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Abstract—There has been an increased recognition that
more attention needs to be paid to the condition monitoring
of hydro-generators to provide a more reliable and sustainable
power production. The static eccentricity (SE) fault is one of
the prevalent types of failure in the wound rotor synchronous
generator that leads to the outage of the power unit. Many
different solutions have been proposed for SE fault detection.
The techniques are normally based on an offline approach which
is not an industry favorite. In this paper, a novel statistical
approach is applied to the air gap magnetic field that can detect
the fault in its early stage. Furthermore, the severity of the
failure on the proposed index in different loading conditions is
studied. A polar diagram of the air gap magnetic field is used
to detect the location of SE. Finally, the ability of the statistical
indices to detect the SE fault in under load variation are verified
by experimental results.

Index Terms—Energy level, feature extraction, fault detec-
tion, hydro-generator, kurtogram, magnetic field, polar dia-
gram, spectral kurtosis, static eccentricity.

I. INTRODUCTION

Hydro-generators play a pivotal role in the production of
electric power. High reliability of power supply depends on
the synchronous generators. Online condition monitoring can
provide a real-time assessment of the generator. Condition
monitoring can detect the gradual aggravating incipient fault
in its initial stage before it result in costly damages in the
electrical machines.

Different electrical and mechanical faults can occur in a
synchronous generator. Mechanical faults may be caused by
an unsuited operating condition, mechanical degradation, or
defects during the assembly of the machine. The mechanical
faults in synchronous machines can be categorized as:

1) Eccentricity

2) Misalignment

3) Broken End Ring

4) Broken Damper Bars

5) Stator Core Deformation

The symptom of mechanical failures may be an unbalanced
magnetic field, a sudden increase in the total harmonic dis-
tortion in stator voltage or load current, vibration, unbalanced
magnetic pull into various parts of the generator.

If the minimum air gap between rotor and stator core
varies, then the synchronous generator has a condition which
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is called eccentricity fault. There are two types of eccentric-
ity: static and dynamic. Static eccentricity is the condition
where the shortest length in a nonuniform distribution of
the air-gap has a constant length and is fixed in space. In
the case of dynamic eccentricity, the air gap length varies
in time. Static eccentricity is one of the prevalent faults in
synchronous generators. A lower level of eccentricity does
not cause any damages to the machines; however, it should
be detected at its early stage before the rotor core rubs the
stator core and windings.

Over the years, numerous methods have been examined
to diagnose static eccentricity fault in the synchronous gen-
erators. The SE fault detection based on off-line methods [1]
and visual inspection are not the industries favorite-due to
two drawbacks:

1) The severity of fault must reach a relatively high level
to be discovered, which leads to a significant increase
in vibration level. In such a state, further operation of
the machine may not be possible anymore.

2) The machine must be stopped and dismantled for few
days which leads to an economic loss.

The SE fault detection based on online approaches, like
measurements of stator terminal voltage [2], current [3], or
variations of machine parameters like inductance [4], has
been used to detect eccentricity fault in the synchronous
generator. However, these methods can not identify the failure
in its early stage since the topology of the rotor or the
network harmonic could mask the fault indicators in the
mentioned signatures.

In [5], current harmonics like 5%, 7t 13th 17" and
19" is introduced to detect eccentricity fault in the salient
pole synchronous generator. These harmonics could detect
the eccentricity fault when the minimum air gap reduced up
to 85 percent, which is likely close to the rubbing of the
stator and rotor. Total harmonic distortion of the generator
terminal current is used to detect eccentricity fault under non-
linear load [4]. Neither, can this method detect the fault in its
early stage. Besides, the stator and rotor slot shape and rotor
saliency have significant effects on the mentioned harmonics
that can sometimes even decrease the amplitude of the
harmonics due to fault. The same harmonics in the terminal
voltage are also used for eccentricity fault detection [4]. The
higher-order harmonics are used to detect eccentricity fault;
however, the noise signal in the working environment of the
power plant could easily mask the higher-order harmonics
[4]. The shaft currents and voltages are also introduced to
detect eccentricity fault [4]; however, many other faults like
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Fig. 1. The finite element model of the wound rotor synchronous generator
and the location of the installed hall effect sensor - indicated with a red
circle in three points.

a short circuit, dynamic eccentricity, and rotor ground fault
also could cause a shaft voltage and current. Consequently,
this signal is not a unique indicator of a static eccentricity
fault.

