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Abstract 

The development of various topologies and configurations of axial-flux permanent 

magnet machine has spurred its use for electromechanical energy conversion in several 

applications. As it becomes increasingly deployed, effective condition monitoring built 

on reliable and accurate fault detection techniques is needed to ensure its engineering 

integrity. Unlike induction machine which has been rigorously investigated for faults, 

axial-flux permanent magnet machine has not. Thus in this thesis, axial-flux permanent 

magnet machine is investigated under faulty conditions. Common faults associated 

with it namely; static eccentricity and interturn short circuit are modelled, and 

detection techniques are established. The modelling forms a basis for; developing a 

platform for precise fault replication on a developed experimental test-rig, predicting 

and analysing fault signatures using both finite element analysis and experimental 

analysis. 

In the detection, the motor current signature analysis, vibration analysis and 

electrical impedance spectroscopy are applied. Attention is paid to fault-feature 

extraction and fault discrimination. Using both frequency and time-frequency 

techniques, features are tracked in the line current under steady-state and transient 

conditions respectively. Results obtained provide rich information on the pattern of 

fault harmonics. Parametric spectral estimation is also explored as an alternative to the 

Fourier transform in the steady-state analysis of faulty conditions. It is found to be as 

effective as the Fourier transform and more amenable to short signal-measurement 

duration. Vibration analysis is applied in the detection of eccentricities; its efficacy in 

fault detection is hinged on proper determination of vibratory frequencies and 

quantification of corresponding tones. This is achieved using analytical formulations 

and signal processing techniques.  

Furthermore, the developed fault model is used to assess the influence of cogging 

torque minimization techniques and rotor topologies in axial-flux permanent magnet 
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machine on current signal in the presence of static eccentricity. The double-sided 

topology is found to be tolerant to the presence of static eccentricity unlike the single-

sided topology due to the opposing effect of the resulting asymmetrical properties of 

the airgap. The cogging torque minimization techniques do not impair on the 

established fault detection technique in the single-sided topology. By applying 

electrical broadband impedance spectroscopy, interturn faults are diagnosed; a high 

frequency winding model is developed to analyse the impedance-frequency response 

obtained.  
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Chapter 1 

Introduction 
 

1.1 Introduction 

Renewable energy and energy-efficient devices have been proposed as sustainable 

solutions to environmental pollution caused by fossil fuel and the challenges of its 

depleting reserve. In providing and improving these solutions, innovations need to be 

explored and accelerated in the development of electric machines since loads coupled 

to them account for over 60% of the world’s electrical energy utilization and they are 

the key electromechanical energy converters in prevalent renewable applications such 

as wind turbines and electric vehicles. Traditionally, induction machines have been 

extensively deployed in these applications but due to advancements in power 

electronics converters and permanent magnet (PM) materials, other electrical machine 

configurations have also been developed and are increasingly being deployed. 

Prominent among these configurations is the axial-flux permanent magnet machine. 

The ‘axial-flux machine’ refers to the propagation of flux in the axial rather than the 

radial direction. The use of permanent magnets in combination with the axial-flux 

configuration leads to a combined concept referred as the ‘axial-flux permanent 

magnet’ (AFPM) machine. It has been found to be a more adequate and competitive 

solution in applications where the machine length is limited by the space, or where it is 

possible to integrate the rotor directly into the driven machinery, and also, where 

variable speed, torque and power densities are prime. Thus, AFPM machines are now 

widely used in a variety of applications, from power generation to transportation, 

wherever axial compactness coupled with high torque density and high efficiency is 
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required such as; hybrid electric vehicles, wind energy generation, high and low speed 

power generators, ship and aircraft propulsion, combined heat and power, washing 

machines, etc. Despite the noteworthy development of AFPM machine and its 

increasing applications, it has not been rigorously studied for fault diagnosis. Fault 

investigations will aid in maintaining its engineering integrity and developing condition 

monitoring (CM) strategies, thus guaranteeing improved performance, increased life 

time and lower cost of operation.   

1.2 Problem Statement  

The studies of electric machine behaviour during abnormal conditions due to the 

presence of faults and the possibility to detect such abnormalities in real-time is a 

challenge to electrical engineers and researchers. The methods available for analysing 

and diagnosing faults in electric machines have shortcomings. Some of these methods 

include current analysis, axial-flux monitoring, temperature monitoring, chemical 

analysis, noise and vibration analysis. Flux monitoring is expensive and invasive but 

gives qualitative information on the state of health of electrical machine. Although 

expensive sensors or specialised tools are required by vibration analysis (VA), it remains 

the most established and commonly used approach for detecting mechanical faults. 

Electrical quantities such as current and voltage are readily measured by tapping into 

the existing transducers (voltage and current transformers) that are already installed as 

part of the protection, control or instrumentation system.  As a result, current 

monitoring is non-invasive and cheap, thus, the method known as motor current 

signature analysis (MCSA), based on stator current monitoring is also commonly used 

for detecting faults. However, it has poor fault discriminatory ability. Both VA and 

MCSA are usually based on Fourier transform, in particular, the fast Fourier Transform 

(FFT) since it is easy to implement and represents the spectra understandably. However 

the applications where AFPM machines are deployed are characterized by transients, 

making the FFT method suffer in reliably when detecting faults since it is unable to 
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accurately represent signals with non-periodic components and also requires long 

period of signal acquisition to ensure high frequency resolution. Also, PM machines are 

typically designed with non-overlapping concentrated windings, a winding 

configuration inherently rich in voltage and current harmonics content. Thus it 

becomes more difficult and demanding to detect faults in them using MCSA as the 

harmonics overshadow vital and potential fault signatures. These are challenges to 

overcome in developing reliable fault detection techniques in AFPM machine.  

1.3 Aim and Objectives 

The aim of this thesis is to analyse fault types, failure modes and develop fault 

detection techniques for AFPM machine to reduce downtime and ensure engineering 

integrity.  

The objectives are:  

1. Survey renewable energy industry where electrical machines are deployed for 

current trends and future outlook.  

2. Investigate the common faults associated with AFPM machines, their causes 

and frequency of occurrence. 

3. Analyse and investigate the 3D electromagnetic behaviour of a healthy and 

faulty AFPM machine by means of finite element analysis (FEA). 

4. Model machine fault scenarios and identify the parameters which are most 

sensitive to the particular fault. 

5. Determine the most suitable signal processing technique for a particular fault. 

6. Establish baseline and criteria for fault detection and discrimination. 

7. Explore the impact of different rotor configurations and their tolerance for 

faults. 

8. Develop a procedure for condition monitoring and fault prediction strategies for 

AFPM generators. 
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9. Obtain valuable indices for further improvements in design to reduce fault 

occurrence.   

1.4 Research Questions 

The research questions answered in this thesis are: 

1. What are the indicators of PM machine faults? 

2. What is the level of information richness of these indicators? 

3. How credible are these indicators to prevent false alarms? 

4. How can discrimination between faults be realized?  

5. What advanced signal processing techniques can be used for detection during 

non-stationary operation?  

6. How can prompt detection of faults be realized before the initiation of failure 

actions? 

7. Which rotor configuration provides the greatest immunity to faults? 

8. How will the answers to Q1-7 influence the factors to be considered when 

selecting most appropriate condition monitoring technique for AFPM machines? 

1.5 Scope 

This thesis focused on the frequent and typical fault types associated with the 

AFPM machine namely; static eccentricity (SE) and interturn short-circuits (ISC). The 

effects of these faults on current, torque and vibration are investigated and 

discrimination between faults is sought. Indices for fault type, degree and detection are 

introduced; derived through simulation and experimentation. The impact of different 

rotor configuration and cogging torque minimization techniques is also explored and 

the ability to diagnose during transient condition is investigated. 

1.6 Research Outputs 
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The refereed conference (C) and peer-reviewed journal (J) publications from this 

thesis are:   

C1. Ogidi, O.O.; Barendse, P.S.; Khan, M.A., "Development of a test rig for eccentricity 

fault studies on an axial-flux permanent magnet (AFPM) wind generator," International 

Conference on Electrical Machines (ICEM’14), Berlin, Germany, Sept 2014.  

C2. Ogidi, O.O.; Barendse, P.S.; Khan, M.A., "Detection of Static Eccentricity Faults in 

AFPM Machine with Asymmetric Windings using Vibration Analysis," International 

Conference on Electrical Machines (ICEM’14) Berlin, Germany, Sept. 2014. 

C3. Ogidi, O.O.; Barendse, P.S.; Khan, M.A., “Effects of Rotor Topologies on Axial-Flux 

Permanent Magnet Machine under Static Eccentricities” IEEE Energy Conversion 

Congress and Expo (ECCE’15), Montreal, Canada, Sept 2015. 

C4. Ogidi, O.O.; Barendse, P.S.; Khan, M.A., “The Detection of Interturn Short Circuit 

Faults in Axial-Flux Permanent Magnet Machine with Concentrated Windings” IEEE 

Energy Conversion Congress and Expo (ECCE’15), Montreal, Canada, Sept 2015. 

C5. Ogidi, O.O.; Barendse, P.S.; Khan, M.A., “Detection of Interturn Short Circuit Faults 

in Axial-Flux Permanent Magnet Machines Using Electrical Impedance Spectroscopy” 

IEEE Energy Conversion Congress and Expo (ECCE’16), Milwaukee, US, Sept 2016 

(Submitted). 

J1. Ogidi, O.O.; Barendse, P.S.; Khan, M.A, "Detection of Static Eccentricity Faults in 

AFPM Machine with Concentrated Windings Using Vibration Analysis" IEEE 

Transactions on Industry Applications Nov/Dec 2015. 

J2. Oladapo Omotade Ogidi, Paul S. Barendse, Mohamed A. Khan, Fault Diagnosis and 

Condition Monitoring of Axial-Flux Permanent Magnet Wind Generator, Electric Power 

Systems Research (Accepted). 

J3. Ogidi, O.O.; Barendse, P.S.; Khan, M.A., “Effects of Rotor Topologies on Axial-Flux 

Permanent Magnet Machine under Static Eccentricities” IEEE Transactions on Industry 

Applications (Submitted) 
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J4. Ogidi, O.O.; Barendse, P.S.; Khan, M.A., “The Detection of Interturn Short Circuit 

Faults in Axial-Flux Permanent Magnet Machine with Concentrated Windings” IEEE 

Transactions on Industry Applications (Submitted) 

1.7   Organisation and Scientific Contributions of the 
         Thesis 

     The research constituted an overall approach to the modelling and detection of 

faults in AFPM machine. Naturally, such an approach involves the task of reviewing 

relevant literatures, surveying industry standards, trends and practical implementation 

of faults in a specific and controllable manner. After inducing such faults, then follows 

testing, measurement, and the actual detection becomes a challenge. However, the 

chapters in this thesis are not arranged to follow the actual historical course of the 

study but a flow based on the modelling techniques and method of fault diagnostics 

adopted.   

Chapter 2 presents the overview, rationale, theory development and analysis of 

fault detection methods and condition monitoring (CM) strategies used in electric 

machines. The merits and demerits of various methods are identified. It concludes by 

justifying the use of the methods applied for fault detection in this thesis. 

In chapter 3, the common faults associated with AFPM machines are discussed. The 

development of an experimental rig for fault investigations and online CM system of 

the prototypes used in experimentation is also presented. The realizations of the 

developments are in-situ capability, accuracy of the fault replication techniques, 

integrity of the measuring instrumentation and measurement procedures. 

In chapter 4, background of AFPM machine topologies is provided and the state-of-

the art in detecting SE in AFPM machine is presented in the introduction. SE in AFPM 

machines is modelled using 2D-plane and finite element analysis (FEA). Subsequently, 

the influence of rotor topologies and various cogging torque minimization techniques 

on torque and current harmonics in the presence of SE is investigated. Detection 
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technique is proposed for SE using MCSA and discrimination from other rotor faults is 

sought. Finally, an alternative spectral estimation technique to FFT is investigated for 

the MCSA method.  

The detection of ISC is presented in chapter 5. The state-of-the art in the detection 

of ISC faults in PM machines is presented in the introduction. Using FEA and 

mathematical formulations, the machine performance is predicted and subsequently 

verified experimentally. Attention is paid to fault-feature extraction and fault 

discrimination. Using frequency and time-frequency techniques, the fault-features are 

tracked in steady and transient conditions respectively.  

In chapter 6, SE is detected using VA. In the introduction, a critical review of VA for 

fault detection in electrical machine is presented. VA is perused as an alternative to 

MCSA since SE is mechanical related. Vibratory tones triggered by the fault are tracked 

in both stationary and non-stationary conditions using signal processing techniques and 

detection techniques are proposed.  

The feasibility of electrical impedance spectroscopy (EIS) to detect ISC is 

investigated in chapter 7. An experimental scheme for performing the EIS and the 

algorithm for determining the impedance-frequency response are presented. 

Impedance-frequency response of both healthy and ISC scenarios are obtained and a 

high frequency (HF) winding model is derived to analyse the impedance-frequency 

response obtained. 

Finally, chapter 8 concludes this thesis by summarizing the main findings and 

presenting some concluding remarks. Some directions for future research are 

recommended.  
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Chapter 2 

Fault Diagnosis and  
Condition Monitoring of Electrical 
Machines 
 

2.1 Introduction  

This chapter presents a review of the state-of-the-art in fault diagnostic strategies 

and condition monitoring of electrical machines. First, it discusses the basis and need 

for online fault diagnostics for electrical machines. It then presents a review of the 

commonly monitored fault-indicating parameters and their methods of analysis 

alongside the guiding philosophy. The benefits and drawbacks associated with various 

fault-indicating parameters and their methods of analysis are identified. The theoretical 

development of these methods for both stationary and non-stationary conditions of 

machine operation are also discussed. It concludes by identifying the best fault-

indicating parameters to be monitored and the methods to be used to diagnose the 

faults to be investigated.    

2.2 Basis and Benefits of Condition Monitoring  

Electrical machines are designed to have electrical and mechanical symmetry in the 

stator and rotor for better coupling and higher efficiency. A fault condition will 

influence this symmetrical property and induce abnormal symptoms during operation 

such as; mechanical vibration, excessive temperature increase, irregular airgap torque, 
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acoustic noise, instantaneous output power variation, change in voltage, change in 

current, speed variations, increased losses, higher torque pulsation and lower average 

torque [1]-[6]. These abnormal symptoms have been known to have specific patterns 

pertaining to the machine conditions and severity, such as particular frequency, 

duration, amplitude, variance, degree and phase. Based on monitoring and analysing 

the expected symptoms and their specific patterns, many fault detection techniques 

have been proposed [5]-[7]. These techniques have mostly been applied to induction 

machines [2],[5],[8]-[10], but few have been on applied to PM machines, thus 

presenting an opportunity to better understand the impact of the faults specific to 

AFPM machines with the intention of the detecting them before occurrence. As the 

deployment of AFPM machines increase [11]-[12], an effective and efficient fault 

diagnostic strategy is needed to ensure safe and reliable operation [5].  Some of the 

identified benefits of condition monitoring are [1]-[3], [5]-[7]: 

 Early detection of deterioration to avoid catastrophic failure; 

 Accurate damage evaluation to enable cost-effective maintenance 

practice (proactive maintenance); 

 Increased energy availability or reduced downtime and maintenance 

costs; 

 Root cause analysis to recommend improvements in component 

design or equipment operation and control strategies. 

2.3 Fault Indicators in Electrical Machines  

Generally, online CM and diagnosis require the sensing and analysis of signals that 

contain specific information (symptoms) which is characteristic of the degradation 

process, problem, or fault to be detected. Due to the wide variety of physical 

phenomena to be found in electric machines, several fields of science and technology 

need to be considered when designing and developing competitive monitoring and 

diagnostic systems. For example, Fig.2.1 [13] illustrates the complexity of the 
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interactions of physical phenomena characteristic of a general electromagnetic energy 

converter structure. Electrical, mechanical, thermal, fluid flow and motion interact in a 

complex manner, as depicted in the figure. Various parameters belonging to these 

fields may be found to be suitable fault indicators for an electrical machine [1], [4]-[7]. 

Some of the indicators are given in Table 2.1 [14], being representative of any type of 

electrical machine, providing useful information for possible fault identification. It 

presents the following: 

1. Type of instrumentation required to monitor some machine parameters. 

2. The degree of accuracy of fault indication that may be obtained when relying on 

a specific parameter. 

3. The level of expertise an operator needs in order to interpret the recorded data. 

4. How invasive a dedicated sensor for each fault indicator would be. 

5. Possible means of analysis (signal processing techniques). 

 

 

 

Fig.2.1. Interactions of physical phenomena characteristic for a general 
electromagnetic energy converter structure 
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In [5], [7], [15]-[20], these parameters are generally categorised as: 

1. Mechanical: vibration, acoustic noise, speed fluctuations.  

2. Electrical: voltage, current.   

3. Electromagnetic: flux, electromagnetic leakage fluxes, surges, and partial 

discharges, torque.  

4. Others: temperature, oil particle, gas in oil analysis etc.  

Operators of electric machines pay special attention to the temperature monitoring 

since the basic rule is that  ‘every additional 10°C causes a winding to deteriorate twice 

as fast as when the operation takes place in the allowable temperature range’, [7] 

which represents a very serious concern for the healthy operation of machines. Other 

components of electrical machines may be irreversibly affected by higher 

temperatures; the case of magnets in a PM machine is a good example. The magnetic 

characteristics of PMs are temperature-dependent and a high temperature may lead to 

irreversible demagnetisation of the magnets [18], [21]. Temperature monitoring 

devices such as thermal imaging are installed to monitor temperatures and to look for 

abnormally hot spots [22]. Vibration monitoring has historically been the foundation of 

most online condition monitoring programs [17], [23]-[29] but new techniques such as 

those involving spectral analysis of the electric line current powering the motor are 

now of significant interest [5]. The main problem concerning the monitoring of 

vibration is that it requires expensive sensors and may sometimes be invasive, requiring 

transducers to be fitted in or around the machine, with an obvious interruption to 

operation. This may be a practical problem in terms of machine design and approval by 

the manufacturer, operator, or safety legislation authority [19]. Intrusiveness and cost 

is also a drawback to some other parameters, for instance, rotor speed, torque and 

flux. 

To date, current monitoring is the most attractive to CM strategy [5]-[6], [9]-[10]. It 

makes use of the winding as the search coil and the needed transducers are usually 

installed by default for machine control or protection purposes. As a consequence, a 
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variety of techniques based on current spectrum are applied to today's cost-effective 

microprocessor hardware platforms in order to accurately diagnose impending failures 

of electrical machines. Despite the success of current monitoring at diagnosing faults, 

some drawbacks are [27]-[29]: 

1. Ineffective discrimination between different faults, since abnormalities and time 

harmonics may end up generating similar signatures.   

2. The current spectrum is influenced not only by fault conditions but also by other 

factors, including the supply, static and dynamic load conditions, noise, machine 

geometry, and these conditions may lead to errors in fault detection.   

3. In order to facilitate the successful detection of rotor faults during steady state 

operation, a large supply current needs to flow. This large current is usually 

obtained by monitoring the machine while it is running under full load 

conditions. There are certain situations, however, when this requirement is 

impractical, for example, if the machine has been taken off-line or removed to a 

workshop environment. 

2.4 Methods of Analysing the Fault Indicators 

Fault analysis and detection techniques have been developed for the indicators 

discussed in the previous section using different methods. The methods adopted in 

literature and industry to derive them can be grouped into four categories namely; 

signal-based, model/simulation-based, machine theory-based and artificial intelligence-

based [5]. The sub-types of each category are listed in Fig.2.2 [1]-[10], [14]-[20]. The 

theoretical development of these methods is examined in this section.   

2.4.1 Signal-Based 

The signal-based method is the most extensively used and it makes use of standard 

and advanced digital signal processing techniques for both steady-state and transient 

regimes of machine operation. It is used to find a simple and effective transform of the  
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Fig.2.2. Methods of analysing fault indicators in electrical machines 

original signal. The important information contained in the signal can be shown and the 

dominant features can be extracted for fault detection. Standard digital techniques are 

applied in the frequency domain, assuming a stationary signal, and in the joint time-

frequency domain for non-stationary signals. Standard signal processing techniques 

such as discrete Fourier transform (DFT), fast Fourier transform (FFT) and short-time 

Fourier transform (STFT) have been used for fault detection and condition monitoring 

of electric machines for decades [30]-[34].  The FFT is the typical tool applied under 

stationary conditions to implement the Fourier transform and extract harmonics or 

frequency components in a machine parameter (usually line current) being monitored. 

