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Abstract 
 

The increasing application of permanent magnet (PM) machines in emerging safety 

critical sectors such as electric vehicles and ñmore electricò aircrafts due to their high 

torque density and high efficiency has raised the demand for high availability (or 

reliability). Health monitoring for the machines is becoming an important tool for 

improving drive availability by facilitating intelligent maintenance and avoiding 

catastrophic failure.  

This thesis is concerned with the diagnostics of the turn-to-turn fault, also known as 

turn fault, in PM machine stator windings by enhancing the detectability, robustness 

against transient states, and reducing the sensitivity towards other faults especially high 

resistance connection (HRC) fault. 

Firstly, it proposes a turn fault detection method based on current residual and 

angular integration. The fault feature is enhanced in the current residual while the 

impacts of transient states are minimized by the angular integration. Secondly, the fault 

features at the switching sideband harmonics are also studied and a fault indicator based 

on the PWM ripple currents is proposed and tested on different permanent magnet 

machines. Thirdly, to distinguish the HRC fault from the turn fault, both the impedance 

around switching sideband frequencies and high frequency voltage injection are 

investigated, which explore the different behaviours of resistive and inductive 

asymmetry at high frequency. The robustness against transient states is achieved by the 

signal processing in the designed circuit board. Finally, to improve the fault 

detectability at high frequency, an artificial neutral point is established to provide zero 

sequence voltage measurements at both fundamental and high frequencies, and the 

results allow for a better classification of HRC and turn faults with less impact from 

operating conditions. The investigation and implementation of turn fault detection 

techniques for a commercial permanent magnet alternator with a unique structure is also 

performed.      
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 Introduction  

1.1 Electrical machines 

Electrical machines have been researched and developed over a century, from 

conventional DC/AC motors to more advanced ones with higher efficiency and better 

performance. With the development of power electronics, electrical machines can be 

controlled for various applications, and more advanced control algorithms and 

techniques can be implemented to enhance the machine performance. Since they are 

environmentally friendly with no pollutant gas emission, there is a trend for them to 

replace conventional combustion engines and hydraulic actuation systems. At present, 

they are being applied widely into many industries, including manufacturing, 

transportation, services, renewable energy and household appliances with a great 

potential.  

One of the most attractive and promising application of electrical machines is 

electric vehicle[1][2]. Vehicles driven by internal combustion engine have been existed 

for more than a hundred years. But with the increasing concerns on energy consumption 

and air pollution, electric vehicles driven by electrical machines are regarded as the best 

solution for reduction of CO2 and pollutant emission. The basic requirements of an 

electric machine in this field are: 

1) High torque density and power density 

2) Wide speed range 

3) High efficiency over wide ranges 

4) Wide constant power operating capability 

5) High torque capability for start-up and hill climbing 

6) High intermittent overload capability for overtaking 

Another emerging application is more electric aircraft[3][4]. Generally, most of the 

drives in aircrafts are hydraulics for actuation functions, pneumatics for pressurization 

and de-icing. Electrical power is only used for avionics and utility functions. In the 

1980s, the US initiated several programs to develop electrical actuation technologies for 

aircraft applications and then a concept called more electric aircraft (MEA) was 

proposed in 1990s. High-performance machines for aerospace applications are typically 

integrated into starter-generator embedded within an engine, in electro-mechanical 
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actuators for primary flight surfaces control, in the electric fuel pump, and in landing 

gear nose wheel steering system. From a system point of view, the required capability 

for an aircraft application should be based on the following factors: reliability, power 

density, efýciency, weight, control features and complexity, thermal robustness, and 

size[5][6].  

Currently, the electrical machines that can be adopted in those applications are 

limited to induction machines (IM), switched reluctance machines(SRM), and 

permanent magnet synchronous machines (PMSM)[3][7]. Among these machine types, 

induction machine drive is the most mature technology[8]. In an IM, the magnetic field 

generated by the stator currents interacts with the induced rotor currents to create torque. 

They are considered as the potential machines for the electric propulsion of electric 

vehicles and hybrid electric vehicles (HEV)s, owing to their reliability, low cost, low 

maintenance, and ability to operate in hostile environments. It has been pointed in [8] 

that one of the major disadvantages is the inherent rotor copper losses, resulting in low 

efficiency, lower power density, which is more serious for high speed and large power 

motor. The switched reluctance machine has the simple and robust rotor structure, and 

the low cost. They are capable of fault-tolerant operation and can be controlled with 

good torqueïspeed characteristics. The torque is produced by the change of magnetic 

reluctance, which is dependent on the rotor position. Thus, the disadvantage is the 

significant torque ripples, as well as the vibration and acoustic noise due to the radial 

force pulsation, which are quite critical for certain applications. Permanent magnet 

synchronous machines utilize permanent magnet (PM) to provide an independent 

excitation source. They can be classified in to surface-magnet mounted and interior-

magnet mounted, depending on the arrangement of the PMs. For PM machines with 

special structures which are referred as permanent magnet assisted synchronous 

reluctance machine (PMA SynRM) machine, both the permanent magnet torque and 

reluctance torque are combined to produce the total driving torque. As a result, the 

higher torque density and higher efficiency can be achieved for a wider speed range. A 

comprehensive comparison of the performance of these three machine types are given in 

Table 1-1, according to [3][9]. 

Table 1-1 Comparisons of different machine types 

Performance indicator IM SRM PMSM 

Power density Moderate Moderate High 

Robustness Moderate High Moderate 
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Efficiency Moderate High High 

Cost Low Low High 

Wide speed range Moderate High High 

Torque ripple Low High Low 

Acoustic noise Low Moderate Low 

 

With increasing requirements for high power/torque density and high efficiency, 

permanent magnet machines are becoming more and more attractive. Generally, they 

are classified as being either sinusoidal or trapezoidal back EMF machines, also known 

as BLAC and BLDC. Moreover, in order to meet the requirements for a specific 

application, topologies and control algorithms should be designed with advanced 

techniques which have been subject to numerous researches. In many emerging 

applications, high reliability of the PMSM is of great importance. Since the magnet-

induced back EMF cannot be turned off in an event of inverter or winding insulation 

failure, the fault may cause serious damage to the machine, resulting in very high repair 

or replacement cost, unless the fault is detected and the fault tolerant control measure is 

adopted swiftly. Therefore, health monitoring is essential, which may help reveal the 

hidden state of machine health, detect an incipient fault or predict the remaining useful 

life, thus avoiding a real failure. 

1.2 Health monitoring  

Since a fault or failure of  key components in a machine drive system is of great 

concern in safety-critical applications, condition based health monitoring is studied 

extensively with the purpose to maximize equipment availability, and to minimize the 

risk of the severe consequences and the maintenance cost[10]. 

This requires the monitoring of the health of the critical components and developing 

proper diagnostic or prognostic strategies to detect and identify incipient faults and 

predict the remaining useful life (RUL)[11][12][13]. Both of them are the two main 

categories under the healthy monitoring scope, but have different characteristics and 

response time scale. 

Diagnostics is aimed to investigate the occurrence, cause, type or location of the 

abnormal condition, while prognostics is concerned with predicting the future trend of 

the condition based on the analysis of the available information. Therefore, the 

properties of promptness and accuracy are essential for diagnostics, whereas the ability 
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to rational forecast and estimate the remaining useful life is more important for the 

prognostics.  

The long degradation process of an impending fault in a machine system is shown in 

Fig. 1-1, which indicates the time when an early incipient fault develops, and depicts 

how the component reaches a failure state and eventually to complete catastrophic 

failure under continuing usage. 

 
Fig. 1-1 Failure progress in time line 

It is evident that the diagnostics of fault can only be effective on the moment or after 

the first failure has occurred. Thus, the damage to the machine and the risk of 

catastrophic failure are closely connected with the swiftness of the fault detection and 

mitigation measures. In order to take action before the fault occurrence, prognostics 

should be conducted all the time during the degradation process. The prediction of the 

failure time and its probability can be more and more accurate with the increasing 

operating time. Thus, the actual failure can be avoided with timely maintenance.  

Because of their different objectives, the framework of a diagnostic program and 

that of a prognostic program should also be different. A diagnostic program consists of 

data acquisition, signal processing with feature extraction, and decision making, as 

shown in Fig. 1-2. The final decision fault type and location is made by comparing the 

extracted feature with the knowledge base, which can be derived from the historical data, 

physical models, or expert experience. For prognostics, several other steps are required, 

such as degradation models, performance assessment, and prediction [11]. The relation 

between the monitored data and the health condition need to be established. Then the 

degradation patterns need to be identified so that a proper mathematical model can be 

utilised to fit the pattern. Finally, the prediction algorithms are used to forecast the 

degradation of the machine performance, by using statistics, time series analysis, pattern 

recognition, or artificial intelligence techniques. 



CHAPTER 1  Introduction  

  

5 

 

 
Fig. 1-2 Diagnostic program 

Data acquisition is the process of collecting and storing useful data for the 

monitored system. It can be acoustic data, vibration data, pressure, temperature, 

moisture, etc.  For the electrical machine system, current, voltage, speed and torque are 

also the commonly sampled data. Key properties for the data acquisition are the 

sampling frequency, bandwidth, and the data storage space. Their demands are 

dependent on the data variation frequency and the data processing algorithms. However, 

they can also be limited by the capability of the hardware. The acquired data are usually 

divided into three types: value type, waveform type, and multidimensional type[14]. 

The value type data such as temperature and pressure can provide the information for 

the current status directly. Thus, data processing algorithms are usually designed for the 

other two data types. For the waveform type data, the commonly used tools are the 

time-domain analysis, frequency-domain analysis, and time-frequency analysis. Time-

domain analysis deals with mean, peak-to-peak values, standard deviation, or root mean 

square values. The most widely used conventional frequency-domain analysis is the 

spectrum analysis with fast Fourier transform(FFT)[15], which is capable to identify 

and isolate specific frequency components. However, the drawback is the inability to 

handle the non-stationary waveform signals which occur during transient operation. 

Thus, time-frequency domain analysis is developed[16]. Short time Fourier 

transformation, wavelet transformation, WignerïVille distribution, ChoiïWilliams and 

others provide broad perspectives to examine the signal, and enhance the feature 

extraction capability. For the multi-dimensional data type, complexity lies in the 

correlation structure among the data in different dimensions, especially when the 

dimensions are large. The principle component analysis(PCA)[17], independent 

component analysis(ICA) are the useful tools to reduce the data dimension and extract 

the core information. For the decision making step, there are three main strategies that 

can be implemented: data-driven approaches, model based approaches and the hybrid of 

the two approaches. The aim is to build the relationship between the information or 

features obtained and the typical machine faults. Data-driven approaches contains 

statistical approaches such as support vector machine (SVM), Hidden Markov Model 

 

Data 

acquisition

Signal processing 

/feature extraction 
Decision making

Model

/knowledge
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(HMM), and artificial intelligence approaches such as Artiýcial neural networks (ANN), 

Evolutionary algorithms (EA), Fuzzy logic systems. They can cope with various and 

complex systems but may require vast data and training time. The model-based 

approaches utilise physical or mathematical model of the monitored machine. With the 

explicit model available, residuals between the actual and normal values can be 

generated. Then the residuals are evaluated for the fault detection, isolation and 

identification. A correct and accurate model can make such approaches more effective. 

The hybrid approaches integrate both the data-driven and the model-based approaches 

and exploits the advantages of both to enhance the effectiveness and reliability of the 

diagnostics. 

As has been stated, for the prognostics, the prognostic models are the key steps in 

order to predict the future condition. Data-driven techniques mentioned above are also 

commonly used for those models. Together with other techniques such as particle 

filtering[18], extended Kalman filtering[19], Gaussian process regression[20], fuzzy 

logic, neuro-fuzzy(NF)system, they are extensively reviewed and compared in [13]. 

They can all accommodate non-stationary and non-linear systems, but differ in the 

requirement of historic data and computation time.  

For this thesis, only the fault diagnostics algorithms and techniques are explored 

exclusively for permanent magnet machines, while the fault prognostics is not covered. 

1.3 Fault types 

In an electrical machine, faults may occur on the stator, rotor and the mechanical 

components such as shaft and bearings. Surveys have been made to investigate the 

distribution of different types of fault and their probabilities in terms of the fault 

location. Results in [21] and [22] are illustrated in Fig. 1-3 and Fig. 1-4, respectively, 

for different application areas. As can be seen, the bearing faults always account for the 

largest portion of the fault types, whereas the stator winding faults are the second largest.  

If the causes of different faults are concerned in permanent magnet machines, then they 

can be classified into electrical fault, mechanical fault and magnetic fault, as shown in 

Fig. 1-5, according to[23]. 
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Fig. 1-3 Distribution of faults in [21] 

 
Fig. 1-4 Distribution of faults in [22] 

 
Fig. 1-5 Fault types in permanent magnet machines 
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 Electrical faults 

Electrical faults include the short-circuited fault and the high resistance connection 

fault. The short circuit can emerge between different turns within one phase windings, 

or between the windings of different phases, or between the windings and ground, 

constituting the turn-to-turn, phase-to-phase and phase-to-ground faults.  

 Turn-to-turn fault 

It has been reported that short-circuit faults can start from an incipient turn-to-turn 

fault (or referred to as turn fault) [24] which occur due to insulation failures but develop 

into more serious phase-to-phase or phase-to-ground faults very quickly if no preventive 

mitigation or maintenance is performed. Insulation failures are attributed to many 

causes, such as excessive temperature, voltage stresses, vibration, and aging[25].  

When there is a severe turn fault, a large circulation current will be generated in the 

shorted paths. Such large current may demagnetize the magnet irreversibly, degrading 

the operating performance. More seriously, it also gives rise to the temperature which 

accelerates the insulation deterioration process. As a result, the damage to the machine 

can be quick, thus, prompt diagnostic algorithms are essential and have been widely 

researched. The equivalent circuit in Fig. 1-6(a) is widely used to describe the turn-to-

turn fault, assuming fault occurs in phase A. The winding is divided into healthy and 

faulted parts, with a resistance Rf representing the level of the insulation failure. The 

short-circuit current is inversely proportional to Rf and the percentage of the faulted 

turns over the total turns ɛ. It reaches the highest value when Rf is zero with only one 

turn fault.  

In order to better demonstrate the relationships between the currents and voltages, 

mathematical models are developed. Models exhibit a trade-off between complexity and 

accuracy. From the simplest parameters based linear model as described in [26] to the 

more complex look-up table based nonlinear model in [27], they are the first step in the 

development of turn fault detection schemes. From these models, it can be inferred that 

the effect of turn fault on the basic voltage equations is the change of the inductance, 

which can be used as the feature to detect turn fault. According to [28], the diagnostic 

methods for the turn fault can be classified into 6 groups according to the used fault 

indicators: phase currents based, parameter estimation based, voltage based, search coil 

based, mechanical outputs based and mixed variables based methods. Among them, the 
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machine current signature analysis is most researched. The frequency components in 

phase currents shown in (1-1) considering saturation and stator slots have been analysed 

in [29], where p is the number of the pole pairs, and Ksa is a nonnegative integer, fe is 

the supply fundamental frequency. It has been reported that the magnitudes of these 

frequency components will change in turn fault conditions, which can be used as 

applicable criterion for turn fault recognition. Subsequently, time-frequency analysis is 

applied due to its adaptability to transient states and fast response. However, for 

different topologies, the featured frequency components need to be studied separately. 

