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Abstract: A novel bi-signature optical spectroscopy for fault detection in electrical machines is presented. The combined use of
long period grating (LPG) and two fibre Bragg gratings (FBG1 and FBG2) is implemented to discriminate between vibration and
temperature sensitivity in the detection of machine faults. With LPG having higher sensitivity to temperature compared to both
FBGs, machine faults are detected through spectral analysis of both signatures; and the optimal detection signature for each
fault is consequently analysed. This novel technique utilises the principle of a shift in the wavelengths of the gratings to
determine the kind of fault present in an electrical machine as the signature spectroscopy reveals varying amount of Bragg
wavelength shifts for various fault types. The use of FBG sensing for fault detection in electrical machines has the potential of
revolutionising non-intrusive real-time condition monitoring of future industrial machines with high reliability due to zero

electromagnetic interference (EMI) as well as significant low cost of fibre-optic sensors.

1 Introduction

Electric machines play pivotal roles in both domestic and industrial
operations such as in refrigerators, washing machines, escalators,
lifts, trains aeroplanes, and cars as well as in power plants, petro-
chemical and manufacturing plants, transport sector among others.
As [1] asserts, electric motors are everywhere and efficient.
Electric motor-driven systems consume about half of all global
electricity accounting for about $565 billion each year for
electricity costs and roughly 6040 metric ton of CO, emissions [1].
Despite the very important role these electric machines play in our
day to day existence, one of the biggest challenges in many
industrial operations which has persisted is the susceptibility of
these machines to unexpected breakdown due to the harsh and
highly stressed environments [2] under which they are operated in
order to provide the goods and services humans need.

ABB an electrical manufacturing giant corroborates that
condition-based maintenance strategy allows drastic reduction in
the cost associated with maintenance, thereby minimising the
occurrence of serious faults due to early fault detection as well as
optimising the management of the available economic resources
[3]. The key feature of online condition monitoring for machines is
the early fault detection which requires continuous monitoring of
some signature(s) obtained from the machine while running.
Several fault signature extraction techniques exist in literature.
These are mainly defined by the machine parameter being analysed
in order to detect aberrations. Machine parameters mostly used
include motor current, vibration, magnetic flux, and temperature.

The mostly used signature extraction techniques can be
categorised into: motor current spectral analysis (MCSA), vibration
spectral analysis (VSA), flux spectral analysis (FSA), temperature
and thermographic analysis (TA). While there remains a widely
agreed notion on the most commonly used technique, there is still
the lingering resolution on the most reliable and best technique.
This is due to the limitations evinced by each technique, one of
which remains the inability of one single technique or signature to
detect all common faults in a machine. Recently, the use of fibre-
optic sensing has gained a lot of research interest especially in the
area of structural condition monitoring. Its implementation in the
area of machine fault detection is still nascent in terms of research
and undoubtedly boasts of huge potential in achieving a multi-
signature extraction and multiple fault identification.
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2 Some limitations of existing fault detection
techniques

Two general limitations for most of the literature reviewed that
utilised the MCSA are that the sensors used for the current signal
extraction are susceptible to electromagnetic interference (EMI)
and the fact that only one fault type was usually investigated which
conceals the further research issue of fault discrimination that is yet
to be adequately addressed. Fault discrimination issue arises
because research has shown that different faults when analysed
within the same machine produce similar spectral response, thus
makes it difficult to identify the fault type, and in turn its severity.
One of the reasons for the common use of VSA is its capability in
detecting the widest range of mechanical faults [4]. Most research
work utilising the VSA focussed on detection of a single fault
which in reality is not possible as one or multiple machine faults
can occur at any time, and the nature of the faults to occur, whether
electrical or mechanical, cannot be presumed. In addition, the
transducers utilised for vibration signature extraction are also
susceptible to EMI. Hence, the need for a robust and
comprehensive technique is capable of detecting any likely
machine fault regardless of its nature even in multiple fault
occurrence.

From reviewed literature, there are no complex signal
processing techniques for the air gap flux spectral analysis, but the
influence of EMI on the flux sensors as well as its impact on fault
detection has not been sufficiently investigated. Also, the use of air
gap flux for multiple fault detection has not been sufficiently
researched, which evades the issue of similar spectral response and
discrimination. It is the submission of proponents of the use of
stray flux for fault detection that because it is a non-invasive or
non-intrusive technique, it does not require alterations to the
machine, hence it can be very easily implemented in both new and
already commissioned machines. However, stray flux sensing is
more susceptible to EMI as well as environmental factors implying
a low signal-to-noise ratio despite already being attenuated by the
machine cast frame. The reliability of the use of stray flux is yet to
be widely accepted and in a typical industrial environment with
several machines in close proximity, the use of stray flux may be
unrealistic.

