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ABSTRACT

In the transportation system domain, heating problems appear with the temperature
increase in different types of electrical machines. In the classical design of electrical machines,
thermal analysis should be considered in the initial design, control and monitoring of electrical
machines. The measurement of local temperature especially in the rotor is important for
several reasons such as extending the lifetime of the electrical machine components, and
localizing the hot spots inside the machine which allows the development of appropriate
cooling systems and protects the machine. Numerous approaches for temperature
measurement can be used such as thermocouples, thermistors, infrared sensors or infra-red
cameras.

This thesis presents a non-contact technique that measures the temperature of the
rotor of a small machine using Fiber Bragg Gratings (FBGs) sensor. Monitoring local
temperature especially inside the rotor is important in order to detect early thermal aging of
the machine. Hot spot in the rotating parts can be localized by using this technique. The main
originality of the proposed work is measuring high temperatures (70°C) with high speed of
rotation (860 RPM) of rotating machines and most importantly integrating the FBG sensor
into a geometrically small scale electrical rotor of vehicles. The FBG sensor response has been
simulated using Transfer matrix method (TMM). After that, the FBG has been calibrated from
20 °C to 70 °C using a heating furnace fabricated at our laboratory. A small rotating machine
with embedded FBG has then been designed and fabricated. The temperature of the rotor
has been changed while rotating the machine and wavelength shifts due to temperature
variations have been experimentally measured up to 860 RPM. A temperature sensitivity of
4.7 pm/°C have been experimentally reached. The ability of this sensor to monitor real time
temperature variations of the rotor has been experimentally validated.

Keywords: Fiber Bragg Grating, Dynamical temperature measurement, Rotor,
Rotating machine, Optical sensor.



RESUME

Dans le domaine des systemes de transport, des problemes de chauffage apparaissent
avec I'augmentation de la température dans différents types de machines électriques. Dans
la conception classique des machines électriques, I'analyse thermique doit étre prise en
compte dans la conception initiale, le controle et la surveillance des machines électriques. La
mesure de la température locale, en particulier dans le rotor, est importante pour plusieurs
raisons telles que |'extension de la durée de vie des composants de la machine électrique et
la localisation des points chauds a l'intérieur de la machine, ce qui permet de développer des
systemes de refroidissement appropriés et de protéger la machine. De nombreuses
approches pour la mesure de la température peuvent étre utilisées telles que les
thermocouples, les thermistances, les capteurs infrarouges ou les caméras infrarouges.

Cette thése présente une technique sans contact qui mesure la température du rotor
d'une machine tournante en utilisant un capteur a réseaux de Bragg (FBGs). La surveillance
de la température locale, en particulier a l'intérieur du rotor, est importante afin de détecter
le vieillissement thermique précoce de la machine. Les points chauds dans les parties rotatives
peuvent étre localisés en utilisant cette technique. L'originalité principale du travail proposé
est de mesurer des températures élevées (70°C) avec une vitesse de rotation élevée (860
RPM) des machines tournantes et surtout d'intégrer le capteur FBG dans un rotor électrique
de véhicules a petite échelle géométrique. La réponse du capteur FBG a été simulée en
utilisant la méthode de la matrice de transfert (TMM). Ensuite, le FBG a été calibré en utilisant
un four de chauffage fabriqué dans notre laboratoire et la température a été modifiée de 20
°C a 70 °C. Une machine rotative avec un FBG intégré a ensuite été congue et fabriquée. La
température du rotor a été modifiée pendant la rotation de la machine. Les décalages de
longueur d'onde dus aux variations de température ont été mesurés expérimentalement
jusqu'a 860 RPM. Une sensibilité a la température de 4.7 pm/°C a été atteinte
expérimentalement. La capacité de ce capteur a surveiller les variations de température du
rotor en temps réel a été validée expérimentalement.

Mots Clés : Fibre a réseau de Bragg, Mesure dynamique de la température, Rotor,
Machine tournante, Capteur optique.
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INTRODUCTION

The global warming is due to the high consumption of primary sources of energy [1].
One of the primary sources of energy is the petroleum source. In the next decades, the
primary sources of energy will be replaced progressively by secondary renewable sources of
energy produced by solar cells, wind or marine turbines. This is called the energy transition.
The consumption of petroleum energy is very high in many fields especially in the
transportation systems. Therefore, in automotive industry, energy transition from petrol
powered engines to performing electrical machines is required. In fact, the energy transition
involves a very strong use of electrical machines. According to the IEA source [2], electrical
motors represent between 43 and 46 percent of all global electricity consumption. Renewable
energies will grow and new electrical systems will arrive. Hence, the use of these machines
will only increase. In this new era, electrical machines occupy a main position. This change in
primary source of energy (oil to electric) will be accompanied by the integration of new smart
electrical systems that are efficient and compact. Additionally, their integration in mechanical
systems involves the consideration of constraints and mechanically complex environments.
In this type of environment, the motor and its control system must be chosen to obtain high
power, while limiting the size of the system (compactness). Better performances of electrical
components are required since the electrification will widely attack a lot of systems inside the
vehicle such as on board computers. Therefore, the temperature of these components should
be monitored due to the heating problems.

In automotive industry, electrical machines will be strongly used in the next decades.
In this new era, the integration of rotating electrical machines and compact electrical systems
into mechanical systems leads to the problems of hot temperature spots and thermal
evacuation. The rotating parts in mechanical systems, such as the rotor of electrical machine
are important elements in high-power as well as low-power electrical systems. These rotating
parts are subjected to failures due to hot temperature spots and overheating problems. In
the transportation system domain, the loss of magnetization appears in permanent magnet
machines and the electrical insulators and the magnetic materials heating problems appear
with the temperature increase in the other types of machines. Under these conditions,
thermal analysis, considered secondary and approached indirectly for a long time, becomes
crucial in the design and diagnosis of electrical machines.

Thermal stresses of rotary components become one of the main design criteria in
many industries. In fact, they play a factor of competitiveness in the construction of machines
in terms of minimal use of the materials. Therefore, it is of high importance to localize the hot
spots in these machines especially in the rotating parts. Temperature monitoring of electrical
machines can have a direct influence on the lifetime of its components (insulators of
conductors, magnets, etc.), namely by allowing access to predictive information. It also
protects the machine by stopping its operation due to a heat peak. Besides, localizing the hot
spots inside the machine will allow the development of appropriate cooling systems. A
mapping of the temperature inside an electrical machine can also give information on
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different losses (rotor and stator) and help to improve the energy efficiency of the electrical
motors and generators at the same time, as well as optimizing their control (identification of
the variation of the parameters as a function of the temperature). Therefore, the mapmaking
of the temperature can allow rapid monitoring and diagnosis techniques. However, getting
temperature information of some critical locations of rotating components is difficult because
these locations are not accessible to ordinary sensors, which must be attached to the surface.
Adding sensors to the rotor of the electrical machine is not yet commercialized because of
their difficult instrumentation and integration on the rotating part which give poor reliability.
Nevertheless, temperature monitoring can avoid the destruction of the conductors and
insulating materials of the electrical machine. Therefore, it is truly important to detect the
thermal degradation problems of the rotor to avoid the end of life of the electrical machine.

Optical fiber sensors are regularly used for measuring temperature, pressure, stress
or other physical quantities, especially where the fiber is close to the measurement area and
where the systems of transmission, reception and data processing are deported [3].
Moreover, they are used for monitoring internal system parameters in operation following
the position of fibred probes in certain areas during manufacture or assembly. Fiber Bragg
grating sensor allows local or distributed measurements on the area of interest and it is
developed by exploiting the different components of a signal passing through the fiber such
as intensity, wavelength, frequency or phase [4]. It has the following properties: immunity to
electromagnetic interference (EMI), low weight for easy integration and ability to resist harsh
environments [5]. Moreover, it has the advantage of decreasing the number of copper wires.
FBGs have gained a strong interest among researchers due to their numerous applications
and many highly active fields such as biomedical sensing, respiration monitoring, structural
health monitoring, civil engineering, aeronautics, railways systems and nuclear environments
[6],[71,[8],[9]. Therefore, using FBG sensors is a good solution to monitor rotors during their
operation in order to detect early thermal aging of electrical machines.

Among the work that has been published on this subject, relatively few of them deal
with the so called distributed FBG sensors taking into account temperature monitoring in
electrical machines. The use of thermal mappings of electrical machines, obtained by direct
measurement, can allow a rapid monitoring and diagnosis technique. This technique is still
poorly exploited compared to methods conventionally used in mechanics (vibratory
signatures and acoustic emissions). In particular, rotor temperature mapping can provide a
robust temperature monitoring system to diagnose and predict the behavior of the
parameters that are critical to ensure the proper functioning of the machines.

The originality of this work, in comparison to other methods, will be the non-contact
measurement of temperature of the rotor by using an FBG sensor integrated into a
geometrically small scale rotating system. The other originality will be the measurement of
high temperatures (~ 70°C) with high speed of rotation (> 800 RPM) of rotating machines.
Furthermore, there are less limitations on rotational speed because no contact exists
between the rotary and the stationary part.

From the literature survey as presented in Chapter 1 it follows: no existing work has
been done integrating FBGs in rotating parts of rotating machines for temperature
measurements. No existing work has yet taken into account the problem of temperature



measurement inside the rotor of the electrical machine. The existing solutions measure
temperature on stationary parts.

In this project, we are going to propose the use of FBG for measuring temperature in
of the rotor of a rotating machine during its operation. This will give an accurate idea of the
temperature value in real time at different rotor locations unlike what currently exists by
measuring the average value of the temperature using a thermal camera or other similar
technique. Moreover, this solution will extend the life of a rotating electrical machine which
may fail due to a localized heat spike during operation. Besides, it will optimize the energy
consumption of a rotating machine which performance fall due to an increase in its
temperature in one or more places of the rotor.

Consequently, this thesis presents two major challenges: the first is the temperature
measurement, which is difficult to setup because of the rotation of the mechanical parts and
the second is the positioning of sensors inside the rotating machine.

In this context, this study was born from the collaboration between the Lebanese
University and the University of Technology of Compiégne with a main thesis objective which
is the development of an innovative and relatively low cost detection technique that visualize
the variations of the rotor temperature of rotating machines.

The thesis is organized into four chapters and the contents of each chapter are briefly
described as follow:

In the introduction the background of the topic is introduced, the overall importance
of the main problem is identified, our research goals and approaches are defined and a
summary on the organization of the report is included.

In Chapter 1, temperature sensors are first reviewed. Then, literature review of the
temperature measurement techniques in the electrical machines is done followed by review
of different methods for measuring temperature using FBG sensors in electrical machines.
The state of the art of the FBG interrogation techniques is also presented.

After the literature review in Chapter 1, the theory of FBGs is presented in Chapter 2.
This chapter will explain sufficient fundamental background information about the FBGs
theory to support our objectives. In addition, modelling and simulation will be carried out to
study the effect of external changes on FBG in order to compare them with the experimental
work. Then, the simulation of the FBG reflection spectrum will be realized. The simulation of
the temperature response of the FBG, as well as the longitudinal and local transverse strain
sensing will be carried out.

In chapter 3, the experimental characterization and calibration of the static FBG
temperature sensor is described. The principle of functioning of the main optical components
forming our experimental system will be detailed. The thermal characterization of the FBG
measurement system will be discussed and the calibration method will be detailed. Finally,
the relationship between the measured wavelength and the temperature will be established
and the optical performances of the sensor will be analyzed.

Chapter 4 is dedicated to the method of the dynamical temperature measurement in
the rotating machine. Further, the concept demonstration of the realized design is explained.
The mechanical system architecture including the rotating machine design and fabrication



and the rotor instrumentation are detailed. Finally, the prototype is validated and the rotor
temperature is calculated.

The manuscript closes with a summary of the work and the results of the research. An
evaluation is included where limitations are being discussed. In addition, perspectives are also
given on opportunities for expanding the work done in this thesis to improve the results of
this research and the remaining questions to be answered.



CHAPTER 1

LITERATURE REVIEW ON FBG TEMPERATURE SENSORS AND ITS
APPLICATION IN THE ELECTRICAL MACHINE DOMAIN

1.1 INTRODUCTION

The development of low loss optical fibers based sensors started in the early 1970s.
Since then, a range of optical fiber based sensors have been developed and the field of optical
fiber based sensor has seen a continuous progress [3]. Fiber optic sensor is defined as a sensor
that uses optical fiber either as the sensing element or as an element that relays signals from
a remote sensor to a processing electronic unit. In the 1970, optical devices were very
expensive. However, during the 1980’s, optoelectronic devices became less expensive and
used in optical fiber sensors (OFS). Optical fiber sensors are applied in fields, such as the
electrical power industry as well as many other branches. They are used to monitor some
important physical parameters such as strain, vibration, temperature, pressure and others
[10].

In electrical power industry, the presence of high voltage and electromagnetic
interference are two main obstacles for using electronic sensors. The use of optical fiber
sensor in the electrical power industry is a good option instead of the use of an electronic
sensor [11]. It is safe to place them close to high voltages potentials and there is no need for
electric energy to power them [12].

There are many types of optical fiber sensors. At the beginning of optical fiber sensors
era, the light amplitude based sensors were very common. They depend on losses due to
connectors, macro bends or laser/LED drifts [13]. However, they were gradually substituted
by wavelength based sensors, which are more stable. The advantages of the FBG sensors offer
over other types of OFS sensors are the main reasons that drives research in optical fiber
sensors for a wide range of applications. For example, they are small sized and lightweight.
They can be used for remote sensing because no electrical power is needed at the desired
location. They are in general minimally invasive and can be multiplexed on a single fiber optic
network, which allows sensing in multiple points [14]. They are also intrinsically passive and
immune to electromagnetic interference and most of all they can be used in places where
there is high explosive atmosphere areas or electric fields since they do not need nor conduct
electrical power [5].

This chapter gives a general introduction on temperature sensors and a summarized
description of optical fibers based sensor technologies, their characteristics and their
classification.



A literature review of the different techniques for measuring temperature in the
electrical machines is provided. Special emphasis is on a very special type of OFS, which are
Fiber Bragg Gratings sensor (FBGs) and the advantages of using FBGs will be discussed. Then
a review of different methods for measuring temperature using FBG sensors in the rotor of
the electrical machines proposed in the literature are presented.

Finally, the state of the art of the interrogation techniques using FBG and FBG
interrogators providers are summarized before concluding the chapter.

1.2 TEMPERATURE SENSORS

The tremendous advances in electrical engineering in the past century led to the
capability of transforming a wide range of measurand into electrical signals. The temperature
sensor is a physical device or transducer which is capable of transforming the temperature
into an electrical signal, no matter how tiny the amount of this signal might be [15].

In different branches of the industry, it’s required to know the temperature of the
environment, inside a reactor (chemical, nuclear, gas), the winding of an electrical machine
and so on. Different technologies have been invented to do this for different applications.
There are two different types of industrial temperature measurement system. The first one
is the mechanical temperature measurement system and the second one is the electrical
temperature measurement system.

In the mechanical temperature measurement such as bimetallic temperature gauge,
gas filled temperature gauge, bimetallic thermometer, compensated thermometer, gas filled
thermometer etc., the physical aspects such as the time and the temperature are directly
proportional to the change in length or in structure that can be expansion or contraction [16].
However, in the electrical temperature measurement such as Resistive Temperature devices,
thermocouples, etc., we have to deal with some of the electrical parameters such as the
change in resistance or conductance (RTDs) or Seebeck effect (thermocouples).

There are different ways to measure temperature: traditional contact thermometers
or non-contact techniques such as infrared thermometers and thermal images.

Some of the contact temperature measuring devices have a lot of functionality. They
could have multiple input channels, display multiple information and trend readings over
time. The contact type temperature instruments have the disadvantage of the necessity of
making contact in order to take a reading. However, sometimes there is areas where getting
close to a certain region to measure its temperature is very difficult. Therefore, these devices
potentially pose certain challenges in these cases and that’s where the non-contact IR-
thermometers come into play.

The alternative is non-contact temperature sensing in order to monitor the
temperature of objects. The main disadvantage of the non-contact IR thermometer, is that
the place where to take a reading and what the target is should be known. However, the
thermal camera gives the ability to get a quick understanding of where are the potential heat
sources that can cause damages to an electrical machine or a mechatronic system.



The basic types of temperature measurement sensors discussed here are the non-
contact type such as bimetallic devices, pyrometers, thermal camera, surface acoustic wave
and the contact type like resistive temperature devices (RTDs, thermistors), thermocouples,
and semiconductor based sensors.

1.2.1 Bimetallic Devices

Bimetallic devices expand when they are heated. In these devices, two metals are
bonded together and mechanically linked to a pointer. When heated, one side of the
bimetallic strip will expand more than the other as shown in Figure 1 [17]. When geared
properly to a pointer, the temperature measurement is indicated.

Temperature
Pointer i scale

Invar  strip
expands less |
than copper

Copper strip expands
in heat

Bimetallic
strip

Cold Hot
Figure 1: Principle of temperature measurement using bimetallic device

The definite advantages of bimetallic devices are the portability and their
independence from a power supply when used for the right application. However, they are
not usually as accurate as electrical devices and recording the temperature value is not easy
as with electrical devices like thermocouples or RTDs.

1.2.2 Non-contact IR-thermometers

Infrared sensors are non-contacting sensors. As an example, infrared sensor will give
the temperature of the object by utilizing the radiation of its material without any contact, as
indicated in Figure 2 [18]. A non-contact infrared thermometer is useful for measuring
temperature under circumstances where thermocouples or other contact probe-type sensors
cannot be used or do not produce accurate data. Some typical circumstances are where the
object to be measured is moving, surrounded by an electromagnetic field, contained in a
vacuum or other controlled atmosphere or in applications where a fast response is required
[19]. In addition, non-contact sensors are used in conditions where the contact with the
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sensor would damage or introduce a significant temperature gradient on the surface of the
object or the temperature of the object is higher than the maximal recommended working
temperature of the contact sensor [20].

Infrared thermometers can be used to serve a wide variety of temperature monitoring
functions. Some examples are monitoring materials for heating or cooling processes, checking
the temperature and hot spots for mechanical or electrical equipment, checking heater or
furnace temperature for calibration and control, checking for hot spots in fire-fighting [21].

Optics
or window

TN

Target Atmosphere Detector Display and interfaces

Figure 2: A typical IR temperature sensor consists of optical components, IR detector, electronic
and a display output stage

The non-contact IR-thermometers can take a temperature reading from remote
location. A laser beam can target the area of interest. They have a certain range in
temperature and working distance. They also have a distance to spot that have to be taken
into account: the larger the remote distance and potentially the less accurate the reading is
going to be. Some of the more expensive IR thermometers, will give the ability to select the
emissivity, which is a setting that allows the thermometer to take accurate readings on
different types of surfaces [22].

