) 

discretized the machine by a significantly larger number of elements to obtain more 

information about the axial temperature distribution in the machine. 

 

3.2.2 Convection 

 

Convection is defined as the heat transfer between solid surfaces and a cooling 

fluid. Convection is a result of motion of the cooling fluid relative to the solid 

surface. The convective heat transfer can be modelled as a single thermal resistance  



28 

 

 

S
R

c

th

1

λ
= ,                                                                     (3.13) 

 

where S is the surface area and λc convection coefficient. The convection coefficient 

is sometimes called the film conductance because of its relation to the conduction 

process in the thin stationary layer of fluid at the wall surface. 

 

In an electrical machine the convective heat transfer can be divided into external 

and internal. External takes place between the outside of the machine and ambient. 

Internal convection heat transfer is across the air gap and from the end windings to 

the end caps and housing.   

 

Let us consider film coefficients used to describe the convective heat transfer from 

the different surfaces of induction motor. Two values of film coefficient are 

required for each surface. One coefficient describes stationary state of the machine, 

when the external and internal fans are ineffective. The second one is used for the 

case when machine is rotating. 

 

These two cases are denoted by the subscripts s and r 

• λ1s, λ1r - heat transfer between frame and external air 

• λ2s, λ2r – heat transfer between stator or rotor via air gap 

• λ3s, λ3r – heat transfer between stator iron, rotor, end windings or end caps 

and end cap air.  

 

The coefficients λ1s and λ1r can be obtained directly from the test, when the motor is 

run at constant load until the thermal equilibrium is reached; λ1r is determined from 

the surface-ambient temperature gradient and the total machine loss. Then, λ1s is 

found from low-voltage locked-rotor test. Under thermal equilibrium, the heat 

dissipated from the motor surface is equal to the total electrical power input. It is 

difficult to estimate the convection from the frame to the ambient, because the 
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frames are not the smooth cylinders. In electrical machines of TEFC design, axial 

fins are usually included on the housing surface to increase the convection heat 

transfer. A fan is fitted to the end of the shaft that blows air in the axial direction 

over the outside of the housing. The free convection heat transfer coefficient 

between frame and ambient can be estimated by Churchill-Chu equation (Churchill et 

al, 1972) 
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where λair is the  thermal conductivity of the air, Dframe is the frame diameter,  is Ra 

the Rayleigh number, Pr is the Prandtl number. The equation (3.14) is valid for 

94 1010 ≤≤ Ra  . This number for free convection is  

 

2

3

frame

υ

β TDg
Ra

∆
= ,                                                           (3.15) 

 

where g is the gravitational constant 9,81 m/s
2
, β is the coefficient of thermal 

expansion, ∆T is the temperature difference between the surface and the fluid, υ is 

the fluid kinematic viscosity. 

 

To find heat transfer coefficients between stator or rotor and air gap, the stator and 

the rotor are considered as two concentric cylinders rotating relative to each other. It 

is assumed that any heat emitted from the rotor surface is transferred directly to the 

stator through the air gap. The effect of heat flow from the air gap into the adjoining 

endcap air in axial direction is neglected. Traditionally, the air-gap film coefficients 

can be found in terms of a dimensionless Nusselt number Nu, the air gap width δ 

and the  thermal conductivity of the air λair, so that 
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δ

λ
λ air

2

Nu
= .                                                                    (3.16) 

 

Becker and Kaye (Becker, K. and Kaye, J. 1962) defined Nusselt number as 

 

2=Nu                        for 1700<mTa (laminar flow) 

0.367

m128.0 TaNu =        for 
4

m 101700 << Ta                                     (3.17) 

0.241

m409.0 TaNu =        for 
7

m

4 1010 << Ta
 

 

Taylor’s number Ta is used to determine the flow type in the air gap. It describes 

the ratio of viscous forces to the centrifugal forces 

 

2
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µ

δρ r
Ta

Ω
= ,                                                               (3.18) 

 

where Ω is the angular velocity of the rotor, ρ the mass density of the fluid, µ  the 

dynamic viscosity of the fluid and r the rotor radius. The radial air gap length δ and 

the rotor radius are taken into account by modified Taylor number 

 

g

m
F
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Ta = ,                                                                       (3.19) 

 

where Fg is the geometrical factor defined by 
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In practice, Fg is close to unity and Tam ≈ Ta, because the air gap length is small 

compared with the rotor radius.  
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When the machine is stationary the Nusselt number is equal to 2.0, because the heat 

transfer across the air gap will be by conduction only. 

 

Let us next consider film coefficient in the end cap region. It is quite a complicated 

task, since the heat transfer to and from all surfaces in contact with the end cap air 

should be considered. For simplification a single film coefficient is used to model 

heat transfer for each case. End cap film coefficients λ3s, λ3r are found from the 

experimental work of Luke (Luke, G. 1923), on the dissipation of heat from the end 

windings by forced ventilation. The film coefficient for small cooling air velocities 

υ can be found as 

 

( )129.05.153r += υλ W/m
2
 K                                            (3.21) 

 

The constant term in this expression represents the heat transfer by natural 

convection and is therefore the value of the stationary film coefficient λ3s. The 

cooling air velocity can be estimated, using  

 

frηωυ r= ,                                                                       (3.22) 

 

where r is the rotor radius, �r the rotor angular velocity and ηf is fan efficiency, 

which is assumed to have a rather arbitrary value of 50 %, because of the lack of 

available information on the radial air velocity. 