Three approaches to temperature monitoring as described by [5]
are: local point temperature measurements using surface or
embedded temperature detectors; thermal imaging or
thermography; and distributed temperature measurements. In [6]
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opinion, temperature monitoring method does not directly detect
the fault or its cause, but rather provides an indication of a looming
fault. In terms of fault detection, many machine faults such as
winding short circuit, bearing defects, de-magnetisation result in
temperature increase which often leads to the issue of fault
discrimination. A more viable option which is increasingly being
implemented either as stand-alone or as a complementary
technique with other detection techniques is the infrared (IR)
thermography. Two common drawbacks for all these research
works using IR thermography are the dependence of the technique
on the thermographer's experience in setting up the thresholds prior
to using the camera; and the fact that for each machine being
monitored, a specific IR camera has to be assigned. In other words,
for a typical industrial site with hundreds of machines, it is difficult
to imagine how these hundreds of IR cameras will be set up with
space requirements, cost ineffectiveness, and interference issues as
IR works with line-of-sight (LOS) principle. Reliance on
thermographer's experience introduces a source of possible human
error in judgement and it will be difficult to standardise such
technique, hence difficulty in regulating its implementation.

Most reviewed literature which implemented multi-signature
extraction techniques were limited to two signatures in a
complementary manner such that one signature was more
mechanically biased, while the other was either more electrically
biased or more magnetically biased. For example, MCSA and stray
flux were both simultaneously extracted for broken rotor bar
detection in [7]; and for eccentricity detection in [8]. In another
pairing, MCSA and vibration were utilised by [9-12] to detect
bowed rotor fault, inter-turn short-circuit fault, dynamic
eccentricity, and bearing faults. Also, the use of flux and vibration
was explored for the detection of short-circuit and phase unbalance
faults [13—15]. The identified limitations of such research works
are the use of extra sensors due to the extraction of two signatures,
and the sensors are all susceptible to EMI as they are conventional
Sensors.

3 Principle of LPG and FBG fault detection

Until recently, the use of fibre optics has been mainly for network
communications purposes especially over long distances. At the
beginning of the fibre-optic era, optical fibre and its associated
devices were very expensive affordable only by
telecommunications companies to replace the old saturated copper
telephone network [16]. Nowadays, optoelectronic components are
cheaper which has contributed to the use of fibre optics in many
sensing and health monitoring applications including structural
health monitoring as well as biomedical optics. Recently, fibre-
optic sensing (FOS) is being extended to the electrical power
industry where it is used on transmission buses and electrical
machines. The numerous advantages of using fibre-optic sensing
according the industrial giant, ABB [17] include: high accuracy,
high bandwidth, wide temperature range, full digital processing,
uni- or bi-directional measurements possible, easy to install and
does not require re-calibration, small size and weight, no magnetic
overload issue, or magnetic centring necessary, immune to EMI,
electronics fully insulated from bus bars, hence it is possible to
place them very close or even over high-potential conductors
without necessarily requiring electrical power at the sensor location
[16]. This makes them also suitable for use in hazardous
environments  which usually require intrinsically safe
instrumentation.  Other advantages include: low power
consumption, chemically inert even against corrosion, work over
long distances, several sensors can be multiplexed on the same
fibre.

One of the most commonly used optical fibres for strain and
temperature measurements is the fibre Bragg grating (FBG)
technology due to its ease of manufacture as well as its relatively
strong signal reflectivity [16] upon which its sensing principle
depends. The term Bragg grating was first used after this law was
applied to periodical structures inscribed inside the core of a
conventional telecom fibre to vary its refractive index [16]. When
the light is guided along the fibre core comes in contact with the
inscription of the gratings, it is weakly reflected by each grating
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plane by Fresnel effect; and the reflected light from each grating
plane then recombines with other reflections in the backward
direction in either a constructive or destructive interference pattern
depending on whether the wavelength of the incoming light
satisfies Bragg's law given by [16]:

2d sin@ = nl 1)

With the light's incident angle §=90° and d, the distance between
peaks of the interference pattern, then for vacuum with refractive
index, #=1; 1=2d is the approximate wavelength of the reflection
peak which means the fibre reflects part of the incoming spectrum
[16]. For silica material used to make optical fibre, the distance
travelled by light, d is affected by the material's refractive index, 7,
thus (1) can be adapted for silica as:

2eseA = A @)

where Ag is the Bragg wavelength, 7. is the effective refractive

index of the fibre and A is the periodicity of the grating [16]. The
nefr 1s determined by the average of the refractive index of the fibre
core and the refractive index of the fibre cladding. From (2), it is
possible to change the Bragg wavelength also known as ‘Bragg
Shift’ by either varying the fibre's effective refractive index or the
grating periodicity or both. This is the fundamental principle of the
FBG sensing. According to [16], by designing the proper interface,
desired measurement can be made to impose some external force
or disturbance on the grating which will result in a Bragg shift
proportional to the perturbation applied. This makes the FBG
useful as a sensor in a wide range of parameter measurements
including temperature, vibration, pressure, and displacement.

