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Abstract—This study explores the potential for using FBG
strain sensing to enable recognition of the shaft misalignment
condition in electric machine drivetrains through observation
of machine frame distributed relative strain. The sensing
principles, design and installation methods of the proposed
technique are detailed in the paper. The scheme was applied
on a purpose built wind turbine generator representative
laboratory test rig and its performance evaluated in an exten-
sive experimental study involving a range of healthy and
misaligned shaft operating conditions. The obtained exper-
imental data demonstrate the reported method’s capability
to enable recognition of generator shaft misalignment con-
ditions and thus its health monitoring. Finally, it is shown
that the thermal variation of the generator frame structure

FBG strain sensing
network for misalignment
diagnosis

inherent to its operation, combined with the FBG sensor

intrinsic thermo-mechanical cross sensitivity, has no detrimental impact on the fidelity and usability of the observed

strain measurements.

Index Terms— Electric machines, FBG sensors, misalignment monitoring, strain sensing, wind turbine generators.

I. INTRODUCTION

FFSHORE wind generation is increasingly seen as a

dominant factor in decarbonizing our power supply and
is set to become the largest source of electricity in the
European Union by 2040 [1]. With wind turbines (WTs)
growing in size and power capacity to exploit the higher
and more consistent wind resource offshore, their exposure to
harsh ambient conditions in remote offshore locations creates
challenges for operation and maintenance (O&M): access is
often limited and maintenance costly due to complicated repair
infrastructure requirements imposed by the device location
and scale. The development of WT in-service monitoring
techniques that can assist maintenance decisions is thus of
considerable importance as it can improve availability and
reduce the high O&M cost [2] — this is currently estimated
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to account for up to 30% of total offshore farm lifetime cost,
where the turbine drivetrain O&M expense is a major contrib-
utor [3]. The offshore wind O&M industry in the UK alone is
anticipated to form an industry worth £2 billion/year nationally
by 2025 [4], [5]: much of the needed cost savings in this area
are believed to be possible through implementation of better
proactive maintenance techniques underpinned by improved
condition monitoring solutions [6]. In this regard, the relevant
standards for wind turbine certification [7] require turbine
drivetrains to be equipped with suitable monitoring systems
to enable the understanding of its key components’ integrity
(e.g. bearings, generator, gearbox) with most manufacturers
expanding these with proprietary systems aimed at enabling
the monitoring of a wider array of drivetrain and associated
device failure modes [6].

Shaft misalignment is estimated to contribute to up to
50% of all rotating machinery breakdowns [8] and can result
in considerable downtime and economic losses if it is not
detected timely. Misalignment is defined as a condition in
which the shaft of the driving machine and that of the driven
machine do not align with the same centerline. While ensuring
accurate alignment can in principle prevent a considerable
number of breakdowns, including the associated unplanned
downtime and production loss, in practice the alignment is
challenging to sustain over extended service periods and
ideally needs continuous monitoring, as it is unavoidably
compromised by a number of drivetrain inherent factors.

For more information, see https://creativecommons.org/licenses/by/4.0/
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In WT systems in particular, shaft misalignment can give
rise to undesirable forces leading to damage or destruction of
bearings, seals, couplings, and eventually the gearbox and the
generator [9]. Misalignment monitoring and diagnosis is thus
especially important in contemporary WT drivetrains where
due to additional issues associated with the remote and harsh
operating environment misalignment issues have particularly
significant downtime and repair cost implications [2], [10].

