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Abstract

The advancement of sensor technology plays a crucial role in enhancing performance
and reliability of mechanical systems. In the world of industrial applications, the ac-
curate monitoring of mechanical components is essential to ensure good operational
performance and e ciency with prevention of failures. One promising technology
for such monitoring tasks is the Fiber Bragg Grating Sensors (FBG).

This thesis helps us validate and verify the application of Fiber Bragg Grating (FBG)
sensors for monitoring axial strain on mechanical ball bearings of an electric motor.
It focuses on the e ectiveness of the sensors in providing precise strain measurements
for improving monitoring technology in mechanical systems. The research research
was divided into 4 main tasks: preliminary research, development of python-based
interrogator software including a graphical user interface (GUI) for data capture,
test setup development for applying axial loads on the bearing and data analysis/-
post processing. This research employs Python software for every process involved
from collecting the FBG data to post process of the data.

The preliminary research involved an extensive review of existing literature to es-
tablish a strong theoretical foundation on sensor technology and its application. A
python-based software was developed to interface with the Sentea interrogator for
which a user-friendly GUI was designed to capture real-time sensor data for data
visualization and export. The test rig setup involved applying axial loads to the
rotor shaft of the electric motor using a hydraulic press, with custom-designed com-
ponents to ensure accurate application of force on the bearings and for accurate
measurement. The sensors were installed along the outer-ring of the ball bearings
and the tests were conducted under varying load conditions with rotation speed of
600rpm with the use of hand drill. The collected data was processed to calculate
strain and stress.

The post-processing involved ltering the data, calculating strain and stress, and
analyzing the results through discrete Fourier transforms to understand the dynamic
behavior of the bearings under load and the obtained plots and result shows that
the axial strain with respect to the load increases linearly with curve t. Hence,
this work concludes that the ndings demonstrate the potential of FBG sensors in
providing strain measurements, validating for advanced monitoring of mechanical
systems. This research o ers valuable insights into the use of these sensors for
industrial applications, o ering a foundation for future studies and technological
advancements in this eld.

Keywords: Fiber Bragg Grating (FBG), Axial Strain, Deep Grove Ball Bearings,
Interrogator, Discrete Fourier Transform, Butterworth Filter
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Introduction

1.1 Background

The drive to move towards going green, releasing emission free vehicles, is now more
than ever. The car companies are rapidly shifting their focus on to the Electric
vehicles(EVs) from Internal Combustion(IC) engines. In the grand-scheme of the
vehicle manufacturing, this concept is relatively new and each day there are plenty
of new research and development being done on this aspect of the cars and it has a
potential for a big future in car industry[7]. Due to the huge demand for electrical
vehicles in the world, there's need to research and tests on smaller components of the
machine. Among the many components that needs to tested and measured, rotor
bearing stands out quite a bit as it is constantly subjected to loads, even at no speed
and no external load, it is under some load due the weight of the rotor. If these
components go undetected, it will result in failure of bearing and the repair cost is
very high[8]. These measurement are conducted to get a picture of its durability
and reliability. It is important to carry these measurement test at a faster pace as
the demand for electrical vehicle is not slowing down but also not to compromise on
the accuracy of it. These measurement are needed for future simulation purpose.

One such technology where we can do these measurements fast and also accurately
is the FBG sensors. There are plenty applications of this sensors such as measur-
ing strain, temperature, health monitoring, vibration, etc. The growth of this ber
technology has been very rapid over the last couple of decades. This technology has
been applied in many elds such as medical, industrial, military, aerospace, automo-
tive,etc. There are several advantages of using this type of sensor when compared
to the traditional way of using the strain gauge such as small in size, resistance to
chemical corrosion,high resolution, but the main important advantage is its immu-
nity to EMI(Electromagnetic Interference)[9]. The Fiber Bragg Optic(FBG) sensors
are embedded in the core of the optic bers and a single strand of ber can have
multiple sensors, and the best possible to way to distinguish between them is by
measuring the re ection wavelength for each sensor as the there is periodic varia-
tion in refractive index along the length of the ber[10]. There is also time based
measurement where all sensors in the same ber will have same wavelength and
the sensors are distinguished based on the time when they were sampled. In this
thesis, our focus is going to be in measuring the forces experienced by the sensor
and validating it with force measured from force sensors and to make sure if this
technology can be used for future testings.
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1.2 Aim and Objective

In this thesis, the FBG sensor bers were wrapped around the rotor bearing of an
electric motor on both drive end and non-drive end. The main aim of this thesis is

as follows:
" Develop an in house GUI for the measurement and data storing using python.

