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FAULT DETECTION IN SYNCHRONOUS MACHINES

The present invention relates to a method of fault detection in synchronous
machines, as well as to a related fault detection system, which may be combined with a
synchronous machine, and corresponding computer programme products.

Synchronous machines, and in particular large synchronous machines such as
hydropower generators, play a pivotal role in the production of electric power. High
reliability of power supply depends on these synchronous generators. An unplanned
outage of energy production centres (power plants) and production lines are one of the
most critical concerns in the electric power industries. Energy production systems in large
scale entirely depend on large electrical machines, especially synchronous machines.
Large synchronous machines are one of the most expensive pieces of equipment in the
power plant. In addition, their maintenance and repair are costly, and any termination of
the synchronous machine from the network due to fault leads to economic loss. Today,
periodic maintenance systems are used in most industries related to electrical machines.

Different types of electrical and mechanical faults can occur in a synchronous
machine. Mechanical faults could induce vibration, unbalanced magnetic pull into the
specific part or the whole part of the generator. Mechanical faults may be caused by the
unsuited operating condition, mechanical degradation, or defects during assembly of the
machine. [f the minimum air gap between rotor and stator core varies, then the
synchronous generator has a condition which is called eccentricity fault. There are two
types of eccentricity: static and dynamic. Static eccentricity is the condition where the
shortest length in a non-uniform distribution of air-gap has a constant length and is fixed in
space. Static eccentricity is one of prevalent fault in the synchronous generators. A lower
level of eccentricity does not cause any damage to the machines; however, it should be
detected at its early stage before the rotor core rub the stator core and windings.

In general, faults can occur due to external factors such as severe short circuits in
the power grid or internally due to gradual defects. Rapid response to the fault is the
responsibility of the protection system of the synchronous machine. A typical protection
system uses voltage, current profile, or extracted data associated with them at the
terminal of the stator. In the case of hydropower generators, hydropower plants often
have a sophisticated protection system that consists of over-voltage, over-current,
differential relays in addition to several subsystems and equipment that trip automatically
as a quick response to abnormal operating conditions. The purpose of the protection
system is to ensure immediate and correct disconnection of the production unit in the
event of a severe fault in the machine or power network that is connected to it. It can

disconnect the electrical machine from the power system based on measured data in
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order to protect it against fast and destructive faults. However, existing protection
systems may not detect a gradual defect inside the machine that may lead to future
serious faults. It is, therefore, beneficial to have a condition monitoring system to perform
further fault detection task. The present invention relates to methods and systems used in
this context.

Viewed from a first aspect, the invention provides a method of fault detection in
synchronous machines; the method comprising:

using at least one sensor to determine parameters linked to the magnetic field
generated within the synchronous machine including parameters based on one or more of
magnetic field strength, rotor current or voltage, stator current or voltage, and vibration;

processing the sensor measurements to identify data artefacts linked to the
magnetic field, wherein the processing includes one or more signal processing techniques
based on time, frequency, and both time and frequency; and

analysing the output of the signal processing in order to identify and categorise
irregularities in the magnetic field that are indicative of a fault in the synchronous machine,
wherein the analysing includes recognising patterns in the processed sensor
measurements, via use of computer aided pattern recognition techniques such as via
machine learning algorithms.

Using this method it becomes possible to more effectively determine faults with
synchronous machines. The method of the first aspect relates to the detection of faults
within the synchronous machine itself, for example in relation to mechanical and or
electrical components of the synchronous machine, typically those found internal to the
machine. Faults within the machine are to be differentiated from faults external to the
machine, e.g. in relation to the excitation system for magnetization of the machine or an
external electrical network. Faults with such components are typically hard to identify and
diagnose without invasive measurements and/or modifications to the machine. It would
be an advantage to provide effective non-invasive techniques. The method gives
particular advantages in the case of large synchronous machines such as synchronous
electrical machines used as hydropower generators. Whilst other fault finding methods
exist they are not focussed on the realisation that the magnetic field can be used to
diagnose numerous problems with the synchronous machine through the identification
and categorisation of irregularities in the magnetic field. The method may be for detecting
faults linked with one or more of eccentricity, damper winding faults, and short circuit.

A synchronous machine is an AC electrical machine in which, at steady state the
rotation of the shaft is synchronized with the frequency of the generated voltage, or if the

machine acts as a motor, the supply voltage. The rotation period for a synchronous
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machine is hence equal to an integral number of AC cycles or a fractional number of AC
cycles given by the number of pole-pairs. The synchronous machines described herein
may contain multiphase AC electromagnets on the stator of the machine that create a
magnetic field which rotates in time with the oscillations of the line current.

It is important in the present context to appreciate the difference between a
synchronous machine and an induction machine. The synchronous machine rotates at a
rate locked to the line frequency since it does not rely on current induction to produce the
rotor's magnetic field. By contrast, an induction machine requires slip: the rotor must
rotate slightly slower than the AC alternations in order to induce current in the rotor
winding. The presently described method does not relate to induction machines.

The method may comprise using signal processing techniques in relation to
frequencies that are higher than the line frequency. That is to say, the method does not
work only with signals in the power frequency range (typically 50 Hz or 60 Hz) and in fact
may specifically not relate to signal processing techniques using patterns identifiable in
that frequency range. Thus, the method may comprise working with frequencies that are
higher than (and optionally do not include) the power frequency range, i.e. higher than 60
Hz. The method advantageously involves signal processing techniques based on
frequencies that are super-harmonics of the line frequency, typically frequencies well
above the line frequency, which may be frequencies above 75 Hz, e.g. between 75 Hz to
400 Hz, and/or may include frequencies in the kHz range and above. Thus, the
frequency(/ies) used in the method of the first aspect may be frequencies above 1 kHz,
and in particular may be super-harmonics of the line frequency of the synchronous
machine. The step of analysing the output may hence comprise recognising patterns in
processed sensor measurements including such frequencies, with the patterns being
identifiable in these larger frequency ranges. The signal processing technique may
comprise using sampling frequencies in the kHz range, such as a sampling frequency of 5
kHz or 10 kHz, or higher.

As noted above, the method may be used for fault detection in large synchronous
machines such as hydropower generators. In this context a large synchronous machine is
one which, when acting as a generator, can produce electricity from 100 kW up to 500
MW, or more. A hydropower generator is an electrical machine used for generating
electricity from water flow, and may typically be a salient pole synchronous generator.
The method of fault detection may be particularly beneficial for salient pole synchronous
generators.