In modern WT field applications drivetrain online moni-
toring systems are legally required [11]; these typically use
piezoelectric accelerometers for distributed monitoring of the
drivetrain vibration and can achieve misalignment detection
through observation of vibration components at shaft rotational
speed multiples [8], [12]. In addition, generator alignment is
typically inspected once every twelve months using costly
laser alignment tools as part of a maintenance program peri-
odic checks to ascertain existing misalignment levels and
identify any required corrective action; these laser sensors are
however not fully suitable for continuous monitoring [13].
While effective, the vibration based monitoring techniques
can suffer in diagnostic reliability due to generator transient
operation and limitations in dynamic range [10], hence alter-
native methods for shaft misalignment online monitoring are
continuously researched: infra-red thermometers were applied
in [10] to observe coupling temperature, but found to be sen-
sitive to other heat sources in the drivetrain. Using generator
current sensor measurements for misalignment detection was
also explored [14], but was shown to be challenging as other
fault modes can be confused with misalignment. Strain gauge
application to measure displacement in vicinity of couplings
was researched in [15], but found to be constrained by the
sensor location requirements. Laser based shaft distance mea-
surement was explored in [16], but requires further research
to fully evaluate.

The application of fibre optic sensing for electric machine
condition monitoring is increasingly developing as a promising
alternative to conventional techniques [17]-[27]. The fibre
Bragg grating (FBG) technology in particular presents a num-
ber of features which are attractive in this respect [28], [29]:
Electromagnetic interference (EMI) immunity, small size and
flexibility, multiplexing capability and that of multi-physical
sensing. A number of FBG applications for electrical machine
condition monitoring have recently been researched demon-
strating promising potential. For example, FBG strain sensing
use was explored for dynamic eccentricity, winding and bro-
ken bar detection in induction machines in [17]-[19], while
FBG thermal sensing application for winding temperature
monitoring and fault detection in permanent magnet and
induction machines was studied in [20]-[22]. The develop-
ment and application of FBG magnetic sensors for electric
machine monitoring and diagnostic purposes was explored in
[23]-[25], while [26] studies simultaneous use of single FBG
head multiphysical sensing properties for machine bearing
monitoring and [27] investigates the design of an FBG sensing
suite for machine multi-parameter monitoring. The potential
of FBG sensing application evaluation for misalignment mon-
itoring in electric machine drivetrains however remains to
be explored.

coupling

Fig. 1. Angular shaft misalignment - illustration.

In this study, FBG sensors are used to measure distributed
relative strain on the generator frame surface to explore the
potential of its monitoring to be used as a diagnostic tool
for shaft misalignment detection. The paper first presents the
utilized sensor design and installation procedure, and discusses
the considered monitoring points of interest for this applica-
tion. An experimental study is then undertaken on a purpose
built double-fed induction generator (DFIG) test facility, which
allows for controlled introduction of a number of levels of
misalignment in tests. The DFIG topology is one of most
commonly used in WT drivetrains [2] and was thus selected
as representative of a typical WT drivetrain for the purpose
of this study. The distributed FBG sensor suite was installed
on the test generator frame and its performance evaluated in
a range of tests involving various operating points in healthy
and multiple different degrees of shaft misalignment operating
conditions.

The attained results were then analysed, with particular
attention to the location and orientation of individual FBG
heads’ influence on efficacy of capturing the diagnostic content
in the measured strain signal; the findings were corroborated
with a conventional vibration sensing technique using a com-
mercial acceleration monitoring platform installed on the test
generator. Further tests were then undertaken to ascertain
the influence of thermal-cross sensitivity effects caused by
the generator frame inherent change of thermal conditions
on the analysed strain measurements. The presented find-
ings demonstrate a strong potential of frame embedded FBG
strain sensing application for enabling the recognition of shaft
misalignment conditions in the wide operating range of the
examined generator, and characterise the sensor orientation
and placement sensitivity to fault induced excitation.

Il. SHAFT MISALIGNMENT
A. Mechanical Effects

In general, the shaft misalignment condition can be classi-
fied as: parallel (or offset) misalignment, angular misalign-
ment or the combination of the two. This section revises
the mechanical features of coupled rotating shaft behavior in
presence of angular misalignment (illustrated in Fig.1), with a
view to identifying mechanical disturbances that can originate
from this condition.

