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This paper deals with the study of static and dynamic rotor eccentricities of a synchronous generator using 3-D FEM. First, both
eccentricity cases are introduced, as well as the used approach. Then the models of the structure, based on the magnetic scalar potential
formulation and on the magnetic vector potential formulation, are presented. Two eccentricity modeling methods are introduced, the
2-D eccentricity and the 3-D eccentricity. Results obtained for magnetostatic and magnetodynamic cases related to both defects and their
combination are presented and discussed.

Index Terms—Fault diagnosis, finite element methods, magnetic flux measurement, turbogenerators.

I. INTRODUCTION

S YNCHRONOUS generators are widely used in high power
conversion plants and their predictive maintenance consti-

tutes a very important task in order to avoid an interruption of
production. Therefore, the forecast and/or the detection of even-
tual defects are essential.

A very common defect in the rotor of such generators is ec-
centricity. Many techniques for diagnosis of this type of failure
have been proposed, including analysis of the current in parallel
windings [1], analysis of the rotor and stator vibrations [2], anal-
ysis of the shaft voltage, use of capacitive sensors [3] and use of
flux probes in the stator iron stack [4]. A 3-D model of rotor ec-
centricity with force analysis has already been presented [5], but
only static eccentricity was analyzed. Another approach is based
on the measure of the magnetic field density in the air gap of the
machine [6]. In this paper, we focus on this last method using
numerical modeling to find signatures of eccentricity defects
to detect them. Furthermore, to avoid numerical errors which
can occur using different meshes, we introduce a simple proce-
dure which leads to study the operating of the machine in both
healthy and defected cases using the same mesh.

In this paper, we present the study of the rotor static and
dynamic eccentricities of a synchronous generator using 3-D
finite element analysis. Once both defects and the detection
method presented, we introduce the used 3-D-FEM model
which is based on the scalar and on the magnetic vector
potential formulations. Both 2-D and 3-D eccentricity cases
are investigated. Results for a specific synchronous generator
are given for both defects and their combination. In the case
of 2-D eccentricity, the calculations are achieved using both
potential formulations to compare the results obtained by both
approaches. Then, the effects of the induced currents in the
damping bars on the defect signatures are highlighted.

In the case of 3-D eccentricity, calculations have been carried
out using the scalar potential formulation and the results are
compared to the 2-D case signatures.
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Fig. 1. Eccentricities: (a) static; (b) dynamic.

Fig. 2. Measurement method.

II. ECCENTRICITY CASES

Generally, we can distinguish two eccentricity cases. In the
static case, the rotor turns around its own rotation axis but this
one is displaced with regard to the stator axis [Fig. 1(a)].

In the case of dynamic eccentricity, the center of the rotor
axis is the same as the center of the stator one, but it does not
correspond to the rotation axis of the rotor [Fig. 1(b)]. These
cases can be found alone or combined. When they are combined,
the center of the rotor is not the same as the center of the stator
and the rotor rotation axis is displaced.

III. MEASUREMENT METHOD

It must be noticed that, in the experimental detection of these
defects, when measuring the magnetic flux density signal on
only one point of the machine air-gap, it is impossible to verify
whether there is a static eccentricity or not, because there is no
variation of the radial flux in only one point. To overcome this
problem, two 90 spatially shifted signals, in the case of a 2 pole
pair machine, are measured. These signals are then added and
treated with the Fast Fourier Transform (FFT) (Fig. 2).
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In the case of a healthy machine, the measured magnetic flux
densities are in phase opposition and their sum is normally nil.
On the other hand, in the case of a defect, the sum of both signals
is no more nil. Then, a FFT study of the resultant signal leads
to specific harmonics which could be used as signatures of the
different eccentricity cases.