The spot infrared pyrometer or infrared pyrometer is the most common infrared
thermometer. It measures the temperature at a spot on a surface that is a relatively small
area. A visible red dot is projected onto the center of the area being measured, which
identifies the measuring location as shown in Figure 3 [23].
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Figure 3: Measurement of spot diameter



The pyrometer is a non-contact small Infrared thermometer and is suitable for
measuring extreme hot temperature. It measures accurately the temperature range from -18
°C to 870 °C [22]. It provides high accuracy with a fast response time.

Some pyrometers are equipped with dual laser beam for high performance industrial
application and can measure temperature from greater distance. Applications could be in the
food and beverage industry, carpet manufacturing, glass and automotive industries [24].

Pyrometers are used for two main reasons taking in consideration important factors.
First, thermocouples are not sufficient because they are not accurate enough or the object
that they're measuring is moving or rotating and they just can't make physical contact with
that. As well as, in order to increase the overall measurement accuracy of any material that
is being heated in terms of better product quality, better yield or better throughput.

1.2.3 Thermal camera

Infrared cameras or infrared thermal imaging cameras are essentially infrared
radiation thermometers. They measure the temperature at different points over a large area
to generate a two-dimensional image. Each pixel of the thermal image represents a
temperature location. This technology is used for monitoring large areas. Infrared thermal
imaging cameras are used in many applications such as military or security personnel
(perimeter monitoring), process quality monitoring of manufacturing processes and
equipment, monitoring enclosed space hot or cold spot for safety maintenance purposes [25].
A visual IR thermometer provides a visual representation and a heat map of the measured
object.

This IR thermometer combines the ability to overlay a normal digital visual
representation with the heat map as seen in Figure 4 [26] [27]. Therefore, a better
understanding of the target area is achieved. In a thermal camera a thermal image has a high
resolution, a large field of view and a good sensitivity to temperature in its field of view. It
allows to diagnose problems which might not be detected by a low resolution thermal
camera. It is able to detect hot spot from a component inside an object.



Healthy Fault U-Phase Fault V-Phase

Figure 4: IR camera working principle

1.2.4 Surface acoustic wave sensor SAW sensors

The Surface Acoustic Wave (SAW) sensor is known since several years as a sensing
element for different physical parameters such as temperature, pressure and force. Surface
Acoustic Wave (SAW) devices are used as resonators and filters for high frequencies in
electronic circuits since many years. Sensing elements based on SAW devices are used
because of the dependencies of the surface acoustic wave to the environmental influences.

For SAW based temperature sensing the operation shown in Figure 5 is as follow: First,
an electromagnetic impulse signal is sent via wired connection or wireless antenna to the
device. Then, the interdigital transducer (IDT) transduces the electromagnetic signal into a
surface acoustic wave. The surface acoustic wave (SAW) propagates along the surface of the
substrate into a piezoelectric material. After that, the acoustic impulse response wave is
transduced back into an electromagnetic signal (influenced by the temperature to which the
sensing element is exposed). The electromagnetic response signal is then transmitted for
processing [28].
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Figure 5: Schematic of a typical SAW device

The advantages of the SAW sensors are as follow: SAW sensors can handle high
frequencies, therefore, the sensor signal can be transmitted wirelessly. The physical
parameters are converted into a change in frequency, delay or phase. In addition, the Surface
Acoustic Wave sensor is a wireless passive sensor. Therefore, no need to cables, batteries or
maintenance and continuous monitoring. It has a small design and dimensions that enables
applications on rotating parts. There is no need for electronic components because the
change of the substrate where the SAW is propagating along is responsible of the conversion
from the physical parameter to the signal response of the sensor. Therefore, SAW sensors can
be used in hot and aggressive environments because there are no restrictions on the
maximum temperature.

The SAW sensor can be used in rotating equipment monitoring, real time temperature
monitoring, operates in motion up to 5000 RPM for applications such as temperature,
pressure, or strain/torque measurements [29]. In addition, it can be used in remote control
electrical equipment, switchgear wind turbine generator monitoring, bearing temperature
control, wireless temperature control on rotating parts, automation, production line
monitoring [30].

1.2.5 Resistive temperature sensors

Resistive temperature measuring devices also are electrical [31]. They take advantage
of a characteristic of matter which is the resistance that changes with temperature, rather
than using a voltage as the thermocouple does. The two types of resistive devices are metallic
resistive temperature devices (RTDs) and thermistors.

1.2.5.1 Resistance Temperature Detector (RTD)

In general, RTDs are more linear than thermocouples. They increase in a positive
direction, with resistance going up as temperature rises [32]. There are different temperature
transducer technologies. The resistance of this device varies with the temperature. It is a
passive device that needs external current (or voltage) source. An external electrical current
should be applied to it and then the voltage drop across it can be measured. This voltage is
an indication of the temperature. However, a big amount of external current can cause power
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dissipation in the resistor of RTD and lead to excess heat. In order to avoid this type of error,
the current should be kept at a minimum level, in general it is 1 mA.

They are used in a two-wire configuration. More accurate reading comes in three-wire
or four-wire configurations. Three-wire and four-wire solutions are developed to remove
some measurement errors coming from cables. In the circuit, the change of resistance is
converted into the change of output voltage as shown in Figure 6 [33].
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Figure 6: Resistance Temperature Detector scheme

In the industry, different RTD types are suitable for various applications. One of the
most common RTDs is PT100 which consists of a thin film of Platinum on a plastic film and
shows a resistance of 100 Q at 0 °C.

Platinum is usually used because it is retardant to corrosion. Its resistance varies with
temperature and it can typically measure temperatures from -165 °C to +848 °C. The
relationship between resistance and temperature of PT100 is relatively linear over a wide
operating range as seen in Figure 7 [34]. RTDs have very good accuracy. However, they have
a relatively low sensitivity.
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Figure 7: Relationship between the electrical resistance and the temperature of a Pt100
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1.2.5.2 Thermistors

Thermistors are temperature dependent resistors. Thermistors have a temperature
stability up to 300 °C. The self-heating effect in thermistors is great because of the reduced
size that decreases the heat dissipation capability. On the other hand, the thermistor is an
extremely nonlinear semi-conductive device. The thermistor operates usually as an alarm that
switches when the temperature exceeds a certain limit as shown in Figure 8 [35].
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Figure 8: Thermistor used in an electrical circuit

They are widely used in industrial purposes, such as self-regulating heating elements,
over-current protection, inrush current limiters and so on [36]. Thermistors can have Negative
Temperature Coefficient (NTC) or positive Temperature Coefficient (PTC) as seen in Figure 9
[37].
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Figure 9: Relationship between the resistance and the temperature of a thermistor

In NTC thermistors, the resistance decreases as the temperature rises. NTC
thermistors are commonly used as inrush current limiters. However, with PTC thermistors,
the resistance increases as the temperature increases. PTC thermistors are commonly used
as overcurrent protection and in resettable fuses. Thermistors have a very sensitive response.

13



They also have the advantage of high stability, fast response and small physical size.
Thermistors devices have low cost.

1.2.5.3 Semi-conductor

Semi-conductor temperature transducers have found more applications in the form
of integrated circuits, in recent years [38]. The semiconductor diodes (p—n junctions) have
temperature sensitive voltage-current characteristics as shown in Figure 10 [39].

Transistors in the integrated circuit produce an output current or voltage that is
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Figure 10: Semi-conductor diode as a temperature sensor

proportional to the absolute temperature by using external power supply and internal
feedback mechanisms. This technology is vastly used in electronic devices and IC technologies
[32]. The advantages of this technology are its linear characteristic, low cost and small size.
Integrated circuit temperature sensors are suitable for specific applications where the
temperature is within a -40 °C to 120 °C range.

1.2.6 Thermocouples

Thermocouples can measure temperature based on the Seebeck effect. The physical
dimensions of the junction’s materials and the working temperature determine the working
life of thermocouples. Copper/constantan (T type) and chromel/alumel (K type) are most
widely used in electrical machine condition monitoring and can survive for many years. A good
quality of the signal conversion circuit leads to a better performance of the transduction.
However, it is relatively expensive. Different types of thermocouples are available, for
example E, J, K, T and so on, based on the range of temperature measurement and the
sensitivity.

In general, the thermocouple is located inside a metal or ceramic shield, which
protects from exposure to a variety of environments. Metal sheathed thermocouples also
have outer coatings, such as Teflon for more protection when used in acids or strong caustic
solutions [40]. A thermocouple (TC) is comprised of a couple of specific dissimilar wires joined
together, forming the junction or the sensing point [41]. When this junction is placed at
different temperatures, different millivolt signals are generated. This can be interpreted as an
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indication of the temperature, which based on the physical characteristics called
thermoelectric effect as seen in Figure 11 [42].
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Figure 11: Thermocouple temperature measurement

Thermocouples indicate temperature measurement with a change in voltage. They
are voltage devices in which when temperature goes up, the output voltage of the
thermocouple rises as indicated in Figure 12 [43].
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Figure 12: Voltage difference versus temperature characteristic curve of a thermocouple

Thermocouples are self-powered and do not require external excitation current
source, in comparison with RTDs. They are commonly used for furnaces, high-temperature
exhaust ducts, Gas Turbine combustion chamber, etc. The main restriction of the
thermocouples is their accuracy, which does not make it the best solution for precise
applications. Also, they need a reference measurement point called the cold junction. For
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instance, type J is made up of Iron-Constantan combination with a -4 °C to 748 °C operating
range and sensitivity of approximately 27.8 uV/°C. Type K is made up of Chromel-Alumel
combination is one of the most common general purpose thermocouples with a sensitivity of
about 22.8 uVv/°C with a range of -165 °C to 1348 °C. Type K is inexpensive and a wide variety
of probes are available in its range.

The electrical industry has relied on the use of thermocouples, thermistors, infrared
cameras. However, their usefulness is limited because they are installed on fixed parts. The
main problems are difficult installation, heavy weight, low signal to noise ratio, etc. In
addition, electrical noise can corrupt the collected data. However, it is difficult to obtain
temperature information from certain critical areas of rotating components because these
areas are not accessible to ordinary sensors, which must be attached to the surface.

1.2.7 Fiber optic sensors

The core radius and the indices of a single mode fiber optic allows one mode at a given
wavelength to propagate along the fiber. The core diameter is small in a single mode fiber
compared to multimode fiber. In single mode fibers, the light travels along its axis, which
eliminates intermodal dispersion. Light is not totally confined into the core; an important part
is found in the cladding [45]. The low optical loss in optical fiber for communication is due to
material properties. Germanium and silicon are among the most used core dopants. These
materials constitute a limit to the attenuation characteristics of the waveguide. However, the
presence of impurities causes significant absorption loss [46].

1.2.7.1 Fiber optic sensor classification

Fiber optic sensor are classified as intrinsic or extrinsic, which depends on how the
optical fiber is used in the sensing scheme. An intrinsic sensor is a sensor that uses an optical
fiber as the sensing element as indicated in Figure 13.

Input Light Fiber Output light

Measurand

Figure 13: Intrinsic fiber optic sensor

The interaction between the light and the quantity to be measured occurs into the
fiber optic sensor. Optical fiber sensors can mainly measure strain, temperature and pressure.
The measurand modulates the intensity, phase, wavelength or polarization of the light that
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propagates into the fiber. When the FOS is intrinsic it can be classified into two categories: a
direct or indirect sensor. In a direct sensor, the measurand influences the fiber itself. For
instance, a fiber optic current (FOCS) measures uni or bidirectional DC currents up to 600 KA
by using a single-ended fiber optic around the current conductor that utilizes the Faraday
effect [47].

However, when the measurand can be locally transduced to another quantity, then
this quantity influences the optical fiber the sensor is called an indirect sensor. In extrinsic
fiber optic sensors optical fiber cables are used to transmit modulated light from source to
detector but modulation occurs outside the optical fiber transducer. In this case, the
interaction between the measurand and the light takes place outside of the fiber optic as
shown in Figure 14.

Input
Light

Input fiber Light modulator Output fiber

Output
Light

Measurand

Figure 14: Extrinsic fiber optic sensor

In this work, an intrinsic sensor fiber is used for temperature measurement. The
variations in temperature will induce a change in the wavelength of the light and by measuring
the changes in wavelength, temperature variations would be measured. This principle will be
detailed later on.

For a proof of concept in our thesis work, fiber Bragg grating will be used as a point
sensor. Temperature variations measurement will be first measured at a specified point of
the fiber. This will enable us to determine the sensitivity and check with the specifications. In
the next section, we will explain the fabrication methods of FBGs and the advantages of using
these optical fibers.

1.2.7.2 FBG fabrication methods and types of FBG

In 1978, the photosensitivity of optical fiber was discovered by Kenneth O. Hill et al
[48]. The fiber photosensitivity is the capability of a fiber to locally change its refractive index
when it is irradiated by a UV light. Spatially irradiating a fiber leads to a periodic variation of
the refractive index, which allows the realization of FBG. The photosensitivity depends on
several factors such as the irradiation source, the fiber core composition, the technique and
condition of manufacturing of the fiber before the irradiation.
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Different methods exist for writing gratings into the core of the optical fiber. There are
few externally written fabrication techniques such as the phase mask technique [49][50],
interferometric technique [51][52], on-tower FBG inscription [53] and the point-by-point
technique [54]. The grating is obtained by illuminating the fiber core using a UV light, which
altered locally the properties of the material of the fiber.

In the phase mask technique, the interference pattern along the core of the fiber is
created by the 11 diffraction order of the UV light. The grating is written into the fiber core
by the periodic fringe pattern. The corresponding scheme is depicted in Figure 15 [49].

light

Silica phase mask
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Figure 15: Schematic of the phase mask technique

The grating period A,,, depends on the pattern of the fringes. The fringe pattern is
determined by the angle of diffraction @ and the wavelength of the light Ayy [50]:

Apm = KUVSin(Q) (1-1)

The phase mask is a robust and simple technique. Long writing times are achieved
because the setup is stable. One limitation of this system is that for a given mask, the Bragg
wavelength is fixed. In addition, the phase mask can be easily damaged because they are very
fragile.

The main advantage of the interferometric technique [51][52] is that the Bragg
wavelength can be changed. In addition, few components are necessary. This system shown
in Figure 16 is less sensitive to alignment errors and vibrations because of the small difference
between the two arms of the interferometer. One disadvantage is the limited coherence
length because the half of the beam is folded on the other half.
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Figure 16: Schematic of the interferometric technique to FBG inscription.

Inscribing grating can be done using the on-tower inscription method as shown in
Figure 17 [55]. One advantage for the mechanical strength of the grating is the application of
the coating on the fiber after the inscription of the grating. In addition, the speed of this
technique is another advantage. One disadvantage is the low efficiency of this technique. A
steady continuous illumination is not often possible because of the use of a single short pulse
for the inscription.
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Figure 17: Schematic of the point-by-point approach to FBG inscription

A very stable and precise translational system is essential to the point-by-point
fabrication technique as shown in Figure 18 [56][57]. One advantage of the point-by-point
technique is that its flexibility to alter the Bragg Grating parameters because the grating
structure is built up a point at a time [58] [59].
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Figure 18: Schematic of the on-tower inscription method

The main drawback of the point-by-point technique lies in the tedious process. This
method takes a relatively long process time because the step-by-step process.
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Several types of Fiber Bragg grating exist such as the uniform Bragg reflector, the
chirped Bragg grating and the blazed Bragg grating [52]. They are distinguished by their
grating pitch, tilt angle or spacing between grating planes and fiber axis. The Bragg reflector
that has a constant pitch is the most common fiber Bragg grating [56]. This Bragg reflector
can function as a reflection filter with a narrow-band transmission or as a broadband mirror,
which depends on the parameters such as the grating length and magnitude. When combined
with other Bragg reflectors, these devices function as a band pass filters. FBGs are considered
as excellent strain and temperature sensing devices because of the wavelength
measurements.

The chirped grating is realized by axially varying either the index of refraction of the
core or the period of the grating or both. The chirped grating has a pitch that is aperiodic,
which corresponds to a monotonic increase in the spacing between the grating planes.
Various method for writing chirped grating exists. The double exposure technique has been
used in forming a long chirped grating of 1.5 cm [60]. Another technique for producing chirped
gratings is based on the phase mask. In this technique, the linear chirp is approximated by a
step chirp. A cascade of multiple gratings with increasing period was used in order to simulate
a long chirped grating [61].

For the blazed grating, the angle between the grating planes and the fiber axis is less
than 90°. Its phase fronts are tilted with respect to the fiber axis. Blazed Bragg gratings are
obtained by tilting the grating planes at angles to the fiber axis [62]. As a result, the light is
coupled out of the fiber core into a loosely bound guided cladding modes or outside the fiber
into radiation modes. The coupling efficiency and bandwidth of the light is determined by the
tilt of the grating planes and the strength of the index modulation.

Different types of gratings are produced by varying the conditions of the UV
irradiation. The transmission and reliability properties of a grating are affected by the
intensity or time of UV exposure required for the writing of the gratings [63]. This results in
the formation of different types of gratings that have different characteristics such as the
formation of type | at low fluence, type IA [64], type Il gratings [65] or type IIA gratings [66].

Type | Fiber Bragg grating are generally formed at low intensities. Type | is a standard
grating written into a fiber with or without H2 loading. These FBGs are erased at = 200 °C.
They are most used in telecommunication and sensing applications in the temperature range
of -40 °C to +80 °C.

Type |A grating is regenerated after an erasure of a type | grating in a hydrogenated
fiber [64]. This type of grating is better for strain sensing due to its small temperature
coefficient. It also has a better thermal stability compared to type | gratings.

Type Il grating is formed by the damage of the fiber core due to the increasing of the
energy density. One important thing is the thermal history of the fiber. This grating is
characterized by a damaged core-cladding interface caused by a high fluence UV irradiation.
These FBGs can resists up to 700 °C. When the energy of the writing beam is increased above
30 mJ the grating is damaged, which forms the type Il Bragg gratings. Physical damage is
caused in the core of the fiber on the side of the writing beams. This grating tends to have an
irregular reflection spectrum due to the hot spots in the laser beam profile. Gratings have
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been generated with better reflection profiles but with a much reduced reflectivity, by
spatially filtering the beams. These gratings are stable up to = 700 °C.

The type IIA gratings are formed at low power densities. Type llA is written by a
prolonged UV irradiation in a photosensitive fiber [66]. The writing process is slow (30 min).
The grating is regenerated after an erasure of a type | grating in a non-hydrogenated Ge-
doped fiber. They are erased at = 500°C. This grating is strong and withstand a high
temperature and used for sensing at high temperature.

