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Abstract—Many methods used for precise fault detec-
tion in salient pole synchronous generators (SPSGs) often
require a priori knowledge of the healthy case, but this
requirement impedes application of the methods since an
accurate analysis of the different machine quantity wave-
forms is not usually carried out during commissioning. The
inspection and maintenance processes in SPSGs are also
costly and time-consuming; therefore, reliable methods
that can detect and discriminate between different faults
without comparison with the healthy condition are highly
desirable. This paper proposes a precise method for de-
tection and discrimination between different fault types in
SPSG. The method does not require healthy machine data
and is applied to diagnose both inter-turn short circuits
(ITSC) in the field winding and dynamic eccentricities (DE).
The proposed non-intrusive detection algorithm is based
on advanced signal analysis of stray magnetic field data
and can be applied during SPSG operation. The method
is highly precise for monitoring the condition of the rotor
field winding and yields a unique pattern for diagnosing
possible ITSC faults. Moreover, a distinctive pattern for the
DE fault enables the discrimination between both consid-
ered failures, even if they are present at the same time.
The proposed method is validated through finite element
modeling and experimentally on a 100 kVA and a 22 MVA
SPSG to demonstrate its applicability in real power plants.

Index Terms—Inter-turn short circuit, hydro power plant,
fault detection, synchronous generator, condition monitor-
ing, continuous wavelet transforms, reliability.

I. INTRODUCTION

LARGE synchronous generators can be built with a salient
pole concentrated excitation rotor or with non-salient

pole distributed excitation rotors (cylindrical rotor) [1]. The
former is typically used in low-speed generators or hydro
generators, while the latter is employed in high speed turbo
alternators. Cylindrical rotors in turbo alternators are usually
based on solid iron rotors for better mechanical rigidity and
heat transmission [1]. In lower speed synchronous generators,
such as hydro generators, the rotor pole shoes are made
by laminations to reduce rotor losses. In these low speed
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machines, the rotor pole shoes incorporate slots that house
copper bars that are short-circuited by end rings to form the
damper cage.

The salient pole synchronous generators (SPSG) in hydro-
electric plants must operate in a sufficiently healthy condi-
tion due to the severe consequences of an eventual forced
outage, not only for the plant itself but also for the electric
system. Therefore, these machines are usually subjected to
maintenance protocols that are much more exhaustive than
those used in industrial synchronous motors. In this regard,
specific condition monitoring systems, such as vibroacoustic
sensors, internal search probes, thermal probes (PT100), or
PD monitoring systems (e.g., stator slot couplers), are usually
employed to guarantee accurate knowledge of the SPSG
condition.

Despite the application of special maintenance protocols
to synchronous machines, different types of failures have
been reported in the literature for this type of machine.
For example, broken damper bars have been reported both
in salient pole synchronous machines and non-salient pole
synchronous machines [2]–[6]. The number of reported broken
damper bar failures in the synchronous motor compare with
the synchronous generator is higher, however, faults due to
broken dampers may have serious implications concerning
the starting of synchronous machines [7]. Other faults, such
as eccentricities [8], [9], shaft current discharges [10], and
field winding [11] and stator turn faults [12], have also been
reported in hydro generators. The negative effects of most
of these failures can eventually lead to forced synchronous
generator outages; therefore, an intensive effort has been
devoted to the development of intelligent techniques that are
able to detect these faults when they are in their early stages
of development [11]–[13].

In this context, the analysis of flux data has been a recurrent
alternative for the diagnosis of most of these faults. The
basic idea relies on evaluating the signatures that the anomaly
leaves, either on the waveform of the air-gap flux or on its
frequency content. In this regard, air-gap flux analysis has been
proposed to detect field winding failures [14], [15], damper
faults [5], [16], eccentricities [17], or even stator turn faults.
In spite of its good results, the air-gap flux has some important
constraints related to the intrusive nature of the necessary
sensors or to the reduced flexibility caused by the exclusive
dependence on sensors that have already been installed during
the manufacturing process. These sensors can be difficult to
replace or modify in case of failure or when measurements in
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Fig. 1. The experimental setup of a 100 kVA salient pole synchronous
generator.

alternative locations are required.
Due to these constraints, an emerging trend in recent years

is to rely on the analysis of stray-flux data. Today, stray flux
data can be acquired in a non-invasive way using the currently
available sensors with advanced features [18]. Several studies
have confirmed the validity of the technique for diagnosing
faults in induction motors and even in permanent magnet
machines [19]. In addition, new techniques based on the
advanced analysis of stray flux data under transient conditions
have been confirmed to provide important advantages when
compared with the analysis of stationary flux signals [20]–
[22].

