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Abstract—Signal Processing plays a crucial role in
addressing failures in electrical machines. Experimental
data are never perfect due to the intrusion of undesirable
fluctuations unrelated to the investigated phenomenon, so-
called noise. Noise has disturbing effects on the
measurement data, and in the same way, could diminish or
mask the fault patterns in feature extraction using different
signal processors. In this paper, fault detection in a custom
made 100 £VA synchronous generator under an inter-turn
short circuit fault is studied by using measurements of the
air gap magnetic field. Signal processing tools like a Fast
Fourier Transform (FFT), Short Time Fourier Transform
(STFT), Discrete Wavelet Transform (DWT), Continuous
Wavelet Transform (CWT), and Time Series Data Mining
(TSDM) are used to diagnose the faults with a central focus
on noise impacts on processed data. Moreover, some useful
methods are presented for hardware noise rejection.

Index Terms— Fault diagnosis, noise,
synchronous generator, signal processing.
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I. INTRODUCTION

Early-stage diagnosis of incipient faults in electrical
machines can limit the progressive damages that lead to
colossal economic losses. Over the past two decades,
there has been a sustained research activity in the field of
fault detection of electrical machines. Different
approaches based on various signals that are acquired
based on invasive methods like air-gap magnetic field
monitoring or non-invasive methods as stator current,
voltage, and torque are proposed to discriminate the fault.

Faults in electrical machines could be divided into
three categories: electrical failures like short circuit fault
of stator or rotor windings, or mechanical failures like
static or dynamic eccentricity, broken damper bars,
broken end ring, and misalignment. The demagnetization
of permanent magnets is also classified as a magnetic
fault in permanent magnetic machines. Each kind of
failure could give rise to a specific symptom in the
electrical machine, which may be observed in a measured
signal [1].

Feature extraction and signal processing is the central
part of a fault detection procedure. Numerous indices are
proposed based on various signal processing tools to
detect different types of faults in the electrical machines.
However, the majority of results are based on a
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laboratory test rig or finite element simulation results,
which do not consider the noise effect. However, some
attempts have been made to address this issue in [2].

The working environment of electrical machines in the
industries and power plants are susceptible to various
kinds of noise that may have considerable consequences
on measured signals [3]. The working environment of
synchronous generators in hydropower plants is
vulnerable to noise emitted from power transformers [4],
the turbine, and the machine itself. Besides, the utilized
induction motors in industries controlled by inverter
drives may create interfering noise [5-7]. The amplitude
and frequency of the emitted noise by inverters depend on
the modulation techniques utilized in the power
converters [7].

It has been reported in [8] that most of the varied
industries are subjected to a high degree of complex noise
which is the combination of white Gaussian noise with
impulsive noise. The amplitude of the noise in the
working environment of the industry depends on various
criteria [9] and the noise profile varies from case to case.
In addition to noise emitted from the equipment utilized
in industry, faulty electric machines also cause some
degree of noise [10], and the noise level is increased by
increasing the fault severity.

The fault detection is based on the acquired signals
from the faulty machine. If the working environment is
vulnerable to noise, it is almost unavoidable that the
signal is not contaminated by noise. Therefore, the effect
of noise on the processed signals must be considered. In
addition, the noise effect may cause indices found by
feature extraction to give false fault identifications.
Various signal processing tools utilized for condition
monitoring systems respond to noise diversely. In this
paper, several types of noise are introduced, and their
effects on measured signals are investigated. Also, the
effects of noise on signal processing tools like FFT,
STFT, CWT, DWT, and TSDM are investigated.
Furthermore, proposed indices for inter-turn short circuit
detection of salient pole synchronous generator operating
in a noisy environment are studied, and noise effect on
results is discussed. Moreover, it is demonstrated that a
certain level of noise, indices, and signal processing tools
may work ineffectively. The utilized signal is acquired in
a laboratory with various electric equipment that may
contribute to noise interference of the signal under
healthy and faulty conditions.



II. SIGNAL AND NOISE

A. Definition

The term ‘signal’ in the field of condition monitoring
means only desirable data that are measured. However,
signals are vulnerable to noise during the process of
acquisition, storage, or conversion. Noise is an unwanted
signal that may disrupt the quality of the main signal.
Every device in the power plant or industry that works
based on electromagnetic law may be a noise source. The
generated noise by each electric device has its own
unique characteristics that fall into a specific category of
noise. In order to quantify the quality of the signal, the
signal-to-noise (S/N) ratio is expressed. It represents the
ratio of the signal amplitude to the standard deviation of
the noise [3].

