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Electric Machine Bearing Health Monitoring and Ball
Fault Detection by Simultaneous Thermo-Mechanical

Fibre Optic Sensing
Anees Mohammed and Siniša Djurović

Abstract—This article reports the use of fiber Bragg grating
(FBG) sensors for electric machines’ in-service bearing condition
monitoring. The proposed method enables simultaneous extraction
of thermal and mechanical information on the bearing operational
status for health monitoring and fault diagnosis purposes. The work
first reports the instrumentation, calibration and the measure-
ments interpretation methods of an FBG array sensor fitted to the
drive-end bearing of an operating inverter driven induction motor.
Experimental tests are then undertaken on a purpose build test
rig to evaluate the proposed in-situ sensing scheme’s performance
under healthy and faulted bearing conditions. The results demon-
strate that the measurements acquired by individual FBG sensors
fitted in the bearing architecture contain concurrent thermal and
mechanical information, which can be clearly differentiated to en-
able understanding of the examined motor bearing’s thermal only
and mechanical only operating conditions. Furthermore the in-situ
measurements obtained in fault conditions are shown to contain
clearly defined time and frequency domains fault signatures, which
can enable unambiguous fault diagnosis and trending.

Index Terms—Bearings, electric machines, fault diagnosis, fiber
bragg grating sensor, temperature and strain monitoring.

I. INTRODUCTION

B EARINGS are vital enablers of the electro-mechanical
energy conversion process in electric machines. They are

recognized to be the component with one of major failure rates in
in-service machinery [1]. Generally, undetected bearing failures
will result in loss of availability, and are often accompanied
by irreversible damage and/or high maintenance cost. Machine
bearing structure monitoring is therefore important to ensure
their reliability and availability [2]. The root causes of bearing
failure are found in the mechanical and thermal stresses imposed
on their structure during operation and in contemporary inverted-
driven machinery in particular increasingly include electrical
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erosion [1]–[3]. In this respect, the variable speed nature of
the growing renewables and transportation power conversion
applications is particularly likely to impose highly dynamic op-
erating conditions and thus increase the significance of effective
understanding of bearing in-service stresses.

The prevailing practical method for bearing health monitoring
and fault diagnosis is based on machine frame vibration analysis
using accelerometers and/or bearing temperature monitoring by
means of conventional thermal sensors [1], [4]. This is because
bearings, whether healthy or faulty, inherently generate mechan-
ical and thermal excitation whose nature will change with fault
presence and can thus be monitored for diagnostic purposes
[4]. Capturing these changes as clearly and as early in the fault
development process as possible can enable improved efficacy
diagnosis. This is an area where improved methods that allow
for sensing point placement nearer to the actual bearing struc-
ture/points of failure, for in-situ observation of high fidelity, fault
exclusive, signature could offer considerable advantages over the
existing monitoring techniques. Further improvements could be
attained by addressing the electro-magnetic interference (EMI)
immunity constraints of current monitoring techniques where
reliable measurements are required [5].

Fibre optic sensing has emerged as a promising alternative
for electric motor condition monitoring: its application for ma-
chine mechanical and thermal monitoring [5]–[12] is attracting
increased interest. FBG sensing technology, with its advanced
features such as small size, EMI immunity, multiplexing and
multi-physical sensing presents an attractive proposition for
enabling targeted in-situ monitoring of bearing multi physical
operating conditions. The FBG sensor cost is currently compa-
rable to cost of sensors conventionally used in electric machine
applications, but the required FBG interrogator systems are
costly. FBG multiplexing and multi-physical sensing features are
key in enabling sensing system cost reduction for advanced elec-
tric machine monitoring applications: multiplexing facilitates
distributed embedded sensing schemes where a single fibre can
carry an array of distributed sensing points, while multi-physical
sensing can enable a comprehensive sensing system design
where individual sensing points can monitor different physical
measurands where required [7], [10].

