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Study on the Effects of Stator Segmentation on the
Characteristics of an Electrical Vehicle Traction Drive

Abstract — To utilize manufacturing advantages, e.g. using pre-
wound single teeth, stator cores for electrical machines can be seg-
mented. The connection between the single teeth has to be me-
chanically sturdy, while the influence on the electromagnetic per-
formance must be minimal. The influences of the segmentation of
the stator and of the fit assembly with the stator housing are ex-
amined in this article with regard to the electromagnetic behavior.
The influence of manufacturing tolerances is considered as well.
First, the influence of mechanical stress on the magnetization be-
havior of ferromagnetic solids based on the magnetostriction and
the magneto-mechanical (Villari effect) is presented. Furthermore,
measurements of the Villari effect are presented, which are used to
model this effect in the electromagnetic simulation. Subsequently,
the fit assembly of the stator segments in the stator carrier is cal-
culated by means of a 2D finite element simulation. The mechani-
cal stress behavior and the deformation of the stator segments are
determined and analyzed for different tolerance levels. Using the
results of the mechanical simulation, the geometry for the electro-
magnetic simulation is derived. The machine is simulated in an
electromagnetic way, taking into account the stress dependent ma-
terial behavior. The influence of mechanical stress and the defor-
mation of the segments is studied. The flux density in the stator
yoke and the air gap of the machine, as well as the torque and the
iron losses are evaluated. The results are analyzed exemplarily for
the corner point of the machine with maximum torque. The differ-
ent tolerance positions of the machine are taken into account.

I. Iඇඍඋඈൽඎർඍංඈඇ

The increasing electrification of the automotive powertrain will
be significant in the next few years. It will lead to a growth
in the production of electrical machines [1]. In order to reduce
costs in the area of   large-scale production, automated production
of the electrical machines is necessary [2]. A challenge in the
automated production of electrical machines is the winding. For
electrical machines with concentrated windings, it is possible to
build up the stator segmented, so that the teeth can be wound
and insulated before assembly [3]. Concentrated windings offer
the advantages of a small winding head length and a high copper
fill factor [2, 4, 5]. When punching out the segments from the
electrical steel, this design also produces less waste [3, 6, 7].
The wound and insulated segments can be assembled in a stator
housing using a fit assembly which fixes the segments against
each other and is used as a torque support. The stator segments
are compressed during this process. This results in a mechan-
ical stress in the segments, which counteracts the deformation.
The magnetic behavior of soft magnetic materials shows a de-
pendence on the mechanical load [8, 9, 10]. The Villari effect
describes this behavior. So it can be assumed that the magneti-
zation behavior of electrical machines is influenced by the me-
chanical stress load of the fit assembly. Due to the segmentation,
additional air gaps are placed into the magnetic circuit. As a re-
sult of the fit assembly, displacements occur which can cause a
change in the air gap width of the machine.
The manufacturing process of electrical machines leads to de-
viations and uncertainties in the design. Like all manufacturing
processes, only a finite manufacturing accuracy is achievable,
so that each manufactured component has a deviation from its

ideal properties. In multi-stage manufacturing processes, these
deviations of the individual components accumulate, so that the
influence of manufacturing deviations in segmented electrical
machines must be considered separately.
The influences of the stator’s segmentation and of the fit assem-
bly are examined in this article with regard to the electromag-
netic behavior. The influence of manufacturing tolerances is
considered. As an example machine, a permanent magnet syn-
chronous machine with concentrated windings is selected. First,
the mechanical fit assembly of the stator segments in the stator
housing is calculated. The mechanical stress behavior and the
deformation of the stator segments are investigated and analyzed
for different tolerance levels. Using these results, the geometry
for electromagnetic calculations is then derived and the machine
calculated, taking into account the stress-dependent material be-
havior. Electromagnetic simulations are used to investigate the
influence of the mechanical stresses and the deformation of the
segments on the magnetic flux density in the stator yoke and in
the air gap of the machine, as well as on the torque and the iron
losses. The considered operating point corresponds to the cor-
ner point of the machine with maximum torque. The different
tolerance levels of the machine are taken into account.

