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Temperature Distribution Inside a Three-Phase Induction Motor

Running with Eccentric Airgap

Abstract. Despite the emergence of new types of electric machines, the squirrel-cage induction motor remains the dominant one. A motor failure
can result in large lost revenues. One of types of faults that can occur in these motors is airgap eccentricity. This paper presents results, based on a
Finite Element Analysis. It is shown that static eccentricity leads to a non-uniform temperature distribution and contributes to the rise of the highest
temperature spot in the motor, hence potentially shortening the lifespan of the stator insulation system.

Streszczenie. Klatkowy silnik indukcyjny wcigz dominuje wéréd maszyn elektrycznych. Jednym z typowych uszkodzen tego silnika jest ekscentrycvz
no$¢ szczeliny powietrznej. Przeprowadzono analize tego zjawiska wykorzystujgc metode elementu skoriczonego. Statyczna ekscentryczno$é
powoduje nieréwnomierny rozktad temperatury. (Rozkitad temperatury w trzyfazowym silniku indukcyjnym z ekscentryczng szczeling

powietrzng)
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Introduction

Airgap eccentricity is a fault mechanism which can occur
in induction motors where the airgap between the stator and
rotor is no longer uniform. The reasons for eccentricity
include intrinsic shaft tolerance, ball-bearings defects or
problems related with the fixing of these motor parts [1, 2].

Eccentricity is usually classified as static, dynamic and
mixed. Static eccentricity is characterized by a
displacement of the rotation axis of the rotor with regard to
the geometric centre of the stator. Since the rotor is not
centered within the stator bore, the field distribution in the
airgap is no longer symmetrical. Dynamic eccentricity
occurs when the rotation axis of the rotor does not coincide
with its geometric centre. In practice, static and dynamic
eccentricities tend to coexist. Under these circumstances, it
is said that we are in the presence of mixed eccentricity [3],
[91-[13], [13].

In case a motor develops static eccentricity, the field
distribution in the airgap is no longer symmetrical. As a
result of that, the eccentricity creates additional motor
vibrations and unbalanced magnetic pull (UMP), which can
be large enough to cause a stator to rotor rub, thus resulting
in serious damage to both the stator core and windings.
Furthermore, eccentricity causes a non-uniform
temperature distribution in the motor, hence leading to
additional thermal stresses, which contribute to the
appearance of other motor faults [7, 8], [12], [14].

A critical factor that shortens the motor life is heat. The
insulation type used in an electric motor depends on the
temperature at which motor will operate. The relationship
between temperature and its effects on the life of the
motor’s insulation system has been studied for many years.
Montsinger has introduced the concept of the 10° C rule
according to which the life of the insulation system is halved
for each additional 10° C in the temperature at which it is
exposed [3]-[6]. Accordingly to IEC standards, the insulating
materials used in electric motors can be classified into four
thermal classes, which are presented in Table 1.

Fig 1 shows the life of the insulation system versus the
temperature rise [16]. For instance from Fig.1, for a class F
insulation material, an increase of 10°C (from 160°-170°) in
temperature will lead to a reduction of about 10000 h in the
insulation lifetime.

The research results presented in this paper aim to
investigate the temperature distribution in a 4kW, class F
induction motor with static eccentricity. This study is
developed through a thermal model of the motor, based on
a finite element analysis.

Table 1. Thermal classes of insulating materials (adapted from
standards IEC 60085, IEC 60034-1).
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Fig. 1. Insulation life versus temperature rise.

2D Finite-Element Model

In order to analyze the motor temperature distribution
under the presence of static eccentricity, several simulation
tests were performed using a finite element model (FEM)
developed for this purpose.

The test motor used in the simulations is a totally
enclosed fan cooled (TEFC) three-phase squirrel-cage
induction motor of 4 kW, 380 V, 50 Hz, 9.2 A, 1436.25 rpm,
26.6 N.m, cos (9)=0.8, with an airgap of 0.28 mm. The
stator windings are star-connected.

Initially, a steady-state magnetic application, coupled
with the electric circuit shown in Fig. 3, was taken into
consideration, to calculate the nominal  motor
characteristics. A correct knowledge of the values of all
elements of that circuit is essential to obtain accurate
results. The mobile part of the motor is shown in the electric
circuit with the bars made of conductive material
(aluminum), represented by M1, M2...M28. On the other
hand, L4, L5...L31 represent the leakage inductance of the
bars, which is calculated using (1)-(2). Moreover, to model
the squirrel cage it is necessary to include the end-rings
that short-circuit the rotor bars. Each segment of the end-
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rings is modeled through a resistance (R29...R84) series-
connected with a leakage inductance (L32...L87), whose
values are calculated using (3)-(15) and (16)-(17),
respectively. The stator circuits are fed with a balanced
voltage supply system consisting in three sinusoidal voltage
sources, Vg, Vs and V7 with a rms value of 220 V. Each
phase has two stranded coils (B1, B2, B3, B4, B5, and B6)
in order to represent the going and back side of each coil.
The resistances of those stranded coils are calculated by
(23) and (24), while the end winding region is represented
by L1, L2 and L3 and calculated using (18)-(22).