 

The internal film coefficients for considered induction machine of TEFC design are 

listed in Table 3.3. 

 

Table 3.3 Internal film coefficients of induction machine 

Film coefficients Estimated value W/m
2
 K 

λ1 - film coefficient between frame and external air 

 
15.1 

λ2s - stationary film coefficient between stator or 

rotor via air gap 
65 
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λ2r - rotating film coefficient between stator or rotor 

via air gap 
96.9 

λ3s - stationary film coefficient between stator iron, 

rotor, end windings or end caps and end cap air 
15.5 

λ3r - rotating film coefficient between stator iron, 

rotor, end windings or end caps and end cap air 
83.1 

  

The equivalent thermal resistance describes the heat transfer between two 

interconnected objects. In electrical machines these thermal resistances are the most 

significant insecurity factor. The most important thermal resistance in considered 

machine is the stator core to frame interface resistance, because of its position on 

the main heat flow path of the stator losses to the ambient. The equivalent thermal 

resistance can be modelled by equivalent air-gap conduction. Because of surface 

roughness a small air gap is assumed them. The resistance between the joint 

surfaces can be calculated by using Equation (3.2).The equivalent air gap length and 

contact heat transfer coefficients are listed in Table 3.4 (Pyrhönen et al. 2008). 

 

Table 3.4 Equivalent joint air gap length and contact heat transfer coefficients   

Joint type Joint equivalent air 

gap length/mm 

Contact heat transfer 

coefficient/W/m
2
 K 

Stator windings to stator core 0.10 – 0.30 80 – 250 

Frame (aluminium) to stator core 0.03 – 0.04 650 – 870 

Frame (cast iron) to stator core 0.05 – 0.08 350 – 550 

Rotor bar to rotor core 0.01– 0.06 430 – 2600 

 

3.2.3 Radiation 

 

 In contrast to conductive and convective heat transfer mechanisms, where heat 

transfers through a material medium, heat can also be transferred through regions 

where a perfect vacuum exists. This heat transfer mechanism is electromagnetic 

radiation. Thermal radiation is an electromagnetic radiation which is propagated as 

a result of temperature difference.  
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Thermal radiation is not of a great significant in electrical machines similarly as 

thermal convection and conduction. Radiation heat transfer is of considerable 

significance in the total heat transfer of an electrical machine if there is only natural 

convection without any fan in the system. That is why in electrical machine of 

TEFC design the heat transferred by radiation is often neglected. The radiation heat 

transfer occurs in the inner parts of the electrical machine, for instance, between the 

end windings and the frame, or from the frame to the surrounding medium. The 

amount of heat transferred by radiation depends on the temperature difference and 

the position between heat-exchanging surfaces.  

 

The radiation heat transfer between surfaces can be modelled as the convective heat 

transfer in terms of thermal resistances, which can be simply calculated for a given 

surface using 

 

S
R

R

th

1

λ
= ,                                                                        (3.21) 

 

where S (in square meters) is the surface area and λR (in watt per square meter 

degree Celsius) is the radiation heat transfer coefficient. The surface area is easily 

calculated from the surface geometry. The radiation heat transfer coefficient can be 

calculated using  
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−
= −σελ ,                                                       (3.22) 

 

where σ is the Stefan-Boltzmann constant, ε is the emissivity of the surface, F1-2 is 

the view factor for dissipating surface 1 to absorbing surface 2, and T1 and T2 are 

the temperatures of surfaces 1 and 2 (in Kelvin). The emissivity is a function of the 

surface material and finish, for which the data can be found in the most of 

engineering textbooks. The emissivities of some materials in typical electrical 

machines are listed in Table 3.5 (Pyrhönen et al. 2008). 
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Table 3.5 Emissivities of some material used in electrical machines 

Material Emissivity 

Polished aluminium 0.04 

Polished copper 0.025 

Mild steel 0.2 – 0.3 

Cast iron 0.3 

Stainless steel 0.5 – 0.6 

Black paint 0.9 – 0.95 

Aluminium paint 0.5 

 

It is easy to calculate the view factor for simple geometric surfaces, such as 

cylinders and flat plates, but it can be more difficult for complex geometries, such 

as open-fin channels. In (Modest 2003) and (Rea et al. 1976) the methods for the 

view factor calculation are presented. 

 

3.3 Computation of nodal temperatures 

 

The target of this work is to find mean temperatures of thermal model elements. 

The thermal model of TEFC induction model consists of 10 nodes and is presented 

in Fig. 3.6. 

The machine elements are represented by the temperature rise, which is the 

temperature difference between the element and the ambient air temperature. 
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Figure 3.6 Total induction motor thermal network   

P – nodal heat generation 

1 Frame   4 Stator winding  7 End cap air  10 Shaft   

2 Stator iron  5 Air gap   8 Rotor winding 

3 Stator teeth  6 End winding  9 Rotor iron 

 

For steady-state analysis, the temperature rise for each node is calculated with the 

matrix equation 

 

PGT
1−=∆ ,                                                                       (3.23) 

 

where P is vector containing the losses in each node, ∆T is the temperature rise 

vector. The resistances of thermal network elements are used to obtain a nn×

thermal conductance matrix G, where n is a number of nodes in the model. A 

conductance matrix is defined as 
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where the nth diagonal element is the sum of the network conductances connected 

to the node n, G(i,j) is the thermal conductance connected the nodes i and j with a 

minus sign (Nerg et al. Oct. 2008). 

