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Abstract

Structural Health Monitoring (SHM) techniques have been explored in fault and
damage diagnosis in structures and machines. These techniques are explored within
the scope of Industry 4.0 and Smart Cities, where the data provided by SHM tech-
niques are used in the development of predictive and preventive maintenance plans,
avoiding catastrophic failures, reducing machinery downtime, and providing more
security in the cities. Sensor development plays an important role in this scenario
since these devices are responsible for turning physical measurements into data that
are capable of being processed to provide data-based decisions in industrial pro-
cesses and city management. Different types of sensors are developed to attend
to industrial requirements, such as thermocouples for temperature measurements,
accelerometers for acceleration measurements, and strain gauges for strain measure-
ments. In this context, optical fiber sensors can offer some advantages for sensor ap-
plications: they can be immunity to electromagnetic interference (ideal for industrial
harsh environments), can be easily embedded into structures since they are thin and
flexible, can be multiplexed (i.e. produce multiple sensors in the same optical fiber
cable), and can combine sensing and data transmission over long distances applica-
tions using the same optical fiber cable. In this work, a Fiber Bragg Grating-based
accelerometer design is reported for machinery fault diagnosis. Different geome-
tries are analyzed as candidates for developing FBG-based accelerometer projects.
Through analytical models, the flexible hinge structure was selected based on the
sensitivity and natural frequency features to attend to the project requirements. The
geometric dimensions are then selected by a multi-objective optimization procedure,
in which a variety of combinations of geometric parameters are evaluated with re-
spect to sensitivity and natural frequency. This procedure served as an efficient tool
for varying different geometric parameters to find combinations that maximize sen-
sitivity and natural frequency. Four structures are selected to compose this work
and, before fabrication, they are analyzed using a Finite Element Modal Analysis.
These results were compared to the analytical model results, implying relative er-
rors of 23%, 33%, 14%, and 6% for accelerometers 1, 2, 3, and 4, respectively. These
errors are related to idealizations assumed and neglected effects in the analytical
models. The sensors were then fabricated and characterized. The experimental nat-
ural frequencies were 607.8 Hz, 366.7 Hz, 294.7 Hz, and 236.5 Hz for accelerometers
1, 2, 3, and 4, respectively. The experimental sensitivities are characterized by the
exciting frequencies of 17 Hz, 35 Hz, and 50 Hz. For 17 Hz, the experimental sensi-
tivities were 180 pm/g, 690 pm/g, 380 pm/g, and 400 pm/g, for accelerometers 1, 2,
3, and 4, correspondingly. For 35 Hz, the experimental sensitivities were 150 pm/g,
510 pm/g, 290 pm/g, and 230 pm/g, for accelerometers 1, 2, 3, and 4, respectively.
For 50 Hz, the experimental sensitivities were 120 pm/g, 410 pm/g, 150 pm/g, and
160 pm/g, for accelerometers 1, 2, 3, and 4, respectively. These sensors were applied
in fault diagnosis experiments for 9 fault conditions, where the results were com-
pared and validated by a commercial piezoelectric accelerometer. The comparison
between the identified peaks by the FBG-based accelerometers with the results ob-
tained by the PZT-based accelerometers can be used to estimate an average relative
error. For the FBG-based accelerometer 2, the relative errors are 0.48%, 0.62%, 0.50%,
0.32%, 0.76%, 0.26%, 0.39%, 0.40%, and 0.48%, for fault conditions 1, 2, 3, 4,5, 6,7, 8,
and 9, respectively. For the FBG-based accelerometer 3, the relative errors are 0.27%,
0.72%, 0.39%, 0.22%, 0.95%, 0.29%, 0.29%, 0.40%, and 0.85%, for fault conditions 1,
2,3,4,5 6,7, 8, and 9, respectively. For all cases, the FBG-based accelerometer
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frequency vibration spectra were similar to the piezoelectric accelerometer measure-
ments, and it was concluded that the projected accelerometers in this work identified
correctly the vibration pattern in all fault conditions.

Keywords: optical fiber sensors, Fiber Bragg Grating based accelerometers, fault
diagnosis, structure health monitoring.
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Resumo

Técnicas de Monitoramento de Satide Estrutural (SHM) tém sido exploradas no
diagnostico de falhas e danos em estruturas e maquinas. Essas técnicas sdo explo-
radas no escopo da Indtstria 4.0 e Cidades Inteligentes, no qual os dados fornecidos
pelas técnicas de SHM sdo utilizados no desenvolvimento de planos de manutengao
preditiva e preventiva, evitando falhas catastréficas, reduzindo o tempo de inativi-
dade das médquinas e proporcionando maior seguranga nas cidades. O desenvolvi-
mento de sensores desempenha um papel importante nesse cendrio, uma vez que
esses dispositivos sdo responsdveis por transformar medicdes fisicas em dados que
podem ser processados para fornecer decisdes baseadas em dados em processos in-
dustriais e gerenciamento de cidades. Diferentes tipos de sensores sdo desenvolvi-
dos para atender a requisitos industriais, como termopares para medi¢des de tem-
peratura, acelerometros para medi¢des de aceleragdo e extensometros para medi¢des
de deformagdo. Nesse contexto, os sensores de fibra Optica podem oferecer algu-
mas vantagens para aplicacdes de sensores: eles podem ser imunes a interferéncias
eletromagnéticas (ideais para ambientes industriais hostis), podem ser facilmente
incorporados em estruturas, pois sdo finos e flexiveis, podem ser multiplexados (ou
seja, produzir varios sensores no mesmo cabo de fibra 6ptica) e podem combinar o
sensoriamento e a transmissdo de dados em aplica¢des de longa distancia usando
o mesmo cabo de fibra dptica. Neste trabalho, um projeto de acelerometro baseado
em Grade de Bragg de Fibra Optica (FBG) é relatado para diagnéstico de falhas em
maquinas. Diferentes geometrias sdo analisadas como candidatas para o desenvolvi-
mento de projetos de acelerdmetros baseados em FBG. Através de modelos analiti-
cos, a estrutura de articulacdo flexivel foi selecionada com base nas caracteristicas
de sensibilidade e frequéncia natural para atender aos requisitos do projeto. As di-
mensdes geométricas sdo entdo selecionadas por um procedimento de otimizagao
multiobjetivo, no qual diversas combina¢des de parametros geométricos sdo avali-
adas em relacdo a sensibilidade e a frequéncia natural. Esse procedimento serviu
como uma ferramenta eficiente para variar diferentes pardmetros geométricos a fim
de encontrar combinag¢des que maximizassem a sensibilidade e a frequéncia natural.
Quatro estruturas foram selecionadas para compor este trabalho e, antes da fabri-
cacdo, foram analisadas usando uma Anadlise Modal de Elementos Finitos. Esses
resultados foram comparados com os resultados do modelo analitico, implicando
erros relativos de 23%, 33%, 14% e 6% para os acelerdmetros 1, 2, 3 e 4, respectiva-
mente. Esses erros estdo relacionados a idealizagdes assumidas e efeitos negligencia-
dos nos modelos analiticos. Os sensores foram entao fabricados e caracterizados. As
frequéncias naturais experimentais foram de 607,8 Hz, 366,7 Hz, 294,7 Hz e 236,5 Hz
para os acelerdometros 1, 2, 3 e 4, respectivamente. As sensibilidades experimentais
sdo caracterizadas pelas frequéncias excitadoras de 17 Hz, 35 Hz e 50 Hz. Para 17
Hz, as sensibilidades experimentais foram de 180 pm/g, 690 pm/g, 380 pm/g e 400
pm/g, para os acelerometros 1, 2, 3 e 4, respectivamente. Para 35 Hz, as sensibili-
dades experimentais foram de 150 pm/g, 510 pm/g, 290 pm/g e 230 pm/g, para os
acelerdmetros 1, 2, 3 e 4, respectivamente. Para 50 Hz, as sensibilidades experimen-
tais foram de 120 pm/g, 410 pm/g, 150 pm/g e 160 pm/g, para os acelerdmetros
1, 2, 3 e 4, respectivamente. Esses sensores foram aplicados em experimentos de
diagnostico de falhas para 9 condigdes de falha, nos quais os resultados foram com-
parados e validados por um acelerdmetro piezoelétrico comercial. A comparacdo
entre os picos identificados pelos acelerometros baseados em FBG com os resulta-
dos obtidos pelos acelerometros baseados em PZT pode ser usada para estimar um
erro relativo médio. Para o acelerdmetro baseado em FBG 2, os erros relativos sdo de



0,48%, 0,62%, 0,50%, 0,32%, 0,76%, 0,26%, 0,39%, 0,40% e 0,48%, para as condi¢des
defalhal,2,3,4,5,6,7, 8e9, respectivamente. Para o acelerdmetro baseado em FBG
3, os erros relativos sdo de 0,27%, 0,72%, 0,39%, 0,22%, 0,95%, 0,29%, 0,29%, 0,40%
e 0,85%, para as condi¢des de falha 1, 2, 3, 4, 5, 6, 7, 8 e 9, respectivamente. Para
todos os casos, 0s espectros de vibragdo de frequéncia dos acelerdmetros baseados
em FBG foram semelhantes as medi¢des do acelerometro piezoelétrico, e concluiu-se
que os acelerdmetros projetados neste trabalho identificaram corretamente o padrao
de vibragdo em todas as condi¢des de falha.

Palavras-chave: sensores baseados em fibras dpticas, acelerometros baseados em
redes de Bragg, monitoramento estrutural, identificagdo de falhas.
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Chapter 1

Introduction

1.1 Motivation

Structural Health Monitoring (SHM) in electrical motors is an advantageous tech-
nique to identify different types of failure, mechanical or electrical, in advanced or
early stages [1]. It is through this technique that predictive and preventive main-
tenance plans can be projected in an assertive manner that is capable of avoiding
catastrophic failures of equipment and reducing unnecessary maintenance [2]. Some
parameters can be used to monitor the structural health of the motors, such as tem-
perature, mechanical vibration, strain, and particulates in lubricants [3]. These pa-
rameters can be measured using a variety of sensors and techniques, such as piezo-
electric accelerometers [4], Fiber Bragg Gratings-based sensors [5], thermocouples
[6], and wear debris analysis in conjunction with spectrometric analysis [7]. Using
artificial intelligence techniques, the type of fault and its location can be identified
[8].

In addition to providing safety and long life to machines and structures, SHM
techniques can also contribute economically to industries by reducing the direct
costs of carrying out preventive inspections and the indirect costs associated with
interrupted service and downtime for equipment [9]. Additionally, the data pro-
vided by the SHM technique supports the development of smart cities by identify-
ing potential damage to civil structures and high energy consumption by machines
operating under abnormal conditions [10].

The concept of Industry 4.0 is often viewed through the prism of digital tech-
nologies that enable convergence between industrial and business components, and
between production models and internal processes [11]. One of the key concepts of
Industry 4.0 is the Smart Industry (SI), i.e. an establishment between the world of in-
formation technology and the physical world of operational technologies [12]. SHM
techniques are related to the Industry 4.0 paradigm by providing data-based strate-
gic decisions, enhancing manufacturing efficiency, and permitting industry adapta-
tion to lead with market demands [13].

As aforementioned, SHM techniques are strategic to avoid catastrophic failure
and reduce operational costs [14]. The data provided by the sensors can be used to
feed different algorithms capable of identifying the type of failure. This will pro-
vide an effective tool for technical groups to search for the root of the problem [15].
Signal processing, such as Fourier transform and filtering, is also fundamental to
separating the interesting data from the noise. From these techniques, structural
health diagnosis can be applied to monitor failure since its early stages [16]. Me-
chanical vibration is one of the key parameters used to monitor the structural health
of structures and motors and it has been explored in the literature in different sce-
narios [17]-[20]. From conception to experimental validation, this work addresses
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a Fiber Bragg Grating-based accelerometer project using multi-objective optimiza-
tion aiming to validate it in electrical motor fault diagnosis applications. This work
presents a method capable of attending to different project requirements for failure
monitoring using mechanical vibration as the key parameter. For the performance
assessment of the fabricated sensors, a machinery fault simulator was used to sim-
ulate fault conditions in electrical motors for the detection of faults based on the
vibration patterns measured by the accelerometers.

1.2 Justification

Mechanical vibration analysis has been explored in different fields, from industrial
applications to seismic monitoring [21]. Different transducers can be used for this
measurement, such as displacement, velocity, and acceleration sensors [22]. Dis-
placement sensors aim to measure the distance between an object and the sensor
element. They can use a variety of technologies such as ultrasonic [23], laser [24], or
capacitive [25]. Mechanical vibration is inferred through those sensors by measuring
the frequency of displacement variation. Velocity sensors typically consist of a per-
manent magnet, attached to the vibration element, and a coil of wire (a reference to
a stationary point). In these sensors, commonly applied to low-frequency vibration
monitoring, the movement of the vibration element induces a voltage proportional
to its velocity [26], [27]. Accelerometers are usually composed of mass and stiffness
elements, attached to a base. When this system is excited, setting up a base-excited
system, there will be a relative displacement, proportional to the acceleration caused
by the vibration [28]. Different sensors can be used to produce accelerometers, such
as optical fibers [29], piezoelectric [30], microelectromechanical [31], capacitive [32],
and accelerometer inertial measurement unit (IMU) [33]. The use of traditional ac-
celerometers based on piezoelectric or capacitive principles is risky in highly explo-
sive or flammable environments. In high-voltage or strong electromagnetic environ-
ments, their measurements may be perturbed. Alternatively, fiber optic sensing is
the most suitable choice due to its inherent advantages of remote sensing and elec-
tromagnetic immunity [34]. The main advantage of optical fiber accelerometers is
their ability to withstand harsh environments. Further, optical fiber accelerometers
feature low noise, electrical isolation, and the capability to multiplex a large number
of sensors [35].

Since the 1960s, optical fibers have revolutionized long-haul data transmission
due to their low attenuation and the rapid development of long-haul transmission
data optical systems has been accomplished by the emergence of low-cost optical de-
vices [36]. Besides telecommunication applications, optical fibers have been used in
sensors development due to their intrinsic advantages: immunity to electromagnetic
interference, small size and weight, biocompatibility, and multiplexing capability,
i.e. the capability to produce multiple sensors in the same optical fiber [37]. These
advantages led to the development of a variety of sensors: temperature [38], liquid
level [39], pressure [40], curvature [41], refractive index [42], shape reconstruction in
structural elements [43], and vibration monitoring [44].

Optical fiber-based accelerometers can be designed in various ways, including
Fabry-Perot interferometers [45], Fiber Bragg Gratings [29], Phase-Modulated [46],
Frequency-Modulated [47], and Intensity Variation [48]. A Fabry-Perot accelerome-
ter measures acceleration by a configuration composed of optical fibers and mirrors
in which the distance between the optical fiber tip and the reflector induces variation
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in the interference pattern of the light, which can be detected and used to measure ac-
celeration [45]. Using Fiber Bragg Grating (FBG) accelerometers, the driving forces
caused by acceleration induce strain into the fibers, which results in a shift in the
Bragg wavelength caused by variations in the effective refractive index, in the grat-
ing period, and photoelastic effects can be used to measure acceleration [29]. The
working principle of a phase-modulated fiber-based accelerometer is based on the
measurement of the phase shift of an optical carrier wave that is modulated by the
acceleration-induced strain of a sensing element. Acceleration-induced strain causes
a phase shift in the optical carrier wave, proportional to acceleration. The phase shift
is then demodulated to obtain a voltage output linearly proportional to acceleration
[46]. Frequency-modulated accelerometers use interference optical waves for accel-
eration measurement. The accelerometer’s sensing element can be an optical fiber
Michelson interferometer. The interference optical waves are modulated by a sinu-
soidal signal, and the phase shift of the interference fringes is proportional to accel-
eration. The modulated signal is then demodulated by a lock-in amplifier to obtain
the phase shift, which is proportional to acceleration [47]. An intensity-variation ac-
celerometer is based on the variation of the intensity of light propagating through an
optical fiber cable due to the acceleration of a proof mass. The proof mass is typically
attached to a spring-mass system designed to resonate at a specific frequency. When
the proof mass is subjected to acceleration, it moves relative to the spring-mass sys-
tem, causing a change in the length of the optical fiber cable, implying a variation in
the intensity of the transmitted signal. This variation is detected by a photodetector
and used to measure acceleration [48].

FBG-based accelerometers offer distinct advantages over other optical fiber ac-
celerometers. Their immunity to electromagnetic interference makes them suitable
for applications in electrically noisy environments, such as industries where there
are different electric machines generating electromagnetic field [49]. Additionally,
Fiber Bragg Grating accelerometers demonstrate high sensitivity, allowing precise
detection of subtle accelerations. Moreover, their compact and lightweight design
facilitates easy integration into space-constrained applications, setting them apart
from other bulky optical accelerometers [50]. The robustness and corrosion resis-
tance of optical fiber materials used in Bragg grating accelerometers make them well-
suited for deployment in harsh and corrosive environments, a feature not shared by
all-optical accelerometer types. In addition, their long-term stability ensures reli-
able and accurate measurements over extended periods, making them the preferred
choice for applications requiring continuous monitoring [51].

1.3 Obijectives

This master’s dissertation aims to develop an optical fiber-based accelerometer for
measuring mechanical vibration in electrical motors and identifying failures. The
specific objectives of this work are:

¢ Assembly of a prototype capable of simulating different types of machinery
failures;

¢ Development of Fiber Bragg Grating-based accelerometers capable of measur-
ing mechanical vibration;

* Fabrication of Fiber Bragg Grating-based accelerometers;

¢ Experimental characterization of accelerometers;
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* Validation of the accelerometers for different types of failure in machinery fault
simulator.

1.4 Contributions

Over the course of this dissertation, two journal papers and one conference pa-
per were published. Additionally, these works involve collaboration with other re-
searchers and international groups. Among the works, there are those used in the
dissertation as well as those derived from collaborations and parallel research. The
publications resulting from this dissertation are listed below:

1. Macedo, L., Pedruzzi, E., Avellar, L., Castellani, C.E.S., Segatto, M.E., Frizera,
A., Marques, C. and Leal-Junior, A., 2022. High-Resolution Sensors for Mass
Deposition and Low-Frequency Vibration Based on Phase-Shifted Bragg Grat-
ings. IEEE Sensors Journal, 23(3), pp.2228-2235.

2. Macedo, L., Souza, E.A., Frizera, A., Pontes, M.]., Marques, C. and Leal-Junior,
A., 2023. Static and Dynamic Multiparameter Assessment of Structural Ele-
ments Using Chirped Fiber Bragg Gratings. Sensors, 23(4), p.1860.

3. Silveira, M., Avellar, L., Cruzeiro, F., Macedo, L., Leal-Junior, A., Garcia, G.,
Frizera, A. and Diaz, C., 2022, December. A Fiber Bragg Grating based Ac-
celerometer for Monitoring the Vibration of an Industrial Engine Prototype: A
Preliminary Study. In Journal of Physics: Conference Series (Vol. 2407, No. 1,
p- 012039). IOP Publishing.

1.5 Document structure

This document is divided into five chapters. In Chapter 1, a comparison is made
between the relevance of this work and other existing technologies and how it con-
tributes to the Structural Health Monitoring and Industry 4.0 paradigms. Addition-
ally, the main objectives of this master’s dissertation and the literature contributions
made during its writing are described. In Chapter 2, the theoretical background
is presented to support the concepts used in this work related to Electrical Motor
Faults, Optical Fibers, Fiber Bragg Gratings, Optical Fiber Accelerometer Design,
and Multi-Objective Optimization. In Chapter 3, the steps employed in the Fiber
Bragg Grating-based accelerometer are described, involving analytical model anal-
ysis, finite element modal analysis, multi-objective optimization, and experimental
characterization. Furthermore, the experimental setup used in machinery fault sim-
ulation experiments is presented and explained. In Chapter 4, the results of ana-
lytical model analysis, finite element modal analysis, multi-objective optimization
procedure, and experimental characterization are presented and discussed. More-
over, machinery fault diagnosis experiments are presented and discussed under 9
different fault conditions. Finally, in Chapter 5, conclusions and future works are
presented.



Chapter 2

Theoretical Background

2.1 Electric Motors Faults

Condition monitoring and SHM are important issues to anticipate actions through
predictive and preventive maintenance aiming to avoid catastrophic failures, en-
hance operation safety, and reduce production costs. The general study conducted
by the Institute of Electrical and Electronics Engineers (IEEE) on the reliability of mo-
tors has categorized the percentage failure by component as follows: bearing (41%),
rotor (10%), stator-related (37%), and others - cooling, connections, and terminal
boxes, for example (12%) [52].

Bearing faults are the most common failure type [52]. Besides the frequency of
occurrence, its monitoring is strategic to avoid higher economic damages, since the
exchange of a faulted ball bearing, for example, represents approximated 3% of the
entire motor price [53]. Mechanical vibration plays an important role in bearing
fault detection since each failure condition imposes a vibration signature [54]. This
vibration signature is related to harmonic frequencies, i.e. multiple frequencies of
nominal in which the rotor is operating. In real-life operations, these harmonics will
appear when a frequency domain analysis of the mechanical vibration signal is car-
ried out, although when their signal amplitude is higher than the nominal frequency,
it indicates bearing faults [55].

An alternative to fault diagnosis by mechanical vibration is the current signals
analysis. In many cases, mechanical signals cannot be acquired, mainly in harsh
environments, therefore electrical signals would be preferable [56]. Voltage and/or
current signals are, ideally, non-invasive methods to acquire information about the
engine’s structural health. However, the physical link between electrical signals and
bearing faults is not clearly defined, thus it requires dedicated signal processing in
information extraction [57].

Inner or outer race faults in ball bearings can be detected by the mechanical vi-
bration analysis in the frequency domain. These fault frequencies are related to ge-
ometric aspects of the bearing such as rotational velocity, ball diameter, pitch diam-
eter, and contact angle [58]. These characteristic frequencies are proportional to the
frequency at which each ball passes on a failure point and this modulates the ampli-
tude of the vibrational signal according to the damage intensity. Different techniques
of data processing can be applied for inner or outer race faults, such as envelope
analysis and Hilbert transform to assess parameters like the root-mean-square value
of the vibration velocity, the crest factor, and kurtosis [59]. These faults are schemat-
ically represented in Figure 2.1.