IV. FINITE ELEMENT METHOD APPROACH

To study the structure, we use 3-D finite element method. In
the magnetostatic case, the computation is carried out with the
magnetic scalar potential formulation

(1)

with the magnetic permeability and the magnetic field due
the current density, and the magnetic vector potential formu-
lation

(2)

with the magnetic permeability and the current density.
For the conductive region (damper bars), - formulation is

used to compute the eddy current

(3)

with the electrical conductivity and the electrical scalar po-
tential.

In the 2-D case, formulation needs fewer unknowns than
formulation while it is the opposite in 3-D. Consequently,

to spare computations time, it is more interesting to use the
formulation in 2-D cases and the formulation in 3-D ones.
Furthermore, the magnetic materials are modeled taking into
account the nonlinear curve. At last, the movement is
implemented through the locked step method.

V. ECCENTRICITY APPROACH

A. General Approach

In order to simulate the machine in the healthy and the defi-
ciently cases with the same mesh, i.e., without re-meshing, we
developed some methods. In our calculation code, the move-
ment is implemented through the locked step method with a slip
surface which must be regular and centered in the origin. Fur-
thermore, this surface shall not be moved or deformed.

In the case of an eccentricity, the rotor and the stator do not de-
form, only the air gap changes. Thus, to simulate an eccentricity
with the same mesh, only the elements which compose the air
gap can be deformed. So, to take into account all the eccentricity
cases while respecting the constraints due to the movement im-
plementation method, we divide the air gap in two layers of el-
ements [Fig. 3(a)]. The nodes that form this border between the
layers in the air gap will build the slip surface, and shall not be
moved in relation to the geometric center, represented by the
dashed lines [Fig. 3(a)].

Then, for the healthy machine, the stator, rotor and slip sur-
face are centered in the geometric center. To take into account
the static eccentricity, all the nodes outside the slip surface (i.e.,
the nodes of the stator) must be moved [Fig. 3(b)] with the same
distance. In the case of dynamic eccentricity, only the nodes of
the rotor have to be moved while the slip surface remains, al-
ways, at its initial position [Fig. 3(c)].

Fig. 3. Eccentricities techniques: (a) healthy machine; (b) static; (c) dynamic.

Fig. 4. Three-dimensional eccentricity modeling method: (a) healthy machine
(b) static; (c) dynamic.

To simulate the combined eccentricity (static and dynamic)
the nodes of the rotor and of the stator must be moved, but not
the slip surface.

B. Eccentricity Modeling Methods

When the intensity of the eccentricity is similar on both op-
posite sides of the machine, a two dimension finite analysis is
sufficient. We call this case 2-D eccentricity. Really, the eccen-
tricities are often due to the fact that one side of the shaft is not
aligned whit the other one. Thus, to study this case, 3-D mod-
eling and analysis is necessary. This case is called 3-D eccen-
tricity.

The studied structure is meshed with prism elements with
only one layer of elements in the 2-D eccentricity case. Thus,
to use the nodes displacement procedure, the nodes in the two
machine ends are moved of the same distance.

To study the 3-D eccentricity, we kept the same cross section
mesh as the one used in the 2-D case but 3 layers of prism el-
ements are built along the machine rotation axis. Then, to take
into account the defect, each slice of nodes is moved with the
adapted value to get closer to a real case of a 3-D eccentricity. In
Fig. 4 we can see the transversal section of the simulated cases.
We can notice that, for all cases, the slip surface remains parallel
in the same position. Only the air-gap is deformed to simulate
the defect cases.

VI. APPLICATION

A. Description of the Machine

The proposed approach is then used to study a turbo-gener-
ator of small size, similar to a French nuclear plant generator.
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Fig. 5. Cross section view of the turbo-generator mesh.

Fig. 6. Magnetic field distribution in the machine.

This machine, of about 26.7 kVA at 50 Hz, has four poles, 48
slots in the stator and 36 slots in the rotor. Besides, the rotor has
36 short-circuited damping bars and the constant air-gap thick-
ness is 1.5 mm.