" Develop a script that calculates the force experienced by rotor bearings.
" Help develop test methods to evaluate the usage of this sensor for force mea-

surements.
" With the acquired data, perform data analysis and validate the results with

the ones from traditional sensors.

Figure 1.1: Rotor with ball bearings of ERAD machine
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1.3 Limitations

Following are the project limitations:

Monitoring the loads of just a specic subset of the electric drive

train : The focus is on monitoring the loads on rotor bearings of the electric
motor, which means other components of the drive train are not being studied.
This limited scope may result in an incomplete understanding of the overall
system performance and interactions between di erent components.
Resource constraints limiting the range of real-world testing - While
Volvo Cars provides signi cant resources, there may still be practical limita-
tions such as time, availability of speci c testing equipment, or the number of
prototypes available for extensive testing. These constraints might limit the
ability to conduct as broad a range of real-world tests as desired, potentially
a ecting the generalizability of the ndings.

Inability to fully replicate external conditions : While the project can
consider external factors like temperature, humidity, and vibration, it cannot
fully replicate the complex and dynamic real-world conditions. This limitation
may a ect the accuracy and applicability of the test results, as the controlled
environment may not capture all possible variations encountered in actual use.
Long-term durability and reliability of FBG sensors : The Fiber Bragg
Grating (FBG) sensors, despite their advantages, may face challenges related
to long-term durability and reliability. Factors such as sensor aging, envi-
ronmental exposure, and the quality of installation could impact their per-
formance over time, potentially a ecting the consistency and accuracy of the
measurements. This poses a risk to the long-term applicability of FBG sensors
for continuous monitoring.
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Theory

2.1 Mechanical Strain

The most basic de nition of a strain is the deformation per unit length experienced
by a material due to an applied force. Mathematically, we can de ne it as change
in length over original length of material.

Figure 2.1: Mechanical strain of a cylinder with tensile force

So the strain can be de ned as: .
=T (2.1)

In this thesis, the FBG bers that are being used in tests experience both compres-
sive strain and tensile strain. It depends on their position and placement in the
electric machine. In rotor bearings, it is important to monitor the stress and strain
of the bearing as they are under constant load and this can help us from preventing
failures and check on the bearings longevity.
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2.2 Fiber Bragg Grating

Fiber Bragg Grating are specialized gratings that are integrated within the core
of an optical ber. The principle of the FBG sensor is, when a broadband light
spectrum passes through these ber, the gratings re ects back a speci ¢ wavelength
back towards the light source and allowing the rest to pass through without any
interference. The shift in this wavelength that is re ected by the FBG is a response
to change in mechanical strain and temperature for which it makes these sensors to
be utilized for monitoring these conditions. A ber optic cable can house multiple
number of sensors. Each sensor re ects a speci ¢ wavelength and the shift in this
re ected wavelength for all the bers are measured and stored. To carryout this
process, an external device called an interrogator is required. This device transmits
the light and receives the re ection.

Figure 2.2: Structure and functionality of FBG sensor [1]

This speci ¢ re ected wavelength is called Bragg wavelength and can be de ned as:
B =2 Ne (2.2)

Here, g is the Bragg Wavelength, is the periodic spacing of the grating element
or grating's pitch, and n. is the e ective refractive index of the optic core. External
factors such as mechanical stress or temperature changes can alter both the pitch
and e ective refractive index, leading to changes in the Bragg wavelength.

FBGs are highly sensitive to temperature and strain. The mechanical strains in u-

ence the grating period and refractive index through photo-elastic e ect whereas the
change in temperature a ects the FBG by thermal expansion and the thermo-optic

e ect. The sensitivity of the FBG can be measured using and by:

B — + T (23)

where, g is the change in Bragg wavelength, is the change in strain, and
T is the change in temperature, and and are the FBG sensitivity factors to
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strain and temperature.

Here is an gure for understanding of how the sensor reacts for strained and un-
strained conditions.