Misalignment is also a common malfunction in electrical motors, schematically
represented in Figure 2.2. Different reasons can cause this malfunction, such as im-
proper machine assembly, thermal distortion, and asymmetry in applied load [60].
Perfect alignment can never be achieved practically, although a correct machinery
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faulted faulted

Ball faulted

FIGURE 2.1: Schematic representation of ball bearing faults.

operation admits a certain level of misalignment without compromising the motor’s
health. When the level of the misalignment is higher than an acceptable value, it
causes reaction forces in the coupling, which affect the machines and are often a ma-
jor cause of machinery vibration [61]. Experimental studies have indicated that the
second harmonic is related to misalignment [62]. Nevertheless, there are other faults
that imply the appearance of the second harmonic, such as crack and stiffness asym-
metry. Full spectrum analysis is an alternative to identify correctly the misalignment
[63] and nowadays artificial intelligence-based techniques [64].

Shaft misalignment 5

FIGURE 2.2: Schematic representation of shaft misalignment.

An imbalance is defined as a lack of equilibrium in the sum of forces in a sys-
tem, changing the state of equilibrium, and it may appear in two ways: static and
dynamic [65]. This fault condition is schematically represented in Figure 2.3. In
case of dynamic imbalance, centrifugal forces are applied on bearings at the nom-
inal rotational frequency, proportional to the square of rotor speed. Besides, these
imbalanced forces cause vibration in the manner that there will be 90 degrees of the
phase difference between bearings, tangential, and radial nominal frequency com-
ponents [66]. Vibration peaks showing imbalance in the radial and tangential direc-
tion should be compared and the severity of the imbalance will be indicated by the
closeness of these peaks in both directions [67]. Recently, methods based on artificial
intelligence techniques have been proposed for early imbalance fault detection in
induction motors [68].

Mechanical looseness in electrical motors is a common problem caused by loose
bolts, structural damage, improper fit, or increased clearance between components,
resulting in increased mechanical vibration and wear [69]. The identification of me-
chanical looseness can be done by vibration analysis and/or voltage/current mea-
surements [70]. In addition, belt looseness can also cause mechanical looseness in
induction motors [71]. The monitoring of the one-half and one-third sub-harmonics
components in the instantaneous power spectrum can serve as a reliable indicator
of mechanical looseness in induction motors [54], [69].



Chapter 2. Theoretical Background 7

FIGURE 2.3: Schematic representation of imbalance.

The bowed rotor in electrical motors can be caused by different sources such as
asymmetrical heat distribution/deformation, manufacturing defects (it may have
inherent imbalances), excessive load, and time wear and tear [72]. In this failure
condition, a dynamic eccentricity occurs which defines the condition when the min-
imum air gap revolves with the rotor [73]. This air gap field component, produced
by the dynamic eccentricity, rotates at f; £ f, with corresponding p &+ 1 pole-pairs
where f; is the supply frequency, f, is the rotational frequency of the rotor and p is
the pole-pair number of the motor [74].

Stator winding faults are mainly related to inter-turn short circuits and are caused
by the breakdown of insulation between the windings, which leads to heavy inrush
currents that damage the stator windings [75]. These faults can be detected and
diagnosed using various techniques, including spectral analysis of symmetrical cur-
rent components, wavelet-based fault detection and diagnosis, and motor current
signature analysis [76]. By mechanical vibration signal, the envelope analysis can
be applied to identify stator winding faults and differentiate them from unbalanced
supply [77].

Single-phasing in electrical motors is a fault that occurs when one of the three
phases of the power supply is lost, resulting in the motor operating with only two
phases [78]. This can cause the motor to overheat and fail due to damages in the
stator winding insulation system (leading to a reduction in the expected lifespan
of the motor by approximately 50%) and to mechanical faults such as locked rotor
and brief or prolonged overload, which can increase the current drawn by the motor
and cause further overheating [79]. Vibration analysis can be carried out to identify
single-phasing faults by monitoring some line frequency harmonics: F; = 1X, F, =
2f — %, F3 =2f, Fy = 2f + 13:, and F5 = 4f, where 1X is the rotation velocity of the
motor in rps and f is the line supply frequency [80].

Broken rotor bars are a fault that can be caused by different sources such as man-
ufacturing faults, repeated starting of the machine, mechanical stress, and thermal
stress [81]. If the rotor part is damaged, as schematically represented in Figure 2.4,
the rotor symmetry of the machine is lost and a reverse rotating magnetic field re-
lated to an inverse sequence component of the rotor currents, at frequency —sf (s
denotes the slip and f the supply frequency), appears. This inverse sequence is
reflected on the stator side and produces the frequency component (1 — 2s)f. Con-
sequently, a torque ripple and a speed ripple are generated at a frequency of 2sf
which modulates the rotating magnetic flux [82].

Each type of failure will affect the mechanical vibration pattern, which can be
used to monitor and identify the cause, location, and intensity of the problem. In
addition, mechanical vibration is a natural consequence of dynamic motion. As
there is motion, mechanical vibration is expected, making this parameter a strategic
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Broken rotor bar

FIGURE 2.4: Schematic representation of rotor broken bar.

parameter for SHM techniques [28]. Using this key parameter, some artificial intel-
ligence algorithms can be developed to identify the vibration pattern measured by
accelerometers and compare it with the well-known failure vibration pattern applied
to train the algorithms models [83], [84]. Although artificial intelligence techniques
can be used in machinery fault diagnosis, in this work there is no implementation of
these techniques. This is because the focus is on the development of an FBG-based
accelerometer for machinery fault diagnosis, validating the results using a commer-
cial piezoelectric accelerometer. The analysis for these experiments will be done
offline, comparing the mechanical vibration spectra for identifying fault vibration
signatures for electric motor structural health monitoring.

2.2 Optical Fibers

Optical fibers are thin, flexible, and transparent cables made of glass or plastic that
transmit light signals over long distances with little signal quality loss [85]. They
consist of a core and a cladding layer, with different refractive indices. Due to this
difference in the refractive index, light propagates inside the core by total reflec-
tion. The core’s refractive index is higher than the cladding’s [86]. With their low
attenuation (ranging from 0.2 dB/km to 0.5 dB/km at a wavelength of 1550 nm, for
silica optical fibers), optical fibers have revolutionized data transmission, enabling
long-haul data transmission over thousands of kilometers [87].

There are different refractive index (RI) profiles in optical fibers. The RI profile
depends on the manufacturing process and design specification. The most RI com-
mon profiles are step-index profile, graded-index profile, trench-index profile, mi-
crostructured (photonic crystal) profile, and D-shaped profile [88]. In the step-index
profile, the refractive index of the fiber core is uniform across the entire core region
and abruptly drops at the boundary with the cladding. This refractive index profile
is simple and easy to manufacture, but it can suffer from high modal dispersion and
other nonlinear effects such as third-harmonic generation, four-wave mixing, and
nonlinear refraction which are all related to the third-order susceptibility x(3) [89].
In a graded-index profile, the refractive index of the fiber core decreases gradually
from the center of the core to the boundary with the cladding. This profile is de-
signed to minimize modal dispersion and other nonlinear effects and can support
higher bandwidths than step-index fibers [90]. Figure 2.5 illustrates the graded-
index and step-index profiles schematically. In a step-index profile, the refractive
index changes abruptly at the boundary between the core and the cladding. This
results in light traveling straight in single-mode fibers or reflecting at various angles
in multi-mode fibers [89]. In contrast, in a graded index fiber, the refractive index
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varies smoothly from the center to the edge of the fiber. Due to this gradient, light
bends gradually and follows a sinusoidal path, causing rays traveling nearer to the
fiber’s center to move more slowly than those traveling nearer to its edge. Conse-
quently, graded index fibers can transmit data efficiently with reduced dispersion as
compared to multi-mode step-index fibers [90].

Multi-mode Multi-mode Single-mode
Graded-Index Step-Index Step-Index
Cladding
Cross
Section Q
Refractive — Core

Index J_/\_L J_,—\_L [
Profile

Light
Path Y

FIGURE 2.5: Graded and step-index schematic representation.

In a trench-assisted profile, a small trench or groove is etched into the cladding
region of the fiber, which helps to confine the light within the core and reduce the
effects of bending and microbending losses [91]. Figure 2.6 illustrates the trench
refractive index profile schematically. This trench causes light that might otherwise
escape from the core during tight bends to be reflected back into the core. This is
due to the refractive index disparity between the core, the trench, and the cladding
[92]. Essentially, light gets confined more effectively within the core, even when the
fiber bends. It is particularly advantageous to use a trench refractive index profile
in environments where bending is inevitable in order to ensure stable transmission
performance and minimize the threat of signal degradation [93].

Trench-index Profile

Outer Trench  Inner
Claddi&% ’gladding
Cross o> Core Light
. —>>
Section Path Z
Refractive
Index ‘“JV—I*LF

Profile

FIGURE 2.6: Trench-assisted profile schematic representation.

In a photonic crystal profile, the refractive index of the fiber core and cladding is
periodically modulated to form a photonic crystal structure. This profile is designed
to confine the light within the core and enhance its interaction with the surround-
ing environment, making it useful for sensing and dispersion feature control [94].
Figure 2.7 illustrates the photonic crystal index profile schematically. Instead of re-
lying purely on refractive index differences between the core and cladding, photonic
crystal fibers (PCF) feature a periodic array of microscopic air holes running along
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the entire fiber length. These air holes create a microstructured pattern that pro-
duces photonic bandgaps, regions of forbidden optical frequencies, and the light is
guided through the core by modifying total internal reflection or by these bandgaps
[95]. Depending on the design, PCFs can be made to support single-mode operation
over a wide wavelength range or exhibit unique properties like high nonlinearity or
endlessly single-mode behavior. As a result of the arrangement and size of the air
holes, the fiber’s dispersion and confinement properties can be tailored, resulting in
greater control [96].

Photonic Crystal Profile

Air hole Cladding

Cross Light
Section Path 22 N
Refractive

Index nc]adding
Profile u u

Nyir

FIGURE 2.7: Photonic crystal profile schematic representation.

In a D-shaped profile, the fiber is shaped into a flat, rectangular cross-section,
which makes it easy to attach to flat surfaces and reduces the effects of bending and
microbending losses [97]. Figure 2.8 illustrates the D-shaped index profile schemati-
cally. As a result of this configuration, part of the evanescent wave is exposed, which
is the portion of the optical wave that extends just outside the core boundary. By do-
ing so, the D-shaped fiber allows for interactions between this evanescent wave and
external materials placed near the flat side [98]. This design is particularly advan-
tageous for sensors, as the exposed evanescent wave can interact with surrounding
chemicals or physical changes, causing measurable variations in the light’s proper-
ties. As a result, the light in a D-shaped fiber remains primarily within its core but
is accessible for external interactions on its flat side, making it a versatile tool for
specialized applications such as biochemical sensing [99], [100].

D-shaped Profile

Analyte -
i | Ligth
Cross > Metal Path
. > Core <— >
Section ;
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Refractive —[—L\_\_

Index
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FIGURE 2.8: D-shaped index profile schematic representation.

The phenomenon of total internal reflection occurs when a light ray traveling in
a dense medium encounters a boundary with a less dense medium at an angle of
incidence exceeding a critical angle [101]. In place of refracting towards this bound-
ary, the light ray is entirely reflected back into the dense medium. A material or
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medium with a higher density will have a higher refractive index as a result of high-
frequency interaction between light waves and atoms or molecules. This leads to a
greater reduction in the speed of light in such materials/media [102]. The critical
angle is defined by Snell’s law, also known as the Law of Refraction. This law states
a relationship between the incident and refraction angle and the refractive indices of
the media [103], mathematically written in Equation 2.1.

nysinfy; = nysinf, (2.1)

In Equation 2.1, n; is the refractive index of the medium where the incident ray
is traveling, n, is the refractive index of the medium where the refracted ray is trav-
eling, 0 is the angle of incidence, which is the angle between the incident ray and
the normal to the surface at the point of incidence, and 6, is the angle of refraction,
which is the angle between the refracted ray and the normal to the surface at the
point of refraction. Following Snell’s law, the critical angle is defined as the angle
of incidence at which the refracted angle is 90° [103]. Manipulating Equation 2.1,
yields in Equation 2.2.

0. = arcsin 112 (2.2)
1

In Equation 2.2, 6. is the smallest angle in which the total internal reflection oc-
curs. Numerical aperture (NA) is another important concept when it comes to op-
tical fibers. In optical fibers and other optical systems, NA refers to the maximum
angle at which light can enter and be transmitted. By increasing the numerical aper-
ture, more light can be collected and transmitted, resulting in a higher sensitivity as
well as a higher signal-to-noise ratio. A larger numerical aperture, however, also en-
tails greater vulnerability to distortion and other forms of signal degradation [104].
Mathematically, NA is written by Equation 2.3, where n,, is the core and 1, is the

cladding refractive indices, respectively.

NA =/ (n% —n?) (2.3)

The refractive index of a material is wavelength-dependent because the response
of the material to electromagnetic fields changes with frequency. This leads to a dis-
persion of the refractive index, which causes different wavelengths of light to travel
at different speeds through the material. This phenomenon is defined as chromatic
dispersion [103]. Telecommunications professionals must be familiar with this ef-
fect because light pulses tend to spread over time or distance, which can increase bit
error rates, limit bandwidth, reduce transmission distance, and cause interference
[105]. An additional type of dispersion is modal dispersion, which occurs because
of the difference in propagation speeds between different light propagation modes
[103]. Light travels along different paths (or modes) in a multimode fiber. There is a
difference in propagation velocity for each mode, and therefore, a difference in tran-
sit time. As a result, the different modes may arrive at the receiving end at different
times, causing the aforementioned dispersion problems [106].

An optical fiber’s attenuation can be defined as the reduction in light intensity
as it travels through the fiber. An optical fiber communication system’s maximum
transmission distance and data rate are determined by this parameter, which is com-
monly expressed in decibels per kilometer. Attenuation can be caused by a variety
of sources, including absorption, scattering, and bending losses. A material absorbs
light energy when it is exposed to impurities in the fiber or water molecules. Scatter-
ing occurs when light is scattered in different directions as a result of irregularities
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in the fiber (such as variations in the refractive index or microbends). When a fiber is
bent too sharply, some light is lost as a result of bend losses [107], [108]. Single-mode
fibers with a bend radius of less than 30 mm may experience significant bend losses,
particularly at longer wavelengths (i.e., 1550 nm) [109]. In contrast, newer fibers
designed for reduced bend sensitivity, which are sometimes referred to as bend-
insensitive fibers, are capable of handling much tighter bends, sometimes as tight as
5-10 mm, without suffering any significant damage [110]. Microbends can also cause
signal loss. A fiber bend or deformation usually occurs during the manufacturing,
cabling, or installation process. In microbends, light can refract from the core and
into the cladding or even outside the fiber [111]. Besides, it is important to men-
tion that attenuation is affected by environmental factors such as temperature and
pressure [112]. In addition to telecommunication applications, optical fibers have
intrinsic advantages that make them suitable for sensor development [37].

2.3 Fiber Bragg Gratings

There are different types of Bragg gratings in optical fibers: tilted, phase-shifted,
long-period, chirped, and uniform FBGs [113]. In Tilted Fiber Bragg Gratings (TFBG),
the gratings are tilted relative to the perpendicular plane of the fiber axis. This causes
the coupling of the core-guided light in the cladding and subsets a large number of
cladding modes [114]. These modes have different sensitivities to external perturba-
tions such as temperature [115], strain [116], refractive index [117], and biochemical
applications [118]. By monitoring the changes in the reflected spectrum of the TFBG,
one can measure the corresponding changes in the external parameter being sensed
[119]. Figure 2.9 shows a schematic representation of TFBG.
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FIGURE 2.9: Schematic representation of Tilted Fiber Bragg Gratings.

PSFBGs (phase-shifted fiber Bragg gratings) introduce a phase shift in the grat-
ing structure that alters the reflection spectrum of the FBG [120]. Phase shifts change
the phase of reflected light, which changes the interference pattern between reflected
light from phase-shifted and unshifted sections of the grating, determining PSFBG’s
reflection spectrum [121]. It is possible to optimize the phase shift to achieve specific



Chapter 2. Theoretical Background 13

spectral characteristics, such as narrowband filtering [122] or increased sensitivity
to external perturbations such as ultrasonic detection [123]. Different methods can
be used to introduce phase shifts, including ultraviolet light (UV) irradiation [124],
post-fabrication thermal processing [125], and electric heating [126]. As a result of
their high sensitivity, reliability, and versatility, PSFBGs are widely used in optical
fiber sensing applications such as ultrasonic wave detection [123], humidity sens-
ing [127], pressure sensing [128], and wavelength demultiplexing [120]. Figure 2.10
shows schematically the working principle of PSBFGs.
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FIGURE 2.10: Schematic representation of Phase-shifted Fiber Bragg
Grating.

Long-period fiber Bragg grating (LPFBG) is a type of fiber grating that exhibits
periodic variations in refractive index over a relatively long distance (typically sev-
eral millimeters to several centimeters) [129]. Unlike a uniform FBG, which reflects
a narrow band of light centered around a specific wavelength, an LPFBG reflects a
broadband of light over a variety of wavelengths [130]. LPFBGs work by coupling
the forward-propagating core mode and the backward-propagating cladding mode
in an optical fiber. As a result of periodic variations in refractive index along the
fiber axis, these modes are coupled, resulting in the transfer of power from the core
mode to the cladding mode, and also determining the coupling strength and reso-
nance wavelength of the LPFBG [113]. In order to introduce LPFBGs into optical
fibers, a variety of techniques can be used, including CO, laser irradiation [131],
electric arc discharge [132], and mechanical pressure [133]. Additionally, the LPFBG
can be cascaded with other LPFBGs with different periods to achieve a wider band-
width or a more complex spectral response [134]. There are many applications for
LPFGs, including band-rejection filters and gain equalizers in fiber optic communi-
cation systems [135], temperature and strain sensors [136], as well as chemical and
biosensors sensors [137]. Figure 2.11 shows schematically the working principle of
LPFBGs.

A chirped Fiber Bragg Grating (CFBG) is an optical fiber sensor in which the
refractive index of the fiber core is periodically changed [138]. As shown schemati-
cally in Figure 2.12, the grating is termed chirped because the spacing between the
variations in the core refractive index changes along the fiber’s length. As a result,
the CFBG is able to reflect a broad spectrum of wavelengths rather than a single
wavelength (in contrast to a uniform FBG) [138]. As light passes through the fiber,
some of it is reflected back by the grating at specific wavelengths, known as Bragg
wavelengths. This results in an interference pattern between the incident light and
the reflected light, where constructive interference occurs at Bragg wavelengths, de-
termined by the spacing between variations in the refractive index and the effective



Chapter 2. Theoretical Background

14

Broadband incidentiight

Uniform Fiber Bragg Grating

Structure

Incident

Light

Reflected
Light

Corel

Cladding

Transmitted
Ligh

_Ju

Reflected spectrum

A
FBG period

Transmission spectrum

FIGURE 2.11: Schematic representation of Long-period Fiber Bragg
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refractive index of the core [139]. The phase mask technique can be used to intro-
duce CFBGs into optical fibers [140]. In this method, a phase mask is used to create
a refractive index modulation pattern in the fiber core by using a diffractive ele-
ment. Typically, the fiber is exposed to a medium-power UV, KrF, or Ti:sapphire
laser, which is guided through a phase mask and onto the core of the fiber [139]. The
refractive index modulation of the fiber core is caused by the interference pattern
created by the phase mask and the laser. It is possible to use CFBGs for monitor-
ing the structural health of structures and composites [141], localizing and estimat-
ing high-pressure events [142], monitoring transmission lines [143], and distributed
strain sensing in dentistry [144].
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FIGURE 2.12: Schematic representation of Chirped Fiber Bragg Grat-

ing.

The uniform fiber Bragg grating (FBG) is a type of Bragg grating in which the re-
fractive index modulation is uniform throughout the grating’s length [138], shown
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schematically in Figure 2.13. At every point along the grating, the refractive index
modulation amplitude is the same and the period is constant [138]. The periodic
variation in the refractive index of the fiber core causes light of a particular wave-
length to be reflected back when incident on the grating [145]. A grating’s period is
chosen so that the reflected light waves interfere constructively, resulting in strong
reflections at a very narrow wavelength, known as the Bragg wavelength, typically
below one-nanometer [145]. Through a process called interference lithography, FBGs
can be engraved into optical fiber by interfering with two or more laser beams, in
which a pattern of interference fringes is created, which is then transferred to the
fiber core through exposure to the fringe pattern. It is typically exposed using a
phase mask, which is a transparent plate with a periodic pattern of lines or dots that
serves as a diffraction grating [146]. Phase masks are placed in contact with fiber
cores and illuminated with UV laser beams to produce interference fringe patterns,
shown schematically in Figure 2.14. In this schematic representation, before reach-
ing the phase mask, the laser beam is shaped by a cylindrical lens and a slit. In
order to prevent undesirable curvatures, the fiber is placed between two clamps and
kept in tension (identified by XYZ stages). With the use of a single-mode silica pig-
tail, a temporary connection is made. Real-time monitoring of the grating growth
is achieved through the use of an interrogation system. Photochemical reactions in
the fiber core result in periodic changes in refractive index, resulting in the grating,
and By adjusting the angle and wavelength of the laser beams, the spacing between
the fringes determines the period of the grating [146]. As soon as the grating has
been formed, it is typically annealed at high temperatures in order to stabilize the
refractive index modulation and improve its spectral characteristics [147]. There are
numerous applications for FBGs, including narrowband filters for wavelength di-
vision multiplexing (WDM) systems [148], temperature sensing [149], level sensing
[150], acceleration measurements [49], and shape reconstruction in structural ele-
ments [43].
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FIGURE 2.13: Schematic representation of uniform Fiber Bragg Grat-
ing.

Other techniques for producing gratings in optical fibers include direct UV writ-
ing, point-by-point technique, and femtosecond laser inscription, in addition to the
phase-mask technique described above. The direct UV writing inscription technique
is used to fabricate FBGs in optical fibers without the necessity of a phase mask.
Fibers are coated with a photosensitive material that undergoes a refractive index
change when exposed to UV light. An objective lens with a high numerical aper-
ture (NA) focuses the UV laser beam onto the fiber core, resulting in a small spot
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size. A periodic modulation of the refractive index of the fiber core is then created
by scanning the laser beam across it in a predetermined pattern [151]. By adjust-
ing the scanning speed and pulse frequency of the laser, the spacing between the
laser pulses determines the period of the grating. For the fabrication of FBGs with
arbitrary grating periods and apodization profiles, direct UV writing inscription is
a flexible and precise technique. In addition, the method is fast and cost-effective,
making it suitable for the mass production of FBGs. It requires, however, a photosen-
sitive material with a high degree of photosensitivity and stability that is compatible
with the UV laser wavelength [152].