The method of fault detection makes use of irregularities in the magnetic field of

the synchronous machine. This may be a transient magnetic field that arises, for
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example, during start-up or shut-down of the machine. Such a transient magnetic field
can be differentiated from a steady state magnetic field or fluctuating magnetic field that
arises during on-going use of the synchronous machine, such as when a hydropower
generator is running at a steady speed or otherwise is in continuous use to generate
electricity. It has been found that fault detection can be enhanced by identifying and
categorising irregularities in such a transient magnetic field. Thus, the method may be
used during the period when there is a transient magnetic field in order to find
irregularities that are indicative of faults, and may hence involve fault detection during
start-up of the synchronous machine. The inventors have realised that some fault types
may be best detected whilst there is a transient magnetic field, or can only be detected
when the machine is in a transient state.

The method may involve using at least one existing sensor or at least one non-
invasive sensor. This allows the fault detection to obtain the various advantages
discussed above without the need for additional invasive sensors and without the need for
modifications to the synchronous machine. This is beneficial for fault detection in pre-
existing machines. Alternatively, where convenient, including when designing new
machines with integrated fault finding capabilities, additional sensors may be provided
compared to conventional large synchronous machines. In particular, it may be beneficial
to more directly measure magnetic field signals via sensors with elements installed
invasively, such as within the air gap between rotor and stator. In some examples the
method makes use of hall effect sensor or search coils that are installed in the air gap.

Where an existing sensor is used, the existing sensor may be a sensor already
provided with the synchronous machine, such as one or more sensors used during
operation of the synchronous machine for control of the machine. For example, this may
be a voltage or current sensor used to monitor performance of the machine. The existing
sensor may be a non-invasive sensor, i.e. a sensor mounted external to the machine
and/or taking measurements in a contactless fashion, or it may be a sensor that is
integrated within the synchronous machine.

Alternatively or additionally at least one non-invasive sensor may be used with the
machine specifically for the fault detection, such as a sensor provided as a part of a fault
detection system, where this sensor is temporarily placed with the machine for performing
the fault detection method. None-invasive sensors that may be used include sensors
taking measurements of electrical properties such as voltage, current, resistance or
related parameters. This may be done via added sensors or via existing sensors such as

a voltage sense provided with a potential transformer of the synchronous machine. A
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further possibility is the use of an accelerometer for vibration signal acquisition, with this
accelerometer being placed external to the machine, i.e. non-invasively.

The method may use multiple sensors, with a plurality of different measurements
being taken by more than one sensor including existing and/or non-invasive sensor(s).

In some examples the method uses only existing sensors and/or non-invasive
sensors. Thus, there is no use of new invasive sensors. For example, the method may
not require any physical modification to the synchronous machine to place or attach a new
Sensor.

Advantageously, the method may not involve any data transfer from the moving
parts of the rotor, thus there may not be a sensor placed on the moving parts of the rotor,
and/or there may be an absence of added slip rings or other modifications for data
transfer. This minimises the impact of the fault detection method on the performance of
the machine, since the machine's moving parts are not encumbered by additional sensors.

The method may use sensor for voltage and/or current, such as a sensor provided
for the synchronous machine at a potential transformer (PT) thereof. There is typically
one or more sensor for voltage and/or current at the potential transformer. This allows an
existing sensor to be used for the proposed method, with sensor measurements from the
potential transformer being used to identify magnetic field irregularities, such as during a
transient magnetic field whilst the machine starts up. Such measurements may, for
example, be used to identify and categorise faults such as damper winding faults or
eccentricity faults.

The method may include determining a radius of gyration for the rotor of the
synchronous machine and using the radius of gyration to identify and categorise
irregularities in the magnetic field. The radius of gyration can be assessed to determine
various faults as discussed further below. In some cases, examples may use
measurements from sensors at the potential transformer in order to determine the radius
of gyration.

The step of processing the sensor measurements includes one or more signal
processing techniques. Examples include time series data mining (TSDM), Fourier
transform (FT), fast Fourier transform (FFT), Hilbert transform (HT), Hilbert-Huang
transform (HHT), continuous wavelet transform (CWT) and discrete wavelet transform
(DWT). These techniques may comprise using sampling frequencies in the kHz range,
such as a sampling frequency of 5 kHz or 10 kHz, or higher.

In some example implementations the method may include the use of radius of
gyration data, optionally obtained via time series data mining, for detecting a damper

winding fault, in particular for detecting a broken damper bar. This may be done by
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mapping the phase space for induced voltage in the field winding of the synchronous
machine. Advantageously this voltage can be determined or measured via a sensor at
the potential transformer. It has been found that in the case of a broken damper bar the
radius of gyration, as mapped based on a phase space for induced voltage in the field
winding of the synchronous machine, differs from a machine without a broken damper bar.
This difference allows for pattern recognition techniques to automatically identify magnetic
field irregularities indicative of a broken damper bar, based on recognising characteristic
patterns in the phase space diagram. In basic terms, the amplitude of the radius of
gyration will increase when there is a broken damper bar. The method may include
pattern recognition based on differentiating (or matching) between the results of
measurements of synchronous machines that are known to be healthy, and the results of
measurements of synchronous machines that are known to have a broken damper bar. It
will be appreciated that a similar method may provide a way to detect other types of faults
based on pattern recognition for measurements of synchronous machines that are known
to have other faults.

Alternatively or additionally, in some example implementations the method may
include the use of radius of gyration data, optionally obtained via time series data mining,
for detecting an eccentricity fault, advantageously including a static eccentricity fault. This
may be done by mapping the phase space for induced voltage in the field winding of the
synchronous machine. As with the damper winding fault detection discussed above, this
voltage may be determined or measured via a sensor at the potential transformer. In the
case of detecting an eccentricity fault the step of analysing the output of the signal
processing (for example, from the time series data mining) may include determining a
normalised radius of gyration with reference to a radius of gyration for a machine that is
known to be healthy. The normalised radius of gyration may be defined as the difference
between a healthy radius of gyration and measured (i.e. suspected faulty) radius of
gyration, divided by the healthy radius of gyration. This gives an index allowing for
automated identification and categorisation of eccentricity faults, by assessing the value of
the normalised radius of gyration (which would be zero for a healthy machine).