 

Steady-state solution is obtained from Eq. (3.23), but some of the parameters in G 

and P are temperature-dependent, so an iterative process should be used where the 

temperature-dependent parameters are updated until the error is sufficiently small. 
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4 DETAILS OF MOTOR COMPONENTS 

 

The present chapter gives details of the geometries and formulas for each of the ten 

networks of thermal resistances. These networks are combined to form the total 

mesh for the entire machine presented in Fig. 4.1 and the explanations of different 

thermal resistances are listed in Table 4.1.  

 Figure 4.1 Total induction motor thermal network 

 

Table 4.1 Thermal resistances and their explanations of the network  

Component Explanation 

R1 Thermal resistance from frame to ambient 

R2 Radial thermal resistance from frame to stator yoke 

R3 Axial thermal resistance from stator yoke to end cap air 

R4 Radial interconnecting thermal resistance of the stator yoke 

R5 Radial thermal resistance from the stator yoke to frame 
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R6 Radial thermal resistance from the stator yoke to stator teeth 

R7 Axial thermal resistance from stator teeth to end cap air 

R8 Radial/circumferential thermal resistance from stator teeth to stator 

winding R9 Radial interconnecting thermal resistance of the stator teeth 

R10 Radial thermal resistance from the stator teeth to stator yoke 

R11 Radial thermal resistance from the stator teeth to air gap 

R12 Radial/circumferential thermal resistance from the stator coils to stator 

teeth R13 Axial thermal resistance from the stator coils to end-winding 

R14 Radial thermal resistance from the stator coils to stator yoke 

R15 Radial thermal resistance from the stator coils to air gap 

R16 Radial thermal resistance from the air gap to stator teeth 

R17 Radial thermal resistance from the air gap to stator coils 

R18 Radial thermal resistance from the air gap to rotor bars 

R19 Axial thermal resistance from the end-winding to stator coils 

R20 Thermal resistance from the end-winding to end cap air  

R21 Thermal resistance from the end-winding to end cap air  

R22 Axial thermal resistance from the end cap air to frame 

R23 Axial thermal resistance from the end cap air to stator yoke 

R24 Thermal resistance from the end cap air to stator teeth 

R25 Thermal resistance from the end cap air to end-winding 

R26 Thermal resistance from the end cap air to rotor end-rings 

R27 Thermal resistance from the end cap air to rotor iron 

R28 Axial thermal resistance from the rotor bars to end cap air 

R29 Radial interconnecting thermal resistance of the rotor bars 

R30 Radial thermal resistance from the rotor bars to air gap 

R31 Radial thermal resistance from the rotor bars to rotor iron 

R32 Axial thermal resistance from the rotor iron to end cap air 

R33 Radial interconnecting thermal resistance of the rotor iron 

R34 Radial thermal resistance from the rotor iron to rotor bars 

R35 Radial thermal resistance from the rotor iron to shaft 

R36 Radial thermal resistance from the shaft to rotor iron 

R37 Axial thermal resistance from the shaft to frame through bearings 

 

Only half of the machine is observed due to symmetry about the shaft and a radial 

plane through the centre of the machine. Simplifications and assumptions made in 

applying the conduction and convection models to the networks of each component 

are given below. 
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4.1 Frame 

 

The frame component consists of the entire ribbed cooling structure and the end 

caps (Fig. 4.2).  

 

 

Figure 4.2 Frame 

 

The frame is assumed to dissipate the heat by convection and radiation through a 

single frame to ambient thermal resistance R1. 

 

frame1

1

1

S
R

λ
= ,                                                                   (4.1) 

 

where λ1 is the free convection heat transfer coefficient between frame and ambient 

and Sframe is the half of frame area. The radiation coefficient is equal to the free 

convection coefficient. The surface area is increased by 50 % to take into account 

the housing fins.  

The heat is received from the stator across the frame-core contact resistance and 

from the end cap air by convection.  
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where l is stator length, λcont is frame-core contact coefficient, r1 is stator outer 

radius. 

 

4.2 Stator iron 

 

The stator back iron component contains the stator lamination minus the stator 

teeth. The general cylinder form is modified to account for anisotropy due to the 

laminations. A stacking factor in the radial direction is introduced and a value lower 

than that of mild steel for the axial conductivity obtained from data given by 

General Electric (1969) is used.  

  

Figure 4.3 Stator iron 
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Here λla is lamination axial conductivity, λlr is lamination iron conductivity, r1 is 

stator outer radius, r2 is tooth outer radius. 

 

4.3 Stator teeth 

 

The stator teeth are modelled as a collection of cylindrical segments connected 

thermally in parallel. The stator tooth width bds is calculated to give a segment 

cross-sectional area equal to that of the actual tooth profile. Additional resistance 

between the slot faces to the point of mean temperature at the tooth is used to model 

the circumferential heat flow from slot windings to the point of mean temperature. 

The assumptions for the lamination are made as for the stator back iron. 