Point-by-point (PbP) inscription is a technique for fabricating FBGs in optical
fibers by using a focused UV laser beam to create the grating pattern point by point.
In this method, the fiber is mounted on a high-precision translation stage that allows
it to be moved in three dimensions with submicron accuracy [153]. Using a high nu-
merical aperture (NA) objective lens, the UV laser beam is focused onto the fiber
core, resulting in a small spot size. In order to create periodic modulations in the
refractive index of the fiber core, the laser beam is scanned across the fiber core in
a predetermined pattern. Laser pulse spacing determines the period of the grating,
which can be controlled by adjusting the scanning speed and pulse frequency of the
laser. PbP inscription is an effective method for fabricating FBGs with arbitrary grat-
ing periods and apodization profiles. In spite of this, the process is time-consuming
and not suitable for mass production of FBGs [154].

With femtosecond laser inscription, the fiber is exposed to a focused beam of
femtosecond laser energy with a high peak power and a short pulse duration. Laser
beams are focused onto fiber cores using high numerical aperture (NA) objective
lenses, which produce small spots on the fiber. In response to the high peak power
of the laser beam, the refractive index of the fiber core changes nonlinearly, creating
periodic changes in the refractive index [155]. The period of the grating is deter-
mined by the length of the laser pulse and the speed at which the laser beam is
scanned. A femtosecond laser inscription process is a flexible and precise method
for fabricating FBGs with arbitrary grating periods and apodization profiles. It is
also a fast and efficient method that does not require the use of photosensitive ma-
terials or phase masks. Nevertheless, it requires a highly precise laser system and a
skilled operator to control the laser parameters and ensure that the grating is of high
quality [156], [157].

As mentioned above, Bragg wavelengths are determined by the spacing of the
refractive index modulation and the grating period [145]. In the presence of a pertur-
bation, such as strain, temperature, or pressure, the effective refractive index of the
fiber and the grating period change. This results in a shift in the Bragg wavelength.
Mathematically, this phenomenon is described as follows. The Bragg wavelength is
given by Equation 2.4 [138].

Ap = 2005\ (24)

In Equation 2.4, Ap is the Bragg wavelength, n. is the effective refractive in-
dex, and A is the grating period. As aforementioned, the Bragg wavelength shift is
sensitive to mechanical deformation and thermal effects, described in Equation 2.5
[158].

A)LB = /\B [(1 — Pg) €+ (lX + G)AT] (25)

In Equation 2.5, P; is the effective photoelastic constant (for a germano-silicate
fiber at room temperature P; ~ 0.22), ¢ is the applied strain, « is the coefficient
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of thermal expansion, ( is the thermo-optic coefficient, and AT is the temperature
variation.

2.4 Optical Fiber Accelerometer Design

Optical accelerometer design has different configurations. The most common op-
tical accelerometer designs include FBG-based accelerometers, interferometric ac-
celerometers, intensity-based accelerometers, and Micro-Opto-Electro-Mechanical
Systems (MOEMS) accelerometers [159]. Interferometric accelerometers use the prin-
ciple of light interference to measure acceleration. Generally, incident light is split
into two beams that are recombined to produce an interference pattern that is de-
tected by a photodetector. When an acceleration is applied to one of these two
beams, driving forces are generated, resulting in strain in the optical fibers. As a
result, the generated interference pattern is proportional to acceleration, and this
can be used to measure acceleration [160].

The Mach-Zehnder interferometer (MZI) is an optical device that uses interfer-
ence to measure light intensity changes. It consists of two parallel waveguides that
split and recombine the light, creating an interference pattern. When an inertial
force due to acceleration is applied perpendicularly to an MZI-based accelerome-
ter, the floating waveguide in the MZI is deflected and expanded [161]. As a result,
the MZI's interference condition is changed and its output intensity is modulated.
The system contains a proof mass to amplify the impact of acceleration and driving
forces on the interference pattern, enhancing the sensor’s sensitivity [162].

In the Michelson interferometer (MI), a beam of light is split into two separate
beams that travel along different paths before being recombined. In the process of
recombining the beams, an interference pattern is created that can be analyzed to
determine changes in the length of one of the paths [163]. Accelerometers based on
MI measure the phase shift of the interference pattern created by recombined beams
of light. A proof mass is attached to the sensing element of the accelerometer. As the
proof mass is subjected to acceleration, one of the arms of the interferometer changes
in length, resulting in a phase shift in the interference pattern. The phase shift is
then detected and analyzed to determine the acceleration. Frequency modulation
techniques can be used to increase the sensitivity of the accelerometer by improving
the signal-to-noise ratio [47].

A Fabry-Perot interferometer (FPI) works by reflecting light back and forth be-
tween two parallel mirrors. As a result of the interference between the reflected
beams, a series of constructive and destructive interference patterns are created, re-
sulting in a series of bright and dark fringes. Fringe spacing is determined by the
distance between the mirrors and the wavelength of the light [164]. A proof mass is
attached to one of the mirror elements in FPI accelerometers. When the accelerome-
ter experiences acceleration, the mass block moves, causing a change in the distance
between the reflective surfaces. The change in distance results in a corresponding
change in the interference pattern, which can be measured and used to determine
the acceleration. The sensor’s sensitivity is affected by the distance between reflec-
tive surfaces and the light wavelength [165].

The Sagnac Interferometer (SI) operates according to the Sagnac effect, which is
a result of the interference of two counter-propagating light beams. As a result of
the Sagnac effect, a phase shift occurs between the two beams, which is proportional
to the rotation rate of the loop. A phase shift can be measured by recombining the
two beams and observing the interference pattern that results [166]. An Sl-based
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accelerometer is based on the principle of spring-mass systems involving a coiled
polarization-maintaining fiber (PMF) which undergoes a lateral force applied to its
plane by an inertial mass that results in an interferometric phase change based on
the acceleration experienced by the mass attached to one side of the PMF coil. The
acceleration can be measured by measuring the interference pattern changes [167].

Intensity-based accelerometers can be designed in a variety of ways. One pos-
sible configuration is based on the modulation of light intensity caused by the me-
chanical motion of a sensing element [168]. Mass-spring systems, such as a can-
tilever beam, can be attached to one end of an optical fiber split into two parts while
the other end remains fixed, coupled to a photodetector. It is also possible to use a
Fabry-Perot interferometer as the sensing element in combination with a mechani-
cal system attached to the sensor arm [169]. In response to the mechanical motion of
the sensing element, the optical path length changes, which modulates the intensity
of the light transmitted through the sensing element. A photodetector detects the
modulated light and converts it into an electrical signal proportional to the accel-
eration. Afterward, the electrical signal is processed to determine the acceleration
information [34]. An alternative configuration utilizes a spring-mass structure that
exploits the fiber’s sensitivity to microbending in order to convert the displacement
of the structure into a change in the optical power. A sharp cutting tool can be used
to groove the fiber in order to increase its sensitivity to bending. As a result of the
driving forces generated by acceleration, the output optical power can be measured
by photodetectors, and it is proportional to acceleration [168]. In another configura-
tion, light is received through two fixed fibers that are connected to photodetectors.
A fiber is attached to a spring-mass system and the fixed fibers are used to estimate
acceleration. When the spring-mass structure vibrates as a result of acceleration,
the intensity of the light received by the photodetectors changes, and this change
in intensity allows the acceleration to be determined. Accelerometer sensitivity and
bandwidth are determined by the type of fiber used and the design of the spring-
mass structure [170].

The working principle of MOEMs (Micro-Opto-Electro-Mechanical Systems) ac-
celerometers is based on the deflection of a proof mass attached to a compliant sus-
pension in response to an acceleration of the structure [171]. A metric that can be
used to measure acceleration is derived from the deflection of the proof mass or the
deformation of the suspension. It is possible to measure the deflection of the proof
mass using optical techniques such as intensity modulation, interferometry, or reso-
nant frequency shift [172]. Davies, E. et al. have developed an accelerometer based
on MOEMs that use the FPI principle. In the device, an FPI cavity is formed by re-
flections from the end surface of a cleaved optical fiber. This is done by mounting the
mirror on a V-beam structure. Before transduction, the proof mass displacement is
mechanically amplified by a V-beam structure. This increases the sensor’s sensitivity
without compromising its bandwidth [173]. Abozyd, S. et al. have developed a tri-
axial MOEMs-based accelerometer. The proposed sensor works on the power varia-
tion technique. The sensor consists of a light source such as a Light Emitting Diode
(LED), a Micro-electromechanical Systems (MEMS) part consisting of a mass-spring
system, and a Quadrant Photodiode (QPD). This sensor measures acceleration by
moving the proof mass in response to acceleration. The proof mass is suspended
by four folded springs, allowing 3D movement. When acceleration is applied, the
proof mass moves by a certain amount on the corresponding axis. This causes some
quadrants of the quadrant detector to receive more light than others. The differential
light signal read by the four detectors changes as the proof mass moves. This change
in the light signal can be used to determine the acceleration [174].
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Accelerometers based on FBGs work by shifting the Bragg wavelength as a re-
sult of deformation in the optical fiber caused by acceleration. Whenever mechan-
ical deformation is applied to an FBG sensor, the grating period is changed due
to strain, and the effective refractive index is changed due to photoelastic effects,
which implies a change in Bragg wavelength (see Equation 2.4) [175]. As a result
of the harmonic loads exerted on the sensors, there is a harmonic shift in the Bragg
wavelength, which is directly proportional to the acceleration. Once this has been ac-
complished, frequency domain analysis can be performed to determine the intensity
of acceleration and failure at different stages [54]. To satisfy project requirements,
parameters such as geometry, dimensions, and material are selected and projected
in a manner tailored to the required natural frequency and sensitivity to accelera-
tion. Natural frequency refers to the range of frequencies in which the sensor can
operate, while sensitivity refers to the intensity of the measurement (in this case, ac-
celeration) [176]. Contrary to interferometric accelerometers that rely on phase shift
detection and require meticulous alignment and coherence maintenance, FBG ac-
celerometers offer simplicity and robustness against environmental perturbations.
The FBG provides a stable and inherent wavelength-encoded response in contrast
to intensity-based accelerometers, which measure changes in light intensity. In con-
trast, MOEMS accelerometers combine optical and micromechanical components to
detect acceleration. In spite of their potential for miniaturization and system inte-
gration, their fabrication can be challenging. In environments where reliability and
resilience are paramount, FBG-based accelerometers stand out because of their com-
pact size, immunity to electromagnetic interference, and relative ease of deployment
[177]-[181]. Several combinations of natural frequency, geometry, and sensitivity of
FBG-based accelerometers have already been reported in the literature. Table 2.1
presents some of the combinations of natural frequency, geometry, and sensitivity
of FBG-based accelerometers and Figure 2.15 shows a schematic representation of
these structures.

TABLE 2.1: Different combinations of sensitivity, resonant frequency,
and geometries in FBG-based accelerometers.

Resonant

Sensitivity [pm/g] Frequency [Hz] Geometry Reference
804 102 Flexible hinges [182]
754.3 103 Double grid-diaphragms [183]
A1 890 Symmetnca} double [184]
flexure hinges
75 940 Po}ymer corpposﬁe [185]
single cantilever
406.7 86 Double-L cantilever [186]

In the realm of accelerometers, resonance frequency and acceleration sensitivity
are pivotal concepts that have a profound impact on their performance and their
applicability. A resonant frequency is a natural frequency at which a system tends
to oscillate with maximum amplitude when subjected to an external force [28]. In
the context of accelerometers, this can be calculated using modal analysis or deter-
mined experimentally by subjecting the device to varying frequencies of vibration
and determining the frequency at which maximum amplitude is observed [187]. To
ensure accuracy and reliability, the accelerometer must be operated below its reso-
nant frequency, which is referred to as the usable frequency region or bandwidth.
A consistent and predictable response is provided by the accelerometer within this
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region [188]. In contrast, sensitivity to acceleration refers to the output signal gen-
erated per unit of acceleration applied to the accelerometer [28]. Under controlled
test conditions, this can be calculated by dividing the output signal by the input
acceleration [187]. A high-sensitivity accelerometer is capable of detecting minute
accelerations, making it suitable for vibration measurements at low levels, whereas
a low-sensitivity accelerometer is more suitable for high shocks or high frequencies
[189], [190]. To calibrate and ascertain sensitivity, practical tests can be conducted
in known acceleration environments or using reference devices [191]. This implies
that it is not only essential to be aware of these two attributes when selecting an ac-
celerometer, but that it is equally important to know how to determine them either
theoretically or empirically. The resonant frequency and sensitivity acceleration are
schematically represented in Figure 2.16.

Resonant frequency

Ouput signal
amplitude [a.u.]

Usable Range

F, Frequency [Hz]
Ressonant Frequency

Acceleration sensitivity

= Experimental data
------- Linear regression

Ouput signal

Acceleration [g]

FIGURE 2.16: Schematics representation of resonant frequency and
acceleration sensitivity for accelerometers.

2.5 Multi-objective optimization

Multi-objective optimization (MOO) refers to the process of optimizing multiple ob-
jectives simultaneously, rather than just one. This is necessary when there are mul-
tiple goals to be achieved, and these goals may conflict with each other [192]. In
this type of problem, there is no single solution that can optimize all objectives at
the same time, so the goal is to find a set of solutions that can achieve a reasonable
trade-off between the different objectives [193]. MOO is also known as vector op-
timization, and it is used in a variety of fields, including engineering, finance, and
environmental management [194].

There are three main categories of MOO methods: methods articulating pref-
erences a priori, methods articulating preferences a posteriori, and methods without
articulating preferences. In methods with a priori articulation of preferences, the
decision-maker indicates the relative importance of the objective functions or de-
sired goals before running the optimization algorithm [194]. An objective function
is typically weighted or a range of acceptable values is specified for each objective
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function [195]. As a result, the optimization algorithm seeks to find a set of so-
lutions that are optimal in terms of these preferences. Examples of methods with
a priori preference articulation include weighted sum, epsilon-constraint, and goal
programming [196].

An a posteriori preference method involves selecting a single solution from a set of
mathematically equivalent solutions. Prior to running the optimization algorithm,
the decision-maker does not specify preferences; instead, they view the set of Pareto
optimal solutions and choose the solution that most effectively meets their prefer-
ences [194]. In the criterion space, the Pareto optimal set is typically depicted. As
part of the decision-making process, the decision-maker may also view potential so-
lutions in the design space. The Pareto-based methods Non-dominated sorting ge-
netic algorithm II (NSGA-II) and Strength Pareto Evolutionary Algorithm 2 (SPEA2)
are examples of methods that articulate preferences a posteriori. Due to the fact that
only one solution is selected and the time spent determining other Pareto optimal
points is wasted, these methods are less efficient in terms of CPU time than those
with a priori articulation of preferences [197], [198].

Methods with no articulation of preferences do not require the decision-maker to
concretely define their preferences. Instead, these methods seek to find a set of solu-
tions that are optimal with respect to all objective functions or goals simultaneously.
Most of the methods in this category are simplifications of methods with a priori or
a posteriori articulation of preferences, typically excluding method parameters [194].
A global criterion method is an example of a method without articulation of pref-
erences, in which an exponential sum is formed by setting all weights to one. The
result is a single function that is optimized to find the set of Pareto optimal solutions
[199], [200].

NSGA-II works by maintaining a population of candidate solutions, called indi-
viduals, and iteratively improving them through selection, crossover, and mutation
operations. The algorithm uses a Pareto-dominance-based selection mechanism to
drive the population towards the Pareto front (PF) of the problem, which represents
the set of non-dominated solutions. NSGA-II also employs a crowding distance clas-
sification mechanism to maintain diversity in the population and prevent premature
convergence. First, a random parent population is created and sorted based on non-
domination. Each solution is assigned a fitness (or rank) equal to its non-domination
level. Binary tournament selection, recombination, and mutation operators are used
to create an offspring population. In order to form the next generation, the best so-
lutions from the parent and offspring populations are selected. The offspring pop-
ulation is also sorted based on non-domination and crowded distance estimation is
used to maintain diversity [201], [202]. Figure 2.17 shows the NSGA-II algorithm
workflow represented by a flowchart.

In the NSGA-II algorithm, the initialization step is the first step. During this pro-
cess, a random parent population is created. Typically, the size of the population is
predetermined and fixed. A vector of decision variables is used to represent each
individual in the population. Within their respective bounds, the decision variables
are generated randomly. To obtain the values of the objective functions, the popula-
tion is evaluated by the objective functions. In the next step, non-dominated sorting
is performed, where one solution is said to dominate another solution if it is better
in at least one objective and not worse in any other. After partitioning the solutions
into different non-dominated fronts, the first front contains the solutions that are not
affected by solutions in the first front, and the second front contains the solutions
that are covered only by solutions in the first front. Next, the fitness assignment step
involves assigning a fitness (or rank) to each solution in the population based on its
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FIGURE 2.17: NSGA-II workflow represented in a flowchart diagram.

Output (pareto front)

non-domination level. The solutions in the first front are assigned a fitness value of
1, the solutions in the second front are provided with a fitness value of 2, and so on.
As aresult of this assignment of fitness, the search is directed towards non-dominant
solutions. In the environmental selection step, fitness values are used to select the
best solutions for the next generation. Further, in the selection step, individuals from
the current population are chosen to create the next generation. Based on a binary
tournament selection operator, two individuals are randomly selected from the pop-
ulation and the individual with the highest fitness value (lower rank) is selected as
the parent. This process is repeated until the required number of parents is selected.
Binary tournament selection is used to maintain the diversity of the population and
to prevent premature convergence [203]-[207].

In NSGA-II, the recombination and mutation steps involve creating new off-
spring solutions from selected parents. As part of the recombination process, two
parents” genetic information is combined to create a new offspring solution. A
crossover operator such as simulated binary crossover (SBX) or polynomial crossover
(PCX) is typically used for this purpose. To introduce new genetic diversity into the
offspring solution, the mutation step involves randomly perturbing the genetic in-
formation. In most cases, polynomial mutations or Gaussian mutations are used to
accomplish this task. Through the process of recombination and mutation, a diverse
set of offspring solutions is created that explore the search space and maintain ge-
netic diversity within the population. After the new population has been created,
it is resubmitted to the non-dominated sorting of offspring described above. In the
next step, the next-generation population is selected based on the combined parent
and offspring populations. The solution is compared based on their non-domination



Chapter 2. Theoretical Background 25

level and crowding distance using a crowded comparison operator. In the objective
space, the crowding distance measures the density of solutions around a particular
solution. It is preferred to choose solutions that are less crowded over those that are
more crowded. As part of the environmental selection process, the best solutions for
the next generation are selected to ensure that diversity is maintained in the pop-
ulation. Finally, the algorithm is completed when any of the stop criteria has been
met. A stop criterion is usually determined by the number of iterations or the size
of the population. In determining these criteria, consideration is given to the com-
putational cost of running NSGA-II. Following the selection of the finalist solutions,
each solution is characterized with respect to the objective functions [203]-[207].

Accelerometer design has two main features: acceleration sensitivity and reso-
nant frequency. In general, there is a trade-off between these two features, and a
multi-objective optimization technique can be used to define geometry dimensions
that establish an equilibrium between sensitivity and resonant frequency to satisfy
the project requirements [208]. The NSGA-II algorithm has already been used in this
project type where different geometric and material aspects were evaluated within
an acceptable range (usually defined by the dimensions of the body which is being
monitored for acceleration). In this case, the PF contains a combination of natural
frequency and acceleration sensitivity features that are generated by setting the ge-
ometric and material features. Through this result, the designer can easily study
the effect of each parameter in the sensor’s features to adjust the geometry and the
material to meet project requirements. This is strategic mainly for attending quasi-
distributed mechanical vibration monitoring, where the project requirement is dif-
ferent along the structure/motor body [209]-[211].
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Chapter 3

Materials and Methods

3.1 Machinery Fault Simulator

The Machinery Fault Simulator (MFS) Lite (SpectraQuest Inc.), shown in Figure 3.1,
is used to diagnose machinery faults. MFS consists of three main components: a
frequency inverter, an alternating current (AC) motor, and a mechanical system.
The frequency inverter controls the rotation of the electrical motor. An inertial disk,
a couple of bearings, and a coupling comprise the mechanical system. Different
faulted motors and bearings can be combined in this commercial setup in order to
study the vibration patterns caused by each type of failure.

Frequency -
Inverter : Mechanical system
Gomeb!| r )
v 7 —
{
JF
e —_—
A L:,.&
AC Electrical Motor

FIGURE 3.1: Machinery Fault Simulator Lite.

A commercial piezoelectric (PZT) accelerometer, model 608A11 (PCB Piezotron-
ics, Inc.), is included in the MFS kit for measuring acceleration. This accelerometer
is uniaxial and is mounted at the bearings, as shown in Figure 3.2, and is used as a
reference to compare the results of the vibration pattern measured by the projected
FBG-based accelerometer in this work. In this commercial setup, there are four PZT
accelerometers, two in each bearing, for measuring acceleration in both vertical and
horizontal directions.
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FIGURE 3.2: MFS Mechanical System.

3.2 Fiber Bragg Grating-based Accelerometer Design

3.2.1 Grating inscription

A pulsed Q-switched Nd:YAG laser system (LOTIS TII LS-2137U) emitting the fourth
harmonic (266 nm) was employed to produce uniform FBGs, using an emission
power lamp energy of 26 ] and a measured pulse energy of 12 uJ with a repetition
rate of 1 Hz. The laser beam profile was circular with a diameter of around 8 mm
and a divergence of less than 1.0 mrad. The laser beam was focused onto the fiber
core using a plano-convex cylindrical lens with an effective focal length of 320 mm.
The beam’s effective spot size on the fiber surface was 8-mm wide and 30-ym high.
The phase mask employed was 10-mm long with a pitch of 1064 nm, designed for
266-nm irradiation. This procedure is reported in [212].