There has been a substantial amount of research on the development of various 

steady-state condition monitoring techniques utilizing the Fourier transform [1]-[10], 

[14]-[20], [30]-[34]. However, in electric machines, most multi-components (distorted) 

waveforms are transients or time-varying and are usually as a result of load or supply 

voltage or current steep changes [5], [35]-[36]. Transient signals are short time events, 

whose time behaviour cannot be predicted and are totally varying in nature, both in 

time, frequency and other parameters. A variety of alternative schemes to analyse the 

properties of non-stationary signals have been developed to improve the description of 

their frequency domain content. Each of these techniques has its own particular 

domain of application which addresses certain problems, but not all, encountered in 
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the analysis of non-stationary signals [5], [10]. The domain of analysis is time-frequency 

and there are two basic approaches to its analysis. The first approach is to initially cut 

the signal into slices in time, and then to analyse each of these slices separately to 

examine their frequency content; mapping of a one dimensional signal 𝑥(𝑡) to a two 

dimensional function of the time and frequency and therefore are able to provide a 

true time-frequency representation 𝑇𝐹𝑅 (𝑥: 𝑡, 𝑓) of signal 𝑥(𝑡) [36]. Another approach 

is to first filter different frequency bands, and then cut these bands into slices in time 

and analyse their energy content. The first of these approaches is used for the 

construction of the STFT, the Wigner-Ville distribution (WVD) and its variant, smoothed 

pseudo Wigner-Ville distribution (SPWVD), while the second leads to filter-bank 

methods and to the wavelet transform (WT). The signal processing technique will be 

discussed in further detail in the proceeding subsections.  

2.4.1.1 Fourier Transform  

In steady state, non-parametric spectral estimation using Fourier transform is 

commonly applied to transform the signal to the frequency domain for further analysis 

[35]. In signal processing, the Fourier transform 𝑋(𝑓) of a continuous time signal 𝑥(𝑡)  

is commonly defined as in (2.1), the discrete counterpart of the Fourier transform is the 

discrete-time Fourier Transform (DTFT). The DTFT of a discrete time signal 𝑥[𝑛], is a 

function of continuum of frequencies, unlike the continuous case, the DTFT is always 

periodic with period 2𝜋. A transform of a discrete-time signal that is a function of finite 

number of frequencies is called a discrete Fourier transform (DFT). The DFT can be 

viewed as “discretization in frequency” of the DTFT. The discrete Fourier transform 

𝑋[𝑘] of the sampled signal 𝑥[𝑛], where 𝑘 = 0, 1, … 𝑁 − 1 is given in (2.2).                                                

                                         𝑋(𝑓) =  𝔉{𝑥(𝑡)} =  ∫ 𝑥(𝑡
∞

−∞
)𝑒−𝑗2𝜋𝑓𝑡 𝑑𝑡                                    (2.1)                                                      

                                                  𝑋[𝑘] =  ∑ 𝑥[𝑛]𝑒−𝑗(
2𝜋

𝑁
)𝑘𝑛𝑛                                              (2.2)𝑁−1

𝑛=0  
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The direct evaluation of 𝑋[𝑘] requires 𝑁2 multiplications, this can result in a great deal 

of computation if  𝑁 is large. However, using the fast Fourier transform FFT algorithm 

to compute 𝑋[𝑘] requires an order of (𝑁𝑙𝑜𝑔2𝑁)/2 multiplications. This is a significant 

decrease in the 𝑁2 multiplications required in DFT computation, thus the FFT is a 

computationally-efficient method for determining the DFT of 𝑥[𝑛] [36]. The FFT 

improved the computational efficiency of the Fourier transform of a signal represented 

by discrete data points. However, despite the functionality of the Fourier transform, 

especially in regard to obtaining the spectral analysis of a signal, there are several 

shortcomings to this technique. The first of these is the inability of the Fourier 

transform to accurately represent functions that have non-periodic components that 

are localized in time or space, such as transient impulses. This is due to the Fourier 

transform being based on the assumption that the signal to be transformed is periodic 

in nature and of infinite length. Another deficiency is its inability to provide any 

information about the time structure of a signal, as results are averaged over the entire 

duration of the signal [35]-[40]. This is a problem when analyzing signals of a non-

stationary nature, where it is often beneficial to be able to acquire a correlation 

between the time and frequency domains of a signal. There is also the problem of 

spectral smearing or leakage. It substantially affects the results obtained by 

conventional spectral analysis, but this can be overcome and the quality of the signal 

improved by multiplying the signal data with a suitable window function 𝑤[𝑛]; as given 

in (2.3). The worst shortcoming of the Fourier transform is its limitation in its resolving 

power, requiring long observation intervals in order to achieve acceptable accuracy and 

reduced leakage. However, it is simple, robust and gives accurate information about 

the frequency components of a signal. Thus, it remains industry standard in processing 

and analysing signals in steady-state.                                                                             

                                                           𝑦[𝑛] = 𝑥[𝑛] ∙ 𝑤[𝑛]                                                        (2.3) 
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2.4.1.2 Parametric Method 

As previously explained non–parametric spectral estimators such as FFT are greatly 

limited in that they require long observation intervals in order to achieve acceptable 

accuracy and reduced leakage. For data sets of short duration, these conventional 

techniques are not useful, and an alternative approach has been developed. The 

parametric (model based) spectral estimation, which has proven useful in extracting 

high resolution frequency spectra from relatively short data sets, providing the 

structure of the signal is known (a priori knowledge) [41]-[48]. The components of a 

known order related structure can be accurately tracked and extracted from a 

background of noise and components of an unknown structure. The basic principle is 

that if a signal depends on a finite set of parameters, then all of its statistical properties 

including its power spectrum can be expressed in terms of these parameters. This is 

done using parametric models that relate to the eigenvector decomposition of the 

correlation matrix to estimate the discrete part of the spectrum [42]. In [43], it was first 

observed that the zeros of the z–transform of the eigenvector corresponding to the 

minimum eigenvalue of the covariance matrix, lie on the unit circle, and their angular 

positions correspond to the frequencies of the sinusoids. In a later development in [45], 

it was shown that the eigenvectors might be divided into two groups, namely, the 

eigenvectors spanning the signal space and eigenvectors spanning the orthogonal noise 

space. The eigenvectors spanning the noise space are the ones whose eigenvalues are 

the smallest and equal to the noise power. One of the most important techniques, 

based on the approach in [43] is the separation of the data into noise and signal 

subspaces namely; the multiple signal classification (MUSIC) [44]-[45] and estimation of 

signal parameters via rotational invariance technique (ESPRIT) respectively [46]-[47]. 

The comparison of the two different parametric methods is presented in [48] as shown 

in Table 2.2; ESPRIT is superior to MUSIC. Parametric spectral estimators have been 

applied in geophysical seismology, speech technology (speech recognition, coding or 

compression), communications (code-timing estimation), radar and sonar systems 
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(localization with sensor array, synthetic aperture radar imaging and feature extraction) 

and electromagnetics (resonant frequency of cavity) [45]-[47]. Lately, its applications 

are emerging in power system applications [49]-[50].   

2.4.1.3 Short–Time Fourier Transform  

The STFT is the most widely used method for analysis of non-stationary signals and 

can play the role of “benchmark” or a tool for comparison of accuracy of new 

investigated methods [51]-[55]. It is based on a simple and intuitive concept: the 

conventional Fourier transform gives no information about the time location of the 

spectral peaks, because its basis functions are not localized in time. In order to extract 

such information, one breaks the time–localized signal into smaller time fragments and 

Fourier–analyze each of the time segments. The sum of such partial spectra shows the 

time variation of the spectral content of a given signal in time. Temporal window 

function as in STFT is also applied for different parametric methods in order to obtain 

time– frequency representations of signals in [53]. When trying to improve the time 

resolution, it is possible to choose smaller time intervals but up to a certain limit, when 

the segment spectrum becomes meaningless and without any relation to the true 

spectral content of the signal. In the case of parametric methods, which allow exact 

spectral estimation based on very short data sequences, such limitation affects less the 

results. The problem with the STFT technique is that it provides constant resolution for 

all frequencies since it uses the same window with constant width for the analysis of 

the entire signal. This means that if a good frequency resolution using windows is 

desired, 

Table2.2. Comparison between ESPRIT and MUSIC 

Method Computational Cost Accuracy Risk of False Estimates 

MUSIC High High Medium 

ESPRIT Medium Very 

High 

None 
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it would compromise the time resolution [14], [27], [53]. Furthermore, there are no 

orthogonal bases existing for the STFT, thus difficult to obtain a fast and effective 

algorithm to calculate the STFT. 

2.4.1.4 Hilbert Transform 

The Hilbert transform technique is useful for analysing instantaneous frequency 

content of a signal [54]-[56].  Consider how a real signal 𝑥(𝑡) is transformed into the 

corresponding analytical signal 𝑞[𝑛] in (2.4)-(2.8). The Hilbert transform 𝑦(𝑡) =

 𝐻{𝑥(𝑡)} of the signal 𝑥(𝑡) is obtained using (2.4), where the principle value of the 

integral is used. Thus, the complex analytical signal 𝑧(𝑡) is obtained from both 𝑥(𝑡) and 

y(𝑡) and the envelope 𝐸(𝑡) of the analytical signal are derived in (2.6). Now the 

discrete version of the Hilbert transform of the sampled signal 𝑥[𝑛] is given by (2.7). 

From the Hilbert signal, the instantaneous magnitude of the analytical signal which 

reflects how much energy changes with time can be created. The fundamental 

component is therefore shifted to the DC value, and can be removed from the 

magnitude of the analytical signal by subtracting the mean in (2.8), resulting in the 

signal 𝑞[𝑛].   

                                                        𝑦(𝑡) =
1

𝜋
∫

𝑥(𝜏)

𝜏−𝑡

∞

−∞
𝑑𝜏                                                         (2.4)                                                  

                                                        𝑧(𝑡) =  𝑥(𝑡) +  𝑗𝑦(𝑡)                                                       (2.5)                                                                  

                                                       𝐸(𝑡) =  |𝑥(𝑡) +  𝑗𝑦(𝑡)|                                                    (2.6) 

                                        𝑧[𝑛] = 𝑥[𝑛] + 𝑗𝑦[𝑛] =  𝑥[𝑛] +  𝑗𝐻𝑑{𝑥[𝑛]}                                (2.7)                                    

                               𝑞[𝑛] = 𝑎𝑏𝑠(ℎ𝑖𝑙𝑏𝑒𝑟𝑡(𝑥)) − 𝑚𝑒𝑎𝑛 [𝑎𝑏𝑠(ℎ𝑖𝑙𝑏𝑒𝑟𝑡(𝑥))]                     (2.8) 

2.4.1.5 Cohen-Class Distributions 

The Cohen-class distribution yields a time-frequency energy density. Cohen 

distribution is a generalized form of phase-space distribution from which all other time-

frequency distributions may be derived. Since energy is a quadratic function of a signal, 
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it distributes the energy of a signal over time and frequency. The general form of the 

Cohen’s class of distributions for a signal x(t) is given in (2.9) [57], where φ(ξ,τ) is the 

transformation’s kernel that defines the transformation. This equation can be rewritten 

in terms of the generalized ambiguity function (GAF), A (ξ, τ: φ), [59] in (2.10) and GAF 

is defined in (2.11). For a multi-component signal, the elements of the GAF 

corresponding to auto-terms are mainly located around the origin, while the 

interference components are located away from the origin, at a distance proportional 

to the time-frequency distance between auto-terms. Therefore time-frequency 

distribution that selects a region around the origin in the ambiguity domain, and 

reduces to zero away from the origin is suited for analysing machine signals that are 

time-changing.  Well known techniques are WVD, SPWVD, Choi-Williams etc. The WVD 

has good concentration of time-frequency plane but support areas of the signal do 

overlap each other, thus interference appears on the time-frequency plane rendering 

imperfect information about the energy distribution of the signal in the time-frequency 

domain, and an atomic decomposition of a signal based on the WVD does not exist. 

Improvement methods such as the Choi-Williams and cone-shaped distribution has 

been proposed to overcome these shortcomings, however reduction of interference 

results in reduced frequency resolution [56]-[57]. A TFR technique, Zhao-Atlas-Marks 

(ZAM) distribution has been proposed to resolve the problem of cross-term artifacts 

[57] while enabling high frequency resolution and has been applied to electric machine 

fault diagnosis in [56], [58]. Like the WVD and Choi Williams, it yields a time-frequency 

energy density while reducing the presence of cross-term interference.                        

   𝐷(𝑡, 𝜔; 𝜑) = ∭ 𝑒𝑗(𝜉𝜇−𝜏𝜔−𝜉𝑡)𝜑(𝜉, 𝑡). 𝑓 (𝜇 +
𝜏

2
) 𝑓∗ (𝜇 −

𝜏

2
) 𝑑𝜇𝑑𝜏𝑑𝜉                  (2.9)                                        

                           𝐷(𝑡, 𝜔; 𝜑) =
1

4𝜋2 ∬ 𝐴(𝑡, 𝜔; 𝜑)𝑒−𝑗(𝜉𝑡+𝜏𝜔) 𝑑𝜉𝑑𝜏                             (2.10)       
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                                   𝐴(𝜉, 𝑡; 𝜑) = 𝜑(𝜉, 𝜏) ∫ 𝑓 (𝜇 +
𝜏

2
) 𝑓∗ (𝜇 −

𝜏

2
)

∞

−∞
𝑒−𝑗𝜉𝜇𝑑𝜇 

                                                    =
𝜑(𝜉,𝜏)

2𝜋
∫ 𝐹 (𝑣 +

𝜉

2
) 𝐹∗ (𝑣 −

𝜉

2
)

∞

−∞
𝑒−𝑗𝑣𝜏𝑑𝑣                   (2.11) 

2.4.1.6 Wavelet Transform 

Advanced signal processing techniques such as wavelet algorithms can be applied 

to implement wavelet transform (WT) to localise and identify short time dynamic 

phenomena [60]-[65].  The WT can be used for multi-scale analysis of a signal through 

dilation and translation, to extract the time-frequency characteristics of a signal more 

effectively than the previously discussed methods. Thus in this sub-section, its 

underlying theory is examined. The signal 𝑥(𝑡) is considered non-stationary and the WT 

technique is discussed further.  

i. Continuous Wavelet transform 

The continuous wavelet transform (CWT) of 𝑥(𝑡) is a time-scale method of signal 

processing that can be defined as the sum over all time of the signal multiplied by the 

shifted, scale version of the wavelet  function 𝜓 (𝑡) is given by (2.12), where 𝜓∗(𝑡) 

denotes the complex conjugates of the mother wavelet 𝜓(𝑡). The 

parameter 𝑎 represents the scale (contraction or dilation) index which is the reciprocal 

of frequency and it is the distance between the center of the wavelet function and it’s 

crossing on the time axis. The parameter 𝑏 is the shift (translation); it governs the 

movement of the wavelet function along the time axis. In CWT, the mother wavelet is 

dilated and translated continuously on a real number system.                                                               

                                             𝑇(𝑎, 𝑏) =  
1

√𝑎
∫ 𝑥(𝑡)𝜓∗∞

−∞
(

𝑡−𝑏

𝑎 
) 𝑑𝑡                                        (2.12) 

ii. Discrete Wavelet Transform 

 The Wavelet series was introduced as a sampled version of CWT for 

implementation on the computer, however required a considerable amount of 

resources. It also suffers redundancy when attempting to reconstruct the signal.  The 
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discrete wavelet transform (DWT) was introduced to overcome the shortcomings of the 

wavelet series [51].  The DWT reduces computational time and is much easier to 

compute.  The most common discretization is dyadic, given in (2.13), where 𝑎 and 𝑏 is 

replaced by 2𝑗  and 2𝑗𝑘 respectively. An efficient way of implementing this is using filter 

schemes which was developed by Mallat in 1988 [51]-[52], [65].                                                  

                                     𝑊𝑇(𝑗, 𝑘) =
1

√2𝑗
∫ 𝑥(𝑡)𝜓∗∞

−∞
(

𝑡−2𝑗𝑘

2𝑗
)                                       (2.13) 

iii. One stage filtering: Approximation and Detail 

For many signals, the low frequency content is the important part; it gives the signal 

identity, while the high frequency contents impart flavour. In wavelet analysis, the 

approximations are the high-scale, low frequency components of the signal. The details 

are the low-scale, high frequency components.  The most basic filter process is 

depicted in Fig.2.3. The original sampled signal 𝑥[𝑛] passes through two 

complementary filters and emerges as two signals.  If this operation is applied on a real 

digitized signal such as 𝑥[𝑛], twice as much data is obtained. To overcome this problem 

down-sampling is introduced [66]. 

iv. Multiple level decomposition 

The wavelet decomposition process can be iterative, with successive 

approximations being decomposed in turn, such that the signal is decomposed into 

lower resolution components as illustrated in Fig.2.4. If 𝑓𝑠 (in samples per second) is the 

sampling frequency used to capture the signal 𝑥[𝑛], then the detail space 𝑑𝑗 contains 

information concerning signal components whose frequencies are included in certain 

intervals as given in (2.14), where 𝑘 = 1: 𝑛, 𝑛 is the number of decomposition level, 

and 𝑓𝑠 is the sampling frequency. The approximation space 𝑎𝑛  includes low frequency 

components of the signal which belong to the interval in (2.15). The decomposed 

components can be reconstructed or synthesized to obtain the original signal with-out 

loss of information using inverse discrete wavelet transforms (IDWT).  Since the 
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wavelet decomposition process involves filtering and down-sampling; the 

reconstruction process involves up-sampling and filtering [66].                                                     

                                               𝑓(𝑑𝑗) ∈ [2−(𝑘+1) ∙ 𝑓𝑠 ,  2−𝑘 ∙ 𝑓𝑠]                                             (2.14)                                                        

                                                    𝑓(𝑎𝑛) ∈ [ 0, 2−(𝑛+1) ∙ 𝑓𝑠]                                                  (2.15) 

v. Selection of Mother Wavelet  

There are several wavelets with different mathematical properties that have been 

developed. The wavelets include infinite support wavelets such as; Gaussian, Mexican 

Hat, Morlet and Meyer, and wavelets with compact support such as; the Haar, 

Daubechies, Coiflet, Symlets and Biorthogonal. In some fields of science, some families 

show better results for particular applications. In the case of compactly supported 

wavelets, these are high order mother wavelets (with a large number of coefficients) 

and lower-order mother wavelets.  Low order wavelets result in overlap between 

adjacent frequency bands. The Daubechies mother wavelet is commonly used in the 

DWT to analyse induction machine faults [61]-[64].                  

                                              
Fig.2.3. Wavelet filtering 

 

 
Fig.2.4. Wavelet decomposition 
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2.4.2 Model and Simulation-Based 

The basis of any reliable fault diagnosis method of electrical machines is precise 

performance analysis under both healthy and faulty conditions. Modelling of faulty 

machines is the first step of this procedure and has considerable effect on the accuracy 

of the results. Thus, approaches that consider all effective characteristics of machines 

such as the finite element method (FEM) are reliable for investigating faulty machines 

[5]. The typical computer-based tool for analysing electrical machine is the finite 

element analysis (FEA). It has also been widely used as an analysis and design tool in 

many Engineering disciplines such as structures, computational fluid mechanics and 

electromagnetic problems [67]-[68]. FEA is the implementation of FEM to solve a 

certain type of problem using computer programmes or software. The problem could 

be mechanical, structural, electromagnetic etc.  FEM on the other hand is a 

mathematical model (which is the result of an idealization of an actual physical 

problem considered)  for solving ordinary and elliptic partial differential equations via a 

piecewise polynomial interpolation scheme using numerical techniques [68]-[70]. 