The 2nd harmonic in the dq axis currents and negative sequence components are also 

examined for the turn fault detection in [30][31]. They can be applicable for more 

generic machines as long as they are initially balanced.  

2 1
1 sa

current e

K
f f

p

å õ+
= °æ ö
ç ÷

 (1-1) 

 
(a) 

 
(b) 

Fig. 1-6 Equivalent circuits of (a) turn-to-turn fault and (b)HRC fault 

 High resistance connection (HRC) fault 

High resistance connection fault is the fault when unexpected excessive resistance is 

introduced into the winding cable connection circuit while the inductance is not 

influenced. It may be caused by thermal cycling and vibration, or damage of the contact 

surfaces due to pitting, corrosion, or contamination[32]. It can introduce unbalance to 

stator voltages and currents, decrease average torque, and increase torque pulsation, 

losses and heating. While HRC faults only degrade the machine performance and cause 

damage to the connector or contactor rather than a serious damage to the machine, the 

detection is not as time critical as the detection of turn fault[33]. The equivalent circuit 

for an HRC fault is shown in Fig. 1-6(b), where the fault is modelled by adding an 

additional resistor ȹR to the phase winding. In the basic voltage equations, it only 

results in changes in the resistance, and does not affect other parameters. However, it 
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generates similar symptoms to turn faults, such as the 2nd harmonic in dq 

currents/voltages and negative sequence components[34]. Thus ambiguity will be 

produced if these features are used for fault detection and classification. Since it is 

essential to classify the two fault types for the sake of appropriate remedy actions, 

further research is needed.  

 Mechanical faults 

Eccentricity faults and bearing faults constitute the mechanical faults in the rotary 

machines.  

 Eccentricity 

Eccentricity can be caused by the imperfections during the manufacturing stage, 

bearing wear, bent machine shaft, stresses applied to the shaft and mechanical resonance 

at critical speed. According to [35], the inherent level of static, dynamic, or mixed 

eccentricity is typically within 10% of the airgap.  

The air gap between the stator and the rotor is non-uniform with eccentricity while 

should be distributed uniformly in a healthy machine. The asymmetric flux distribution 

and unbalanced magnetic pull (UMP) between the stator and the rotor will be generated. 

This UMP increases with eccentricity and cause vibration, noise, and excessive wear of 

the bearings, which, in turn may further increase the eccentricity. Thus, it is also 

essential to detect eccentricity and implement mitigation measures at the early stage to 

protect the machine from further damage. 

There are three types of eccentricity, which are static eccentricity (SE), dynamic 

eccentricity (DE), and mixed eccentricity (ME). In SE, the rotor and rotation axis centre 

deviates from that of the stator, but is still motionless, as shown in Fig. 1-7(a). It will 

cause the airgap in certain section of the stator constantly smaller than the normal gap 

while the airgap in opposite section constantly bigger. As a result, the constant 

asymmetry in three phase inductance will be produced. In DE, the rotor geometric axis 

centre is also rotating around a certain centre, causing the airgap varies periodically, as 

shown in Fig. 1-7 (b). The impact on the three phase inductances is the introduction of 

additional harmonics, but symmetry still remains in average sense. In ME, both SE and 

DE exist, which makes the condition even worse, but are more likely to occur in a real 

system.  
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MCSA has been the most popular approach for eccentricity detection[36][15][37]. 

Under rotor  eccentricity, the frequency components in current will exhibit apparent 

features[37][38][39], and equation (1-2) is suggested as the reliable indicator for 

detecting such eccentricity.  

2 1
1ecc e

k
f f

p

è øå õ-
= °é ùæ ö

ç ÷ê ú
 (1-2) 

where fecc and fe are the feature and fundamental frequency components, p is the 

number of pole-pairs and k is a positive integer. 

 
(a) Static eccentricity  

 
(b) Dynamic eccentricity 

Fig. 1-7 Static and dynamic eccentricity 

 Bearing fault 

Since rolling ball bearings are used to support the rotor in most electrical machines, 

they incur the largest proportion of the fault types. Rolling bearings consist of an inner 

and outer race, which are separated by rolling elements such as balls or cylindrical 

rollers. Flaking or pitting of bearings might occur when fatigue causes small pieces to 

break loose from the bearing. Other causes can be vibration, bearing current, thermal 

stresses which may further deteriorate the bearing lubrication[40].  

Both intrusive and nonintrusive condition monitoring of bearing failures are 

explored in [40]. Different types of sensors can be utilized, such as vibration sensors, 

thermal sensors. In addition, chemical analysis, acoustic emission monitoring and sound 

pressure measurement are also used to detect bearing faults. However, they require 

specialized devices and equipment.  

As has been pointed out in [41], if a damage is present in the bearing, shock pulses 

with characteristic frequencies fc occur, when a ball passes through the damaged point. 

These characteristic frequencies depend on the affected part of the bearing and are 
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calculated by means of the geometry of the rolling elements and the mechanical 

rotational frequency. A radial motion of the rotor will occur in condition of bearing 

damage, thus, it is similar to the symptoms of dynamic eccentricity faults where specific 

frequency components in phase currents are produced, which are widely utilized for the 

monitoring of bearing condition[42], shown in (1-3). Also, the inductances start to 

contain additional harmonics but remain symmetric.  

current e cf f kf= °  (1-3) 

 Magnetic faults 

As permanent magnets are the essential component for a permanent magnet machine, 

demagnetization is the common issue of the magnetic faults. 

 Demagnetization 

Demagnetization fault occurs when the flux density inside permanent magnets in a 

PM machine is below the knee point. This phenomenon is usually caused by physical 

damage, high temperature stress, oxidation and corrosion, inverse magnetic fields and 

aging [43]. There are two types of demagnetization, uniform demagnetization on all 

magnets, and partial demagnetization on a few magnets or in certain regions[44]. The 

uniform demagnetization occurs when all the PMs in the machine are demagnetized 

with the same level and pattern, thus the back EMF is reduced symmetrically. It usually 

occurs when the rotor temperature rises uniformly or excessive currents are applied. In 

contrast, partial demagnetization may occur due to local heating or local excessive 

current caused by a turn-to-turn, phase-to-phase or a phase-to-ground fault. In this case, 

the additional harmonics can be introduced into the back EMF because of the non-

uniform impact. But in terms of the three phase back EMF waveforms in one 

fundamental cycle, the impact is still symmetrical because the fault affects all three 

phases. 

Due to the reduction of back EMF, larger stator current is needed in order to provide 

a required torque, which causes higher copper losses and degrade the efficiency. More 

heat will be generated and the demagnetization process can be accelerated. Partial 

demagnetization will cause variations of air gap flux density, stator currents and 

voltages and output torque. As a consequence, it will generate unbalanced magnetic pull, 

leading to acoustic noise and vibrations in the machine [43].  
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Different fault detection and diagnostic methods have been studied to detect motor 

faults, the most common of which are MCSA, vibration analysis and magnetic flux. 

Specific harmonics in the phase current will be generated due to the asymmetry caused 

by the partial demagnetization, as shown in (1-4) [45]. However, according to [46], the 

same frequency components can also be caused by dynamic eccentricity, which  makes 

these faults difficult to distinguish. In the case of uniform demagnetization, no 

additional harmonics will be generated, thus, other techniques to monitor the magnet 

strength and back-EMFs are proposed[15][36]. 

1demag e

k
f f

p

å õ
= °æ ö
ç ÷

 (1-4) 

where fdemag is the demagnetization frequency components.  

Among these possible fault types for a permanent magnet machine, turn-to-turn fault 

is the most severe but with a benign symptom, which requires the prompt detection and 

mitigation. Thus, this thesis focuses on the diagnostics of the turn-to-turn fault. 

The basic voltage equations of the PM machine consist of resistive voltage drop, 

armature induced voltages, and permanent magnet electromotive force, given in (1-5). 

The parameters are balanced in healthy conditions but can be affected in fault 

conditions. Whether the effect on parameters in three phases is asymmetric or not 

determines some fault features. The fault detection method and the discrimination from 

other faults should consider which parameters are affected. The affected parameters in 

all possible fault types and their symmetries are summarised in Table 1-2, based on the 

previous discussions. Since turn fault detection is studied in this thesis mainly by 

asymmetric effects, the impact of other fault types on the proposed fault indicators will 

also be discussed. 
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 (1-5) 

Table 1-2 The effects of different faults on the parameters in voltage equations 

Fault types Most affected parameters Symmetric or asymmetric 

Turn-to-turn fault Inductance, resistance Asymmetric 
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HRC fault Resistance Asymmetric 

Static eccentricity Inductance Asymmetric 

Dynamic eccentricity Inductance Symmetric 

Mix eccentricity Inductance Asymmetric 

Bearing fault Inductance Symmetric 

Uniform demagnetization Back EMF Symmetric 

Partial demagnetization Back EMF Symmetric 

1.4 Challenges 

For the diagnostics of the faults in a permanent magnet machine, methods are 

reviewed and compared extensively in [23][47][48]. The machine current signal 

analysis (MCSA) is the most commonly used technique to detect most faults and is 

widely applied, although the identification and classification of fault is difficult. The 

common problem is that under transient states, fundamental frequency is varying, 

causing the conventional FFT unable to calculate frequency components any more. 

Advanced techniques such as short time Fourier transform (STFT) and wavelet 

transform (WT) have shown great potential[43][49]. However, STFT requires high 

processing power [50] and is not very flexible since the window function needs be pre-

selected and fixed. Thus, the application to the speed and load variations are limited. 

The WT can provide good resolution in time for high-frequency components and a good 

resolution in frequency for low-frequency components. Thus, it features the capability 

of tracking frequency components under nonstationary states. The disadvantage is that 

the selection of the basic wavelet function could compromise the performance in 

identifying transient elements hidden within a dynamic signal [51]. If the same wavelet 

family is used over the entire data, the detectability can be degraded when fault current 

signatures are weak[52]. Other time-frequency analysis algorithms developed to provide 

better performances, such as Wigner-Ville distribution (WVD)[52], Pseudo-WVD, Zao-

Atlas-Marks (ZAM) distribution[53], Hilbert-Huang transformation(HHT)[54]. 

However, the computational complexity is involved and they are more time consuming 

than FFT or WT.  

In most cases, the fault features are only significant on one or only a few frequency 

components such as the 2nd harmonics of the dq axis currents and voltages [30][55], 

fundamental component in the zero sequence voltages[56] or the induced voltage in the 

search coil [57]. Thus, those complex signal processing techniques are not necessary, 

while order tracking algorithms should be preferred, such as Kalman filtering[57], 

trigonometry and filtering based frequency tracking[56], VoldïKalman filtering order 



CHAPTER 1  Introduction  

  

15 

 

tracking (VKF-OT) [58], and computed order tracking (COT) [59]. However, when 

filtering is involved, the selection of bandwidth a key issue. A narrow bandwidth can 

separate close components but the response time is longer. The computed order tracking 

requires a resampling process before the conventional FFT processing, thus the 

computational burdens are increased. 

For turn-to-turn short-circuited fault, the largest faulted current can be generated 

with only a single turn fault. However, due to the small proportion with regard to the 

total turns connected in series in one phase winding, the impact on the phase current or 

voltage is the smallest, as has been stated in [28]. This dilemma requires dedicated 

research on the increased detection sensitivity to the turn fault with small number of 

short-circuited turns. 

Apart from the fault detection techniques based on the fundamental components and 

the lower frequency harmonics, high frequency components are also researched in 

[60][61]. Two types of high frequency components are proposed for then turn fault 

detection, i.e. the additional injected high frequency voltages and the inherent PWM 

switching high frequency harmonics. The high frequency negative sequence current, 

high frequency negative sequence impedance, and the high frequency zero-sequence 

voltage are proposed as the fault indicators in the former one. It is less sensitive to 

operating conditions of the machine, i.e., the flux linkage, load torque/current and 

fundamental frequency, as well as to the influence of control loops, but the effect of the 

additional voltage injection is inevitable. The latter one requires no additional signal 

injection, but takes the advantage of the inverter and the PWM voltages in the PM 

machine drive system, and analyses the natural high frequency signal in the phase 

currents. It is less intrusive, but dependent on the operating conditions. However, the 

performance of both types of high frequency based turn fault detection in the transient 

states have not been addressed.  

While the conventional MCSA based turn fault detection method examines the 

phase current signals and extract the featured harmonics, it is no longer applicable for 

the no load conditions where the currents are zero. However, the back EMF in the 

shorted turns can still be active and generate a high fault current at a high speed. The 

risk of damaging the machine still remains. Thus, the detectability at no load conditions 

should be examined.  
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For most of the fault detection methods proposed in the existing publications, only 

the specific type of fault is considered while the effects of other faults are not mentioned. 

However, other faults may produce similar features in the frequency components and 

parameters asymmetry. For example, the zero sequence voltage is used for both inter 

turn fault and the high resistance connection fault detection in [56][62] respectively, but 

has not considered the other fault. The existing detection and classification techniques 

for the turn fault and HRC fault conditions use the amplitudes and angles of the zero 

sequence voltage, negative sequence current, fundamental current and impedance. 

However, the dependence on the parameters and their susceptibility to operating 

conditions and temperature make it less reliable. Also, the effect of transient states has 

not been considered yet.   

1.5 Overview of research 

The main purpose of this thesis is to address the challenges identified in section 1.4 

in order to contribute reliable and robust turn fault diagnostic techniques for permanent 

magnet machines. The thesis contains 7 chapters and the content of each chapter is 

briefly outlined below. 

Chapter 1 introduces the electric drive application trend in electrical vehicle and 

more electric aircraft, and compares different candidate machine types. For the 

requirement of high reliability, the concept of healthy monitoring and its two main 

objectives, i.e. fault diagnostics and prognostics are explained. The possible fault types 

of the permanent magnet machine are presented and the turn fault is selected as the 

research topic. The challenges of the fault diagnostics research are also highlighted. 

Chapter 2 proposes a turn fault detection method based on the negative sequence 

component of the current residual, being the difference between the phase current 

measurement and estimation from a machine model. The fault features can be enhanced 

in the current residual if the model error is small, making detection more 

straightforward. Angular integration based negative sequence component extraction is 

implemented to minimize the impact of the transient states. Since the negative sequence 

component is examined rather than the featured harmonics in phase currents, the 

technique can be applied more widely to all balanced multi-phase machines. The 

analysis and test results also suggest that the effect from the controller can be minimised 

with the introduction of the current residual, which used to be one of the concerns of 
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utilizing current/voltage frequency components. However, since the negative sequence 

components are essentially caused by the asymmetry, other fault types might also 

generate similar features.  

Chapter 3 investigates the switching sideband harmonics of phase currents and their 

application for the turn fault detection. The pulse-width modulated (PWM) drive is a 

natural source of high frequency voltage, and the fault features caused by change in 

inductance in a fault condition are contained in the corresponding PWM ripple currents. 