The step of analysing includes recognising patterns in the processed sensor
measurements via use of computer aided pattern recognition techniques. Thus, the
method may include a comparison of the patterns found in processed sensor
measurements to patterns considered to be indicative of a fault in the synchronous
machine. This may be a specific fault such that the pattern recognition may give a clear
diagnosis of the fault. Alternatively this may be an indicator of a non-specific fault that

needs further investigation or consideration with reference to other measurements,
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including other processed sensor measurements (and optionally the patterns therein),
before a fault type can be diagnosed. The computer aided pattern recognition techniques
may be techniques based on machine learning algorithms. For example, pattern
recognition may be based on a machine learning algorithm trained with a plurality of
processed sensor measurements that are known to relate to fault free machines as well
as a plurality of processed sensor measurements that are known to relate to machines
with a fault. The machine learning process may include training with a plurality of
processed sensor measurements that are known to relate to specific categories of fault
(for example eccentricity faults or damper winding faults, and short circuit) and/or to
specific types of fault (for example a damper winding fault in the form of a broken damper
bar).

Viewed from a second aspect, the invention provides a fault detection system for
fault detection in synchronous machines, the fault detection system comprising: a data
processing apparatus for connection to at least one sensor in order to receive parameters
linked to the magnetic field generated within the synchronous machine including
parameters based on one or more of magnetic field strength, rotor current or voltage,
stator current or voltage, and vibration;

wherein the data processing apparatus is configured to:

process the sensor measurements to identify data artefacts linked to the magnetic
field, wherein the processing includes one or more signal processing techniques based on
time, frequency, and both time and frequency; and

analyse the output of the signal processing in order to identify and categorise
irregularities in the magnetic field that are indicative of a fault in the synchronous machine,
wherein the analysing includes recognising patterns in the processed sensor
measurements, via use of computer aided pattern recognition techniques such as via
machine learning algorithms.

The data processing apparatus may be configured to perform steps as discussed
above in relation to the first aspect and optional features thereof. The invention further
extends to a synchronous machine, such as a large synchronous machine acting as a
hydropower generator, including the fault detection system. The fault detection system
may include structural and/or functional features as discussed above in relation to the first
aspect and optional features thereof. The fault detection system is configured for, and
used for, detection of faults within the synchronous machine, which as explained above
are to be distinguished from faults external to the machine such as issues relating to an

excitation system or external electrical network. The fault detection system is
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advantageously concerned with frequencies that are higher than the line frequency/power
frequency, as discussed above.

For example, the fault detection system may include at least one existing sensor or
at least one non-invasive sensor, or other sensors as discussed above. This may be an
existing and/or non-invasive sensor placed at the synchronous machine for detection of
parameters based on one or more of magnetic field strength, rotor current or voltage,
stator current or voltage, and vibration. The existing sensor may be a sensor already
provided with the synchronous machine, such as one or more sensors provided for use
during operation of the synchronous machine for control of the machine. For example,
this may be a voltage or current sensor used to monitor performance of the machine. The
existing sensor may be a non-invasive sensor, i.e. a sensor arranged to be mounted
external to the machine and/or taking measurements in a contactless fashion, or it may be
a sensor that is integrated within the synchronous machine. Alternatively or additionally at
least one non-invasive sensor may be used with the machine specifically for the fault
detection, such as a sensor provided as a part of the fault detection system, where this
sensor is configured to be temporarily placed with the machine for performing fault
detection. The fault detection system may comprise multiple sensors, with a plurality of
different measurements being provided to the data processing apparatus by more than
one sensor including existing and/or non-invasive sensor(s).

In some examples the fault detection system consists only of pre-existing sensors
of the synchronous machine and/or non-invasive sensors. Thus, there may be no
requirement for new sensors to be installed with the machine, and in particular there may
be no requirement for installation of new invasive sensors such as those that require a
physical modification to the synchronous machine.

The fault detection system may be arranged to use sensors without any data
transfer from the moving parts of the rotor, thus there may not be a sensor placed on the
moving parts of the rotor. This minimises the impact of the fault detection method on the
performance of the machine, since the machine's moving parts are not encumbered by
additional sensors.

The data processing apparatus may be any apparatus suitably configured to
perform the required method steps. It may be a dedicated processor of the fault detection
system, which may hence comprise a suitable processor such as a computer processor
with appropriate data input and output connections. Alternatively the fault detection
system may comprise a general purpose computer device, such as a desktop computer, a
laptop computer, a tablet or a smartphone, with this computer device configured to

perform the required method steps, either as its primary role or as a secondary role, such
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as via the use of a software application provided to be installed on a general purpose
computer device.

The fault detection system may comprise a suitable interface for communication of
sensor signals to the data processing apparatus, such as a wired or wireless system for
transmission of output signals from the sensors to the data processing apparatus.

Viewed from a third aspect, the invention provides a computer programme product
comprising instructions that, when executed within a fault detection system as in the
second aspect, will configure the data processing apparatus thereof to. process the
sensor measurements to identify data artefacts linked to the magnetic field, wherein the
processing includes one or more signal processing techniques based on time, frequency,
and both time and frequency; and analyse the output of the signal processing in order to
identify and categorise irregularities in the magnetic field that are indicative of a fault in the
synchronous machine, wherein the analysing includes recognising patterns in the
processed sensor measurements, via use of computer aided pattern recognition
techniques such as via machine learning algorithms.

The computer programme product may include instructions arranged to configure
the data processing apparatus to perform other steps as described above in relation to the
method of the first aspect and optional features thereof. The computer programme
product may for example be firmware or software configured for the data processing
apparatus, such as firmware for a dedicated processor or software for a general purpose
computer device.

Certain example embodiments of the invention will now be described by way of
example only and with reference to the accompanying drawings in which:

Figure 1 is a flow chart of a fault detection system;

Figure 2 shows a two dimensional scheme of a simulated salient pole synchronous
generator,

Figure 3 shows the distributed location of the damper bars in the SPSG;

Figure 4 includes two plots comparing induced voltage in the rotor field winding of
a SPSG in the healthy, and faulty cases for different number of BDBs;

Figure 5 is a diagram showing the phase space of the healthy and one broken
damper bar at the edge of an SPSG rotor pole;

Figure 6 shows examples for the location of broken damper bars of the SPSG with
reference to how this impacts asymmetry of the air gap magnetic field, (a) six BDBs in
each opposite poles, (b) two BDBs in the edge of two adjacent poles, (c) two BDBs in the

edge of two opposite poles, (d) two BDBs at two-pole pitch distance;
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Figure 7 shows: in the left hand drawing, a simulated salient pole synchronous
generator and the location of installed hall effect sensors in the airgap; and in the right
hand drawing magnetic flux density of a right sensor in healthy (and under 20%) static
eccentricity fault;

Figure 8 illustrates the simulated average flux density of each pole in a polar
diagram for: a) right sensor; and b) left sensor;

Figure 9 is a diagram showing a procedure of detailed signal extraction of the
wavelet transforms;

Figure 10 shows the wavelet coefficient of the absolute value of D7 in a healthy
machine and in a machine with a static eccentricity fault;

Figure 11 is a plot showing air gap magnetic flux density of a SPSG in no-load
under 7 short circuited turns;

Figure 12 is a polar diagram of the average flux density of the SPSG poles at no-
load;

Figure 13 shows the frequency spectrum of the radial flux density at no-load;

Figure 14 shows the frequency spectrum of flux density for a summation of two
sensors at no-load; and

Figure 15 shows experimental results of a radial flux density measurement under
no-load conditions.