Some recent work has suggested the analysis of stray flux
data for the detection certain faults in SPSGs, such as field
winding faults [23], [24], damper faults [24], [25], eccentrici-
ties [9], [26] or even stator faults [27]. This work has verified
the potential of this technique for reliable detection of these
faults and for their discrimination from other faults or non-
faultârelated phenomena. Despite this, further research work
is still required in this area to develop alternative methods that
are effective in real SPSG operating in power plants.

In this context, this work proposes a precise stray flux-based
method to diagnose inter-turn short circuit faults (ITSC) and
parallel dynamic eccentricities (DE) in an SPSG. The applica-
tion of the proposed methods yields characteristic signatures
that are specific to each type of failure, thereby enabling
their respective detection and discrimination. The effectiveness
of the method is proven both with simulated data and with
laboratory and field test data obtained in a 100 kVA and 22
MVA SPSG operating in a hydropower plant. Application of
the approach enabled the avoidance of an eventual catastrophic
failure thanks to the early detection of the faults. This paper
first presents the laboratory and field tests in which the fault
effects on the captured stray flux signals are observed. This
is followed by the justification of these observations, both by
simulations with finite element models and by advanced time-
frequency analyses of the experimental data.

Search Coil

Fig. 2. The location of the shorted turns tap on the rotor (top) and the
location of the stray magnetic field sensor installed on the stator back
side of a SPSG.

II. LABORATORY AND FIELD TEST

A. Laboratory Setup

Numerous tests were performed in the laboratory on a 100
kVA SPSG. The objective was to obtain the corresponding
stray flux signals and to observe their corresponding wave-
forms that could be indicative of certain faults. These wave-
forms are processed later, and the observed phenomena are
properly described and justified via time-frequency analyses.
A detailed description of the experimental setup, as shown in
Fig. 1, is as follows:

1) A 100 kVA, 400 V custom-made synchronous generator
with 14 salient poles is used to investigate the ITSC fault
in the rotor field winding.

2) A 100 kVA induction motor with four poles is used as a
prime mover of the SPSG.

3) The SPSG and induction motor are connected using a
gearbox with a gear ratio of four to one.

4) A 100 kVA converter is used to drive the induction motor
and to provide the SPSG with the required active power
at constant speed.

5) A static rotor magnetization unit is used to control the
current in the rotor field winding. Controlling the power
field excitation is possible both in a local mode while the
generator is connected to the passive loads or when it is
integrated into the power grid.

6) A stray magnetic field is recorded by a homemade sensor
that consists of an air-core coil with 3000 turns of thin
copper wire (0.12 mm2). The sensor can be attached both
on the stator backside to pick up the radial stray flux and
in front of the stator end winding to pick up the axial stray
flux. The sensor picks up both axial and radial stray flux if
it is tangentially attached to the stator backside as shown
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Fig. 3. Induced voltage due to a stray magnetic field in the sensor
attached on the stator back side of a 100 kVA SPSG during no-load
operation in a healthy case (a) and under a 10 ITSC fault (b) - Laboratory
measurements.

in Fig. 2. The size of the sensor is optimized to cover
an adequate area of the stator back side (100× 100× 10
mm).

7) A high-resolution 16-bit oscilloscope (Rohde Schwarz
RTO2000) is used to sample the stray magnetic field
using a sampling frequency of 10 kHz.

8) The ITSC fault on one of the rotor pole windings is cre-
ated by removing the desired number of turns. Removal
of 1, 2, 3, 7, or 10 turns from one of the rotor poles is
possible using a copper plate, as shown in Fig. 2.

B. Laboratory Measurement
The procedure for experimental measurement is as follows:

a copper plate is mounted between the common point of
the rotor pole winding and the desired tap of the rotor pole
winding to remove the specific turns in the standstill. The
SPSG is then accelerated until it reaches the synchronous
speed. The DC current is then applied to the field winding
based on the loading condition.