Their RMS value of the ripple currents in each phase are compared, and the resultant 

relative deviation is considered as the fault feature. The effect of transient states can be 

eliminated. Although the resistive and magnetic asymmetries can be removed in the 

high frequency region since the PWM ripple current is predominantly determined by 

inductance, they still affect the high frequency voltages through their influence on 

modulation index which comes from the control output. Thus the discrimination from 

other possible faults needs further study.  

Chapter 4 first investigates the classification techniques for the turn fault and high 

resistance connection (HRC) fault based on the inherent high frequency components in 

both voltages and currents. The high frequency impedance can be defined and 

calculated, whose dependency on the current controller is eliminated because the 

influence on high frequency voltage equations has been accounted, which is different 

from the characteristic of the PWM ripple currents. With or without the deviations of 

the high frequency impedance is used to distinguish the turn fault and HRC fault, and is 

well-suited for surface-mounted PM machine whose phase inductances are almost 

constant. However, the HRC fault may also incur small deviations in the calculated high 

frequency impedance in the interior PM machine, where the phase inductance contains 

2nd harmonic, which complicates the classification. A high frequency voltage injection 

based technique is also investigated, in which the injected signals and the fault features 

can be independent from the operating conditions. The inductance asymmetry as a result 

of a turn fault can be exclusively detected. Thus, the HRC fault, demagnetization fault, 

dynamic eccentricity and bearing fault can be ruled out while the turn fault can be 

diagnosed.  

Chapter 5 investigates the turn fault and HRC fault detection and classification 

based on zero sequence voltage. The measured zero sequence voltage only contains the 

fault signatures, through which the detectability are enhanced. Both the inherent high 
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frequency and fundamental frequency components are utilized for the fault detection. In 

the same way, the resistive and magnetic asymmetry can be ignored at high frequency, 

thus, turn fault can be diagnosed more exclusively. The robustness of turn fault 

detection during transient states and the detectability at no load conditions are also 

verified. Once fault negative for a turn fault is determined, the HRC fault detection can 

be achieved based on the fundamental frequency component analysis. 

Chapter 6 explores possible turn fault detection techniques for a Rolls-Royce Trent 

7000 engine permanent magnet alternator. Due to its unique structure, characteristics 

and control mode, which are very different from conventional PM machines, the 

previous proposed turn fault detection methods cannot be directly applied. Based on the 

measured signals, several fault indicators are examined and compared in both healthy 

and faulted conditions. And the optimal fault detection method for this machine is 

obtained and demonstrated. 

Chapter 7 presents the conclusions and suggestions for future work. 
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 Current Residual Based Stator 

Turn Fault Detection  

2.1 Introduction  

As explained in Chapter 1, turn-to-turn short circuit fault (also known as turn fault, 

or inter-turn fault) is among the most common machine failures, accounting for 21-37% 

of the faults in electrical machines [25][28]. Moreover, they are also one of the most 

severe faults [40], especially in the permanent magnet (PM) machines. The main cause 

of the turn faults is winding insulation deterioration as described in [63], which results 

from combined mechanical, electrical and thermal stresses in the stator winding. The 

stresses may lead to an insulation break-down between the coil conductors, which may 

short some of the turns. When a severe turn fault occurs, excessively high current will 

circulate in the shorted turns driven by induced voltages including the back 

electromagnetic force (EMF) and increase the winding temperature to a level where 

severe damage or even breakdown of the whole insulation occurs[64]. In some PM 

machines, the large short-circuit current can produce localized magnetic field intensity 

higher than the coercivity of the magnets, thereby demagnetizing the magnets 

irreversibly [25]. Also, a large percentage of the insulation failures starts from a turn-to-

turn insulation problem and subsequently develops into more severe insulation faults, 

such as coil-to-coil, phase-to-phase, and phase-to-ground short circuits, all of which 

lead to catastrophic damage to the machine[63]. Therefore a swift detection of turn-to-

turn short fault during machine operation is essential to avoid the subsequent damages, 

and reduce the repair cost and service outage time.  

In recent years, turn fault detection has been extensively studied, numerous and 

various techniques and methods have been proposed. Among them, one of the most 

popular techniques is based on the machine current signal analysis (MCSA)[65][66]. 

Since the symmetrical distribution of magnetic flux in healthy normal operating 

condition is broken by the turn fault, several unique harmonics emerge. For different 

machine types, even different winding configurations, the featured harmonics are also 

different, which need individual analysis[67].  

The significance of the frequency components in the machine current, however, is 

dependent on the control strategy. For permanent magnet machines that are commonly 

used in areas of electric vehicles and servo systems, a closed-loop current control 
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scheme is usually applied to regulate the current waveforms in a nearly perfect manner. 

In [68], the authors compared the behaviours of an induction machine under voltage 

mode and closed-loop current control mode, and have suggested that under the 

influence of the closed-loop control, the original fault indicators are no longer effective. 

It was proven in [69] that for a controller with higher bandwidth, the fault information 

can exists in both current and voltage signals. Therefore, in addition to the frequency 

components in the machine current, the frequency components from the machine phase 

voltages can also be used for the fault detection.  

Among the featured frequency components in the electrical signals, the 2nd harmonic 

in dq currents [30] and voltages is favoured by many authors[70][71][55]. The main 

cause of the 2nd harmonic in the fault condition is that turn fault breaks the symmetry of 

the three phase balanced system. Thus without the consideration of other fault types, the 

emergence of the 2nd harmonic in dq currents and voltages indicates the occurrence of 

the turn fault. Other methods based on the 2nd harmonic of power[72][73], and the 

parkôs vector[74][75][76] can be seen as the extensions but with the same principle.  

Similarly, the negative sequence components are also the results of the broken 

symmetry when turn fault occurs, which has been pointed out in [40] that this is 

equivalent to the detection technique based on the 2nd harmonic. Therefore, the 

detection based on the negative sequence currents, voltages are also widely 

researched[31][77]. To exploit both the negative sequence voltage and current, the 

identification of negative impedance is proposed in [78][79] in which the current 

regulating effect of the motor controller is accounted.   

Apart from the traditional phase currents and voltages, other signals are also studied 

for the turn fault detection, which might need additional hardware other than the current 

transducers. The detection method based on the induced voltage on a search coil 

embedded in the rotor or stator is proposed in [80][81], which is also a promising 

indicator, even sensitive to a one-turn fault. In [82] it is demonstrated that the 

electromagnetic signature of a search coil is capable of detecting many types of fault, 

including static and dynamic eccentricity, turn-to-turn short circuit, phase-to-ground 

short circuit, and partial or uniform demagnetization. However, it is an invasive 

technique and it is not suitable for machines that have already been deployed, since only 

new motors under manufacturing or the damaged motors withdrawn from service can be 

inserted with the search coils. The harmonics of zero sequence voltage are also applied 
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for the turn fault detection in [58][67]. The sensitivity and accuracy can be improved 

compared with the method based on the phase currents, especially at lower speed. 

However, the neutral point of the stator windings as well as an extra voltage sensor is 

required.  Other signals such as the spectrum of the magnetic flux measured by external 

flux sensor[83], and electromagnetic torque[84][85] are also proposed with their own 

unique merits and restrictions. 

Once the featured signal is determined for turn fault detection, the frequency 

components extraction techniques need to be applied. The simplest way to perform 

frequency analysis is the fast Fourier transform (FFT)[67]. In [30], it has also been used 

to monitor the 2nd harmonic of the q-axis current. When performing FFT, the 

frequencies of the signal concerned should be assumed constant for accurate detection, 

which means that the machine should operate in steady-state. Since this is not always 

the case, FFT is not a reliable for the extraction of these features. To obtain the fault 

signature under non-stationary conditions, it is necessary to perform analysis in time 

and frequency domains simultaneously. Short-time Fourier transform (STFT), which is 

the extension of FFT can be employed [86]. However, a trade-off must be made 

between time and frequency resolution. A short-duration window provides good time 

resolution at the expense of poor frequency resolution, whereas a long-duration window 

provides good frequency resolution at the expense of reduced-time resolution. Once the 

window is fixed, it is only applicable for a limited range of speed and load variations, 

limi ting the detection over a wide range of operating conditions.  

To overcome the problem, an alternative tool for fault feature extraction are used in 

[50], which is the continuous wavelet transform (CWT). The advantage over STFT is 

that the wavelet function is scalable, which enhances the wavelet transformationôs 

adaptability to a wide range of frequency resolutions. Discrete wavelet transform (DWT) 

algorithms have also been developed and applied[87][88][89][90]. In [86], both STFT 

and DWT are analysed and tested experimentally, while the results show that DWT is 

obviously better than STFT. It is suggested in [91] that oscillations, shift sensitive, 

aliasing are the three main shortcomings of the DWT and can be overcome by the dual-

tree complex wavelet transform (DTCWT). Other improvement of DWT such as 

stationary wavelet transform (SWT)[92] and wavelet packet transform (WPT)[93] are 

also applied in the frequency analysis for the fault detection. There are other time-

frequency analysis algorithms developed to provide even better performances, such as 
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Wigner-Ville distribution (WVD)[52], Pseudo-WVD, Choi-Williams distribution [94], 

Zao-Atlas-Marks (ZAM) distribution [53], Hilbert-Huang transformation(HHT)[54]. 

Some of them are compared in [95][96][97], and conclusions are made, which are very 

helpful for the selection of an appropriate method. However, it should be pointed out 

that they greatly increase the computation complexity and time consumption of the data 

processing. 

The frequency analysis techniques above are all purely based on the time series of 

voltage and current data. However, for the machine drive systems with a position sensor, 

the rotor position angle is always available, which can help extract the components of 

interest. The computed order tracking (COT) technique is proposed in [98] in which 

many restrictions of the FFT based methods are overcome. The original signal sampled 

at a constant time interval is resampled at a constant angular interval. The resampled 

data are equivalent to the constant frequency data in time domain while the order and 

amplitude information is reserved. Consequently, the normal FFT can be applied to the 

resampled data to obtain the spectrum of order where fault feature lies. Thus it can be 

used to detect the fault in nonstationary operating condition. Since in most cases, only a 

few frequency components are sensitive to turn faults, there is no need to obtain the 

whole spectrum of the signal. In this case, the Vold-Kalman filter order tracking (VKF-

OT) is usually applied[58][49][99], where the fault-related harmonics are tracked while 

the rest of components are removed. It can extract both the amplitude and phase of the 

analysed orders from the original data in the time domain, and presents improved order 

resolution compared to other order tracking techniques[100]. These two conventional 

order tracking techniques in rotating machine diagnostics are compared in [101], and 

concerns of high computational burdens are also raised due to involved matrix inversion 

if a larger sized signal is analysed. 

With these signal feature extraction algorithms, almost any variation in frequency 

components can be monitored and turn fault can be detected. In general, however, the 

more advanced are the techniques, the more demanding for computing power and data 

storage they may be[25][43][48]. The demand for storage space and processing time 

may be excessive to be implemented in a machine drive system with an ordinary 

microcontroller.  

The machine signal analysis based techniques described above do not require the 

accurate physical model of the machine. However, if the machineôs mathematical model 
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is available, then another turn fault detection technique based on the residual between 

the measured and model-estimated signals has also been developed. In these methods, 

the machine model can be established from lumped parameters[102][103], finite 

element simulated data, or even trained neutral network[77], depicting the normal 

behaviour of the machine. The most straightforward way to detect the fault by using the 

machine model is to detect the residual value, which is the difference between the 

model estimation and real measurement. The residual value is then regarded as the 

indicator. With the same voltage input into the machine and the model, the residual 

between the measured and estimated current can be extracted for fault detection in 

[102][103][104]. Likewise, with the same current input, the voltage residuals are 

used[70][77] in the case of closed-loop current control. In order to enhance the detection 

reliability, the residuals in both voltages and currents are used for the detection in [105]. 

In this chapter, a new current residual based turn fault detection method with 

angular integration order tracking algorithm is proposed. It combines the 

aforementioned two turn fault detection methods (frequency components based and 

residual based methods) to improve the detectability of a single turn fault and the 

robustness in transient states. The machine model in healthy conditions is established by 

finite element analysis and is utilized to estimate the machine currents in healthy 

conditions for given d- and q- axis voltage command. Through the comparison with the 

current measurements, the current residuals are produced, where the fault signatures are 

enhanced, since other unwanted components are eliminated. After transforming into the 

backward rotating frame, angular integration is applied to extract the dc values of the 

negative sequence components. The impact of the transient states can be, therefore, 

minimized. As a result, a single turn fault with a benign fault signature can be detected 

more reliably in both transient and steady state operations. The algorithm has been 

tested on a triple redundant 3x3-phase permanent magnet assisted synchronous 

reluctance machine (PMA SynRM). 

2.2 Modelling of Interior Permanent Magnet Machine  

As described in the introduction, the key feature of the current residual based turn 

fault detection is the use of the machine model in healthy conditions to emulate the 

machine behavior and to compare it with the measurement. If the machine is healthy, 

then the predicted output from the model and the measurement from the machine should 

be consistent. Thus, the analysis of the machine model is essential to produce the 
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residual, and to introduce the fault detection indicator. To simplify the analysis, the 

machine model described in this section neglects time and space harmonics, and 

magnetic saturation. This provides a physical insight of the signature associated with a 

turn fault for the development of fault detection techniques. However, the assumption is 

not required for implementation of the developed fault detection technique.    

 Healthy machine model 

 Healthy machine model in abc frame 

For a typical, commonly used three phase permanent magnet machine, the 

equivalent circuit of the machine driving system can be illustrated in Fig. 2-1. The 

constant DC voltage is converted into pulse width modulation (PWM) switching 

voltages with symmetrical sinusoidal fundamental components through a three phase 

full -bridge inverter to power the three phase windings. The windings of each phase can 

be represented by the series connected resistance and self-inductance. When all the 

windings are excited with currents, the effect on the voltage of each winding may be 

represented in the form of mutual-inductance. The neutral point n of the windings is 

usually floating and not accessible.  

 

Fig. 2-1 Equivalent circuit of a three phase machine driving system 

Generally, the three phase windings are distributed symmetrically in space, and the 

phase resistances are usually equal. For a surface-mounted permanent magnet machine, 

the equivalent air gap seen by the armature reaction field is large and approximately 

uniform for all the positions since the permeability of the magnets is close to that of air. 

As the result, both the self- and mutual- inductances given in (2-1) are identical and 

independent of the rotor position. 
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For interior permanent magnet machines, the physical machine airgap is usually 

uniform. However, since the permanent magnets are inserted inside of the rotor, the 
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permeance seen by the armature reaction field varies with the rotor position, leading to 

rotor position dependent self- and mutual-inductances. The effect can be approximated 

by 2nd harmonics. By way of example, the variations of the self- and mutual- 

inductances of phase A of the 36 slots 3 pole pairs PMA SynRM with rotor position at 

1A in one electrical cycle obtained from the finite element analysis are shown in Fig. 

2-2. By ignoring the high order harmonics, the self- and mutual- inductances can be 

expressed as (2-2).  

 
Fig. 2-2 Self- and mutual- inductances of phase A 
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 (2-2) 

where ɤe is electrical angular speed. Lls denotes the winding leakage inductance, LɆ the 

component of the inductances that is independent of the rotor position, and Lȹ the 

magnitude of the rotor position-dependent inductance resulting from the rotor saliency. 