The difference between type | and type IIA gratings is due to the erasure of the first-
order and the onset of second-order gratings. The long exposure erases completely the initial
first-order grating while the second-order grating forms [65].

1.2.7.3 Sensing with Bragg Grating: Advantages and drawbacks

Standard based electronics sensors are not immune to electromagnetic interference;
thus the privilege is given to glass or polymer optical fibers and optical fibers were used in
sensing applications. Besides, fiber Bragg Grating sensors are wavelength encoded because it
uses the change in the refractive index. However, disadvantages such as bending increases
the noise of the signal.

It is evident that material properties of glass and plastic are function of temperature,
pressure, vibration and strain. Thereby, it is not surprising to find that the waveguide itself is
sensitive to its environment. Bragg grating is a special type of a distributed Bragg mirror
constructed into an optical fiber. According to the specifications of the FBG, when a
broadband light is coupled into the FBG a portion of the incident spectrum is transmitted,
whereas the other portion is reflected. Fibre Bragg Grating were researched principally for
sensor applications as the refractive index of a waveguide is function of temperature,
humidity and strain [67].

FBG has gained a strong interest among researchers due to their applications in
numerous fields such as respiration monitoring, biomedical sensing, civil engineering,
structural health monitoring, railways systems, aeronautics, and nuclear environments the
electrical power industry and specialized industrial sectors [5],[6],[7]1,[8],[9]. FBG sensors have
the following properties, which enables them to gain wide application in electrical machine
due to their advantages [68][69] over other temperature sensors:

e They are small and lightweight, highly compact and used in airborne and space-based
sensing applications. They offer high accuracy and sensitivity compared to typical
mechanical based sensors.

e Silica fibers can be used in harsh environment [70], also in high temperature and
rugged environments. They are immune to electromagnetic interference and
chemically passive material, which are not affected by corrosive factors present in the
environment.

e Flexibility for customized applications: Single mode fibers provide loss-less
transmission and collection of optical signals properties. This property can be used for
remote sensing operations.

e The possibility of multiplexing: the advantage of distributed sensing capabilities is the
use of a common source and detection system to interrogate multiple sensors placed
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at different locations at the same time. Different multiplexing arrangement can be
used such as wavelength division multiplexing (WDM) that exploits the bandwidth of
source in order to interrogate a series of sensor points that are written along an optical
fiber, the time division multiplexing (TDM) which utilizes the ability to separate in time
the response of one sensor from another by a length of fiber optic that acts as a delay
line.

These very specific characteristics of FBG sensors enables them to be the solution to
monitor rotors during their operation. This allows detecting early thermal aging of electrical
machines. The fiber optic sensors are costly and need trained personnel for their installation
and data analysis. These are limitations to fiber optic sensors in comparison to conventional
electronic, mechanical or chemical sensors. Over the last 30 years, the prices of fiber optic
and optoelectronic components such as laser diodes and single-mode fibers have decreased
by a factor of around hundred. As the technology mature further, this downward trend in
prices will continue, which may open up newer possibilities for the technology of the optical
fiber sensor.

1.3  ELECTRICAL MACHINE TYPES

The basic types of Electric Machines in electrical vehicles are expected to have some
important requirements. These requirements are essential regardless of machine type such
as high efficiency, high rated torque, high starting torque, wide speed range, high overload
capacity, high power at cruising speeds, high specific power and power density, fast dynamic
response and high reliability. In addition, the cost of the machine that meets all of these
requirements have to be acceptable. The basic types of machines used in electric vehicles are:
induction machines Figure 19 [71], switched reluctance machines Figure 20 [72][73],
permanent magnet synchronous machine Figure 21 [74], synchronous reluctance machines
and DC machines.

Figure 19: Induction machine components showing: motor cut-out; copper rotor
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Figure 20: The 3D geometry of the interior permanent magnet IPM motor: (a) stator, rotor and
shaft with the housing; (b) stator, rotor with magnets and the shaft; (c) rotor with magnets and shaft;
(d) shaft only; (e) stator with windings; (f) dimensions of the stator lamination

Figure 21: Switched reluctance machine (SRM): (a) rotor inside the stator; (b) assembled motor
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1.4 REVIEW OF THE TEMPERATURE MEASUREMENT TECHNIQUES IN THE
ELECTRICAL MACHINES

The temperature is widely monitored in generators and electrical drives. Temperature
monitoring of specific areas of the stator or the cooling fluids of large electrical machine is
common [75]. These measurements can only give indications about the big changes that takes
place within the machine. However, when they are mounted and monitored in carefully
selected sites, they are very effective [76].

Temperature measurement provides valuable monitoring information especially
when combined with information about other conditions of the machine. There are three
principal methods of measuring electronically the temperature by using resistance
temperature detection, thermistors and thermocouples whose characteristics were
described in section 1.2.

Techniques such as fiber optic temperature sensor, IR thermometer and quartz
thermometers achieve high accuracy, fast response and provide non-contact solutions. They
are more expensive than the other techniques described earlier. However, they have not
been widely used in condition for monitoring electrical machines. For example, fiber optic
temperature sensors have been applied to identify hot spot in transformers and more
recently in synchronous machines [77][78].

The measurement of temperature therefore has an important place in monitoring
electrical machines. There are three different approaches to temperature monitoring:
measuring local temperatures at points in the machine using embedded temperature
detectors and using a thermal image fed with suitable variables to monitor the temperature
of what is perceived to be the hottest spot in the machine. In addition, measuring distributed
temperatures in the machine or the bulk temperature of the coolant fluid.

These approaches demonstrate the fundamental difficulty of thermal monitoring,
which is resolving the conflict between point temperature measurements that are easy to
make but give only local information and bulk temperature measurements that are more
difficult and run the risk of overlooking local hot-spots. The following three sections show
how these approaches can be applied practically.

1.4.1 Local temperature measurement

The local temperature measurement is done using thermocouple, RTD or embedded
detectors. In order to detect hot spot temperatures, detectors are usually located in the
bearings. They can also be embedded in the stator winding or core in order to monitor the
active part of the machine.

In fact, during the specification stage of the machine, the choice of location should be
considered carefully. For example, the temperature detectors should be located close to the
hottest part [79] (slot portion or end-winding portion) when embedded in the stator winding.
This depends on the thermal design of the machine.

RTDs and thermocouples detectors are metallic devices and the disadvantages of
these methods is that they need electrical insulation. Therefore, they cannot be located on
the hottest active component such as the winding copper. These devices should be embedded
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in the insulation of a winding at some distance from the copper. As a consequence, the
temperature that is measured will be an estimate of the winding temperature.

An alternative is the development and the use of a temperature-monitoring device
that gives electrical isolation and can also be attached to a high voltage winding. Fiber optic
techniques are modern methods that measure temperature in high voltage components [80].

For many machines, the hottest spot is located on the stator considering its thermal
design. However, for other machines the hottest spot is located on the rotor and all the
temperature measurements described so far have been on stationary parts of the machine.
For example, larger induction motor is rotor critical in which the rapid rise of the temperature
could produce damage to the rotor. A weakening of the rotor bars and the end rings is caused
by an apparent deterioration. As a result, a premature mechanical failure is produced if this
occurs repeatedly to such machines.

Various experimental methods for measuring rotor temperatures have been proposed
in the past by using thermocouples connected through slip rings or heat-sensitive papers [81].
However, there has not been a sufficiently reliable method to use for temperature monitoring
purposes until recently.

1.4.2 Hot-spot measurement using thermal imaging

Knowing the operating temperature of the hottest point in the machine is not always
sure because temperature detectors may not be located at the key points. This create
suspects about local temperature measurements by machine operators. It is difficult to obtain
winding temperatures in components where high voltage isolation and high thickness of
electrical insulation is necessary such as in transformers. Therefore, thermal images of the
hot spots are used for motor monitoring and protection purposes as proposed by [82], [83].
They proposed a technique that configures a thermal model of the machine in a digital signal
processor. The digital signal processor is fed with a signal proportional to the ambient air and
the stator winding current. This is done for small totally enclosed forced induction motors.
This model can calculate several predicted temperatures at the hottest points. The instrument
produces an analogue voltage that is proportional to temperatures at a variety of key points
in the machine. In Mellor et al. [84], the stator end winding is the hottest point in this design
of the machine. They compared the predictions of the thermal image with the actual
measured temperatures in the hottest point. This device provides the thermal protection to
a motor. In addition, it could be used for operational purposes when monitoring a machine.
For instance, the device could be a part of a machine and located in an accessible location to
measure some hot spots that may be difficult to obtain directly by the thermal imaging
measurement.

1.4.3 Bulk measurement

An indication of the thermal state of the electrically active part in the machine is
needed even when hot spot temperature or locations are measured by using a thermal
imager. The internal and external coolant temperature are obtained from the located
thermocouples. However, it is rare to give directly the temperature rise values. When the
machine is overloaded or the performance of the coolant circuits is not as it should be, the
temperature rise increases. An alternative to this method is the use of optical fibers that give
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single indications of high temperature from a device that is embedded in the bulk of the
machine [85], [86].

1.4.4 Techniques for measuring temperature in the rotating part of the electrical machines

Rotor temperature are not usually monitored because the installation of the sensor
on the rotor is difficult. Therefore, it is truly important to detect thermal degradation
problems of the rotor to avoid the end of life of the electrical machine. Adding sensors to the
rotor of an electrical machine is not yet commercialized because of the difficult
instrumentation on the rotating part and reliability. Nevertheless, temperature monitoring
can avoid the destruction of the conductors and insulating materials. Therefore, using FBG
sensors is a solution to monitor rotors during their operation in order to detect early thermal
aging of electrical machines. Moreover, it has the advantage of decreasing the installation
cost and the number of copper wires. Different methods for measuring the temperature in
the electrical machine have been proposed. Contact temperature sensors (thermocouples,
thermistors, etc.) can be inserted directly into the stator structure. The problem of contact
measurement methods consists in the installation of the recovery system, either by slip rings
connected by brushes to the temperature reading system [81], or via a wireless radio link,
which can be very complex or expensive. However, the usefulness of these method is limited
because of their installation on the stationary parts. The main problems are the heavy weight,
difficult installation, the low signal-to-noise ratio, etc. [87]. Adding to this the fact that the
electrical noise can corrupt the collected data.

The main problem in telemetry systems is their susceptibility to electromagnetic
interference. In addition the implementation of the electronic systems in high temperature
environment is difficult as indicated in Figure 22 [88]. In their scheme, the digital telemetry
system is able to manage the output of as many as 88 sensing devices at the same time. It
digitizes the information and transmits it back to a receiver.
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Figure 22: Block diagram of an optical fiber telemetry system
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Fiber optic rotary joint (Princetel MJX series) has been used on rotating parts in order
to measure temperature between 20 °C and 50 °C as shown in Figure 23 [89] but there is no
place for implementing a rotary joint, in some engines.

Figure 23: Fiber optic rotary joint used in the PMAC machine

On the other hand, non-contact measurements via infrared sensors (point
measurement) or infra-red cameras (temperature field) have been developed. The main
problem of these measurement techniques lies in the determination of the emissivity of the
different surfaces composing the rotor.

In the late 80's, optical measurement based on phosphor excitation was developed to
access the temperature information at the surface of the rotor, as shown in Figure 24 [90][91].
However, this method is limited due to decreasing phosphor’s intensity and faster decaying
response with increasing temperature. In addition, it is difficult to access some location of
rotary components.
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Figure 24: The fundamental elements of a remote fluorescence thermometry system
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In temperature sensing, most studies of the evolution of temperature in electrical
machines try to estimate because direct measurements are technically difficult. The
temperature is obtained from a model with localized semi-empirical constants. The problem
of these models lies on the determination of the heat exchange coefficients (mainly
conduction and convection), hence the recourse to a calibration of the model from
measurements on different points of the machine in particular the temperature
measurement of the external casing or the hot spots (windings heads) of the stator [92].

Therefore, all these problems lead to the use of non-contact temperature sensor Fiber
Bragg Grating. A number of studies have been carried out in order to measure the
temperature using FBG sensors in high power electrical machines.

1.4.5 FBG techniques for measuring temperature in the rotating part of machines

C. Hudon et al. have measured rotor temperature between 20 °C and 120 °C by using
commercialized FBG sensors with mechanical decoupling on a 74.75 MVA generator as
indicated in Figure 25 [93]. They have compared their FBG temperature measurements with
average temperature calculated from voltage and current. In their proposed scheme, the
hottest spots of the field winding were 24 °C higher than the calculated average rotor
temperature. In addition, localizing optimum locations of FBGs was discussed.

Figure 25: Fans and poles of the unit under investigation (left) and FBG sensor installed on a pole-
to-pole connection (right)

Werneck M.M et al. monitored temperature variations of a 216 MW UHE-Samuel
Hydro-electric power generator which operates at 95 °C at full load, using FBGs as seen in
Figure 26 [94].
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Figure 26: Box containing the optical fiber with the FBG inside the U-shape copper tubing (left) and
installed inside the generator (right)

They inserted the FBG sensor inside a copper tubing having a U-shape, which
guarantees the good heat transfer between the optical fibre and the cooling air and ensures
the protection of the sensor from strain effects. They have measured temperature between
20 °C and 85 °C with a 0.08°C uncertainty and an FBG average sensitivity of about 13 pm/°C,
which is quite acceptable in the domain of electric power industry. Therefore, the use of FBG
sensor in temperature monitoring of generators that has high repeatability, reliability and
accuracy was demonstrated.

R.C. Leite et al. proposed the use of FBG sensors to measure the field winding
temperature between 40 °C and 100 °C as shown in Figure 27 [95]. In their scheme, they
compared these results to FBG readings. The difference of 4.5 °C was found between the FBG
and the thermistor readings used as reference.
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Figure 27: Experimental setup of the FBG installation in the electrical machine

The main limitation of these methods is the integration of FBG in high power (MW)
and large-size (meters) electrical machines such as hydro-generators, which is much easier
than low power and small size machines.
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In the research of Hind et al., the method used is suitable for systems where enough
space exists for the interrogator. One should add to this, the low speed of the rotor (< 500
RPM) and the limited temperature range (< 45 °C) [96]. The main challenge is the cabling that
enables transmitting accurate signals from the FBG sensors on the rotary side to the
stationary side where lies in the interrogation system as seen in Figure 28 [96].
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Figure 28: The experimental setup used to experiment the FBG

1.4.6 Conclusion

Temperature measurement has repeatedly been effective as a global monitoring
technique for electrical machine. Temperature measurements give indications about the
condition of the electrical machine by using simple sensors. Temperature is a valuable
monitoring parameter because the high temperature could limit the functioning of a machine.
Temperature detection is usually done in traditional ways. The application of FBG sensors
should be exploited. These advances will allow temperature measurements to be made as
close as possible to some active parts of the machine.

1.5 LITERATURE REVIEW OF THE FBG INTERROGATION SCHEMES

1.5.1 Introduction

Being a reflective device, the FBG sensor must therefore be used in conjunction with
a wavelength discriminating system like spectrum analyser or other interrogation methods
such as interferometric techniques. Choices of the measurement techniques should be done
by taking into account requirements including cost and complexity. Since their first
demonstration in 1980, different demodulation schemes have been presented with different
techniques. FBG interrogation techniques transform the wavelength modulation into an
optical intensity modulation and then into a corresponding electrical signal. The market of
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fibre Bragg grating began to emerge only in the nineties. Since then, the interrogation unit of
FBG sensors noticed significant evolutions.

In fact, evolution of methods for interrogating FBG optical sensors, have started with
interferometers devices (passive homodyne [97], active homodyne [98]). In addition,
wavelength-position conversion, which is the use of charge-coupled device (CCD) and a fixed
dispersive element, were developed to improve the existing ones. After this stage, the
introduction of interrogators based on Fabry-Perot tunable filter laser methods have marked
a new era in the array of optical sensing field since such methods offer high optical power
that enables measurements over longer fibre lengths.

So far, there are four categories of interrogation technique for wavelength-shift
detection, which are passive edge filtering, active band-pass filtering, interferometric
interrogation and laser sensing.

1.5.2 FBG sensors interrogation techniques

The following literature review recaps the research interrogation techniques that had
been done until now.

Different methods for measuring wavelength-shift of FBG sensors have been
proposed in the literature. For Passive edge filtering, Davis et al. proposed a scheme to detect
the wavelength shift using a wavelength division coupler and processing electronics [99].
Measurement of both static and dynamic strains were achieved. Also Shung et al. proposed a
simple passive demodulation system that involves the use of a polarization maintaining fibre
loop mirror and interference phenomenon. In spite of that, this technique is stable compared
to Michelson interferometers or conventional Mach-Zhendr [100].

The active band-pass filtering group contains all the techniques based on the use of
Band-pass filters with a spectral width of equal or less than the spectrum of the Bragg Grating.
We can find in this category Fabry-Perot cavity, which resolution is very high for relatively
wide measured range, as well Bragg Grating Tunable filter that have the same properties as
the Bragg Grating of the sensor. Francisco et al. reported a technique that relies on the
principle of optical fiber filters using the receiving Bragg Grating configuration [101]. In their
scheme, active control of a fused biconical WDM is used to tune the spectral characteristics
of a WDM over 15 nm ranges in order to analyze wavelength shifts from FBG sensors. In
addition, Kang et al. proposed an interrogation scheme to detect the wavelength shift of a
dual head sensor [102]. The proposed technique uses a tilted FBG demodulator with the
temperature-independent property. Furthermore, another interrogation scheme was
proposed by [103] to detect wavelength shifts from the FBG sensor. This detection technique
uses a matched grating array to filter and track wavelength shifts.

The wavelength shift induced by the temperature can be measured by interferometric
scanning. This method has shown its effectiveness for dynamic and quasi-dynamic
measurements using interferometer. However environmental factors significantly increase
noise for the lowest frequencies. Donghui et al. reported a new sensor interrogation scheme
for extracting the strain information [104]. In their letter, linear wavelength response was
achieved by using a linearly chirped FBG incorporated with a fiber Sagnac loop. Moreover,
A.D. Kersey et al. have demonstrated a high resolution dynamic strain sensor using the
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unbalanced interferometer wavelength discriminator approach [105]. Their concept can be
configured to multiplex several grating element and also to provide high resolution absolute
strain sensing.

Other approaches were demonstrated by T.A. Berkoff et al. that rely on
interferometric interrogation such as high resolution sensor system over a high dynamic
range, which was coupled to a band pass wavelength division multiplexer to discriminate and
detect strain-induced wavelength shifts [106].

1.5.3 FBG interrogators

Spectrometers can be used as Bragg grating interrogators. Spectrometers could be
classified onto dispersive or filtering methods depending on their principles of operation.