As set out above, a method of fault detection for synchronous machines may use
various parameters linked to the magnetic field generated within the synchronous
machine including parameters based on one or more of magnetic field strength, rotor
current or voltage, stator current or voltage, and vibration. These sensor measurements
are processed to identify data artefacts linked to the magnetic field, with the intention of
finding patterns indicative of irregularities in the magnetic field in order to diagnose a fault.
The processing of the sensor measurements includes one or more signal processing
techniques based on time, frequency, and both time and frequency. The frequencies of
interest are higher than the line frequency for the synchronous machine and are super-
harmonics of that frequency. These may be frequencies above 75 Hz, e.g. between 75
Hz to 400 Hz, and/or may include frequencies in the kHz range and above. Typically the
sampling frequencies used for this method are in the kHz range, or higher. Figure 1
shows a flow chart for the main steps of an example fault detection process.

As illustrated in the examples below, the proposals include analysing the output of
the signal processing in order to identify and categorise irregularities in the magnetic field
that are indicative of a fault in the synchronous machine. It will be appreciated that this

analysing can make use of computer aided pattern recognition techniques for recognising
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patterns in the processed sensor measurements. Several possible examples are

discussed below, giving possible ways to implement such a method differing fault types.

Example 1 - Broken Damper Bar (BDB)

In the past, research related to BDB and end rings faults in large salient pole

synchronous generators (SPSGs), has been limited, because the statistical population of
this fault in comparison to other types of faults are low. Damper bars are used for
synchronization of SPSG and quick response transients. In addition, damper bars protect
the rotor winding during short circuit fault in stator bars. BDB fault in synchronous
machines could occur due to the inadequate solid connection between the damper bar
and the end ring. Current density in adjacent bars of BDB is increased even in the case of
small fracture. The current of BDB flow through adjacent damper bars that lead to excess
ohmic losses and consequently temperature rise. Thus, BDB fault causes hot spots
around adjacent bars, which in turn increase the fracture speed of the neighbouring bars.

Studies of a pumped storage machine having a BDB fault have provided some
useful results. The required electromagnetic torque during the machine start-up is partly
provided by the currents through the damper bars. The magnetic flux density of the
machine was studied under faulty condition. It was shown that BDB fault causes an
asymmetric magnetic field. Additionally, the start-up time of the machine under the faulty
condition was also investigated and proven to increased due to the fault. Nevertheless,
start-up time is not a suitable indicator to diagnose BDB fault, because many factors could
affect the machine start-up time such as misalignment, eccentricity faults, or load
condition.

Damper bars of synchronous motors are used for synchronization and damping
purposes until the rotor reaches synchronous speed. Therefore, the characteristic of the
synchronous machine is similar to the induction motor prior to synchronization. In the
steady-state condition, the amplitude of the current that passes through the bars are low,
which make BDB fault detection difficult.

This example proposes a novel approach to detect BDB faults in SPSG during
start-up time. The start-up procedure in this method first makes the machine to rotate at
nominal speed and then subsequently increase the excitation current of the rotor field
winding as a ramp function in a few seconds.

MODELING OF SPSG WITH BDB USING FEM

A two dimensional (2-D) scheme of a simulated SPSG using finite element method
(FEM) is displayed in Figure 2. Complete geometrical and physical details of simulated

SPSG like stator slots, rotor pole saliency, damper bars are taken into account. Non-linear
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characteristics of the laminated magnetic core, eddy effects are considered in order to
simulate an SPSG in healthy and under BDB fault condition. In this simulation, the SPSG
is analyzed under synchronous speed, and with rotor field current increased from zero up
to its nominal value. A transient analysis during the machine’s voltage build-up was
performed to simulate this SPSG. In this FEM model, the motion equation is taken into
account to include the mechanical forces coupled with magnetic forces, and the electrical
equation to describe the rotor field supply.

Furthermore, saturation, stator and rotor slot design have considerable impact on
fault signatures that should be considered in FEM modelling. Time and spatial harmonics
due to the machine winding configuration and the power supply play a crucial role in the
fault detection procedure. The direct current fed into the rotor field winding by power
electronics can cause special time-harmonics in the air gap magnetic field. In addition,
stator fractional slot windings can also have noticeable side effects on the flux density and
the consequent stator terminal voltage and the load current.

In this model, an SPSG with a rated power of 100 kV A with a stator and rotor
lamination consisting of the M-400 material is simulated. The specification of the example
SPSG is shown in Table I. The simulated SPSG model has two layers of the fractional slot
stator winding, and a rotor field winding fed by an ideal direct current supply. The BDB
during start-up of the SPSG is modelled using FEM. Figure 3 shows the distributed
location of the damper bars in the SPSG. It is assumed that in faulty case, a damper bar is
completely broken and the corresponding current is zero.

TABLE |
100 KVA/ 90KW, 14 POLES, 400V, 428 RPM, SALIENT POLE
SYNCHRONOUS GENERATOR

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

No. of turns 8 No. of turns / pole 35
Length of stack 208 Damper bar diameter 7.3mm

Widths of pole shoe [108mm |Widths of pole body 50mm
Widths of stator tooth 8.5mm |Height of stator tooth 29.5mm

THEORETICAL ANALYSIS OF BDB FAULT
The Pulsation Magnetic Field due to faulty Damper Bars
The magnetic field in the air gap of the SPSG consists of the field from both stator

and rotor in addition to the pulsation flux density from the damper winding. The flux
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density in the air gap during start-up only includes rotor and damper bars flux density. One
of the well known and practical methods of fault diagnosis focus on air gap magnetic flux
density monitoring [8]. In order to acquire this signal, hall effect sensors or search coils
mounted in stator tooth or slots should be utilized. In transient operations of the
synchronous machine, time harmonics in addition to spatial harmonics induce voltages in
the rotor damper bars. The damper bars are short-circuited on both ends of the rotor poles
by end rings. Consequently, current may pass through the damper bars, which in turn
create a magnetic field in the air gap. The amplitude of this magnetic field varies
significantly from transient to steady-state operation.