Longitudinal deformation and temperature variation are two
forms of perturbations that have been observed to change both 7
and A [16]. Longitudinal deformation and temperature result in
photo-elastic and thermo-optic effects, respectively, where the
change in the optical behaviour of the gratings due to their
effective refractive index (7.f) is proportional to the amount of
strain and temperature difference applied to the fibre, respectively.
Longitudinal deformation and temperature also result in increase in
the grating pitch and thermal expansion, respectively, which affect
the periodicity of the fibre gratings (A). The effect of temperature
can be incorporated into (2) as [16]:

Alg _ oA OMest
AT 2’7effa_T + 2A_6T 3)

If we substitute (2) into (3) for both expressions on the right hand
side of (3) and rearranging we get:

Adg  10A 1 Oneg
I - A aLAT+ TS AT @)
which can be rewritten simply as
AA
e O mMAT 5)

g

The first term represents the thermal expansion of silica (a) while
the second term represents the thermo-optic coefficient ().

Similarly, the effect of longitudinal deformation or simply
referred to as strain can be incorporated into (2) as [16]:

Alg oA Mete
AL 2’7effa_L +2A oL (6)

If we substitute (2) into (6) for both expressions on the right hand
side of (6) and rearranging we get:

Adg _ 10A
A5 AdL

1 Onege

AL+
et OL

AL )
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a

Fig. 1 Before and after broken rotor fault on a squirrel cage rotor
(a) Healthy rotor, (b) Broken rotor [18]

Excitation voltage

Load resistors

Optical
interrogator
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Fig. 2 Experimental set up for feature extraction in an induction machine using FBG sensing technique

The first term on the right hand side of (7) represent the strain of
the grating period due to fibre extension while the second term is
the photo-elastic coefficient (p.) due to change in refractive index
with strain. In optical fibre, both terms produce opposite effects
when strain is applied to the fibre such that while the distance
between gratings tends to increase, thus increasing the Bragg
wavelength, the photo-elastic effect results in a decrease in the
effective refractive index due to decrease in the density of the fibre
(from cladding to core), thus decreasing the Bragg wavelength
[16]. Hence in simplifying (7), second term carried a negative sign
as follows:

A
=2 == pJe ®)
B

where ¢z is the longitudinal strain of the grating.
Therefore, the sensitivity of FBG to strain and temperature can
be represented by combining (5) and (8) as follows:

AA
T == pez+ (a+ AT ©)

Theoretically, for the F-SM1500-4.2/125 single mode all glass
highly bend insensitive and photosensitive fibre used in this
research @ 1550 nm wavelength will have:

pe =022, a =0.55x107°/°C, and 7 = 8.6 X 107°/°C
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Thus, sensitivities of the FBG fabricated on this fibre for
temperature and strain will be:

Alg o, Alg
AT = 14.10pm/°C; and A = 1.209 pm/ pe

4 Broken rotor bar experiment

Fig. 1 shows a healthy and a broken squirrel cage rotor, which is
the mechanical fault being considered here.

Using a similar set up as in Fig. 2, two machines, 30 kW
induction motor as generator and 15 kW permanent magnet type as
motor, will be utilised during the experiment. Due to earlier
deduction of the dependence of FBG sensing and feature extraction
on both strain and temperature, there exists a phenomenon known
as cross-sensitivity. This phenomenon occurs always and to the
best of the authors' knowledge, no work related to machine fault
detection using FBG has attempted to separate the effects of strain
and temperature in order to improve the reliability of the extracted
fault signature. Results presented in the Fig. 3 illustrate spectral
performance from using different FBGs to detect both broken rotor
bar and dynamic eccentricity as experimented by [19, 20] using a
3-hp 4 pole motor, 220 V A-connected. The HBM interrogator has
four input channels capable of interrogating several multiplexed
sensors on a single fibre [19].

5 Future work and conclusion

To further improve the reliability of the results above, experiments
will be carried out based on the sensitivities of the FBG fabricated
(14.10 pm/°C and 1.209 pm/pe) but in addition LPG will be spliced
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Fig. 3 FBG Spectral output for broken rotor bar detection
(a) Healthy rotor; (b)—(e) Broken rotor bar for FBG 1-4 [19]

to the FBG to address the cross-sensitivity issue and results will be

reported in subsequent publications. Also, other machine faults

such as winding faults and bearing failures will be reported after

further experiments.

(1]

This paper looks to address the impact of cross-sensitivity

between strain (vibration) and temperature during fault signature

extraction using FBGs. This impact has been analysed to show that

the use of FBG for sensing is dependent on

both parameters and

hence, the need for improving the reliability of the FBG technique

through the combined use of LPG and FBG.

work is being carried out and will be reported in subsequent

publications.
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