  

Figure 4.4 Stator teeth 
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Here �� is tooth inner radius, τu is tooth pitch, bds is stator tooth width, n is number 

of slots and s is lamination stacking factor. 

 

4.4 Stator winding 

 

The stator windings that lie in the slots are modelled as solid cylindrical rods 

consisted of an array of conductors and insulation. The copper conductors are 

assumed to transfer the heat axially along the slot, but radially the winding is 

considered as a homogeneous solid which has a conductivity that is 2.5 times that of 

the insulation alone (General Electric, 1969). ‘The radius of the rod is chosen to 

give a cross-section equivalent to that of the available area in the slot assuming a 

100 % slot fill’ (Mellor et al. 1991). The slot liner is modelled separately as a 

polyamide strip of thickness consistent with the class of insulation used in the 

machine. 
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Figure 4.5 Stator winding   
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Here r4 is equivalent winding radius, di is insulation thickness, Sc is copper cross-

section in slots, F is radial conductivity factor, λCu is copper conductivity, λi is slot 

liner conductivity and λν is varnish conductivity. 

 

4.5 Air gap 

 

The air gap forms a connection between the stator teeth, the part of the stator 

winding exposed in the slot opening and the rotor surface. To calculate the thermal 

resistances the contact areas of these solids and air-gap film coefficients are found. 
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Figure 4.6 Air gap 
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Here r5 is rotor outer radius, λ2r is rotating air-gap film coefficient, λ2s is stationary 

air-gap film coefficient. 

 

4.6 End winding 

 

The end winding is considered as a homogeneous structure, consisting of 

conductors and insulation. The legs are short cylindrical extensions of the stator slot 

windings. As in the slot winding, the radial heat is assumed to be that of 

homogeneous rods. In the axial direction heat transfer occurs from the mean 

temperature point in the toroid to the stator slot winding along the copper 

conductors of the legs. The external toroid radius is considered as the mean radius 

of the stator slots.  
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Figure 4.7 End winding 

 

The peak hot-spot temperature in the end winding is more important than the mean 

temperature. It is of great importance in the evaluation of insulation aging and 

failure. A ratio of peak to mean temperatures of 1.5:1 is obtained from the 

theoretical solution of the heat conduction equation. This factor is used to obtain the 

peak temperature by weighting the thermal resistances of the end winding model. 
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Here rt is endwinding toroid radius, r6 is endwinding cross section radius, l0 is slot 

winding overhang, � is hot-spot to mean temperature ratio. 

 

4.7 End cap air 

 

The temperature of the circulating air in the end cap is assumed to be uniform. A 

single film coefficient describes the convective heat transfer from all surfaces.  



 

Figure 4.8 End cap air 
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Here S1 is contact area of end cap, S2 is contact area of stator iron, S3 is contact area 

of stator teeth, S4 is contact area of end winding, S5 is contact area of rotor end-disc, 

S6 is contact area of rotor iron, λ3r is rotating end cap film coefficient, λ3s is 

stationary end cap film coefficient.  

 

4.8 Rotor winding 

 

The rotor winding is modelled as a continuous aluminium cylinder surrounding the 

rotor core, which has a volume equal to that of the cage bars.  Joined to the end of 

the winding is a disc of equivalent volume to the total end-disc including the fan. 

The assumptions are reasonable because a good contact exists between the extruded 

aluminium bars and the rotor laminations.  

 

Figure 4.9 Rotor winding 
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Here r7 is end-disk inner radius, r8 is equivalent rotor winding radius, le is end-disk 

width, λa is aluminium conductivity. 

 

4.9 Rotor iron 

 

The assumptions for taking into account lamination are the same as for stator iron.  

  

Figure 4.10 Rotor iron 
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Here r9 is shaft radius. 

 

4.10 Shaft 

 

The shaft is modelled as a cylindrical rod without heat generation. Three sections 

are used to model the axial heat conduction. One section is under the rotor iron, the 

second is under bearings and the third is a thermal connection between the mean 

temperatures of the first two. Temperature at the centre of the third section is the 

mean temperature of the entire shaft. It is assumed to be a good thermal contact 

between the shaft and the frame across the bearings. Any shaft external to the 

bearings is treated as a part of the frame.  

 

Figure 4.11 Shaft 
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Here lb is bearing housing width, lm is distance of the bearing centre to rotor mean 

and λs is shaft steel conductivity. 
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5 STEADY-STATE ANALYSIS 

 

The calculation sheet was developed for the steady-state solution of the thermal 

network. The dimensions, rotation speed, electromagnetic losses of the machine 

were calculated during analytical electromagnetic design. These data as cooling 

method, material properties and thermal conductivities are given as input values 

(Table 5.1). The convection heat-transfer coefficients are found by equations 

presented in Section 3.2.2. Chapter 4 is dedicated to introduce the calculation of 

thermal resistances of the machine parts. 

