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1. Abstract 

Emerging techniques are being researched to expand the suite of condition monitoring 
solutions available for electric machines to adapt to a world of net zero carbon emissions. This 
research investigates the use of fibre bragg gratings (FBG) for condition monitoring and fault 
detection in three 2.2kW induction motors (IMs) using stray flux in a non-invasive manner. 
Optical fibre is immune to electromagnetic interference (EMI) which is an advantage but limits 
its direct use for magnetic field sensing. A magnetostrictive transducer, terfenol-D was bonded 
to FBG to form a composite sensor - FBG-T. The FBG-T was inserted into an acrylic tube - 
which is unaffected by magnetic field - and then positioned both axially and transversely 
relative to the machine’s rotor shaft at the drive end (DE). The transverse position showed 
better repeatability and sensitivity over different operating frequencies. Temperature and 
magnetic flux calibrations of the FBG-T sensor gave sensitivities of 20.77 picometre per degree 
Celsius (pm/°C) and 19.38 picometre per micro-tesla (pm/μT) respectively.  Various 
investigations were carried out at different operating frequencies and under three motor 
conditions viz: healthy, broken rotor and inter-turn short circuit conditions. Experimental results 
confirm that the FBG-T sensor reliably distinguished each of the three machine conditions 
using different orders of magnitudes of braggshifts. The FBG-T sensor accurately detected 
faults with the short circuit condition reaching braggshifts of hundreds of pm. Healthy and 
broken rotor conditions reached braggshifts in the low–to-mid-hundred and high-hundred pm 
range respectively. Fast Fourier Transform (FFT) analysis performed on the measured stray 
flux showed that not only its amplitude but also the harmonic component of its spectrum, 
affected the magnetostrictive behaviour of the magnetic dipoles of the terfenol-D transducer. 
This effect was translated into strain on the FBG. The investigation proved that FBG technology 
can reliably and accurately monitor the condition of the motors as well as detect faults in a non-
intrusive manner. 
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3. Nomenclature 

Alternating current AC 

Angle of incidence  θ1 

Angle of refraction θ2 

Aston Institute for Photonics Technologies AIPT 

Average of the refractive index of the fibre core and the 

refractive index of the fibre cladding 

ηeff 

Bare fibre BF 

Bragg wavelength λB 

Broadband light source signal only B(λ) 

Broken rotor bar BRB 

Carbon Fibre Reinforced Polymer CFRP 

Change in Δ 

Change in temperature ∆𝑇 

Critical angle  θc 

Decibel dB 

Device-under-test  DUT 

Direct current DC 

Drive end  DE 

Dynamic Eccentricity DE 

Electromagnetic interference EMI 

Fast Fourier Transform FFT 

Finite Element Model FEM 

Fibre Bragg Grating FBG 

Fibre Bragg Grating with terfenol-D FBG-T 

Fibre optic sensing FOS 

Flux Spectral Analysis FSA 

Folding Flux Probe FFProbe 

Frequency f 

Giant magnetostrictive material  GMM 

Hilbert Transform HT 

Hilbert-Huang Transform HHT 

Iron, Terbium, and Dysprosium Fe, Tb and Dy 

Induction Machine IM 

Inter-Turn Fault ITF 
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Inter-Turn Short Circuit Fault ITSF 

kilo-volts amps reactive kVAr 

kilowatt kW 

Linear Discriminant Analysis LDA 

Longitudinal strain ɛz 

Long period grating LPG 

Long period grating with terfenol-D LPG-T 

Low Voltage Electric Machine LVEM 

micro-tesla μT 

millimetre mm 

milli-tesla mT 

Mixed Eccentricity ME 

Motor Current Spectral Analysis MCSA 

nanometre nm 

Naval Ordnance Laboratory NOL 

Normalised reflected FBG spectrum only C(λ) 

Open Loop Vector OLV 

Optical spectrum analyser OSA 

Parts per million ppm 

PEM Power Electronics Module 

Periodicity of grating 𝛬 

Permanent Magnet PM 

Permanent Magnet Synchronous Machine PMSM 

Photo-elastic coefficient ρe 

picometre pm 

Piecewise polynomial pp 

Polyetheretherketone PEEK 

Principal Component Analysis PCA 

Reflected broadband signal after introducing the FBG plus 

any noise 

A(λ) 

Refractive index n 

Reproducibility test RT 

Rotor resistance Rr 

Single mode fibre  SMF 

Sensor-less Vector SLV 

Speed of light in air c 
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Speed of light in a medium v 

Static Eccentricity SE 

Support Vector Machine SVM 

Synchronous Machine SM 

Tilted Fibre Bragg Grating TFBG 

Thermal expansion of silica 𝝰 

Thermo-optic coefficient η 

Unbalanced Magnetic Pull UMP 

Volt per Frequency V/F 

Variable speed drive/variable frequency drive VSD/VFD 

Vibration Spectral Analysis VSA 

Wavelength λ 

Wavelet Distribution WD 

Wigner Distribution Method WDM 

Wound Field Synchronous Machine WFSM 

Wound Rotor Induction Machine WRIM 
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6. 1. Chapter 1 

Introduction 

 Fibre Bragg Grating (FBG) is currently widely used in structural health, biomedical engineering 

and electric machines applications. This Chapter will highlight various FBG applications in 

engineering especially the body of work that has been done in the use of FBG for condition 

monitoring of electric machines. It will lay out the foundation for combining optical FBG technology 

with electrical machines in a non-invasive manner utilising stray flux and magnetostriction 

phenomenon for the subsequent chapters.  

1.1 Overview 

Electric machines are crucial for a wide range of domestic and industrial processes thus, human 

dependence on these machines for day-to-day activities continues to increase in a suggestively 

irreversible trend. Electric machines play pivotal roles in both domestic and industrial operations 

such as in refrigerators, washing machines, escalators, lifts, trains, aeroplanes and cars; as well 

as in power plants, petro-chemical and manufacturing plants, transport sector amongst others. As 

[1] asserts, electric motors are everywhere and efficient. Electric motor-driven systems consume 

about half of all global electricity accounting for about $565 billion each year for electricity costs 

and roughly 6,040 metric ton of CO2 emissions [1]. According to the United States (US) 

Department of Energy, industrial motors account for 64% of the electricity consumed in the U.S 

industrial sector which is about 290 billion kilowatt hours (kWh) per year [2]. Of all the industrial 

motors in use globally, the polyphase IM is the most common type as at today, over 90% of which 

are the squirrel cage type [3]. Burgeoning demand for a reduction in global industrial carbon 

emissions due to concerns on climate change and global warming backed by the 2015 Paris 

Agreement [4], means that these electric machines continue playing crucial roles in achieving the 

desired target, especially in the areas of electric vehicles and renewable energy generation such 

as in wind farms. 

Despite the very important role these electric machines play in our day to day existence, one of 

the biggest challenges which has persisted in many industrial operations is the susceptibility of 

these machines to unexpected breakdown due to the harsh and highly stressed environments [5] 

under which the machines are operated in order to provide the goods and services humans need. 

Most industrial plants run for 24 hours per day, 365 days per year, which means that these 
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electrical machines are continuously in operation with minimal downtime for scheduled or routine 

maintenance. Unexpected machine failures and consequent downtimes thus, have serious 

operational and financial adverse impacts. The problems associated with unexpected 

disconnection of the electric motor include repair or replacement costs, stopping production 

processes with consequent economic losses, likely impact on the company’s reputation, and 

customer dissatisfaction. According to [6], the economic losses of the process downtime arising 

from such unexpected machine failures, considerably exceeds the actual maintenance costs. To 

put into perspective, [7] opines that motor failures in an offshore oil plant can incur downtime 

losses of up to $25,000 per hour. Even for a single train service or flight cancellation, there are 

huge financial losses in addition to lots of disruptions. Based on Hewlett-Packard magazine report 

[8], about 1% of 200 billion dollars of the United States budget have been spent for servicing and 

maintenance of electric machines; with more than 70% of the aforementioned budget assigned to 

power plants and factories that lack fault diagnostic systems for their machines. Attempting to 

overcome these aforementioned issues continue to motivate the continuous evolution of 

maintenance strategies in parallel to the constant improvement in the design of the machines [6]. 

The key feature of online condition monitoring for machines is the early fault detection which 

requires continuous monitoring of specific signature(s) obtained from the machine while running. 

Many fault signature acquisition and detection techniques have been researched, each with its 

own pros and cons. In this research, Fibre Optic Sensing (FOS), particularly the use of FBG in 

electric machine fault detection and condition monitoring, is reviewed. Considerable amount of 

work has already been done in this research area and these are acknowledged in Chapter 2 of 

this thesis. Given the increasing role of wind turbines in renewable power generation in line with 

global efforts to achieve net zero carbon emissions, condition monitoring of not only electric 

machines but also other paraphernalia that are installed together becomes crucial. The use of 

FBG sensors in wind turbines was reported in [9]. It reports a distributed thermal monitoring 

scheme which has already been implemented for power electronic modules (PEMs) in wind 

turbine converters. Several other FBG applications are detailed in Chapter 2. The use of FBG for 

condition monitoring and sensing has been found to have far reaching research applications. Most 

recent FBG applications reported in various fields can be found in [10] – [25]. 

Hitherto, applications of FBG sensing for electric machines and drives condition monitoring are 

invasive in nature [9], [26]–[54]. Most are installed within stator slots or circumferentially around 

stator windings. The use of FBG sensor to measure magnetic field non-intrusively in electric 

machines has not been evaluated in reported papers. In situ flux monitoring in electric machines 
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using FBG however, has been reported in [34], [51]. Non-intrusive monitoring will involve utilising 

external stray flux to determine an electric machine condition as well as detect faults. While non-

intrusive FBG machine monitoring suggests obvious advantages compared to the intrusive option, 

it does pose some challenges too. Applications where other magnetic fields are present will 

introduce noise to the measured signal, thus can affect accuracy in such applications. Intrusive 

option also offers direct access to the main air gap flux when compared to the attenuated version 

obtained non-intrusively.  Although the external stray flux is attenuated by the machine yoke, it is 

largely sufficient to be detected by optics given the order of magnitude of the broadband laser 

used for such sensors, typically in the nanometre (nm) range. FBG on its own is immune to 

electromagnetic field hence would require a transducer to convert the stray magnetic field into 

strain before the strain can be detected. Terfenol-D, a magnetostrictive alloy, is used to achieve 

this purpose where the FBG is bonded onto the alloy with the use of cyanoacrylate adhesive, to 

transfer the strain movement from the alloy to the FBG. The strain is then observed as a 

wavelength shift known as Braggshift.   

In this research, the issue of the optimal positioning of the FBG-T sensor has been empirically 

addressed and results do agree with other reported observations in published papers. The 

experiments in this research have been conducted under various machine operating conditions. 

In this dissertation, two fault conditions have been investigated with various levels of severity: 

broken rotor bar (BRB) fault and inter-turn short circuit fault (ITSF). The research emulated both 

faults with details on how these faults were created provided in later chapters. Data obtained under 

faulty conditions were analysed and compared with measurements obtained under healthy 

condition. The FBG-T sensor showed distinct features for the various conditions despite the well-

known large hysteresis behaviour of the terfenol-D alloy. Machines were also operated with 

intermittent ON/OFF periods to emulate presence and absence of magnetic field in order to further 

corroborate that these observations are only due to stray flux. Because of the impact of 

temperature on FBG sensors, all experiments have been conducted in a room with no air 

conditioning unit to keep the temperature relatively constant. This means experiments are all at 

mean room temperature and this was measured throughout to ensure external temperature did 

not affect the measurements.  

1.2 Research Significance 

The significance of this research work is that it investigates and provides empirical evidence that 

FBG technology can be used to measure electric machine stray flux in a non-invasive manner. 



 

4 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

The research further proves the ability of the FBG sensor to discriminate between different electric 

machine conditions.  Therefore, the research has laid the foundation for non-intrusive FBG 

magnetic field monitoring in electric machine applications, by providing research evidence that 

real time condition monitoring and fault detection of IMs can be realised.  

1.3 Aim and Objectives  

The aim of this research is to investigate whether a composite sensor made from terfenol-D 

bonded to FBG can utilise externally available stray flux (µT range) from an IM to monitor its 

condition and detect fault(s) in a non-intrusive manner. The objectives of this research are: 

i. to undertake a review of the different faults that commonly occur in electric machines  

ii. to undertake a review of the various techniques used to detect the faults that occur in electric 

machines and how they differ, with more focus on optical fibre techniques 

iii. to fabricate a composite sensor which will be referred to as ‘FBG-T sensor’ comprising FBG on a 

standard optical fibre, a magnetostrictive transducer, terfenol-D, and an adhesive as a strain 

transfer medium 

iv. to investigate whether stray flux is detectable through magnetostriction of terfenol-D which can 

cause the straining of the FBG. This investigation is necessary because stray flux is usually 

attenuated by the machine yoke, hence it is usually of small amplitude 

v. to empirically determine the optimal position of the FBG-T sensor when sensing stray flux from an 

IM as per (iv) 

vi. to investigate whether the FBG-T sensor can be used for fault detection in electric machines  

1.4 Key Achievements  

The key achievements of this research are: 

❖ A comprehensive review of various common fault types, their causes and fault detection 

techniques in electric machines is performed. Based on the current state of the art, optical sensors 

especially FBGs hitherto have only been applied intrusively in electric machine condition 

monitoring and fault detection research. Stray flux – in the µT range - is measured with FBG 

technology in this work, thus providing research evidence that the FBG-T sensor can reliably and 

accurately detect faults in real time electric machine operations. This is a proof-of-concept. 

❖ Optimal sensor positioning being crucial to the overall performance of the entire condition 

monitoring technique had to be empirically determined. This is because there had been no 

previous work reported on FBG stray flux monitoring. It was determined with succinct empirical 
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results and observations that the transverse positioning of the FBG-T sensor just above the drive 

end of the IM relative to the rotor shaft axis provided the optimal location. This is in agreement 

with a similar work on FBG rotor flux monitoring in a permanent magnet (PM) machine recently 

reported in [51]. 

❖ This research experimentally showed that the FBG-T sensor can unambiguously detect the ITSF 

condition. This fault is one of the few serious machine conditions that can lead to fire and thermal 

damage if not detected and interrupted early. This research revealed that the FBG-T could use its 

pre-processed optical braggshift spectra and its post-processed time varying braggshift plots to 

detect the inter-turn fault condition reliably and accurately.     

❖ This research showed that the magnitude of the stray flux was not solely responsible for 

braggshifts as expected based on FBG braggshift sensing theory. The research confirmed that, 

in agreement with published literature, the harmonic spectrum of the stray flux also affected how 

the magnetic dipoles of the magnetostrictive material responded. Both amplitude and frequency 

components of the stray flux thus, contributed to the micro-strains which were observed as 

braggshifts on the optical spectrum. 

❖  Best Paper Award titled “Optical FBG-T Based Fault Detection Technique for EV Induction 

Machines” during the 2021 International Conference on Smart Transportation, Energy and Power 

1.5 Thesis Layout  

This thesis consists of six chapters and is outlined thus: 

Chapter 1 provides an introduction of this work, its research significance, and outlines the aim and 

objectives as well as key achievements of the entire research. 

Chapter 2 presents a detailed and critical review of common electric machines faults and the 

commonly used fault detection techniques with comparisons provided as part of the review. 

Optical fibre fault detection technique was particularly reviewed more in-depth as this work utilises 

one of the available optical techniques. 

Chapter 3 describes the underpinning principle of FBGs and the various types available. It explains 

the phenomenon of magnetostriction and characteristics of terfenol-D, the magnetostrictive 

transducer used in this research. This chapter presents the step-by-step procedure on how the 

composite FBG-T sensor was put together and the methodology of the entire research including 

experimental test rig(s) set up, calibrations and optimal sensor positioning tests. 
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Chapter 4 demonstrates the use of the FBG-T sensor in monitoring and detecting the BRB fault 

condition. The chapter describes how the fault is emulated, how the data is collected and 

analysed. BRB fault condition was detected by comparing braggshifts obtained under this fault 

with those obtained under a healthy rotor condition. Magnitude of braggshifts for BRB reported 

were in the high tens of pm (nearer the 100pm mark) while magnitudes of braggshifts for healthy 

rotor were in the low tens of pm to mid-100pm mark. Fault detection was evident from the post-

analysed data only, as the optical spectra for both BRB and healthy conditions were identical. The 

FBG-T successfully detected the BRB condition. 

Chapter 5 demonstrates how FBG-T is used to monitor and detect an ITSF condition. It describes 

how the fault is emulated including safety incidents during the experiments, how data is collected 

and analysed. ITSF condition was detected by comparing braggshifts obtained under this fault 

with those obtained under a healthy rotor condition. Large magnitude of braggshifts were observed 

for the short circuit condition in the hundreds of pm range compared to magnitudes of braggshifts 

for healthy rotor which were in the low tens to mid-100pm mark. The optical spectra from short 

circuit conditions provided clear fault signature prior to numerical analysis of the data obtained 

from LabView. Post analysis of the numerical data was consistent too, confirming the large 

braggshifts due to the fault condition.  This chapter also analyses fault severity between different 

fault types. The FBG-T accurately and reliably detect ITSF condition using stray flux in a non-

intrusive manner. 

Chapter 6 focuses on the effect of hysteresis on the performance of the FBG-T sensor via 

reproducibility tests (RTs). It concludes by highlighting the limitations of the sensor and proposes 

some recommendations for future work.  

1.6 Chapter Summary 

This chapter introduces the research study which focuses on the non-intrusive condition 

monitoring and fault detection of electrical machines using a composite sensor referred to as FBG-

T and stray flux. The chapter covers the research significance, its aim and objectives and the key 

achievements of this research study. It finally provides an outline summarising the thesis content. 
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2. Chapter 2 

Review of Electrical Machine Faults and Fault Detection Techniques 

There is no single fault detection technique that can detect all machines faults that can occur 

during operation. Hitherto, a set of complementary fault detection techniques remains the best 

practice in industries around the world. To understand which techniques to combine for any given 

application is dependent on having sufficient knowledge of the various machine faults and their 

features. This Chapter will review common machine faults that occur during operation and the 

currently existing fault detection techniques. It will lay the foundation for optical fibre sensing 

technique and its applications.  

2.1 Common Machine Faults – A Review  

Electrical machines are broadly of two types in terms of operation: synchronous and 

asynchronous. In synchronous machines (SMs), the rotor (rotating part) and the stator (stationary 

part) operate at the same speed e.g., in permanent magnet synchronous machines (PMSM). 

Conversely in asynchronous machines, the rotor and the stator operate at slightly different speeds 

e.g., in IMs. The difference in speed is known as slip. Based on design, there are several designs 

by geometry with the conventional designs being axial and radial flux machines. In this research, 

the conventional radial flux geometry of squirrel cage type IMs will be used. Despite the reliability 

and lifetime expectation for majority of electric machine applications, four types of faults are 

considered most prevalent for the IM types: stator inter-turn faults, bearing failures, broken rotor 

bar/end-rings, and air gap eccentricity. A fifth common machine fault is demagnetisation, which is 

peculiar to machines that have permanent magnets as rotors such as PMSMs. It is widely believed 

that stator insulation failure is the incipient stage of stator inter-turn fault [5]. Critical components 

of IMs which are prone to the development of incipient faults are: stator and rotor windings, 

insulation, air-gap eccentricities, bearings, rotor bars, end rings and shaft [55]. In 2017, [56] 

reviewed 85 publications and observed that the machine failures distribution according to various 

surveys from 1985 to 2008 is as given in Table 2-1: 
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Table 2-1: Failures according to the engine part (%) [6] 
Reference [57] [58] [5]  [59]     [60]  [61] [62] [63] [64] 
   IEEE-IAS EPRI Allianz       

Bearings 41 69 44 41 13 40-50 44 51  40 40-50 42 

Stator 23 21 26 36 66 28-43  26  38 30-40 31 

Inter-turn 
short circuits 

      26      

Rotor 10  8 9 13 5-10    10   

BRBs/ 
end ring 

 7     8 5  
 

5-10 9 

Shaft/ 
coupling 

 3      2     

Unknown 
causes 

       10     

External 
causes 

       16     

Others 12  22 14 8 12 22  12  
 

12 

 

In 2016, [65] carried out a survey of the main centres for the repair of electrical machines in Valle 

del Cauca, Columbia where the failure distribution of about 500 electric motors with power ratings 

between 1-300 horse power (hp) were analysed for six months. It was observed during the survey 

that as a result of the experiences from manufacturers and repair centres as well as academic 

studies, [66]–[70] all agree that an approximate fault distribution based on percentage can be 

deduced as follows: bearing failures (45%), stator failures (35%), rotor failures (10%) and the 

remaining other failures (10%). In their reviews, [71]  and [72] closely agreed with the above 

machine failure percentage distribution (Table 2-1) based on independent surveys carried out by 

Thorsen & Dalva et al. [73] similarly reports close failure percentage figures. 

Table 2-2: Failure percentage for common machine faults 

Fault Type 
Failure Percentage (%) 

[66]–[70] [71] [72] [73] 

Bearing Faults 45 40 52 41 

Stator winding faults 35 38 24 37 

Rotor faults 10 10 6 10 

Miscellaneous faults 10 12 18 12 

 

 2.1.1 Stator Related Faults 

Stator winding faults in addition to being the second most occurring faults as depicted in the table 

above, are one of the potentially harmful electrical faults in machines [55]; thus necessitating its 

detection at an early stage. Stator windings of IMs are often subjected to stresses caused by 

various factors which include thermal overload, mechanical vibrations, environmental and 

electrical stresses. Electrical stresses such as voltage spikes are typically caused by the 

increasing introduction for variable speed drives (VSDs) [74]. The two main locations for stator 
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related faults are: the winding (turns) and the insulation. The various modes of stator related faults 

are: insulation fault, turn-to-turn fault, phase-to-phase and phase-to-earth faults. 

2.1.1.1 Stator Winding Insulation Fault 

The winding insulation fault is commonly observed due to thermal deterioration of the stator 

insulation material caused either by machine overload or presence of transient or steady state 

short circuit current. Abnormal thermal, mechanical, electrical or environmental stresses to stator 

windings also cause the stator winding insulations to undergo degradation. [75] described stator 

insulation failures as “a low-impedance path between conductors which are supposed to be 

insulated from each other, such as those of different turns, bars, or phases, or from phase to stator 

core”.  Figure 2-1 shows an example of factors leading to stator winding insulation deterioration.   

 

Figure 2-1: Factors leading to stator winding faults 

The progressive flow of stator winding faults is that insulation degradation causes thermal hot 

spots in certain localised parts of the stator winding which if not attended to, will result in other 

severe forms of stator winding faults. There are available researched techniques for the condition 

monitoring and detection of various forms of partial discharge and hot spot monitoring. These 

techniques detect areas of localised weak points within the insulation in terms of dielectric strength 

prior to complete insulation breakdown. The presence of an incomplete insulation breakdown 

condition such as partial discharge, will not lead to sudden machine failure and disconnection. 

However, hot spot and stator thermal monitoring are critical for a prolonged machine lifetime as 

well as preventing insulation failures. Insulation failures if persistent, result in more severe stator 

winding faults which can lead to thermal damage of the machine including burnt windings [74]. As 

stated in [40], an industrially accepted rule of thumb is that for every 10oC rise in temperature 

above normal operating temperature, there is a corresponding reduction of insulation lifetime of 

about 50%. This is because of a significant reduction in the dielectric strength of the insulation. 

Stator winding 
Insulation 

degradation

Ageing

Overvoltage due 
to lightning

Overcurrent due to 
inrush during switching

Overcurrent due 
to overloading

Other non-electrical 
factors e.g. vibration

Stator turn-turn 
fault

Electric 
Machine failure
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2.1.1.2 Turn-to-Turn Winding Fault 

The Turn-to-Turn fault, also called Inter-turn fault (ITF), is commonly observed between neighbour 

turns and causes higher than normal current flowing between adjacent turns of the stator winding. 

When the hot spots due to insulation degradation are not detected, they will progress into a 

complete breakdown of the insulation. This results in short-circuiting of the coils within ‘the same’ 

phase of the stator winding. Short circuit faults as expected, lead to huge amount of current flow 

thus increasing the I2R heat dissipation. As highlighted by [74], the short circuit fault current will 

cause severe localised heating or hot spots resulting in the rapid spread of the fault to a larger 

section of the winding. Statistically, about 21% of total faults in electrical machines are specifically 

ITF in stator windings [58], [69], thus is considered as one of  the most incident and destructive 

faults in electrical machines [76], [77]. Chapter 5 of this dissertation reports the detection of ITF 

using FBG-T sensing as part of this research. 

2.1.1.3 Phase-to-Phase Winding fault 

Another major type of fault is the phase-to-phase fault, which results from the breakdown of 

insulators separating coils between ‘different phases’. For example, the ITF can lead to three 

phase load current unbalance and electrical asymmetry. The ITF if not detected and left  

unattended, will build up and progress into a further complete breakdown of surrounding 

insulations and even propagate the fault to coils or turns in the adjacent phase [78] leading to a 

phase-to-phase winding fault.  

2.1.1.4 Phase-to-Earth Winding fault 

The turn-to-turn fault due to stator winding insulation breakdown if allowed to progress, may lead 

to undesired circulating current flow between the faulty phase and some neutral terminal such as 

the stator core or body frame. Such fault is referred to as phase-to-earth winding fault. Large earth 

current flow can be caused by failure of insulation between phase winding and earth or between 

phases resulting in a possible irreversible damage to the machine core [78], [79]. It has been 

suggested that the transition between an ITF and complete insulation failure is not instantaneous 

[80], although there is no experimental data to indicate the time delay between the transition. 

Figure2-2 shows the schematic representation of stator turn failure modes and some of the 

symptoms produced by stator winding turn fault as listed by [66], [74] include: 

❖ Unbalanced phase voltages and line currents 

❖ Increased torque pulsations 

❖ Decreased average torque 
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❖ Noise and vibration 

❖ Increased losses and reduction in efficiency 

❖ Excessive heating 

 

Figure2-2: Schematic representation of stator turn faults [81] 

Table 2-3: Typical causes and effects of stator-related faults 

Fault mode Cause(s) Effect(s) Overall consequence 

Winding insulation 
breakdown 

• Over temperature 

• Ageing 

• Hotspot 

• Partial discharge 

• Inter-turn 

• inter-phase  

Inter-turn Insulation breakdown 
between turns of the 
same phase 

• Overheating • Inter-phase 

Inter-phase Insulation breakdown 
between turns of the 
different phases 

• Overheating 

• Possible 
flashover 

• Inter-phase 

• Risk of fire/explosion 

• Permanent damage to 
machine  

 

2.1.2 Rotor Related Faults 

Rotor faults are mainly caused by a combination of magnetic, thermal and mechanical stresses 

acting on the rotor. Because these stresses vary dynamically with loading and environmental 

conditions, such faults lead to rotor electrical asymmetry in machines without PM rotors [82] e.g., 

unbalanced voltages, currents or unbalanced magnetic pull (UMP). [82] submits that rotor 

asymmetries do not initially lead to machine failure. However, such phenomenon can have 

significant secondary effects such as increased losses, reduced efficiency and reduced machine 

reliability. The common forms of rotor failures are broken bar/end-ring failure, rotor field winding 

failure and permanent magnet demagnetisation. 
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2.1.2.1 Broken Rotor Bar (BRB)/End-ring 

This fault occurs when there is a crack or breakage in one or more conductor bars (usually copper 

or aluminium) of the rotor or on the end-rings (shorting rings) which short all the bars together at 

both ends. This fault is common in machines having bars instead of windings such as squirrel 

cage IMs and damper bars in SMs as shown in Figure2-3. Although in the presence of a BRB, the 

machine will continue to run and more current distributed through the healthy bars. There will be 

increased stress and eventual shortening of the life of the healthy bars [83]. For bar breakages or 

cracks occurring in cast rotors, [71] believes they are almost impossible to repair and the current 

flow through the adjacent healthy increases up to 50% of rated current. In severe cases, the 

resulting increased stress can cause rotor bend and cause eccentricity fault. Torque is changed 

as a result of broken bar or end ring, and becomes detrimental to the smooth and safe operation 

of the machine [84]. Overheating, manufacturing defects and large thermo-mechanical stress 

have been reported by [85], [86] as the main causes of BRB faults. Other possible causes of 

BRBs/end-rings include [66]: 

❖ Thermal expansion of bars due to thermal stress 

❖ UMP and/or other magnetic stresses caused by electromagnetic forces 

❖ Dynamic stresses due to shaft torques 

❖ Environmental stresses due to contamination, abrasion of rotor material 

❖ Mechanical stresses due to loosen laminations 

 

Figure2-3: BRB on an industrial crane IM [87] 
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2.1.2.2 Rotor Field Winding Faults 

In machines with rotor field windings such as SMs and wound rotor induction machines (WRIMs), 

similar stator windings faults as turn-to-turn faults do occur. As noticed by [88], there is no sufficient 

investigation on this fault as more focus has been on the stator winding faults. This is 

understandably because squirrel cage IMs which have become the principal drive in the industries 

and one of the most widely used machines [89] has rotor bars and end-rings instead of rotor 

windings. However, with the burgeoning demand for renewable energy systems, the WRIMs which 

are mainly used for wind turbine operations will require condition monitoring and early detection 

of rotor field winding faults. [90] rightly mentions that although a slight turn-to-turn rotor winding 

fault will not affect the normal operation of a generator unit; if undetected and persists will result 

in unwanted conditions such as significant increase in rotor current, rise in winding temperature, 

reactive power reduction, distortion in voltage waveform, vibration, and other associated 

mechanical faults. Possible causes of rotor winding faults include [90]: manufacturing faults; loose 

mounting of rotor end winding; and rotor winding insulation breakdown.  