1.5.3.1 Dispersive spectrometer

This spectrometer disperses the incoming optical signal into its frequency or spectral
components as shown in Figure 29 [107]. The dispersive spectrometers are monochromators
or spectrographs [108]. The monochromators use narrow slits to select a particular
wavelength which depends on the incident angle of the beam on the grating, a single detector
and a rotating dispersive element to select a range of wavelength. The monochromators
output narrow monochromatic light through the slit.

Source

0
Grating
Mirrors

Slits

Figure 29: Schematic of a monochromator: A. Source, B. Entrance slit, C. Collimating mirror, D.
Grating, E. Focusing mirror, F. Exit slit, G. Single channel detector (left) and a spectrograph: A. Source,
B. Entrance slit, C. Collimating mirror, D. Grating, E. Focusing mirror, F. Multichannel detector(right)

Spectrograph uses a stationary dispersive element and instead of using a slit on the
exit slit, there will be an array of detector elements. It provides fast but more expensive
detection system. The spectrograph will cover spectral elements over a wide range of
wavelengths.

1.5.3.2 Filter based spectrometers

Filter based spectrometers transmit a selected range of wavelength by using one or
more interference or absorption filters [109]. The absorption or the interference filters block
some wavelengths of the incident beam and transmit the desired wavelength as shown in
Figure 30 [108].
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The filter wheel system configuration is commonly used in filter spectrometers. A

g
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Schematic of a filter-based spectrometer. The filter selects the transmitted
wavelength range through an absorption or interference process

number of filters are placed near the circumference of the rotating wheel. The wheel is
positioned to select a spectral band in such a way the beam is incident on a particular filter.

A limited number of discrete wavelength can be selected using this configuration. The tilting-
filter element is a variation of the system in which the incident angle of the beam on the filter

changes in order to select a spectral band. The range of wavelength is limited.

An important number of companies produce interrogators suitable for interrogating
FBG sensors. The specifications of their interrogators are shown in Table 1.

Table 1: Specifications of some FBG interrogators in the industry

Company Wavelengthrange Optical Measurement  Number of Max. number of Application Dynamic
resolution frequency optical lines Sensors per range:
optical line
MICRON 1500-1580 nm 2 pm 5000 Hz Dynamic analysis 17 dB peak
(si155 or sm130) 1529-1598.2
Scaime (MDX-400T-X or <1 100Hz /1-2 KHz 3-4/4-8 16 Harsh ~0.02-8.4 nm
MDX-8000) 1528-1565 nm pm/3pm environment/high  FWHM
speed acquisition
Smart Fiber (SmartScan 1528-1568 1pm 2.5-25 KHz 4 16 Harsh 27 dB
Aero Mini or SmartScan) environment(aeros
pace
flight)/dynamic
measurements
Idil fiber 1510-1590 <1 pm 1,2,40r8 40 Dynamic 30dB
(FBGuard 1550 FAST) 125 Hz -11 kHz measurement
Cementys (Bragglogger) 1520-1580 16 16 40 16
1pm 1.25-5 KHz 1-4
Femto Fiber (FAZT 14G) 1pm 250 Hz-8 KHz 16 1-30
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1.6 CONCLUSION

Temperature sensors were reviewed in this chapter. Temperature sensors based on
optical fiber showed that they play a key role in sensing and they are a main asset in different
areas. They offer several advantages over conventional sensors, which open way for specific
applications where conventional electrical or mechanical sensors fail. The main drawback to
their industrial invasion is their cost rather than the technology. Their cost will be
continuously reducing since the prices of opto-electronic components and fiber optic drops
over time. We showed the different fabrication methods and types of such FBGs. FBGs are
used in many potential applications in different fields but it is not possible to offer Fiber Bragg
Grating systems without the interrogation unit.

We researched existing methods in the literature for measuring temperature in the
electrical machines. Fiber Bragg Gratings sensors were presented with a focus on their use as
a sensing elements and pointed out the advantages of using Fiber Bragg gratings (FBGs). Fiber
Bragg grating as a sensing element is intrinsic in the fiber, which is an added to all the
advantages of fiber optic sensors avoiding therefore the insertion losses. Then, we reviewed
different methods for measuring temperature using FBG sensors in the electrical machines
proposed in the literature.

A summary of the state of the art of the interrogation techniques using FBG. We
elaborated on the different techniques of the FBG interrogation systems such as optical filter
methods that include interferometer, scanning Fabry-Perot filter or paired matched grating
detection and fibre optic interferometric sensor such as Mach-Zehndr, Sagnac and Michelson
interferometers. An optical spectrum analyser or monochromator can be used to measure
the spectral shift with limited resolution. However, these devices are often bulky and
expensive. Moreover, they are not fast enough or sensitive for current applications.
Interferometer has many disadvantages, such as the need of pulsed source, appropriate fibre
lengths between sensor element, high speed photo detection and switching element.
Scanning Fabry-Perot filter has some inconvenience because it is limited in bandwidth and
sensitivity and it relies on wavelength multiplexing a number of FBG elements. Fibre optic
interferometric sensor such as Mach-Zehndr, Sagnac and Michelson interferometers are
extremely sensitive, but their high cost and overall bulk optics militate against their use as
detection system in complex environments.

Besides, many of these techniques used to detect wavelength shift have been shown
to provide very high sensitivity, most of them are only used in the laboratory environment.

Last in this chapter, we presented the FBG interrogators providers. It can be concluded
that the solution to monitor rotor temperature in electrical machines could be the use of fiber
Bragg grating sensors.

In the next chapter the FBG sensor will be modelled using TMM method to find its
sensitivity. Then in chapter 3, the temperature measurement with FBG sensor will be
experimentally validated and compared to the simulated one. After that in chapter 4, we will
install the FBG sensor in the electrical machine in order to make dynamical temperature
measurements. The interrogation system will consist of only one spectrometer. Temperature

35



measurements will be done between 20 °C and 70 °C for a maximum rotating velocity of 860
rpm.
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CHAPTER 2

MODELING AND SIMULATION OF FIBER BRAGG GRATING

2.1 INTRODUCTION

From the previous chapter, we showed the need for a temperature sensor that can
operates at high temperatures and in the presence of electromagnetic fields for applications
such as electrical motors, power stations and others. A possible solution to this problem can
be the use of FBG sensors.

First, this chapter gives a general introduction about the technology of sensing with
Bragg Grating and a summarized description of its theoretical background. Then, a literature
review of the different methods for grating simulation proposed in the literature is presented.

Secondly, in this thesis, special emphasis is on the Coupled mode theory (CMT) and
the transfer matrix method (TMM) to model and analyze the light propagation and interaction
with materials in an optical fiber.

Then, the simulation of uniform FBG using transfer matrix is presented. After that, the
spectral reflectivity of the uniform FBG is simulated. The spectral reflectivity dependence on
grating length and on index change is analyzed. The bandwidth FWHM dependence on grating
length and refractive index change is also simulated and analyzed.

Last in this chapter, we will present the results of the simulation of the temperature
and strain response before concluding the chapter.

2.2  FIBER OPTIC SENSORS

The optical fiber consists of a core and a cladding. The core and the cladding have a
refractive index n¢yre and Neygaaing, respectively. The light is guided into the core by total
internal reflection at the cladding core interface if the refractive index of the core is slightly
larger than the refractive index of the cladding. The surrounding cladding material that is
made from silica has a lower refractive index than the core region. Therefore, the light is
trapped in the core of the fiber by total internal reflection at the core-cladding interface.
Numerical Aperture is the acceptance angle of the fiber, which is defined by the two refractive
indices as:

NA = \née — nglad (2-1)

The total internal reflection of light inside an optical fiber is depicted in Figure 31.
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Light is guided into the core if the angle of incidence is smaller than the critical angle
6. However, the light will leave the core of the fiber into the cladding if the angle of incidence
of the light is larger than the critical angle.

NA = nsinf (2-2)

Nelad

Nelad

Figure 31: Total internal reflection into the fiber core

One or more confined transverse modes of the light propagates along the fiber. The
normalized frequency v determines if the fiber is multimode (v > 2.045 ) or single mode (v <
2.045), v is given by [44]:

27r 27r
— 2 z
V ="V More ~ Nelaa = NA (2-3)

Where A is the propagated wavelength and r is the core radius.

2.3  SENSING WITH BRAGG GRATING

Standard based electronics sensors are not immune to electromagnetic interference;
thus the privilege is given to glass or polymer optical fibers. Therefore, fields of sensing
applications were opened to optical fibers, which are based on light intensity encoding
schemes. Fiber Bragg grating sensors are wavelength encoding because it uses the change in
the refractive index. However, disadvantages such as bending or interactions with the fiber
increase the noise of the signal.

It is evident that material properties of glass and plastic are function of temperature,
pressure, vibration and strain. Thereby, it is not surprising to find that the waveguide itself is
sensitive to its environment and its cladding’s refractive index as well. In fact, Bragg grating is
a special type of a distributed Bragg mirror constructed in an optical fibre. When a broadband
light is coupled into the FBG a portion of the incident spectrum is transmitted, whereas the
other portion is reflected. Fibre Bragg Grating were researched principally for sensor
applications as the refractive index of a waveguide is function of temperature, humidity and
strain [67].
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2.3.1 Bragg wavelength shift with temperature changes

The FBG is used for sensing as following: The Bragg wavelength reflection 4, is
dependent on temperature, which is the external parameter to be sensed as shown in Figure
31. Moreover, the Bragg wavelength is functionally dependent on this parameter and it is

calculated as:

Ab = ZneffA (2-4)

where n.sr is the effective index of the core mode and a is the spatial period of the

grating.

Trasmitted
spectrum

Fiber
Bragg Grating

-
Incident g
spectrum

X Grating pitch

Reflected
spectrum

Figure 32: Principle of temperature sensing with Fiber Bragg Grating (FBGs)

Using equation (2-4), the shift in the Bragg wavelength due to temperature changes is
caused by the thermal expansion that changes the physical length of the grating period and
the change in the effective refractive index of the optical fibre, as shown in Figure 33 [110].
This change in the Bragg wavelength due to temperature perturbation is defined as:

Mg = AbEAT (2-5)

where A, is the Bragg wavelength, £ is the thermo-optic coefficient (TOC) and AT is
the temperature change.
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Figure 33: Grating change in the optical fiber induced by a change of the temperature

The thermo-optic coefficient £ is the summation of the thermally induced refractive
index change neff‘l dn.sr / dT and the thermal expansion coefficient a, therefore the
wavelength shift can be given as [111]:

A)\BO = )\b((x + Tleff_l dneff / dT) AT (2-6)
As can be seen in the effective index and the grating pitch are the only factors that can

change the Bragg wavelength. The change in the reflected wavelength due to the change in
temperature, assuming no strain, is given by:

d}\b = Zneff da + ZAdTleff (2-7)
d}\b _ dneff % _ L dneff 1 % _ ~ i
dar 2( dr )A + 2 Nerr = }\b(neff( dar ) * (dT)) = HE+ (2-8)

For example, a grating at 785 nm the shift in the Bragg wavelength corresponds to:

% = 785nm. (9.2 + 0.55).1076 °C~1 = 7.65 pm/°C

With o = 0.55.107° °C~! the thermal expansion coefficientand £ = 9.2.107¢ °C~!
the thermal expansion coefficient.

2.3.2 Bragg wavelength shift with axial strain changes

As can be seen in (2-9) axial strain change the n.sr and the a:

D=2 (“”;—E”)A +2(2) gy =y [iff (d’fj—s”) +1] (2-9)

A change in the applied strain gives rise to a different index of the fiber material, as
can be seen from (2-10) for nsf :
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3

ne
Angpp = —~LL[e(1 —v)py, — vepy] (2-10)

where p;1 and p4, are the coefficients of the stress-optic tensor.

A change in the Bragg wavelength can be related to both a change in the refractive
index as in the grating spacing, according to (2-1).

The change in the period of the grating is given by: AA = €A (2-11)
Inserting (2-11) into (2-10) and filling in (2-1) gives (2-12):

E}\Bngff
2

ANy = €Ny — [P12 = v(P12 + P1)] = €Ay (1 — Peff) (2-12)

: ng
With pesr- % [P12 — v(P12 + P11)] (2-13)
Where p.yy is the effective photo-elastic coefficient.

From (2-9) the change in the Bragg wavelength can be related to the strain applied to
the fiber grating. At constant temperature, the strain response using p;; = 0.113 and p;, =
0.252 [112] is given by:

2~ 0.798.1076 pue~? (2-14)
}\b €
The corresponding shift in the Bragg wavelength is 0.622 pm/ue for a grating at 785
nm.

2.3.3 Analytical modeling of the thermal sensitivity of the FBG

POFBG have lately emerged. In 1999, Peng et al. wrote the first FBG in POFs [113],
nevertheless FBG in POF have not ripened in commercial applications yet. POFBG have
showed several applications such as temperature, pressure, humidity [114] and strain
measurements, however different materials properties of the POFBG lead to different
sensitivities and measurement ranges for the same applications.

Polymeric materials show the same thermo-optic coefficient and thermal expansion
coefficient order of magnitude, which is not the case of fused silica where the TOC is higher
than the TEC, as shown in Table 2 [115].

Moreover, as reported in [116], thermal expansion coefficients (TEC) do not vary

significantly. For instance, these coefficients are 70 x 107 K~! and 65-70 x 10~® K~ for
polystyrene and polycarbonate, respectively.

41



Table 2: Thermal and optical properties of PMMA and Fused Silica

Thermal expansion Thermo-optic
coefficient (TEC) coefficient (TOC)
Fused Silica 55-6x 1077 °C_1 9.9-10.5 x 10~© oC—l
PMMA 36-6.5x10° K1 -10.5 x 1075 K1

2.3.3.1 Thermal sensitivity of Plastic FBG

Due to the high thermal expansion coefficient of different polymer materials, the
thermal sensitivity of the POF Bragg Grating sensor is greater than with glass fibers, as seen
in Figure 34 [117].
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Figure 34: Shift in the Bragg wavelength as a function of temperature for polymethylmethacrylate
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2.3.3.2 Thermal sensitivity of Silica FBG

In case of fused silica, AAg, is considered linear to temperature changes since the sum
of coefficients is significantly higher than their product. As a consequence, Ag, reveals positive
shift with increasing temperature. In contrast, the prominent dependence of POFBG on the
negative thermal expansion coefficient of the material makes its thermal behavior
significantly more complex compared to glass fiber. Therefore, Ag, shifts towards shorter
wavelengths with increasing temperature as depicted in Figure 35.
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Figure 35: Shift in the Bragg wavelength as a function of temperature for Silica
2.4 MODELING OF FBG
2.4.1 Methods for grating simulation in the literature

Bragg grating modeling is a procedure that describes the interaction of guided modes
in the fiber with the periodic structure by knowing the behaviour of the transmitted or
reflected signal. Bragg grating fibres can be modeled using the methods developed to
calculate the transmitted or reflected intensity by a multilayer structure. In general, the
modeling of a Bragg grating inscribed by UV or IR laser is done using several techniques: mode
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coupling theory, matrix method or Rouard's method [118]. The Bragg grating reflection can
be calculated using these techniques.

The straightforward numerical integration of the coupled mode equations is simple
but it is not the fattest. Inverse scattering method is a powerful technique based on integral
coupled mode equations which allows the design of a grating with particular characteristics.
Another method, proposed by Rouard and applied by Weller-Brophy and Hall, divides the
waveguide into subwavelengths thin films [118]. It accurately simulates the characteristics of
the grating periods. However, it has the disadvantage of being slow and laborious. Another
method, the Block theory has been used to analyses complex grating, which leads to a deeper
physical insight into the dispersion characteristics of the gratings. A more recent approach
taken by Peral et al. exactly solves the inverse scattering problem for the design of a desired
filter. Other theoretical tools such as Variational [119] and effective index [120] method has
been developed for solving the transfer function of the FBG.

In this work, the matrix method is applied to the different structures of the grating in
order to calculate the reflected wavelength. We will describe the matrix calculation in detail.
In order to obtain the spectral response of the FBG, the transfer matrix approach is used to
solve the coupled mode equations. It is the most commonly used method for simulating FBGs.

2.4.2 Modeling of the FBG using transfer matrix approach

In order to understand the optical properties of the Fiber Bragg Grating, the coupled
mode theory (CMT) [121],[122] is used. In this work, the analytical solutions of the coupled
mode theory are used without demonstrating the whole steps. In our work, we used a single
mode FBG and we assume the fiber is weakly guiding and no energy is coupled to radiation
modes.

TMM is a fast and accurate technique for analyzing complex structure and calculating
the input and the output fields for a section of the grating. This method simulates accurately
weak and strong gratings with or without apodization and chirp. In this work, the T-matrix
method will be presented for simulating gratings of fiber optic. The straightforward TMM
allows high accuracy for modelling in the frequency domain, which enables analyzing if the
different types and forms of realizable gratings.

TMM is a powerful modelling approach which concatenate several sections in order
to discretize the grating structure. The TMM method divides the Grating structure into many
uniform blocks [123]. The signal that is simulated from each block is added to the total
reflected signal. TMM is based on coupled mode theory, which considers the interaction of
the forward and backward propagating optical waves inside the fiber.

In this work, the matrix method is applied to the different structures of the grating in
order to calculate the reflected wavelength. We will describe the matrix calculation in detail.
In order to obtain the spectral response of the FBG, the transfer matrix approach is used to
solve the coupled mode equations. It is the most commonly used method for simulating FBGs.
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The analytical results of the coupled mode equations are the starting point of this
method. The elements of the transfer matrix are obtained by solving the coupled mode theory
equations and applying the appropriate boundary conditions.

The uniform grating is a special case that have an analytical solution. In this method,
the grating structure is discretized into N cascaded sections and each section is described as
a 2X2 matrix. Thus, the matrix outputs of one section are used as the matrix inputs of the
following section. The number of sections N used in the analysis determines the accuracy of
TMM. The analytical results of the coupled mode equations are the starting point of the TMM
method. The elements of the transfer matrix are obtained by solving the coupled mode theory
equations and applying the appropriate boundary conditions.

Two counter-propagating plane waves are confined into the fiber optic core. A
uniform Bragg grating of length [ and uniform period is inscribed inside the fiber. Figure 36
shows how the TMM is applied to uniform grating:
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Figure 36: Illustration of T-matrix model for a uniform Bragg grating

The electrical fields of the forward and backward-propagating waves are expressed
as:

E.(z,t) = R(z) expli(wt — Bz)] (2-15)
Ep(z,t) = S(z) exp[i(wt + Bz)] (2-16)
respectively, where S is the wave propagation constant.