3.2.2 Analytical models

Different geometries must be considered and analyzed analytically and numerically
when selecting an accelerometer design. The following geometries are considered
in this work: a Double-L Cantilever, a Triangular Cantilever, a Clamped-Clamped
Beam, a Single Cantilever, a Capillary Steel Tube, and a Flexible Hinge. These struc-
tures were selected based on the ease of fabrication of these mechanical structures.
In this section, the main equations describing the natural frequency and the accel-
eration sensitivity features for each geometry are presented. The full mathematical
development can be found in Appendix A.
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3.2.2.1 Double-L Cantilever Structure

The Double-L Cantilever analytical model considered in this work is based on [186].
This geometry is schematically shown in Figure 3.3.

Screws
C A

: FBG 1 B AL

Leaf spring [ | sm 1
- \ L-Cantilever 1 Proof

L-Cantilever 2 Mass A)\'

¢ i FBG2 B’ 2
Base

FIGURE 3.3: Schematic representation of Double-L Cantilever based
on FBGs.

According to Figure 3.3, the mechanical sensor head consists of a thin rectangu-
lar leaf spring, two rigid L-shaped cantilevers, and an inertial mass. Each of these
components is screwed together to form a single unit that is attached to the base at
the leaf spring end. The proof mass, L-cantilevers, and walls of the base are drilled
out to facilitate the insertion of two FBGs (FBG 1 and FBG 2). The FBGs are pre-
tensioned and fixed at points A, B, A’, and B’. A mechanical model of the Double-L
Cantilever structure is shown in Figure 3.4.
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FIGURE 3.4: Mechanical model of the Double-L Cantilever structure.

In the mechanical model shown in Figure 3.4, the optical fibers are represented
by the stiffness K, and K; represents the combination of Double-L Cantilever and
the leaf spring stiffness. After fixing the Double-L Cantilever in the leaf spring using
screws, its behavior becomes similar to a T-Cantilever [213]. In this model, L is the
Double-L Cantilever length, L is the length of the sensing fiber between the fixation
points A, and B, H is the L-shaped beam height, and M is the mass of the proof
mass. The leaf spring is a rectangular sheet of metal of length L;, width W, and
thickness T;. K; is mainly related to the geometric and material features and it is
mathematically defined by Equation 3.1.

EsW, T3

Ky =
' 4(L3 +3L2L + 3L,L2)

(3.1)



Chapter 3. Materials and Methods 29

In Equation 3.1, E; is Young’s modulus of spring steel. The stiffness K, is defined
by Equation 3.2.

K, = 3= (3.2)

In Equation 3.2, E; is Young’s modulus of the optical fibers and A is its cross-

d2
sectional area, defined by A = %, where d £ is the optical fibers diameter. The
natural frequency of the system is defined by Equation 3.3.

2
"=V M T M ’

The maximum value of the axial strain across the FBGs is given by Equation 3.4,
where Z is the maximum displacement suffered by the beam during the motion of
the structure when submitted to acceleration.

H H
Omax = Zmax <L> =Z <L> (3.4)

The maximum strain in the optical fiber can be obtained by dividing both sides
of Equation 3.4 L s yielding in Equation 3.5.

Omax Z <H) —A (H)
€x,max = =7 \7 | =72 \|7F (35)

As aforementioned, in Equation 3.5 can be observed that the acceleration is di-
rectly proportional to the strain in the FBGs. Finally, the strain sensitivity of the FBG

is given by Equation 3.6.
1 H
- (1) 6

€x,max

Sg: A

3.2.2.2 Single Cantilever

The single cantilever analytical model considered in this work is based on [28],
[214]. This structure and its mechanical model are schematically shown in Figure
3.5, which is composed of a rectangular beam with width b, thickness h, length L,
and mass my,. This beam configuration is a clamped-free condition. At the free end,
an inertial mass M is added to enhance the amplitude of the mechanical vibration.
Yet in Figure 3.5, a mechanical model of the structure is shown, configuring a spring-
mass-damper system.

Inertial
Yy
h, m, Mass M
L k

Clamped X
Support W\’ l
— M+ m,
—
-
c

[T Side view

Top view

Inertial

b
Mass M
T Mechanical model

FIGURE 3.5: Single cantilever structure and its mechanical model.
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The structure sensitivity to acceleration is given by Equation 3.7.

€  3h
i 202w?

Considering a perfect strain transmission from the beam’s top surface to the
FBG, since it is attached at the top surface, the Sy sensitivity can be rewritten in
terms of wavelength shift in pm/g in Equation 3.8, considering an FBG centered
near 1.55 yum.

0= (3.7)

Sy~12-1072-Sy-¢ (3.8)

The natural frequency of the system is given by Equation 3.9, considering the
beam’s mass, where E is the beam Young’s modulus.

.b-HK3
oy = E-boh (39)

3.2.2.3 Triangular Cantilever

The triangular cantilever analytical model considered in this work is based on [214],
[215]. The triangular cantilever structure is schematically shown in Figure 3.6. In this
structure, one of the ends of the triangular beam is fixed at a clamped support, and
an inertial mass is attached at the free end. The triangular beam has, at the clamped
end, width b and thickness #.

Inertial
b mass

Clamped FBG M
support L

FIGURE 3.6: Schematic of triangular cantilever structure.

The system acceleration sensitivity, S, is defined in Equation 3.10, where w;, is
the natural frequency of the triangular cantilever.

€x  3h

i 4Lw?
Considering a perfect strain transmission from the beam’s top surface to the FBG,

since it is attached at the top surface, the Sy sensitivity can be rewritten in terms

of wavelength shift in pm/g in Equation 3.11, considering an FBG centered near
1.55 pum.

So = (3.10)

Sy~12-107°-5;-¢ (3.11)

In Equation 3.11, g is the acceleration due to gravity. For a triangular beam,
the stiffness, at x = L/2, is given by Equation 3.12, where E is the beam Young’s
modulus.

_ EbiS

— (3.12)
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Finally, the natural frequency is given by Equation 3.13, where M is the mass
attached to the free end of the beam.

K

3.2.2.4 Clamped-Clamped Cantilever

The Clamped-Clamped beam model considered in this work is based on [216]. The
clamped-clamped beam structure is schematically shown in Figure 3.7. This struc-
ture is composed of two parallel rectangular plates, each supported in such a way
as to have clamped-free-clamped-free boundary conditions. A concentrated mass is
placed between the plates. Because two of the plate edges are free, the modeling of
the plates as beams is warranted for the lower-order vibration modes, and a Poisson
correction factor can be added to account for two-dimensional effects.

y

Bottom view <Q,
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Fiber Bragg Gratings

L
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[ ]
) f
% Inertial mass Acceleration

FIGURE 3.7: Side and bottom view of a Clamped-Clamped beam
structure.

The lowest natural frequency of the clamped-clamped beam structure is given
by Equation 3.14.

wy = 0915 Ebe (3.14)
S L3 (M +0.793my) (1 — v2) '

In Equation 3.14, E is the plate Young’s modulus, b, i, L are its width, thickness,
and length, respectively, M is the mass of the inertial mass and m, is the total mass
of the plates, and v is the Poisson’s ratio. This natural frequency corresponds to
the first symmetric transverse vibration mode of the system, which has a maximum
displacement at the center, where the concentrated mass is placed.

From a strain perspective, an average strain over the grating length will be sensed.
For a surface strain field given by €.y, this average strain can be expressed by Equa-
tion 3.15.

L/2+d/2
e = (1/d) /L g (3.15)
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In this analytical model approach, an ideal strain transfer between the beam and
the grating has been assumed. The division of the average strain by the magnitude
of the acceleration, yields in Equation 3.16.

B M + 1.046m,, gh 106
Sf N <M + 0.793mb> (47{2L2> <w2 _ w% ‘F(K) (3.16)

In Equation 3.16, ¥ (k) = (4.175sin(2.365x) — 0.555sinh(2.365x)) /x, k = %, ¢ is
the acceleration due to gravity, and w is the excitation frequency. The limit of S ras
w — 0 is the sensitivity Sy of the device, given by Equation 3.17.

0.030¢L (M + 1.046 1—v?)10°
50:< gL (M + mb)( V) >1II(K)

. (3.17)

Considering an FBG centered near 1.55 um, the Sy scale factor can be rewritten
in terms of the wavelength shift (in pm/g), given by Equation 3.18.

Sy~12-1073-5 (3.18)

3.2.2.5 Steel Tube-Mass Block Elastic Structure

The steel tube-mass block elastic structure-based accelerometer analytical model is
based on [217]. The structure of this accelerometer is shown schematically in Figure
3.8. This structure is composed of a capillary steel tube with length L, a cylinder-
shaped mass block, a shell, and an optical fiber with two FBGs embedded in the steel
tube. The capillary steel tube with FBGs is inserted in the shell and pre-stretched by
rotating the nuts and then serves as a spring element. The two FBGs output opposite
wavelength shifts caused by the inertial force of the mass along the axial vibration di-
rection. Therefore, using the difference between the two opposite wavelength shifts
of the two FBGs as the sensing signal, the influence of temperature cross-sensitivity
could be avoided and the sensitivity can be improved.

r—v—'WMIJ FBG, | Mass —
!
I [ . ) - V‘_‘—'_',:|
\_A_L-J_‘ FBG, —
I/VVN
<‘ > < T >
Vibration direction

FIGURE 3.8: Steel tube-mass block elastic structure-based accelerom-
eter geometry.

The relationship between strain and acceleration in the structure is given by
Equation 3.19.
_F _2ES

== A
a=_ € (3.19)

In Equation 3.19, F is the vibration inertia force of the mass block, S is the cross-
sectional area of the capillary steel tube, m is the quality of mass black, and E is
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Young’s modulus of the capillary steel tube. The stiffness of the capillary steel tube
is defined by Equation 3.20.

F:2E5~e:255%: <2ELS> "AL=k-AL,
(3.20)

2ES
k=71

The first natural frequency is given by Equation 3.21.

k 2ES
wn_\/%_\/ﬂ (3.21)

Modeling the steel tube-mass block elastic structure as a spring-mass system, the
sensitivity of the sensor is defined by Equation 3.22.
1 m

3.2.2.6 Flexible Hinges

The flexible hinges analytical model is based on [218]. The design of the structure is
shown in Figure 3.9. This sensor is composed of two inertial masses, three straight
circular flexure hinges, two FBGs, and a base. This structure is symmetrical, the
sizes of flexure hinge 2 and flexure hinge 3 are exactly the same. Two FBGs are
pre-stretched and attached at the top and bottom surfaces of the structure.

Flexible hinge 3 Flexible hinge 1

Flexible hinge 2

| [ FBG,
O

Base

FBG,
Mass% \ AN
w XI%Z

FIGURE 3.9: Flexible hinges accelerometer structure.

As a result of inertial forces acting on the sensors, the two masses will rotate
slightly around the center of the flexible hinges 2 and 3, respectively, when an exter-
nal acceleration is applied to the sensor’s sensitive direction. The mechanical model
of the sensor is shown in Figure 3.10. The stiffness of each flexible hinge is defined
by Equation 3.23, where s = [, E is the flexible hinges Young’s modulus, w is the
flexible hinges structure thickness, and r is the flexible hinges curvature radius.
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FIGURE 3.10: Flexible hinges accelerometer mechanical model under
an external acceleration.
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K= (2s+1)(4s+1)2 ' (4s+1)5/2

The stiffness of the optical fiber is considered in this analytical model, defined by
Equation 3.24.

_ AsEy
==
The resonant frequency, in Hertz, of the system is defined by Equation 3.25.

ky (3.24)

1 [k + K+ K
w”_i - <

=5 ; (3.25)

According to the moment of inertia formula and the parallel axis theorem, the
moment of inertia can be obtained by the following, where m is the weight of the
inertial mass,  is the inertial mass height, d is the inertial mass width, and r; is the
external straight circular flexure hinge curvature radius:

42 4 h2 d\?
J=m 15 +m<rz+2> (3.26)

The sensitivity of the sensor is defined by Equation 3.27 in pm/g.

AL 4A(1-P)Al  A(1-P.) th(rﬁ%) 307
a al N l kfh2+K1—|—K2 (3.27)

In Equation 3.27, K; and K; are the stiffness for the flexible hinge 1 and the flex-
ible hinge 2, respectively, A is the Bragg wavelength of the FBG sensors, P, is the
photoelastic coefficient, and [ is the distance between the two inertial masses, de-
fined byl =2-1;.

S

3.2.3 Multi-objective optimization

Multi-objective optimization was carried out using the Python package Pymoo [193].
This package provides a variety of MOO algorithms, where NSGA-II was chosen
to run the MOO in the accelerometer design [206]. The NSGA-II algorithm is a
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well-established multi-objective optimization algorithm and has been successfully
applied to the design of accelerometers [208], [210]. NSGA-II's crowding distance
mechanism provides a wide range of Pareto-front solutions. In the case of designing
accelerometers, where multiple design configurations may meet the criteria, having
a variety of options may allow designers to select from a greater range of options,
taking into account practical constraints or secondary criteria [208]. A further ad-
vantage of NSGA-II is that it is able to handle problems with multiple objectives
and constraints efficiently. With this capability, accelerometers can be designed in a
range of geometric dimensions that are not associated with bulky sensors [210].

A preliminary analysis was conducted before running the MOO to determine
analytical natural frequency and sensitivity for each geometry described in Section
A.1 for different geometric parameters. As will be shown in Section 4.1, the flexible
hinges structure is the only structure that met simultaneously the natural frequency
and the sensitivity project requirements on the basis of the analytical model results.
Due to this, this structure is selected to run the MOO analysis between all the an-
alyzed structures. The MOO analysis is carried out to find some combinations of
geometric dimensions that have an equilibrium between natural frequency and sen-
sitivity in order to meet the requirements of the FBG-based accelerometer project.
Furthermore, to validate the MOO, we have also selected geometry parameters that
maximize sensitivity and natural frequency. To find the geometry parameters, Equa-
tions 3.28 and 3.29 were both designed to be simultaneously optimized by the Py-
moo package using the NSGA-II algorithm.

2
L WM;HK (328)
fy = M1=Po) 2mx, (x5 + %) (3.29)

/ kfxi—i-Kl—l—Kz

In Equations 3.28 and 3.29, x4 represents the height of the flexible hinges (h in
Figure 3.10), x5 represents the curvature radius of the external hinges (r, in Figure
3.10), and x3 is the width of the inertial mass (d in Figure 3.10). Furthermore, A is the
central wavelength of the FBG (here considered A = 1.55 um), P, is the photoelastic
constant of the silica optical fiber (here defined as P, = 0.22), m is the weight of the
inertial mass block derived as m = x3 - x4 - x7 - p, where x; is the flexible hinges struc-
ture thickness and p is the material’s density that was selected for the fabrication (in
this work is considered carbon steel with p = 7800 kg/ m?3). kf, K1, Ky, and | are
defined as follows:

r

= —, 3.30
51 X0 ( )
X5
=2 3.31
2 . (3.31)

Exor? [ s3 (652 +4s1+1)  65%(2s1 4 1)
K = tan /4 1], 3.32
1= 04 | s+ D) (as 1102 T (g ¢ )57z A Vs (3.32)
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where x is the thickness of the internal flexible hinge (#; in Figure 3.10), x1 is the
thickness of the external flexible hinge (f, in Figure 3.10), A Fis the cross-section of
the optical fiber (here considered as A F=1227. 108 m?), E 7 is the silica Young's
modulus (Ef = 70 - 10° Pa), [ is the bonding span of the optical fiber (I = 2r; = 15
mm), E is the flexible hinges material Young’s modulus (E = 200 - 10° Pa), and
r1 = 7.5 mm. A stop criterion of 30000 iterations was used for the NSGA-II algo-
rithm. A range of acceptable values was established for the variables xo, x1, x2, x3,
x4, and x5 in the NSGA-II algorithm. These values were combined and applied in
Equations 3.28 and 3.29. The results were analyzed and the local maxima were iden-
tified as potential optimized solutions. Table 3.1 shows the adopted range of values
for each variable. Based on the dimensions of the bearings that were attached to
the accelerometers, the range of values was selected (the accelerometers must not
be bulky otherwise, they can alter the vibration pattern of the body), and a range of
dimension x, was chosen to be close to 25.4 mm in order to reduce fabrication time
(the raw steel used for fabrication of the sensors had a thickness of 25.4 mm).

TABLE 3.1: Range of acceptable values for the MOO variables.

xo [mm] | xq [mm] | xp [mm] | x3 [mm] | x4 [mm] | x5 [mm]
Minimum 15 2 20 30 50 5
value
Maximum |, 3 25.4 50 70 9
value

3.2.4 Finite element method analysis

The natural frequencies of the designed structures were numerically evaluated us-
ing ANSYS 2023 R2. As in the case of the multi-objective optimization, this analysis
was carried out for the flexible hinges structure because this structure has fulfilled
simultaneously the sensitivity and the natural frequency, as will be shown in Sec-
tion 4.1. Based on the multi-objective optimization procedure, four combinations
of geometric parameters were obtained. These geometries were selected to perform
finite element modal analysis. For all geometries, a triangular mesh was used with
an element size of 1 mm, 1 mm, 1 mm, and 1.5 mm for accelerometers 1, 2, 3, and 4,
respectively. The modal analysis was carried out by the modal package in the Ansys
workbench. For all cases, carbon steel alloy was selected for the material properties
in the simulation procedure. To represent the optical fiber stiffness, a spring connec-
tion was added for all geometries with a stiffness of 57260 N/m. The fixed support
boundary conditions for all flexible hinge structures are shown in Figure 3.11.

3.2.5 Project Requirements

For FBG-based accelerometers, sensitivity and natural frequency must be defined
as project requirements. Due to the fact that the proposed project and method are



Chapter 3. Materials and Methods 37

A: Modal

Modal
Frequency: N/A
22/11/2023 08:50

B Fixed Support

X
l (]
0.00 25.00 50.00 (mm)
— —

12.50 37.50

FIGURE 3.11: FEA Modal boundary conditions for the flexible hinges
structures.

validated in a bench machinery fault simulator in this work, the experimental en-
vironment is controlled. There are no special requirements for material resistance,
such as corrosion and thermal resistance, as in harsh environments. In this work,
FBG-based accelerometers are designed for failure diagnosis for electrical motor ro-
tation operating at 17, 35, and 50 rps. These values were adopted to easily separate
the electric influence from the mechanical vibration spectrum. Since none of the
adopted test rotation speeds is multiple of 60 Hz (power grid frequency used to
feed all the experimental setup), some harmonics of this frequency can be attributed
to the electric influence and separated from the mechanical vibration signals in the
frequency domain.

Since the desired application is to diagnose faults in electrical motors, the har-
monics generated by a failure must be considered at the project stage. In this work,
we consider the project to cover fault diagnosis until the fifth harmonic. This is for
covering faults such as misalignment, bent shaft, eccentric pulleys or gears, loose-
ness, unbalance, internal misalignment, and excessive axial clearance [54]. In ac-
celerometer design, it is recommended that the sensor’s natural frequency must be
at least twice the exciting frequency [219]. The fifth harmonic of the highest ex-
citing frequency, in this work, results in wy = 250 Hz. So, the natural frequency
requirement for the FBG-based accelerometer design is wy,, = 500 Hz. The PZT
accelerometers were used to assess the acceleration at the bearings in both verti-
cal and horizontal directions to establish the sensitivity requirements for FBG-based
accelerometers, shown in Table 3.2. An optical interrogator with a resolution of 2
pm (model Hyperion si255, LUNA Inc.) is used to measure the Bragg wavelength
shift. By dividing the intensity of the measured accelerations by the resolution of the
optical interrogator, the sensitivity requirements were determined. The sensitivity
requirements are summarized in Table 3.3. For the FBG-based accelerometers, the
required sensitivity is 100 pm/g in order to meet the sensitivity requirements.

3.3 [Experimental setup

3.3.1 Temperature influence

As mentioned in the theoretical background section, temperature influences the Bragg
wavelength shift due to thermal expansion and thermo-optic effects. In this work,
all experiments are conducted in a temperature-controlled room (Typom ~ 24°C).
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TABLE 3.2: Acceleration intensity measured by the commercial PZT-
based accelerometers.

Rotor speed Acceleration intensity [g]
[rps] Bearing1 Bearing1l Bearing2 Bearing 2
Horizontal Vertical Horizontal Vertical
Direction Direction Direction Direction

17 0.022 0.0208 0.031 0.021
35 0.062 0.047 0.1 0.061
50 0.091 0.063 0.133 0.091

TABLE 3.3: FBG-based accelerometers’ acceleration sensitivity direc-
tional requirement for each bearing.

Rotor speed Sensitivity requirement [pm/g]
[rps] Bearing1 Bearing1l Bearing2 Bearing 2
Horizontal Vertical Horizontal Vertical
Direction Direction Direction Direction

17 92 96 64 93
35 32 43 20 33
50 22 32 15 22

Moreover, when FBG-based accelerometers measure acceleration, the frequency of
the strain caused due to driving forces generated by the applied acceleration is con-
siderably higher than the variation in the room temperature. Then, the effect of the
temperature in the Bragg wavelength, compared to the strain, can be neglected. Fur-
thermore, since the frequency of the strain effect is higher than the temperature, a
high-pass filter can be used to enhance strain sensitivity in the data analysis process.

3.3.2 Accelerometers characterization

For the accelerometer characterization, an experimental setup composed of an elec-
trodynamic shaker system (model TV51110, TIRA), a commercial interrogator (model
Hyperion si255 with an acquisition rate of 5000 Hz, LUNA Inc.), a signal generator
(model AFG3021C, Tektronix), and a computer was used, shown in Figure 3.12. In
the setup (identified by "I) Accelerometer characterization"), in Fig. 3.12, the ac-
celerometers were mounted in a pendulum configuration. This configuration was
used to avoid an overload on the shaker system, preserving its integrity.

The sensor’s sensitivity was evaluated by using three sinusoidal signals with
amplitudes of 5 Vpp and frequencies of 17, 35, and 50 Hz. Natural frequencies were
characterized using a sinusoidal sweep signal with an amplitude of 5 Vpp, a start
frequency of 5 Hz, a stop frequency of 1000 Hz, and a sweep time of 10 s. These sig-
nals were amplified and converted to analog signals by the electrodynamic shaker’s
power amplifier. The output voltage of the power amplifier that fed the shaker con-
trolled the output acceleration. During sensitivity characterization, the output volt-
age of the power amplifier ranged from 1.0 to 2.5 V in steps of 0.3 V. During natural
frequency characterization, the output voltage remained stable at 1.5 V. Based on the
fact that the FBG-based accelerometers are attached to the shaker, the driving forces
generated by the acceleration applied by the shaker cause a Bragg wavelength shift.
For the sensitivity characterization, the data was collected for 30 seconds at each
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voltage stage using the optical interrogator at a rate of 5 kHz. In the natural fre-
quency characterization, data was collected for 1 minute for each accelerometer. All
the data was recorded three times at each step using a computer, for both sensitivity
and natural frequency characterizations.