2.1.2.3 Permanent Magnet (PM) Faults 

This fault is common specifically to PM machines where the permanent magnet can irreversibly 

lose its magnetisation known as demagnetisation. The major cause of demagnetisation is high 

temperature; and at a critical temperature called the Curie point, demagnetisation occurs. Other 

causes include corrosion, manufacturing cracks, mechanical, thermal and electrical stresses [91]. 

Rotor irreversible demagnetisation in PMSMs remains a persistent major concern since it 

adversely degrades machines performance characteristics [92] due to unbalanced rotor flux and 

consequent overload or increased vibrations [91]. After demagnetisation occurs in machines with 

high-grade magnets, the only way to recover its magnetic remanence is by removing the rotor  

magnet from the machines, and re-magnetising it using a large external field [92]. This consumes 

a lot of time for the re-magnetisation, significant machine downtime and other associated 

economic losses. This makes temperature a crucial signature in the condition monitoring of 

PMSMs i.e., both stator winding temperature and rotor PM temperature. 

2.1.3 Bearing Failures 

Bearing failures are common and account for more than 50% of generator faults in mega-watt 

range wind turbines [93] thus, require adequate monitoring to avoid costly down times.  The major 

causes of these failures as highlighted by [5] are: 
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❖ Thermal stress – where heat from rotor shaft leading to high temperature gradually 

deteriorate the bearing lubrication, cause abnormal friction and eventual failure of the 

bearing 

❖ Mechanical stress – where rotor shaft vibration can cause bearing failure especially with 

large machines having high output torque, improper bearing installation  

❖ Electrical stress – where shaft voltage or common mode voltage in inverter output for drive-

driven machines can induce current in the bearings, thus deteriorate bearing lubrication 

and consequently result in more intensive bearing wear or failure [94] 

One of the most common ways of detecting bearing failure is an increased vibration and as [71] 

asserts, industrial systems heavily rely on vibration signals for bearing fault detection.  

2.1.4 Air Gap Eccentricity 

The air gap physically separates the stator from the rotor to prevent clash. It is the essence of the 

underpinning principle of electromagnetic induction discovered by Faraday with which practically 

electric machines work. In some machines such as SMs, the magnetic flux is set up by a 

separately excited field winding and not exclusively by mutual induction, hence the air gap can be 

larger. In other machines such as IMs, the air gap is smaller to minimise flux leakage and maximise 

mutual flux between stator and rotor. Regardless of the machine type, it is expected that the air 

gap stays uniformly distributed in a concentric manner. When a machine has a non-uniformly 

distributed air gap, it is referred to as eccentricity. [67] defines it simply as a condition in which the 

air gap between the stator and rotor is unequal. Some of the symptoms of eccentricity in IMs 

include [95], [96]: 

❖ Unbalanced air gap flux density 

❖ Increased torque and speed pulsation 

❖ Reduction of average torque 

❖ Increased losses and reduction of efficiency 

❖ Increasing line current and voltage harmonics 

❖ Excessive heating 

❖ Increased vibration level 

Larger eccentricity will result in an imbalance of the radial forces which can lead to the clashing of 

the stator and rotor resulting in a permanent damage [71]. It has been observed by [95], [97], [98] 

that the most prevalent bearing faults are those that lead to eccentricity. Three forms of eccentricity 

have been identified: static, dynamic, and mixed eccentricities. Figure2-4 illustrates the various 
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forms of eccentricity as compared to a healthy air gap. As a summary, the healthy air gap has the 

axis of rotation coinciding with the axis of stator as well as the axis of rotor in a concentric manner. 

For static eccentricity (SE), the rotor is misaligned to a fixed position such that the air gap remains 

fixed during rotation, but it is non-uniform. It is such that the axis of rotation coincides with the rotor 

axis, but it is displaced from the stator axis [99]. In dynamic eccentricity (DE), the rotor is again 

misaligned but to varying positions away from the axis of rotation such that the air gap continuously 

changes during rotation. In other words, the centre of rotation overlaps with the centre of the stator, 

but there is a deviation of the centre of the rotor from the centre of the stator [100]. Mixed 

eccentricity (ME) is a condition in which both SE and DE exist together in the machine. The net or 

mixed effect is that there is no coincidence between the centre of rotation and the centre of stator; 

neither is there any coincidence between the centre of rotation and the centre of the rotor. In other 

words, all three centres are deviated from each other. Causes of eccentricity include: 

❖ inaccurate positioning of the rotor or stator at the time of manufacturing and assembly of 

the machines  

❖ oval design shape of the stator core or even wrong positioning or wearing of bearings [71], 

[99] 

❖ inclination of rotor shaft (bent shaft), bearing wears, UMP, shaft misalignment or 

unbalanced torque [66], [101], [102] 

 

Figure2-4: Types of eccentricity a) SE b) DE and c) ME [103] 

2.2. Fault Signature Extraction Techniques – A Review 

Several fault signature extraction techniques exist in literature. These are mainly defined by the 

machine parameter being analysed to detect aberrations. Machine parameters mostly used 

include motor current, vibration, magnetic flux and temperature. These parameters are usually 
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extracted via sensing or transduction, after which they are then subjected to some form of signal 

conditioning and processing for analysis. The commonest form of signal processing is the 

harmonic spectral analysis. Although several specific signal processing techniques are adopted 

to perform the harmonic analysis, the mostly used one is the FFT. The mostly used signature 

extraction techniques can be categorised into motor current spectral analysis (MCSA), vibration 

spectral analysis (VSA) and flux spectral analysis (FSA). Continuous temperature monitoring is 

often implemented alongside one or more of these techniques because heat is an inherent by-

product of current flow (electrical) and friction for rotating parts (mechanical) of an electric motor. 

[104] presents a tabular summary of the various fault detection techniques and how they compare 

against each other in terms of pros and cons. 

2.2.1 Motor Current Spectral Analysis (MCSA)  

MCSA as a fault detection technique offers a non-intrusive condition monitoring advantage by 

directly measuring the motor current signal and then sending it to signal processor for spectral 

analysis. The reliability of this technique is dependent on both the absence of any EMI that may 

distort the current spectrum prior to analysis and the complexity of the signal processing stage. 

These two factors affect both the sensitivity and resolution of the sensors to be used for this 

technique. There are several different signal processing methods with pros and cons and various 

degrees of complexity, thus the MCSA often requires a high-resolution signal processor for high 

reliability on the technique. The presence of EMI and spectral noise could result in relatively low 

sensitivity due to attenuation or interference, thus a signal conditioner is usually required as part 

of the current pre-analysis stage. MCSA is also subject to false diagnosis when used with 

machines under low load variations [104]. Figure 2-5 and Figure 2-6 respectively show the block 

diagram and set up for the MCSA technique. MCSA is widely accepted and one of the most 

commonly used condition monitoring techniques in electric machines.  

 

Figure 2-5: Block diagram of MCSA technique 
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Amongst several  researchers [39], [89], [105]–[112] that adopted MCSA as the machine fault 

detection technique, FFT was most commonly used. It was used either as a stand-alone signal 

processing algorithm as in [108] and [111] or as a complementary algorithm in a set of more 

complex signal processing algorithm. There was no clear and persuasive evidence that there was 

a relationship between increased signal processing complexity with the overall accuracy of fault 

detection. [108] demonstrated that the motor instantaneous square current carries more 

information than the motor current alone, hence provides a better fault signature characteristic. 

[111] investigated the feasibility of bearing fault detection by spectral analysis of a single phase of 

the stator current of an IM using a correlation relationship between frequencies of vibration and 

current.  To mitigate the effects of EMI and enhance the reliability of the spectral output, other 

researchers used the FFT in combination with other advanced signal processing techniques. 

Some of the signal processing methods other than FFT used as part of the MCSA technique 

amongst the reviewed literature include:  

✓ Hilbert Transform (HT) -  [89] 

✓ Linear Discriminant Analysis (LDA) - [109] 

✓ Hilbert-Huang Transform (HHT) - [112] 

✓ Support Vector Machine (SVM) - [107], [110] 

✓ Fuzzy SVM, Wavelet Decomposition (WD), Principal Component Analysis (PCA) - [55] 

✓ Wigner Distribution method - [57] 

 

Figure 2-6: Basic MCSA instrumentation system [87] 
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2.2.2 Vibration Spectral Analysis (VSA) 

Vibration has proved to be one of the oldest signatures for machine condition monitoring 

applications and depending on its amplitude, usually serves as the primary effect for fault 

detection. This is because both mechanical and electrical faults can cause increased vibration. 

Vibration detection technique is cost effective and can be utilised under varying frequency and 

load conditions without impacting significantly on its performance. It is particularly reliable for 

detecting eccentricity and bearing failures, however, the major challenge with this technique is the 

optimal positioning of the vibration sensors. Sensitivity of sensors used in the VSA technique is 

easily influenced by their positioning as there is no known theoretical method to decide where best 

to position these sensors. Oftentimes, VSA has no direct relation to a fault and could be a 

consequence of some distortion of a different machine parameter that is causing increased 

vibration. For example, a non-uniform magnetic field due to non-uniform air gap (eccentricity) or 

high levels of harmonic distortion can cause huge amounts of vibration. However, a damaged 

bearing can produce the same result. Although the overall consequence is unacceptable 

amplitudes of vibration, complementary detection methods would have to be used to further 

investigate the fault. The set up for the use of VSA is similar to that of MCSA with the difference 

being the sensor or transducer and the signal analyser (see Figure 2-7).  

 

Figure 2-7: Typical VSA and MCSA instrumentation system [113] 

 

 VSA is widely used and is one of the few condition monitoring techniques that boasts of a long 

history of reliability in industrial machines diagnostics. One of the reasons for its common use is 
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its capability in detecting  the widest range of mechanical faults [114]. The eventual non-stationary 

nature of the captured vibration signal makes it unsuitable for accurate FFT analysis [115]–[117]. 

However, this is not unique to VSA as MCSA is also affected by non-stationary current signals.  

[117] further explained that in FFT, the major drawback is to go through numerous frequency lines 

to come to an analytical decision, and many times these lines are missed due to the non-stationary 

nature of the vibration signal. Thus, this spectral leakage makes the energy values at different 

frequencies inconsistent. Another interesting submission by [116] is that because vibration signal 

is non-stationary and its levels alter by variation of shaft speed, certain stationary signal analysers 

become unsuitable. Such stationary signal analysers typical implement algorithms such as FFT, 

power spectrum density (PSD), high order spectra, invasive FFT and autoregressive methods.  

Similar typical signal processing methods highlighted in MCSA are also used with VSA but there 

are other methods as well. A general limitation for the fault detection by VSA is the positioning of 

the transducers utilised for signature extraction, hence the need to use tri-axial accelerometers. 

Research has shown that some specific harmonic components are associated with certain fault 

types as shown in Table 2-4. Some harmonic components are present in different fault types which 

poses the challenge of fault discrimination to ascertain which fault is present in the machine.   

Table 2-4: Harmonic component of vibration signal for fault diagnosis [116] 

Type of fault Harmonic component 

Unbalance rotor and shaft fr, 2fr, 3fr, 4fr 

Short circuit nfr. Nfs 

Broken rotor bar fs, 2fs, 4fs 

Eccentricity 2fs, 4fs, 6fs, ωm 

 

2.2.3 Flux Spectral Analysis (FSA) 

The extraction of magnetic flux as a fault signature is common in both literature and industry as 

the machine flux is the interface between mechanical and electrical forces. This makes it 

straightforward to identify electrical and mechanical forces by flux monitoring [118]. Generally, the 

magnetic flux can be extracted from the internal or external part of the machine. The internal 

magnetic flux is the air gap flux generated between the rotor and the stator of the machine. The 

external flux is the stray flux which is oftentimes described as the remnant of the airgap flux that 

has been attenuated by the machine stator frame and made its way out of the machine. This 

technique requires magnetic flux sensors as well as signal processing units with similar set up to 

MCSA and VSA. In  [54], a chart of various sensors and signal processing methods that have 

been used with FSA are highlighted. A major advantage of the use of external FSA over internal 
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FSA is its non-intrusive nature. Given the mechanical and electrical stresses electrical machines 

experience, this means that maintenance and replacement of sensor when required, will not result 

in machine downtime. However, external FSA relies on an attenuated copy of the main air gap 

flux. External FSA makes sensors susceptible to EMI unless extra precautionary measures are 

put in place to mitigate this. In addition to external flux sensors being susceptible to EMI, their 

correct location is a crucial factor in the reliability of the use of the stray flux signature. In a typical 

industrial environment, the presence of several machines in proximity will further enervate the 

stray fluxes as well as poses serious problems with flux-flux interaction as they are radiated into 

free space. Overall, depending on machine application, an assessment would be required to 

determine whether external FSA or internal FSA is more suitable.  

2.2.3.1 Internal/Air Gap Flux Spectroscopy 

For the main air gap flux analysis technique, the sensor is internally located usually around the 

stator winding as shown in Figure 2-8. Although conventional flux sensors have been used for a 

long time, there has been recent research utilising FBGs for internal flux measurement [51]. The 

use of fibre sensors for machine condition monitoring applications will be reviewed later in this 

chapter. Commonly used internal flux sensors include: search coils, hall effect sensors and folding 

flux probes (FFProbe). 

 

Figure 2-8: Commercial air gap search coils installed on stator tooth for fault detection [119] 
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2.2.3.2 External/Stray Magnetic Flux Spectroscopy 

[120] describes the stray flux as the image of the airgap flux density which is enervated by the 

stator laminations and the machine’s external frame. To investigate the relationship between the 

main air gap flux and the stray flux, [121] proposed that the coefficient of attenuation is given by: 

𝐾 =  𝐾𝑠𝑙𝐾𝑒𝑓𝐾𝑎𝑖𝑟         (2-1) 

 

where 𝐾𝑠𝑙 , 𝐾𝑒𝑓 , 𝑎𝑛𝑑 𝐾𝑎𝑖𝑟 are the coefficients of the stator laminations, external frame and the 

external air respectively. The emergence of the stray flux is illustrated in Figure 2-9. [121] 

demonstrated both analytically and experimentally that regardless of the significant decrease in 

the amplitude of the stray flux relative to the main air gap flux, the frequency spectral content 

remains the same. This submission has been demonstrated by other researchers too. 

  

Figure 2-9: Decoupling of main air gap attenuation factors that give rise to stray flux  [121] 

Figure 2-10 shows the test rig for stray flux condition monitoring which is identical to the previous 

set up for internal FSA, MCSA and VSA with the sensing unit located outside the machine. This 

also means that it can be implemented easily on already commissioned and yet to be 

commissioned machines without disrupting machine operations. However, stray flux sensing is 

more susceptible to EMI as well as environmental factors implying a low signal-to-noise ratio 

despite already being attenuated by the machine cast frame. The reliability of the use of stray flux 

is yet to be widely accepted. In a typical industrial environment with several machines in close 

proximity, the use of stray flux may be unrealistic unless additional measures are put in place to 

screen such EMI from the stray flux sensors. Sensitivity and accuracy are thus critical in the 

successful implementation of external FSA.  
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Figure 2-10: Test rigs used for stray flux monitoring [122] 

Given that the amplitude of the stray flux is already small, any further noise interference can result 

in error in measurements. Aside the EMI issue, stray flux owing to its attenuated amplitude require 

flux sensors with very high sensitivity and resolution to be able to utilise the signal optimally for 

condition monitoring. Alternatively, slightly more sophisticated sensor with integrated signal 

conditioning sub-units for signal amplification and filtering can be used. However, this then 

compromises the cost effectiveness and simplicity flux sensors are generally known for. [104] 

corroborates that stray flux have low sensitivity for a small number of turns when used with wound 

field synchronous machine (WFSM) and requiring high resolution. Having been used for internal 

FSA, optical fibres are immune to EMI and can serve as an excellent complementary sensor for 

the use of stray flux for condition monitoring. However, as alluded by [104], “the feasibility of the 

use of FBG sensors to acquire low amplitude magnetic flux signals (e.g. stray fluxes) has not yet 

been demonstrated”. Fibre optics works beyond the ultra-high frequency range which makes it an 

excellent candidate for ultra-small measurements provided the right transducer is available for 

such micro and nano range measurements. Some of the work done with conventional sensors 

around stray flux sensing can be found in [55], [78], [123]–[127]. 
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A range of flux sensors have been used to acquire stray flux depending on different physical 

factors. These include: giant magnetostrictive resistance (GMR) sensor ([78]), magnetic antenna 

([128]),  hall probe ([129]), micro coil or flux probe ([120], [123]–[126]), and Rogowski coil ([130]). 

Table 2-5 compares some commonly used flux sensors and their range of applications. 

Table 2-5: Properties of common magnetic field sensors [131] 

 

2.2.4 Temperature Condition Monitoring and Thermography 

Temperature monitoring is critical to any electrical and mechanical system and is akin to vibration 

in terms of its causative nature as several faults can lead to a rise in temperature. Within an 

electric motor, the parts that regularly produce heat are the winding (copper winding I2R losses), 

the core (eddy current I2R and magnetic hysteresis losses) and shaft bearings (friction). Condition 

monitoring of temperature is reasonably universal and industry wide as excessive temperatures 

in machines can lead to fire and severe thermal damage if protection systems are not in place. 

Temperature sensors are known to be cost effective and reliable with very long service records. 

Their sensitivity and accuracy are generally not crucial for machine condition monitoring because 

temperature readings only serve as indicators and precursors for activating other remedial 

systems installed such as cooling systems or protection systems. A typical temperature condition 

monitoring system is shown in Figure 2-11. 

 Hall with field 

concentrators 

(Sentron CSA-

IVG) 

AMR  

(Phillips KMZ 51, 

Honeywell,HMC1001) 

AMR 

flipped+feedback 

(KMZ 51) 

Fluxgate 

Billingsley 

TFM100 

Linear range 5mT 300μT 300μT 100μT 

Size 6mm 6mm 6mm 15mm 

Linearity 0.1<0.2% 1% 40ppm 20ppm 

Sensitivity TC 200ppm/K 600ppm/K 20ppm/K 20ppm/K 

offset@25oC 50μT <10μT <1μT 10nT 

Offset TC 600nT/K 100nT/K 2nT/K 0.2nT/K 

noiseRMS (0.1-10Hz) 1μT 10nT(1nT) 10nT <100pT 

Perming, 

hysteresis 
1μT 300nT 10nT <1nT 

BW 100kHz 100kHz 100Hz 3.5kHz 

Power consumption 55mW 30mW 100mW 350mW 

 



 

24 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

 

Figure 2-11: Block diagram for a typical temperature condition monitoring set up 

 

Temperature as a signature is not an excellent fault detection tool but can provide an overall 

condition for the machine. According to [132]  temperature monitoring method does not directly 

detect the fault or its cause, but rather provides an indication of a looming fault. Faulty (short 

circuit, bearing defects), transient (inrush phenomenon)) and even no-fault overload conditions 

can lead to rise in temperature in a machine. If temperature is solely used as a fault indicator, it 

can raise false alarms (issues of fault discrimination). Thus, temperature monitoring is usually a 

complementary condition monitoring technique to another available technique within the same 

application. Another option which is increasingly being implemented either as stand-alone or as 

a complementary technique with other detection techniques is the Infrared (IR) Thermography. In 

their opinion [133], [134] suggest that IR thermography could play an excellent role to diagnose 

certain failures or to complement the other techniques in order to make diagnostics conclusions.  

Temperature as a machine condition monitoring signature is incredibly important because 

excessive temperature give rise to the incipient stage of more severe faults. Hotspots due to 

insulation degradation and eventual breakdown start with excessive localised temperature. Very 

high temperatures can also lead to demagnetisation of permanent magnets in PMSMs. Three 

approaches to temperature monitoring as described by [135] are: local point temperature 

measurements using surface or embedded temperature detectors; thermal imaging or 

thermography; and distributed temperature measurements. Reported works which focused on 

temperature when used with other condition monitoring techniques can be found in  [132] – [133], 

[136] – [146]. 
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2.2.6 Fibre Optics Sensing (FOS) Technique 

Although FOS has been around for a long time, research in this area is still very much active. This 

is the case in the electrical power industry where, in recent years ongoing research works have 

been reported on FOS applications in electric machine condition monitoring. The numerous 

advantages of using FOS according the industrial giant, ABB Ltd [147] include:  

❖ high accuracy 

❖ high bandwidth 

❖ wide temperature range 

❖ full digital processing 

❖ uni- or bi-directional measurements possible 

❖ analogue and digital outputs 

❖ easy to install and does not require recalibration 

❖ adaptable shape of sensing head 

❖ small size and weight 

❖ no magnetic centring necessary 

❖ no magnetic overload problem 

❖ immune to EMI 

❖ electronics fully insulated from bus bars, hence it is possible to place them very close or 

even over high potential conductors without necessarily requiring electrical power at the 

sensor location[148]. This makes them also suitable for use in hazardous environments 

which usually require intrinsically safe instrumentation  

❖ low power consumption 

Other advantages highlighted by [148] include: 

❖ easy maintenance 

❖ chemically inert even against corrosion 

❖ work over long distances 

❖ several sensors can be multiplexed on the same fibre 

The Faraday effect and Bragg sensing principles are the two commonly invoked principles in the 

power industry depending on the specific application be it sensing or fault detection. The mostly 

used fibre optic sensors are the FBGs whose principle will be explained in more details in the next 

chapter. 



 

26 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

Commercially, ABB Ltd in 2013 introduced a fibre optic current sensor for monitoring the bus bar 

of a power distribution system based on the magneto-optic effect (also known as Faraday effect). 

This current sensor was in a single-ended optical fibre placed around the bus bar [149]. The fibre 

optic current sensor was reportedly able to measure uni-or bi-directional dc currents up to 500kA 

with an accuracy of 0.1 percent of the measured value. [35], [150]–[155] utilised FOS for fault 

detection in electrical machines. Table 2-6 summarises some fibre optic sensing application in 

electrical machines. Research relating to internal flux sensing in electric machine using FBG has 

also been reported in [34], [51], [156]. 

Table 2-6: Fibre optic applications in electrical machines 

Authors [Ref] Parameters monitored Summary of research 

Fabian et al 

[157] 

Vibration, Temperature Monitored the vibration response of the stator core of an 
IM as a function of the spatial modulation of the air gap flux 

Mohammed et al 
[27], [38] 

Temperature Investigated the influence of FBG sensor packaging 
material on in situ hot spot monitoring based on the 
submission that bare sensing fibre is fragile and cannot be 
effectively inserted or wound into the coil architecture due 
to constraints imposed by the coil construction and the 
associated mechanical stress 

Dreyer et al [45] Temperature Measured the temperature of stator bars inside a large 
electric generator using quasi-distributed FBG with the 
goal of testing the influence of the temperature on the FBG 
inside a package 

Martelli et al 
[158] 

Temperature The surface temperature is measured using six FBG 
sensors evenly placed on the stator surface and 
embedded into the insulation material of a 175MW 
synchronous electric generator 

Sousa et al [159] Temperature Temperature in the stator slots were monitored using two 
sets of FBG sensors in each fibre with a special 
encapsulation of the sensors to minimize mechanical 
disturbances in the fibre due to motor operation 

Sun et al [160] Multi parameter Reviewed various industrial applications of FBG sensing  

Sasic et al [161] Vibration Discussed suggestive requirements for selection of 
sensors and effect of temperature on modal test results 

Theune et al 
[162] 

Temperature Reports on the first realisation of embedding FBG 
temperature sensors inside the stator bars and onto the 
leads of a 200MVA air cooled power generator including 
the sensor packaging requirements 

Ping et al [163] Temperature Investigated the dynamic thermal response of standard 
single-mode optical fibre instrumented on a compact 
transformer core by using an optical frequency-domain 
reflectometry (OFDR) scheme 
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Johny et al [164] Strain This paper investigates the effect of FBG sensor positions 
on the reflected sensing signal, to optimise the sensor 
positioning plan for structural health monitoring of offshore 
structures 

Marignetti et al 
[165] 

Electric field This paper reports proof-of-principle of an optical FBG 
operating as an electric field sensor and demonstrated that 
based on the electrostriction property of silica, by using a 
number of interferometric structures in the optical fibre, the 
component of the electric field E in the direction of the 
optical fibre can be measured in the points where the 
interferometric structures are placed 

Of all the reviewed literature for FOS technique, most research works were based on the Bragg 

shifting principle or the use of FBG sensing, with the exception of four researchers who utilised 

other optical principles such as: Raman scattering Optical Time Domain Reflectometry (ROTDR) 

[166], Fabry-Perot Interferometry (FPI) [151], [167] and Optical Frequency Domain Reflectometry 

(OFDR) [163].  

2.2.7 FBG in Electrical Machine Condition Monitoring 

The typical test rig set up for FOS application in electrical machines is as shown in Figure 2-12. 

The set up comprises two machines, 30kW IM as generator and 15kW PMSM as a motor, a light 

source and interrogator (sometimes two separate devices), and a data acquisition system 

 

Figure 2-12:  Typical FOS-machine experimental set up [155]  
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In [33] stator open winding fault detection was carried out by strain sensing of the stator frame of 

an IM using FBG as shown in Figure2-13. The presence of new frequency spikes in the faulty 

spectral output was used as a fault signature after processing of the acquired optical signal using 

FFT. It was reported that the fault effects were clearly visible at the integer multiples of the healthy 

reference frequencies.  

  

Figure2-13: FBG machine frame strain as faulty signature [33] 

Bearing fault was similarly detected with FBG following FFT processing of the acquired strain 

signal in [168]. Here, it was reported that for vibration measurements at high frequencies, strain 

rather than temperature mostly affects the spectral shifts. [35] utilised FBG sensing to detect two 

faults viz: bearing and winding faults in a WRIM by vibration signature extraction and FFT 

processing of the acquired signature. Different severity levels of bearing defects were 

experimented through varying the diameter of a hole machined on the outer bearing race. 

Observations from the measured data, also revealed clearly visible fault induced frequency 

components on the vibration spectrum extracted by the fibre. Recently, [155], [169] investigated 

BRB  and rotor eccentricity using the same strain extraction and FFT signal processing on a four 

pole, 220V motor. The BRB fault was emulated by drilling a hole on a rotor bar as shown in 

Figure2-14, while the eccentricity was emulated by attaching an unbalanced load to the rotor shaft. 

In [155], a set of four FBG sensors separated by 90o from each other were used and two regions 

of the stator strain frequency spectrum (near the rotational frequency, fr and near 2 x supply 

frequency, 2fs) were the subject of focus. The amplitude of the fault frequencies were observed 

to be related to the fault severity and the number of broken bars. Under no-load condition, the 

slip, s was almost zero, thus, the BRB frequency overlapped with the two frequencies of focus (fr 

and 2fs). This made it difficult to identify the fault at no load. 
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Figure2-14: Emulation of BRB in induction motor [170] 

 

The temperature dynamic response of FBG to unbalanced power supply and losses which are of 

mechanical, electrical and magnetic nature, in a three-phase IM, was investigated in [154]. An 

encapsulation of the FBG sensor was done prior to fixing the sensor on the motor stator to reduce 

the influence of mechanical disturbances.  

Multi parameter sensing was performed by [153], [171], [172] where mainly condition monitoring 

was carried out for electrical machines. Parameters such as torque, temperature, vibration and 

phase shifts (direction of rotation), speed and position were monitored in the related work by [171], 

[172]. For torque, two FBGs attached to the rotor shaft at ±45° with respect to its axis of rotation 

were used. The difference between both FBG reflection peak wavelengths gave a measure for 

torque whilst their mid-point gave an indication for temperature at that location. DC components 

of the transient signals were reportedly used for thermal and torque analysis, whereas the AC 

components were for vibrations and phase shifts analysis. Phase shifts between multiple FBGs 

was used to determine the rotor direction of rotation [171]. In a related work in [172], three fibres 

were installed on the machine stator, each having 12 FBGs. The FBGs were such that two fibres 

are placed between the stator teeth covering the entire length of the machine in alternate slot 

manner. The remaining one fibre was mounted circumferentially around the stator teeth. The two 

fibres routed along the stator winding were for thermal profiling, whereas the third fibre that was 

circumferentially mounted on the stator core was to measure vibration, rotor speed, rotor position, 

stator wave frequency and the spinning direction as shown in Figure2-15. 
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Figure2-15: FBG Positioning for multi-parameter sensing 
a. Schematic and b. photograph of the distribution of 24 FBGs along the stator windings for their thermal 
profiling. (c) Schematic of the 12 circumferentially mounted FBGs [171] 

[153] on the other hand, measured the dynamic strain on the main rotor bearings, pressure and 

temperature of the lubrication oil, distributed temperature through the motor stator windings and 

vibration of the motor housing. The sensing was for a subsea twin-screw pump and two fibres with 

nine FBGs on each fibre were used. Bearing fault was detected in the experiment. [173] in a 

separate work applied strain sensing to determine rotating speed. A centrifugal method was used 

to transform the rotating speed to the strain of FBG, with the FBG sensor distributed along the 

axial direction.  An analytical method was used to show via an equation that the strain of the FBG 

is proportional to square of rotating speed. Based on the derived assumption, two FBG sensors 

were pasted on a Ǟ90mm shaft, with 40mm distance between the two pasting points. The initial 

results showed a large difference between both FBGs which was interpreted as due to pasting 

error, symmetry centre error and pre-tightening force error. With the addition of a sleeve type 

sensing structure to correct the discrepancy, the result was slightly improved.  