 

Table 5.1 Initial data of a three-phase squirrel cage induction motor with a two-layer 

integral slot winding and totally enclosed fan cooling 

Rated power, W                                                31030 ⋅=P  

Synchronous speed, 1/min                               1500syn =n  

Line-to-line voltage star connected, V 690=U  

Phase voltage, V                                              

3
sph

U
U =             3717.398sph =U  

Number of phases                                            3=m  

Number of pole pairs                                       2=p  

Frequency, Hz                                                 
p

n
f ⋅=

60

syn
          50=f  

Stator angular frequency, rad/s                       f⋅⋅= π2ω           1593.314=ω  

Rated power factor, estimated                        84.0cos n =ϕ  

Rated efficiency, estimated                             927.0=η  

Permeability of vacuum, VsA-1m-1               7

0 10π4 −⋅⋅=µ  

Temperature rise in the windings, K               80=Θ  

Conductivity of copper at 20 degrees C, S/m 6

Cu20C 1057⋅=σ  

Temperature coefficient of copper 3

Cu 1081.3 −⋅=α  

Density of copper, kg/m3     8960Cu =ρ  

Conductivity of aluminium at 20 degrees C, 

S/m 

6

Al20C 1037 ⋅=σ  

Temperature coefficient of aluminium 3

Al 107.3
−⋅=α  

Density of aluminium, kg/m3   2700Al =ρ  
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Space factor of stator and rotor core                 97.0Fe =k  

Density of iron, kg/m3 7600Fe =ρ  

The specific iron loss per mass at 1.5 T and 

50 Hz with M800-50 A, W/kg 
6.615 =P  

Enclosure type IP 55,dust proof, water tolerant 

Duty type S1 

Cooling method surface-cooled IC 41 with an 

external fan attached on the motor shaft 

Thermal class  

 

155 (F) 

 

5.1 Calculation results 

 

The thermal network is obtained by the method described in Section 3.3. For 

steady-state analysis the temperature rise vector is obtained by the Eq. 3.23. The 

temperature of 40 ºC is chosen as a reference temperature. The calculated 

temperatures of the different parts of the machine are presented in the Fig. 5.1.  

 

 

Figure 5.1 Calculated nodal temperatures at the nominal operation point of the 30 kW 

machine analysis with ambient temperature 40 ºC. 
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Thermal failure in TEFC induction machine is known to occur in either the stator or 

rotor windings. The insulation material in the considered motor has thermal class 

155. The obtained results show that the temperature of the stator windings does not 

exceed permitted temperature for this thermal class (see Table 5.2 (Pyrhönen et al. 

2008)). 

 

Table 5.2 Thermal classes of insulating materials. Adapted from IEC 60085, IEC 60034-1   

Thermal class Previous 

designation 

Hot spot 

allowance/ ºC 

Permitted design 

temperature rise/K, 

when the ambient 

temperature is 40 ºC 

Permitted average 

winding temperature 

determined by resistance 

measurement/ ºC 

90 Y 90   

105 A 105 60  

120 E 120 75  

130 B 130 80 120 

155 F 155 100 140 

180 H 180 125 165 

200  200   

220  220   

250  250   

 

5.2 Sensitivity analysis 

 

In order to determine how errors in the model’s parameters affect the temperature 

predictions, a sensitivity analysis was performed. The sensitivity of the developed 

thermal model to the correctness of the convection coefficients of the different parts 

of the studied machine was evaluated by changing the convection coefficients by 

±50% from the calculated values. As it is shown in Fig. 5.2 that the changing of the 

convection heat transfer coefficient between frame and ambient has significant 

effect on the calculated nodal temperatures. When the convection heat transfer 

coefficient between frame and ambient is increased by 50 % the nodal temperatures 

are decreased approximately by 16 %. When the coefficient is decreased by 50 % 

the nodal temperatures are increased by 50 %. The resistance between frame and 

ambient has a great influence on the temperature, since the heat is dissipated 
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through this resistance. According equation 4.1 the surface area has an effect on the 

resistance. In order to dissipate the heat to the ambient the housing should have a 

greater surface area.  

 

Figure 5.2 Comparison of calculated temperatures with the nominal heat transfer 

convection coefficient, increased by 50 % and decreased by 50 %.  

 

Figure 5.3 Comparison of calculated temperatures with the nominal surface area, increased 

by 30 % and decreased by 30 % 
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As shown in Fig. 5.3 when the area is increased by 30 % the calculated 

temperatures are decreased by approximately 11 %. When the area is decreased the 

temperatures are increased by 11 %. According the data in Table 3.4 the contact 

coefficient between the frame and stator core is varied between 350 and 550 W/m
2
 

K. The temperatures calculated with these values are presented in Fig. 5.4. The 

biggest influence this coefficient has on the temperature of the stator teeth, stator 

windings and the stator iron. 

 

 

Figure 5.4 Comparison of calculated temperatures with the contact coefficient equals 350 

and 550 W/m
2
 K 

 

The variation of the convection heat transfer coefficient between stator or rotor and 

air gap has effect on the temperatures of the rotor windings, the rotor iron, the air 

gap and the shaft (Fig. 5.5). The convection heat transfer coefficient between stator 

iron, rotor, end windings or end caps and end cap air has the biggest effect on the 

temperatures of the rotor windings, the rotor iron and the air gap (Fig. 5.6).   

 



56 

 

 

Figure 5.5 Comparison of calculated temperatures with the nominal convection heat 

transfer coefficient between the stator or rotor and air gap and changed by ±50 %   

 

 

Figure 5.6 Comparison of calculated temperatures with the nominal convection heat 

transfer coefficient between stator iron, rotor, end windings or end caps and end cap air and 

changed by ±50 %   
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The correct estimation of the motor losses is of great importance in the thermal 

model. The changing of copper losses by ±50 % gives the result introduced in Fig. 