B. Source of Noise in Industries

The radiated noise from electric equipment is
generally limited to a discrete low-frequency signal.
However, the electric machine, whether stationary like
transformers or rotating machineries like electric motors
or generators, generates a broadband noise component
due to their cooling systems. The net noise is
superimposed of the electromagnetic and cooling system
components. Moreover, in variable speed drives, the
power electronic converters that are frequently used in
industries are an additional source of noise.

The noise in an electric machine is as below [3, 6]:

1. The electromagnetic source of noise in the
electric machine is due to the radial force
created by the interaction of the stator and rotor
magnetic field. The structure of the rotor and the
slot harmonics cause high-frequency
components that in turn lead to force and noise
inside the machine.

2. Aerodynamic source of noise has a broad
frequency band that is generated due to the flow
of the air at the inlet or outlet of the machine
cooling system.

3. Mechanical source of noise is due to the natural
frequency of the stator, improper installation of
the machine, and bearing vibration. If the
exciting frequency of the machine coincides
with stator natural frequency, a strong noise will
be created.

The amount of noise created by transformers is
significant in comparison to rotating electric machines.
The source of the noise in power transformers is divided
into magnetic noise which is due to the magnetic field of
the core and the load noise which is caused due to
interaction of the leakage flux and the current passing
through the coils [4]. However, the metallic body of the
transformer may shield the emitted noise to the working
environment, albeit the generated noise is unavoidable.
Moreover, the power transformers in power plants are
placed in a separate room that reduces their effect on the
measuring parameter of the synchronous generator.

Many electrical motors use solid-state inverter drives

to feed into windings. The power supply is not entirely
sinusoidal and contains numerous harmonics. The most
important harmonics created are 5% 7% and 11%, which
become critical if mentioned harmonics coincide with a
natural frequency of the stator [5]. The net forces due to
the power electronics harmonic components result in
significant noise.

C. Various Types of Noise

There are various types of noise that, based on their
properties, have different effects on the acquired signal. It
is possible to discriminate the signal from the noise based
on the frequency components. The signal may contain
mostly low-frequency components while the noise may
spread out over the wide frequency range or the noise
may only contain high-frequency components. Noise is
characterized based on its frequency spectrum, which is
commonly described in terms of noise color. The noise is
categorized as white noise, pink noise, Brownian noise,
blue noise, violet noise, and grey noise. Each noise type
is specified according to the frequency distribution of its
power spectral density.

1. White noise is a random noise that has equal
power over the entire frequency range.

2. Pink noise is characterized by high power at low
frequencies.

3. Brownian noise’s amplitude is proportional to
the square of the frequency over a frequency
range.

4. Blue noise has strong power at high frequency
and is not common in experimental
measurement.

5. Violet noise, which is a differentiation of white
noise, has a power spectral density that is
proportional to the square of the frequency over
the finite range.

ITI. GRAY NOISE IS A RANDOM WHITE NOISE WITH AN
INVERTED A-WEIGHTING CURVE. THE EXPERIMENTAL
SET-UP

A custom-made 100 kV4, 400 V, 14 poles salient pole
synchronous generator is used to investigate the effect of
noise on acquired signals under short circuit fault (Fig.
1). A 90 kW, 4 pole induction motor is utilized to drive
the coupled synchronous generator. The shaft of the rotor
is connected to the generator by using a gearbox. A
programmable converter is used to feed the induction
motor. The field winding of the generator is supplied by a
DC power supply. A Hall-effect sensor (AST244) with a
ratio of induced voltage to the magnetic field equal to
2.54 T/V is installed inside the air gap to acquire the air
gap magnetic field. The datasheet specifies that the sensor
should be supplied by a 2 m4 DC current source.
However, due to considerable -electromagnetic
interference, the magnitude of the current power supply is
increased to 4-mA to increase the signal-to-noise ratio. A
high-resolution (16-bit) oscilloscope is used to sample the
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Fig. 1. The laboratory set-up of a 100 kVA salient pole synchronous
generator (top), the inter-turn short circuit fault applied in the rotor.

data at 10 kHz. A copper shunt is used to make inter-turn
short circuit fault on one of the rotor field winding as
shown in Fig. 1.

IV. SIGNAL PROCESSING

Signal processing is a core part of the fault detection
procedure. Although the extracted signals from the
electrical machines, whether in a healthy or faulty mode,
contain useful data, they must be analyzed using signal
processing tools. The signal processing tools are
categorized into three domains as below:

1. Time-domain

2. Frequency domain

3. Time-Frequency domain
There are several methods based on time, frequency, and
time-frequency domains. In this paper, the gyration
radius which is based on time series data mining is used
as a time-domain processor. The fast Fourier transform
(FFT) which is a frequency domain processor is utilized
to obtain frequency spectrum density of the signal. There
is a wide range of time-frequency processors that are
limited in this paper to short-time Fourier transform
(STFT), discrete wavelet transforms (DWT), and
continuous wavelet transforms (CWT).