In order to monitor the pulsation magnetic field during ma- chine start-up
analytically, the magneto-motive force (MMF) of the damper bars can be calculated as

described below:

1 /2sin(p(ape — ag
MMFy(o.t) =33 E( sin (p(ag41 — ag)
i <

Cpm

cos((p — (&Hé k) _ w?‘:))lj
where p is the number of pole pairs, a is the angle of damper bar to the reference
point in the 2-D plane in radians (Figure 4), /;is damper bar current, w is angular velocity,
 is the spatial harmonic number since the harmonics of the winding function are
expressed by { = 1 £ 6n where n is an integer.
The pulsation flux density of damper bars (B,), with respect to the produced
magneto-motive force of the damper loop in the active length of machine pole (1), is given

by the equation below:

2p19
B, = iy ZZ (sm( P+ pog — wt)+

sin ((—p + pak+1 + wi)) L

In regular operation of the SPSG, the air gap magnetic field from the rotor field and
the damper bars are symmetrical. According to the above equation, the current of the
faulty bar passes through adjacent bars, which increase the current density of the loop
and causes local saturation. An unsymmetrical current distribution in the SPSG rotor bars
results in an unbalanced magnetic field in the air gap.

Induced Voltage in the Field Winding due to BDB Fault
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An unbalanced magnetic field in the air gap due to a BDB fault induces a voltage
in the rotor field winding. The total flux due to this distributed air-gap flux density that

interlink poles and damper bars are given as:

Qj
b= / Bp2mrylda
g
since a; and q; are positions of the rotor pole that flux linkages pass through, r; is
the outer radius of the rotor. Based on Faraday’s law, induced voltage in the rotor field

winding is as follows:

2uoNw 1.
e = m—’f;};_z—“{ Z Z E’z’(sm{*(p + pag — wit)+
i <

sin ((—p + pog+1 + wf)) [j}

aj
g

where N is the number of turns in the rotor winding. Figure 4 shows the induced
voltage in the field winding of the SPSG in healthy and faulty case. The induced voltage
in the healthy case is due to the rotor and stator slot harmonics and inherent asymmetry
of the machine. A BDB fault increases the pulsation magnetic field which distorts the air
gap magnetic field, and consequently increased the amplitude of the induced voltage in
the rotor field winding.

The amplitude of the induced voltage in the rotor field winding of the SPSG is
directly related to location and number of BDB in the rotor pole. The current amplitude in
the middle bars is smaller than the adjacent bars. Since the reluctance of the path that
linkage flux passes along through middle bars to reach the stator core is smaller than
other bars at the edge of the rotor pole. Consequently, the amplitude of the induced
voltage in the excitation winding in a case of BDB at the middle of the rotor pole should be
less than the rotor pole edge. The amplitude of the induced voltage in a case of three BDB
at the middle of the pole is less than one BDB at the edge of the rotor pole as seen in

Figure 4.

FEATURE EXTRACTION

Feature extraction is an essential part of the fault detection procedure of electrical
machines. An appropriate index must be used to examine the most influenced signal of
the SPSG under BDB fault. The sensitivity of the obtained signal by FE simulation to BDB
fault is examined, and the induced voltage in the rotor field winding is chosen. Since its

fault- sensitivity in comparison to other signal is high. On the other hand, the air gap
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magnetic field of the machine is perhaps the most reliable signal that could be used for
various fault detection objective. However, fault detection based on air-gap flux density is
an invasive method, requiring the installation of a sensor inside the machine, which is
rarely possible. A signal processing tool is also of interest for fault detection of electrical
machines. Acquired signals during the transient periods are non-stationary, so most signal
processing tools like FFT are not applicable.

The Radius of Gyration (RG) could be used as a proper index to scrutinize the
trend of BDB fault in SPSG. The RG has a specific value for any number of broken
damper bars. RG is based on the time series data mining (TSDM) approach. TSDM is
applied to the induced voltage in the rotor field winding in order to detect a hidden pattern
due to BDB fault in SPSG during the transient condition.

Time Series Data Mining Method

TSDM is a nonlinear signal processing approach which is found on discrete
stochastic models of reconstructed phase space based on dynamical system theory. It is
proved that a metrically equivalent state space can be regenerated by a single sampled
state variable. In other words, dynamical invariants are also preserved in reconstructed
state space. The induced voltage in the rotor field winding in two states of healthy and
faulty cases is considered as a state variable in order to recover the state space of SPSG.
In other words, the acquired signal could reproduce a topologically equivalent state-space
similar to original systems of an SPSG, in healthy or faulty cases.

Two methods can be used to reconstruct the state space, which is time-delay
embedding and derivative embedding, respectively. Derivative embedding is not practical
methods for experimental results since such results have higher-order derivatives that are
sensitive to noise. Therefore, time delay embedding that transform scalar points into a
vector form, in order to find the invariant of the dynamical systems, is chosen. Assuming
that time series of the induced voltage in the field winding is given as follows:

e={e()—e(—1)j=23 ., K}
since j is time index and K is the number of the sampled signal. A reconstructed
state space which is also called phase space for j equal to 10 is shown for a healthy
and a faulty SPSG in Figure 5. The RG is used to quantify any changes in the area of
the generated mass by TSDM to distinguish between the healthy and the faulty

condition, which is presented below:

S 1 ((e(G) = 0)? + (e(G = 1) — )?)
K -1

(RG)? =
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where / is time lag of the phase space, Lo and y; are centers of gyration for
their respective dimension.

The amplitude of the RG is increased upon the BDB fault occurrence. An
amplitudeof the RG existed even in the healthy case since the machine has some
degree of inherent asymmetry. Figure 5 shows the phase space of the healthy and
faulty SPSG with one BDB. According to Figure 5, a BDB fault increases the radius of
the mass, since its radius in the healthy case is 0.1119 and increases to 2.4307 in a
case of one broken damper bar. The amplitude of the RG does not show considerable
sensitivity when the damper bar at the middle of the rotor pole (DB-4) is broken since
the lowest current density is passing through that bar.

