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Calculation of Iron Loss with Stress in Stator Core by Shrinkage Tolerance
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This paper presents a method for calculating the iron loss of the stator core of an electric motor owing to the
stress generated by shrink fit tolerance in the production process. Shrink fit is used to fix the frame and stator
core, shaft, and rotor core in a motor, and the corresponding condition varies depending on the material. Three
finite element analysis steps were performed to reduce the iron loss owing to stress during shrinking of a frame
and stator core. In step 1, the shrink fit process was applied to a frame and stator core, considering the manu-
facturing tolerances through three-dimensional modeling. Thermal-structure finite element analysis was per-
formed to apply the same conditions as those in the shrink fit process. The shrink fit was expanded by applying
heat to the frame, followed by natural cooling to calculate the contact stress between the frame and the stator
core. In step 2, the same contact stress as that in step 1 was derived using structural analysis through two-
dimensional modeling of the frame and stator core without tolerances. The contact stress was calculated by
applying the equivalent thermal expansion coefficient of the frame, and it was confirmed that the manufactur-
ing tolerance and maximum stress intensity are linearly related. In step 3, electromagnetic analysis was per-
formed at the rated operating point of the 2.2-kW induction motor using the model obtained in step 2. The
magnetic flux density distribution of the stator core was derived via electromagnetic analysis and the iron loss,
including the stress distribution, realized in step 2. The iron losses obtained under different conditions, includ-
ing the stress of the stator core owing to the shrink fit tolerance, were compared, and the effectiveness of the
shrink fit tolerance required to achieve a motor with high efficiency was evaluated.
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1. Introduction

Recently, improvements in the energy efficiency of
electric machines have become a global concern, and the
reliability of analyses related to electromagnetic loss has
increased. The losses of an induction motor are classified
into five categories based on the loss separation test
(IEC60034-2-1): primary copper loss in the stator wind-
ing, secondary copper loss in the rotor conductor bar and
rotor end ring, iron loss in the stator and rotor cores due
to hysteresis and eddy currents, respectively, friction loss
due to bearing friction or rotor vibration, and windage
loss due to fluid flow, all of which are categorized as
stray load losses [1, 2].

Iron losses in the stator core are induced by wire
cutting, punching, and laser cutting, and hence are common
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in the cutting of electrical steel sheets, welding, inter-
locking, and self-bonding, which is a lamination method.
Moreover, the iron loss depends on the cutting and
lamination methods employed because the magnetic
properties change depending on the stress applied to the
electric steel sheet according to the manufacturing process
[3-6]. In addition, it is known that the electrical properties
of an electric steel sheet depend on the heat treatment
conditions, and the stress decreases after heat treatment
[7, 8]. The shrink fit of a motor involves the application
of heat, and the electromagnetic loss depends on stress,
which in turn depends on the manufacturing tolerances.
The stress and iron loss due to shrink fit tolerance
determine the efficiency of a motor; therefore, research is
needed on this aspect.

This paper presents a method for calculating the iron
loss of the stator core of induction motors owing to the
stress generated by shrink fit tolerance in the production
process. There are two types of shrink fit for an induction
motor: one is used to fix the frame and stator core, and
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Fig. 1. (Color online) Shrink fit 3-D modeling of 2.2-kW
induction motor.

the other is used to fix the shaft and rotor core.

Generally, the frame of an induction motor constitutes
cast iron or aluminum, while the shaft is made of special-
purpose steel. In this study, the stress and iron loss due to
the shrink fit tolerance of a stator core were calculated v
finite element analysis (FEA) in three steps. In step 1, the
same analysis as the shrink fit process was performed
through 3D modeling of the frame and stator core,
considering four types of manufacturing tolerances, as
shown in Fig. 1. The contact stress of each model was
obtained following natural cooling of the stator core, after
expansion, owing to the application of heat to the frame.
In step 2, the stress distribution obtained in step 1 was
derived using the equivalent coefficient of thermal
expansion (ECTE) through a 2D model without tolerance.
In step 3, the magnetic flux density distribution of the
stator core was derived through electromagnetic analysis
at the rated operating point of the 2.2-kW induction
motor, and the iron loss including the stress was
calculated by applying the stress distribution obtained in
step 2. Finally, the validity of the iron-loss calculation,
including the stress of the stator core against the shrink fit
tolerance, was determined.

2. Shrink Fit Theory and
Tolerance Modeling

2.1. Contact Stress

Shrink fit is a widely used assembly method to fix a
stator to the frame or to constrain the axis of a rotor for
rotation. More specifically, it is a restraining method that
uses materials with different temperatures. In this method,
the contact force p between two materials is determined
by the amount of interference, as follows [9]:

p= ar , 0
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where v, and v; are the Poisson’s ratios of the stator core
and the frame, respectively; E, and E; are the Young’s
moduli of the stator core and the frame, respectively; 7, is
the outer diameter of the stator core; r; is the inner
diameter of the frame; 7 is the inner diameter of the frame
after fitting the stator core and the frame, and Ar is the
amount of interference.