The coupled mode equations determines the complex amplitude R(z) and S(z) of these

electric fields and are used to describe the reflection spectrum of the fiber Bragg Grating.
They are expressed as follows:

B = i6R(2) + ikS(2) 0<z<l (2-17)
dz—(zz) = —i6R(z) — ikS(2) 0<z<l (2-18)
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Where R(z) and S(z) are the amplitudes of forward-propagating and backward-
propagating modes respectively, defined by:

R(z) = A(z)exp(i6z — (P/z)

S(z) = B(z)exp(idz + (P/Z)

0 is the dc self-coupling coefficient given by 6 + o — % i—f

d is the wave vector detuning is equal to zero for light at the Bragg grating center
wavelength and is given by 21'meff(% — }\i)
B

o is the dc coupling coefficient given by Z%Sneff(z)

@ is the phase; for unchirped FBG the parameter% i—f =0

K is the ac coupling coefficient given by ;Ugneff(Z)

Quantitative information about the spectral response of the FBG are obtained by using
CMT. In order to get the spectral response of the FBG, we used in this work the transfer matrix
method (TMM) to solve the CMEs.

Closed form solutions for R(z) and S(z) are obtained from (2-15) while assuming that
both are forward and backward inputs to the Bragg grating. The boundary conditions are

S(0) = S, R(D) = R;.

The elements in the transfer matrix are as follows:

Si] [Si—l] [Tn T12] [Si—l]
=T. = 2-19
[Ri Ry T Ty Tool R (2-19)

The matrix of the form T; is a 2X2 matrix and contain information specific to one
section. This matrix represents the amplitudes of forward and backward-propagating modes
and is defined by [67]:

cosh(SAz;) — i L sinh(5Az;) —i% sinh(SAz)
[T:] = k. A8 . (2-20)
i< sinh(SAz;) cosh(SAz;) + i~ sinh(SAz;)

The elements of the transfer matrix for the i-th section are the solutions to the coupled
mode equations and given by [124]:

Ty = T"35= cosh(SAz;) — i % sinh(SAz;) (2-21)
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Typ = T3 =- iy sinh(SAz) (2-22)

where Af3 and k are the local values of the i-th section, Az is the length of the section

and S is defined by \k? — ABZ?.

In the transfer matrix, input and output fields are connected to each other. The grating
structure consists of N Bragg grating segments. The N multiplied 2X2 matrices are replaced
by a single 2X2 matrix. Thus, the product of all individual section transfer matrices gives the
transfer matrix for the whole grating of length L.

The total grating structure can be expresses as:

kol = M) @23

where T = TN * TN—l * . 'Ti T1

S(0) is the boundary condition and normalized to 1 and R(N) the reflected amplitude
at the output of the grating is zero.

The reflection coefficient is then calculated by the relation

R= -2 (2-24)
T11
And the reflectivity is defined by the following equation:
R(L,A) = k2 sinh?(SA) (2-25)
*7 7 K2cosh2(SA)+iAB2sinh2(SA)
The reflectivity becomes
R(L,Ag) = tanh?(SA) (2-26)

2.5 SIMULATION OF THE FBG REFLECTION SPECTRUM

The simulation of the spectral response of a uniform FBG is obtained by using Matlab
(complete details of the code are included in Appendix B). The parameters that were chosen
for the construction of FBG model and used in the simulation are listed in Table 3.

The index of refraction of the single mode fiber has a value of 1.4485 and 5.5 x 10™*

for the index difference. The length of the grating was fixed as 1 mm under unperturbed
conditions.
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Table 3: Parameters of the simulation

Parameters Values
Grating length (m) L=1e-3
Reflected wavelength (nm) A = 840e-9
Bragg grating segments N =500
Change in the refractive Angsp=le-4
index difference
Bragg Grating spatial A =2.899e-7
period (m)

The simulated result of the reflection spectra as a function of wavelength is shown
below in Figure 37. The multiple reflections to and from the opposite ends of the grating
region are responsible for the side lobes of the resonnance.
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Figure 37: FBG reflection spectrum
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2.5.1 Spectrum and FWHM dependence on grating length

This simulation demonstrates the spectral response of the grating due to altering the
grating length. The parameters used for the simulation are listed in Table 4.

As described above the spectral response of the uniform FBG is calculated using T-
matrix. The length of the grating has been varied from L= 5 mm to 40 mm. However, we
assumed that the change in the index of refraction is uniform along the grating length. The
reflection spectra were obtained and analysed for the different values of grating length.

Table 4: Parameters of the simulation

Parameters Values
Grating length (m) L = 5-40e-3
Reflected wavelength (nm) A = 840e-9
Change in the refractive Angsp=1e-4
index difference
Bragg Grating spatial A =2.899e-7
period (m)

From the spectra, the spectral response of a grating is altered as the length of the
grating is changed. The profiles of the spectral response of a uniform FBG with different

[ L=5mm
| L=10mm| 1
—L=25mm

<
©
T

S e o
o ~ [
T T T

Reflectivity (%)
o
9]

=
»

o
w
T

©
[N}
T

Il
i
’ l““\ i

A A

AL T i A
(Y Y\ \ | |
AN VAN l ‘ ||
AL Af 1] | | B [

AAN\A -4}
VR YAD ARY
0 U UNY Y

©
i
T

l\ N A\SRYA
O W VRN
ATRS(AY.
Wy WAL

Figure 38: Spectral profile of uniform FBG with different lengths of grating
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lengths 5mm, 10mm, 25mm are shown below in Figure 38. As the length of the grating
increases, the bandwidth of the gratings decreased.

At L=5mm, 10mm, 25mm, the maximum reflectivity is respectively 90.93%, 99.77%,
99.99%. The reflectivity reaches 99.99% at L=25 mm but increase in the reflectivity of side
lobes. Then, if the length is incremented further, the maximum reflectivity maintains the
same value of 99.99% as can be seen in Figure 39.
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Figure 39: Relation between FWHM and grating length

In Figure 40, it can be observed that when the grating length is 1 mm with a refractive
index change of 0.0001 the bandwidth is 0.188 nm. As the grating length to increases 2 mm,
the bandwidth reduces to 0.128 nm. For further reduction in the index of refraction change,
the bandwidth remains constant at a minimum value.
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Figure 40: Relation between FWHM and grating length
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2.5.2 Spectrum and FWHM dependence on refractive index change

The index of refraction changes is varied assuming a 5 mm uniform grating length in
these simulations. For An,rr = 5e — 4 the first grating has 99.99% reflectivity and a
bandwidth of 0.416 nm approximately. The parameters used for the simulation are listed in

Table 5 and a set of simulations is shown in Figure 41.

Table 5: Parameters of the simulation

Parameters Values
Grating length (m) L=5e-3
Reflected wavelength A = 840e-9

(hm)

Change in the
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refractive index

difference
Bragg Grating spatial A =2.899e-7
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Figure 41: Variation of reflectivity due to index of refraction changes
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A reflectivity of 90.93 % is obtained for an index of refraction change of An,sr = le —
4. For An,sr = 5e — 5 the reflectivity is reduced to 53.71%. The reflectivity decreased to
19.02 % by reducing the change of the index of refraction to An.sr = 2.5e — 5 as shown in
Figure 42.
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Figure 42: Variation of reflectivity due to index of refraction changes

The dependence of bandwidth on grating length and refractive index change was
analysed. The parameters used for the simulation are listed in Table 6.

Table 6: Parameters of the simulation

Parameters Values
Grating length (m) L=1e-3
Reflected wavelength A =840e-9

(nm)
Change in the refractive Angger=le-4
index difference
Average refractive index Nesr = 1.447
Bragg Grating spatial A =2.899e-7
period (m)
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Figure 43: Relation between FWHM and index change

It can be seen that the increase in grating length reduces the bandwidth. However,
the bandwidth increases with the increase in change in refractive index of the FBG. In
addition, the strength of the side lobes in the reflection spectrum increases with the increase
in the grating length and the change in refractive index as indicated in Figure 38 and Figure
41. The side lobes are undesirable because they could cause interference between channels.
A method called apodization can be used to supress these side lobes.

2.5.3 Temperature sensing

FBGs are capable of measuring temperature and multidimensional strain fields. The
measurements of these factors are critical for monitoring the rotating electrical machine. This
study will focus on the temperature and strain sensing capabilities of FBGs. This part
represents the analysis of FBG sensor’s response under temperature and strain fields.

2.5.3.1 Thermo-optical model of the temperature effect on FBG

The changes of the index and the grating period in the FBG due to thermal effect
induce a shift in the Bragg wavelength.

The new index of refraction can be written as:
neffz = neff1+(dneff / dT) AT (2-27)

The new period of the grating element can be expressed as:
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Ay = Ay(1 4+ aAT) (2-28)
The temperature distribution obtained from equations (2-27) and (2-28) was integrated
with the TMM relations. The reflectivity spectrum of the FBG due to the thermal effect was
obtained.
The variation in the Bragg wavelength could be written as:

A}\b = ?\b(a + E)AT (2-29)

The thermal expansion coefficient is approximately equal to 0.55e-6 °c”! for the
germanium doped silica core fiber and the thermo-optic coefficient is 8.6e-6 °C™ .

The simulation of the spectral response of a uniform FBG is obtained by using Matlab
(complete details of the code are included in Appendix B). The parameters that were chosen

for the construction of FBG model and used in the simulation are listed in Table 7.

The index of refraction has a value of 1.46 and 0.0002 for the index difference. The length
of the grating was fixed as 1 mm under unperturbed conditions.

Table 7: Parameters of the simulation

Parameters Values

Grating length (m) L=1e-3

Reflected wavelength (nm) A1=840
Average refractive index Nesr = 1.447
Change in the refractive Angsp=1e-3

index difference

Bragg Grating spatial period A=290
(nm)
Thermo-optical coefficient dn/dT = 8.6e-6
(1/K)
Coefficient of thermal a=4.1e-7

expansion (1/K)

Temperature change (K) AT =293.15:25:373.15
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2.5.3.2 Simulated spectrum of the FBG under thermal effect

From the thermal analysis performed on MATLAB, we were able to study the effect of
the temperature changes on central wavelength of the FBG sensor. The dependence of
temperature on FBG reflection spectrum was observed and analyzed. Figure 44 displays the
total reflectivity spectra including combined effects of the thermal expansion and thermo-
optic changes with temperature. (Complete details of the code are included in Appendix B).
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Figure 44: Thermally induced Bragg wavelength shifts in FBG
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The central wavelength values of an FBG with different temperatures were calculated
from Figure 44 and plotted in Figure 45. It can be seen that when the temperature increased,
the Bragg grating wavelength shifted positively. The corresponding wavelength peak are
plotted in Figure 45.
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Figure 45: Shift in the Bragg wavelength as a function of temperature
The data is linear and the results of the linear regression reveal a change in Bragg
grating wavelength due to a change in temperature that results in a thermal sensitivity of 5.5
pm/°C.

2.5.4 Longitudinal strain sensing

2.5.4.1 Model of the longitudinal strain effect on FBG

Strain is the ratio of the applied stress to the Young’s modulus of the material. When
a material is stressed, its physical length increase. This fractional increase is the strain. The
wavelength shift of the FBG sensor determines the strain variation in the grating portion.

The simulation results of the FBG sensors subjected to linear or uniform strain
obtained by TMM method are accurate enough [125].

Yamada et al. were the first to simulate the reflected spectrum of the FBG under a
uniform strain fields [126]. After, this theory was developed to simulate the reflected

spectrum under different grating forms and strain types [127],{128],[129],[130].

The Bragg wavelength is calculated as:
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Ab = ZneffA (2'30)

Where n,f is the effective index of the core mode and 4 is the spatial period of the
modulation.

The core refractive index changes are related to the strain and given by:

‘I‘Lef

3
Zf g[p1z — v(p11 + P12)] (2-31)

Neff' = Mefr —

Where neff’ is the modified refractive index, € is the axial strain along the fiber and v
is the Poisson’s ratio and p;; and p;, are the light-elastic coefficient of the fiber

The grating period is given by:

N =A[1+ (1 - P)e] (2-32)
Where A’ is the modified grating period and P is the effective strain optic coefficient.
The Bragg wavelength will become:

Ap = 2ngpf'N (2-33)
The variation in the Bragg wavelength is as follows:

A = 2,(1 — P)e (2-34)

Where 1, is the Bragg wavelength shift, ¢ is the applied strain on the longitudinal axis
of the grating, P is the effective strain optic constant given by

Nerr?
P = gf [P12 — V(P11 + P12)] (2-35)

According to this equation the wavelength shift is proportional to the axial strain of the
fiber. The parameters that were and used in the simulation are listed in Table 8.
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Table 8: Parameters of the simulation

Parameters Values
Grating length (m) L=5e-3
Reflected wavelength A =840
(nm)
Average refractive Nerr =1.447
index
Change in the refractive Angsr = le-4

index difference

Fiber diameter (cm) D =9e-3

Effective strain optic P=0.218

coefficient (&)

Strain acting on the FBG 10 _90e-6

(ue)

2.5.4.2 Simulated spectrum of the FBG under longitudinal strain

The reflected spectrum was inspected and results in a linear relationship between the
applied load and the measured strain. The dependence of the shift of the resonance
wavelength of the FBG on the increasing strain was measured to be 0.7 pm/ pe. Figure 46
shows the strain response of the silica FBG when strain value was applied. As illustrated in
this figure, when the strain increased, the Bragg grating peak shifted to the long wavelength
side. The wavelength shifts results due to applied strain for an 840 nm Bragg grating is shown
in Figure 46.
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Figure 46: Bragg wavelength spectrum shift induced by axial strain in FBG

The corresponding wavelength shifts are plotted in Figure 47. The data is linear and
the results of linear regression, shown in Figure 47, reveal strain sensitivity of the silica FBG
to be 0.7 pm/ pe. This is similar to the value for silica fibre, which is 1.15 pm/ue at this

wavelength [112].
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Figure 47: Bragg wavelength shifts induced by axial strain in FBG
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2.5.5 Local transverse strain sensing

In this work, we investigate the polarization effect of transverse perturbation on an
FBG. We studied the FBG reflection spectrum characteristics under the application of a
transverse load.

2.5.5.1 Model of the transverse force effect on FBG

The Force F that acts on a local position of the grating changes the waveguide
characteristics of this section and thus in the reflection spectrum.

The stress of the fiber grating is as follows in the three directions [131]:

2XF
Ox = XLy XD (2-36)
—6XF
Iy = XLy XD (2-37)
—4vXF
o, =Vv(ox +0y) = LoD (2-38)

Where v is the fiber Poisson’s ratio, F is the transverse force, L, is the grating length
and D is the fiber diameter.

The Bragg grating is not isotropic if the applied strain is not isotropic. The strain field
present in the fiber optic will induce a difference in the refractive index along its two
transversal axes. This index difference along the two transversal axes of the fiber will form
two different polarization modes of the propagating light. The axes are called the slow axis
and the fast axis of the fiber since the phase velocities in both modes are different, which
make one mode faster than the other one.

As the applied strain is not isotropic, the change in the refractive index is highly
polarization dependent. The fiber deformation produces birefringence and changes the cross
sectional refractive index because the light elastic coefficients vary.

At the presence of the disturbance, the refractive index change of x- and y-
polarizations of the grating zone are as follows [131]:

(Aneff)x = _nzeng [((P11 — 2vD12)oy +[(1 —V)py2 — Vpll](ay + ;)] (2-39)
(Aneff)y = _nz% [((p11 — 2VP12)Uy +[(1 = v)p12 — vp11](0x + 0,)] (2-40)
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Where p;; and p;, are the light-elastic coefficient of the fiber, v is the fiber Poisson’s
ratio, E is the Young’s modulus, gy, g, and g, are the stress components acting on the FBG
in x, y and z direction respectively.

The reflected light from the Bragg grating is also different for both modes. Therefore,
two different conditions for two distinct modes arise as shown in the following equations:

AL Nerr
(T: x = € — % [P11€1 + D12(e2 + &3] (2-41)
AL Nerr?
(T:)y =& — ;f [P1182 + D12(e1 + &5)] (2-42)

The applied transverse and non-isotropic load induces birefringence on the FBG. The
reflectivity of the disturbed FBG is obtained by following the same methodology and analogy
used in section 2.4.2.

R(L,A) =R, (L, 1) + Ry(L, A) (2-43)

R.(L, 1) = k2 sinh2(S,A) >4

XN T T 5, 2cosh2(S,A) +iABy 2sinh2(S,A) (2-44)
ky? sinh?(S,A)

R,(L,A) = (2-45)

Sy?cosh?(SyA)+iABy*sinh2(S)A)

Where AB, and A, are the phase mismatching for x- and y- polarizations,
respectively, and are given by:

1 1
Aﬂx= 27Tneff(z - (2'46)

ABx

1 1
Aﬂy= Zﬂneff (z - E (2'47)

Two Bragg peaks will be visible in the reflected spectrum instead of one Bragg
reflection peak. The reflection spectra of the FBG subjected to a transverse load along the y-
axis is depicted in Figure 48.

In our simulation, we used the transfer matrix method to implement the spectral
simulation of FBG under local transverse force model. The FBG is divided into 3 parts. The first
part has the transfer matrix M; and its length is L;. The second part has the transfer matrix
M, and its length is L,. The third part has the transfer matrix M5 and its length is L;.
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R(0)

R(L)
[ 50 (2-48)

S(L)]= M; x M, * My [

The spectral response is a function of the affected region of the FBG and the part of
FBG under transverse load is considered very small regarding the total length of the FBG.

The second transfer matrix becomes:

cosh( S,Az,) — iASﬁsinh( S, Az,y) 0
[M,] = g

(2-49)
0 cosh(SAz;) + i L= sinh(SAz,)

Where

277:(Ane )x ZT[(ATle )
Se= K2 = 4,7, 0, = TPt and 5, = k2~ a7, A, = T

In this case, we present results for x-polarized light. We consider that the transverse

force affects a small region of the grating (I=0.1 mm) and a 4 mm long FBG was studied, see
Table 9.

