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Abstract—Magnetic force excitations in the air gap of gen-
erators can lead to tonal noise emissions of direct-drive wind
turbines. Besides the magnetic circuit design, the generator air
gap topology has an impact on the excited vibration modes
and their frequencies, respectively. For the model-based analysis
of the excited force density waves, the spatial and temporal
distribution of the air gap magnetic flux density has to be modeled
accurately, since it is directly linked with the interfacial forces by
the Maxwell stress tensor. Electromagnetic simulations by finite
elements consider nonlinear effects, as e.g. saturation, and are
therefore convenient for the quantitative analysis. The processing
of finite element meshes for the stated purpose is however cum-
bersome, since many full-models of huge structures (multipole)
are necessary. Semi-analytical approaches using conformal maps
are efficient for analyzing air gap deformations linearly, even
though they do not consider the saturation behavior implicitly.
In this work, an efficient hybrid approach for the modeling of
force excitations by multipole generators considering air gap
imperfection is presented. The calculation method combines elec-
tromagnetic 2D-finite-element results of symmetrical units with
permeance functions of deformed air gaps obtained by conformal
mapping to study the spatial and temporal shape of excited force
density waves along the whole generator circumference.

Index Terms—Generators, Acoustic Emission and Vibration,
Modeling, Air Gap Imperfections, Nonuniform Air Gap

I. INTRODUCTION

The design and analysis of mechatronic systems require
holistic model approaches. In case of wind turbines, this
assumption means that models have to consider a coupling
between e.g. electromagnetic, mechanical (e.g. structural dy-
namic) and thermal phenomena. Using the example of air gap
topologies of direct-drive generators, it is evident that this
interaction is pronounced: Eccentricity caused by unbalanced
pull exerted at the wind rotor or thermal expansion due to
the dissipation of ohmic loss energy of electrical currents
lead to a deformation of the air gap. According to Ampère’s
circuit law, the magnetic flux density depends on the local
air gap width. Since magnetic forces occurring at material
transitions adjacently to the air gap are directly correlated with
it, the shape and amplitude or rather the spatial and temporal
distribution of those force excitations are affected. This may
result in turn to a deviation of the rated operational behavior

predicted in the course of the design process: The vibrational
as well as acoustic characteristics of the wind turbine change.
Related to their low-speed and high-torque design, gearless
wind turbine generators are multipole synchronous machines
[1]. The finite element (FE) based electromagnetic analysis
of the entire topology is very cumbersome. Therefore, partial
models representing a symmetrical unit of the machine as-
suming ideal or uniform air gap conditions are usually solved.
When studying air gap imperfections, the smallest symmetrical
unit might be the full geometry in case of an asymmetric
deformation. Particularly eccentricity, that can occur statically
and dynamically, is under the scope of electrical machine
studies in terms of unbalanced magnetic pull or additional
excited vibration modes [2]. Semi-analytical modeling ap-
proaches based on conformal maps are motivated to consider
both, the aforementioned effects and the intrinsic geometry of
rotating electrical machines, as e.g. the slotted magnetic flux
leading core, qualitatively [3]. Nevertheless, these approaches
assume a linear material behavior that is equivalent to infinite
permeable electrical steel. Magnetic saturation is consequently
neglected. Direct-drive wind turbine generators are designed
to operate in saturated state. It saves material and therefore re-
duces the weight of the generator which has a high proportion
of the total nacelle weight in those applications. This work
presents an efficient hybrid modeling approach combining
numeric and semi-analytic models to consider both impacts,

• arbitrary air gap deformations,
• nonlinear material behavior (saturation) on the spatial and

temporal distribution of magnetic force excitations.

In chapter 2, magnetic field- and force calculation methods
of electrical machines, namely conformal mapping (CM),
finite element method (FEM) and the Maxwell stress tensor
formulation are presented. Based on these methods, the hybrid
modeling (HM) is derived and evaluated exemplary for no-load
and loaded operation conditions in chapter 3. The results are
concluded and an outlook for future studies is given in the last
chapter 4.