2.2. Motor Modeling

A 2.2-kW induction motor was modeled with four
poles and 36 slots. Considering a frame standard of 100
L, the outer diameter of the stator core and inner diameter
of the frame were 180 mm. The minimum and maximum
dimensional tolerances are —0.03 and 0 mm for the stator
core, and —0.08 and —0.06 mm, for the frame. Four inter-
ference fits (maximum and minimum values of —0.03 and
—0.08 mm, respectively) are generated from combining
these dimensional tolerances. The stator core had four
beads stacked through welding. The rotor core was skew-
ed and the bar was made of aluminum.

The frame and rotor bars are made of aluminum alloy
A1070 and have the following parameters: Young’s modulus
of 70 GPa, Poisson’s ratio of 0.3, thermal conductivity of
230 W/m-°C, specific heat of 900 J/kg-°C, and CTE of
2.3 x 107> m/m-°C. The stator and rotor cores are made of
50PN470, which are electric steel sheets with the Young’s
modulus of 200 GPa and Poisson’s ratio of 0.3.

3. Coupled Analysis Procedure with
Shrink Fit Tolerance

3.1. Shrink Process Analysis
The overall coupled analysis procedure is illustrated in
Fig. 2. First, modeling was performed with four types of
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Fig. 2. Coupled analysis procedure of iron loss with shrink fit
tolerance.
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Fig. 3. (Color online) Results of step 1 (interference: —0.08
mm): (a) frame heating; (b) strain due to frame heating; (c)
temperature after shrink fit; (d) stress after shrink fit.

interference owing to the tolerance between the stator
core and the frame. The model with the amount of inter-
ference was applied to the frame at 150 °C using a heat
transfer analysis at room temperature (23 °C). The frame
was thermally expanded under structural symmetry condi-
tions, and transient thermal strain and stress analyses
under natural convection conditions were performed using
the time-history method. After the shrink fitting process,
the surface temperature inside and outside the stator was
23 °C, and the thermal conductivity coefficient of 10 W/
m? °C was applied.

Fig. 3 presents the analysis results obtained under the
same conditions as those used in the shrink fit process by
modeling the interference amount of —0.08 mm. When
the frame has the inner diameter tolerance of —0.08 mm
and the stator core has the outer diameter tolerance of 0
mm, the magnitude of interference was observed to be the
maximum value among the four models. Fig. 3(a) shows
that the temperature of the frame was heated to 150 °C
for a shrink fit. Consequently, the thermal clearance of the
frame was 0.462 mm, as shown in Fig. 3(b). Figs. 3(c)
and 3(d) present the temperature and contact stress,
respectively, after shrink fitting.

Table 1 shows the stress intensity owing to the maximum
contact pressure in the shrink fit state according to the

Table 1. Stress intensity due to interference in shrink fit condition.
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dimensional tolerances of the stator core and frame. The
maximum stress intensities after the shrink fit in the
frame with the maximum and minimum interference
amounts was 45 and 16.9 MPa, respectively. After shrink
fitting, stress was constantly applied between the stator
core and frame.

3.2. Equivalent Modeling

In step 1, it was confirmed that the stress increased as
the shrink fit interference increased. On the one hand,
there is the disadvantage that a new modeling procedure
is required to determine the stress distribution for shrink
fit tolerance. However, equivalent modeling is a general
analysis model without shrink fit tolerance between the
stator core and frame. The shrinkage of the equivalent
model was determined using the CTE of the frame material.
Therefore, the shrink fit of the equivalent modeling can
be used to calculate the stress with tolerance using the
ECTE, as:

o, =cx;+ o, 2

where «, is the ECTE, x; is the amount of interference
between the stator core and the frame, c; is the coefficient
of interference, and o represents the CTE of the frame
material. Using the ECTE, the stress with tolerance is
given by:

= (2)a.. )

(24

where p; is the stress to which tolerance is applied after
shrink fitting, and p, represents the stress to which
tolerance is not applied after shrink fitting. The CTE and
stress are linearly related. When using the ECTE, the
temperature applied to the frame should be the same; the
shrink fit temperature of 150 °C was applied in this study.

The stress distribution of the equivalent model without
tolerance owing to ECTE is depicted in Fig. 4. The stress
distribution of the stator core owing to the shrink fit
appears mainly in the yoke. Table 2 lists the results of the
stress intensity of the equivalent model owing to the
equivalent coefficient of thermal expansion. From the

Stator core Frame Maximum
. - Interference . .
Diameter Tolerance Diameter Tolerance [mm] Stress intensity
[mm)] [mm] [mm] [mm] [MPa]
179.97 —0.03 179.94 —0.06 —0.03 16.9
179.97 —0.03 179.92 —0.08 —0.05 28.1
180 0 179.94 —0.06 —0.06 339
180 0 179.92 —0.08 —0.08 45.0
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Fig. 4. (Color online) Stress distribution in the equivalent
model without tolerance: (a) —0.03 mm; (b) —0.05 mm; (c)
—0.06 mm; (d) —0.08 mm.

Table 2. Stress intensity of the equivalent model due to the
equivalent coefficient of the thermal expansion.