Hot spot and thermal monitoring was investigated by [27], [29], [38], [42], [158], [159], [166], [174] 

in various electrical machines. [27], [29], [38] specifically investigated the influence of packaging 

on the FBG hot spot sensing performance using polyetheretherketon (PEEK) tubing as shown in 

Figure2-16. Their work assessed the attainable hot spot thermal monitoring performance of an FBG 

thermal sensor embedded in the structure of a current carrying random wound coil.  
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Figure2-16: FBG packaging using PEEK tubing [27] 

[158] monitored the surface temperature of a high-power generator stator in operation at a 

hydroelectric power plant using FBGs. Six FBGs were evenly placed on the stator surface and 

embedded in the insulation material of a 175MW synchronous electric generator as shown in 

Figure2-17. Individual FBGs were packaged with stainless steel while the remaining fibre length 

was covered with high temperature teflon protective tubes. The FBGs were pre-calibrated using a 

peltier and a thermocouple. The generator was run for approximately 13 hours and all six sensors 

gave very similar thermal profiles with a maximum observed temperature difference between the 

sensors of less than 5oC which is an indication of thermal equilibrium and mechanical balance. 

 

Figure2-17: FBG sensor installation in the stator of a 175 MW electric generator [158] 

In another work, [174] used five FBGs in conjunction with an optical rotating joint to perform 

temperature monitoring of the poles of a 310MVA, 56-pole, class B hydro generator which was 

experiencing outward insulation migration. The five FBG sensors were installed on four poles such 

that the four poles covered all possible positions between two consecutive spider arms of the 

machine. A single fibre was used to connect the FBG sensors to an optical rotating joint installed 

on the rotor axis to and from which light is transmitted as shown in Figure2-18. The use of the 
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optical rotary joint offers a good option to varying the location of FBG sensors in situ an electric 

machine specifically on the rotor due to its rotating nature. Actual hotspot temperature 

measurements were obtained using FBG.  

 

Figure2-18: FBG installation using a rotating optical joint [174] 

[45], [46], [175] in separate but related investigations used FBGs to determine the quasi-distributed 

temperature measurements for stator bars in large generators. [175] embedded multiple FBGs 

packaged in stainless steel capillaries inside a stator to measure the temperature. [45] on the other 

hand, installed a multiplexed optical cable with 12 fibres around the circumference of the stator of 

a 370MVA generator. This was to investigate the influence of temperature on the FBGs when 

inserted in a package. Each of the 12 fibres had three FBGs to achieve distributed sensing as well 

as robustness with the packaging. Results revealed a steady state temperature difference 

between the FBGs of less than 3°C. The difference was due to the temperature gradients inside 

the box where the sensors were placed during the experiment. [46] investigated the simultaneous 

sensing of temperature and vibration using the same 370MVA generator. In the sensor, each FBG 

measured vibration and temperature independently. Three multiplexed FBGs were installed into 

six different winding slots to sense the stator bars, thus giving six transducers. The FBGs were 

encapsulated into a jelly tube and in turn protected with a semi-conductive package before 

installing them between the stator top and bottom bars. The generator was run experimentally at 

60Hz for 23 hours with all FBGs detecting mechanical vibration at 2Hz and electromagnetic 

vibration at 120Hz. The machine experienced a shutdown due to failure during the test and all the 

FBGs were able to measure the temperature as well as vibration changes caused by the machine 

shutdown.  
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[165] reported a proof-of-principle where FBG was used as an electric field sensor. A prototype of 

voltage sensor based on an FBG was designed and tested with maximum reflectivity at 1577.5 

nm. The application of a strong electric field caused a small variation of the optical path length of 

the waveguide due to electrostriction and thus, perturbed the grating peak reflectivity wavelength. 

The FBG sensor response yielded a signal at twice the original oscillation frequency showing an 

approximate quadratic dependence on the field amplitude. In [34], [37] a composite FBG/Terfenol-

D sensor was used to sense main air gap flux in PM machines. The focus in [34] was to improve 

the understanding the impact of the positioning of the composite in-situ sensor when exposed to 

magnetic excitation. Monitoring the health of rotor magnets in PM machines through in-situ 

observation of the air-gap magnetic flux density was the focus in [37]. The FBG/Terfenol-D sensor 

was positioned in situ stator slots both axially aligned with, and perpendicular to the rotor axes of 

anisotropy of a PM motor as shown in Figure2-19.  

 

Figure2-19: Embedded FBG in stator slots of electric machines [37] 

It was observed that whilst there was reduced sensor sensitivity of about 85% in the perpendicular 

axis compared to axial axis, diagnostic information on observed flux distribution were retained in 

both positions. Signal levels in both positions were also sufficient and usable for condition 

monitoring purposes. Demagnetisation of rotor was experimentally detected with varying degree 

of severity in [37]. FBG thermal sensing was recently reported in [26], [36], [43], [44], [176] with 

the first four works utilising FBG inherent multiplexing sensing capability. Distributed thermal 

sensing system for stator winding internal thermal condition monitoring in operating low voltage 

electric machines (LVEMs) was carried out in [26], [36], [43], [176]. A feasibility study on 

simultaneous extraction of thermal and mechanical information on machine bearings condition 

monitoring from the same optical sensing head was performed in [44]. By  calibrating the FBG 

sensor behaviour under exclusively thermal excitation conditions, the differentiation of in-service 
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signatures arising from thermal excitation from those produced by mechanical excitation was 

achieved [44]. Thus, the FBG sensor offered an advantage of being simultaneously utilised as 

both a thermal and mechanical sensor with a single in-situ sensing head. In other works, [26], [36], 

[43], [176] installed an array of FBGs (two per phase) on a rewound three phase IM. The FBGs 

were installed in a circumferential spatial distribution pattern to facilitate thermal monitoring of 

multiple hot spots due to open and short circuit faults on the stator winding. PEEK capillary and 

teflon tube were used as covering for the multiplexed fibre for protective purposes due to its 

brittleness. Results demonstrated that the multiplexed sensor array was effective in providing 

circumferential peak temperature distribution of the stator windings in operating machines, under 

normal and abnormal operating conditions.  

The potential for using FBG strain sensing for health monitoring of an electric machine shaft and 

recognise shaft misalignment condition in generator drivetrains has been reported in [40]. FBG 

strain gauges were non-invasively installed on the test machine frame in axial, radial and 

circumferential orientation. The installation was done by bonding the respective sensing head to 

the surface of the frame drive-end cap using Kapton polyamide tape. It was reported that no 

observable detrimental effect due to thermo-mechanical cross sensitivity was identified when 

detecting angular misalignment. The three different orientation frame strain FBG measurements 

also revealed lower sensitivity for the FBG sensors that were radially placed in comparison to the 

axial and circumferential FBGs.     

 

Figure2-20: Installing FBG in carbon fibre reinforced polymer [177] 

Strain and temperature measurements in the stator of three phase IM were carried out using six 

FBGs which were integrated into a carbon fibre reinforced polymer (CFRP) encapsulation (see 
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Figure2-20). The encapsulation was said to have appropriate mechanical energy transfer to 

measure dynamic strain and temperature. Tests were performed with new healthy and defective 

bearings on a three phase IM operating at full load. Results showed that the main peaks of 

frequency caused by strain observed coincided with the electrical supply frequency (60 Hz) and 

mechanical bearing forces (30 Hz). Harmonic components at 120Hz, 180Hz and 240Hz were also 

present. For the damaged bearings frequencies of 89.8Hz, 116.5Hz, 146.4Hz, and 149.7Hz were 

identified.  

2.3 Chapter Summary 

This chapter has discussed the common types of faults that occur in electrical machines and the 

commonly used techniques in detecting them. The chapter has thoroughly reviewed current 

research in the use of FBG sensors in electrical machines applications.  
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3. Chapter 3 

FBG as Electric Machine Sensors - Methodology 

FBGs continue to find applications as electric machine sensors in the area of condition 

monitoring and fault detection. This chapter explains the underpinning principle of FBG and 

provides a step-by-step explanation of the methodology used in the non-invasive use of FBG 

for IM condition monitoring. It will lay out the foundation for broken rotor and inter-turn fault 

detection using FBG-T sensing technique for the subsequent chapters. 

3.1 Basic Principle of FBG 

One of the most commonly used optical fibre sensors for strain and temperature 

measurements is the FBG technology, thanks to its ease of manufacture as well as its relatively 

strong signal reflectivity [148] upon which its sensing principle depends. Light is known to travel 

in a straight line in air at an approximately constant speed, c = 3 x 108 metre per second (m/s). 

However, when it travels through a different medium it bends due to refraction, because air 

has a different refractive index from the medium through which the light now travels (Figure 

3-1). Although the frequency of the light wave does not change, its wavelength changes [178]. 

The relationships between its speed in air (c), its speed in a different medium (v), the refractive 

index of the medium (n), its wavelength (λ) and its frequency (f) are given by: 

𝑐 = 𝑓𝜆       (3-1) 

  

                                                          𝑛 =  
𝑐

𝑣
                              (3-2) 

 

Snell’s law relates the angle of incidence θ1, the angle of refraction θ2, the refractive indices of 

the two mediums involved during the light travel n1 and n2 respectively, and the light’s 

wavelengths in both mediums λ1 and λ2 as: 

𝑛1

𝑛2
=

𝜆2

𝜆1
=

𝑠𝑖𝑛𝜃2

𝑠𝑖𝑛𝜃1
       (3-3) 

 

In order for some light to be reflected (bounce back away from the new medium) then the angle 

of incidence must equal the angle of refraction i.e., θ1 = θ2. The reflection of light at the interface 

between two different media is commonly known as Fresnel’s reflection effect. According to 

[178], the refracted angle tends to get smaller than the incident angle when light is travelling 

from a fast medium to a slow one (for example, air to water). However, for the converse light 

travel (water to air), the incident angle tends to get larger but it cannot exceed 90° while 
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remaining in the new medium. Hence this incident angle constraint suggests that the largest 

incident angle for refraction occurs when n2 < n1. However, beyond a certain incident angle 

known as critical angle, θc, provided n2 < n1 still exists, there will be no refraction at all. Instead, 

the light wave will be totally reflected away from the new medium through which the light was 

intended to travel. This is called total internal reflection which is the principle utilised by optical 

fibres [178]. 

 

Figure 3-1: Basic concept of refraction of light [178] 

 

Total internal reflection phenomenon reveals the possibility of confining light travel to a material 

with higher refractive index but not a lower one (i.e.n2 < n1). In a typical optical fibre silica cable, 

its core with a higher refractive index, n1 is surrounded by a cladding whose refractive index, 

n2 is only about 1% lower than that of the core. This is to satisfy the condition for total internal 

reflection [178]. For example, the core could have n1 ≈ 1.4475 and the cladding n2 = 1.444 and 

provided the fibre cable is not excessively bent, the light will just bounce around in the cable 

with minimal loss [178]. When the light which is guided along the fibre core comes in contact 

with the inscription of the gratings, it is weakly reflected by each grating plane by Fresnel effect 

[148]. Figure 3-2 shows an incident radiation being reflected by the lattice of a crystal by Fresnel 

effect. Depending on incident angle and the reflected light from each grating plane, the light 

wave then recombines with other reflections in the backward direction in either a constructive 

or destructive interference pattern. The nature of interference of the resultant light wave, be it 
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constructive or destructive is also dependent on whether the wavelength of the incoming light 

satisfies Bragg’s law given by [148]: 

 

2𝑑 𝑠𝑖𝑛𝜃 =  𝜂𝜆       (3-4) 
 

According to Bragg’s law, for constructive interference leading to higher peak(s) in the resultant 

wave, then 𝜂 should be an integer; otherwise, destructive interference will occur leading to zero 

or a small amplitude in the resultant wave. With the light’s incident angle θ = 90o and d, the 

distance between peaks of the interference pattern, then for vacuum with refractive index,𝜂 =

1; 𝜆 = 2𝑑  is the approximate wavelength of the reflection peak which means that the fibre 

reflects part of the incoming spectrum [148].  

 

Figure 3-2: An incident radiation is reflected by the lattice structure of a crystal [148] 

For silica material used to make optical fibre, the distance travelled by light, d is affected by 

the material’s refractive index, η, thus equation (3.4) can be adapted for silica as: 

 2𝜂𝑒𝑓𝑓𝛬 = 𝜆𝐵          (3-5) 

 

where 𝜆𝐵  is the Bragg wavelength,  𝜂𝑒𝑓𝑓 is the effective refractive index of the fibre and 𝛬 is 

the periodicity of the grating [148]. The ηeff is determined by the average of the refractive index 

of the fibre core and the refractive index of the fibre cladding. From equation (3.5), it is possible 

to change the Bragg wavelength also known as ‘Bragg Shift’ by either varying the fibre’s 

effective refractive index or the grating periodicity or both. This is the fundamental principle of 

the FBG sensing. According to [148], by designing the proper interface, desired measurement 

can be made to impose some external force or disturbance on the grating which will result in 

a braggshift proportional to the perturbation applied. This makes the FBG useful as a sensor 
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in a wide range of parameter measurements including temperature, vibration, pressure, and 

displacement. 

Longitudinal deformation and temperature variation are two forms of perturbations that have 

been observed to change both ηeff and Λ [148]. Longitudinal deformation and temperature 

result in photo-elastic and thermo-optic effects respectively. This is where the change in the 

optical behaviour of the gratings due to their effective refractive index (ηeff), is proportional to 

the amount of strain and temperature difference applied to the fibre respectively. Longitudinal 

deformation and temperature also result in increase in the grating pitch and thermal expansion 

respectively, which affect the periodicity of the fibre gratings (Λ). The effect of temperature can 

be incorporated into equation (3.5) by differentiating λB with respect to temperature using 

product rule yields as follows [148]: 

∆𝜆𝐵

∆𝑇
=   2𝜂𝑒𝑓𝑓

𝜕Λ

𝜕𝑇
+ 2Λ

𝜕 𝜂𝑒𝑓𝑓

𝜕𝑇
     

 (3-6) 

If we substitute (3.5) into (3.6) for both expressions on the right-hand side of (3)  

      
∆𝜆𝐵

∆𝑇
=  𝜆𝐵  

𝜕Λ

𝜕𝑇

1

Λ
+ 𝜆𝐵

1

 𝜂𝑒𝑓𝑓

𝜕 𝜂𝑒𝑓𝑓

𝜕𝑇
                         (3-7) 

Rearranging (3.7) we get 

    
∆𝜆𝐵

𝜆𝐵
=   

1

Λ

𝜕Λ

𝜕𝑇
∆𝑇 +

1

 𝜂𝑒𝑓𝑓

𝜕 𝜂𝑒𝑓𝑓

𝜕𝑇
∆𝑇              (3-8)         

which can be rewritten simply as 

     
∆𝜆𝐵

𝜆𝐵
= (𝛼 + 𝜂)∆𝑇       (3-9) 

The first term represents the thermal expansion of silica (𝝰) while the second term represents 

the thermo-optic coefficient (η). 

Similarly, the effect of longitudinal deformation or simply referred to as strain can be 

incorporated into equation (3.5) by differentiating λB with respect to length using product rule 

as follows [148]: 

            
∆𝜆𝐵

∆𝐿
=   2𝜂𝑒𝑓𝑓

𝜕Λ

𝜕𝐿
+ 2Λ

𝜕 𝜂𝑒𝑓𝑓

𝜕𝐿
     

 (3-10) 

If we substitute (3.5) into (3.10) for both expressions on the right-hand side of (3.10) 

    
∆𝜆𝐵

∆𝐿
=  𝜆𝐵  

𝜕Λ

𝜕𝐿

1

Λ
+ 𝜆𝐵

1

 𝜂𝑒𝑓𝑓

𝜕 𝜂𝑒𝑓𝑓

𝜕𝐿
          (3-11) 
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Rearranging (3.11) we get 

     
∆𝜆𝐵

𝜆𝐵
=   

1

Λ

𝜕Λ

𝜕𝑇
∆𝐿 +

1

 𝜂𝑒𝑓𝑓

𝜕 𝜂𝑒𝑓𝑓

𝜕𝑇
∆𝐿    (3-12) 

The first term on the right-hand side of (3.12) represent the strain of the grating period due to 

fibre extension while the second term is the photo-elastic coefficient (ρe) due to change in 

refractive index with strain. In optical fibre, both terms produce opposite effects when strain is 

applied to the fibre. This is such that while the distance between gratings tends to increase, 

thus increasing the Bragg wavelength, the photo-elastic effect results in a decrease in the 

effective refractive index. This is due to decrease in the density of the fibre (from cladding to 

core), thus decreasing the Bragg wavelength [148]. Hence in simplifying equation (3.12), 

second term carries a negative sign as follows: 

     
∆𝜆𝐵

𝜆𝐵
= (1 −  𝜌𝑒)ɛ𝑧       (3-13) 

where ɛz is the longitudinal strain of the grating.  

Therefore, the sensitivity of FBG to strain and temperature can be represented by combining 

(3.9) and (3.13) as follows: 

 
∆𝜆𝐵

𝜆𝐵
= (1 −  𝜌𝑒)ɛ𝑧 + (𝛼 + 𝜂)∆𝑇             (3-14) 

Theoretically, for the F-SM1500-4.2/125 single mode, all glass, highly bend-insensitive and 

photosensitive fibre used in this research @ 1550.1nm wavelength has: 

𝜌𝑒 = 0.22, 𝛼 = 0.55 𝑥10−6/𝑜𝐶, 𝑎𝑛𝑑 𝜂 = 8.6 𝑥 10−6/𝑜𝐶 

Thus, sensitivities of the FBG fabricated on this fibre for temperature and strain will be: 

∆𝜆𝐵

∆𝑇
= 14.18 𝑝𝑚/𝑜𝐶  𝑎𝑛𝑑  

∆𝜆𝐵

∆ɛ
= 1.209 𝑝𝑚/µɛ  

Optical fibre technology is known for low cost, although its interrogator is still currently 

expensive. Signal processing is not complex using the FBG technology and the option for 

multiparameter sensing which utilises multiplexing also available with FBG technology. The 

pyrophoric nature of the terfenol-D alloy means that the FBG-T should be adequately 

encapsulated to avoid self-combustion. Although self-combustion is rare, this can be easily 

avoided. Compared to the other techniques, FBG technology utilising a magnetostrictive 

transducer such as terfenol-D, can only be used in applications where the environment is void 

of unwanted magnetic fields. This is to avoid magnetostriction caused by noisy magnetic fields 

to interfere with the sensor reading. For example, in industrial areas where several large 

electric motors are running side by side, with each motor having its own stray flux. In such 
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applications, each motor has to operate within a controlled enclosure such as a Faraday cage, 

so that only the stray flux of the machine being monitored reaches the sensor. Otherwise, the 

FBG-T sensor would be more appropriate for stand-alone electric machine applications. 

3.1.1 Faraday Effect Principle  

An alternative to the use of FBG for sensing applications is the Faraday’s magneto-optic effect. 

In 1845, Michael Faraday discovered the magneto-optical effect which has been exploited to 

develop the only known commercial fibre optic current sensor (FOCS) for large DC system 

built by the manufacturing giant, ABB [179]. The Faraday Effect principle exploited by ABB is 

illustrated in Figure 3-3 and states thus:  

“If a linearly polarised light is decomposed into left and right circularly polarised components 

which are then coupled into an optical fibre that is exposed to a magnetic field (caused by the 

current to be measured); at the end of the fibre the two components are reflected, and their 

polarisation direction swapped as they retrace their optical path to the sensor electronics. This 

results in a phase difference which is proportional to the line integral of the magnetic field along 

the optical fibre, hence it is a direct and precise measure of the current producing such 

magnetic field” [180].  

 
Figure 3-3: Faraday effect principle  utilising magneto-optics [179] 

 

During the research, the choice of using the FBG technology instead of Faraday effect 

was down to simplicity, cost, number of single point failures in the experimental set up 
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and the intrusive requirement to gain access to the stator coil for measurements. With 

respect to the number of single point failures, this was based on the number of 

individual components that would be assembled. The Faraday effect required a greater 

number of components which were possible points of failure, affecting the reliability of 

the set up in terms of fault tolerance. Overall, the FBG technology in addition to its non-

invasive advantage, also offered simplicity in its set up and lesser number of 

components.  

3.2 Types of FBGs 

3.2.1 Uniform FBG Sensor 

FBGs are formed basically by a periodic modulation of the refractive index of a fibre core along 

its longitudinal plane and are produced using various techniques [148]. The choice of these 

gratings is based on their reflectivity response characteristics and perceived suitability for fault 

detection during spectral analysis. Uniform FBG is the standard FBG in which the gratings 

have equal and evenly spaced distance called the period, between them. They are fabricated 

usually using a phase mask technique [181] to expose a short length of photosensitive fibre to 

a periodic distribution of light, such that the fibre’s refractive index is permanently varied in 

accordance with the exposure of the light intensity. Typical lengths of the FBG sensors are up 

to tens of millimetres with a period typically in the sub-micron region e.g., nanometre. FBGs 

act to couple light from the forward-propagating mode to a backward, counter-propagating 

mode of the optical fibre [182].  Figure 3-4 shows the uniform gratings (yellow) within the fibre 

core and surrounded by the fibre cladding. 

 

Figure 3-4: FBG - Fibre cladding with evenly spaced gratings within its core [183] 

 

The principle of sensing with respect to braggshift is illustrated in Error! Reference source 

not found. which shows an incident light spectrum prior to its transmission through the FBG 

sensor. Upon incidence on the gratings, the light spectrum is observed to have a transmitted 

and a reflected spectra with different profiles. It is the reflected spectrum caused by the gratings 
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that is used as a reference for FBG sensing where wavelength shift is observed due to strain 

on the gratings. The strain which causes the wavelength shift is caused by an external 

influence which is the parameter to be sensed, otherwise there will be no wavelength shift if 

the gratings do not experience any strain. 

 
Figure 3-5: Bragg shift concept for light spectrum – incident, transmitted and reflected 

 

3.2.2 Long Period Grating (LPG) Sensor 

The LPG sensor is similar to the standard FBG sensor except that the period between the 

gratings is longer in the order of 100µm-500µm with typical fibre core lengths between 2 and 

3cm (Figure 3-6). They are most conveniently fabricated by ultra violet exposure through a 

shadow mask [182]. LPG sensors depend on the coupling of light propagating in the core to 

the forward propagating cladding modes of an optical fibre [182], thus they do not produce any 

reflected signal, unlike the uniform FBG as shown in Figure 3-7. The LPG sensor was 

considered but due to loss of fabrication capability at Aston Institute of Photonics Technologies 

(AIPT), the research work could not experiment with these types to compare if they will offer 

any advantage over the uniform FBG sensors. 

 

 

Figure 3-6: LPG - Fibre cladding with longer spaced gratings within its core [183] 
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Figure 3-7: LPG spectrum of temperature-induced braggshifts [184] 

 

3.2.3 Tilted FBG (TFBG) Sensor 

TFBG also known as side-tap grating, has a period similar to the uniform FBG but the grating 

plane is not normal to the fibre axis. In other words, it is tilted at an angle, θg [182] (see Error! 

Reference source not found.). Because of the tilt angle, there are more mode couplings i.e. 

multiple numerous reflections, compared to the uniform FBG. Figure 3-9 shows the 

transmission spectrum of a TFBG with the core mode propagation (single peak on the right) 

clearly visible and can be distinguished from the multiple cladding modes. This standout single 

peak could be used as the reference wavelength in the same way as the uniform FBG when 

utilising the TFBG as a sensor. However, due to lack of expertise in the fabrication of the TFBG 

at AIPT, experimental investigation of the use of TFBG and how its performance compared 

with uniform FBG was not possible. 

 

Figure 3-8: TFBG - Fibre cladding with tilted gratings within its core [183] 
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Figure 3-9: Transmission spectrum of a 10o TFBG measured in air using linearised input light [185] 

 

3.3 Optical Magnetostrictive Sensing Using Terfenol-D   

Apart from strain (vibration) and temperature sensing, fibre optic sensing has been 

successfully implemented in the sensing of current and magnetic field. In some sensing 

applications based solely on research, GMMs e.g., Terfenol-D and Monel-400 have been 

bonded to the FBG using a high strength and temperature glue such as Loctite [34], [186]–

[191]. It is noteworthy that Terfenol-D is quite expensive with a dearth of suppliers globally. It 

is also pyrophoric as earlier mentioned, but this can be controlled by ensuring it is not exposed 

to oxygen-rich environment when using it for sensing. This can be easily achieved by inserting 

the alloy into some protective covering or tube. In this research, a 6mm diameter, 26mm long, 

cylindrical-shaped terfenol-D rod manufactured by Tdvib LLC, USA was used. 

3.3.1 Theory of Magnetostriction 

“Magnetostriction is the lattice deformation that accompanies magnetisation [192]”. It is the 

strain induced by a change in magnetisation [193]. Early magnetostrictive materials discovered 

exhibited their magnetostriction at very low temperatures with very little or no magnetostriction 

at zero room temperature. This led to the search for alloys with large magnetostriction at higher 

temperatures to allow for room temperature operations, which are now referred to as GMM 

[194]. Currently, applications where GMMs (mostly rare-earth based alloys) are used include 

nanoelectromechanical/microelectromechanical systems, energy harvesters, sensors, 
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actuators and transducers [195]. More recently GMMs are being utilised in several 

mechatronics engineering and smart materials  applications [196]. Terfenol-D is currently one 

of the strongest GMMs commercially available with excellent magnetostriction generating 

strains 100 times greater than traditional magnetostrictives. It is 2-5 times greater than 

traditional piezoceramics [195], [197]. It offers the advantage of a high Curie temperature 

(380°C), which enables magnetostrictive performance greater than 1000 ppm from room 

temperature to 200°C. With appropriate adjustments in its alloy composition, its operating 

range can extend down to cryogenic temperatures [197]. Challenges associated with the use 

of terfenol-D include its brittleness, its pyrophoric (self-combusting) nature, cost and dearth of 

manufacturers and suppliers. To put into context, within the global research community there 

appears to be only one known reliable supplier of terfenol-D materials and products which is 

TdVib, LLC in the USA and they have supplied the terfenol-D used in this research as well. 

Unravelling the microscopic origin of this concept has over the years proved to be challenging 

even for great mathematicians and physicists such as Heisenberg as reported in [198], thus 

magnetostriction continues to be largely treated phenomenologically [193]. Although the 

functional properties of materials often depend on the detailed and subtle interplay of 

electronic, spin and lattice degrees of freedom, the actual understanding of the details of this 

electron–spin–lattice interplay remains one of the most challenging scientific problems in 

condensed matter physics [193]. The strain response – the physical movement of atoms in 

response to the external influence, in this case, magnetic field, is often complex in solids where 

macroscopic effects can constrain the motion [193]. For rare earth compounds such as 

terfenol-D, the strain is often associated with the highly anisotropic 4f electron distribution. This 

4f distribution couples via the spin-orbit interaction to both the 4f magnetic moment and the 

surrounding atoms [199]. Magnetic anisotropy simply means the property of a material that 

allows it to change its characteristics depending on direction [200]. The resulting changes in 

size or orientation of the magnetic moment are reflected in a change of the 4f charge 

distribution, consequently forcing the surrounding atoms to attain new equilibrium positions. 

This leads to a large magnetostrictive strain [199]. The occurrence of magnetostriction is 

empirically evident. However, due to difficulty in accurately modelling its molecular behaviour, 

it is difficult to this day to fully fathom the hysteresis behaviour and sometimes, inconsistent 

strain response to magnetisation. As [200] puts it: “From the perspective of modelling and 

control, magnetostrictive materials exhibit nonlinear effects and hysteretic phenomena to a 

degree which other smart materials, for instance electro strictive compounds, do not.” 

Scientists continue to research new compositions of rare earth compounds that exhibit large 

magnetostriction with less magnetic anisotropy and less hysteresis characteristics at room 

temperature.  
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Two forms of changes in magnetisation exists in magnetostriction: reversible and irreversible. 

Reversible magnetisation changes occur when small magnetic fields are applied which allows 

the material to return to its initial magnetic state once the field is removed, hence it is 

conservative in nature. Irreversible magnetisation changes occur when large magnetic fields 

are applied, which would require external restoring forces to return the material back to its 

original magnetic state, hence it is dissipative in nature [200]. Figure 3-10 shows how magnetic 

dipoles of a magnetostrictive material respond to the presence of a magnetic field. Depending 

on whether the strength of such magnetic is small or large, reversible or irreversible 

magnetisation would occur. For the purpose of this research, external machine stray flux is to 

be used which is expected to be a magnetic field of small strength (in the μT range), thus it is 

expected that only reversible magnetisation will be evident. 

