Journal of Visualized Experiments

Design, instrumentation and usage protocols for distributed in-situ thermal hot spots

monitoring in electric coils using FBG sensor multiplexing
--Manuscript Draft--

Article Type: Invited Methods Atrticle - JOVE Produced Video

Manuscript Number: JoVE59923R3

Full Title: Design, instrumentation and usage protocols for distributed in-situ thermal hot spots
monitoring in electric coils using FBG sensor multiplexing

Section/Category: JoVE Engineering

Keywords: ELECTRIC MACHINE WINDINGS; THERMAL MONITORING; IN-SITU SENSING;

FBG TEMPERATURE SENSORS; DISTRIBUTED SENSING; FBG MULTIPLEXING

Corresponding Author: Sinisa Durovic

UNITED KINGDOM
Corresponding Author's Institution:
Corresponding Author E-Mail: Sinisa.Durovic@manchester.ac.uk
Order of Authors: Sinisa Durovic

Anees Mohammed
Additional Information:

Question Response

Please indicate whether this article will be Open Access (US$4,200)
Standard Access or Open Access.

Please indicate the city, state/province, Manchester, Lancashire, UK
and country where this article will be
filmed. Please do not use abbreviations.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript

O oo NOOULLA~ WN B

P PP, PP, PA,DPDPDWWWWWWWWWWNDNNNNNMNNNMNNRRPRPRRRRRRPR
AP OWOWNPFPOOONOOTUD_WNPOOONOOULLPAEWNPEPRPOOONOULPE WNEO

Click here to
access/download;Manuscript;59923_R3_081619.docx

TITLE:
Design, Instrumentation, and Usage Protocols for Distributed In Situ Thermal Hot Spot
Monitoring in Electric Coils using FBG Sensor Multiplexing

AUTHORS & AFFILIATIONS:
Anees Mohammed?, Sini$a Djurovi¢!

1School of Electrical and Electronic Engineering, University of Manchester, Manchester, UK
Anees Mohammed (Anees.Mohammed@manchester.ac.uk)

Corresponding Author:
Sinisa Djurovi¢ (Sinisa.Durovic@manchester.ac.uk)

KEYWORDS:
Random wound electric coils, thermal sensing, hot spots, fiber Bragg grating sensor, in situ
sensing, coil embedded distributed thermal sensing.

SUMMARY:

This paper presents a protocol that enables instrumentation of random wound electric coils with
fiber Bragg grating (FBG) thermal sensors for the purpose of distributed condition monitoring of
internal thermal hot spots.

ABSTRACT:

Random wound coils are a key operational element of most electric apparatus in modern
industrial systems, including low voltage electric machines. One of the major current bottlenecks
in improved exploitation of electrical devices is the high sensitivity of their wound components
to in-service thermal stress. The application of conventional thermal sensing methods (e.g.,
thermocouples, resistance temperature detectors) for thermal condition monitoring of current
carrying random wound coils can impose considerable operational limitations due to sensor size,
EMI sensitivity and the existence of electrically conductive material in their construction. Another
substantial limitation exists in distributed sensing applications and is caused by what is often a
considerable length and volume of conventional sensor wiring leads.

This paper reports the design of a fiber optic FBG sensing system intended for enabling real-time
distributed internal thermal condition monitoring within random wound coils. The procedure of
random wound coil instrumentation with the FBG sensing system is reported in a case study on
an IEEE standard wound coil representative of those utilized in electrical machines. The reported
work also presents and discusses important practical and technical aspects of FBG sensing system
implementation and application, including the FBG array geometry design, sensing head and fiber
packaging, the sensor array installation and calibration procedure and the use of a commercial
interrogation system for obtaining thermal measurements. Finally, the in situ multiplexed FBG
sensing system thermal monitoring performance is demonstrated in representative static and
dynamic thermal conditions.
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INTRODUCTION:

Random wound coils are a key design element of most electric apparatus in modern industrial
systems and are commonly used in low voltage electric machinery. A major barrier to improved
usage of wound coils in these applications is their sensitivity to in-service electro-thermal stress.
Thermal overloads are particularly pertinent in this regard as these can cause insulation coil
insulation system breakdown and ultimately its total failure!; this can arise due to excessive coil
current levels, or other causes such as a coil electrical fault or a cooling system malfunction,
where localized hot spots are induced in the coil structure leading to insulation breakdown.
Enabling operative in situ distributed thermal monitoring of an in-service coil’s internal structure
allows for development of improved utilization and condition based maintenance routines; it
would allow for advanced understanding and identification of the coils’ operating status and any
degradation process, and thus condition based corrective action to maintain the operating status
and prevent or slow down further damage?3.

The presented method is aimed at enabling in situ monitoring of electric coil structure embedded
thermal conditions through use of flexible and electromagnetic interference immune (EMI) fiber
Bragg grated optical thermal sensors. The method offers a number of functional advantages over
existing thermal monitoring techniques used in electric coils: these almost invariably rely on
usage of thermocouple (TCs) or resistance temperature detectors (RTDs) that are not EMI
immune; they are made of conductive materials; and they are generally reasonably bulky hence
not ideally suited for sensing applications within the structure of wound electric coils. The usage
of robust and flexible fiber optic FBG thermal sensors provides a number of considerable
improvements in this respect, not solely due to sensor EMI immunity but also its small size,
multiplexing ability and its flexibility, which enables them to be embedded into and conform to
an arbitrary wound coil architecture to achieve thermal sensing with pinpoint accuracy in desired
structural locations®. These features are especially attractive in electrical machine (EM)
applications where device thermal limits are defined by electric coil thermal conditions and are
particularly pertinent in the light of the expected considerable growth in EM usage with
proliferation of electric transport.

This paper presents the methodology of instrumenting a typical low voltage random wound coil
structure with thermal FBG sensors to enable on-line monitoring of internal hotspots. A detailed
protocol of the FBG sensor choice, design, packaging, instrumentation, calibration and usage is
reported. This is presented on an IEEE standard random wound coil motorette system. The paper
also reports the obtained in situ thermal measurements under static and non-uniform thermal
operating condition of the examined test coil.

FBGs are formed by the process of ‘grating’ the optical fiber core to create periodic longitudinal
imprints (usually referred to as sensing heads in FBG sensing applications); when the fiber
containing FBGs is exposed to ultraviolet light each existing FBG head will cause its refractive
index to be periodically modulated®. The sensing head reflected wavelengths will be affected by
the thermal and mechanical conditions that the fiber is exposed to, and thus enable the grated
fiber to be applied as a thermal or mechanical sensor assuming adequate design and application.
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The FBG technology is especially attractive for distributed sensing applications: it allows for a
single optical fiber to be grated to contain multiple FBG sensing heads, where each head is coded
with a distinct Bragg wavelength and acts as a distinct sensing point. This type of FBG based
sensing device is known as an FBG array sensor® and its operating concept is illustrated in Figure
1. Broadband light is used to excite the array resulting in distinct reflected wavelengths from each
contained FBG head; here, each head reflects a defined wavelength (i.e., Bragg wavelength) that
matches its grating design and is also dependent on the prevailing thermal and mechanical
conditions at the head (i.e., sensing) location. An interrogator device is needed to enable array
fiber excitation with light and the inspection of the reflected spectra for distinct Bragg
wavelengths containing information on localized thermal and/or mechanical conditions.

A particularly important aspect of FBG thermal sensor implementation is the mitigation of
thermo-mechanical cross sensitivity effects to obtain as close as possible to exclusively thermal
readings’. The FBG inherent feature of thermo-mechanical cross-sensitivity requires careful
design of FBG sensors aimed at thermal only or mechanical only sensing applications. Where
thermal sensing is concerned an effective method of mitigation FBG mechanical excitation
sensitivity is to isolate the sensing head with a packaging capillary made of material suitable for
a given application; in the coil embedded thermal sensing application examined in this work this
not only reduces cross-sensitivity problems but also serves to protect the fragile sensing fiber
structure from underside and potentially destructive mechanical stress®.