II. 2D-MAGNETIC FIELD AND FORCE CALCULATION
METHODS OF ELECTRICAL MACHINES

A. Conformal Mapping

Conformal mapping is used to transform a complex geo-
metrical setup, as e.g. the topology of an electrical machine,
into a specific geometrical shape. An electromagnetic field
problem is then solved in this simplified geometry by using
analytical functions [4]. The inverse transformation gives the
desired field quantities in the original machine topology. The
mathematical fundament of conformal maps are holomorphic
permeance functions that describe the transformation of the
geometry [5].
In [6] an analytical description of a magnetic scalar potential
Ω, which is caused by a line current that is located between
two infinite permeable concentric cylinders with a constant
distance, is presented. Based on this potential formulation,
the spatial and temporal distribution of the air gap magnetic
flux density can be derived. The transformation to this annular
geometry is performed with the aid of three conformal maps
presented below [7]. Due to the geometrical setup, it is
sufficient to only model one rotor and stator pitch respectively.

1) s-to z-plane (Logarithmic Mapping): All characteristic
points of the original geometry of one rotor pole or stator slot
are described by a radius R from the center of the machine
and an angle α towards the horizontal axis:

s = R · ejα. (1)

For the transformation to the z-plane the function

z = f(s) = log s = logR+ jα (2)

is used. The function f(s) represents a rectification of the rotor
and stator geometry respectively.

2) z- to w-plane (Schwarz-Christoffel Mapping): With the
aid of the Toolbox by T. Driscoll [8] all points in the z-
plane are transformed into the w-plane, where the rotor and
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Fig. 1. Schematic flow chart of the transformation of the geometry.

stator geometry are represented by two opposing rectangles.
The exact functional context of the transformation function
cannot be stated in a closed form since an integral expression
is solved numerically [6].

3) w- to ψ-plane (Exponential Mapping): The geometrical
points in the ψ-plane can be described by the conformal map
[9]

ψ = h(w) = exp

(
τ

∆V
·
(
w +

∆U

2

))
. (3)

In (3) τ denotes the angle of one pole pitch or one slot
pitch. The variables ∆U and ∆V depend on the geometric
properties in the w-plane [10]. Since the mapped geometry
has now the aforementioned cylindrical shape (see figure 1),
the magnetic scalar potential Ω in the air gap, denoted by
the red dashed line in figure 1, can be calculated with the
potential formulation stated in [6]. Hereby, each winding with
a current I is transformed into an infinitely long line current
at a certain fixed position in the air gap. The corresponding
radial and tangential component of the air gap magnetic flux
density are given by

~Bδ = −µ0 · ∇Ω = Bδ,rad · ~erad +Bδ,tan · ~etan. (4)

In order to transform the magnetic scalar potential from the
ψ-plane to the s-plane, a complex valued permeance function
λ is defined that describes the mapping of the geometry:

λ =

(
∂ψ

∂w
· ∂w
∂z
· ∂z
∂s

)
· 1

λ0
= λrad + jλtan. (5)

The real part is defined as the radial component and the
imaginary part as the tangential component. The conformal
transformation of the topology leads to a scaling of the
geometric properties. For this reason, a real valued permeance
function λ0 is introduced. It describes the transition from the
slotless geometry in the original s0-plane to the ψ-plane [10].

λ0 =

(
∂ψ

∂w
· ∂w
∂z
· ∂z
∂s0

)
. (6)

The resulting permeance function λ describes the transition
of the air gap magnetic flux density Bδ,ψ from a cylindrical
slotless air gap geometry towards the magnetic flux density
Bδ,s in a slotted geometry [11]:

Bδ,s := Bδ,rad+jBδ,tan = (Bδ,ψ,rad+jBδ,ψ,tan)·(λrad+jλtan)∗.
(7)

The permeance function can be evaluated physically and
geometrically. From the geometric point of view, the perme-
ance describes the conformal transformation of the slotted
stator with λS and the sinus pole rotor geometry with λR
respectively. It defines in which way the radial and tangential
component of the air gap magnetic flux density change by the
effect of stator slotting and the presence of rotor poles. Based
on the physical definition

λ ∝ Θ

Φ
(8)

is valid, where Φ is the magnetic flux and Θ is the magneto-
motive force correlating with the electrical current. Therefore,



the permeance quantifies how much magnetic flux at a certain
magnetomotive force can pass a geometric unit.