Angular shaft misalignment can generally be represented by
a simplified system that includes the universal joint model,
illustrated in Fig. 2 [30]: here, the misalignment angle, f,
and the motor position angle, 6,,, are used to define angular
misalignment. In Fig. 2: 6; is the load side shaft angular
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Universal joint

Fig. 2. Shaft misalignment universal joint based mode.

position, 8 is the auxiliary angle defined to represent the joint
transmitted rotational angular position on the motor side, @y
and wy are the joint load side and motor side shaft angular
speed, 7; and T are the joint load side and motor side shaft
torque, J,, and J; are the motor and load inertia, and K, is
the flexible coupling elasticity constant.

The simplified model enables analytical analysis of the
general nature of the torque signal and thus the counterpart
vibration signal disturbances arising from the presence of
angular misalignment. The fundamental kinematic relations for
the universal joint are well established and give the relation-
ship between load and motor shafts angular displacements,
6; and 6, for a f degrees misaligned joint [31]-[33]:

O = tan"! (

1
cosp tanty) (D)

The motor shaft angular speed is obtained by differentiation
of the angle expression in (1) to yield:
cosp
- 1 — (sinp)? (cos@l)zwl
Assuming the invariance of power between the load and the

motor side allows the expression relating load and motor side
torques and speeds to be written:

)

Wk

T = Ty (3)

The torque transmitted from the load to the motor side via
the misaligned universal joint model is obtained by substitution
of equation (2) into equation (3) to give:

_ 1 — (sinB)? (cost))? T

T; cosp 15 4

which can conveniently be rearranged to the following term:
T 1 sin? . sin? g

k= (cosﬁ 2cosfi  2cosp
Defining, for clarity, the load angular displacement 6; =
2z frt, where f, is the load shaft fundamental rotational
frequency (fr = w,/2m) it becomes apparent that the pres-
ence of angular misalignment will fundamentally give rise to
torque signal pulsations at twice the rotational speed frequency
(e.g. 2f,). Torque pulsations are usually expected to be trans-
ferred into counterpart machine frame vibration at identical
frequencies [34] and can thus generally be expected to be
possible to manifest as identical frequency frame deformation
(strain) [19], [35], [36]. Furthermore, the general practice and

cos291) T 5)

research on angular misalignment monitoring indicated that
increased frame vibration at fundamental rotational frequency
is also possible with angular misalignment [37], [38].

B. Monitoring Practice

The common industrial practice in monitoring electri-
cal machinery shaft misalignment generally utilises two
accelerometer sensors, acting at 90° degree spatial dis-
placement [38]. This reflects the fact that angular mis-
alignment causes axial vibration at fundamental rotational
frequency (f;), while parallel misalignment produces radial
vibration at twice the fundamental rotational speed fre-
quency (2 f;): employing two accelerometers, one axially and
the other radially mounted on the machine frame, to separately
monitor axial and radial vibration signals allows for identifi-
cation of effects caused by both types of misalignment and
therefore its diagnosis.

The commercial misalignment detection systems undertake
analysis of the captured vibration spectra to extract distinct
identifiers of misalignment: it is widely acknowledged that
most misalignment is a combination of offset and angular,
hence both the f. and 2f, frequency components in both
radial and axial vibration signals are observed for diagnosis
purposes [37]. A common approach used in practice is to
observe the ratio between the 2 f.and f, components’ magni-
tudes, denoted in further text as M» f, and M f; respectively,
in the frame acceleration signals, and observe its amplitude
change. If misalignment is present in the system, a higher
than normal (e.g. at healthy system conditions) value of the
misalignment diagnostic index, where m = |[Mj f, /M f;|, is
expected [39].

I1l. FBG STRAIN SENSING PRINCIPLES
AND SENSOR DESIGN

An FBG sensor is small structure imprinted in a single
mode optical fiber core. It is fabricated by creating a perma-
nent periodic change (gratings) in the fiber core’s refractive
index by exposure the fiber core to an interference pattern
of UV light [19]. The FBG sensor size is typically very
small (i.e standard optical fiber size is ~125 um in diameter,
while FBG head length typically range from 2 to 20 mm).
In principle, a FBG sensor operates as a light filter that reflects
a narrowband light wavelength when a fiber contains a FBG
head is illuminated by broad band light source [40], [41].