II. Mൺඇൾඍංർ Mൺඍൾඋංൺඅ Bൾඁൺඏංඈඋ Iඇൿඅඎൾඇർൾൽ ൻඒ
Mൾർඁൺඇංർൺඅ Lඈൺൽ

A. Mൺඇൾඍඈ-Mൾർඁൺඇංർൺඅ Eൿൿൾർඍ

When a material is exposed to a magnetic field, deformation oc-
curs in the direction of magnetization. This effect was discov-
ered by Joule in 1842 and is called magnetostriction [11]. The
existence of the magnetostriction implies, conversely, that me-
chanical stress influence the magnetization behavior. If the me-
chanical stress acts only in one spatial direction, this effect also
leads to an anisotropic material behavior called the Villari ef-
fect [11]. For positive magnetostrictive materials, tensile stress
of the sample in the direction of the magnetic field results in
better magnetization behavior. The relative permeability µr in-
creases because the formation of a uniform domain is favored
by the tensile stress. The magnetization curve is steeper under
mechanical tension. For compressive stress, the material has a
poorer magnetization behavior. The magnetic permeability is
lower and the magnetization curve flattens off. If the hystere-
sis curves are considered instead of the magnetization curve, a
compression of the hysteresis curve for mechanical tensile stress
and an expansion of the hysteresis curves for mechanical com-
pressive stress can be observed. For a material with negative
magnetostrictive behavior, this effect reverses and the magneti-
zation increases at mechanical compressive stress.

B. Mൾൺඌඎඋൾආൾඇඍ ඈൿ Mൺඇൾඍඈ-Mൾർඁൺඇංർൺඅ Eൿൿൾർඍ

To measure the load-dependent material behavior, a standard-
ized single-sheet-tester measuring instrument with attached hy-
draulic cylinder as shwon in Figure 1 is used [12]. Through the
cylinder, a homogeneous mechanical stress of ±100 MPa can
be introduced into the sample. The force vector is collinearly
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Fig. 1. Single-Sheet-Tester with Hydraulic Cylinder.

-400 -200 0 200 400
Mech. Stress  in MPa

0

5000

10000

15000

R
el

at
iv

e 
P

er
m

ea
bi

lit
y 

r

0,5 T
1,0 T
1,5 T
1,8 T

(a) Extrapolation of measured values for relative permeabilty.
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(b) Extrapolation of measured values for specific iron losses.

Fig. 2. Extrapolation of measured values for (a) relative permeabilty µr and
(b) specific iron losses (at 50 Hz) dependent on mechanical stress σ for various
magnetic flux densities B.

imposed on the magnetic field vector, so that a scalar relation-
ship between the magnetic quantities and the mechanical stress
can be determined. The sample tends to bent under a compres-
sive mechanical load. A homogeneous mechanical force distri-
bution can only be guaranteed for a compressive stress under a
certain threshold value that mostly depends on the thickness of
the specimen. In this case the maximum adjustable mechanical
compressive stress in this series of tests is −20 MPa.
The material used for this series of measurements is electrical
steel grade M400-50A. The measurements are carried out along
the rolling direction. Further work in [13] explains the influence
of the rolling direction on the magnetic properties.

C. Mൾൺඌඎඋൾආൾඇඍ Rൾඌඎඅඍඌ

Figure 2 shows the characteristic stress-dependent magnetic ma-
terial properties, such as relative permeability curves and spe-
cific iron losses. A significant dependence of the magnetic prop-
erties on the mechanical stress can be observed. In particular,
mechanical compressive stress leads to a decrease in the rela-
tive permeability and an increase in specific iron losses. In the
tensile stress part, there may initially be a decrease in specific
losses before the losses increase in this area as well. The in-
crease is less pronounced than in the compressive stress range.
As explained in section B, sample bending limits the measurable
compressive stresses to−20 MPa. In the electrical machine, me-
chanical stresses outside the measuring range are expected due