5.7.  

  

 

Figure 5.7 Comparison of calculated temperatures with the nominal copper losses, 

increased by 50 % and decreased by 50 % 

 

The variation of the thermal conductivities and the dimensions has only a minor 

effect on the temperature prediction. 
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6 CONCLUSIONS 

 

In the course of the thesis a lumped-parameter model is developed for the thermal 

analysis of TEFC squirrel cage induction machines. This model is known to be an 

effective analytical method of estimating the steady-state temperatures in the 

machine. The geometry of the machine is subdivided into the 10 components 

presented the most essential machine parts. The distribution of heat sources in the 

different parts of the machine is considered. The losses are calculated analytically. 

All the major heat removal mechanisms (conduction, convection, radiation) are 

modelled in terms of the thermal resistances. The thermal resistances are derived 

from entirely dimensional information, the thermal properties of materials and 

constant heat transfer coefficients. The thermal network comprises 37 thermal 

resistances and 4 heat generators as heat sources of the model. 

 

The benefit of an analytical model when compared to numerical methods is the 

lower computation time. The model can be easily applied for most TEFC machines. 

But the accuracy of the analytical model is limited due to several simplifications. 

The sensitivity analysis is performed to know which parameters are the most 

sensitive ones so that they can be determined as accurately as possible. From the 

sensitivity analysis it is known that there are only few resistances that significantly 

affect the temperatures, while the majority has only a minor effect.  

 

There are a few issues for the future development. The model can be extended to 

provide a transient solution by including thermal storages as additional heat transfer 

routes in dynamical states at nodes.  For the machine with high power density the 

model should be modified in order to take into account the heating of the cooling 

fluid. The assumptions and simplifications made in the model can be validated by 

comparing the results with measurement results. The results of the analytical 

method can also be compared with the results of a numerical method based analysis, 

for example with a FEM-based method.    
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APPENDICES