The FBG head reflected wavelength is known as Bragg
wavelength, A, and can be defined as [21]:

AB = 2Anypy (6)

where A is the grating period and n.yy is the FBG’s effective
refractive index. These parameters alter with the variation
in the temperature and strain exposed to FBG structure,
thus altering the reflected narrowband wavelength. Assuming
constant temperature, the variation in 1p due to strain variation
Ae can be expressed as [21]:

dnesy dA
— A 7
de +neff de ¢ @

Alp :2(A
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Fig. 3. FBG sensor schematic diagram.

The response of the FBG sensor to strain arises due to the
change in the grating period (the physical elongation of the
sensor), and the change in the reflective index due to photo-
elastic effects. A typical theoretical value of strain sensitivity
of a standard FBG imprinted with A5 at 1500 nm is 1.2 pm/u
strain [19]. This value, however, can vary depending on the
FBG sensor installation and packaging methods. The perfor-
mance of surface strain sensing using FBG technology can
be affected by the utilized bonding material and mounting
procedure [41]. Different bonding methods have been explored
in literature, ranging from application of cyanoacrylate adhe-
sive and epoxy-resin glue [42], [43] to use of polyamide tape
[19], [43]. While the former methods can provide increased
rigidity and thus load to sensor transfer, they also impose
a generally more complicated installation procedure and are
fixed with no flexibility in terms of sensor repositioning and
re-application. Polyamide tape bonding application on the
other hand has been reported to provide good levels of
measured load transfer from the structure to the sensor with
advantage of high application flexibility; this method is used in
the feasibility study reported in this work, as detailed further
in section IV.B.

A schematic diagram of the FBG sensor design employed
in this study is shown in Fig. 3. Each used sensor contains a
5 mm FBG head imprinted in a bend-insensitive fiber poly-
imide single mode optical fiber. The FBGs respective central
Bragg wavelengths are at 1548 nm with average reflectivity
of 80 % and a bandwidth of 0.3 nm. The sensor is applied for
strain measurement in this work but is also inherently sensitive
to thermal excitation. However, the thermal conditions rate of
change in this application is much lower than that observed in
frame strain, and should therefore allow clear differentiation
of thermal and mechanical effects in the measurements: this
will be further studied in experimental work in section V.

IV. EXPERIMENTAL SYSTEM SETUP

A. Test-Rig Facility

The experimental test rig comprises a purpose built DFIG
system containing a three-phase, 415 V, four-pole 30kW
wound rotor induction machine (WRIM) whose rotor windings
are interfaced to the grid via a back-to-back voltage source
converter formed by two CT UNIDRIVE SP-4401 units [45].
The DFIG is directly coupled to a 40kW DC load motor,
which is controlled by a DC drive (CT MENTOR 1I) to enable
establishment of a desired test load profile. A real-time stator
flux oriented control (SFOC) routine is implemented on the
rig using commercial converters by through a dSPACE 1103
real-time platform and the procedure reported in [43]. The
DFIG is equipped with a suite of LEM LA 55P/SP1 current
and LV 25-600 voltage Hall sensors to enable monitoring of

Torque Reference Speed and torque demands

v
Speed & Position y “ - “
Feedback L b
s —T 1.
L ' SM resolver GsC RSC

Stator &
Rotor
Measurements

Speed
feedback

FBG, Vibration /l

and thermal
sensing

Encoder

Fig. 4. Simplified schematic diagram of the laboratory test rig.

ACC-R FBG-A

ACC-A

FBG-R

Fig. 5. Positions of FBG sensors and accelerometers.

relevant electrical signals, and a 1024 ppr incremental encoder
for observing the rotor angular speed. A simplified schematic
diagram of the test system is presented in Figure 4.