to the structure of the fit assembly. For these areas, the magnetic
properties are expanded. Based on measurements from [14] for
higher mechanical compressive and tensile stresses and [8] for
mechanical stresses in the plastic range.
For tensile loads over 100 MPa, the relative permeability µr con-
tinues to decrease, but more slowly. With this behavior, the ma-
terial can be described up to the yield strength Rp0.2. In the
area of  plastic deformation, the permeability decreases almost
quadratically. After reaching Rp0.2, the relative permeability
drops within a few 10 MPa by a factor of two to three [8]. For
the losses, a similar, reverse behavior as for the relative perme-
ability can be seen. The losses increase steadily in the elastic
range and increase by a factor of two to three in the area of   plas-
tic deformation.
One way to set high compressive loads in a sample is to mea-
sure a sample as a lamination stack [14]. As the compressive
stress increases, a saturation effect in relative permeability oc-
curs. Relative permeability does not decrease significantly from
−150 MPa. The permeability in this range is independent on
the magnetic flux density B. The losses and the relative perme-
ability have a slight saturation effect for increasing compressive
load, too. However, they are still dependent on the magnetic flux
density B even under high compressive load. Findings on mate-
rial behavior can be confirmed with further measurements from
[15], [9] and [10]. The influence of axial mechanical stress on
the magnetic properties of non-oriented electrical steel is elabo-
rated in [16].

III. Mൾർඁൺඇංർൺඅ Mඈൽൾඅ

To determine the influences of the segmented stator design, a
mechanical simulation of the fit assembly connection is per-
formed. The mechanical stress in the stator segments is of spe-
cial interest, as well as the resulting radial displacement of the
stator tooth tip.

A. Mඈൽൾඅඅංඇ ඈൿ ඍඁൾ Fංඍ Aඌඌൾආൻඅඒ

Two approaches are possible for this kind of two dimensional
finite element simulation: The plain stress or the plain strain
approach [17]. The real behavior is in between both simulation
approaches and either one can be used for the present geometries
and properties. The plain stress approach is chosen because of
its tendency to depict a higher stress.
The mechanical simulation model consists of two stator segment
parts and the stator housing. They represent the smallest possi-
ble symmetry and are shown in Figure 3.
The middle of each stator segment is used as the symmetry
boundary condition and a frictionless contact is applied. For the
other contacts between stator segments and also between stator
segment and stator carrier a friction coefficient of 0.2 is sup-
posed. This matches the coefficient for static friction of steel
on steel [18]. The simulation assumes a symmetrical contact
behavior. To calculate the contacts the Augmented Lagrange
Algorithm is used [17, 19]. The mesh of the model considers
multiple influences. Because of its complex geometry it is not
trivial to calculate the deformation and resulting stress at the tip
of the stator segment key. The highest mechanical stress is ex-
pected at the tip of the key and the wings of the slot. Small air
gaps between the key and the slot geometry are also critical for
the calculations of the model. To avoid singularities and result-
ing convergency problems, the small air gaps cannot be meshed
too fine [19]. The same problem applies to the tip of the stator
segment key and slot. These points exhibit comparatively high



Fig. 3. Simulated symmetry and expected displacement (dashed).

stress and plastic strain and can cause convergency problems as
well [20]. The mesh for the mechanical model is balanced to
achieve the most accurate results while being robust against sin-
gularity effects at the contact surfaces.
The mechanical simulation is based on Hooke’s law for the cal-
culation of the elastic stress and strain. For the case of ideal
isotropy, assumed here, the Hooke matrix can be character-
ized by the Young’s modulus E and the Poisson’s ratio ν [21].
Hooke’s law only applies up to the proportional limit from which
on the mechanical stress does not correlate linearly with the me-
chanical strain. This then is called a plastic deformation [21]
for which a different calculation model is needed. The mate-
rial model of Ludwik is usually employed for mechanical sim-
ulations with small plastic deformations [22]. Such plastic de-
formations are only expected in the key slot area of the stator
segments. For the stator carrier a pure elastic material model is
applied. An electrical steel of the quality M400-50A with yield
strength of 340 MPa is used for the stator segments. The stator
carrier consists of an unalloyed steel with the quality DC04. To
quantify the mechanical stress the von Mises equivalent stress is
used. It is derived from the shape modifying energy of solid ma-
terials [23]. The equivalent stress model is applicable for ductile
solids and also represents the yielding region.
An alternative method to describe a stress condition is Mohr’s
circle. It projects a stress condition on a circle within a coor-
dinate system of the shear stress τ and the normal stress σ. A
comprehensive derivation can be found in [18]. According to
Mohr every stress condition can be transfered into a state with-
out shear stress. Therefore a coordinate system rotation is ap-
plied to the stress condition described by the normal stresses σx
and σy as well as the tangential tension τxy. In this state the nor-
mal stresses σ′