APPEDNDIX 1

The thermal resistances calculation

Motor dimensions

l´ 0.2066= m Stator length

r1

Dse

2
:= r1 0.169= m Stator outer radius

r2

Dys hys−

2
:= r2 0.1351= m Tooth outer radius

τu b1s bds+:= τu 0.0106= m Tooth pitch

n Qs:= n 48= Number of slots

r3

Ds

2
:= r3 0.1075= m Tooth inner radius

r4

Sslot

π
:= r4 8.5718 10

3−
×= m Equivalent winding radius

di 0.0005:= m Insulation thickness

Sc SCus:= Sc 1.9066 10
4−

×= m2 Copper cross section in slots

Dr 0.2134= m Rotor outer diameter

r5

Dr

2
:= r5 0.1067= m Rotor outer radius



rt

r2 r3+

2
:= rt 0.1213= m Endwinding toriod radius

r6

SCus

π
3.5⋅:= r6 0.0273= m Endwinding cross section radiu

l0 lew:= l0 0.025= m 
Slot winding overhang

r7

Dr 2 h1r h2r+ h4r+( )−

2
:= r7 0.0889= m End-disk inner radius 

Equivalent rotor winding radius
r8

Dring

2
:= r8 0.0975=  m 

le
Sring

h2r h4r+
:= le 0.0365= m End-disk width 

r9

Dyr hyr−

2
:= r9 0.0551= m Shaft radius 

lm 0.15:= m 
Distance of bearing centre to rotor mean

lb 0.025:= m 
Bearing housing width

rframe r1 0.02+:= m 
Frame radius

Dframe rframe 2⋅:= m 
Frame diameter

lendcap lm
lb

2
+

l´

6
−:=  lendcap 0.1281= m Endcap length

lframe lm
lb

2
+









l´

3
+:= lframe 0.2314= m Frame length

S1 2 π⋅ rframe⋅ lendcap⋅( ) π rframe
2

⋅( )+:= Contact area of endcap



S2 π r1
2

r2
2

−( )⋅:= Contact area of stator iron

S3 π r2
2

r3
2

−( )⋅ Sslot n⋅−:= Contact area of stator teeth

S4 2π r6⋅ 2 π⋅ rt⋅( )⋅:=
Contact area of endwinding

S5 π r5
2 Dr 2 h1r h2r+ h4r+( )−

2









2

−








⋅:=
Contct area of rotor end-disk

S6 π
Dr 2 h1r h2r+ h4r+( )−

2









2
Dyr hyr−

2









2

−








⋅:=
Contact area of rotor iron

Sframe π rframe
2

⋅ 2 π⋅ rframe⋅ lframe⋅+:=
Surface area of the frame

Heat transfer coefficients

λcont 400:= W/m2·K  Frame-core contact coefficient   

s 0.97:= Lamination stacking factor

Fr 2.5:=
Radial conductivity factor

ω 1.5:=
Hotspot to mean temperature ratio

Thermal conductivities

λla 4:= W/m·K Lamination axial conductivity

λlr 39:= W/m·K Lamination Iron conductivity

λs 40:= W/m·K Shaft steel conductivity

λc 400:= W/m·K Copper conductivity

λi 0.8:= W/m·K Slot linear conductivity



λν 0.8:= W/m·K Varnish conductivity

λa 237:= W/m·K Aluminium conductivity

Convection coefficients

Frame to ambient film coefficient

λair 0.026:= W/(m·K) theraml conductivity of the  air

β 1 313÷:= 1/K the coefficient of thermal expansion

g 9.81:= m/s2 the gravitational constant 

∆T1 40:= K the temperature difference between the surface and the f

ν 16 10
6−

⋅:= m2/s the fluid kinematic viscosity 

Pr 0.708:=
 Prandtl number 

Ra
g β⋅ ∆T1⋅ Dframe

3
⋅

ν
2

:= Ra 2.6443 10
8

×= Rayleigh number 

 convection heat transfer coefficient between frame and ambient 

λ1

λair

Dframe

1.36 0.518⋅ Ra

1

6
⋅

1
0.559

Pr









9

16

+











8

27



















2

⋅:= λ1 15.0952= W/m2·K 



Air-gap film coefficients

μ 1.8673 10
5−

×:= kg/(m·s) the dinamic viscosity of the air 

ρair 1.146:= kg/m3 density of the air

nn 1474:= 1 /m speed of the rotor

v
2 π⋅ r5( )nn

60
:=

The Reynold number is 

Re ρair v⋅
δ

μ
⋅:= Re 808.6322=

Taylor number is

Ta Re
2 2δ

Dr

⋅:= Ta 4.9026 10
3

×=

Fg

π
4 2r5 2.304δ−

2r5 δ−









⋅








1697 0.0056 0.0571
2r5 2.304δ−

2r5 δ−









2

+








1
δ

2r5

−








:= Fg 0.9226=

Tam
Ta

Fg

:= Tam 5.3137 10
3

×=

Nur 0.128 Tam
0.367

⋅:= Nur 2.9815=

Nus 2:=

λ2r Nur

λair

δ
⋅:= λ2r 96.8975= W/m2·K Rotating airgap film coefficient

λ2s Nus

λair

δ
⋅:= λ2s 65= W/m2·K Stationary airgap film coefficien



Endcap film coefficients

λ3s 15.5:= W/m2·K stationary endcap film coefficient 

because of the lack of available information on

the radial air velocity, a rather arbitrary value of

50% was assumed for the fan efficiency

ηf 0.5:=

ωr 308.55:= 1/s rotor angular velocity

νf r8 ωr⋅ ηf⋅:= the cooling air velocity

λ3r 15.5 0.29 νf⋅ 1+( )⋅:=

λ3r 83.0951= W/m2·K rotating endcap film coefficient 

Thermal resistances

R1
1

2λ1 1.51⋅ Sframe

:=

R2
1

π λcont⋅ l´⋅ r1⋅
:=

R3
l´

6 π⋅ λla⋅ r1
2

r2( )2