 

Figure 3-10: Behaviour of magnetic dipoles of GMMs when a magnetic field is present [189] 

 

3.3.2 Terfenol-D Characteristics 

Terfenol-D (Tb0.3Dy0.7Fe2) as an alloy of iron (Fe), terbium (Tb) and dysprosium (Dy) has its 

name coined from the initial alloy – TbFe2 (TERFE-), its place of origin – the Naval Ordnance 

Laboratory (NOL), and Dy (D) which was added later [201], [202]. NOL is now a defunct 

research arm of the US Military. Dysprosium was added to terfenol after research found that it 

lowered the amplitude of the required magnetic flux to produce the large magnetostriction 

already exhibited by TbFe2 at  
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room temperature [201], [202]. According to the IEEE standard on magnetostrictive materials 

[203] the piezomagnetic constant, permeability and elastic compliance coefficient of terfenol-

D are respectively given by: 

𝑑33 =  (
𝜕𝑆3

𝜕𝐻3
)

𝑇
=  (

𝜕𝐵3

𝜕𝑇3
)

𝐻
     (3-15) 
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𝑇
       (3-16) 
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)

𝐻
      (3-17) 

where S3 is the strain, H3 is the magnetic field strength (A/m), B3 is the magnetic flux density 

(T), and T3 is the stress (Pa) along the polarisation direction (i.e., x3 axis). According to [204] 

the coupling factor (k33) between strain, permeability and stress is given by: 

𝑘33 =  
𝑑33

√𝑠33
𝐻 𝜇33

𝑇
       (3-18) 

To characterise terfenol-D, several experiments were carried out based on the above formulas 

at different mass loaded pre-stress conditions using varying amounts of pressure including 

elasticity and resonance measurements. These experiments were based on small-diameter 

(<10mm) rods with random grain orientations. [201], [202] admitted that because terfenol-D is 

now produced in various sizes with diameters now in cm range, magnetostrictive 

measurements taken from individual samples of small diameter, would not be representative 

of those from larger diameters. There would be sample-to-sample variations of the 

characteristics of the terfenol-D depending on the dimensions especially given that the results 

even for small-diameter terfenol-D revealed nonlinearity [12][205]. Unfortunately, there is no 

known model to accurately predict the specific characteristics of terfenol-d rods depending on 

their sizes; although there are generic expectations from all magnetostrictive materials to 

produce strain when subjected to a magnetic field. [206], [207] submitted the hypothesis that 

the relationship between strain and the magnetic field for an amorphous magnetic material is 

such that strain is given by: 

∆𝐿

𝐿
=  

3𝜎𝑠

2
((𝑐𝑜𝑠𝜃𝑓)

2
− (𝑐𝑜𝑠𝜃𝑖)2)     (3-19) 

where θf and θi are the final and initial angles between the magnetic domains and the applied 

field. σs is a constant representing the material constant obtained experimentally when the 

material in an initial hypothetical demagnetised state is magnetised to saturation. It was 
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suggested [206], [207] that maximum strain occurred when all the magnetic moments rotate 

through 90° hence: 

∆𝐿

𝐿
(max) =  

3𝜎𝑠

2
              (3-20) 

Terfenol-D has several times been classed as a ferromagnetic material, however its behaviour 

during this research work agrees with [208] who described it as a rare earth rich ferrimagnetic 

material. Since large magnetostrictions are due to the strong magneto-mechanical coupling 

that results from the dependence of magnetic moment orientation on inter-atomic spacing 

[200]; terfenol-D can be said to have such strong magneto-mechanical coupling at room 

temperature. As submitted by  [199], the huge anisotropy of the 4f electron cloud observed in 

rare-earth transition-metal compounds such as Terfenol-D (Tb0.3Dy0.7Fe2) is thought to be 

commonly associated with its giant magnetostrictive characteristic. At microscopic level using 

x-ray absorption spectroscopy, it has been experimentally analysed that the large strain 

observed in Terfenol-D is mostly due to the elongation of the Tb-Tb bond. This bond is of the 

order of 8 x 10−3Å  compared to the other atomic interactions (Fe-Tb, Fe-Fe, etc.) [199]. Due 

to the very large magnetic anisotropic characteristic of terfenol-D, there is the presence of 

magnetic moment jumping, also called Barkhausen jump when a sinusoidal magnetic field is 

applied to it. This jumps results in an un-smooth magnetisation curve as well as non-linearity 

in material behaviour [200], [205]. Magnetic moment jumping occurs because of magnetic 

dipoles whose magnetic moments cause them to abruptly enter or leave low energy directions 

[200].  

Terfenol-D exhibits a unipolar magnetostrictive characteristic such that a positive strain is 

produced regardless of the polarity of the magnetic field [209], [210]. Thus, the alloy will show 

the same strain response to alternating magnetic flux as well as DC.  This is crucial to 

understanding how to use the FBG-T sensor in this research for condition monitoring of electric 

machines. The external stray flux being used as a monitoring signature is a sinusoidal flux 

while a current-controlled DC magnetic flux will be used to calibrate the sensor. Given that the 

stray flux strength is usually small, it is expected that the reversible magnetisation of the 

terfenol-D in the magnetic field domain would translate into a reversible wavelength shift in the 

optical domain for the FBG-T sensor.  [209], [210] confirmed the hysteresis nature of FBG-T 

as composite sensor where the start wavelength varied slightly from the return wavelength. 

This is a transferred characteristic from the terfenol-D onto the bragg grating spectral response. 

Due to hysteresis and non-linear behaviour of terfenol-D, a direct return to initial wavelength 

may not always occur, but the path should exhibit a reversible trend in theory based on the 

above submissions.  [209], [210] specifically experimented on the impact of temperature in the 
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use of FBG-T for sensing applications to see the impact of cross sensitivity where temperatures 

from 10°C up to 78.7°C were applied. Only small braggshifts of the order of 2.351pm/°C and 

9.34pm/°C were observed for specimens with and without temperature compensation 

respectively. [211] performed a similar experiment on the FBG-T composite sensor between 

20°C up to 80°C and observed a sensitivity of 11.4pm/°C without compensation. Temperature 

variation during this investigation will be kept to a minimum as much as possible. It is expected 

that temperature variation throughout the experiment would be lower than the 10°C used in 

these previous works, to minimise braggshifts due to external ambient temperature. 

Though novel in the context of FBG sensing, the use of external flux has been proved to be 

reliable in wider context of electrical machine sensing. Provided the external flux can be sensed 

reliably and transduced into an optically measurable strain, then non-invasive condition 

monitoring of electric machines can be realised, which is what this experimental investigation 

has proved.  

3.3.3 IM Stray Flux Characteristics 

Stray flux as earlier stated is the attenuated main air gap flux. For three phase IM, it is as a 

result of the stator and rotor currents on the machine extremities in the stator or rotor coil ends 

(in WRIMs) and the end rings in squirrel cage rotors as defined and illustrated by [212] in Figure 

3-11. However, accurately modelling its characteristics has been reported to be more difficult 

compared to the main air gap flux. This is because the stray flux is influenced by the geometric 

design of the machine yoke [122] which varies from one machine manufacturer to another.  

 
Figure 3-11: Illustration of IM stray flux characteristics [212] 
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It is also sinusoidal in nature, following the sinusoidal nature of the main air gap flux since it is 

induced by the stator and rotor currents [213]. However, as alluded to by [213]–[215], the stray 

flux contains rich harmonic components that have been successfully analysed for fault 

detection in IMs. In several literature such as [216]–[219], a rise in the magnitude at the side 

band frequency defined by fBRB = (1±2ks)fs has been associated with the presence of BRB in 

IMs; where fs is the supply frequency, k is an integer (1,2,3,…) and s is the slip of the IM. 

However, according to [213], the stray flux can contain varying degree of both stator and rotor 

magnetic fields depending on the physical location of the measurement point. This suggests 

that the stray flux characteristics, though a leaked copy of the main air gap flux, depends also 

on the sensor being used to measure it and its location.  

3.4 Methodology 

3.4.1 Main Laboratory Equipment and Functions 

The main equipment used in this research as highlighted in Figure 3-12 are: 

❖ Light Source & Optical Spectrum Analyser (OSA): performed a dual function as a 

source of broadband light spectrum which is transmitted through the optical fibre sensor; 

received and analysed the reflected light spectrum. OSA Settings were as shown in Table 3-1: 

Table 3-1: OSA specification and settings 

Parameter Detail 

Manufacturer Hewlett-Packard 

Centre wavelength 1550nm 

Span  5nm 

Reference  -50dB  

Scale/Division  0.5dB 

Resolution  0.06nm  

Sweep time 76ms 

Sensitivity  Auto 

Mode type single  

Bandwidth @ 3dB ~3.99nm 

❖ Terfenol-D Transducer: converted the stray flux of the IMs into strain. A 6mm diameter, 

26mm long, cylindrical-shaped terfenol-D rod manufactured by Tdvib LLC, USA was used. 

❖ Loctite Adhesive: acted as the transfer medium for transferring the strain produced by 

the terfenol-D onto the FBG for optical sensing and measurement. It was used to bond the 

terfenol-D to the FBG. Loctite 401 was used with the following characteristics as provided by 

the manufacturer in Table 3-2: 
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Table 3-2: Loctite adhesive specification 

Parameter Detail 

Technology cyanoacrylate 

Chemical type Ethyl cyanoacrylate 

Uncured 
appearance 

Colourless/transparent 

Components one-part 

Viscosity low 

Cure Humidity 

Application bonding 

Key substrates 
metals, plastics and 
elastomers 

❖ Optical Fibre with FBG: specifications for the optical fibre are shown in Table 3-3. 

Table 3-3: FBG specification 

Parameter Detail 

Manufacturer/Model Fibercore 

Centre wavelength 1550nm 

Grating length 10mm 

Period 0.5µm 

Cladding diameter 125µm 

Core diameter 4.2µm 

Full width at Half 
Maximum (FWHM) 

~0.1nm 

Reflectivity 41% 

Mode type single  

Bandwidth @ 3dB ~3.99nm 

❖ IMs: test machines to provide stray magnetic flux under different conditions. Three 

identical 3-phase IMs were used with the following specifications shown in Table 3-4: 

Table 3-4: IM specification 

Parameter Detail 

Power rating 2.2kW 

Number of poles 4 

Power factor 0.8 

Efficiency 87% 

Torque 14.6Nm @ 50Hz 

Inverter Speed 
range 

5Hz-90Hz 

Shaft diameter 28mm D x 60mm L 

Motor Housing Cast iron 

❖ DC Motors: acts as a load for the IMs 

❖ Fibre Stripper: used to remove the cladding of the optical fibre to expose the fibre core 

to allow for correct termination of the fibre into bare fibre connectors which can then be directly 

connected to the OSA. It is also used to prepare the optical fibre for cleaving when two separate 

fibre cores are to be fused into one 
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❖ Fibre Cleaver: used to fuse two fibre cores into one using thermal radiation. It is useful 

when the FBG sensor is to be connected to a pig tail or patch cord to provide easy connection 

to the OSA 

❖ Variable Frequency Drive (VFD): used to operate the IMs at different test frequencies 

with the aid of an external potentiometer for speed control. RS 510 2.2kW inverter with built in 

EMC filter, single phase input was used. Its specifications are provided in Table 3-5. The 

control mode for the inverter is Volts per frequency (V/F) control and Sensor-less Vector (SLV) 

control. The SLV is sometimes called Open Loop Vector (OLV) mode was preferred as it uses 

a vector algorithm to determine the optimum output voltage required to run the motor. Vector 

control accomplishes this by using current feedback from the motor [220]. Therefore, the use 

of such algorithm means that there will be a different output voltage when the motor is run at 

different frequencies. 

Table 3-5: RS510 VFD specification 

Parameter Detail 

Manufacturer/Model RS Pro/RS510 series 

Power Rating 2.2kW 

Input Single phase 

Output Three phase 

Supply Voltage 200 – 240Vac 

Current Rating 21A 

External Potentiometer for Speed control Available 

Control Mode 
V/F Control + SLV 
Control 

❖ Flux meter: used to measure the stray flux. Two fluxmeters were used.  

Initially a single axis RS Pro Magnetic Field meter was used with a sampling rate of 2.5 times 

per second, without auto data logging functionality. Its range was 20/200µT 

Later, a data logging tri-axis Magnetic field meter, HHG1394 manufactured by Omega 

Engineering was used with sampling time capability of about 0.5 seconds, a resolution of 1µT 

and a range of 2/200 µT 

❖ Thermometer: used for temperature measurement of the sensor. A digital temperature 

probe with a range of -50oC – 110oC and a resolution of 0.1oC was used. Please note that due 

to the brittleness of the bare fibre used in this research, the temperature probe was placed as 

close as possible (about 2-3cm away) to the FBG-T sensor without actual contact to avoid 

breakage. Where the FBG-T sensor is adequately protected, actual contact can be made 

during temperature measurement. 

❖ PC with LabView Software: connected to the OSA to acquire numerical data of the 
optical spectra analysed by the OSA for further analysis in MATLAB 
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Figure 3-12: The main equipment used during this research 

3.4.2 Fibre Preparation 

Prior to entering the Photonics laboratory (clean room), a health and safety induction was 

carried out which included watching a laser safety video as well as undergoing an eye test at 

the Aston’s Optometry clinic. Activities carried out during the training include: 

Prior to connecting the fibre to any equipment, the following should be done: 

i). strip the fibre coating using a stripper to expose the cladding especially around all areas 

where the gratings have been fabricated which will be in contact with the machine whose 

signatures are to be extracted  

ii). thoroughly clean the stripped (exposed cladding) surface using medical wipes soaked in 

alcohol 

iii). use the cleaver to cut the fibre tip before connecting it to the bare fibre (BF) connector in 

such a way that only a small portion shows at the tip of the BF connector. 

The cut fibre may require further cleaning before connecting it to the bare fibre connector 

depending on the ease with which slides into the BF connector. 

iv). the tip of the fibre on the BF connector is then connected to the fibre connector cleaner for 

further cleaning 

 

Squirrel cage induction motors

INSERT 

TEXT 
HERE

DC motor

Variable Speed Drive (VSD)

Flux meter

Light Source & Optical Spectrum Analyser

Terfenol-D transducer

Thermometer

Acrylic tube

Loctite adhesive

PC  with LabView software 

Fibre Stripper

Fibre Cleaver 



 

55 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

v). BF connector can then be connected to the connectors on the OSA and light source for 

light transmission via the fibre 

3.4.2.1 Connection to Light Source and OSA 

In order to avoid damage caused by repeated tightening and loosening of connectors to/from 

the OSA and light source equipment, a patch cord should be connected directly to both 

equipment such that parameter sensing fibres can be repeatedly connected to and 

disconnected from the patch cords. This is because the patch cords are quite cheap to replace 

when compared to the cost and downtime any damage to the built-in connectors on the optical 

equipment would have. 

3.4.2.2 Bragg Gratings Fabrication 

Initial set of FBGs have been fabricated in the clean room of AIPT, Aston University, 

Birmingham. The single mode fibre (SMF) was first hydrogenated for 4 days at 100 bar and 

80oC to enhance photosensitivity and the final profile was measured after annealing in an oven 

at 80oC over 48 hours to remove any residual hydrogen in the fibre. A set up involving the use 

of an acoustic optical modulator (AOM) which modulates a laser beam generated by a 100mW, 

244 nm frequency doubled argon ion laser, was used to fabricate the gratings. An interference 

pattern was first generated through the beam being incident on a phase mask. During the 

grating fabrication, the fibre is then placed within the interference pattern and scanned across 

the phase mask at a predetermined rate by a high precision linear motor stage. The beam is 

measured at the point of incidence on the fibre with a diameter of 270µm during fabrication 

and the beam profile was compensated for by the beam size during design [221]. The grating 

was measured with an OSA pre-annealing and with a LUNA optical vector analyser post 

annealing. 

3.4.3 Experimental Set up Procedure 

Figure 3-13, Figure 3-14 and Figure 3-15 show the test rig set up for this research. The various 

steps taken during the experimental rig set up have been explained in Table 3-6 below.  

 

 
Figure 3-13: FBG-T sensor bonding arrangement 
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Table 3-6: Experimental rig set up procedure 

Step Activity carried out 

Identifying the FBG sensor 

location 

The location of the Bragg grating was first identified using a hot 

soldering iron.  

Step 1: The FBG optical fibre was connected to a broadband 

light source and OSA (in this case, dual function OSA) and the 

OSA tuned to desired settings to clearly show the sensor 

spectrum. 

Step 2: The soldering iron was carefully brought near the 

stripped section where the FBG is suspected to be inscribed.   

Step 3: The FBG spectrum responded to the high temperature 

of the hot soldering iron and the location of the grating was 

estimated 

Bonding FBG to Terfenol-D During bonding, it is crucial not to incorrectly bond the FBG as 

there are two ways this activity can be carried out: a) applying 

the adhesive over the FBG surface and then place the terfenol-

D over the adhesive; OR 

b) placing the terfenol-D over the FBG surface before applying 

the adhesive over the alloy and the grating. 

The latter was preferred because it increases the contact surface 

area between the FBG and the alloy. Given that FBG sensing 

relies largely on the relative contact between the grating and the 

measurand, the former option would create an adhesive layer 

between the alloy and the grating, which could have an adverse 

effect on sensor performance. 

Step 4: The terfenol-D was placed over the FBG surface and 

Loctite 416 adhesive was gently applied across the alloy to bond 

it to the grating (see Figure 3-13). It was left to cure for several 

hours, although, it cured within minutes. The FBG spectrum was 

still visible on the OSA whilst the terfenol-D was being bonded 

onto the FBG. 

Tubing FBG-T Step 5: the composite sensor (FBG-T) was then disconnected 

from the OSA and carefully inserted into an acrylic tube. Before 

the insertion, the acrylic tube was tested to confirm it is 

magnetically insensitive by measuring the external flux from one 

motor with and without the tube using the gaussmeter. Both 

readings were exactly the same. 
 

IM-DC Machine Coupling Step 6: the test machines (IMs), each in turn, were coupled to a 

DC motor which acted as the driven load, using rotor shaft 

couplings of appropriate diameters.  
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VSD/IM Connection Step 7:  The coupled IM is then connected to a VFD. The VFD 

has a three-phase input where the IM is connected to, and a 

single-phase output which is connected to 230V utility supply. 

OSA/Light Source/PC Connection Step 8: The FBG-T was then connected to the dual function 

OSA/light source via pigtails. The OSA was thereafter connected 

to a PC via a GPIB adapter where LabView was used to export 

the numerical spectral data to MS Excel. 

LabView/MATLAB Interface Step 9: The exported data was then imported into MATLAB for 

data analysis. 

 

Figure 3-14: Schematic of experimental test rig 
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Figure 3-15: Complete experimental test rig 

 

3.5 Grating Calibrations 

3.5.1 Temperature Calibration 

FBG sensors are sensitive to both strain and temperature (cross sensitivity) as stated in a 

previous chapter. Understanding the impact of temperature on the magnetostrictive transducer 

is crucial to interpreting experimental results obtained.  

3.5.1.1 Operating Conditions Investigated 

Ideally a step change thermal excitation would have been preferred, however, due to limited 

resources in the laboratory, an improvised heat source is used to generate different amount of 

heat for the FBG-T sensor temperature calibration. A standard WAHL hair dryer with varying 

temperature control levels was used together with a basic digital temperature probe to create 

hot air and measure the resulting heat applied to the FBG-T sensor whilst connected to the 

OSA. The schematic and actual set up are as shown in Figure 3-16 and Figure 3-17.  
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Figure 3-16: Schematic of temperature calibration set up 

 

 
Figure 3-17: Heat application set up for FBG-T sensor 

The specifications for both equipment and the procedure are as follows: 

WAHL Hair dryer (heat source) 

• 230V ac supply 

Digital temperature probe 

 

 
 
FBG-T sensor  
Temperature probe 
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• Temp. range: -50oC – 110oC 

• Resolution: 0.1oC 

• Power supply: 2 x 1.5V 

• Accuracy: ±1.5°C 

Basic Procedure 

• Heat was applied for 15mins 

• Allowed to cool for 30mins 

 

3.5.1.2 Result Analysis & Discussion 

Table 3-7 shows data obtained from the temperature calibration. 

Table 3-7: Temperature calibration of FBG-T sensor 

Tempmax (oC) 20.9  25.3  31.1  36.1  42.6  51.2  71.1 

Tempchg (oC) 0  3  10  13.3  19.4  25.1  48.4 

Roomtemp (oC) 20.9 

Braggmax (pm) 0  90  230  355  540  680  1025 

The FBG-T sensor was observed to respond to temperature in an instantaneous manner such 

that when temperature rises, the braggshift immediately increases rapidly to its maximum for 

the given temperature. Once the heat source is removed, the braggshift is lost very rapidly and 

the FBG-T returns to its initial wavelength within several minutes (Figure 3-18 – top plot). This 

is in contrast to the FBG-T sensor behaviour when the braggshift is due to a magnetic field 

where the change in wavelength is gradual up to some level and then stays constant until the 

magnetic field is removed. Upon field removal, the braggshift then resumes for a short time 

before it then starts returning to its initial wavelength which takes several hours as shown in 

Figure 3-18 – mid plot. The short-lived behaviour is due to the paramagnetic nature of the 

terfenol-D where its magnetic dipoles attempt to re-orientate to a new state of magnetic 

equilibrium. This causes the FBG to strain further, causing some further braggshifts which does 

not last once the weak residual magnetism is completely lost. After then, the commencement 

of the return journey. It should be mentioned that temperature does affect terfenol-d but the 

change in temperature has to be significant to cause a strain. According to the manufacturer 

[197], the coefficient of thermal expansion (CTE) for terfenol-d is 0.000011ε per degree (oC) 

rise in temperature (11ppm/°C). Given the measurements obtained, for the maximum change 

in temperature observed (48.4°C), the expected change in length would be 0.0005324mm 

which was insufficient to cause a transferable strain large enough for a braggshift. Even if such 

a strain occurred, it would have been negligible given the rapidness of the rise and fall of the 

braggshift to and from its original wavelength which was a consistent characteristic at each 

individual temperature. In addition to the near instantaneous response, the order of magnitude 



 

61 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

of the observed braggshifts as shown in Figure 3-18 (bottom plot) are much larger compared to 

the values observed when magnetic field is applied. There is a near linear relationship between 

temperature change and maximum braggshift which is expected given the sensitivity of FBG, 

in this case, 20.77pm/°C. Thus, it is reasonable to state that the observed braggshift is largely 

due to the high thermal sensitivity of FBG. A caveat here is that the FBG sensing is largely 

dependent on the state of the terfenol-d. However, in this case, the hot air was blasted directly 

at the FBG-T hence the quick response from the FBG. Should the temperature in the room 

change even by 2-5°C and the terfenol-d temperature does not increase by that amount, then 

the FBG may not respond as it is directly bonded to the terfenol-d. A significant increase in 

temperature is thus required to cause a braggshift solely due to temperature change. 

  

Figure 3-18: Characterisation of FBG-T sensor with respect to temperature 

 
Plots in Figure 3-18 show how braggshift resulting from the application of a maximum 
temperature of 51.2°C to the FBG-T compares to the braggshift due to stray flux when test 
motor is run at 30Hz.  
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3.5.2 Magnetic Strength (Flux density) Calibration 

To calibrate the FBG-T sensor a magnetic field source and a magnetic field sensor were 

needed. For the magnetic field source, an openly wound 4V DC motor whose windings were 

exposed was used with a DC power supply unit to provide the needed current for different 

magnetic field strengths. A tri-axial auto data logger magnetic flux meter was used to measure 

the magnetic flux density for each applied current. 

3.5.2.1 Procedure & Results 

The complete set up is shown in Figure 3-19 and Figure3-20 where different amount of currents 

were applied generate magnetic field of different strengths measured by the auto data logger. 

Plots showing the optical spectra and time variation of braggshifts for each test current and 

corresponding magnetic flux density are shown in Figure 3-21, Figure 3-22 and Figure 3-23. 

Table 3-8 shows the readings obtained and the gradient of Figure 3-24 confirms the sensitivity 

of the FBG-T sensor. A directly proportional relationship between the current and the magnetic 

flux, and as a result, the braggshift was observed. The optical spectra visibly showed the 

increase in the braggshift with current given that the magnetic flux in this case was DC in 

nature. As earlier mentioned, the unipolar nature of terfenol-D magnetostriction was evident in 

the time varying plots of braggshifts where there was a steady increase in the braggshift with 

time until the maximum braggshift was attained. The rate at which the braggshifts occurred for 

each current value appeared to be faster than the rate observed for earlier tests performed 

with stray flux which is sinusoidal in nature. 

 

Figure 3-19: Schematic of magnetic flux calibration set up 
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Figure3-20: Actual Magnetic flux FBG-T sensor calibration set up  

This suggests that although the magnetostrictive transduction process is unipolar, the rate at 

which the transduction process occurred was affected by the very nature of the magnetic flux 

causing the strain. This can be explained by the oscillatory nature of ac waveform which will 

slow down the movement of the magnetic dipoles in moving to a new state of equilibrium whilst 

attempting to align to the direction of the magnetic field. There is, however, less perturbation 

and oscillatory motion when DC magnetic flux is the driving influence on the magnetic dipoles. 

The same difference in rates could not be observed in the reversible magnetisation process 

when the terfenol-D returned to its initial length. For each applied current, the FBG-T sensor 

was yet to return to its initial wavelength even though it responded as soon as the field was 

back on. It appeared to have settled down at a new wavelength which is very likely due to the 

hysteretic nature of the magnetostrictive transducer in the FBG-T sensor. It is noteworthy that 

this did not affect the results obtained as the reference was based on the current initial 

wavelength at the start of the test. Temperature changes were minimal for each test current 

with the maximum change of less than 0.13°C, hence temperature did not significantly impact 

on the braggshifts observed. The sensitivity of the FBG-T sensor obtained was 19.3810pm/μT 

as shown in Figure 3-24. 
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Table 3-8: FBG-T magnetic flux calibration data 

Supply voltage 
(V) 

Current (A) 
Magnetic flux 
density (μT) 

Max. 
Braggshift 

(pm) 

Max Temp. change 
during 4 hours (oC) 

0 0 0.121999 0 0 

2.4 1.15 1.626061 30 0.064632 

3.2 1.45 1.986906 35 0.088701 

4.7 2.15 2.902456 55 0.111912 

5.4 2.45 4.064479 80 0.082357 

7.2 3.12 6.377667 120 0.127088 

Duration of 
applied current 

(hours) 
2 (ON) & 2 (OFF) 

 

 

Figure 3-21: Optical spectra at different current and magnetic flux densities 
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Figure 3-22: Time varying braggshifts at different currents and magnetic flux densities 

 
Figure 3-23: Plots of the changes of magnetic flux with current, braggshift and temperature 
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Figure 3-24: FBG-T magnetic flux sensitivity 

 

3.6 Positioning FBG-T Sensor 

The test rig for the experimental investigation was set up with the goal of testing different 

machine conditions. Due to the cross-disciplinary nature of the experiment, the work involved 

collaboration with research colleagues from AIPT. The FBG sensors were fabricated in-house 

in the AIPT laboratory by a post-doctoral colleague using phase-mask technique.  The IMs 

used throughout this research are of the conventional radial flux geometry design. Two 

major factors were taken into consideration in positioning the FBG-T: proximity to the main air 

gap flux and sensor surface area exposed to the external flux. The closest part of the machine 

to the main air gap flux is the flange coupling at the DE of the machine. Hence, this was one 

of the positions considered. Three possible axes to position the sensor at the DE are:  

- transverse (perpendicular to rotor shaft) 

- inclined (intermediate between parallel and perpendicular to rotor shaft) or 

- axial or longitudinal (parallel to rotor shaft) 

The second option was very quickly discarded because magnetic fields are well known to be 

either at their maximum field strength or zero depending on whether the flux lines are cutting 

across a surface either perpendicularly or in parallel to the surface respectively. Transverse 

and longitudinal positions were later empirically tested to identify the optimal sensor position. 
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3.6.1 Axial (Longitudinal) Positioning 

The schematic for axial positioning of the FBG-T is shown in Figure 3-25. Figure 3-26 shows 

the actual test rig for the axial (longitudinal) set up with the FBG-T sensor connected to the 

OSA. Two retort stands were used to clamp the tubed-FBG-T sensor, which is positioned 

axially. Prior to the start of the experiment, the machine flux was measured with and without 

the acrylic test tube to confirm that it did not affect the magnetic flux density being measured. 

A flux meter was positioned directly over the yoke just above the FBG-T sensor in order to 

measure the external magnetic flux cutting across the sensor; while the FBG-T sensor was 

centrally placed about 4cm away from yoke due to the limitation of the retort stands.  

 

Figure 3-25: Schematic of FBG-T sensor in axial position 

 

 
Figure 3-26: Axial positioning of FBG-T sensor for stray flux monitoring 
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3.6.1.1 Operating Conditions Investigated 

The machine was run at different operating frequencies using a VFD ranging from 5Hz – 30Hz 

in steps of five. For each frequency, the machine was initially run for two hours then turned off 

for 18 hours to allow the FBG-T sensor to return to its initial or close to its initial wavelength. 

Pre-stress levels are known to affect terfenol-D magnetostrictive response [201], [202]. As a 

result, to mitigate the effects of pre-stress on the terfenol-D performance for each test, hence 

the 18 hours between tests so that only one test is run per day. This does not mean that the 

sensor requires 18 hours to reset before it is used. Provided the initial wavelength is known as 

the reference, the braggshifts can be computed without waiting for 18 hours to reuse the 

terfenol-D alloy. For example, the DC calibration test at five different currents and magnetic 

field strengths, was carried out within minutes apart. The magnetic behaviour of the terfenol-d 

transducer is such that its magnetic dipoles orientate in a certain way when magnetic field is 

applied to it. When the field is subsequently removed, the magnetic dipoles tend to seek a new 

state of rest. Despite field removal, the search for a new state of rest initially increases its 

entropy, thus causing the FBG to strain and experience more braggshifts. The magnetic 

moment of the dipoles then gradually decreases which then further reduces the amount of 

braggshift observed until they finally come to rest with zero entropy.  

Parameters measured during this test are stray flux density, temperature and braggshift. Table 

3-9 highlights the results obtained at the various frequencies. A maximum braggshift of 35pm 

was observed at 25Hz. Temperature was relatively constant with a maximum change of about 

1.95 oC hence will have negligible effect on the FBG-T performance. The flux at maximum 

frequency (30Hz) was 1.7784µT which is quite small. This will be compared with the transverse 

position result.   

Table 3-9: Data for axial positioning of FBG-T sensor 

Frequency (Hz) 5 10 15 20 25 30 

RMS Flux density (µT) 0.5671 1.0716 1.2873 1.5617 1.7142 1.7784 

Max Braggshift (pm) 
during operation 

5 20 10 20 30 30 

Max Braggshift (pm) 
during 20 hours 

10 20 15 25 35 30 

Mean Temperature (oC) 
during operation 

19.8846 21.56 20.5692 20.9077 19.6077 20.0538 

Duration of operation 2 hours per frequency 

 

3.6.1.2 Result Analysis & Discussion 

The increase in magnetic flux density with frequency was approximately linear as expected 

because the VFD also increased the voltage amplitude with frequency (see Figure 3-27). 