Figure 2A shows the random wound electric coil test specimen used as a demonstration vehicle
in this paper. The coil is designed according to IEEE standards® for thermal evaluation procedures
of random wound coils’ insulation system; the resulting test system shown in Figure 2B is known
as a motorette system and is representative of a winding and its insulation system in a low voltage
electrical machine. In the presented case study, the motorette will be instrumented with an FBG
array thermal sensor consisting of four thermal sensing points, to emulate typical thermal sensing
hot spots of interest in practical machine applications that tend to be localized in coil end winding
and slot sections. For calibration and performance evaluation, the FBG embedded motorette will
be thermally excited using a commercial thermal chamber and a DC power supply.

PROTOCOL:
1. Fiber optic thermal sensor design

1.1. First identify the sensor design and specifications based on the target coil structure and the
interrogation system features. The test coil used in this work has an oval geometry typical of
electric machine coils (as illustrated in Figure 1A. Before individual sensing locations are
determined, make design decisions to ensure that the optical sensing fiber remains operative in
the mechanical and thermal environment typical of embedded wound coil application.

1.2. Use a standard bend-insensitive polyimide-coated single mode fiber that is generally known
to be able to operate in temperatures up to approximately 300 °C; this fiber is thus suitable for
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application in wound coils used in conventional electric machines.

NOTE: The chosen optical fiber ensures sensor functionality in the thermal environment of a
typical random wound coil operating in electric machines such as used in this work (class F and H
with rated temperature of 155 and 180 °C, respectively. Bend-insensitive fiber is preferred for
this application since it is designed to allow a small bending radius and to have a lower bending
loss. This enables the sensor to be effectively conformed to the desired coil structure and sensing
location(s) with minimal detrimental effect to sensing functionality.

1.3. Set fiber length to 1.5 m.

NOTE: Fiber length is set according to the geometry of the target wound coil to be instrumented
and the desired distance to the interrogation unit. The test coil circumferential length (shown in
Figure 1A) is 0.3 meters and the chosen fiber length to interrogator from coil is 1.2 meters giving
a total length of 1.5 m — this allows for sufficient fiber length to be looped within the test coil to
ensure desired sensing locations are appropriately established and there is suitable distance
between the test coil and the interrogator: Figure 3A illustrates the general length design
approach.

NOTE: FBGSs can be located several kilometers from the interrogation unit. This is because an
optic fiber is an efficient single carrier.

1.4. Design the FBG array to consist of four FBG heads (5 mm) to enable distributed sensing
within the coil structure so that two sensing locations are positioned in the coil sides and two are
in the coil ends.

NOTE: Thermal sensing locations are identified based on relevant thermal monitoring standards
for electric machines (i.e., 2 FBGS for slot sections and 2 for end-winding sections)®. The
commercial interrogator design used in this work can enable simultaneous interrogation of up to
16 FBG sensing points down a single optical fiber.

1.5. Use an FBG sensing head length of 5 mm; this is deemed sufficient to enable localized hot
spot monitoring in current carrying random wound coils.

NOTE: Alternative commercial values of FBG head length (3 mm, 5 mm or 10 mm) can also be
used in case a different sensing point dimension is required by the sensing application.

1.6. Specify individual FBG heads to be grated with different wavelengths spaced in a bandwidth
of 1529-60 nm to match the used commercial interrogator rating; this ensures prevention of FBG
shifted wavelengths interference.

NOTE: The FBG heads wavelength, their expected wavelength shift bandwidth, and the
application temperature variation need to be within the interrogation unit broadband light
bandwidth to ensure that the sensing system can properly operate.
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1.7. Use an FC/APC fiber probe connector type, which is consistent with the interrogator unit.
NOTE: FC/APC is generally the preferred choice for FBG sensing due to low return losses.

1.8. Provide the design and specifications of the sensor to a commercial FBG manufacturer -
Figure 3B shows a final sketch of the FBG array design used in this work.