B. Finite Element Method

For complex geometries, like slotted rotating field electrical
machines, a direct analytical solution of the local magnetic
field by Maxwell’s equation is not possible. Therefore, the
considered domain, on which the field solution should be
obtained, is subdivided into small segments of triangles that
are called finite elements.
For the quasistatic case, the magnetic vector potential ~A is
solved at every node of each triangle [12]:

∇×
(
ν∇× ~A

)
= ~Js. (9)

The vector source current density of the coils is denoted by
~Js and ν is the highly nonlinear reluctivity of the electrical
steel. Based on the obtained magnetic vector potential the
magnetic flux density can be determined on the complete
solution domain with

~B = ∇× ~A. (10)

In the following, FE-simulations are conducted by an in-house
software environment.

C. Magnetic Air Gap Forces

Based on the spatial and temporal distribution of the air gap
magnetic flux density, the electromagnetic force excitation in
the generator can be calculated. For 2D-problems follow from
the Maxwell stress tensor both the radial and tangential force
density formulation:

σrad (φ, t) =
Bδ,rad

2 (φ, t)−Bδ,tan2 (φ, t)

2µ0
, (11)

σtan (φ, t) =
Bδ,rad (φ, t) ·Bδ,tan (φ, t)

µ0
. (12)

Analog to the air gap magnetic flux density, the magnetic
forces are a function of the circumferential position and time.
Using a 2D-Fourier transformation (2D-FFT), their periodicity
in time and space can be analyzed [13]. The spatial dimension
is linked to the circumferential angle φ and indicates the mode
number. The frequency of the propagating force wave depends
on its temporal periodicity during one mechanical rotation.

D. Evaluation of Field Calculation Methods

CM offers the possibility to model diverse 2D-geometries
by the definition of permeance functions. It allows the consid-
eration of changing geometric properties by recalculating the
permeance functions very efficiently. The semi-analytical cal-
culation approach using conformal transformations describes
the air gap magnetic flux density composed in its radial and
tangential component that can be used to derive the corre-
sponding magnetic force densities. The major disadvantage
is that magnetic saturation is not considered since rotor and
stator iron are assumed to be infinite permeable. For this
reason, occurring nonlinear effects cannot be described. FEM

represents an accurate modeling of electrical machines with
complex 2D-and 3D-geometries. A holistic solution of the
electromagnetic field quantities is obtained, since the consid-
eration of the material characteristic B(H) of the rotor and
stator iron allows to evaluate the effect of magnetic saturation
on the air gap magnetic flux density. The main drawback is the
cumbersome preprocessing and the processing itself that are
the creation of several models and meshes of the machine to
account for different air gap imperfections and the correspond-
ing calculation times, respectively. These disadvantages are
particularly pronounced for multipole synchronous machines,
as those used in gearless wind turbines, whose full-models
involve even higher computational efforts.
In order to analyze the plane effect of air gap imperfections,
the use of conformal maps is preferable. The crucial advantage
is that the geometrical deformed air gap topology can be
modeled separately. The change of the air gap width along
the circumference δ(φ) can be described by an own permeance
function λDeformation that is defined as

λDeformation(φ, t) =
δ0

δ(φ, t)
, (13)

where δ0 is the nominal air gap width and δ(φ, t) denotes
the air gap width function of the deformed topology [2]. The
total air gap describing permeance function is then given by
the product of the individual geometry describing permeance
functions

λδ (φ, t) = λR (φ, t) · λS (φ, t) · λDeformation(φ, t). (14)

Therefore, the spatial and temporal distribution of the air
gap magnetic flux density is affected by the deformation
permeance function by multiplication according to (7) in the
conformal mapping approach. The real valued property of
the deformation permeance function also implies that any
nonlinear effect due to an air gap imperfection is neglected
intrinsically.

III. HYBRID MODELING APPROACH

In the hybrid modeling approach solutions from CM and
FEM are combined. The basic idea is to keep the advantage
of CM to describe air gap imperfections efficiently. The impact
of magnetic saturation on the air gap magnetic flux density,
calculated with CM, is considered by a complex valued
function χ

sat
which is parameterized by FE-solutions.

A. Comparison of FEM and CM

Figure 2 and figure 3 show for two different rotor excitation
currents if,1 = 0.1 · if,N and if,2 = if,N and the nominal air
gap width under no-load operation the course of the radial
component of the air gap magnetic flux density over two pole
pitches at a fixed time instant using CM and FEM. From
figure 2 follows that both calculation methods lead to a similar
result concerning amplitude and shape when the influence
of magnetic saturation is negligible. Ignoring the effect of
magnetic saturation leads to an error of the amplitude of the air
gap magnetic flux density. By the use of CM, the peak value



Fig. 2. Comparison of the radial component of the air gap magnetic flux
density calculated with CM and FEM in no-load operation at an excitation
state of if = if,1.