Therefore when FEA is applied to an electromagnetic problem like an electrical 

machine, it uses numerical techniques to solve and analyse the equations describing its 

magnetic field. These governing equations (2.14)-(2.17), generally known as Maxwell’s 

equations, are partial differential equations subjected to boundary conditions, 

describing the macroscopic properties of the medium being considered [68]-[69]. These 

equations cannot be solved in closed analytical form. While in general, an exact 

analytical solution cannot be obtained for the posed mathematical model in closed 

analytical form, the exact solution of the mathematical model does exist. The solution 

is unique and an approximation of this exact solution can be obtained with very high 

accuracy using numerical techniques such as Newton Raphson method. This can be 

implemented by the solvers in FEA. The major advantage of the FEA is that the physical 

geometries are modelled mathematically, and using computer tools, numerical 

techniques can be employed to give precise electromagnetic solutions. At present, 
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several commercial 2D/3D finite element software packages are available and can be 

applied to PM machine design. However, applying FEA to magnetic field analysis often 

requires many repetitions of geometrical modelling, solving and post-processing; a 

time-consuming task. Although, the symmetrical characteristics of the machine may be 

used to model a quarter or half of the complete machine, this simplification cannot be 

used in the case of a faulty machine since faults alter the symmetry of electric 

machines. Also, the software is primarily not designed for fault investigations, 

therefore, its effective utilization for fault depends on the skills of the user.                                                

                                             ∇ × E = −
𝜕B

𝜕𝑡
           Faraday’s law                                        (2.14)                                                                 

                                           ∇ × H = −
𝜕D

𝜕𝑡
+ J      Maxwell − Ampere                              (2.15)                                                                                           

                                                   ∇. D = 𝜌              Gauss’s law                                             (2.16)                                                                                                     

                                                     ∇. B = 0              Gauss’s law –  magnetic                    (2.17) 

      

2.4.3 Machine-Theory Based 

Since electrical machines are electromagnetic device, the best possible way to 

analyse it is to obtain the electromagnetic field distribution of the machine [5]. This 

requires a solution of Poisson’s or Laplace’s or Maxwell’s equation, which even for the 

best computer today is an enormous task considering the structure of even the 

simplest machines. Analysing machines with field solvers to identify fault signature 

would be inordinately time consuming. Describing electric machines as a group of 

coupled magnetic circuits provide a time-saving way of obtaining their operational 

characteristics; this is the basis of the machine-theory approach [72]-[74]. 

2.4.3.1 Winding Function Approach (WFA) 

Electrical machine circuit elements are usually inductances and resistances. The 

former is difficult to compute because it varies with rotor position and also, with 

magnetic saturation. The winding and modified winding function approach 
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(WFA/MWFA) provides the necessary tool to compute these inductances. It provides a 

computationally efficient way to estimate inductances from the machine winding and 

airgap data; because the winding structure dictates the magneto motive force (MMF) 

inside a machine and the airgap, the bulk of the permeance; flux, flux linkage and 

inductance can easily be computed using the method. However, the approach is far 

from being accurate since it neglects critical factor in evaluating machine parameters 

by making the following assumptions [5], [72]: 

1. Flux crosses the airgap radially or axially in a radial and axial flux machine 

respectively (axial and radial flux is negligible respectively); 

2. Saturation is negligible; 

3. Average core saturation is included using Carter’s coefficient to adjust airgap 

length; 

4. Eddy current, friction and windage losses are neglected; 

5. The magnetic material has infinite permeability; 

6. Slot effects are negligible. 

2.4.3.2 Magnetic Equivalent Circuit (MEC) 

The magnetic equivalent circuit method uses another approach to model electric 

machines. The approach can be considered as a reduced FE method because it takes 

into account approximately accurate machine geometry, stator and rotor leakages, and 

linear and non-linear magnetic characteristics of machine cores [75]-[77]. This makes it 

more accurate than the WFA method. The machine to be analysed is divided into three 

segments; the stator (yoke, teeth, windings), the rotor (yoke, teeth, windings) and the 

airgap. The analysis can be performed in two ways [76]; indirect and direct. In the 

indirect way, machine performance are analysed by considering linear magnetic cores 

to calculate inductances. On the other hand, it may be applied directly to analyse 

machine performance without calculating inductances. Changes in parameters can then 

be evaluated to determine machine faults and severity. Although the method is less 
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accurate than the FE method, it offers a better advantage of faster computational 

speed. 

2.4.4 Artificial Intelligence-Based  

Artificial intelligence (AI) is the study of the system conditions through the use of 

computational models to recognise patterns. These patterns are determined by 

performance specifications, past observations, expert knowledge or even simulation of 

a system model. Once trained, the system is able to rapidly recognise pattern 

similarities and classify new information accordingly. In electric machine fault 

diagnostic applications, it consists of templates or patterns distinguishing acceptable 

and unacceptable operations that are then compared to the system observation to 

determine if a fault has occurred. Popular AI techniques are expert systems (ES), 

artificial neural networks (ANN), fuzzy logic systems (FLS) and genetic algorithms (GA). 

They have been integrated into each other and also with other traditional techniques 

[78]. It has numerous advantages over conventional fault diagnostic approaches in 

electric machines [78]-[80]. Besides offering improved performance, the technique is 

easy to extend and modify. These can be made adaptive by the incorporation of new 

data or information. AI techniques are slowing replacing the human interface for the 

monitoring of electric machine faults giving rise to the concepts of automated 

diagnosis. There is a significant opportunity to add intelligence to machines, providing a 

level of communication and diagnostic capability. The intelligence can be built into the 

machine's terminal box so that the overall package requires no more space. The major 

disadvantage is that the success of fault detection depends on the initial training data 

and only faults represented in the training can be diagnosed. In addition, the volume of 

training is extensive [5].  
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2.5 Electrical Impedance Spectroscopy 

Electrical impedance spectroscopy (EIS) has been applied to diagnose insulation 

failure in electrical machines [81]-[84].  It basically involves the excitation of stator 

windings with high frequency signals, whereby insulation condition may be determined 

from the impedance response obtained from measured voltage and current signal at 

the frequencies of excitations. Most impedance spectroscopy applications make use of 

commercial impedance analyzers which may be very expensive. However, in some 

papers, EIS has been performed with laboratory built hardware [85]-[86]. Using 

algorithms and software programming, the characteristics of the impedance response 

can be evaluated and the state of health of insulation is determined. 

2.6 Points of Reference in Developing Fault Detection  
         Techniques and CM Strategies for AFPM Machines 

After a critical review of fault indicators in electric machines and methods of their 

analysis in this chapter, the following factors are identified as points of reference in 

developing appropriate fault detection techniques and CM strategies for AFPM 

machine: 

1. Applicability based on fault type and applications where the machine is 

deployed. 

2. High reliability of sensors, instrumentation and data acquisition system. 

3. Cost competiveness. 

4. Non-invasiveness. 

5. Accurate and reliable diagnosis. 

6. Quantification of the severity of the problem. 

7. Computational intensity and accuracy of the signal processing techniques. 
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2.7 Conclusions 

The methods of analyzing fault-indicating parameters in electric machines, and in 

particular, parameters relevant to AFPM machines have been discussed. The signal-

based method is best suited for its advantages such as; cost-saving, non-invasive 

monitoring and in-situ detection of faults, therefore enabling the points of reference 

highlighted in section 2.6. Others such as the model/simulation-based and machine-

theory-based may perform well in analyzing the performance of electric machines 

under faulty conditions, but are limited in extracting fault signatures and detecting 

them in real-time. AI can recognize faults in real-time but characteristics or patterns of 

faults must have been initially determined and set to train its network for successful 

online implementation. Thus, the advantages of AI are limited in this thesis since the 

objectives are to determine such fault characteristics. The signal-based method, 

employing MCSA and VA for electrical and mechanical faults is most suitable to 

characterize faults using signal processing techniques in both frequency and time-

frequency domain. Both strategies may complement each other for better and reliable 

fault diagnosis in AFPM machines. In addition, for a better understanding of the 

electromagnetic behaviour of the AFPM machine topologies under fault conditions, FEA 

is implemented for fault modelling and detection.  
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Chapter 3 

Development of a Test-Rig for Fault 
Investigations 
 

3.1 Introduction 

Early detection of faults is important to improve the availability and cost-effective 

maintenance of electrical machines. During online CM, fault diagnosis using fault 

detection techniques is established when distinguishable instantaneous features of the 

machine deviate from the healthy operational case. Information on the healthy 

operational case is typically a set of baseline data with which the real-time machine 

information is compared to. However, the fault detection techniques must have been 

hitherto established using machine theory and signal processing techniques. Therefore 

in this chapter, a test-rig for developing fault detection techniques in AFPM machine is 

developed. The main features of the rig are related to ease and correctness of the fault 

implementation, isolation of faults, in-situ capability and reliability of the measurement 

procedure. Firstly, the faults that are typical to AFPM machines are identified.  

3.2 Faults in AFPM Machines  

It is discussed in chapter 2, that fault detection in rotating electrical machines has 

received an intense amount of research interest since the 1980s [1]-[4]. With advances 

in digital signal processing hardware and software, electric drives, measuring sensors 

and instrumentation, the topic of fault diagnosis remains attractive and critical to the 

operation of electric machines, and significant progress has been made. However, 



 
 
 

36 
 

AFPM machines have not been rigorously studied for faults although there has been 

some works published on fault diagnostics for radial-flux PM machines [5]-[12]. 

Increase in their applications [13]-[20] warrants investigation into their behaviour 

under faulty conditions with an aim to develop fault detection techniques and CM 

strategies. AFPM machine faults are broadly classified into electrical or mechanical 

faults as presented in Table 3.1. Stator winding short circuits and static eccentricity 

have been are identified as frequently occurring [9], [21]-[23] and are therefore 

investigated. These are replicated on a prototype in a controllable manner. The 

techniques used to replicate them while ensuring no damage is caused during fault 

investigations are discussed in the succeeding chapters, where each investigated fault 

is modelled and analysed.    

3.3 Architecture of the Rig 

The success of online CM is hinged on the reliability of fault detection techniques. 

To guarantee this, accurate fault replication techniques to extract machine information 

in order to distinguish acceptable from unacceptable operations is needed. Thus, this 

section advances fault diagnostics for AFPM machines by developing a platform for 

precise replication of faults to ensure accurate and reliable analysis of fault signatures. 

The development of the test-rig is predicated on four objectives namely: 

1. Reliability and accuracy of sensors, instrumentation and the data acquisition 

hardware. 

2. In-situ capability of the data acquisition system. 

3. Integrity of the measurement procedure. 

4. Accurate replication of faults.  

In view of the aforementioned objectives, the following standards were established for 

the test rig shown in Fig.3.1-3.2: 

1. Ability to test a very wide range of machine shapes and sizes. 
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2. The drive must be able to operate at the speed and torque rating of the 

prototype investigated. 

3. The drive needs to be able to operate in three different modes of operation 

namely;  

a) Speed control; to rotate the prototype at desired speeds.  

b) Torque control; to apply the desired torque to the shaft of the prototype. 

c) Position control; to ‘step’ the prototype at a required angle (operates as a 

stepper motor).  

4. The torque transducer should have sufficient resolution to measure cogging 

torque and the capacity to measure maximum torque produced by the machine 

under investigation. 

5. Flexibility to vary the induced faults to the desired degree. 

6. Versatility to support a change the AFPM from a double-sided to a single-sided 

topology. 

7. Ability to monitor speed, torque vibration, current and voltage signals. 

 

 

     
Fig.3.1. Architecture of the test rig  



   

38
 

 

Ta
b

le
3

.1
. C

o
m

m
o

n
 f

au
lt

 T
yp

e
s 

in
 A

FP
M

 m
ac

h
in

es
 



 
 
 

39 
 

 
Fig.3.2.The test-rig showing key components 

 

3.3.1 Machines Investigated 

The machines analysed for faults are the surface-mounted PM, iron core, single-

sided (single-rotor, single-stator) and double-sided (double-rotor, double-stator) 

topologies. The machine data is provided in Table3.2. Both topologies are 10p/12s 

machines with parallel stator teeth or trapezoidal slots and fractional slot concentrated 

winding (FSCW) shown in Fig3.3a. The rotor shaft is shown in Fig.3.3b. The rotor can be 

modified offline by mounting discs with different PM shapes as shown in Fig.3.4.The 

PM configurations are used to reduce cogging torque. The prototypes were coupled-to 

and mechanically aligned to a servo drive, with both rigidly mounted to a test bed with 

T-slots as seen in Fig.3.2. The winding configuration (shown in Fig.3.3a) provides 

advantages of ease of winding and accessibility to the inter-turn/inter-coil regions. The 

slot/pole combination is chosen in the design [24] because it is susceptible to low 

cogging torque since its lowest common multiple is large, thus it is commonly used in 

PM machines design [24]-[27]. It has the number of poles 𝑝 and slots 𝑄 differ by two, 

i.e., 𝑄 ± 𝑝 = 2, making it very appropriate for medium to high speed applications in 

order to avoid high frequency problems in the machine core and control [26]-[27]. The 

slot/pole combination necessitates the employment of the FSCW configuration, a 

winding type inherently rich in current harmonics because the slots per pole per phase, 

𝑞 < 1 [27]-[28]. However, the FSCW configuration has advantages of short end regions, 
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ease of manufacturing, large self-inductance, low fault probability of coil-coil short 

circuit, high flux weakening capacity, high efficiency, high power and torque density 

[28]. 

Table3.2. Machine data 

Parameters Value 

Rated Power 450W 

Nominal Speed 600rpm 

Nominal Torque 7Nm 

Number of Turns/Phase 120 

Pole Pair 5 

Number of slots 12 

Outer Diameter 180mm 

Axial Length 27mm 

Length of airgap 1.5mm 

Inertia 0.048Kg/m2 

Stator Resistance (L-N) 0.40Ω 

Stator Inductance (L-N) 7.4mH 

 

 

Fig.3.3. (a) Stator core with coil windings (b) rotor shaft  

  

Fig.3.4. Various PM rotor topologies; (a) equal PM pole (b) alternating PM pole (c) 
skewed PM pole  

a 

b c a 

b 
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3.3.2 Servo Drive 

This serves as both the prime mover and regenerative breaking in generating and 

motoring mode of the machine respectively. It has good stepping resolution required 

for measuring cogging torque and sufficient rated output power while configured to 

operate in motor or generator mode. A 3kW rated machine is chosen for the drive 

since the maximum torque and speed of the AFPM machine is 10Nm and 600rpm 

respectively. The data for the servo drive is given in Appendix A.  

3.3.3 Measuring Instrumentation and Data Acquisition System 

In chapter 2, the parameters which provide useful information for fault detection in 

electric machines are identified. Consequently, VA and MCSA are deemed fit as 

adequate diagnostic strategies for fault detection in AFPM machines. They both can 

analyse mechanical, electromechanical and electrical parameters which are critical in 

determining the state of health of machine. Thus, speed, torque, vibration, voltage and 

current signals are chosen and acquired for processing and analysis. The measuring 

instrumentation transducers and data acquisition (DAQ) system are described in this 

sub-section.  

3.3.3.1 Current and Voltage Transducers 

The current and voltage measurements were achieved using LEM modules (LEM is a 

transducer trademark that uses the Hall Effect principle) to provide the necessary 

isolation/transformation between the primary power circuit (machine output) and 

secondary side, the data acquisition device. The transducers have good linearity and 

response time (less than 1μs and 40μs for current and voltage transducer 

respectively); fast enough to process signals during transients.  
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3.3.3.2 Vibration  

The ceramic shear piezoelectric accelerometer shown in Fig.3.5 is the transducer 

used to measure the vibration signals.  It is an Integrated Electronics Piezo Electric 

(IEPE) which incorporates built-in, signal-conditioning electronics. The built-in 

electronics converts the high-impedance charge signal which is generated by the 

piezoelectric sensing element into a low-impedance voltage signal that is readily 

transmitted, over ordinary two-wire or coaxial cables. The IEPE sensors require 

constant excitation, which was provided for by the circuitry of the vibration DAQ used. 

There is an analogue pre-filter, before the analogue-digital converter (ADC) to eliminate 

the aliasing frequency components that may appear in the low frequency range. The 

features of the accelerometers are presented in Appendix A. The parameter to be 

monitored is the absolute vibration of the machine housing. The stud mounting 

method is ideal for obtaining high frequencies but the machine structure surfaces is 

curved and rough, thus making the surface not adequate for this type of mounting 

method. As a result, the adhesive mounting method using an aluminium mounting base 

as shown in Fig.3.5, was employed. The aluminium base, is ‘hard coated’ to provide 

electrical isolation to eliminate ground loops and reduce electrical interference that 

may be propagating from the surface of the machine under investigation. The 

accelerometer was riveted to a side of the aluminium base while the other side was 

fixed to the surface of the machine using adhesives.  

3.3.3.3 Torque and Speed  

Accurate torque measurements are vital for determining the performance of an 

electrical machine. Load cells are more commonly used to measure the torque of an 

electrical machine. The prime mover will be mounted on bearings, to allow free 

movement in the radial direction and the load cell connected to a side of the machine 

to measure the torque applied to its shaft. However, this method is not very accurate 

and has the inherent problem of varying the offset due to the stiffness of the entire 
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structure. A brushless in-line torque transducer overcomes these challenges and can 

measure the torque very precisely, thus, it was chosen for the test rig. To mitigate or 

reduce the effect of misalignment on the torque readings, the transducer is connected 

to the prime mover and the machine under test via rigid couplings to allow for radial 

and axial misalignment tolerance without introducing unwanted vibrations. A 

15Nm DR-2112 in-line torque transducer by Lorenz-Messtechnik [29] was selected. The 

accuracy is 0.01 Nm, sufficient to measure low cogging torque values of small PM 

machines. The torque transducer also provided speed information as an analogue 

output.           

3.3.3.4 DAQ: Voltage and Current Input 

The current and voltage outputs of the LEM modules were fed to the input ports of 

the National Instrument® (NI) DAQ NI-9200 16-bit simultaneous analogue input voltage 

module. The module provides sixteen differential analogue input channels with a ±10V 

input range. Each channel contains terminals for positive and negative signals and a 

common terminal COM which is internally connected to the isolated ground reference. 

The module protects each channel from overvoltage. The incoming current or voltage 

signal is buffered and conditioned by an instrumentation amplifier and then sampled 

by a 16-bit analogue to digital converter (ADC). The voltage module was used for 

voltage, current, torque and speed data acquisition. 

3.3.3.5 DAQ: Vibration Input 

The voltage signals obtained from the accelerometers are fed into the input ports 

of a DAQ device, NI-9234 24-bit analogue input module. It provides a dc power 

(excitation) and anti-aliasing filters for the accelerometers as seen in Fig.3.6. This 

module provides four BNC analogue input channels with ±5V input range.  The ADC 

used in the module is 24-bit delta-sigma. 
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Fig.3.5. Accelerometer as mounted (left) and DAQ hardware (right) 

 
Fig.3.6. NI-9234 input circuitry 

 

3.3.3.6 DAQ Chassis 

The modules; NI-9251 and NI-9200 were seated on a 4-slot NI compaqDAQ-9178USB. 

The chassis contains four general purpose 32-bit counters built in and can run the four 

hardware-time analogue I/O, digital I/O or counters operations simultaneously. This 

permits simultaneous acquisition of currents, voltages, torque, speed and vibration 

signals.  

3.3.3.7 DAQ Software 

The LabView 2013 32bit software is the programming interface for the hardware 

discussed.  This is a platform and development environment for a visual programming 

language by National Instruments®. A LabView virtual instrument (VI) was created 

using a DAQ assistant to read and display the captured signals for real-time monitoring. 

The DAQ assistant settings are configured to the input terminal connection, physical 
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channel, and appropriate type of measurement and scaling for the DAQ hardware 

system.  

3.4 Signal Measurement and Trending 

A series of baseline measurements were taken at different speeds and load levels. 

Harmonics of the stator current in the abc-reference frame and vibration signals were 

analysed. The quality of measurement was established by ensuring the following:  

1. Proper mounting of sensors and transducers.  

2. Integrity of transducers and DAQ hardware cabling system. 

3. Correct measurement range to avoid saturated signals.  

4. Sufficient number of samples and adequate sampling rate to detect the actual 

rate of change of the measured parameter for both steady state and transient 

studies.  

5. Repeated measurements and trending to determine the baseline data. 

Correlation was established between historical trends and new data obtained in 

establishing the baseline.  

Details of the experimental and measurement protocols relating to this thesis are given 

in Appendix B. 

