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Abstract

In developing electric machines in general, and induction motors in particular, temperature limits is a key

factor affecting the efficiency of the overall design. Since conventional loading of induction motors is often

expensive, the estimation of temperature rise by tools of mathematical modelling and computational ex-

periments becomes increasingly important. In the present paper we develop and validate experimentally a

model accounting for losses and describing thermal phenomena in induction motors. The developed model

has been implemented in FEMLAB, and has been applied to predict temperature rise in totally enclosed

fan-cooled induction motors. Comparisons with experimental results obtained with a 1.5 kW standard
squirrel-cage induction motor show the effectiveness of the developed model in predicting temperature rise

for a range of operating conditions, in particular for different frequencies and voltages. Finally, a SIM-

ULINK-based control loop has been developed by using the thermal model as an input.

� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

An electric machine is a complex engineering system that consists of different materials with
different thermal properties and distributed heat sources. Although we witness advances achieved
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in many aspects of electric machine design, it is generally agreed that the development of thermal
design methodologies for electric machines lags behind [3].
One of the most common AC machines found in industrial applications is the three-phase cage

induction machine of totally enclosed fan-cooled (TEFC) design. These motors are often driven
by variable-voltage and variable-frequency inverters. As a result, we can achieve variable speeds
and the torque control of particular loads, but the pay-off for that will be an increase in operating
temperature conditions of the motor. Moreover, it is well known that a high temperature is one of
the sources of increased stress on induction motors� insulation system. Recognising the impor-
tance of the thermal factor in the overall effectiveness of motor design, different techniques have
been proposed for thermal monitoring, in particular those related to rotor and stator temperature
[2]. Most of such techniques are based on some intermediate estimates, e.g. the rotor resistance
identification [2], but in using such techniques little can be said about the distribution of tem-
perature and the identification of thermally critical parts of the motor under the given operating
conditions.
The thermal analysis of electric induction motors can supplement effectively thermal moni-

toring techniques, contributing substantially to a better understanding of the overall performance
and prevention of failures of these electric machines. In this paper we develop a mathematical
model allowing one to calculate the distribution of motor temperature as a function of input
parameters determined by the current operating conditions, implement the model, and compare
the results of computations with the results of experimental measurements. The model can be
applied for various frequencies and loads, and the identified temperature can then be compared to
thermal limits and alarm thresholds to prevent motors from overheating which could be generated
by a range of factors, e.g. overload, locked rotor, prolonged starts, or unbalanced current to name
just a few.
The methodology based on numerical techniques such as finite differences and finite elements

has become an important tool in the thermal analysis of electric machines (e.g., [1,6,20]). Al-
though the methodology offers more flexibility and higher accuracy compared to more traditional
engineering approaches such as the lumped and distributed parameter method [9,14,17,18], its
application has often been limited to simplified geometries and steady-state analysis due to a high
geometrical and computational complexity of the problem. Simplified methodologies, in partic-
ular those based on theory of thermal networks, are quite useful in the preliminary analysis. In
using such methodologies, the electric machine is subdivided into elements which are treated as
nodes on a circuit network, while the thermal capacitances are considered to be lumped at each
node and thermal resistances are introduced between two consecutive nodes. To achieve a suffi-
ciently accurate result, a very large number of nodes on a network is typically needed, and
therefore technically the procedure becomes much similar to the numerical discretisation of the
motor geometry. However, it is important to emphasize that the flexibility of thermal-network-
based models will lessen when the motor works in different situations because it is difficult to
calculate the rate of heat addition to each node and thermal resistances between two nodes.
Different empirical thermal models have also been proposed in the literature (e.g., [4]). Typically,
such models provide estimates for stator and rotor temperatures by using lumped-parameter
thermal models. A typical assumptions used in this approach are related to a single frequency-
dependent thermal resistance and time constant. In practice, however, stator and rotor have
different values of thermal resistance and capacitance, and hence the procedure has to be sub-
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stantially modified virtually on a case-to-case basis. In the meantime, efficient graphical user in-
terfaces, automatic mesh generation procedures, visualization, and post processing, intrinsic to
the finite element analysis, provide a general tool for the thermal analysis of electric induction
motors.
The paper is organized as following: In Section 2 we present a general mathematical model for

estimating thermal characteristics of electric motors. This is followed by a detailed analysis of
power loss models, schemes for modelling heat sources and heat transfer phenomena in different
parts of the electric motor. The model implementation procedure is described in Section 3. Section
4 is devoted to the model validation, and a model application example is discussed in Section 5.