A. Noise Recognition in Measured Data

The air gap magnetic field is measured by using a
Hall-effect sensor installed on the stator tooth as seen in
Fig. 2 (a). The air gap magnetic field is vulnerable to a
combination of the internal and external sources of noise.
The internal electromagnetic noise is due to the machine
configuration which leaks into data. The external noise
that leaks into the acquired signal has occurred during
data acquisition or storage process. Fig. 3 represents the
acquired air gap magnetic field in the presence of noise.

The acquired signal is analyzed to recognize the type
of noise that leaked into that. According to the definitions
provided in section II-C, the behavior of the obtained
signal by a sensor resembles white Gaussian noise.

)
Fig. 2. The location of the hall-effect sensor installed on stator tooth
(a), the shielded wire of sensor getting out of stator core to the
oscilloscope (b).
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Fig. 3. The measured air gap magnetic field of the synchronous
generator in the laboratory.

Since the signal is vulnerable to the noise, a specific
copper shield is used to protect the sensor wires all the
way to the DC power supply as shown in Fig. 2 (b). The
connection between the DC power supply to the
oscilloscope is made by using coaxial cable. Moreover,
there are some low pass filters designed inside the
oscilloscope that may help to reject or reduce the noise
effect as depicted in Fig. 3.

B. Fast Fourier Transform
The distorted magnetic field caused by inter-turn short

circuit (ITSC) fault contain sub-harmonics that can be
distinguished based on the index as below:

f;ub—harm(mics

—(pri L M
p

where £ is stator terminal frequency, p is the number of

poles, and £ is an integer. Fig. 4 (a). depicts the spectrum
density of the air gap magnetic field in healthy and under
10 short-circuited turns obtained by the FFT processor.
By increasing the number of shorted turns in the rotor
field winding, the amplitude of the sideband component
increased. For instance, the amplitude of the sidebands
for a 10 ITSC fault at frequency 7.15 Hz, 14.3 Hz, 28.6
Hz, and 35.7 Hz increased from -44.6 dB, -53.1 dB, -51.3
dB, and 54.9 dB to -36.6 dB, -38.9 dB, -39.4 dB, and -
40.8 dB, respectively. Fig. 4 (b). demonstrates the effect
of 20 dB white noise on the spectrum density of the air
gap magnetic field.

The noise level of the frequency spectrum is increased
from -100 dB to -50 dB by decreasing the signal-to-noise



---10ITSC.

Frequency (Hz)

@

—H
—101TSC.

50 100 150
Frequency (Hz)

(®
Fig. 4. The spectrum density of an air gap magnetic field in a healthy
and under a 10 ITSC fault, a) without noise interference, b) with 20 dB

SNR.
TABLE I
THE EFFECT OF VARIOUS SIGNAL-TO-NOISE RATIO ON THE NOMINATED
INDEX UNDER ITSC FAULT.

7.15 14.3 28.6 35.7 64.3 78.6

Hz Hz Hz Hz Hz Hz
NN -44.6 -53.1 -51.3 -549 | -574 | -54.5
60-dB -44.6 -52.9 -51.2 -55.0 | -57.6 | -54.4
H | 50-dB -44.8 -53.1 =514 | -54.1 -57.8 | -544
40-dB -45.1 -53.0 -51.1 -55.3 -58.2 | -544
30-dB -45.3 -55.1 -51.5 -54.8 | -57.3 | -54.6
NN -39.6 -38.9 -394 | -40.8 | -41.8 | -49.3
60-dB -39.6 -38.9 -394 | 408 | -41.8 | -49.3
F | 50-dB -39.5 -38.9 -394 | 409 | -419 | -49.5
40-dB -39.8 -39.1 -39.2 -40.6 | -42.1 -49.5
30-dB -40.3 -39.1 -39.9 -40.2 | -41.8 | -49.1

ratio. Therefore, the magnitude of the introduced index
for ITSC detection is simply masked in the case of high-
level noise interference. Hence, the ITSC diagnosis under
the 20 dB signal-to-noise ratio is almost impossible.

Table I presents the effect of various signal-to-noise
ratios on the nominated index under ITSC fault. The
amplitude of the index for a low degree of SNR is
acceptable which is in the range of internal noise.
However, the signal-to-noise ratio of 20 dB is the
borderline of accurate fault detection. By decreasing the
SNR, the amplitude of sidebands even in a healthy case is
masked and it may lead to false alarm of the fault
indication.