To measure the shaker’s output acceleration (or the accelerometer’s input base
acceleration), a commercial FBG-based accelerometer (Accelerometer OS 7230, Luna
Inc.) was used in the same pendulum configuration, as shown in Figure 3.12, identi-
tied by "II) Acceleration characterization". The wavelength shift was measured using
the same optical interrogator used for accelerometer characterization. A computer
recorded the data three times for 30 seconds at each of the following power amplifier
output voltages: 1.0, 1.3, 1.5, 1.6, 1.9, 2.2, and 2.5 V. A relationship was established
between output voltage and output acceleration by using this procedure.

3.3.3 Machinery fault diagnosis experiments

For machinery fault diagnosis experiments, the piezoelectric accelerometers that
compose the MFS kit are substituted for the projected FBG-based accelerometers,
as shown in Figure 3.13. To evaluate the performance of the projected sensors in
fault diagnosis, different combinations of faults were considered in this study, sum-
marized in Table 3.4. For each fault condition, the AC electrical motor’s rotation
was set at 17 and 35 rps. The Bragg wavelength shift was measured by a commer-
cial optical interrogator (Hyperion si255, Luna Inc.) with a data acquisition rate of 1
kHz. The data was recorded for each condition for 30 s using a computer. In order
to simulate each condition shown in Table 3.4, at 17 Hz and 35 Hz, two variations
were performed: with and without an unbalanced load attached to the inertial disk.

TABLE 3.4: Fault conditions.

Acc. 2 Acc. 3

Condition = Bearing condition AC Motor s .
position  position
1 Ball faulted Healthy Bearing 1 Bearing 2
2 Combination faulted Healthy Bearing 1 Bearing 2
3 Inner race faulted Healthy Bearing 1 Bearing 2
4 Outer race faulted Heatlhy Bearing 1 Bearing 2
5 Healthy Healthy Bearing 1 Bearing 2
6 Healthy Broken rotor Bearing 1 Bearing 2
bars
7 Healthy Broken rotor Bearing 2 Bearing 1
bars
Faulted . .
8 Healthy bearings Bearing 2 Bearing 1
9 Healthy Faul.ted Bearing 1 Bearing 2
bearings

The fault conditions shown in Table 3.4 were designed based on the faulted mo-
tors” availability and focused on covering different bearing faults since they are the
most common failure type as discussed in the theoretical background section. The
operating rotation speeds for the motor were chosen to avoid electric network har-
monics (60 Hz and 120 Hz) and separate the electric interference from the mechanical
vibration frequencies in the frequency vibration spectra.
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FIGURE 3.12: FBG-based accelerometers experimental characteriza-
tion setup.
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FIGURE 3.13: FBG-based accelerometers attached to the MFS bear-
ings.

3.4 Data analysis

Different stages of the data analysis were performed. A Python algorithm was de-
veloped to generate response curves for natural frequency and sensitivity for each
geometry described in the analytical models’ section (Section A.1) by varying the ge-
ometric parameters that influence these characteristics. MATLAB algorithms were
used to analyze the FBG-based accelerometer characterization and machinery fault
diagnosis experiments data to process these data in the frequency domain (for fault
diagnosis and natural frequency characterization) and to establish fit functions to
experimentally evaluate the sensitivity of each sensor.
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Chapter 4

Results and Discussions

4.1 Analytical models

In this section, the analytical models’ results are presented. For all results in this sec-
tion, the blue lines represent the natural frequency while the orange lines indicate the
acceleration sensitivity. In both cases, the solid line represents the lower limit of the
analyzed parameter. The dashed line illustrates the upper limit of this parameter in
the evaluated range. The natural frequency project requirement is shown by a blue
dotted line while the acceleration sensitivity requirement is indicated by an orange
dotted line. To facilitate the reader’s comprehension, when the calculated natural
frequency or acceleration sensitivity lines intercept the natural frequency or acceler-
ation sensitivity requirement lines, it means that the respective project requirement
was achieved.

41.1 Double-L Cantilever Structure

To evaluate the natural frequency and the sensitivity for different values of geomet-
ric parameters for the Double-L Cantilever Structure, a range of inertial mass and
Double-L Cantilever length were considered. The used parameters are shown in Ta-
ble 4.1. This range of values was chosen based on the dimensions of the bearings
where the sensors would be attached, avoiding bulky dimensions for accelerome-
ters. In this table, Es is the leaf spring Young’s modulus, W; is the leaf spring width,
Ts is the leaf spring thickness, L is the Double-L Cantilever length, M is the inertial
mass attached to the beam’s free end, Ly is the optical fiber length between the at-
tachment points, dy is the optical fiber diameter, Ls is the leaf spring length, E, is
the optical fiber’s Young’s modulus, and H is the height of the Double-L Cantilever
structure. The length of the double-L cantilever ranges from 20 to 100 mm and the
inertial mass ranges from 10 to 75 g. The results for the double-L cantilever natural
frequency and sensitivity are shown in Figure 4.1. In this graph, both acceleration
sensitivity and natural frequency project requirements are plotted. For the evalu-
ated range, the natural frequency requirement was only achieved for a beam length
of L = 20 mm and for an inertial mass less than m = 15 g, nonetheless, the sensi-
tivity requirement is not met in this configuration. To achieve the natural frequency
requirement, the beam length would be less than L = 10 mm, which would imply
difficulties for FBG sensor attachment to the double-L structure. As a result, this
structure is discarded for multi-objective optimization.

4.1.2 Single cantilever

For the single cantilever structure, the natural frequency and the sensitivity are
mainly affected by the length of the beam and the inertial mass attached to the
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TABLE 4.1: Geometric parameters used in Double-L Cantilever Struc-
ture analytical model.

Es [Pa] | Ws [mm] | Ts [mm] | L [mm] | M[g] | Ls [mm] | D [mm] | L¢ [mm] E¢ [Pa] Ly [mm)]
20 10

50 - 10° 11 0.3 - - 1.25-L 0.125 1.3-L | 71.63-10° 25
100 75

Double-L Cantilever
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FIGURE 4.1: Natural frequency and sensitivity for the double-1 can-
tilever structure.

free in a clamped-free beam configuration. Other geometric parameters influence
the characteristics of these sensors, such as the material’s Young’s modulus, its den-
sity, and the dimensions of its cross-section. Table 4.2 shows the parameters used
in this preliminary study. Here, E is the material’s Young’s modulus, b is the cross-
section width,  is the cross-section height, p is the material’s density, L is the beam’s
length, and m is the inertial mass. During this preliminary study, an aluminum al-
loy was considered to evaluate the sensor’s characteristics (sensitivity and natural
frequency) in relation to its geometric dimensions. The results of this analysis are
shown in Figure 4.2, where the beam’s length ranges from 30 to 100 mm while the
inertial mass ranges from 5 to 100 g. In this graph, both acceleration sensitivity
and natural frequency project requirements are plotted. In the evaluated range, the
sensitivity requirement was only achieved for a beam length of L = 100 mm and
an inertial mass higher than m = 70 g. As such, in this configuration, the natu-
ral frequency requirement is not met. For beam lengths higher than L = 30 mm
and less than L = 55 mm, the natural frequency requirement can be satisfied, but
to the detriment of sensitivity. Finally, in the evaluated range, the single cantilever
structure could not fulfill both sensitivity and natural frequency requirements. For
multi-objective optimization, this structure is discarded.

TABLE 4.2: Geometric parameters used in single cantilever analytical
model.

E[GPa] | b[mm] | h[mm] | p [kg/m?®] | L [mm] | m [g]
70 5 10 2710 30-100 | 5-100
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FIGURE 4.2: Natural frequency and sensitivity for the single can-
tilever structure.

4.1.3 Triangular cantilever

The natural frequency and sensitivity of a triangular cantilever are mainly deter-
mined by the inertial mass attached to the free end and the length of the beam in
a clamped-free beam condition. To evaluate the impact of geometric parameters
on sensor characteristics (natural frequency and sensitivity), an aluminum alloy was
used for the preliminary study. Table 4.3 summarizes the geometric parameters used
for this preliminary study, whose Young’s modulus E is the material’s Young’s mod-
ulus, b is the cross-section width at the clamped end of the triangular beam, t is the
cross-section height, p is the material’s density, L is the beam’s length and m is the
inertial mass attached to the free end of the beam. Figure 4.3 shows the results for
these geometric parameters, where the beam length varies from 25 to 100 mm, and
the inertial mass varies from 5 to 100 g. In the evaluated range of geometric param-
eters, the sensitivity requirement was achieved. However, the natural frequencies
were less than 100 Hz and did not meet the natural frequency requirement. Due
to the preliminary evaluation of this structure, it has been discarded for the multi-
objective optimization process in this work.

TABLE 4.3: Geometric parameters used in triangular cantilever ana-
lytical model.

E[GPa] | b[mm] | t [mm] | p [kg/m?] | L [mm] | m [g]
70 30 5 2710 25-100 | 5-100
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FIGURE 4.3: Natural frequency and sensitivity for the triangular can-
tilever structure.

414 Clamped-Clamped Cantilever

To evaluate the impact of geometric parameters on the sensitivity and natural fre-
quency of the clamped-clamped cantilever structure, an aluminum alloy was also
adopted. Table 4.4 summarizes the used parameters in this preliminary study, where
E is the material’s Young’s modulus, b is the beam’s cross-section width, / is the
beam’s cross-section height, L is the beam’s length, v is the material’s Poisson’s ra-
tio, m is the inertial mass, p is the material’s density, and d is the grating length in
the optical fiber sensor. Figure 4.4 illustrates the variation of natural frequency and
sensitivity with respect to those parameters, where the beam length ranges from 25
to 100 mm and the inertial mass ranges from 5 to 100 mm. In view of the analyzed
parameters, the natural frequency requirement was achieved for a beam length of
L = 30 mm for an inertial mass less than 20 g. The sensitivity requirement was met
for L = 100 mm for an inertial mass higher than 60 g. But in these configurations,
both natural frequency and sensitivity were not simultaneously achieved. Finally,
for this work, this structure is discarded for the MOO procedure.

TABLE 4.4: Geometric parameters used in clamped-clamped can-
tilever analytical model.

E[GPa] | b[mm] | h[mm] | p [kg/m?®] | L [mm] | m [g] v d [mm]
70 9 0.5 2710 25-100 | 5-100 | 0.334 10

4.1.5 Steel Tube-Mass Block Elastic Structure

For the steel tube-mass block elastic structure, a steel alloy was adopted in this
preliminary study to assess the impact of geometric parameters on the natural fre-
quency and sensitivity of the sensor. Table 4.5 summarizes the used parameters,
where E is the material’s Young’s modulus, d; is the tube’s inner diameter, d, is
the tube’s outer diameter, L is the tube’s length and m is the inertial mass. Figure 4.5
shows the results for those geometric parameters. According to the figure, this struc-
ture achieved the natural frequency requirement, but at the expense of the sensor’s
sensitivity. It could not meet all of the project requirements at once. This structure is
discarded for multi-objective optimization.
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FIGURE 4.4: Natural frequency and sensitivity for the clamped-
clamped cantilever structure.

TABLE 4.5: Geometric parameters used in the steel tube-mass block
elastic Structure analytical model.

E[Gpal | d; [mm] | d, [mm] | L [mm] | m [g]
210 0.6 1 10-100 | 10-75
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FIGURE 4.5: Natural frequency and sensitivity for the steel tube-mass
block elastic structure.

4.1.6 Flexible Hinges

For the flexible hinges structure, a steel alloy (E = 210 GPa and p = 7850 kg/m?) is
analyzed to evaluate the impact of the geometric parameters on the sensor’s natural
frequency and sensitivity. The Bragg wavelength for this preliminary study is A =
1.55 ym with a photoelastic coefficient P, = 0.22. The optical fiber diameter was
considered as dy = 125 ym, resulting in a cross-section area Ay = 1.227-10~® m? and
the silica’s Young’s modulus was considered as E; = 70 GPa. Table 4.6 summarizes
the geometric parameters used for the flexible structure. The sensitivity and natural
frequency variation according to these parameters is shown in Figure 4.6. For the
evaluated range, the flexible hinge structure met simultaneously natural frequency
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and sensitivity project requirements. In Figure 4.6, for # = 45 mm and = 50 mm
the requirements are attended to. Finally, the flexible hinge structure is selected for
multi-objective optimization.

TABLE 4.6: Geometric parameters used in the flexible hinges analyti-

cal model.
r1[mm] | £ [mm] | 7o [mm] | 7o, [mm] | w [mm] | d [mm] | & [mm] | L [mm]
7.5 2.5 5 3 25.4 20-50 20-80 15
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FIGURE 4.6: Natural frequency and sensitivity for the steel tube-mass
block elastic structure.

4.1.7 Analytical results summary

In summary, each geometry has its own advantages and drawbacks. Depending on
the project requirements, the geometry of accelerometers must be selected to fulfill
both natural frequency and sensitivity requirements. The first feature is related to
the frequency operational range. This defines the frequency flat operational range
for the sensor. It must be adequate based on the rotor speed so that the running
speed is in this range. The second feature is related to the amplitude of input ac-
celeration that causes a measurable output signal in the sensor. It must be carefully
assessed because otherwise, the sensor cannot measure acceleration. Table 4.7 sum-
marizes the results of the primary assessment using analytical models. It can be seen
that the flexible hinge structure met the project requirements for this work.

4.2 Multi-objective optimization

Using the multi-objective optimization algorithm, several combinations of geometric
parameters were achieved. The geometric parameters for the selected combinations
are summarized in Table 4.8. In this, a variety of geometries were obtained, result-
ing in distinct accelerometer characteristics, as shown in Figure 4.7. Multi-objective
optimization provides a versatile tool for addressing diverse project requirements.
In experimental applications, acceleration varies along the machinery or structure
body. This is particularly relevant to mechanical vibration monitoring at different
points along the machine. As a result, geometric parameters can be selected in an
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TABLE 4.7: Summary of the analytical model’s primary assessment.

Natural ‘e s Requirement
Sensitivity .
Geometry frequency . fulfilled
. requirement .
requirement simultaneously

Double-L cantilever X X
Single cantilever X X
Triangular cantilever X
Clamped-clamped cantilever X X
Steel Tube-Mass Block «
Elastic Structure
Flexible hinges X X X

optimal manner to meet the needs of different points of the machine that are aimed
to be covered by the accelerometer project. The Accelerometer 1 was designed to
achieve the highest natural frequency of the evaluated geometric parameters. The
Accelerometer 2 was projected to meet the project requirements established in this
work for machinery fault diagnosis, as well as for the Accelerometer 3. The Ac-
celerometer 3 has higher sensitivity than Accelerometer 2, and it is more suitable
to be attached to bearing 2 (see Figure 3.13) where the amplitude of acceleration is
smaller than in bearing 1 (due to its proximity to the rotor). Finally, the Accelerom-
eter 4 was designed to achieve the highest sensitivity to the evaluated geometric
parameters. These accelerometers have been selected to validate the multi-objective
optimization technique as a versatile tool for FBG-accelerometer design. It is perti-
nent to note that the geometric parameters for all accelerometers were adequate for
fabrication by rounding some of these parameters to values that are in the resolution
of the computer numerical control machine used to fabricate the sensors.

TABLE 4.8: Geometric parameters and accelerometer features for the
flexible hinges structure resulted from a multi-objective optimization

procedure.
. Analytical
Analytical S Acc.
ry [mm] | t; [mm] | r, [mm] | f; [mm] | w [mm] | d [mm] | & [mm] w, [};{Z] Sensitivity Number
[pm/g]
7.5 2.5 5 3 20 25 50 898.42 85.12 1
7.5 1.5 5 3 21 30 60 566.45 193.30 2
7.5 2.5 5 3 25.4 30 65 599.36 175.27 3
7.5 2.5 9 3 254 50 70 271.92 549.96 4

4.3 Finite element analysis

The results of the finite element analysis (FEA) carried out in the ANSYS 2023 R2
software are summarized in Table 4.9. There are relative errors between the FEA
modal analysis and the analytical model related to non-linear phenomena neglected
in the analytical model. Furthermore, the FEA modal analysis uses numerical ap-
proximations to solve the problem. There are intrinsic differences between the an-
alytical model and the FEA analysis, so divergence in the results is expected. The
results of the modal FEA analysis are shown in Figure 4.8. These results show the
first natural frequency and vibration mode. When flexible hinge structures are sub-
jected to acceleration, the inertial displacement pulls the optical fiber attached to the
top surface of the flexible hinge structure. Thus, a strain is applied to the optical



Chapter 4. Results and Discussions 49

Pareto Front

600
° ® MOO combinations
° ® Selected combinations
500 °
°
%1) 400 - Acc. 4 °
°
= “,
.‘? 300 - % Accs. 2 and 3
2 °
Rt
.g \..
200 o
% % Acc. 1
[ Y P
()
100 - ° °

0
200 300 400 500 600 700 800 900
Natural frequency [Hz]

FIGURE 4.7: Multi-objective optimization Pareto front.

fiber, resulting in a Bragg wavelength shift due mainly to photoelastic effects and
a change in the grating period caused by axial traction applied by the inertial mass
block. This phenomenon can be used to measure acceleration since the Bragg wave-
length shift is proportional to acceleration. It is also pertinent to note that besides
the relative errors between analytical natural frequency and FEA natural frequency,
accelerometers 2 and 3 continue to fulfill the project requirement for this feature.

TABLE 4.9: FEA natural frequencies results by the modal analysis

using ANSYS 2019 R3.
Accelerometer | FEA w, [Hz] | Analytical w, [Hz] | Relative Error [%]
1 933.14 898.42 4
2 548.3 566.45 3
3 636.72 599.36 6
4 259.77 271.92 4.5

4.4 FBG-Based accelerometers characterization

An acceleration-output voltage relationship for the electrodynamic shaker power
amplifier is defined for sensitivity characterization for this work. Notably, the force
exerted by the electrodynamic shaker exhibits variability in response to the mass
being excited. Consequently, this characterization is essential to elucidate the nu-
anced interplay between input parameters and the resultant force and acceleration
applied by the electrodynamic shaker. This result is shown in Figure 4.9. As shown
in this figure, greater output voltage in the power amplifier implies higher accelera-
tion amplitudes, as expected. Furthermore, acceleration amplitudes have increased
with exciting frequency. This is due to the fact that the electrodynamic shaker was
operated in voltage mode. During this mode, the output voltage of the power ampli-
fier that feeds the shaker remains stable while the current varies in order to maintain
the voltage constant. However, the force applied by the shaker to the accelerome-
ter structure is proportional to the current. Due to the variation in force, different
acceleration sensitivities may be observed based on the frequency of excitation [28],
[187], [220].
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FIGURE 4.9: Acceleration-output voltage relationship for the vibra-
tion test system power amplifier for 17, 35, and 50 Hz.

The accelerometers” acceleration sensitivity characterization results are shown
in Figure 4.10. As shown in this figure, the increase in acceleration amplitude im-
plies increased driving forces caused by the displacement of the inertial mass. As
the optical fibers are attached to the top surface of the inertial block mass, they are
subjected to greater strains. Due to the applied strain at the optical fiber, a higher
Bragg wavelength shift is expected. For all accelerometers, there was a linear rela-
tionship between the Bragg wavelength shift and acceleration. The sensitivity of the
accelerometer sensors decreases with increasing frequency, which can be attributed
to the difference in the applied force caused by the electrical shaker in the accelerom-
eter structures at different excitation frequencies. Furthermore, as the excitation
frequency increases, the accelerometer mass becomes more susceptible to inertial
effects. Consequently, the mass may not move as much in response to the force ap-
plied, resulting in a smaller strain on the attached FBG, as well as a reduction in
strain transfer from the accelerometer mechanical system to the optical fiber sensor,
thus reducing the strain applied to the FBG sensor[221]-[223]. Figure 4.11 depicts the
results for the natural frequency characterization for the accelerometers. According
to the figure, the naturally occurring frequencies of accelerometers 1, 2, 3, and 4 are
607.8, 366.7, 294.7, and 236.5 Hz respectively. These results are summarized in the
Table 4.10.

The higher sensitivity was expected for the accelerometer 4 since it has the greater
inertial mass in the spring-mass system. Nevertheless, the experimental sensitivity
is highly influenced by the pre-tension applied to the optical fiber in the paste span
[224]. The higher the pre-tension, the greater the experimental sensitivity, since the
optical fiber will be stretched more. Therefore, a lower amplitude acceleration will
result in a higher strain when compared to a weaker pre-tension. In the analytical
model, all the strain suffered by the flexible hinges was transmitted to the optical
fiber. In real-world applications, there is energy loss for inertial effects, neglected by
analytical models. Then, it was expected that there would be a divergence between
analytical and experimental results. Furthermore, the optical fibers were manually
attached to the top surface of the flexible hinge structures, so the pre-tension appli-
cation was uneven. For an assertive experimental sensitivity comparison, it would
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FIGURE 4.10: Sensitivity characterization results for (A) Accelerome-
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TABLE 4.10: Accelerometer features.

Analytical FEA Experimental Analy 'tlc.al Experl.n?e%ital
Acc. w [Hz] | w, [Hzl w, [Hz] Sensitivity | Sensitivity
! ! " [pm/g] [pm/g]

180 (17 Hz)

1 898.42 933.14 607.8 85.12 150 (35 Hz)
120 (50 Hz)

690 (17 Hz)

2 566.45 548.3 366.7 193.30 510 (35 Hz)
410 (50 Hz)

380 (17 Hz)

3 599.36 636.72 294.7 175.27 290 (35 Hz)
150 (50 Hz)

400 (17 Hz)

4 271.92 259.77 235.5 546.96 230 (35 Hz)
160 (50 Hz)

be necessary to have a mechanism that guarantees the same pre-tension application
in the pasted span.