The same mesh is used for all the eccentricity cases. One
layer of elements is used for 2-D eccentricities (36226 nodes
and 36128 elements) while three layers of elements are built for
3-D eccentricities (72452 nodes and 108384 elements). A cross
section view of the mesh is given in Fig. 5 with a zoom of the
air gap region.

Fig. 6 shows the magnetic field distribution, at no load, in a
cross section of the healthy machine with an excitation current
of 10 A. We can clearly see the symmetry of the 4 poles.

B. Results

Two-Dimensional Eccentricities: Calculations were carried
out for 2-D eccentricity cases, at no load and an excitation cur-
rent of 10 A, with a constant magnitude of 0.3 mm along the
rotation axis.

Figs. 7 and 8 show the results obtained with the magnetostatic
formulation (18017 unknowns). In the case of the healthy ma-

chine, as expected, the sum of the two magnetic flux density sig-
nals is almost nil, and then harmonic free. On the other hand, the
static eccentricity induces a significant 50 Hz-harmonic while
dynamic eccentricity yields harmonics of 25 Hz and 75 Hz [6].
For the static-dynamic eccentricity case, there is a superposition
of both eccentricity signals.

Figs. 9 and 10 show the results obtained using the magneto-
static formulation (36226 unknowns). We can notice that they
are very close to the ones shown above.

In the case of eccentricities, the air-gap width is no more con-
stant all around the rotor. Then, even at no load, the variation

Fig. 7. Two-dimensional eccentricity magnetostatic case,��� formulation.

Fig. 8. FFT of two-dimensional eccentricity magnetostatic case, � formula-
tion.

Fig. 9. Two-dimensional eccentricity magnetostatic case, � formulation.

Fig. 10. FFT of two-dimensional eccentricity magnetostatic case, � formula-
tion.

of the air-gap reluctance induces currents in the damping bars.
Calculations were thus carried out using the magnetodynamic
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Fig. 11. Two-dimensional eccentricity magnetodynamic case, ���-� formula-
tion.

Fig. 12. FFT of two-dimensional eccentricity magnetodynamic case,���-� for-
mulation.

Fig. 13. Three-dimensional eccentricity magnetostatic case, � formulation.

- formulation (18017 unknowns). For the same conditions,
Figs. 11 and 12 show the results of 2-D eccentricity.

We can notice that, for the static eccentricity, the damping
currents induce a decrease of the magnetic flux density
50 Hz-harmonic with respect to the magnetostatic case signa-
ture while harmonics at 25 and 75 Hz appear. Nevertheless, it
is still possible to differentiate the eccentricity cases since only
static eccentricity leads to a 50 Hz harmonic.

Three-Dimensional Eccentricities: To simulate 3-D eccen-
tricity, the nodes on one extremity are displaced of 0.3 mm. Cal-
culations have then been performed using the magnetostatic
formulation (72452 unknowns). Figs. 13 and 14 show the ob-
tained results. The magnetic flux densities have been calculated
in an air gap center element along the z-axis (i.e., when the nodes
have been moved of about 0.1 mm, 0.2 mm and 0.3 mm).

Fig. 14. FFT of three-dimensional eccentricity magnetostatic case, � formu-
lation.

The magnitude of the signals is about twice lesser than in the
2-D eccentricity case. However, the same magnetostatic charac-
teristics are found and then, eccentricity may be detected even
on 3-D case.

VII. CONCLUSION

In this paper, 3-D-FEM is used to study static and dynamic
eccentricities of a synchronous generator at no load. Two 90
shifted magnetic flux density signals in the air gap, may lead to
the detection of eccentricities and to differentiate their type by
studying their harmonic content.

A modeling technique for 3-D rotor eccentricity has been pre-
sented. This method does not require remeshing for fault case
simulations, which reduces simulation time.

For all studied cases (magnetostatic and , and magneto-
dynamic - formulations) it is possible to detect eccentricity
and specify whether it is static, dynamic or static-dynamic ec-
centricity. Faults may be detected even when there are eddy cur-
rents in damper bars.
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