−



⋅

:=

R4

1− r1( )2
r2( )2

+

4 r1( )2
⋅ r2( )2

⋅ ln
r1

r2









⋅

r1( )2
r2( )2

−

−













4 π⋅ λlr⋅ l´⋅ s⋅ r1( )2
r2( )2

−



⋅

:=

R5

1

2 r2( )2
⋅ ln

r1

r2









⋅

r1( )2
r2( )2

−

−

2 π⋅ λlr⋅ l´⋅ s⋅
:=



R6

2 r1( )2
⋅ ln

r1

r2









⋅

r1( )2
r2( )2

−













1−

2 π⋅ λlr⋅ l´⋅ s⋅
:=

R7
l´ τu⋅

6 π⋅ λla⋅ bds⋅ r2( )2
r3( )2

−



⋅

:=

R8
π bds⋅ r2( )2

r3( )2
−



⋅

λlr l´⋅ s⋅ τu⋅ r2 r3−( )2
⋅ n

2
⋅

:=

R9

τu− r2( )2
r3( )2

+

4 r2( )2
⋅ r3( )2

⋅ ln
r2

r3









⋅

r2( )2
r3( )2

−

−













⋅

4 π⋅ λlr⋅ l´⋅ s⋅ bds⋅ r2( )2
r3( )2

−



⋅

:=

R10

τu 1

2 r3( )2
⋅ ln

r2

r3









⋅

r2( )2
r3( )2

−

−













⋅

2 π⋅ λlr⋅ l´⋅ s⋅ bds⋅
:=

R11

τu

2 r2( )2
⋅ ln

r2

r3









⋅

r2( )2
r3( )2

−













1−













⋅

2 π⋅ λlr⋅ l´⋅ s⋅ bds⋅
:=

R12
2 di⋅

π λi⋅ l´⋅ r4⋅ n⋅

1

2 π⋅ λν⋅ l´⋅ Fr⋅ n⋅
+:=



R13
l´

6 π⋅ λc⋅ Sc⋅ n⋅
:=

R14
4 di⋅

π λi⋅ l´⋅ r4⋅ n⋅

1

π λν⋅ l´⋅ Fr⋅ n⋅
+:=

R15
1

π λν⋅ l´⋅ Fr⋅ n⋅
:=

R16
τu

bds π⋅ r3⋅ l´⋅ λ2r⋅
:=

R17
τu

τu bds−( ) π⋅ r3⋅ l´⋅ λ2r⋅
:=

R18
1

π r5⋅ l´⋅ λ2r⋅
:=

R19
l0 ω⋅

n Sc⋅ λc⋅
:=

R20
ω

16 π
2

⋅ rt⋅ Fr⋅ λν⋅

:=

R21
ω r6( )2

⋅

8 π⋅ r4( )2
⋅ l0⋅ Fr⋅ λν⋅ n⋅

:=

R22
1

S1 λ3r⋅
:=

R23
1

S2 λ3r⋅
:=



R24
1

S3 λ3r⋅
:=

R25
1

1.5S4 λ3r⋅
:=

R26
1

S5 λ3r⋅
:=

R27
1

S6 λ3r⋅
:=

R28
l´

6 π⋅ λa⋅ r5( )2
r8( )2

−



⋅

le

π λa⋅ r5( )2
r7( )2

−



⋅

+:=

R29
1−

4 π⋅ λa⋅ l´⋅ r5( )2
r8( )2

−



⋅

r5( )2
r8( )2

+

4 r5( )2
⋅ r8( )2

⋅ ln
r5

r8









⋅

r5( )2
r8( )2

−

−













⋅:=

R30
1

2 π⋅ λa⋅ l´⋅
1

2 r8( )2
⋅ ln

r5

r8









⋅

r5( )2
r8( )2

−

−













⋅:=

R31
1

2 π⋅ λa⋅ l´⋅

2 r5( )2
⋅ ln

r5

r8









⋅

r5( )2
r8( )2

−

1−













⋅:=

R32
l´

6 π⋅ λla⋅ r8( )2
r9( )2

−



⋅

:=



R33
1−

4 π⋅ λlr⋅ l´⋅ s⋅ r8( )2
r9( )2

−



⋅

r8( )2
r9( )2

+

4 r8( )2
⋅ r9( )2

⋅ ln
r8

r9









⋅

r8( )2
r9( )2

−

−













⋅:=

R34
r8( )2

r9( )2
−

2 π⋅ λlr⋅ l´⋅ s⋅ r8( )2
r9( )2

−



⋅

1

2 r9( )2
⋅ ln

r8

r9









⋅

r8( )2
r9( )2

−

−













⋅:=

R35
r8( )2

r9( )2
−

2 π⋅ λlr⋅ l´⋅ s⋅ r8( )2
r9( )2

−



⋅

2 r8( )2
⋅ ln

r8

r9









⋅

r8( )2
r9( )2

−

1−













⋅:=

R36
1

2 π⋅ λs⋅ l´⋅

lm

2 π⋅ λs⋅ r9( )2
⋅

+:=

R37
1

4 π⋅ λs⋅ lb⋅

lm

2 π⋅ λs⋅ r9( )2
⋅

+:=

Thermal conductances

g12
1

R2 R4+ R5+
:=

g17
1

R22
:=

g110
1

R37
:=

g11 g12 g110+ g17+
1

R1
+:=

g23
1

R4 R6+ R9+ R10+
:=



g24
1

R14 R6+ R4+
:=

g25
1

R4 R6+ R10+ R11+ R16+
:=

g27
1

R3 R23+
:=

g22 g12 g23+ g27+ g24+:=

g34
1

R8 R12+
:=

g35
1

R9 R11+ R16+
:=

g37
1

R7 R24+
:=

g33 g23 g34+ g37+ g35+:=

g45
1

R15 R17+
:=

g46
1

R13 R19+
:=

g44 g24 g34+ g45+ g46+:=

g58
1

R18 R29+ R30+
:=

g55 g35 g45+ g58+:=



g67
1

R20 R21⋅

R20 R21+









R25+

:=

g66 g46 g67+:=

g78
1

R26 R28+
:=

g79
1

R32 R27+
:=

g77 g17 g27+ g37+ g67+ g78+ g79+:=

g89
1

R29 R31+ R33+ R34+
:=

g88 g58 g78+ g89+:=

g910
1

R33 R35+ R36+
:=

g99 g89 g910+ g79+:=

g1010 g910 g110+:=

G

g11

g12−

0

0

0

0

g17−

0

0

g110−

g12−

g22

g23−

g24−

0

0

g27−

0

0

0

0

g23−

g33

g34−

g35−

0

g37−

0

0

0

0

g24−

g34−

g44

g45−

g46−

0

0

0

0

0

0

g35−

g45−

g55

0

0

g58−

0

0

0

0

0

g46−

0

g66

g67−

0

0

0

g17−

g27−

g37−

0

0

g67−

g77

g78−

g79−

0

0

0

0

0

g58−

0

g78−

g88

g89−

0

0

0

0

0

0

0

g79−

g89−

g99

g910−

g110−

0

0

0

0

0

0

0

g910−

g1010



































:=



P

0

PFeys

2

PFeds 0.3 Pad
1474

⋅+

2

PCus
1474( ) 0.48⋅ 0.4 Pad

1474
⋅+

2

0

PCus
1474( ) 0.52⋅

2

0

PCur
1474( )

2

0.3 Pad
1474

⋅

2

0





















































:=

∆T G
1−

P⋅:= ∆T

57.3947

74.5071

77.1121

79.1349

97.3152

79.7574

67.6558

116.4214

115.7548

89.4906

































= temperature rise vector



Tambient

40

40

40

40

40

40

40

40

40

40

































:= T ∆T Tambient+:=
°C 

T

97.3947

114.5071

117.1121

119.1349

137.3152

119.7574

107.6558

156.4214

155.7548

129.4906

































= °C 