FBG sensing application for electric machine bearings mon-
itoring is only starting to be examined, with very recent reports
suggesting encouraging potential for this application [13]–[17].
However, these studies largely focus on strain monitoring only
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[13]–[16], and are performed on standalone bearings, where
sensing is implemented within the bearing housing and not on the
actual bearing geometry within an operating electric machine.
[13] examines bearing structure in-situ sensing application but
does not provide information on the used application technique
nor full interpretation of obtained results. Rotary bearing FBG
sensing applications in operating electric machines require fur-
ther work to be understood and optimised, with a particular focus
on exploring requirements for effective application of single
point multi-physical sensing for condition monitoring purposes.
The authors’ recent study [17] examines the potential for use
of FBG sensing to attain in-situ multi-physical monitoring in
a single point of a healthy electric machine bearing operated
at nominal conditions. This paper further explores the in-situ
FBG sensing application for condition monitoring bearings
of operating electric machines to provide full detail of the
methodology devised to simultaneously extract multi-physical
measurands and examine FBG multiplexing application. Fur-
thermore, an extensive experimental study is undertaken to
assess the proposed monitoring technique’s performance in an
inverter driven machine operating without and with a faulted
bearing (progressive rolling element fault), including analysis
and understanding of the novel diagnostic indices provided by
in-situ multi-physical sensing, and localised dynamic strain in
particular, and an analysis of the applicability of in-situ sensed
multi-physical features for diagnostic purposes in general and
in separate locations.

To this end, the paper reports a study of FBG usage for in-situ
multi-point monitoring of simultaneous thermal and mechanical
operating conditions of an in-service squirrel cage induction
motor (IM) bearing structure in healthy and rolling element
fault conditions. For this purpose, the drive end bearing of a
commercial test IM was instrumented with an FBG array sensor
operated by a commercial interrogator platform. The sensor
design, application and calibration procedure, and the method
for extracting multi-physical parameter information from the
measurements are detailed in the study. To examine and verify
the proposed method’s potential to provide useful multi do-
main information on the healthy and faulted bearing operating
status, a range of experiments are undertaken in different me-
chanical and thermal operating conditions on a purpose built
IM laboratory test-rig. It is found that the reported method
enables recognition of both thermal and mechanical operating
conditions relevant to diagnostic purposes that are sensed in a
given monitoring point by a single FBG head. The bearing ball
fault was shown to be clearly detected and its severity trended
by the FBG array sensing system measurements containing
evident fault signature in both time and frequency domains.
The reported technique offers a considerable advantage over
the standard vibration measurement based bearing condition
monitoring, by allowing monitoring of both in-situ thermal
and mechanical conditions in the bearing structure through
application of a single sensor. This cannot be achieved us-
ing conventional vibration sensing platforms that only observe
mechanical domain related phenomena and require additional
thermal monitoring devices for observation of bearing thermal
conditions.

TABLE I
TEST MOTOR SPECIFICATION

Fig. 1. Examined bearing design and ball fault conditions.

II. TEST BEARING DESIGN

The studied ball bearing is an NSK-6202 single row deep
groove design that is factory fitted to the commercial test IM
[18]. The test motor specifications are shown in Table I. Fig. 1(a)
shows the examined bearing structure and dimensions: it con-
tains eight balls uniformly placed between the inner and the outer
ring. The inner ring is fitted to the rotor shaft and rotates with the
rotor structure at rotor angular velocity. The outer ring is fitted
to the motor end-cap and remains stationary in operation. The
uniform spacing between balls is maintained by a bearing cage
which rotates at identical speed of rotation to that of the balls.

In general, bearing faults are classified depending on their
location in the bearing structure as: outer race faults, inner race
faults, rolling element faults and cage faults [1]–[3]. For the
purpose of evaluating the use of FBG sensing design for bearing
fault diagnosis proposed in the following section, a single rolling
element (i.e. ball) fault was experimentally emulated in this
work. This was achieved by machining healthy balls disassem-
bled from an identical bearing to remove 0.1 mm and 0.3 mm of
their diameters, as shown in Figs. 2(b) and (c). This allowed two
separate levels of single rolling element fault to experimentally
be emulated by fitting the individual damaged balls within the
test bearing.
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Fig. 2. FBG strcture and sensing principal.