Fig. 2 shows the geometrical mesh model of the
induction motor and Table 2 contains the solver information
of FEM. Simulations were performed with a simulated
environment temperature of 20°C.
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where: A — rotor permeance, Rer — end ring resistance, Rers
— end-ring segment resistance, pa — aluminum resistivity,
pcu— copper resistivity, Sqy — cross-section area of the

conductor, p — number of pole pairs, 6 — skin effect, fi—
current stator frequency, & — translates the variation of the
useful height of the bar, Ky — skin effect coefficient in the
thickness of a bar, k — coefficient: depends on the contact
surface between the bar and end-ring, Ai — permeance
between two adjacent bars, N, — number of rotor bars, Lei —

leakage inductance between two adjacent bars, Yy — end
winding permeance, Ly — end winding inductance, po —
permeability of vacuum, Nip — number of turns per slot per
phase, Ns, — number of stator slots, Nc — number of coils in
parallel per phase, Rq, — resistance of the copper windings,
Rgroup — resistance of group, Nspp — number of coils in series
per phase, and hy, b1, Sp, hor, Ib, Dr, Di, Di, €, €eq, h, hp, hpeg,
hy, Deb, De, heq, Dreg, X, Dieq, Li, Lews Ds int, hss, Lap are
geometric variables.

Fig. 2. Geometrical model and illustration of the finite element
mesh.

Table 2. Solver information

Matrix (solver):number Excellent quality

Eccentricity level

of lines elements (%)
0 110104 94.95
3/6 117301 91.12
5/6 115384 88.48
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Fig. 3. Electric circuit coupled to the geometrical model.

Finally, the procedure followed to introduce static
eccentricity in the model is illustrated in Fig. 4. The dx
variable represents the eccentricity deviation, along the x-
axis, with regard to the normal position.

Simulation Results

The simulation tests were performed for a healthy and
eccentric motor, with a load torque of 26.6 N.m. Moreover,
different levels of eccentricity were simulated, namely 1/6,
2/6, 3/6, 4/6 and 5/6. Due to the lack of space, this paper
only presents results for the case of the motor running in
healthy conditions as well as when it has an eccentricity
level of 3/6 and 5/6, as summarized in Table 3.

Fig. 5 shows the temperature distribution in the stator of
the motor when it is in healthy conditions. As it can be
observed, the stator temperature varies in the radial
direction and has a symmetric distribution with regard to the
center of the rotor, meaning that the points located along a
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circular radius path centered at point (0,0) have an identical
temperature.

Table 3. Simulated eccentricity levels.

Eccentricity % Eccentricity dx (mm)
0 0 0
3/6 50.00 0.140
5/6 83.33 0.233

stator

Fig.5. Healthy machine temperature distribution.

It can be observed that when the motor has eccentricity,
the temperature distribution is no longer symmetrical in
relation to point (0,0). There is a 4.5 °C variation along the
selected path. Note that Fig. 7 b) is rotated 90 degrees
clockwise compared to Fig 4.

Finding the highest winding temperature spots is crucial
to insulation (and machine) working life. The highest
temperature spots in the stator are shown in Table 4. By
comparing the case of the healthy motor with the situation
of 5/6 eccentricity, it is observed an increase of 6.61 °C in
temperature.

degrees C
130—,

Fig.6. Radial temperature distribution.

Fig.6 depicts the radial temperature variation. It is
important to notice the higher rotor temperature compared
to the stator. Moreover the rotor temperature gradient is

much smaller. The rotor is one of the major heat sources in
the motor. The temperature distribution in the motor, in the
presence of eccentricity, is shown in Fig. 7.

Fig. 7 a) shows the temperature variation of the points
located along a circular path centered at point (0,0). Fig. 7
b) shows the temperature distribution in the stator with an
eccentricity level of 3/6.

To complement the results presented so forth, Fig. 8
shows the temperature evolution at a point in the stator (red
round marker in Fig. 4 at |X|=72 mm and |Y|=0 mm), for the
non-eccentric motor (represented by the blue line) and for
the motor with two different levels of static eccentricity: 3/6
(represented by the red line) and 5/6 (represented by the
green line). As it can be seen, for the same point, three
different temperature curves are obtained, hence supporting
the conclusion that eccentricity increases the maximum
motor temperature.

On the other hand, for the eccentric motor, the field
distribution in the airgap is no longer symmetrical. As a
consequence of that, it gives rise to an UMP as mentioned
before.
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Fig.7. Temperature distribution in the eccentric motor, and

comparison with the normal situation.
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Fig.8. Temperature evolution for a given location.

Table 4. Highest temperature spot in the stator.
Highest temperature spot in

Eccentricity level the stator (degree C°)
0 96.68
3/6 99.87
5/6 103.29

Figs. 9 and 10 show the flux density magnitude and
radial airgap length along a circular radius path in the
airgap, plotted against an angular position measured with
regard to the stator, for the non-eccentric and eccentric
motor with 5/6 of eccentricity, respectively. As it can be
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seen from Fig. 10, when the airgap length decreases (blue
line), the flux density magnitude increases, in contrast with
what is shown in Fig 9.
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Fig.9. Airgap flux density versus versus angular position (healthy
motor).
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Fig.10. Airgap flux density and radial airgap length versus angular
position (5/6 eccentricity level).

Conclusion

The temperature rise inside the motor can affect several
motor components such as the stator windings. These
simulation results shown in this paper have demonstrated
that motor faults such as eccentricity cause a non-uniform
distribution of temperature in the motor, as well as an
increase in the highest stator temperature. Since the motor
lifespan is directly related to its working temperature, the
eccentricity, if present for long periods of time, can shorten
the lifetime of the insulation system of the windings, which
may eventually lead to a failure in this motor component.

Further studies are to be conducted in order to show the
influence of other types of eccentricity in the motor
temperature.
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