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I 

ABSTRACT 

Wind energy, as one of the most promising renewable energy sources, has been well developed in 

the past 30 years. However, the improvement in reliability and availability of wind turbine systems is 

still an important topic to both academia and industry due to the high operation and maintenance cost. 

As two of the key components of a wind turbine system, the wind generator and gearbox, have the 

longest downtime although they are less prone to failure than the power converters and their associated 

control units. Therefore, it is necessary to study the faults of wind generators and try to reduce their 

downtime by detecting their faults at an early stage and then implementing effective maintenance. 

Among all the faults of these wind generators, the winding fault, as the second most frequent fault, 

has attracted significant interest. It has been reported by the Electrical Apparatus Service Association 

(EASA) that there are five major winding faults, namely (1) inter-turn (turn-to-turn) short circuit 

(ITSC), (2) coil-to-coil short circuit, (3) open circuit of one phase, (4) phase-to-phase short circuit, and 

(5) coil-to-ground short circuit. Amongst all the faults, the ITSC fault, often regarded as one of the root 

causes of other winding faults, has attracted increasing attention from researchers over the last few 

years. This thesis will mainly focus on modelling and analysis of permanent magnet machines under 

ITSC fault for wind power application.  

Firstly, a general analytical fault model of permanent magnet (PM) machines with series-connected 

coils has been developed to extend the fault analysis to surface-mounted permanent magnet (SPM) 

machines with any power rating. Two modelling approaches have been used: analytical and numerical 

FE methods. It is found that the determination of inductances in the fault model is the key to ensure a 

good accuracy of the proposed fault model. Subsequently, finite element (FE) and Matlab/Simulink 

simulations of a 96-slot 32-pole SPM machine have been done to validate the proposed fault model. 

Fault performance comparisons of SPM machines with different power ratings have been carried out 

to see their difference in the fault-tolerant ability. Finally, a small scale 12-slot 4-pole SPM machine 

prototype has been built and the proposed fault model is further validated by a series of experiments on 

the 12-slot 4-pole machine prototype. 

Then, a relatively simple general analytical model in a compact matrix form for SPM wind generators 

with parallel-connected coils under ITSC fault is developed. To simplify the fault model with analytical 

inductances, the multiphase Clarke transformation has been proposed. Such model simplification 

method may be extended to other types of electrical machines with similar winding configurations, no 

matter how many phases the machines have. FE and Matlab/Simulink simulations of a 96-slot 32-pole 

SPM machine with parallel-connected windings have been done to validate the proposed fault model. 

The analytical model developed can be very useful for model-based fault detection and mitigation for 

large wind power generators, for which the FE or magnetic equivalent circuit modelling can be very 
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time-consuming due to large number of slots and poles. Finally, the accuracy of the proposed fault 

model is further validated on the small-scale 12-slot 4-pole SPM machine prototype when its winding 

connections are changed from series to parallel. 

To see whether the multiphase Clarke transformation can be used to simplify the fault model with 

analytical inductances for series-parallel connected coils, further studies have been carried out. The 

proposed fault models of a 3kW 96-slot 32-pole SPM machine with different series-parallel coil 

connections have been built in Matlab/Simulink and validated by time-stepping 2D FE simulations. 

Simulation results show that different series-parallel coil connections have little influence on the 

amplitude of the ITSC current. Finally, a small-scale 24-slot 8-pole SPM machine prototype has been 

built to further validate the accuracy of the proposed fault model.  

When the fault model with analytical inductances is extended to analyse the performance of large-

power SPM wind generators, it is found that some relative errors between analytical and FE linear 

inductances having large values in the fault model are large, which makes the accuracy of the fault 

model with analytical inductances questionable. However, it is found that the multiphase Clarke 

transformation can be used to simplify the proposed fault model with FE linear or nonlinear 

inductances. Thus the accuracy of fault model with analytical inductances can be easily validated by 

the fault model with FE linear inductances. If more accurate predictions are required, nonlinear FE 

inductances can be used in the simplified fault model. In addition, studies of scaling effect and influence 

of fault location considering series-parallel coil connections of PM machines with different power 

ratings (3kW, 500kW, 3MW) have been carried out. Simulation results show that large-power SPM 

wind generators are vulnerable to ITSC faults when relatively small number of turns are short-circuited 

and the single turn short-circuit fault at the top of the slot is the worst case. 

Based on the proposed fault model and model simplification method, fault performance comparisons 

of SPM machines with overlapping and modular windings have been carried out. A number of 

Matlab/Simuink and FE simulations on a 96-slot 32-pole SPM machine have been carried out. 

Simulation results show that the healthy machine performances for a SPM machine with overlapping 

or modular windings are the same, but their fault performances are very much different. For example, 

for overlapping windings, the same fault in different phases will lead to different variations in branch 

currents. In addition, compared with the modular windings, the same fault in the overlapping windings 

will lead to greater imbalance in branch currents. Thus, compared with the overlapping windings, the 

modular windings generally are more fault-tolerant. However, these differences in the large-power 

SPM machines are negligible because ITSC faults will cause very little imbalance in branch currents 

for large-power SPM machines. 
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Chapter 1 Introduction 

This PhD research topic “fault modelling and analysis of permanent magnet machines for 

offshore wind power applications” is originated from the necessity of online fault detection and 

mitigation of wind power generators in offshore wind turbines (WTs) to reduce the operation 

and maintenance cost of wind turbine systems.  

1.1 State-of-the-art of Wind Energy Conversion System 

(WECS) 

Due to exhausting traditional fossil fuels such as petroleum, coal and natural gas, and 

environmental concerns about global warming, renewable energy sources have emerged as a 

promising alternative to meet the energy needs of our modern society. In recent years, 

electricity production from the hydro, solar, wind, geothermal, tidal, wave and biomass energy 

sources has come under increasing attention [1]. Amongst all these renewable energy sources, 

wind energy is becoming dominant. It has been reported that in 2021, approximately 93.6 GWs 

of new wind power was added, which brings the total installed wind capacity to 837GW [2]. 

In 2021, the world’s top five markets of onshore wind installations were China, the USA, 

Brazil, Vietnam, and United Kingdom, making up 75.1% of the global installations. As for the 

world’s top five markets of offshore wind installations, they were China, United Kingdom, 

Denmark, Vietnam, the Netherlands. These five markets combined made up 99.5% of new 

installations. These facts highlight that wind energy industry is an essential part of modern 

industries and it contributes much to the economic development in these countries. On the other 

hand, the scenarios of achieving net zero emission by 2050 are shown in Fig. 1.1, it can be seen 

that wind energy is not growing fast or widely enough to realise a secure and resilient global 

energy transition, thus there is still a huge demand in wind turbine installations.  

With the wind power capacity becoming larger and larger, the size of a single commercial 

wind turbine is also bigger and bigger, as shown as Fig. 1.2. If these big wind turbines break 

down, wind energy production process will be stopped and maintenance of them is required, 

which often causes a big financial and time loss. It has been reported that the relatively high 

cost of operation and maintenance are estimated to be 10-15% of the total income for a wind 

farm. As for the offshore wind turbine, the costs are estimated to be 20-25% of the total income 

[3].Therefore, improving the reliability of a whole wind turbine system is becoming more and 

more important to keep the competitive advantages of power generation from the wind energy.  
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Fig. 1.1 Wind capacity to meet net zero by 2050 scenarios [2].  

 

Fig. 1.2 Evolution in the size of commercial wind turbines [1].   

 

The major components of a typical wind turbine system as shown in Fig. 1.3 are blades, 

gearbox (non-direct drive), generator, power converters and the associated microcontroller 

units. If these major components failed, they often incur costly and difficult maintenance work 

because it is often difficult to access the tower, the height of which often reaches hundreds of 

meters. For offshore wind turbine systems shown in Fig. 1.4, it is much more important to 

implement effective maintenance. This is because access to these offshore wind turbine 

systems is much more difficult than their onshore counterparts shown in Fig. 1.3. It has been 
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reported that maintenance technicians need to approach the tower by boat and then reach the 

nacelle by climbing the tower, or alternatively be landed directly onto the nacelle by a 

helicopter. The ability to carry out the related maintenance work will also be limited under 

extreme weather conditions [4].   

 

 

Fig. 1.3 A typical land-based wind turbine system [5].  

 

Fig. 1.4 Inside of an offshore wind turbine from GE renewable energy [6].  

 

To sum up, there are three main reasons for performing condition monitoring, fault detection 

and diagnosis of an offshore wind turbine system: 
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 A wind turbine system has many components and each component would break 

down or have a failure at some point. 

 It is much more difficult to access the faulty wind turbine to carry out the 

maintenance work compared to onshore wind turbine system. This is particularly 

the case during extreme weather conditions. 

 Downtime of wind turbines will cause energy production loss, and operation and 

maintenance costs account for a large amount of their total income. 

It should be noted that the study of reliability in wind turbine systems nowadays is moving 

from a statistically based approach that has been proven to be unsatisfactory in achieving higher 

safety levels to a physics based approach which involves the study of fault mechanisms that 

lead to failures of different components of the entire wind turbine [7]–[9].  

In contrast with Fig. 1.3 and Fig. 1.4, the basic configurations of some existing WECS in 

Fig. 1.5 show how the electricity generated by the WECS are processed and transmitted to the 

grid. Nowadays there are five major types of WECSs, which could be summarized as follows 

[10]: 

 Type 1: Fixed-speed WECS with squirrel cage induction generator (SCIG) 

 Type 2: Semi-variable-speed WECS with wound rotor induction generator (WRIG)  

 Type 3: Semi-variable-speed WECS with doubly fed induction generator (DFIG) 

 Type 4: Full-variable-speed WECS with SCIG, permanent magnet synchronous 

generator (PMSG), wound rotor synchronous generator (WRSG), or high-

temperature superconducting synchronous generator (HTS-SG)  

 Type 5: Full-variable-speed WECS with WRSG and mechanical converter 

 

Fig. 1.5 Basic configuration of a grid-connected megawatt wind turbine [1]. 

1.2 Failure Distribution of a Wind Turbine System  

To improve the reliability of wind turbine systems, major failures of wind turbine should be 

investigated first, and remedial strategies could be implemented subsequently. Fig. 1.6 shows 

a typical configuration of a grid-connected megawatt wind turbine. In this wind turbine system, 

turbine, gearbox, generator, power converter, and the associated control units are major 
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components. Fig. 1.7 shows the annual failure rate and down time of a wind turbine system 

corresponding to Fig. 1.6.  

 

Fig. 1.6 Two-level BTB voltage source converters [1]. (Mainstream commercial power 

converter configuration). 

 

Fig. 1.7 Wind turbine overview in respect to reliability [7]. 

Some conclusions can be made from Fig. 1.7:  

 The power electronic converters and control units have the highest and second 

highest annual failure rates, but the downtime of power electronic converters is the 

lowest. 

 Although the annual failure rate of generators is around 12.5% (lowest), the 

downtime is the longest, up to 7 days. 

Therefore, it is necessary to study the faults of wind generators and try to reduce their 

downtime by detecting their faults at an early stage in order to optimize the maintenance 

schedule. 
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1.3 Failure Distribution and Mechanism in Electrical 

Machines  

1.3.1 Failure Distribution  

There have been many review papers [8], [9], [11]–[20] about failure distribution and fault 

diagnosis of electrical machines, some of which are amongst the most cited papers in journal 

database like IEEE Xplore and ScienceDirect. Up to now, most researchers have paid 

significant attention to induction machines (IMs), which are regarded as the main workhorses 

of the industry. This is why there were so many surveys about fault types and distribution of 

IMs.  

In [21], statistical data about distribution of breakdown of failed components of IMs was 

shown as Fig. 1.8 (a), based on the petroleum and chemical industries. One conclusion was 

made that the fault distribution could be applied to most industrial applications where totally 

enclosed fan cooled (TEFC) motors are employed. After a slight modification of the 

distribution of failure of IMs in Fig. 1.8 (a), Fig. 1.8(b) could be obtained to get a general 

conclusion about the failure distribution of IMs. In 2014, ABB issued an electronic booklet 

“Motors don’t just fail...do they? A guide to preventing failure”, in which the failure 

distribution of IMs was given in Fig. 1.9 [22]. This report also reflects that fault diagnosis of 

electrical machines has attracted much more attention in industry.  