Furthermore, the magnitude of the RG in a case with three BDBs at the middle
of the pole is less than one BDB at the edge. This because their currents are low.
However, the RG increment due to a fault depends on the location and number of
BDB. For instance, the most significant amount of current passing through the bars, at
the edge of the rotor poles, consequently, its variation with respect to the other bars
should be more noticeable. The location of the BDB is a critical factor that could
modify the amplitude of the RG. In a case where the BDB fault happens at two edge
bars of the same pole, its RG value is less than having one BDB at the edge. The
pulsation magnetic field due to two BDBs at the edge of the pole is twice the one
BDB. However, the symmetry of the faults mostly canceled out the pulsation magnetic
fields. However, they do not entirely wipe out their effects, so there is still asymmetry
in air gap magnetic field that gives rise to the RG index. The worst-case that
increases the amplitude of the RG considerably is two adjacent BDB at same pole. In
this case, the current of the two BDBs passes through the third one that causes local
saturation. As a result, the pulsating magnetic field, local saturation, and lack of
magnetic field due to BDBs leads to the intense unbalanced magnetic field which
induced a large voltage in the rotor field winding.

Effects of Broken Damper Bar Location on the Proposed Index

The magnitude of RG depends on the asymmetry level of the air gap magnetic
field caused by the BDB fault location. Figure 6 shows the locations of BDB faults in
different rotor poles. The third and fourth columns of Table Il shows the variation of

RG index with respect to the location of the BDB fault in different poles.

TABLE Il
RADIUS OF GYRATION IN HEALTHY AND FAULTY SPSG FOR
DIFFERENT NUMBER AND LOCATION OF BDBS
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Cases RG Cases RG
Healthy 0.1119| Healthy 0.1119

1BDB-No. 4 |0.1121|3BDB (middle bars of 1 pole)|0.3424
1BDB-No. 6 |0.4091|6BDB in two poles (case a) |0.6685

1BDB-No. 7 [2.4307 |2BDB-No. 7, 1 (case b) 2.3577
2BDB-No. 6, 7|4.0743|2BDB-No. 1, 7 (case c) 4.8344
2BDB-No. 1, 7|1.0442|2BDB-No. 1, 1 (case d) 1.3047

In case (a), the amplitude of the RG in comparison to three BDB in one pole is
increased two times. However, due to low current density at the middle bars, it is
anticipated that its value should not be increased according to the number of BDBs.
Although it is expected to have a higher degree of RG in case (b), which has two
BDBs at the two edges of adjacent rotor pole, its amplitude does not increase in
comparison to one BDB at the edge of one pole. Since the flux density level changes
over the circumference of one of the poles (north or south). In case (c), both of the
rotor poles have the same flux density polarity, which in turn increases the amplitude
of the RG by a factor two of a BDB at the edge of the pole. In case (d), the amplitude
does not increase but partly decreases, which could be explained based on the case
(b).

CONCLUSION

This example deals with the detailed modeling, analytical study, and condition
monitoring of SPSG under BDB faults. The analytical approach proved that damper
bars induce a pulsation magnetic field due to the variation of damper bar currents as
a result of the BDB fault that can distort the air gap flux density. This flux distortion
induces an electromotive force in the rotor field winding that had an extreme
sensitivity to BDB faults compared to the non-invasive methods. The time-series data
mining method was applied to the induced voltage at the rotor field terminal in order to
extract the precise feature to diagnose BDB fault. It was shown that this index has a
high degree of sensitivity to the BDB faults. In addition, the effects of the number of
bars and its location on RG was studied. It was shown that the amplitude of RG was
increased by increasing the number of BDBs. Besides, the magnitude of RG could be

increased if BDBs were located in the poles with the same polarity.
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Example 2 - Static Eccentricity

If the minimum air gap between rotor and stator core varies, then the synchronous
generator has a condition which is called eccentricity fault. There are two types of
eccentricity: static and dynamic. Static eccentricity is the condition where the shortest
length in a nonuniform distribution of air-gap has a constant length and is fixed in space.
Static eccentricity is one of prevalent fault in the 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 rub the stator core and windings.

Over the years, numerous methods have been examined to diagnose static
eccentricity fault in the synchronous generators. Fault detection based on non-invasive
approaches like stator terminal voltage or current, or machines parameters has been used
to detect eccentricity fault in the synchronous generator. However, these methods could
not detect the fault in its early stage since the topology of the rotor could mask the fault
indicators in the mentioned signals.

In this example, 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. The wavelet
transform is used as a processing tool to treat the magnetic field signal. A novel index is
introduced to detect the static eccentricity fault. It will be demonstrated that the proposed
criterion index can precisely detect the healthy or faulty status of the machine and also the
severity of the fault.

Finite Element Modeling:

A 100-kVA salient pole synchronous generator has been modeled using a two-
dimensional finite element approach. A synchronous machine was modeled in two cases:
the healthy and static eccentricity with different level of severity. A synchronous generator
is examined at no load, in constant synchronous speed and rated current of the rotor field
winding. The finite element modeling of the synchronous machine in the healthy case is
presented in Figure 7. The synchronous generator specification is described in Table Ill
below.

Table. Ill. Characteristic of 100 kVA salient pole synchronous generator
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No of Stator Slots 114 No of Damper Bars per Pole | 7
Stator No. of Turns 8 Rotor No of Turns / Pole 35
Stator Outer Diameter | 780 mm | Stator Inner Diameter 650 mm
Widths of Pole Shoe 108 mm | Widths of Pole Body 50 mm
Widths of Stator Tooth | 8.5 mm | Height of Stator Tooth 29.5 mm
Length of Stack 208 mm | Damper Bar Diameter 7.3 mm

Measuring Points of Static Eccentricity:

Flux density distribution does not vary 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 variation with
position; thus, the location of flux density measuring point is essential. Figure 7 shows the
location of measuring points in the air gap of the synchronous generator, which forms two
pairs. The two measuring points are referred to right and left measuring points, while the
other two points are referred to the up and down measuring points (The location of the
sensors are shown in red circles). The location of the up and down 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
healthy or under the static eccentricity conditions. However, the variation of flux density in
each of measuring points should not be the exact same due to lagging flux phenomena.

The flux density measuring points should detect the static eccentricity fault
regardless of eccentricity fault orientation. There will not be any noticeable changes in the
flux density of the air gap if measuring points are located orthogonal to the orientation of
static eccentricity. Consequently, the measured magnetic field in the direct 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 fault. The maximum angle between
the measuring points and the orientation of the static eccentricity should not exceed more
than 90-degree. Figure 7 presents the variation of magnetic flux density in the right
measuring points in healthy and under 20% static eccentricity fault.