However, the magnitude of the maximum flux was quite small due to the severe attenuation of 

the main air gap flux which is one of the main functions of the yoke of any machine. Braggshifts 
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were observed for all individual operating frequencies as shown in Figure 3-28 and Figure 3-29 

which confirms the FBG-T is sensing the stray flux from the machine at different frequencies 

whilst in the longitudinal position. Due to the innate hysteresis nature of the terfenol-d 

transducer and the expected changing nature of the magnetic flux (since it is produced by an 

ac voltage), the maximum braggshift during the period of observation was of interest as well 

as the change in wavelengths over time. Another crucial parameter under consideration was 

the magnitude of the stray flux. This is particularly important given that the stray flux is already 

a severely attenuated version of the main air gap flux, its magnitude must be sufficient to cause 

a strain in the FBG-T sensor.  

 

Figure 3-27: Results for FBG-T sensing in axial position 

From Figure 3-27, owing to the severely attenuated magnetic flux lines, the corresponding 

braggshift per frequency is understandably small. This is not a problem but rather it is strong 

evidence of the performance characteristic of the FBG-T sensor and its ability to detect even 

very small flux changes due to high sensitivity. Indeed, a large amount of flux is not required 

as a pre-requisite for FBG-T sensing technology. Another observation was the slight increase 

in braggshift after the machine is turned off (loss of magnetic field after two hours). The 

increase was observed at 5Hz, 15Hz, 20Hz and 25Hz but not at 10Hz and 30Hz. There is no 
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evidence of a link between the frequency and the behaviour of the magnetic dipoles within the 

magnetostrictive transducer. However, there is known theory as to the entropic behaviour of 

the magnetic dipoles in the terfenol-d alloy due to its quasi-ferromagnetic nature which decays 

over time. This behaviour is responsible for the further increase in braggshift shortly after the 

field is removed and given that it is random, the degree of randomness determines whether 

there will be some significant increase in braggshift or not. This was continuously monitored 

as the experiment progressed to observe any consistency in the sensor characteristic in this 

regard.  

Figure 3-27 also shows that the temperature change was less than 2°C across all operating 

frequencies during the test, which is negligible. This is particularly important for the FBG-T 

sensor performance as both terfenol-D and FBG are sensitive to significant temperature 

changes. 

 

Figure 3-28: FBG-T optical spectra with FBG-T sensor in axial position 
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Figure 3-29: Braggshift variation with time with FBG-T in axial position 

3.6.2 Transverse (Lateral) Positioning 

The FBG-T sensor was then placed just above the flange coupling at the DE of the IM. The 

rotor shaft centre was used as a reference point for the sensor position as shown in Figure 

3-30 with the flux meter directly above the sensor. The setup schematic is as shown in Figure 

3-31. 

 
Figure 3-30: Transverse positioning of FBG-T sensor for stray flux monitoring 
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Figure 3-31: Schematic of FBG-T sensor in transverse position 

3.6.2.1 Operating Conditions Investigated 

The machine was also run at different operating frequencies using a VFD ranging from 5Hz – 

30Hz in steps of five. For each frequency, the machine was initially run for two hours then 

turned off for 18 hours to reduce pre-stress levels and allow the FBG-T sensor to return to its 

initial or close to its initial wavelength. Stray flux density, temperature and braggshift were 

again measured at the six different frequencies (Table 3-10). A maximum braggshift of 55pm 

was observed at 20Hz. Temperature was again relatively constant with a maximum change of 

about 1.52oC hence will have negligible effect on the FBG-T performance. The flux at maximum 

frequency (30Hz) was 12.1654µT.  

Table 3-10: Data for transverse positioning of FBG-T sensor 

Frequency (Hz) 5 10 15 20 25 30 

RMS Flux density (µT) 1.1410 4.1770 7.1228 9.5393 11.1127 12.1654 

Max Braggshift (pm) 
during operation 

30 50 45 55 45 45 

Max Braggshift (pm) for 
20 hours 

35 55 55 65 65 70 

Mean Temperature 
(oC) during operation 

24.1615 23.96 24.8692 25.4154 25.1 25.6846 

Duration of operation 2 hours per frequency 
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3.6.2.2 Result Analysis & Discussion 

As expected braggshifts were observed for all individual operating frequencies as shown in 

Figure 3-32, Figure 3-33 and Figure 3-34 which confirms the FBG-T is sensing the stray flux 

from the machine at different frequencies whilst in the transverse position. The magnitude of 

the flux density was observed to be higher with a more consistent behaviour of change in 

wavelength with time over all frequencies. This confirms the earlier suggestions that the yoke 

do have some significant attenuating impact on the stray flux. The increased flux densities and 

corresponding increase in braggshifts for each individual operating frequency is attributed to 

the reduced surface area of the yoke in the transverse sensor position including the absence 

of any yoke corrugations. In the transverse position there was also consistency in the 

behaviour of the sensor, with a gradual increase in braggshift as the machine is turned on. A 

further increase in braggshift as soon as the machine is turned off then occurs; and finally a 

descent towards its initial wavelength over time. This behaviour was observed in each of the 

six frequencies as shown in Figure 3-33. It will be observed the FBG-T may not end up at exactly 

its initial wavelength, this is primarily due to the inherent hysteresis feature of the terfenol-d. 

Each time, the new wavelength is taken as the initial wavelength behaviour when a magnetic 

field is applied to the sensor, as part of computing the braggshift. The increase in magnetic 

flux density with frequency was also approximately linear as expected because of the VFD and 

this time, with a higher flux density due to less attenuation of the main air gap flux when sensor 

is placed in the transverse position.  

 

Figure 3-32: Optical spectra with FBG-T in transverse position 
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Figure 3-33: Braggshifts variation with time with FBG-T in transverse position 

 
Figure 3-34: FBG-T sensing in transverse position 
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Figure 3-34 confirms an increase in braggshift with magnetic field strength at all frequencies 

although there appear to be an equal amount of braggshift at 10Hz and 15Hz, as well as 25Hz 

and 30Hz. This is very likely caused by the hysteresis behaviour of the terfenol-D, hence there 

will be an RT later as part of this investigation to further understand this behaviour. There was 

a consistent increase in braggshift after the machine is turned off (loss of magnetic field) for 

each individual frequency. This in theory, is due to the magnetic moment caused by entropy 

of the dipoles whilst moving to their final state of rest just before the temporary weakly-retained 

magnetic flux is completely lost (quasi-ferromagnetic behaviour). Figure 3-34 shows that the 

temperature change was negligible with a maximum change of less than 2.5°C across all 

operating frequencies during the test, hence will not impact on the FBG-T sensor performance. 

3.6.3 Axial vs Transverse (Radial) Comparison 

3.6.3.1 FBG-T Curve Characteristics Behaviour 

Given the result analyses from both sensor positions, it is apparent that the transverse position 

offers more consistency in sensor behaviour which is in line with expectation in the presence 

and removal of magnetic field (see Figure 3-35). Axial positioning of the FBG-T offers erraticism 

and given the already inherent hysteresis property of the terfenol-d alloy; the introduction of 

additional unpredictability will cast doubts about the realisation of the reliable condition 

monitoring sensor for machines. It is noteworthy that the transverse sensor positioning does 

have some resetting to do each time the sensor is to be re-used as it may or may not return to 

its exact initial wavelength. Thus, it is experimentally justifiable to submit that the preferred 

positioning of the FBG-T sensor based on behavioural characteristic is the transverse position.     

3.6.3.2 Magnitude of Observable External Stray Flux 

Figure 3-35 also shows the variation of observable stray flux with frequency for both transverse 

and axial sensor positions. It is obvious that more flux will cut across the sensor when placed 

in the transverse position at the DE of the machine. Although this has been attributed to 

reduced surface area of the flux-attenuating and corrugated yoke, one can argue that the 

transverse position is closer to the source of the magnetic flux which is in the air gap within the 

machine. This is because the air gap is between the rotor and the stator whose windings are 

wrapped internally close to the flanges of the machine. Given that the stray flux is already 

mitigated, a detectable magnitude is required to cause magnetostriction in the FBG-T sensor. 

Hence, the preferred position based on observable magnetic flux will be the transverse 

position.  Compared to literature, a similar work recently done by [51] reports similar results.  

Axial and radial (transverse) FBG sensor positions were examined for a surface permanent 

magnet rotor. The radial (transverse) positioning of the composite sensor (FBG with terfenol-
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D) gave higher amplitudes of flux when compared to the axial position. This agrees with 

observations in this research. From both the behavioural characteristic and observable 

magnetic flux density viewpoints, the transverse position became the experimental choice and 

thus was utilised throughout the rest of the investigation. 

 

Figure 3-35: Comparison between FBG-T in transverse and axial sensor positions 

 

3.7 Machine Operating Conditions Investigated 

Three conditions were investigated: healthy motor, broken rotor fault (Chapter 4) and short 

circuit inter-turn fault (Chapter 5). The motor was run under two sets of frequency intervals for 

two hours continuously and four hours continuously: 5-30 Hz with a 5 Hz step interval and 10-

50Hz with a 10Hz interval. In some cases, the machine was run for an extended period and 

intermittently depending on specific objectives such as evidence of the FBG-T sensor 

response to the presence and absence of stray flux. Table 3-11 summarise the investigation 

carried out and reported during this research. 
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Table 3-11: Investigations carried out during FBG-T condition monitoring 
Frequency 

(Hz) 
ON-time 

(hrs) 
OFF-Time 

(hrs) 
Healthy 

5H 1H 
Inter-turn 

5 10 2 4 18 16 ✓  ✓  ✓  ✓  ₓ  ✓  ₓ  

10 20 2 4 18 16 ✓  ✓  ✓  ✓  ₓ  ✓  ₓ  

15 30 2 4 18 16 ✓  ✓  ✓  ✓  ₓ  ✓  ₓ  

20 40 2 4 18 16 ✓  ✓  ₓ  ✓  ₓ  ✓  ₓ  

25 50 2 4 18 16 ✓  ✓  ₓ  ✓  ₓ  ✓  ₓ  

30 - 2 4 18 - ✓  ✓  ₓ  ✓  ₓ  ✓  ₓ  

102030 on off 1 per freq 
(1hr on 1hr 

off) 

14 ✓  - - - 

102030 on 10Hz-1hr on 
20Hz-1hr on 
30Hz-18hr on 

  
20 

✓  - - - 

20 on off 3 17 ✓  - - - 

 

It is crucial to state that the frequency interval for interrogation in LabView was every 60 

seconds. This is because of the large amount of data per test, the limitation of the computer’s 

processing capability where the data capture program was run and the very low resolution of 

the OSA available. The implication of this limitation is that the data analysed in this thesis are 

based on what has been observed using available equipment. However, with an equipment 

capable of higher rate time measurements of the braggshifts and having a higher resolution, 

more information about the characteristics of the braggshifts in relation to the FBG-T sensor 

behaviour can be obtained. For the purpose of providing empirical evidence that the concept 

of non-intrusive FBG-T sensing is practicable, results from this research are sufficient. 

However, in order to further analyse the measured parameters and further understand the 

concept, then higher resolution and at higher rates of measurements will be required.  Also, 

the choice of 5-30Hz was completely based on the risk assessment carried out for the test rig 

prior to the start of the experiment. Exceeding 50Hz caused serious vibrations because of the 

platform on which the IM was installed. As a result, safety was prioritised and given that the 

motors were run via the VFD, it typifies variable speed applications which are now very 

common in many industrial machine applications. 

3.8 Effect of Bonding Points on Metal-Surface Mount FBG Sensors 

During the early part of the research prior to setting up the machine test rig, a separate work 

was carried out to study the effect of bonding points on metal-surface mount FBG sensors. A 

crucial aspect of the use of FBG for sensing application is its dependence on bonding in order 

to transduce sensed strain or temperature into optical braggshifts. It was observed that as the 

number of bonding points increased when the FBG is bonded to another material, the signal-

to-noise ratio of the FBG spectrum deteriorated. An optimal number of bonding points for a 

given resolution of the OSA is thus, required to optimally utilise the FBG for sensing 

applications. The effect of increasing the number of bonding points on metal-surface mount 
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FBG sensors have been covered in the author’s journal publication in [222]. 

3.9 Chapter Summary 

This chapter has covered the underpinning principle of FBG sensing technology and how 

magnetostriction and optics have been merged to form a composite FBG-T sensor. 

Characteristics of the magnetostrictive transducer, terfenol-D have been discussed including 

the phenomenon of magnetostriction and some theories behind the microscopic behaviour of 

the magnetic dipoles of this material when subjected to a magnetic field. The step-by-step 

methodology for the investigation of the use of the FBG-T sensor for condition monitoring and 

fault detection of electric machines, IMs in this case, has been stated. Temperature and 

magnetic flux calibrations of the FBG-T sensor were then performed where sensitivities of 

20.77pm/°C and 19.3810pm/μT were respectively obtained. Preliminary investigation on the 

optimal positioning of the FBG-T sensor either in axial or in transverse position was carried 

out. The latter position was found to generate comparatively better results with improved 

repeatability and sensitivity. From preliminary investigation in this chapter, the novel non-

invasive sensing of stray flux using FBG-T has been demonstrated. The next chapters will 

investigate the capability of the FBG-T in discriminating between two different machine fault 

conditions.  
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4. Chapter 4 

Broken Rotor Bar Fault Detection 

BRB fault is classed as one of the common faults which can occur in the most widely used 

machine type, the squirrel cage IMs. This Chapter investigates the use of the FBG-T sensor in 

detecting broken rotor fault condition under various experimental test conditions. It will describe 

how each broken rotor condition is emulated, how the test rigs are set up, and the results 

analysed for healthy and two forms of the same BRB faults. 

IM Broken Rotor Fault Detection Using FBG-T Sensor 

The braggshift technique is the underpinning sensing principle for FBG sensing, however, most 

reviewed literature on the use of FBG in electrical machines applications have not directly 

utilise this principle (see Chapter 3). This principle as earlier explained makes FBG sensing 

simple and user friendly. However, in this analysis braggshift would be complemented with 

signature aberration to produce evident changes in machine conditions which is the basis for 

normalisation of the braggshift. To use the braggshift principle, a reference FBG-T spectrum 

with a specific wavelength is required to be tracked over time to detect the amount of change 

caused by the external flux. For the optical spectrum when the IM is under a healthy condition, 

a spline function in MATLAB has been used to recreate the spectrum to allow for a more 

accurate tracking of the coordinates of the minimum turning point along the Gaussian spectral 

curve. The spline is a mathematical function that allows the shapes of continuous and 

discontinuous curves to be captured with the piecewise polynomial (pp) function, extensively 

used in many applications to realise the Bezier or B-spline curve  [223]. 

4.1 IM Conditions  

Prior to monitoring any machine condition, a reference spectrum is required which will be 

tracked in order to account for any braggshifts caused by magnetostriction of the FBG-T 

sensor. In their work on FBG fabrication, [224], [225] demonstrated that for a multi-channel 

Gaussian shaped FBG, the reflected spectrum is given by: 

|𝑟(𝜆)| =  √𝑅𝑓 ∑ exp (−(
𝜆− 𝜆𝑓

𝑏
)4𝑁

𝑓=1 )  × exp (𝑖2𝜋𝑛𝑒𝑓𝑓(1

𝜆
− 1

𝜆𝑓
)𝑑𝑓)   (4.1) 

where N is the number of channels, b = 0.15 nm is the bandwidth of each channel, neff the 

effective refractive index, Rf is the desired reflectivity, λf (in nm) is the central wavelength, and 

dj is a group delay parameter of the j-th channel. However, for this work a single channel FBG 

was used with centre wavelength of 1550.1nm i.e., N=1.  
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Given that the reflected broadband signal after introducing the FBG plus any noise is signal 

A(λ) and the broadband light source signal alone is signal B(λ), then there is need for 

normalisation of the spectrum to extract the reflected FBG spectrum only, C(λ). Initial 

measurement of B(λ) was obtained from the OSA as shown in Figure 4-1 (top); followed by 

measurements of the reflected broadband signal after introducing the FBG plus any noise, 

which is signal A(λ) shown in Figure 4-1 (middle). With the OSA already in logarithmic (dB) 

scale, normalisation of the FBG spectrum was carried out via software in MATLAB by 

logarithmically subtracting the light source from the reflected broadband signal after 

introducing the FBG plus any noise. The resulting signal after extracting the actual sensor 

spectrum (Figure 4-1 - bottom) is as follows: 

 

𝐶(𝜆) = 𝐴(𝜆) − 𝐵(𝜆)       (4.2) 

 

4.1.1 Healthy machine  

Three identical motors have been utilised as the devices-under-test (DUT) in this research with 

one used as a benchmarking design and the other two subjected to damage to emulate faulty 

conditions. The key properties of the specification are given in Table 4-1. The motor is driven 

by a VFD. Figure 4-2 shows its parts before assembly and commissioning when disassembled 

and as seen, they are all parts are in new and healthy state. 

 

Table 4-1: Specification of the IM used 

Specification Induction Motor VFD 

Manufacturer WEG RS Pro 

kW/hp rating 2.2/3 2.2/3 

No. of phases 3 1 (in)/3(out) 

Input voltage (V) 230/400 200-240 

Rated Current (A) 7.93/4.58 21 

No. of poles 4 - 

RPM 1450rpm 0.01 - 599 Hz 

Rated Torque (Nm) 14.49 - 

Power factor 0.80 - 
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Figure 4-1: Normalisation of optical spectral responses for light source and FBG-T sensor 
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Figure 4-2: Disassembled healthy motor confirming its state 

 

4.1.2 Emulation of Rotor Damage 

A second IM was first subjected to a drill through its rotor squirrel cage to emulate a broken 

rotor. Figure 4-3 shows the rotor being broken in the in-house workshop. In order to investigate 

the FBG-T sensor capability to distinguish between faulty and healthy motor conditions. It 

should be mentioned that though the two BRB conditions appear different from the figure, they 

are the same single bar BRB as only one rotor bar was damaged.  

  

 

Figure 4-3: Boring holes on rotor to emulate one single bar BRB condition 
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4.2 FBG-T Sensing Data Analysis & Discussion  

The overview and actual test rig set ups for both healthy and broken rotor are shown in Figure 

4-4. Each of the motors is used to drive a DC motor as load with the FBG-T transversely 

positioned at the DE of the IM using the rotor shaft centre as its reference. The sensor is then 

connected to the bi-functional broadband light source and OSA which serially connected to a 

PC via National Instrument GPIB cable. This is to allow the use of LabView software to collect 

and store numerical spectral data that can be retrieved and analysed in MATLAB. The motor 

was driven by a VFD. 

 

Figure 4-4: Schematic and actual experimental test rig set up  
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4.2.1 Normal Healthy rotor   

4.2.1.1 Single Frequency Operation 

Table 4-2 shows the measurements obtained under healthy rotor condition at the various 

operating frequencies. The IM was run for two hours per frequency then turned off for at least 

18 hours to minimise pre-stress levels of the terfenol-D alloy, before the motor was re-run at 

the next frequency. Whilst the motor is running, instantaneous temperature and magnetic flux 

density readings were manually taken every 10 minutes, initially due to unavailability of a data 

logger.  

Table 4-2: Healthy motor condition data for single frequency operation 

Frequency (Hz) 5 10 15 20 25 30 

RMS Flux density 
(µT) 

1.141014 4.176973 7.122785 9.539344 11.11269 12.16544 

Max Braggshift (pm) 
during operation 

30 50 45 55 45 45 

Max Braggshift (pm) 
during 20 hours 

35 55 55 65 65 70 

Max Temp. change 
(oC) during operation 

1.4 1.6 1.4 1.8 1.5 1.4 

Duration of operation 2 hours per frequency 

 The optical spectra showing the braggshifts at various frequencies (Figure 4-5) do not provide 

any obvious information apart from corroborating the actual working of the FBG-T sensor 

whereas the sensor behaviour with time showed consistency. From the time varying plots of 

braggshifts in Figure 4-6, there is clear evidence of a reversible magnetisation where the 

magnetostrictive element returns to its original wavelength after the stray flux is removed 

across all test frequencies. However, before embarking on the return journey, the terfenol-D is 

observed to strain just immediately after the stray flux is lost. This is due to its paramagnetic 

nature where its magnetic dipoles attempt to re-orientate to a new state of magnetic 

equilibrium. This causes the FBG to strain as well causing some further braggshifts (more 

conspicuous in Figure 4-6 braggshift plots for 15Hz, 20Hz, 25Hz and 30Hz) which does not last 

once the weak residual magnetism is completely lost. Immediately after this occurrence,  the 

return journey commences. Another important observation from the time varying braggshift 

plots was the irregular hysteresis property of terfenol-D as the sensor did not make it to its 

initial wavelength by the time the terfenol-D returned to its initial length. Apart from the 

hysteresis nature of terfenol-D, it is possible that as the rate at which the magnetostriction 

reduces with time, the observable micro-strain near the end of the sensing process could 

become smaller than the sensitivity of the grating. This can lead to failure of the FBG to respond 

especially given that it largely depends on the adhesive between the terfenol-D and itself for 

micro-strain sensing. The order of magnitude for the strain is already in pm wavelength which 

means the FBG is already proving its micro-strain capability. For condition monitoring 
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purposes, the focus is on the braggshift due to machine operation. Figure 4-7 depicts the 

observed relationship between braggshifts, frequency and magnetic flux density. Increase in 

frequency was accompanied by a corresponding increase in the magnetic flux but the 

braggshifts observed appear to be less linear and even disproportionate. However, across the 

entire frequency range, the order of magnitude of the braggshifts was consistent between 

30pm and 70pm. Maximum observed temperature change was less than 2°C across the entire 

operating frequency range as there was a non-linear relationship between the temperature 

changes observed and frequency. The importance of temperature measurement is to ascertain 

that the braggshifts observed are largely due to stray flux rather than temperature. 

 

Figure 4-5: Optical spectra of motor under healthy condition 

4.2.1.2 Multi-Frequency Operation 

The purpose of this multi-frequency test is to corroborate the reliability of the FBG-T sensor in 

responding to the presence or absence of stray flux. In order to further verify that the stray flux 

is responsible for the braggshifts, the motor was operated under several different conditions 

such as intermittently turning the machine on and off to emulate presence and absence of stray 

flux respectively. First, the motor was run for 20 hours at 10Hz, 20Hz and 30Hz non-stop as 

shown in Figure 4-8. 
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Figure 4-6: Braggshift under healthy condition 

 
Figure 4-7: Variation of magnetic flux density with frequency, braggshifts and temperature for a healthy 
IM 
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Figure 4-9 and Table 4-3 show the results of the first multi-frequency test. Initially at 10Hz the 

maximum braggshift observed was 30pm until when the motor frequency was changed to 20Hz 

during the next hour. The maximum braggshift remained at 30pm for most of the time before 

increasing to 35pm. A similar response was observed with no initial significant change in 

braggshift with a further increase in frequency to 30Hz until later, when the maximum braggshift 

finally settled at 40pm for the remaining 18-hour period. The FBG-T sensor began its reversible 

magnetism behaviour as soon as the machine was switched off. Owing to the hysteresis nature 

of terfenol-D, the sensor made it to a slightly different wavelength compared to its initial 

wavelength. This reset aberration is not particularly important for the application of the use of 

FBG-T sensing in machine condition monitoring; because the initial wavelength can be 

changed and braggshift is relative to any chosen initial wavelength not an absolute value.  

Table 4-3: Data for multi-frequency first test operation 

Test 
number 

Frequency 
range (Hz) 

RMS Flux 
density (µT) 

Max Braggshift 
(pm) during 

ON operation 

Pattern of 
operation (non-

stop) Key observations 

ON OFF 

1 

10 4.075036 30 

1 

- 

Braggshift 
increased 
with increase 
in the motor 
frequency 
during 
operation in a 
non-linear 
manner 

20 9.35003 35 1 

There was a steady but 
disproportionate rise in 
the magnitude of the 
stray flux as the 
frequency was 
increased 

30 

12.20455 40 18 

FBG-T sensor mainly 
responded to the 
presence of the stray 
flux - not necessarily its 
magnitude but to its 
nature or spectral 
content 

 
Figure 4-8: Time pattern showing 20-Hour continuous operation of motor 
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Overall, provided the stray flux was continuously present and not interrupted, there was a 5pm 

braggshift increase with increase in the motor frequency during operation. This observation 

suggests that the frequency of the stray flux does influence the FBG-T response whether in a 

linear or nonlinear manner; this will be explored in more tests to be reported. Another factor 

that can cause the further increase in braggshift is the amplitude of the stray flux. There was a 

steady but disproportionate rise in the magnitude of the stray flux when the frequency was 

increased. How much of the FBG-T response is due to the amplitude of the stray flux is not yet 

known. However, given that disproportionate increase in the amplitude resulted in the same 

amount of braggshift each time the motor frequency was changed raises doubts as to whether 

the amplitude is solely responsible for such response. Hitherto, the goal is to establish that the 

FBG-T sensor can respond accurately to the presence and absence of stray flux. From the 

initial observation, it means that the magnetostrictive transducer in the FBG-T sensor mainly 

responds to the presence of the stray flux - not necessarily its magnitude only, but also to its 

frequency components - as its magnetic dipoles orientate to find a new quasi-equilibrium state 

whilst the stray flux is still present.  

The above submission of the FBG-T sensor response to the presence of magnetic flux was 

corroborated in two other experiments where the stray flux was intermittently removed. 

 

Figure 4-9: Braggshift response when machine was run continuously at three different frequencies  

 

 



 

89 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

Next, the motor was run at three different frequencies with intermittent switching off and on 

prior to changing the frequency in a pattern as shown in Figure 4-10. 

 

Figure 4-10: Intermittent switching pattern for the second multi-frequency test 

 

The motor was initially run at 10Hz for one hour then turned off for one hour. Then it was run 

at 20Hz for another one hour before being turned off for yet another one hour and finally run 

at 30Hz for an hour, before finally turning it off for 17 hours to reduce the pre-stress level of 

the FBG-T sensor. In the third multi-frequency test, the motor was run at the same frequency 

of 20Hz for one hour, turned off for the next hour before being turned back on, and so on. This 

was done such that the motor was turned on for three hours cumulatively and turned off for 17 

hours to allow the FBG-T sensor pre-stress level to be minimal as illustrated in Figure 4-11.  

 

Figure 4-11: Intermittent switching pattern for the third multi-frequency test 

 

In both second and third multi-frequency test scenarios, the FBG-T sensor behaved in the 

same way in response to the presence and loss of the stray flux as shown in Figure 4-12 and 

Figure 4-13; although with different amounts of maximum braggshifts during each test. During 

the second test, the FBG-T sensor at 10Hz initially experienced a strain equivalent to 50pm 

when the motor was in operation. However, soon after the motor was switched off and the 

stray flux was lost, the sensor slowly began its reversible magnetisation behaviour back to its 

initial wavelength. After an hour, with the motor turned back on at 20Hz, the FBG-T sensor 

immediately responded to the presence of stray flux by increasing its braggshift once again 

and recorded a higher braggshift of about 75pm relative to its initial wavelength. The reason 

for the higher braggshift is due to its new initial state which was about 25pm before the stray 

flux was re-introduced as shown in Figure 4-12. If we add the new initial state with 25pm to the 

previous maximum of 50pm, the new maximum braggshift should be 75pm in theory which 
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corresponds to the newly observed maximum braggshift. This result thus suggests that the 

FBG-T sensor responds to the presence of the stray flux rather than the difference in operating 

frequency even though the magnitude of the stray flux was higher at 10Hz than at 20Hz. A 

consistent sensor response was observed once again when the motor was turned off. The 

FBG-T suddenly responded to the loss of stray flux which is responsible for the gradual 

reduction in the observed braggshift between 3-4 hours of the tests (see Figure 4-12). As soon 

as the motor was turned back on at 30Hz on the 4th hour, the FBG-T sensor immediately 

responded as before to the presence of the stray flux by halting the gradual decline of 

braggshift. It then increased up to 90pm maximum (relative to its initial wavelength) after the 

motor was turned off following operation at 30Hz for one hour. Table 4-4 summarises results 

from second multi-frequency test. 

Table 4-4: Data for multi-frequency second test operation 

Test 
number 

Frequency 
range (Hz) 

RMS Flux 
density (µT) 

Max Braggshift 
(pm) during 

ON operation 

Pattern of 
operation (non-

stop) 
ON 

Key observations 

2 

10 4.151741 50 

1 Braggshift increased 
with increase in the 
motor frequency during 
operation in a non-linear 
manner 

OFF 

There was a steady but 
disproportionate rise in 
the magnitude of the 
stray flux as the 
frequency was 
increased.  

20 9.423407 75 1 
Stray flux magnitude was 
very identical to previous 
values 

OFF FBG-T sensor reliably 
detected the presence 
and absence of stray 
flux (See Error! 
Reference source not 
found.) 

30 12.5504 90 1 

OFF 

 

Relative to the previous maximum braggshift of 75pm, there is a further 15pm braggshift. This 

means an initial 50pm maximum braggshift was observed at 10Hz during the first one hour of 

operation, followed by a further 25pm braggshift at 20Hz after the stray flux was re-introduced 

and finally another additional 15pm braggshift at 30Hz when the stray flux was again re-

introduced. There is evidence of an increase in braggshift whenever the stray flux is re-

introduced at a higher frequency, but the braggshift appear to be nonlinear for the same 

change in frequency. It is known that the terfenol-D element of the FBG-T sensor is non-linear 

and has hysteresis which is responsible for the non-linearity in the amount of braggshift 

observed, but there is no doubt in the FBG-T response to the presence and absence of stray 
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flux. To further substantiate this evidence, the third test of operating the motor at the same 

frequency of 20Hz whilst switching the motor on and off showed identical behaviour as shown 

in Figure 4-13.  