When voltages are applied to the phase windings, the generated currents will 

produce magnetic flux linkage. Together with the permanent magnet flux linkage ɚPM 

shown in (2-3), the total flux linkage ɚs of a phase winding varies with time due to the 

time-varying current and rotor position. The time derivatives of the flux linkages 

together with the voltage drop on the resistance are equal to the phase voltages. The 

voltage equations for each phase winding can be expressed as (2-4).  
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s s s PM= +ɚ Li ɚ (2-3) 

/s s s sd dt= +U R i ɚ  (2-4) 

Where [ ]
T

s an bn cnu u u=U [ ]
T

s a b ci i i=i  
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Fig. 2-3 Permanent magnet flux linkages 

 
Fig. 2-4 Back EMF at 4000 rpm 

The permanent magnet flux linkage curves of the PMA SynRM obtained from the 

finite element analysis are shown in Fig. 2-3, and they can be expressed as (2-5) if 

higher order harmonics are neglected. The back EMFs at the speed of 4000 rpm are 

shown in Fig. 2-4. The high order voltage ripples are caused by slotting effect. 
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where ɗe is the electrical angle, and it is the function of electrical angular speed ɤe and 

time t. ɚpm is the magnitude of the fundamental component of the permanent magnet 

flux linkage.  
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 Healthy machine model in rotating dq frame 

In order to simplify the modelling and to make it easier for machine control, Park 

transformation is usually adopted. The variables in the three phase abc frame are 

converted to the rotating dq frame with the transformation matrix P denoted by (2-6)and 

(2-7), where X can represent voltage u, current i, or flux linkage ɚ. 

2 4cos cos( ) cos( )2 3 3
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 When the Park transformation is applied to the flux linkage and phase voltage 

equations (2-3)(2-4), they can be rewritten as (2-8)(2-9). 

0
T

dq dq dq pmlè ø= = +ê údq
ɚ Pɚ L i  (2-8) 

/dq s dq dqd dt= +U R i ɚ  (2-9) 

where 1
0

0

d

q

L

L

-
è ø

= =é ù
ê ú

dq sL PL P , 
d

q

u

u

è ø
=é ù
ê ú

dqU ,
d

q

i

i

è ø
=é ù
ê ú

dqi ,
d

q

l

l

è ø
=é ù
ê ú

dqɚ . 

By substituting (2-8) into (2-9), the mathematical machine model in the rotating dq 

reference frame can be expressed in (2-10)when high order harmonics are neglected. 

( )

d
d s d d e q q
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q s q q e d d pm

di
u R i L L i
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w

w l

ë
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ì
î = + + +
îí

 (2-10) 

where ud and uq are the d- and q- axis voltages, id and iq are the d- and q- axis currents, 

Ld and Lq are the d- and q- axis inductances.  

 Machine model under turn fault condition 

 Machine model in abc frame 

The turn fault occurs when the different turns of the same coil begin to contact each 

other due to the degradation of the insulation between them. If the insulation 

degradation is severe, the contact resistance can be very low, which forms a short-
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circuit path. If the contact resistance is zero in the extreme case, that part of the coil 

conductors is fully short circuited.  

Without loss of generality, the turn fault is assumed to be in phase A, whose 

winding is divided into healthy and faulted parts, as shown Fig. 2-5. The contact 

resistance is denoted as Rf. The ratio of the number of the short-circuited turns over the 

total number of the turns in one phase is defined as ɛ, which represents the fault range 

between 0 and 1. The self-inductances in the healthy and faulted parts, and the mutual 

inductance between them are also defined. Since the back EMF can be considered 

proportional to the number of turns, the EMFs in healthy and faulted parts can be 

calculated accordingly. 

 
Fig. 2-5 Equivalent circuit and parameters in turn fault condition 

Based on the equivalent circuit, the model for fault conditions can be expressed in 

(2-11) and (2-12), where uah and uaf denote the voltages in the healthy and faulted parts 

of phase A winding respectively, and i f denotes the fault current caused by the short 

circuit. 
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Lhh is the self-inductance of the healthy part of the faulted phase A. Lff is the self-

inductance of the shorted part of the faulted phase A. Mhf is the mutual-inductance 

between the healthy and shorted parts of the phase A. Lhb is the mutual-inductance 

between phase B and the healthy part of phase A. Lhc is the mutual-inductance between 
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phase C and the healthy part of phase A. Lfb is the mutual-inductance between phase B 

and the shorted part of phase A. Lfc is the mutual-inductance between phase C and the 

shorted part of phase A.  

Since the self-inductance is proportional to the square of the number of turns, and 

the mutual-inductance is to the product of the number of turns of the two associated 

coils, the self- and mutual- inductances in turn fault conditions can be approximately 

obtained from (2-13), for a single coil per phase machine. For machines with more than 

one coil per phase, it is not strictly valid according to [106]. Nevertheless, for the sake 

of simplicity, the analysis of the fault behavior under such relation can still be useful for 

developing fault detection algorithm. 
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 (2-13) 

Rearrange the phase voltage equations by applyingan ah afu u u= + , the three phase 

voltage equations in turn fault conditions can be derived as (2-14). 
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s an bn cnu u u=U , [ ]s a b ci i i=i  

The voltage equation of the faulted part can be expressed as (2-16). For the same 

number of shorted turns, the lower Rf is, the larger i f could reach, and the worse the 

scenario could be. Thus to evaluate the most severe condition and for sake of simplicity, 

Rf is assumed to zero in further analysis. 
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It can be concluded from the expressions above that i f can be expressed by the 

combination of ia, ib, ic, and the time derivative of ɚa. With high-order harmonics 

neglected, the fault current i f can be expressed in (2-18), where If1 denotes the 

amplitude, and is dependent on machine speed. q1 is the associated phase angles.  

1 1sin( )f f ei I q qº +  (2-18) 

 Machine model in rotating dq frame 

When the three phase quantities are transformed into the rotating dq frame, the dq 

voltages and flux linkages can be expressed in (2-19) and (2-20). 
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 (2-20) 

Compared with the dq flux linkages in the healthy condition in (2-8), an additional 

term ȹɚdqf related to the fault current is produced in fault condition. Together with the 

additional term on the resistive part, the change in the dq voltages Dudf and Duqf can be 

derived in (2-21), indicating the fault signatures, under the same dq currents. The 

interactions of the fault current given in (2-18) with the sinqe and cosqe terms in Dudf 

and Duqf produce a dc component, and 2nd harmonics in the dq voltages, as given in 

(2-22). The first term is associated with the change of the positive-sequence voltage, 

whereas the second term is associated with the change of negative-sequence voltage due 

to the fault. The subscript ñdcò denotes dc component, and ñ2ndò denotes 2nd harmonic. 

If the same voltages shown in (2-21) are applied to a machine model equations of 

(2-23) in healthy conditions, then the dq currents can be expressed in (2-24), where idô 

and iqô denote the predicted dq currents with the machine model under healthy 

conditions. Thus, the change in the dq currents due to the fault under the same applied 

dq voltages can also be used as fault signatures. 
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 Disturbance generated by fault in control block 

 

Fig. 2-6 Permanent magnet machine current control diagram 

The control block of the machine driving system is illustrated in Fig. 2-6, where 
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Thus the dq axis voltages for the machine can be expressed as (2-25), by neglecting the 

nonlinearities in the inverter. With the comparison of (2-25) and (2-21), and the 

consideration that the current reference is dc constant, which can be tracked with zero 

steady state error by the appropriate design of the PI gains, the equivalent control 

system block diagram in response to the 2nd harmonic disturbances ȹudf , ȹuqf  can be 

illustrated in Fig. 2-7. 
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d pd d id d e q q

q pq q iq q e d d m
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The PI gains can be determined by pole-zero cancellation. Thus, Kpd= ɤcLd, Kid= 

ɤcR, Kpq= ɤcLq, Kiq= ɤcR, where ɤc is the current controller bandwidth which is set to 

400 Hz. 

 
(a) 

 
(b) 

Fig. 2-7 Equivalent transfer function block diagrams to the 2nd harmonic disturbances due to a turn 

fault in (a) d-axis and (b) q-axis. 
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From the simplified transfer function block diagram, the transfer functions between 

the outputs of 2nd harmonic id and iq, and the disturbance inputs can be obtained in 

(2-26). With typical machine parameters selected as Ld=0.38mH, Lq=1.02mH, 

R=0.025ɋ, the amplitude-frequency responses are shown in Fig. 2-8.  

 

Fig. 2-8 The amplitude frequency curve of the control diagram with 2nd harmonic disturbances 

For most machines and their operating conditions, the fundamental electrical 

frequency and control bandwidth are usually under 1 kHz, thus, the 2nd harmonic in the 

dq voltages are unlikely to be filtered out in the output. Therefore, the dq currents will 

inevitably contains 2nd harmonic. And from the voltage equations, the 2nd harmonic will 

also exist in the dq axis voltages. Therefore, the 2nd harmonic in both the dq currents 

and voltages can be used to detect turn faults with order tracking techniques. However, 

they are also affected by the controller bandwidth. Also, the presence of large dc 

components in the dq currents and voltages could introduce noises into the order 

tracking process, making the feature extraction less stable. 

2.3 Residual acquired from machine model 

 Dq voltage residual 

It can be concluded that the dq voltage equations of the machine under turn fault 

conditions is different from that in healthy conditions.  Thus, if the machine model in 

healthy operations can be obtained, the voltages in healthy condition can be estimated 

with the measured currents. By comparing the actual voltages with the estimation, the 

voltage residual can indicate whether fault has occurred. The diagram of estimating the 

voltage residual is shown in Fig. 2-9.  
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For an interior permanent magnet machine, the dq inductances and flux linkages are 

not only dependent on rotor position, but also affected by dq currents largely. This 

nonlinearity can be better represented by the flux linkages as functions of the dq 

currents and rotor position angle. This relationship, or flux linkage map, can be obtained 

from finite element analysis. Fig. 2-10 shows the dq flux linkage map of the PMA 

SynRM at 0° rotor position. Flux linkages at any intermediate point can be obtained by 

linear interpolation. With the flux map available, the mathematical model for estimation 

can be rewritten in (2-27), where the inputs to the model, id, iq, and mechanical angle qm 

are available from the measurement. Since the mathematical relationships between the 

input voltages ud, uq and the measured current id, iq have been expressed in (2-21), it is 

clear that voltage residual calculated in (2-28) equals to the voltage change caused by 

the fault. Thus, the fault feature signals are captured. 
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Fig. 2-9 Voltage residual generation structure 
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(b) 

Fig. 2-10 Flux linkage maps versus d- and q-axis currents at rotor position = 0°. (a) d-axis flux linkage. (b) 

q-axis flux linkage. 

 Dq current residual 

As be seen from the equations (2-27) that in order to estimate the voltages, the 

derivatives of dq flux linkages need to be calculated. However, because of the switching 

noises in the current due to the PWM operation of the inverter, and the nonlinear 

relationship between the current and flux linkages, such computation is prone to noise.  

 In contrast, the flux linkages can be obtained from integration of the voltages, 

which can reduce the noise. Therefore, the mathematical model to estimate the currents 

with the voltage inputs in (2-29) is employed. Firstly, the dq flux linkages are calculated 

by the integration of the net voltages shown in the 1st and 2nd equations in (2-29). Then, 

the inverse flux linkage functions are used to obtain the dq currents with the estimated 

dq flux linkage and the measured rotor position. The inverse are calculated in advance 

and the data are stored for the fault detection in real time. By way of example, Fig. 2-11 

shows the inverse dq current maps versus dq flux linkages at 0° rotor position. Together 

with the measured dq currents, the current residual can be obtained as shown in Fig. 

2-12, which should be close to zero in healthy condition if the model is sufficiently 

accurate. From the analysis in (2-23)(2-24), the current residual in the fault condition 

representing the difference between the healthy and faulted machine behaviours can be 

expressed as (2-30), where the original fault signatures in the currents are extracted. It 

can be deduced that the current residuals are only related to the fault current and the 

percentage of the shorted turns, and is independent of the current controller bandwidth.  

Whereas phase currents are usually measured in a drive system, voltage transducers 

are not necessary for drive control. In order to avoid the use of extra voltage transducers, 

the voltages for the input to the model are replaced by the dq voltage commands from 
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the output of the current controller. The voltage drop and non-linear characteristics of 

the inverter result in the voltages applied to the machine and to the model being 

different. Also, with the consideration that small errors might also exist in the 

mathematical model, the current residual may deviate from zero even in healthy 

conditions. Therefore, by simply comparing the dq current residual to zero is not a good 

solution for fault detection.  
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Fig. 2-11 Current maps versus d- and q-axis flux linkages at rotor position =0°. (a) d-axis current. (b) 

q-axis current. 
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Fig. 2-12 Current residual generation structure 

If the machine is balanced in three phases in healthy conditions, those errors in the 

voltages and machine models only add to the dc component in the dq current residual 

while no 2nd harmonic will be introduced. Therefore, the 2nd harmonic in the current 

residual can be used as a good fault indicator according to (2-30). Since the dc 

component in the dq current residuals are greatly eliminated by the estimation, the 2nd 

harmonic is more pronounced in the current residuals under the fault condition, thereby 

improving signal-to-noise ratio of the fault detection process. Thus, the turn fault 

detection should be based on the 2nd harmonic positive sequence dq current residual as 

the fault indicator, as expressed in (2-31). 
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2.4 Fault Detection  

 Fault indicator and detection steps 

Various frequency components extraction techniques can be applied for the 

detection of the 2nd harmonic in the positive sequence dq current residual. Alternatively, 

the current residuals in the positive rotating dq frame can be transformed into the 

backward (negative) rotating dq frame, then the fault indicator of the 2nd harmonic is 

converted into the dc value of the negative sequence components, as shown in (2-32). 

To maximize detection sensitivity, the magnitude of the dc values of the negative 

sequence dq current residuals, given in (2-33), is defined as the fault indicator. Thus, the 

turn fault detection is mainly be based on the extraction of the dc components, where 

the superscript n denotes negative sequence components. 
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In a real machine drive system, the back EMF and non-ideal inverter as well as 

magnetic saturation and rotor saliency will introduce higher order harmonics even in 

healthy conditions. In the negative rotating dq frame, these harmonics can coexist with 

the 2nd harmonic due to the model inaccuracy. Only the dc component of the residual 

current in the negative rotating frame is the indicator of a turn fault, thus all other 

harmonics need to be eliminated. Low pass filters or notch filters can be used to filter 

out the harmonics, but the filter parameters need to vary with operating frequency. 

When the speed or frequency is varying, the filter response and, hence the quality of 

detection deteriorates.   

Since the rotor position angle is always available for the PM machine drive systems, 

the dc component can be estimated more accurately within one electrical cycle, 

regardless of speed or frequency change. Through the integration of the negative 

sequence current residual within 2p electric radians shown in (2-34), all the harmonics 

can be eliminated, and the dc component can be obtained exclusively. Thus, the 

integration results and the then the fault indicator in (2-33) should be zero in healthy 

conditions, but non-zero in turn fault conditions. A threshold can be determined 

empirically based on the experimental observations in healthy conditions. And if the 

fault indicator is higher than the threshold, a turn fault is detected. 
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It should be noted that the angular integration based dc component extraction and 

the fault detection based on the comparison with the threshold work well in both steady 

and speed transient states. However, if there is a current (or load torque) transient, 

causing the varying magnitude of the negative sequence current residual, then the 

integration results may fluctuate. Thus the fault indicator might also be higher than the 

predefined threshold for a period even in healthy condition, and a false alarm might be 

triggered. However, the fluctuation will quickly decay to zero in healthy conditions In 
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order to avoid false alarm, a load transient evaluation process is included in the fault 

detection process.  