In this paper, the magnetic flux density of the air-gap
is used to detect static eccentricity fault in the salient pole
synchronous generator. The finite element approach is used to
simulate the synchronous machine. The location and number
of hall-effect sensors that have been installed in the machine’s
air gap are discussed in order to detect the location of the
fault. Although the spectral kurtosis and kurtogram as a
statistical tool were used to detect the fault in induction
motors successfully, its application to diagnose static eccen-
tricity fault in salient pole synchronous generator by using
the magnetic field of the air-gap has not been studied. A
novel index is introduced to detect the static eccentricity fault
based on the maximum kurtosis and the energy of the spectral
kurtosis. The experimental data is used to demonstrate that
the proposed indices can precisely detect the healthy and the
faulty status of the machine and also the severity of the fault.

II. FINITE ELEMENT MODELING

A 100-kV A salient pole synchronous generator has been
modeled using a two-dimensional finite element approach.
The machine was modeled to describe two cases: the healthy
case and a case with static eccentricity fault with different
levels of severity. The generator is examined at no load
and different loading conditions, in constant synchronous
speed and with rated current in the rotor field winding. The
finite element modeling of the synchronous machine in the
healthy case is presented in Fig. 1. The synchronous generator
specification is described in Tab. L.

A. Location of the sensors

The amplitude of the flux density do not oscillate within
a full rotor revolution under static eccentricity fault; however,
that is not the case in the rotor field winding inter-turn fault
or dynamic eccentricity fault. Static eccentricity gives rise to
flux density amplitude variation concerning the position of
the sensor; thus, the location of the flux density measuring
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Fig. 2. The air gap magnetic flux density in a healthy and 20% SE fault
for a sensor installed in the right measuring point.

TABLE I
100 KVA, C0s¢ 0.9, 400 V, 14 POLES, 428 RPM, SALIENT POLE
SYNCHRONOUS GENERATOR

Quantity Values Quantity Values
Stator outer diameter | 780mm | Stator inner diameter 650mm
No. of slots 114 No. of damper bars/pole | 7

No. of turns 8 No. of turns / pole 35
Length of stack 208 Minimum air gap length | 1.75mm
Widths of pole shoe 108mm | Widths of pole body 50mm
Widths of stator tooth | 8.5mm | Height of stator tooth 29.5mm

point is essential. Fig. 1 shows the location of measuring
points in the air gap of the synchronous generator - shown
as red circles.

The two measuring points are referred to as right and left
measurement points, while the other two points are referred
to as the top and bottom measuring points. The location
of the top and bottom measuring points is assigned at a
90-degree angle with respect to right and left measuring
points. Each pair of measuring points must be located on
a diametrically opposing side of the synchronous machine
in order to experience the same variation of flux density
in the concentric and the eccentric conditions. However, the
variation of flux density in each of the measuring points may
not be the same value due to the configuration of the machine.

There is not any noticeable changes in the flux density in
the air gap acquired by sensors if the measuring points are
located orthogonal to the orientation of static eccentricity.
Consequently, the measured magnetic flux density in the
direct axis and the quadrature axis are decoupled, and it could
be used to detect the direction of static eccentricity fault.
However, with four measuring points that are distributed
along the air-gap with a configuration explained above,
eccentricity fault must be detected with one pair of measuring
points, disregarding the orientation of the failure.

B. Orientation of SE fault

In this paper, the static eccentricity was imposed along the
positive x-axis. Fig. 2. presents the variation of the magnetic
flux density in the right measuring point in the healthy and
under 20% static eccentricity fault. The air-gap length in
the right measuring point was increased to 2.1 mm and
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Fig. 3.