C. Short-Time Fourier Transform

Fig. 5. presents the applied short-time Fourier transform
(STFT) to the measured air gap magnetic field in a
healthy and a 10 ITSC fault with different amounts of
white additive Gaussian noise. The STFT is performed
with a window length of one electric period. Introducing
an index based on the processed signal by using STFT is
not in the scope of this paper. However, a comparison
between the healthy and faulty STFT reveals that the
fault has a significant impact on two bands of STFT
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Fig. 5. The applied STFT to an air gap magnetic field in healthy (a)
and under a 10 ITSC fault (b) in no-noise, 40 dB, and 20 dB SNR.
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Fig. 6. The impact of 40 dB noise on processed data by STFT (a), and
the impact of a 10 ITSC fault on a processed signal by STFT (b) by
using the image processing tool.

between 0 to 100 Hz.

A qualitative comparison of the healthy and faulty
signal by the introduction of noise implies that noise does
not mask the frequency bands to a great extent which is
likely due to the long window length. However, a
qualitative comparison is not reliable for fault detection.
A healthy signal with 40 dB noise and a 10 ITSC faulty
signal without noise which are processed by STFT is fed
to the image processing tool as shown in Fig. 6. As seen
in Fig. 6 (a), the noise has the same pattern as ITSC fault
with sparse frequency components. Therefore, noise with
a higher ratio may lead to false fault identification. A
caveat of STFT analysis in the presence of noise is that
increasing the window length to reject noise will reduce
the temporal resolution and limit its usefulness.

D. Continuous Wavelet Transform

The continuous wavelet transforms (CWT) is a
qualitative signal processing tool which is used in fault
detection of the electric machines. The CWT is
performed using the frequency B-spline wavelet.
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Fig. 7. The applied CWT to an air gap magnetic field in healthy (a) and
under a 10 ITSC fault (b) in no-noise, 40 dB, and 20 dB SNR.

The data interpretation of the processed signal by
CWT is arduous since it must be analyzed by a
convolutional neural network or image processing expert.
Fig. 7. depicts the applied CWT to a measured air gap
magnetic field of a healthy and faulty machine. A
comparison between the healthy and a 10 ITSC fault
between the frequency bands of 25 Hz to 75 Hz indicates
that fault presence changes the CWT profile by
introducing a periodic notch.

The effect of white Gaussian noise on CWT is studied
by adding different amounts of noise. The intensity of the
CWT is reduced by increasing the noise level. Moreover,
the notching of the 50 Hz band, is severely weakened by
the introduction of noise. The CWT is affected uniformly
across frequencies, unlike the STFT, due to its greater
time-frequency resolution. The effect will vary among
wavelets. Some of the noise rejecting qualities of STFT
could be achieved in CWT by selecting wavelets with a
greater number of oscillations, such as the Shannon
mother wavelet.

E. Discrete Wavelet Transform

The discrete wavelet transform is a useful signal
processing tool for feature extraction of the electric
machine under a faulty condition. The DWT is
commonly implemented based on filter banks. Each level
of the filter consists of a low-pass filter and high-pass
filter which the output is downsampled by factor 2 at
each level. The output of the high-pass filter is known as
a detailed signal while the output of the low-pass filter is
called an approximate signal. The decomposed signal by
DWT depends on the type of mother wavelet. In this
paper, Daubechies 8 is used to decompose the air gap
magnetic field into various frequency sub-bands. Since
the sampling frequency is 10 kHz, the first, and second
detailed sub-band is between 5000-2500 Hz, and 2500-
1250 Hz, respectively.

The energy of each sub-bands level is introduced as a
proper signature to diagnose the occurrence of the ITSC
fault. The energy of the signal is as below:

TABLE II
THE ENERGY OF VARIOUS WAVELET SUB-BANDS ENERGY IN HEALTHY
AND A 10 ITSC FAULT. (NL: NOILSELESS) (NI: NOISE INCLUDED)

Energy | D8 D7 D6 D5 D4 D3 D2 D1

H-NL | 0.70 | 0.38 | 0.83 | 0.94 | 0.97 1 1.06 | 1.35

F-NL | 0.70 | 0.38 | 0.81 | 0.88 | 0.83 | 0.79 | 0.72 | 0.65

H-NI 0.70 | 038 | 0.81 | 0.88 | 0.83 | 0.79 | 0.72 | 0.65
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Fig. 8. The discrete wavelet transforms of air gap magnetic field in a
healthy case (red), and with 20 dB white gaussian noise (blue).
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where D is the magnitude of each DWT sub-bands. The

occurrence of 10 ITSC faults in one rotor pole leads to an
increment of the energy of D1 to D6 as shown in Table.
II. Therefore, by comparing the energy variation of the
different wavelet sub-bands in a healthy and faulty case,
the occurrence and progression of fault are discernible.