2. Mathematical model for thermal analysis of electric induction motors

We base our consideration on the following energy balance model:

q
oe
ot

�
þ v � re

�
¼ r : ��r � qþ qQ; ð1Þ

where q is the density of the material, e is the internal energy, q is the energy flux, � and r are
deformation and stress tensors, respectively, Q is the energy supply. We can reduce (1) to the
following form (e.g., [11])

q
oe
ot

þr � q ¼ eQQ; ð2Þ

where eQQ ¼ qQþ rT : ðrvÞ accounts for the energy supply and changes in the internal energy due
to different types of losses, e.g. friction and cooling losses, and electromagnetic losses. Assuming
that the internal energy can be expressed as e ¼ eðhÞ, we have that

de=dt ¼ cvdh=dt where cv ¼ de=dh; ð3Þ
where cv is the specific heat at constant volume. Model (1)–(3) is supplemented by boundary and
initial conditions. Depending on the part of the motor under consideration we use Dirichlet�s,
Neumann�s, specified flux, or radiation boundary conditions. In doing so, we use Fourier�s law
q ¼ �krT , Newton�s law of cooling/heating accounting for convection from the surface
Q1 ¼ hðText � T Þ (heat acquired from the surrounding), and the Stefan–Bolzmann law giving the
radiative energy net exchange Q2 ¼ CconsðT 4am � T 4Þ (heat acquired due to the incoming radiation),
where h is the convection coefficient, Text and Tam are external and ambient temperatures, re-
spectively, k is the thermal conductivity coefficient, and Ccons is the radiative transfer coefficient.
We follow [15] in developing a general representation of boundary conditions for the problem. In
this context, it is convenient to introduce a scalar quantity, Wout, representing heat losses at the
surface. Then, the energy balance at the surface [15] is defined by the formula

Wout � qsup ¼ krT � hðText � T Þ � CconsðT 4am � T 4Þ: ð4Þ

The representation (4) allows us to ‘‘activate’’ coefficients k, h, Ccons depending on which specific
type of heat transfer (conductive, radiative, or convective) should be accounted for in a particular
part of the motor. If we denote the heat generated within the system by Win then the original model
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can be schematically reformulated as a basic conservation law in the form Wout ¼ Win � Wchange

where Wchange ¼ qcvoT=ot would formally represent the change in energy stored within the system.
In order to complete the model formulation we need to specify functions and coefficients entering
the model (1)–(4) since they depend on the geometry and nature of the region of the motor and/or
the boundary segment under consideration.

2.1. Power losses in induction motors: heat sources modelling

It is well known that experimental techniques aiming at determining total losses and temper-
ature rise in electric induction motors may be expensive, and their effectiveness is often limited to
specific types of motors (e.g., [12,13]). It is, therefore, often important to estimate analytically or
numerically power losses in the motor in order to use the estimates obtained as input parameters
for thermal modelling (e.g., [3]).
Before moving further in modelling heat sources, we shall briefly describe the fundamentals of

the motor we consider in this paper. In Fig. 1 we present a basic structure of a TEFC induction
motor that is analysed. As the name suggest, in such motors AC voltages are induced in the rotor
circuit by the rotating magnetic field of the stator. When three-phase balanced and symmetric
currents are applied to the stator winding, a rotating magnetic flux is produced in the air gap. If
the frequency of the applied currents is known, say f , then the speed of the rotating magnetic flux,
ns, can be calculated (in revolutions per minute, rpm) as

ns ¼ 120f =p; ð5Þ

where p is the number of poles per phase. The rotating flux in the air gap will induce voltage in the
rotor winding, and a current flow in the rotor winding (since the rotor winding circuits are closed).
Then, the classical scheme applies: the current in the rotor winding will interact with the rotating
magnetic field in the air gap, and a Lorentz force will be produced and act on rotor conductors
F ¼ qv	 B, where q is a charge moving through an external magnetic field B with velocity v. As a