3.5 Conclusions 

Typical faults in AFPM machines have been identified. The chapter also details the 

state-of-the art in hardware, software and basic functionalities a rig must meet for real-

time fault diagnosis. The development of the rig is to ensure precise replication of 

various faults and reliable acquisition of machine signals for processing. It serves as a 

tool for analysing fault signatures associated with AFPM machines and the platform for 

developing various CM schemes. The effectiveness is seen in the experimental results 

in the succeeding chapters. The signal measurements obtained from the test 
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procedures for the healthy condition is the baseline data on which the faulty signals are 

benchmarked and analysed. 
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Chapter 4 

Influence of Rotor Topologies and 
Cogging Torque Minimization 
Techniques on AFPM Machine under SE 
 

4.1 Introduction  

There are numerous topologies are associated with the AFPM machine. Some of 

these have been identified in [1]-[7]. From their physical outlook in Fig.4.1; the various 

topologies can be broadly classified in terms of the following; stator-rotor 

arrangement, stator type, method of PM integration to the rotor and method of PM 

arrangement on the rotor as shown in Table 4.1. The merits and demerits of these 

topologies are then presented. Key features in their design are the large aspect ratio 

(ratio of outer diameter to axial length) and rotor structural mass which accounts for 

half of the total active mass. These make AFPM machine susceptible to eccentricities; 

which can impair its performance, cause structural imbalance, mechanical stress and 

strains on bearings [8]. The maximum allowable manufacturing tolerance for SE in 

permanent magnet (PM) machines is 10%, above this, cases may be considered as 

faults [9]-[10]. SE is a condition of unequal airgap between stator and rotor. It occurs 

due to manufacturing imperfections such as unbalanced mass and  bearing tolerance, 

or may be caused by shaft bow and bearing damage [11]-[12], resulting in unbalanced 

magnetic pull (UMP), vibrations, winding loosening, insulation fretting, stator-rotor rub 

and damage [8]-[16].  
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Table4.1. Some AFPM machine topologies 

Topologies Advantages Disadvantages 

Stator-rotor arrangement 
 

(a) Single-sided 
structure   
 

Fewer PM is utilized, simple 
construction 
 

Lower torque production,  
axial force is taken by bearing 
disc stiffness, poor winding 
utilization 
 

(b) Double-sided 
structure 
i. Internal rotor 
or 
ii. Internal stator 

Larger torque possible with a little 
increase in rotor diameter, better 
winding utilization 

Lacks robustness and mechanical 
strength especially at high speed 
of operation. 
Requires larger volume of PMs 
 

Stator type 
 

(a) Slotted stator 
core 
 

Small air  gap,  
low magnet volume 
 

Large iron losses 
 

(b) Slotless stator 
core 
 

Flux ripples, cogging torque and 
saturation of core are eliminated. 
Hysteresis and eddy current losses do 
not exist 
 

Higher magnet and copper 
volume are required 

Method of integrating the PMs to the rotor 
 

(a) Surface-
mounted 
(exterior)  PM 
type 
 

Ease of manufacturing 
 

Not suitable for very high speed 
operation, PMs are exposed to 
factors causing demagnetisation  
 

(b) Interior 
permanent 
magnet type  
 

Saliency effect; hence reluctance 
torque, protection against 
demagnetisation and corrosion 
 

Difficult to manufacture, higher 
cost 
 

Method of arranging PMs on rotor face 
 

(a) N-N or S-S 
 

Reduced end windings length, hence 
lower copper cost  
 

Larger iron losses, difficult to 
assemble 

(b) N-S Results in lower iron losses Effective only in iron-core type, 
long end windings and hence, 
higher copper losses 
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Fig.4.1. Rotor topologies of AFPM machine: (a) single-sided, (b) double-sided (inner 
stator), (c) double sided (inner rotor), (d) multi-stack 

 

In [17]-[23], SE exacerbates cogging therefore cogging torque minimization 

techniques are investigated. However, the effects of these techniques on MMF 

harmonics and overall torque response are not considered. In [12], superposition of 

field functions was used to analytically evaluate the field and global quantities of the 

AFPM machine. Finite element analysis (FEA) is then used to investigate the field 

shapes and identify the parameters.  This approach helps to analyse the effect of rotor 

dissymmetry on the circulation of current among winding parallel path. Though the 

technique gives insight into the behaviour of the machine, it cannot detect faults in 

real-time. In [13]-[15], the effects of static eccentricity on AFPM machine using finite 

elements analysis are studied. Results reveal unbalance in magnetic forces and torque. 

In [9], reduced magnitudes of induced EMF on the stator coils adjacent to the region 

with increased airgap are observed. The results were verified experimentally but the 

detection methods are offline since individual stator coils need to be floating for 

measurement of back EMF. Non-invasive diagnostic techniques are identified in [10]-

[11], [16], phase current monitoring is identified as an alternative for condition-based 

maintenance due to lower cost and ease of measurement. Sideband frequencies are 

proposed as an index for eccentricity diagnosis but the prototype investigated is a 

radial-flux topology with a distributed winding configuration [11]. The larger 

amplitudes of dynamic eccentricities (DE) are used to discriminate it from SE. However, 
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some of the frequencies coincide with other rotor fault frequencies such as shaft 

misalignment and broken magnets frequencies etc. [16], [24].  

In this chapter, using FEA and experimental verification, the following are 

investigated: 

1. The effects of cogging torque minimization techniques (CTMTs) namely; magnet 

skewing and magnetic pole arc alternation, on current harmonics and torque 

ripple. Their impact on machine performance in the presence of SE is studied 

since they are widely applied in the design of PM machines.  

2. The effect of SE on line current for fault detection; space harmonics are 

examined alongside the sideband components.  

3. The impact of SE on single-sided and double-sided rotor topologies. 

4. To propose a parametric signal processing technique as an alternative to the 

FFT in extracting SE fault features. 

4.2 Effect of the CTMTs and Rotor Topologies on 
Harmonics 

The three PM configurations used on the rotor disc for CTMT are shown in Fig.3.4. 

They are; equal PM pole, alternating PM pole and skewed PM poles. The fitting skew 

angle and magnetic pole width for both skewed and alternating PM pole respectively, 

both used as configurations to minimize cogging torque, are derived for the prototype 

in [25]. The pole-arc ratio and skewing angle per slot-pitch is given in Table 4.2. The full 

design details are given in [25]. The mathematical analysis of cogging and the effects of 

CTMTs on cogging torque are well documented in literature [20]-[23], [26]. Magnet 

skewing and alternating pole arc are two popular methods used to reduce cogging 

torque [22]. Due to manufacturing difficulty and expenses associated with skewing, 

alternating PM arc width is used as an alternative. The alternating PM arc width 

technique is similar to magnet skewing as it diminishes cogging torque harmonics using 

similar principles [20], but the determination of an appropriate pole arc width for 
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Table 4.2. PM Configurations on the prototypes 

 

 

Rotor Topologies 

Conventional 
Technique 

Cogging Torque 
Minimization Techniques 

Equal 
PM Pole 

Skewed 
PM Pole 

Alternate 
PM Pole 

Single-Sided 0.80 3o 𝛼𝑠𝑘𝑒𝑤  0.61-0.80 

Double-Sided 0.80 3o 𝛼𝑠𝑘𝑒𝑤 0.61-0.80 

 

the alternate poles is difficult in design [20]. The DS topology is derived to overcome 

the increasing aspect ratio as the power rating in the SS topology increases [1]. In this 

section, the impact of CTMTs and rotor topologies on flux linkage 𝜓𝑣  and winding 

factor 𝑘𝑣
𝑤, where 𝑣 is the harmonic order, is examined since both flux linkage and 

winding factor are good indicators of MMF harmonic content.    

4.2.1   CTMTs 

The flux due to PMs which links all the windings gives the flux linkage for each 

phase under no-load. Considering high harmonics, flux linkage per phase is described in 

(4.1), where 𝜓̂𝑃𝑀 is the peak PM flux linkage of the 𝑣th harmonic and 𝜃 is the rotor 

position in electrical degrees.  

                                                    𝜓𝑝ℎ(𝜃) = ∑ 𝜓̂𝑣
𝑃𝑀

∞
𝑣 sin 𝑣𝜃                                               (4.1) 

Since skewing changes the relative position between the stator slots and rotor PMs 

across the circumference of AFPM machine, the magnetic field distribution varies. Thus 

taking into account the skewing effect, the flux linkage for each harmonic order due to 

the PMs is deduced in (4.2) under the following assumptions:  

1. The origin of the general reference frame is taken to be at the center of the 

machine 

2. The circumferential variation of the saturation due to skewing is neglected.   

Using the xyz coordinate system in Fig.4.2, the flux linkage in (4.2) is over the active 

radius of the machine, −0.5𝐷 ≤ 𝑧 ≤ 0.5𝐷. Thus, the 𝑣th harmonic of the PM flux-
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linkage of a machine with skewing can be described in (4.3), where  𝑘𝑠𝑘𝑣  is the skewing 

factor due to PMs for 𝑣th harmonic as described in (4.4) [27]. The harmonic 

components of the flux linkage in (4.3) may be reduced by 𝑘𝑠𝑘𝑣  using skewed or 

alternating PM pole, thus making flux density more sinusoidal in the airgap.                                                   

                                                          𝜓𝑣(𝜃) = 𝜓̂𝑣
𝑃𝑀

sin 𝑣𝜃                                                  (4.2) 

                                                  𝜓̂𝑣
𝑠𝑘

(𝜃, 𝑧) = 𝑘𝑣
𝑠𝑘𝜓̂𝑣

𝑃𝑀
sin 𝑣𝜃                                          (4.3) 

                                                               𝑘𝑣
𝑠𝑘 =

sin(𝑣
𝑠𝑠𝑘
𝜏𝑝

𝜋

2
)

𝑣
𝑠𝑠𝑘
𝜏𝑝

𝜋

2

                                                       (4.4) 

where 𝑠𝑠𝑘 is skewing pitch ratio and 𝜏𝑝 is pole pitch 

4.2.2   Rotor Topologies 

As a consequence of the dual airgap in the DS topology, it becomes amenable to 

multilayer winding layers (four) compared with double layer in the SS topology. 

Therefore, by going from two to four layers, the synchronous winding factor is 

improved as a result of decrease in the distribution factor,  𝑘𝑑𝑣  in (4.5) [28]-[30].  

 

 

Fig.4.2. AFPM machine in 2D plane: (a-c) SS topology, (d-f) DS topology 
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In a FSCW, 𝑘𝑑𝑣 cannot be simply defined; however using voltage phasor 𝑘𝑑𝑣 is deduced 

in [27], [29] for various layers and slot/pole combinations. For example, the winding 

factor of the fundamental harmonic in the double layer winding of the prototype 

reduces from 0.067 to 0.0173 in the four layer windings for the fundamental harmonic 

component. Consequently, a combination of CTMTs with multilayer winding of the DS 

topology may result in larger reduction of 𝑘𝑣
𝑤. 

                                                         𝑘𝑣
𝑤 = 𝑘𝑣

𝑝𝑘𝑣
𝑑𝑘𝑣

𝑠𝑘                                                     (4.5)   

 

4.3 Modelling of SE in AFPM Machine 

4.3.1 2D Analytical 

SE is a condition in which the axis of the rotor overlaps with its rotational axis but is 

deflected from that of the stator [9], [12]. The center line of the shaft is positioned at a 

constant offset from the stator, causing a time-invariant non-uniform airgap. The 

phenomenon of SE in AFPM machines is more penetrating than in the radial-flux type 

because it is inherently a 3D and complex geometry; as such the physical modelling of 

SE is difficult. However, a 2D plane in Fig.4.2 is used in this paper to reduce the scale of 

the geometry and to provide a bases for precise replication of the fault in FEA and 

experimentation. The machines under investigation are the surface-mounted PM, iron 

core stator, SS, and DS as shown in Fig.4.2. The SS topology has a rotor disc and single 

airgap while the DS topology has two airgaps and two rotor discs which rest on a 

common shaft. The healthy state is shown for SS and DS in Fig.4.2a&Fig.4.2d 

respectively, the airgap length, 𝑔 is uniform along the axial direction (x-coordinate) and 

around the circumference (y-coordinate) of the stator. Here, the symmetrical axis of 

the rotor coincides with that of the rotor, irrespective of mechanical rotation. However, 

in event of occurrence of SE, the rotor shaft experiences a deflection and the symmetry 

of the rotor deviates from the stator’s by an angle, 𝛽 and the airgap varies in axial 
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length from small to large around the circumference of the stator. This variation is fixed 

in space, that is, it is independent of the position of mechanical rotation as indicated in 

Fig.4.2b-c for SS and Fig.4.2e-Fig.4.2f for DS. For this reason, permeance varies axially 

across the machine circumference from maximum to minimum in the regions of 

minimum to maximum airgap respectively. In the DS topology, Fig.4.2e-Fig.4.2f, the 

deflection of one rotor is conversely reflected on the other, in equal proportion. This 

causes the minimum reluctance seen by a stator face to experience a corresponding 

maximum reluctance on the opposite face since the rotor discs rest on a common 

shaft. Fig.4.3 (not drawn to scale) illustrates the worst possible scenario of the resulting 

asymmetric airgap due to SE. Here, mechanical clearance ceases to exist and the rotor 

disc starts to make contact with the stator. Thus, (4.6)-(4.8) is derived from the 

geometry, where 𝐷 is the diameter of the rotor disc, 𝛾 and 𝑔𝑚𝑎𝑥 are the resulting 

deflection angle and airgap length respectively. The increase in 𝑔 is a consequence of 

the deflection length 𝑟 which is directly proportional to 𝛽, with the greatest possible 

limit reached in (4.6) and (4.7). Therefore irrespective of the diameter of an AFPM 

machine, its deflection length from its axis is within the limits of the air-gap, i.e., the 

variation in air-gap length caused by SE is  𝑔𝑚𝑖𝑛 ≥ 0 ≤ 2𝑔 ≥ 𝑔𝑚𝑎𝑥 and the deflection 

length 𝑟 ≤ 𝑔. It can be measured in (4.9) as a percentage ratio of the deflection length 

to the length of the ideal airgap and the effective length of airgap caused by SE is 

expressed in (4.10), where φ is time-invariant spatial position. In practice, though 

4𝑔 ≪ (𝐷 + 𝑥) in (4.8), when 𝛾 ≫ 0 significant SE factor given in (4.9) will result. 

Furthermore, since 0 < 𝑥 and 0 < 𝑦 in Fig.4.8, leakage flux will occur. These effects of 

SE on the magnetic field are better accounted for in FE computation using this 2D 

model in 3D finite element analysis (FEA). 

                                                               𝑔𝑚𝑖𝑛 = 𝑔 − 𝑟 = 0                                                     (4.6)                                                    

                                                              𝑔𝑚𝑎𝑥 = 𝑔 + 𝑟 = 2𝑔                                                  (4.7)                
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Fig.4.3. A cross-section of the asymmetric airgap 

                                 

                                                                  
4𝑔

(𝐷+𝑥)
= sin 𝛾                                                              (4.8) 

                                                               𝜖𝑠 =
𝑟

𝑔
× 100%                                                          (4.9)                                                    

                                                            𝑔𝑒(𝜑) = 𝑔(1 ± 𝜖𝑠)                                                    (4.10)         

 

4.3.2 3D FEA 

The basis of any reliable fault diagnosis method for electric machines is precise 

performance analysis under both healthy and faulty conditions. Modelling of the fault 

is imperative in understanding and diagnosing the condition. Thus approaches that                    

consider all effective characteristics of machines, such as FEA are reliable for 

investigating faulty machines [31]. The major advantage of FEA is that physical 

geometries can be modelled mathematically and numerical techniques can be 

employed to give precise electromagnetic solutions.  Although at present, commercial 

2D/3D FEA software packages are primarily not designed for fault investigations, their 

effective application for fault analysis can be skilfully achieved. Cedrat’s Flux® is the 

commercial FEA software used to analyse the AFPM machine topologies under both 

healthy and faulty scenarios. Based on the analytical model, SE is replicated using the 
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geometric parameters of the experimental machine in chapter 3. The FEA takes into 

account significant practical parameters such as, saturation, leakage flux, finite 

permeance of magnetic materials, teeth and slotting effects.  For a healthy machine, 

the FEA could be done by modelling a part of the geometry and applying periodicity 

since electrical machines have symmetrical characteristics. However, such 

simplification cannot be used in the case of SE since it alters the symmetrical properties 

of the machine. Thus, full geometrical modelling is performed using 3D FEA since the 

AFPM machine is inherently a 3D geometry.   

4.4 Implementation of SE Faults 

The axial magnetic force and pressure between the rotor and stator is very high, 

thus restraint of the rotor inclines due to SE as seen in Fig.4.2 is difficult. To practically 

implement the fault, the stator was housed on a flange which was fitted onto a rigid 

external frame. The flange is adjustable and its position on the external frame can be 

varied to obtain SE by displacing the stator axis from the rotor axis at an angular offset 

(illustrated in Fig.4.1) corresponding to the desired degree of SE.  The rotor shaft was 

also designed with an in-step to rest the rotor disc and prevent the rotor from moving 

towards the stator (both shaft and rotor discs are shown in Fig.3.4). A fillet gauge was 

used to measure the resulting airgap variation to ensure accuracy. The rotor structure 

was not altered; thus the method eliminated the possibility of straining the bearing and 

inducing other faults during experimentation. The test rig developed in chapter 3 was 

the platform used for the fault replication.        

4.5   Evaluation of Electromagnetic and Electrical 

Quantities 

The effect of the CTMTs and rotor topologies under healthy and SE conditions on 

machine performance is determined by evaluating electrical and electromagnetic 

quantities. Using the Fourier transform and power spectrum density (PSD), the 
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harmonics present in the line current of the machine are extracted for both healthy 

and SE scenarios under various load conditions and at different speeds in the abc 

reference frame. Inductance and torque are also obtained from both FEA and 

experimentation to quantify the performance of the various rotor topologies and 

CTMTs. Since skewing decreases the rms value of the EMF fundamental wave as a 

result of reduced winding factor, the current and torque ratings are kept the same for 

both topologies and the three magnet configurations to provide a common template 

for the investigation.   

4.5.1   Torque Ripple 

4.5.1.1 Impact of CTMTs and Rotor Topologies on Torque Ripple under 
   Healthy Condition 

The effect of the various CTMTs on load torque is shown in Fig.4.4-4.5. The torque 

response is unidirectional and has both constant and periodic components. The 

periodic component is a function of time, superimposed on the offset and it is the 

cause of the pulsation.  Results are obtained using (4.11)-(4.12) [32], where 𝑇𝑎𝑣 is 

average torque, 𝑇𝑐𝑜𝑔𝑔 is cogging torque, 𝑇𝑟 is the total torque ripple and  𝑇𝑀𝑀𝐹 is ripple 

due to MMF harmonics. At rated torque, the two CTMTs effectively reduced  𝑇𝑀𝑀𝐹 in 

the equal PM pole configuration as shown in Fig.4.5, from 21.5% to 11.5% in the 

alternate PM pole and 11% in the skewed PM pole configuration in the SS topology. In 

the DS topology, the torque ripples obtained are 16%, 8.2% and 4.8% for the equal PM 

pole, alternate PM pole and skewed PM pole configuration respectively. The DS 

topology is more effective at reducing torque ripples due to MMF harmonics than the 

SS topology in combination with the CTMTs.  The current harmonic components 

responsible for this are examined in the next section.                                           

                                                        𝑇𝑟(∝) =
𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛

𝑇𝑎𝑣
                                                       (4.11) 

                                                  𝑇𝑀𝑀𝐹 = 𝑇𝑟(∝) − 𝑇𝑐𝑜𝑔𝑔                                                  (4.12) 



 
 
 

59 
 

4.5.1.2 Impact of Rotor Topologies and CTMTs on Torque Ripple under SE 
Conditions  

The torque response for both SS and DS topologies using the skewed PM pole is 

shown in Fig.4.6 and Fig.4.7 respectively. In the presence of SE,  𝑇𝑀𝑀𝐹  in the SS 

topology increased with the degree of SE for all three PM configurations. The CTMTs do 

not prevent SE from impairing on machine performance but they reduce the impact; 

lower torque ripples are derived. However, no torque ripple effect due to SE is 

manifested in the DS topology. The inductances have been computed in FEA to closely 

examine this effect. Fig.4.8 shows the stator unsaturated inductances associated with 

the coils in the rotor position with minimum airgap length for the SS topology. Since 

the airgap length varies around the stator circumference, the inductances of the coils in 

all three phases vary. It is evident that the inductances increase with smaller length of 

airgap; however, in the DS topology in Fig.4.9, no change in inductance is evident for 

the same magnetic path. This phenomenon is better clarified in Fig.4.10 showing the 

FEA plot of the normal component of flux density 𝐵𝑛 using the center of the symmetric 

airgap as reference. Here, 𝐵𝑛 in airgap-1 is conversely reflected in airgap-2 in the DS 

topology (indicated by the dotted circle for 60o mech. position). The coils A and Aꞌ in 

Fig.4.1e-Fig4.1f see minimum and maximum flux linkage respectively, and the ensuing 

inductance from the pair remained unaffected. Thus the DS topology is 

electromagnetically balanced under eccentricities. Variable airgap permeance which 

results from eccentricities does not impair on the performance of the DS topology. This 

electromagnetic field behaviour is the same in all the three magnet configurations 

investigated.  
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Fig.4.4. Impact of the various CTMTs on torque 

 

 
Fig.4.5. Influence of rotor topologies and CTMTs on torque ripple 

 
 

 

Fig.4.6. Torque pulsation under healthy and SE conditions in the SS topology 

 

 

 
Fig.4.7. Torque pulsation under healthy and SE conditions in the DS topology 
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Fig.4.8. Inductance of magnetic path across rotor position with minimum airgap length 
in a SS topology 

 

 

Fig.4.9. Inductance of magnetic path across rotor position with minimum airgap length 
in a DS topology 

 

 

Fig.4.10. Normal component of magnetic flux density 

Airgap-1 

Airgap-2 
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4.5.2   Current Harmonics                                                         

4.5.2.1 Impact of CTMTs on Space Harmonics under Healthy Condition  

In the FSCW configuration, the coils are spatially displaced by a limited number of 

slots under a high number of pole-pairs (i.e. 𝑞 < 1) in a medium of non-sinusoidal 

airgap flux density distribution. Thus, space harmonics are induced in the voltages. This 

causes the windings to operate at current linkage harmonics defined by (4.13) [28], 

[33], where  𝑚 = 3  and 𝑘 = 0, 1, 2 …, yielding 𝑣 = 1, −2, +4, …; where the sign is 

indicative of the direction of rotation of the harmonics based on rotating field theory. 