III. PROPOSED FBG SENSING SYSTEM OPERATION, DESIGN

AND INSTALLATION PRINCIPLES

A. Fibre Bragg Grating Sensor Operating Principles

An FBG sensor is a micro structure imprinted into the core of
a standard single-mode optical fibre; a single imprint is referred
to as an FBG head. It is formed longitudinally on the optical
fibre core in a length typically of the order of a few millimeters,
in which a modulated periodic refractive index is formed in a
fibre core when exposed to an interference pattern of ultraviolet
laser light [5]. Fig. 2 illustrates the structure and the fundamental
operating concept of an FBG sensing system. The fibre contain-
ing an FBG heads is illuminated with broadband light, each
FBG reflects a specific light spectrum that matches its designed
Bragg wavelength. The process of fibre light excitation and
examination of the reflected spectrum for Bragg wavelengths
is managed by an interrogator unit [17].

The basic operation principle of FBG sensing is to monitor the
narrowband reflected Bragg wavelength after injecting broad-
band light into the optical fibre. The base Bragg wavelength,
λB, can be defined by [5]:

λB = 2 Λ neff (1)

where: Λ is the FBG gratings pitch and neff is the effective
index of the optic core. These parameters alter with the change in
strain and/or temperature the FBG is exposed to, in turn altering
the reflected Bragg wavelength. The reflected λB relative rate
of change due to changes in the FBG structure parameters can
be defined in terms of the acting thermal and/or mechanical
excitation as [17]:

Δ

λ B
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In (2): ΔλB is the shift in the Bragg wavelength, Δε is the
change in strain,ΔT is the change in temperature and kε and kT
are the FBG sensitivity factors to strain and temperature, re-
spectively. kε signifies the Bragg wavelength shift caused by
elastic-optic effect due to strain while kT describes the Bragg
wavelength variation due to thermo-optic and thermal expansion

Fig. 3. Bearing instrumentation with the FBG sensing system.

effects caused by temperature variation. A standard FBG has
sensitivity to mechanical strain of ≈ 1.2 pm/με and to thermal
excitation of≈ 12 pm/°C [5], [12]. However, the FBG sensitivity
factors are in principle design dependant and can, for example,
vary with packaging and bonding methodologies; these values
are best determined in characterisation tests for a particular
application [9].

B. FBG Sensor Design and İnstallation

The target FBG sensing application is simultaneous thermal
and mechanical conditions monitoring in a single point on the
bearing’s stationary structure. The outer ring temperature and
dynamic deformation (strain) are aimed to be measured and the
usability of these measurements for bearing health condition
monitoring evaluated. To this end, an FBG array sensor was
designed and prototyped to be installed on the examined IM’s
drive end bearing outer ring.

Fig. 3(a) shows a schematic diagram of the array sensor
design: it contains two FBG heads imprinted in a polyimide
single mode optical fibre. The FBG heads’ length is 5 mm and
their respective central Bragg wavelengths are 1533.730 nm and
1548.120 nm. The spatial distribution of the FBG heads within
the fibre array is designed to enable positioning one sensing
point in the test bearing load-zone (FBG-LZ) and the other in its
non-load zone (FBG-NLZ). This is done to enable investigation
of different FBG sensing locations for bearing health diagnosis.
Fig. 3(b) shows the FBGs positions in the examined bearing
outer ring structure.

For the purpose of embedding the FBG array sensor, the
test bearing was disassembled and a 0.5 × 0.5 mm groove
machined on its outer ring surface in circumferential direction.
The optical fibre containing the FBG sensing heads was then
embedded into the machined groove and bonded to the outer
ring structure by means of strain gauge glue. Finally, the FBG
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Fig. 4. End-cap housing installed bearing embedded with the sensor array.

sensors instrumented bearing was assembled, mounted on the
rotor shaft and installed into the end-cap housing, as shown
in Fig. 4. Furthermore, this procedure enables secure location
of the FBG array in the examined bearing’s outer ring during
the assembly and disassembly process required for practical
emulation of the rolling element fault.

IV. MEASUREMENTS AND SENSOR CALIBRATION

The FBG sensing technology is inherently thermo-
mechanically cross sensitive: a single FBG head can be designed
to enable simultaneous or exclusive temperature and/or strain
measurements. This feature is used in this study to enable each
FBG in the array to simultaneously sense temperature and strain
of the bearing outer ring structure.