 

Figure 4-12: Braggshift response when machine was switched on and off intermittently 

 

An initial maximum braggshift of 40pm was observed during the first hour of operation when 

the stray flux was present. Immediately after the stray flux was lost in the next hour, the FBG-

T response was a gradual decline of observed braggshifts until about 35pm when the motor 

was switched back on. The FBG-T response to the re-introduction of the stray flux was again 

an increase in braggshift up to a maximum of 50pm relative to the initial wavelength. In other 

words, an increase of 10pm compared to the previous maximum braggshift. As earlier 

explained, this is due to the non-linear and hysteresis behaviour of terfenol-D as the magnitude 

of the stray flux remained within the same range as shown in Table 4-5.  
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Table 4-5: Data for multi-frequency third test operation 

Test 
number 

Frequency 
range (Hz) 

RMS Flux 
density (µT) 

Max Braggshift 
(pm) during 

ON operation 

Pattern of 
operation (non-

stop) 
ON 

Key observations 

3 

20 9.351728 40 

1 Braggshift decreased 
each time stray flux was 
lost and then increased 
each time stray flux was 
re-introduced 

OFF Stray flux magnitude was 
reasonably constant each 
time at 20Hz 20 9.44335 50 1 

OFF FBG-T sensor reliably 
detected the presence 
and absence of stray flux 

(See Figure 4-14) 

20 9.50511 60 1 

OFF 

The non-uniform oscillatory behaviour between presence and absence of stray flux was further 

observed when the motor was turned off for the following hour and then switched back on for 

another hour (between 4th and 5th hour). A maximum braggshift of 60pm was reached relative 

to the initial wavelength which accounts for a further 10pm braggshift compared to the previous 

maximum braggshift. Although the magnitude and frequency of the stray flux remained 

reasonably constant, further braggshifts were observed each time the stray flux was re-

introduced. When the flux was finally removed after the motor was switched off; the reversible 

characteristic of the FBG-T sensor became evident as shown in Figure 4-14. There is now clear 

evidence that the FBG-T sensor responds to stray flux. Based on the theory of 

magnetostriction, the above sensor behaviour is understandable because magnetostriction lies 

in the non-uniform motion of the magnetic dipoles within the given material, which is primarily 

caused by the presence or absence of a magnetic field. 

The test operations above do disrupt the motion of these magnetic dipoles causing them to 

move in a certain way to align themselves with the direction of the field and then suddenly 

forces them to go back to another non-aligned state of rest. Whilst this phenomenon is taking 

place, the motion being transferred to the FBG as strain does not take the direction of the 

magnetic dipoles into consideration as strain is a scalar quantity not a vector, hence the 

braggshift regardless of whether the magnetic field is lost or re-introduced. As earlier explained 

by several physicists [193] the reason why these magnetic dipoles move unpredictably and 

unevenly is still not known. Hence magnetostriction continues to be treated as a phenomenon 

with no known mathematical model. For using FBG-T as a reliable condition monitoring and 

fault detection sensor, the clear evidence of an accurate and consistent response of the sensor 

to the presence of stray flux offers the opportunity to further explore its use and understanding 

its limitations. Table 4-6 summarises the observation for the multi-frequency tests for the 
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healthy IM. Next is to test the FBG-T sensor against different machine conditions for the 

purpose of fault detection during condition monitoring. 

 

Figure 4-13: Braggshift response when machine was switched on and off intermittently  

 

Table 4-6: Healthy motor condition data for multi-frequency operation 

Test 
number 

Frequency 
range (Hz) 

RMS Flux 
density (µT) 

Max 
Braggshift 

(pm) during 
ON operation 

Max 
Braggshift 

(pm) during 
ON&OFF 

hours 

Max Temp. 
change (oC) 

during 
operation 

Duration of 
operation (hours) 

ON OFF 

1 

10 4.075036 

40 40 1.1 

1 

20 
20 9.35003 1 

30 12.20455 18 

2 

10 4.151741 

- 90 2.5 

1 1 

20 9.423407 1 1 

30 12.5504 1 15 

3 20 

9.351728 

- 60 1.8 1-0-1-0-1-0 9.44335 

9.50511 
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Figure 4-14: Braggshifts observed under various operating conditions for a healthy motor 

4.2.2 Broken Rotor Conditions 

FBG-T sensor spectral response when machine was run under the single bar BRB conditions 

as shown in Figure 4-15 did not provide any obvious observation regarding the specific rotor 

condition but rather confirmed the occurrence of braggshift which is evidence of the sensor 

responding to the presence of stray flux. The time varying braggshift response for BRB in Figure 

4-16 did show that the FBG-T sensor does sense further strain immediately after the stray flux 

is lost. This is consistent with earlier observations owing to the paramagnetic nature of terfenol-

D. The magnitude of maximum braggshift was again inconsistent with change in frequency 

under the single bar BRB conditions. However, what was consistent was the order of 

magnitude of the braggshifts. Generally, under the broken rotor condition they were largely 

above the mid-50s and closer to the 100pm mark. Temperature change during tests of both 

conditions was reasonably minimal with a maximum change of 2.2°C during the 10Hz 

frequency one-hole single bar BRB test. For the five-hole single bar BRB test, the maximum 

temperature change was 1.2°C. In theory both one-holed and five-holed single bar BRB are 

the same fault as only one single rotor bar is broken. There was direct relationship between 

the frequency and amplitude of the stray flux as expected but this apparently did not result in 

 



 

95 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

a similar directly proportional braggshift as summarised in Table 4-7, Figure 4-16 and Figure 

4-17. Because both faults are one and the same even though looked different, the FBG-T 

response was identical as shown in Figure 4-15, Figure 4-16 and Figure 4-17. The FBG-T sensor 

thus is able to detect two different forms of the same BRB fault with identical braggshifts. 

 

Figure 4-15: Optical spectra response of FBG-T sensor single broken bar condition 
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Figure 4-16: Time varying braggshift response of FBG-T sensor for single broken bar condition  
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Figure 4-17: Variation of magnetic flux density with frequency, braggshifts and temperature for BRB  

 

 

 



 

98 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

Table 4-7: Data for broken rotor motor condition 

Frequency (Hz) 5 10 15 20 25 30 

One-hole single bar broken rotor 

RMS Flux 
density (µT) 

0.767813 3.584254 6.428448 8.824229 10.51763 11.62513 

Max Braggshift 
(pm) during 
operation 

45 55 55 40 35 35 

Max Braggshift 
(pm) during 20 

hours 
50 75 85 75 75 80 

Max Temp. 
change (oC) 

during operation 
1.7 2.2 2.0 1.7 1.4 1.5 

Five-hole single bar broken rotor 

RMS Flux 
density (µT) 

0.665395 3.269313 5.970382 7.948426 9.530926 10.552626 

Max Braggshift 
(pm) during 
operation 

55  65  45  55  30  50  

Max Braggshift 
(pm) during 20 

hours 
55  75  65   75   65   85  

Max Temp. 
change (oC) 

during operation 
0.8 0.2 1.2  1.2 1.1 0.5 

Duration of 
operation 

2 hours per frequency 

 

4.3 FBG-T Response to Two Forms of Single Broken Bar 

4.3.1 Single-Holed Broken Rotor 

Figure 4-18 compares the single hole broken rotor to the healthy rotor condition. Braggshifts 

under both conditions appear to be consistent in the order of magnitude of tens of pm. 

However, there were consistently higher values of braggshifts under the faulty machine 

condition compared to the healthy condition although in both cases, the braggshifts were 

nonlinear. Given that the amplitude of the stray flux increased with frequency in a near linear 

manner under both healthy and faulty condition, the difference in the amplitudes when 

compared was small. From Physics, the force (F) on a current-carrying conductor with N 

number of turns is given by: 

𝐹 =  𝑁(𝐵𝐼𝑙)        (4.3) 

where I is the current flowing through the conductor in amps, and l is the length of the conductor 

in metres. B is the magnetic flux density or strength measured in Tesla. One way to increase 

the magnetic field strength, B is to either increase the number of turns (N) or increase the 

current through the turns. Provided resistance stays constant, current can be increased by 

raising the voltage supplied to the conductor. In this work, number of turns has been reduced 
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in the rotor by boring holes and extracting the aluminium bores in that area. Hence for the 

healthy motor, the VFD used increases the voltage applied to the stator windings as frequency 

is increased, thus increasing the magnetic field strength, B measured. On the other hand, for 

the BRB, although the magnetic field strength, B measured did increase with frequency due to 

the increased voltage from the VFD, the amplitudes were slightly less than those of the healthy 

motor. This is because of the reduced number of turns (N) resulting from the emulation of 

broken rotor damage.  

The magnitudes of the stray flux produced under healthy condition were slightly but 

consistently greater than those produced under the broken rotor condition for the entire 

frequency range of operation. This is because the healthy rotor had slightly more turns than 

the broken rotor where some rotor turns had been removed. A crucial observation is that this 

is the first evidence that the braggshifts are not largely due to the amplitudes of the magnetic 

flux otherwise, the healthy rotor should have produced larger braggshifts across all frequencies 

but rather the reverse was the case. The spectral content of the stray flux plays a key role in 

influencing the unpredictable motion of the magnetic dipoles of the transducer during 

magnetostriction. This will be investigated later where an auto data logger will help acquire the 

time varying stray flux signal for further analysis. Temperature change did not significantly 

impact on the braggshifts because if this was the case, then the healthy rotor did experience 

although small, but a higher maximum temperature change than the broken rotor. This should 

have resulted in larger braggshifts. This explains why for the last three frequencies the 

braggshifts for healthy condition was a just a little higher than for the other frequencies as the 

maximum temperature changes which were observed during those frequencies as well. 

However, this was not high enough to affect the FBG-T’s ability to distinguish between the 

healthy and the broken rotor conditions. From the investigation so far, there is evidence that 

the optical spectra on its own cannot be relied upon to detect the broken rotor condition. Rather 

the time varying braggshift plot provides a distinct characteristic based on the order of 

magnitude of the braggshifts observed, that the FBG-T sensor can detect the machine’s faulty 

condition.  
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Figure 4-18: FBG-T sensor response in its use for one-hole BRB fault detection 

 

4.3.2 5-Holed Broken Rotor  

This does not make a difference in theory when compared with the single hole BRB as only 

one rotor bar is broken in both scenarios. Thus it is expected that the FBG-T should give similar 

response. The FBG-T did not give a clear-cut distinct response between the one-hole and the 

five-hole conditions as shown in Figure 4-19. However, the sensor was consistent in 

distinguishing between the healthy and the broken rotor conditions (one-hole and five-hole). 

As shown in Figure 4-19, there was linearity between stray flux produced and the motor 

frequency of operation. As expected, the 5-holed broken rotor produced less amplitudes of 

stray flux as it had the less number of turns compared to the stray flux produced by the healthy 

rotor with more number of turns. Braggshifts for one-hole and five-hole conditions were in the 

same order of magnitudes and identical values, which proves that the FBG-T sensor is 

detecting them as the same fault condition. Temperature change during the tests was minimal 

with the lower temperature change occurring in the five-hole BRB fault condition compared to 

the healthy condition. This is because the former has the lower number of turns and as a result 

will produce the lower amount of heat loss as well. In the next chapter, FBG-T sensor reliability 

in detecting a more severe electrical fault such as short circuit - which can be quite dangerous 
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for any machine - will be investigated. Compared to the healthy machine condition, this 

analysis provides more confidence in the capability of the FBG-T sensor to succinctly 

distinguish between the healthy and broken rotor conditions. 

  

Figure 4-19: FBG-T sensor identical response to single broken bar condition compared to healthy rotor 

 

4.4 FBG-T Stray Flux Sensing with Auto Data logger 

In previous tests, the external (stray) magnetic field being extracted for the condition monitoring 

of the IMs have been manually obtained. Instantaneous readings were taken within a given 

time interval (every 10 minutes) from the flux meter and the temperature sensor. This limitation 

means that the time varying behaviour of the stray magnetic field cannot be observed. Albeit 

this does not affect the performance of the FBG-T sensor, it does ensure confidence in this 

research to automatically observe the stray flux. The HHG1394 Gauss meter seen in Figure 

4-20 was used to realise auto data logging capability for the stray flux. The HHG1394 was 

manufactured by Omega Engineering UK with a proprietary software and a tri-axial sensing 

functionality. This makes it suitable for low and extremely low frequency magnetic fields 

independent of measurement angle. Table 4-8 shows the specification of the HHG1394 data 

logging gauss meter. 
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Figure 4-20: HHG1394 auto data logger and software used during tests  

Table 4-8: HHG1394 Data logger flux meter specification 

Parameter Specification 

Range 20/20/200μT 

Resolution 0.001/0.01/0.1 μT 

Sampling time 60secs 

Memory capacity 2000 data sets 

Measurement axis X, Y, Z 

PC connection mode USB 

Although ambient room temperature was relatively constant throughout the experiment with 

very little variation, both room and FBG-T sensor temperatures were continuously monitored 

automatically. National Instrument NI 8-slot USB CompactDAQ (cDAQ-9172) chassis together 

with the NI-9122 4-channel temperature input module were used with two thermocouples 

connected – one each for the sensor and the room. The cDAQ was connected to a PC where 

data was acquired and displayed in LabVIEW as shown in Figure 4-21. 

 

Figure 4-21: NI cDAQ-9172 chassis connected to LabVIEW for temperature data monitoring 
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4.5 Healthy IM 

 4.5.1 Test Conditions  

Identical experimental set up as explained in previous chapters was used, with the main 

difference being the auto data logging for both stray magnetic flux and temperature. The 

machine was run at similar frequency range as before i.e., 5 – 30Hz with 5Hz interval but in 

addition, the machine was also run at slightly higher frequency range of 10-50Hz with 10Hz 

interval. For the auto data logging phase, the motor was run for longer hours (four instead of 

two as previously) to observe if there will be discrepancies in the FBG-T sensing 

characteristics. This part of the experiment inherently embeds a reproducibility test for the use 

of the FBG-T sensor in the condition monitoring and fault detection of IMs under slightly 

different operational scenarios. Prior to running the healthy motor, it was disassembled and 

observed to confirm its healthy state as depicted in Figure 4-22 before reassembly.

 

Figure 4-22: Healthy stator winding prior to assembly (left) and during test (right) 

 

4.5.2 Results & Discussion 

4.5.2.1 5Hz Frequency interval 

Table 4-9 summarises the observations from running the IM at various frequencies in a step 

interval of 5Hz. There was consistency in the response of the FBG-T to the stray flux produced 

under a healthy condition with the maximum braggshifts in the same order of magnitude as 

before i.e., tens of pm oscillating around the mid-100pm range. The optical spectra at various 

frequencies again prove not to be useful in providing any insight into the machine condition 

except confirming the FBG-T sensor response to stray flux. The time varying braggshift plots 

once again showed consistency in the residual and reversible magnetic characteristics of the 

magnetostrictive transducer (terfenol-D). As earlier explained, these are respectively 
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responsible for the further increase in braggshifts just immediately after the loss of stray flux; 

and the return path taken by the FBG-T sensor back to its initial wavelength due to the terfenol-

D returning to its original length. 

Table 4-9: Data for healthy motor condition at 5Hz step interval 
Frequency (Hz) 0 5 10 15 20 25 30 

RMS Flux density 
(µT) 

0.147933 0.468905 1.186085 2.61452 5.280447 6.922083 7.423125 

Max Braggshift 
(pm) during 
operation 

0 65 45 45 30 35 30 

Max Braggshift 
(pm) during 20 

hours 
0 70 55 60 50 55 55 

Max ∆Temp 
during operation 

(oC) 
0 1.6910 1.2730 1.2300 1.1910 1.3080 1.4910 

Duration of 
operation 

4 hours per frequency 

Both optical spectra and the time varying braggshifts are depicted in Figure 4-23. Machine was 

operated in a relatively constant ambient room temperature with less than 2°C maximum 

temperature change over the entire test period across all frequencies. A nonlinear but direct 

relationship between increased frequency and increased magnitude of stray flux was again 

observed which is consistent with the earlier results conducted without an auto data logger. At 

5Hz the braggshift notably was observed to be unusually high (70pm), although still within 

range but still high enough to trigger some curiosity as to why (see Figure 4-24). This was 

analysed later in this chapter. 

4.5.2.2 10Hz Frequency interval 

Table 4-10 summarises key observations which are consistent with the initially observed 

features of the FBG-T sensor. Braggshifts due to the stray flux were in their tens of pm readings 

and the maximum braggshift per frequency during the motor’s operational periods were 

consistently lower than the maximum braggshifts observed during the 20 hours of observation. 

As explained previously, this is due to the magnetic moment of the dipoles within the terfenol-

D as they exhibit paramagnetic behaviour when they undergo reversible magnetisation upon 

application of small magnetic field which is lost once the field is removed. 
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Figure 4-23: Optical spectral (top) and time varying (bottom) braggshift response for healthy condition 
at 5Hz step interval 
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Figure 4-24: Variation of magnetic flux density with frequency, braggshifts and temperature for healthy 
condition 

Table 4-10: Data for healthy motor condition at 10Hz step interval 

Frequency (Hz) 0 10 20 30 40 50 

RMS Flux density (µT) 0.13934
8 

1.061366 4.684803 6.8177 7.132834 7.319245 

Max Braggshift (pm) 
during operation 

0 40 30 25 40 35 

Max Braggshift (pm) 
during 20 hours 

0 55 55 50 65 65 

Max ∆Temp during 
operation (oC) 

0  1.5930 1.6080 1.8060 1.8560   1.9030 

Duration of operation 4 hours per frequency 

The magnetic dipoles would orientate and realign to a new state of rest once the field is lost 

and this causes a strain on the magnetostrictive material (terfenol-D) hence the further 

increase in braggshift until the residual magnetisation is lost completely. At this point, the 

magnetostrictive material returns to its original length which translates into a wavelength shift 

back to the initial wavelength. Figure 4-25 shows the braggshifts with time at both 10Hz and 

50Hz and their corresponding optical spectra respectively. A similar pattern was observed at 

20Hz, 30Hz and 40Hz where the FBG-T sensor senses the stray flux and responds until a 

certain state when it plateaus, typically within less than the 4 hours of operation.  
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Figure 4-25: Optical spectral (top) and time varying braggshift (bottom) response of FBG-T sensor for 
healthy condition at 10Hz step interval 
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As soon as the machine is turned off and magnetic field lost, further braggshifts are observed 

for a short period owing to the paramagnetic behaviour of terfenol-D as previously explained. 

Once the residual magnetisation is completely lost, the return path journey begins, and the 

FBG-T sensor attempts to return to its initial state. Due to the huge hysteresis nature of 

terfenol-D, the FBG-T oftentimes, makes it close to its initial wavelength but usually not exactly, 

as shown in the figures.  

With the aid of the data logger, time varying plots of the stray magnetic field were obtained as 

shown in Figure 4-26. The plots show the presence of noise when the motor is turned off after 

four hours and these noise amplitudes were excluded when computing the mean magnetic 

field in Table 4-10. At all frequencies, the stray flux was present, and its mean value increased 

with frequency in the μT range. It was observed that there was consistency in the nature of the 

magnetic field signal with its mean amplitude value increasing with frequency. This is expected 

as the VFD increased the voltage amplitude with frequency. However, the increase in magnetic 

field strength did not translate into a proportionate increase in braggshifts (Figure 4-27). There 

is now evidence that although there is a direct relationship between increasing frequency and 

observed stray magnetic flux, there is no direct relationship between maximum braggshift 

observed and frequency under healthy motor condition. For example, maximum braggshifts 

observed at 10Hz and 20Hz were both 55pm, while at 40Hz and 50Hz maximum braggshifts 

of 65pm were observed. But at 30Hz a maximum braggshift of 50pm was observed. Looking 

at the corresponding mean magnetic flux densities, the field strength at 40Hz and 50Hz are 

the only close values, thus, could be responsible for the same maximum braggshift. However, 

same could not be said for the other frequencies such as 10Hz and 40Hz where the mean 

magnetic flux densities are around 1.1μT and 4.7μT respectively. At 30Hz the mean magnetic 

flux density is about 6.8μT which suggests that the magnetostrictive behaviour of the terfenol-

D is nonlinear. While this does not in any way discredit the reliability of the use of the FBG-T 

for machine condition monitoring, understanding the sensor characteristics will provide 

evidence of how to optimise the use of this sensor in machine monitoring applications. 

Therefore, this observation will be further experimented with repeated tests to ascertain the 

non-linearity relationship between braggshifts, magnetic flux and frequency both under healthy 

and faulty conditions.  
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Figure 4-26: Time varying stray flux for healthy motor condition at 10Hz step interval 

 

Figure 4-27: Variation of braggshift with frequency, stray flux and temperature for healthy condition at 
10Hz step interval 
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To eliminate the influence of temperature, Figure 4-28 shows that the maximum temperature 

change was less than 2°C for all frequencies over the 20 hours of each test. Mean temperature 

change during the four hours of operating the motor was about 0.13°C, which is not significant 

knowing that terfenol-D has a much higher operating temperature range with a coefficient of 

thermal expansion of 0.000011ε  per °C at 25°C ambient [197]. The temperature plots are 

consistent with expectations in that at all frequencies, temperature initially rose as the motor 

got warmed up and then plateaued for the duration of operation. All subsequent variations in 

temperature after the motor was turned off were largely due to ambient room temperature. 

 
Figure 4-28: Temperature variation during healthy machine operation at 10Hz step interval 

4.6 Broken Rotor IM 

 4.6.1 Test Conditions  

Figure 4-29 shows the test conditions to emulate the BRB fault which was also used earlier in 

this chapter. The IM was run under similar operating conditions as the healthy motor at 5 – 

30Hz with 5Hz interval as well as 10-50Hz with 10Hz interval. Due to the amount of vibration 

observed above 30Hz for the BRB test, the experiment was halted for health and safety 

reasons. Under extreme operating environment, the vibration would result in a significant and 

fast increase in the braggshifts which will be a very good indicator within the context of fault 
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severity, however, health and safety comes first in this case. The laboratory test rig is also not 

robust enough to allow such vibrations without a potential damage to the FBG-T sensor. 

 

Figure 4-29: Emulation of broken rotor fault condition prior to assembly 

 

4.6.2 Results & Discussion 

4.6.2.1 5Hz Frequency interval 

Table 4-11 once again confirms the consistency in the paramagnetic behaviour of the FBG-T 

sensor. Magnetic flux density was again observed to increase with frequency without a 

corresponding proportional increase in braggshifts. However, within the 5Hz interval the 

braggshifts were mostly within the tens of pm range similar to the healthy condition but 

generally slightly higher. 

Table 4-11: Data for BRB Condition with Auto Data Logger  

Frequency (Hz) 0 5 10 15 20 25 30 

RMS Flux density (µT) 0.1394 0.2284 0.7428 2.1804 4.4652 5.7436 6.0265 

Max Braggshift (pm) 
during operation 

0 125 80 65 60 75 55 

Max Braggshift (pm) 
during 20 hours 

0 125 90 90 90 105 90 

Max ∆Temp during 
operation 

(oC) 
0 0.5340 0.4170 0.3400 0.3240 0.5380 0.5340 

Duration of operation 4 hours per frequency 

Figure 4-30 shows the consistency in the FBG-T sensor’s reversible magnetisation response 

and hysteresis. Generally, the stray flux causes the FBG-T sensor wavelength to shift 
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increasingly until a maximum whilst the magnetic field is still present. This braggshift peak was 

attained before the elapse of the four hours of operation for each frequency. Once the magnetic 

field was lost (motor turned off), the braggshift further increased due to residual magnetism as 

previously explained. This continued until when the sensor was completely void of magnetism, 

then it attempts to return to its initial state. This was observed at each of the six frequencies 

under the broken rotor condition. FBG-T optical spectra in Figure 4-30 show the shifts in 

wavelength and the non-linear braggshift response to both frequency and magnetic flux 

density. The slightly higher braggshift observed at 5Hz is likely due to the inertial and excited 

pre-stress state of the terfenol-D transducer in the FBG-T sensor. The test at 5Hz was 

conducted after the sensor had been left for a longer period compared to the other frequencies. 

This could have increased its sensitivity, whereas for the other readings, the sensor had been 

left for at least 16 hours before the motor is run at another frequency. On average the 

braggshifts is of similar order of magnitude but slightly higher values of braggshifts than the 

healthy condition. Alternatively, this could be due to the harmonic component of the stray flux. 

This was later investigated using FFT spectral analysis. 

Figure 4-31 shows the maximum braggshift at each frequency for the mean magnetic flux 

density. It is clear to see that though the magnetic flux density does increase, there is no 

proportionate increase in braggshift. This can only be explained by the atomic behaviour of the 

magnetic dipoles of the terfenol-D which hitherto, even physicists have failed to convincingly 

explain. These braggshifts unarguably are because of the stray flux as mean variation in 

temperature over the entire test frequencies was again less than 1°C as shown in Figure 4-31. 

Figure 4-32 shows the time varying magnetic field which increased with frequency. At 5Hz the 

magnetic flux density was quite low under the broken rotor condition, hence was affected by 

the noise floor as shown. As the magnetic flux density increased with frequency, it became 

less impacted by noise. The time varying temperature profiles in Figure 4-33 shows that the 

maximum temperature change during each test was less than 1°C for the entire 20-hour period 

per frequency. 
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Figure 4-30: Optical spectral (top) and time varying braggshift (bottom) response of FBG-T sensor for 
BRB condition at 5Hz step interval 

 

  

 

 

 

 



 

114 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

 

Figure 4-31: Variation of braggshift with frequency, stray flux, and temperature under BRB condition 
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Figure 4-32: Auto data logger capture of stray flux under BRB condition 

 

 
Figure 4-33: Auto data logger capture of temperature variation under BRB condition 
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4.6.2.2 10Hz Frequency interval 

Table 4-12 summarises key observations of the broken rotor test under 10Hz interval. In terms 

of sensor behaviour, there was consistency under a reasonably identical ambient room 

temperature condition compared to the healthy machine state. Relationship between magnetic 

flux and frequency was again observed to be direct with corresponding disproportionate 

braggshifts. 

Table 4-12: Data for BRB Condition with Auto Data Logger – 10Hz interval 
Frequency (Hz) 0 10 20 30 40 50 

RMS Flux density (µT) 0.1272 0.7777 4.6306 6.2335 - - 

Max Braggshift (pm) during operation 0 70 55 65 - - 

Max Braggshift (pm) during 20 hours 0 85 85 105 - - 

Max ∆Temp during operation (oC) 0 0.5210 0.6430 0.7050 - - 

Duration of operation 4 hours per frequency 

The braggshifts with respect to time as well as observed optical spectra shown in Figure 4-34 

were consistent in behaviour as well at each frequency confirming the result of residual and 

reversible magnetisation experienced by the FBG-T sensor as well as hysteresis. 

 
Figure 4-34: Optical spectral (left) and time varying braggshift (right) response of FBG-T sensor for BRB 
condition at 10Hz step interval  

Time varying profile of stray magnetic field with braggshifts is like previous observations for 

each frequency (Figure 4-35) though non-linear, but within the tens of pm range as observed in 

the 5Hz interval. Temperature variation during each test was again insignificant with mean 
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temperature change less than 1°C as before (Figure 4-36), thus did not have any significant 

impact on the FBG-T sensor performance. 

 

Figure 4-35: Time varying stray flux and temperature changes at three frequencies under BRB condition  

 

Figure 4-36: Variation of Braggshift with stray flux, frequency and temperature for BRB condition with 
10Hz step interval 
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4.7 Faulty Severity Analysis 

 4.7.1 Healthy vs Broken Rotor  

4.7.1.1 5Hz Frequency interval 

Figure 4-37 provides confidence on the reproducibility characteristic of the FBG-T sensor in 

distinctly detecting a broken rotor fault condition. There is once again evidence from this 

investigation that for healthy motor condition the stray flux produced results in braggshifts 

around the mid-100pm range, whereas for broken rotor the range is around the 100pm mark. 

The magnitude of the stray flux produced corroborates with previous results where higher 

amplitudes were observed in the healthy motor compared to the broken rotor due to a greater 

number of turns in the former. As with previous observations, no apparent relationship was 

observed between the amplitude of the stray flux and braggshift because, under both healthy 

and faulty conditions, braggshifts remained within the same range regardless of the steady 

increase in the amplitude of the stray flux. Temperature changes were small with maximum 

values of about 1.7°C and 0.7°C recorded for healthy and broken rotor conditions respectively 

– which agrees with theoretical expectation based on the number of turns in each machine 

condition. There is now substantive evidence that FBG-T sensor can detect a broken rotor fault 

during condition monitoring. An interesting observation was the similarity in behaviour of the 

FBG-T sensor at 5Hz under both healthy and broken rotor conditions where the highest 

braggshifts were again recorded. As earlier mentioned, given that the amplitude of the stray 

flux is minimum at 5Hz under both conditions and there is no significant change in temperature, 

further spectral analysis of the stray flux was performed in the next chapter. This investigated 

that it is the difference in the harmonic spectrum of the stray flux at each frequency that 

influenced how the magnetic dipoles of the magnetostrictive material moved, resulting in the 

nonlinear proportionate braggshifts observed.  

4.7.1.2 10Hz Frequency interval 

Despite the safety limitation of the 10Hz step interval investigation, results obtained for the 

three safe frequencies under BRB condition further substantiated the evidence of reliability and 

reproducibility of the sensing capability of the FBG-T sensor in detecting BRB fault condition. 

As shown in Figure 4-38, the braggshifts observed are in the same order of magnitude as before 

with a slight but constant increase at higher frequencies of 40 Hz and 50Hz. Regardless of the 

increase from 40Hz to 50Hz no further braggshift was observed under healthy condition, hence 

the order of magnitude remained within the expected range. Similarly for the three frequencies 

tested under broken rotor, the order of magnitude of the braggshifts was consistent in the 

higher tens of pm range closer to 100pm than the 50pm for healthy machine condition. This 
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gives a clear and distinct fault detection signature as observed previously in separate 

experiments.  