Table 9: Parameters of the transverse strain simulation

Parameters Values
Grating length (m) L =14.4e-3+3e-6+15.3e-3 =
0.029703 (29 mm)
Grating length affected by dz2 = 1e-6
transverse load (m)
Reflected wavelength (nm) A =840e-9
Average refractive index Nesr =1.46
Change in the refractive index Angsp= Se-4
difference
Fiber diameter (cm) D =125e-3
Poeckels coefficients pll=0.113
p12 = 0.252
Young’s modulus ( N/m?) E=72e+10
Poisson's ratio v=0.17
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Stress components actingon | sigma_x //sigma_y // sigma_z

the FBG

In this work Matlab codes are written to analyse the FBG sensor under transverse
strain. FBG reflection spectrum under transverse load along the x-axis is depicted in Figure
48.
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Figure 48: FBG reflection spectrum under transverse load for x-polarized light

2.5.5.2 Simulated spectrum of the FBG under transverse strain

In this simulation we assume the fiber axis is parallel to the z-direction and the force
is applied in the y-axis, which yields from (2-37) (Anesf)x > (Angsr), . Results for x-polarized
light will be presented in this case. The affected region of the grating is small (I = 0.001 mm).
The calculated spectra for various forces applied to a region of the grating is shown in Figure
49. Matlab code is written to analyse the FBG sensor under various transverse strain.
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Figure 49: FBG reflection spectrum under various transverse load

The spectrum splits in two peaks at the Bragg reflection wavelength. The reflection
spectrum of the FBG changes because its refraction index changes under transverse force.
The pressure produces an intra-grating structure and its position is a function of the position
of the applied force. When we press the grating in a position different from the center, the
intra-grating structure is not very deep. The pressed grating part divides the original grating
distribution into two parts that interfere, which causes a broadened reflection spectrum.

2.6 CONCLUSION

In this chapter a literature review of the different methods for grating simulation was
presented. The behavior of Bragg gratings in the optical fibers have been described by using
many models. Different techniques exist for simulating the Bragg grating behavior. However,
each technique has a different degree of complexity. The coupled mode technique is applied
to solve the wave-propagation equations by assuming weak guidance. The counter-
propagating fields inside the Bragg grating structure are related by coupled differential
equations. The straightforward numerical integration of the coupled mode theory is the
simplest method. The FBG has a specific refractive index modulation and period. It has an
analytical solution and modeling of the transfer characteristics of the FBG becomes a simple
matter with the application of a fast technique called TMM. T-matrix formalism was used to
solve the coupled-mode equations of the Bragg grating structure in order to obtain its spectral
response. This method is capable of simulating accurately the transfer function.
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Then, the simulation of uniform Fiber Bragg Grating using T-matrix formalism was
presented. The T-matrix is a fast and accurate technique that calculates the input and output
fields of a section of the grating. Therefore, the outputs of the first matrix were used as an
input for the second matrix. The entire profile grating is modeled by continuing this process.

The uniform fiber Bragg grating was presented in this chapter. The properties of this
simplest type of grating are explained using the coupled mode theory. The properties of the
fiber Bragg Grating are mainly affected by the external parameters such as the strain that is
applied to the grating and/or the temperature of its environment. In the context of this work,
this method was capable of accurately simulating the reflectivity of the uniform FBG.
However, this method is capable of simulating both strong and weak gratings with or without
apodization and chirp.

The simulation showed that as the induced index of refraction increases, the
reflectivity increases. Similiraly, the reflectivity also increases as the length of the grating
increases. In addition, the bandwidth FWHM dependence on grating length and refractive
index change was analyzed. The increase in the grating length of the FBG reduces the
bandwidth. However, the increase of the refractive index of the FBG increases the bandwidth.

Using simulation, it was possible to study fiber Bragg grating sensors responses for
strain and temperature measurement. The results of the simulation of the temperature and
strain response were presented. The reflected spectrum was inspected and results in a linear
relationship between the applied temperature and the measured wavelength. The
temperature dependence of the fiber Bragg grating showed a shift towards positive
wavelengths. The dependence of the shift of the wavelength of the FBG on the increasing
temperature was measured to be 5.5 pm/ °C.

Additionally, From the simulation results it has been observed that perturbation such
as strain (axial or transversal) applied on FBG will cause shift in the grating pitch and therefore
a shift in the centre wavelength. The strain dependence of the fiber Bragg grating showed
that the strain sensitivity of the silica FBG is 0.7 pm/pe.

When a transverse load was applied, the spectral response showed that the FBG
spectral behaviour changes. Varying the strain we observed that the reflection spectrum of
the FBG splits in two peaks at the Bragg reflection wavelength. Applying any transverse load
causes changes in the refraction index changes of the fibre. The pressure produces an intra-
grating structure and its position is a function of the position of the applied force.

We have performed the simulation of the transverse strain in order to predict the
behavior of the Bragg grating due to a transverse strain. According to the simulaiton, the
splitting of the peak in the reflected spectrum of the Bragg grating during the rotation of the
fiber is due to transverse strain. In the next chapter, we will measure the experimental
sensitivity and compare it to the simulated one in order to validate the simulation.
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CHAPTER 3

EXPERIMENTAL CHARACTERSATION AND CALIBRATION OF THE FBG
TEMPERATURE SENSOR

3.1 INTRODUCTION

In chapter 3, the results of the characterization of the purchased FBG sensor are
presented. First, this chapter gives a detailed description about the characteristics of the
optical system components such as the optical source, the FBG and the optical spectrometer
that are used in our experiments.

Secondly, the setup and procedure used in this work in order to achieve our main goals
are the following: The first experimental part, which is a static experimental measurement,
aims at coupling light from the super-luminescent diode (SLD) into the FBG, including the
study of the injection losses in the FBG. In the second experimental part, special emphasis is
given to the thermal calibration method of the FBG and its characterization.

The goal here is to experimentally characterize and validate the temperature variation
measurement using the FBG sensor. We will calibrate the sensor and determine its sensitivity
and finally compare the experimental results to the simulated ones as presented in the
previous chapter.

3.2 OPTICAL SYSTEM COMPONENTS DESCRIPTION

3.2.1 Optical sources parameters

Factors that are related to the source choice differ widely between different types of
sensors. These source factors will affect the operation of a sensor. Two basic functions of the
illumination sources should be considered. Firstly, the sources must provide sufficient light
intensity over the appropriate wavelength region. In addition, they must regulate light
intensity over the needed period of using the device. The choice should be made taking into
account the intensity, the spectral bandwidth, the degree of collimation and the
monochromaticity.

A wide variety of optical sources can be utilized to illuminate optical fiber sensors
devices with the association of appropriate detector. The selection of the type of illumination
depends upon several constraints. For example, the nature of the signal processing, the
accuracy required and the spatial constraints.
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3.2.2 Super-luminescent diode source
The availability of suitable optical sources influences the price of a particular sensing
device. The sensing device have to be required at an acceptable cost.

There are several factors that influence the choice of the sources. Their size, the
output power, the output power stability, the spatial quality of the beam, its lifetime, the
coupling of light into the optical fibers, its spectral characteristics, the associated electrical
driver and the maintenance.

In addition, there is the heating problem of some light sources. This represents an
obstacle for optical fiber sensor devices where a compact system is needed.

The used SLD-381-MINIBUT (SUPERLUM company) source is an edge-emitting diode
that provides sufficient output power for our experimental setup. Broadband source can be
used such as the amplified spontaneous emission from a fiber amplifier.

A 50:50 splitter or a circulator are necessary to get the reflected wavelength. The
signal that corresponds to the wavelength reflected from the grating is detected by a
spectrometer. Figure 50 shows the spectrum of the SLD source, which is used to couple light
into the fiber.
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Figure 50: Spectrum of the SLD source

A zoom on the zone of interest that corresponds to the wavelengths around the central
wavelength of the used FBG is shown in Figure 51.
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Figure 51: Zoom of the spectrum on the zone of interest

3.2.3 FBG design layout

Two Bragg Gratings are written into a single mode optical fiber that have a length of 1.5 m,
which was on both ends terminated by FC/APC (angled polished connector) connectors. The
fiber with two gratings per sample were fabricated by Optromix company, see Figure 52. The
Bragg wavelengths were asked to be 785.06 nm and 843.51 nm with a tolerance of +/- 0.1
nm. The peak separation of the two grating is large enough in order to process data.

L=1.5m
FC/APC FC/APC
=] HTT LS -~
-+ > -+ -

55cm 56.7 cm 38.3cm

Bragg Bragg
Grating Grating
N°1 N°® 2

Figure 52: Two Gratings inscribed into the optical fiber of 1.5 m length
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The characteristics of the fiber Bragg Grating are listed in Table 10.

Table 10: Characteristics of the customized silica fiber Bragg Grating

FBG Central wavelength

Bragg Grating #1: 785.06 nm

Bragg Grating #2: 843.509 nm

FBG sensitivity 7pm/°C
Fiber length 15m
Core diameter 4.4 ym
Numerical Aperture <0.1
Reflectivity 50 %

Bragg Grating’s position along the fiber

Positon [FBG1 , FBG 2]: 55 cm, 111.7 cm

Connectors type on both ends

FC/APC

FBG length

2-3 mm

FBG section on the fiber

Without loose tube

Acceptable radius of Curvature

1.5cm

By using an FC/APC connector, the fiber is polished at an angle of 8 degrees, therefore
the light reflection on the fiber front end does not return to the light source nor to the
detector. In fact, this angle propels light into the coating of the fiber, which avoids affecting

the performance of the light source and the background noise of the photodetector.

3.2.4 Spectrometer (Ocean optics HR4000)

The HR4000 is an optical spectrometer module. It performs full spectral measurement
of the Bragg wavelength. This allows for precise measurement and good resolution (50 pm).
Data such as the spectrum of the Bragg reflection is sampled at a rate of 10 Hz. It also
comprises a software package for data acquisition. The HR4000 was connected to the
computer by an Ethernet cable and results viewed in the Ocean View program. The recorded
data for each measurement was saved as a .text file on the computer for further processing.
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As shown in Figure 53, the light enters the optical bench through the SMA connector
(1) that secures the input fiber to the spectrometer. Then it passes through the slit (2), filter
(3) and then reflects off the collimating mirror (4) which focuses the light entering the optical
bench towards the grating (5) of the spectrometer. The grating diffracts light from the
collimating mirror and directs the diffracted light onto the focusing mirror. The focusing
mirror (6) receives light reflected from the grating and focuses the light onto the CCD detector
(8). The CCD detector collects the light received from the focusing mirror and converts the
optical signal to a digital signal. Each pixel on the CCD detector responds to the wavelength
of light that strikes it, creating a digital response. The spectrometer then transmits the digital
signal to the spectrometer Ocean View application.

Figure 53: Diagram of how light moves through the optical bench of the spectrometer

Changing the resolution is possible if the width of the output slit is changed. The
advantage of the spectrometer is the large wavelength range of 80 nm (775-852 nm), the
theoretical resolution of 0.05 nm and the integration time of 3.8 ms. The spectrometer is a
good option for characterizing the spectrum of the fiber Bragg grating. It takes time to do
accurate measurements that depends on the wavelength range, the resolution and the
averaging. It is suitable for dynamical interrogation measurements.

3.3 EXPERIMENTAL CHARACTERISATION

In this experiment, we will couple light from the super-luminescent diode (SLD) into
the FBG in order to study the injection losses in the FBG. Then, we will calibrate the FBG.
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3.3.1 Spectrum of the silica FBG (Measurement and characteristics)

A super-luminescent diode source was used to interrogate the Silica FBG. The output
fiber was connected to a 3dB circulator with a central wavelength of 840 nm and the light was
injected into the FBG. The light reflected from the silica FBG was coupled back through the
3dB circulator then to an F280APC-780 collimator (f = 18.40 mm, NA = 0.15, collimated beam
diameter: 4.05 mm) and finally to the HR4000 optical spectrometer. The optical spectrometer
is used for fast monitoring of the FBG. The single mode fibers are used with FC/APC
connectors.

The scheme of coupling light from an SLD source is shown in Figure 54. A broadband
light travels through the optical fiber then enters into the FBG. One specific wavelength,
depending on the Bragg period, is reflected back by the grating.

Circulator

FBG sensor

SLD source

Collimator

v 1

- a
- >

Focusing lens

Spectrometer

Figure 54: Schematic diagram of the measurement of the reflection spectrum of the FBG

The reflection spectrum of the silica FBG is shown in Figure 55. The bandwidth and the
FWHM (Full Width at Half Maximum) at the reflected central wavelength are identified in
Figure 55. The central wavelength of the reflection grating is at 843.51 nm. Full width at half
maximum is an important parameter of the FBG. The bandwidth is the distance between the
noise level either side of the Bragg wavelength.
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Figure 55: Spectrum of the Bragg grating

3.3.2 Power measurements

A series of experimental measurements were done in order to know the FBG losses.
First, the super-luminescent diode (SLD) was connected to the FBG in order to couple the
light. The light transmitted from the silica FBG was coupled directly to the photodetector. An
optical power of 1 mW is measured at the output of the FBG when an optical power of 3 mW
was injected, see Figure 56. The transmission loss is 4.7 dB.

843.56 nm 785.06 nm
| SLD (815-855nm) | I ~—"1_ 1l Il [~ Optical Power meter ‘

SM fiber FBG transmission 1mwW

Figure 56: SLD coupling without circulator

Then, the broadband light is coupled into the optical fiber circulator and propagates
from port 1 through port 2 to the FBG and the Bragg wavelength is reflected back as shown
in Figure 57.

The Bragg wavelength goes from port 2 to port 3 of the fiber optic circulator and is
detected using the spectrometer.

72



An optical power of 0.018 mW is reflected back and 0.5 mW is transmitted through

the fiber for an incident optical power at the fiber input of 0.7 mW. The transmission loss is
7.78 dB and the reflection loss is 22 dB.
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Figure 57: SLD coupling with circulator

Finally, the SLD light was injected into the FBG via an optical fiber circulator and

propagates from port 1 through port 2 to the collimator, Figure 58. Light is free-space coupled
into the FBG with the second collimator using a tip-tilt positioner.

The collimators should be axially aligned as much as possible for maximum coupling.
The FBG is connected to the second collimator. The reflected Bragg wavelength goes from
port 2 to port 3 of the circulator and is recorded using the spectrometer.

The light transmitted from the silica FBG was coupled directly to another an optical
power meter.
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Figure 58: SLD coupling with circulator with the collimator lenses system

The collimators should be axially aligned as much as possible for maximum coupling.
The FBG is connected to the second collimator. The free space coupling is very delicate and

must be adjusted with extreme precautions. The reflected Bragg wavelength goes from port
2 to port 3 of the circulator and is recorded using the spectrometer.

The light transmitted from the silica FBG was coupled directly to another optical power
meter. An optical power of 0.0073 mW is back reflected and 0.351 mW is transmitted. In this
case the transmission loss is 9.31 dB and the reflection loss is 26.13 dB. The alignment of the
coupling setup is crucial for optimal coupling of light into the fiber.
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3.3.3 Thermal characterization of the FBG measurement system

This section presents the results of the temperature response of the Fiber Bragg
Grating used in our work. The calibration process is crucial in order to establish a relationship
between the measured wavelength and the actual temperature of the FBG over a
temperature range with acceptable tolerances. This experiment will allow the calibration of
the FBG sensor by calculating its sensitivity and the accuracy of the measurements.

3.3.3.1 FBG calibration setup

In this study, the temperature changes will be the applied perturbation. The
broadband light that is coupled to the optical fiber circulator, propagates from port 1 through
port 2 to the FBG and the Bragg wavelength is reflected back.

The Bragg wavelength goes from port 2 to port 3 of the fiber optic circulator and is
detected using a spectrometer as the detection system as indicated in Figure 59.

Light injection system
Second $ J y
Thermocouple sensor Collimator
w
A]‘i/r INZAwA )—**— First @ Circulator @ -gu E
— Collimator oA
FBG sensor | :
2 Fiber [
optic Signal output
input [ .
Focusing
Lens
Spectrometer

Detection system

Figure 59: Block diagram of the calibration setup pf the FBG

This detection system determines essentially the spectrum of the reflected light in
order to measure the shift of the Bragg wavelength as a function of the temperature changes.
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In the experimental setup depicted in Figure 60, a heating furnace was fabricated at
the laboratory and has been used in order to heat up the Bragg grating. The coil is placed
inside a heat insulator. When an electric current flows through the coil, it converts the
electrical energy into heat.
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Figure 60: Heating system used for the FBG calibration

The furnace can reach 80 °C and various temperature cycle programs can be defined
in order to induce temperature changes on the FBG sensor.

In order to calibrate the heating system, a T-type thermocouple (class A: +/- 1°C) which
is the reference sensor has the similar size of the grating was used to measure the
temperature at the site of the grating. It was used as a reference and the thermocouple has
a 0.1 °C temperature resolution.

The FBG sensor was inserted inside the temperature-controlled coil and the Bragg
wavelength was monitored along with the temperature. The temperature between the
optical sensor and the thermocouple which is the reference temperature sensor is uniform
due to the short distance between them.

3.3.3.2 Calibration method

The thermocouple tip is also placed for reference temperature measurement. The
range to be calibrated is [20 °C, 70 °C], the block temperature is stabilized in a heat insulator.

The calibration technique accounts for both temperature and wavelength variations.
Once the temperature is stabilized, the wavelength and temperature are recorded. This
process is repeated for many temperature increments of 10 °C over the desired range. Then,
the data is curve fitted.
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The setup for the experimental characterization is shown Figure 61. The fiber end of
the circulator is connected to the HR4000 spectrometer which measures the reflection
spectrum of the Bragg grating. The FBG sensor is kept free hanging so that no strain influence
affects the measurements.

Three sets of measurements were performed for the sensor in the range of [20 °C, 70
°C]. The thermocouple has been heated up to 70 °C because for now 80 °C is the
temperature’s limit of the FBG sensor and the heating system. Thermocouple 1 is placed at
the location of the FBG as a reference temperature reading. The thermocouple 2 is placed on
the coil to make sure not to exceed the maximum operating temperature of the fiber optic.
Figure 61 shows a close-up view of the heating system.

Figure 61: Close-up view of the heating system

A zoom on the setup for the experimental characterization: FBG sensor and a
thermocouple tip in the furnace

We will characterize the fiber Bragg grating in order to determine its temperature
sensitivity. The Bragg grating was inscribed in 4.4 microns core diameter regular silica 780-HP
single-mode fiber. It was coated with a layer of acrylate material with a thickness of 245.0 +
15.0 microns. First, we will experimentally determine the temperature sensitivity of the
acrylate fiber as delivered by the company. This will allow to experimentally validate our
simulations by comparing the experimental results and simulation results using TMM method
as detailed in chapter 2.

Secondly, we will extract the relationship between the temperature and the measured
wavelength. This relationship will be used in further experiments in the next chapter.

A section of the fiber containing a grating that has a Bragg wavelength of 840 nm is
used for the calibration. The fiber is connected to the spectrometer.
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3.3.3.3 Relationship between the measured wavelength and the temperature

For testing the FBG used here, the temperature of the coil was first changed from 20
°C to 70 °C with a step of 10 °C because it is the desired temperature change to be measured
inside the rotor of the rotating machine. The observed reflection spectra and the change of
the Bragg resonance wavelength as a function of increasing temperature are shown in
Figure 62 and Figure 63, respectively.

