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Abstract—This paper provides a novel approach to dis-
criminate the Inter-Turn Short Circuit fault (ITSC) in salient
pole synchronous generator based on the use of non-invasive
sensors. A stray magnetic field is used as a non-invasive signal
that could provide valuable data regarding the condition of
the synchronous machine. The captured signal under different
severity of the ITSC fault is examined by using a classical
signal processing tool based on Fast Fourier Transform. A
unique feature based on extracted sub harmonics from the
stray magnetic field is used to demonstrate the sensitivity of
the signal to fault severity increment. It has been shown that
the nominated feature do not have any sensitivity to the load
variation. The theoretical hypothesis which is supported by
using finite element method analysis is tested and verified by
experimental results.

Index Terms—Condition monitoring, fault detection, feature
extraction, finite element modeling, pattern recognition, syn-
chronous generator, stray magnetic field, spectrum analysis.

I. INTRODUCTION

The inter-turn short circuit of the rotor field winding is
critical and serious failure among various kind of faults in
synchronous generators that can effect the operation of the
machine. Although, the synchronous generators often operate
well for decades in power plants, such faults can shorten their
efficient life span. Therefore, it is proposed to use precise
condition monitoring of the synchronous generators to reduce
the possibility of the failure and generator outage.

The ITSC fault can occur due to electrical or mechanical
problems in the field winding insulation. ITSC failure can
give rise to local hot spot and vibrations that in turn can accel-
erate the insulation degradation [1]. Numerous approaches are
proposed to detect the fault in synchronous machines which
mostly relys on harmonic analysis of the stator terminal
voltage [2], air gap magnetic field [3], phase currents [4], and
vibrations in the frame [5]. Nevertheless, mentioned methods
have some drawbacks like:

1) Although, the air gap magnetic field provides the valu-
able data to detect the ITSC, it is invasive approach and
it is difficult to implement in synchronous generators
that are already in operation.
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2) Harmonics of the voltage, current, vibration show sig-
nificant changes in the harmonic contents ’only’ in a
case of severe degree of ITSC fault.

In order to tackle the aforementioned problems, the stray
magnetic field is proposed to detect the ITSC fault. It is a non-
invasive approach and may demonstrate the high sensitivity
to occurrence of the failure.

The magnetic field outside the machine is created by the
leakage flux that can be captured by utilizing search coil,
hall effect sensors, optical fiber [6], and radio frequency
sensors [7]. The amplitude of the induced Electro Motive
Force (EMF) in the search coil is proportional to the rate of
leakage flux variation, and the number of turns. In addition,
the distance between the search coil and the frame of the
machine strongly influence the amplitude of the induced
EMF. The location of the sensor could determine whether
the measured signal is the axial flux, radial flux or both. The
location of the sensor should therefor be chosen based on
which stray flux must be investigated [8]. For instance, eccen-
tricity faults in horizontally mounted synchronous generators
can slightly change the value and the harmonic contents
of the axial stray flux.

The present work has studied the application of the stray
flux to diagnose the inter-turn short circuit fault in the field
winding of the salient pole synchronous generator. The main
target of this study is to see if this can provide a method with
high precision and high degree of sensitivity to the lowest
degree of ITSC fault. In section II, the comprehensive finite
element analysis by using search coils are presented. It has
shown that occurrence of the fault could change the variation
of the induced EMF in the sensor. Spectrum analysis is used
to characterise the induced sub harmonics in EMF under
ITSC fault in section III. In section IV, the experimental
set-up that is used to verify the accuracy of the theoretical
findings is explained in detail. It is shown in section V that
the load alternation does not has any effect on the nominated
feature.

II. FINITE ELEMENT MODELING AND ANALYSIS

The 2-D geometry of the simulated salient pole syn-
chronous generator is displayed in Fig. 1. The detailed
geometrical characteristics of the stator and rotor slots, non-
linearity of the stator lamination sheets, spatial distribution
of the stator winding, and saliency of the rotor poles are



Fig. 1. Geometric configuration of the modelled salient pole synchronous
generator using 2-D FEM. The location of the search coils are demonstrated
in red circles.