The discrimination between temperature and strain related
measurements in the observed FBG wavelength shift in this
application is based on: 1) the intrinsic substantial excitation
frequency difference, as governed by electric machine multi-
physics, i.e. a relatively high excitation frequency for mechanical
excitation (strain) and a low excitation frequency for thermal
excitation [2]; 2) the variation band width, which is limited for
excitation arising from monitored strain due to the rigid bearing
structure; and 3) the inherent significant difference between FBG
strain and temperature sensitivity [1].

The general procedure for conversion of bearing in-situ multi-
physical FBG measurements into information on its thermal and
mechanical operating conditions is illustrated in the flowchart
in Fig. 5. Once the FBG array is installed in the bearing, it is
thermally calibrated within the bearing structure to determine
its thermal sensitivity (i.e. wavelength-temperature fit curves).
This is achieved by inserting the sensor embedded bearing in a
thermal chamber and exposing it to a series of static thermal
excitation steps in the examined bearing’s thermal operation
range of 25 to 115 °C. The wavelength reflected by each FBG
is recorded along with the chamber temperature for each con-
sidered excitation level, and then used to calculate the sensors’
thermal fit curves.

During measurement, the interrogator sends broadband light
to the FBG array and receives the reflected Bragg wavelength
from each of its FBG heads, containing both thermal and
mechanical information. The reflected wavelengths are then

Fig. 5. The proposed thermo-mechanical measurement process flowchart.

thermally scaled using the determined fit curves and the resulting
measurements then processed to extract thermal and mechanical
information: in the time domain, the average value (DC com-
ponent) of the thermally scaled measurements represents the
bearing temperature; the dynamic variation (AC components)
in the thermally scaled measurements however directly relates
to the measured outer ring dynamic deformation induced by the
rolling elements passing the FBG head’s position, and therefore
represents a relative strain measurement. The AC content is
thus proportional to relative strain and can therefore provide
information on the bearing’s mechanical conditions, including
ball and cage health. The frequency domain analysis is executed
in a 217 rectangular window Fast Fourier Transform (FFT) MAT-
LAB routine on the thermally scaled measurements, which were
obtained at a rate of 2.5 kHz in tests. The obtained FFT spectrum
provides information on the bearing health status through its
relevant bearing fault signature content.

The proposed method reduces the complexity of the multi-
physical FBG sensing system data processing requirements and
also eliminates the need for performing FBG thermal compen-
sation, that would require additional thermal only sensors, at the
expense of relative strain measurement capability. Mechanical
calibration for absolute strain sensitivity determination in a
bearing application is beyond the scope of this study; relative
strain measurement is deemed sufficient to enable understanding
of diagnostic related information. Calibrating the sensor be-
haviour under exclusively thermal excitation conditions however
can facilitate the differentiation of in-service signatures arising
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Fig. 6. Test-rig setup.

from thermal excitation from those produced by mechanical
excitation, which will inherently be simultaneously registered
by the in-situ sensing head.

V. EXPERIMENTAL SETUP AND TEST OPERATING CONDITION

A. Test Rig Design

The experimental test rig system contains a three-phase
0.55kW IM driven by a Parker SDD890 drive in constant V/f
control mode. For loading purposes, the IM was coupled to
0.75 kW DC permanent-magnet machine whose armature cur-
rent is controlled to achieve a desired operating point. The IM
three-phase voltages and current are monitored by the drive. The
rotor speed is measured by an optical encoder. Fig. 6 shows a
simplified schematic diagram of the used test-rig.

The FBG array sensor is interrogated by a SmartFibres
SmartScan04 platform and the measurements processed using
its proprietary LabView based SmartScan routine. The reflected
Bragg wavelengths were acquired at a frequency of 5 kHz in the
tests. For the purpose of validating the FBG bearing temperature
measurements a type K thermocouple was installed on the
bearing outer ring surface through a hole in the end-cap bearing
housing (TC-EC). An additional thermocouple was installed at
the shaft height of the test IM to monitor the ambient temperature
(TC-A). The thermocouples measurements were acquired and
conditioned using an NI DAQ platform (NI 9211 instrumented
in NI cDAQ-9178) and LabView software.