In the case of accelerometer 1, the relative errors between analytical sensitivity
and experimental sensitivity are 111%, 76%, and 41% at 17 Hz, 35 Hz, and 50 Hz, re-
spectively. For accelerometer 2, the relative errors between analytical sensitivity and
experimental sensitivity are 257%, 164%, and 65% at 17 Hz, 35 Hz, and 50 Hz, re-
spectively. In accelerometer 3, the relative errors between analytical sensitivity and
experimental sensitivity are 117%, 65%, and 14%, respectively, at 17 Hz, 35 Hz, and
50 Hz. The relative error between analytical sensitivity and experimental sensitiv-
ity for accelerometer 4 is 27%, 58%, and 71%, respectively, at 17 Hz, 35 Hz, and 50
Hz. Obtaining an initial estimate and insight into the performance of FBG-based ac-
celerometers through analytical models is typically a valuable first step. The use of
an analytical model provides a systematic method for exploring design parameters
and predicting sensitivity based on theoretical assumptions. When compared with
experimental results, analytical models may not fully capture the complexities and
practical limitations of real-world situations. It is possible that they may overlook
error sources such as heterogeneity of materials within the FBG itself or variations in
the bonding process during sensor fabrication, which can have a significant impact
on the sensitivity of the sensor. The experimental results provide a more accurate as-
sessment of sensitivity by taking into account factors such as sensor imperfections,
environmental influences, and inertial effects. Consequently, the accelerometer’s
performance can be evaluated in a more realistic and comprehensive manner. Due
to these limitations, although analytical models serve as a useful starting point for
design optimization, the ultimate validation and refinement of sensitivity measure-
ments in FBG-based accelerometers typically rely on experimental data.

The acceleration intensity used in this characterization has other errors that should
be noted. The sensitivities of the manufactured FBG-based accelerometers used
in this study differ according to their excitation frequency, as the acceleration has
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varied with the excitation frequency (see Figure 4.9. A commercial FBG-based ac-
celerometer was characterized to determine the effect of mass on acceleration inten-
sity. Due to the differences in mass between commercial and manufactured FBG-
based accelerometers, the acceleration amplitude (and the applied force exerted by
the electrodynamic shaker) in each case will be intrinsically different, resulting in
some experimental errors (a limitation of the setup used). By attaching an external
accelerometer to the base of the structure, the acceleration intensity of the structure
can be measured directly during the characterization process, thus reducing exper-
imental error. A variation is also observed between the inputted acceleration in the
FBG-based accelerometer base and the outputted strain transmitted from the flexible
hinge structure to the FBG sensor. Figure 4.11 illustrates this phenomenon, mainly
when the excitation frequency was 17 Hz. Additionally, this variation can result in a
variation in acceleration sensitivity as a function of the excitation frequency.

For accelerometers 1, 2, 3, and 4, the relative errors between analytical natu-
ral frequency and experimental natural frequency are 32%, 35%, 51%, and 13%, re-
spectively. Based on the numerical results compared to the experimental character-
ization, the relative errors are 54%, 50%, 116%, and 10%, respectively. Analytical
models provide a theoretical foundation for predicting natural frequencies based on
design parameters and assumptions. However, these models may not always fully
account for real-world complexities. For instance, they might overlook errors aris-
ing from variations in the FBG material properties or the bonding process of the FBG
sensor to the mechanical structure during sensor fabrication. This can influence the
accuracy of predicting natural frequencies. Experimental characterizations, on the
other hand, directly measure the accelerometer’s actual response. They are sensi-
tive to non-homogeneities in the accelerometer’s material and environmental effects
such as temperature and corrosion. Corrosion may cause material loss and change
the sensor’s natural frequency [225]. Discrepancies between analytical predictions
and experimental results can arise due to these real-world effects, highlighting the
need to validate and fine-tune analytical models in order to better reflect the prac-
tical performance of FBG-based accelerometers. In order to ensure accurate natural
frequency determination in accelerometer designs, it is crucial to understand both
analytical and experimental approaches thoroughly.

There are often differences between simulation and experimental results due to
the inherent distinctions between the two types of measurement. By using mathe-
matical models and computational simulations, finite element modal analysis is able
to predict the natural frequencies of a structure based on the design specifications
and material properties. Despite the fact that this approach can provide valuable
insight into the accelerometer’s theoretical behavior, it may not fully capture the
nuances of real-world conditions and potential sources of error, such as manufac-
turing variations or environmental factors (as in the case of analytical models). In
addition, numerical methods can handle more complex geometries and boundary
conditions than analytical methods. Models based on analytical methods are often
limited to simple geometries and boundary conditions, which do not accurately rep-
resent real-world structures. Numerical methods also provide more accurate results
than analytical models by taking into account more realistic conditions, such as ma-
terial properties, loading conditions, and boundary conditions [226]-[228]. This can
lead to more accurate results.
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4.5 Machinery fault diagnosis

For the diagnosis of machinery faults, the vibration frequency spectrum is analyzed
by applying the Fourier transform to the data collected by the FBG-based accelerom-
eter in each condition depicted in Table 3.4. The results of the FBG-based accelerom-
eter will be compared with those from a piezoelectric (PZT)-based accelerometer
attached to the same bearing and measuring acceleration in the same direction in
order to verify their accuracy. By applying the Fourier transform to the time-domain
data recorded by the PZT accelerometers at a data acquisition rate of 2 kHz, the
vibration frequency spectrum of the PZT accelerometers is also obtained.

4.5.1 Fault condition 1

In fault condition 1, a ball-faulted bearing was attached to the bearing that accelerom-
eter 2 was attached to. A vibration frequency spectrum exhibiting high-order fre-
quencies is expected in this type of failure. Different factors are responsible for these
high-order frequencies. The impact generated by each pass of a rolling element over
a defect in a bearing occurs when the bearing begins to fail, such as through pitting,
flaking, or cracking of the raceways or rolling elements. A pulse or shock is gener-
ated by this impact, not only at the fundamental fault frequency but also at a wide
range of frequencies. The impulses can cause resonances in the bearing structure,
casing, or other components of the machine, which will often appear in frequency
analysis as high-order harmonics. It is common for bearing faults to result in non-
linear and asymmetric behavior in the system. By means of various processes such
as doubling and tripling, this non-linearity converts fundamental frequencies and
their harmonics into higher-order harmonics. This non-linear behavior becomes
more significant as the severity of the fault increases. Bearing defects cause peri-
odic impulses as defects in the inner race, outer race, or rolling elements repeatedly
contact one another. It is important to note that these impulses are not sinusoidal in
nature and contain a wide spectrum of frequencies, including a considerable amount
of energy at high frequencies [53]-[55].

Figure 4.12 illustrates the result comparison between the FBG-based accelerom-
eter 2 and the PZT-based accelerometer attached to bearing 1 when the rotor was
operated at 17 rps, while Figure 4.13 shows the results when the rotor was operated
at 35 rps. Figures 4.14 and 4.15 shows the results following the same structure men-
tioned above for FBG-based accelerometer 3 and PZT-based accelerometer attached
to the bearing 2.

At 17 rps, the accelerometer has identified the nominal frequency close to 17 Hz
(1X), the third harmonic close to 34 Hz (3X), the fourth harmonic close to 68 Hz (4X),
and the fifth harmonic close to 85 Hz (5X). The high-order frequencies characteristic
of ball-faulted bearings were identified as being close to 257 Hz. The same vibra-
tion pattern was identified for the unbalanced condition, with a difference in the
amplitude of the vibration at the nominal frequency. This was due to an unbalanced
load attached to the inertial disk. Since the added load rotates at the same frequency
as the rotor, there is rotational motion amplification at this frequency. This implies
higher acceleration amplitudes. In ball-fault bearings, the third harmonic appear-
ance can be related to the eccentricity between the inner and outer races [229]. Fur-
thermore, the frequency at which a damaged ball or roller spins on its own axis, the
Ball Spin Frequency (BSF), can manifest near 4X or 5X harmonics [230]. For the ro-
tor operating at 17 rps, in balanced and unbalanced conditions, BSF was manifested
near 4X. For the rotor operating at 35 rps, the nominal frequency was near 35 Hz
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(1X), the second harmonic near 70 Hz (2X), the third harmonic was close to 105 Hz
(3X), and high-order frequencies were identified for both with and without unbal-
anced load conditions. The increase in the amplitude at the nominal frequency was
identified by comparing balanced and unbalanced conditions. The appearance of the
second harmonic can be related to misalignment between the inner and outer races
of the bearing [230]. These results are compared and validated by vibration pattern
recognition by the PZT-based accelerometer attached to bearing 1. The rotor oper-
ating at 17 rps had a nominal frequency close to 17 Hz and a sixth harmonic close
to 102 Hz, along with high-order frequencies characteristic of a bearing with faulted
balls. For the rotor at 35 rps, the nominal frequency close to 35 Hz (1X), the second
harmonic close to 70 Hz (2X), the third harmonic close to 105 Hz (3X), the fourth
harmonic near 140 Hz, and high-order frequencies were identified for both balanced
and unbalanced conditions. Since the frequency vibration spectra obtained for the
FBG and PZT-based accelerometers were similar, for balanced and unbalanced con-
ditions, it is assumed that the FBG-based accelerometer 2 has correctly identified
fault condition 1.

In FBG-based accelerometer 3, for the rotor at 17 rps, the obtained frequency vi-
bration spectra were similar to the accelerometer 2, for balanced and unbalanced
conditions, in which the nominal frequency about 17 Hz (1X), the third harmonic
close to 34 Hz (3X), the fourth harmonic approximately 68 Hz (4X), and the fifth har-
monic around 85 Hz (5X) were detected beside the high-order frequencies character-
istics of the ball-faulted bearing. For the rotor at 35 rps, the nominal frequency and
the second harmonic, and high-order frequencies were identified. These results are
compared with the measurements of the PZT-based accelerometer attached to bear-
ing 2. For the rotor at 17 rps, the nominal, the third harmonic, the sixth harmonic,
and high-order frequencies were found. In the unbalanced condition, the increase
in the amplitude of the nominal frequency suppressed other harmonics, but high-
order frequencies could still be detected. For the rotor at 35 rps, the nominal, the
second, the third, the fourth, the sixth, the seventh, and high-order frequencies were
identified. In the unbalanced condition, the increase in the amplitude of the nominal
frequency suppressed other harmonics, but high-order frequencies could still be rec-
ognized. Since the frequency vibration spectra obtained for the FBG and PZT-based
accelerometers were similar, for balanced and unbalanced conditions, it is assumed
that the FBG-based accelerometer 3 has correctly identified fault condition 1.
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4.5.2 Fault condition 2

In fault condition 2, a bearing with a combination fault in the inner and outer races
was attached to bearing 1, to which the FBG-based accelerometer 2 was attached.
There are multiple harmonics of the fundamental frequency and high-order frequen-
cies present in the frequency vibration spectrum characteristic of this fault condition.
Additionally, there are two important frequencies, the Ball Pass Frequency Inner
Race (BPFI) and the Ball Pass Frequency Outer Race (BPFO). Each of these frequen-
cies corresponds to the frequency at which each roller element passes through the
faulted point of the inner and outer races, respectively. When both faults are present,
the vibration signal consists of a superposition of both frequencies. As a result, mul-
tiple harmonics are observed in the spectrum of both BPFI and BPFO frequencies.
There can be modulation effects and sidebands around the fundamental frequency
due to the interaction between the BPFI and BPFO frequencies. In addition to the
fundamental frequency and its harmonics, sidebands may appear in different har-
monic orders, such as 2X, 3X, 4X, and so forth. As a result of non-linear effects within
the bearing system, such as varying stiffness and clearance, harmonics may be gen-
erated. Furthermore, transient conditions or complex fault interactions may result in
the modulation of fundamental fault frequencies. These high-frequency components
are prone to irregularities due to the unique geometry and design of the bearings, as
well as manufacturing defects, causing the effects aforementioned in fault condition
1[58], [59], [231]-[233].

Figures 4.16 and 4.17 illustrate the frequency vibration spectra for the FBG-based
Accelerometer 2 when the rotor operates at 17 and 35 rps, with additional variation
for an unbalanced condition, comparing these results with the obtained by the PZT-
based accelerometer attached to bearing 1. In these frequency vibration spectra the
nominal, second, third, fourth, eighth harmonics, and high-order frequencies were
identified. This frequency vibration spectrum is characteristic of ball-bearing combi-
nation faults. Moreover, the BFPI and BFPO were identified at 17 rps (approximately
263 Hz and 266 Hz, respectively) and at 35 rps (around 273 Hz and 276 Hz, respec-
tively). These results are compared and validated by the results of the PZT-based
accelerometer attached to bearing 1. These results show the presence of the nominal
frequency and some harmonics, with the proneness of the third, and high-order fre-
quencies caused by the combination fault of the ball bearing. It is pertinent to note
the presence of the 120 Hz harmonic caused by electromagnetic interference of the
motor in the line used to feed the experimental setup. It can be applied a notch filter
in this frequency. However, the FBG-based accelerometer did not suffer from this in-
terference, illustrating the advantage of the optical sensor, since the filtering process
implies increasing the computation cost in the data processing, mainly for online
applications. Finally, since the FBG-based accelerometer recognized a vibration pat-
tern similar to the PZT-based accelerometer measurements, it is assumed that fault
condition 2 was well-identified by Accelerometer 2.

Figure 4.18 and 4.19 illustrate the frequency vibration spectra for the FBG-based
Accelerometer 3 when the rotor operates at 17 and 35 rps, with additional variation
for an unbalanced condition, comparing these results with the obtained by the PZT-
based accelerometer attached to bearing 2. The Accelerometer 3 was attached to
bearing 2, which contains a healthy ball bearing and is located further from the mo-
tor than Accelerometer 2. From Accelerometer 3 results, it can be seen 1X, 3X, 5X, and
high-order frequencies. For all unbalanced conditions, the signal amplitude was en-
hanced at the nominal frequency. The measured spectra of FBG-based accelerometer



Chapter 4. Results and Discussions 63

3 were characteristic of fault condition 2. The BFO and BFI were more clearly iden-
tified by the Accelerometer 2 because it is attached to the bearing that contains the
faulted ball-bearing and it is subjected to higher acceleration amplitudes, enhancing
the signal modulation for fault recognition. Finally, these results are compared and
validated by the PZT-based attached at bearing 2, in which 1X, 3X, and high-order
frequencies were identified, shown in Figures 4.18 and 4.19. In those results, the
120 Hz (the second harmonic of the 60 Hz electric network) has the highest signal
amplitude, distorting the frequency domain signal analysis since the amplitude of
this signal stands out from the mechanical vibration signal and can impact the au-
tomatic peak identification process by algorithms in online applications. Since the
frequency vibration spectrum of the Accelerometer 3 was similar to the measured by
the PZT-based accelerometer, despite the presence of the 120 Hz electric harmonic
in the case of the PZT accelerometer, it is assumed that the Accelerometer 3 could
correctly identify the vibration pattern of fault condition 2.
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4.5.3 Fault condition 3

In fault condition 3, a ball bearing with an inner race fault is attached to bearing 1.
It is common for the vibration spectrum of a ball bearing to exhibit distinct char-
acteristics in the presence of an inner race fault. The primary characteristic of this
bearing is the Ball Pass Frequency Inner Race (BPFI), which represents the rate at
which the bearing elements traverse the damaged inner race. In the spectrum, BPFI
appears to be the dominant frequency. There are also harmonics associated with
BPFI, such as 2BPFI, 3BPFI, and so on, indicative of higher-order impacts from the
fault. As a result of modulation effects, sidebands are generated around the BPFI
frequency. Furthermore, frequencies associated with the rotation of the bearing cage
may be present as well. Factors such as bearing design, speed, and fault severity
can affect the exact frequencies and their amplitudes. For accurate fault detection
and assessment in ball bearings, it is essential to analyze and interpret these char-
acteristic frequencies. Additionally, harmonics of the nominal operating frequency
of the rotor are also possible to appear in the vibration spectrum, in addition to the
characteristic frequencies associated with the inner race fault. Various factors can
contribute to harmonics emerging, such as manufacturing imperfections, unbalance,
misalignment, or other mechanical problems within the machinery [58], [59], [64].

The results for Accelerometer 2, attached to bearing 1, are shown in Figures 4.20
and 4.21. These results are compared to the PZT-based attached to bearing 1 mea-
surement, shown in the same figures. For the rotor operating at 17 rps, the har-
monics 1X, 3X, 4X, and high-order frequencies were found. The prominence of the
3X harmonic is characteristic of misalignment between the rotor and the mechanical
system [54]. High-order frequencies are characteristics of faulted bearings. For 17
rps, BFPI is located close to 260 Hz and its sideband frequencies were also detected
in the frequency vibration spectra. The unbalanced load has increased the signal
amplitude at the nominal frequency in the unbalanced condition. For the rotor at
35 rps, 1X, 2X, 3X, 4X, and high-order harmonics were identified. For the condition
without an unbalanced load, the second harmonic (3X) was prominent compared
to the other harmonics, indicating mechanical looseness in the experimental setup
assembly [54]. BFPI was also identified at 35 rps, around 213 Hz, and its sideband
high-order frequencies. Finally, these results are validated and compared to the mea-
surements of the PZT-based accelerometer attached to bearing 1. For 17 rps, 1X, 3X,
8X, and high-order frequencies were identified. For 35 rps, the second harmonic (3X)
was prominent as obtained for FBG-based accelerometer 2. At this rotation speed,
1X, 2X, 3X, 4X, and high-order frequencies were identified. Finally, since the vibra-
tion pattern by the FBG-based accelerometer 2 was similar to the measurements of
the PZT-based used as a reference, with respect to harmonic identification, it is con-
cluded that the Accelerometer 2 could detect fault condition 3.

The results for Accelerometer 3, attached to bearing 2, are shown in Figures 4.22
and 4.23. These results are compared to the PZT-based attached to bearing 2 mea-
surement, shown in the same figures. At 17 rps, 1X, 3X, 4X, and high-order frequen-
cies were found, with 4X prominence related to a coupling problem between the
rotor shaft and the mechanical system shaft [54]. For the unbalanced condition, 1X,
2X, 3X, and high-order frequencies were identified, in which the prominence of the
second harmonic (3X) is related to intrinsic misalignment in the assembly between
the rotor and the mechanical system [54]. At 35 rps, 1X, 2X, 3X, and high-order
frequencies were identified, in which the prominence of the first harmonic (2X) is
due to misalignment and/or mechanical looseness in the assembly [54]. Moreover,
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for the unbalanced condition, the prominence of the nominal frequency is charac-
teristic of this fault condition. All cases identified high-order frequencies (the main
characteristic of faulted bearings). Finally, these results are validated by the mea-
surements of the PZT-based accelerometer attached to bearing 2. In these frequency
vibration spectra, some of the nominal frequency harmonics are identified as well as
the high-order frequencies caused by the faulted bearing. Since these measurements
are similar to the results obtained by the FBG-based accelerometer 3, it is assumed
that this accelerometer could identify the fault condition 3.
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4.5.4 Fault condition 4

In fault condition 4, a ball bearing with an outer race fault is attached to bearing 1. As
in the case of the inner race fault, in the outer race fault, the primary characteristic of
this bearing is the Ball Pass Frequency Outer Race (BPFO), which represents the rate
at which the roller elements traverse the damaged outer race. Due to the dynamic
interaction between the damaged outer race and the rolling elements, an outer race
fault can modulate the frequency vibration spectrum of a ball bearing. In this mod-
ulation effect, sidebands are introduced around the fundamental frequency, which
is typically the BFPO. When the faulty outer race encounters each rolling element,
intermittent impacts or variations in loading result. As a result of these impacts, the
BPFO frequency is modulated in amplitude. Therefore, sidebands are observed at
frequencies offset from the BPFO by the rate of modulation, which can be affected
by factors such as bearing geometry and rotational speed. It is these sidebands that
provide valuable diagnostic information, as they can indicate the severity of an outer
race fault and differentiate it from other possible problems within the machinery
[58], [59].

The results for Accelerometer 2, attached to bearing 1, are shown in Figures 4.24
and 4.25. These results are compared to the PZT-based attached to bearing 1 mea-
surement, shown in the same figures. For 17 rps, the prominence of the second
harmonic (3X) indicates the intrinsic misalignment between the rotor and the me-
chanical system, also perceived at 35 rps by the first harmonic (2X) [54]. In all cases,
the high-order frequencies and sideband frequencies around the BFPO were identi-
fied. For 17 rps, the BFPO is close to 265 Hz, and for 35 Hz around 276 Hz. These
frequencies were identified as the highest signal amplitude of the high-order fre-
quencies present in the vibration frequency spectrum. Finally, these results are com-
pared to the PZT-based accelerometer measurements attached to bearing 1, in which
some harmonics of the nominal rotation are detected and, mainly, the high-order fre-
quencies characteristic of faulted bearings are recognized. Since the vibration spec-
tra measured by the FBG-based accelerometer 2 are similar to the results obtained
by the PZT-based accelerometer, it is concluded that Accelerometer 2 identifies fault
condition 4. The results for Accelerometer 3, attached to bearing 2, are shown in Fig-
ures 4.26 and 4.27. These results are compared to the PZT-based attached to bearing
2 measurements, shown in the same figures. At 17 rps, the second harmonic (3X),
the third harmonic (4X), and the fourth harmonic (5X) were prominent and these
harmonics are related mainly to coupling problems and misalignment between the
rotor and the mechanical system [54]. Moreover, in all cases, high-order frequen-
cies were identified in the frequency vibration spectra, besides the BFPO close to
210 Hz. These results are similar to the measurements performed by the PZT-based
accelerometer attached to bearing 2, where it can be seen the prominence of the high-
order frequencies caused by the faulted bearing. Finally, since the vibration pattern
obtained by the FBG-based accelerometer was close to the one obtained by the sen-
sor used as a reference, it is concluded that Accelerometer 3 was able to accurately
diagnose fault condition 4.
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FIGURE 4.24: Fault condition 4 vibration frequency spectra for rotor
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speed at 17 rps for (A) FBG Acc. 3, (B) PZT Acc. at Bearing 2, (C) FBG
Acc. 3 (unb), and (D) PZT Acc. at Bearing 2 (unb).