Step 1: Maximum Maximum Stress intensity

Stress intensity 1[35;2? [MPa]
[MPa] Frame Stator Core
16.9 1.42e-06 16.9 12.1
28.1 2.35e-06 28.2 20.2
33.9 2.84e-06 33.8 24.3
45.0 3.77e-06 45.1 35.1

table, it can be observed that the error rate between the
maximum stress intensity in step 1 and the maximum
stress intensity by the ECTE is 0.07 % on average. The
maximum stress intensity of the stator core was 36.7 %
lower than the maximum stress intensity of the frame.

The stress distribution of the stator core was used to
calculate the iron loss in step 3.

3.3. Calculation of iron loss with stress

Magnetic property data are required to calculate the
iron loss of a stator core with stress [10-12]. Fig. 5 shows
the magnetization and iron loss curves with the stress of
S50PN470, which is frequently used in industrial induction
motors. The original curve indicates the measured data of
the commonly used industrial SOPN470, while the stress
curve was obtained from the data provided by the electro-
magnetic field analysis software (JMAG). The stress was
measured in the range of 25-100 MPa, and it was
confirmed that the magnetic properties changed according
to the stress. The magnetization curve tends to have a
lower magnetic permeability and a smaller maximum
magnetic flux density when the magnetic field strength is
less than 1,000 A/m. The iron loss curve tended to
increase the iron loss per magnetic flux density as the
stress increased at the frequency of 60 Hz. The iron loss
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Fig. 5. (Color online) (a) Magnetization and (b) iron loss
curves at 60 Hz of 50PN470.

of commercial motors is between 50 and 75 MPa and is
expected to increase when the stress is greater than 75
MPa.

The magnetic flux density of the induction motor was
obtained using 2D FEA of the equivalent model [13, 14].
The rated output of the induction motor was 2.2 kW, a
commercial 220-V and 60-Hz source was used, and the
rated speed was 1,767 rpm. Fig. 6(a) presents the di-
stribution of the magnetic flux density of the stator core
under the rated load condition. From the figure, it can be
observed that the magnetic flux density tended to increase
slightly around the beads. The maximum magnetic flux
densities of the yoke and teeth in the stator core are 1.57
and 1.51 T, respectively. Fig. 6(b) shows the distribution
of iron loss without stress in the equivalent model. The
iron loss of the stator core without the stress component
was calculated as 52.07 W, and the hysteresis and eddy
current losses were found to be 25.25 and 26.82 W,
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Fig. 6. (Color online) Analysis results without the stress of the
equivalent model: (a) magnetic flux density distribution; (b)
iron loss distribution.
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Fig. 7. (Color online) Iron loss distribution with stress of the
equivalent model at (a) 0.08 mm and (b) 0.26 mm.

Table 3. Result of hysteresis loss and eddy current loss due to
interference.

Step 2: Maximum

Interference Stress intensity Hyit)esrsems Eddy current
[mm] [MPa] W] loss [W]
Frame Stator Core
0.08 45.1 324 26.409 24.972
0.14 78.9 56.7 26.541 25.408
0.20 112.7 81.0 26.315 26.287
0.26 146.5 105.3 26.293 26.832
respectively.

Figs. 7(a) and 7(b) display the distributions of iron loss
in the stator core with maximum stress intensities of 32.4
and 105.3 MPa, respectively. Table 3 lists the calculation
results of the iron loss due to interference. As the inter-
ference increased, the eddy current loss among the iron
loss components tended to increase. The commercial steel
sheet has a value between 56.7 and 81.0 MPa, and no
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Fig. 8. (Color online) ECTE and maximum stress intensity as
a function of interference.
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Fig. 9. (Color online) Iron loss as a function of interference.
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increase in the iron loss is expected for a shrink fit
tolerance of 0.2 mm. Fig. 8 indicates a linear relationship
between the ECTE and the maximum stress intensity
owing to interference. Fig. 9 shows the iron loss due to
interference; the trend line was calculated using a quadratic
polynomial, and the R-squared values of the hysteresis
loss and eddy current loss were determined as 0.6034 and
0.9846, respectively. From the figure, it can be seen that
the commercial steel sheets have the same iron loss at
0.15-mm interference, and the interference at 0.4 mm
increases the iron loss by 4.23 % compared with that of
the commercial steel sheets, corresponding to the increase
of 0.1 % in the efficiency of the 2.2-kW induction motor.

4. Conclusion

In this study, the iron loss owing to the stress of the
stator core with shrink fit tolerance was calculated.
Through a three-step FEA, the relationship between inter-
ference and iron loss was derived. In step 1, the shrink fit
process was analyzed using a 3D model with tolerances
to derive the stress. In step 2, the stress obtained in step 1
was derived using the ECTE through a 2D equivalent
model without tolerances. In Step 3, a magnetic field
density analysis was performed at the rated operating
point of the equivalent model to derive the magnetic flux
density distribution, and the iron loss was calculated by
applying the stress data of the electric steel sheet.

From the analysis results, a linear relationship was
observed between the interference and effective value of
manufacturing tolerance from the contribution of efficiency
to iron loss.
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