x and σ′
y are termed principal stresses. No shear

stress exists in the direction of the principal stresses [18]. This
transformation is necessary to map the mechanical stresses onto
the electromagnetic simulation since stress-dependent material
parameters are only available for uniaxial stress conditions. To
evaluate the deformations the von Mises displacement is used.

B. Iඇൿඅඎൾඇർൾඌ ඈൿ Mൺඇඎൿൺർඍඎඋංඇ Tඈඅൾඋൺඇർൾඌ

The described mechanical simulation of the fit assembly is now
used to evaluate the influences of the manufacturing tolerances
of stator carrier and stator segments on the mechanical stress
and displacement. The components exhibit four tolerances rele-
vant for the fit assembly. The inner diameter of the stator carrier
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(a) Principal effect diagram of the maximal von Mises stress.
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(b) Principal effect diagram of the maximal tooth tip displace-
ment.

Fig. 4. Results of the sensitivity analysis in the form of principal effect diagrams.

has a bidirectional tolerance range and therefore can show posi-
tive as well as negative deviations. The stator segment exhibits
unidirectional profile tolerances on all contact surfaces. These
only allow positive deviations. Because of the interaction of
key and slot the tolerances of this connection are not varied in-
dependently. The tolerances are varied in combinations which
represent the wear of the stamping tool. So for example both
tolerances of the stator segment are either nominal or maximal.
To study the influence of the manufacturing tolerances on the
target figures a sensitivity analysis is conducted. To identify in-
terdependencies as well as nonlinear influences a three stage full
factorial design of experiments is applied. The defined target
figures are the maximal von Mises stress in the stator segment
and the maximal displacement of the stator segment tooth tip.
The nominal model represents the manufacturing and assembly
of a dimensionally accurate stator. Originating from this refer-
ence point 26 more combinations are simulated.

C. Rൾඌඎඅඍඌ ൺඇൽ Dංඌർඎඌඌංඈඇ

The simulated results for each parameter variation are visualized
in the principal effect diagram in Figure 4.
The key slot tolerance (VN) exhibits the highest influence on the
occuring von Mises stress and the tooth tip displacement. The
stator outer diameter tolerance (SAD), which is significantly
smaller than the stator carrier inner diameter tolerance (STI),
shows little influence on the target figures. The evaluation of
the isolated principal effects shows a possible variation in stress
of over 100 MPa. The tooth tip displacement can vary around
0.1 mm. This can be translated into an air gap variation of up to
10 % for a 1 mm air gap.
The influence of the key slot geometry on the mechanical stress
shows a nonlinear behavior. This results from the mechanical
design of the stator segment connection. For the nominal ge-
ometry occurs only a slight deformation of the slot wings with
the aforementioned air gap between key tip and slot ground. For
higher pressings the air gap is eliminated and plastification oc-
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Fig. 5. Tangential-, shear- and radial component of the mechanical stress for the
nominal model.