The space harmonics are of particular interest in PM machines with concentrated 

windings since MMF harmonics are inherently present which may cause additional 

rotor eddy current losses [29], [33]. Also, they are inherent regardless of the operating 

conditions of the machine albeit low in magnitude, especially the even order harmonics 

since symmetry is maintained around the poles. In Fig.4.11, the influence of the CTMT 

on 𝑣 is obtained. It shows that the CTMTs effectively reduce their magnitudes since 

they cause the flux density to be more sinusoidal, thereby inducing a more sinusoidal 

back EMF and consequently leading to reduced current linkage harmonics. This 

reduction in MMF harmonics is desirable because they are the main source of torque 

pulsation when PM machines operate under load. Notice that the even order 

harmonics are lower in magnitude than the odd order harmonics since symmetry is 

maintained around the poles. 

                                                                𝑣 = 1 ± 𝑘𝑚                                                           (4.13) 

4.5.2.2 Impact of Rotor Topologies on Space Harmonics under Healthy 
        Condition 

Since the DS topology is amenable to four layers of windings, the winding factors in 

the double layer winding reduces from 0.067 to 0.0173, for 𝑣 = 1. Similarly, the 

winding factor when 𝑣 = 2, 4, 5, 7, 8 in the double layer configuration reduces from 
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0.933 to 0.9012. Consequently, the amplitudes of 𝑣 are reduced by an average of 5% in 

the DS topology, relative to the SS topology as shown in Fig.4.12. Accordingly, lower 

 𝑇𝑀𝑀𝐹 was derived from the torque response of the DS topology compared with the SS 

topology as shown in Fig.4.5. The decrease in amplitude is as a result of the multilayer 

winding in the DS topology, leading to a slightly lower distribution factor in (4.10).  

4.5.2.3 Impact of Rotor Topologies and CTMTs on Space Harmonics 
              under SE Conditions                                                                                                                                              

Fig.4.13 shows the effect of SE on 𝑣 using the alternate PM pole in the SS topology. 

The amplitudes are significantly affected by SE. The even order harmonics are largely 

more incited than the odd harmonics despite having been hitherto significantly 

reduced by the CTMTs since the space-variant airgap permeance characteristics given 

in (4.10) leads to asymmetric distortion of the MMF wave over a pole-pitch where the 

coils are displaced by a limited number of slots. Thus, the load torque in Fig.4.5 is 

insusceptible to SE.  Furthermore, the impact of the CTMTs on 𝑣 under SE in the SS 

topology is shown in Fig.4.14, where all the three PM configurations compared. It is 

revealed that the CTMTs considerably diminish the amplitudes of 𝑣, even in the 

presence of SE. But the amplitudes of 𝑣 are unchanged in the DS topology under SE 

irrespective of the magnet configurations employed.    

The magnitudes of 𝑣 are clearly indicative of SE in the SS topology, but they may 

not suffice as indices for fault detection since they are largely dependent on the CTMTs 

employed and load variations are impactful on them as seen in Fig.4.15. Therefore the 

sub-harmonics in the line current are explored for fault detection.           
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Fig.4.11. Impact of the various CTMTs on 𝑣 

  

Fig.4.12. Impact of the DS topology on 𝑣 
 

 

Fig.4.13. Effect of SE on 𝑣 
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     Fig.14.14 Impact of the CTMTs on 𝑣 under SE 

 

Fig.4.15. Effect of load variations on 𝑣 

 

4.5.2.4 Sub-Harmonics under SE Condition and the Impact of CTMTs and 
             Rotor Topologies 

The amplitudes of the frequencies 𝑓𝑆𝐸  in (4.14), where 𝑓 is the fundamental 

frequency of the line current, 𝑝 is number of pole pairs and 𝑘 = 1, 2, 3 … are extracted 

and proposed as indices for detection of SE in radial-flux PM machines with distributed 
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windings [10]-[11]. They are sidebands of the fundamental component. In the DS 

topology, the amplitudes of the sidebands in (4.14) are not affected and remained 

constant under SE conditions for the three PM configurations investigated. In the SS 

topology however, the sidebands significantly increased in amplitudes. The fault indices 

are found to be equally valid for AFPM machines in the SS topology as seen in Fig.4.16.  

Unlike the space harmonics, the sub-harmonics are not significantly affected by the 

CTMTs under healthy and SE conditions. Their extracted amplitudes are shown in 

Fig.4.17. In addition, in Fig.4.18, load variations are found to have no considerable 

impact on their amplitudes, thereby making (4.14) a robust detection technique. 

However, some components in (4.13) and (4.14) overlap when 𝑣 is an even order 

harmonic and 𝑘 =  3, 8,13 … respectively. Since 𝑣 varies significantly in amplitudes due 

to load changes, the frequencies of the harmonic constants 𝑘 coinciding with 𝑣 are thus 

excluded in the detection technique and trending derived in Fig.4.16.     

                                                           𝑓𝑆𝐸 = 𝑓 (1 ±
2𝑘−1

𝑝
)                                                    (4.14) 

 

 

Fig.4.16. Effect of SE on frequency components with harmonic constant 𝑘 
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Fig.4.17. Effect of CTMTs on frequency components in (4.14) 

 

 

Fig.4.18. Effect load variations on frequency components in (4.14)  

using skewed PM pole 

 

4.6   Current Signal Processing with ESPRIT  

The standard industry technique used in processing electrical machine signals for 

fault diagnosis under steady-state is the FFT. It has been applied to extract the 

harmonics analysed. Though it is robust and simple to implement, it requires long 

measurement duration; typically not less than 30s is needed for high frequency 

resolution. However, the steady-state operation of AFPM machine is not guaranteed 

for such an extended time period because of load and speed variations. In addition, the 

hardware and/or data storage cost requirements in chapter 3 increase with 
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measurement duration. To overcome this, the ESPRIT parametric spectral estimation 

technique is proposed.  

If the measured current signal is given by 𝑥(𝑛) in (4.15), where 𝐴𝑖, 𝑓𝑖  and ∅𝑖 is the 

amplitude, frequency and the initial phase of the 𝑖th harmonic respectively, 𝑇𝑆 is the 

sampling interval and 𝑝 is the number of harmonics, parametric models which relate to 

the eigenvector decomposition of correlation matrix can be developed from the 

current signal and used to estimate the discrete part of the spectrum. An algorithm 

based on (4.15)-(4.20) [34]-[35] is implemented using MATLAB® programming to 

extract the fault harmonics. Parametric models relating to the eigenvector 

decomposition of the correlation matrix developed from the current signal are used to 

estimate the discrete part of the spectrum as described by the following steps:   

1. Compute a transition matrix of 𝑥(𝑛) in (4.17)-(4.18).  

2. Subsequently, construct the correlation and mutual-correlation matrix of (4.17) 

and (4.18) in (4.19) and (4.20) respectively, where 𝐸 and 𝐻𝑖 represents 

mathematical expectation and conjugation respectively.  

3. Finally, sort the Eigen values from the singular-decomposition of 𝑅𝑋𝑋 and 𝑅𝑋𝑌. 

Then compute the amplitudes and frequencies of the harmonic component of 

𝑥(𝑛) from the resulting Eigen values.  

                              𝑥(𝑛) = ∑ 𝐴𝑖 cos(2𝜋𝑓𝑖𝑛𝑇𝑆 + ∅𝑖)
𝑝
𝑖=1      𝑛 =1, 2, … . , 𝑁                      (4.15)        

                                                             𝑦(𝑛) = 𝑥(𝑛 + 1)                                                       (4.16)                                          

                                       𝑋(𝑛) = [𝑥(𝑛)   𝑥(𝑛 + 1) …   𝑥(𝑛 + 𝑚 − 1)]𝑇                         (4.17)           

                                        𝑌(𝑛) = [𝑦(𝑛)   𝑦(𝑛 + 1) …   𝑦(𝑛 + 𝑚 − 1)]𝑇                        (4.18)           

                                                         𝑅𝑋𝑋 = 𝐸{𝑋(𝑛)𝑋𝐻𝑖(𝑛)}                                                (4.19)                            

                                                         𝑅𝑋𝑌 = 𝐸{𝑋(𝑛)𝑌𝐻𝑖(𝑛)}                                                (4.20)       
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The result is seen in Fig.4.19 which shows the ESPRIT spectral estimation technique 

applied to the current signal under the same operating conditions as with the FFT. 

Close correlation of both frequencies and amplitudes is achieved with 2.5s of 

measurement as against 30s of measurement obtained using FFT. Using the FFT 

method, 60K samples of current signals were collected at 2kHz, but with ESPRIT, 5K 

samples were collected at 2kHz. This considerably reduces data storage requirement. 

However, computational time is longer using ESPRIT. The signal processing duration is 

10s as against approximately 1s using FFT on the aforementioned number of samples. 

4.7 Conclusions 

Space harmonics are significantly reduced using CTMTs and in the DS topology 

under healthy condition as a result of reduced flux linkage harmonics and winding 

factor respectively. However, unlike the space harmonics, the sub-harmonics are not 

affected by the CTMTs and in the DS topology. Under SE conditions, increases in 

amplitudes of space and sub-harmonics are evident in the SS topology but not in the DS 

topology. This is effective for the three PM configurations investigated. The immunity 

of the DS topology is due to the opposing effect of the asymmetrical properties of its 

two airgap. Thus, the DS topology is a more robust and an efficient topology. It can 

correct the effects of rotor dissymmetry as a result of manufacturing imperfections or 

faults while the CTMTs can mitigate the impact of SE in the SS topology. The technique 

for fault detection of SE in radial-flux PM machines with distributed windings as 

established in literature is also applicable for the SS topology of the AFPM machine 

with concentrated windings if the harmonic constants which coincide with the even 

order space harmonics are not taken into account. The detection technique is robust 

against the CTMTs and load variations.  
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Fig.4.19. Correlation between FFT and ESPRIT using MCSA 
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Chapter 5 

Detection of ISC Faults Using Current 
Analysis   
 

5.1 Introduction 

Interturn short circuit (ISC) faults are identified as the root cause of most stator 

winding faults which accounts for 21% of the faults occurring in electrical machines [1]. 

Other types of winding faults are coil-to-coil, turn-to-turn, phase open-circuit, phase-

to-phase and phase-to-ground [2]. ISC is caused by copper insulation breakdown, 

resulting in low-power intermittent arcing, which causes erosion of the conductor until 

enough power is drawn to weld them. Once the welding has occurred, high induced 

currents in the shorted loops lead to rapid stator failure [2]. This is problematic in 

surface-mounted PM machine because it may produce magnetic field intensity higher 

than the coercivity of the magnet, thereby demagnetizing the spinning magnets 

permanently [3]. ISC may also aid in the acceleration of insulation breakdown due to 

thermal stress caused by the fault current [3]-[6]. Thus, early detection and diagnosis of 

this type of failure is necessary. As a result, focus of some works has been directed 

towards detecting ISC in rotating electric machines [3]-[15]. In [6]-[12], techniques 

were developed to monitor machine’s health condition and make online diagnosis. The 

motor current signature analysis (MCSA) is the most powerful and widely used 

technique [10]. In [13]-[14], ISC faults are modelled both analytically and in FEA, ISC is 

then evaluated by calculating inductances and back EMF. In [15], reference frame and 

two-axis theory are used to analyse the current signal. In [7]-[8], a rigorous 

mathematical study of ISC is presented. In [7]-[8], [14]-[15], the knowledge of the 
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performance of PM machines under ISC is advanced but there are limitations in 

applicability of results to online detection of faults since the machines were not 

analysed for practical fault detection purposes or procedures. In [10]-[12], the analysis 

focused on the current signature using frequency and time-frequency analysis without 

identifying a unique frequency pattern. In [13], a frequency pattern is introduced for a 

radial-flux PM machine with distributed windings. It is based on the harmonics of 

airgap magnetic field, but it does not encompass all harmonics triggered by ISC and the 

frequencies overlap with that of rotor eccentricities. In AFPM machine, detection of 

stator winding faults is important as they become increasingly deployed in numerous 

applications [16]-[17]. Therefore in this chapter, detection technique for ISC faults and 

discrimination from SE faults in AFPM machines is sought in both steady-state and 

transient conditions by applying a combination of signal processing techniques on the 

current signal. First, AFPM machine with FSCW is modelled under ISC fault; the 

electromagnetic behaviour is investigated analytically and using FEA with the aim to 

provide insight into the pattern of fault harmonics in the current spectrum. 

5.2   Modelling of the ISC Faults 

PM machines with FSCW are described as fault-tolerant machines because of 

physical isolation among the 3-phase windings. Nonetheless, ISC may occur within 

turns belonging to each coil in a phase. In the electrical representation shown in 

Fig.5.1, the fault is on phase ‘A’, where subscripts ‘a’ and ‘a1’ represent healthy and 

faulty parts of phase ‘A’ respectively, 𝑉, 𝐼, 𝐿 and 𝑅 are the voltages, currents, 

inductances and resistances of each phase respectively. The transient and steady-state 

performance can be evaluated in (5.1). The mutual inductance 𝑀 between each phase 

is zero since the coil windings belonging to a phase are non-overlapping and physically 
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Fig.5.1. Electrical representation of the ISC fault 

 

isolated from each other and from coils of other phases. However, under interturn 

fault, mutual inductance exists between the healthy and faulty part of the faulty phase. 

Thus under inter-turn fault, the stator voltage 𝑉𝑎 in (5.1) can be expressed as the sum 

of (5.2) and (5.3), where 𝑀1 is the mutual inductance between the healthy and faulty 

windings. Both transient and steady-state behaviour depends on 𝑅𝑎, 𝐿𝑎, 𝑀1 and 𝐿𝑎1. 

All of these parameters are influenced by 𝑖𝑓, incited as 𝑟𝑓 → 0, and by the number of 

shorted turns; with 𝑅𝑎 inversely proportional to the number of shorted turns, and 

changing with the thermal time constant of the windings due to the heating effect of 𝑖𝑓. 

It is difficult to estimate the inductances analytically, but using FEA, their quantities, as 

well as the influence of the number of shorted turns and saturation caused by 𝑖𝑓 on 

them can be accurately evaluated.         

The parameters of the prototype of the experimental machine are chosen for the 

field computation studies in 3D FEA using Cedrat’s Flux®. Based on Fig.5.1, ISC is 

replicated using the geometric parameters of the prototype and the performance was 

determined at constant speed. In the analysis, the effect of saturation on permeance, 

caused by increased magnetic field due to  𝑖𝑓 is revealed in Fig.5.2 where the stator 

winding inductance profile of the faulty machine is seen distorted and shifted along the 

vertical axis with variation in magnitude across the rotor positions where the shorted 

turns are located. An electromagnetic analysis using the MMF-permeance model given 

by (5.4) is used to further analyse this behaviour.  If airgap magnetic flux density 𝐵 is a 

product of MMF ℱ and permeance Λ, at any point in the airgap the instantaneous 
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spatial and time variations in 𝐵(𝜃, 𝑡) can be determined by (5.5), where ℱ1 and ℱ2 are 

stator and rotor MMFs respectively. Since, changes in 𝐵(𝜃, 𝑡) is a consequence of 

variations in Λ, changes in permeance is the primary indicator of ISC faults. This can be 

evaluated with the aid of the Fourier series as an even function in (5.6) [18], where 𝑘 is 

the number of harmonics which replace the airgap variation bounded by the stator and 

rotor active surfaces. The first term corresponds to the relative permeance Λ0 of the                                                                                         

                                     [𝑉𝑎𝑏𝑐]    = [𝑅𝑎𝑏𝑐][𝐼𝑎𝑏𝑐] + [𝐿]
𝑑[𝐼𝑎𝑏𝑐]

𝑑𝑡
+ [𝐸𝑎𝑏𝑐]                                (5.1) 

                                                     where [𝐿] = [

𝐿𝑠 0 0
0 𝐿𝑠 0
0 0 𝐿𝑠

]                  

                                   [𝑉𝑎] = [𝐸𝑎] + [𝐼𝑎][𝑅𝑎] + [𝐿𝑎]
𝑑[𝐼𝑎]

𝑑𝑡
+ [𝑀1]

𝑑[𝐼𝑎1]

𝑑𝑡
                            (5.2)  

                               [𝑉𝑎1] = [𝐸𝑎1] + [𝐼𝑎1][𝑅𝑎1] + [𝐿𝑎1]
𝑑[𝐼𝑎1]

𝑑𝑡
+ [𝑀1]

𝑑[𝐼𝑎]

𝑑𝑡
                       (5.3) 

                                             where [𝐿] = [

𝐿𝑠 𝑀𝑎𝑏 𝑀𝑎𝑐

𝑀𝑏𝑎 𝐿𝑠 𝑀𝑏𝑐

𝑀𝑐𝑎 𝑀𝑐𝑏 𝐿𝑠

] 

 
 

 
Fig.5.2. Inductance of the winding as seen from the rotor under ISC 
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physical airgap increased by Carter’s coefficient, which takes into account stator slot 

openings while the second term Λ𝑘 describes higher harmonics coefficients. At the 

onset of faults, change in permeance is established and the resulting asymmetric flux 

distribution may cause additional harmonics in the second term of (5.6). Thus the 

voltage induced in the windings due to space distribution of the main flux contains 

additional waveform component linked to the flux produced by  𝑖𝑓 which may lead to 

sequence of harmonics and/or sub-harmonics in the winding linkage current.    

                                                        𝐵(𝜃, 𝑡) = ℱ(𝜃, 𝑡) Λ(𝜃, 𝑡)                                                (5.4) 

                                           𝐵(𝜃, 𝑡) = [ℱ1(𝜃, 𝑡) + ℱ2(𝜃, 𝑡)  ]Λ(𝜃, 𝑡)                                   (5.5) 

                                    Λ(𝜃) = Λ0 + Λ𝑘 =
𝐴0

2
+ ∑ 𝐴𝑘 cos(𝑘𝜃)∞

𝑘=1,2,3…                              (5.6) 

 

5.3 Implementation of ISC Fault  

ISC fault as described in Fig.5.1 is replicated on the experimental machine to 

determine harmonics incited by i𝑓 and extract fault features in the line current. The 

winding belonging to a coil in phase ‘A’ has been tapped to an external terminal to 

enable 1-6 turns to be shorted through a variable resistor so that the fault condition is 

controlled. The resistance is limited to ensure the current rating of the winding is not 

surpassed. The total resistance of each phase is approximately 0.4Ω and the resistance 

values across terminals corresponding to the 2 and 4 turns shorted are 0.0068Ω and 

0.013Ω respectively, representing 1.67% and 3.33% fault severity respectively. Using 

thermal imaging, changes in temperature are measured and trended under both 

healthy and ISC conditions in Fig.5.3a-Fig.5.3b respectively. Abnormal temperature 

densities across the surface of the generator are detected with the winding fault. 