 

Figure 4-37: BRB fault detection capability of FBG-T sensor – RT at 5Hz step interval 

 
Figure 4-38: BRB fault detection capability of FBG-T sensor – RT at 10Hz step interval 
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Magnitude of stray flux appeared to plateau as frequency increased hence at 40Hz and 50Hz 

mean stray flux amplitudes were very close with a difference of about 0.3μT. With lesser 

amplitudes of stray flux due to reduced number of turns, the braggshifts observed under broken 

rotor were still consistent within previously observed ranges. This builds confidence in the 

evidence that braggshifts are not solely due to the amplitudes of the stray flux but that their 

spectral harmonic content is also responsible for the FBG-T nonlinear response, in terms of 

precision in the values of braggshifts observed. Upon data capture of the stray flux using the 

auto data logger, the data was exported into MATLAB where FFT spectral analysis to convert 

the data from time domain into frequency domain, was performed (see Figure 4-39).    Figure 

4-39 confirms that although the harmonic spectra for both healthy and broken rotor conditions 

were identical for each of the frequency of operation, there was a different and unique harmonic 

component within the spectrum for each machine condition. For example, at 10Hz motor 

frequency the unique harmonic component for healthy condition was around 260Hz (26th 

harmonic) whereas under broken rotor it was 180Hz (18th harmonic). As the motor frequency 

increased, the harmonic spectra for both machines conditions also increased such that at 20Hz 

the unique harmonic components for healthy and broken rotor conditions were 1.14kHz (38th 

harmonic) and 1.11kHz (37th harmonic) respectively. At 30Hz the unique harmonic 

components were respectively 1.65kHz (55th harmonic) and 1.5kHz (50th harmonic) for healthy 

and broken rotor conditions. This shows that although the spectral harmonic bandwidth for the 

stray flux is the same regardless of machine condition, there exists a third factor – a unique 

frequency component – which is different for the different machine operating conditions. Based 

on all other considerations investigated viz: amplitude of stray flux and impact of ambient 

temperature, there is strong evidence that a third factor is contributing to the braggshifts and 

especially the nonlinearity in its specific value. That third factor is the unique harmonic 

component which explains such unpredictable motion behaviour of the magnetic dipoles of 

terfenol-D given the test parameters and constraints. Thus, it is more appropriate at this stage 

to use order of magnitude rather than specific braggshift values to accurately detect BRB fault 

condition.  
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Figure 4-39: FFT harmonic analysis performed on the stray flux produced by both healthy and broken 
rotor  
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4.8 Broken Rotor Fault Results Compared with other Theoretical and 

Analytical Derivations 

In their work, [226] developed a mathematical model for BRB fault in a three phase IM which 

was simulated in MATLAB. Simulation results did show that for a constant load, there was a 

significant difference in stator current between healthy and the BRB condition. However, as 

the severity of the BRB increased, the stator current only reduced by a small amount. In their 

own words: “If a bar broken is increased then fault will be severe and stator current will be 

further decreased”. With reduced stator current, comes reduced magnetic flux in both the air 

gap and in turn, the stray flux. This agrees with experimental observations in this research as 

summarised in Table 4-7 where less magnitude of stray flux was repeatedly observed in the 

5-hole broken rotor when compared to the healthy rotor under similar operating speed and 

load conditions. [227] simulated and analysed the BRB fault in D-q reference frame with results 

as summarised in Table 4-13. There was an increase in total resistance as the number of 

broken bars increased which means current flow in the rotor bar would decrease, leading to a 

decrease in magnetic flux too. Though the analysis was carried out separately from this 

research, experimental outcomes in this work validate the submission. Magnetic flux for broken 

rotor when compared to healthy machine condition did record less magnitude (Figure 4-37). 

Table 4-13: Calculated rotor resistance per case of broken rotor [227] 

Case Number of 

broken bars 
% ΔRr Total Rr 

1  1 of 28   3.7 0.049Ω  1.389Ω 

2  2 of 28 7.7 0.1032Ω  1.4432Ω 

3  3 of 28 12 0.161Ω  1.501Ω 

4  4 of 28 17 0.2278Ω  1.5678Ω 

5 23 of 28 75 1.005Ω  2.345Ω 

Lastly, [228] performed an FEM analysis of magnetic field distribution in two IMs with two 

different core materials each having BRBs. In agreement with other researchers, the results 

showed that the magnetic field line distribution was distorted in the case of broken bars for 

both IMs. This was attributed to the increased current flowing from the broken bars into the 

adjacent bars. The breakage of the rotor bars resulted in high saturation around them and 

around the stator teeth, therefore a high magnetic flux asymmetry. However, when results of 

the magnetic flux density in the stator teeth were analysed for both motors with two broken bar 

(2BB) and five broken bar (5BB) compared to no broken bar (NBB), there was consistent 

reduction in the magnetic flux density as the number of broken bars increased despite the 

difference in core materials (see Table III and Table IV of [228] for data). Once again, the result 
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from this research validates these analyses previously carried out with magnetic flux density 

recorded for healthy being the higher and the single bar broken rotor having the magnetic flux 

of lower magnitude when compared as summarised in Table 4-7. 

4.9 Chapter Summary 

This chapter investigates the use of FBG-T sensor to reliably detect BRB fault condition. The 

FBG-T sensor has reliably detected the broken rotor condition when compared to the healthy 

condition, even after RTs. Despite the single broken bar fault emulated in two different forms, 

the FBG-T was consistent in performance when detecting the BRB condition. The ability of the 

FBG-T sensor to reliably detect the BRB condition offers huge and sufficient reliability index 

for its use in non-intrusive machine condition monitoring. Several mathematical, theoretical, 

and experimental derivations on broken rotor bar fault from previous published research 

outcomes have been used to validate results obtained from this research. 
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5. Chapter 5 

Inter-Turn Fault Detection 

ITSF is one of the widely known severe faults which can occur in any electric machine. To 

further deepen the understanding of the FBG-T sensing technique and its limitations, it is 

important to investigate its response under undesired dangerous machine conditions. This 

Chapter will investigate the use of the FBG-T sensor in detecting ITSF under various 

experimental test conditions and safety precautions. It will describe how the short circuit 

condition is emulated and how the test rig is set up. The FBG-T sensor performance will be 

analysed first between healthy and short circuit conditions, then for fault severity detection for 

the three different machine conditions viz: healthy, broken rotor and inter-turn short circuit. 

Stator Short Circuit Fault Detection Using FBG-T Sensor  

In this chapter FBG-T sensing performance in detecting a stator short circuit fault is 

investigated. It is particularly important to investigate the performance of the FBG-T sensor 

under ITSF condition because of how severe and dangerous such fault is in real life 

applications. ITSF can lead to malfunction of motors and even fire outbreak in some situations. 

Although similar experiments have been performed where FBG was intrusively and 

successfully used to detect short circuit faults (see Chapter 2), it is still novel to investigate 

non-intrusive technique using stray flux. Hence, it is relevant to test if the FBG-T would 

reproduce similar results. An understanding of whether the FBG-T sensor can detect such 

severe faults also boosts confidence in end user reliability as well as help researchers know 

the sensor limitations and consequently, how best to deploy these optical sensors. 

5.1 IM Conditions  

In this study, two distinctive machine conditions were emulated: the healthy condition and faulty 

condition with the latter providing ITSF. The ITSF was preferred to the inter-phase alternative 

due to the severity of the latter. A dedicated laboratory risk assessment was carried out to 

ensure that the faulty condition was emulated in a safely controlled manner and in a controlled 

environment. To allow for a near replica of a typical machine operating environment, the motor 

current rating on the VFD was intentionally increased and the overheat protection was disabled 

to avoid any trips. These settings were done in hindsight after the VFD had tripped on 

overcurrent and over-temperature during the initial test phase. 
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5.1.1 Healthy & Inter-turn Faulty Machines  

In order to emulate ITSF, some short strands of copper conductors were tightly inserted to 

make electrical connections between the turns within the same phase in different parts of the 

stator windings as shown in Figure 5-1 and Figure 5-2. The latter figure shows the healthy IM 

identical in size and ratings to the ones in the previous chapter. For a healthy IM, the total loss 

is given by:  

𝑃𝑡𝑜𝑡 = 𝑃1𝑐𝑢 + 𝑃2𝑐𝑢 + 𝑃𝑐𝑜𝑟𝑒 + 𝑃𝑚𝑒𝑐ℎ + 𝑃𝑠𝑡𝑟𝑎𝑦    (5.1) 

where P1cu and P2cu are the copper winding losses in the stator and rotor respectively, Pcore is 

the combined iron core loss due to eddy currents and magnetic hysteresis present in the core, 

Pmech is the mechanical loss mainly due to friction, and Pstray is the stray load loss. All these 

losses combine to generate heat physically within the motor. The copper winding losses are 

very much dependent on current flowing through the copper windings and the resistance of 

the winding and are given by: 

𝑃𝑥𝑐𝑢 =  𝐼𝑥𝑐𝑢
2 𝑅       (5.2) 

where x denotes the location of the copper winding, for example, 1 for stator and 2 for rotor. 

With the addition of a third set of strands between turns of each phase to emulate the short 

circuit condition, there will thus be additional copper winding loss, P3cu. Thus, for the faulty IM 

with ITSF, the total loss is given by: 

  

𝑃𝑡𝑜𝑡 = 𝑃1𝑐𝑢 + 𝑃2𝑐𝑢 + 𝑃3𝑐𝑢 + 𝑃𝑐𝑜𝑟𝑒 + 𝑃𝑚𝑒𝑐ℎ + 𝑃𝑠𝑡𝑟𝑎𝑦   (5.3) 

where 

 𝑃3𝑐𝑢 =  𝐼3𝑐𝑢
2 𝑅       (5.4) 

Due to increased amount of current flow because of more copper windings, it is expected that 

the inter-turn fault condition will generate more I2R losses in the form of heat. Depending on 

the quantity of heat within the machine, this should increase the heat on the periphery of the 

yoke which will be measured by the FBG-T sensor.  



 

126 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

 

Figure 5-1: Illustration of healthy (left) and ITSF stator windings (right)  

 

Figure 5-2: Emulating ITSF by inserting copper strands into stator winding 
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5.1.2 Set up and Results 

The test rig setup is identical to the one in the previous chapter for broken rotor condition 

except that the machine conditions are now different. The short circuit faulty IM is connected 

to the VFD and then coupled to the DC motor as load. The FBG-T sensor is in the transverse 

position at the DE of the motor with the centre of the rotor shaft acting as a reference. The 

FBG-T is then connected to the OSA, which is in turn connected to the PC with LabView where 

numerical data are collected and stored. Figure 5-3 shows the circuit schematic and test rig set 

up. 

 

Figure 5-3: Schematic and actual test rig set up for ITSF condition 
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The test was conducted at the same frequencies as the healthy motor in the previous chapter 

(5Hz-30Hz). Observations confirmed significant temperature rise in the case of the ITSF and 

a dramatic increase in braggshift accompanied by a set of rather near-normal magnetic flux 

readings for frequency between 5Hz and 15Hz. By 20Hz it was observed that both the 

temperature and magnetic flux had reduced unexpectedly developing some curiosity as to 

why. Table 5-1 summarises the result. 

Table 5-1: Data obtained for inter-turn short circuit machine condition 

Frequency (Hz) 
5 10 15 

20 

Burnt windings 
25 30 

RMS Flux density (µT) 1.63129 5.207296 9.335977 8.229172 - - 

Max Braggshift (pm) 
during operation 

290 530 645 40 - - 

Max Braggshift (pm) 
during 20 hours 

295 595 850 70 - - 

Mean Temperature (oC) 
during operation 

23.853846 24.77 26.069231 23.03077 - - 

Duration of operation 2 hours per frequency 

 

5.2 FBG-T Short Circuit Sensing Data Analysis & Discussion  

Large amounts of braggshifts are observed for the initial frequencies tested, which are 295pm, 

595pm and 850pm respectively as depicted in Figure 5-4, Figure 5-6 and Figure 5-7 for the initial 

5Hz, 10Hz and 15Hz frequencies tested. As can be seen, the noticeable large wavelength 

shifts are identical to the ones observed during the temperature calibrations (hundreds of pm) 

as shown in Figure 5-4. This initially suggests that they are largely due to the overtemperature 

caused by the increased I2R losses because of the ITSF. However, a more detailed analysis 

in section 5.3.2 showed that this was not the case. Particularly of interest, is the time it took for 

the FBG-T sensor to return to its initial wavelength as well as the magnitude of the change in 

temperature causing such large braggshifts. Unlike the case of the temperature calibration, 

these large braggshifts required several hours to return to their initial wavelength converse to 

the several minutes it took during the temperature calibration. This clearly justifies the presence 

of a magnetic field and its effect on the braggshift. It thus confirms that the braggshift is due to 

both the magnetic flux and the overtemperature caused by the ITSF condition as the result 

was consistent at all three frequencies, 5Hz, 10Hz and 15Hz.  
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Figure 5-4: Comparison between braggshifts due to temperature only and ITSF  

 

 
Figure 5-5: Stator windings before (healthy) and after ITSF (burnt) 

 
Figure 5-6: FBG-T response to ITSF - Reversible magnetisation trend with large braggshifts  
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The unexpected reduction in temperature and magnetic field strength necessitated the need 

to confirm whether the copper conductor strands were still in place, and whether the ITSF 

condition had been compromised. According to Faraday’s law of electromagnetic induction 

with which the IM works, induced electromotive force, e is proportional to the rate of change of 

flux given by: 

𝑒 =  −𝑁
𝑑𝜑

𝑑𝑡
        (5.5) 

where N is the number of turns and the magnetic flux, φ is a product of the magnetic field 

strength, B (in Tesla) and the cross-sectional area, A of the conductors. Thus, Equation 5.5 

can be rewritten as: 

𝑒 =  −𝑁
𝑑(𝐵𝐴)

𝑑𝑡
        (5.6) 

The thickness of the stator winding and thus its cross-sectional area, A is constant for this 

motor, thus it can be stated that the effective area contributing to the magnetic field strength is 

actually: 

𝐴𝑒𝑓𝑓 = 𝑁𝐴       (5.7) 

Rate of change of magnetic flux, dφ, thus can be written as: 

 

𝑑𝜑

𝑑𝑡
=  𝐴𝑒𝑓𝑓

𝑑𝐵

𝑑𝑡
        (5.8) 

This means then that for a change in magnetic flux, dφ to result in a corresponding change in 

magnetic flux density or magnetic field strength, dB, there must be a change in the effective 

cross-sectional area of the stator windings. In other words, although there are N number of 

turns, each turn in the winding must contribute to the overall magnetic field strength. Here, the 

rotor is a squirrel cage and the number of turns, N in the stator winding has not changed. To 

reduce the magnetic field strength, either the number of turns (N) must be reduced, or the 

effective cross-sectional area (Aeff) must be reduced. During the experiment, neither of these 

parameters have been intentionally reduced, instead, as the motor frequency was increased 

to 20Hz, the rate of change of magnetic flux should have increased as well. As earlier 

mentioned, it was observed that both the temperature and magnetic field strength had reduced 

unexpectedly. With a fixed number of turns, the only explanation would be a change in the 

effective cross-sectional area of the stator windings. This means that there has been a 

reduction in the number of windings that are contributing to the magnetic flux generated within 

the motor. This reduction is possible if some of the windings have burned out which means 
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they are having infinite resistance like an open circuit and thus, have become non-conducting 

and ineffective.  

This is possible because the resistance of the copper winding increases with temperature given 

by: 

𝑅𝑇 =  𝑅𝑟𝑚(1 + 𝛼∆𝑇)      (5.9) 

where RT and Rrm are the resistances of the winding at a new temperature and at room 

temperature respectively; ΔT is the change in temperature; and α is the thermal coefficient of 

resistance which is constant for each type of conductor (in this case, α = 0.004Ω/°C for copper). 

Having established earlier that the inter-turn would result in higher temperature in form of heat, 

it is not unexpected that the increase in temperature has led to an increase in the stator winding 

resistance. This has possibly resulted in a burn out of some parts of the winding leading to an 

overall reduction in the effective cross-sectional area of the stator winding. Thus, has led to a 

reduction in the magnetic field strength.  

After the motor was disassembled, it was observed that part of the stator winding had burnt 

out as suspected (Figure 5-5) which was the reason for the reduced temperature and magnetic 

flux as only a smaller number of conductors were carrying current (i.e., reduced Aeff). 

Therefore, the investigation was halted at this stage as the FBG-T sensor has proved to be 

very reliable in detecting such serious fault condition non-intrusively using stray flux. A repeat 

test was performed later with a smaller number of shorted copper strands, to avoid burning the 

stator windings on an identical machine and further substantiate this crucial observation. A plot 

of braggshift against frequency and magnetic flux (Figure 5-8) shows the large magnitude of 

the wavelength changes that has occurred due to the inter-turn fault as earlier explained. The 

figures also show the drastic increase in temperature with magnetic flux and the less drastic 

increase in magnetic flux with frequency. It is a well-known electrical principle that heat is the 

major outcome from a short circuit fault due to increased current flow and the slight increase 

in magnetic flux is owing to the slight increase in the number of conductors generating the flux.  
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Figure 5-7: Optical spectral response of FBG-T sensor under ITSF condition 

 

 

Figure 5-8: Variation of external magnetic flux density with frequency, temperature and braggshift under 
ITSF 
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5.3 Fault Severity Analysis without Auto data logger 

5.3.1 Healthy vs Inter-turn 

To detect the aberration from the healthy motor condition, data from both conditions were 

analysed in Table 5-2. Braggshifts observed with increase in frequency, and in turn magnetic 

flux, clearly showed a stark path between both motor conditions due to the severity of the inter-

turn fault. Whilst braggshifts were in the tens of pm for the healthy condition, they were in the 

hundreds of pm for the short circuit condition (Figure 5-9) which is a succinct feature 

fundamental to the use of FBG-T sensor in fault detection. The disparity between the intensity 

of the stray magnetic flux was not large as only a few turns of extra copper conductor strands 

were added to emulate the fault condition. Figure 5-9 shows a slight increase in the magnetic 

flux for the faulty condition compared to the healthy state, due to a slightly higher current 

producing the magnetic flux. However, the temperature difference was significant.  

Table 5-2: Comparison of braggshifts changes with temperature at different frequencies 

Frequency (Hz) Healthy Inter-turn Healthy  Inter-turn 

 Braggshifts (pm) ΔTemp. (°C) 

5 30 290 0.7615 3.3538 

10 50 530 0.5600 4.2700 

15 45 645 1.4692 5.5692 

 

Figure 5-9: Variation of frequency with braggshifts, external magnetic flux density and temperature 
under ITSF  
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5.3.2 Temperature calibration vs ITSF 

As earlier stated, there were similarities in the FBG-T sensor response to increase in 

temperature in terms the order of magnitude of braggshift in both the application of heat without 

the presence of a magnetic field during calibration, and the ITSF condition. Unlike the case of 

the temperature calibration, these large braggshifts required several hours to return to their 

initial wavelength converse to the several minutes it took during the temperature calibration as 

shown in Figure 5-10. A unique spectral observation when both data were analysed on the 

same plot is shown in Figure 5-11. 

 

Figure 5-10 Braggshifts during temperature calibration versus ITSF condition  

Although the temperature change for the absence of magnetic field was around 25.1°C before 

the FBG-T response could achieve a braggshift of 680pm; it took a temperature change of 

about 5.6°C to attain a braggshift of 645pm. This means that the inter-turn fault has caused 

some distortion in the magnetic flux property. This has significantly affected the behaviour of 

the magnetic dipoles, and hence the magnetostrictive behaviour of the terfenol-D which has 

been transferred to the FBG. This is important as it is not just the consequence of 

overtemperature that has been detected here, but much more than that. It is the combination 

of overtemperature and the distortion in the magnetic flux produced under a short circuit 

condition which has triggered an unambiguous and distinct response from the FBG-T sensor. 

This behaviour was consistent at all frequencies confirming that the large wavelength shifts 

detected are due to the ITSF and how it has distorted the magnetic flux. 
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Figure 5-11:  FBG-T response comparison between temperature calibration and ITSF condition 

 

The way the braggshift occurred spectrally also shows a distinct pattern at all temperature and 

frequencies as shown in Figure 5-11. Wavelength changes exclusively due to temperature 

were more dispersed compared to the gradual and more sustaining shifts due to magnetic flux 

distortion caused by the short circuit fault. It is indeed very interesting to note that such 

distortion in the past has been analysed by researchers using various techniques as 

highlighted in Chapter 2. However, this investigation does prove two crucial points. Firstly, that 

FBG-T optical sensor can detect magnetic field distortions caused by short circuit faults not 

just intrusively, but non-intrusively using stray flux in a very reliable manner. Recent research 

findings by [31], [43], [229] did submit that in-situ measurements obtained using FBGs 

contained simultaneous information on the examined rotor’s thermal and mechanical operating 

conditions. This in their opinion, provides a step forward in understanding the potential of FBG 

based rotor condition monitoring applications. Thus, the second crucial point here is that this 

experiment further confirms that FBG-T sensor does contain simultaneous information on 

thermal and electromagnetic operating conditions of the IM. Whilst the first point is novel, the 

second has been researched and corroborated in other experiments. This clearly justifies the 
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presence of a magnetic field and its effect on the braggshift. It thus confirms that the braggshift 

is due to both the magnetic flux and the overtemperature caused by the ITSF condition as the 

result was consistent at all three frequencies. 

5.3.3 Healthy vs Inter-turn vs Broken rotor damage 

Figure 5-12 corroborate the capability of the FBG-T sensor to reliably detect machine 

conditions and their severity. A BRB faulted motor yields a slightly higher braggshift compared 

to the healthy motor condition using FBG-T. When compared to the short circuit condition, the 

FBG-T produces a significantly higher braggshift which suggests that the latter condition is a 

more severe fault condition. This is an established understanding of machine faults (see 

Chapter 2). This is very reassuring as depending on application, industrial control systems can 

rely on such feature extraction as a fault detection signature to know when to plan maintenance 

activities or when to immediately take a machine out of service. This is to avoid further damage 

or even fire outbreak as is the case with most short circuit faults if no protection schemes are 

in place. Another feature extraction is the use of temperature as a fault signature. In this case, 

the temperature change for both rotor damage and healthy conditions were almost within the 

same range of less than 3°C when the motor was run at all the six frequencies. Temperature 

variations, though small, are mainly due to the surroundings rather than the machine condition. 

Therefore, the braggshifts recorded for both conditions were less than 100pm and were mainly 

because of the magnetic flux rather than temperature. It should be said that every motor will 

heat up normally but once running the change in temperature is reasonably constant provided 

the load on the motor stays the same which was the case during this investigation.  

On the other hand, inter-turn faults are known to result in overtemperature as earlier mentioned 

but in this case a temperature change of about 3.4°C and 5.6°C already produce braggshifts 

of about 290pm and 645pm at 5Hz and 15Hz respectively. These braggshifts were obtained 

at different times and days. It is clearly the case that temperature alone could not have caused 

such large braggshifts, given that the mean temperatures during the experiments were around 

23.9°C at 5Hz, 24.8°C at 10Hz and 26.1°C at 15Hz. The initial mean room temperature was 

20.7°C prior to starting the experiments. Though higher than the temperature under healthy 

condition which were 24.2°C, 23.96°C and 24.9°C at 5Hz, 10Hz and 15Hz respectively with an 

initial mean room temperature of 23.4°C; it is obvious that such massive braggshifts could not 

be attributed solely to temperature. Hence the FBG-T can be said to respond strongly to 

distortions in magnetic field behaviour even with stray flux.   
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Figure 5-12: Braggshifts with changes in frequency and temperature for fault severity detection  

5.4 Short Circuit Condition Monitoring with Auto Data Logger 

5.4.1 Test Conditions  

Figure 5-13 shows the three copper conductor strands that were used to emulate a short circuit 

fault in the IM. Earlier a similar test was performed but with more copper conductor strands 

which resulted in burnt stator windings following the over-riding of the built-in overcurrent 

protection in the VFD. In order to avoid a repeat of such damage, a smaller number of 

conductor strands was used to allow for testing over the entire test frequency range as this 

was not achievable previously, due to the damage to the motor. Motor was run from 5-30Hz 

with 5Hz interval as before but this time for the duration of four hours and turned off for 16 

hours per frequency to reduce sensor pre-stress levels.  
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Figure 5-13: Three copper strands used to emulate a short circuit fault condition 

 

5.4.2 Results & Discussion 

5.4.2.1 5Hz Frequency interval 

With a longer duration of operation, there was consistency in the behaviour of the FBG-T 

sensor with respect to braggshifts. The shift in wavelengths appear to rise and plateau within 

the four hours, and once the machine was turned off, further braggshifts were observed. The 

reason for this as explained earlier, is due to the paramagnetic characteristics of the terfenol-

D transducer. This further braggshifts tend to last for only several minutes as shown in Figure 

5-14 before a clear descent path back to the initial wavelength. The FBG-T behaviour 

described was observed when the motor was run at the different frequencies. Another key 

observation was that throughout the short circuit condition test, the FBG-T was observed to 

show less hysteresis when returning to its initial wavelength. This may be due to the spectral 

content of the stray magnetic flux as the other external factor (ambient temperature) which 

could affect the sensor was reasonably constant with minimal variation. It is worthy of mention 

that while this reduced hysteresis may be desired, it does not affect the use of the FBG-T 

sensor for fault detection because the underpinning principle of FBG sensing in general 

depends on the magnitude of braggshift. 
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Table 5-3: Data for ITSF using Auto Data Logger  

Frequency 
(Hz) 

0 5 10 15 20 25 30 

RMS Flux 
density (µT) 

0.1417  0.3414 1.3313 3.9901 8.4094 10.8951 11.5808 

Max 
Braggshift 
(pm) during 
operation 

0  160  165  205  230 240 250 

Max 
Braggshift 

(pm) during 20 
hours 

0  165  205  270  330 385 430 

∆Temp during 
operation 

(oC) 
0 3.1280 2.9520 3.9530 4.2340 4.9440 6.8460 

Duration of 
operation 

4 hours per frequency 

 

Figure 5-14: Braggshifts with time for entire frequency range at 5Hz interval under ITSF 

 

Figure 5-14 and Table 5-3 show that the order of magnitude of braggshift observed during 

ITSF condition are in hundreds of pm which is clearly very high. These large braggshifts were 

succinct in the optical spectra at different frequencies where the wavelength shifts increased 

with frequency as depicted in Figure 5-15. In theory it would be easy to associate the large 

braggshifts to the increase in magnetic flux density or temperature or a combination of both 

factors. From Table 5-3, Figure 5-14 and Figure 5-15 there is a direct but non-proportional 
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increase in braggshift with magnetic flux density as well as with maximum temperature change 

as frequency increased, which agrees with theory. However, when compared to corresponding 

values of magnetic flux density (Figure 5-16), the temperature changes in other machine 

conditions, and temperatures during sensor calibration in Chapter 3; it is difficult to convincingly 

suggest that only the amplitudes of these two measurands are responsible for such a large 

magnitude of braggshift. With the aid of the auto datalogger, the magnetic field obtained was 

later subjected to spectral analysis to further analyse its content.  

Temperature increase as a natural result of ITSF was observed with the maximum observable 

change at higher frequencies (Figure 5-17). When compared to the results obtained during 

temperature calibration of the FBG-T sensor where similar order of magnitude of braggshifts 

were observed, these maximum temperature changes are much smaller to be largely 

responsible for such wavelength shifts.  

 
Figure 5-15: FBG-T optical spectra for entire frequency range at 5Hz interval under ITSF 
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Figure 5-16: Variation of magnetic flux density with time for entire frequency range at 5Hz interval under 
ITSF 

 

 

Figure 5-17: Temperature variation with time for entire frequency range at 5Hz interval under ITSF 
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Figure 5-18: Variation of magnetic flux density and temperature with motor test frequencies 

 

Figure 5-18 summarises the observations from the ITSF FBG-T condition monitoring test with 

large braggshifts in hundreds of pm which increased in magnitude as frequency of the motor 

was increased. At higher frequencies, the motor was made to do more work leading to higher 

temperature changes in addition to the shorted stator turns. The magnetic flux density though 

higher for larger braggshifts in terms of amplitude; its spectral content is partly responsible for 

the drastic and obvious FBG-T response to the ITSF condition. This will be further explained 

during severity analysis later in this chapter.  

5.5 Faulty Severity Analysis with Data logger 

5.5.1 Healthy vs Inter-turn 

5.5.1.1 5Hz Frequency interval 

Figure 5-19 results serve two purposes: first, to help explain observations from the test in 

relation to specifically identifying ITSF; and secondly to prove experimental reproducible 

evidence of the reliability of the use of FBG-T sensor for ITSF detection using stray flux. 

Compared to the healthy condition where braggshifts were barely just over 50pm irrespective 

of the frequency at which the motor is run; under ITSF condition, the braggshifts are well over 

100pm even up to over 400pm. In fact, the braggshift directly responded to the change in the 

motor frequency. This was identical to the earlier observed results in Figure 5-8 when there 

were a greater number of shorted turns that burnt the stator winding initially. Though the 
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experiment was halted after the motor damage incident, the trajectory for the both the healthy 

and the inter-turn conditions in the two tests are identical and clear in the accuracy of the FBG-

T sensor to detect the short circuit faulty condition. 

