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Calculation of Force Excitations in Induction
Machines With Centric and Excentric Positioned

Rotor Using 2-D Transient FEM
Christoph Schlensok and Gerhard Henneberger

Abstract—The calculation of induction machines with squirrel
cages using the finite-element method (FEM) requires a transient
solving process. The rotation has to be taken into account. There-
fore, a rotating air gap is implemented. The formulation for the
transient solver is given. Finite-element models of an induction
machine with centrical and excentrical positioned rotor are cal-
culated. The formulation for the computation of the surface force
density on the stator teeth is presented. For both variants of the
induction machine, the forces are calculated and compared.

Index Terms—Excentricity, induction machine with squirrel
cage, surface force density, transient 2-D FEM calculation.

I. INTRODUCTION

DUE to fabrication tolerances, the rotors of electrical ma-
chines are usually not positioned centrically. In case of an

induction machine used as a power-steering drive, this affects
the acoustic behavior and, therefore, the customer satisfaction.
In order to estimate the effect of excentricity, the force density
on the stator teeth has to be calculated. In this paper, two variants
of an induction machine with squirrel cage are compared. The
rotor of the first variant is positioned centrically. In case of the
second variant, the rotor is shifted radially but is still rotating
around the stator axis. This kind of excentricity is called dy-
namic excentricity. Both variants are calculated with a two–di-
mensional (2-D)-transient solver, and afterwards, the force ex-
citations on the stator teeth are computed.

II. FORMULATION OF THE TRANSIENT SOLVER

The applied solver is part of an object-oriented solver
package [1]. The transient FEM formulation takes the rota-
tional movement into account, and two finite-element meshes
have to be handled. The 2-D -approach is node based. The
magnetic vector potential is used in all regions. The equation

(1)

has to be solved in the complete model and is given in
Galerkin formulation [2]. The material parameters and
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represent the nonlinear reluctivity and the linear conduc-
tivity. The shape function of an element is defined by .
Triangular-shaped elements are used. describes the
z-component of the given coil current-density as the only
excitation.

For linear interpolation of the time-dependent variables,
the first order time-step algorithm is applied, and can be
written as a function of time:

(2)

(3)

is the weighting parameter and set to according
to the Galerkin scheme [3].

III. FORMULATION FOR THE CALCULATION OF THE SURFACE

FORCE DENSITY

With the Maxwell stress tensor

(4)

an expression for the local surface force density is given [4]. The
index stands for the normal components of the vectors and

. is the normal vector of the boundary surface from region
2 to 1. and are the magnetic-coenergy densities of these
regions.

IV. FINITE-ELEMENT MODELS

For the regarded application, investigations have shown that
an induction machine with stator slots and
rotor bars provides a very good variant [5]. The lamination is
shown in Fig. 1. Although only two pole pitches are depicted,
the machine is modeled as a 360 -model since the number of
elements is small for 2-D calculation in general. The models
have about 25 000 first-order triangular elements and 12 500
nodes.

In Fig. 2, closeups of the air gaps of the centrical and the
excentrical model are opposed. To the left, the centrical model
is depicted. The air gap has a constant value of mm.
Next to it, the excentrical model is shown. The air gap differs
between and mm. The maximum air
gap is depicted. In both cases, the air gap has three layers of
elements in order to increase the exactness of the torque and
force calculation. This way, the nodes of the layer in the middle
that is sliced are assigned to one material only.
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Fig. 1. Lamination of the induction machine—two pole pitches.

Fig. 2. Closeups of air gap in centrical and excentrical model.

Fig. 3. Meshed excentrical air gap for excentrical model.

The rotating air gap requires circular revolution. In case of
the centrically positioned rotor, all three layers are formed cir-
cularly, but if the rotor is shifted into an excentrical position,
the air gap is asymmetrical and needs extra treatment. For both
models, the outer air-gap layer is connected to the stator and the
inner to the rotor. The middle layer is remeshed in each time
step. In order to keep good quality element shapes, the middle
layer is modeled as annulus again. In turn, this means that the
inner layer cannot be an annulus any longer. Hence, the outer
layer is circular. Fig. 3 shows this effect for the meshed model
on the narrow [Fig. 3(a)] and the wide [Fig. 3(b)] side of the
excentrical air gap. The layers are modeled equidistantly on the
narrow side.

V. TWO-DIMENSIONAL TRANSIENT FEM CALCULATION

In a first step, the two variants are calculated with the 2-D
transient solver. The point of operation is at min
with Hz. The sinusoidal stator current densities are
sampled with 64 steps per period. The resulting time step is

s. The torque, of which the time-dependent behavior
is depicted in Fig. 4(a), and the overall force are computed.

The average torque is not affected strongly by the excen-
tricity, as Table I shows [6], but for the overall forces, the ex-
centricity has very strong effect, as listed in Table I. The reason

Fig. 4. Time-dependent torque behavior.

TABLE I
TORQUE AND FORCE: AVERAGE VALUES

AND MAXIMUM RIPPLE

is rather trivial. The normal component of the electromagnetic
force between rotor and stator is much higher than the tangential
and axial components. If the rotor is positioned excentrically,
the radial force on the one side of the rotor is not compensated
completely on the opposite side. The force increases depending
on the extent of excentricity.