B. Test Operating Conditions

The developed test rig was operated at different conditions
to enable the evaluation of the proposed multi-physic FBG
sensing system’s performance for healthy and faulty bearing
condition monitoring. The IM was operated at three different
supply frequencies: 50 Hz – the base frequency, 30 Hz and 10 Hz.
For each considered supply frequency, three different loads were
sequentially applied: no-load (NL), half-load (HL) and full-load
(FL). Each examined load is maintained until reaching the IM
thermal equilibrium that is then sustained for at least 1500 sec,
after which the next load level is applied. The test IM was
operated in the described supply and load conditions when fitted

TABLE II
IM ROTOR SPEED (rpm) AT THE EXAMINED LOADS AND SUPPLY FREQUENCIES

Fig. 7. Bearing temperature measurement for different loads at (50 Hz).

with a healthy bearing, a 0.1 mm faulty ball bearing and a 0.3
mm faulty ball bearing.

The applied conditions enable the emulation of different
trends and levels of thermal and mechanical excitation on the
examined motor design. Loading induction machines generally
results in the thermal excitation increase in their components
including bearings, largely caused by the associated current rise
with load and the resulting winding heat loss. In contrast, loading
also generally reduces the bearing mechanical excitation fre-
quencies that are rotor speed related, as the rotor speed reduces
with the increase in load. The reduction in the supply frequency
will further reduce the rotor speed and thus the bearing mechan-
ical excitation frequencies. However, low frequency operation
will increase the thermal stress in the bearing structure due to
the cooling system capability in the examined motor being rotor
speed dependent. Table II shows the rotor speeds corresponding
to particular supply frequency and load test conditions.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

This section demonstrates and discusses the obtained ex-
perimental measurements of the proposed in-situ FBG sensing
technique. This includes measurements obtained under healthy
and faulty bearing conditions.

A. Healthy Bearing FBG Array Sensor Measurements

1) DC Component: Fig. 7 shows the DC components of each
FBG thermal measurement (FBG-LZ and FBG-NLZ) along with
the temperature measured by the TC-EC at 50 Hz and NL,
HL and FL operating conditions, following the test operating
conditions set out in Section V.B. The FBG and thermocouple
measurements are seen to exhibit closely similar thermal pro-
files, with a temperature difference of less than ≈3°C at both
steady-state and transient conditions. The FBG-LZ, FBG-NLZ
and the TC-EC steady-state temperature measurements for all
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Fig. 8. In-situ FBG sensors time domain measurement taken for FL steady-state and at: (a) 50 Hz, (b) 30 Hz and (c) 10 Hz.

TABLE III
BEARING STEADY STATE TEMPERATURES

examined test conditions are shown in Table III for further
illustration. The consistently higher readings of FBG sensors
compared to TC-EC are explained by respective sensor posi-
tions, as the TC-EC measurement is affected by the bearing
housing temperature. More importantly, the good agreement
between TC and FBG sensors measurements validates that the
DC component of FBG measurements represents the bearing
temperature.

The in-situ measurements in table III show that the bearing
temperature increases with the decrease of the machine supply
frequency. The reduction of the supply frequency results in
decreasing the examined motor speed (refer to table II), thus
reducing its cooling capability: this results in increasing the
operating temperature of the motors’ components including its
bearings. The FBG array sensor measures an average temper-
ature of ≈ 106 °C when motor is operated at 10 Hz and FL,
which is 14 °C lower than the bearing designed permissible
operating temperature [18]. Furthermore, the TC-EC reading
at 10 Hz and NL in table III is seen to be higher than FBGs’
readings, indicating that the heat is flowing from the end-cap
to the bearing structure in these conditions. This is because at
this operating condition the cooling system cannot efficiently
remove the winding heat loss from the motor’s frame surface,
which results in dissipating the heat to cooler components such
as the end caps and bearings; with load increase the rotor loss
increases and is dissipated through the shaft and bearings. This
changes the heat dissipation direction.

2) AC Components: Fig. 8(a), (b) and (c) show the FBG array
time domain thermal measurements for FL steady-state condi-
tions at 50 Hz, 30 Hz and 10 Hz supply frequency, respectively.
The red and dark green traces in the figures represent the FBG-
LZ and FBG-NLZ measured AC components, respectively.