To enable vibration sensing according to accepted practice
for misalignment [39] and its correlation to explored frame
strain analysis, two Bruel &Kjaer (B&K) DT4394 piezoelec-
tric accelerometers were installed on the generator’s drive
end plate|: one in the axial (ACC-A) and the other in
the radial (ACC-R) orientation, as illustrated in Fig. 5. The
accelerometer outputs were conditioned and analyzed using
the B&K Pulse vibration monitoring platform. For the purpose
of investigating the thermal effects on the proposed FBG
strain measurements due to inherent FBG thermo-mechanical
cross sensitivity the frame temperature was measured by
installing a thermo-couple type K on the drive end-cap side
of the test machine. The thermocouple is connected to Fluke
T3000 digital thermometer type K.

B. Description of FBG Placement

Three different orientations of the frame FBG strain sensing
were examined to enable understanding of optimal sensor
positioning for misalignment recognition, as illustrated in
Fig 5. FBG strain gauges were installed on the test machine
frame in axial, radial and circumferential orientation, denoted
in further text as FBG-A, FBG-R and FBG-C, respectively.
All the used FBG sensors were non-invasively installed on the
frame by bonding the respective sensing head to the surface of
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the frame drive-end cap: FBG-A is placed on the top of end
cap oriented parallel to the motor shaft, FBG-R is mounted on
the end cap side in orientation perpendicular to the motor shaft,
and FBG-C is fitted along the end cap round external surface.
To ensure optimum strain gauge bonding the frame surface in
target sensing areas was first stripped of paint, then smoothed
by fine sand paper and finally cleaned with Isopropyl alcohol
before attaching the FBG sensors, following the procedure
applied in [19], [43]. The FBG sensing heads were bonded
to the treated frame surface by means of Kapton tape [19].

C. Examined Angular Misalignment Conditions

For the purpose of this study two different severities of
angular shaft misalignment were practically emulated on the
experimental test rig: this included operation in aligned con-
ditions, and with one degree and three degree shaft mis-
alignment. The desired misalignment levels were achieved by
introducing appropriately dimensioned shims under the feet of
the test motor. A commercial TKSA 51 laser alignment tool
was then used to verify the correct amount of misalignment
has been achieved on the experimental system. The alignment
tool was also used to ascertain there is no offset alignment
present in the system during tests.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A range of experiments were undertaken to evaluate the pro-
posed FBG frame strain sensing network efficacy in enabling
recognition of angular misalignment. To this end the findings
obtained from FBG sensor measurements are cross compared
with those from a commercial vibration monitoring platform.

The laboratory DFIG was tested at the following four
operating speeds covering both its sub- and super-synchronous
operating ranges: 1340 rpm, 1440 rpm 1550 rpm and
1590 rpm. For each considered speed point, three different load
levels were examined by performing tests at 25%, 50% and
100% nominal load (current). For each examined speed and
load condition three separate test were undertaken, with the
DFIG operating with an aligned shaft and 1 and 3 degrees of
angular misalignment. A set of thermal tests were also carried
out to investigate the FBG thermo-mechanical cross sensitivity
effects and ascertain sensors capability for long term online
application and how their measurements are affected by the
inherent machine surface temperature change.

The findings are presented in the following subsections.
Sections A and B focus on exploring the nature of fault related
content manifestation in the observed signals spectra for a sin-
gle operating point, to illustrate the frequency domain content
recorded by the strain sensors. Section C then undertakes a
consistency study of the identified behavior on a wider range
of operating points. Finally, section D presents the results of
the thermos-mechanical cross sensitivity study.

A. Strain and Vibration Signals Spectral Content Analysis
The typical spectral content observed in the evaluated frame
strain and acceleration measurements is shown in detail for an
illustrative DFIG operating point (1340 rpm, 25% load) and
the examined misalignment conditions in this section to enable
understanding of FBG strain monitoring potential.

The measured strain and vibration time domain signals were
processed in 2!7 FFT routines to extract the corresponding
spectral content. The resulting data are shown in Fig. 6 for
the 0 to 110 Hz bandwidth to enable a relatively wide
band comparison of the spectral content observed by strain
and acceleration sensors. While, generally, the fundamental
and second order harmonics are typically monitored for mis-
alignment analysis purposes [39], rotational speed harmonics
of up to 4th order are examined in this section for the sake
of validating the FBG strain sensor capability of registering
misalignment induced frame strain components corresponding
to those seen in vibration measurements.