According to the failure distribution shown above, the major faults of IMs can be broadly 

classified as following: 

(1) bearing and gearbox failures [23]–[28]; 

(2) stator winding faults [29]–[34]; 

(3) broken rotor bar or cracked rotor end-rings [35]–[39]; 

(4) static and/or dynamic air-gap irregularities [40]–[43]; 

(5) short-circuited rotor field winding [44]–[47]; 

Of the above types of faults, (1) bearing, (2) stator or armature faults, (3) broken rotor bar 

and end ring faults of IMs, and (4) eccentricity-related faults, are the most prevalent ones and, 

thus, received special attention [11].  
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(a) Breakdown of failed components (b) Extrapolated distribution of failure by 
machine component 

Fig. 1.8 Distribution of induction machine failures [21]. 

As for permanent magnet (PM) machines, it seems that no statistical data for their fault 

distribution has been published by industry. One reason is that nowadays IMs are still the main 

workhorses in industry due to their ruggedness and simple squirrel-cage construction although 

there is considerable progress made in PM machines. However, the fault types and distribution 

of PM machines could be inferred from the fault distribution of IMs, which is shown in Fig. 

1.10. This is because the main components of PM machines are the same as those of IMs. 

Amongst all these faults, the stator winding faults [13], [48]–[53], the rotor demagnetization 

[54]–[61], and the static and/or dynamic air-gap irregularities [62]–[67] have been received 

more attention from both academia and industry.  

As for the fault distribution of PM wind generators, it has been investigated by main wind 

turbine manufacturers and shown in Fig. 1.11. This survey was based on a sample of more than 

1200 wind turbine generators repaired or replaced since 2005, which has revealed that fewer 

than half of the failures were electrical in nature and most of those were due to mechanical 

failures of the insulation support structure [68]. On the other hand, Fig. 1.12 shows a 

comparison between wind turbine failures and industrial machine failures, based on data 

compiled by Peter Tavner and his team at Durham University (Durham, UK) [68]. 
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Fig. 1.9 Failure distribution of induction machines (IMs) [22]. 

 

Fig. 1.10 Fault distribution of permanent magnet machines [21]. 
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(a) Power rating <1 MW 

 

(b) Power rating 1 to 2 MW 
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(c) Power rating >2 MW 

Fig. 1.11 Failure types and occurrences for generators [68]. 

 

Fig. 1.12 Comparison of wind turbine failures with industrial machine failures. Distribution 

(%) of failure types [68].  

It could be seen from Fig. 1.12 that failures due to bearing and winding damages are the two 

most important root causes to catastrophic consequences in both wind and industrial rotating 

electrical machinery sectors. This is one of the reasons that this thesis has chosen to focus on 

the stator winding faults of offshore wind PM power generators. 
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1.3.2 Failure Mechanism  

1.3.2.1 Failure mechanism inside machines 

The causes of the majority of the above mentioned faults are due to a combination of thermal, 

electrical, mechanical, and environmental stresses acting on the stator windings, as listed in 

Table 1.1 [69]. Corresponding to Table 1.1, Fig. 1.13 shows some typical stator winding faults 

due to different causes. 

Table 1.1 Various stresses lead to stator winding faults  

A) Thermal B) Electrical  

1) thermal aging 

2) thermal overloading 

1) dielectric 

2) tracking (over 600V) 

3) corona (above 5kV) 

C) Mechanical  D) Environmental  

1) coil movement 

2) rotor strike 

3) abrasion 

1) moisture (condensation) 

2) contamination 

 

  

(a) A typical phase-to-phase fault caused by 

a breakdown in phase insulation 

(b) A typical turn-to-turn short-circuit 

caused by voltage spikes from an inverter 

  

(c) A turn-to-turn short-circuit caused by a 

defective magnet wire insulation 

(d) Breakdown of ground insulation caused 

by corona 
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Fig. 1.13 Stator winding faults due to different causes [70].  

 

1.3.2.2 Failure mechanism outside machines 

Nowadays electrical machines especially PM machines are often driven by inverters. It is 

very natural that inverter faults would also possibly cause machine failure. In [71], four types 

of inverter faults have been considered, which are shown as Fig. 1.14. Moreover, single-phase 

open circuit and symmetrical 3-phase short-circuit of some 3-phase machines due to inverter 

faults, have been investigated in [72]–[75].  

   
 

(a) single switch 
short-circuit 

(b) phase-leg short-
circuit 

(c) single inverter 
switch open-circuit 

(d) single-phase open-
circuit 

Fig. 1.14 Some inverter faults that will lead to machine winding failures[71]. 

1.4 Typical Failures in 3-Phase Stator Windings 

Visual inspection into the typical failures in the stator windings of 3-phase electrical 

machines are shown in Fig. 1.15 [76]. Actually, it has been surveyed by industry that there are 

five major types of stator winding faults, as shown in Fig. 1.16 [69]: (1) open-circuit of one 

phase, (2) inter-turn (turn-to-turn) short-circuit (ITSC), (3) coil-to-coil short-circuit, (4) phase-

to-phase short-circuit, and (5) coil/phase to ground short-circuit.  

It has been reported that the ITSC faults were one of the root causes of other more severe 

faults. ITSC faults are usually very difficult to detect because the fault symptoms are not 

obvious. However, if they are left unattended, it could quickly escalate to become a phase short-

circuit, and eventually lead to the breakdown of the entire machine system [69].  
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(a) Healthy stator windings 
(b) Windings with phase-to-phase short-

circuit 

  

(c) Winding with phase to ground short-

circuit in the slot 

(d) Winding with inter-turn 

(turn-to-turn) short-circuit  

Fig. 1.15 Conditions of three-phase stator windings [77]. 

 

Fig. 1.16 Y-connected 3-phase windings with possible stator winding failure modes[69]. 
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Apart from the five major failure modes, there are some aspects that should be taken into 

consideration to accurately diagnose the cause of a winding failure. This includes the failure 

pattern, machine appearance, application and maintenance history. The failure pattern could be 

classified into four groups: (1) symmetrical, (2) single phasing, (3) asymmetric with grounding, 

and (4) miscellaneous asymmetric excluding grounding. 

Combining the five major failure mode and four failure patterns can help analyse the causes 

of failure. This will be detailed in the following sections.  

1.5 Inter-Turn Short-Circuit (ITSC) Fault 

As mentioned in the section 1.4, the ITSC fault was one of the root causes of other more 

severe faults, as shown in Fig. 1.17. Another example of the ITSC fault in a large-power 

electrical machine has been shown in Fig. 1.18. If the ITSC fault can be detected and mitigated 

in time, the amount of maintenance work could be reduced, and the wind generators will be 

able to operate more efficiently during their designed life span. Hence, an in-depth 

investigation of the ITSC faults and their impact on the performance of electrical machines are 

necessary.  

 

Fig. 1.17 A turn-to-turn short-circuit leading to a ground fault in a 6.6 kV, 8MW motor [78]. 

From the fault detection and protection perspective, it would be much better if the changes 

in machine currents and voltages under ITSC fault can be predicted and understood. This will 

help develop a model-based fault detection method or increase the sensitivity and accuracy of 

the available techniques before doing any test [79]. The cost-effective fault model is especially 

useful for large-power electrical machines because doing fault tests on them are costly, difficult 

and probably destructive. Therefore, this PhD thesis will focus on ITSC fault modelling and 

analysis of permanent magnet machines for offshore wind power application.  
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Fig. 1.18 Turn insulation failure in the end winding of a 6.6-kV, 1678-kW primary air fan 

motor [80].  

An illustration of the ITSC fault occurring in one coil is shown in Fig. 1.19. When the 

insulation coating of any two turns degrades, it could establish an electrical contact between 

normally insulated copper wires, such as between points a and b shown in Fig. 1.19 (a), leading 

to an ITSC fault. The corresponding circuit schematic is shown in Fig. 1.19 (b). When this fault 

happens, there will be a large short-circuit current flowing in the short-circuited path marked 

as red, causing serious local heating. Under this situation, the previous healthy winding can be 

deemed to be divided into two windings: the remaining healthy winding and the faulty winding.  

   

(a) ITSC fault (b) Circuit schematic [29] 

Fig. 1.19 ITSC fault in one coil. 

In addition, it is worth mentioning that the structure of the stator coils for large-power 

electrical machines is a little more complex than that shown in Fig. 1.19. A comparison of some 
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typical coil structures for electrical machines with different power ratings has been shown in 

Fig. 1.20. It has been reported in [78] that the random-wound stator coils are used widely for 

machines less than several hundred kilowatts and operating at voltages less than 1000V. The 

multi-turn coils of one phase winding of an electrical machine with random-wound stator are 

often connected in series. However, for form-wound stators used in most large motors and 

many generators rated up to 50MVA, the multi-turn coils will often form series-parallel 

connections, which complicates the ITSC fault modelling.  

  

(a) Random-wound stator coil for 

small power machines [81] 

(b) Form wound stator coil for large power 

machines [82] 

Fig. 1.20 Stator coil structures for machines with different power ratings.  

1.6 Modelling and Analysis of Inter-Turn Short-Circuit 

Fault 

Some prior work on the ITSC fault modelling of different electrical machines has been 

carried out by researchers in [31], [51], [83]–[91]. In the literature, there are three well-

established methods to model the ITSC faults, i.e., analytical approach, magnetic equivalent 

circuit (MEC), and finite element method (FEM). Modelling electrical machines under ITSC 

faults by analytical approach uses electric circuits to describe the machine behaviour, as shown 

in Fig. 1.21. When the ITSC fault occurs in the stator phase as winding, it has to be split into 

two windings 𝑎𝑠ଵ and 𝑎𝑠ଶ, and voltage equations have to be written for these two windings in 

terms of lumped parameters such as resistances, inductances and back-EMFs. As for MEC 

modelling, as shown in Fig. 1.22, it has been used as a tool for decades for machine analysis 

[92].  
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Fig. 1.21 Circuit schematic with ITSC fault in the stator phase as winding [93].  

 

Fig. 1.22 A MEC-based model of a studied SPM machine with ITSC faults [51]. 

In the early days it was used to analyse machine behaviour considering magnetic saturation 

[94], now it has also been used for fault studies [31], [32], [90], [92], [94]–[97]. In a MEC 

model, reluctances, permeances, fluxes, magneto-motive forces are used to establish equations 

by applying the Kirchhoff's voltage and current laws to magnetic circuits. Compared with 
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MEC, FEM can give more detailed and accurate information such as the cogging torque, back 

electromotive forces (back-EMFs), inductances, magnetic field distribution inside the machine 

by converting the corresponding partial differential equations of the nonlinear magnetic field 

into a system of algebraic equations and solving them numerically. As one example, the 

frequently used time-stepping 2-D FEM is shown in Fig. 1.23, which has also been used for 

ITSC fault studies [93], [98], [99]. 

 

 

(a) Geometry model 

 

(b) Electric model 

Fig. 1.23 Coupled models in Flux 2D for a 8-pole PM motor with ITSC faults [93]. 

The advantage of analytical approach using circuit representation is that it can be generic 

and applicable to machines with any power ratings although it could be less accurate, and the 

analytical calculation of inductances used in the fault model sometimes can be complex. As for 

the magnetic equivalent circuit (often called as reduced-order FEM) and FEM, although they 

have better accuracy, they are often much more time consuming particularly for large-power 
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electrical machines under ITSC faults. This is mainly because full models required for large-

power electrical machines with ITSC faults will lead to much more mesh elements in the FE 

models or flux tubes in the MEC models, hence they need much more time to solve at each 

time step when current sources are used to excite the electrical machines. For example, the 

simulation time for current excited large-power SPM machines over one electrical period is 

often several hours. However, if the electrical machines are voltage fed, the machine models 

are more complex than the corresponding current fed ones so that they have to be reformulated. 

One method proposed by Nabeel A.O. Demerdash employs combined systems of ordinary 

differential equations (ODEs) and partial differential equations (PDEs) shown in Fig. 1.24 

[100]–[104] to describe the machine behaviour for voltage fed electrical machines. In order to 

accurately predict the future states of state variables in the ODEs, a small-time step usually has 

to be chosen. In addition, it is found that the voltage fed large-power SPM machines often 

needs more time to reach steady state. Thus, a compromise between accuracy and 

computational burden typically has to be made for FE simulation of large-power electrical 

machines with voltage sources. If the full models of large-power electrical machines with large 

number of slots and poles are interfaced with voltage sources such as balanced 3-phase 

sinusoidal voltages or PWM converters (co-simulation) to simulate the faulty machine 

performance under real operating conditions, to keep good accuracy, the simulation time using 

common office computers would be too long and unacceptable for fault analyses. 