Hotspots are observed in Fig.5.3b in the faulty part of the stator winding; where a 

13.5oC rise in temperature due to 𝑖𝑓 is observed. On the average, the winding 

temperature increased from 30.9oC to 36.25oC due to the presence of the interturn 
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fault (2 shorted turns). The machine was run at various speeds under several load 

conditions and the captured data for different scenarios were trended and analysed.  

5.4 Detection of ISC Faults under Steady State Conditions  

5.4.1 Feature Extraction of Faulty Components 

Before applying MCSA monitoring method, an analysis and understanding of the 

typical harmonics in healthy AFPM machine is necessary. Regardless of faults, two sets 

of harmonics are immanent in the current spectrum of PM machines due to their 

geometric nature, design and manufacturing techniques. They are space harmonics; 

their harmonic order in PM machines with FSCW are given in (4.13) and slot harmonics; 

their frequencies of occurrence is obtained by (5.7) [20]-[21]; where 𝑓 is line frequency, 

𝑄 is the number of slots, 𝑚 = 3, and 𝑝 is number of pole pair. In the prototype 

investigated as described in section 3.3, 𝑣𝑠ℎ  overlaps with 𝑣 since   𝑄 ± 𝑝 = 2. Other 

harmonics which may appear in the current spectrum are time harmonics related to 

the supply source. These harmonics are taken into consideration in the fault feature 

extraction.  

 

 
Fig.5.3. Thermal imaging of (a) healthy and (b) interturn fault conditions 
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Current signals are captured for duration of 1min under both healthy and ISC 

conditions. The rotating flux wave produced by 𝑖𝑓 incited harmonics (𝑓𝐼𝑆𝐶) which 

appear in the current spectrum of the stator winding in both SS and DS topologies as 

given in (5.8), where 𝑃 is number of pole pairs, 𝑓 is synchronous frequency, 𝑛 =

1, 3, 5 …  and 𝑘 = 1, 2, 3 … are integers. The combination of 𝑘 and n takes factors such 

as saturation and slot leakage, space and slot harmonics into account. These 

harmonics, shown in Fig.5.4 are identified and extracted using fast Fourier transform 

(FFT) and power spectra density (PSD); they are directly dependent on 𝑓. Their 

magnitudes increased considerably with worsening ISC but load variations have no 

impact on them as shown in Fig.5.5. Although the frequency pattern is robust against 

variations in load conditions, some frequencies coincide with harmonic components 

due to SE in chapter 4, because the faults harmonics induced in the line currents are a 

consequence of the variations in airgap permeance as per (5.3).  

 

                                                            𝑣𝑠ℎ = 𝑓(𝑘𝑄 + 𝑝)                                                          (5.7) 

                                                    𝑓𝐼𝑆𝐶 = 𝑓 (𝑛 ±
2𝑘+1

𝑝
)                                                      (5.8) 

 

 

Fig.5.4. Interturn SC fault frequencies at −𝑘 = 1 to +𝑘 = 4 
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Fig.5.5. Effect of load variation on fault frequencies in (5.8) 

 

5.4.2 Faults Discrimination under Steady State Conditions 
Using Park’s Vector  

In the previous section it is shown that MCSA is capable of detecting ISC. But the 

detection technique is limited at discriminating ISC from SE since some of their 

harmonics components overlap. This is because both faults cause variations in airgap 

flux density as a result of variable permeance. However, a unique feature of ISC is that 

it causes slight imbalance in the line current. Thus fault discriminatory feature that is 

based on the imbalance in the line current is examined by applying the extended Park’s 

vector (EPV) technique. Under ideal conditions, i.e., when the current constitute a 

purely positive-sequence system, as a function of the main phase variables (𝑖𝑎,  𝑖𝑏 , 𝑖𝑐), 

the Park’s vector (PV) has the components in (5.9)-(5.10) [24]-[25], where 𝑖𝑚𝑎𝑥 is 

maximum value of the current positive sequence, 𝑤 is angular supply frequency and 𝑡 

is time variable. However under abnormalities, (5.9)-(5.10) no consists of only positive-

sequence but can be expressed as sum of positive- and negative- sequence 

components. Negative-sequence component is introduced on account of asymmetry, 

whose degree is direct related to the degree of asymmetry. The information on the 

asymmetry is contained in the current modulus of the PV in (5.11) and can be properly 

quantified using the EPV; a spectral analysis of the PV modulus.   
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The results of the EPV when applied to the current signal of the healthy and faulty 

machines are shown in Fig.5.6-Fig.5.7. The presence of ISC in the winding creates sags 

in the phase where the shorted turn is located as it rotates at angular speed 𝑤. This 

introduces asymmetry by impressing negative-sequence components in the current 

signal as manifested in the EPV signature by the presence of a spectral component at 

twice the fundamental frequency, whereas SE does not cause significant asymmetries 

in the phases. The amplitude of this component is direct related to the degree of fault 

as quantified in Fig.5.8 where the fault severity factor is the percentage ratio between 

the amplitude of the component at 2𝑓 to that of the dc level of the current PV. The 

noticeable difference in the fault severity factor at the two load levels is expected since 

the three phase current magnitudes increase with load. This technique is proposed to 

be applied to improve and complement MCSA in screening out stator winding faults 

from rotor eccentricities in AFPM machines.   

                                                    𝑖𝐷 = (
√6

2
𝑖𝑚𝑎𝑥𝑠𝑖𝑛(𝑤𝑡))                                               (5.9) 

                                              𝑖𝑄 = (
√6

2
𝑖𝑚𝑎𝑥𝑠𝑖𝑛(𝑤𝑡 − 𝜋 2⁄ ))                                     (5.10) 

                                                       𝑖𝑚𝑎𝑔 = √𝑖𝑄
2 + 𝑖𝐷

2                                                  (5.11) 

 

Fig.5.6. EPV signature under SE conditions 
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Fig.5.7. EPV signature under ISC conditions 

 

 

Fig.5.8. Fault severity factor 

 

5.5 Transient State Detection of Faulty Components  

The use of AFPM machines in applications characterized by transients makes it 

desirable to find a methodology for its transient fault detection since steady state 
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detection using the current signal is not definite. In these applications, transient startup 

operation is typical; therefore a suitable diagnostic technique is explored.    

5.5.1 Typical Challenge in Extracting the Fault Related Features 
under Startup Transient 

During startup, the fundamental frequency evolves from zero to its final steady-

state value. This causes difficulty in tracking fault components in the startup transient 

regimes since the far larger magnitude of the fundamental harmonic overshadows the 

fault harmonics. This can be observed in the plot of the discrete wavelet transforms 

(DWT) in Fig.5.9. DWT, like any other time-frequency techniques, gives supplementary 

information to that obtained using frequency techniques. It is employed in analysing 

the signal. The fitting frequency bands for the DWT with a range that provides for the 

effective isolation of the fundamental from others across the various levels of the DWT 

are obtained using (5.12) [26], where 𝑘 = 1: 𝑛, 𝑛 is the number of decomposition level, 

and 𝑓𝑠 is the sampling frequency to effectively extract the fault harmonics as they 

evolve. In this chapter, a high sampling rate (𝑓𝑠) is used (in Table 5.1) and appropriate 

decimation factor is subsequently applied to the sampled current signal in the 

algorithm used to compute the DWT presented in Fig.5.9. The winding fault had been 

implemented offline before the startup. The ramp-up occurs in approximately 5s and 

the signal subsequently settles into steady-state in the time interval of 5-10s. The 

ramp-up time duration of 5s is derived from experimental knowledge and suffices for 

the evolution of the harmonics to be tracked. The DWT of the current signal reveals the 

magnitude of the fundamental harmonic (𝑓1) over and above all others, thus 

overshadowing the fault harmonics in the various decomposition levels till it reaches its 

peak and settles into steady-state values in d4. Throughout the ramp-up, as 𝑓1 thrusts 

into succeeding frequency bands, the harmonics in bands d8-d4 remained masked due 

to their much smaller magnitude relative to 𝑓1. Therefore, detection of ISC is not 

achieved in these levels. Although the harmonics which evolved alongside 𝑓1 
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had been overshadowed, undulation or oscillation appears in the decomposition level 

d2-d1 (marked by dotted ellipses) due to high-order fault harmonics (i.e. 𝑓𝐼𝑆𝐶 > 𝑓1). 

These oscillations which are revealed after 5s when the signal has stabilized in steady 

state are impelled after approximately 5s. This is due to the higher-order harmonics, 

which depends on 𝑓1 in (5.8), emerges with enough distance apart from the 

fundamental, triggering a train of oscillations to the end of the measurement duration. 

Nevertheless, it remains imperative to detect the presence 𝑓𝐼𝑆𝐶  in the signal during the 

ramp-up time interval (i.e. 0-5s). To achieve this, the use of analytical signal in DWT is 

proposed.   

                                                   𝑓(𝑛𝑘) ∈ [2−(𝑘+1). 𝑓𝑠,       2−𝑘. 𝑓𝑠]                                       (5.12) 

 

5.5.2 Current Spectrum Analysis Using Analytical Signal  

In [27]-[28], Hilbert Huang transform (HHT) is used to create an analytical signal 

from the current signals for broken-bar fault detection in induction machines under 

stationary conditions. The mathematical analysis and properties of HHT are extensively 

analysed in [28]-[29] as discussed in section 2.4. Fundamentally, it is a convolution of a 

real signal 𝑥(𝑡) with a function 1 𝑡 ⁄ as defined in (5.13). By coupling 𝑦(𝑡) with the 

original signal 𝑥(𝑡) in (5.14), an analytical signal 𝑥⃗(𝑡) is created. The imaginary part is a 

version of the original signal 𝑥(𝑡) with a 90° phase shift. That is, sines are transformed 

to cosines and vice versa. Also, it has the same amplitude and frequency content 

as 𝑥(𝑡), including phase information. The instantaneous amplitude 𝑎(𝑡) is derived by 

obtaining the modulus of (5.15). It reflects the energy variation with time, of all 

frequencies in 𝑥⃗(𝑡) while 𝜃(𝑡) reflects the instantaneous phase.  The Fourier transform 

(FT) of 𝑥⃗(𝑡) indicates that it is a complicated combination of dc component and other 

frequencies. The coupling creates a one-sided FT whereby negative frequencies are 

zero and the fundamental component is shifted to the dc value. This dc component can 

be removed by subtracting the mean of 𝑎(𝑡) from 𝑎(𝑡), whereby all harmonics except 
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the fundamental of the original signal 𝑥(𝑡) are represented in the spectrum.  The 

aforementioned properties of the analytical signal are exploited in the next subsection 

to separate the fundamental component from other harmonics in the startup transient 

signal and enable fault detection using DWT. DWT is applied to perform the filtering 

process because it represents time-frequency spectrum understandably and it is 

computationally-efficient.  

                                                   𝑥(𝑡) = 𝐼 sin(2𝜋𝑓𝑡 + 𝜙)                                                    (5.13) 

                                             𝑦(𝑡) = 𝑥(𝑡) ×
1

𝜋𝑡
=

1

𝜋
∫

𝑥(𝜏)

𝜏−𝑡

∞

−∞
𝑑𝜏                                           (5.14) 

                                             𝑥⃗(𝑡) = 𝑎(𝑡)𝑒𝑗𝜃(𝑡) = 𝑥(𝑡) + 𝑗𝑦(𝑡)                                         (5.15)    

                          where  

                           𝑎(𝑡) = [𝑥2(𝑡) + 𝑦2(𝑡)]1 2⁄  and  𝜃(𝑡) = 𝑎𝑟𝑐𝑡𝑎𝑛(𝑦(𝑡) 𝑥(𝑡)⁄ ) 

5.5.3 Wavelet Decomposition of the Analytical Signal  

Consider the current signal in (5.16), where 𝑓1,  𝑓𝑣 and 𝑓𝐼𝑆𝐶  are the fundamental, 
space and ISC fault harmonics respectively.  

                           𝑖(𝑡) = 𝐼1 cos(2𝜋𝑓1𝑡 + ∅1) + ∑ 𝐼𝑣 cos(2𝜋𝑓𝑣𝑡 + ∅𝑣)𝑛
𝑣  

                                                                 + ∑ 𝐼𝐼𝑆𝐶 cos  (2𝜋𝑓𝐼𝑆𝐶𝑡 + ∅𝐼𝑆𝐶)𝑛
𝐼𝑆𝐶                     (5.16) 

 

By creating an analytical signal from 𝑖(𝑡), the 𝑓1 component which masked the 

evolution of 𝑓𝐼𝑆𝐶  in Fig.5.10 can be isolated as follows: 

1. Capture the start-up current signal 𝑖(𝑡) 

2. Compute the HHT of  𝑖(𝑡), i.e. 𝑖(̂𝑡) 

3. Create the Hilbert modulus 𝑖(̅𝑡), i.e. 𝑖(̅𝑡) = 𝑖2(𝑡) + 𝑖̂2(𝑡)    

4. Remove the dc component from the Hilbert modulus, defined by: 𝑖𝑎̅(𝑡) =

𝑖(̅𝑡) − 𝑚𝑒𝑎𝑛 𝑖(̅𝑡) 
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In the spectrum of the resulting signal 𝑖𝑎̅(𝑡), only 𝑓𝑣 and 𝑓𝐼𝑆𝐶  are present. The 

fundamental and spurious amplitudes at negative frequencies are eliminated. 

Therefore by applying the filtering abilities of the DWT on 𝑖𝑎̅(𝑡), the signal can be 

effectively dilated and contracted using (5.12) to avoid adjacent frequency overlap 

from 𝑓𝑣 so that 𝑓𝐼𝑆𝐶 can be isolated and tracked as they develop. Their instantaneous 

frequencies and amplitudes can be extracted at each decomposition level where they 

are expressed. Detection is sought in the lower frequency bands where the energy of  

𝑓𝐼𝑆𝐶  is present isolated as follows: 

1. Create a DWT of the analytical signal as per the aforementioned procedure. 

2. At each decomposition level of interest, that is, where  𝑓𝐼𝑆𝐶 is expected to 

evolve, track the instantaneous attributes of  𝑓𝐼𝑆𝐶, viz-a-viz: 

a) frequency vs time and  

b) magnitude vs time using HHT. 

3. Diagnose 𝑓𝐼𝑆𝐶  base on significant thresholds of harmonic energies. 

In Fig.5.10, the results of the procedure as applied on the startup transient signal 

previously analysed is shown. The fault harmonics in the decomposition levels where 

fault harmonics at 11.65Hz and 46.6Hz (D6 and D4) are represented in the steady-state 

analysis are tracked for fault detection by computing their instantaneous magnitude. It 

reflects how much the fault harmonics energy changes with time. The energies at D6-

D3 for the transient period 0-5s are also quantified in Fig.5.11 which indicates rise in 

magnitudes under ISC. Significant magnitudes compared to preset thresholds of the 

healthy machine are proposed for raising fault flag. The advantage of this technique is 

that whereas PSD quantifies the total energy contribution of individual harmonic 

component, this offers a measure of the amplitude contribution for each fault 

harmonic. Also, it resolves the coarseness associated with the DWT which makes the 

tracking of individual harmonic component difficult. In addition, there is foreknowledge 

of the frequencies to be tracked; distinction from noise is therefore practical.  
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Fig.5.10. Frequency-time characteristics of 𝑓𝐼𝑆𝐶(left column) and magnitude-time 
characteristics of 𝑓𝐼𝑆𝐶  (right column) 

 

 

 

Fig.5.11. Magnitudes of the energies at D3-D6 during the transient 
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5.5.4 Startup Transient Faults Discrimination 

The frequencies extracted using the procedure proposed in section 5.5.3 overlap 

with SE fault frequencies like in the steady-state scenario. Thus EPV is again proposed 

to discriminate between the two faults during the startup transient duration. The 

spectral analysis of the transient current PV is achieved in Fig.5.12-Fig.5.13 using DWT 

because of its effective time-frequency representation and filtering abilities. The figures 

show the evolution of the 2𝑓 components in the transient period for the healthy, ISC 

and SE scenarios in the bands D5-D3. While oscillations appear in the time-frequency 

spectrum under ISC conditions in Fig.5.12, none is present under SE in Fig.5.13. The 

energies created by the evolving 2𝑓 component in the bands D5-D3 during the 

transient period are shown in Fig.5.14, which indicates no significant variations under 

SE faults.  

5.6 Conclusions 

The phenomenon of ISC in AFPM machines has been analysed and detection 

techniques proposed for both steady-state and transient conditions. ISC faults 

frequencies in the current spectrum are incited as a result variable airgap permeance 

but this behaviour is not unique to ISC. SE faults likewise causes variable airgap 

permeance, thus fault discrimination using MCSA is weak. However, the imbalance due 

to ISC faults causes distinctive twice the line frequency in the spectrum of the current 

PV. Thus EPV is proposed to be used to screen it from SE faults under both steady-state 

and transient conditions. In the transient detection, a hybrid of analytical signal 

obtained from HHT and wavelet decomposition is used to track the evolution of ISC 

fault frequencies and their harmonic energies in current spectrum to overcome the 

problem of large magnitudes of the fundamental component masking the fault features 

in startup transient operation.   
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Fig.5.14. Energies of the evolving 2𝑓 component in the bands D5-D3  
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Chapter 6 

Detection of SE Faults Using Vibration 
Analysis 
 

6.1   Introduction 

In the electromechanical design of an AFPM machine, the power output increases 

as a cubic function of the outer diameter [1]-[7]. This makes the structural mass 

account for a large percentage of the total active mass, i.e., the structural mass of the 

machine is as important as those of the active parts [8]-[9]. The rotor disc polar mass 

moment of inertia is much larger than that of the shaft. Hence, it becomes more 

difficult to design a rotor-shaft mechanical joint with high mechanical integrity, because 

the contact surface between the rotor and shaft becomes smaller in comparison to the 

rated power [10]. This particular structural characteristic of AFPM machine makes it 

predisposed to static eccentricities [8]. However, continued operation throughout the 

service life of electrical machines can be ensured through reliable maintenance 

strategies using vibration analysis (VA) [11]-[12]. Although, high cost is associated with 

maintenance using VA since it requires expensive sensors unlike the MCSA which 

makes use of the machine winding as search coil, it is nevertheless investigated in this 

chapter due to its effectiveness and applicability in diagnosing mechanical-related 

faults [11]-[12]. In addition, PM machines typically employ FSCW, a winding 

configuration inherently rich in current harmonics [13] which tend to overshadow the 

fault harmonics in the spectrum of the line current, making their extraction for fault 

detection using current analysis difficult.  
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Typically, new or healthy machines generate some level of vibration and the over-

all vibratory response of a machine is dependent on its structural components, 

structures to which it may be coupled to and the environment of operation [11], [14]-

[15], however, these vibrations change due to faults. The changes can be examined for 

fault detection, whereby both the nature and severity may be determined [16]. The 

defective and natural frequencies of the machine is identified through an analysis of 

the frequency spectrum of vibration signal using signal processing techniques [14]-[19]; 

in these papers induction machines are mostly investigated. In [17], detection of 

broken-bars in induction machines by principal slot harmonics sidebands using 

transient vibration is investigated. Signatures associated with the harmonics are 

tracked. In [18], complex wavelets are used to detect multiple faults in variable 

frequency drives. Simple threshold of the wavelets energies is used as fault indices, and 

feature extraction and classifier modelling using wavelets are applied for detection of 

faults while in [19], the optimum network size of probabilistic neural network using 

orthogonal least square regression algorithm is obtained in an effort to reduce 

computation in dual tree complex wavelets feature extraction. The ‘twice the line’ 

frequency is proposed as an index for fault detection in induction machines using 

vibration analysis in [16] but the index is not specific to any type of fault. In [20]-[25], 

magnetic forces in PM machines are investigated and characterized but not for fault 

detection purposes. In [20]-[21], a strong magnetic force of attraction exists between 

the rotor magnets and the stator core in PM machines; therefore, a slight rotor 

dissymmetry could cause an unbalance magnetic pull (UMP) and consequently, induce 

vibration. In [22]-[25], the magnetic forces in PM machines with concentrated windings 

are investigated. They are found to have more vibration problems than machines with 

distributed windings due to larger MMF harmonics content and stator slot and pole 

combination. The magnetic forces and dominant modes of vibration are identified, and 

their mitigation techniques through improved design methods are proposed.  