The numeric values of the first four f, harmonic frequencies
at the examined speed (given by: f.x = kxn,/60Hz), where
k = 1,2,3... and n, is the rotor speed in (rpm) are:
22.33 Hz, 44.67 Hz, 66.99 Hz and 89.33 Hz. The measured
strain and vibration data in Fig. 6 clearly report the presence
of these components, with similar general spectral contents
trends observed in healthy and fault conditions. The com-
parison of the three different orientation frame strain FBG
measurements reveals that strong f,; peaks are present in both
axial and circumferential strain signals, while the radial strain
measurements are considerably less significant in comparison;
this suggests lower sensitivity of strain measurements in
radial orientation. Compared to the vibration measurements,
the strain signals are seen to report more clearly pronounced
frk components in spectra containg a generally lower noise
level.

B. Fault Related Component Analysis

This section undertakes a detailed cross correlation study
of the strain and vibration signals fault related components,
i.e. the fundamental and the second order rotational speed
harmonics. To this end, the magnitudes of the strain and
vibration signals’ f and 2 f, frequency components measured
in Fig. 6 are summarised in Appendix Table I.

The measurements in Table I demonstrate that no consistent
magnitude change with fault level increase can be observed
in the FBG measured f, and 2f. components. As a result,
observing the individual magnitude only of these components
is not suitable for provision of diagnostic knowledge on angu-
lar shaft misalignment. Similarly, the vibration signals exhibit
a general inconsistency in the behaviour of the observed
fr and 2f. components magnitude at different fault levels
making it challenging to utilise these for deriving reliable
diagnostic information: while some consistence with fault
level propagation can be observed in isolated cases (e.g 2f,
component in the radial vibration spectrum) this does not hold
for other load and speed conditions.

Therefore, the commonly used misalignment diagnostic
index, based on the magnitude ratio of the 2nd and 1t
harmonic (m, as defined in section II.B) has been applied on
the measured data and the obtained index values summarised
in Appendix Table II. The introduction of the ratio index m
significantly alters the diagnostic potential of the analysed
frame strain and vibration measurements. Regarding the FBG
strain signals, it can be observed that the index m continuosly
increases with fault level increase in both the axial and
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Fig. 6. FBG strain and vibration signals spectrum in different severities of shaft misalignment at DFIG 1340 rpm 25% load condition.

circumferential direction measurements (FBG-A and FBG-C);
nevertheless, this trend could not be monitored in the FBG-R
signal, reflecting the observations on the lower sensitivity
of measurement taken in this orientation to fault, reported
in section V.A. Similarly, a continuous growth in the index
m value is seen in both axial and radial vibration signal
measurement, as is generally expected [39]. The reported mea-
surements indicate that in-situ frame strain sensing has com-
parable diagnostic potential to conventional frame vibration

monitoring, depending on the sensing orientation: both FBG-A
and FBG-C are demonstrated to enable clear recognition of the
presence and magnitude of angular shaft misalignment.

C. Diagnostic Consistency Study in the
Wider Operating Range

This section examines the consistency of the diagnostic
index manifestation in the frame strain measurements observed
in section V.B over a wider range of generator operating points
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Fig. 10. Measured value of diagnostic index m in axial vibration.

and loads, representative of its field application conditions. The
misalignment diagnostic index values obtained from the axial,
radial and circumferential direction frame strain measure-
ments for the four examined speeds at loads and fault levels
detailed in section V introduction are shown in Figs. 7-9.
The corresponding axial and radial vibration measurements
are presented in Figs. 10 and 11.