Fig. 3 shows the waveforms of the induced voltage in the
sensor attached on the stator back side of the 100 kVA SPSG
for the healthy and the ITSC fault condition. A clear variation
exists in the amplitude of the induced voltage under a 10
ITSC fault compared with the healthy case. Each mechanical
revolution consists of seven periods that are in concordance
with the number of pole pairs in the laboratory machine. The
pattern arises because the ITSC fault in the rotor field winding
is periodic as long as the rotor passes over the installed sensor
on the stator back side. The reduction in the amplitude of the
induced voltage under the ITSC fault is due to the reduced
number of turns in the faulty rotor field winding that contribute
to the magneto-motive force in the air-gap.

C. Field Test Measurement
Fig. 4 shows a 22 MVA, synchronous generator with a

8 salient poles operating in a Norwegian hydropower plant.
Several inspections had revealed a clear elevation in the
measured amplitude of the vibration according to the power
plant report. Therefore, measurement of the stray magnetic

Fig. 4. A single unit hydropower plant with an operating 22 MVA SPSG.
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Fig. 5. Induced voltage in the installed sensor on the stator back side of
a 22 MVA SPSG during no-load operation - Field test measurement.

field was proposed to determine the origin of this symptom.
The SPSG was completely covered by an iron housing, but
several hatches enabled access to the stator yoke back side.
Fig. 4 shows the installed sensor on the stator yoke through
one of the hatches. At least four sensors are required to detect
a static eccentricity fault in a vertically mounted SPSG, while
one sensor is adequate for ITSC fault and DE fault diagnosis.
However, since the type of fault in the SPSG is unknown, four
sensors were installed at a distance of 90 mechanical degrees.

Fig. 5 shows the induced voltage in one of the installed
sensors on the stator back side of a 22 MVA SPSG. A clear
sign of amplitude variation is evident in the induced voltage.
The amplitude reduction of the induced voltage shows an
obvious pattern that is similar to the pattern in the100 kVA
SPSG, whereas a significant difference is detected in the lower
envelope of the signal, since the envelope of the signal does
not follow the pattern expected for an ITSC fault. The lower
envelope of the induced voltage, in this case, is similar to a
sine wave. This indicates that, in addition to the ITSC fault,
another source is generating the fault in the 22 MVA SPSG.
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Fig. 6. Finite element model of a 100 kVA SPSG and the location of the
stray magnetic field sensor installed on the back side of the stator yoke.

TABLE I
100 kV A, 50 Hz, SYNCHRONOUS GENERATOR TOPOLOGY

SPECIFICATION AND NAMEPLATE DATA

Quantity Values Quantity Values
Stator outer diameter 780 mm Number of poles 14
Stator inner diameter 649 mm Nominal exc. current 103 A
Length of stack 208 mm Power factor 0.90
No. of damper bars/pole 7 Terminal current 144.3 A
No. of rotor turns / pole 35 Terminal voltage 400 V
No. of stator turns 8 No. of slots 114
Nominal speed 428 rpm Winding connection Wye

The amplitudes of the signals captured by the four sensors
installed with a mechanical distance of 90 degrees are checked
to inspect the possibility of a static eccentricity fault. The
amplitude of one pair of sensors installed in front of each
other must differ in a way that ensures that the amplitude of
the induced voltage in one of the sensors is high and that of
the other sensor is low for a static eccentricity fault to occur
[9]. However, the amplitudes of the induced voltages in this
pair of sensors are similar, which indicates the absence of a
static eccentricity fault in the 22 MVA SPSG.

III. ELECTROMAGNETIC ANALYSIS

The aim of this section is to evaluate the impact of different
faults on the stray magnetic field distribution of the SPSG.
Two SPSGs with power ratings of 100 kVA and 22 MVA are
modeled by considering two types of faults: ITSC and DE.
The pattern of the voltage signal induced in the sensor by
the stray magnetic field is analyzed to determine the impact
of both failures under consideration. The occurrence of both
ITSC and DE faults results in the magnetic field variation in
the air gap. The magnetomotive force of the faulty rotor pole
compared with the healthy poles decreased due to the reduced
number of turns. The reduced magnetomotive force affects the
symmetry of the air-gap magnetic field and consequently its
amplitude. DE fault also disturbs the air-gap magnetic field
symmetry distribution in the air-gap. Therefore, in the case of
both faults, the reluctance of the path between the air gap and
the search coil starts to change. The reluctance variation results
in the leakage flux variation and consequently the induced
voltage variation in the sensor due to the faults.