Fig. 1. The structure of a TEFC squirrel-cage induction motor. (1) Shaft; (2) bearing; (3) frame; (4) stator coil; (5) end

winding; (6) stator core; (7) rotor; (8) end cap; (9) fan.
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result of this force, a torque is produced and the rotor assembly starts rotating. As it is well
known, the requirement for the torque to be produced in the motor the actual mechanical rotating
speed of the rotor should be less than the speed of the rotating magnetic flux produced by the
stator. The difference in rotating speeds between the stator produced magnetic flux and the rotor
is measured by the slip

s ¼ ns � n=ns; ð6Þ

where n is the rotor speed in rpm. When a motor is used to drive the load connected on its shaft, it
inevitably encounters losses, which serve as heat sources distributed throughout the whole motor
and vary with different operating conditions. To account for the total losses is an extremely
difficult task, but it is possible to divide all motor power losses into five major categories:

• stator core losses (iron losses, denoted further by Pm);
• stator coil losses (copper losses, denoted further by Pcu1);
• rotor coil losses (copper losses, denoted further by Pcu1);
• friction and windage losses (mechanical losses);
• stray load losses.

Given the supply frequency, x, it is possible to approximate the power losses by experimentally
fitted dependency

Plosses ¼ F ðxÞ; ð7Þ

where it is often appropriate to use a cubic polynomial in place of F , e.g. Plosses ¼ a0 þ a1xþ
a2x2 þ a3x3. However, it is important to emphasize that the distribution of losses in different parts
of the motor could be substantially different. Therefore, in the general case approximation (7) has
to be replaced by a more rigorous technique for the evaluation of power losses.
The estimates of friction losses usually account for a small part of the total losses, but when the

speed increases, their contribution should be included, in particular in the air gap, end rings, rotor
ends, shaft and bearing. The estimates of these losses as well as cooling losses are made in the way
described in detail in [18]. It is known that the first three categories of losses mentioned above
(generically known as electromagnetic losses) account for 75–90% percent of the overall losses.
Therefore, in what follows we focus on the evaluation of these electromagnetic losses which can
contribute substantially to the temperature distribution in the motor.
Different methodologies exist to deal with different aspects related to the electromagnetic losses

evaluation. For example, the coupled circuit methodology [10] seems to be particularly effective
when a quite detailed analysis of the winding under different conditions is required (see also [21]).
Here, we use a more classical approach based on the equivalent circuit methodology (e.g., [4,5,22].
The induction motor equivalent circuit model, shown in Fig. 2, is constructed by using the fol-
lowing set of induction motor parameters: ðR1;X1rÞ, ðRm;XmÞ, and ðR2;X2rÞ. Each pair represents
resistance and leakage reactance, respectively. The first pair deals with the stator parameters,
while the third one deals with the rotor. The second pair of parameters takes care of magnetising
effects, and models the generation of the air gap flux within the induction motor. The importance
of this pair increases when the induction motor is driven with voltages other than the rated supply
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voltage and frequency due to the fact that under operation with a variable voltage and/or variable
frequency the induction motor could saturate if the stator voltage is excessively large. Other
parameters of interest presented in Fig. 2 are U1 (per-phase supply voltage of the stator) and I1, Im,
I2 (the phase currents of stator, magnetising and rotor circuit, respectively). These parameters can
vary in the model with different operational conditions. By using the standard equivalent scheme
technique, we apply Ohm�s law and calculate the required electromagnetic losses as follows:

Pcu1 ¼ mR1I11 ðstator copper lossesÞ; ð8Þ

Pm ¼ mRmI2m ðstator core lossesÞ; ð9Þ

Pcu2 ¼ mR2I22 ðrotor copper lossesÞ; ð10Þ
where m is the phase number of the motor (in our case m ¼ 3). Formulae (8)–(10) are used with
the values for the phase currents computed by

I1 ¼
U1ðZm þ Z2Þ

Z1rZm þ Z1rZ2 þ ZmZ2
; ð11Þ

I2 ¼
U1Zm

Z1rZm þ Z1rZ2 þ ZmZ2
; ð12Þ

Im ¼ U1Z2
Z1rZm þ Z1rZ2 þ ZmZ2

; ð13Þ

where Z1r, Zm and Z2 are the phase impedance of stator, magnetising and rotor circuit, respectively

Z1r ¼ R1 þ jX1r; Z2 ¼ R2=sþ jX2r; Zm ¼ Rm þ jXm: ð14Þ
Finally, the leakage reactances X1r, X2r and Xm entering (14) are computed by using the fol-

lowing formulae

X1r ¼ 2pfl1; X2r ¼ 2pfl2; Xm ¼ 2pflm; ð15Þ
where li, i ¼ 1, 2, 3 are leakage inductances of stator and rotor, and the magnetised inductance,
respectively. The values of these parameters are assigned when the motor is designed, and specific
values for the motor analysed in this paper are given in Table 1 of the Appendix A.
Our next task is to evaluate heat transfer mechanism parameters. All three main transfer

mechanisms, conduction, radiation, and convection, are involved in the heat exchange in TEFC-
type motors.

