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This study deals with the effect of static stress due to shrink-fitting and centrifugal force on the field computation and the iron
losses of the electrical machines. The concept of stress induced magnetic anisotropy has been presented and implemented in a
synchronous reluctance machine model. A stress dependent iron-loss model with experimentally determined loss parameters has
been implemented as well. The difference in flux density and finally the losses with and without stress dependency has been analyzed.
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I. INTRODUCTION

MAGNETIC properties of electrical steels are known
to deviate significantly under mechanical stress. The

deformation and deviation in the measured BH loop of the
electrical steel sheet under stress, is clearly evident from [1],
[2], which implies that both the constitutive law (i.e. BH curve)
and the loss density change with stress [3], [4]. However
these effects are almost always neglected when computing for
the magnetic field or during post-processing for the losses.
Furthermore, the iron parts of the electrical machines are
under significant stress due to the shrink-fitting, centrifugal
and magnetic forces. Thus, inclusion of the stress dependency
in the numerical analysis of the electrical machine is very
important to accurately predict the losses. Previously, various
studies have included the stress dependency through the mate-
rial parameters in their models [5]–[7]. However, the inherent
material characteristic and the physical phenomenon were not
fully represented due to their simplification in coupling either
the material parameters or the multi-physics problem. For
instance in [5] and [7], the shear component of the stress tensor
has been neglected. Moreover, the calculation of iron losses
were performed by employing the equivalent von Mises stress.

This study is based on the implementation of the stress
induced anisotropy in an otherwise magnetically isotropic
material. Only the static stresses arising from the shrink-fit and
the centrifugal forces have been considered for analysis. Also
the loss coefficients derived from a stress dependent iron-loss
model are used in conjunction with the static stress distribution
to analyze effect on the losses.

II. METHOD

Magneto-mechanical interaction and dependency have al-
ways been difficult to model. Various possible combinations
of the magnetization direction, the stress tensor and their
interdependencies make the modeling more complex. The
modeling approach can be significantly simplified by de-
termining the material magnetic properties in the principal
coordinates thereby eliminating the shear component of the
stress tensor.

A. Stress Tensor and Principal Co-ordinate

The principal stress component and the rotation angle of
the principal coordinate system with respect to XY-coordinate
system can be obtained from the stress tensor component as
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where, σxx, σyy are the normal stresses and τxy = τyx are
the shear stresses in XY-coordinate system. Similarly, σ11 and
σ22 are the first and second principal stresses respectively.
Furthermore, θ is the angle between the XY-coordinate system
and the principal coordinate system.

B. Permeability Tensor

The permeability tensor in the principal coordinate system
are determined based on the unidirectional measurements (i.e.
unidirectional field and coaxial stress). The diagonal elements
of the permeability tensor is expressed as an analytical or
interpolation functions of the principal stresses σ11, σ22 and
the magnitude of magnetic flux density |B|.

µ11 = f(|B|, σ11) and µ22 = f(|B|, σ22). (3)

Assuming no spatial anisotropy in the principle coordinate,

µ12 = µ21 = 0. (4)

Once the permeability tensor in the principal coordinate sys-
tem is obtained, transformation to XY-coordinate is straight-
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Fig. 1. Relative permeability with respect to stress and flux density

C. Stress Dependent Iron Loss Model

Bertotti’s statistical iron losses model [8] is developed for
this study, where the hysteresis and excess loss coefficients
are stress dependent.

pv = Chy(σ)fB̂
2 + Cedf

2B̂2 + Cex(σ)f
1.5B̂1.5 (6)

The hysteresis loss coefficient Chy and the excess loss coef-
ficient Cex including their stress dependency, are determined
experimentally using a modified Single Sheet Tester (SST)
that has a provision of unidirectional stressing. Similarly,
the classical eddy-current loss coefficient Ced is calculated
analytically (7) as the function of the conductivity λ and the
thickness d of the lamination, assuming uniform penetration or
distribution of the magnetic flux density along the lamination
thickness.

Ced =
λd2π2
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Finally, the components of the iron losses are computed as
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where, Bii,n is the nth harmonic of the magnetic flux density
obtained after projecting the flux density vector B in the
principal coordinate. N is the number of harmonics taken into
account, ωs is the frequency of the fundamental harmonic.

III. RESULT

A synchronous reluctance machine model was developed
using the COMSOL Multiphysic software. The mechanical
analysis was done utilizing the plane stress formulation, with
a 10µm of both stator-casing and rotor-shaft shrink-fit. Stress
due to centrifugal force of rotation was also included. Once
the stress distribution was determined, the method explained
in Subsections (II-A) and (II-B) was implemented in stator
and rotor iron parts. The stress dependent relative permeability

Fig. 2. Distribution of difference in flux density (with stress - without stress)

was determined experimentally, as shown in Fig. 1, and used
as the constitutive relation. Fig. 2 shows the distribution of
the difference in the flux density (i.e. with stress dependency
minus without stress dependency), in one of the stationary
conditions supplied with a constant current source.

IV. DISCUSSION AND CONCLUSION

From Fig. 2, significant difference in the flux density due
to material deterioration under stress, can be observed. In the
rotor, the variation is prominent at the iron parts between the
flux barrier slits. Additionally, in the stator the difference can
be observed at the base of the stator teeth and at the top of the
winding slots. Further evaluation of the stress effect on losses
along with the SST measurements to determine the stress
dependent iron loss model parameters (explained in Subsection
II-C) will be presented in the future full paper. Similarly,
the difference comparison as well as various levels of stress
dependency will also be investigated, i.e. stress dependent
relative permeability and/or stress dependent loss model.
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