Figure 2.3: lllustration of the behavior of Fiber Bragg Gratings [2]

In the standard calibration provided by Sentea for the FBG sensors towards the
mechanical strain and temperature variations, the calibration species thatl
(microstrain) corresponds to wavelength shift of 1pm (picometer). And as for the
temperature variations of 1°C results in wavelength shift of 10pm (picometers).
These sensitivity calibration allows us to detect any minute changes within the sen-
sors which is critical in applications for strain monitoring and provide us accurate
measurements.

2.2.1 Applications of FBG

Fiber Bragg gratings have been widely used in aerospace engineering, civil engineer-
ing, structural health monitoring and medicine and health[11]. For instances, FBGs
are embedded in composite materials to monitor the health of aircraft structures or
used in civil engineering to assess the integrity of bridges.

2.2.2 Advantages of FBG

There are many advantage of using an FBG sensor instead of a conventional sensors.
" The most important advantage is that the sensor is immune to EMI.

They are very small in size and can hence t into complex spaces.

FBG sensors are very exible.

Multiplexing can be done with a single ber, this allows to measure multiple
points of an object and multiple factors too.

A

A

A
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2.3 FBG Interrogation

Interrogation is a process of measuring the re ected wavelength of an FBG sensor or
series of sensors, and determine the change in strain, temperature, pressure,etc. In-
terrogation can either be done on only one sensor or can be done on multiple sensors.
Interrogation of multiple sensors is called multiplexing. The are multiple methods
of multiplexing and they are wavelength division multiplexing(WDM), time division
multiplexing(TDM), and Spacial Division Multiplexing(SDM)[12].

In this thesis, the method used will be wavelength division multiplexing. We use a
device called an Interrogator to carry out the process. Multiple bers with multiple
sensors can be connected to this device. The purpose of this device is to transmit
the light signals, and capture the re ected wavelength and measure the shift in the
wavelengths and store the data. The interrogator is calibrated to use the WDM
method as there are multiple bers with multiple sensors in use at a time. This is
one of the advantages of WDM method of interrogation. For each sensor in a ber,
the re ected wavelength can be distinguished based on their bragg wavelengths.
This di erence in the bragg wavelength for each sensors in the same ber can be
done by varying the distance in the grating for each sensor which therefore, gives
varying wavelength for each sensor. According to [12], generally the light sources
for such setups emits light at 1550 nm and has a spectral range of 100 nm and each
sensor in a ber can have a dynamic wavelength range of 5 nm that way consisting
upto 20 FBG sensors. This claim by [12] very close to right for our setup. The
light source measurement is at 1510 nm and ranges upto 1560 nm as the sensors in
the bers we are using ranges from 8 to 10 and according to our observation the
dynamic range for a sensor in the ber is about 2 nm.

2.3.1 Advantages of WDM

A

It is highly accurate compared to other type[12].

It has more capacity, multiple signals can be transmitted from the same ber
at a time.

It is exible an can accommodate wide range of wavelength.

It is cost e ective as it ranges around 15-50 thousand euros for the system
with sensors costs ranging from 80-200 euros. This is comparatively less from
others[12].

N

2.4 Electric Machines

Whenever we talk about electric cars it's important to talk about the electric drive-
train and in the electric drive train comes the electric machine which is most impor-
tant. Electric machines are an important part in the drive-train as the purpose of it
is to transform the electrical energy from the batteries to the mechanical energy the
propels the vehicles. An electric machine can act as both electric motor and electric
generator inside a car. The function of the motor is to propel the car by converting
the electrical energy into mechanical whereas, the function of the electric generator

8
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is to refuel the battery[13]. There are multiple requirements these machines need to
satisfy before being used in the drive-train irrespective of their type. The machines
needs to be highly e cient, have high starting and rated torque, wide speed range,

etc[14].

One of the main reasons as to why the world is shifting towards the use of EM in
vehicles is because of its power densities. Itis comparable or at times exceeds internal
combustion engine(ICE)[15]. Since the introduction of EVs with Electric Machines,
there have been signi cant changes for the type of machines that is supposed to be
used in EVs. This is due to fact that di erent machines satisfy di erent requirements
and some EVs equip multiple machines to satisfy the requirements. There is also
the factor of cost, the pricing should be acceptable[14]. The most basic types of
Electric Machines used in EVs/HEVs are the induction machines, PMSM, etc, and
there are various types that have the potential to be used.[15][14]. The following
picture gives us an understanding of the types of machines that can be used in the
vehicles as of now.