 

Fig. 1.24 Time-stepping coupled finite element state space(TSCFE-SS) machine model 

proposed by Nabeel A.O. Demerdash [101].  

In addition, it should be mentioned that although the analytical modelling principles of 

healthy machines, i.e., the basic principles of electromechanical energy conversion, have been 

well established [105]–[108], the fault modelling for large-power electrical machines will also 
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require a good understanding of these basic principles, otherwise a general analytical fault 

model could not be developed.  

In 1995, the authors in [83] developed a fault model for induction machines with squirrel-

cage rotors. One characteristic of the fault model is that it uses a large number of first-order 

differential equations to predict the machine behaviour under ITSC faults. This is because the 

squirrel-cage rotor has many inductively coupled loops, constructed by many rotor bars and 

two end rings. When an ITSC fault occurs, they cannot be approximated to 3-phase windings 

any more. In addition, the model parameters especially the large number of inductances have 

been calculated by an analytical method called winding function approach. It is worth 

mentioning that the derivation of the inductance expressions for a general fault model is 

difficult, and this is why the inductances calculated are only based on two specific machines. 

On the other hand, some assumptions have been made such as neglecting the slot opening and 

rotor bar skew effects to simplify the inductance calculation.  

In 2002, the authors in [30] developed a transient model for an induction machine with 

series-connected windings under ITSC faults. The main contribution in [30] is that the authors 

divided the fault model into two parts. The part of the healthy machine model uses 3-phase 

currents as state variables, and the faulty part is represented by the current in the external short-

circuited path and inductances related to the short-circuited turns. As for the determination of 

inductances in the fault model, the authors made some simple assumptions, i.e., the self-

inductance is proportional to the square of the number of turns, and the mutual inductance is 

proportional to the number of turns. This treatment does not consider the influence of spatial 

distribution of the coils on the inductance values. In addition, the rotor of the induction machine 

considered is represented by a 3-phase winding, instead of the complex squirrel-cage structure.  

Meanwhile, the authors in [109] modelled the transient behaviour of salient-pole 

synchronous machines with ITSC faults to predict the resulting currents and voltages. The 

proposed fault model considered the practical winding structure (stator branches, rotor damper 

circuit loops) of the large-power synchronous machines. A large-scale system of first-order 

differential equations is also required to characterize the fault model. In addition, the 

cumbersome inductance calculation considering the practical distributed winding arrangement 

and nonuniform air gaps also makes the ITSC fault modelling for large salient-pole 

synchronous generators quite complex and challenging. Although the stator branch currents 

have been transformed into loop currents to represent the fault model in another way, it seems 

that the analytical model is not simplified.  
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A few years later, the authors in [86], [87] also proposed internal fault models in matrix 

forms for synchronous machines. Although not specifically stated, the focused internal faults 

include ITSC faults. In [86], based on the winding function approach, the machine inductances 

have been calculated directly from the machine winding distribution to include all the space 

harmonics produced by the machine windings and the calculation of the machine inductances 

has been made easier by the effective use of the machine electrical parameters instead of the 

geometrical ones. Although the ITSC fault is not directly involved, the modelling of one phase-

to-ground short-circuit fault actually is equivalent to that of one-coil short-circuit fault. In [87], 

simulation models to investigate the internal fault currents of large synchronous generators 

with parallel-connected windings under different internal faults have been presented. It is worth 

mentioning that the ITSC fault is one of the 8 internal faults investigated. In addition, the branch 

currents are used as state variables to describe the machine behaviours under normal and faulty 

conditions. Finally, the internal fault models for a few different machines including the more 

complicated 370MVA salient-pole synchronous generator were implemented in a real-time 

simulator of large power networks called Hypersim. The simulation models developed in [87] 

provide all the currents flowing in the machine stator windings, which may be very useful to 

develop an accurate protection plan. However, it should be mentioned that the internal fault 

models developed in [86], [87] assume that the rotor is equipped with a field winding and 2 

damper windings, which is not the case for PM machines. 

Compared with the analytical fault modelling for squirrel-cage induction machines and 

salient-pole synchronous machines, the analytical fault modelling for PM machines is easier, 

especially for series-connected coils. This is because there is no winding on the rotor of PM 

machines. In [110], fault analysis of a PM brushless dc motor with parallel-connected coils 

using FEM has been carried out. The fault conditions considered are external (phase-to-phase) 

short-circuit, internal turn-to-turn short-circuit, and open-circuit faults. Considering the fact 

that the ITSC faults will lead to asymmetric current distribution, a full 2D FE model has been 

used. In addition, the demagnetization issue of the studied PM brushless dc motor under ITSC 

faults have also been investigated. However, it should be mentioned that the reasons why fault 

analysis of the studied PM brushless dc motor using direct FEM can be carried out are that the 

number of mesh elements of this small machine is not large, and the control strategy is very 

simple.  

Some other interesting studies of the ITSC fault modelling of PM machines using FEM have 

also been carried out in [93], [98], [99]. As mentioned earlier, theoretical calculation of 

inductances by an analytical approach is often complex and not very accurate. However, the 
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inductance calculation using FEM is more straightforward. In [98], the authors first extracted 

the inductances and back-EMFs of the studied PM machines by FEM, then loaded them into 

the analytical fault model to simulate the fault performance of the studied PM machines under 

different fault conditions. In this way, to some extent, the accuracy of the FE model can be 

retained in the analytical fault model and the simulation time is shortened significantly. In [93], 

[99], the authors have found that the inductance expressions in the general analytical fault 

model are related with the pole pair number of the studied machine. However, the influence of 

the pole pair number on the inductance expressions has not been considered in [49], [111], 

[112]. As a result, although the proposed fault models can predict the fault performance of the 

investigated machines to some extent, such models may not be easily generalized and made 

applicable to other machines.  

In addition, other researchers showed some interest about ITSC fault modelling for 

fractional-slot PM machines [88], [89], [113]–[118], the theory and design of which have 

attracted increasing interest in the electrical machine community [119]–[124] in the past few 

decades. Unlike the traditional integer-slot PM machines, the mutual inductive couplings 

between phases of some fractional-slot PM machines are almost zeros, meaning that the fault 

in one phase will not affect the other healthy phases. Therefore, they are much more fault-

tolerant. This inherent fault-tolerant characteristic also results in simple fault models, as 

investigated in [113], [116]–[118].  

1.7 Organization and Contributions  

1.7.1 Organization 

This thesis aims for developing a simple general analytical model for large-power SPM wind 

generators under ITSC fault to predict their machine performance. The thesis is organized as 

follows:  

Chapter 2 Fault Modelling and Analysis of SPM Machines with Series-Connected Coils 

In this chapter, a general analytical model for (SPM) machines with series-connected coils 

under ITSC fault has been developed, how to calculate the inductances in the fault model has 

been detailed. The proposed fault model built in Matlab/Simulink is validated by time stepping 

FE simulations for a 3kW 96-slot 32-pole SPM machine. In addition, other power ratings 

(0.5MW and 3MW) have also been investigated to study the scaling effect on machine fault-

tolerant capability. 
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Chapter 3 Fault Modelling and Analysis of SPM Machines with Parallel-Connected Coils 

This chapter presents a general analytical fault model in a compact matrix form for surface-

mounted permanent magnet (SPM) machines with parallel-connected coils, and inductances 

for its winding configuration have also been calculated by the same analytical approach used 

in the chapter 2. Then the multiphase Clarke transformation has been proposed to simplify the 

fault model. In the model, the branch currents rather than the phase currents have been 

employed as state variables to describe machine behaviours under fault. Finally, the proposed 

analytical fault model is applied to a 3 kW 96-slot 32-pole SPM machine and the analytical 

fault model built in Matlab/Simulink is validated by time-stepping FE simulations.  

Chapter 4 In-depth Investigation of Inter-Turn Short-Circuit Faults of SPM Machines 

with Series-Parallel Coil Connections 

Based on the developed general analytical fault model for SPM machines with parallel-

connected coils in chapter 3, this chapter proposes the general analytical fault model for SPM 

machines with series-parallel coil connections. The inductances in the fault model are derived 

for SPM machines with series-parallel coil connections by the same analytical method as in the 

previous two chapters. Based on the characteristics of the calculated inductances and the 

developed fault model, the multiphase Clarke transformation is found to be still useful for 

simplifying the fault model. The proposed fault models of a 3kW 96-slot 32-pole SPM machine 

with different series-parallel coil connections have been built in Matlab/Simulink and validated 

by time-stepping 2D FE simulations. 

Chapter 5 Modelling and Analysis of Inter-Turn Short-Circuit Fault for Large-Power 

SPM Wind Generators 

Based on the developed general analytical fault model in chapter 4, this chapter focuses on 

the fault model simplification for large-power surface-mounted permanent magnet (SPM) wind 

generators. It is found that the multiphase Clarke transformation can be used to simplify the 

proposed fault model with FE linear or nonlinear inductances. For the fault modelling of large 

power rating machines due to larger electrical loading and heavier magnetic saturation, 

nonlinear inductances can be used in the fault model to achieve more accurate prediction of the 

changes in machine currents and voltages under ITSC faults. With the developed fault model, 

studies of the scaling effect (different power ratings such as 3kW, 500kW and 3MW) and the 

influence of fault location on the electromagnetic performance of SPM generators with series-

parallel coil connections have been carried out.  
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Chapter 6 Analysis of SPM Machines with Different Winding Configurations under 

Inter-Turn Short-Circuit Faults 

Based on the developed general analytical fault model in chapter 4 and general model 

simplification method using the multiphase Clarke transformation in chapter 5, this chapter 

compares the performance of SPM machines with two different winding configurations under 

ITSC fault. The two different winding configurations are the non-modular and modular 

overlapping windings. It is found that the healthy machine performances for a SPM machine 

with non-modular or modular overlapping windings are the same, but their fault performances 

are different. Simulation results of the 96-slot 32-pole SPM machine under ITSC faults have 

confirmed this conclusion. In addition, fault performances of the same fault occurring in 

different phases have been studied when these two winding configurations are considered. 

Finally, fault simulations using the 500kW SPM machine with modular windings have been 

carried out to see these differences in the large-power SPM machines.  

Chapter 7 Experimental Validation 

This chapter is dedicated to the experimental validations of the fault models of the SPM 

machines with series-connected coils, parallel-connected coils, and series-parallel connected 

coils on two different small-scale machine prototypes.  

 

Chapter 8 General Conclusions  

This chapter summarizes the research work that has been carried out in this thesis and 

proposes some meaningful future works.  

1.7.2 Contributions 

 General and simple analytical models for SPM machines with series, parallel and series-

parallel connected coils under ITSC faults have been developed. Calculation of 

inductances in the fault models of SPM machines with single-layer, full-pitch and 

distributed winding arrangements [slot/pole/phase (SPP) is equal to 1] by an analytical 

approach (winding function approach + slot permeance method) and FEM have been 

carried out. To simplify the fault models with analytical inductances, the multiphase 

Clarke transformation has been proposed. Then the fault models and model 

simplification method have been validated by direct FE and Simulink simulations of a 

96-slot 32-pole SPM machine with different series-parallel coil connections. However, 
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only the developed fault models have been validated by experimentation on two 

different machine prototypes.  

 The model simplification method using multiphase Clarke transformation for analytical 

models of large-power SPM wind generators under ITSC faults has also been proved if 

the FE linear and nonlinear inductances are used in the fault model. As a result, 

simulations for large-power SPM wind generators under ITSC faults can be carried out 

directly in an easier and more time-saving way while keeping adequate accuracy. It is 

worth mentioning that the proposed fault model and model simplification method are 

generic and may be applied to other types of non-PM machines and also their 

multiphase counterparts with practical winding configurations. In addition, based on 

the simplified fault model, studies of scaling effect and influence of fault location on 

the amplitude of ITSC current of PM machines with different power ratings (3kW, 

500kW, 3MW) have been carried out. It is found that large-power SPM wind generators 

are vulnerable to ITSC faults when relatively small number of turns are short-circuited 

and the single-turn short-circuit fault at the slot top (slot opening) is the worst-case 

scenario.  