The average flux density of each pole in a polar diagram, right
sensor (right), left sensor (left) - Simulation results.

equally decreased in the left measuring point to 1.4 mm. The
amplitude of the magnetic flux density in the right measuring
point under a given level of static eccentricity decreases in
comparison to the healthy case. Since the permeance of the
air gap is reduced and with the magnitude of the magneto-
motive force similar to the healthy case - this results in a
reduction of the air gap magnetic flux density. In order to
show the location of the eccentricity fault, the average value
of the magnetic flux density of each pole in each measuring
point for any number of mechanical revolutions is plotted
in a polar diagram, in terms of presenting a larger B,y as
a longer vector (radius) in the diagram. Fig. 3. shows such
a polar diagram presenting the average flux density, Byyq,
of each pole - for the right and left measuring points under
healthy and eccentricity fault conditions. The radius of the
polar diagram for a healthy case in both measuring points is
the same. In the case with the SE fault, the B,,, of the polar
diagram for the right measuring point is decreased, and at the
same time, the B, for the left measuring point is increased.
In other words, the length of the air gap on the right side of
the machine is increased, which shows the orientation of the
SE fault.

The polar diagram of the top and bottom measuring pairs
do not show a noticeable variation in their radius in the case
of SE fault, which proves the location of the sensors provide
the decoupled signals.

III. EXPERIMENTAL TEST-RIG

An experimental test rig of a synchronous generator is
shown in Fig. 4. This system can be used to measure the air
gap magnetic field by hall effect sensors that are installed
on stator teeth. The generator windings are star-connected,
and the neutral point is grounded. The main parts of the
experimental test rig are as below:

1) A 100 KV A salient pole synchronous generator with
the specification given in Tab. I.

2) The prime mover of the synchronous machine is a 90
kW induction motor with four poles and rated speed
of the 1482 rpm.

3) A gearbox is used to connect the shaft of the induction
motor to the synchronous generator.
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Fig. 4. The experimental test rig of a 100 kVA synchronous generator.

TABLE II
THE SPECIFICATION OF GENERATOR FROM NO-LOAD TO FULL-LOAD IN
4 DIFFERENT CASES

Characteristics No-load Load 1 Load 2 Load 3
Output Power - 30 kW 40 kW 65 kW
Power Factor - 1.0 0.79 0.93
Exc. Current 56 A 60 A 77 A 84 A
Load Current - 43 A 56 A 91 A

4) A programmable converter is used to feed the induction
motor based on its parameters. The converter is sup-
plied by an external rectifier connected to the network.

5) A 200 kW LAB-HP/E2020 DC power source is used
to supply the rotor field winding. The output of the DC
power supply is 200 V' and 1000 A.

6) Three high precision hall effect sensors (AST244) with
the dimensions of (3.0 x 5.0 x 0.8)mm installed inside
the machine air gap with a flux density to a voltage
ratio of 2.54 T'/V. The constant DC current supply is
used to feed 4.75 mA into the hall-effect sensor.

7) A 16-bit high-resolution oscilloscope, with the sam-
pling frequency of the 20 kH z, is used for sampling
purposes.

8) A water-cooled resistor comprised of two parallel sets
of resistors, whereas the total resistance can be con-
trolled and adjusted in steps by contactors and relays in
a separate control panel. The per-phase resistance could
be varied from a maximum of 160 2 to a minimum
of about 2.78 2. At the maximum load setting, the
dissipated power of the resistors amounts to about 57
kEW.

9) Two inductive loads in which each phase are connected
in series is connected to the generator by a three-phase
transformer. The approximate value of the inductance
in each phase based on the turn ratio of the transformer
is equal to 22 mH . Table 2 shows the loading condition
of the synchronous generator from no load to full load
cases.

The static eccentricity fault is created by moving the
frame of the machine in both positive and negative directions
along the x-axis. In this case, the symmetrical axis of the rotor
coincides with its rotation axis but is displaced with respect



to the stator axis. In the same way, the air gap length in the
x-axis is not the same anymore, but it is time-invariant. In
order to apply a different degree of static eccentricity, four
measuring clocks are installed in each moving side of the
frame that could measure the required movement precisely.

IV. FAULT DETECTION

The spectral kurtosis (SK) is a useful statistical tool that
can demonstrate the non-Gaussian or transient behavior of
the time domain signals in the frequency domain [6]. SK can
also characterize the location of non-Gaussian components in
the frequency domain. Unlike the classical power spectrum
density, SK can identify the non-stationary characterization
of the signal [7]. Based on the preliminary definition of
SK, which is a tool for non-Gaussian signal identification
[6], revised the formulation of SK employing Wold-Cramer
decomposition and provided a way to discriminate ’condi-
tionally’ the non-stationary features of the signal [7] [8]. The
kurtosis calculation of each frequency line could recognize
the hidden pattern of the non-stationary attribute of the signal.
In addition, it is possible to recognize the frequency band
that contains the non-stationary signals. Furthermore, additive
noise do not, due to the robustness of the method, influence
the result of the revised formulation of spectral kurtosis [8].