Chapter 4. Results and Discussions

%1072 Condition 4 -
T
212.7

35 Hz, Acc. 3
T

w
n
T

L

70.32

w
T
L

~

n
T

L

—
n
T

L

Signal amplitude [a.u.]
~
T
L

106.4

[
T

‘ Faulted bearing high order frequencies ‘

171.4
L 34.73 i 1283 342 424.2 4491 |
il sl J TR TRV YRR W PO

50 100 150 200 250 300 350 400 450
Frequency [Hz]

(4)

%1073 Condition 4 - 35 Hz, pzt acc. Bearing 2
T T T T T

e
n

—
kS

141.1 =

515.1

—

(8]
T

L

34.77

ol
® —-
T T
]
®
L

o
S
T

I

s
=L
15]

Signal amplitude [a.u.]

et
1)

100 200 300 400 500 600 700 800 900 1000
Frequency [Hz]

(B)

Condition 4 - 35 Hz unbalanced, Acc. 3
T T T T T

0.02
34.77 ‘ ‘
S0.015- 1
=
]
=
g
= 0.01 8
£
<
=
Eb ‘ Faulted bearing high order frequencies
@ 0.005 [ 1
71.53 ey 2106
i 106.3] i 245.4
l i l ——— |280.2
0 ! w.ll | ol e e
50 100 150 200 250 300 350 400 450 500
Frequency [Hz]
(©)
0.014 Condition 4 - 35 Hz unbalanced, pzt acc. Bearing 2
o 34.77 T T T T T T T T

0.012 - A
= L 4
2 0.01
]
= 0.008 1
£
£0.006 - 1
E
500.004 - g
@ 1413

0.002 - i [Faulted bearing high order frequencies | 4

69.53
ST W W LL.L.L.LM.LLLJL‘ N i

100 200 300 400 500 600 700 800 900 1000
Frequency [Hz|

(D)

FIGURE 4.27: Fault condition 4 vibration frequency spectra for rotor
speed at 35 rps for (A) FBG Acc. 3, (B) PZT Acc. at Bearing 2, (C) FBG
Acc. 3 (unb), and (D) PZT Acc. at Bearing 2 (unb).



Chapter 4. Results and Discussions 79

4.5.5 Fault condition 5

In fault condition 5, there is no pre-established fault condition in the motor or me-
chanical system. The frequency vibration spectrum for this healthy condition is the
prominence of the nominal frequency at which the rotor operates. The results for
Accelerometer 2, attached to bearing 1, are shown in Figures 4.28 and 4.29. These re-
sults are compared to the PZT-based accelerometer attached to the bearing 1, shown
in the same figure. For 17 and 35 rps, it can be seen the prominence of the third
harmonic (4X), indicating a coupling problem between the rotor and the mechanical
system [54]. Moreover, high-order frequencies have been found in these frequency
vibration spectra, indicating an unidentified bearing problem (since they are char-
acteristic of faulted bearing conditions, as previously demonstrated). In all cases,
the unbalanced load increased the signal amplitude at the nominal frequency. These
results are validated by the measurements of the PZT-based accelerometer attached
to bearing 1, where the third harmonic (4X) and high-order frequencies are promi-
nent. Similar results were obtained for Accelerometer 3 (Figures 4.30 and 4.31) and
the PZT-based accelerometer attached to bearing 2. These results show the promi-
nence of the third harmonic (4X) and the appearance of some high-order frequencies.
Finally, since the FBG-based accelerometer measurements were similar to the PZT-
based accelerometer pattern, its results were validated by the reference sensor.
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FIGURE 4.28: Fault condition 5 vibration frequency spectra for rotor
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FIGURE 4.30: Fault condition 5 vibration frequency spectra for rotor
speed at 17 rps for (A) FBG Acc. 3, (B) PZT Acc. at Bearing 2, (C) FBG
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speed at 35 rps for (A) FBG Acc. 3, (B) PZT Acc. at Bearing 2, (C) FBG
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4.5.6 Fault condition 6

In fault condition 6, the used AC motor has broken rotor bars. The slip sidebands
around the fundamental frequency and its harmonics are the primary frequencies
used in this fault condition to detect broken rotor bars. When a motor is in proper
working condition, the rotor bars and the rotor core laminations form a squirrel
cage. This produces a uniform and consistent magnetic field. As a result of a rotor
bar breaking, this symmetry is disrupted, resulting in an asymmetry in the rotor’s
magnetic field. As a result of this asymmetry, the motor current spectrum and the
vibration spectrum display slip sidebands due to rotation at the slip frequency rel-
ative to the stator magnetic field. Additionally, the broken rotor bars may result in
uneven resistance (resistance to the magnetic field) of the rotor. As the stator’s mag-
netic field rotates, this variable resistance rotates at the slip frequency. As a result
of the rotational asymmetry of the stator magnetic field, sideband frequencies are
generated around the fundamental stator electrical frequency and its harmonics. A
multiple of the slip frequency separates these sidebands [81], [82]. The results for
Accelerometer 2, attached to bearing 1, are shown in Figures 4.32 and 4.33. For the
rotor speed at 17 rps, the nominal frequency (1X), 2X, 3X, and 4X harmonics were
identified. Moreover, it can be seen the slip frequency provoked by inside broken
rotor bars, for example, in the case of 33.6 Hz for 34 Hz (2X), and 69.08 Hz for 68
Hz (3X). Moreover, the prominence of the second harmonic (3X) indicates intrinsic
misalignment between the rotor and the mechanical system. At 35 rps, these results
are also obtained, where slip frequencies around nominal frequency harmonics can
be seen in the frequency vibration spectra. Finally, these results are validated by the
PZT-based accelerometer attached to bearing 1 (shown in Figure Figures 4.32 and
4.33), where it can be seen slip frequencies around nominal frequency harmonics.
The results for Accelerometer 3, attached to bearing 2, are shown in Figures Figures
4.34 and 4.35. Accelerometer 3 exhibited the same vibration pattern as Accelerom-
eter 2, showing slip frequencies characteristic of rotor broken bars fault conditions.
Additionally, high-order frequencies have appeared in these sensor results, proba-
bly related to an incipient fault in the ball bearing. These results are validated by the
similar vibration spectra obtained by the sensor used as a reference, the PZT-based
accelerometer attached to bearing 2, shown in Figures 4.34 and 4.35.
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FIGURE 4.32: Fault condition 6 vibration frequency spectra for rotor
speed at 17 rps for (A) FBG Acc. 2, (B) PZT Acc. at Bearing 1, (C) FBG
Acc. 2 (unb), and (D) PZT Acc. at Bearing 1 (unb).
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FIGURE 4.33: Fault condition 6 vibration frequency spectra for rotor
speed at 35 rps for (A) FBG Acc. 2, (B) PZT Acc. at Bearing 1, (C) FBG
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FIGURE 4.34: Fault condition 6 vibration frequency spectra for rotor
speed at 17 rps for (A) FBG Acc. 3, (B) PZT Acc. at Bearing 2, (C) FBG

Acc. 3 (unb), and (D) PZT Acc. at Bearing 2 (unb).



Chapter 4. Results and Discussions

88

%107 Condition 6 - 35 Hz, Acc. 3
T T T
4 i
35 i
= 70.14
= 69.41
s 3 7
-]
2
'E_z.s + .
] ) 211.7
g 211.4
20
150347 283.6 il
| 71.22| [105.8 448.3| [as4.6
50 100 150 200 250 300 350 400 450 500
Frequency [Hz]
(A)
25 %107 Condition 6 - 35 Hz, pzt acc. Bearing 2
o T T T T T T
210.8
p— 2 [ 7
]
3
S15f |
2
g
& 1 |34.64 i
= !
£
20
)
05 i
140|/207.7
JﬂsALJ Ll el ..L.LJ ..l.LLulmA IJ.:JmLJ.].lII l iiha
100 200 300 400 500 600 700 800 900 1000
Frequency [Hz]
(B)
%107 Condition 6 - 35 Hz unbalanced, Acc. 3
TF T T T T T T T T T
6 34.69 B
E 69.39
S
PRl 7
-]
g
B4 4
£
<
53 - 104.2 4
5 71.47 T
F 67.39 1. 4
27l o l\@
w2l NT— Lw“ lassensnad T
50 100 150 200 250 300 350 400 450 500
Frequency [Hz]
(©
x1073 Condition 6 - 35 Hz unbalanced, pzt acc. Bearing 2
T T T T T T T T
34.77
5k 4
F)
Sal i
]
=
£
=3k |
£
<
S2r 4
2P
»n
140.6
1+ i 211.8 i
J 138.9 [zos.:j'
RN L e i ‘ VTR TRRE

100 200 300 400 500 600 700 800 900 1000
Frequency [Hz]

(D)

FIGURE 4.35: Fault condition 6 vibration frequency spectra for rotor
speed at 35 rps for (A) FBG Acc. 3, (B) PZT Acc. at Bearing 2, (C) FBG
Acc. 3 (unb), and (D) PZT Acc. at Bearing 2 (unb).
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4.5.7 Fault condition 7

In fault condition 7, Accelerometer 2 was attached to bearing 2, and Accelerometer
3 was attached to bearing 1. For this condition, the electric motor is the same as
for condition 6. Then, the expected frequency vibration spectra are similar to fault
condition 6. Accelerometer 2 results are shown in Figure 4.36. At 17 rps, the nomi-
nal frequency and high-order frequencies were found. These results show that Ac-
celerometer 2 does not have sufficient sensitivity to recognize the vibration pattern
associated with broken rotor bars at this rotation velocity. At 35 rps, Accelerometer
2 identified the fault condition vibration pattern, where slip frequencies can be seen
around the harmonics. Since the rotation has increased, compared to the 17 rps con-
dition, the amplitude of acceleration also increased and this sensor had sensitivity to
identify the vibration pattern. The results for Accelerometer 3 are shown in Figure
4.37, where it can be seen that the vibration pattern characteristic of rotor broken
bars fault condition was characterized by the presence of slip frequency of the nom-
inal frequency harmonics. These results are validated by PZT-based measurements
in fault condition 6.
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4.5.8 Fault condition 8

The used AC motor in condition 8 has an internal bearing fault and there is no
preestablished fault in the mechanical system. The results for Accelerometer 2, at-
tached to bearing 2, are shown in Figures 4.38 and 4.39. At 17 rps, Accelerometer
2 did not have the sensitivity to identify the vibration pattern of fault condition
8, where the signal amplitude order is 10~%. Nonetheless, the frequency vibration
spectra at this rotation speed, for both balanced and unbalanced conditions, contain
high-order frequencies also identified by Accelerometer 2 in fault condition 7. These
frequencies may be related to an incipient fault in the healthy ball-bearing attached
to bearing 2. At 35 rps, Accelerometer 2 recognized the vibration pattern of the rotor
bearing faulted condition, where it can be seen the presence of different harmon-
ics and high-order frequencies caused by the failure in the rotor bearing, as can be
seen in the appearance of 280 Hz and 350 Hz. Moreover, it is worth mentioning
the first harmonic (2X) prominence related to the misalignment between the electric
motor and the mechanical system. These results are validated by the measurements
of the PZT-based accelerometer attached to bearing 2, shown in Figures 4.38 and
4.39, where it can be seen the high-order frequencies appear due to the failure at the
electric motor bearing. The results for Accelerometer 3, attached to bearing 1, are
shown in Figures 4.40 and 4.41. In these results, some nominal frequency harmonics
have appeared in addition to the high-order frequencies characteristic of the rotor
faulted bearing. These results are validated by the measurements of the PZT-based
accelerometer attached to bearing 1, where similar frequency vibration spectra were
achieved as shown in Figures 4.40 and 4.41.
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FIGURE 4.38: Fault condition 8 vibration frequency spectra for rotor
speed at 17 rps for (A) FBG Acc. 2, (B) PZT Acc. at Bearing 2, (C) FBG
Acc. 2 (unb), and (D) PZT Acc. at Bearing 2 (unb).
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FIGURE 4.39: Fault condition 8 vibration frequency spectra for rotor
speed at 35 rps for (A) FBG Acc. 2, (B) PZT Acc. at Bearing 2, (C) FBG
Acc. 2 (unb), and (D) PZT Acc. at Bearing 2 (unb).
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FIGURE 4.40: Fault condition 8 vibration frequency spectra for rotor
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FIGURE 4.41: Fault condition 8 vibration frequency spectra for rotor
speed at 35 rps for (A) FBG Acc. 3, (B) PZT Acc. at Bearing 1, (C) FBG

Acc. 3 (unb), and (D) PZT Acc. at Bearing 1 (unb).
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4.5.9 Fault condition 9

Fault condition 9 has the same fault configuration as fault condition 8, however, ac-
celerometers 2 and 3 are interchanged. In the frequency vibration spectrum of an
electric motor, multiple harmonics of the rotation speed are often associated with
bearing failures. The harmonics, also known as shaft harmonics, are the result of
irregularities resulting from damaged bearing components, such as inner and outer
races and rolling elements. During their interaction within the bearing, these compo-
nents generate vibrations at frequencies that are multiples of the motor’s rotational
speed, which manifest as harmonics (e.g., 2X, 3X, 4X, 5X, and further). Their pres-
ence, amplitudes, and phase relationships provide valuable diagnostic information
about the bearing. As a result of complex bearing faults, modulation effects, and
other factors within the bearing, multiple harmonics can be present simultaneously,
assisting with the identification and timely maintenance of electric motor bearing is-
sues in order to prevent further damage or motor failure [234]-[236]. The results for
Accelerometer 2, attached to bearing 1, and for Accelerometer 3, attached to bear-
ing 2, are shown in Figures 4.42 and 4.43, respectively. For both accelerometers,
different harmonics of the nominal frequency have been identified, configuring the
characteristic frequency vibration spectra of electric motors with faulted bearings.
Moreover, these vibration patterns are similar to the results obtained by the PZT-
based accelerometers in condition 8 (Figures ?? and ??), validating the FBG-based
accelerometers measurements for fault condition 9.
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FIGURE 4.42: Fault condition 9 vibration frequency spectra for Ac-
celerometer 2 for rotor speed at (A) 17 rps, (B) 17 rps (unbalanced),

(C) 35 rps, and (D) 35 rps (unbalanced).
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FIGURE 4.43: Fault condition 9 vibration frequency spectra for Ac-
celerometer 3 for rotor speed at (A) 17 rps, (B) 17 rps (unbalanced),
(C) 35 rps, and (D) 35 rps (unbalanced).
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4.510 Results summary

Table 4.11 summarizes the harmonic identification in each fault condition. Besides
the high-order frequency harmonics, some nominal frequency harmonics have been
identified for conditions 1 to 4. In most cases, nominal harmonics are caused by me-
chanical looseness, misalignment between the mechanical system and the electrical
motors, and coupling problems. A faulted ball bearing was used in the assembly
of the experimental setup under those conditions. These high-order frequencies are
characteristic of these fault conditions and were identified by both FBG-based ac-
celerometers and PZT-based accelerometers. According to condition 5, there are
no faults with the mechanical system or the electrical motors. Nevertheless, some
nominal harmonics have been detected in the frequency vibration spectra for this
case. There are many factors that contribute to the appearance of nominal frequency
harmonics in real-life applications, including mechanical looseness in the assembly
process, misalignment, and clearance. It should be noted, however, that the signal
amplitude of these harmonics must be compared with the nominal frequency, and if
the harmonic signal amplitude exceeds the nominal frequency, a fault condition will
result. Consequently, real-time monitoring is critical to detecting faults in machin-
ery at their earliest stages. Both accelerometers were able to detect the slip-frequency
characteristics of rotor broken bars under conditions 6 and 7. Finally, for conditions
8 and 9, the FBG-based accelerometers identified some nominal frequency harmon-
ics, which are characteristics of faulted bearings in electric motors. As a point of
clarification, all of the results were validated and compared with the measurements
of the PZT-based accelerometers used as a reference. All data analysis in this study
was performed offline. The data set achieved in this work can be used to develop ar-
tificial intelligence algorithms for automatic fault recognition in online applications.
This is done by comparing the real-time measurement with the well-known fault
conditions frequency vibration spectra. Furthermore, a preliminary study should be
conducted to determine the number of points required to carry out the Fast Fourier
Transform, where an optimized number of points must be used to reduce the data
processing time without compromising fault diagnosis. The comparison between
the identified peaks by the FBG-based accelerometers with the results obtained by
the PZT-based accelerometers can be used to estimate an average relative error. For
the FBG-based accelerometer 2, the relative errors are 0.48%, 0.62%, 0.50%, 0.32%,
0.76%, 0.26%, 0.39%, 0.40%, and 0.48%, for fault conditions 1, 2, 3,4, 5,6,7, 8, and 9,
respectively. For the FBG-based accelerometer 3, the relative errors are 0.27%, 0.72%,
0.39%, 0.22%, 0.95%, 0.29%, 0.29%, 0.40%, and 0.85%, for fault conditions 1, 2, 3, 4, 5,
6,7,8,and 9, respectively. These errors were calculated by comparing the identified
peaks by each accelerometer and taking the average of the relative errors of each
identified peak. These errors are mainly related to the fluctuations in the current
used to feed the frequency inverter, responsible for controlling the rotor velocity.
Nonetheless, these errors indicate that the FBG-based accelerometers were able in
correctly identify all the 9 fault conditions, validated by the commercial PZT-based
accelerometers.



Chapter 4. Results and Discussions

101

TABLE 4.11: Frequency vibration harmonics identification summary.

Fault condition

Identified harmonics

Accelerometer 1

Accelerometer 2

17 rps 35 rps 17 rps 35 rps
1X, 3X, 4X, 1X, 3%, 1X, 3X, 4X, 1X, 3%,
1 high-order 4X, 5X high-order 4X, 5X
& . high-order & . high-order
frequencies P . frequencies .
requencies frequencies
1X, 3X, 4X, 1X, 3X, 4X, 1X, 3X, 4X, 13>>(<’ 26>)((’
2 high-order high-order high-order L
. . . high-order
frequencies frequencies frequencies P .
requencies
1X, 3X, 4X, 1X,2X, 1X, 3X, 4X, 1X,2X,
3 high-order 3X, aX, high-order 3X, 4X,
& . high-order & . high-order
frequencies P . frequencies .
requencies frequencies
1X, 2X, 3X, 1X, 2X, 1X, 2X,
4 4X, 5X, 3X, 4X, :Ii(’s_ﬁ’r 211)6(1: 3X, 5X
high-order high-order & . high-order
. . frequencies .
frequencies frequencies frequencies
1X, 2%, 1X, 2X, 3X, 1X, 3X, 4X, 1X, 2X, 3X,
3X, 8X, 4X, 5X, . .
5 . . high-order high-order
high-order high-order . .
P . P . frequencies frequencies
requencies requencies
1X, 2X, 1X, 2X, 1X, 2X, 1X, 2X,
6 3X, 4X, 3X, 4X, 3X, 4X, 3X, 4X,
slip frequencies | slip frequencies | slip frequencies | slip frequencies
1X, 2X,
1X, 3X5’>? X 1X, 3X, 1X, 3X,
7 high-order . L 4X, 6X 4X, 6X
frequencies slip frequencies, slip frequencies | slip frequencies
q high-order
frequencies
1X, 2X, 3X, 1X, 2X, 3X, 4X, 1X, 2X, 3X, 1X, 2X, 3X,
3 4X, 5X, 6X 5X, 6X, 7X, 8X 4X, 5X, 6X AX. 5X. 6X
high-order high-order high-order ’ 7X/ ’
frequencies frequencies frequencies
1X, 2X, 3X, 1X, 3X, 411;? 2;’ :;;((’
9 1X, 2X, 3X, 4X, 6X, 4X, 5X, ’ 8X, ’
5X, 6X, 7X high-order high-order N
. . high-order
frequencies frequencies

frequencies
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Chapter 5

Conclusions and future work

Different geometries were analyzed for the FBG-based accelerometer design in this
study. Based on analytical models, the flexible hinge structure was found to provide
the most efficient balance between natural frequency and sensitivity for this work
requirement. With the analytical model of this structure, a multi-objective optimiza-
tion was conducted and a combination of geometric parameters was determined.
Through this procedure, we were able to find combinations of geometric parameters
that are capable of meeting the project requirements by varying the geometric pa-
rameters. A total of four combinations were selected, adapted for fabrication, and
analyzed using ANSYS 2019 R3. It was relevant to perform this analysis in order to
evaluate more precisely the natural frequencies of the sensors because, in analytical
models, some idealizations are adopted. These results were compared to the analyti-
cal model results, implying relative errors of 23%, 33%, 14%, and 6% for accelerome-
ters 1,2, 3, and 4, respectively. These errors are related to idealizations assumed and
neglected effects in the analytical models. Experimentally, the fabricated sensors
were characterized in terms of natural frequency and sensitivity. The experimental
natural frequencies were 607.8 Hz, 366.7 Hz, 294.7 Hz, and 236.5 Hz for accelerom-
eters 1, 2, 3, and 4, respectively. The experimental sensitivities are characterized by
the exciting frequencies of 17 Hz, 35 Hz, and 50 Hz. For 17 Hz, the experimental
sensitivities were 180 pm/g, 690 pm/g, 380 pm/g, and 400 pm/g, for accelerome-
ters 1, 2, 3, and 4, correspondingly. For 35 Hz, the experimental sensitivities were
150 pm/g, 510 pm/g, 290 pm/g, and 230 pm/g, for accelerometers 1, 2, 3, and 4, re-
spectively. For 50 Hz, the experimental sensitivities were 120 pm/g, 410 pm/g, 150
pm/g, and 160 pm/g, for accelerometers 1, 2, 3, and 4, respectively. The compari-
son between the identified peaks by the FBG-based accelerometers with the results
obtained by the PZT-based accelerometers was used to estimate an average relative
error. For the FBG-based accelerometer 2, the relative errors are 0.48%, 0.62%, 0.50%,
0.32%, 0.76%, 0.26%, 0.39%, 0.40%, and 0.48%, for fault conditions 1, 2, 3, 4,5, 6,7, 8,
and 9, respectively. For the FBG-based accelerometer 3, the relative errors are 0.27%,
0.72%, 0.39%, 0.22%, 0.95%, 0.29%, 0.29%, 0.40%, and 0.85%, for fault conditions 1,
2,3,4,5,6,7,8, and 9, respectively. These errors are mainly related to fluctuations
in the current used to feed the frequency inverter, responsible for controlling the ro-
tor rotational velocity. In spite of the differences between experimental results and
analytical /numerical results, the projected sensors were able to accurately identify
the vibration pattern of the 9 fault conditions that were studied. Commercial piezo-
electric accelerometers were used to compare and validate these results. Finally, it
is concluded that the goal of this study was achieved, the FBG-based accelerometers
were effectively projected, and they could be used for the detection of machinery
faults.