Fig. 3. Comparison of the radial component of the air gap magnetic flux
density calculated with CM and FEM in no-load operation at an excitation
state of if = if,2.

is unphysically high. Moreover, magnetic saturation influences
the shape and by this, the harmonic content of the air gap
magnetic flux density and the linked magnetically excited force
waves (see figure 3).
Figure 4 and figure 5 show the 2D-FFT of the radial force
density on a logarithmic scale using CM and FEM over
η = ±10 spatial and ν

p = 24 frequency orders. The frequency
orders are normalized to the pole pair number p for sake
of a wide-ranging representation. By the comparison of the
spectra, it can be seen that the saturation of the iron changes
the magnetic force spectrum in terms of additional frequency
orders. Subsequently, two differences in the results of the semi-
analytical approach occur compared to those of FEM:

• additional frequency orders are excited in accordance
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Fig. 4. Spectrum of the radial force density calculated by CM in no-load
operation at an excitation state of if = if,2.
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Fig. 5. Spectrum of the radial force density calculated by FEM in no-load
operation at an excitation state of if = if,2.

with reference [14] and
• the amplitudes of the force waves are overestimated.

Therefore, CM in this form is not well suited in order to
analyze the excited magnetic forces in saturated operating
states.

B. Model Parametrization

The decreasing permeability of electric steel, that is the
capability of conducting magnetic flux at a certain magne-
tomotive force, at magnetic flux densities beyond B ≈ 1 T
has the consequence that an increase of the electromagnetic
excitation cannot be transferred linearly into a rise of the
magnetic flux density. Referring to (8), the general idea is to
adjust the air gap permeance function. Influencing parameters
are the air gap width at a certain circumferential position



and time instant as well as the applied magnetomotive force
according to the relation

Bδ ∝
Θ

δ
. (15)

In [7] it is suggested for considering magnetic saturation to
fictively enlarge the air gap under each tooth based on the
magnetic voltage drops in the neighboring teeth and the yoke.
In the case of a multipole direct-drive generator, this procedure
would increase the calculation time significantly since for
every time step a nonlinear system of equation has to be
solved and the corresponding values of the magnetic field
strengths have to be interpolated. Another disadvantage of this
methodology is that, in the case of air gap imperfections, the
air gap width under each tooth is not constant. A magnetic
circuit modeling approach presented in [15] would also assume
a uniform air gap width under each tooth. Moreover, the
physically correct value of the average magnetic flux density
in the stator teeth has to be available.
In order to adjust the original air gap permeance function
in no-load operation, a complex valued saturation permeance
function is defined:

χ
sat

=
Bδ,FEM (if , t, φ, δ)

Bδ,CM (if , t, φ, δ0)

= χsat,rad (if , t, φ, δ) + jχsat,tan (if , t, φ, δ) .

(16)

The data basis of the parametrization of the saturation perme-
ance function are FE-field solutions of the air gap magnetic
flux density. The field solutions are obtained

• over one field periodicity for the symmetric geometry
(e.g. a double pole pitch),

• for a given set of excitation currents if and
• at equally spaced constant air gap widths δ over one field

periodicity.
Figure 6 illustrates an excerpt of the radial component of
the saturation permeance function calculated at the nomi-
nal excitation current and the nominal air gap width. The
circumferential points with a rather constant value indicate
the location of a stator tooth. An increased saturation state
is linked to a decreasing value of the saturation permeance
function. The high harmonic content in the saturation per-
meance function emphasizes the nonlinear relation between
magnetomotive force and the spatial distribution of the air gap
magnetic flux density, which is neglected by the conformal
mapping approach. The dependency on time and space of
the saturation permeance function is due to the fact that at
a fixed circumferential position, the saturation state in the
iron changes with the revolution of the rotor. Likewise, at a
fixed time instant, the saturation state of the teeth along the
circumference is different. For the calculation of the spatial
and temporal distribution of the air gap magnetic flux density
in case of a non-uniform air gap topology, the saturation
permeance function becomes a look-up table (LUT). For a
fixed excitation current if,set and for each time step tset, the air
gap width δ at each circumferential position φset is the input
parameter to the LUT. A complex value of χ

sat
is interpolated

Fig. 6. Excerpt of the radial component of the saturation permeance function
at an excitation state of if = if,2 and the nominal air gap width.