Fig. 8 shows the discrete wavelet transforms of the air
gap magnetic field in a healthy case without noise effect
and under a noisy condition with a signal-to-noise ratio of
20 dB. Although noise has significant impacts on detailed
sub-bands especially D1 to D6, it also affects the
amplitude of the D7, DS, and A8. However, the energy of
wavelet sub-bands of the healthy machine with 20 dB
white Gaussian noise is equal to the energy level of
corresponding wavelet sub-bands under a 10 ITSC faults.
For instance, the amplitude of the energy of sub-bands of
D3, D2, and D1 for the healthy machine in a noisy
environment are decreased to 0.79, 0.72, and 0.65 while
the energy of the same sub-bands for a 10 ITSC fault is
also the same. Consequently, the noisy environment leads
to a false alarm that significantly affect the fault
detection.

F. Time Series Data Mining

The inter-turn short circuit fault of the rotor results in a
non-uniform magnetic field. The radius of gyration (RG)
which is based on time series data mining (TSDM)
approach can represent the variation rate of the faulty
signal. If a trend of time variation of the signal is high, its
average value for the different operating points may be
utilized to extract the suitable index based on RG. For a
given time series of the magnetic field of air gap as
below:

B={B(k)-B(k-1), k=2,3,..,/) (3)




80
—10ITSC 2000 —H

60

40

20

o

B(k)

20

-40

80 -1000

80 -1500

-100 2000
-100 50 50 100 2000 <1000 0 1000 2000

B(k‘iﬂ)) B(k-10)

(a) (®)

Fig. 9. The gyration radius of air gap magnetic field in healthy and a 10
ITSC faults without noise (a) and with 20-dB white gaussian noise (b).

where j is the number of the sampled signal, and k is

the time index. Reconstructed phase space for k equal to
10 is shown in Fig. 9 (a). A TDSM is used to generate the
mass based on variation in the magnetic field time series.
The RG is applied to the generated mass to quantify the
rate of changes as below:

. \/[Z;H,(B(k—uof +Z(B(k—l)—u,)2) “
i

where (4, and g are the center of gyration, and / is the

time lag of the phase space. The applied RG to magnetic
flux density in healthy and under a 10 ITSC fault is 61
and 78 respectively. As shown in Fig. 9 (a), the fault
leads to distortion of the magnetic field which results in
increment in the radius of mass.

Fig. 9 (b) represents the applied TSDM to the healthy
and faulty air gap magnetic field in a presence of 20 dB
white Gaussian noise. The magnitude of the RG is
considerably increased in comparison to the noiseless
signal. Moreover, the area of the mass and
correspondingly the radius of the gyration in healthy
cases is enormously larger than the faulty case. Therefore,
the input signal to the TSDM algorithm must be noiseless
otherwise it leads into inaccurate fault signature.

V. CONCLUSIONS

This paper discussed thoroughly the various kinds of
noise that may exist in the industrial environment and
demonstrated how it can negatively affect the measured
data. A detailed investigation on the frequency
component of the measured noisy data revealed that it
contains the white Gaussian noise, which is the most
prevalent type of noise in power industries.

The air gap magnetic field of a 100 kVA4 salient pole
synchronous generator in healthy and under inter-turn
short circuit fault is measured. The acquired signal is
susceptible to a high level of noise inside the machine,
which could be rejected by using specific copper
shielding. In addition, the signal-to-noise ratio of the
measured air gap magnetic field is increased by
increasing the magnitude of the current feeding into the
sensor. Furthermore, it is necessary to use coaxial cable
to avoid any noise leakage into the sensor from outside
the machine.

Signal processing tools are the key point of the fault
detection procedure of the electric machines. Based on

the level of leaked noise into the signal, the processed
data may indicate a false result. However, the detection of
the fault in a noisy condition depends on the proposed
feature. The sensitivity of the indices and signal
processing tools under noisy condition summarized as:

1. FFT: It is only sensitive to high-level noise and
sidebands are masked with 20 dB noise.

2. STFT: It is sensitivity to noise and resolution of the
frequency bands depend on the length of the
window.

3. CWT: It is highly sensitive to noise and may lead to
a false alarm.

4. DWT: It depends on frequency sub-band which is
utilized for feature extraction.

5. TDSM: It is highly sensitive to noisy data.
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