Fig. 2. The equivalent circuit of an induction motor used in calculation of losses.
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2.2. Heat transfer in induction motors via conduction and radiation

In the solid parts of motors, such as the rotor and stator, heat is typically transferred by
conduction. Hence, for these parts we use the standard Fourier�s law to connect the heat flux and
the temperature gradient:

q ¼ �krT : ð16Þ

In Table 3 of Appendix A we list the values of the thermal conductivity coefficient for the
materials of interest.
A part of heat in induction motors is transferred by radiation. The actual amount of energy

transferred in the form of electromagnetic waves depends not only on the emissivity properties of
the part of the motor under consideration, but also on the temperature itself in a strongly non-
linear way. Due to a temperature difference between the motor surface and the ambient tem-
perature, the heat will be radiated out from the whole of the motor surface, and the energy
radiated can be evaluated according to the Stefan–Boltzmann law of radiation (e.g., [19]):

Q ¼ �rT 4ADt; ð17Þ

where A is the surface area of the motor under consideration, � is the emissivity coefficient, and
r ¼ 5:67	 10�8 W/m2 K4 is the Stefan–Boltzmann constant. In the notation used before
Ccons ¼ �r. In Table 4 of the Appendix A we provide the values of � for the materials of interest in
this paper. In the most general setting, accounting for electromagnetic radiation should lead to an
integro-differential due to the fact that electromagnetic radiation propagates in all directions.
However, if the diffusion approximation is used the discussion on heat exchange can be reduced
formally to conductive Fourier�s law q ¼ �krrT , but with strongly temperature-dependent ra-
diative coefficient, kr ¼ 16r=ð3jrÞ, where jr is the Rossseland mean absorption coefficient (e.g.,
[8]). In [18] it was pointed out that a simpler model for the radiation heat transfer can often be
used, e.g. q ¼ hrðT � TextÞ, due to the fact that the radiation transfer coefficient, hr, does not vary
substantially for typical operating temperatures of electric induction motors. As we shall discuss
in the next section, a similar expression can also be used for the convection, but the estimation of
the heat transfer coefficient in that case is conducted in a quite different manner. Let us consider
these issues in detail.

Table 1

Computational results using the developed thermal model and their comparisons with experimental results

f (Hz) 5 10 15 30 40 50 75 100

M (Nm) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5

V (V) 32 48.5 68 128 153.6 208.7 234 308

s 0.12 0.066 0.035 0.022 0.018 0.015 0.017 0.033

Tmeasured
(K)

75.23 60.54 53.36 46.33 44.11 42.29 36.59 20.05

Tcalculated
(K)

69.11 55.91 50.51 47.83 45.44 45.10 37.65 22.21

� (K) 6.12 4.63 2.85 1.50 1.33 1.07 1.06 1.03

�% 8.14 7.65 5.35 3.29 3.02 2.52 2.73 5.17
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2.3. Heat transfer in induction motors via conduction

The motor analysed in this paper as a case study example is enclosed with an external fan. This
will cause force convection on the frame of the motor where the air does not flow on its own but it
is rather pushed (see Fig. 3). There are other parts of the motor where convection models for the
energy transfer are used, in particular for the heat transfer in the air gap, from shafts, from the
rotor, shaft ends and magnetic bearings (the later three can be modelled as heat transfer from
rotating discs), in the cooling duct, and in the end-winding space. The expression for the flux of
such forced convection is given in the form

q ¼ hðT � TextÞ; ð18Þ

where, as before, T is the surface temperature and Text in this case is the temperature of the air/
fluid. Although the evaluation of h in (18) can be conducted by using known tools [8], in each of
the mentioned cases the evaluation of the heat transfer coefficient is a quite involved process. In
what follows we concentrate on the evaluation procedure for h in the case of heat transfer from
the frame to the external environment. It is generally agreed that this is the most important
thermal effect (e.g., [17, p. 95]). The procedure discussed below follows the ideas along the lines
discussed in [17,23].
In evaluating the convection coefficient h for the heat transfer from the frame to the external

environment, we must take into account the dissipation from the fins of the frame (denoted
further by ha) and the dissipation from the surface between the fins (denoted further by hl). The
evaluation of these coefficients is complex, and in the general case the values of these coefficients
vary depending on (a) the spatial position (due to the airflow losses on the frame), and (b) the
airflow characteristics provided by the external fan. We describe here a method for calculating the
forced convection coefficient depending on the Reynolds number:

Re ¼ VaFl=j ð19Þ

where Va is the airflow velocity at beginning of the fins (it is known that this velocity is ap-
proximately 70% of the peripheral fan speed, obtained from experimental results), Fl is the axial
length of the fins, and j is the kinematic viscosity of the air. The fins of the analysed squirrel-cage
induction motor are 20 mm in depth. The number of the fins is 36. Their average width is 140 mm,
and the distance between two fins is 10 mm. In the current analysis the thickness of a fin, which is
3mm, does not play any role. Now, our focus is on the general procedure for the evaluation of ha

Fig. 3. Cooling airflow paths of the TEFC induction motor.
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and hl which requires an estimate for (19), after which the procedure follows one of the following
two directions.

2.3.1. Laminar airflow case (Re < 7 	 104)
In this case we define the quantity

H 0 ¼ 0:7ðReÞ0:5½1� 0:12ðFh=FwÞ1=3�K
Fl

; ð20Þ

where Fw is the distance between two fins and Fh is the height of the fins, and K is the thermal
conductivity of the air. Then, we calculate the convection coefficient related to the dissipation
from the fins of the frame as follows:

ha ¼ H 0½1� 0:02ðFh=FwÞ�; ð21Þ

and the value of convection coefficient related to the dissipation from the surface between the fins
as

hl ¼
0:7ðReÞ0:5½1� 0:35ðFh=FwÞ1=3�K

Fl
: ð22Þ

2.3.2. Turbulent airflow case (Re < 7 	 104)
In this case, H 0 is calculated as

H 0 ¼ 0:035ðReÞ0:6½1� 0:09ðFh=FwÞ0:5�K
Fl

: ð23Þ

By using the value (23), ha is then calculated according to formula (21), while for the calculation
of hl we use the following formula

hl ¼
0:03ðReÞ0:8½1� 0:23ðFh=FwÞ0:5�K

Fl
: ð24Þ

Finally, we note that for the free convection coefficient we use the following formula (e.g., [16])

hfree ¼ 6:5þ 0:05ðT � TextÞ: ð25Þ

Now, we are in a position to describe the main steps of the computational procedure.

3. Main steps of the finite-element-based computational procedure

The model described in Section 2 has been implemented by using the finite element method-
ology allowing us to deal with complicated geometries of electric motors and to account for a non-
linear character of the model. Basic implementation has been completed in a MATLAB-based
finite element package FEMLAB. The results reported here focus on a two-dimensional imple-
mentation of the code.
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1. Constructing the geometric model of the induction motor. The specific geometric sizes considered
in this paper are based on the 1.5 KW, 2 poles, small size TEFC standard induction motor. This
motor has been used in all our experimental work. The geometric model needed as an input to
the finite element analysis has been created by using CAD tools. We combine a set of primitive
solid objects and lines, arcs, and rational B�eezier curves in order to produce a two-dimensional
geometric model of motor. Fig. 4 shows all basic components of the axial cross-section of the
motor. The numbering system in Fig. 4 corresponds to that of Fig. 1 where the complete struc-
ture of the TEFC squirrel-cage induction motor is given.

2. Sub-domain specifications. When the geometry is specified, we have to deal with a number of
different regions of the motor where coefficients of the model should be specified. In fact, for
typical computational experiments performed for the induction motors such as those analysed
in this paper we need to deal with nineteen sub-domains, corresponding to the rotor part of the
motor, end winding, fan-side bearing, etc. Coefficients and parameters used for one of such sub-
domains, the stator part, are given in Table 5 of Appendix A.

3. Discretisation procedure. The computational geometry constructed and specified in the previous
steps is partitioned into triangles, or mesh elements, and the refinement technique is used to en-
sure the required accuracy is achieved. As an example, we provide a typical partition of the ax-
ial cross-section of the motor with 8008 elements (Fig. 5).

4. Solution of the problem and the visualisation procedure. The problem is solved based on its vari-
ational formulation on different grids constructed with the refinement technique. In steady state
situations a default plot is displayed. The result of computations of temperature distribution in
the axial cross-section of the motor, as specified in Section 2, is given in Fig. 6. Sampling of the
time-dependent solutions can also be performed in a user-friendly manner, as we explain below.