2. Interrogation system and sensor configuration

2.1. Check and configure the designed and manufactured FBG array sensor to operate with the
commercial interrogation system.

2.2. Remove the protective cap from the FC/APC connector ferrule.
2.3. Clean the connector end-face by wiping it gently with an optical connector cleaner.

NOTE: It is highly recommended to perform this step each time the sensor is connected to the
interrogator. A Cletop-s commercial series optical cleaner was used in this work.

2.4. Plug-in the cleaned FBG probe connector to the interrogator channel connector.
NOTE: Ensure that the keyway is correctly alighed when mating the connectors.

2.5. Turn on the interrogator.

NOTE: The interrogator is connected to the PC via an RJ45 connector and internet cable.
2.6. Run the configuration software.

NOTE: The interrogator software is a proprietary LabVIEW based software package provided by
the interrogator manufacturer designed to enable the interrogator hardware unit operation.

2.7. On the instrument set-up tab observe the reflected wavelength spectrums from the FBG
array probe (for the FBG array design used in this work four peaks should be observed in the
related channel spectrum).

NOTE: The reflected light intensity depends on FBG characteristics (above 50% is accepted).

2.8. Set the sampling frequency to 10 Hz. This directly determines the number of temperature
readings provided in a given 1 s period.

NOTE: The used interrogation system can operate at sampling frequencies up to 2.5 kHz;
however, for thermal dynamics of current carrying coils monitored in this work 10 Hz is deemed
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a sufficient acquisition rate.

2.9. In the measurements setting, name the FBG heads as FBG1, FBG2, FBG3 and FBG4. Choose
wavelength as type of quantity to be presented graphically at this stage. The FBG array is
configured and ready for the calibration step.

3. Packaging preparation

3.1. Appropriately package the areas where FBG heads are imprinted (i.e., grated) in the array
fiber to ensure sensing head isolation from mechanical excitation and thus yield exclusively
thermal excitation responsive sensor. In addition, the fiber structure is fragile and it is not
desirable to directly embedded it within the coil conductors: it requires adequate mechanical
protection to retain integrity. In this work, the sensing area containing the four FBG heads that is
embedded within the coil structure is packaged with polyetheretherketone (PEEK) and the
remainder of the fiber is protected by Teflon — this is illustrated in Figure 3C.

3.2. Design the packaging in the form of a narrow round capillary tube so the sensing fiber can
be routed through and thus protected by the capillary.

NOTE: The capillary dimensions and thermal properties are particularly important where
packaging of the area containing FBG sensing heads is concerned. It is generally desirable to
ensure a relatively narrow wall thickness and use material that is not electrically conductive but
provides a reasonable degree of thermal conductivity. The outer diameter of the PEEK capillary
used in this work was 0.8 mm and its wall thickness is 0.1 mm.

3.3. Prepare the PEEK capillary by cutting the adequate length of commercial PEEK tubing (length
of the target coil structure with a few extra centimeters to allow for fiber insertion and Teflon to
PEEK capillary joint preparation).

NOTE: The in situ instrumentation of the FBG array requires installation of the packaging first
which is then inserted with the sensing fiber. Care must be taken to ensure smooth and cleaned
capillary end openings.

3.4. Take careful measurements of the FBG array and the PEEK capillary to accurately identify
sensing locations on the outer surface of the PEEK capillary. This enables positioning of FBG
sensing heads in target locations within the motorette test coil.

3.5. Prepare the Teflon capillary by cutting an adequate length of commercial Teflon tubing to
ensure that the fiber section outside the test coil geometry is protected and contained.

NOTE: The external packaging material of the non-sensing array section needs to have sufficient
rigidity to provide adequate mechanical protection but also be flexible to allow for a practical
connection to the interrogator; it is also desirable for this material to be EMI immune in this
application. Teflon is found to provide satisfactory performance in this study however alternative
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materials can be applied.