Both the detailed specification of the SPSG geometry and
the non-linearity of the material are considered in finite
element modeling (FEM), since both have a marked impact on
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Fig. 7. Induced voltage in the sensor installed on the stator back side of
a 100 kVA SPSG operating in a no-load in a healthy case (a) and under
a 10 ITSC fault (b) - Simulation results.

the stray flux distribution. The eddy effect in damper bars is
also considered since a synchronous machine with a fractional
winding layout has a circulating current in the damper bars
even during steady-state operation [4]. A 2D FEM model of
the SPSGs is adequate since the rotor or damper bars are not
skewed. The complete geometry is required for FEM, since
both machines have a fractional slot winding layout; therefore,
both ITSC and DE result in an asymmetric distribution of the
magnetic field. The simulation is performed using the ANSYS
ELECTRONICS software package [28].

A. FEM Study of a 100 kVA SPSG
A 100 kVA, 400 V, star-connected SPSG with 14 poles

(each pole including 7 damper bars) and with 114 stator
slots is modeled in FEM, as shown in Fig. 6. The detailed
specifications of the 100 kVA SPSG are shown in Table I. The
rotor field winding of each pole has 35 turns. The analysis is
performed for five different severities of an ITSC fault in the
rotor field winding: 10 shorted turns (28.57%), 7 shorted turns
(20%), 3 shorted turns (8.5%), 2 shorted turns (5.7%), and
1 shorted turn (2.85%). The corresponding number of turns
in each rotor pole is eliminated in order to model the ITSC
fault with FEM. Therefore, the effective magneto-motive force
decreases, which results in a non-uniform air gap magnetic
field.

Fig. 7 shows the calculated induced voltage in the sensor
installed on the stator back side of the simulated SPSG in
the FEM for both a healthy case and for a 10 ITSC fault. A
symmetrical pattern is evident in the healthy operation of the
machine, whereas the pattern is distorted by the 10 ITSC fault
(see bottom row of Fig. 7). The amplitude of the induced
voltage is decreased when the faulty rotor pole passes over
the sensor installed on the stator back side. A comparison
between the experimental measurements, shown in Fig. 3, and
the simulation results, depicted in Fig. 7, proves that the ITSC
fault causes a reduction in the effective magneto-motive force
and, consequently, a decrease in the stray magnetic field in the
vicinity of the stator yoke. The shape, periodicity, and pattern
are the same for both the experimental results and the FEM
results; however, the direction of the peak amplitude reduction
differs due to the polarity of the installed sensor.
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Fig. 8. Finite element model of the 22 MVA SPSG and the location of
the installed stray magnetic field sensor.

TABLE II
22 MVA, 50 Hz, SYNCHRONOUS GENERATOR TOPOLOGY

SPECIFICATION AND NAMEPLATE DATA

Quantity Values Quantity Values
Stator outer diameter 2640 mm Number of poles 8
Stator inner diameter 2040 mm Nominal exc. current 440 A
Length of stack 1220 mm Power factor 0.90
No. of damper bars/pole 8 Terminal current 1650 A
No. of rotor turns / pole 58 Terminal voltage 7700 V
No. of stator turns 1 No. of slots 126
Nominal speed 750 rpm Winding connection Wye

B. FEM Study a 22 MVA SPSG

The FEM model of the 22 MVA SPSG is illustrated in Fig.
8. Table II shows the detailed specifications of the machine.
The generator has 8 poles, and each pole contains 8 damper
bars. The required magneto-motive force to generate 7.7 kV
on the stator terminals is provided by 53 turns in each rotor
field winding. The stator windings are connected in series and,
unlike a generator with a parallel winding layout, they do not
yield a circulating current to compensate for the asymmetric
magnetic field caused by a short circuit fault or eccentricity
fault. Two pairs of sensors are installed exactly in front of
each other, and the amplitude of the induced voltage in all
the sensors was the same, indicating that the SPSG does not
have a static eccentricity fault. Consequently, only the DE and
ITSC faults are simulated in FEM.