and multiplied to the value of the air gap magnetic flux density
Bδ,CM (if,set, tset, φset, δ0) obtained by CM at the nominal air
gap width. This procedure is applied for all time steps and all
spatial discretization points along the air gap circumference.
The air gap magnetic flux density using HM is obtained in an
arbitrary deformed air gap shape by

Bδ,HM (if,set, tset, φset, δ) =

Bδ,CM (if,set, tset, φset, δ0) · χ
sat
.

(17)

Figure 7 shows the flow chart of the procedure for determining
the complex factor χ

sat
and the force densities originat-

ing from the air gap magnetic flux density calculated with
HM. The circumferential varying air gap width changes the
saturation sate in the rotor and stator iron. The saturation
permeance function is parametrized by an arbitrary air gap
deformation and is, therefore, not constant but dependent on
the circumferential change of the air gap width. In conclusion,
HM is a reconstruction of the air gap magnetic flux density
calculated with FEM for circumferential varying air gap widths
evaluated in the middle between rotor and stator. The basis
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L
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T

χ
sat

Bδ,CM (if,set, tset, φset, δ0)

Bδ,HM

σrad σtan

Fig. 7. Methodology to identify the complex number
χ
sat

(
if,set, tset, φset, δset

)
and to calculate the resulting force densities.
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of the reconstruction is the air gap magnetic flux density at
the same magnetomotive force and the nominal air gap width
calculated with CM.

IV. APPLICATION OF HM

The hybrid modeling approach is applied in order to analyze
the radial and tangential force excitation in no-load and full-
loaded constant power operation region, assuming a purely
sinusoidal current stator excitation, for an experimentally
measured air gap imperfection.

A. Measured Air Gap Shapes

Figure 8 shows the measured air gap width functions at
the tower side (TS) and rotor hub side (RS) normalized to
the mean value of the air gap width function at TS. The
air gap width is read out by a sensor on the rotor during
one mechanical rotation. Therefore, the air gap deformation
is static meaning that the air gap width function δ(φ) is only
dependent on the circumferential position and not the time
instant. The extent and shape of the air gap imperfections
varies from TS to RS significantly.
The spatial Fourier decomposition of the air gap width func-
tions at RS and TS normalized to their respective mean value
is shown in figure 9. The Fourier decomposition of the air gap
width function enables to detect and analyze the shape of the
specific imperfection. At RS, the air gap has an oval shape
compared to TS. Moreover, the non-null spatial harmonic
order k = 1 indicates a slight eccentric rotor position, whereas
the harmonic order k = 2 correlates with the oval air gap
shape. Higher spatial harmonic orders are related to

• randomly distributed manufacturing tolerances of the
active materials or

• thermally induced rotor or stator deformations.
The latter imperfection type is motivated by the specific fixing
of the stator and rotor in the wind turbine [16]. At elevated
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Fig. 9. Normalized spatial spectra of the air gap width functions at the tower
side (TS) and rotor hub side (RS).

temperatures, the active materials bulge between the fixings.
The symmetry of the resulting air gap shape and therefore
the predominant spatial harmonic order in the air gap width
function is directly linked with the number of carrier arms.

B. Analysis of Electromagnetic Force Excitations in Deformed
Air Gaps

As an example application of HM, the impact of the
deformed air gap shape at RS on the electromagnetic force
excitation is studied.

1) No-Load Operation: The methodology shown in figure
7 is used to calculate the spatial and temporal distribution of
the electromagnetic force excitations in the radial direction
at the nominal excitation current. Figure 10 illustrates the
spatial distribution of the resulting air gap magnetic flux
density. Compared to the CM approach, the spatial distribution
is not just linearly scaled with the deformation permeance
function and the peak amplitudes remain in physically sensible
boundaries determined by the saturation state. Figure 11 shows
the 2D-FFT of the radial force density up to twice the
slot harmonic frequency order ν

p = 24. The spatial orders
η = 1, 2, 4 are primarily related to the ovalization and the
slight eccentric rotor position. Excited force waves of higher
spatial orders are due to mutual convolutions of non-null
harmonic orders in the air gap width function and possibly
numerical noise caused by the interpolation methodology.