In this example, the static eccentricity was imposed along the positive x-axis, y-
axis, and 45-degree concerning the positive x-axis in all simulation. The air-gap length
increases in the right measuring point and equally decreases in the left measuring point.

In other words, the amplitude of magnetic flux density in the left measuring point under a
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given level of static eccentricity will increase in comparison to the healthy case. Figure 8.
shows a polar diagram of the average flux density of each pole for right and left measuring

points under healthy and eccentricity fault conditions.
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Signal processing:

The wavelet transforms (WT) is a useful signal processing tool used in different
fields like power systems and electrical machines analysis. The time localization of
different frequency component of a signal is used in the wavelet transform. The wavelet
transforms, unlike traditional frequency-domain signal processing tools, do not use a
fixed-width window. The wavelet analysing function adjusts its time widths according to
the frequency component of a given signal, which lower frequencies are in the broader
window and higher frequencies in the narrower one. In other words, signals with
oscillations and localized impulses could be treated by using the wavelet transform in a
way that high-frequency and low-frequency components are decomposed in the short and
long-time intervals, respectively.

In this example, Daubechies-8 is used as a mother wavelet. Higher-order wavelet,
similar to D-8 has a higher resolution that could improve the quality of fault detection in
electrical machines. Figure 9 shows the procedure of signal decomposition using discrete
wavelet transforms where S is input signal, LPF and HPF are low-pass and high-pass
filters. Preliminary, a given signal to the wavelet transform is divided into two halves which
is the inputs of the LPF, and HPF. The output of the first level LPF is then separated into
half the frequency bandwidth. This procedure is continued until the given signal is
decomposed into the pre-defined value of that level. The sampling frequency in this paper
is 10 kHz and based on Nyquist’s theorem, the highest frequency that signal could contain
would be 5 kHz. Consequently, the frequency bandwidth of the first level of the wavelet
transform must be between 5-2.5 kHz.

Fault detection:

The wavelet transforms (Daubechies-8) is applied on acquired magnetic field
signal using hall-effect sensors in the air gap. Level seven of the wavelet transform shows
a better sensitivity to the escalation of static eccentricity in comparison to other wavelet
levels in a salient pole synchronous generator. Figure 10 presents an absolute value of a
detailed signal at level seven (D7) coefficient in healthy, and under 2.5%, 10%, and 20%
static eccentricity. Magnitude’s comparison of the wavelet coefficients in a case of static
eccentricity under different severity level shows that the fault increases the oscillation level
in D7 which is due to the airgap irregularities that leads to increase the amplitude of sub-
harmonics in a magnetic field. A novel criterion index is proposed in order to quantify the

value of D7 under different eccentricity fault level:

Average oscillation of absolute value of D7

Criterion Index =
Mean value of mognetic field
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where the oscillation of the absolute value of wavelet coefficient (D7) is defined in
per unit regarding the average value of the air-gap magnetic field. The value of the proposed
index for right sensor is decreased while the amplitude of the index for left sensor is
increased according to Table VI. Because, in a case of static eccentricity in a positive x-axis
direction, the air gap length on the right side increased which leads to reduction of the
magnetic field in the air-gap; thus, the proposed feature should be decreased. It is
presented that criterion index decreased from 0.6007 in the healthy case to 0.5969, 0.5975,
and 0.5597 in a case of 2.5%, 10%, and 20% static eccentricity. The difference between
the criterion index of a healthy and 2.5% static eccentricity proves that nominated feature

could detect the static eccentricity fault at its early stage.

Table. VI. The criterion index of magnetic flux from the right and left measuring

points in healthy and faulty conditions.

Study cases Healthy 2.5% SE 10% SE 20% SE
Criterion Index (Right 0.6007 0.5967 0.5795 0.5597
Sensor)
Criterion Index (Left 0.6003 0.6073 0.6228 0.6480
Sensor)
Conclusion:

In this example, a novel feature is introduced as a criterion index to detect static
eccentricity fault at an early stage in the salient pole synchronous generator. The
magnetic field which is acquired using hall effect sensors installed in the air gap of the
synchronous machine is used since it has adequate information about irregularities due to
fault in the air gap. Finite element approach is used to model the synchronous machine in
the healthy and faulty case by considering all detailed geometries and material
characteristics. The Daubechies-8 is used as a mother wavelet to analyze the magnetic
field in the healthy and faulty conditions. Its precision shows that this index could detect
the fault at the early stage. In the final version of the paper, results for eccentricity at two
other axes (y-axis, 45 degrees with respect to the positive x-axis) will be added. Besides,
a section related to how to detect the location of the fault will be added. In addition, the

simulation will be verified by experimental results.

Example 3 - short circuit

This example includes a detailed electromagnetic analysis of the SPSG in a

healthy and incipient inter-turn short circuit fault using the FE method. A procedure for
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short circuit defect in an excitation winding is proposed based on the average radial flux,
polar diagram, sum of two sensors flux density, and frequency spectrum monitoring.
Effects of the sensor location, sampling frequency, and re-sampling of the data are
studied. Load effects on proposed methods are studied. The simulation results are verified
by a custom-made 100 kV A SPSG.

ELECTROMAGNETIC ANALYSIS

Reliable fault diagnosis requires a sufficiently precise modelling method. In this
example, a time stepping finite element method is employed to simulate SPSG. In this
modeling, detailed geometrical complexities of the machine such as stator slots and rotor
damper bars are considered. In addition, the saliency of the rotor poles, spatial distribution
of armature winding, non- linearity of the core materials are included. The specifications of

the proposed SPSG have been summarized in Table V below.

