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Abstract—In this paper, two-dimensional time-stepping finite-
element (TSFE) method is performed for modeling and analyzing of
a salient pole synchronous generator with different degree of dynamic
eccentricity (DE) fault. TSFE analysis is used to describe the influence
of DE fault on the flux distribution within the generator and no-load
voltage profiles at low and high field current is obtained for healthy and
faulty cases. Comparing the magnetic flux distribution of healthy and
faulty generators helps to detect the influence of DE fault. Also, it can
be seen at no-load condition with low excitation current, the effect of
the eccentricity is considerable compared to that of the rated excitation
current. Since the calculation of inductances of the machine is the most
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important step for fault analysis and diagnosis, the self- and mutual-
inductances of the stator phases and rotor windings are calculated
in the eccentric generator. Double periodic phenomenon is observed
in inductances profile of stator phases due to the DE fault. Finally,
spectrum analysis of stator current of two generators with different
design parameters is used to diagnosis the significant harmonics in the
presence of DE fault.

1. INTRODUCTION

The bulk of electrical power is presently generated by means of
synchronous generators. Abnormal conditions may occur during
regular operation of the generators due to the stress involved in the
electromechanical energy conversion process. Abnormal conditions
lead the generators to permanent damage that commonly called fault.
Mechanical faults are one of the major faults in electrical machines
caused by mechanical parts in bearing, shaft and coupling [1-4]. It
can be resulted in serious damage to the stator and rotor windings and
cores, unless detected at an early stage. Eccentricity fault is considered
as a mechanical fault in which, the conformity of the symmetrical
axis of rotor and stator is lost and air gap becomes non-uniform.
Shaft deflection, inaccurate positioning of the rotor with respect to
the stator, worn bearing, stator core movement, bent rotor shaft,
oval stator core, misalignment of bearing and mechanical resonance
at critical speed are reasons for the eccentricity faults [5-9]. The
static, dynamic and mixed eccentricities are the three-types of this
fault that have been recognized. In the case of static eccentricity
(SE) fault, rotation axis is adopt on rotor symmetry axis and stator
axis displaced with respect to them. Consequently, the minimum
radial air gap length is fixed and time-independent. In the DE fault,
stator axis coincides with rotation axis and the rotor symmetry axis
is displaced to the two axes. Cross-section of the generator in the
healthy and DE faults is shown in Figure 1. Og and O, are the
centerlines of the stator and rotor, respectively. Finally, in mixed
eccentricity (ME) fault, all of the above mentioned axes are displaced
with respect to each other. The rotor eccentricity is one of the
prominent causes of magnetic asymmetries and induced shaft voltages.
Use of shaft signal is an alternative approach to diagnose and detect
DE fault in synchronous generator [10,11]. With use of a resistor-
capacitor integrator, the shaft flux-linkage signal is extract from the
shaft voltage signal. It is shown that there are exist some frequencies
in the shaft flux-linkage signal related to the DE fault. Stator current
signature analysis is a common approach for detection of asymmetrical
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Figure 1. Cross-section of a salient pole synchronous generator: (a)
healthy, and (b) with DE fault.

conditions in electrical machine. It is used for DE fault diagnosis in
round-rotor synchronous generator [7,9]. Simulation and experimental
results show that the 17th and 19th harmonic of the line current of
the round rotor synchronous generator increased with increase of the
DE degree. Therefore, the 17th and 19th harmonics can be used as
a convenient index for the dynamic eccentricity fault diagnosis in a
round-rotor synchronous generator. Winding function method (WFM)
is an analytical approach that frequently used for modeling and an
analyzing the electrical machine under faults conditions. This method
has been used to model of a salient pole synchronous machine under
dynamic eccentricity fault [1,7,9]. However, since magnetic saturation
and slots effects on magneto-motiveforce (MMF') have been ignored in
this method, the results of it are not accurate.

TSFEM is a precise numerical method applied in time dependent
problem. Some features such as electric circuit coupling and moving
band technique, make this desirable approach for electrical machines
modeling and analysis. It is capable to takes into account the real
geometry of generator, nonlinear properties of ferromagnetic materials,
spatial distribution of stator winding, type of rotor and stator slots
shape around the air gap and different asymmetrical conditions in
generator [12,13].

Eccentricity fault in induction motors is widely investigated [14—
20], but a very few papers deals with such faults in synchronous
generators. Hence, study of the generator performance under this fault
seems to be necessary.