The index measurements in Figs. 7-9 show that, as observed
in sections V.A and V.B, the radial direction strain (Fig. 8)
exhibits an incosistent m behaviour with fault level variation;
radial strain would generally be expected to be more sensitive
to offset misalignment, and while, as such, this signal is not

of direct use for diagnosis of angular misalignment severity,
it could potentially be used to differentiate the type of misalig-
nent observed in the system using frame strain measurements.
The axial and circumferential strain measurements on the
other hand are seen to report clear increase trends in m value
for all examined conditions: both these signals could enable
unambiguous detection of angular misalignment presence and
monitoring its level propagation. While both signals exibit
strong sensitivity to fault presence and level, it can be observed
that circumferential strain provides increased sensitivity to
lower fault levels, while axial strain is more responsive to
high level fault. The misalignment diagnosis performance
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could therefore be strenghtened by the joint use of these
two, allowing for an increased sensitivity across the fault
level spectrum. Finally, comparison with the corresponding
vibration measurements in Figs. 10 and 11 demonstrates that
the diagnostic performance provided by FBG frame strain
sensing is comparable to that attainable using conventional
frame vibration monitoring.

D. Thermal Cross-Sensitivity Effects Evaluation

The FBG sensors are intrinsically sensitive to both strain and
thermal excitation variation. It is thus necessary to investigate
how the proposed frame FBG strain sensing is affected by
machine surface temperature change in long terms tests emu-
lating thermal conditions encountered in practial use. To this
end, the test DFIG was operated at 100% nominal current at
1340 rpm in healthy conditions for an extended time period to
allow for the machine frame temperature to attain its steady-
state nominal load level. The test was run for approximately
150 min to ensure the steady-state thermal equilibrium is
reached. The frame surface temperature in the vicinity of
FBG sensors and the axial and circumferential direction strain,
demonstrated to enable recognition for angular misalignment
in previous sections, were measured at every 30 minutes during
the test.

To illustrate the observed strain changes due to frame
temperature change the measured f, and 2f, components
magnitudes in the axial strain signal spectrum are shown in
Fig. 12 and Fig. 13, respectively. The corresponding frame
temperature measurements are shown in Fig. 14: at test start
the frame was at ambient temperature (x26.3°C), reaching
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Fig. 13. Measured thermal variation caused change in 2f, component
of FBG-A spectrum.
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Fig. 14. Measured generator frame temperature rise from thermal

ambient to thermal steady-state value at 1340rpm, 100% load.

a steady-state temperature of ~41.4°C at test end. The pre-
sented experimental data in Fig. 12 and 13 demonstrate that
the f. and 2 f, components exhibit a relatively minor change
in magnitude (measured at a maximum of 0.0000573nm for
fr magnitude variation and 0.0000573nm for 2 f; variation).

The measured maximum variation in the axial and circum-
ferential strain measurements caused by the frame temperature
change was used to map the deviation of the corresponding
values of diagnostic index m, and the results shown in Fig. 15.
The blue and red bars in Fig. 15 represent the minimum and
maximum observed m values during the 150 min test duration.
To enable evaluation of the significance of the thermal induced
change in the diagnostic index, the value of m measured
for 1 degree fault condition in Fig. 7 is also shown in the
figures, and is represented by a black line. The measured
data report the m variation range for FBG-A of 0.29 to 0.52,
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which is much lower than the index value for 1 degree fault
condition. Similarly, the range of FBG-C variation in m is
from 0.38 to 0.5, while the 1 degree fault condition index value
is 1.15. In summary, the thermo-mechanical cross-sensitivity
test results indicate that no observable detrimental effect can
be identified on the diagnostic performance of FBG frame
strain measurements for recognition of angular misalignment;
while thermal induced changes in the relevant diagnostic index
values are present with change in thermal conditions on the
frame, these are seen to be of relatively insignficant magnitude
and do not compromise the ability of strain measurement to
enable recognition of misalignment conditions.

VI. CONCLUSIONS

This paper presents an FBG strain sensor application
study for monitoring and diagnosis of misalignment condi-
tions in electric machine drivetrains, based on observation of
machine frame relative strain. The proposed method enables
straightforward retrofit to existing machinery, and is shown to
have the capability to provide an effective means of distrib-
uted measurement and monitoring of misalignment induced
effects.