In this experiment, the central wavelength of each Bragg reflection is calculated and
a table with the Bragg shift for each temperature is produced. By performing the experiment
three times we produced Table 11 in which each point is the average of the three
measurements.

Table 11: Central wavelength measurement

Temperature (°C) Average wavelength (nm)

20 843.509
30 843.568
40 843.607
50 843.646
60 843.711
70 843.743
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The graph in Figure 62 shows the evolution of the measured wavelength of the FBG
sensor along with the temperature variations. This spectrum shows a high signal to noise
ratio, which means a low noise level. This corresponds to a high reflection from the grating.
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Figure 62: Spectral measurement of the FBG reflection response under different temperature
values

The dependence of the shift of the resonance wavelength of the FBG due to the
increasing temperature was measured to be 4.7 pm/ °C, see Figure 63. There is a good
agreement between the results of the simulation and the experimental results. The
theoretical value of the shift in the Bragg wavelength as a function of temperature is 5.5 pm/
°C for an FBG recoated with an acrylate coating. The difference of the temperature
sensitivities between the experimental result and theoretical simulated value is mainly due
to a discrepancy between different coating materials that induced thermal expansion
coefficients of the cladding materials and the thermo-optic coefficients of different core
materials.

The experimental results show that for the temperature range of [20 °C, 70 °C] of the
FBG sensor, a linear equation will fit the data with a high correlation factor of R? > 0.97.
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This experiment enables us to calculate the sensitivity and the accuracy of the
measurement of the used sensor, as predicted in Chapter 2.
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Figure 63: Relationship between the measured reflected wavelength of the FBG and the
temperature

3.3.3.4 Optical performance of the sensor: measurement range, sensitivity and

resolution

The calibration parameters are shown in Table 12: the theoretical and experimental
sensitivities, the correlation coefficients of the curve fittings, the maximum residual errors

and the root mean square errors.

Table 12: Calibration parameters

Calibration Theoretical Measured Correlation Maximum residual RMSE, °C
parameters sensitivity (pm/°C) sensitivity (pm/°C) coefficient, error, °C
R2
55 4.2 0.978 0.019 0.010
55 5.2 0.981 0.018 0.012
55 4.8 0.985 0.019 0.012
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For this particular sensor, the measurement error analysis from calibration is shown
in Figure 64. The maximum positive temperature measurement error for this sensor was of ~
0.019 °C at 50 °C. The correlation coefficients are very close to unity. The temperature
measurement errors are related to the errors in the interrogation system.
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Figure 64: Typical Error from linear curve fit

In Figure 65 the measured data and the calculated relation are shown. It can be seen
that the measured values of the temperature agree well with the theoretical values.

The deviation from the predicted linear dependence for temperature values are
probably due to relaxation or elasticity of the glue used to fix the fiber ends.

The calculated relation AA/AB yields to a temperature sensitivity of 4.7 pm/°C for silica
fiber FBG.
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Figure 65: Measured and calculated FBG temperature sensitivity
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The data produced from this experiment also allows us to calculate the linear
relationship between the temperature of the FBG and the measured wavelength. We can
calculate the temperature with a known wavelength, for this specific sensor, from the
following equation:

T=Cl1xA-CO0 (3-1)

Where:
T: Temperature in degrees °C
A: Wavelength in nanometers
C1:210.27
C0: 177343

The plot of the temperature as a function of the measured wavelength is presented
in Figure 66. The correlation coefficient R? = 0.9947 demonstrates a good linearity of the FBG
sensor for temperature measurements.
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Figure 66: Linear relationship between the measured wavelength and the actual temperature of
the FBG
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3.4 CONCLUSION

The FBG sensor was statically calibrated in the laboratory to find its sensitivity, as
detailed in section 3.3.3 in order to validate the sensitivity shown in chapter 2. The FBG sensor
was characterized and the results were presented in this chapter. The characteristics of the
optical system components used in the experiments such as the optical source, the FBG
characteristics and the optical sensing spectrometer have been described.

Then, the setup and procedure used in this work in order to achieve our main goal was
presented. In the first experiment, light was coupled from the super-luminescent diode into
the FBG and the injection losses were measured in the commercial FBG. In the second
experiment, the thermal calibration setup of the Acrylate coating FBG and its characterization
were explained.

The temperature measurement with FBG sensor was experimentally validated. The
FBG sensor was calibrated and its thermal sensitivity was determined and compared to the
simulated one.

The calibration showed a linear relationship between the applied temperature and
the measured wavelength. The reflected spectrum was inspected and the dependence of the
shift of the wavelength of the FBG on the increasing temperature was measured. The
temperature applied on the FBG caused a shift in the grating pitch and therefore a shift in the
central wavelength. The Bragg peak was detected during the calibration experiments. We
obtained a thermal sensitivity of 4.7 pm/°C with the FBG sensor.

The second step of the calibration procedure was the comparison between the
measured temperatures and the simulated temperatures using TMM method.

These experimental results are in a good agreement the simulated one. The
theoretical sensitivity differs from the sensitivity obtained in the calibration experiment.
However, this could be explained by the fact that the temperature dependence of the
refractive index (dn/dT) depends on the radiation time of the FBG inscription. During the FBG
fabrication, the UV irradiation modifies the index of refraction of the fiber core and could
possibly modifies the values of the thermo-optic coefficient in the FBG, which results in
different sensitivities between the experimental and the simulated one. Additionally, from
the experimental results, it has been observed that the maximum positive temperature
measurement error for this sensor was of ~ 0.019 °C at 50 °C.

The correlation coefficient of the linear curve fitting is very close to unity. This
demonstrates a good linearity of the FBG sensor for temperature measurements. In the
electric power industry, uncertainties below 10 °C are acceptable [132][133][134].
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Therefore, the calibration experiment of the FBG system demonstrates that this
optical sensor is appropriated for temperature measurements with a limit of resolution that
satisfies the targeted application.

We will proceed to the installation of this FBG sensor in the electrical machine in the
subsequent chapter in order to make dynamical temperature measurements in the rotating
part of the machine. In addition, the interrogation system will consist of only one
spectrometer and will interrogate the FBG sensor embedded in a rotating machine at 843 nm.

83



CHAPTER 4

DYNAMICAL TEMPERATURE MEASUREMENTS IN THE ROTATING
MACHINE

4.1 INTRODUCTION

The aim of this chapter is to develop and characterize the integration of the optical
temperature sensor in a small rotating machine when its functioning in dynamical mode.

A validation of the temperature measurement will be presented and applied for a
geometrically small rotating machine. Many parameters have to be considered in order to
design and assemble the instrument (shape, dimensions) and reach the targeted goal.

Consequently, we will explain the setup used in order to study the temperature
variations of the rotor using the optical FBG sensor. By doing so, we simulate the FBG behavior
inside the rotor of an electrical machine.

The setup and procedure used in this work in order to achieve our main goal are the
following. In the first experimental study, we will give a detailed description of the mechanical
system architecture and how the mechanical components were fabricated. We will detail the
design assembly of the rotating machine, the fabrication of the rotor prototype, the
installation of the FBG sensor in the rotating machine and the integration of the heating
system around the prototype. Then, the free-space optical coupling system from the Super-
luminescent diode (SLD) into the embedded FBG will be described. The concept
demonstration of the realized design followed by the prototype validation with respect to
design constraints and requirements will be detailed.

In the second experimental part, we will detect the FBG reflected signals and analyze
the experimental measurements while rotating the motor. The sensitivity of the developed
solution and temperature characterization of the rotor will be given. The calibration
parameters and the optical performance of the sensor such as the measurement range, the
sensitivity and the limit of the resolution will be extracted from raw measurement.

4.2 CONCEPT DEMONSTRATION OF THE REALIZED DESIGN

The main focus of this experiment is to explain the relation between the variation of
the temperature of the rotating fiber Bragg Grating and the variations of the reflected
wavelength of the optical signal. To demonstrate this approach, the experimental
arrangement for detection of light injection with rotating fiber optic is explained. Three main
parts are constituting the measuring system. The optical system (light source and the
detector), the rotational system and the processing part.
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4.2.1 Optical system

In this work, the optical system is based on a Super-luminescent diode (SLD-M381,
Superlum), which transmits the light to the fixed collimator. The power of the used SLD was
high enough to ensure that the reflected and/or transmitted light were adequate to be
detected. A current controller enables tuning the wavelength over the SLD full range from
825 to 855 nm. Light is emitted from the SLD and propagates along the optical fiber circulator
(PMD-Hi780). The optical coupling lenses are TC25APC Triplet Collimator from Thorlabs
company. In order to widen the cross sectional area of the optical connection, triplet
collimating lenses were used. It provides adequate coupling of light between the SLD and the
embedded FBG sensor (core diameter of 4 um, Numerical Aperture = 0.1). The rotating
collimator embedded onto the rotor is also a collimated triplet from Thorlabs. Continuous
optical connection is enabled during rotation by coaxially aligning the two lenses onto the
rotation axis of the rotor. Nevertheless, mechanical misalignment and optical error always
remain between the stationary and rotary parts. The proposed FBG sensor system is shown
in Figure 67.
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Figure 67: Non-contact sensing system with embedded FBG sensor

4.2.2 Rotational system

The rotational system, which is called academic rotor is based on 50 mm diameter 3D
printed cylinder assembled with a small motor (Maxon EC 60 mm, 40 W brush and HEDL400
encoder), a mechanical metal bellow coupler (A5-260-19, Michaud Chailly) and two bearings
(SY25TF, SKF). The 3D rotary cylinder was designed and printed using a 3D printer available at
UTC. This cylinder is supported by two bearings, to minimize vibrations, on both ends. The
assembled structure is presented in Figure 68.
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Figure 68: Sensor’s architecture and rotor test-bench

In order to detect the signal, a customized spectrometer (HR 4000, Ocean optics) and
the 1.5 m long customized fiber Bragg grating sensor that was purchased (Optromix company)
were implemented. The FBG was inserted inside the 3D printed cylinder.

The speed of rotation of the whole set can be changed by using a tunable voltage
power supply (0 V - 28 V) enabling a speed of rotation between [0 rpm, 860 rpm]. The fiber
that is attached to the collimator is rotated around its axis in that way.

4.2.3 Sensor’s architecture and rotor test-bench

The rotational system and the optical system are mounted on a fixed optical table. In
this system, SMF-28 single mode fiber are used with FC/APC (angled polished connector)
connectors. The two collimators were positioned opposite to each other for the alignment
procedure. The air gap between the faces is 0.5 cm.

The fixed collimator was aligned for maximum coupling into the sensor fiber using high
resolution three-adjusters’ alignment mount. The fixed collimator and the rotating collimator
should be parallel as much as possible in order to maximize light coupling.

Figure 69 shows a close up view of the optical connection between the stationary and
the rotary parts using triplet lenses. The light source having an FWHM of 15 nm crosses the
gap from right to left. The light reaches the FBG sensor fixed onto the surface of the cylinder.
The Bragg grating in the FBG sensor reflects light with a specific wavelength which is 843.51
nm. The deformation of the rotating part and the temperature changes cause a physical
change in the Bragg grating which leads to a wavelength shift as described in chapter 2.
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Figure 69: Close-up view on the free-space coupling system

Light from SLD source, with a maximal optical power of 90 mW operating at central
wavelengths of 840 nm, was coupled to the FBG sensor using suitable optics. The light source
was collimated in one direction by using a triplet collimator lens.

The light beam was injected continuously and then coupled to the rotating triplet
collimator and focused into the fiber core, as shown in Figure 70. The fiber has a core diameter
of 4.4 um, an outer diameter of 900 um and a length of 1.5 m.

The reflected light exits the rotating collimator and enter the fixed one. The light beam
reflected by the Bragg grating will be directed through the circulator from port 2 to port 3
arriving at the lens that focuses the beam onto the spectrometer, as shown in Figure 70.
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Figure 70: Free-space optical coupling system
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The optical coupling consists of two collimators with a small air gap between them.
The use of convenient lenses to couple and to collect light diminishes signal losses due to
vibrations in the rotating cylinder. We used Triplet collimators to widen the cross sectional
area of the optical connection and enabling light to travel parallel to the lens axis. In order to
enable continuous optical connection during shaft rotation, the two lenses need to be
coaxially aligned.

The fixed collimator and the rotating collimator have to face each other as much as
possible for effective light coupling. The collimators have to be coaxially aligned. The
alignment has 4 independent parameters which are the collimator positions X and Y and the
collimator angles. As shown in Figure 71, the optical coupling is subjected to different
insertion losses such as lateral and angular misalignments due to the rotation of the motor.
To even roughly find the right collimator position is an experimental challenge.
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Figure 71: Insertion losses due to free-space coupling
4.3 MECHANICAL SYSTEM ARCHITECTURE

The motor rotates a secondary shaft which is connected to a primary shaft by a
coupler. We will put a mechanical coupling so that the cylinder will be well positioned with
respect to the axis of rotation. In addition, the mechanical coupler will be used to compensate
for the misalignment while transmitting torque from the motor to the cylinder.
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Misalignment will cause vibration. Therefore, two bearings and a mechanical coupler
were used to reduce vibrations and ensure the light injection. The bearings will support and
condition the rotation of the cylinder.

4.3.1 Rotating machine design and fabrication

First, the design of the rotating machine was drawn on creo software as shown in
Figure 72.
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Figure 72: Cad model of the rotating machine

The FBG was inserted inside the 3D printed cylinder. The cylinder was composed of
two main pieces. The fiber inside the cylinder will be enrolled by a foam in order to minimize
its vibration.

In Figure 73, the cross section of the fabricated cylinder is shown. The next step after
fabrication of the cylinder is the integration of the FBG sensor into the mechanical structure.
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Figure 73: Cross section of the cylinder sent fabrication to the fablab

4.3.1.1 Installation of the FBG sensor in the rotating machine

The fabricated FBG needs to be embedded into the rotating cylinder in an intelligent
way in order to perform dynamical temperature measurements in a safe manner.

The schematic proposal of the FBG, embedded into the cylinder can be viewed in
Figure 74 and Figure 75 from a different angle. The cylinder has a 25 mm radius to fit in the
dynamic rotational bearings and to respect the maximal bending radius of the fiber in order
to protect the FBG from breakings. This cylinder was supported by two bearings on both ends
with a gap of 10 cm to minimize vibration.

Figure 74: FBG instrumentation showing the positioning of the Bragg grating
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Figure 75: Embedding the FBG in the rotating machine

Next, the heating furnace will be integrated in order to cover all the rotor area.

4.3.1.2 Heating system integration
The same heating system that is developed and described in chapter 3 will be used for
heating the rotor of the machine as shown in Figure 76.

The following step is to assemble the rotating machine with the embedded FBG
sensor.
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Figure 76: Heating system integration
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4.3.2 Prototype assembly procedure

The setup of the rotating machine has been developed in our laboratory as shown
below in Figure 77. The characterization of this rotating machine is also detailed later in this

chapter.

The following procedure is used for the assembly of the final design.

The shaft is first prepared

The fiber Bragg grating is connected to the collimator and then is inserted into
the cylinder. This is done while ensuring that the FBG goes through the two
openings at both end of the cylinder. The used foam prevents the fiber from
getting out.

The shaft is then inserted and the screws are pre-tightened

The two sides of the cylinder are joined and held together using a screw

One side of the mechanical coupler is attached to the cylinder

The whole cylinder is then fixed inside the two bearings

The mechanical coupler is then attached to the electrical motor

An alignment procedure of the assembled structure is done after this
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Figure 77: Setup of the rotating machine

4.4

PROTOTYPE VALIDATION (DETECTION AND PROCESSING)

4.4.1 Spectrum of the FBG signals under different rotation speed

In this setup, we performed a series of measurements in order to measure the FBG
reflection spectrum at a given rotation rate while heating the system. The rotor temperature
was stabilized for 30 min before rotating the machine.
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Temperature measurements with the FBGs were made and recorded for eight heat
run tests. For testing the rotating FBG, the temperature of the coil was first changed from 20
°C to 70 °C with a step of 10 °C.

Some representative rotation speeds show a clear shift in the reflection spectrum.
Spectral measurements were performed at rotation rate intervals of approximately 120 RPM
intervals up to 860 RPM. For the heating process, Figure 78 shows five superimposed
reflection spectrum for each temperature measurement while rotating the machine at 177
RPM.
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Figure 78: Spectral measurement of the heated FBG under 177 rpm

The wavelength shift result of the reflection response of the FBG as a function of the
wavelength is plotted in Figure 79 for a rotating velocity of 860 RPM while increasing the
temperature.
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Figure 79: Spectral measurement of the heated FBG under 860 rpm

When the rotor is rotating at high speed (860 rpm), the light is coupled into the FBG
sensor. A clear shift of the Bragg wavelength is shown at 860 rpm. The reflection spectrum of
the FBG under high rotation rate (860 rpm) appear noisier than the spectrum at 177 rpm.
Noise is an important factor that affects the FBG spectrum. In order to extract the right
information from the FBG signal the intensity of the noise should be smaller than that of the
signal.

Figure 80 shows at 860 rpm and under 70 °C that the noise level is low and do not
affect the extraction of the optical signal that carries the temperature information.

The visible noise is mainly due to the high frequency of rotation of the machine. The
noisy signal is created by the rotor of the machine that is generating vibrations. In addition,
the optical return loss could cause noise in the system.
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Figure 80: FBG spectrum at 860 rpm under 70 °C

In addition, the intensity of the reflected signal does not depend on the speed of
rotation of the rotor. In fact, it depends on the efficiency of the light coupling between the
fixed collimator and the rotating collimator. In Figure 81, it can be seen that at 42 °C for a
rotation rate of 591 rpm, the reflected intensity is 4 times higher than the reflected intensity
at 439 rpm and at 754 rpm it is 2 times higher than that at 439 rpm.
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Figure 81: Reflected intensity of the FBG for different rotation rates
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Therefore, for some high speed of rotation we can have a reflected intensity of light
that is higher than at low speed of rotation due to a high coupling efficiency of the light. This
can lead to the conclusion that the intensity of the optical signal reflected by the FBG sensor
is independent of the rotation rate of the rotating machine. The coupling efficiency of the
light depends on the mechanical strain in the rotating cylinder that causes the collimator to
become misaligned.

4.4.2 Rotor temperature calculation
In this experiment, the central wavelength of each Bragg reflection is detected and a
table with the Bragg shift for each temperature is produced. The data is recorded for

performing one cycle of a heat run test and by performing the experiment three times we
produced Table 13 in which each point is the average of the three measurements.