 A comparison of the performance of SPM machines with two different winding 

configurations under ITSC faults has been made. The two different winding 

configurations are the non-modular and modular overlapping windings. It is found that 

the healthy machine performances for a SPM machine with non-modular or modular 

windings are the same, but their fault performances are different. Compared with the 

non-modular windings, the modular windings are generally more fault-tolerant. 

However, these differences in the large-power (500kW and beyond) SPM machines 

become negligible because ITSC faults often cause very little imbalance in branch 

currents for large-power SPM machines with many parallel branches and many coils 

connected in series for one branch. 
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Chapter 2 Fault Modelling and Analysis of SPM 

Machines with Series-Connected Coils 

This chapter proposes a general analytical model of surface-mounted permanent magnet 

(SPM) machines with series-connected coils under inter-turn short circuit (ITSC) fault. One 

prominent feature of this fault model is that the air-gap and slot-leakage components of 

inductances under fault are calculated separately when core saturation is neglected, and the 

influences of pole number and spatial distribution of coils have been considered in the 

calculations. In the model, the winding function approach (WFA) is used to calculate the air-

gap inductance components by considering all space harmonics whilst slot-leakage inductance 

components are obtained by using slot permeance method. The proposed fault model built in 

Matlab/Simulink is validated by time stepping FE simulations for a 3kW 96-slot 32-pole SPM 

machine. The fault model has acceptable accuracy and is suitable for the fast evaluation of fault 

performance of SPM machines and its accuracy considering core saturation can be improved 

using FE-based results. Other power ratings (0.5MW and 3MW) have also been investigated 

to study the scaling effect on machine fault-tolerant capability.  

Related Publications: 
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Circuit Fault of PM Machines for Wind Power Application,” IEEE Trans. Ind. Appl., vol. 59, no. 1, pp. 789–800, 

Jan.-Feb. 2023. 
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2.1 Introduction 

As a starting point for theoretical analysis, this chapter will mainly focus on analytical 

modelling and analysis of inter-turn short-circuit (ITSC) faults in PM machines with series-

connected coils. It is worth noting that the large-power PM machines with series-parallel 

connected coils are very common in practice and they will be analysed in later chapters.  

It should be mentioned that for physics-based modelling of permanent magnet (PM) 

machines under ITSC fault, there are three major methods in literature: (1) winding function 

approach (WFA) [87], [125], [50], [126], [127], (2) finite element (FE) approach [128]–[130], 

and (3) magnetic equivalent circuit (MEC) approach [51], [90]. WFA is a circuit-based 

modelling method in essence, and it is the foundation of the analytical derivation and 

calculation of inductances of integer-slot AC machines [106]. Researchers in [83], [87] have 

tried to use this method to analyse the fault performance of induction and synchronous 

machines in the last 30 years. The disadvantage of this method for calculating the inductances 

is that it neglects the core saturation and also space harmonics. If space harmonics are 

considered, the derivation of general inductance expressions under faulty conditions for 

machines with complex winding configurations will become significantly difficult.  

Considering this difficulty in employing WFA, researchers in [49], [111], [112] made 

assumptions to simplify the determination of the inductances in the fault model based on the 

relationship between the healthy inductances and the number of turns. However, when large 

number of coils per phase are distributed in different slots around the stator periphery, such 

assumptions may not be valid. Unlike WFA, both FE and MEC can consider the core 

saturation. However, they require detailed geometrical dimensions of the machines, and 

simulations using these two methods are much more time-consuming. Using the FE model as 

an example, with a typical current desktop PC, the total computation time would be several 

days or even months if sinusoidal voltage sources and a full FE model are employed for large 

direct-drive wind power generators with large numbers of stator slots and rotor poles. 

Therefore, WFA will be adopted for the analyses of integer-slot SPM machines with a 

slot/pole/phase (SPP) of 1 in this chapter. However, it was found that the simulated results 

using the air-gap inductance components calculated by WFA with all space harmonics 

considered cannot match well with that of 2D FE simulations even when linear magnetic 

material was used. This is due to the fact that for surface-mounted PM (SPM) machines, the 

slot-leakage inductance components will also have some influence on machine performance 

due to large effective air gaps.  
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To establish a more accurate analytical fault model, the slot-leakage inductances will be 

calculated based on the slot permeance method and are added to the corresponding air-gap 

inductance components. The proposed fault model built in Matlab/Simulink is validated by 

time stepping FE simulations. In addition, a comparison between the developed model in this 

chapter against the analytical model proposed in [49] has been carried out. The comparison 

results show that the influence of the pole number and the spatial distribution of coils on the 

determination of inductance values under faulty conditions cannot be neglected when the 

number of short-circuited turns in one coil is large.  

Furthermore, a method taking the full advantages of the proposed analytical and FE models 

to develop a more accurate fault model considering core saturation has been proposed. The 

SPM machines with different power-ratings, e.g., 3kW, 0.5MW and 3MW, will also be 

investigated to analyse the effect of scaling on the ITSC fault performance by using the 

proposed model. To validate the developed fault model, a small scale 12-slot 4-pole SPM 

machine has been built and tested in chapter 7. It is worth mentioning that for most part of this 

chapter, the core saturation has been neglected when inductance calculations and simulations 

are carried out. In addition, considering that different SPM machines have different saturation 

levels, the influence of inductance parameters on the accuracy of prediction of phase currents 

and ITSC currents have not been conducted. However, in chapter 7, to fully validate the 

developed fault model, nonlinear inductances obtained from measurement and 3D FE models 

will be used.  

2.2 Modelling of ITSC Fault of SPM Wind Generator 

This section will give a brief introduction to the analytical and FE modelling of ITSC fault 

of SPM wind generator with series-connected coils.  

2.2.1 Analytical Modelling Neglecting the Core Saturation  

An example of ITSC fault in a stator armature coil of wind power generator is shown in Fig. 

2.1. Due to a turn insulation breakdown, two electrically isolated points will have an electrical 

contact, leading to an ITSC fault and a large short-circuit current, which can cause local 

overheating, speeding up the insulation breakdown of the entire armature windings.  

The equivalent circuit of the ITSC fault in a Y-connected stator winding of a PM machine 

is shown in Fig. 2.2, where the fault is assumed to occur in phase A. This equivalent circuit 

will be used to build the electrical model of the studied SPM machines. Together with the 
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mechanical model, tools like Matlab/Simulink can be used to investigate the influence of ITSC 

fault on the performance of the SPM machines. 

 

Fig. 2.1 ITSC fault in armature coils.  

 

 

Fig. 2.2 Equivalent circuit of SPM machines under ITSC fault in the phase A.  

 

From Fig. 2.2, the circuit-based voltage equations representing the relationship between 

phase voltages, EMFs and also currents under ITSC fault can be expressed as (2.1), where 𝑅௦ 

is the phase resistance, 𝑅஺௙ is the resistance of short-circuited turns, and 𝑅௙ (assumed to be 

zero for the 3kW machine) is the contact resistance between short-circuited points. 𝑀஺௛,௙, 𝑀஻௙, 

and 𝑀஼௙  are the mutual inductances between the remaining healthy winding Ah, healthy 
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windings B, C and short-circuited turns, respectively. 𝐿௙  is the self-inductance of short-

circuited turns. 𝑖஺௛ሺൌ 𝑖஺ሻ, 𝑖஻ and 𝑖஼ are the currents of remaining healthy windings Ah, B and 

C, respectively. Similarly, 𝑒஺, 𝑒஻, and 𝑒஼ are the phase back-EMFs of healthy phase windings. 

In addition, 𝑒஺௛ ൌ ሺ1 െ 𝜇ሻ𝑒஺ , 𝑒௙ ൌ 𝜇𝑒஺, in which the phase faulty turns ratio in one phase 

winding is defined as 𝜇 ൌ ଵ

௣
𝜇ଵ ൌ

ଵ

௣

௡೑
௡೎

 for the studied integer-slot SPMs with a SPP of 1. The 

corresponding coil faulty turns ratio in one elementary coil is defined as 𝜇ଵ ൌ 𝑛௙ 𝑛௖⁄ , where 𝑛௙ 

denotes the number of short-circuited turns in one coil, and 𝑛௖ describes the number of turns 

per coil. Furthermore, 𝑝 is the number of pole pairs. 
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(2.1) 

If the phase back-EMFs in (2.1) contain harmonics and no neutral line is introduced, then 

the phase voltages cannot be directly obtained from the line voltages under ITSC fault. Under 

this situation, it is found that the sum of the 3 phase voltages can be expressed as 

 𝑣஺ ൅ 𝑣஻ ൅ 𝑣஼ ൌ ሺ𝑒஺ ൅ 𝑒஻ ൅ 𝑒஼ሻ െ 𝑅஺௙𝑖௙ െ ൫𝐿௙ ൅ 𝑀஺௛,௙ ൅ 𝑀஻௙ ൅ 𝑀஼௙൯
d𝑖௙
d𝑡

 (2.2) 

Equation (2.2) together with (2.3) and (2.4) could be used to calculate the phase voltages 

from line voltages. 

 𝑣஺஻ ൌ 𝑣஺ െ 𝑣஻ (2.3) 

 𝑣஻஼ ൌ 𝑣஻ െ 𝑣஼ ൌ 𝑣஺ ൅ 2𝑣஻ െ ሺ𝑣஺ ൅ 𝑣஻ ൅ 𝑣஼ሻ (2.4) 

Once the currents in the healthy and faulty windings are determined, the electromagnetic 

torque under ITSC fault can be calculated by  

 𝑇௘ ൌ 𝑝
൫𝑒஺𝑖஺ ൅ 𝑒஻𝑖஻ ൅ 𝑒஼𝑖஼ െ 𝑒௙𝑖௙൯

𝜔௥
൅ 𝑇௖௢௚ (2.5) 

where 𝜔௥ is the rotor electrical speed (rad/s), 𝑇௖௢௚ is the cogging torque. 

The above equations will be used in the Matlab/Simulink to analytically predict the machine 

performance before and after ITSC faults. It should be mentioned that the phase back-EMFs 

and cogging torque obtained from FE simulations of healthy machines are imported into the 
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Matlab/Simulink to accurately predict the torque ripple before and after introducing the ITSC 

fault. In addition, inductances in the fault model will be calculated based on the analytical 

method (which requires the machine’s geometrical dimensions) in the section 2.3.1. 

2.2.2 Analytical Modelling Considering the Core Saturation 

If the core saturation needs to be fully included into the analytical modelling based on 

Matlab/Simulink, its influence on apparent and differential inductances together with PM flux 

linkages should be taken into account. In order to consider the saturation effect, in [131], the 

flux linkage lookup table based model is used. However, such a model does not provide 

meaningful physical insights into the fault phenomena and multiple fault scenarios might not 

be easily incorporated. Furthermore, there is no detailed discussion about how to determine the 

current profiles as inputs to obtain the stator flux linkages. In [132], lookup tables using 

differential inductances considering the core saturation are employed. However, only the 

influence of the core saturation on the differential/incremental inductances is considered, and 

the influence of the core saturation on the on-load PM flux linkages and the apparent 

inductances has not been included because the frozen permeability method such as the one 

investigated in [100], [133] has not been employed.  

In order to overcome the shortcomings in the existing methods, the frozen permeability 

method has been used to obtain the saturated apparent inductances and the on-load PM flux 

linkages of the studied machines under different operating conditions.  

In the frozen permeability method, accurate determination of the current profiles as inputs 

to obtain the permeability in every mesh element in the FE model is the key to achieving the 

saturated apparent inductance and the on-load PM flux linkage look-up tables. For 3-phase 

healthy machines, the currents are often balanced, and their waveforms are sinusoidal. 

However, this is no longer the case for faulty machines, especially when significant harmonics 

exist in their phase back EMFs. A proposed method making full use of the linear analytical 

model (based on Matlab/Simulink) developed is shown in Fig. 2.3.  

As illustrated in Fig. 2.3, the current profiles as inputs into non-linear FE fault models could 

be determined by the linear analytical model. This can help to update the saturated apparent 

inductance and on-load PM flux-linkage under different operating conditions. If necessary, this 

method can be iterated to further improve the accuracy of the fault model. Meanwhile, a 

predefined current accuracy of 5% (deemed acceptable for most cases) or a maximum number 

of iterations of 5 can be selected to terminate the iteration, which are similar to the settings in 

the FE modelling (JMAG software package). 
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Fig. 2.3 Analytical modelling (based on Matlab/Simulink) of ITSC fault with consideration of 

core saturation.  

