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Analysis of the Mechanical Stresses on a Squirrel Cage Induction Motor
by the Finite Element Method
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Abstract-The mechanical deformations and stresses
have been analyzed by the Finite Element Method (FEM)
in 3 dimensions on the rotor bars of a small squirrel cage
induction motor. We considered the magnetic forces and
the centrifugal forces as sources which provoked the
deformations and stresses on the rotor bars. The
mechanical calculations have been performed after doing
the electromagnetic Finite Element modeling on the motor
in steady states with various slip conditions.

Index terms—Finite Element Analysis, magnetic forces,
mechanical deformations and stresses, induction motor.

I. INTRODUCTION

In the squirrel cage induction motors, the torque is
obtained by the reaction of the eddy currents in the rotor bars
which are generated by the rotating magnetic fields in the
stator windings. The magnetic force density is generated in
the rotor bars by the eddy current density and the magnetic
flux density(F = J*B [N/m’]). Therefore, the rotor bars suffer
not only the centrifugal force but also the magnetic forces.
The rotor bars are constructed commonly in aluminum by
foundry process. The bars are considered as one of the most
fragile parts in the squirrel cage induction motor because of
the material, geometric characteristics and the hard load
conditions [1]. By this fact, the service life of the motors can
be prolonged by more careful fabrication and enhanced
design. We want to offer the information of the stress states
on the rotor bars that are useful to motor design engineers.

For the first step, to obtain electromagnetic parameters, we
chose one squirre] cage induction motor that supplied 5.5kW
of output power, and then we carried out Finite Element
modeling process on it by FLUX2D, a commercial program.
Secondly, to calculate the magnetic forces, we have calculated
the eddy current density (J) and the magnetic flux density (B)
in the rotor bars from the magnetic vector potential values (4)
which have been given for final output values in FLUX2D.
Finaily, to analyze mechanical deformations and stresses, we
have coded a FEM program in 3 dimensions.

II. MODELING OF A SQUIRREL CAGE MOTOR IN 2-D

The selected motor has 4 magnetic poles and it is supplied
by 230/400 V three-phased tensions with 50 Hz and it has
0.3mm of airgap thickness and 110mm inner diameter of
stator with 165mm of effective rotor length. The stator has 36
winding slots and the rotor has 32 conductor slots.
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The windings of stator are constituted in single layer. The
modeling with the aid of FLUX2D have been performed in
steady states for various slip values. By the grace of the
symmetry, only a quarter of the motor has been taken for the
solution domain.

In FLUX2D which is a program for the analysis of
electromagnetic field problems by Finite Element Method in 2
dimensions, the stator head windings and rotor rings of the
motor can be considered in electric circuits that are linked the
Finite Element solution domain. We have inserted the
inductances and the resistances in this electric circuits after
analytic calculation of these values. The iron core sheets of
stator and rotor have been considered to have the non linear
behavior of H-B. The results of the modeling are compared
with the measured values for various slip conditions. This
results are well concurrent with the measured values of the
selected motor in maximum 10 % difference.

1. CALCULATION OF THE MAGNETIC FORCES
A. Calculation of the Magnetic Flux Density (B)

To obtain magnetic forces, we have firstly calculated the
magnetic flux density in rotor bars from the values of the
magnetic vector potential (4) that are the final results data in
the output file of FLUX2D. The values of A are given by two
components in FLUX2D - real and imaginary values - for a
given phase on every node. The 4 is phasor that turns in
complex plan according to the phase value.

Otherwise, the program of FLUX2D uses the quadratic
triangular elements of 6 nodes. The vector potentials in two
dimensions have only z components that are a function of the
coordinates of x-y. The values of magnetic flux density are
calculated element by element by the following equations :
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N, : shape functions of quadratic triangular element
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B. Calculation of the eddy current density (J)

We have also reckoned the eddy current density in rotor bars
from the values of the vector potential by the followm
equatlons

- gradr) - 22 @

V : electric potential

J=0E ®)
o electric conductivity

Therefore,
4
J=—-0c—-0cgrad(V) )
ot
For steady state,
J=—-jswoc Ad~ocgrad(V) )

s sl‘ip(0<s<1)
« : angular frequency (= 2 t*50)

The term of grad(¥V) is concerned with electric circuit which is
composed of the short-circuited rotor bars[2], and at a given
moment, its value is constant in the whole section area of each
rotor bar in the solution domain. We have calculated this
value from the data of post processor of FLUX2D.

C. Calculation of the magnetic force density (F)

The magnetic force density is calculated by the vector
product between the eddy current and the magnetic flux
density (F = J * B) at every node. The values of this force
have the dimension of [N/m®] and this force is body force that
acts on the whole volume as centrifugal or gravity force.

The magnitude of J, B and F are repeated according to
rotor angle and time. The magnitude of J and B are dependent
not on the 4 but on the derivative of A. Therefore, these
values reach maximum when turning potential vector 4 is on
imaginary axis, i.e. when the 4 has minimum real component.
The F has also maximum value when 4 are on imaginary axis
for a given node point.