Modeling and analysis of DE fault in salient pole synchronous
generator using TSFEM has not been investigated yet. In this
paper, a typical salient pole synchronous generator is simulated in
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healthy and DE faulty condition using a two-dimensional TSFEM. For
this, FE formulations are presented and the model of the generator
is constructed using the real specifications, geometry parameters,
material properties, and physical layout of the windings. Flux
distribution and generator self- and mutual-inductance profiles of
stator phases and rotor winding are presented in healthy and different
DE degrees. No-load voltage profile of the faulty generator is also
obtained and generator current signature analysis is presented in the
subsequent section to detect harmonic related to the DE fault.

2. FE MODELING OF SALIENT-POLE SYNCHRONOUS
GENERATOR

An appropriate geometrical CAD model and mathematical model are
required for performance prediction of the salient pole synchronous
generator in healthy and faulty conditions using FEM. This generator
is heterogeneous, with non-linear magnetization stator and rotor cores.
A three-phase, 4-poles synchronous generator with rated parameters of
50KVA, 400V (line to line voltage) and 0.8 lag is candidate to perform
FE modeling and analysis. Details of the generator dimensions,
windings and materials are given in Table 1. The three-phase fractional
pitch windings distribution of the generator is also shown in Figure 2.
The rotor excitation winding is a concentrated one and distributed
over the pole body.

Table 1. Synchronous generator specifications for FE modeling.

Parameter Value Parameter Value

Min. air gap length | 1.4mm Rotor shoe width 144 mm

Max. air gap length | 2.7mm Rotor pole height | 23.1 mm

Stack length 202 mm Rotor shoe height 3mm

No. of stator slots 48 Shaft diameter 76 mm
Stator slot pitch 19.6 mm Stator material ST12
Stator inner diameter | 300 mm Rotor material CK45
Stator outer diameter| 423 mm Shaft material 1814
No. of rotor poles 4 No. of rotor win. turn 117

Rotor poles width 78 mm | turns in each phase 24




Progress In Electromagnetics Research B, Vol. 20, 2010 267

Sot] @3 8s €& € € & by by by by @& @ @83 @ & & 6 € by by by by, a_a
SEREEEEEEEIEEEEE &l & 16 1§ 18 & 18 18
¢ 9 © @ (2 @ @ 3
a a; a a L1 c €3 Ca b by b by a; & & e € €3 €3 Ca by b, by b
B G 1 By, b M, B @ Fy. . e 6 & by, b, By b. @& @8: Siotds
o= @18 8 o 8 o/ lic] 8 o] g G @ 8 ® % 8
&) © © ) | &) © O] P &
a 8 a, . €: ©; €y (-9 b b; by b Y a; a; a € [ € (- by b by b

Figure 2. Fractional pitch distribution of stator three-phase windings
for a four-pole salient-pole synchronous generator.

Stator section

Rotor section

(a)

Figure 3. (a) Cross-section of salient-pole synchronous generator
model for FE analysis, and (b) finite elements mesh.

2.1. Geometrical Modeling of Salient Pole Synchronous
Generator

Geometrical structure of the salient pole synchronous generator should
be implemented into the FE package in this stage. From the basic
geometry, nonlinear properties of the magnetic materials and winding
layout of the typical generator, the FE approach is implemented. A
model of the healthy salient pole synchronous generator cross-section
created into the FEM is shown in Figure 3(a). It is performed using
Flux2D FE software package.

In the moving electromagnetic systems, it is necessary to introduce
the speed in the equations. The equation which covers this section is
as follows:

1 o A . -
Vx(;VxA)+a E—vx(VxA) =J (1)

where Jy is the current density in z-axis direction, o is the electrical
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Figure 4. FE meshes around air gap region.

conductivity, v is the relative speed and A is the magnetic vector
potential. Using a reference frame which is assumed constant under
the study part, (1) can be expressed as follows:

1 . oA -
VX<MV><A>+U<(%)J (2)

In the FE analysis, such reference frame is created by placing
a mesh on the surface of the moving part and movement or
transformation occur only within the elements that are placed around
the moving element [21]. FEM calculations required to generate a
correspondent mesh of finite elements. The algorithm of the software
application that is used for FEM mesh generation. The mesh must be
dense enough for precise calculation and also not consuming a very long
computational time. After several attempts for generation the optimal
mesh, the most appropriate mesh is obtained. This mesh provides
calculation with high precision and at reasonable computational time.
In this case, the most convenient mesh type is chosen to be triangular
and as presented in Figure 3(b). Also, some details provided in the air-
gap region are shown in Figure 4. It is prepare for implementation of
the moving band technique and the air-gap splitting into three layers,
where the middle one is the moving band. In this technique at every
time step only the element in the moving band were re-meshed [22].