As demonstrated during the development of this work, different structures can
be adapted for FBG-based accelerometers. When dealing with accelerometer projects,
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there is a trade-off between sensitivity and natural frequencies, features that deter-
mine the application of the sensor. Different methods can be studied in this scenario
in order to enhance the strain sensitivity of the used optical fiber sensor to increase
acceleration sensitivity without affecting the natural frequency of the sensor. Studies
such as these are strategic primarily in applications that require high levels of natural
frequency and sensitivity at the same time. A further goal of this project is to test the
project sensors in industrial applications to measure acceleration in various points
of machinery simultaneously to assist in the diagnosis of faults. It will be necessary
to develop artificial intelligence algorithms in order to enhance fault diagnosis, and
preliminary studies can be conducted to determine the minimum data needed for
fault diagnosis in order to optimize this application for online monitoring.



104

Appendix A

Analytical models mathematical
full development

A.1 Analytical models

Different geometries must be considered and analyzed analytically and numerically
when selecting an accelerometer design. The following geometries are considered
in this work: a Double-L Cantilever, a Triangular Cantilever, a Clamped-Clamped
Beam, a Single Cantilever, a Capillary Steel Tube, and a Flexible Hinge.

A.1.1 Double-L Cantilever Structure

The Double-L Cantilever analytical model considered in this work is based on [186].
The Double-L Cantilever based on FBGs geometry is schematically shown in Figure
Al

Screws
C A
FBG 1 B A
Leaf spring || sm 1
- N L-Cantilever 1 Proof
L-Cantilever 2 Mass A;\’
¢ T FBG2 B 2
Base

FIGURE A.1: Schematic representation of Double-L Cantilever based
on FBGs.

According to Figure A.1, the mechanical sensor head consists of a thin rectangu-
lar leaf spring, two rigid L-shaped cantilevers, and an inertial mass. Each of these
components is screwed together to form a single unit that is attached to the base at
the leaf spring end. The proof mass, L-cantilevers, and walls of the base are drilled
out to facilitate the insertion of two FBGs (FBG 1 and FBG 2). The FBGs are pre-
tensioned and fixed at points A, B, A’, and B'.

When the Double-L Cantilever structure is subjected to an acceleration in its base,
an inertial force (F) is induced on the proof mass (M), which undergoes a vertical de-
flection. The rigid-L cantilevers act as a translation mechanism converting the ver-
tical deflection of the proof mass into axial deflections of the fiber. The axial strain
caused in the fibers is proportional to acceleration. This axial strain implies a Bragg
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wavelength shift, also proportional to acceleration. Then, acceleration can be mea-
sured by Bragg wavelength shift monitoring. For vertically downward base acceler-
ation, the proof mass moves upwards causing tensile strain in FBG 1, and an equal
amount of compressive strain in FBG 2. The exact opposite happens for downward
base acceleration. As aforementioned in the theoretical background section (Sec-
tion 2.3), the Bragg wavelength is affected by thermal and strain effects. Using two
FBGs, this configuration consists of a temperature self-compensated, enhancing the
strain sensitivity. A mechanical model of the Double-L Cantilever structure is shown
in Figure A.2.

O I(2 z

H L \NWV\’ :
\I m sz \

|| S I(2 §Kl a,
sz

FIGURE A.2: Mechanical model of the Double-L Cantilever structure.

In the mechanical model shown in Figure A.2, the optical fibers are represented
by the stiffness K>, and K;j represents the combination of Double-L Cantilever and
the leaf spring stiffness. After fixing the Double-L Cantilever in the leaf spring using
screws, its behavior becomes similar to a T-Cantilever [213]. In this model, L is the
Double-L Cantilever length, Ly is the length of the sensing fiber between the fixation
points A, and B, H is the L-shaped beam height, and M is the mass of the proof
mass. The leaf spring is a rectangular sheet of metal of length Ls, width W;, and
thickness Ts. Kj is mainly related to the geometric and material features and it is
mathematically defined by Equation A.1.

E,W,T,3
4 (L3 + 3Ls2L + 3LsL2)

In Equation A.1, E; is Young’s modulus of spring steel. The stiffness K is defined
by Equation A.2.

K =

(A1)

A
K, = =82 (A.2)
Ly

In Equation A.2, E; is Young’s modulus of the optical fibers and A is its cross-
42
sectional area, defined by A = %, where d ris the optical fibers diameter. Consid-
ering the accelerometer as a single-degree-of-freedom (SDOF) spring-mass system
without damping, the equation of motion of the proof mass is represented by Equa-
tion A.3.

In Equation A.3, z = z,, — zy, is the relative deflection of proof mass with respect
to the base, z; is the base displacement in z direction, and z,, is the mass displace-
ment in z direction. K, is the equivalent stiffness of the system, defined by Equation
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Ad4.

H\ 2
Keq = Ky +2K3 (L> (A4)

The equilibrium equation of motion of a spring-mass system is given by Equation
A5.

Ftwiz=—%,=a (A.5)

In Equation A.5, w, is the undamped natural frequency of the SDOF system.
Comparing Equations A.5 and A.3, the natural frequency of the system is defined

by Equation A.6.
2
/K | Ky 42K, (2
wﬂ = ﬁ = —1 M2 (L) (A.6)

Considering a sinusoidal base acceleration, defined by a = Asinwt, where A
is the acceleration amplitude and w the acceleration frequency, the corresponding
steady-state response is given by z = Z sin wt where Z, the amplitude of the proof
mass deflection, is given by Equation A.7.

z- -4 ! (A7)

- ()

Considering the excitation frequency is much smaller than the natural frequency
of the system w << wy, the peak deflection of the proof mass is defined by Equation
AS8.

—A
Wy

7/ =

(A.8)

A geometrical representation of the Double-L Cantilever structure is represented
in Figure A.3. For small angle deflection of the proof mass, the neutral axis of the
leaf spring and Double-L Cantilever Structure can be assumed to be on a straight
line. Assuming a small angle approximation, 6; and 6, are defined by Equation A.9.

Zm — Zp z

01 ~ tan 91 = = —
L1 L1 (A.9)
0, ~tanf, = —
2 an vy L
AsfO; =, 50 1 = %, yielding in Equation A.10.
0 H

Through Equation A.10, it can be observed that the factor £ defines the conver-
sion of the vertical deflection of the cantilever structure into axial strain in the fibers.
The maximum value of the axial strain across the FBGs is given by Equation A.11.

H H
Omax = Zmax (L) =Z <L> (A.11)
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FIGURE A.3: Geometrical representation for Double-L Cantilever
structure submitted to small angular displacement.

The maximum strain in the optical fiber can be obtained by dividing both sides
of Equation A.11 by Ly, yielding in Equation A.12.

5max Z L2 —A H
o Omax 2 (L2 —A (H A12
fomax =T 7L <L1> Lyw? <L> (A-12)

As aforementioned, in Equation A.12 can be observed that the acceleration is
directly proportional to the strain in the FBGs. Finally, the strain sensitivity of the
FBG is given by Equation A.13.

€x,max

A

Se =

1 H
(1) a1

A.1.2 Single Cantilever

The single cantilever analytical model considered in this work is based on [28], [214].
This structure and its mechanical model are schematically shown in Figure A.4,
which is composed of a rectangular beam with width b, thickness h, length L, and
mass my. This beam configuration is a clamped-free condition. At the free end, an
inertial mass M is added to enhance the amplitude of the mechanical vibration. Yet
in Figure A.4, a mechanical model of the structure is shown, configuring a spring-
mass-damper system.

Considering the relative movement between the clamped base and the mass,
z(t) = x(t) — y(t), its time derivative is given by Z = ¥ —y and Z = ¥ — ij. The
harmonic base excitation and its time derivative are given by Equation A.14, where
Y is the amplitude of excitation and wy, is the excitation frequency.

y(t) =Y - coswyt
(t) =-Y- Wy - sin wbt (A.14)

<

t) = =Y -w? - coswyt

<

The movement equation of a base excited system is given by Equation A.15.
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FIGURE A .4: Single cantilever structure and its mechanical model.

mi(t) +c[x(t) —y()] + Kk [x(#) —y()] = 0
mi(t) 4 cz(t) + kz(t) =
Subtracting mjj in both sides of Equation ?? and substituting Equation, yields in
Equation ?2.

(A.15)

mz(t) + cz(t) + kz(t) = —mij = Yw? cos wyt (A.16)

The proposed solution for the differential Equation A.16 is given by Equation
A17.

z(t) = A-e ¢! gin (wy + ¢) + Z cos (wy - t — 6) (A.17)

Analyzing the stationary regime, the homogeneous solution can be neglected in
Equation A.17, yielding in Equation A.18.

z(t) = Zcos (wy - t — 0) (A.18)
Where,
7 _ in
\/(w,% —w?)” + (28wnwy)
2
0 = arctan gwinwbz
(W} — wp)
Let r = =%, a relationship between the base displacement amplitude Y and the

amphtude of the relative displacement between the mass and the base Z is defined
in Equation A.19.

7 2
- ! (A.19)

Y APy

Factoring w? out of the denominator, Equation A.18 can be rewritten in Equation
A.20.

2(4) = ! 2Y cos (wyt — 0) — —it) (A.20)
o V <1—r2)2+<26r)2wb h V=22 4 (22

Aiming to determine the sensitivity of the structure to acceleration, consider
wp — 0and r — 0, yielding in Equation A.21.
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z(t) = —§(t) (A.21)

w;

Considering an Euler-Bernoulli beam, the maximum displacement caused by a
load (inertial mass) applied to the free end of a clamped-free beam condition is de-
fined by Equation A.22.

PL3  —ij(t) —3ETij(t)
2 =351 = w2 W23

Applying Hooke’s law, the bending stress at the beam’s top surface caused due
to the inertial mass movement is defined by Equation A.23.

(A.22)

PLh 2Eel
U—T—EG..P— o

Substituting Equation A.23 into Equation A.22, the structure sensitivity to accel-
eration is given by Equation A.24.

(A.23)

€ 3h
So=~-=575 A24
07§ T 2022 (A-24)
Considering a perfect strain transmission from the beam’s top surface to the FBG,
since it is attached at the top surface, the Sy sensitivity can be rewritten in terms
of wavelength shift in nm/g in Equation A.25, considering an FBG centered near

1.55 um.

Sy~12-107°-5y-¢ (A.25)

In Equation A.25, g is the acceleration due to gravity. For a rectangular beam, the
stiffness is given by Equation A.26.

k=22 (A.26)

Finally, the natural frequency of the system is given by Equation 3.9, considering
the beam’s mass.

.b-hK3
oy = E b (A27)

A.1.3 Triangular Cantilever

The triangular cantilever analytical model considered in this work is based on [214],
[215]. Triangular cantilever structure is schematically shown in Figure A.5. In this
structure, one of the ends of the triangular beam is fixed at a clamped support, and
an inertial mass is attached at the free end. The triangular beam has, at the clamped
end, width b and thickness k. The width varies along the beam length L, described
by Equation A.28.

by =b (1 - f) — %(L ~x) (A.28)
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FIGURE A.5: Schematic of triangular cantilever structure.

Considering the applied load caused by the inertial mass (F = M - g), where g
is the gravity acceleration, the expression for the longitudinal strain at any cross-
section at a distance z from the neutral axis and x from the fixed end caused by the
bending moment is given by Equation A.29.

. Myz  F(L—x)z
" EI  EI
In Equation A.29, E is the beam Young’s modulus and [ is its moment of inertial.
The moment of inertia is defined by Equation A.30.

(A.29)

[— bh3 _ b(L— x)h3
12 12L
In this structure, the FBG is attached to the top surface of the triangular can-
tilever. Then, the FBG is subjected to a strain at z = %, where the strain is maximum
in the z direction. Furthermore, considering that the FBG sensor is attached at the
position x = L/2, the Equation A.30, yields in:

(A.30)

bh®
Iy = o4 (A.31)

Substituting Equation A.31 in Equation A.29 (assuming z = h/2), yields in Equa-
tion A.32.

F(L—x)h _ 6FL  _ e Ebi?
2El.,,  EbRZ "~ 6L

For a clamped-free beam condition, considering an Euler-Bernoulli Beam, the
maximum displacement is given by Equation A.33.

€r = (A.32)

, _ FL®  8FL®
Mtz " 3F; ;5 Ebh3
Modeling the triangular beam structure as a spring-mass system, as developed

for the single cantilever, the displacement caused by the inertial mass is given by
Equation A.34.

(A.33)

2(t) = ygt) _ 8FL . Ebh>ij(t)
w? Ebh3 8L3w?2
In Equation A.34, w, is the natural frequency of the system. Substituting Equa-

tion A.34 in Equation A.32, the system acceleration sensitivity, Sy, is defined in Equa-
tion A.35.

(A.34)
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€x  3h

i 4Lw?
Considering a perfect strain transmission from the beam’s top surface to the FBG,

since it is attached at the top surface, the Sy sensitivity can be rewritten in terms

of wavelength shift in nm/g in Equation A.36, considering an FBG centered near
1.55 pum.

So = (A.35)

Sy~12-107°-Sy-¢ (A.36)

In Equation A.36, g is the acceleration due to gravity. For a triangular beam, the
stiffness, at x = L/2, is given by Equation A.37.

_ Ebk3

-~ 813

Finally, the natural frequency is given by Equation 3.13, where M is the mass
attached to the free end of the beam.

(A.37)

K
wn =\ 1 (A.38)

A14 Clamped-Clamped Cantilever

The Clamped-Clamped beam model considered in this work is based on [216]. The
clamped-clamped beam structure is schematically shown in Figure 3.7. This struc-
ture is composed of two parallel rectangular plates, each supported in such a way
as to have clamped-free-clamped-free boundary conditions. A concentrated mass is
placed between the plates. Because two of the plate edges are free, the modeling of
the plates as beams is warranted for the lower-order vibration modes, and a Poisson
correction factor can be added to account for two-dimensional effects.

y

Bottom view <Q,

% T b
Fiber Bragg Gratings

L

Z
Side view h
[ ]
) f
% Inertial mass Acceleration

FIGURE A.6: Side and bottom view of a Clamped-Clamped beam
structure.

The lowest natural frequency of the clamped-clamped beam structure is given
by Equation A.39.
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= 0915 Ebl A.39
“n =7 L3 (M +0.793my) (1 — v2) (A.39)
In Equation A.39, E is the plate Young’s modulus, b, h, L are its width, thickness,
and length, respectively, M is the mass of the inertial mass and m, is the total mass
of the plates, and v is the Poisson’s ratio. This natural frequency corresponds to
the first symmetric transverse vibration mode of the system, which has a maximum
displacement at the center, where the concentrated mass is placed.
From a strain perspective, an average strain over the grating length will be sensed.
For a surface strain field given by €.y, this average strain can be expressed by Equa-
tion A.40.

L/2+d/2
€xx = (1/d) Exxdx (A.40)
L/2—d/2

In this analytical model approach, an ideal strain transfer between the beam and
the grating has been assumed. The division of the average strain by the magnitude
of the acceleration, yields in Equation A.41.

M + 1.046m,, gh 106
B ¥ A4l
>f <M+0.793mb> (47(2Lz 7wz ) ¥ (A41)
In Equation A.41, ¥(x) = (4.175sin(2.365x) — 0.555sinh(2.365x)) /x, k = 4, ¢ is

the acceleration due to gravity, and w is the excitation frequency. The limit of S as
w — 0 is the sensitivity Sp of the device, given by Equation A.42.

.030gL 1.04 1—v2)10°
50:<0030g (M + 1.046m;) (1 —12) o)T(K)

e, (A.42)

Considering an FBG centered near 1.55 um, the Sy scale factor can be rewritten
in terms of the wavelength shift (in nm/g), given by Equation A .43.

Sy~12-1073-5 (A.43)

A.1.5 Steel Tube-Mass Block Elastic Structure

The steel tube-mass block elastic structure-based accelerometer analytical model is
based on [217]. The structure of this accelerometer is shown schematically in Figure
3.8. This structure is composed of a capillary steel tube with length L, a cylinder-
shaped mass block, a shell, and an optical fiber with two FBGs embedded in the steel
tube. The capillary steel tube with FBGs is inserted in the shell and pre-stretched by
rotating the nuts and then serves as a spring element. The two FBGs output opposite
wavelength shifts caused by the inertial force of the mass along the axial vibration di-
rection. Therefore, using the difference between the two opposite wavelength shifts
of the two FBGs as the sensing signal, the influence of temperature cross-sensitivity
could be avoided and the sensitivity can be improved.

The relationship between strain and acceleration in the structure is given by
Equation A.44.

_ o (A.44)
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FIGURE A.7: Steel tube-mass block elastic structure-based accelerom-
eter geometry.

In Equation A.44, F is the vibration inertia force of the mass block, S is the cross-
sectional area of the capillary steel tube, m is the quality of mass black, and E is
Young’s modulus of the capillary steel tube. The stiffness of the capillary steel tube
is defined by Equation A.45.

FzZES-gzZES%: <2ELS>-AL:k-AL,
(A.45)
¢ 268
L

The first natural frequency is given by Equation 3.21.

| k |2ES

Modeling the steel tube-mass block elastic structure as a spring-mass system, the
sensitivity of the sensor is defined by Equation 3.22.
1 m

A.1.6 Flexible Hinges

The flexible hinges analytical model is based on [218]. The design of the structure is
shown in Figure A.8. This sensor is composed of two inertial masses, three straight
circular flexure hinges, two FBGs, and a base. This structure is symmetrical, the
sizes of flexure hinge 2 and flexure hinge 3 are exactly the same. Two FBGs are
pre-stretched and attached at the top and bottom surfaces of the structure.

In response to external acceleration excitations in the measurement direction, the
two masses will rotate slightly around the center of flexible hinges-2 and 3, respec-
tively, causing the FBGs to stretch or compress, which converts vibration accelera-
tion into strains and wavelength shifts. The wavelength shifts of the two FBGs can
be used to obtain vibration signals. Moreover, two FBGs will double the sensor’s
sensitivity while accomplishing temperature self-compensation.

As a result of inertial forces acting on the sensors, the two masses will rotate
slightly around the center of the flexible hinges 2 and 3, respectively, when an exter-
nal acceleration is applied to the sensor’s sensitive direction. The mechanical model
of the sensor is shown in Figure A.9. According to the principle of virtual displace-
ment, the general dynamics equation for the system can be expressed by Equation
A 48.
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FIGURE A.9: Flexible hinges accelerometer mechanical model under
an external acceleration.

(—2M; +2M)66 + 2maéz — AF;5AL = 0 (A.48)

In Equation A.48, 6 is the rotation angle of the mass relative to flexible hinge 2,
m is the mass of the mass block, a is the vibration acceleration in the z-axis of the
sensor, z is the z-axis displacement of the mass center of the mass, Fy is the tensile
force generated by the optical fiber, [ is the optical fiber pasting span, and Al is the
displacement of the bonding point at one end of the optical fiber in the x-axis. The
magnitude of the moment M; is proportional to the stiffness K; of the straight circular
flexible hinge, expressed by Equation A.49.

M;=K6 (i=1,2)

_ EwR? , | s® (65 +4s5+1)

. (A.49)

65*(2s + 1)
t 4
24 (25+1)(4S—|—1)2 + (4S+])5/2 arc anm
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In Equation A.49, E is Young’s modulus of the flexible hinge, r is the radius of the
straight circular flexible hinge, ¢t is the thickness of the hinge waist, w is the width
r

of the hinge, and s = 7. The magnitude of the pulling force can be obtained by
Equation A.50.

Ff = 2k;Al (A.50)

In Equation A.50, k is the elastic coefficient of the optical fiber, defined by Equa-
tion A.51.

ArEy
S

where [ is the bonding span of the optical fiber, Ay is its cross-sectional area,
and Ey its Young’s modulus. Assuming ¢ as a small angle displacement, we can
take sinf ~ 6. From the geometric relationship, the following relationships can be
obtained in Equation A.52.

ks (A.51)

d
z = (7’2 + 2) 0
. (A.52)

The strain applied to the optical fibers is defined by Equation A.53.

_
]

The effects of strain and temperature on the Bragg wavelength shift can be ex-
pressed by Equation A.54.

€ (A.53)

ATA = (1 — Pe)e + (IXf + gf)AT (A.54)

In Equation A.54, A is the Bragg central wavelength for the FBG, AA is the Bragg
wavelength shift of the FBG, a ris the thermal expansion coefficient, ¢ ris the thermo-
optical coefficient, and P, is the photoelastic coefficient (theoretical value = 0.22).
Since FBG 1 and FBG 2 are symmetrically arranged at both ends of the mass block,
when FBG 1 is stretched, FBG 2 is compressed, implying in €; = € and €, = —e.
Considering the same sensitivity for both FBGs and that the central wavelengths
are approximately equal, yields in A; = Ay = A. Then, applying Equation A.54
with this consideration, the temperature effects on the Bragg wavelength shift are
self-compensated, as shown in Equation A.55.

AL AN AN

Y= "3 = 2(1-P,)e (A.55)

Combining Equations A.48, A.52 and A.55, the sensitivity of the sensor is defined
by Equation A.56 in pm/g.

¢ M _4A(1-P)A _A(1-P) 2mh (r2+ ) As56)
a al - l kfh2+K1—|—K2 '
In Equation A.56, K; and K; are the stiffness for the flexible hinge 1 and the
flexible hinge 2, respectively. Suppose ] is the inertia moment of the mass around the
center of hinge-2 and 6 is the generalized coordinate for obtaining the Lagrangian
function, as follows:
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L=Ty,—-Vi=V (A.57)
The strain potential energy of the optical fiber is expressed as follows:
1
Vi=2- Ekf(he)2 (A.58)
The elastic potential energy of the hinge can be obtained by the following:
1
V=2 5(1<1 +K)6? (A.59)

The kinetic energy of the mass block can be described as follows:

1.
Tu=2-5 ]6? (A.60)
The Lagrangian equation for the conservative force can be written as follows:

2]6 + [2kh® +2(Ky + K2)]0 = 0 (A.61)
The natural frequency of the system is defined by Equation A.62.

k¢h? + Ky + K
Wy = \/f+]1+2 (A.62)

According to the moment of inertia formula and the parallel axis theorem, the
moment of inertia can be obtained by the following:

2 4 12 2
]:md h +m(r2+d> (A.63)

12 2
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