The measured signals of electrical machines has a non-
stationary and transient characteristic in a faulty case which
may be detected utilizing the SK approach. The bearing
and gearbox faults were detected by using the SK method
since the mentioned faults could impose the impulses that
are characterized as a non-stationary signal into vibration and
current [9] [10].

A. Definition of Kurtosis

Considering b as a random variable, x(b) demonstrate the
shape of the probability density function (PDF) that is defined
as below [6]:
<(b-w?>
<b-w'> 0

g

where b represent the air gap magnetic field function, p and
o are the mean value and standard deviation of b, and <> is

a temporal average operator. In order to have a x(b) equal to
zero, a standard formulation of «(b) is defined as below [6]:

k(b) =

k(b) = k(b) — 3 ()

The coefficient of the «(b) for a Gaussian distribution is zero.
It is assumed that the signal of the healthy machine has a
Gaussian distribution, and in the case of faulty condition
the signals’ distribution function is non-Gaussian. In other
words, the value of the kurtosis for a healthy machine must
be almost zero (since its distribution is Gaussian), which is
not the case in reality since the new machine also has some
degree of defects like inherent eccentricity. Therefore, any
occurrence or increase in the degree of the fault cause the
signals deviate from Gaussian distribution and leads to the
incremental growth of the kurtosis factor.

B. Spectral Kurtosis

The formal definition of the spectral kurtosis of any zero
means conditionally non-stationary random signals in terms
of Wold-Cramer formulation is as [7]:

+1/2 ‘
b(n) = / H(n, f)e? " dZy(f) 3

—1/2

where n is any integer, dZ,(f) is an orthogonal spectral
increment, and H(n, f) is the complex envelope of b(n)
at frequency of f. The fourth-order normalised cumulant
representation of the spectral kurtosis is expressed as:

_ <Hm D>
D= i, pEs @

where the constant value of 3 in the case of classical kurtosis
is replaced by 2 since the H(n, f) is complex function [7].
According to Eq. 4, spectral kurtosis can identify, character-
ize, and localize the frequency band that contains the hidden
transient or non-stationary characteristics in the main signals.
The mentioned features of the spectral kurtosis are due to its
main properties like [7]:

1) The spectral kurtosis of stationary Gaussian process is
Zero:

Ky (f) =0 &)

2) The spectral kurtosis of a stationary process is a con-
stant function of the signal frequency.

K@) (f) = const (6)

3) The spectral kurtosis of a conditionally non-stationary
process b(n) in a presence of a noise w(n) is

K (f)

K(byw) (f) = T+ @)

where p(f) is the signal to noise ratio as a function of
the frequency f.

Although, the spectral kurtosis is a stable tool for signal
processing in a sense that is invariant to small changes in
its parameters, selection of frequency resolution Af and
frequency estimator f have considerable effects on its results.
Consequently, the optimal selection of the frequency resolu-
tion and the estimator to maximize the spectral kurtosis is
crucial to make a representative ’Kurtogram,” which depicts
the frequency resolution and frequency in a one plane [11].
The maximum number of kurtogram levels (k) is given by:

k=loga(L) -7 3)

where L is the number of signal samples. The computational
complexity of the kurtogram is equal to the Fast Fourier
Transform or wavelet packet.
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Fig. 5. The kurtogram of a air gap magnetic flux density (left sensor) of the
no-load synchronous generator in a healthy case - left sensor. (Experimental
result)
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Fig. 6. The kurtogram of a air gap magnetic field (left sensor) of the

no-load synchronous generator under 20% SE fault. (Experimental result)

C. Feature extraction

The air gap magnetic flux density measured by hall
effect sensors was processed by using spectral kurtosis and
kurtogram in different degrees of eccentricity fault under
loading condition. The signal was acquired by the sampling
frequency of 20 kH z for the duration of 40 seconds, led into
a recording length of 200 ksample. The maximum number
of levels required for kurtogram, according to Eq. 8, is equal
to 13. Two different features based on kurtosis analysis is
introduced as below:

1) Maximum kurtosis of the kurtogram
2) Energy of spectral kurtosis

The kurtogram algorithm is applied to the air gap magnetic
flux density of the salient pole synchronous generator. Fig. 5
and Fig. 6 show the kurtogram of the synchronous generator
in the healthy state and under 20% static eccentricity fault
in the no-load case. The same scale similar to Fig. 6. has
not been used in Fig. 5 since it reduces its visibility. The
intensity of kurtosis levels for the air gap magnetic field
under eccentricity fault is varied in comparison to healthy
situations, especially from level one up to level five in a
different range of frequency bands. The correlation of the
maximum kurtosis is also confirmed by the variation since
the maximum kurtosis of a 20% SE fault is 2.1, while the
maximum kurtosis of a healthy case is 1.9. The proportional
relationship between the degree of eccentricity fault and
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Fig. 7. The spectral kurtosis of a air gap magnetic field (left sensor)
for healthy and 20% SE fault for frequency band of 4 kHz to 5 kHz.
(Experimental result)

TABLE III
THE MAXIMUM KURTOSIS AMPLITUDE OF A AIR GAP MAGNETIC FIELD
IN HEALTHY AND DIFFERENT LEVELS OF SE FAULT

Maximum Kurtosis | No-Load | Load 1 Load 2 Load 3
Healthy 1.9 2.2 2.36 2.6
10% SE 2.1 2.3 2.5 2.8
20% SE 3.0 32 3.3 35

the maximum kurtosis is presented in Tab. III for different
loading conditions. The results show that the amplitude of the
maximum kurtosis is increased by increasing the severity of
the fault. Furthermore, the value of kurtosis’s intensity under
different loading conditions is different since the magnitude
of the air gap magnetic field is changed regarding the load
conditions.

Fig. 7 depicts the spectral kurtosis of the air gap magnetic
flux density in a healthy and a 20% SE fault for frequency
bands between 4 kHz to 5 kH z. The interpretation of spec-
tral kurtosis under healthy and faulty conditions is difficult
since the conditional non-stationary signal, due to the fact that
the fault signals are scattered in the different time-frequency
bands, and in their distribution pattern, is chaotic under a
certain level of fault. The physical definition of energy is used
to extract the meaningful index that is able to distinguish the
fault based on spectral kurtosis. The energy of the kurtosis
of the air gap magnetic flux density (by) is defined as below:

By, = / RO ©)

The results from the spectral kurtosis energy analysis
for the air gap magnetic flux density are shown in Tab.
IV. It is anticipated that the energy levels are sensitive to
the occurrence and progression of the fault severity. The
amplitude of the energy is decreasing since the magnitude
of the air gap magnetic field is decreased with an increased
severity of the SE fault. Since the sensor that acquires the data
is located on a point which an increased level of eccentricity
leads to an increased air gap length and, consequently, a
reduction of the magnetic flux density. Results confirm also
that the proposed index is sensitive to the fault and thereby
can recognize the failure in its early stage.
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TABLE IV
THE AIR GAP MAGNETIC FIELD SPECTRAL KURTOSIS ENERGY FOR
DIFFERENT SEVERITY OF SE FAULT

Energy (k) No-Load | Load 1 Load 2 Load 3
Healthy 7.18 7.73 7.84 8.08
10% SE 6.68 7.08 7.17 7.37
20% SE 5.46 5.96 6.17 6.35

V. CONCLUSION

In this paper, a practical approach for the detection of
static eccentricity fault for salient pole synchronous generator
was proposed. The air gap magnetic flux density is found to
be sufficiently reliable for the methods presented here and
used as the measured signal for signal processing purposes.
The location of the installed sensors has significant effects
on the fault detection and data acquisition results. Therefore,
a detailed explanation is provided to pinpoint the location
and required number of sensors. A polar diagram, based
on an accurate algorithm, is proposed in order to show the
directional orientation of the SE fault. Two novel features of
the methods were introduced, in terms of indices, based on
the statistical methods called spectral kurtosis and kurtogram.
The maximum kurtosis and energy kurtosis of an air gap
magnetic flux density is calculated under different severity
of the SE fault. The results of the proposed indices show
that they have a satisfactory ability to diagnose the severity
of the SE fault in its early stage.
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