3.6. Prepare the appropriate shrink tube length to make the joint between the PEEK and the
Teflon capillaries.

4. Free thermal calibration

4.1. Calibrate the packaged FBG array sensor by inserting it into the thermal chamber to extract
its discrete temperature versus wavelength points.

NOTE: Preferably the sensing area is shaped to match that of the target coil structure to provide
calibration under strain levels similar to those when the package is embedded within the test
coil.

4.2. Connect the grated optical fiber to the interrogator and launch the pre-configured
interrogator software routine.

4.3. Set the thermal chamber oven to operate in a sequence of thermal steady state points —
these are in a range of ambient to 170 °C and in steps of every 10 degrees in this work. Create a
table from the measured reflected wavelengths of each individual FBG in the array for every
constant temperature emulated in the chamber.

NOTE: Sufficient time has to be allowed during calibration tests for thermal equilibrium to be
reached at every examined steady state thermal point.

4.4. Use the recorded shifted wavelength versus temperature measurements in 10 °C steps to
determine the optimal temperature-wavelength shift fit curves and their coefficients for each
FBG. Figure 4 and Table 1 show the recorded calibration data measurements and the calculated
fit curve, respectively.

NOTE: The relationship between the wavelength shift and the temperature variation of the FBG
heads in the array is analyzed by polynomial quadratic regression in this work as this was found
to deliver optimal characterization. From this analysis the polynomial quadratic regression fit

curve coefficients are calculated!?.

4.5. Input the calculated coefficients in the relevant setting of the interrogator software to enable
on-line temperature measurements from the FBG array.

5. Test coil build and FBG instrumentation
5.1. First build and instrument the motorette random wound coil.

5.1.1. Design a winding bobbin to fit onto the winder device.
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NOTE: The bobbin geometry is designed to match the desired turn geometry of the coil and
ensure that the desired wound coil dimensions. The bobbin is designed to be easily dismantled
so to facilitate straightforward removal of the wound coil without damaging its insulation.

5.1.2. Place the selected enameled copper wire reel in the winder device and pull the copper
wire through the winder rollers and the tension controller.

NOTE: Class F enameled copper wire is used in this work.

5.1.3. Set the winder device turn number counter to zero.

5.1.4. Set the winder to operate at low speed and control the desired wire tension.
5.1.5. Wind half of the coil turns.

5.1.6. Fit the prepared PEEK capillary in the center of the coil using Kapton tape.

NOTE: Care must be taken to ensure that the indexes on the PEEK capillary are positioned in the
target places.

5.1.7. Wind the rest of the coil turns.

5.1.8. Remove the bobbin from the winder machine and disassemble to free the wound coil
embedded with a PEEK capillary.

5.1.9. Place the coil in the motorette frame.

NOTE: The motorette coil insulation system (slot insulation and slot wedges) must be
appropriately installed with the coil.

5.1.10. Prepare coil terminals and connect them to motorette terminals.

5.1.11. Varnish the motorette using a winding varnish and place in an oven at appropriate
temperature (150 °C) to cure.

5.2. FBG array instrumentation:

5.2.1. First connect the FBG array to the interrogator; launch the interrogator software to
monitor the FBG reflected wavelength while installing.

5.2.2. Pull the fiber through the prepared shrinking tube.
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5.2.3. Carefully insert the fiber (sensing area) into the PEEK capillary until the end openings of
Teflon and PEEK capillaries are in contact.

5.2.4. Move the shrink tube to cover the capillaries ends and appropriately heat it until the
desired fit is achieved.

6. In situ calibration and evaluation

6.1. Validate the obtained thermal calibration in step 4 after embedment and correct if required.
The test also enables evaluating the FBG array performance in controlled static thermal
condition.

6.2. Place the motorette embedded with the FBG thermal array in the thermal oven.

NOTE: Conventional thermal sensor can be used for performance comparison purposes. Here
thermocouples installed on the motorette coil surface are used.

6.3. Repeat steps 4.3 and 4.4.

6.4. Repeat step 4.5 including the temperature measured by FBG heads based on calibrated fit
in step 4.

6.5. Evaluate and compare the FBG array temperature measurements with the reference
temperature. If measurement error is high, the recorded measurement in step 6.4 can be used
to update the calibration.