TABLE V
100 KVA/ 90KW, 14 POLES, 400V, 428 RPM, SALIENT POLE
SYNCHRONOUS GENERATOR

Quantity Values | Quantity Values

Stator outer diameter | 780 mm | Stator inner diameter 650 mm

No. of slots 114 No. of damper bars/pole|7
No. of turns 8 No. of turns / pole 35
Length of stack 208 Damper bar diameter 7.3mm

Widths of pole shoe |108mm |Widths of pole body 50mm

Widths of stator tooth |8.5mm |Height of stator tooth 29.5mm

The total magneto-motive force of the faulty pole under the inter-turn short circuit
fault is reduced. Consequently, the flux density of the effected pole is decreased, and the
air gap magnetic field is distorted. Two Hall effect sensors are located on the stator tooth
in the opposite direction in order to measure the air gap radial magnetic field (These two
sensors are named as of right and left point). The modelled SPSG has 14 poles that each
of them has 35 turns. Different degree of inter-turn short circuit fault with the severity from
1 to 10 turns is simulated. Figure 11 shows the air gap magnetic field variation for a one
full rotor revolution that 7 out of 35 turns are short- circuited in one pole. The flux density

in the air gap has a lower amplitude when the faulty pole sweeps by the sensors in
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comparison to healthy poles since the faulty pole with the reduced ampere-turns produces
a decreased magneto-motive force. Inter-turn short circuit fault diagnosis is possible by
comparing the average flux density of each pole to each other. However, fault detection is
difficult in a case that number of shorted turn or the percentage of the shorted turns to a
total number of pole turn are low.

Figure 12 shows an average flux density of each pole in the space as a polar
diagram for a healthy and faulty synchronous generator. In a healthy and ideal machine,
the radial distance from the origin of a polar diagram to the average value of each pole
would be equal. The average value of rotor pole magnetic field decrease by increasing the
number of short-circuited turns. The average flux density of the faulty pole with respect to
the average flux density of the all poles with 1, 2, 3, 7, and 10 short circuit turns are 99%,
97.9%, 96.8%, 93.7%, and 88.8%, respectively.

The frequency spectrum of the air gap magnetic field in Figure 13 shows rapid
changes of the sideband harmonics as a result of the inter-turn short circuit fault in the
excitation winding. The amplitude of the fault-related harmonics increased with the

increasing number of the shorted turns. The index frequency identifier is as follows:

fraur = fs £ K. fr

where fs is the electrical frequency, f; is the mechanical frequency of the rotor, p is
the number of pole pairs, and k is an integer. The plot of Figure 13 has the largest
amplitude spikes for a healthy machine, with the smaller amplitude spikes showing
overlaid, from the top downward, 10, 7, 3, 2, 1 and then in some cases healthy. The most
significant fault-related harmonic component in the frequency spectrum appears at the
frequencies below the fundamental harmonic. The amplitude of the 7.14 Hz component
with one short-circuited turn is about 60.22 dB or about 1 mT. With two short-circuited
turns the amplitude increases to about to 2 mT and with 10 turns the amplitude is about
10.3 mT. The magnitude of all the fault-related harmonics shows a more or less linear
increase in amplitude with increasing numbers of short-circuited turns.

The frequency spectrum of the sum of the magnetic field of two installed hall effect
sensors in the air gap could also reveal the machine condition state. In a healthy and
balanced operating condition, the two sensors based on theory experience the identical
variation in flux density, causing the summation of them to become zero. In the event of
short- circuited turns in the field winding, the reduced flux density of the faulty pole causes
a spike in the sum of flux density each time the faulty pole passes by one of the
measuring points. The simulation results of the healthy synchronous generator show that
the fundamental component and its odd multiples are effectively cancelled out in the

frequency spectrum as shown in Figure 14. The plot of Figure 14 thus has the
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components for the healthy machine cancelled out, with the remaining spikes showing
overlaid, from the top downward, 10, 7, 3, 2 and 1 turn(s). The frequency components
appear in the frequency spectrum are a direct consequence of the short-circuited turns in
the field winding, which distorts the inherent magnetic symmetry of the healthy machine.
In addition, there are fewer fault- related harmonics in the frequency spectrum. This
spectrum only contains frequency spectra at odd multiples. The amplitude of the sum of
the magnetic field spectrum is higher than the radial magnetic flux spectrum that makes

fault detection easier.

EXPERIMENTAL TEST RIG

A 100 kVA salient pole synchronous generator was used to verify the proposed
theory. Apart from its size, the topology of the generator resembles an actual hydropower
generator in a typical hydropower plant, such as those used in Norway. The laboratory
SPSG has 14 poles, and the length of the air gap is 1.75 mm in order to achieve the
proper synchronous reactance.

The absolute value of the flux density of the faulty pole and the two posterior poles
passing by the right sensor are shown in Figure 15. The faulty pole responds as expected;
the flux density decreases with an increasing number of shorted turns. Thus, for the left
most section of Figure 15 the highest line is for healthy, and then the lines show, in
sequence moving downwards, 1, 2, 3, 7 and 10 turn(s), with 10 turns being the lowest
line. The flux density of the neighbouring pole with opposite polarity is also decreased
slightly with an increasing number of short-circuited turns. This is a result of the decreased
flux following the path throughout the faulty pole and on to the adjacent poles of opposite

polarity.

CONCLUSION

In this example, the inter-turn short circuit fault in the excitation winding of the
salient pole synchronous generator based on an air gap magnetic field is studied using
the FE approach. Experimental results of the 100 kV A custom made SPSG is used to
verify the FE results. The proposed procedure for inter-turn short circuit fault detection is
based on using two hall effect sensors in the opposite direction. Comparing the average
magnetic field in a polar diagram, the sum of the magnetic field of the two sensors, and
the frequency spectrum of them could reveal the fault severity and location. The verified
result by the experimental test is as follows. A high number of shorted turn could be
detected immediately by analyzing the average magnetic field distribution or polar

diagram. A uniform increase in the amplitude of the lower order harmonic components in
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the flux density spectrum could be observed. Monitoring the sum of magnetic flux of the
two sensors in a machine that only has short circuit fault could be an invaluable tool for
diagnostic purposes since the magnitude of the sum of magnetic flux density spectrum

shows better response by increasing the number of shorted turns. The measurement

should be coordinated with an encoder in order to identify the location of the faulty pole.

Machine learning

The use of machine learning algorithms enhances the effectiveness of the above
examples by providing automation and reproducibility for the recognition of patterns in the
processed signals. With reference to Example 1, a machine learning pattern recognition
system may be utilised to determine a match of the measured/calculated radius of
gyration with known radius of gyration patterns that are indicative of a broken damper bar.
In connection with Example 2, a machine learning pattern recognition system may be
used to assess data including the criterion index in order to identify indications of possible
static eccentricity faults. With reference to Example 3, a machine learning system may be
used to replace some or all human input in connection with analyzing the average
magnetic field distribution or polar diagram.

The types of sensors used in the Examples above, as well as other sensor types
as discussed herein, may be used in combination, with the various signal processing
steps and generation of indices also being done in combination. A combined signal
processing system may perform all of the signal processing, with the resultant processed
data being assessed automatically, such as via a machine learning system, to check for

various kinds of faults.