Once the fault indicator exceeds the threshold, then an angle counter is activated and 

records the angle increment. Otherwise, the counter is reset to zero. If the angle 

recorded in the counter is always small than the predefined transient evaluation period, 

then it should due to the fluctuation caused by a load transient. Conversely, if the angle 

is greater than such period, then it should be caused by the turn fault. The determination 

of this evaluation period is a tradeoff between the risk of false alarm and the detection 

response time, and can be determined as 2ˊ according to the test results. Based on the 

above description of the fault signature extraction with the consideration of load 

transients, the whole signal processing and turn fault detection flow chart is shown in 

the upper and lower parts of Fig. 2-13, respectively. 

 
Fig. 2-13 Fault detection flow chart 

 Sensitivity to other fault types 

As has been explained in Chapter 1, the effects of other fault types on the proposed 

fault indicator also need be discussed. Since voltage equations at the fundamental 

frequency are utilised, any constant asymmetry in the inductance, resistance and back 

EMF will generate the similar symptoms. Thus, the HRC faults and the static 

eccentricity faults which produce resistive and inductive asymmetry can cause the 
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ambiguity to the detection results. Hence, to effectively detect turn fault, these fault 

types need to be diagnosed in advance or their probability is guaranteed to be very low. 

Other faults such as dynamic eccentricity, bearing fault and demagnetization, however, 

do not impact the effectiveness of this turn fault detection method. 

2.5 Experiments 

 Machine setup 

A fault tolerant machine drive based on permanent magnet assisted synchronous 

reluctance machine (PMA SynRM) reported in [107] is used for the validation of the 

proposed fault detection method. The machine has 36 slots and 3 pole pairs, with three 

independent 3-phase windings, which are segregated into triple redundant 3-phase 

winding configuration, as shown in Fig. 2-14. 

 
Fig. 2-14 Triple redundant PMA SynRM with segregated windings  

Since there is no overlap between two different 3-phase winding sets, the risk of 

inter 3-phase set short circuit fault is largely reduced. Also, the degradation or failure on 

the windings of one set and the heat generated by the fault are not likely to transmit to 

the windings of the other sets. Each 3-phase winding set ABC, DEF, GHI forms a 

balanced 3-phase system in space and time, and is controlled independently by three 

separate inverters. Such physical, thermal and electrical isolation guarantees the fault 

tolerant capability when a fault occurs in one 3-phase winding set and a mitigation 

action is taken [107], while the other two 3-phase winding sets are still operational to 

provide the torque. Although it is named 9-phase machine in some parts of this thesis, it 

is controlled in the same way as a 3-phase machine in healthy operation, thus all the 

analysis and methods aimed at 3-phase machine can also be applied to this machine 

without modifications.  



CHAPTER 2 Current Residual Based Stator Turn Fault Detection 

  

42 

 

The machine specification is shown in Table 2-1.The test rig set up is shown in Fig. 

2-15. The 9-phase machine is oil cooled and the heat is taken away by the flowing oil 

circulation in the cooling jacket. The machine shaft is connected to the dynamometer 

via an inline torque transducer. The machine speed is determined by the dynamometer 

under speed control. The torque of the machine is determined by the machine currents 

which can be controlled by the driving system shown in Fig. 2-16, consisting of three 

standard 3-phase inverters controlled by three DSP cores independently. Each DSP core 

samples the phase currents from the LEM current transducers and the typical current 

control with PI regulator and SVPWM scheme is implemented. The sampling and PWM 

frequency is set to 10 kHz. The dq current references are determined from the maximum 

torque per ampere (MTPA) table obtained from the initial test which establishes the    

relationship between the torque and dq currents. A single turn short-circuit fault in coil 

B2 of the 3-phase winding set ABC is emulated by closing the relay shown in Fig. 2-17. 

Additional resistance of around 1.4 mɋ is introduced as the Rf in the shorted loop by 

this setup. The action of relay is controlled by one DSP core and the closing time period 

is limited to 0.3s to avoid too much heat due to the high fault current. The resistance in 

the short-circuited path is minimized by using thick cables. Due to the current limit of 

the relay, all the fault detection tests are conducted below 1000 rpm for the sake of 

safety. Since the fault signature decreases with speed, the tests at low speed are more 

appropriate to demonstrate sensitivity and robustness of the detection technique.  

The fault detection algorithm is converted into C code, and is inserted to the main 

function of the current control part alongside with the relay control in the DSP. The flux 

linkage current table in (2-27) is firstly extracted from finite element analysis software 

Flux 12.0 by varying id, iq in the ranges of -105~0A, 0~105A at the step of 15A, and 

varying ɗm from 0 to 120° (0~360° in electrical angular degree) at the step of 2.5°. The 

numbers of id, iq and ɗm samples in the FE calculation are 8, 8 and 49 respectively. 

During the calculation of the inverse table in MATLAB, both the defined d and q flux 

linkage vectors contain 16 sample points, making both inverse tables of id and iq contain 

the total  16×16×49 elements. These inverse tables together with the three dimensional 

table-data-look-up function are stored in a header file and are called during the 

execution of the control program.  

The DSPs communicate with a personal computer (PC) via controller area network 

(CAN) bus. A LabVIEW interface is built to monitor the machine currents and transmit 
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control instructions in real time, as shown in Fig. 2-18 and Fig. 2-19.  The measured 

data that are generated in real time during the operation can be transmitted back to the 

PC and is saved in the Excel file. The waveforms shown in the following part come 

from the transmitted data and they can show the behaviour of the machine in healthy 

and faulted conditions, and the performance of the proposed fault detection method.  

Table 2-1 Machine Specifications 

Specification Symbol Value 

Base speed nb 4000rpm 

Maximum speed nm 19200rpm 

Rated power Pr 35kW 

Rated current Irated 120A 

Nominal DC link voltage Vdc 270V 

Turn number of each coil N 8 

Faulted turn number Nf 1 

PM flux linkage ɚpm 0.025Wb 

Resistance  Rs 0.025ɋ 

d-axis inductance Ld 0.38mH 

q-axis inductance Lq 1.02mH 

 

 
Fig. 2-15 The nine phase PMA SynRM test rig 

  
Fig. 2-16 DSP based nine phase inverter 
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Fig. 2-17 Turn fault test setup (a) cable leads (b) turn fault relay. 

 
Fig. 2-18 The LABVIEW interface for machine monitoring based on CAN bus communication 
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Fig. 2-19 The LABVIEW interface for machine controlling and data transferring 

 Validation of the machine mathematical model 

In order to improve sensitivity and robustness of the fault detection, the common 

features in the current residual which are not caused by the fault should be minimised. 

Hence, the error due to the mathematical model which is not related to the fault needs to 

be small. Thus, the accuracy of the machine model is examined first. 
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(b) 

 
(c) 

Fig. 2-20 The performance of current estimation by machine model at 80A (id = -53.5A, iq = 59.5A)  at 

different speeds of (a)250 rpm (b) 500 rpm (c)1000 rpm 

Fig. 2-20 shows the dq current estimation results and negative sequence dq current 

residuals at different speeds in healthy condition with the phase current amplitude of 

80A. The given id reference is -53.5A and the iq reference is 59.5A. The subscript 

ñcmdò denotes the dq command voltages, ñmeaò and ñestò denote the measured and 

estimated currents. They are used in all the test results presented thereafter in this 

chapter. As can be seen, the ripples in the measured dq currents are small, especially at 
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lower speed of 250 rpm. The higher ripples shown in the command dq voltages are 

mainly due to the higher order harmonics from the back EMF and slotting effect. The 

error in the current estimation can be seen more significant at lower speed but is much 

reduced at higher speed of 1000 rpm. Therefore, the accuracy of the current estimation 

is higher at higher speed. This error is mainly caused by the difference between the 

command dq voltages and the actual driving dq voltages due to the inverter voltage 

drop. Such voltage drop is not related to the speed while the total dq voltages increases 

with speed because of back EMF and synchronous reactance, hence the proportion of 

the inverter voltage drop decreases as the speed increases. As a result, the machine 

mathematical model is more accurate at higher speed.  

 Influence of controller bandwidth 

Conventional signals such as the measured dq currents and the command dq 

voltages, can also be used to extract the 2nd harmonic for the fault detection. One of the 

problems is that the magnitude of the 2nd harmonic is affected by the current controller 

bandwidth. In contrast, according to (2-30) in section 2.3.2, the current residuals are 

only related to the fault current and the percentage of the shorted turns, and are 

independent of the controller bandwidth. Thus, in order to validate this quality, 

experimental tests with different bandwidths are conducted. The machine is operating at 

1000rpm with 50A phase current. The tested bandwidths are 400 Hz and 800 Hz. The 

positive sequence measured dq currents, command dq voltages, and the dq current 

residuals are compared in Fig. 2-21(a), (b) and (c) respectively, when a single turn fault 

is injected at 0.11s. It is clear that with the increase of bandwidth, the 2nd harmonics in 

the measured dq currents decease in the fault conditions, while the 2nd harmonics in the 

command dq voltages increase. However, in terms of the dq axis residual currents, very 

little change can be observed. Therefore, the effect of the current controller bandwidth 

on the current residual based fault indicator is minimised, while the fault signatures are 

enhanced.  
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(a) 

 
(b) 

 
(c) 

Fig. 2-21 Comparisons of the positive sequence (a) measured dq currents (b) command dq voltages (c) dq 

residual currents at 1000rpm 50A with different current controller bandwidths 

 Fault detection at steady state 

To validate the fault detection method, a single turn fault, which has the most benign 

fault signature, is activated at 0.12s. The measurement and detection results are shown 

in Fig. 2-22 and Fig. 2-23. The machine is operating at 500 rpm with 50A phase current 

(id=-28.7A, iq=41A). When a single turn fault occurs, the fault current flowing in the 
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short-circuited path can reach the peak value of 250A. The 2nd harmonics increase 

significantly in the command dq voltages, the measured and estimated dq currents, as 

illustrated in Fig. 2-24. The 2nd harmonics as the fault signatures are preserved during 

the calculation of current residuals and are transformed into dc components in the 

negative rotating dq frame. The dc components of both negative sequence d and q 

current residuals are extracted by angular integration, and their vector magnitude is 

compared with the threshold. When it exceeds the threshold, the angle counter is 

activated. When the counter reaches 2ˊ, which indicates that the vector magnitude of 

the dc components is persistently greater than the threshold, the fault is detected 

effectively. The time duration for this process is about 0.04s for 500rpm.  

To demonstrate the benefit of implementing the machine model to obtain the current 

residual, the fault signatures extracted from the measured dq currents and command dq 

voltages without the use of the machine model, and the current residuals with the model 

are compared at 1000rpm with 50A phase current using the same angular integration 

technique and the vector magnitude calculation when the same fault as described 

previously is injected at 0.12s. It can be observed from Fig. 2-25(a) that the magnitude 

of the dc component vector extracted from the negative sequence measured dq currents 

exhibit excessive fluctuation which would lead to incorrect detection response. Also, the 

deviation of the dc vector magnitude in the fault condition is small. It is, therefore, 

difficult to set an appropriate threshold to differentiate the healthy and faulted 

conditions. Although the fault signatures are increased slightly in the negative sequence 

command dq voltages shown in Fig. 2-25(b), the fault detection sensitivity is still 

compromised due to the fluctuations and indistinctive change in the turn fault 

conditions. With the application of the machine model to generate the current residuals, 

the extracted negative sequence dc components and the vector magnitude shown in Fig. 

2-25(c) are much less volatile and more pronounced due to the suppression of the 

unwanted components, thus, the sensitivity and robustness of fault detection using the 

current residual can be largely enhanced. 
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Fig. 2-22 Operating condition of 500 rpm, 50A (id = -28.7A, iq = 41A) 

 
Fig. 2-23 Fault detection process and result 
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Fig. 2-24 The variations of the 2nd harmonic magnitude in dq currents and voltages 

 

(a) 

 
(b) 

 
 (c) 

Fig. 2-25 Fault features extraction in dq current residuals at 1000rpm, 50A 

For different operating conditions, the magnitude of the negative sequence dq 

current residuals vector magnitude are shown in Fig. 2-26, where óHô denotes healthy 

conditions and óTFô denotes turn fault conditions. As can be seen, in healthy conditions, 

the fault indicator is not zero, but is slightly dependent on the load current. This is 

mainly caused by the inherent impedance unbalance among the three phases. In turn 

fault conditions, deviations of the fault indicator from the healthy conditions are 

observed, and increase proportionally with the speed and current. Thus, the detection at 

very low speeds and currents are less sensitive. Based on the test results, a threshold as 

the function of current should be defined. With the consideration of measurement noise 

and error, a margin of 0.5 is set for the determination of the threshold in this case. It can 

be deduced that the turn fault in any operating conditions with the speed no lower than 

250rpm and the current no lower than 10A can be detectable. When examining the no 

load (0 A) conditions, it is clear that the turn fault at 750 rpm and 1000rpm speeds can 

still be detected. This is different from the MCSA based fault detection method, which 

is no longer applicable under no load conditions due to the loss of current signals. 
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However, the fault signatures are still preserved in the command dq voltages, which are 

transferred to the current residuals, making the fault detection still effective, even if the 

phase currents are zero. When the speed is as lower as 500rpm and 250rpm with 0A 

current, the fault indicator is too small, and the fault cannot be detected. Nevertheless, 

the fault current is also very low at such low speeds, and the risk of causing damage to 

the machine can be neglected. Thus, the overall detection zone can be obtained, as 

shown in (2-35), where I is the phase current magnitude, and ɤr is the rotating speed.  
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{ }
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r r

r r
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Fig. 2-26. Variations of negative sequence dq current residuals vector magnitude with speed and current 

in healthy and turn fault conditions 

 Fault detection at transient state 

The turn fault detection during transient states and the effectiveness of angular 

integration based dc component extraction are also tested. Firstly, the test is performed 

with acceleration set to 1000 rpm/s via the dynamometer when the machine is initially 

operating at 700 rpm and 50A load current, and the resultant speed and detection 

response in the healthy condition are shown in Fig. 2-27. With the angular integration 

based order tracking, the processing interval is always kept to one electrical cycle 

regardless of the speed change. Thus, the extracted negative sequence dc components 

and their vector magnitude are not affected. In this way, false alarms can be avoided. 

When the fault occurs during the acceleration shown in Fig. 2-28, it can be detected as 

swiftly as in steady state operations. 

Secondly, the effect of the current step change in healthy condition on the proposed 

detection method is tested and illustrated in Fig. 2-29. The speed is controlled by the 

dynamometer at 250 rpm initially and a step change in load current from 20A to 80A is 
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applied at 0.2s. Due to the limited response time of the dynamometer, the sudden 

change in the torque cause small deviations and fluctuations of the speed. The current 

step change leads to the magnitude variation of the dq current residuals, and hence the 

magnitude variation of the 2nd harmonics in the negative sequence dq current residuals. 