6.6. Take the motorette out of the thermal oven; it is ready for testing.

7. Testing

7.1. Perform a static thermal condition test.

7.1.1. Connect the motorette to the DC power supply.

7.1.2. Connect the FBG array to the interrogator; monitor and record its FBG temperature
measurements.

7.1.3. Control the DC power supply to inject the motorette with a DC current.
NOTE: The chosen DC current level must ensure that the T-rise in coil internal thermal hotspots

is less than the permissible insulation temperature; this allows for non-destructive testing on the
prototype coil.
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7.1.4. Stop recording measurements when the motorette coil thermal equilibrium is reached.
7.2. Perform a non-uniform thermal condition test.

7.2.1. Wind the external coil containing 20 turns around a selected test coil section.

7.2.2. Connect the external coil to a separate DC power supply.

7.2.3. Energize the motorette with the DC current applied in 7.1.3.

7.2.4. Start recording thermal measurements once the thermal equilibrium is reached.

7.2.5. Energize the external coil with a DC current to provide non-uniform thermal conditions by
delivering localized thermal excitation on the test coil.

7.2.6. Stop recording measurements once thermal equilibrium is reached.

REPRESENTATIVE RESULTS:

Figure 5 presents the temperatures measured by the array sensor in the static thermal test. The
four internal temperature readings, taken by respective array FBG heads in corresponding coil
locations, are observed to be closely similar as is generally expected for the examined test
conditions; there is a slight variation between the reported individual measurement of less that
=1.5 °C between the observed average hotspot temperatures of =75.5 °C.

Figure 6 reports the array sensor measurements obtained in the non-uniform thermal condition
test. These are shown first for the period where there is no excitation in the external coil (first
=75s) indicating closely uniform measured thermal levels, as would be expected. The external
coil is then excited resulting in additional localized thermal excitation: this results in a clear
change in the observed measurements, with the sensing point in closest proximity to the external
coil (i.e., FBG4) measuring the highest thermal level (128.6 °C) and that furthest away the lowest
(=117.6 °C); the FBG temperature sensors located between these report intermediate and closely
similar temperature levels (2122.7 and =121.6 °C). The observed readings clearly relate to
individual sensing head distribution in the examined test coil geometry. Furthermore, the results
clearly demonstrate the functional capability of the coil embedded array sensor for monitoring
and identification of internal distributed thermal hotspot distribution in random wound coils.

FIGURE AND TABLE LEGENDS:

Figure 1. The FBG array sensor operating concept. This figure has been modified from a
previous publication®.

Figure 2. IEEE standard motorette coil assembly. (A) Random wound electric coil; see IEEE
standards®. (B) Assembled and varnished IEEE standard motorette.
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Figure 3. FBG thermal sensor array design. (A) FBG array fiber length, (B) FBG head locations in
the array structure, (C) FBG array packaging design.

Figure 4. The packaged array sensor FBG heads calibration characteristics. The characteristics
are derived from the data obtained in the array free thermal calibration tests. This figure has
been modified from a previous publication®.

Figure 5. FBG array thermal measurements obtained in steady state thermal condition test. The
individual head thermal measurements reported by the FBG array sensor are shown with an inset
detail steady-state measurement view. This figure has been modified from a previous
publication®.

Figure 6. Thermal measurements in the non-uniform thermal condition test. This figure has
been modified from a previous publication®.

Table 1: Calculated polynomial qudratic fit curve parameters. The calculated parameters
standard error and individual head correction coefficientsare included; good linearity and a
coorection factor coefficient in excess of 0.999 was observed for the four tested FBG heads. This
table has been modified from a previous publication®.