Because the studied motor has 4 magnetic poles, J and B

have a spatial periodic characteristics of cos(26) around the
rotor axis. For the magnetic force density F, it is obtained by
the product of J and B, and therefore the F has the periodic
characteristic of cos(48) - four times repeated by one turn
round the rotor axis[3].
The magnetic forces in the bars have greater values on the
regions having greater radius for B increases according to
rotor radius. The magnitude of F in the rotor bars increases,
of course, in the function of the slip values owing to the
augmentation of the eddy currents. We present two following
figures that show the variation of the magnetic forces in the
function of rotor angle and rotor radius. In these figures, we
have compared the magnitudes of magnetic force density with
centrifugal force.
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Fig.1 The distribution of the magnetic and centrifugal forces
on the near regions to the airgap (1383 rpm, 7.8 %:slip)
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Fig. 2 The distribution of the magnetic forces in one rotor bar
at the moment the forces become maximum, compared with
centrifugal forces on the sides of the bar (1200rpm, 20% slip)
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The rotor bars have long shape in radial direction to cut
much more magnetic flux. The magnetic flux in the rotor
prefer to pass the bars through the shortest path because
aluminum bars have lower magnetic permeability than the
iron core. Therefore, the flux pass the bars mainly in
tangential direction of rotor axis. The magnetic forces have
perpendicular direction to the flux path. And so, their radial
components are much greater than the tangential components.
By the direction of J and B, the magnetic forces have the
centripetal direction instead of centrifugal direction, with a
little tangential component, and the maximum magnitude of
magnetic forces is greater than that of centrifugal forces in the
driving conditions having more little r.p.m. than the nominal
angular velocity (1430 r.p.m.).

VI. Analysis of the mechanical stresses in 3-D
A. Solution domain and Boundary conditions

The stresses in the rotor bars are mainly provoked by their

magnetic forces and centrifugal forces. The mechanical
stresses have been analyzed for only one selected rotor bar
because all of the bars suffer very similar load conditions. The
created FEM programs in 3 dimensions have been applied to
calculate the stresses at the moment that the magnetic forces
reach maximum magnitude.
For boundary conditions according to the z axis, we assumed
that the bar was completely fixed at one end (z = 0, end ring
side) and it had symmetric plan at z = 20 mm. Actually, the
rotor has the symmetric plan at z = 82.5 mm for. the rotor
length is 165 mm. To save the memory space and the
calculation time, we have shortened the solution domain
according to z axis from 82.5mm to 20mm after verifying it.
The calculations of the verification that have been performed
for various z axis lengths assured us that the maximal stress
on shortened bar from 82.5mm until to 20mm was not much
different (10 % overvalued) than that on the full length bar.
For boundary conditions in the x-y plan, we assumed that the
bar contracted only in the rotor slot or slided along slot walls
and the iron core was solid infinitely, and not deformed.

Fixed plan

Fig. 3 The solution domain of the rotor bar in 3 dimensions
for the analysis of the mechanical stresses

B. Formulation

We used the displacement method, for FE formulation. In

this method, the displacement values on every node are firstly
obtained and these values are to be derived to obtain the
stresses values.
From the minimum potential energy principle on the elastic
body that suffers only the body forces, the equations of FE
formulation in 3 dimensions, on a node ¢ in any one element,
are given as follows:

3*3 3% 341
(k1% {o}% = {F}*

where,
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: matrix relating strains and displacements
(matrix concerning with the differentiation)

[M-v v v 0 0 0
v 1-v 0 0 0
v 1-v 0 0 0
0 0 1-2v 0 0 (12)
[Ad=£|0 2
0 0 0 =2v
2
0 0 0 0 1-2v
L 2

[C] : constitutive matrix
(matrix relating strains and stresses)
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1+v)(1-2v)
(E : Young’s modulus, v : Poisson’s ratio)

13)

We adopted the prismatic element that is quadratic in Xy
plan (6 nodes) but cubic according to z axis (4 layers). One
element has 24 nodes (therefore, r in the equation (11) is 24)
(4]. ‘

V. Results and Discussion
A. Deformation of the bar in the rotor slot

We have presented two case of the deformation of the bar
in the following figures. In the case of nominal function of the
motor (1430 rpm), the resultant centrifugal forces are
dominant and the bar deforms to the centrifugal direction. On
the contrary, in the case of blocked rotor condition (0 rpm), or
at the early starting time in real service situation, the resultant
magnetic forces are dominant and the bar deforms to the
centripetal direction (see Figure 6).

We have calculated the deformation of the bar only when
the magnetic forces reach their maximum. Actually, for the
driving condition at the early starting time, the bars will be
pulled to the centripetal direction by the magnetic forces and
relaxed due to the variation of the magnetic forces. But in the
nominal driving condition, the bars will be always pushed to
the centrifugal direction due to dominant constant centrifugal
force. In the middle velocity condition (e.g. 1000 rpm), or on
the acceleration stage before arriving at the steady state for
real service situation, the bars will be pushed to the
centrifugal direction and pulled to the centripetal direction
because the magnetic forces vary between zero and greater
magnitude than the constant centrifugal forces.

Fig. 6 Deformation of the rotor bar in x-y plan at z=20mm :
for the blocked rotor condition (left) and for the nominal
velocity (right) when the magnetic forces reach maximum.
(Deformations are exaggerated for easy presentation)
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B. Mechanical Stresses in the Rotor Bar

The stress values on every node are obtained by
differentiation, in each element, on the already calculated
deformation values. This calculation is performed by the same
principle as the equation (2), (3) to obtain the flux density B
from the vector potential A.
~ The stresses have the greatest values not in the high
velocity conditions but on the blocked rotor condition, or at
the beginning of the starting. The integrated magnetic force in
one bar at the beginning of starting stage is about 10 times
greater than the integrated centrifugal forces at nominal
function.

In the case of the starting stage, the maximum stress
happens on the point having the greatest radius (y, or r = 54.7
mm) and being located at the end of the bar (z = 0) that is
connected with the end ring. This stress level exceeds the
fatigue limit of aluminum. Therefore, the service life of the
motor will be diminished by the frequent starting, or the motor
suffers more severe load condition for the service that
demands more frequent starting.

Fig. 7 The distribution of the stresses on the summit of the
bar (r = 54.7 mm) according to the longitudinal length (z) at
the beginning of the starting of the motor.
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