In literature, there are no clearly defined vibratory frequencies associated with 
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specific faults nor any detailed information available on the vibration behaviour of PM 

or AFPM machine topologies for application in fault detection strategies. Thus, this 

chapter explores the applicability of VA in reliably detecting SE in AFPM machines in 

both steady-state and transient regimes.  

6.2   Vibration Harmonics in PM Machines 

6.2.1 Sources of Vibration 

Vibrations produced by electrical machines originate from four sources namely; 

electromagnetic, mechanical, aerodynamic and electronic [26]. Mechanical vibration 

depends on mass, rigidity and elasticity of the stator and rotor structure. Aerodynamic 

and electronic sources are from fans used for forced air cooling while solid-state 

converters respectively. Vibrations from electromagnetic sources originate from 

electromagnetic forces caused by MMF harmonics and permeance waves in the airgap. 

If these electromagnetic forces enter into the natural (mechanical) vibrating 

frequencies, resonance may occur. The prominent reason for electromagnetic vibration 

is due to the presence of PMs. The magnetic forces produced in them are computed 

using Maxwell’s stress tensor. These forces comprise the normal (𝐹𝑛) and tangential 

(𝐹𝑡) components in (6.1)–(6.2), where 𝑗 = 1, 2, 3…N [22], [27]-[28]. While 𝐹𝑡 produces 

the useful electromagnetic torque, 𝐹𝑛 causes the vibration and noise of 

electromagnetic origin.  Practically, the conversion of 𝐹𝑡 to electromagnetic torque may 

not be very efficient and the remaining magnetic energy might cause vibration, but this 

will be fringe and is assumed negligible for the reason being that it is much smaller in 

magnitude than the normal component of force as evident in (6.2). Therefore in this 

chapter the source of electromagnetic vibration is assumed to arise mainly from 𝐹𝑛.   

                                            𝐹𝑛 =
1

2𝜇0
[∑ (𝐵𝑛𝑗

2 − 𝐵𝑡𝑗
2)𝑁

𝑗 ]                                                 (6.1) 

                                                𝐹𝑡 =
1

µ
[(∑ 𝐵𝑡

2𝑁
𝑗 )]                                                        (6.2)   
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6.2.2 Analysis of Electromagnetic Exciting Force Harmonics 

In a closed circuit, only the fundamental harmonic of the PM field interacts with the 

fundamental harmonic of the armature reaction field to produce the useful 

electromagnetic torque. Other harmonics of the PM field interact with themselves and 

the armature reaction fields, while some armature reaction fields (including the 

fundamental) interact with each other to produce the even modes of normal 

component of force, 𝐹𝑛 in (6.3), which in turn produces vibration, noise and may induce 

additional eddy current loss [24]-[25], [30]. However, 𝐹𝑛 as described by (6.3), where 

superscripts 𝑝𝑚 and 𝑣 denote PM and armature reaction fields respectively, does not 

necessarily produce larger fields in a closed circuit. The magnitudes of the fields 

depend on the winding configuration employed. For example, in a concentrated 

winding configuration, the armature reaction fields consist of forward- and backward-

rotating harmonics whose resultant may not be additive [31]. Also, not all the modes of 

𝐹𝑛 are important to machine vibration [20]-[24]. The lowest mode has a far greater 

magnitude than other even modes [24], [27]. In open circuit, since the main field 

contents of 𝐵𝑛  in surface PM machines differ based on pole/slot combination [23], 

[29], the lowest mode of 𝐹𝑛 given in (1) differs. It is the greatest common divisor (GCD) 

of the number of slots and poles [23]-[24], [27]-[30]. To determine the modes and 

frequencies of occurrence of  𝐹𝑛, (1)  is further analysed in (6.4)-(6.5) using the 

analytical expression of 𝐵𝑛, where 𝑛, 𝑙 = 0,1,2, …, 𝑘 = 𝑛 (𝑛 = 0,1,2 …) and 𝑢 = 2𝑛 + 1 

[23]-[24], [27]-[28]. The force modes and corresponding frequencies are obtained from 

the second and first term in (6.5) respectively.  Another important electromagnetic 

harmonic component is the ‘twice the line’ frequency which is equally present in the 

vibration spectrum with a constant amplitude under various load conditions [16], [32]. 

This component is induced by the rotating flux waves from the line voltage or current.  

The effects of SE on these harmonics are further examined in this chapter. 

                                                      𝐹𝑛 =
1

2𝜇0
[∑ 𝐵𝑗

𝑝𝑚𝐵𝑖
𝑣𝑁

𝑗𝑖 ]                                                      (6.3) 
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              𝐹𝑛 ∝ {∑ ∑ 𝐵𝑚𝑢𝑘 cos[𝑢𝑝𝑤𝑟𝑡 − (𝑢𝑝 ∓ 𝑘𝑁𝑠)𝜃]𝑘𝑢 }2 

                                         = ∑ ∑ 𝐹𝑛𝑙 cos[2𝑛𝑝𝑤𝑟𝑡 − (2𝑛𝑝 ∓ 𝑙𝑁𝑠)𝜃]                               (6.4)𝑘𝑢                                             

                                                   [2𝑛𝑝𝑤𝑟       − 2𝑛𝑝 ± 𝑘𝑁𝑠]                                                   (6.5) 

 

6.3 SE and its Effects on Magnetic Forces 

The electromagnetic effects of SE have been described using FEA in chapter 4. The 

normal component of magnetic flux density obtained under the same no-load and 

nominal speed for both healthy and SE conditions using the same reference point for 

the rotor positioning is shown in Fig.6.1. Notice the region marked with the red ellipse 

corresponding to 0-45 mechanical degrees. The flux density increased due to minimum 

reluctance of the magnetic circuit, but gradually decreased across the remaining part of 

the airgap as referred to by the rotor position. Since 𝐵𝑛𝑗 in (6.1) is a product of the 

airgap MMF and airgap permeance, in uneven permeance the rotating airgap MMF 

becomes unbalanced, thereby exciting the harmonics 𝑗, which when interacted with 

each other and/or armature reaction fields may incite 𝐹𝑛 and other electromagnetic 

harmonics, giving rise to tones which may result in the vibration of the stator and 

machine housing.          

 

 

       Fig.6.1. Magnetic flux density in the airgap 
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6.4   Experimental Setup and Procedures 

The SS topology is the prototype investigated because of its susceptibility to SE, 

alongside the skewed PM pole. The skewed magnetic pole produces the least MMF 

harmonics among the three PM configurations as revealed in chapter 4. In addition, it 

reduces inherent cogging torque associated with the experimental machine by 70% 

[33]; otherwise additional vibration due to excessive cogging may be induced. In this 

way, vibrations due to cogging are isolated. The ceramic shear piezoelectric 

accelerometer and NI 9234 are the sensors and data acquisition devices respectively 

used to capture the vibration data. The accelerometers were mounted on the stator 

housing at the drive end of the machine; their directions and locations are illustrated in 

Fig.6.2 and detailed in Table 6.1. The machine was operated at various loads and 

speeds under healthy and SE scenarios. It was driven in generator mode so as to 

eliminate the contributions of vibrations from electronic sources which may emanate 

from the switching of solid-state converters. Proper location and mounting of the acce- 

Table 6.1. Location of accelerometers 
Accele- 
rometers 

Direction Location 

A Pr: Axial  
(parallel to the shaft)  

Machine 
housing 

B T: Tangential  
(perpendicular to the shaft)  

Machine 
housing 

C R: Radial (⊥ to the shaft but at 
90

0
 to the tangential)  

Machine 
housing 

D Pr: Axial (parallel to the shaft)  Stator core 

                      

 

Fig.6.2. Positioning of accelerometers for vibration measurement  
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lerometers is critical to capturing vibration data. The locations were clearly marked to 

ascertain repeatability of measurements at the same location during successive 

measurements. Since accuracy is prime, the procedures described by the international 

standards ISO-13373-1 and ISO-13373-2 [34]-[35] which encompass the measurement 

point and measurement equipment discussed in subsection 3.3.3 were followed. In 

order to establish baseline data, it was monitored in its healthy state over an extended 

period of time and the characteristics of the data trends were correlated for uniformity. 

The signals are acquired at 4kHz and 120K samples are collected for steady-state 

analysis and at 2kHz with 5K samples for start-up transient analysis.  

Fast Fourier transform (FFT) is the industry standard tool applied in steady-state to 

extract harmonics or frequency components from the vibration signals [35]. But it has 

some demerits which are discussed in detail in chapter 2. It is unable to accurately 

represent signals that have non-periodic components that are localized in time or 

space, such as transient impulses. Another of its shortcoming is the inability to provide 

information about the time structure of a signal. Therefore a Cohen class distribution, 

ZAM distribution is explored alongside the FFT to detect the presence of SE under non-

stationary conditions. It is preferred over other Cohen class distributions because it 

resolves the problem of signature spattering [37]-[38]. This is important to the analysis 

of the vibration spectrum since vibration signals are inherently rich in energy density.  

6.5 Results and Discussion 

6.5.1 Frequency Analysis 

6.5.1.1 Determination of Natural Frequencies 

The natural frequencies formula in (6.6)-(6.7) [26]-[27], [39], where 𝑚0 = 0, 2, 4 …, 

𝑘 is a constant which depends on the geometrical parameters of the machine, are used 

to calculate the natural modes. Results derived are presented in Table 6.2, mode 2 

critical frequency closely correlates with the result of the resonance test which reveals 
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significant low-frequency tones picked-up by the accelerometers at 48.2Hz, as shown in 

Fig.6.3. Although, identification of natural frequencies is typically done in the design 

stage to prevent resonance and noise, they have been obtained in this paper to identify 

and isolate the sources of the harmonics in the vibration signal and to establish that the 

natural frequencies of the machine do not coincide with its electromagnetic vibratory 

response of the experimental machine.   

                                                                 𝑓0 =
1

2𝜋
√

𝐾𝑟

𝑀𝑟
                                                              (6.6)  

                                                           𝑓𝑚0
= 𝑓0

𝑚0(𝑚0
2−1)𝑘

√𝑚0
2+1

                                                     (6.7) 

 

6.5.1.2 Extraction of Fault Frequencies 

Higher magnitudes of vibration is measured and trended from accelerometers, ‘A’ 

and ‘D’ rather than ‘B’ and ‘C’. The higher vibratory magnitudes are connected with the 

location of the accelerometers (Table 6.1); the axial direction of magnetic flux.  

 

Table 6.2. Modes of vibration 

𝒎𝟎 0 2 4 6 8 10 
 𝒇𝒎𝟎

 (kHz) 0.21 0.051 0.54 0.62 1.1 1.76 

 
 
 

 

Fig.6.3. Mode 2 natural frequency of the machine 
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Thus, the signals acquired from ‘A’ and ‘D’ are deemed better indicators of vibratory 

patterns due to electromagnetic origin in AFPM machines. Using the Fourier transform 

and power spectrum density (PSD), the harmonics present in the signals are extracted 

for both healthy and SE scenarios at various speeds under steady-state condition. 

Attention is paid to modes and frequencies of occurrence of 𝐹𝑛 as given in (6.5) since 

they are the main source of vibration. For the prototype investigated, the only mode of 

𝐹𝑛 on open circuit is 2; the GCD of the slot/pole combination of the prototype. And in a 

closed circuit, though 𝐹𝑛 consists of all even modes (2nd, 4th, 6th…), the lowest, i.e., the 

2nd is the most important to machine vibration because of its much higher magnitude 

relative to others and its frequency of occurrence in the vibration spectrum, i.e., below 

1kHz. Therefore, the second magnetic force harmonic 𝐹2 is the most dominant in the 

vibration spectrum for all load conditions. Analysis of the spectrum reveals that the 

UMP due to SE exacerbated the amplitude of  𝐹2 alongside the amplitudes of 

harmonics at the multiples of the line frequencies given by (6.8), where 𝑛 = 1, 2, 3 … 

and 𝑓 is the fundamental frequency of the line current, (i.e., 2𝑓, 4𝑓 etc.). Thus the 

locations of all the identified fault-frequencies are dependent on  𝑤𝑟. Their extracted 

values for operating speed condition are shown in Fig.6.4, where the magnitudes of the 

harmonic at 𝐹2 under various degrees of SE rise above zero decibels, relative to the 

healthy signal; to 0.48dB and 0.8dB for 20%SE and 40%SE under no load condition 

respectively. Therefore the absolute vibration at 𝐹2 is shown in Fig.6.5 to indicate the 

increase in amplitude. For the 𝐹𝑙𝑖𝑛𝑒 harmonics, vibration amplitudes significantly 

increased with worsening SE though their effective amplitudes decreased with 

increasing order of  𝑛. The tones are a train of pulsations induced by electromagnetic 

flux waves caused by the line current or voltage revolving at the synchronous speed. As 

SE triggers increases in magnitudes of the space and sub-harmonics of the line current, 

it consequently incites the waves giving rise to significant increases in their amplitudes. 

The more prevailing components are the 2𝑓 and 8𝑓 frequencies with larger tones. 

Marginal change in amplitudes of the 𝐹2 and 𝐹𝑙𝑖𝑛𝑒 is obtained under load conditions as 
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seen in Fig.6.6; the armature reaction fields have little influence on the magnetic force 

at 𝐹2. This is because as the magnitudes of the space harmonics 𝑣 increased under 

load, they are cancelled out as they interact with each other and components of 

magnetic flux density, due to their opposing rotating effect. Since the resulting 

magnitudes of harmonics investigated are directly proportional to the eccentricity, 

indices for fault detection of SE in AFPM machine using vibration monitoring are 

proposed to be built on the vibratory magnitudes at their frequencies.  

                                                              𝐹𝑙𝑖𝑛𝑒 =  2𝑛𝑓                                                              (6.8) 

 

 

Fig.6.4. Vibration harmonics at different fault frequencies 

 

Fig.6.5. Absolute vibration at 𝐹2 
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Fig.6.6. Amplitudes of vibration harmonics under load 

Although SE was replicated by skewing the stator with respect to the rotor 

symmetry to prevent the development of other faults during experimentation, the 

occurrence of dynamic eccentricities (DE) cannot be completely eliminated due to the 

UMP caused by SE. Under DE, the rotor displacement and airgap length in Fig.4.2 is 

time-dependent as the rotational axis of the rotor disc is no longer in equilibrium with 

the rotor symmetrical axis while rotating with the rotor disc. The disequilibrium, 

though minimal, causes an alternation of the UMP from minimum to maximum in the 

region of maximum and minimum reluctance respectively as the rotor revolves around 

the stator. This variation in magnetic reluctance results in the excitation of frequencies 

contiguous to 𝐹2 as seen in Fig.6.7-6.8. They are forward and backward frequencies at 

variance with 𝐹2 by the rotational frequency, ±𝑤𝑟. Aggravated magnitudes of these 

frequencies may modulate 𝐹2 and cause structural instability in the presence of a slight 

offset in the centre of mass of the machine. 

6.5.1.3 Vibration Signal Processing with ESPRIT 

Fig.6.9 shows the result from the ESPRIT spectral estimation technique applied to 

the vibration signal under the same operating conditions as with the FFT. Close 

correlation of both frequencies and amplitudes, like the case of current analysis in 

chapter 4 is achieved with 2.5s of measurement duration as against 30s of 

measurement time obtained using FFT.  
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Fig.6.7. Vibrations due to DE as induced by SE;  𝐹2 − 𝑤𝑟   

 

 

Fig.6.8. Vibrations due to DE as induced by SE;  𝐹2 + 𝑤𝑟   

 

 

Fig.6.9. Comparison between FFT with ESPRIT using VA 
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6.5.2 Time-Frequency Analysis 

The steady-state operation of AFPM machines is not guaranteed for an extended 

period of time. The various operating conditions (e.g. change in load or speed) in its 

applications cause non-stationarity vibration signals. Hence, the harmonics extracted in 

the previous subsection are tracked using ZAM distribution. The theoretical background 

is discussed in chapter 2. The vibration signal is obtained from start-up transients for 

both healthy and various SE conditions. Fig.6.10-6.12 presents the ZAM distribution 

plots for transient start-up condition. In these plots, time-varying spectral energy 

indicates the vibratory harmonics in the time-frequency domain. The healthy vibration 

signal in Fig.6.10 shows the energy concentration at the period, t>2s, corresponding to 

the stationary state region where 𝐹2 is revealed after the machine settled down to 

constant speed operation.  In Fig.6.11-6.12, under SE, increased vibratory level 

emerged during the transient interval, specifically at the period shortly before the 

steady-state interval, t<2s in the 50–60Hz frequency range. The engravings on the 

spectrogram, indicated in both figures are caused by the harmonic at 2𝑓. Other 

harmonics relating to the  2𝑛𝑓 order are not revealed due to their much smaller 

amplitudes relative to that at 𝐹2. The same behaviour is also observed for the DE 

related harmonics; they are overshadowed by the evolving magnitudes of 𝐹2. On close 

inspection, in the 300–360Hz frequency range, the vibration energy at 𝐹2 becomes 

intense at the same time of appearance of the 2𝑓 harmonics. The spectrum in Fig.6.13 

shows that these harmonics are revealed at the time the peak vibration acceleration is 

reached, shortly before coasting to steady state. Both harmonics at  𝐹2 and 2𝑓 are 

further revealed in Fig.6.14 which quantifies the energy spectral density of the start-up 

vibration signal at the aforementioned point where they are revealed. The derived 

energy of the harmonics significantly increased in the presence of SE, by 4.5dB and 8dB 

at 𝐹2in both 20%SE and 40%SE conditions respectively, relative to the healthy state, 

while a 4-6dB increase in the 2𝑓 harmonic is derived for 20-40%SE. These magnitudes 

are greater than in the steady state; thus, alongside the extracted supplementary 
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information on the time of appearance of the harmonics, it makes the start-up 

transient diagnosis more advantageous and reliable than the steady-state analysis. A 

transient start-up diagnostics check can be performed during cutting-in of wind 

turbines and start-up mode in electric vehicles; applications where the deployment of 

AFPM machines are growing and continually emerging [4].  

 

 

Fig.6.10. ZAM analysis plot showing healthy scenario 

 

 

Fig.6.11. ZAM analysis plot for 20% SE 
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Fig.6.12. ZAM analysis plot for 40% SE 

 

 

Fig.6.13. Waveform of captured vibration acceleration 

 

Fig.6.14. Energy spectrum for both healthy and 20% SE conditions 

 



 
 

110 
 

6.6   Conclusions 

This chapter proposes a technique for the detection of SE in AFPM machines using 

VA. Analysis of the vibration signature acquired from an AFPM machine for detection of 

SE has been presented using frequency and time-frequency techniques for steady and 

transient states respectively. It is shown that there is a direct link between SE and 

vibratory levels but the location of transducers is important in achieving effective and 

resolute measurement of the vibrations. The experimental approach carefully isolates 

electromagnetic vibrations from other types of machine vibrations. The richness of 

electromagnetic information and degree of accuracy of fault indicators obtained from 

vibration monitoring is high, thus, it is a reliable SE faults diagnostic strategy for AFPM 

machines. The proposed fault index is robust against load variations for the pole/slot 

combinations investigated. The sensors can be non-invasively mounted, measurement 

mode can be either offline or online and the signals acquired can be analysed in both 

steady state and transient state using standard signal processing techniques.  
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Chapter 7 

Detection of ISC Using Electrical 
Impedance Spectroscopy 
 

7.1 Introduction 

Failures which result from ISC faults may be very costly. Thus the advantage of the 

lead time between interturn faults and failure is the basis for the development of fault 

detection techniques to monitor the state of healthy of stator windings. A variety of 

online techniques have been developed and proposed as shown in chapter five. The 

demerits of these techniques are the complex calculations and feature extraction 

processes involved. Therefore in this chapter, to detect the presence of ISC in the 

experimental machine, a simple technique using input impedance spectroscopy is 

sought. The input impedance of electrical machines have been studied in literature due 

to increasing use of fast switching inverters at high frequencies (HFs) in variable speed 

drives. In [1]-[3], the problems of winding insulation damage, bearing current and 

electromagnetic interference caused by such HF switching are investigated. Impulse 

responses of low voltage machines at HFs are examined in [4]-[5]. Experimental input 

impedance model for electrical machines have also been presented in [4], [6]-[7]. The 

purpose of the models is to act as termination impedance when simulating voltage 

oscillations in the feeder cable between inverter and machine. Options for signal 

coupling in experimental measurements are also presented in [4]-[8], they are; phase-

phase, phase-neutral, phase-ground, three phase-ground and two phase-phase.  In [5], 

the following conclusions are made:  

1. Input impedance is inductive and increases linearly as a function of frequency. 
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2. Skin effect affects the impedance at HFs. 