DISCUSSION:

The paper has demonstrated the procedure required to design, calibrate and test in situ FBG
thermal sensors in low voltage wound coils. These sensors offer a number of advantages for in
situ sensing applications within current carrying wound coil structures: they are fully EMI
immune, are flexible and can conform to an arbitrary desired geometry to deliver arbitrary
desired sensing point locations with high accuracy, and can provide a large number of sensing
points on a single sensor. While thermal sensing within wound coils can be achieved with
conventional thermal monitoring techniques employing thermocouple or resistance
temperature detectors, the application of FBGs is shown to provide a number of attractive
functional advantages.

Appropriate packaging of the FBG array sensor is key to its effective utilization. It is important
that individual sensing heads or the entire sensing area of the fiber be appropriately packaged to
ensure isolation of FBG heads from mechanical excitation in a rigid yet flexible thermally
conductive capillary. It is desirable for the capillary to be designed of non-electrically conductive
material as this ensures optimal performance in the EMI rich environment characteristic of
current carrying coils.

Care needs to be taken during the process of packaging capillary installation into the coil to
accurately position the package segments in their corresponding sensing locations. It is also
essential to optimize the capillary geometry in case highly dynamic thermal conditions are to be
observed.

It is vital to ensure accurate characterization of the coil embedded sensor. This is best done by
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performing free packaged sensor calibration before its installation within the wound coil
geometry. While a high degree of protection from mechanical excitation is provided by the in situ
packaging, the installation process can result in wavelength shift due to strain sensitivity. If
performed carefully this can be negligible; however, it is good practice for this to be ascertained
in in situ calibration tests where possible.

This application of FBGs within wound coils is relatively new and opens a number of opportunities
for improved design, utilization, monitoring and health diagnosis of electrical machines. Further
work is needed to reduce cost of these and make them a credibly viable option for large scale
application in electric machinery.
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Intercept Bl
Value Standard Error Value Standard Error
FBG1 1555. 771 0. 0137 0. 00855 2. 85E-04
FBG2 1547. 669 0.0112 0. 00851 2. 34E-04
FBG3 1539. 852 0. 0101 0. 00871 2. 11E-04
FBG4 1531. 768 0. 0131 0. 00808 2. 72E-04
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B2

Statistics

Value Standard Error Adj. R-Square
1. 50E-05 1. 34E-06 0. 99978
1. 41E-05 1. 10E-06 0. 99985
1. 30E-05 9. 90E-07 0. 99988
1. 67E-05 1. 28E-06 0. 9998
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Catalog Number Comments/Description
14110601 Commercial optic connector cleaner
357-744 Commercial insulated copper wire
CPX400SP Commercial 420W DC power supply
NA Commerically manufactured FBG array to design
700-4532 Heat Shrink Tubing 3mm Sleeve Dia. x 10m
436-2762 Orange Masking Tape Tesa 51408
4901000060 Commercial PEEK tubing

S-Scan-04-F-60-U-UK Commercial interrogator system
WHT6/30 Commercial thermal oven
244-2636 Commercial winder machine
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General:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues.

Response: The manuscript has been proofread.

2. Please print and sign the attached Author License Agreement (ALA,; this is the UK
version). Please then scan and upload the signed ALA with the manuscript files to your
Editorial Manager account.

Response: The ALA has been signed printed an uploaded.

3. Please ensure that the manuscript is formatted according to JOVE guidelines—letter (8.5 x
117) page size, 1-inch margins, 12 pt Calibri font throughout, all text aligned to the left
margin, single spacing within paragraphs, and spaces between all paragraphs and protocol
steps/substeps.

Response: The manuscript has been reformatted.

4. Please use American spelling (e.g., ‘fiber’, ‘center’).

Response: Manuscript corrected to American spelling.

5. JoVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an instrument or
reagent. Please limit the use of commercial language from your manuscript and use generic
terms instead. All commercial products should be sufficiently referenced in the Table of
Materials and Reagents.

For example: SmartFibres, SmartScan, SmartSoft

Response: This has been corrected.

Protocol:

1. Please ensure that all text in the protocol section is written in the imperative tense as if
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions
should be described in the imperative tense in complete sentences wherever possible.

Response: The protocol text has been revised.