curs in the key tip region. The hereby occurring stresses are
significantly higher compared to the nominal state without con-
tact in the key tip area. After the first plastification the stress
level only rises moderately even for higher pressings. The in-
fluences of the tolerances of stator carrier inner diameter and
stator segment outer diameter behave linearly. Equally linearly
behave the influences of all three tolerance ranges on the tooth
tip displacement. A significant interdependency is only appar-
ent between the parameters stator carrier inner diameter and key
slot for the target figure maximal stress.
The von Mises equivalent stress does not differentiate between
tensile and compressive mechanical stress. However the mag-
netic behavior of electrical steel differs significantly depending
on tensile or compressive stress. To analyze the stress states
in the machine a cylindrical coordinate system is used. This
enables the separation of the occurring mechanical stress in its
tangential, radial and shear component. The three stress compo-
nents for the nominal state are pictured in Figure 5. A positive
sign stands for tensile stress and a negative sign for compressive
stress.
The tangential stress component represents the largest portion
of the stress state. The stator carrier exhibits a sole tensile load
caused by the expansion. As expected the stator yoke exhibits
mainly compressive stress, except for the key slot area. The
radial and shear stress components are almost zero outside the
key slot area. At the outsides of the slot wings the extension
leads to compressive stress. Tensile stress is visible at the inner
side of the slot through the tangential stress component. At the
outer part of the key slot area occurs compressive stress in radial
direction. Radial stress is visible at the inside of the slot wing.
This radial stress arises because of the spreading of the wings.
Since the key slot geometry is not tangentially aligned, shear
stress is apparent as well. Only tangential compressive stress
would be visible in an unsegmented stator, opposed to the tensile
stress visible in the stator carrier. Yet the segmented design and
pronounced key slot geometry lead to a more complex stress
state.
Relevant parameter combinations are chosen to resemble limit-
ing cases and are simulated in addition to the sensitivity analysis.
The parameters are defined in a way that they represent the min-
imal, middle and maximal pressing. The von Mises stress of the

simulated limiting cases is pictured in Figure 6.
As expected, the results show significant differences between
the three cases. The radial displacement of the tooth tip can
vary between −0.148 mm and 0.03 mm whereby the negative
displacement represents an air gap width reduction. This means
that an air gap width variation of over 15 % is possible. This
can effect the torque and power output of the machine signif-
icantly [24, 25, 26]. The parameter combination for the min-
imal pressing shows stress levels of up to 200 MPa in the key
slot area. The stress is concentrated on the key slot area and
has almost no effect on the rest of the stator yoke. The middle
pressing case shows larger areas of the stator yoke under stress
and an average stress level of 70 MPa. The maximal pressing
exhibits mechanical stress up to 390 MPa in the key slot area
which leads to plastification. In this case the mechanical stress
level in the yoke is betweeen 90 MPa and 180 MPa. The results
of the mechanical simulation show a significant influence of the
parameters and their tolerance ranges on the resulting mechan-
ical stress and displacement. For this reason the transfer of the
stress and displacement results into the electromagnetic simula-
tion is necessary to asses the influence of the Villari effect and
the air gap width variation on different electromagnetic target
figures.

IV. Eඅൾർඍඋඈආൺඇൾඍංർ Mඈൽൾඅ

For the electromagnetic simulation of the considered machine,
the partial model of a pole pair is set up. By means of static
mechanical simulation – using the deformation solution of the
mechanical simulation – the geometry of the machine with de-
formed stator is built up. Subsequently, the boundary condi-
tions, the mesh and the suggestions of the electromagnetic sim-
ulation are described. The torque characteristics of the machine
are simulated and the iron losses are considered.
Equivalent to the procedure described in the Section III, a me-
chanical simulation of a pole pair is carried out with which the
geometry of the stator segments can be imaged after installation
in the stator carrier. A pole pair consists of three stator seg-
ments. For the three stator segments, the deformation solution
for each node of the model is calculated in the mechanical sim-
ulation. The deformed geometry is then used to construct the
pole pair model of the machine with windings, rotor and mag-
nets. The stator carrier is not considered for the electromagnetic
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Fig. 6. Von Mises stress for the minimal, middle and maximal pressing.



Fig. 7. Building procedure of electromagnetic model with consideration of de-
formation.
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Fig. 8. Stress states of the mechanical simulation model.

simulation. The procedure is shown schematically in Figure 7.