3. Parallel resonance is reached at the highest input impedance. 

4. Beyond the parallel resonant frequency 𝑓0, input impedance becomes 

capacitive. 

In this chapter, an impedance model is applied to analyse the effect of ISC at HFs. 

Input impedance is estimated by applying broadband multisine signal in an electrical 

impedance spectroscopy (EIS) scheme. Deviations of the measured impedance under 

ISC condition from reference impedance (healthy) is perused for fault indications.  

7.2 Winding Impedance Model 

It is imperative to note that there is a distinction between winding insulation 

monitoring to diagnose degradation prior to winding faults in high voltage (>3.3kV) 

machines and condition monitoring to detect ISC in low voltage (<600V) machines. In 

practice, the pre-warning of insulation degradation in low voltage machines is not 

diagnosed via online measurements but the resulting ISC fault is usually detected 

before failure sets in [9]. Thus in this chapter, the developed model does not evaluate 

turn-turn insulation degradation, a complex physical phenomenon, but forms the basis 

for analysing the input impedance response under turn-turn fault for detection 

purposes.   

7.2.1 Coil Winding 

In high voltage machines, the windings are made from form-wound coils and their 

positions in slots are well defined but the windings in low voltage machines may not be 

regularly defined making the position difficult to determine. Therefore an 

approximation of turn positioning in the stator core is used. The coil winding model is 

shown in Fig.7.1 based on physical placement of coils in stator slots. The consequence 

of insulation breakdown which leads to ISC is used to derive the model. Each turn 

(consists of resistive and inductive components) is isolated from other turns through 
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high resistance insulation although mutual inductive coupling and turn-turn 

capacitance exist between turns. Similarly, each turn is isolated from the stator core 

(ground) through high resistance insulation and there exists turn-ground capacitance 

between each turn and ground. Under ISC, electrical parameters related to turn-to-turn 

deviate from healthy to faulty conditions under ISC. The parameters in the model are 

listed in Table 7.1, where the units express their behaviour for both healthy and faulty 

scenarios. At the onset of ISC, as 𝑅𝑡1−𝑡2 → 0, the effective per phase resistance 

decreases and a stronger mutual inductive coupling 𝑀𝑡1−𝑡2 between the healthy and 

shorted turns sets in. The consequence and overall effect of this behaviour is better 

determined by measuring the machine input impedance where that of a faulty machine 

may deviate from the healthy one. 

 

 
Fig.7.1. Coil winding model  

 

Table7.1. Coil winding model parameters  

Parameters Nomenclature Unit 
(Healthy) 

Unit  
(ISC) 

Resistance of each turn  𝑅𝑡1, 𝑅𝑡2 mΩ mΩ 

Inductance of each turn  𝐿𝑡1, 𝐿𝑡2 μH  μH  

Resistance of turn  to ground (stator core) 𝑅𝑡1𝑔, 𝑅𝑡2𝑔 MΩ   MΩ 

Capacitance of turn  to ground (stator core) 𝐶𝑡1𝑔, 𝐶𝑡2𝑔 pF pF  

Resistance between turns 𝑅𝑡𝑡 MΩ mΩ 

Mutual inductance between turns 𝐿𝑡𝑡 μH  mH  

Capacitance between turns 𝐶𝑡𝑡 pF pF  
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7.2.2 Input Impedance  

Stray capacitances and leakage inductances start to affect the input impedance of 

electrical machines at HFs [5]. The stray capacitances are formed by the capacitance 

between adjacent coil turns 𝐶𝑡𝑡, capacitance between a phase winding and the stator 

core and capacitance between phase windings of two phases. Correspondingly, leakage 

inductances are formed by mutual inductance between coil turns and mutual 

inductance between phase windings of two phases. The HF stray capacitances may 

produce sufficient reactance to nullify the magnitude of inductive reactance such that 

pure resistance is achieved at resonance. The equivalent circuit in Fig.7.2, where 𝑅ℎ𝑓 is 

HF winding resistance, 𝐿ℎ𝑓 is HF winding inductance 𝐶ℎ𝑓 is HF winding capacitance and 

𝑅𝑐 is the resistance of the magnetic core at high frequencies is thus derived to analyse 

HF resonance and the effect of ISC on input impedance. From the equivalent circuit, 

parallel resonance occurs in (7.1) when 𝑤𝐶 = 𝑤𝐿; therefore since stator resistance 

increases with frequency and is inversely proportional to the number of shorted turns, 

significant change in impedance under ISC may become substantial at HF resonance.  

                                                         𝑍2 =
𝑅

1+𝑗𝑅(𝑤𝐶−
1

𝑤𝐿
)
                                              (7.1) 

 

7.3 Input Impedance Estimation Using Broadband 
       Spectroscopy 

Impedance measurement by injecting a carrier frequency into the machine and 

extracting information from the phase and amplitude of the impedance response has 

been used in several condition monitoring and control schemes [10]-[12]. Typically, the 

carrier frequency of the inverter drive which is much higher than the fundamental is 

used [11]. A major disadvantage of this method is the complex demodulation of the  
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Fig.7.2. HF equivalent circuit  

 
carrier frequency and the digital filtering involved. Also, the HF switching of the inverter 

needs to be continuously modified, making the method practically limited. The setup in 

Fig.7.3 is proposed to avoid the problems. It makes use of an external circuitry or 

source for HF excitation of the machine windings. In this way, the HF signal is 

decoupled from drive and is independent of inverter switching. The modification of the 

PWM pattern can be avoided and broadband EIS can be performed using periodic 

excitations. In addition, the signal to noise ratio is improved. The procedure for the 

broadband EIS is as follows:    

1. Generate HF signal using a signal generator. 

2. Amplifier the signal. 

3. Inject the amplified signal into the windings. 

4. Acquire 𝑣𝐻𝐹 and 𝑖𝐻𝐹 shown in Fig.7.4 using DAQ devices with sufficient 

bandwidth. 

5. Determine the impedance magnitude, phase, real and imaginary components 

from the acquired information using the impedance-frequency (𝑍-𝑓) response 

algorithm. An overview of the algorithm as implemented in LabVIEW® 

programming environment is described in Fig.7.4.   

The generated HF signals are harmonically unrelated to the line frequency and are 

much smaller (70-80dB smaller) than the line voltage. This will ensure that the machine 

operation is not disrupted in an online scheme and to prevent signal saturation at high 

frequencies. 

𝑅ℎ𝑓 

 

𝐿ℎ𝑓 

𝐶ℎ𝑓 

 
𝑅𝑐 
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Fig.7.3. Schematic for the EIS test 

 

 

Fig.7.4. Impedance-frequency response algorithm  
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7.3.1 Multisine Excitation 

The broadband EIS requires measurements and acquisition for each of the 

frequency points of interest. This takes considerable time and may be practically 

limited for real-time monitoring. A solution as proposed in electrochemical applications 

is to design a multisine signal to provide excitation at desired frequencies [14]-[15]. 

Multisine excitation has also been applied in power systems application; the power grid 

in the Western United States is probed with a multisine signal in order to validate their 

system models using ID on the measured response to the multisine probe [16]. This will 

reduce the measurement duration by exciting all desired frequencies simultaneously 

[15]. The time signal expression for a real-valued multisine signal can be represented by 

a trigonometric sum order in (7.2) [15], where 𝑁 is the number of exciting frequencies, 

𝑎𝑛 are the fundamental amplitudes and 𝜑𝑛 are the phases. A broadband multisine 

excitation signal with flat amplitude spectrum and a bandwidth which covers the 

windings HF resonance was designed and coupled to the windings in an offline scheme.                                                       

                                                𝑥(𝑡) = ℜ𝑒{∑ 𝑎𝑛𝑒𝑗(2𝜋𝑓𝑛𝑡+𝜑𝑛)𝑁
𝑛=1 }                                         (7.2)   

 

7.4 Experimental Results 

HF signals are applied to the machine and from measured HF voltages and currents, 

impedances are determined. From the impedance model, the feasibility of significant 

variations in impedance under ISC is expected at resonance; therefore it will be 

efficient to target frequencies in the vicinity of resonance rather than a wide range of 

frequencies. Also, targeting specific frequencies that are of interest in the input 

impedance spectrum is needed for an effective periodic multisine since the minimum 

frequency determines the signal length. To define this frequency distribution, a prior 

knowledge of the 𝑍-𝑓 response of the machine is required. This is determined by 

sequentially exciting sinusoids over a wide range of frequencies. Fig.7.5 shows the 𝑍-𝑓 
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response as obtained by exciting frequencies between 50Hz-150kHz in a phase-neutral 

signal coupling mode. Notice that the variations in 𝑍 due to ISC are large in the 

bandwidth 10-50kHz, i.e., the vicinity of the parallel resonant frequency, as revealed in 

the phase information. Above and below the resonant region, no significant deviations 

are obtained. 

In Fig.7.6, the result of the multisine excitation for the phase-neutral HF signal 

coupling is shown. It indicates that 𝑍 is a linear function of frequency before the 

resonant frequency at approximately 30kHz where the phase is zero. At 𝑓0, HF 

capacitances stray in and a strong capacitive reactance builds up to cancel the inductive 

reactive components, thus 𝑍 becomes purely resistive as revealed in the Nyquist plot in 

Fig.7.7. Below 𝑓0, 𝑍 is inductive and above 𝑓0, it becomes capacitive. The magnitude of 

𝑍 at resonance is at maximum, thereafter it drops in the capacitive region. Under ISC 

conditions, considerable decrease in 𝑍 is obtained; average of 10.95% and 20.01% for 

both 2turns and 4turns respectively. The decrease becomes substantial as 𝑓 increases 

since winding resistance increases due to skin effect. Thus changes in 𝑍 at HF 

resonance can be used to determine the state of health of stator winding and detect 

the presence of ISC.    

The 𝑍-𝑓 responses for two other signal coupling options are presented in Fig.7.8-

Fig.7.9. The 𝑍-𝑓 characteristics derived for both are similar to that of phase-neutral. 

The only difference being the larger impedance magnitudes obtained. Among these 

options, phase-neutral is deemed best amenable to faulted phase identification 

because each phase can be tested independent of the others and also for online 

implementation since it is not intrusive. The tests are repeatable without significant 

deviation in results for both impedance and angle measurements.    
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Fig.7.5. Input impedance in the signal coupling phase-neutral 

 

 

 
Fig.7.6. Input impedance in the resonant region for the signal coupling phase-neutral 
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Fig.7.7. Nyquist plot of the input impedance  

 

 

 

 
Fig.7.8. Input impedance in the resonant region for the signal coupling phase-phase 
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Fig.7.9. Input impedance in the resonant region for the signal coupling across two 

phase to another phase 
 
 

7.5 Conclusions 

A scheme to implement EIS and a model to analyse the result obtained from the EIS 

is presented. From the EIS, input impedance and its parameters are derived using a 𝑍-𝑓 

response measurement algorithm. Based on significant variations from a comparison of 

measured impedance with the reference impedance (healthy), stator winding faults can 

be detected. The method is simple; it avoids the complex feature extraction process 

involved using signal processing techniques.   
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Chapter 8 

Conclusions and Recommendations 
 

8.1 Overview of the Thesis 

The findings from this thesis provide valuable insight into fault patterns in AFPM 

machines. The contributions made are disseminated in each chapter of the thesis. 

Specific attention was given to development of online fault detection techniques by 

overcoming challenges in the signal-based monitoring method. This was achieved by 

conducting detailed analysis of key fault signatures. To aid in the analysis, fault models 

that can be implemented in FEA and experimentation were developed. The models 

were tailored to accommodate healthy and faulted conditions while minimizing 

complexity and error. Implementation of signal processing techniques facilitated in 

establishing accurate fault detection techniques. 

8.2 Conclusions 

Based on the results and analyses presented, the following conclusions are drawn: 

In chapter 2 the signal-based method of analyzing fault-indicators in electric 

machines is identified as best suited for online fault detection and consequently 

proposed to be applied in this thesis. Others methods such as the model/simulation-

based and machine-theory-based are suitable for performance analysis of electrical 

machines under both healthy and faulty conditions but not in real-time. AI may 

recognize faults in real-time but fault characteristics and patterns must have been 

initially determined and set to train its network for successful online implementation, 
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hence its applications were limited in this thesis since the objectives are to identify 

fault patterns.  

Chapter 3 presents the common faults associated with AFPM machines and the 

development of a test-rig for CM and the experimental work in this thesis. The test-rig 

serves as a platform for accurate and reliable fault replication, investigations and online 

CM system.  

In chapter 4, various topologies of AFPM are investigated for performance under 

SE. It is shown in FEA and verified experimentally using torque and current signal that 

the DS topology is immune to SE while the SS topology is susceptible to it. It is also 

shown that under SE the CTMTs may limit the magnitudes of space harmonics in the SS 

topology. Fault detection technique which is robust against the CTMTs and load 

variations is established for the SS topology using the amplitudes of sub-harmonics 

frequencies as fault indicators. Finally, ESPRIT is applied as an alternative to FFT in 

extracting the fault harmonics to overcome the problem of long measurement duration 

which is characteristic of FFT.  

Chapter 5 investigates the behaviour of ISC in AFPM machine using FEA. The results 

are verified experimentally. The DS topology is not immune to ISC faults unlike the case 

of SE. Fault features under steady-state and startup transient conditions are extracted 

from the line current. EPV is used to overcome the problem of poor fault discrimination 

of ISC from SE due to fault-frequency overlap in the line current. 

In Chapter 6 VA is used as an alternative to MCSA in detecting SE since vibration 

signal is amenable to mechanical related faults. It is shown that there is a direct link 

between SE and vibratory levels and the location of transducers is important in 

achieving effective and resolute measurement of the vibrations. Vibratory tones 

excited by electromagnetic forces due to SE under both steady-state and transient 

conditions are identified and detection techniques are proposed.    

In chapter 7, a model to analyse the input impedance of stator windings using EIS is 

presented. Qualitative information on the state of health is obtained. Diagnosis based 
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on the input the impedance and the parameters derived from frequency response 

measurement algorithm is proposed for ISC faults. The technique is advantageous 

because of its simplicity over signal processing techniques. 

8.3 Recommendations and Future Work 

The experimental work conducted in this thesis was done across steady-state and 

non-stationary conditions in order to cover possible scenarios that can occur during 

machine operation. It is possible to further the research by extending the conditions in 

future work and improve our understanding under more severe conditions. The 

concepts presented were verified and on small machine prototypes to provide a basis 

at a fundamental level without considering the dynamics in medium to large machines. 

Some further work might be required to apply the proposed diagnostic techniques in 

high-powered machines. It is also recommended that the EIS technique be further 

developed for online implementation.   

8.4 Concluding Remarks 

The condition monitoring of electrical machines has become part of industrial asset 

management. Thus the development of fault detection techniques for AFPM machines 

will provide a basis for prognostics and state of health monitoring that allow for reliable 

operation and life cycle extension in applications where AFPM machines are deployed.   
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Appendix A 

 
Table A1. Server motor data 

Specification Value 

Rated speed (rpm) 1500 

Maximum speed (rpm) 3000 

Rated torque (Nm) 19.1 

Maximum torque (Nm) 57.29 

Rated current (A) 19.4 

Maximum current (A) 58.2 

Torque constant (Nm/A) 0.98 

Voltage constant (mV/rpm) 35 

Encoder resolution (°) 0.0036 

Weight (kg) 
18.5 

 
 
 
 

Table A2. Accelerometer parameters 

Performance Parameter Value 

Sensitivity (±10 %) 
101.9mV/g  
(10.392 mV/(m/s²)) 

Measurement range ±4900 m/s² pk 

Frequency range (±5 %) 0.5 to 10000 Hz 

Frequency range (±10 %) 0.3 to 15000 Hz 

Resonant frequency ≥50 kHz 

Broadband resolution (1) 0.005 m/s² rms 
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Appendix B 

Experimental Procedure for Fault Investigation of Axial- 
Flux Permanent Magnet Machine 

 

Date:       

Researcher:       Supervisor:    

No load operation 

To obtain the voltages signals from the machine in the absence of the load: 

1. Ensure that the main isolator of the drive is de-energised, and then switch-off the loads 

from the machine terminals. 

2. Energise the main isolator of the drive, press the start buttons on the control panel, then 

select the speed mode using the selector switch on the touch panel. Wait for the machine 

to run-up to maximum speed. 

3. Then run the LabView VI to record the voltage signals for 30𝑠 and then save. 

Loaded operation 

For consistency, run the machine for approximately 15𝑚𝑖𝑛𝑠  to warm-up on no-load. Once 

warmed-up, the load level can be adjusted by varying its resistance with the switches.  The current 

flowing into the resistor is used to confirm the loading level. The load levels and current values are 

shown in Table 

1. Switch-on the loads at the machine terminals as desired and energise the main isolator the 

main isolator of the drive. 

2. Press the start buttons on the control panel, and then select the speed mode using the 

selector switch on the touch panel. Wait for the machine to run-up to maximum speed. 

3. Then run the LabView VI to record the voltage signals for 30𝑠 and then save. 

Table B1. Loading levels and current 
Loading (%) Torque (Nm) Current (A) 

100   

50   

0   
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For each operation described, the following procedure is repeated for all loading levels. The 

procedure is applied to the steady state and transient operation. 

Steady state operation  

Run the LabView VI to record the signals for approximately 30𝑠 and then save. 

Start-up transient operation  

Adjust the drive acceleration duration to 10s. Run the LabView VI to record the signals acquired for 

approximately during that period. 

 

Note: The following documentation is linked to this procedure: 

Hazard identification and risk assessment form 

3kW Servo Wind Generator Drive Manual 

Assembly and Disassembly Procedure for AFPM Machine 
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Appendix C 
Assembly and Disassembly Procedure for the 

Axial-Flux Permanent Magnet Machine 
 

This documentation describes the procedure for assembling, disassembling the AFPM machine 

and storage of the high energy magnets 

 

Disassembly Procedure 

1. Loosen the screw on the rotor-shaft joint. 

2. Loosen the coupling on the drive-machine joint. 

3. Use the long bolts to hold both sides of the rotor discs, locking them firmly into the 

threaded holes of the discs, through the holes in the stator external frame. N/B: Place two 

nuts on a bolt such that they will be on opposite sides of the stator external frame when 

the bolt is fastened. 

4. Use spanners to gradually and simultaneously tighten the nuts on the outer sides of both 

stator external frames so as to apply outward force/pull on both discs. As this is being 

done, constantly loosen the bolts on the inner side of stator external frames onto the discs 

to give allowance for further ‘pulling apart’ of the discs.  

5. Observe for changes after a few pressures to be sure the rotor discs are pulling apart 

evenly away from the stator. 

6. When the discs are between 5-7 cm away from the stator, loosen one of the stator 

external frames so as to enable the removal of either disc. 

Assembly Procedure 

1. Place the discs and stator external frames in the proper position as shown in Figure 1 with 

the bolts and nuts in positions as described in the Disassembly Procedure above.  

2. Use spanners to gradually and simultaneously tighten the nuts on the inner sides of both 

stator external frames so as to apply inward force/push on both discs. As this is being 

done, constantly loosen the bolts on the outer side of stator external frames onto the 

discs to give allowance for further ‘pulling together’ of the discs.  

3. Ensure that the bolts are holding the discs firmly despite the attractive force between 

rotor and stator. 
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4. Ensure that the discs are properly sited on the lips on the shaft by observing that 

mechanical clearance exists between the stator and discs.  

5. When (4) is observed, remove the bolts and nuts.  

 

Magnets/Rotor Discs Storage Procedure 

Line up all the magnets by placing small sections of wood/plastic between two pieces. For the 

rotor discs, place them face-up on top of each other, with each surface covered with wooden 

boards.  Store both in a safe box (carton) and keep both away from ferromagnetic materials (iron, 

steel etc.). 

 

Note: The following documentation is linked to this procedure: 

Hazard identification and risk assessment form 

3kW Servo Wind Generator Drive Manual 

Assembly and Disassembly Procedure for AFPM Machine 

 

 

 

 
 
 