2. There is a 10 page limit for the Protocol, but there is a 2.75 page limit for filmable content.
Please highlight 2.75 pages or less of the Protocol (including headers and spacing) that
identifies the essential steps of the protocol for the video, i.e., the steps that should be
visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted
Protocol steps will remain in the manuscript, and therefore will still be available to the reader.

Response: The relevant 2.75 pages have been highlighted in red.
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3. For each protocol step, please ensure you answer the “how” question, i.e., how is the step
performed? Alternatively, add references to published material specifying how to perform the
protocol action. If revisions cause a step to have more than 2-3 actions and 4 sentences per
step, please split into separate steps or substeps.

Response: This has been done.

Figures:
1. Please remove the embedded figure(s) from the manuscript. All figures should be uploaded
separately to your Editorial Manager account.

Response: This has been done.

2. Please remove the embedded table(s) from the manuscript. All tables should be uploaded
separately to your Editorial Manager account in the form of an .xIs or .xlsx file.

Response: This has been done.

3. Please combine individual panels into single files for each figure (6 in total).

Response: This has been done.

4. Please obtain explicit copyright permission to reuse any figures from a previous
publication. Explicit permission can be expressed in the form of a letter from the editor or a
link to the editorial policy that allows re-prints. Please upload this information as a .doc or
.docx file to your Editorial Manager account. The Figure must be cited appropriately in the
Figure Legend, i.e. “This figure has been modified from [citation].”

Response: This has been done.

5. Figure 4: “Wavelenght’ is a typo; please correct.

Response: This has been corrected.

6. Figure 5, 6: Please use ‘s’ instead of ‘Sec’

Response: This has been corrected.

References:
1. Please include at least 10 references.

Response: This has been corrected.

2. Please do not include product manuals or information in the references-these should be in
the Table of Materials.



Response: This has been corrected.

Table of Materials:

1. Please ensure the Table of Materials has information on all materials and equipment used,
especially those mentioned in the Protocol.

Response: This has been done.

Reviewers' comments:
Reviewer #1:

Manuscript Summary: Very clear step by step procedure.

Response: Thank you for your comment.

Reviewer #2:

Manuscript Summary:

In this work, a protocol that enables instrumentation of random wound electric coils with
fibre Bragg grated (FBG) thermal sensors for the purpose of distributed condition monitoring
of internal thermal hot spots, is experimentally demonstrated. The procedure of
instrumentation with the FBG sensing system is reported in a case study on an IEEE standard
wound coil representative of those utilised in electrical machines. The information is clear
and the manuscript is well organized.

Minor Concerns:
Long Abstract.
Changes would coils for wound coils

Page 1 paragraph 2, changes fibre Bragg grated for fibre Bragg grating
Page 1 paragraph 2, changes thermo couple for thermocouple
Page 1 paragraph 3, changes Detailed protocol for A detailed

To complete the literature review, the following paper should be added to the reference list:
A. Mohammed, S. Djurovi¢, A.C. Smith, K. Tshiloz, "FBG Sensing for Hot Spot Thermal
Monitoring in Electric Machinery Random Wound Components," IEEE ICEM 2016,
Lausanne.

Response: Thank you for your useful comments — the authors have revised the
manuscript to make the required changes.
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has been checked in Item 1 above, JoVE and the Author
hereby grant to the public all such rights in the Article as
provided in, but subject to all limitations and requirements
set forth in, the CRC NonCommercial License.

4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the
non-exclusive right to use all or part of the Article for the
non-commercial purpose of giving lectures, presentations
or teaching classes, and to post a copy of the Article on the
Institution's website or the Author's personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video - Standard Access. This
Section 5 applies if the "Standard Access" box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video - Open Access. This
Section 6 applies only if the "Open Access" box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JOVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
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such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author's
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
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discretion andwithout giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author's institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney's
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney's fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author's or the Author's institution's
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contaminationdue to
the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
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decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author's expense. All indemnifications provided herein
shall include JoVE's attorney's fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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