A. Mൾർඁൺඇංർൺඅ Sඍඋൾඌඌ Sඍൺඍൾ ൿඈඋ Eඅൾർඍඋඈආൺඇൾඍංർ
Sංආඎඅൺඍංඈඇ

Three stress components are required for the correct mapping of
the stress behavior in a plane stress state (see Subsection III-C).
In the yoke, a purely tangential tension occurs at some distance
from the connecting notch (see Figure 8a)). The radial com-
ponent and the shear stress component are negligibly small in
this area. The magnetic flux density B in the stator yoke can
be described, in a good approximation, by the tangential com-
ponent. The material is thus magnetized in the direction parallel
to the mechanical stress load. The mechanical stress state and
the direction of magnetization of an element in this region of the
stator can be well approximated by the measuring device from
Subsection II-B.
In the area of  the connecting notch, both radial and shear stress
components are present. In the following, the stress and magne-
tization state of a single element is considered in Figure 8. As
explained in Subsection III-A, the element can be transformed
by coordinate transformation into a state without shear stress
component. The two remaining stress components are principal
stresses. The magnetic flux density in the considered element
is no longer parallel to the mechanical stress load in the axial
direction. Therefore, the rotation angle Θ of the transformation
must be considered for a correct mapping of the magnetization
behavior.

Fig. 9. Mapping of stress condition in electromagnetic simulation.

Fig. 10. Comparison of magnetic flux densities for simulation (a) with and (b)
without consideration of mech. stress. (c) Flux density difference.

B. Mൾඍඁඈൽඈඅඈඒ

The applied methodology is shown in Figure 9. The value for
the mechanical stress is the von Mises stress value. For distin-
guishing between compressive and tensile loading, the sign of
the tangential stress components is added to this value. This al-
lows a mapping of the compressive and tensile stresses of the
material without neglecting large portions of the stress state in
the area of the connecting notch.

C. Mൺඇൾඍංർ Fඅඎඑ Dൾඇඌංඍඒ Dංඌඍඋංൻඎඍංඈඇ Iඇඌංൽൾ ඍඁൾ
Cඈඇඇൾർඍංඈඇ Nඈඍർඁ

For this study, the corner point (Iphase,1 = 320 A, γ = 210°) is
examined. This operating point describes the state of maximum
torque, in which large areas of the stator iron are in saturation.
Two simulations of the machine are performed to investigate the
influence of mechanical stresses on the flux density distribution
in the stator. In Figure 10, the magnetic flux density distribution
of the two simulation models at the beginning of the electrical
period is shown in the geometry. In addition, the difference in
the flux densities of the two simulations is shown in Figure 10c.
The strongest difference in the flux density behavior can be seen
in the region of the lower connecting notch of the pole pair. At
the points where the spring and the tip are connected together
and no air gap occurs, the flux density increases. In the area
of the air gaps, the flux density is lower. The upper and mid-
dle connecting notch of the pole pair have a magnetic flux den-
sity of 1.8 T at which the material is in saturation. The air gap,
which is in the range of 0.01 mm, is negligible in this case. At
this point, there are no differences in the flux density between
the two simulations at this operating point. The flux density is
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Fig. 11. Magnetic flux density inside air gap for initial geometry and maximale
negative displacement.

equally distributed in the yoke for both cases.
When comparing the simulation taking into account the stress in
Figure 10b with the simulation without consideration of the me-
chanical stresses in Figure 10a, the greatest changes occur in the
area of production and connection notch on. In the area of  the
manufacturing notch, the mechanical stress of 50 MPa causes
less flux in this area. Only in the area of   the lower connecting
notch. it is possible to detect a change in the magnetic flux den-
sity due to the mechanical stress. The material at the middle
and upper connecting notches is at about 1.8 T in saturation. In
saturation, the permeability is constant and independent of the
mechanical stress. Accordingly, there are no changes in the flux
density in this area. The lowest connecting notch has a magnetic
flux density in the range of 0.8 T. In this range of magnetization,
the mechanical stress has a significant influence on the flux den-
sity distribution in the notch. In the area of   the connecting notch,
flux density differences of up to 0.75 T occur (see Figure 10c).
The flux is forced out of areas of high compressive and tensile
load.