2.2. Connection of Electrical Circuits to the FE Regions

In modeling of generator, the position of moving parts of generator
must be taken into account, because the magnetic forces depend on the
position of these moving parts. These positions, in turn, influence the
magnetic field within the generator. Therefore, for full and suitable
modeling, a link between the fields, circuits, and motion must be
established. At this end, only a dc field voltage applied to the terminal
of the generator rotor are required as the known input value and voltage
and phase current are evaluated as unknown values. Also, transient
equations of external circuit showing the electrical supplies and circuit
elements must be coupled with the field equations in FEM. Finally,
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Figure 5. Electrical circuit for modeling of the stator phases, rotor
winding and RL load to FE implementation.

motion must be combined with the field equations in FEM. The circuit
can be coupled to the external load circuit and forms the new circuit
equations. A set of coils is connected according to the winding layout
and forms the machine circuit with external terminals.

Electrical circuit of stator and rotor is shown in Figure 5, in which
each coil of phases and field winding will be linked to the magnetic
regions. They represent the conductors in the stator slots and rotor
windings. The rated star RL load is taken into account to model the
full-load condition of the generator. It is known that:

3 (3)
B=VxA (4)

where v is the reluctivity of the magnetic material. With use of (3)
and (4), the governing two-dimensional transient magnetic equation of
the field within the generator is as follows:

lt‘kcl

VxvVxA=J (5)
and the current density obtained as follow:
. 9A AV
J=—0——0— (6)
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where AV is the potential difference along the length of the conductor,
t is the time, and [ is the conductor length. To link the circuit
and field equations, it is necessary to calculate the total current of
each conductor. The total current of each conductor is obtained by
integration of (6) over the cross section of the conductor. The current

is as follows: 8A AV
e

Combination of (5) and (6) leads to:

A A
VXVVXA+J%+O’TV 0 (8)

This is used in massive conductors, where the skin effect is calculated.
A matrix is used to represent a general circuit which has voltage supply
(E), resistance (R), and inductance (L), where

[E] = [R][e] + [L] o 9)

Applying the standard method of Galerkin, the general FE matrix
equation is obtained:

G H 0]rA4A Q 0 0] 74 J
0 W D||AV|+|HT 0 0 |=|AV|=] 0 (10)
0 DT —z| | i 0 0 —Lo| %] i 5

where N and xF is the weighting function of Galerkins method and
induced voltage, respectively. Also:

Gij = /VVNZ‘VdeS (11)
Hij = /UNids (12)
K
K
Qij = /O'NideS (14)
Lo = /JNZdS (15)

Integrations of G, @, and J are carried out over the whole model,
whereas for W and H they are over conductor “K”. R and L are the
diagonal matrices of resistances and inductances, respectively. D is the
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sparse matrix, where an entry of +1 and —1 represents the direction of
current flow in a conductor. Equation (10) can be conveniently written

as
dX
which can be solved by an appropriate numerical method, where
[ G H 0 Q 0 0
M=|0 W D |, K=|H" 0 o0 (17)
0 DT —2 0 0 —Lg
rJ
U= 0 , X=| AV (18)
| —xF i

X and consequently magnetic potential vectors A and current I, are
determined by solving (16).

3. FINITE-ELEMENT SIMULATION

The DE degree is defined as follows [23, 24]:
DE =" %100 (19)
g

where g is the radial air gap length in the case of no eccentricity and
r is the displacement of the rotor in the horizontal direction.