TABLE I
100 kV A, COSφ 0.9, 400 V , 428 rpm, 14 POLES, SALIENT POLE

SYNCHRONOUS GENERATOR

Quantity Values
Stator outer diameter 780 mm
Stator inner diameter 650 mm

Number of stator slots 114
Length of stack 208 mm

Minimum air gap length 1.75 mm
Number of turns per coil 8
Number of turns per pole 35

Excitation current 88 A
Line current 148 A

considered since the accuracy of the fault features depends
on the precision of the finite element model [9]. In addition,
the winding arrangements in the stator and rotor have consid-
erable impacts on fault detection since winding distribution
affects the harmonic components of the magnetic field. In
this modeling, a two-layer fractional slot stator winding
and the corresponding spatial distribution are considered.
A direct current according to the load level are fed into
the rotor field windings.

The generator is modelled and analysed using ANSYS
Maxwell [10]. A 2D-model is employed where the 3D-effects
on stator and rotor windings are included using external
circuits in the FEM-model. The simulation are made in the
time domain until a steady-state is reached in the simulation.
Rotation is included in the simulation. The non-linearity of
the steel in both rotor and stator is included, but the eddy-
current effects are disregarded except in the damper bars.

In order to capture the radial stray flux of the machine
a flux sensor which is a stranded search coil is mounted
on stator core. The amplitude of the magnetic field on the
stator core is insignificant to the total number of turns for the
designed flux sensor. The flux sensor has considered to be
3000 turns in order to capture the induced EMF from the stray
magnetic field. Short-circuited turns in the field winding were
simulated by simply reducing the total number of conductors
in the field winding of a desired pole while applying the spec-
ified excitation currents at no-load or load conditions to the
field winding. The specification of the proposed three-phase
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Fig. 2. Induced electromotive force in the sensor due to stray flux variation
in the healthy (top) and 10 ITSC fault (bottom) - Simulation result.

TABLE II
THE NUMBER AND PERCENTAGE OF SHORTED TURNS IN THE FAULTY

POLE OF THE SALIENT POLE SYNCHRONOUS GENERATOR

Number of Turns Total Percentage per
Pole

Total Percentage per
Total Poles

0 turn Healthy Healthy
1 turn 2.86% 0.204%
2 turns 5.71% 0.408%
3 turns 8.57% 0.612%
7 turns 20% 1.428%

10 turns 28.57% 2.045%

synchronous generator have been summarized in Table I.
Fig. 2 shows the magnitude of the induced EMF due

to stray flux density variation in the back iron of the
synchronous generator for the healthy and 10 ITSC fault
in no-load condition. As shown in Fig. 2, the inter-turn
short circuit fault leads to variation in the amplitude of
induced EMF. When a short circuit fault occurs, the effective
number of field windings decreased which results in the
reduction of net magneto-motive force in the air gap. Such
an unbalanced distribution of the magneto-motive force leads
into the asymmetric air gap magnetic field.

The unbalanced magnetic field is due to fundamental
MMF components from the stator and rotor. In addition, the
stator and rotor permeances variations together with the short
circuit harmonic components strongly influence the resulting
flux density distribution. The harmonic components created
in the air gap magnetic field are also accessible in the stray
flux because the fault could distort the inductance of the
synchronous machines and it leads into considerable changes
in the leakage flux that pass through the yoke to the air and



Fig. 3. The experimental set-up of 100 kV A custom-made synchronous
generator for the purpose of fault detection (top), the rotor of the generator
and the taps of field winding to apply ITSC fault.

the flux sensor. By increasing the severity of inter-turn short
circuit fault, the amplitude and variation of the stray flux is
increased.

III. EXPERIMENTAL SET-UP

To investigate the synchronous machine performance un-
der inter-turn short circuit fault, the following experimental
components were provided:

1) A custom made 100 kV A, 14 poles, 400 V salient pole
synchronous generator with detailed specification given
in Table I.

2) A 90 kW induction motor with four poles and rated
speed of the 1482 rpm were used as a prime mover of
the synchronous machine.

3) The prime over is connected to the synchronous ma-
chine by using a gearbox.

4) The rotor field winding was supplied by a 200 kW
LAB-HP/E2020 DC power source. The output of the
DC power supply is 200 V and 1000 A.

5) A programmable converter is used to feed the induction
motor based on its parameters. A rectifier connected to
the grid was used to supply the converter.