2.2.3 FE Numerical Modelling 

To validate the results obtained by the developed analytical models, 2D FE simulations 

(JMAG software package) for the outer rotor 3kW 96-slot/32-pole SPM machine have been 

carried out in this chapter. Since the symmetrical machines become asymmetric under ITSC 

faults, a full FE model is necessary as shown in Fig. 2.4, where only part of the model is shown 

to have a clearer view of the ITSC fault.  

 

Fig. 2.4 Cross-sectional view of the machines with the ITSC fault for FE simulations. In this 

figure, only one section of the full model is shown. 
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Furthermore, the faulty machine is excited by voltage sources to fully reflect the fault 

characteristics in FE simulations, as shown in Fig. 2.5. 

In Fig. 2.4, the 15 healthy coils are represented by one FEM coil (A_1_15) in the FE 

simulation and the faulty coil with the ITSC fault is represented by three FEM coils in Fig. 2.5. 

For example, the remaining healthy turns at the bottom, the top, and the short-circuited turns 

in the middle of the affected slot are represented by A_16_hb, A_16_ht, and A_16_fm, 

respectively. This arrangement will lead to balanced three phase back-EMFs when the switch 

in Fig. 2.5 is off, i.e., the machine is healthy.  

 

Fig. 2.5 External circuit for the ITSC fault simulations. 

2.3 Inductance Calculation 

One of the most important parts of fault modelling is to determine the parameters in the fault 

model, especially the inductances. Experimental measurement and theoretical calculation are 

two typical ways to obtain inductances in the healthy and fault models. However, experimental 

measurement of inductances for different fault scenarios (under ITSC faults) would be 

impossible at a machine design stage.  

In [49], [111], [112], the researchers have made a simple assumption about the determination 

of the elements in the faulty inductance matrix (under ITSC fault), which assumes that they 

could be obtained from the inductances of the healthy machines. However, the validity of that 

assumption under fault are neither confirmed by FE simulations nor by the conventional 

analytical method for inductance calculation, i.e., WFA. Hence, whether it could be applied to 

multipole SPM machines is questionable. The only advantage of making that simple 
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assumption is that the faulty inductance matrix in the fault model could be determined from 

the calculated or measured phase self- and mutual-inductances of the healthy machines.  

In [99], a more accurate approach, based on FE modelling only, is adopted to calculate the 

inductances under ITSC fault. One important conclusion in [99] is that the pole number has a 

significant influence on the values of the inductance of the short-circuited turns under ITSC 

faults. However, the assumption that the mutual-inductances between any two coils are the 

same is not valid, which can be proven by WFA and FE. This is mainly because two coils that 

are closer to each other will have larger mutual-inductance values, whilst the ones that are 

further apart will have smaller values. 

2.3.1 Calculation of Inductances 

In [134], the phase self- and mutual-inductances are considered to have three components: 

 ൜
𝐿௣௛ ൌ 𝐿௚ ൅ 𝐿௟௦ ൌ 𝐿௚ ൅ 𝐿௦௟௢௧ ൅ 𝐿௘௡ௗ
𝑀௣௛ ൌ 𝑀௚ ൅𝑀௟௦ ൌ 𝑀௚ ൅𝑀௦௟௢௧ ൅ 𝑀௘௡ௗ

 (2.6) 

where 𝐿௚ , 𝑀௚  are the air-gap components and 𝐿௟௦ , 𝑀௟௦  are the leakage components, 

respectively. 𝐿௦௟௢௧, 𝑀௦௟௢௧ are the slot-leakage components, and 𝐿௘௡ௗ and 𝑀௘௡ௗ are the end-turn 

leakage components, respectively. It is worth noting that for long-drum-type SPM machines, 

the aspect ratio of which, defined as the ratio of stack length to pole pitch, is large and therefore 

the end-winding leakage components can be neglected. For the studied 3kW, 0.5MW and 3MW 

machines, the aspect ratios of them are 2.92, 8.32, and 12.64, respectively. Hence 2D FE 

simulations are enough to ensure the accuracy of the calculated inductances.  

The final inductance matrix now is split into two parts, i.e., air-gap component 𝑳௠௦
ᇱ  and slot-

leakage component 𝑳௟௦
ᇱ . 
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ൌ 𝑳௠௦ᇱ ൅ 𝑳௟௦
ᇱ  (2.7) 

Calculation of air-gap inductance components is done by WFA. Air-gap component of 

inductances can be calculated by [135]: 

 𝐿௜௝ ൌ
𝜇଴𝑟௘𝑙௘
𝑔௘

න 𝑁௜ሺ𝜙௦ሻ𝑁௝ሺ𝜙௦ሻ
ଶగ

଴
d𝜙௦ (2.8) 

where 𝑙௘ is the effective stack length, 𝑟௘ is the mean air-gap radius, 𝑔௘ is the effective air-gap 

length, 𝜇଴  is the permeability of free space. Both 𝑔௘  and 𝑟௘  for SPM machines can be 
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calculated using the method in [134]. 𝑁௜ሺ𝜙௦ሻ and 𝑁௝ሺ𝜙௦ሻ are the winding functions of the 𝑖th 

and 𝑗th windings, respectively. When an ITSC fault happens, the healthy phase winding is split 

into two parts: faulty winding and remaining healthy winding. The corresponding winding 

functions after fault (the influence of the slot opening on the derivation of winding functions is 

neglected) is illustrated in Fig. 2.6, which will be used to get the air-gap components of the 

inductances in these two windings. 

 

Fig. 2.6 Winding functions of the faulty winding (Phase A). 

The air-gap inductance component of phase A is  

 𝐿஺௚ ൌ
𝜇଴𝑟௘𝑙௘
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𝜋
2
ሺ𝑛௖ሻଶ (2.9) 

After some arrangements, the air-gap component inductance matrix is expressed as follows: 
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 (2.10) 

Slot-leakage inductance component calculation is based on the slot permeance method in 

[113]. For the studied PM machines with open slot shown in Fig. 2.7, the slot-leakage 

inductance components can be written as  
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ᇱ ൌ  
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 (2.11) 

where 𝐿௟௦,஺, 𝐿௟௦,஻, 𝐿௟௦,஼, 𝐿௟௦,௙ are the slot-leakage components of self-inductances of phases A, 

B and C and the short-circuited turns, respectively. 𝑀௟ୱ_஺௛,௙ is the slot-leakage component of 

mutual inductance between the remaining healthy phase winding and the short-circuited turns. 

According to Fig. 2.7, the unknown inductances in the slot-leakage inductance matrix are 

derived as  
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(2.14) 

where 𝑆ఠ is the slot width, ℎ௦ is the slot height, ℎ௔ and ℎ௕ represent the fault locations along 

the slot (see Fig. 2.4), and 𝑛௙ ൌ 𝑛௖ሺℎ௕ െ ℎ௔ሻ/ℎ௦  represents the number of short-circuited 

turns. 

  

Fig. 2.7 Flux distribution in open slot caused by remaining healthy winding.  

2.3.2 Results of Inductances 

To simplify the inductance calculation by FE simulations, one coil short-circuit fault is 

assumed first for the 3kW, 0.5MW and 3MW SPM machines. The machine specifications are 

given in Table 2.1, in which the rated voltage and current of the 0.5MW, 3MW machines have 

been adjusted due to the change of series/parallel connected coils into series connected coils.  
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To be consistent with WFA, in the FE model, the permanent magnets have been replaced by 

air, and the stator and rotor cores are assumed to be linear magnetic material with a relative 

permeability 𝜇௥ ൌ 10000. The inductances required in the fault model of the 3kW, 0.5MW, 

and 3MW machine calculated by FE and analytical methods are shown in Table 2.2, Table 2.3, 

and Table 2.4. 

 

Table 2.1 Key parameters of the studied SPM machines  

Rated power  3kW 0.5MW 3MW 

Rated speed (rpm) 170 32 15 

Line-line rated voltage (Vrms) 690 4830 13800 

Phase current (Arms) 2.5 62.6 139.5 

Series turns/coil 52 23 14 

Numbers of slots/poles 96/32 294/98 480/160 

Rotor outer diameter (mm) 426.4 2195.5 5000 

Stack length (mm) 110 550 1200 

Airgap length (mm) 2 2.15 5 

Table 2.2 Some inductances in mH of the 3kW machine under one coil short-circuit fault  

Method 𝐿஺஺ 𝐿஻஻⁄ /𝐿஼஼  𝑀஺஻ 𝑀஻஼⁄ /𝑀஼஺ 𝑀஻௙/𝑀஼௙ 𝑀஺௛,௙ 𝐿௙ 

2D FE 31.62 -6.1 -0.382 -1.038 3.02 

Analytical 31.96 -6.627 -0.414 -1.165 3.16 

RE (%) 1.1 8.6 8.4 12.2 4.8 

Note: ‘relative error’ is abbreviated to ‘RE’. 

 

Table 2.3 Some inductances in mH of the 0.5MW machine under one coil short-circuit fault 

Method 𝐿஺஺ 𝐿஻஻⁄ /𝐿஼஼  𝑀஺஻ 𝑀஻஼⁄ /𝑀஼஺ 𝑀஻௙/𝑀஼௙ 𝑀஺௛,௙ 𝐿௙ 

2D FE 182.55 -25.33 -0.518 -1.42 5.14 

Analytical 188.98 -27.37 -0.559 -1.64 5.5 

RE (%) 3.52 8 7.9 15.6 7 

Note: ‘relative error’ is abbreviated to ‘RE’. 
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Table 2.4 Some inductances in mH of the 3MW machine under one coil short-circuit fault 

Method 𝐿஺஺ 𝐿஻஻⁄ /𝐿஼஼  𝑀஺஻ 𝑀஻஼⁄ /𝑀஼஺ 𝑀஻௙/𝑀஼௙ 𝑀஺௛,௙ 𝐿௙ 

2D FE 150 -18.9 -0.24 -0.66 2.53 

Analytical 145.98 -20.1 -0.25 -0.74 2.57 

RE (%) -2.7 6.35 6.4 13 1.5 

Note: ‘relative error’ is abbreviated to ‘RE’. 

It can be found that there is generally a reasonably good match between the FE and analytical 

results although the discrepancy for the mutual inductances is relatively larger. This relatively 

large difference in the mutual inductances is mainly due to the fact that, in WFA, the negative 

part of the air-gap flux density (or magneto-motive force) generated by the short-circuited coil 

is assumed to be constant at different angular positions, as shown in Fig. 2.6. This is not the 

case as predicted by the FE model, which shows that the air-gap flux density far away from the 

short-circuited coil has reduced value.  

2.4 Simulation Results 

2.4.1 One Coil Short-Circuit Fault 

Due to the limitation of voltage source excitation in the FE simulations, three phase balanced 

sinusoidal voltages are fed to the studied 3kW SPM machine and its rotor mechanical speed is 

kept constant during the whole operation period. It is worth mentioning that the FE simulations 

for the 0.5MW and 3MW SPM machines using the same method with the Dell Precision Tower 

5820 PC workstation would take more than one month to complete, hence the FE simulations 

for those machines using voltage source excitation have not been carried out. In this section, 

one coil short-circuit fault has been selected as an example, and the results for a single turn 

short-circuit fault will be introduced in section 2.4.2. 

2.4.1.1 Linear Magnetic Core Material 

To validate the proposed analytical model, a core material with a relative permeability 𝜇௥ ൌ

10000 is used first. Fig. 2.8 shows the currents in the healthy and short-circuited coils before 

and after one coil short-circuit. Here, the 3kW machine operates under rated condition and with 

id = 0 control. In Fig. 2.8, the legend of the proposed analytical model is marked as “Proposed”, 

the direct FE simulation results are labelled with “FE”, and the results obtained using the 

analytical model proposed in [49] have also been added for the purpose of comparison.  
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(a) Current in healthy coils 

 

(b) Currents in the short-circuited coil 

Fig. 2.8 Currents in the healthy coils and the short-circuited coil before and after one coil 

short-circuit.  

From Fig. 2.8, without considering the core saturation, a very good match (the errors 

between the currents of the analytical and FE models are less than 1%) can be observed between 

the results obtained by the proposed analytical (based on Matlab/Simulink) and the FE models. 