A comparison between the simulation result and the mea-
surement in the power plant shows the accuracy of the FEM
model; only a small difference is apparent in the shape of the
signal, and this difference is due to ignoring the 3D effect
and the radial air duct effect, as well as the SPSG housing.
The impact of a 20% DE fault on the induced voltage in the
sensor is shown Fig. 9. A periodic fluctuation occurs in both
the upper and lower envelopes of the signal due to the DE
fault. Conversely, the effect of the ITSC fault on the induced
voltage of the sensor also results in a reduction in the peak
amplitude, as indicated in green in the plot shown in Fig. 9.
However, a comparison between the measured voltage in Fig. 5
and the FEM results under only an ITSC or DE fault indicates
that both ITSC and DE faults exist simultaneously in the 22
MVA SPSG. The last plot of Fig. 9 shows the simultaneous
occurrence of a 10 ITSC and a 20% DE fault. The obtained
pattern for this mixed fault is a combination of the fault-
related patterns of both the ITSC and DE faults, since the
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Fig. 9. Measured induced voltage in a sensor installed on the stator
back side of a 22 MVA SPSG operating in a no-load in a healthy case
(a), under a 20% DE fault (b), under a 10 ITSC fault (c), and under a
combination of both DE and ITSC faults (d) - Simulation results.

upper envelope is similar to the upper envelope of the ITSC
fault and the lower envelope is similar to the DE fault.

IV. ADVANCED SIGNAL PROCESSING

Digital signal processing is a broad field that encom-
passes numerous mature techniques for treating a signal and
extracting useful information based on the required needs.
Several signal processing tools are available, and these can
be classified, according to their application in fault detection
of electrical machines, into three categories including time-
domain, frequency-domain, and time-frequency domain tools.
The application is based on the signal properties and the
required format for data interpretation. Application of fast
Fourier transforms to the induced sensor voltage in a healthy
case and under ITSC and DE fault is presented in Fig.
10. Although the faulty frequency spectrum demonstrates the
significant increase in the amplitude of both sub-harmonics
and inter-harmonics, both faults intrigue the same fault har-
monic components. Indicating that fault type detection us-
ing frequency spectrum is impossible. This paper proposes
a time-frequency representation of the voltage induced in
the sensors installed on the stator back side and uses the
continuous wavelet transform (CWT) as a time-frequency tool.
The Gaussian mother wavelet is selected based on the signal
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Fig. 10. The frequency spectrum of the sensor induced voltage in a 22
MVA SPSG operating at no-load in a healthy case and under 10 ITSC
and 20% DE faults - Simulation results.

characteristics. The frequency band is assigned to 100 Hz
and the window length must be selected to have at least two
mechanical revolutions in order to exhibit the periodicity of
the fault signature.

CWT is a powerful tool for analyzing localized variations of
power spectral density within a time data series. Wavelet trans-
forms decompose the time data series into a time-frequency
map that enables determination of both the dominant modes of
variability and how the modes vary in time. Implementation of
the CWT, compared with other tools like the Discrete Wavelet
Transform (DWT), is also straightforward since a mother
wavelet is constructed simply by dilating and translating the
signal. The frequency component of the signal is extracted
using a convolution process, and the transform convolutes the
signal with a wavelet instead of running the Fourier transform
[29].

One of the main concerns of fault detection methods
proposed in several published studies is their prerequisite
for knowledge of the healthy condition of the SPSG. This
requirement can be easily satisfied under laboratory conditions,
where the fault is applied intentionally and the healthy data
are accessible. However, this is not the case for machines in
real power plants. Consequently, some methods proposed in
the literature, although suitable in principle for SPSGs, are
difficult to apply in the field. The method proposed in this
paper, based on CWT, extract a clear pattern that reveals the
SPSG health status without requiring any knowledge of the
healthy operation data.

V. RESULTS AND DISCUSSIONS

Although the obtained time data series results have a clear
pattern indicating the occurrence of the fault in both the 100
kVA and the 22 MVA SPSG, an advanced signal processing
tool, such as CWT, can be used to support the findings and
identify the amplified frequency components. The following
two sections include analyses of the voltage induced in the
sensor in the healthy and faulty cases for simulations, labora-
tory experiments, and field tests.
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Fig. 11. Time-frequency representation of the induced voltage in the a
sensor installed in a 100 kVA SPSG operating in a no-load in a healthy
case (a) and under a 10 ITSC fault (b) - Simulation results