The reported technique’s performance was evaluated in lab-
oratory tests on a purpose built doubly-fed induction generator
test facility, allowing controlled introduction of desired level
of angular misalignment. The findings demonstrate that the
proposed FBG strain measurements on the generator frame
surface can enable recognition and trending of misalignment
fault presence and level, and provide diagnostic capability that
is commonly obtained through application of more compli-
cated conventional acceleration monitoring systems. It was
also found that the FBG sensor innate thermo-mechanical
cross sensitivity combined with frame surface temperature
variation that is inherent to electric machine operation, has no
detrimental effect on the observation of frame signal embedded
misalignment signature. The diagnostic potential of differing
in-situ FBG strain observation for diagnosis of angular mis-
alignment was assessed, showing that both angular and cir-
cumferential direction measurements are strongly responsive
to fault presence. Further investigation of optimizing the sensor
surface bonding to yield enhanced load to sensor transfer could
provide improvements on the reported findings.

Compared to application of accelerometer sensors that
exclusively monitor mechanical effects the reported scheme
can provide additional thermal monitoring capability utilizing

TABLE |
MEASURED fr AND 2f FREQUENCY COMPONENTS’ MAGNITUDES
IN FRAME STRAIN AND ACCELERATION SPECTRA AT
1340 rpm AND 25% LOAD

Signal /> magnitude 2f, magnitude
source H 1° 3e H 1° 3°
FBG-A
(nm)
FBG-C
(nm)
FBG-R
(nm)
Axial
vibration 013
(m/s 2)
Radial
vibration
(m/s 2)

28x10 7 11x10°7° 13x10°~° 73x10°° 71107 27%10 7

10x10°~ 233107 3.4x10°* 42x10°* 3.4x10 % 9.7x10 %

9.6x10 8.5x10° 8.0x10 * 1.5:10 * 3.0x10 ° 2.1x10*

0.021 0.023 0.031 0.021 0.073

0.055 0.034 0.053 0.007% 0.018 0.19

TABLE Il
MEASURED VALUE OF DIAGNOSTIC INDEX m
AT 1340 rpm AND 25% LOAD

Signal source m
H 1 3
FBG-A 0.26 0.65 2.03
FBG-C 0.41 1.45 2.83
FBG-R 0.16 0.34 0.26
Axial vibration 0.24 1.02 3.18
Radial vibration 0.14 0.52 3.55

the same hardware platform due to FBG inherent multi-
physical sensing capability. Further advantages can also be
derived from its ease of installation and positioning, the fact
it is power passive, as well as its capability to be integrated
into wider FBG multi-sensor systems allowing all-inclusive
electrical machine condition monitoring and replacing the
current practice where a suite of disparate single-physics
sensors is applied for this purpose (e.g., current, temperature,
vibration etc.). Finally, the scheme offers full EMI immunity
as is inherent to FBG sensing which is important in EMI rich
electric machine applications and requires additional measures
to achieve in conventional sensor alternatives. While further
exploration is needed, the presented principles could enable
the development of electric machinery misalignment detection
schemes based on distributed in-situ FBG strain sensing of
machine frame, as standalone systems or as part of wider
drivetrain FBG monitoring schemes.

Finally, the FBG sensor cost is currently comparable to
cost of conventional lower grade piezoelectric accelerometers,
and considerably lower than the cost of high end commercial
vibration sensors. The required FBG interrogator systems how-
ever remain costly, and although more expensive compared
to low end charge amplifier/signal conditioning systems for
accelerometer platforms they compare favorably in cost to
high end accelerometer conditioning systems. The interrogator
cost in practical applications could nevertheless potentially be
offset by intelligent exploitation of the FBG multi-physical
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sensing capability and multiplexing to yield an integrated mon-
itoring system with much greater CM functionality compared
to vibration only monitoring platforms.

APPENDIX

See Tables I and II.
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