6) Digitizing and sampling of the sensor measurement was
performed by a high resolution 16-bit oscilloscope.

7) The water-cooled resistors comprised of two parallel
sets of resistors, whereas the total resistance could
be controlled and adjusted in steps by contactors and
relays from the control panel. The per-phase resistance
could be varied from a maximum of 160 Ω to a
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Fig. 4. Induced electromotive force in the sensor due to stray flux variation
in the healthy (top) and 10 ITSC fault (bottom) - Experimental result.

minimum of about 2.78 Ω. At the maximum load
setting, the dissipated power of the resistors amounted
to about 57 kW .

8) Two three-phase indicators that each of their phases
were linked in series was connected to the synchronous
generator by a three phase transformer. The transformer
has a star to delta connection. The approximate value
of the inductance in each phase based on the turn ratio
of the transformer is equal to 22 mH .

9) A rigid flux sensor was used to capture the induced
electromotive force due to stray flux. The sensor was
installed on stator core to capture the stray radial
flux of the machine. Although, the laboratory working
environment is vulnerable to noise from converters,
the frequency band of interest for flux sensor does
not coincide with noise frequency range emitted from
converters. Therefore, filter for noise rejection was not
implemented in procedure of sensor design.

An experimental test rig of a synchronous generator is
shown in Fig. 3. This system can be used to measure the air
gap magnetic field by hall effect sensors that are installed on
the stator tooth. The generator windings are star-connected,
and the neutral point is grounded. The passive loads are
used for generator loading condition in order to avoid grid
harmonics interference on measured data. The main parts of
the experimental test rig are as below:

The short circuit fault is applied to one of rotor poles ,
although there is a possibility to apply the inter turn short
circuit fault to two opposite poles of a rotor field winding
for different severity levels as shown in Table II. A copper
plate is used in order to remove the desired number of turns
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Fig. 5. The spectrum density of the induced EMF in the sensor in no-load
for healthy and 2 ITSC fault (top), and healthy and 10 ITSC fault (bottom)
- Experimental results.

in faulty pole. In a healthy case, the number of turns in one
pole is 35 and the desired number of short circuit turn is
achieved by using a copper plate between a common point
of a field winding and desired turns point as shown in Fig. 3.

IV. SPECTRUM ANALYSIS OF STRAY FLUX

Fig. 5 depicts the power spectrum density (PSD) of
the healthy and faulty synchronous generator with 2 (top)
and 10 (bottom) ITSC. A comparison between the healthy
and 2 ITSC faults illustrate that the presence of the fault
increases the side-band components amplitude around the
main frequency according to Equation. 1 as below:

fsideband = (
p± k

p
)fs (1)

where p is number of pole pairs, fs is a main frequency,
and k is any integer. These side-bands components are equal
to mechanical frequency that for a 14 pole synchronous
generator with frequency of 50 Hz are equal to 7.1, 14.2,
21.3 Hz, and so forth. As seen in Fig. 5 the amplitude of
all side-bands do not increase significantly for frequencies
specially for low degree of fault severity. However, there is
a regular pattern in which all frequency components around
the fundamental frequency and its multiplier like 50, 100,
150 Hz are having a significant increase when a fault occur
- even in its early stage. The mentioned frequencies are like
85.7, 92.9, 107.2, and 114.3 Hz. According to Fig. 5, the
amplitude of aforementioned frequencies are -41.5, 34.8, -
37.2, and -45.1 dB respectively. The occurrence of 1 ITSC
fault in one of rotor field winding which is equal to 2.86% out
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Fig. 6. The spectrum density of the induced EMF in the sensor in full-load
for healthy and 2 ITSC fault (top), and healthy and 10 ITSC fault (bottom)
- Experimental results.

of one rotor pole winding and 0.2% out of whole rotor field
winding increase the magnitudes of mentioned frequencies to
-39.4, -33.1, -35.1, and -42.8 dB. According to Fig. 5, the
side-bands amplitude with 10 ITSC at frequency 85.7, 92.9,
107.2, 114.3 Hz increases from -41.7, -32.6, -33.9, and -
45.5 dB to -22.4, -19.2, -20.4, and -27.9 dB, respectively.
Therefore, the comparison between the healthy and faulty
cases shows a considerable changes in the amplitude of the
proposed index even with 1 ITSC. The variation of the
extracted feature to severity of the ITSC fault in no-load
condition are shown in Table II.