Symmetry in flux distribudon at Asymmetry in flux distribution at no-load
no load and healiky condition

due to the DE fault to the rizht

(b)

Figure 6. Magnetic flux distribution in generator: (a) healthy, and
(b) with 40% SE to the right at no-load and arbitrary rotor position
with 2A excitation current.
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3.1. Impacts of DE on Flux Lines Distribution within
Generator

Computation of the field in the salient-pole synchronous generator
for healthy and 40% DE generator is started from the system of
the Maxwell’s equations, which describes the magnetic field in closed
and bounded systems. The magnetic field equations are solved in
the given structure via the FE approach. Flux distribution within
healthy generator and a generator with 40% DE to the right at no-
load and arbitrary rotor position with 2A excitation current has been
shown in Figure 6, while Figure 7 presents the corresponding flux
distribution at rated excitation. It can be seen that the both side
of the generator cross-section are identical in the healthy condition
and the eccentricity has not clearly affect of the flux distribution
within generator at both no load conditions. It is also observed
that at the lower excitation current at the no-load, sensitivity of
the flux distribution due to the eccentricity is larger compared to
the rated excitation current. The reasons are: 1) The air gap of
salient pole synchronous generator is inherently large; due to the
large gap between the two adjacent poles. Therefore, eccentricity will
not clearly affect the total magnetic reluctance of generator magnetic
circuit, and therefore the flux distribution within the generator, and
2) the eccentricity is capable to more clearly affect the total reluctance
of the generators in low excitation current, in which the generators

(b)

Figure 7. Magnetic flux distribution in generator: (a) in healthy,
and (b) with 40% SE to right and arbitrary rotor position with 12A
excitation current.
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magnetic circuit are linear. Therefore, the full reluctance paths of
the generators are dominantly determined by the air gap reluctance.
In rated excitation, generator saturates intentionally (with 12A dc
excitation current). Therefore, the reluctance of the iron core increases
significantly and variation of the air gap reluctance does not have a
noticeable effect on the total reluctance of the flux lines’ paths. So,
as seen in Figure 7, eccentricity cannot affect generator flux pattern
considerably, when operating at the high excitation current.

3.2. Effects of DE Fault on Inductances Profile of
Synchronous Generator

Inductance profiles of the windings are the most important
characteristics in the modeling and analyzing the synchronous
generators. To investigate the performance of the generator under
different fault conditions, the inductances of the rotor and stator
circuits must be calculated precisely [25, 26].

Due to the symmetrical distribution of the windings in the
generators slots, the inductance profile of stator windings will have
identical variation with a phase shift in the presence of the eccentricity.
Consequently, one phase of stator (phase A) is considered in this paper.

3.2.1. Effects on Self-inductance Profiles of Stator Phases

Self inductance of phase A is calculated from the flux-linkage (\) seen
by the phase when 12A dc current is passed through it, with other
windings currents is zero as follows:
A

Lao = Iiaa ‘z‘b,z'c,ifzo (20)
Flux distribution with phase A excited under healthy and with 40%
DE have been shown in Figure 8. Symmetrical distribution of flux in
the cross-section at healthy condition is clear. Also, asymmetrical flux
distribution in the case of 40% DE is noticeable. At 40% DE, the air
gap distribution on the rotor pole shoes 1 and 2 (Figure 1) change in
opposite direction.

However, there is approximately the same change in the rotor pole
shoes 3, 4. Therefore, the rotor poles 3, 4 have the same effect and
the rotor poles 1, 2 have the opposite effect on the reluctance path
of magnetic flux in the generator cross-section. Consequently, the flux
distribution around poles 3, 4 are identical, while it is different for poles
1, 2. Figure 9(a) shows the self-inductance of phase A in the healthy
generator and the generator with different DE degrees for different
rotor position from 0° to 360° taking rotational steps of 3°. It is clear
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Symmetry in flux distribution with Asymmetry in flux distribution with
excited phase A at healthy condition excited phase A due to DE fault

(b)

Figure 8. Magnetic flux distribution within generator with excited
phase A: (a) healthy, and (b) with 40% DE to the right.
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Figure 9. (a) Self-inductance profiles of phase A of stator in healthy
and eccentric generator, and (b) variation of minimum selfinductance
of phase A in healthy generator and generator with 55% DE degree.

that the minimum and maximum amplitude of the self inductance of
the phase A rises with the increase of DE. As seen, unequal minima
of the inductance profiles occurs in the profile by increase of the DE
degree. The minimum variation of the self-inductance of phase A is
shown in Figure 9(b). The reason of above mentioned phenomenon is
that the phase A seen the minimum self flux twice instead of four
times with DE fault; Because of symmetry variation of poles 3, 4
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Table 2. Comparison of minimum/maximum amplitude of generator
inductances for different DE degree in respect to the healthy condition

in (%).