The measurements obtained by FBGs exhibit a variation with
a uniform pattern at each different applied excitation frequency.
The observed variation can be explained by the mechanical
excitation measured simultaneously with thermal excitation by

the FBG sensing heads: the observed peaks in the measurement
ripple are an artefact of the deformation induced in the bearing
outer ring due to individual ball pass events, which is measured
as in-situ strain variation by the FBG heads each time a ball
passes their respective position – as the sensors’ readings are
converted to thermal values based on the thermal only calibration
curve of the in-situ sensor these effects are manifested as high
frequency ripple in the resulting thermal measurements. The
experimental data demonstrate that the in-situ FBG sensor’s
response time is sufficient to register the relatively high fre-
quency mechanical excitation related events in the test bearing.
Furthermore, the data clearly demonstrate a magnitude variation
difference between the FBG-LZ and FBG-NLZ measurements:
this is observed at around 5 °C for FBG-LZ and around 3 °C for
FBG-NLZ. This difference is due to the fact that the FBG-LZ
is fitted in the bearing outer ring load zone and thus expected
to be exposed to higher strain levels than the FBG-NLZ in the
no-load zone. The test data demonstrate the high sensitivity of
FBG sensors in measuring different mechanical stress levels on
the bearing structure, which could provide critical information
in condition monitoring applications.

The variation in the thermal measurements shown in Fig. 8
contains information on bearing operation mechanical condi-
tions. The measured peaks frequency (FBG ball pass frequency)
was found to be ≈ 70.4 Hz, ≈ 40 Hz, ≈ 8.8 Hz for 50 Hz,
30 Hz and 10 Hz, respectively. The measured frequencies closely
match the test bearings manufacturer’s specification of ball pass
frequency value observed on the outer ring for the examined
supply frequencies/speeds (70.1 Hz @ 1380 rpm, 39.6 Hz @
1440 rpm and 9.1 Hz @ 170 rpm). The studied bearing is an
eight ball design hence one full cycle of the rotating element,
also known as the cage assembly rotational frequency, will
generate nine successive uniformly distributed peak events at
the examined speeds. The test data in Fig. 7 clearly show that the
cycle time increases with frequency/speed reduction: this yields
a cycle frequency of≈ 8.8 Hz,≈ 5 Hz and≈ 1.1 Hz from FBGs’
measurements, presenting a close match to the manufacturer data
sheet values for the rotational frequency of the cage assembly
(8.77 Hz @ 1380 rpm, 4.96 Hz @ 780 rpm and 1.08 Hz @
180 rpm).

3) FFT Analysis: As discussed in section IV, the FFT anal-
ysis of in-situ thermal measurements could provide useful in-
formation on the bearing mechanical condition. For illustrative
purposes, Fig. 9 shows the FBG-LZ and FBG-NLZ FFT spectra
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Fig. 9. FFT spectra of FBG array thermal measurement.

Fig. 10. In-situ measured bearing temperature rise in healthy and faulty
condition.

measured at FL and 50 Hz in a frequency range of 0 250 Hz. The
spectra are found to clearly report the harmonics of bearing outer
ring ball pass frequencies and their multiples for each applied
load/speed condition, i.e. ≈ 70.9 Hz, ≈ 141.79 Hz and ≈ 212.77
Hz etc. The thermal FFT spectra also contain harmonic compo-
nents of the IM fundamental rotational speed, i.e. ≈ 22.98 Hz.
Bearing temperature can also be extracted from the FFT spectra,
and is represented by the DC component in the spectrum (i.e.
≈ 73.4 °C for FBG-LZ and ≈ 74.1 °C for FBG-NLZ in Fig. 9,
matching the corresponding data for the examined condition
in table III). The findings demonstrate that the measurements
spectra contain information on both the thermal status of the
bearing and its mechanical excitation conditions.

B. Faulted Bearing FBG Array Measurements

To examine and evaluate the FBG sensing system capability
to enable bearing fault diagnosis, a faulty ball bearing with two
severity levels was emulated and tested as detailed in section II.
The obtained measurements are presented and analysed in this
section.