As can be seen, when the angular integration is performed, the extraction of dc 

component is affected by this variation, and the fluctuation in the calculated vector 

magnitude of the dc components is seen. Although, the magnitude of the dc component 

vector can cross the threshold for a while when the angle counter starts accumulating 

from zero, it will decrease to below the threshold due to fluctuation, causing the angle 

counter to reset. Eventually, the angle counter never exceeds the determined transient 

evaluation period of 2ˊ. Thus, according to the fault detection steps in Fig. 2-13, this 

load transient condition will not cause a false alarm. When the fault occurs at 0.21s 

during the load transient as shown in Fig. 2-30, the fault detection is effective, since the 

magnitude of the dc component vector has been over the threshold for the predefined 

evaluation period. 

 
(a) 

 
(b) 

Fig. 2-27 Healthy condition with increasing speed (a) operating condition, (b) fault detection process and 

result 
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(a) 

 
(b) 

Fig. 2-28 Turn fault condition with increasing speed (a) operating condition, (b) fault detection process 

and result 

 (a)  (b) 

Fig. 2-29 Healthy condition with current step change (a) operating condition, (b) fault detection process 

and result 
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(a) 

 
(b) 

Fig. 2-30 Turn fault condition with current step change (a) operating condition, (b) fault detection process 

and result 

2.6 Conclusions 

In this chapter, a turn fault detection technique based on negative sequence dq 

current residuals by employing the machine model has been proposed. It has been 

demonstrated that the fault signatures can be enhanced when most of the unwanted 

components are eliminated in the current residuals. The influence of the control 

bandwidth on the fault signature has also been reduced greatly. The fault indicator is 

defined as the magnitude of the negative sequence dc components of the dq current 

residuals, which are extracted by the angular integration, through which, the impact of 

transient states is minimized. Extensive experimental results validate the analysis and 

proposed turn fault detection technique, demonstrating its effectiveness and robustness. 
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 PWM Ripple Currents Based 

Turn Fault Detection  

3.1 Introduction  

Apart from the machine electrical signature analysis and the machine model-based 

turn fault detection methods introduced in Chapter 2, high frequency signal based 

detection methods have also been studied by many researchers. Different from the 

former methods which are all based on the fundamental or the lower frequency 

components that are directly affected by the control strategy and the operating condition, 

the latter ones utilise the high frequency signal superimposed on the fundamental 

voltages, and analyse the corresponding high frequency current signals. Measurement of 

the high frequency negative sequence current or impedance is used to detect turn fault at 

an incipient stage in [60][108]. It has demonstrated that the sensitivity to operating 

conditions of the machine, i.e., the flux linkage, load torque/current and fundamental 

frequency, as well as to the influence of control loops, is reduced. The selection of the 

high frequency components is further analysed in [109], and the zero-sequence carrier-

signal voltage is also proposed as the fault indicator. Additionally, in [110][111], the 

method of space modulation profiling (SMP) was used to detect any changes in the 

saliency, which can indicate the occurrence of fault in the stator winding. It is pointed 

out in [112], however, that the application of the above techniques can be limited in 

interior permanent magnet (IPM) machines due to the rotor saliencies. Thus, the 

pulsating-type voltage injection method is proposed in which the high frequency square 

wave voltage is superimposed on d-axis voltage. However, signal injection method 

introduces additional noise in the current and increases acoustic emissions of the motor-

drive system [113][114]. Also, due to the frequency limitation of the injection, the 

application at high speed is problematic. 

An improved method has been proposed in [61] by using the inherent PWM 

switching harmonics. It takes the advantage of the fact that most PM machines are fed 

through a pulse-width modulated (PWM) drive, which intrinsically contains rich high 

frequency components due to the switching. Thus, no extra signal injection is needed. 

The root mean square (RMS) value of the high frequency ripple current is measured as 

the fault indicator, and the faulted phase can also be identified. Since the ripple current 

exists in healthy condition and is dependent on modulation index, or operating condition, 
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extensive tests are inevitable for the establishment of the lookup map, and yet the map 

obtained in steady state tests may not be effective to monitor the machine conditions 

during a transient state. To circumvent these problems, this chapter proposes an 

improved technique for the five-phase fault tolerant surface mounted permanent magnet 

(SPM) machine drive. 

In this chapter, the inherent high frequency PWM ripple currents are also utilized. 

The features of these high frequency components in turn fault conditions are analysed. 

A band-pass filter (BPF) is designed to extract the selected sideband components, and 

their RMS values are measured and compared among each other. It is shown that the 

RMS ripple current ratios between two adjacent phases provide a very good means of 

detecting turn fault with a high signal-to-noise ratio. The detection method can identify 

the faulted phase, tolerate inherent imbalance of the machine, and is hardly affected by 

transient states. The method is assessed by simulations and experiments on a five-phase 

permanent magnet machine drive. The implementation of this method on the three 

phase SPM and IPM is also investigated via simulations and experiments. 

 

3.2 Analytical Study of HF PWM ripple currents  

 Turn fault detection technique based on PWM ripple 

currents 

In the previous research [61], a turn fault detection technique based on PWM ripple 

current measurement was proposed and applied to a 10-slot, 12-pole, 5-phase surface 

mounted permanent magnet (SPM) machine with one coil per phase. The geometry of 

the machine is shown in Fig. 3-1. It is an alternate tooth wound SPM machine which 

exhibits inherent fault tolerance due to both physical and magnetic separation of the 

phase windings with virtually no mutual magnetic coupling between the phases. 

The schematic of a single winding of the machine under the turn fault conditions 

with Nf faulted turns out of a total N number turns is shown in Fig. 3-2. Based on the 

schematic, the high frequency admittance of the winding under fault conditions is 

derived in (3-1), where Rhh, Rff, Lhh and Lff are the resistance and self-inductance of the 

healthy and fault turns, respectively and Mhf is the mutual inductance between the 

healthy and faulted winding parts. Rf is the resistance in the shorted path and is assumed 
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zero in the analysis for sake of simplicity. With the machine parameters from Table 3-1 

and Table 3-2, the variation of the admittance against frequency can be obtained. It is 

clear that at high frequency, the difference between the admittances in turn fault and 

healthy conditions is more significant, making it promising for turn fault detection with 

high frequency signals. 
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Fig. 3-1 Geometry of 10-slot, 12-pole SPM machine [61] 

 

Fig. 3-2 Schematic of winding under turn fault [61] 

The previous detection technique is based on measurement of RMS PWM ripple 

currents which increase in fault conditions. However, they are also dependent on PWM 

modulation index, and hence operating conditions, which implies that operation-

dependent thresholds have to be established by extensive tests. While such a process to 

determine the thresholds may be possible in a laboratory condition, it is impractical in 

real applications. Further the thresholds obtained in steady-state tests may not be 
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effective for monitoring machine conditions in transient. Thus, it is desirable to develop 

a new fault indicator that is relatively constant in most operating conditions, and is also 

unaffected by transient states. 
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Fig. 3-3 Comparison of admittance magnitude in healthy and 2 turn fault condition 

In order to determine such a fault indicator, the variation of high frequency (HF) 

currents due to turn fault is analysed based on a simplified fault model. Although errors 

may exist in the simplified model, the results give insightful understanding of how HF 

currents change in fault conditions, and provide guidance to define and evaluate a new 

fault indicator. 

 Analysis of HF PWM ripple currents 

 

Fig. 3-4 Equivalent circuit under turn fault condition in phase A 

For generality, a multi-phase machine with m number of phases is assumed. The star 

connection of the phase windings with their equivalent circuits and the power converter 

under a turn fault condition in phase A are shown in Fig. 3-4, where ia, ib,é,im are the 

phase currents, i f is the current in the shorted branch. ea, eb é em are phase back-EMFs, 

L and M are self- and mutual-inductances of the healthy phases respectively. ɛ is the 

percentage of number of shorted turns Nf over the total number of turns N per phase. 
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Mfb, é, Mfm are the mutual inductances between the faulted turns and other healthy 

phases, while Mhb, é, Mhm are the mutual inductances between the healthy turns and 

other healthy phases. 

Based on the equivalent circuit shown in Fig. 3-4, the governing equations that 

describe the relationships between the voltages and currents when a turn fault occurs in 

phase A are given in (3-2). 
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where uah, uaf are the voltages in the healthy and faulted parts of phase A winding, 

ua, ub é um are the inverter output voltages referred to the ground (N), unN is the voltage 

between the neutral point (n) and the ground. The unknown unN is obtained in (3-3) by 

summing the m voltage equations in (3-2) and rearranging. By eliminating it the current 

can be directly related to the inverter output voltage. 

... 1 1 1
( ) ( ... )
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di diu
u M L Ri M M

m m dt m m dt
m= + + + + + +

ä
 

(3-3) 

For high frequency currents due to PWM operation, the contribution of the back 

EMFs can be ignored because they are of low frequency. Hence, the equations in (3-2) 

can be rearranged by removing the back EMF and eliminating unN with (3-3) in the form 

of high frequency components in PWM voltages uA, uB é, uM , shown in (3-4), where iA, 

iB é, iM are high frequency currents in each phase, and iFa is the high frequency current 

in the short circuit branch. For the sake of simplicity, the relationship between the self- 

and mutual-inductances and ɛ may be approximated in (3-5), where j denotes the rest of 

healthy phases, b, c, é, m.  This is true in the machines which have low leakage flux, or 

the machine with one coil per phase[106]. The basic parameters of the prototype 

machine in healthy and fault conditions are extracted from finite element analysis (FEA) 

software FLUX2D, and are shown in Table 3-1 and Table 3-2 respectively. Since this 
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machine is an SPM machine, the saturation due to the current is insignificant. Even 

though the short current is much larger than the rated, the effect of small number of 

faulted turns (2 turns in the study) on saturation is also very small. Therefore, the 

saturations in both healthy and fault conditions are neglected, and all the inductances are 

assumed to be constant. 
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With (3-5), equations (3-4) can be simplified to (3-6), where s denotes the Laplace 

operator. The first m equations show the relations among the high frequency voltages, 

the high frequency phase currents and the fault current. It is clear that the differences in 

the currents are mainly caused by the additional terms of fault current. In healthy 

conditions, the fault current is zero, hence all high frequency currents should be 

symmetric with the same amplitude. The last equation in (3-6) relates the HF fault 

current to the HF phase A current, which can be substituted into the rest equations to 

establish the relation between the HF currents and HF phase voltages. After defining a 

coefficient kf in (3-7), the final expressions for HF voltage phasors in all phases can be 

written in (3-8), in the form of corresponding HF currents and phase A voltage. 

Table 3-1 Machine data 
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Specification Value Specification Value 

No. of phases 5 Phase resistance 0.68 

No. of poles 12 Phase inductance 2.8mH 

No. of slots 10 Rated current 6.0 A 

No. of turns per phase 62 Maximum speed 3000r/min 

Back-EMF(peak) 37V Rated torque 1.86 Nm 

DC voltage 60V Switching frequency 10k Hz 
 

Table 3-2 Machine parameters under fault conditions 

Parameter Fault conditions 

Nf 2 turn fault 20 turn fault 

Rh 0.66 0.46 

Rf 0.02 0.22 

Lhh 2.6mH 1.3mH 

Lff 2.8ɛH 0.28mH 

Mhf 83ɛH 0.6mH 
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Since the first term on the right in (3-8) are associated with the impedance in healthy 

conditions, the calculation and comparison of HF currents in each phase can be 

performed by applications of HF voltages. As the HF voltages are approximately 

symmetric with small number of shorted turns, it is very easy to use such a procedure to 

calculate the ratio of the resultant HF currents in two adjacent phases. Fig. 3-5 shows 

the schematic phasors diagram and their relative magnitudes for the five-phase machine 

for a given HF voltage component. 
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Fig. 3-5 Phasor plot in fault conditions 

The HF voltage across the normal phase impedances should be equal to the input HF 

voltages in healthy conditions, but deviate from them to different extents in turn fault 

conditions. Since the fault occurs in phase A, the amplitude change in HF current of 

phase A is the largest. Although the influence of turn fault on the other phase voltage, 

represented by the green arrows in Fig. 3-5, is the same, the resultant changes of HF 

currents in each phase, which are proportional to the red arrows, are different.  

The amplitude of HF current is dependent on HF voltages, which is determined by 

modulation index. Thus, a non-constant threshold whose value is related to operating 

conditions is needed, if turn fault detection is based on the amplitude variation of the 

HF currents. Since the change of the HF currents is dependent on operating conditions, 

the margin between the threshold and actual value to avoid false alarm is also non-

constant, which compromises the sensitivity and robustness of the fault detection. 

However, once a fault scenario is assumed, the phasor plot in Fig. 3-5 can be 

determined. If the HF voltages change with operating conditions, the amplitude of 

phasors will also change proportionally. The proportional change will not affect the 

relative amplitudes of the HF currents in all phases. Therefore, the comparison of HF 

currents in adjacent phases in the form of ratio is investigated.  

3.3 Turn fault indicator analysis 

 Prediction of HF PWM ripple currents  

PWM operation of an inverter produces a specific set of high frequency voltages 

whose frequency and magnitude can be analysed. 

Assuming sine-PWM is employed, the frequency components of the inverter output 

voltage can be expressed in(3-9)[115], and its spectrum is shown in Fig. 3-6(a). 
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where VD is the dc voltage, Mm is modulation, ɤc is switching frequency, ɤr is the 

fundamental frequency, ɗr is the phase angle of the fundamental modulation signal, ɗc is 

the initial phase angle of the carrier wave. Jy is the Bessel function of the yth order. x and 

y are nonnegative integers, and when x is odd, then y is even, and vice versa. 

It can be seen from (3-9) that the frequency and magnitude of the voltage 

components can be expressed in (3-10) and in (3-11). 

c rf xf yf= °  (3-10) 

2 1
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Ma J x M

x

p

p
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where fc = 2pwc and fr = 2pwr. The side band frequency components will only exist 

at xfc 
, xfc ± 2fr , xfc ± 4fr ,for x=1, 3, 5, é; and xfc ± fr , xfc ± 3fr , for x=2, 4, 6,é 

The switching frequency of the inverter is set to 10 kHz for the machine under study, 

and the frequency components with the modulation of 0.3 shown in Fig. 3-6(a) accord 

with those in (3-10). After elimination of the zero sequence voltages based on (3-4), the 

spectrum of uA is shown in Fig. 3-6 (b). The side band frequency components with x 

greater than 2 are ignored, since their amplitudes are much smaller. 
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Fig. 3-6 (a) Spectrum of SPWM voltage. (b) Spectrum of SPWM voltage after elimination of zero 

sequence voltages 

The magnitudes for the sideband around 10 kHz, Ma12, and for the sidebands around 

20 kHz, Ma21 and Ma23, can be evaluated by (3-11) and their variations with modulation 

index are illustrated in Fig. 3-7. It is seen that over a wide range of modulation, the 

magnitude of the sideband at 2fc Ñ fr is the largest. Although the magnitude at 2fc Ñ 3fr is 

relatively small, its frequency is very close to2fc Ñ fr. As a result, the combined 

magnitude of the two sideband HF components around 20 kHz is much larger than that 

around 10 kHz in most cases. These two components are chosen for further evaluation. 