2) Full-Loaded Operation: In full-loaded operation, the
superposition of the separately calculated stator and rotor field
in the middle of the air gap, as it is assumed by CM, does
not lead to a physically correct distribution of the air gap
magnetic flux density. The reason could be a saturation state
dependent parametrization of the rotor permeance function
under the presence of a stator field. Hence, the saturation
permeance function from (6) is purely mathematical. In this
case, the spatial and temporal distribution of the air gap
magnetic flux density is determined by the direct interpolation
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Fig. 10. Spatial distribution of the air gap magnetic flux density at RS
calculated with HM in no-load operation at the nominal rotor excitation state.
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Fig. 11. Excerpt of the spectrum of the radial force density at RS calculated
with HM in no-load operation at the nominal rotor excitation state.

between the corresponding FE-solutions. The input parameters
to the LUT are extended by the stator current components at
the considered operating point. Nevertheless, the original HM
methodology can also be applied to the here mathematically
defined saturation permeance function either way.
Figure 12 illustrates the spatial distribution of the radial and
tangential component of the resulting air gap magnetic flux
density. The rotor excitation and the related stator current are
so high such that the saturation state remains nearly unchanged
even at an increase or decrease of the air gap width. Hence, the
effect of the circumferential varying air gap width is damped
by the magnetic saturation of the rotor and stator iron. In full-
loaded operation the peak value of the tangential component
of the air gap magnetic flux density is approximately one half
of the radial one. In consequence, the tangential force waves
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Fig. 12. Spatial distribution of the air gap magnetic flux density at RS
calculated with HM in full-loaded operation.
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Fig. 13. Excerpt of the spectrum of the radial force density at RS calculated
with HM in full-loaded operation.

with spatial orders η 6= 0 contribute to the structural dynamic
excitation of the stator core, additionally [17] [18].
Figures 13 and 14 show the 2D-FFT of the radial and tan-
gential force density up to twice the slot harmonic frequency
order. The spectra of the radial force density in no-load
and full-loaded operation especially differ in the amplitudes
of components with the first slot harmonic frequency order
ν
p = 12.

V. CONCLUSION AND OUTLOOK

A novel hybrid modeling approach, that allows to describe
and analyze the impact of magnetic saturation on the dynamic
force excitation in a multipole electrical machine efficiently, is
presented. It combines the advantages of the semi-analytical
CM and the numerical finite-element-based calculation ap-
proaches. Time consuming FE-simulations only have to be
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Fig. 14. Excerpt of the spectrum of the radial force density at RS calculated
with HM in full-loaded operation.

carried out over one symmetrical unit of the machine at
different but constant air gap widths at the studied operational
points.In case of wind turbine generators, these are based on
characteristic curves derived in the design process.
The HM-approach considers the nonlinear material behavior
of iron by the adjustment of the air gap permeance function
based on the saturation state of the machine. In contrast to the
FEM, no holistic solution of the electromagnetic field problem
is obtained. Analogously to CM, only the spatial and temporal
distribution of the air gap magnetic flux density is calculated,
which is almost sufficient to analyze the electromagnetic force
excitation. The simulation and calculation time are, when
compared to FEM, significantly reduced. Nevertheless, the
influence of magnetic saturation on the electromagnetic force
excitation under the influence of an air gap imperfection can be
modeled and described with plausible and quantifiable results.
The HM approach is motivated for multipole machines as
direct-drive synchronous generators in wind turbines. The
reconstruction of the air gap magnetic flux density relies on
the here valid assumption that the air gap width difference
for physically sensible air gap deformations between rotor
poles, through which the magnetic flux paths are closed, is
negligible small. Due to the nonlinearity of the distribution of
the air gap magnetic flux density, a shape preserving piecewise
interpolation method may be used [19]. It is further thought
that the efficiency of HM can be increased and the slight
numerical noise in the spectra of the force densities, occurring
especially for unsymmetrical deformations, can be reduced by
the use of Chebyshev nodes for the choice of the grid points
for the reference solution of the air gap magnetic flux density
calculated with FEM. The validation of those assumptions
as well as a comparison to full model FE-solutions, also
considering deformed air gaps in 3D, is the matter of ongoing
research.
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