In Fig. 5, the force behavior of the absolute value and
the components and for the excentrical machine model
are depicted. The absolute value of the global force pulsates
strongly [Fig. 5(a)]. If the two components are regarded, the rev-
olution of the global force for dynamic excentricity can be seen
[7]. The x- and y-component are sinusoidal and have a phase
shift of .

The time-dependent force behaviors for both variants are an-
alyzed using the fast Fourier transformation (FFT). The results
are depicted in Fig. 6. Since the global force is very small in
case of the centrically positioned rotor, there is no reasonable
analysis possible in the spectrum. For the excentrical case, the
stronger excitation has a strong effect on the spectrum as well.
Next to the average value of the global force at Hz, there
are some further significant orders detected. These are located
at 301, 460, 480, 760, 942, 1242, and 1512 Hz. The rotor
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Fig. 5. Behavior of the global force in excentrical case.

Fig. 6. Spectrum of the global force.

speed 20 Hz is not found in the global force because of the
geometrically averaging of the x- and y-components.

VI. SURFACE FORCE DENSITY CALCULATION

In a next step, (4) is used to calculate the surface force den-
sity on the stator teeth. The force density is only computed to-
ward the air gap since the forces between the lamination and
the copper winding are much smaller. The main excitation will
appear in radial direction toward the rotor. Usually, the normal
forces are about 10 to 100 times or even more than the tangen-
tial ones, as described in Section V before.

Fig. 7 shows the surface force density-distribution for the
same time step for both variants. In case of the centrical variant,
the forces that occur on the one side of the stator are compen-
sated on the opposite side. If compared with the force excitation
for the excentrical case, the forces no longer have the same value
on the opposite sides. Consequently, they are not compensated.
The stator teeth are excited asymmetrically with the rotor speed
and higher orders of this.

Fig. 7. Surface force densities for both variants at same time step.

Fig. 8. Behavior of force density at one stator tooth element.

Fig. 8 shows the force excitation along the edge of one stator
tooth for both cases. The force density behaves similarly for
both variants. The maximum excitation reaches the same level
and is nearly the same for each ripple stemming from the slot-
ting of the rotor. Therefore, there is no significant difference for
the surface force-density excitation when the rotor is positioned
excentrically.
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Fig. 9. Spectrums of force density at one stator tooth element.

TABLE II
ORDERS AND VALUES OF SURFACE FORCE-DENSITY (f = 50:2 Hz STATOR

FREQUENCY, f = 20 Hz ROTOR SPEED)

Finally, the surface force density is analyzed using the FFT.
Fig. 9 shows the results for both variants. The significant fre-
quencies are others than those of the global force in Fig. 6. The
order of the force density and their values are listed in Table II.
The values for all detected orders, except for the first order of
the rotor speed, do not differ significantly, depending on the
variant. The orders found are next to twice the stator frequency,
the rotor-slot harmonics (26., 52., and 78.), and their modulation
with five times the stator frequency (21., 31., 47., and higher).
The only main difference between the excitation of the cen-
trical and the excentrical variant is the first order of the rotor
speed at Hz. The revolving force excitation found in
Fig. 5(b) is reflected here. The other orders enumerated above
are also modulated with in the case of the excentrical rotor,
as Fig. 9 shows. The orders found in the force-density excita-
tion fit those of structure-borne sound measurements made by
the project partner in industry, with the exception of the higher
orders of the stator frequency. Acoustic calculations have shown
that these are indeed negligible.

VII. CONCLUSION

In this paper, an induction machine with squirrel cage as
power-steering drive is calculated with a 2-D transient solver.

The machine geometry is varied by placing the rotor centrically
and excentrically. The torque and the overall force on the rotor
are computed and compared. Although the average torque and
its behavior are not significantly affected by the excentricity,
the overall forces rise strongly.

The surface force density on the stator teeth is calculated for
both variants. The excentricity has strong effect on the surface
force density distribution. The forces on the one side of the ma-
chine are no longer compensated on the other side. The stator
teeth are excited asymmetrically. This results in joggling forces,
which will generate extra noise.

The surface force density and the global force are analyzed
using the FFT. The orders found in the spectrum of the global
force do not match those of the surface force density, which is
reasonable since the overall force is a global value calculated in
the air gap and the surface force density a local value computed
for one stator tooth element. For both variants, the surface force
density shows the same significant orders plus some extra ones
in case of excentricity. The stator teeth are excited with twice
the stator frequency, with the first rotor slot harmonic, its mod-
ulation with twice the stator frequency, and with multiples of
these orders. In case of excentricity, the teeth are also excited
with rotor speed, and the orders mentioned before are modu-
lated with rotor speed as well.

Structure-borne sound measurements have shown that the or-
ders found in the analysis of the surface force density are respon-
sible for the noise caused by the induction machine. Dynamical
excentricity generates extra excitation and is responsible for jog-
gling forces. It is not as critical as expected.
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