A. Study Results of a 100 kVA SPSG
Fig. 11 shows the CWT results of the voltage induced in

the sensor by a stray magnetic field for the healthy condition
and for a 10 ITSC fault in the field winding, using simulated
data obtained with FEM. The time-frequency analysis of the
induced voltage yields numerous stalks, each corresponding
to one rotor pole. The 100 kVA SPSG has 14 poles that
yield 14 stalks for each mechanical revolution, as shown in
Fig. 11. The frequency range of each stalk for a healthy case
spans from 20 Hz to 100 Hz. The presence of a 10 ITSC
fault in one of the rotor field windings reduces the magneto-
motive force produced by a faulty pole, thereby influencing
the stray magnetic field on the stator yoke back side. The
time-frequency plot of the induced voltage for the 10 ITSC
fault reveals a significant reduction in the stalk length and
intensity, indicating a faulty rotor pole winding (red arrows
designate a faulty pole). The time-frequency plot contains five
mechanical revolutions of the 100 kVA SPSG. Each time a
faulty pole passes over the sensor, a faulty pole with a reduced
stalk length appears in the time-frequency plot.

The application of the CWT to the experimental data of a
100 kVA is shown in Fig. 12 for a healthy case and a 10 ITSC
fault. The time-frequency plot for the healthy case is similar
to that of Fig. 11; each 140 ms indicates one mechanical
revolution with 14 stalks, which is evidence of a healthy rotor
pole winding. Although the results of analysis are similar for
the experimental data corresponding to the faulty machine
and for the simulation data, the stalk length is (negligibly)
shorter for the experimental result than for the simulation
result. Therefore, the stalk length of a faulty pole spans slightly
above 20 Hz, making the identification of a faulty pole more
noticeable in practice.

B. Study Results of a 22 MVA SPSG
The identified fault types in a 22 MVA SPSG according to

the FEM results are both the ITSC and DE, as verified based
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Fig. 12. Time-frequency representation of the induced voltage in the a
sensor installed in a 100 kVA SPSG operating in a no-load in a healthy
case (a) and under a 10 ITSC fault (b) - Laboratory measurements.

on the time-frequency presentation of the induced voltage
both in field measurement tests and FEM. Fig. 13 shows
the application of the CWT to the voltage induced by the
stray magnetic field for the healthy condition (first row), 10
ITSC fault (second row), 20% DE fault (third row), and
mixed fault of 10 ITSC and 20% DE faults. The 22 MVA
SPSG has 8 poles, shown in the red window in Fig. 13;
the stalk frequencies are set between 20 Hz and 100 Hz to
have high resolution in the time-frequency plot. The highest
stalk intensity concentrated in the 25-60 Hz range with a
red hue. The 20% DE fault causes a time-frequency pattern
modification. Three changes occur due to the DE fault in the
time-frequency plot compared with the healthy case:

• A fluctuating envelope appears at the bottom of the time-
frequency plot, similar to the time data series shown in
Fig. 9.

• The healthy case shows a uniform distribution in the time-
frequency plot, whereas the 20% DE fault shows a dis-
torted distribution, with each window shape resembling
a fire flame.

• The intensity of the stalks in the healthy case are the
same for each mechanical revolution, as is the frequency
range, whereas the 20% DE fault modifies the intensity
pattern, with the highest intensity located in the middle
of the window and a reduction in the stalk intensity at
the edges.

A 10 ITSC fault reduces the stalk intensity of faulty pole in
the time-frequency plot. The starting frequency point of each
faulty stalk is slightly higher than 25 Hz, unlike a healthy
stalk. Fig. 13 shows the time-frequency plot of an induced
voltage in the sensor for a 22 MVA SPSG operating under
simultaneous ITSC and DE faults. The expected pattern for
ITSC fault and DE fault must appear in the time-frequency
plot. Therefore, the fire flame shape pattern with a sine shape
envelope at the bottom of the plot appears which indicates the
occurrence of DE fault. A comparison between the length of
the stalks in the time-frequency plot of a DE fault indicates

(a)

H

20% DE

(b)

10 ITSC

(c)

20% DE+10 ITSC

(d)

Fig. 13. The simulation result of the time-frequency representation of
the induced voltage in the installed sensor on a 22 MVA SPSG operating
in a no-load in a healthy case (a), under a 20% DE fault (b), under a 10
ITSC fault (c), and under mixed fault of 20% DE and 10 ITSC fault (d) -
Simulation results.

that there is a symmetry in the length of the stalks with respect
to the window center. The existence of ITSC fault while the
machine has DE fault results in the length reduction in one of
the stalks which can be detected by comparing the length of
opposite stalk.