D. Mൺඇൾඍංർ Fඅඎඑ Dൾඇඌංඍඒ Dංඌඍඋංൻඎඍංඈඇ Iඇඌංൽൾ ඍඁൾ Aංඋ Gൺඉ

For the analysis of the flux density inside the air gap, the toler-
ance case of the maximum negative displacement at the air gap
and the flux density of the undeformed initial geometry are com-
pared. As described in Subsection III-C, the air gap height may
vary up to 15 % due to tolerances of the compression bond. Fig-
ure 11 shows the flux density in the center of the air gap for the
initial geometry and the deformed geometry at maximum nega-
tive displacement at the air gap.
In both cases, the stator model without connecting notch is used
for the calculation and the mechanical stress behavior of the ma-
terial is not taken into account. In the radial component of the
magnetic flux density, an increase in the magnetic flux density
due to the smaller air gap can be seen. Particularly in the area
of tooth tips, the flux density increases by approximately 0.1 T.
There is also an influence on the tangential flux density com-
ponent, whereby only an increase occurs in the region of the
tooth tips. The influence of the flux density changes due to the
displacement and the mechanical stress are examined in the fol-
lowing sections regarding torque and iron losses.

E. Aඇൺඅඒඌංඌ ඈൿ Tඈඋඊඎൾ

The mechanical stress of the material and the resulting change in
the magnetization behavior of the material have hardly any in-
fluence on the torque of the machine. The torques with and with-
out consideration of the mechanical stress in the case of nominal
overfitting are almost identical for both operating points. Since

no significant change in the magnetic flux density occurs for
the other tolerance cases, it can be assumed that the mechanical
stress has only a small influence on the torque of the machine,
even for the tolerance cases of the minimum, nominal and max-
imum overfitting. Accordingly, the changed magnetization be-
havior of the material has no appreciable influence on the torque
and causes only a changed flux path in the stator yoke in the
vicinity of the connecting notches. Due to the displacement of
the stator segments at the air gap is thus at a fluctuation of the air
gap width to the ideal dimensions by 14.8 %, for the maximum
torque of the machine by a fluctuation of the torque by 2.1 %
can be assumed. For lower torques, the influence of the air gap
width increases and the torque fluctuates up to 4 %. The results
are consistent with other studies in this area [24].

F. Aඇൺඅඒඌංඌ ඈൿ Iඋඈඇ Lඈඌඌൾඌ

This section examines the influence of stress on iron losses in
the stator of the machine. The stress-dependency on the specific
iron losses is described by the relation

pFe(σ,B, f) = pstat(σ,B, f) + pdyn(σ,B, f) , (1)

where pstat describes the static and pdyn the dynamic components
of the iron losses [9]. They show dependencies on the mechan-
ical stress σ, the magnetic flux density B and the frequency f .
The static losses pstat are calculated by

pstat(σ,B, f) = phys(σ,B, f) = a1(σ)·Bα0(σ)+α1(σ)·B ·f (2)

and the dynamic losses by

pdyn(σ,B, f) = pcl(B, f) + pexc(σ,B, f) + pnl(σ,B, f) , (3)

with
pcl(B, f) = a2 ·B2 · f2, (4)

pexc(σ,B, f) = a2 · a3(σ) ·B2+a4(σ) · f2 and (5)

pnl(σ,B, f) = a5(σ) ·B1,5 · f1,5 . (6)

a1 to a5 are the stress-dependent loss parameters used to de-
scribe the individual loss components.
The stress-dependent loss parameters are determined accord-
ing to [27]. Because of the stress-independent electrical con-
ductivity of the eddy current parameter, it also remains stress-
independent. The hysteresis curve is stretched for high compres-
sive and tensile loads and compressed for small tensile loads.
The hysteresis losses increase or decrease accordingly. The
component of the excess losses also responds to a mechanical
stress load.
With this method, the iron loss density in the stator yoke of the
machine is investigated for the case of minimum, nominal, half
and maximum overfitting. Subsequently, the iron losses of the
four tolerance cases at the operating point are calculated and
compared. The specific losses are shown in Figure 12 in the
machine geometry for the selected operating point and the tol-
erance case of the nominal overpass.
Figure 12a shows the specific iron losses of the machine without
consideration of the mechanical stress, Figure 12b with consid-
eration of the mechanical tension and Figure 12c shows the dif-
ference between the two loss densities. The corresponding flux
density solutions are used for the calculation with and without
consideration of the mechanical stress.
In the stator yoke, an increase of the specific iron losses can be
studied due to the compressive stress. In the area of  the connect-
ing notches occur both increase and decrease of the losses. First,



Fig. 12. Iron loss density (a) without and (b) with mechanical stress. (c) Iron
loss density difference.
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Tolerance
Level