Fig. 6 demonstrates the frequency spectrum of the stray
flux of the healthy and faulty synchronous generator at
full load. Similar to the no-load condition, the harmonic
components of the frequency spectrum in full load indicates
the same degree of sensitivity to the occurrence and progress
of the fault. For instance the proposed side-bands for 1 ITSC
at frequency 85.7, 92.9, 107.2, and 114.3 Hz increase from
-41.7, -32.6, -33.9, and -45.5 dB to -36.8, -32.1, -32.6, and
-43.7 dB, respectively. There is also a significant increment
in amplitude of the mentioned frequencies to -22.4, -19.2,
-20.4, and -27.9 dB by increasing the severity of the fault
to 10 ITSC. It shows that the load can not fluctuate or mask
the proposed side-bands. Comparison between Figs. 5 and
7 shows that the amplitude of the side-band components,
obtained by utilizing the finite element method is close to
experimental results, which validate the simulated results and
theoretical study.
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Fig. 7. The spectrum density of the induced EMF in the sensor in no-load
for healthy and 2 ITSC fault (top), and healthy and 10 ITSC fault (bottom)
- Simulation results.

V. LOAD EFFECTS ON THE PROPOSED FEATURE

The investigation of the load variation on any proposed
fault indices are essential. An accurate fault detection depends
on the relationship between the suggested feature, load vari-
ation, and fault severity. It has been shown in [11] that the
amplitude of the harmonic side-bands in induction motors,
in the presence of eccentricity fault, under load condition
is increased. Besides, the amplitude of the harmonic com-
ponents of the faulty induction motor with broken damper
bars fault is decreased by increasing the load level [12].
Consequently, the comparisons of healthy and faulty machine
must be scrutinized in the same loads.

Fig.8 depicts the variation of proposed feature for dif-
ferent level of ITSC severity versus the load variation.
According to Fig. 8, the amplitude of the mentioned criteria
increases when increasing the number of shorted turns in the
rotor field winding and it is reasonably constant from no-
load to full-load. In other words, when using the proposed
method based on utilizing the stray flux this is robust against
the load variation. Therefore, short circuit fault detection
based on nominated feature does not need to specify the
generator’s load.

VI. CONCLUSION

The stray magnetic field is used to detect the ITSC fault
in the rotor field winding of the salient pole synchronous
generator. Finite element modeling is used to simulate a 100
kV A SPSG under a short circuit fault. It has been shown
that location, distance and the number of turns are the main

TABLE III
THE VARIATION OF EXTRACTED SIDE-BANDS COMPONENTS IN HZ TO

NUMBER OF ITSC IN NO-LOAD IN DECIBEL

Index H 1 ITSC 2 ITSC 3 ITSC 7 ITSC 10 ITSC
7.1 -44.9 -43.6 -41.9 -40.3 -34.8 -32.4
14.3 -45.4 -43.9 -41.8 -39.7 -33.1 -30.1
85.7 -41.5 -39.4 -36.8 -34.5 -27.9 -25.0
92.9 -34.8 -33.1 -31.2 -29.9 -22.9 -19.9
107.2 -37.2 -35.1 -33.2 -31.4 -25.0 -22.1
114.3 -45.1 -42.8 -39.9 -37.5 -31.0 -28.1

Fig. 8. Amplitude variation of side-band component versus load variation
and various number of ITSC fault.

criteria for capturing the induced EMF in the installed search
coil on the body of the machine. The severity of the fault
and its impacts on the stray magnetic field has been studied
and it is shown that it has high degree of sensitivity to the
severity of the fault and it could even detect the 1 turn short
circuit fault. The traditional signal processing tool is used in
order to reduce the computational time and have a real time
analyzer to extract the harmonic component of the signal. It
has also been shown that side-band harmonics near the main
frequency and its multipliers increase significantly by the
occurrence and increment of the ITSC fault. The load effect
on the extracted feature is also studied and it is proved that
the load variation does no have any effect on the signature.
The results have been verified by experimental results.
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