Fig. 14 shows the time-frequency presentation of the mea-
sured voltage induced in an installed sensor in a 22 MVA
SPSG in a hydropower plant operating under no load (top
row) and under a 17 MW load (bottom row). The patterns
suggest a combination of both ITSC and DE faults and are
interpreted as follows:

• A DE fault is indicated by the fluctuating envelope at the
bottom, the flame shape of each mechanical revolution,
and the concentrated high intensity of the stalks at the
center of the window in the time-frequency plot.

• The frequency ranges of one of the stalks are initiated
slightly higher than for a healthy winding stalk. The stalk
intensity that shows the ITSC fault in a rotor winding is
low compared to the rest of the neighboring stalks.
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(a)
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Fig. 14. The time-frequency representation of the induced voltage in a
sensor installed in a 22 MVA SPSG in a no-load operation (a) and under
loaded operation of 17 MW (b) - Field test results.

C. Load impact

The SPSG in hydropower plants always operates under
different loading conditions, indicating that the load impact
on the proposed method must be investigated. The main
difference between the no-load and loading condition is the
contribution of the stator magnetic field due to the current
in the stator windings. The stator magnetic field has two
impacts on the stray magnetic field. The magnitude of the
stray magnetic field is slightly increased compared with the
no-load case. The stray magnetic field in the loading condition
has a phase shift compared with the no-load case. However, the
frequency contents of the stray magnetic field do not change
due to loading conditions. Therefore, the introduced pattern
due to the loading condition of SPSG must stay unchanged
while its intensity due to increment in the amplitude of the
stray magnetic field must be changed.

The ITSC and DE faults pattern in the time-frequency plot
is more noticeable in a loaded SPSG than in a no-load SPSG,
as shown in Fig. 14. The reason is that the amplitude of the
current in the rotor field winding increases by increasing the
load in the SPSG; therefore, the impact of reduced contributing
magnetomotive force from the faulty pole in the air-gap
magnetic field and correspondingly in the stray magnetic field
becomes more tangible. Consequently, the intensity of the
faulty stalk due to an ITSC fault is markedly reduced under the
17 MW load. Conversely, the electromotive force of the faulty
pole is decreased compared with the healthy poles therefore,
increasing the current reduces the magneto-motive force due
to the ITSC fault. The power plant operator also stated that the
amplitude of the vibration increased during loading conditions,
possibly due to the ITSC fault. The DE pattern in the time-
frequency plot under the loading condition does not change
because the winding layout is not parallel; parallel windings
would compensate for the non-uniform magnetic field caused
by the fault.

(a)

(b)

H

5 ITSC

(c)

(d)

(e)

5% DE

10% DE

10% DE+5ITSC

Fig. 15. The time-frequency representation of the sensor induced
voltage in a 22 MVA SPSG operating at no-load in a healthy (a), under
a 5 ITSC fault (b), under 5% DE fault (c), under 10% DE fault (d) and
under mixed fault of 10% DE and 5 ITSC faults (e) - Simulation results.

D. Generalization of the method

The proposed method has a high sensitivity to detect the
fault in an early stage. The lowest ITSC fault and DE fault that
can be detected with a visual inspection of the time-frequency
plot is shown in Fig. 15. The ITSC fault is applied to a 22
MVA SPSG by removing 5 turns out of 58 turns in one of the
rotor field winding. The length and the intensity of the faulty
stalk in the time-frequency map are decreased as shown in
Fig. 15. DE fault with 5% and 10% severity is also applied
to the 22 MVA SPSG and the same pattern for a severe fault
such as 20% DE fault is observed for the low severity fault.
The introduced pattern is able to detect the coexistence of
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(b)

(a)

H

10% DE

Fig. 16. The time-frequency representation of the sensor induced
voltage in a 42 MVA, 16 poles SPSG operating at no-load in a healthy
(a) and under 10% DE fault (b) - Simulation results.

ITSC fault and DE fault in an early stage as shown in Fig.
15. The fire flame pattern due to DE fault in the symmetrical
at the middle of the window while having ITSC fault change
the symmetry due to the reduced length and intensity of the
faulty stalk.