Table 13: Average wavelength of the three measurements

Average Wavelength (nm)

Thermocouple

Temperature 97 RPM 177 RPM 300 RPM 439RPM 591 RPM 754 RPM 860 RPM

(9

26 843.541 843.522 843515 843.528 843.535 843,535 843.541
32 843.554 843.555 843.561 843.568 843.554 843.568 843.561
40 843.600 843.587 843.587 843.601 843.587 843.600 843.607
48 843.639 843.639 843.646 843.620 843.646 843.646 843.626
61 843.698 843.685 843.698 843.711 843.685 843.704 843.711
77 843.770 843.776 843.776 843.789 843.776 843.783  843.789

In order to know the exact temperature of the rotor of the academic machine, we
used the calibration equation calculated in chapter 3 (section 3.3.4). Assuming the
wavelength readings in Table 13, we calculate the temperature as follows:

T =210.27 x A — 177343 (4-1)

Where:
T: Temperature in degrees °C
A: Wavelength in nanometers
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The temperature distribution is measured and shown in Table 14. It can be seen that
both measurements at minimum speed (177 RPM) and maximum speed (860 RPM) that
represent the two extreme rotating velocities shows that the temperatures changes of the
rotor after thermal stabilization.

Table 14: Temperature distribution

Average Temperature (°C)

Thermocouple

temperature 97 RPM 177 RPM 300 RPM 439 RPM 591RPM 754 RPM 860 RPM

(°C)

26 28.506 24.441 23.039 25.772 27.174 27.104 28.506
32 31.239 31.309 32.641 34.043 31.239 34.043 32,711
40 40.912 38.178 38.178 40.982 38.178 40.912 42.313
48 49.112 49.112 50.444 45.047 50.514 50.514 46.379
61 61.448 58.715 61.448 64.182 58.785 62.780 64.182
77 76.517 77.849 77.849 80.583 77.849 79.251 80.513

4.4.3 Characterization parameters

4.4.3.1 Dynamical temperature sensitivity of the developed solution

For each series of measurement, there was some differences in temperature due to
the limited resolution of the detector. Each time the collimators are aligned, one spectral
acquisition is captured. The time between spectral acquisition is high for low rotation velocity.
However, for high rotation velocities small time intervals occur between spectral capture and
more spectra are captured each minute at 860 RPM than at 177 RPM. Therefore, we have to
wait more time at 177 RPM to get a reading of the temperature of the rotor than at 860 RPM.

97



In addition, the coincidence time in which the collimators are aligned occurs more
often for high rotating velocities. Then, the calibration graph of the wavelength versus
temperature is plotted in order to determine the dynamical temperature sensitivity of the
FBG. In Figure 82, the graph shows the evolution of the FBG as the temperature varies for
different rotating velocities. We obtained an averaged dynamical temperature sensitivity of
4.7 pm/ °C, from the calibration graph.
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Figure 82: FBG dynamical temperature sensitivity
4.4.3.2 Performance of the sensor: measurement range, measurement speed and

sensitivity

For this FBG sensor, the measurement error analysis from calibration is shown in Figure 83.
The maximum temperature measurement error for this sensor was of ~ 0.024 °C at 50°C and
439 RPM.
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Figure 83: Typical Error from linear curve fit

Table 15 shows the calibration parameters from some rotating velocities: the
experimental sensitivities, the correlation coefficients of the curve fittings, the maximum
residual errors and the root mean square errors.

Table 15: Dynamical calibration parameters

Calibration parameters

Rotating
Velocity Measured sensitivity Correlation coefficient, Maximum residual error,

(RPM) (pm/°C) R2 (°C) RMSE, (°C)
97 4.6 0.997 0.008 0.021
177 4.9 0.996 0.008 0.022
300 5 0.994 0.007 0.045
439 5.1 0.986 0.024 0.030
591 4.8 0.992 0.009 0.027
754 4.8 0.999 0.002 0.059
860 4.9 0.989 0.020 0.034

The correlation coefficients are very close to unity which indicates the linearity of the
measurement. The value of the uncertainty error is related to the uncertainty of the
interrogation system. This corresponds to a temperature uncertainty of about 10 °C
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considering an average sensitivity of 4.7 pm/°C, as demonstrated in the experimental results.
This can be improved by working on the dynamical interrogator.

4.5 CONCLUSION

This chapter described the dynamical test and operation of a fiber Bragg grating
temperature sensor inside an operational small power rotating machine. After calibrating the
FBG sensor in the previous chapter, we proceeded in this chapter to the installation of the
FBG sensor into the fabricated academic rotating machine.

The calibration process was crucial in order to establish a relationship between the
measured wavelength and the actual temperature of the FBG over a specific temperature
range with acceptable tolerances. The calibration of the FBG sensor is a necessary feature to
determine accurate temperature measurement into the rotor of machines.

The goal here is to experimentally characterize and validate the integration of the
sensor. First, the rotating machine has been designed, fabricated and assembled in our
laboratory. The mechanical design with integrated FBG is experimentally validated. A heating
furnace was fabricated to heat up the grating while rotating the academic machine.

FBG reflected signals have been measured while rotating the motor. We have
measured the temperature in the rotating machine at 120 RPM intervals up from a rotating
velocity of 177 RPM to 860 RPM. Each temperature measurement took several minutes.
Wavelength shifts due to temperature variations are measured up to 860 RPM, which is the
maximum rotation speed that can be reached with our rotating machine.

An averaged dynamical temperature sensitivity of 4.7 pm/°Cis reached. We were able
to design a coupling device capable of coupling a sufficient amount of light into the FBG
sensors at the rotating part. The distance between the stationary and the rotatory part was
0.5 cm. At 860 RPM, the time where the parallel beam hits the rotating collimator is just a few
microseconds.

The interrogation unit must be capable in getting the sensor information within that
short period. The optical connection is often broken while rotating the cylinder. Signal losses
due to the vibrations in the rotating cylinder were diminished by using the convenient lenses.

The reflected light is detected using a spectrometer. These signals correspond to
temperature variations on desired locations on the rotor. The study of the sensing
characteristics showed a maximum error of 0.024 °C over a temperature measurement range
of [20 °C - 70 °C]. These values meet the requirements for many power industry applications.

In this chapter, the presented results showed the possibility of using the FBG sensors
in order to accurately monitor the temperature into the rotor of rotating machines. The
temperature measurement system has been validated and the dynamical temperature
variation in the rotor of the electrical machine has been measured and characterized. Our
method demonstrates that the measurement of temperature on a rotating part is possible
using FBG sensors. The obtained results are satisfactory and proves that the principle works.

A thermal profile of the temperature of the rotor in the rotating machine would be
obtained by using a single fiber optic that includes several gratings. This technique is not
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limited by the speed of rotation. We believe that temperature sensing under faster rotations
should be possible if the signal processing is improved.

As the rotation speed changes, re-alignment of the stationary collimator can be useful
to compensate for the misalignment. This technique can be implemented in real-world
environments. In dusty environments, the faces of the collimators should be cleaned

periodically.

As a conclusion, the system is capable of making accurate temperature measurements
and monitoring inside the rotor of a rotating machine taking into consideration the harsh
environment of the stator.
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GENERAL CONCLUSION AND FUTURE WORK

The need to develop distributed temperature sensor systems for application in
electrical machine drive this work. This thesis focus on the technology of Fiber Bragg Gratings
(FBGs) which represents an innovative technique that can be applied to the field of electrical
machines.

The main objective of this thesis is to enable the dynamical measurements of
temperature variations with fiber Bragg grating (FBG) embedded into a rotating machine. We
proposed a simple method, including a spectrometer in order to make temperature
measurements possible. The detection system can give the temperature values at different
rotor location that helps the extension of the life of the machine. It can also optimize the
energy consumption of the machine.

In a literature review, temperature sensors have been reviewed. Existing methods in
the literature have been researched for measuring temperature in the electrical machines.
Rotating parts of electrical machines are affected by thermal strain, centrifugal force and hot
spot temperatures. Engine monitoring is important to protect from thermal and mechanical
overload. However, the precision of simulating the rotating parts behaviour depends on the
calibration measurements and is complex. The measurement of local temperature inside the
rotor offers several benefits such as protection, diagnostics and lifetime extension of the
electrical machine components. However, electrical sensors used for interrogation are
sensitive to electromagnetic interferences. In addition, their usefulness is limited because of
some dominant problems, such as the limited number of channels because the slip ring that
ensures the contact with the detection system, cannot be too big. It can be concluded, from
the literature review that the Bragg wavelength temperature sensitivity is very small; thus a
sensitive instrument is required to measure such a change and there is a demand to carry on
research in the detection of small temperature changes of the order of 10 °C with a low cost
instrument. Based on this state of art, a contactless measurement technique of the rotor
temperature that uses Fiber Bragg Gratings (FBGs) sensors has been proposed in the context
of small rotating machines monitoring due to its advantages.

In chapter 2, a literature review of the different methods for grating simulation has
been presented. Then, the simulation of uniform Fiber Bragg Grating using T-matrix formalism
has been presented. Fiber Bragg grating sensors responses have been studied for
temperature measurement by using the TMM technique for the simulation of uniform Fiber
Bragg Grating. The results of the simulation of the temperature and strain response has been
presented. The reflected spectrum has been inspected. The results of the simulation of the
temperature shows that the dependence of the shift of the wavelength of the FBG on the
increasing temperature has been measured to be 5.5 pm/ °C.
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In chapter 3, FBG sensor has been calibrated. This included the use of a customized
heating system. The FBG sensor has then been characterized and the Bragg peak has been
detected during the calibration experiments. The thermal sensitivity of the FBG sensor has
determined and compared to the simulated one. A linear relationship has been showed
between the applied temperature and the measured wavelength. A thermal sensitivity of 4.7
pm/°C has been obtained with the FBG sensor. The simulated temperatures using TMM
method and the measured temperatures have been compared. These experimental results
showed a good agreement the simulated one. It has been observed that the maximum
positive temperature measurement error was of ~ 0.019 °C at 50 °C for this sensor. A good
linearity of the FBG sensor has been demonstrated for temperature measurements.

In chapter 4, an academic rotating machine has been developed. The FBG sensor has
been integrated into this machine successfully. In this way the dynamical temperature
measurements of the rotor have been interrogated. The measurements of the temperature
with our FBG have been performed and showed that the sensor was able to follow the
temperature variation during the heating of the rotor. The wavelength has been shifted
depending on the temperature variations. The study of the sensing characteristics has showed
a maximum error of 0.024 °C over a temperature range of [20 °C - 70 °C]. We have measured
the temperature in the rotating machine for different rotating velocities up to a maximum
rotating velocity of 860 rpm. In the electric power industry, uncertainties below 10 °C are
acceptable.

It is the first time to our knowledge that FBG sensor was used to measure dynamical
temperature variations inside a rotating machine at 843 nm.

The determination of heat spots in the rotor during its rotation has been investigated.
This method is a compact solution that requires one interrogation unit in contrary to many
bulky sensors. In this study, the main focus was on temperature measurements. However,
this technique is also valid for measurement of other parameters such as strain, torque,
vibration. This method is able to measure temperature while the sensor is integrated into the
rotating parts of the electrical machine at different speed of rotation, without using a rotary
joint. This method can be applied to different types of rotating machines.

While this thesis focuses only on the feasibility of a new non-contact temperature
sensing technique with a single sensor, a multiplexing system (many gratings at different
central wavelengths) would be useful in order to make a thermal mapping of the rotor. A
point temperature measurement corresponds to the position of a Bragg grating, for this,
positions of Bragg gratings on the rotor should be known priori to allow an accurate mapping
of rotor temperatures. We believe that it is interesting to further explore the possibility of
using multiplexed FBGs for determining the temperature at different points inside the rotor.
The concept of using an FBG inside the rotating part of the machine could still be promising
for determining the temperature of the rotor or other parameters.

In this way, the inscription of gratings is possible along the entire fiber (not only one
point) and the FBGs embedded in rotating machine could determine important parameter
inside the machine. We believe that it would be valuable to have a look at several gratings
integrated in one optical fiber and by using a detection method such as photodiodes with
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filters. A proposition of the detection technique could be the use of an edge filtering
technique.

As future work, measuring wavelength shifts for several FBGs integrated into a small
power rotating machine (kW) suitable for automotive applications should be investigated.
Temperature variations up to 150°C could be detected while rotating the FBGs for 1500 RPM.

An interesting future prospect is embedding FBGs into a real rotor of an electrical
machine fabricated in the electrical power industry. It would be interesting to investigate if
an FBG can be embedded in this machine for doing temperature, strain and vibration
measurements and if it can measure or even predict damage in this rotating at the anticipated
locations.

The biggest challenge will be developing a simple technique or interrogation scheme
that is able to measure, accurately, small wavelength shifts over a wide range. Moreover,
implementing this technique out of the laboratory environment in structure located in harsh
environment such as electrical machines.

In addition, embedding and multiplexing FBGs within a fiber in the electrical machine
structure will lead to further advantages. In fact, this sensor needs to be embedded in the
machine during manufacture and an instrumentation scheme should be planned. One should
be able to determine the suitable instrumentation of FBG sensors on rotors, their installation
procedure and their optimal locations in order to detect anomalous machine operation.
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APPENDIX B

Spectral response of a uniform FBG

%% Blocks and Grating Definition
L = le-3; % Grating length (m)
N=500; % number of segments
dz=L/N; $BlockLength;

%% Wavelength properties

vector= zeros(1l,N);

LambdaB = 840e-09 + vector; % Reflected wavelength (nm)
lambda = (836e-09:0.004e-09:844e-09) ;

size lambda= size (lambda, 2);

%% Parameters

Neff = 1.447; % Average refractive index

dn=(ones (1,N)*1le-3); % Refractive index difference
Lambda n = 840e-09;

%% Parameters
=1; % visibility assumed to be 1

<

k=(pi*v.*dn') ./LambdaB'; $%AC coupling coefficient of the
ith segment

k2=k.*k;

k2=repmat (k2,1,size lambda);

k=repmat (k,1,size lambda);
for i=1:N
beta (i, :)= 2*pi*Neff.*(1./lambda-1./LambdaB(i))
end

betaZ2=beta.*beta;
gamma=sqgrt (k2-beta2) ;

oe

% Transfer matrix calculation for each bloc
Assume D =[A B ; C D]

= gamma*dz;

D1 = cosh(l)-(li*beta./gamma) .*sinh (1) ;

D2 = (li*k./gamma).*sinh (1) ;

oe

'_l
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D3 =

(W)
S~
I

conj (D2) ;
) (D1) ;

Multiplication for each bloc

Y1(1,:) = D1(1l,:).* D1(2,:) + D2(1
Y2(1l1,:) = D1(1,:).* D2(2,:) + D2(1,:
Y3(1,:) = D3(1,:).* D1(2,:) + D4(1
Y4(1,:) = D3(1l,:).* D2(2,:) + D4(1
for 1 = 2 : N-1
Y1(i,:) = Y1(i-1,:).* D1 (i+1,:)
D3 (i+1, :);
Y2(i,:) = Y1(i-1,:).* D2(i+1, :)
D4 (i+1, :);
Y3(i,:) = ¥Y3(i-1,:).* D1 (i+1,:)
D3 (1+1, :);
Yd(i,:) = Y3(i-1,:).* D2(i+1,:)
D4 (i+1, :);
End
%% Reflexion Calculation
ul=1;
vL=0;
u0 = Y1 (N-1,:)".*ulL;
vO = Y3 (N-1,:)"'.*uL;
r = v0./u0;
R= abs(r)."2;

xlabel ('"Wavelength')
ylabel ('Reflection')
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FBG spectral response under thermal effect

% Blocks and Grating Definition

le-3; % Grating length (m)
00; % number of segments

z=L/N; $BlockLength;

% Wavelength properties
vector= zeros(1l,N);
LambdaB = 840e-09 +vector ;% Reflected wavelength (nm)
bw = 100e-09;
lambda = (836e-09:0.004e-09:844e-09) ;
size lambda= size (lambda,2);
%% Parameters
Neff = 1.447; % Average refractive index
dn=(ones (1,N)*1le-3); $ Refractive index difference

e Q. % H oo
o

Lambda n = 840e-09;
%% Temperature
deltaT = 293.15;

m=0;

dn dT = 8.6e-6;% thermo-optical coefficient (1/%k)
alpha= 4.le-7;%coefficient of thermal expansion (1/k)
a=11.513; % absorption coefficient (m)

%% Parameters
v=1l; % visibility assumed to be 1
for deltaT = 293.15:10:343.15 %% Temperature

k=(pi* (1+dn dT*deltaT)*dn')./LambdaB'; S$AC coupling
coefficient of the ith segment k=pi*DN./lambda;
k2=k.*k;
k2=repmat (k2,1,size lambda);

k=repmat (k,1,size lambda);

for i=1:N
beta (i, :)= ((2*pi*(Neff+dn_dT*deltaT))./lambda)—
(2*pi*Neff) ./ ((l+alpha*deltaT) .*LambdaB (i))+1i* (a/2);
sDeltaBetaconstantedecouplage

end

betaZ2=beta. *beta;
gamma=sqrt (k2-betaZ2) ;
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%% Transfer matrix calculation for each

% Assume D =[A B ;
l=gamma*dz;

D1 = cosh(l)-(li*beta./gamma)
cos (gamma*dz) -1li*sin (gamma*dz) ;
D2 = (li*k./gamma) .*sinh (1) ;%D12
li*k*dz.*sinc (gamma*dz) ;

D3 = conj (D2) ;

C D]

D4 = conj (D1);
Y1(1,:) = D1(1l,:).* D1(2,:) + D2(
Y2(1,:) = D1(1l,:).* D2(2,:) + D2(
Y3(1,:) = D3(1,:).* D1(2,:) + D4
Y4(1,:) = D3(1,:).* D2(2,:) + D4
for 1 = 2 : N-1
Yl1(i,:) = Y1(i-1,:).* D1 (i+1,:
D3 (i+1, :);
Y2(i,:) = Y1(i-1,:).* D2(i+1,:
D4 (i+1, :);
Y3(i,:) = ¥Y3(i-1,:).* D1 (i+1,:
D3 (1+1,:);
Y4(i,:) = ¥Y3(i-1,:).* D2(i+1,:
D4 (i+1, :);
end
%% Reflexion Calculation
ul=1;
vL=0;
u0 = Y1 (N-1,:)"'.*ulL;
vO = Y3 (N-1,:)"'.*uL;
r= v0./u0;
R3= abs(r) ."2;
%% Figure
R = max (R3);
plot (lambda, R3)
hold on
xlabel ('"Wavelength (m) ")
ylabel ('Reflection')
end
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