However, if the influence of the pole number and the spatial distribution of coils on the 

determination of the inductances under the ITSC faults is neglected like that in [49], the phase 

current and the faulty coil current will be overestimated. In addition, the change in currents due 

to the one-coil short-circuit fault is also obvious. This is particularly the case for the current in 

the faulty coil, the peak value of which has increased from 4.24A to 38.6A. The change in 

phase currents and faulty coil current will also have an impact on the electromagnetic torque 

generated by the machine, as shown in Fig. 2.9. 
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It is worth noting that the cogging torque obtained by the FE model has already been 

incorporated into the Simulink model to accurately capture the torque ripple characteristic 

before and after the one coil short-circuit fault. It can be observed that although there is a slight 

discrepancy, both models predict a slight increase in torque ripple after the one-coil short-

circuit fault. 

 

Fig. 2.9 Change of on-load torque of the 3kW SPM machine before and after the one coil 

short-circuit fault.  

To validate the accuracy of the proposed analytical model under different operating 

conditions, Fig. 2.10 shows the results of peak currents of phase A and the short-circuited coil 

before and after the one coil short-circuit fault.  

 

Fig. 2.10 Peak values of phase A currents of the 3kW SPM machine before and after one coil 

short-circuit fault. 
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As with the previous analysis, the phase current (essentially q-axis current) is maintained 

constant to produce the rated torque and only the rotor speed is changed. The good agreement 

in the simulated results at different rotor speeds further confirms that the proposed analytical 

model is accurate. 

2.4.1.2 Nonlinear Magnetic Core Material 

If the core saturation is considered, there will be some discrepancy between the simulated 

results obtained by the proposed analytical (based on Matlab/Simulink) and the non-linear FE 

models, as shown in Fig. 2.11. In order to improve the model accuracy while considering the 

core saturation effect in the Simulink model, the proposed method in Fig. 2.3 has been 

employed. As can be seen from Fig. 2.11 that the error between the currents of the analytical 

and FE models is now reduced from 16% to 8%. It should be mentioned that only one iteration 

in Fig. 2.3 is used to obtain the on-load PM flux linkages and the saturated inductances in the 

Simulink model. This is why there is still an 8% difference between the analytical and FE fault 

currents. More iterations will reduce this difference further but will be more time consuming 

and add extra model complexity.  

 

Fig. 2.11 Currents in the faulty coil when the saturation is considered in the analytical and FE 

models. 

2.4.2 Single Turn Short-Circuit Fault 

Similar to the one coil short-circuit fault, the single turn short-circuit fault has also been 

investigated, and the results are shown in Fig. 2.12. A generally good agreement can be 

observed between the results obtained by the analytical (based on Matlab/Simulink) and the 

FE models.  
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(a) Current in the healthy coils 

 

(b)  Current in the short-circuited turn 

Fig. 2.12 Currents in the healthy coils and short-circuited turn before and after one turn short-

circuit fault. 

It is noticed that under the single turn short-circuit fault, the faulty phase turn ratio is 𝜇 ൌ

1/832, which is too small to cause variations in current waveforms in the healthy windings. 

However, as expected, the single turn short-circuit leads to the highest short-circuit current 

(almost 27 times the rated current while for the one coil short circuit fault, it is about 10 times). 

This extremely large single turn short-circuit current could lead to serious local overheating 

problems. Therefore, it is still important to detect such faults in order to take measures to 

prevent further damage to the machine. However, this is out of scope of this thesis and would 

be part of our future research. 
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increase linearly with the rotor speed for the full investigated speed range. This phenomenon 

can be explained by using the voltage equation of the short-circuited path to predict the 

amplitude of the short-circuited current.  

 

Fig. 2.13 Peak currents in phase A of the 3kW SPM machine before and after single turn 

short-circuit fault.  

To simplify the analysis, it is assumed that after the ITSC fault, the motor currents are almost 

unchanged. If all harmonics in the phase currents and back-EMFs are neglected, then the 

following equation to predict the amplitude of the short-circuited current for the 3kW SPM 

machine is valid  

 
𝐼௙ ൎ

𝜇𝜔௥𝜆௠

ටሺ𝜇𝑅௦ሻଶ ൅ ൫𝜔௥𝐿௙൯
ଶ
 

(2.15) 

where 𝜆௠ is the amplitude of the open-circuit phase flux linkage. When the rotor speed is low, 

the resistance in the denominator of (2.15) is much greater than the reactance, thus the 

amplitude of the short-circuited current increases linearly with the rotor speed. If the rotor 

speed goes higher and higher, the reactance will become the more important term in the 

denominator, and the amplitude of the short-circuited current will become almost constant, 

similar to what is shown in Fig. 2.10. It is estimated that the maximum short-circuit current for 

the one coil short-circuit fault is about 40.5A. However, the maximum single-turn short-circuit 

current is much higher, up to 1419.9A. If 𝜔௥𝐿௙ ൌ 1/3𝜇𝑅௦ is used as the critical point for the 

“linear region” in the current-speed curves, then for the one-coil short-circuit fault, the critical 

rotor speed is about 23rpm, beyond which the increase rate of short-circuit current reduces. 

However, for the single turn short-circuit fault, the critical rotor speed for the “linear region” 
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is around 803rpm. This means that the single-turn short-circuit current will increase linearly 

with rotor speed within a quite wide speed range. 

2.4.3 Performance Comparison of Different Power Ratings 

It is worth noting that the proposed analytical model is general for all SPM machines with 

series-connected coils and can be used to investigate the fault performance of SPM machines 

with different power ratings. A comparison in terms of fault tolerant capability amongst SPM 

machines with different power ratings, e.g. 3kW, 0.5MW and 3MW has been carried out, and 

the results are shown in Fig. 2.14 and Fig. 2.15.  

 

Fig. 2.14 Normalized short-circuit current vs coil faulty turns ratio. 

 

Fig. 2.15 Normalized short-circuit current vs phase faulty turns ratio. 

In this comparative study, considering that the core saturation will not lead to a big difference 
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one entire coil short-circuited faults for the 3kW machine have been carried out to compare 

against the analytical model based on Matlab/Simulink. 

However, the FE modelling for higher power ratings is significantly time consuming because 

large number of slots and poles exist and full models are needed when inter-turn short-circuits 

occur, and hence it has not been carried out in this chapter. In addition, all data points in Fig. 

2.14 and Fig. 2.15 are obtained when the machine operates under rated condition and with id = 

0A control. It is apparent from Fig. 2.14 and Fig. 2.15 that large-power SPM machines with 

series-connected coils are generally more fault-tolerant to the ITSC fault, but they are still 

vulnerable to ITSC fault when a relatively small number of turns are short-circuited. 

2.5 Conclusion 

This chapter presents a general analytical model for evaluation of fault performance of 

multipole PM wind power generators with different power ratings under inter-turn short-circuit 

(ITSC) faults. Simulation results from 2D FE and Simulink models match quite well when a 

linear magnetic material is used, which verifies the accuracy of the proposed analytical model. 

It is found that the influence of pole number and spatial distribution of the coils on the 

determination of inductances under ITSC faults cannot be neglected when the number of short-

circuited turns in one coil is large. It is also found that the developed analytical model could be 

used to obtain current profiles, which can be used as inputs in the nonlinear FE fault model to 

obtain the saturated inductances and on-load PM flux linkages in order to improve the accuracy 

of the predicted fault performance under core saturation. As for the fault-tolerant capability, 

large power machines with all coils connected in series are generally much more fault-tolerant 

to ITSC fault. However, they are still vulnerable to ITSC faults when relatively small number 

of turns are short-circuited.  
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Chapter 3 Fault Modelling and Analysis of SPM 

Machines with Parallel-Connected Coils 

This chapter presents a general analytical fault model in a compact matrix form for surface-

mounted permanent magnet (SPM) machines with parallel-connected coils, which is useful to 

study the machine performance under the inter-turn short circuit (ITSC) fault. Then the 

multiphase Clarke transformation has been proposed to simplify the fault model. In the model, 

the branch currents rather than the phase currents are employed as state variables to describe 

machine behaviours under fault. Additionally, self- and mutual-inductances are obtained by 

winding function approach (WFA) plus slot permeance method. The proposed analytical fault 

model is applied to a 3 kW 96-slot 32-pole SPM machine and validated by time-stepping FE 

simulations.  

 

Related Publications: 

[MEI23b] Z. T. Mei, G. J. Li, Z. Q. Zhu, R. Clark, A. Thomas, and Z. Azar, “Modelling and Analysis of Inter-

Turn Short-Circuit Fault of PM Machines with Parallel-Connected Coils,” IEEE Trans. Energy Convers., vol. 38, 

no. 2, pp. 1268-1279, Jun. 2023. 
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3.1 Introduction  

In chapter 2, a general analytical model of surface-mounted permanent magnet (SPM) 

machines with series-connected coils under ITSC faults was proposed, in which the 

inductances neglecting the end-turn leakage component under faults were calculated by 

analytical method, i.e., WFA plus slot permeance method. However, the fault modelling of 

medium and large-power electrical machines equipped with series-parallel-connected 

windings, although much more complicated, is more desirable [86], [87], [109].  

In [109], the transient behaviour of the salient-pole synchronous machines with internal 

stator winding faults including ITSC fault was modelled by the multi-loop circuit method. In 

the developed fault model, stator branch currents were transformed into loop currents and used 

as state variables to consider the practical series-parallel winding configurations of salient-pole 

synchronous machines. The authors in [109] also concluded without proof that the accuracy of 

the simulation results using inductances determined by analytical techniques was similar to 

those with inductances obtained by linear FEA.  

In [86], the authors calculated the machine inductances of a synchronous machine with 

series-parallel windings based on the WFA to study different internal faults like ground fault 

and phase-to-phase short circuit fault.  

In [87], the authors explained the reason for choosing branch currents as state variables when 

a large-power electrical machine was subject to one type of internal faults. Furthermore, eight 

types of faults including the ITSC fault for a 370MVA salient-pole synchronous generator with 

fractional-slot winding are simulated using a Hypersim real-time simulator. However, the 

inductance calculation involved, and the large number of first-order differential equations 

required to establish the fault model make the internal fault modelling of large salient-pole 

synchronous generators quite complex and challenging. Furthermore, not much physical 

insight is provided.  

Other researchers in [109] tried to simplify the calculation of large number of inductances 

in the analytical fault model. However, their assumptions may not be easily applicable to other 

types of machines.  

Despite the progress made by the authors in [86], [87], [109], [136], no relatively simple and 

general analytical fault model has been developed, which is mainly due to the saliency and 

complex winding arrangement of synchronous machines.  

In [88], the authors proposed some ITSC fault models of fractional-slot SPM machines 

employing series and parallel winding connections. It was assumed that all branch currents in 
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healthy phases (phases B and C) were equal when the ITSC fault occurred in one of the faulty 

phase (phase A) branches of a 6-pole-9-slot SPM motor. This may not be true for integer-slot 

SPM machines. In [89], the authors analysed different modes of ITSC fault in SPM motors 

with multi-strand windings and made the same assumption as that of [88]. However, both [88] 

and [89] did not provide a relatively simple analytical method to obtain the inductances in the 

fault model.  

Unlike the progress made by [86]–[89], [109], this chapter proposes a relatively simple 

general analytical model in a compact matrix form for SPM machines with parallel-connected 

coils under inter-turn short circuit (ITSC) fault. Then the multiphase Clarke transformation has 

been proposed to simplify the fault model. It is worth mentioning that, in this chapter, the core 

saturation has been neglected for inductance calculation using the developed analytical 

technique and for fault model simplification using the multiphase Clarke transformation.  

In the fault model, branch currents rather than the phase currents are used as state variables 

to describe the machine behaviours under ITSC fault. In addition, to simplify the process of 

inductance calculation, the windings of the analysed SPM machines are integer slot, single-

layer, and distributed (slot/pole/phase (SPP) equal to 1), which are often the cases for winding 

structures adopted by large SPM wind power generators. Based on this simple winding 

configuration, inductances in the fault model have been obtained by winding function approach 

(WFA) plus slot permeance method.  

Particular attention has also been paid to the one-coil short-circuit fault, which is equivalent 

to the phase short-circuit fault for the winding configuration (one coil per parallel branch) 

investigated in this chapter. The proposed fault model is applied to a 3kW 96-slot 32-pole SPM 

machine, which is built in Matlab/Simulink and validated by time stepping FE simulations. It 

is worth mentioning that in this chapter, the core saturation has been neglected during the 

inductance calculation and simulations. However, in chapter 7, on the experimental validation 

of the developed fault model, nonlinear inductances obtained from both measurement and 3D 

FE models are employed. More details will be given in chapter 7.  