To extract them from measured currents, a 4th order bandpass filter can be designed with 

the centre frequency of 20 kHz, and the band width of 2kHz.  

 

Fig. 3-7 Variations in sideband frequency magnitudes with modulation index 

After filtering by the bandpass filter, the HF currents contain 4 frequency 

components, 2fc Ñ fr, 2fc Ñ 3fr. The voltage components that generate the corresponding 

currents are given in (3-12). The HF currents at each frequency can be calculated by 

(3-7) and (3-8) as described in section 3.2, with the admittance associated with each 

frequency component defined in (3-13). The expression for HF currents in phase A after 
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filtering can be written as (3-14) and its root-mean-square (RMS) value is further 

assessed.  
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 Fault indicator  

The RMS value of a signal given in (3-15) can be obtained by an analogue RMS 

converter which consists of a square function, a low-pass filter (LPF) and a root-square 

function, as shown in Fig. 3-8. Ideally, all the frequency components except the dc 

component should be filtered out through the low-pass filter, thus the output should be a 

dc signal.  

2( ) ( )in out inRMS V V Average V= =  (3-15) 

 

Fig. 3-8 Signal processing block diagram of RMS converter 

When the input to the RMS converter iA is expressed in (3-14), the ideal output can 

be written as (3-16). Although RMS current iA_rms changes when turn fault occurs, there 

is no simple way to define a threshold since iA_rms_h and iA_rms_f in healthy and fault 

conditions are dependent on modulation index, as shown in Fig. 3-9. Thus, the threshold 

must be determined as a function of modulation index, rather than a constant, which, 

will increase the complexity. At low modulation index, the margin between the RMS 

currents in fault and healthy conditions become small, which would reduce detectability. 
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Fig. 3-9 Normalized RMS current variations in phase A under healthy and 2-turn fault conditions with 

modulation index, 

Therefore, the comparison of the RMS ripple currents between phases is studied for 

the purpose of better fault detections. The ideal output of the RMS current for phase B 

can be similarly derived and is given in (3-17), and their ratio of the RMS currents in 

phases A and B under healthy and fault conditions is shown in (3-18). It can be shown 

that K3a-=K3b-, K1a-=K1b-, K1a+=K1a+, K3a+=K3b+, under healthy conditions and, hence, 

the ratio should be 1, regardless of modulation index. Under fault conditions, the ratio is 

unequal to 1, albeit it is still dependent on modulation index. The ratio variations with 

modulation index under healthy and 2-turn fault conditions are compared in Fig. 3-10 

for the prototype machine whose parameters are given in Table 3-2. It can be seen that 

for the whole range of modulation index from 0 to 1, the ratio in fault conditions 

deviates significantly from 1 and the slight variation at higher modulation index will not 

affect fault detection. The large deviation from the healthy value of 1 under the fault 

condition indicates a high signal-to-noise ratio and a constant threshold will be 

sufficient to ensure sensitive and robust fault detection. Further, during a transient state 
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when speed or load torque changes in healthy conditions, the modulation will change, 

but the ratio kAB_h should remain 1 according to Fig. 3-10. Thus, the fault detection with 

the RMS current ratio as indicator will be effective in both transient and steady-state.    

 

Fig. 3-10 Variations of RMS current ratios with modulation index under healthy and 2-turn fault 

conditions. 

Note that the ratios for other phases can also be calculated in a similar way, but 

among them kAB is the largest and is used as the indicator because the turn fault is 

assumed to occur in phase A in this case. In real applications, the faulted phase can be 

arbitrary, thus the ratios for each two adjacent phases need to be calculated in real time. 

In healthy conditions, all the ratios should be 1. In fault conditions, the ratios differ 

from each other. If any ratio is larger than the predefined threshold, then a fault can be 

detected. Also, the largest ratio can identify the phase where the turn fault occurs. 

The above analysis is based on ideal conditions with simplified models for the 

convenience of feature extraction. The conclusion obtained is mainly qualitative, while 

the exact ratio under fault may not be predicted accurately. However, it can at least 

prove in theory that the ratios of the selected RMS ripple currents is superior to the 

amplitude as the turn fault indicator. The applicability of these analytic results is 

explored in simulation and experimental studies in the next sections. 

3.4 Simulation results 

The proposed turn-fault detection technique is assessed by MATLAB/SIMULINK 

simulations on the 5-phase fault tolerant PM machine shown in Fig. 3-1 with parameters 

listed in Table 3-1 and Table 3-2. The 5 phases are star connected and fed by a 5-phase 

inverter as shown in Fig. 3-4. The inverter operates under sine-PWM at 10 kHz 

switching frequency. To accord with the analysis, a 2-turn fault is injected in phase A at 
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0.03s. Fig. 3-11 shows the phase currents in A, B, C, D and E, and their HF currents 

after bandpass filtering and amplifying in both healthy and 2-turn fault conditions, when 

the drive responds to a speed demand at 1000 r/min with iq=6A. It is evident that the HF 

currents of all the phases and their RMS values are equal when the machine is healthy. 

When turn fault occurs in phase A, the HF and RMS currents differ among all the 

phases with those of phase A being the largest.  

 

Fig. 3-11 HF and RMS currents in both healthy and 2-turn fault conditions 

To test the robustness of fault detection in transients, the variations of speed and 

torque, shown in Fig. 3-12, are introduced in the simulation and a 2-turn fault is injected 

at 0.3s in phase A. The detecting results are shown in Fig. 3-13. In the simulation, the 

RMS currents are obtained by the signal processing function of the RMS converter 

shown in Fig. 3-8. 

As can be observed, the RMS currents contain undesired ripples. This is because the 

ideal low pass filter in RMS detector is not possible and the sidebands associated with 

the fundamental frequency are present in the converter outputs. Thus, the output of the 

RMS converter will contain the frequency components at twice of the fundamental 

frequency which causes the output fluctuations. Consequently, the ratios also contain 

ripples, which makes the detection less robust if they are to be compared with a constant 

threshold. Thus, to eliminate these ripples, a simple digital low-pass filter with its 
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corner frequency equal to the fundamental frequency can be applied to enhance the 

robustness of detection. 

It is seen from Fig. 3-14 that in the healthy condition, the RMS currents in each 

phase are equal and the ratios are 1, and they are immune to speed variation, except for 

the initial transient. The step change in torque does affect the ratios slightly, but the 

influence is insignificant and can be ignored. The ratio deviation from 1 during the 

initial transient is due to the fact that there is no sufficient data for RMS calculation. 

After one revolution, correct RMS values in each phase are obtained, and the ratios are 

no longer affected by subsequent changes in speed. In the fault condition, the ratios 

deviate from 1 with the largest above 3. Such a large deviation gives a high signal-to-

noise ratio with a constant threshold without the need for extensive experimental tests 

and calibrations. 

  

 

Fig. 3-12 Operating conditions 

 

Fig. 3-13 RMS ripple current and fault indicator 

with balanced machine 

 

Fig. 3-14 RMS ripple current and fault indicator 

with unbalanced machine 

 

Fig. 3-15 Fault indicator when fault occur in non-

stationary state 

If the machine has an inherent unbalance, most detection methods published in 

literature are affected, and data map through extensive tests is usually the only solution. 
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The effect of phase unbalance on the proposed technique is also simulated. It should be 

noted that the unbalance in the back-EMFs will not have any effect on the proposed 

detection technique because they are of low frequency and filtered out. Hence, the 

simulation is performed by assuming the inductance and resistance in phase B are 3% 

and 5% larger than those in the other phases respectively. The simulation results are 

shown in Fig. 3-14 under the same operating conditions. As will be seen, the ratios 

associated with phase B under the healthy condition are slightly increased to 1.045 due 

to phase unbalance. However, the ratio under the fault condition is far greater. Thus, a 

few percent machine unbalance has little effect on this detection technique. 

Fig. 3-15 shows the detector responses when the drive operates under the same 

speed and load profiles shown in Fig. 3-12 but the fault is injected at 0.1s during the 

speed transient. It is evident the detection is equally effective under the non-stationary 

conditions. 

 

Fig. 3-16 Comparison of fault indicators obtained from the previous and proposed methods in transient 

state under healthy condition 

The robustness of the proposed method is compared with that described in [61] 

where the detector signal proportional to RMS ripple current is used against pre-defined 

thresholds as fault indicator. Fig. 3-16 shows the simulated fault indicators of the two 

methods in response to step change in load current at 500 rpm in healthy condition. If 

the detector signals proportional to the RMS ripple currents are to compare with the pre-

defined thresholds directly, false alarms are very likely to occur as shown in the second 

graph of Fig. 3-16. This is caused by the time delay of the RMS detection. Thus, 

reliable detection with the technique described in [61] is only feasible in steady state. 
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However, since the time delay for all the phases are equal, the effect on the ratio is 

greatly reduced. As a result, the ratio based method will not cause false alarms in 

transient state, enhancing the robustness and reliability of the fault detection. 

 

3.5 Experiment Results 

The proposed turn-fault detection technique has been tested on the 5-phase 

prototype machine described in section 3.2.1. The machine is mounted on the test rig 

shown in Fig. 3-17(a) and is controlled by the 5-phase MOSFET inverter shown in Fig. 

3-17(b). A 2-turn fault for short time duration is injected by the relay shown in Fig. 3-17 

(a). The test machine operates in torque control mode with an encoder feedback and the 

speed is adjusted by a dynamometer. The DC link voltage is set 60V. The 5-phase fault 

tolerant drive system is controlled at 10 kHz switching frequency using a digital signal 

processor (DSP) board (EzDSP F28335). A separate analogue BP filter circuit board is 

designed and installed to extract the high frequency components around 20 kHz from 

measured phase currents and obtain their RMS values through RMS converter chips. 

The outputs of the RMS converters are then sampled through the ADCs (Analog to 

Digital Converter) of the DSP, where the ratios are calculated in real time according to 

(3-18). The diagram of the signal processing chain of the detecting technique is shown 

in Fig. 3-18. 

 

(a) 
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(b) 

Fig. 3-17(a) Test rig with fault emulation set-up. (b) 5-Phase Inverter with HF detection board 

 

Fig. 3-18 Diagram of PWM ripple current based turn fault detection technique 

Fig. 3-19 shows the detection results at iq=3A and 500 r/min with 2-turn fault. The 

machine is operating in healthy conditions until 0.12s, when the 2-turn fault is injected. 

It can be seen that the RMS values for 5 phase HF currents are initially different in 

healthy conditions and the ratios are not equal to 1. This is due to a number of factors.  

First, a small phase unbalance is inevitable in a practical machine due to manufacturing 

tolerance. Second, the tolerance of capacitors used in the BP filter board is ±5% and 

small differences in filter gain also exist in different phases. Hence, the BP filter 

frequency responses in each phase are slightly different and the ratio in healthy 

conditions may not be 1 in an actual system. Despite of the deviation from the ideal 

conditions, the change of the ratios in the fault condition is still significant compared to 

that in healthy condition, thus the effectiveness of the ratios as fault indicator can be 

verified. The ripples of RMS currents are observed. To eliminate the ripples, a simple 

digital low-pass filter with adaptive corner frequency is applied in the DSP, and the 

filtered ratio is smoother and relatively constant, which will improve the robustness of 

the detection. 
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Fig. 3-19 Detector output with 2-turn fault in phase A before calibration, with iq=3A and at 500 r/min. 

The ratio deviation from 1 under healthy conditions can be easily corrected by a 

simple calibration. By way of example, the ratio, kAB_h, calculated from measured RMS 

currents in phases A and B in healthy conditions is recorded, and a calibration 

coefficient is defined in (3-19). The coefficient is applied to obtain the calibrated ratio 

kABô for both healthy and fault conditions, given in (3-20). The calibration processes for 

other ratios are applied in the same manner. 

_

1
AB

AB h

Cali
k
=  (3-19) 

'AB AB ABk Cali k= Ö  (3-20) 

The results after the calibration are shown in Fig. 3-20. The ratios are 1 in healthy 

conditions, while they differ significantly from 1 when the 2-turn fault occurs in phase 

A. The ratio, kAB, under the fault condition is the largest, which can be used to identify 

the faulted phase. These results are consistent with the foregoing analysis and 

simulations. The evident change in kAB provides a very effective means for detecting 

fault.  

The sensitivity of calibration to operating conditions is further assessed. Fig. 3-22 

and Fig. 3-23 show kAB ratio variations before calibration with respect to speed and load 

current and with modulation index, respectively. It is evident that the actual ratio is not 

exactly but close to 1, and is virtually constant in all operating conditions.  Therefore, 

the calibration only needs to be performed at 1 operating point. In this case, the 

calibration coefficient for kAB is 1.08. The ratios in faulted state are also very close and 

distinctive from 1 for a wide range of operating conditions. Although the ratio at low 
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speed and no load, iq=0A, is smaller than the ratios in most operating conditions, which 

may be caused by machine unbalance and filter design tolerance, they have little effect 

on the fault detection. To compare with the technique proposed in [61], the detecting 

results from this technique is shown in Fig. 3-21. Before the detection can be effective, 

calibration for each phase is needed with at least 2 test operating points assuming that 

the RMS current is linearly proportional to modulation index. However, more data 

points are required if the relationship is no linear. Further, the detector outputs under the 

fault and healthy conditions at low speeds are so close that reliable fault detection is not 

possible with that method. However, these are not the problems in the ratio based 

detector as evident in Fig. 3-22. 

 

Fig. 3-20 Detector output with 2-turn fault in phase A after calibration, with iq=3A and at 500 r/min. 
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(b) 

Fig. 3-21 Variations of detector output (ph-4) with load (0%,50%,100%) and speed (a) before and (b) 

after calibration. [61] 

 

Fig. 3-22 Variations of ratio kAB with load current and speed before calibration 

 

Fig. 3-23 Variations of ratio kAB with modulation index before calibration 

In contrast, the fact that ratio of RMS current ripples in two adjacent phases is 1 in 

the proposed technique provides a very simple means of auto-calibration. Fig. 3-24 

shows the ratio variations with modulation index after calibration in both healthy and 
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fault conditions. As can been seen, a small difference in the ratio exists for a given 

modulation index.  This is not seen from the theoretical analysis but can be explained. 

At the same modulation index with different combinations of iq and speed, the effect of 

unbalance in phase impedance on the ripple current will be different. Further, the BP 

filter gains at the 4 side band frequencies are also different. These differences are 

ignored in the analysis, but will cause the actual ratio slightly affected by speed at a 

given modulation index. However, these differences are insignificant, and will not affect 

the detection. The experimental results verify the significant differences in the fault 

indicator in healthy and fault conditions, which implies that the proposed technique has 

a high signal-to-noise ratio, which enhances the robustness of the turn fault detection. 

 

Fig. 3-24 Variations of calibrated ratio kAB with modulation index under healthy and fault conditions 

Fig. 3-25 shows the detector output during transient in healthy condition. At 500 

r/min, a step change in load current from 0A to 3A is applied to iq at 0.2s. A slight speed 

variation is witnessed from the waveform of phase current iA due to limited disturbance 

rejection capacity of the dynamometer. Despite this, the ratio processed by the DSP is 

hardly affected. A similar test is performed with the machine operating at 500 r/min and 

iq=1A, and the 2-turn fault is initiated at 0.2s and removed at 0.42s. The resultant phase 

current, fault current and fault indicator are shown in Fig. 3-26. The fault current 

increases from 0A to 10A, and the ratio changes immediately from 1 to 3 when the fault 

occurs. The effect of LPF to remove the ripple in the original ratio can also be seen. 