mutual
. self
Percent of mutual inductance|,
. self . inductance
dynamic |, inductance| between
. . |inductance of the
eccentricity between | phases and
of phases rotor
degree phases the rotor L
L winding
winding
30 0.89/1.02 —3.96/0 —4.28/4.28 9.99
40 1.53/3.03 —5.28/0 —7.14/7.14 13.32
55 3.01/5.96 —8.81/0 | —10.57/10.57 18.27

and asymmetry between poles 1, 2 the half symmetry of generator
cross-section instead of four. Variation of the minimum and maximum
amplitudes of the self-inductance of phase A at 30%, 40% and 55% DE
in respect to the healthy condition given in Table 2.

3.2.2. Effects on Mutual-inductance Profiles of Stator Phases

Mutual-inductance between phases (phase A and phase B) is calculated
from the flux- linkage seen by the phase B when 12A dc current passes
through phase A, with the currents in other winding set to zero as
follows:

)

I, = 2%
ab Ia

Figure 10(a) shows the mutual-inductance profile between phase A and
B in healthy and different DE degrees. Figure 10 and Table 2 indicate
that: 1) The maximum amplitude of the mutual healthy inductance of
phases A and B are approximately identical for different eccentricity
values, 2) the minimum amplitude of the mutual-inductance decreases
with increasing DE, 3) the phenomenon occurred in L, profile, is also
exist in L, profile; because the flux produced by phase B seen by
phase A is two times per cycle instead of four due to the previous
mentioned reason, and 4) variation in the minimum amplitude of the
mutual-inductance in 30%, 40% and 55% DE are larger than that of
the self-inductance at the same DE degrees.

iy iesi =0 (21)
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Figure 10. (a) Mutual-inductance profiles between stator phase A
and B in healthy and eccentric generator, and (b) mutualinductance
profiles between the stator phase A and the rotor winding in healthy
and eccentric generator.

3.2.3. Effects on Mutual-inductance Profiles between Stator Phases
and Rotor Winding

The mutual- inductance between stator phase A and the rotor winding
is calculated from the flux-linkage seen by the rotor winding with rated
current in phase A and the currents in the other windings set at zero
as follows: \

Laj = 7 lia,iy.ie=0 (22)

f

Figure 10(b) shows the mutual-inductance profile between phase A
and the rotor winding in healthy and the generator with different DE
degrees. As seen in Figure 10(b) and Table 2: 1) The peaks value of
the inductance are changing by equal amount, and 2) the phenomenon
does not occur in the L, profile with increase in DE degree; because
the rotor winding sees the same flux-linkage of phase A of stator over
a full revolution of the rotor (360°) in different DE degrees.

3.2.4. Effects on Self-inductance Profiles of Rotor Winding

Self-inductance of the rotor winding is calculated from the flux-linkage
seen by it when the dc current passes through the winding, while the
current in all phase windings are zero as follows:

A
Ly = Tﬁ liayipsic=0 (23)
f
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Figure 11. Self-inductance profiles of rotor winding in healthy and
generator with different DE degree.

The self-inductance of rotor winding is fixed over a full revolution of
the rotor. Figure 11 shows the variation in magnitude of the self-
inductance of the rotor winding in different DE degrees.

It is observed that the magnitude rises with increase in DE degree
and variation of the inductance magnitude is proportional to the DE
degree (approximately 3.33% with 10% variation in the DE degree).
Ly has the larger variation in the amplitude over different DE degree
compared to the Lyq, Lap, and Lyy.

3.3. No-load Voltage Profile of Synchronous Generator
under DE Fault

No-load voltage profile of phase A of the salient pole synchronous
generator is obtained for the healthy generator and for the generator
under 20% and 40% DE at the low (2A dc) and rated excitation
current (12A dc). Results are presented in Figure 12. All above-
mentioned profiles are shown for 180° of the rotor revolution which
implies one electrical cycle. As expected in accordance with what
mentioned in previous sections, the variations in no-load voltage due to
the eccentricity at low excitation current are visibly larger than those
of the rated current. For example, 40% DE leads to a 3% increase in
the peak voltage amplitude. However, at the rated excitation current,
there is no noticeable change in the peak voltage amplitude with the
same DE degree. The reason is that at the rated excitation current,
generator core is more saturated and the air gap change at the head of
pole shoes has no significant influence on the magnetic path and flux
density distribution in the air gap. But at 2A dc excitation current,
generator behavior is governed by the linear parts of core B-H curve
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Figure 12. No-load voltage profiles of healthy generator and generator
with different DE degree, (a) at 2A dc excitation current, and (b) at
rated excitation current.

and the air gap change especially at the head of pole shoes can affect
the generator flux density in the air gap and consequently the no-load
voltage profile.