In the transient regime, which precedes the steady-state distribution of the temperature, the user
is allowed to sample the calculated temperature. In particular, for typical operating conditions of
the electric motor we deal with steady-state conditions are achieved in about one hour of oper-
ation. This has been also confirmed by experimental results discussed in the next sections. The
user can set the time step and the sampling of the temperature distributions according to the

Fig. 4. The axial cross-section geometric configuration of the motor (dimensions are given in meters).
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following rule: t0 : tstep : tfinal, e.g. the 0:100:10,000 setting has been used for our computational
results (in Fig. 6 the temperature distribution is given at the last moment of observation), meaning
that starting from the initial conditions we have sampled the solution every 100 s during 10,000 s
of observation.
By analysing the temperature distribution in the axial cross-section presented in Fig. 6, it is

clearly seen that the highest temperature occurs in the end winding area. This area is the most
sensitive to possible thermal damages, and therefore we use this area as a benchmark example for
the validation of the model.
In the next section we present our experimental setup that has been used for the model vali-

dation. The equipment allows us to generate data for temperature measurements in different parts
of the motor under different operating conditions, and therefore to test the performance of the
model described in Sections 2 and 3.

Fig. 5. Finite element discretisation––grid generation.

Fig. 6. Typical temperature distribution in the axial cross-section of the motor.
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4. Experimental validation of the model

The experimental setup used for the model validation is presented in Fig. 7. There are nine
temperature sensors (PT 1000) fixed inside the motor, provided by the control group at the R&D
Department, Danfoss Drives (a 1.5 KW, 2 poles, small size TEFC standard induction motor).
These temperature sensors are placed on the (fan side) bearing, end winding (inside and outside),
air gap and frame (fin and between fins) areas. One sensor is put outside and is used to measure
the ambient temperature. A switch box controls the working status of these sensors. To achieve a
high accuracy of measurements, the sampling timer has been set to 3.5 s and all the data measured
have been recorded in a computer.
As seen in Fig. 8, the motor was put inside a cage due to safety reasons. The apparatus was set

to replicate the practical working situations of an induction motor, which is used to drive a load
on the shaft. A frequency converter serves as an interface that connects the power supply and the
motor in order to achieve control of the motor. The frequency converter can change the frequency
input to the motor, as well as the power input. These input parameters can be detected by the
frequency converter simultaneously. The torque on the motor shaft can be adjusted by an external
equipment (the torque equipment) that is also shown in Fig. 8. The torque equipment, which is
connected to the motor, can determine the current data of torque and detect the rotor speed in
rpm. From the interfaces of the equipment described we can read the local operating data. The
sampled results of the measurements are shown in Fig. 9. The temperature rise is given in a case
where the motor is operated with a constant load and the input frequency changed from 75 to 50
Hz, then to 30 Hz, and finally to 15 Hz, as represented by four distinct regions in Fig. 9. It is also
clearly seen that the temperature profiles vary substantially between different regions of the motor.
In a similar way, we generated data for other operating conditions, and the obtained experimental
results have been used in the model validation procedure.
The accuracy of the thermal model described in Sections 2 and 3 has been evaluated by

comparing the results obtained numerically with the model and those obtained by the practical
measurements in the corresponding conditions. It is known, that in most practical situations the

Fig. 7. The experimental setup for temperature sampling. (1) Motor; (2) load on the shaft; (3) outside sensor; (4) switch

box.
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error of a usable thermal model should be less than 10% [7]. We have used a range of different
operating parameters, and recorded the measured temperature rise in the end-winding area. These
measurements are denoted here by Tmeasured. We have applied the same operating conditions as an
input to the develop thermal model, and recorded the computed data for the end winding area.
The results are denoted here by Tcalculated. Comparisons are given in Table 1.
In this table by e we denote the absolute error that is the absolute values of the difference

between Tcalculated and Tmeasured, and by e% we denote the relative error calculated by the formula:

Fig. 8. Torque equipment used in the experiments and the frequency converter. (1) Display equipment; (2) frequency

converter; (3) control panel; (4) torque equipment.

Fig. 9. Temperature rise plots produced for different frequencies of the motor 75, 50, 30, and 15 Hz and torque 2.5 Nm.