3.2 Modelling of ITSC Fault of SPM Wind Generator 

This section gives a brief introduction to the analytical and FE modelling of ITSC fault of 

SPM wind generator with parallel-connected coils.  
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3.2.1 Analytical Modelling Neglecting the Core Saturation 

One example of the parallel-connected coils of the studied SPM machine under an ITSC 

fault is shown in Fig. 3.1, where the fault is assumed to occur in the first branch of phase A. 

As mentioned previously, the winding of the analysed SPM machines is integer slot, single-

layer, and distributed, as shown in Fig. 3.2. This means that the number of coils in one phase 

winding is identical to the number of pole pairs 𝑝, and for the studied 96-slot 32-pole SPM 

machine, 𝑝 ൌ 16. This can be seen in Fig. 3.1, i.e., when one parallel branch has one coil only, 

16 parallel branches will contain 16 coils in total.    

 

 

Fig. 3.1 Circuit schematic of the studied PM machines under an ITSC fault.  

 

Fig. 3.2 Cross-section of the studied SPM machine with overlapping windings. 

In addition, to simplify the analyses, the short-circuited turns of the faulty coil A1 are 

labelled as A1_fm, and the remaining healthy turns are marked as A1_ht and A1_hb, the 

meanings of which will be detailed in section 3.2.2. The mutual inductances between the short-
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circuited turns and other coils such as 𝑀஺ଵ௙,஺ଵ଺, 𝑀஺ଵ௙,஻ଵ, and 𝑀஺ଵ௙,஼ଵ଺, etc. are also shown in 

Fig. 3.1.  

From Fig. 3.1, the circuit branch voltage equations representing the relationship between 

branch-to-neutral voltages, EMFs, and branch currents under ITSC fault can be written in a 

compact matrix form as  

 ൥
𝐯஺
𝐯஻
𝐯஼
൩ ൌ ൥

𝐋஺஺ 𝐌஺஻ 𝐌஺஼
𝐌஻஺ 𝐋஻஻ 𝐌஻஼
𝐌஼஺ 𝐌஼஻ 𝐋஼஼

൩
d
d𝑡
൥
𝐢஺
𝐢஻
𝐢஼
൩ ൅ 𝑅ୡ୭୧୪ ൥

𝐢஺
𝐢஻
𝐢஼
൩ ൅ ൥

𝐞஺
𝐞஻
𝐞஼
൩ െ ൦

𝑅஺ଵ௙
0
⋮
0

൪ 𝑖௙ െ ቎
𝐌஺௙

𝐌஻௙

𝐌஼௙

቏
d𝑖௙
d𝑡

 (3.1) 

where 𝐯, 𝐢, and 𝐞 are column vectors representing branch-to-neutral voltages (𝑣), branch back-

EMFs (𝑒) or branch currents (𝑖) for the phases A, B and C windings. Each column vector has 

𝑝 entries, and 𝑝 is the number of pole pairs as mentioned previously. For example, the column 

vector 𝐯஺ ൌ ሾ𝑣஺ଵ 𝑣஺ଶ ⋯ 𝑣஺௣ሿ் has a size of 𝑝 ൈ  1. Additionally, 𝑖௙  is the current in the 

short-circuit path as shown in Fig. 3.1. As for 𝐋஺஺ , 𝐌஺஻ , 𝐌஺஼  and 𝐌஻஼ , they describe the 

inductive coupling between two coils/branches in the same phase or in two different phases. In 

this thesis, they are termed as branch inductance matrices and expressed as  

 𝐋௫௫ ൌ

⎣
⎢
⎢
⎢
⎢
⎡
𝐿௫ଵ௫ଵ 𝑀௫ଵ௫ଶ 𝑀௫ଵ௫ଷ ⋯ 𝑀௫ଵ௫௣

𝑀௫ଶ௫ଵ 𝐿௫ଶ௫ଶ 𝑀௫ଶ௫ଷ ⋯ 𝑀௫ଶ௫௣

𝑀௫ଷ௫ଵ 𝑀௫ଷ௫ଶ 𝐿௫ଷ௫ଷ ⋯ 𝑀௫ଷ௫௣

⋮ ⋮ ⋮ ⋱ ⋮
𝑀௫௣௫ଵ 𝑀௫௣௫ଶ 𝑀௫௣௫ଷ ⋯ 𝐿௫௣௫௣ ⎦

⎥
⎥
⎥
⎥
⎤

 (3.2) 

 

 𝐌௫௬ ൌ ൫𝐌௬௫൯
்
ൌ

⎣
⎢
⎢
⎢
⎢
⎡
𝑀௫ଵ௬ଵ 𝑀௫ଵ௬ଶ 𝑀௫ଵ௬ଷ ⋯ 𝑀௫ଵ௬௣

𝑀௫ଶ௬ଵ 𝑀௫ଶ௬ଶ 𝑀௫ଶ௬ଷ ⋯ 𝑀௫ଶ௬௣

𝑀௫ଷ௬ଵ 𝑀௫ଷ௬ଶ 𝑀௫ଷ௬ଷ ⋯ 𝑀௫ଷ௬௣

⋮ ⋮ ⋮ ⋱ ⋮
𝑀௫௣௬ଵ 𝑀௫௣௬ଶ 𝑀௫௣௬ଷ ⋯ 𝑀௫௣௬௣⎦

⎥
⎥
⎥
⎥
⎤

 (3.3) 

where 𝑥  and 𝑦  designate the phase windings, namely, A, B and C. 𝐋௫௫  describes all the 

inductive couplings of the same or different coils/branches in the same phase winding, and 

𝐌௫௬ describes the inductive couplings between two different coils/branches in two different 

phase windings. In addition, both of them have the size of 𝑝 ൈ 𝑝, and 𝑝 is the number of pole 

pairs. 

For example, in (3.2), 𝐿஺௜஺௜ (𝑖 ൌ 1,2,⋯ ,𝑝) is the self-inductance of branch 𝐴𝑖 winding, and 

𝑀஺௜஺௝ ( 𝑖 ് 𝑗; 𝑖 ൌ 1,2,⋯ ,𝑝; 𝑗 ൌ 1,2,⋯ , 𝑝 ) is the mutual inductance between two different 

branches Ai and Aj in phase A winding. Similar explanation applies to other branch inductance 

matrices. It is worth noting that all these branch inductance matrices are circulant matrices. 
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One important characteristic of circulant matrices is that the elements of each row are identical 

to those of the previous row, but are moved one position to the right and wrapped around [105], 

[137]. Its mathematical form is as follows  

 circ൫𝑐଴, 𝑐ଵ,⋯ , 𝑐௣ିଵ൯ ൌ

⎣
⎢
⎢
⎢
⎡
𝑐଴ 𝑐ଵ 𝑐ଶ ⋯ 𝑐௣ିଵ
𝑐௣ିଵ 𝑐଴ 𝑐ଵ ⋯ 𝑐௣ିଶ
𝑐௣ିଶ 𝑐௣ିଵ 𝑐଴ ⋯ 𝑐௣ିଷ
⋮ ⋮ ⋮ ⋱ ⋮
𝑐ଵ 𝑐ଶ 𝑐ଷ ⋯ 𝑐଴ ⎦

⎥
⎥
⎥
⎤

 (3.4) 

In addition, 𝑅ୡ୭୧୪ in (3.1) is the coil resistance, and 𝑅௙  is the contact resistance between 

short-circuited points. In the following case studies for the 3kW machine, 𝑅௙ is set to be zero 

for simplicity. 

For the short-circuited path, the voltage equation is expressed as  

 
൫𝑅௙ ൅ 𝑅஺ଵ௙൯𝑖௙ ൅ 𝐿஺ଵ௙,஺ଵ௙

d𝑖௙
d𝑡

െ 𝑒஺ଵ௙ െ 𝑅஺ଵ௙𝑖஺ଵ

ൌ ൫𝐌஺௙൯
் d𝐢஺

d𝑡
൅ ൫𝐌஻௙൯

் d𝐢஻
d𝑡

൅ ൫𝐌஼௙൯
் d𝐢஼

d𝑡
 

(3.5) 

Regarding the short-circuited turns, 𝑅஺ଵ௙ , 𝐿஺ଵ௙,஺ଵ௙ , and 𝑒஺ଵ௙  are their resistance, self-

inductance, and back EMF. It could be easily found that 𝑒஺ଵ௙ ൌ 𝜇ଵ𝑒஺, in which the coil faulty 

turn ratio in one phase winding is defined as 𝜇ଵ ൌ 𝑛௙/𝑛௖  for the studied integer-slot SPM 

machines. As for 𝑛௙ and 𝑛௖, they are the number of short-circuited turns in one coil and the 

total number of turns per coil, respectively. The last remaining terms, 𝐌஺௙, 𝐌஻௙, and 𝐌஼௙, are 

faulty inductance vectors related to the short-circuited turns and they can be written as  

 ൞

𝐌஺௙ ൌ ሾ𝐿஺ଵ௙,஺ଵ௙ ൅ 𝑀஺ଵ௛,஺ଵ௙ 𝑀஺ଶ,஺ଵ௙ ⋯ 𝑀஺௣,஺ଵ௙ሿ்

𝐌஻௙ ൌ ሾ𝑀஻ଵ,஺ଵ௙ 𝑀஻ଶ,஺ଵ௙ ⋯ 𝑀஻௣,஺ଵ௙ሿ்                       

𝐌஼௙ ൌ ሾ𝑀஼ଵ,஺ଵ௙ 𝑀஼ଶ,஺ଵ௙ ⋯ 𝑀஼௣,஺ଵ௙ሿ்                        
 (3.6) 

It can be seen that 𝐿஺ଵ௙,஺ଵ௙ is the self-inductance of the short-circuited turns and 𝑀஺ଵ௛,஺ଵ௙ 

represents the mutual inductance between the remaining healthy turns and short-circuited turns 

of the faulty coil, A1. 

For the Y-connected stator windings with parallel coil connection, the sum of three phase 

currents must be zero as described by 

 ෍𝑖஺௞

௣

௞ୀଵ

൅෍ 𝑖஻௞

௣

௞ୀଵ

൅෍ 𝑖஼௞

௣

௞ୀଵ

ൌ 0 (3.7) 

Furthermore, if the branch back-EMFs in (3.1) contain harmonics and no neutral line is 

introduced, then the branch-to-neutral voltages cannot be directly obtained from the line 
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voltages under ITSC fault. Considering the “circulant” characteristic of the above branch 

inductance matrices and current constraints, the sum of the 3-phase voltages will be  

 𝑣஺ ൅ 𝑣஻ ൅ 𝑣஼ ൌ ሺ𝑒஺ ൅ 𝑒஻ ൅ 𝑒஼ሻ െ
1
𝑝
቎𝑅஺ଵ௙𝑖௙ ൅ ቌ෍൫𝐌஺௙ ൅ 𝐌஻௙ ൅ 𝐌஼௙൯௞

௣

௞ୀଵ

ቍ
d𝑖௙
d𝑡
቏ (3.8) 

where 𝑣஺, 𝑣஻, and 𝑣஼ are the three branch-to-neutral voltages. On the other hand, 𝑒஺, 𝑒஻, and 

𝑒஼ are the three branch back-EMFs. It is worth noting that all the branch-to-neutral voltages 

belonging to the same phase such as 𝑣஺ଵ to 𝑣஺௣ and the corresponding branch back-EMFs are 

equal in the study. In the meantime, to be concise, ൫𝐌஺௙ ൅ 𝐌஻௙ ൅𝐌஼௙൯௞ is used to denote the 

kth element of the sum of three faulty inductance vectors 𝐌஺௙, 𝐌஻௙, and 𝐌஼௙. 

In addition, line voltages 𝑣஺஻  and 𝑣஻஼  can be expressed in terms of branch-to-neutral 

voltages 𝑣஺ and 𝑣஻ as  

𝑣஺஻ ൌ 𝑣஺ െ 𝑣஻ (3.9) 

 𝑣஻஼ ൌ 𝑣஻ െ 𝑣஼ ൌ 𝑣஺ ൅ 2𝑣஻ െ ሺ𝑣஺ ൅ 𝑣஻ ൅ 𝑣஼ሻ (3.10) 

Equations (3.8), (3.9) , and (3.10) can be used to find the phase voltages (or branch-to-neutral 

voltages) from line voltages. 