Figure 2.4: EM for HEVs and EVs(adapted from [3])

We will be using one such electric machine and carry out various tests on it. The
type of machine used is PMSM(permanent magnet synchronous machine) with a
rated torque of 490 Nm. The rotor magnets of the PMSM are embedded inside the
rotor of the machine creating a small and uniform airgap between rotor and the
stator. The power output of the PMSM used is about 220-240 KW with a maxi-
mum speed of 14,000 RPM. The power output is software dependent. It basically
means the power output is controlled by software control algorithm that governs

9
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their behaviour. By this method, performance, e ciency, and the reliability of the
propulsion system can be optimized.

(@) Side view of EM (b) Front view of EM
Figure 2.5: MEP2 ERAD

(a) Rotor used in ERAD (b) magnet positioning

Figure 2.6: Rotor and magnet location

This electrical machines are a combination of both mechanical components and
electrical components. The parts are as follows:

1. Mechanical :The mechanical parts of the EM are the rotor, the rotor shaft,
bearings on the either sides of the EM, and cooling systems such as cooling
channels for liquid cooling and the fans.

2. Electrical :Electrical parts are the Stator, stator winding, magnets on the
rotor, the inverter, and various sensors.

10
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2.5 Bearings

Bearings are components that has the ability to reduce friction and wear between
two relative parts.They also o er support and are very useful in transferring loads.
These components are very much essential in machines. It basically is called as the
machinery joint[16]. Based on the di erent requirements of a machinery, there are
various types of bearings that can used.

The bearings are classi ed based on their rolling elements such as ball bearings,
roller bearings, plane and magnetic bearings. The following are the di erent types
of bearings:

Deep groove ball bearings.
Self Aligning ball bearings.
Thrust ball bearings.
Angular contact ball bearings.
Tapered roller bearings.
Spherical roller bearings.
Cylindrical roller bearings.
Needle roller bearings.
Magnetic Bearing.

Plain Bearing.

Fluid bearing.

Linear bearing.

The machine used is equipped with the deep groove ball bearings. The reason for
selecting this particular bearing type is because it can bear both radial as well as
axial load condition[16].

11
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Figure 2.7: Dierent types of bearings[4]

2.5.1 Deep Groove Ball Bearings

The bearings being used for this thesis is a deep groove ball bearings. They are the
widely used bearings and are available in di erent con guration that is single row
and double row. By the straight forward design of the single row con guration, it

is most commonly adapted[17]. These bearings are designed to handle high speed
operations with very minimal maintenance and allows them to support axial loads
any direction possible.

A general ball bearing consist of seal, cage, ball/rollers, inner ring and outer ring
which is represented in the g:

12
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Figure 2.8: Schematic structure of ball bearing

Outer Ring : Itis also known as the outer race, which is particularly designed
to withstand external loads and harsh environments. It is thicker and made
from hardened steel for enhanced durability[18].

Inner Ring : The inner ring or inner race, directly interfaces with the shaft
and is necessary for the accurate transmission of forces. They ensure precision
t to avoid any misalignment that can a ect its performance and longevity[18].

Cage: The cage maintains a uniform distribution of the balls, preventing any
contact between them and provides consistent performance[18].

Ball : The bearings have spherical balls keep the contact area as minimal as
possible, which reduces friction and allows bearing to operate smoothly at very
high speeds. The rings and balls of the bearings are of high-carbon chromium
bearing steel which provides excellent durability and resistance to wear and
tear[18].

Seals: These are very essential for preventing contamination of the bearing
from foreign particles and also keeps the lubricant inside the bearing. The seals

13
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0 er maximum protection without signi cantly increasing the heat or torque.
The bearings can be equipped with seals and are often pre-lubricated with a
grease which is lithium based, suitable for speci ¢ operational needs[18].

2.5.2 Observable changes in rotor bearings

In an electrical machines, bearings play a very important role as they are subjected
to constant loading and unloading. The primary load contributors for it are from
the transmission part of the machines and electrical part of the machines.