Iron losses
w/o mech.
stress

Iron losses
w/ mech.
stress

Difference

Minimum
overfitting

816.00 W 858.60 W 5.26 %

Nominal
overfitting

822.39 W 878.54 W 6.83 %

Half over-
fitting

810.98 W 900.20 W 11.00 %

Maximum
overfitting

803.32 W 918.04 W 14.28 %

the lowest connecting notch of the pole pair is considered. At
this connecting notch, a decrease in the loss density at the outer
edges of the spring can be seen. In this area, an increase in losses
is actually expected due to the compressive stress. The connect-
ing notch has a flux density of approximately 0.8 T (see Fig-
ure 10). In this flux density region, due to the stress-dependent
permeability, a shift of the flux density occurs in the region of
the tensile stresses, which causes the flux density and thus also
the iron losses at the outer edges of the spring to decrease com-
pared to the simulation without consideration of the mechanical
stress. Conversely, a decrease in iron losses is to be expected
in the area of tensile stress. However, due to the shift in flux
density, there is an increase in iron loss in this area.
In the middle and upper connecting notch, the stator yoke has
a magnetic flux density of approximately 1.8 T (see Figure 10).
In this flux density range, the flux density in the stator yoke is
evenly distributed. At the outer edges of the spring, compres-
sive stresses increase the iron loss density of 60 W kg−1. In the
area of tension, under the spring, the loss density decreases by
−20 W kg−1 (see Figure 12).
Figure 13 shows the iron loss densities of the minimum, half,
nominal, and maximum overpass tolerances at the central con-
necting notch. The area in which the iron losses decrease due
to the favorable tensile stress, becomes smaller with increasing
stress load. The areas in which the compressive stresses and the
higher tensile stresses lead to an increase in iron loss, expand
with increasing stress. In addition, it comes for the tolerance
cases of half and the maximum overfitting, an increasing pres-
sure load at the top of the connecting notch. In the case of max-
imum overfitting, this leads to an increase of 80 W kg−1 at the
top (compare Figure 13d).
The iron losses of the machine averaged over an electrical period
are summarized in Table I for the four cases investigated.

(a) Minimum overfitting. (b) Nominal overfitting.

(c) Half overfitting. (d) Maximum overfitting.

Iron Loss Density in W/kg

Fig. 13. Iron loss densities at the central connection notch of the(a) minimum,
(b) nominal, (c) half and (d) maximum overfitting tolerances.

Even without consideration of mechanical stress, the four cases
show different iron losses. In the case of nominal overfitting
these are about 20 W larger than the maximum overfitting. This
difference is due to the different air gap widths of the four toler-
ance cases, which have an influence on the magnetic flux den-
sity B in the stator. This influence is much more pronounced in
the iron losses than in the torque, since the flux density is expo-
nential in the iron loss calculation. The iron losses increase sig-
nificantly, taking into account the mechanical stress. The iron
losses taking into account the mechanical stresses decrease in
percentage of the iron losses, without considering the mechani-
cal stress, from the percentage of 5.26 % at the minimum over-
pass to 14.28 % for the maximum overfit.

V. Cඈඇർඅඎඌංඈඇඌ

The construction of a segmented stator in a fit assembly leads to
a deformation and a mechanical stress on the electrical steel. The
mechanical simulation shows a mechanical stress load, which
fluctuates by more than 100 MPa due to tolerance influences.
The resulting displacement at the tip of the tooth in this case
leads to a possible air gap fluctuation of over 15 % relative to
the ideal geometry. Transmitted to the electromagnetic simu-
lation, this shows the main influence on the maximum torque
at the corner point of the electrical machine. The mechanical
stresses have a negligible influence on the torque. However, the
iron losses of the machine are influenced by the air gap height
and by the mechanical stresses as well. Taking into account the
mechanical stresses, the losses increase up to 15 %, compared
to simulations without considering the mechanical stresses.
For future investigations, the method for determining the ma-
terial behavior under tensile and compressive loading must be
improved so that a further range of stresses can be measured.
Of particular interest here are measuring devices that can make
a field distribution perpendicular to the mechanical load.
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