(1) ‘‘External’’ end winding; (2) fan-side ‘‘external’’ end winding; (3) ‘‘internal’’ end winding; (4) fan-side ‘‘internal’’ end

winding; (5) bearing; (6) fan-side bearing; (7) air gap; (8) frame; (9) fins of the frame.
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�% ¼ �	 100%=Tmeasured: ð26Þ

The results clearly demonstrate that the errors of the developed computational model are less
than 10% over a wide range of operating conditions.

5. Model-based control for preventing thermal damages of electric motors

The developed model can be applied to predict and to help avoiding thermal damages of in-
duction motors working under a range of operating conditions. In this section, we show how the
developed model can be applied to perform this function.
We consider the following case study example. A user wants to apply a 1.5 KW, 2 poles, small

size TEFC standard induction motor with insulation class B (this class has the allowable tem-
perature threshold at 393 K) for a certain period of time. According to the requirements of the
load, the specified input parameters are: frequency is at 30 Hz, phase voltage is at 133 V, and the
torque on the shaft is at 10 Nm. Based on this information, we can calculate auxiliary parameters
we need, in particular the slip (see (6)) which is 0.14. We need to determine for how long the motor
can operate under the given condition without exceeding the specified temperature limit. To solve
this and similar problems we have developed a program in SIMULINK that uses our thermal
model as an input. In Fig. 10 we show schematically a SIMULINK diagram used to monitor the
thermal operation of the motor. In the diagram, the three blocks on the left are used to define
the operating conditions/parameters sent as an input to the thermal model. The output from the
developed model in this case is the highest temperature inside the motor (Fig. 11). In the case
considered in this paper it is the end-winding temperature. This temperature is then compared to
the thermal limit trip specified by the user. The thermal limit value is kept in the Tlimit block. If the
result of this comparison shows that the temperature in the motor is higher than the limit tem-
perature, the warning block will be activated. The thermal process under the operation can be
observed by using the display block. Under the given conditions, the temperature in the end
winding will hit the 393 K limit after 3200 s of the motor operation, which means that the motor

Fig. 10. Schematic diagram showing the thermal model as an input to a control loop designed in SIMULINK in order

to control thermal processes of motors.
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should be operational for less than one hour to avoid overheating. With simple modifications, and
combined with the SIMULINK program, the developed thermal model can perform simulation
and control functions based on a wide range of practical requirements.

6. Concluding remarks

In this paper we have proposed a general approach to modelling temperature rise phenomena
in electric induction motors, and demonstrated the effectiveness of this approach by comparisons
of the modelling results with the results of experimental measurements. As a case study example,
the analysis of TEFC induction motors operating under different voltage supplies and loading
conditions has been presented, and an application example, combining the developed tool with a
SIMULINK-based code, has been given.

Appendix A

Motor typical parameters are listed in Table 2. Thermal conductivity coefficients of the main
relevant materials used in the computations are given in Table 3. The emissivities of the materials
used in the calculations (eblackbody ¼ 1) are given in Table 4. Typical parameters used for one of the
19 sub-domains used in our experiments, namely for the stator part, are given in Table 5. In this
case, the iron losses constitute a major part of heat sources. Convection and radiation coefficients,
as well as external and ambient temperatures were set to zero in this case (see (4)).

Fig. 11. Typical output from SIMULINK: temperature as a function of time in the end-winding area.
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Table 2

Nominal parameters of the motor used in the experiment

Parameters Value

Power 1.5 kW

Phase angle 0.79

Mass 13.5 kg

Rotor speed 1400 rpm

Phase number 3

Stator inductance 0.01598 H

Magnetising inductance 0.2972 H

Rotor inductance 0.01182 H

Voltage 380–415 V

Current 3.55 A

Frequency 50 Hz

Pole pair number 2

Stator resistance 6.509 X
Magnetising resistance 2200 X
Rotor resistance 4.512 X

Table 3

Thermal conductivity coefficients (in W/mK) for different parts of the induction motor

Material k

Iron 58

Plastic 0.2

Aluminum 222

Steel 35

Copper 388

Table 4

Emissivity coefficients for different parts of the motor

Material �

Cast iron (rough) 0.97

Forging iron (polished) 0.29

Forging iron (oxidised) 0.95

Aluminum 0.08

Table 5

Basic parameters and coefficients in the stator core sub-domain

PDE coefficients Value/expression

Density 7850 (kg/m3)

Thermal conductivity 58 (W/mK)

Heat capacity 480 (J/kgK)

Heat sources 3RmI2m
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