1) DC Component: Elevated bearing temperature is one of
bearing fault signatures [3]. However, bearing temperature rise
due to fault is generally expected to be significant mainly at
high fault severity. For illustrative purposes, Fig. 10 shows the
examined bearing temperature rise measured by the FBG array

Fig. 11. In-situ measurements’ AC components analysis under damaged ball
bearing conditions.

sensor in healthy and the two examined faulty ball conditions
(0.1 mm and 0.3 mm) for motor operation at FL and 50 Hz,
30 Hz and 10 Hz. The presented temperature rise values are the
average of FBG-LZ and FBG-NLZ measured temperatures sub-
tracted by the measured ambient temperature. The test data show
no noticeable and consistent difference between the measured
bearing’s temperature rise in healthy and faulty conditions. The
different temperatures rise level measured at different applied
frequency is due to the degradation of the motor cooling ca-
pability. The obtained thermal measurements demonstrate that
at the examined low fault severity, bearing thermal signature is
insufficient for effective fault detection.

2) AC Components: The obtained FBG time domain mea-
surements for the 0.3 mm ball fault at FL and 50 Hz are shown
for the FBG-LZ in Fig. 11(a) and the FBG-LZ in Fig. 11(b).

The measured AC components under fault are seen to clearly
change in comparison to the healthy condition (Fig. 8(a)). The
individual peaks distribution in a cage cycle (numbered from
1 to 8 in Fig. 11) is seen to lose much of the relative distribu-
tion uniformity observed for a healthy bearing: the peaks have
considerably different magnitude levels with one relatively high
peak dominating the cycle, corresponding to the faulted ball
pass event peak 1 in Fig. 11). This indicates that the outer ring
deformation due to the ball pass is not uniform, which in turn
indicates abnormal bearing health condition. The obtained data
demonstrate that the AC component of the FBG array senor
measurements can indicate the abnormality in the bearing health
condition.

3) FFT Analysis: To further examine the fault condition
related information in the obtained FBG array measurements
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Fig. 12. In-situ FBG measurements FFT spectra in heathy and fault conditions: healthy (blue), 0.1 mm fault (green), 0.3 mm fault (red).
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Fig. 13. Thermal spectra under different loads with 0.3 mm fault.

FFT analysis was applied on the collected steady-state data for
healthy and the two studied faulted ball severities. The examined
single ball fault condition induces a distinct signature in the
in-situ measurements spectra each time the faulty ball passes
the fixed points on the outer race where FBG sensing heads
are located. The specific frequency of this spectral signature is
defined by dividing the bearing ball pass frequency of one point
on the outer race (at the examined rotor speed) with the bearing’s
ball number.

For illustrative purposes, Fig. 12 shows the FBG-LZ and FBG-
NLZ measured FFT spectra for FL at 50 Hz (Fig 12(a) and (b)),
30 Hz (Fig 12(c) and (d)), and 10 Hz (Fig 12(e) and (f)) supply.
The FBGs spectra are presented in the narrowbands containing
the fault signature frequency components. The fault frequencies
are obtained by dividing the calculated ball pass frequency at
the examined speed/supply frequency (70.1 Hz @ 50 Hz, 39.6
Hz @ 30 Hz and 8.64 Hz @ 10 Hz) with the ball number (8).
This gives the following fault frequencies: 8.76 Hz @ 50 Hz,
4.95 @ 30 Hz and 1.08 @ 10 Hz.

The spectra in Fig. 12 are seen to clearly report the calculated
fault related harmonics for each test condition. The slight differ-
ence between the calculated and the measured frequencies is due
to the inherent minor deviation of the rotor speed in operation.
The fault related frequency components are generally expected
to appear at low magnitude in the healthy spectra (as seen in
healthy (blue) traces), and are inherent to ball bearing design.
The measured FFTs clearly demonstrate that the magnitude of
the fault frequency component exhibits an unambiguous in-
crease in fault presence, as illustrated by the results obtained for
0.1 mm fault (green traces) and the apparent further magnitude

increase with fault severity increase (red traces, 0.3 mm case).
Both FBG heads show good sensitivity to fault, however, the
FBG-LZ measurements generally report higher fault magnitudes
and exhibit higher sensitivity, due to their location in the bearing
load zone. The presented results indicate that the FBGs’s thermal
measurement spectra can provide clear information on bearing
fault condition. The test data also demonstrate the FBG sensing
capability to register low frequency fault signatures (<2 Hz, as
shown in Fig 12(e) and (f)). A number of nearby spectral com-
ponents additional to that discussed here can also be observed
in the captured spectra: while in some low supply frequency
operating scenarios these can be present at reasonable magnitude
level compared to the fault component, they are seen to be
manifested erratically at different fault levels (such as e.g. in Fig
12(d) where their magnitude reduces with fault level increase).
While borderline insignificant for nominal frequency operating
conditions, similar erratic manifestation of these can at times be
observed at lower supply frequency indicating that in general
these components do not carry obvious diagnostic potential.