The proposed method in this paper only requires the number
of poles in the SPSG and the machine configuration does not
have any impact on the introduced pattern. Fig. 16 shows the
time-frequency map of a sensor induced voltage in a 42 MVA
synchronous generator with 16 salient poles in the rotor. The
red window Fig. 15 shows one mechanical revolution of the 42
MVA SPSG that includes 16 stalks which represent 16 poles.
The introduced pattern for DE fault is observed in Fig. 16
where 10% DE fault is applied to the SPSG. Conclusively, the
SPSG topology does not have any influence on the introduced
pattern based on the application of CWT to the induced voltage
in the sensor installed on the stator backside.

The method provided in this paper has several advantages
and some limitation compared with the previously developed
methods as follows:

1) ITSC and DE faults detection based on the application of
FFT on the stray magnetic field in a SPSG are proposed in
[9], [30]. The method compares the frequency spectrum
of the faulty SPSG with a healthy SPSG in order to
determine the health status of the machine. Although
the method is able to detect the fault at an early stage
since the frequency contents of a faulty machine are
increased compared with a healthy machine, the fre-
quency spectrum is unable to determine the fault type.
The intrigued frequency components due to ITSC and DE
fault are similar, indicating that the fault type recognition
is impossible while the proposed method in this paper
can detect the fault type based on unique patterns for DE
and ITSC faults.

2) A method based on the application of STFT is proposed
to detect ITSC and DE fault in SPSG using stray magnetic
[31]. Although the method was able to introduce a new

pattern that can detect the fault at an early stage, the
pattern for DE and ITSC fault were similar that makes
fault type detection difficult.

3) A highly sensitive method using DWT is proposed to
detect the DE fault based on the differential stray mag-
netic field [9]. In this method, at least two sensors are
required to embed on the stator core exactly opposite
of each other. The measured signals are differentiated
and processed by DWT. The method assumes that the
differential signal is almost zero for a healthy SPSG.
However, the assumption is incorrect since the induced
sensor voltage is not identical even in the healthy SPSG
due to asymmetry in the machine structure.

4) The proposed methods based on frequency spectrum are
highly sensitive to the noise while the methods based
on time-frequency methods such as STFT, and CWT is
highly robust to the noise in the data sets [32].

Although the proposed method in this paper has several
merits that make it practical especially in the field, there exist
some constraints as follows:

1) A high-resolution signal can be achieved if the sensor
is mounted on the stator core. The SPSG frame can
significantly attenuate the stray magnetic field.

2) The sensor design must be optimized based on the stray
magnetic field type, the strength of the stray magnetic
field, and the sensor location.

3) The sensor must be shielded and a co-axial cable must
be used to transfer the data in order to reject the noise
impact.

4) The data acquisition system with at least 16-bit resolution
is required for fault detection based on the stray magnetic
field.

5) Although the proposed method can be easily utilized
by the end-user since the pattern for each fault type is
unique, the application of a deep neural network in pattern
recognition can facilitate automate fault detection.

VI. CONCLUSION

This paper has presented a unique methodology for the
detection of both ITSC and DE faults in a SPSG by applying
CWT to the induced voltage in a flux sensor installed on
the stator yoke back side. When compared with previously
proposed methods for the detection of ITSC and DE faults, the
detection algorithm in this paper has the following advantages:

• No a priori knowledge of the healthy operation of
the SPSG is required because the time-frequency plot
provides an informative and reliable pattern for fault
detection.

• The method can identify and discriminate fault types
with high accuracy based on the obtained time-frequency
patterns. The occurrence of the ITSC fault in one rotor
field winding causes a reduction of the stalk length,
whereas a DE fault yields an envelope at the bottom of
the time-frequency plot and each mechanical revolution
of the machine resembles a fire flame.

• The non-intrusive nature of the method, based on stray
magnetic field monitoring that induces a voltage in in-
stalled sensors on the stator back side, allows assessment
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even during machine operation. Unlike previously pro-
posed methods, it does not require machine stoppage or
access to its internal parts.

• The proposed method is applicable to different types of
SPSGs. The only required information is the number of
poles.

The FEM provides insight into the changes in time-
frequency patterns due to ITSC and DE faults in 100 kVA
and 22 MVA SPSGs when CWT is applied. The experimental
results for a small-scaled 100 kVA SPSG verified the feasibil-
ity of the methodology to detect an ITSC fault. The proposed
method is able to detect and discriminate a co-existing ITSC
fault and DE fault in a 22 MVA SPSG operating in one of the
Norwegian hydropower plants under a no-load or a loaded
condition, supporting the feasibility of this method in real
power plants.
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