From transmission(Gear mesh forces)

Radial load from planet load sharing : In an electric machines that incor-
porate planetary gear systems, radial loads arise due to interaction between
the sun gear, ring gear and planet gear. From the gure 2.9, we see there are
three planet gear around the sun gear. When torque is applied to the sun geatr,
it drives the planet gears, which mesh with the ring gear and distribute the
torque evenly and this interaction generates radial forces within the gears.

Figure 2.9: Radial force due to Planetary Load Sharing [5]

Axial load from the sun gear : Axial forces in the gear systems are primarily
generated by the sun gear. These forces arise due to helix angled gear system
which creates component of force that pushes the sun gear along the drive
shaft, which leads to axial loads on the bearings and misalignment issues.

14
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Figure 2.10: Axial force due to sun-gear

From electric machine
Unbalanced magnetic pull: This can occur if the stator and rotor are not in
an alignment. The rotor being the rotating part here may experience some
radial pull due to this or at times even when the magnetic eld around the
stator is uneven due to the rotor being closer to the stator in one position.
This can cause lot of vibration which can induce a lot of stress on the bearing
and therefore wear and tear of the bearing.

Figure 2.11: Unbalanced Magnetic Pull

Axial skewing force: When an object rotating, in this case the rotor is tilting
towards a particular direction rather than rotating along its axis, it is called

a Axial skewing force. There are reasons why such a thing can happen such
as misalignment of rotor during the assembly of the motor, uneven air gap
between the rotor and the stator and even wear and tear. The gure above
can represents the skewing force due to uneven air gap.

Apart from the these forces, the bearing can also experience temperature changes
and the sensor is sensitive enough to measure the local temperature changes and with
multiple sensors along di erent points of the bearings, it temperature gradient and
therefore can give an idea of the heat distribution in the bearings. The vibrations
occurring in the bearing can also be measured by the sensors and this can basically
help out in fault detection. By focusing on a single sensors, it is also possible to
measure the no.of balls passing per second.

15
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Methodology

In this section we discuss on the methods undertaken over the duration of this thesis
project to investigate the application of Fiber Bragg Grating sensors for monitoring
the axial strain of the mechanical ball bearings of an electric motor.

To achieve the main goal of this thesis, planning was done by dividing the scope
into sub-tasks which are:

1. Preliminary Research

2. Python-based interrogator software

3. Test setup development

4. Graphic User Interface (GUI) to capture data

5. Data analysis and post process

3.1 Preliminary Research

A preliminary stage is conducted involving investigation and exploration of relevant
research papers, previous reports and comprehensive review of documents to ensure
a thorough understanding of the subject and its current technology. The review
mainly focuses on the application and advancements in FBG sensor technology, the
operation and capabilities of optical interrogators, and mechanical characteristics
and operational stresses of the ball bearings. The aim in this task is to gather all
important and essential concepts and ndings from previous works to establish a
solid theoretical foundation of the thesis project. This foundational knowledge will
help guide in the development in the next steps going forward.

3.2 Python-based Interrogator software

The second phase of the project was to have a python function that facilitate the
axial strain acting on the sensor wrapped FBG sensors. This step was pivotal for
capturing and managing the sensor data from the interrogator.

3.2.1 Software Interface

The functionality of the Sentea interrogator can be visualized using the the available
software interface, where one is the Sentea PeakViewer or using an Application
Programming Interface (API) for python from Sentea.
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3.2.1.1 PeakViewer

The Peak Viewer from Sentea is an internal software that is designed to enhance the
analysis of spectral data captured by the interrogator. This software provides robust
method for visualizing, processing and analyzing the re ection spectra, making it
an essential resource for the study on FBG sensors and its measurement system.

Figure 3.1: SENTEA PeakViewer Software Application

The functionality of Sentea Peak Viewer is distinguished by its advanced graphical
capabilities for visualizing the re ection spectra data for analysis. This visualization
Is instrumental in rapidly identifying and analyzing characteristic peaks and anoma-
lies, crucial for monitoring physical phenomena. At the core of its functionality, the
software's sophisticated peak detection module employs advanced algorithms that
users can adjust in terms of sensitivity and threshold, enabling precise customiza-
tion to t various experimental conditions and sensor con gurations. Moreover, the
Peak Viewer enhances spectral analysis accuracy through robust data Itering and
processing tools that e ectively reduce noise and remove extraneous data points,
clarifying spectral signals and improving the reliability of peak detection and anal-
ysis, particularly in environments with substantial background noise.