To illustrate the effect of load variation on the fault frequency
component in-situ measurement Fig. 13 shows the FBG experi-
mental spectra for the 0.3 mm ball fault condition at 50 Hz and
under three different load conditions (NL, HL and FL). The data
are shown in the narrow bands containing the fault frequency
components for the examined load/speed conditions. The fault
components are seen to manifest an almost equal magnitude
for the examined loads, demonstrating that there is no obvious
significant effect of load variation on the FBG sensing system
performance in this application.

VII. CONCLUSION

This paper explores a novel technique for electric machine
healthy and faulted bearing condition monitoring utilising in-situ
multi-physical fibre optic sensors. Experiments are undertaken
on FBG instrumented bearings of an inverter-driven IM, by em-
bedding sensing heads on the outer ring surface of the test motor
drive end bearing, to observe its parameters in representative
test studies including operation with healthy bearings and those
with rolling element fault. The findings demonstrate that useful
diagnostic information on both bearing mechanical and thermal
operating conditions can be simultaneously extracted from a
single FBG sensing head based on the proposed methodology,
including clear signatures of progressive rolling element fault.
The differentiation between thermal and mechanical effects is
enabled by exclusively thermal calibration of the in-situ sensor
prior to its in-service application, in combination with the con-
siderably different dynamics of these two domains in rotating
bearings, inherent to rotating electric machinery. It is shown that
enhanced sensitivity can be achieved by sensor placement in the
bearing load zone.

The presented study demonstrates that distributed single-
point multi-physical monitoring of thermal and mechanical
operating conditions of in-service electric machine bearings is
possible utilising the reported technique. An illustrative case
study of rolling element fault further demonstrates that the
proposed technique can provide unambiguous monitoring and
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understanding of bearing thermo-mechanical conditions during
fault. The reported findings pave the way for further studies
exploring a wider range of possible operating scenarios. This
includes exploration of in-situ fault signatures for inner and outer
race faults, but also further optimisation of monitoring sensitiv-
ity and diagnostic performance comparison with conventionally
adopted monitoring techniques for electric machinery rotating
bearings.
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tion in stranded PMSM windings using embedded FBG thermal sensors,”
IEEE Sensors J., vol. 19, no. 9, pp. 3358–3367, May 1, 2019.

[13] K. Jones, C. Staveley, and J.-F. Vialla, “Condition monitoring of a subsea
pump using fibre optic sensing,” in Proc. SPIE 9157, 23rd Int. Conf. Opt.
Fibre Sensors, Jun. 2014, pp. 157–165.

[14] H. Alian, S. Konforty, U. Ben-Simon, R. Klein, and T. Moshe, “Using
optical fiber sensors for health monitoring of rotational systems.” in Proc.
Int. Conf. Surveillance. 2017, pp. 1–14.

[15] P. Wei, Z. Dai, L. Zheng, and M. Li, “Fault diagnosis of the rolling bearing
with optical fiber Bragg grating vibration sensor,” in Proc. SPIE. 10155,
Opt. Meas. Technol. Instrum., Oct. 19, 2016, pp. 1–8.

[16] S. Konforty, M. Khmelnitsky, I. Kressel, R. Klein, M. Tur, and J. Bortman,
“Bearing health monitoring using optical fiber sensors.” in Proc. 4th Eur.
Conf. Prognostics Health Manage. Soc., 2016, pp. 1–7.

[17] A. Mohammed and S. Djurovic, “In-situ thermal and mechanical fibre optic
sensing for in-service electric machinery bearing condition monitoring,”
in Proc. IEEE Int. Elect. Mach. Drives Conf., San Diego, CA, USA, 2019,
pp. 37–43.

[18] NSK Bearing, [Online]. Available. www.jp.nsk.com/app02/
NSKOnlineCatalog



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