3.4. Spectrum Analysis of the Stator Current at Full-load

The air gap field of the salient pole synchronous generator in normal
operation condition contains the fundamental frequency component
and some harmonics related to the saturation effect, saliency of the
rotor poles, MMF harmonics of stator and rotor. In the presence of DE
fault, the harmonics variation of the air gap field is expected due to the
asymmetrical air gap distribution. These harmonics can be reflected in
the line current of the generator and may be detected from the stator
current signature analysis. To analyze the stator current signature, the
generator simulated in full-load operating condition using TSFEM and
FFT of the current signal have been taken into account. Figure 13(a)
shows the frequency spectrum of the stator current for the healthy
generator, and Figure 13(b) presents the corresponding curve for the
generator with 40% DE degree. The 5th, 7th, 11th, 13th, 17th, 19th,
23rd, and 29th harmonics exist in the line current spectrum even in
the healthy condition. Normalized amplitude variation (in dB) of the
line current harmonics of a healthy generator and the generator with
10%, 30% and 40% DE degree is shown in Figure 14. This comparison
clarifies the importance of taking into account the 29th harmonic. It
is observed that the 29th harmonic amplitude increases with rising DE
level. No significant increase in the 29th harmonic amplitude occur
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Figure 13. Line current spectra of the salient pole synchronous
generator, (a) healthy and (b) 50% DE.
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Figure 14. Variation of some harmonic amplitude of the line current
in healthy generator and the generator with 10%, 30% and 40% DE.

in normal degree of DE (around 10% DE), meanwhile this harmonic
increases from —92dB in the healthy generator to —82dB in the
generator with 40% DE degree. The 3rd harmonic and its multipliers
can be removed from the current spectrum of stator winding with no
neutral connection [9]. Also, no pattern exists in the other harmonics
(see Figure 14) of stator current with variation of SE degree.
Numerical analysis is also performed on another salient pole
synchronous generator with different design parameters and stator
current is taking into account. Frequency spectrum of stator line
current of healthy generator and generator with 50% DE has been
shown in Figure 15. It can be seen that the 19th harmonic is
significant and increased about 6dB due to the 50% DE. Finally,
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another generator with specific parameters design has been selected
for test in [1,7,27]. Experimental results have been shown that the
17th and 19th harmonics of stator current arise with rise in eccentricity
degree and can be utilized as a index for DE fault diagnosis in salient
pole synchronous generator. Figure 16 shows the measured frequency
spectrum of stator current and importance of taking into account of
17th and 19th harmonics.
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Figure 15. Line current spectra of the salient pole synchronous
generator with different design parameters, (top) healthy and (bottom)
50% DE.
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Figure 16. Measured frequency spectrum of stator current (1000 Hz—
2000 Hz) of a generator with rated frequency of 60 Hz, (a) healthy, and
(b) with 50% DE [1,7,27].
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Therefore, it is concluded from the analysis that the general
opinion can not be formulated in eccentricity fault diagnosis for salient-
pole synchronous generators with different design parameters.

4. CONCLUSION

It was observed from the two-dimensional TSFEM, moderate degree of
DE fault has no significant effect on the performance of a salient pole
synchronous generator. The effect of DE fault in the generator at no-
load with low excitation current is larger than that of high excitation
current. This is due to saturation effect of iron core at high excitation
current. It also changes inductance profiles of stator phases and rotor
winding and this can result in a double periodic phenomenon occur
in the self- and mutual-inductance profiles of the stator phases. In
addition, variation in the amplitude of the rotor inductances is higher
than that of the stator self- and mutual-inductances.

This investigation shows that the effect of eccentricity on the no-
load voltage characteristic at rated excitation current is not evident.
But at low excitation current, eccentricity can affect the voltage profile.
It is found from the stator current spectrum analysis that the some
harmonics are significant in the field of DE fault diagnosis of salient
pole synchronous generator that dependent to the machine design
parameters. Other harmonics may be appearing in the stator current
by interaction between the generator parameters with eccentricity
fault.
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