3.2.1.2 API

The sentea.interrogator API is python coded program that provides comprehensive
set of tools for interacting with the interrogator. It provides functionality to access
and con gure a Sentea interrogator device and is designed to be as stateless as pos-
sible, to allow seamless concurrent access via other interfaces for example this thesis
project in terms of GUI and API driven scripts.[6]

" Overview of Sentea Interrogator API : The API o ers comprehensive
tools for interaction with the Sentea Interrogator DM-8120, designed to be
stateless to facilitate seamless concurrent access.

Connection Management
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Managed via aClient object, either instantiated directly or through a
context manager.
Recommended use of a context manager to handle automatic connection
closures.

Con guration of Peak Detection
Detailed con guration via the peak_detection attribute.
Allows setting of detection methods and thresholds for precision based
on operational needs.

Data Capture Functionality
Accessed via thecapture attribute.
Con gurable settings for capture modes, sample rates, and content types.
Functions to start and stop data capture, with options to select specic
bers.

System Functions
Provides access to system-level settings and properties.
Includes setting system time and retrieving system identi ers and ber
count.

3.2.2 GUI for capturing the FBG sensor data

One of the main task of this thesis project was to develop a graphic-user interface
(GUI) to capture the sample data/sensor data and save them in the required le
directory. The main reason of the GUI is for simplifying the capture process in
future and this would be essential for tests with higher sample frequency and speed,
which is highly recommended by Sentea to use the API for this above requirements.

Concept

The concept development for the GUI for the interrogator was aimed to sim-
plify the complex ber optics sensor operations, which consists of several
features from the sentea interrogator APl and visualization idea from the
PeakViewer. The GUI is designed to be intuitive, allowing users to manage
connections, con gure data capture settings which is the sample frequency
and threshold, visualize the peaks and save the results in real time without
the need of any extensive technical knowledge. Through user-centric approach,
each functional interface was made to ensure seamless operation.This concep-
tualization was crucial in transforming sophisticated monitoring technology
into a practical tool accessible to both novice and experienced users.
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Visualization

Figure 3.2: Main Menu of the GUI

For the convenience of our project two GUIs were created, one with time du-
ration gure refer and another with start-stop functionality. It was decided to
capture the sample data for particular period of time for analysing purpose,
so the GUI with time duration function was made to collect sample data for
user-de ned time period whereas, the GUI with start-stop function can cap-
ture the data for 'n' seconds of time depending on the test requirements.

(@) Start-Stop GUI

(b) Time Duration GUI

Figure 3.3: Visualization of GUI
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Functionalities
Connection Management: The rst step in GUI is to establish a connec-
tion with the interrogator. It is straight forward method for inputting
the IP address and managing the connection.

Data Capture Con guration: The capture settings of the sensor data can
be set by the users. They can set the sample rate/frequency, threshold
value and select the ber channel for which ber data to be captured.

Real time data visualization: Once all the above requirements are set, this
functionality is built on the ability to retrieve and handle data streams
from multiple bers simultaneously. It can also plot the ber peaks with
respect to the timestamp.

Data export and management:. The GUI allows to save and manage the
sample data by exporting the data in the CSV format. This ensures that
users can easily archive, share, and further analyze the data outside of
the GUI environment.

3.3 Test setup development for applying axial strain
on bearing

In order to verify whether this FBG technology can be used to measure or track the
change in strain, we needed to design and develop a test setup. This was one of the
sub-tasks of our thesis. To accomplish this task, we divided the task into multiple
steps.

1. Firstly, a concept was planned and discussed on how we will be applying the
load onto the bearings.

2. We designed and developed components that were necessary to carry out the
tests.

3. Setting up a test environment for us to carry out the test. The necessary tools,
devices required were made available for the tests or at least till the duration
of the tests.

4. Once the components and test environment were ready, we need to make sure
that they are working the way they should and we expect them to be, else
re-design and manufacture the components.

The tests was carried out for di erent loading points.
. Post processing was further carried out.

o o
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