Although it will introduce additional delay, the effect is not significant as the fault can 

be detected within 0.05s with the threshold set at 2.  
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Fig. 3-25 Current waveforms and detector output with load step change of iq from 0A to 3A at 0.2s in 

healthy conditions at 500 r/min 

 

Fig. 3-26 Current waveforms and detector output with 2-turn fault at 0.2s at iq=1A, 500 r/min 

While the developed technique is verified on the 5-phase SPM machine which 

exhibits negligible effect of magnetic saturation, it should also be applicable to 

machines whose parameters are significantly affected by magnetic saturation, such as 

interior permanent magnet (IPM) machines. This is because under healthy conditions, 

the multi-phase machine is balanced and the ratios of PWM current ripples between two 

adjacent phases should be 1.0 regardless of operating (or saturation) conditions. If a turn 

fault occurs in one of its phases, the incremental inductance at a given operating 

condition in each phase becomes different and hence the ratios would deviate from 1.0, 

which provides an effective means of detecting the fault.  

3.6 Extension to 3 phase SPM machines 

The newly proposed PWM ripple current based turn fault detection has been 

validated successfully on a five-phase SPM fault tolerant machine, with a wide margin 

of the fault indicator in fault and healthy conditions. From the theoretical analysis, it can 
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be deduced that such big margin which helps to improve the fault detection performance 

and reliability is mainly because of the phase number and the unique spatial distribution 

of phase currents. However, for most applications, it is three-phase permanent magnet 

machine that is under use. Thus, it is necessary to analyse and evaluate the performance 

of this method on the widely used three phase machines with the consideration of the 

conventional topology and control strategy.  

 Machine Model in Turn Fault Conditions 

For a three phase surface-mounted permanent magnet machine (SPM) with the 

topology shown in Fig. 3-27, the equivalent circuit in turn fault condition can be 

illustrated in Fig. 3-28 in the same way as the five phase machine assuming fault occurs 

in phase A. The machine under study has 12 slots and 7 pole pairs, and the circuit 

parameters under turn fault are shown in Table 3-3, after the extraction from the finite 

element analysis. With the assumption that the saturation effect in the SPM can be 

neglected, those parameters can be used for the further derivations. According to the 

parameters from the FE model, the relationship in (3-21) can be applied for the 

simplification, while the approximation of the relationship between the self- and 

mutual-inductances and ɛ in (3-5) cannot be used anymore, because each phase winding 

contains more than one coils. 

 

Fig. 3-27 SPM topology under study 
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Fig. 3-28 Equivalent circuit and parameters with turn fault 

Table 3-3 Parameters obtained from fea 

 1-turn fault 4-turn fault 

ɛ 0.03 0.12 

R (ɋ) 0.0208 0.0208 

L(H) 0.00031 0.00031 

M(H) 2.8e-5 2.8e-5 

Lhh (H) 0.0003 0.00025 

Mhf (H) 9.3e-6 2.4e-5 

Mhb(H) 2.8e-5 2.8e-5 

Mhc(H) 2.7e-5 2.1e-5 

Lff (H) 1.2e-6 1.7e-5 

Mfb (H) 4e-8 3e-8 

Mfc (H) 2e-6 7.8e-6 

 

2

hb fb hc fc

hh hf ff

M M M M M
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 (3-21) 

With the same consideration of the floating and inaccessible neutral point, the 

common mode voltage unN (the voltage between the neutral point and ground or the 

negative DC supply) is also eliminated by (3-22). The final equations that represent the 

relations between the inverter output voltages and the phase currents can be expressed 

in (3-23). All the voltages in these equations are controllable and accessible, making it 

possible to predict the phase currents analytically with inverter output voltages in fault 

conditions. 
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 (3-22) 

[ ] [ ][ ] [ ] [ ] [ ]abc abcf abcf abcf abcf abc

d
u R i L i e

dt
= + +  (3-23) 

 

o

a

b

c

ia

ib

ic

(1-ɛ)ea

eb

ec

Lhh Lff

Mhb Mfb

Mfc
Mhc

Mhf

L M

i f Rf

(1-ɛ)R

R

R

ɛea

n

DC
ɛR



CHAPTER 3 PWM Ripple Currents Based Turn Fault Detection 

  

81 

 

where [ ] [ ] T

abc a b cu u u u= , [ ] [ ] T

abcf a b c fi i i i i=  

[ ] [ ] T

abc a b ce e e e e e e= - - -, 
3

a b ce e e
e

+ +
= ,

2 1
( ) ( )

3 3

1 2 1
( )

3 3 3

1 1 2
( )

3 3 3

hf ff fb fc

abcf hf ff fb fc

hf ff fb fc

L M M M L M M

L M L M M L M M

M M L M L M M

è ø
- + + +é ù

é ù
é ù= + - +
é ù
é ù
é ù+ + -
ê ú

,

2
0 0

3

1
0 0

3

1
0 0

3

abcf

R R

R R R

R R

m

m

m

è ø
-é ù

é ù
é ù=
é ù
é ù
é ù
ê ú

 

Considering the high frequency component in the voltages generated from the PWM 

control, the back EMFs can be ignored, leading to the voltage equations at high 

frequency domain, as shown in (3-24). 

_ _ _[ ] [ ][ ] [ ] [ ]abc HF abcf abcf HF abcf abcf HF

d
u R i L i

dt
= +  (3-24) 

where _ _ _ _[ ] [ ] T

abc HF a HF b HF c HFu u u u= , _ _ _ _ _[ ] [ ] T

abcf HF a HF b HF c HF f HFi i i i i= . 

In order to solve these equations and study the features of HF currents analytically, a 

state space equation is derived in (3-27), with the consideration of (3-25) based on 

Kirchhoffôs Current Law (KCL) and the combination of the HF voltage equation in the 

faulted part shown in (3-26). 

_ _ _ 0a HF b HF c HFi i i+ + = (3-25) 

_ _ _

_ _

_ _

( )
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a HF f HF hf ff

b HF c HF

fb fc

di d i i
R i i M L

dt dt
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M M

dt dt

m
-

= - + +

+ +

 (3-26) 
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 (3-27) 

where s is the Laplace operator, and matrices A, B are given below. 
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As can be seen from (3-27), the inputs to the state space equation are the HF 

components of ua, and ub, whose spectra will be analysed in the following part. Based 

on this state space equation, the output HF currents can be predicted in (3-28) and the 

influence of a turn fault on the HF currents can be assessed once the parameters are 

obtained. 
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 (3-28) 

 Turn fault indicator  

For the three phase machine control, the space vector PWM (SVPWM) is often 

employed in order to enhance the voltage utilization ratio, which is different from the 

SPWM control in the five phase SPM. Thus, the spectrum of the SVPWM needs to be 

analysed. The space vector modulating voltage is shown in Fig. 3-29, while the 

equivalent expression is written as (3-29). The Fourier expansion of the inverter output 

voltage is given in (3-30), where the first 2 items denote the dc offset, fundamental and 

its baseband harmonics, and the last 2 items denote the switching and its multiple 

frequency components with their sideband harmonics. 
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where Mm is the modulation, ɤr is the fundamental frequency, and ɤc is the 

switching frequency. 

According to [116], the amplitude for each sideband harmonics can be expressed as 

(3-31), which is considerably different from the harmonics of SPWM.  
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(3-31) 

where q=m+nɤc/ɤr , and Jk is the Bessel function of the kth order. 

The switching frequency of the inverter is still set at 10 kHz for the machine under 

study, and the spectrum of inverter output voltage uaN with the modulation index of 0.6 

is shown in Fig. 3-30(a) and can be predicted by (3-30) and (3-31).  
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Fig. 3-29   Space vector pulse width modulation 

 

(a) 

 

(b) 

Fig. 3-30 (a) Spectrum of SVPWM voltage. (b) Spectrum of SVPWM voltage after elimination of zero 

sequence voltages 

After the elimination of the common mode voltages, the spectrum of ua defined in 

(3-22), is shown in Fig. 3-30(b). It can be seen that the spectrum is quite similar to that 

of the SPWM voltages generally that the sideband harmonics around the integer 

multiples of the switching frequency are symmetric, forming several sideband clusters. 

Thus, the same signal processing steps and devices are applied. A sideband cluster can 

be separated by a bandpass filter, while it is very difficult to separate the frequency 
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components within a sideband cluster. Thus, the frequency components around one 

cluster are processed as a whole. The cluster with the centre frequency at 20 kHz is 

selected since the energy is the strongest. The same 4th order bandpass filter with the 

centre frequency of 20 kHz, and the band width of 2kHz is also used to extract them 

from the measured currents. 

After being filtered by the bandpass filter, the HF currents mainly contain 6 

frequency components, 2fc ± fr, 2fc ± 5fr, 2fc ± 7fr . The composition of the voltage 

components is slightly different from that of the SPWM voltages, but it does not make 

any difference in the analysis and signal processing. The phasor diagrams of the 

frequency components at 2fc ± fr are shown in Fig. 3-31(a) and (c) as an example, 

rotating in the same direction but at different speeds (frequencies). Note that although 

the phasor diagrams for the 2 frequency components are similar, the sequence and phase 

shift between the two phasors are different. The HF current at each frequency can be 

calculated by (3-28) as described in section 3.6.1, and the resultant current phasors are 

plotted in Fig. 3-31(b) and (d). For other harmonics, the current phasors can also be 

calculated in a similar manner. From the phasor diagram, It can be observed that in this 

three-phase SPM, the deviation of high frequency current caused by turn fault is not as 

significant as that in the five-phase SPM while the other merits such as robustness to 

transient state should be preserved. 
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(c) 

 

(d) 

Fig. 3-31 Phasor diagrams of HF (a)(c)voltages and (b)(d)currents 

By applying the same processing procedure, the RMS value of the high frequency 

current is obtained through the RMS converter. Thereafter, the ratio between the high 

frequency currents from the two adjacent phases are calculated as the fault indicator, as 

shown in (3-32), which is the constant of 1 in healthy condition regardless of operating 

conditions. If the ratio is distinguishable from 1 in fault conditions, then it can be used 

to detect fault with a constant threshold. In this particular machine, the ratio in 1 turn 

fault is calculated as kab=1.108, kbc=1.068, kca=0.845 with the parameters in Table 3-3. 

As can be seen, the ratio in 1 turn fault condition deviates from 1. However, the 

deviation is relatively small compared to that in the five phase machine. Despite of this, 

if the signal integrity is superior, and any inherent machine unbalance is reduced by the 

calibration described previously, the fault can still be detectable. 
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(3-32) 

The difference in the fault indicators between the two machines is due to the 

different phase numbers, winding distributions as well as winding configurations. In the 

5-phase machine, each phase consists of one coil, and a turn fault has more significant 

influence on the inductance seen by the inverter. In the 3-phase machine, each phase 

comprises four coils, and a turn fault in one coil only affected the inductance of this 

fault. Consequently, the change in the total inductance seen by the inverter is much less. 

To enhance fault detectability, a unified variable based on the standard deviation of 

the three ratios is proposed to indicate the occurrence of the turn fault. Its value is 
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calculated by (3-33) where the ratios are obtained from the measured outputs of the 

three RMS converter.  

Since the deviation of all three ratios from their average is utilized, the abnormal 

changes in all three phase HF currents due to a fault are captured in the fault indicator, 

thus enhancing the detection effectiveness. It represents the unbalance on the high 

frequency currents caused by the turn fault. In ideal healthy conditions, all the ratios are 

equal, and the standard deviation is zero. In fault condition, the standard deviation 

becomes nonzero.  
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k k k
k

k k k k k k
SD

+ +
=
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 (3-33) 

 Simulation Results 

As has been stated before, the machine under study and simulation is a three-phase 

surface mounted permanent magnet (SPM) machine with 12 slots and 7 pole pairs. The 

main design and operational parameters are shown in Table 3-4. The machine is 

controlled by an outer speed loop and two inner current loops in the dq reference frame 

in a MATLAB/SIMULINK model. The control schematic block diagram is shown in 

Fig. 3-32. One turn short-circuit fault is injected in phase A in order to assess the 

feasibility of the proposed fault detection method. 

 

Fig. 3-32 Control diagram of the three phase SPM in the simulation 

Table 3-4 Design and operational parameters 

Machine topology:   Surface mounted, fractional slot per pole 

Number of pole-pairs 7 

Number of slots   12 

Axial length (active, mm) 118 

Outer diameter (excluding case, mm) 150 

Number of turns per coil 8 

Number of coils per phase 4 

 

ACR Inverter machine
-

ASR
-

Field 

weak-

ening
Torque 

limit

nref

nmea

Tdem iref

imea

uref
ua

ub

uc



CHAPTER 3 PWM Ripple Currents Based Turn Fault Detection 

  

88 

 

Maximum/base speeds (r/min) 5000/1350 

Peak/continuous torques (Nm) 70/35 

Continuous current (A peak/rms) 85/60.5 

Maximum current (A peak/rms) 170/121 

Phase resistance at 120 ᴈ (mɋ) 20.8 

Synchronous inductance (mH) 0.344 

Flux linkage per phase (mWb) 39.6 

Back-EMF constant (V peak s/rad) 0.277 

The machine is simulated under low speed with speed and torque transients 

representative of the actual operation. The varying speed and load are shown in Fig. 

3-33, and one-turn fault is injected at t= 0.55s. The sideband frequency components in 

phase currents around 20 kHz are processed by hardware analogue circuit to obtain their 

RMS values. Their ratios and standard deviation are shown in Fig. 3-34. It is seen that 

in the healthy condition, the RMS currents in each phase are the same and their ratios 

are 1, and they are also immune to speed variations. If a step change in torque is large, 

then the ratio is slightly affected, but the influence is insignificant and can be ignored. 

In the fault condition, all three ratios deviate from 1 but to different values. And the 

standard deviation which combines all the ratios becomes non-zero at 0.55s when the 

fault occurs while it stays at zero in the healthy condition. During the initial start-up 

period, RMS detector output is not correct due to the insufficient data, as has been 

explained in section 3.4, thus the ratios and standard deviation are all invalid. Except for 

this short period, the detection can be effective afterwards. 

 

Fig. 3-33 Torque and speed variations, and fault injection in simulation study of proposed fault detection 
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Fig. 3-34 Turn fault detection results for balanced machine. The RMS detector outputs are proportional to 

RMS HF current 

 

Fig. 3-35 Turn fault detection results for unbalanced machine 

To study the influence of natural unbalance in a machine on the performance of the 

detection technique, it is assumed that the resistance and inductance in phase B are 5% 

and 3% higher than those in the other phases, respectively. The results are shown in Fig. 

3-35. The ratios and standard deviation also deviate from nominal value even in healthy 

conditions. However, the fault indicators are far greater when the fault occurs. Thus, a 

few percent machine unbalance has little effect on this detection technique. In a 

practical application, it is possible to eliminate the effect of small unbalance and 

 






































































































































































































































































