 

Figure 5-19: Braggshifts with changes in frequency and temperature for ITSF detection 

The magnetic flux densities measured in both tests were of similar range as well and when 

compared with the frequency range, showed an increase in amplitude as motor frequency 

increased (see Figure 5-19 and Figure 5-9). Considering the magnitude of the stray flux is in μT 

range, the difference in flux densities between successive frequencies was less than 5μT 

which is small to cause such large braggshifts. When compared to the healthy condition, the 

magnitude of the flux density of both healthy and inter-turn fault conditions where in the same 

range with increasing difference between corresponding values as frequency increased. For 

example, at 10Hz the difference in magnetic flux density between healthy and inter-turn 

conditions was about 0.145μT whereas at 20Hz and 30Hz, the same difference was about 

3.13μT and 4.16μT respectively. Same observation was made previously with a greater 

number of shorted turns and less operating time. With respect to the maximum temperature 

change observed in both reduced and higher number of turns, the results were identical. As 

expected, due to the short circuit the maximum observed temperature changes increased as 
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frequency increased as the motor is made to do more work. Due to the difference in the number 

of turns in both tests, the temperature changes were slightly different. For instance, at 15Hz a 

maximum temperature change of 3.953°C was observed for the test with a smaller number of 

turns compared to 5.5692°C for the greater number of turns. This is expected due to more I2R 

losses in the latter test. When compared to the healthy machine state, identical results in both 

tests showed that the maximum temperature change was always less than 1.7°C across all 

the individual motor frequency of operation. This is still lower than the lowest temperature 

change observed under short circuit condition for both tests in Figure 5-19 and Figure 5-9. 

Another observation was that unlike in healthy state where there was no evidence of a direct 

relationship between temperature variation across operating frequencies; there was a clear 

and direct proportionality for the short circuit condition. As the motor frequency increased, the 

temperature also increased again due to the additional short circuit I2R losses which increased 

with loading on a motor.  

5.5.2 Healthy vs Broken Rotor vs Inter-turn 

5.5.2.1 5Hz Frequency interval 

To analyse FBG-T performance in discriminating fault and identifying fault severity level, Table 

5-4 combines the results from each test condition and Figure 5-20 pictorially analyses the 

results in the table. 

Table 5-4: Comparison of braggshifts changes with temperature and magnetic flux density at different 
frequencies 

Frequency 

(Hz) 

Healthy Broken rotor  Inter-turn Healthy Broken 

rotor 

Inter-turn 

 Braggshifts (pm) ΔTemp. (°C) 

5 70 125 165 1.6910 0.5340 3.1280 

10 55 90 205 1.2730 0.4170 2.9520 

15 60 90 270 1.2300 0.3400 3.9530 

20 50 90 330 1.1910 0.3240 4.2340 

25 55 105 385 1.3080 0.5380 4.9440 

30 55 90 430 1.4910 0.5340 6.8460 

Magnetic flux density  

5 0.468905 0.2284 0.3414 

(μT) 

10 1.186085 0.7428 1.3313 

15 2.614542 2.1804 3.9901 

20 5.280447 4.4652 8.4094 

25 6.922083 5.7436 10.8951 

30 7.423125 6.0265 11.5808 
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The FBG-T sensor reliably and accurately detected the different faults despite the hysteresis 

nature of the magnetostrictive element of the sensor. The order of magnitude for each machine 

condition was different and consistent. Healthy machine and broken rotor conditions both have 

braggshifts in the tens of pm range. However, the latter has consistently higher values closer 

to the 100pm marks compared to the healthy which has consistently mid-hundred range. The 

slight but consistent increase in braggshift for broken rotor compared to healthy condition was 

observed across each individual motor frequency. The more severe inter-turn fault has 

braggshifts in a different and higher order of magnitude than both broken rotor and healthy 

conditions which can reliably serve as a crucial fault indicator for operations and maintenance 

of electric machines. With respect to the magnetic flux densities, there was a general increase 

in magnitude with the increase in the effective number of turns contributing to the generation 

of the flux inside the machine. This is in line with theory, as increase in the number of turns 

leads to increase in the generated magnetic flux. Thus, the broken rotor condition was 

observed to have the lowest magnitudes since it had the least number of turns compared to 

the healthy state. The inter-turn condition had more turns than the healthy state, and hence 

higher magnitudes of stray magnetic flux. Temperature within any machine will also increase 

with increase in the number of turns due to I2R losses. As expected across the different motor 

frequency range, the broken rotor condition having the lowest number of turns experienced the 

least amount of temperature change. The BRB condition recorded a maximum of just over 

0.5°C compared to healthy state with a maximum temperature change of less than 1.7°C. The 

short circuit condition experienced the highest temperature change of just below 7°C as 

expected but when compared to higher values temperature values obtained during 

temperature calibration of the sensor, it begs the questions: could there be a different factor 

responsible for such large braggshifts other than temperature?  

Since the stray magnetic field and temperature are the two dominant factors that could be 

responsible for braggshifts in this experiment and their magnitudes have been observed; then 

the other factor left to be considered is the nature of the magnetic field itself i.e., its spectral 

content. In Chapter 3 during magnetic flux calibration, it was observed that the FBG-T response 

to DC magnetic field was straightforward in that, it did not exhibit any further braggshift once 

the field was removed, and it returned to its initial wavelength within minutes. This difference 

in sensor response is clearly due to the nature of the magnetic flux in this case, AC or DC. 

Thus, it is justifiable to consider analysing the frequency content of the AC stray flux as this is 

the remaining factor yet to be analysed, which can confirm the significant difference in 

response for inter-turn fault compared to broken rotor and healthy conditions.   
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Figure 5-20: Variation of magnetic flux, frequency and maximum temperature with braggshifts for fault 
severity detection (5Hz interval)  

Figure 5-21 shows the spectral content of the stray magnetic flux at each motor frequency 

under healthy, broken rotor and short circuit conditions. Data obtained from the auto data 

logger was again exported to MATLAB to perform FFT spectral analysis. FFT on the stray flux 

revealed a significant difference in spectral content but consistency in such differences as well. 

For instance, when the motor is run at odd frequencies (5Hz, 15Hz and 25Hz), the stray flux 

under broken rotor condition consistently showed significant variation in its time varying 

amplitude compared to variations observed when motor was run at even frequencies (10, 20 

and 30Hz). This behaviour may be due to forced vibration characteristics of the motor at odd 

frequencies compared to even frequencies which would require vibration analysis which is 

beyond the scope of this work. Despite this observation, there is no evidence that this time 

varying amplitude characteristic influenced the FBG-T sensor capability to distinguish between 

the machine conditions. The harmonic spectrum of the stray magnetic flux further revealed that 

as the motor was run at a higher frequency, the bandwidth of its frequency spectrum increased. 

For each motor frequency, there appear to be a specific harmonic component that was unique 

compared to the other harmonic components and this unique frequency was different for each 

motor condition even at the same operating frequency.  
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Figure 5-21: FFT Spectral analyses on the stray magnetic field under various machine conditions 

For instance, at 20Hz the unique harmonic component for the healthy condition was 1.3kHz, 

whereas for broken rotor and inter-turn conditions, the unique harmonic components were 

1.05kHz and 2kHz respectively. At 30Hz the unique harmonic component for healthy, broken 

rotor and inter-turn conditions were 1.8kHz, 1.45kHz and 2.7kHz. Although the unique 

harmonic component did vary under the different machine conditions, there was consistency 
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in the pattern of such variations across each of the entire motor operating frequency range. It 

was observed that the unique harmonic components for healthy condition was always higher 

than the corresponding values for broken rotor condition, while the highest values of harmonic 

components were consistently observed to be under the ITSF condition. The only exception to 

this observation was at 5Hz where the unique harmonic component was highest for the healthy 

condition followed by the inter-turn and then the broken rotor. This is particularly significant as 

it helps explain the unusually high braggshift observed at 5Hz, despite the magnetic flux 

density amplitude and maximum temperature change remaining within the expected ranges of 

0.468905μT and 0.5340°C respectively. For healthy motor condition with such values, the 

expected braggshift based on other observed responses should be mid-50s or lower but 

unusually, a 70pm braggshift was observed without any corresponding increase in the 

magnetic flux amplitude or temperature change. There is clear evidence that the unique 

harmonic component plays a role in addition to amplitude of the stray magnetic flux in 

explaining the magnetostrictive behaviour of the terfenol-D. This thus, explains the very large 

braggshifts for inter-turn fault condition in addition to the effects of higher amplitudes of 

magnetic flux and temperature changes. 

5.5 ITSF Results Compared with other Theoretical and Analytical 

Derivations 

Most of the machine faults that have been previously studied focussed on main air gap flux 

and very little research is based on the stray flux. As earlier described in Chapter 2, the 

magnitude of the stray flux is directly proportional to the magnitude of the main air gap flux, 

with an attenuation proportionality constant. Experimental results from previous works show 

that the addition of extra turns of windings to emulate short circuit within the stator does result 

in an increase in current. An increase in current clearly implies an increase in the amount of 

main air gap flux which is in turn proportional to the stray flux. In [230], varying amount of extra 

windings were added to a 4kW, three phase PMSM to create ITSFs. To explore the influence 

of fault intensity on the short circuit current, the PMSM was short-circuited by 1 to 5 turns, and 

the fault intensity σ was graded from 3.33% to 16.67% correspondingly for different fault 

resistances. Both simulation and calculation results obtained for the short circuit current with 

different fault intensities as shown in Table 5-5 and Table 5-6 where R1turn is the resistance 

of one turn.  
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Table 5-5: Amplitude of Short Circuit Current with Different Fault Intensities, with extra turns 
RF=100R1TURN [230] 
Fault intensities (%)  Simulation result(A)  Calculation result(A)  

3.33  20.52  19.68 

6.66  31.3 29.61 

9.99  41.67 39.29 

13.33  51.55 48.62 

16.65  60.82 57.5 

 
Table 5-6: Amplitude of Short Circuit Current with Different Fault Intensities, No extra turns RF=R1TURN 

[230] 

Fault intensities (%)  Simulation result(A)  Calculation result(A)  

3.33  546.8  512.5 

6.66  595.4  568.6 

9.99  519.6  498.9 

13.33  436.6  418.3 

16.65  368.2  352.3 

 
As was reported, results here confirmed increase in current with increase in shorted turns 

which consequently results in increase in the magnetic flux. With no extra turns RF=R1TURN, 

there was a decrease in current for both simulation and calculation (Table 5-6). [230] did agree 

from experimental and analytical evidence that short circuit current, Is affects magnetic field 

distribution in stator and makes impacts on performance of the machine. This validates similar 

results obtained during the same ITSF experiments conducted during this research as shown 

in Table 5-1and Table 5-3 with and without the auto datalogger. The magnitude of the stray 

flux increased with increase in number of turns between both tests as well as with increase in 

frequency during each test. Heat rise due to fault winding resistances was also observed 

though not adequately studied in their report [230]. In a similar FEM study of inter-turn short 

circuits in IMs by [231], an increase in the rms value of the magnetic flux density of the machine 

with ITSF compared to the healthy motor was observed. The increase or variation in the 

magnetic flux density was attributed to increase in the machine’s supply current due to 

increasing amplitude of the third harmonic in this case. Harmonics of hundreds of Hz were 

observed and conclusions were made that actual motor and simulations confirmed that 

harmonics affected the behaviour of the magnetic flux and current, in the presence of an inter-

turn fault. This again confirms the outcomes of this research as results agree with those 

obtained from [231]. 

In a more closely related work, [232] sensed the external stray magnetic field outside the motor 

stator yoke under ITSF condition using proprietary TMR sensors for a surface-mounted PMSM 

(SPMSM). What makes this work interesting is that the motor was run at different speed (in 
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revolution per minutes, rpm) and load conditions. Results confirmed that the higher the motor 

speed (rpm) the higher the rms fault current the motor produces. Motor was run at 150rpm and 

300rpm with and without load and results showed that the fault currents produced by the inter-

turn short circuit at 300rpm with and without load were higher than those produced by 150rpm 

with and without load. This is really significant because the research in this work involves 

running the motors at different speeds and the results obtained in [232] agree with the 

experimental results in this research. Increase in speed results in higher fault currents, which 

in turn results in higher magnitudes of both air gap flux and stray flux as shown in Table 5-1and 

Table 5-3. 

[233] reported that there was good agreement with simulations results from their models with 

other studies, and when compared with experiment carried out on a specially wound 2 hp IM 

with taps to allow different number of turns to be shorted. Using various analytical models, 

results obtained summarised in Table 5-7 confirms that an increase in the number of shorted 

turns will cause an increase fault current. This as earlier explained, will increase the air gap 

flux and in turn the stray flux. This in in agreement with the experimental results obtained in 

this work as mentioned previously, especially when the number of turns was reduced, and the 

test repeated at the same frequencies. From Table 5-1and Table 5-3, with more number of 

shorted turns at 5Hz, 10Hz and 15Hz, the resulting stray flux were respectively 1.63129µT, 

5.207296µT and 9.335977µT; compared to 0.3414µT, 1.3313µT and 3.9901µT respectively at 

the same frequencies with less number of shorted turns. Thus, it is evident that results obtained 

in this work agree with those from previous research where analytical, theoretical, and 

experimental derivations have been used to prove the consistent behaviour of ITSF conditions 

in various electrical motors. 

 

Table 5-7: Experimental and simulation results for different numbers of shorted turns with short circuit 
current limited externally [233] 

n Experimental result Simulation result 

In (mA) Ir,ext (A) In (mA) Ir,ext (A) 

1  4  2.7 5.6 2.9 

2  15  5.3 16 5.6 

3  30  8.98 31.4 8.1 

4  54  10 48.5 10.2 
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5.6 Chapter Summary 

FBG-T sensing reliability and accuracy has been tested under healthy, broken rotor and short 

circuit machine conditions. It is evident that the FBG-T sensor can reliably and accurately 

monitor the condition of the machines. It unambiguously detected the short circuit fault 

condition with succinct braggshifts observable via the pre-analysed sensor’s optical spectra as 

well as post-analysed plots of braggshifts variation with time, frequency, and temperature. For 

broken rotor conditions, braggshifts tend to be within the same order of magnitude although 

with higher values across most frequencies compared to values observed when machine is 

under healthy condition. The difference in magnitude between observed external magnetic flux 

density for all conditions agrees with theoretical expectations with higher flux densities under 

short circuit fault condition due to a greater number of turns.; Lower flux values observed for 

broken rotor conditions were due to reduced rotor windings relative to the values obtained 

when the motor is healthy. However, the magnitude of these flux densities is not enormously 

large to cause such significant braggshifts especially for the short circuit condition. Through 

FFT spectral analyses of the stray magnetic flux at each operating frequency, there was 

evidence that a unique harmonic component identifiable under different machine conditions, 

contributed to the magnetostrictive behaviour of the terfenol-D transducer responsible for the 

braggshifts observed. Particularly for ITSF, there were higher amplitudes of stray flux and 

temperature changes which were not convincingly sufficient to solely cause such large 

braggshifts. However, after spectral analyses of the stray flux, there is now evidence that three 

factors contribute to such large braggshifts viz: amplitude and harmonic spectrum of the stray 

flux as well as temperature. Several mathematical, theoretical and experimental derivations on 

ITSF from previous published research outcomes have been used to validate results obtained 

from this research. 
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6. Chapter 6 

Conclusion 

Terfenol-D is widely known to exhibit large hysteresis behaviour, but this has not prevented its 

use in many sensor applications. Understanding the impact of hysteresis on the FBG-T sensor 

due to its terfenol-D part is important for optimising sensor performance. This Chapter will 

discuss the impact of hysteresis on FBG-T sensor performance and briefly analyse results 

from RTs carried out to further understand any limitations that the FBG-T may inherently 

possess. The research work is then summarised with discussions regarding what could have 

been done and what further work can be done in future. 

6.1 Hysteresis Effect on FBG-T Stray Flux Sensing 

Throughout this experimental investigation, results obtained have consistently showed 

hysteresis and non-linearity as two characteristics of the FBG-T sensor that can affect its 

performance like any other conventional sensor. Within the scope of condition monitoring and 

fault detection, both characteristics have not affected the FBG-T accuracy and reliability in 

distinguishing between different kinds of faults even with repeated tests using manual and auto 

data logging instruments. In cases such as discriminating between fault types: broken rotor 

versus inter-turn faults, a complementary feature extraction is said to be optimal. This is 

because the optical spectra provided a vivid picture of large amounts of braggshifts with a 

confirmatory time varying braggshift plots of the ITSF condition. Several other plots have been 

used to provide and further analyse results with the FBG-T sensor performing as expected 

each time during the investigation except for the varying degree of hysteresis each time the 

sensor resets. To investigate whether the different degrees of hysteresis would change the 

order of magnitude of the expected braggshifts, three RTs have been performed for the 

condition monitoring of the healthy IM. 

6.2 Reproducibility Tests (RT)  

From Error! Reference source not found. and Figure 6-1 the FBG-T sensor shows significant 

levels of nonlinearity in the braggshifts observed across all three tests. The temperature 

changes during each test were less than 2oC, thus such small variations in temperature would 

not have significantly contributed to the nonlinear results obtained. The negligible impact of 

temperature is confirmed because the tests which recorded the highest temperature change 

did not actually record the highest braggshift. For example, during RT1, the highest 

temperature change of 1.46°C was recorded at 25Hz with a maximum braggshift of 65pm; 

whereas the maximum braggshift of 90pm during RT1 occurred at 5Hz where the highest 
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temperature change of 1.37°C was observed. During RT2 a similar observation was made 

where at 30Hz with a maximum temperature change of 1.02°C a 70pm braggshift was 

observed; whereas at 5Hz a higher maximum braggshift of 75pm was observed despite the 

highest temperature change being 0.05°C which is small. During RT3, for a maximum 

temperature change of 1.57°C, a maximum braggshift of 50pm was recorded at 15Hz, whereas 

for a temperature change of 0.32°C a maximum braggshift of 65pm was recorded. There 

appear to be no evident correlation of the maximum temperature changes during the test and 

the FBG-T braggshift response. The other reason for such nonlinearity is due to hysteresis as 

the FBG-T sensor did not always return fully to its initial wavelength. This suggests that the 

terfenol-D may not have been in the same initial magnetisation state as the previous test 

frequency before a new test is carried out. This means at the end of each test the magnetic 

dipoles may have different magnetisation status or orientation before they are exposed to a 

different stray flux with different characteristics due to change in frequency, and thus would not 

produce the same braggshifts. 

 

Table 6-1: RT1 (-), RT2 (-) and RT3 (-) for healthy induction motor 
Frequency (Hz) 5 10 15 20 25 30 

Max Braggshift (pm) during 
4hr ON operation 

90 65 40 45 45 25 

70 60 50 35 40 45 

55 50 50 70 70 40 

Max Braggshift (pm) during 
20 hours OFF 

90 75 55 65 65 50 

75 75 65 55 60 70 

55 55 50 85 80 65 

Mean FBG-T Temp (°C) 

22.41803 22.35181 22.30601 22.31958 22.24995 22.22310 

22.47015 22.35674 22.39681 22.31017 22.24732 22.27890 

22.44053 22.36041 22.29699 22.32481 22.27951 22.31825 

Mean Room Temp (°C) 

23.78461 23.75217 23.73075 23.73334 23.71194 22.69940 

22.52319 22.55988 22.59024 23.13965 23.23244 23.30260 

23.72038 23.66973 23.86870 23.68685 23.63166 21.99553 

Max temp Change ∆T (°C) 

1.36658 1.40036 1.42474 1.41376 1.46199 0.4763 

0.05304 0.20314 0.19343 0.82948 0.98512 1.0237 

1.27985 1.30932 1.57171 1.36204 1.35215 0.32272 

Complete Duration 24 hours 

 

Figure 6-2 mostly show consistent sensor behaviour in terms of gradual increase in braggshifts 

up to some maximum and plateau until the stray flux is removed. 
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Figure 6-1: Comparison of braggshifts with frequency and maximum temperature change during FBG-T RTs 

Then a small further increase in braggshift owing to residual magnetisation before the 

downward journey back to its original wavelength due to reversible magnetisation experienced 

by terfenol-D. The inability for the FBG-T response to make it to the initial wavelength has been 

explained earlier in previous chapters and referenced sources, as mainly due to the hysteresis 

behaviour of terfenol-D which is transferred to the FBG. During RT1, the FBG-T only made it 

to its initial wavelength and rested there at 15Hz motor frequency. During RT2, the FBG-T 

successfully reset to its initial wavelength at 15Hz, 20Hz and 30Hz; while during RT3 complete 

return to initial wavelength only occurred at 30Hz with large anomalies observed 25Hz 

signifying a large degree of hysteresis. As a sensor, while such characteristics is not desirable, 

terfenol-D continues to be used as a magnetostrictive sensor in industrial applications despite 

its nonlinear and large hysteresis features. This is because it is the understanding of its 

limitations and operating characteristics that allows its use in a reliable and accurate manner. 

One factor that have played a role in revealing significant levels of nonlinearity and hysteresis 

in certain time more than others is the time gap between tests. The sensor was used 

continuously for two years at different intervals – in most cases between consecutive days, 

whereas in other cases several days or even weeks between tests during which the pre-stress 

magnetisation level of the terfenol-D is different. For example, when tests were conducted after 

several days or weeks the FBG-T sensor was observed to react more slowly which could be 

due to the inertial magnetic states of the magnetic dipoles, compared to when a test is 

performed the next day. The optical spectra for RT1, RT2 and RT3 looked very similar to those 

obtained in pervious chapters and did not provide any additional information except the 

confirmation of the braggshifts due to the FBG-T response to the presence of stray flux.  
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Figure 6-2: Time varying braggshifts observed during RT1, RT2 and RT3  
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6.3 Summary and Recommendations for future work 

6.3.1 Summary 

This thesis was aimed at investigating whether a composite sensor made from terfenol-D 

bonded to FBG could non-invasively utilise externally available stray flux (µT range) from an 

IM to monitor its condition and detect fault(s). An introduction of the entire work and its research 

significance have been provided in Chapter 1 including the aim, objectives and key 

achievements of this research. A detailed and critical review of common electric machines 

faults and existing fault detection techniques including an in-depth review of optical fibre fault 

detection technique have been covered in Chapter 2. Chapter 3 comprehensively described 

the underpinning principle of FBGs and explains the phenomenon of magnetostriction as well 

as the characteristics of terfenol-D. This chapter also presents the methodology of the entire 

research including step-by-step procedure for experimental test rig(s) set up, calibrations and 

optimal sensor positioning. In Chapter 4 and 5, the use of the FBG-T sensor in monitoring and 

detecting different machines conditions have been demonstrated. Whilst Chapter 4 analysed 

the BRB fault condition, Chapter 5 did analyse a more dangerous ITSF condition under safe 

and risk assessed laboratory environment. Each chapter in turn described how each condition 

was emulated and FBG-T sensor performance was comparatively analysed between and 

amongst all fault conditions. The effect of hysteresis on the performance of the FBG-T sensor 

was finally analysed via RTs detailed in Chapter 6 with recommendations for future work 

provided. 

6.3.2 Conclusion 

This research set out to achieve some six main objectives which have all been satisfactorily 

achieved. A thorough and comprehensive review of the different faults that commonly occur in 

electric machines, their causes and fault detection techniques has been undertaken. As part 

of this review process, it was found out that based on the current state of the art, optical sensors 

especially FBGs have only been applied intrusively in electric machine condition monitoring 

and fault detection research. This made this research even more significant as stray flux was 

yet to be used with FBG technology hitherto. This research has shown through several 

experiments, the proof-of-concept that the FBG-T sensor can capture stray flux in the µT range 

and respond to it reliably and accurately. A composite sensor has been successfully fabricated 

using a cyanoacrylate adhesive to bond a magnetostrictive transducer, terfenol-D on to an 

FBG on a standard optical fibre. Following the FBG-T fabrication, successful investigation into 

understanding how such a sensor can be best used to sense stray flux from an IM and whether 

the amplitude of the stray flux is strong enough has been carried out. Not only has the FBG-T 
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sensor detected the stray flux, but it has also utilised this measurand to determine various 

machine conditions. During this investigative research, the optimal sensor positioning was 

empirically determined to be the transverse position just above the DE of the IM relative to the 

rotor shaft.  

Non-invasive condition monitoring was achieved in this experiment-based research where the 

FBG-T sensor utilised stray flux to monitor and output different machine conditions with distinct 

spectral observations for different kinds of faults. Amongst the machine conditions tested were 

healthy, BRB and ITSF conditions. The sensor provided more information about each condition 

of the machine with the most unambiguous being the ITSF condition. When compared to the 

healthy condition, the FBG-T showed reliable and accurate pre-processed optical braggshift 

spectral response as well as post-processed time varying braggshift response. This was 

evident in all repeated tests with and without the auto data logger. The auto data logger was 

later used to acquire the stray flux signal for harmonic analysis to further understand how the 

sensor was able to do this. For broken rotor condition, the FBG-T sensor was again accurate 

and reliable in detecting this condition when compared to the healthy state. By analysing and 

further investigating initial results, the research revealed substantial evidence that the factors 

responsible for braggshifts were beyond the magnitude of the stray flux as expected based on 

theory. The research showed that the spectral components of the stray flux (i.e., its harmonic 

content) affected how the magnetic dipoles of the magnetostrictive material responded, which 

resulted in the micro-strains that were observed as braggshifts on the optical spectrum(s). In 

conclusion, the FBG-T sensor response to the stray flux produced under each machine 

condition depended largely on the movement of the magnetic dipoles of the terfenol-D 

transducer. Such movement was consistently observed to be reversible i.e., reversible 

magnetisation which is because of the small amplitudes of the stray flux. Although physicists 

have not been able to explain this movement which can be unpredictable, it was evident from 

experimental results that the nature of the magnetic flux causing the magnetostriction played 

a significant role in the motion of these dipoles. Having analysed the amplitudes of the stray 

flux under different test conditions, there was no doubt that the amplitude on its own was not 

responsible for the motion of the magnetic dipoles of the terfenol-D. This led to further 

investigation of the harmonic content of the stray flux which showed that each machine 

condition did indeed produce a stray flux of unique spectral content responsible in part for the 

motion of the magnetic dipoles of the terfenol-D. This translated into corresponding braggshifts 

that were also analysed for each test. 

Finally, the research was able to show that the FBG-T sensor was able to detect two forms of 

the same single broken rotor fault by giving similar responses for both single holed single BRB 

and five-holed single BRB. The FBG-T was also able to distinguish healthy, broken rotor and 
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short circuit conditions. It is worthy of mention that despite the large hysteresis and non-

linearity that characterise terfenol-D as an alloy, these characteristics have not compromised 

the reliability and accuracy of the composite FBG-T sensor for this machine condition 

monitoring application. It is important to highlight that there was no degradation of the sensor 

characteristics during the entire two years of installation and testing repeatedly carried out. 

6.3.3 Future work 

In this work, two major fault conditions have been experimented with FBG-T. More machine 

fault conditions can be tested in future to analyse how the FBG-T would respond. Tests can 

be extended to different machine types and sizes as well such as PMSMs, various reluctance 

machine types, etc - to investigate whether increased or reduced amplitudes of stray flux would 

have significant impact on the braggshifts. These investigations will also further determine how 

big a role the harmonic spectral content plays in the FBG-T response when distinguishing 

various machine conditions. Will changing the type of FBG affect the sensor performance and 

how? Testing the FBG-T with other non-uniform gratings such as long period gratings with 

terfenol-D (LPG-T) to investigate whether different grating types would respond better to 

different machine conditions or even identical conditions with different severity levels. This has 

the potential of developing an integrated FBG-T sensor whose response takes advantage of 

the multiplexing capability of the optical fibre. One of the limitations of this work is the available 

resources to perform experiments as due to lack of a controlled temperature chamber, an 

improvised heat source was used which could have introduced some error in the temperature 

sensitivity obtained. Over the course of the experiment, results repeatedly showed that 

temperature changes were not large enough to cause error in the results. However, it will be 

useful to perform a temperature calibration using a controlled temperature chamber to further 

minimise any errors and compensate better in future. 

Another difficulty was the unavailability of finite element models (FEM) for FBG-T sensor as 

there is very little work done in this area and only experimental research has been carried out 

even for the intrusive monitoring. Efforts were made to work with Photonics experts to develop 

a model but there seem to be little or no expertise in cross-modelling FBG in Photonics with 

terfenol-D in Material Science fields which will be very useful for future work. As part of the 

future work, a severity level experiment can be conducted for BRB fault, where different 

number of rotor bars are damaged. The same should be separately performed for ITSF using 

different number of turns to cause the short circuit. The FBG-T sensor response to BRB and 

ITSF severity levels will show its accuracy and reliability in detecting faults of the same type 

with different severity levels.  Despite any limitations of the FBG-T sensor, its unique and 



 

159 

B.P. Alalibo, PhD Thesis, Aston University 2021. 

 

succinct response to ITSF was undoubtedly evident with high repeatability index both 

spectrally and its time varying braggshift response.  

Another future work would be to investigate the spectral content of the stray flux using higher 

resolution equipment with smaller sampling time (0.01 – 0.1s) as this was a limitation of the 

auto datalogger. The auto data logger had a minimum sampling time of 0.5 seconds and thus 

finer details of the harmonic spectrum of the stray flux at each frequency was not possible. 

With a much higher sampling time, the amplitudes of each harmonic can be more thoroughly 

analysed to further understand the role of the unique harmonic content in the magnetostrictive 

behaviour of the terfenol-D transducer. This can also help in the multi-physical modelling of 

the FBG-T sensor since magnetostriction continues to be a challenge for physicists to 

accurately model and predict, given that the phenomenon is of microscopic particle origin 

occurring within the magnetic domain of materials. Although optical fibre on its own is immune 

to EMI, its dependence on the magnetostrictive transducer in the composite FBG-T sensor 

makes the sensor susceptible to EMI. Thus, when using it, this should be borne in mind to 

minimise error. However, this is particularly to avoid inaccuracies for less severe machine 

conditions such as broken rotor, whereas for short circuit, the FBG-T can be relied upon to 

quickly detect such serious faults within the machine as this research as proved.  
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