Once the currents in the healthy and faulty windings are determined, the torque under ITSC 

fault can be calculated by  

 𝑇௘ ൌ 𝑝
ሺ𝐞஺ሻ்𝐢஺ ൅ ሺ𝐞஻ሻ்𝐢஻ ൅ ሺ𝐞஼ሻ்𝐢஼ െ 𝑒஺ଵ௙𝑖௙

𝜔௥
൅ 𝑇௖௢௚ (3.11) 

where 𝜔௥ is the rotor electrical speed (rad/s), 𝑇௖௢௚ is the cogging torque calculated by using 

FEA. 

From the above equations for the fault model, it can be seen that the complexity of the 

analytical fault model using branch currents as state variables in the stationary reference frame 

depends on the number of parallel branches. It is worth noting that the number of differential 

equations in the equivalent first-order system to describe the machine behaviour under ITSC 

fault is 3𝑝 ൅ 2 for the studied machine with parallel-connected coils. The larger the number of 

parallel branches, the more effort is required to build the analytical fault model in 

Matlab/Simulink. In section 3.4, one model simplification method using the multiphase Clarke 

transformation will be proposed to significantly reduce the model complexity. 
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3.2.2 FE Modelling 

To verify the results obtained by the proposed analytical fault model, 2D FE simulations 

(using JMAG software package) for the outer rotor 3 kW 96-slot 32-pole SPM machine with 

parallel coils have been carried out in this chapter. Under ITSC fault, considering that the 

current distribution in the three phase windings of the machine becomes asymmetric, full rather 

than partial FE model is employed and illustrated in Fig. 2.4, in which only part of the full 

model is used to show the potential location of the ITSC fault more clearly.  

Additionally, the faulty machine is fed by voltage sources (as shown in Fig. 3.1) to more 

accurately predict the changes in phase currents and short-circuit current in FE simulations. 

The coil having ITSC fault shown in Fig. 2.4 is represented by three FEM coils, as illustrated 

in Fig. 3.1. One of the three FEM coils represents the remaining healthy turns at the bottom of 

the two slots where ITSC fault occurs, marked as A1_hb, and one at the top, named as A1_ht. 

The short-circuited turns in the middle are described by the A1_fm FEM coil. This arrangement 

will lead to balanced three phase back-EMFs when the switch in Fig. 3.1 is open, i.e., the 

machine is healthy and open-circuited.  

3.3 Inductance Calculation  

One of the most important tasks of fault modelling is to determine the parameters in the fault 

model, especially the inductances in all branch inductance matrices. Experimental 

measurement and theoretical calculation are two typical ways to obtain inductances in the 

machine model.  

In the past, for the purpose of machine control, the equivalent phase self- and mutual 

inductances or dq-axis inductances of healthy machines were often measured. Actually they 

represent the combined effect of all elements in branch inductance matrices, which can be seen 

in section 3.4.1. However, under fault, it is required that the value of every individual element 

of branch inductance matrices is known prior to establishing the fault model. When large 

number of fault scenarios need to be investigated, the measurement of individual inductance 

element in the branch inductance matrices will become impractical. In addition, it is not 

realistic to measure many inductances at the machine design stage. Due to these reasons, 

theoretical calculation especially analytical calculation of inductances in those branch 

inductance matrices without considering the core saturation as a first approximation becomes 

important for initial study of ITSC fault modelling.  
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3.3.1 Calculation of Inductances  

As mentioned in chapter 2, the three components of the phase self- and mutual inductances 

are air-gap, slot-leakage, and end-turn leakage inductances. As mentioned in chapter 2, for the 

3kW machine, the end-turn leakage component has also been neglected due to its relatively 

shorter end-windings. 

The air-gap component of inductances can be also calculated by WFA shown in (2.8) of 

chapter 2. When an ITSC fault happens, the healthy coil A1 is divided into two parts: faulty 

turns and remaining healthy turns. The corresponding winding functions after fault is illustrated 

in Fig. 3.3, which will be used to calculate the air-gap component of inductances related to 

these two “coils” with different numbers of turns.  

After determining the winding functions of other coils according to the winding layout 

shown in Fig. 3.3, all elements of the branch inductance matrices can be evaluated by 

calculating the air-gap and slot-leakage inductances separately, using similar method as in 

[127]. It is worth noting that these branch inductance matrices are all circulant matrices, 

meaning that once the elements in the first row of a circulant matrix are known, all the elements 

of the whole matrix can be determined. The final results are given as   

 

⎩
⎪
⎨

⎪
⎧
𝐿஺ଵ஺ଵ ൌ 𝐿஻ଵ஻ଵ ൌ 𝐿஼ଵ஼ଵ ൌ 𝐿ଵ ሺ𝑗 ൌ 1, 2,⋯ ,𝑝ሻ
𝑀஺ଵ஺௝ ൌ 𝑀஻ଵ஻௝ ൌ 𝑀஼ଵ஼௝ ൌ 𝑀ଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑝ሻ
𝑀஺ଵ஻ଵ ൌ 𝑀஻ଵ஼ଵ ൌ 𝑀஺ଵ஼௣ ൌ 𝑀ଶ

𝑀஺ଵ஻௝ ൌ 𝑀஻ଵ஼௝ ൌ 𝑀ଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑝ሻ
𝑀஺ଵ஼௝ ൌ 𝑀஺ଵ஼ଵ ൌ 𝑀ଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑝 െ 1ሻ

 (3.12) 

with  

 

⎩
⎪⎪
⎨

⎪⎪
⎧𝐿ଵ ൌ

𝜇଴𝑟௘𝑙௘
𝑔௘

ሺ2𝑝 െ 1ሻ
2𝑝ଶ

𝜋ሺ𝑛௖ሻଶ ൅ 2ሺ𝑛௖ሻଶ𝜇଴𝑙௘ ൤
ℎ௦

3𝑆ఠ
൨

𝑀ଵ ൌ
𝜇଴𝑟௘𝑙௘
𝑔௘

൬െ
1

2𝑝ଶ
൰𝜋ሺ𝑛௖ሻଶ                                      

𝑀ଶ ൌ
𝜇଴𝑟௘𝑙௘
𝑔௘

൬
2𝑝 െ 3

6𝑝ଶ
൰ 𝜋ሺ𝑛௖ሻଶ                                    

 (3.13) 
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Fig. 3.3 Winding functions of the faulty coil/branch A1 in Phase A.  

 

As for the elements in the faulty inductance vectors, for brevity, they are redefined as  

 

⎩
⎪
⎨

⎪
⎧𝐿஺ଵ௙,஺ଵ௙ ൅ 𝑀஺ଵ௛,஺ଵ௙ ൌ 𝐿ଵଵ
𝑀஺௝,஺ଵ௙ ൌ 𝑀஻௝,஺ଵ௙ ൌ 𝑀ଵଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑝ሻ
𝑀஻ଵ,஺ଵ௙ ൌ 𝑀஼௣,஺ଵ௙ ൌ 𝑀ଶଶ

𝑀஼௝,஺ଵ௙ ൌ 𝑀ଵଵ ሺ𝑗 ൌ 1, 2,⋯ ,𝑝 െ 1ሻ

 (3.14) 

In terms of calculating 𝐿஺ଵ௙,஺ଵ௙  and 𝑀஺ଵ௛,஺ଵ௙ , the air-gap and slot-leakage inductance 

components (indicated by subscripts “g” and “slot”, respectively) same as those shown in 

chapter 2 have to be calculated separately as follows  

 
𝐿ଵଵ ൌ 𝐿஺ଵ௙,஺ଵ௙ ൅ 𝑀஺ଵ௛,஺ଵ௙ ൌ ൫𝐿஺ଵ௙,஺ଵ௙൯௚ ൅ ൫𝐿஺ଵ௙,஺ଵ௙൯௦௟௢௧

൅ ൫𝑀஺ଵ௛,஺ଵ௙൯௚ ൅ ൫𝑀஺ଵ௛,஺ଵ௙൯௦௟௢௧ 
(3.15) 

with  

 ൫𝐿஺ଵ௙,஺ଵ௙൯௚ ൌ
𝜇଴𝑟௘𝑙௘
𝑔௘

ሺ2𝑝 െ 1ሻ

2𝑝ଶ
ሺ𝜇ଵሻଶ𝜋ሺ𝑛௖ሻଶ  (3.16) 

 ൫𝑀஺ଵ௛,஺ଵ௙൯௚ ൌ
𝜇଴𝑟௘𝑙௘
𝑔௘

ሺ2𝑝 െ 1ሻ

2𝑝ଶ
ሾ𝜇ଵ െ ሺ𝜇ଵሻଶሿ𝜋ሺ𝑛௖ሻଶ  (3.17) 

In addition, the expressions for  ൫𝐿஺ଵ௙,஺ଵ௙൯௦௟௢௧ and ൫𝑀஺ଵ௛,஺ଵ௙൯௦௟௢௧ are the same as (2.13) and 

(2.14).  

In addition, 𝑀ଵଵ and 𝑀ଶଶ in (3.14) can be expressed as  

1 െ ଵ
ଶ௣ 𝜇ଵ𝑛௖

െఓభ
ଶ௣𝑛௖

ଶగ థೞ

ே೑ሺథೞሻ

Short-circuited turns:

𝑛௖Number of turns per coil:

గ
௣

𝑛௙ ൌ 𝜇ଵ𝑛௖

ଶగ థೞగ
௣

ேಲ೓ሺథೞሻ

Number of turns of remaining 
healthy branch winding:
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⎩
⎪
⎨

⎪
⎧ 𝑀ଵଵ ൌ െ

𝜇଴𝑟௘𝑙௘
𝑔௘

𝜇ଵ
2𝑝ଶ

𝜋ሺ𝑛௖ሻଶ 

  𝑀ଶଶ ൌ
𝜇଴𝑟௘𝑙௘
𝑔௘

ሺ2𝑝 െ 3ሻ

6𝑝ଶ
𝜇ଵ𝜋ሺ𝑛௖ሻଶ         

 (3.18) 

Equation (3.18) clearly shows that the mutual inductances between the short-circuited turns 

and other healthy coils do not have slot-leakage inductance component. With the above 

equations, all the inductance elements in the fault model have now been determined.  

3.3.2 Results of Inductance Calculation 

The machine specifications are given in Table 3.1. The winding configuration of the 3kW 

SPM machine has been changed from series-connected coils in [127] to parallel-connected 

coils. In addition, the inductance characteristics of the 3kW 96-slot 32-pole SPM healthy 

machine with parallel-connected coils calculated by FE simulations and analytical approach 

are shown in Fig. 3.4. To be consistent with the conditions that the analytical method adopts in 

determining the inductances, in the FE model, all permanent magnets have been replaced by 

air, and the stator and rotor core are assumed to be linear magnetic material with a relative 

permeability 𝜇௥ ൌ 10000 . Only the coil A1 is excited by 1A DC current. It should be 

mentioned that 𝐋஺஺ ൌ 𝐋஻஻ ൌ 𝐋஼஼  and 𝐌஺஻ ൌ 𝐌஻஼  due to symmetrical overlapping windings 

adopted by the studied SPM machines. Considering the large number of elements in a branch 

inductance matrix and the circulant property of these branch inductance matrices, only the 

absolute values [see Fig. 3.4 (a)] and the relative errors [see Fig. 3.4 (b)] of the inductances 

related to A1 coil are shown in Fig. 3.4.  

Table 3.1 Specifications of the studied SPM machine  

Rated power(kW)  3 Numbers of slots/poles 96/32 

Rated speed (rpm) 170 Rotor outer diameter (mm) 426.4 

Line voltage (Vrms) 43.1 Stator outer diameter (mm) 401.1 

Phase current (Arms) 40 Airgap length (mm) 2 

Series turns/coil 52 Stack length (mm) 110 
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(a) Absolute values of some 2D FE inductances 

 

(b) Relative errors of some inductances 

Fig. 3.4 Characteristics of inductances between A1 branch/coils and other branches/coils.  

The relative error [൫𝑀஺௝஺ଵ൯ୖ୉] using 𝑀஺௝஺ଵ as an example in Fig. 3.4 (b) is given by 

 ൫𝑀஺௝஺ଵ൯ୖ୉  ൌ
൫𝑀஺௝஺ଵ൯୅୬ୟ୪୷୲୧ୡୟ୪ െ ൫𝑀஺௝஺ଵ൯୊୉

൫𝑀஺௝஺ଵ൯୊୉
ൈ 100 (3.19) 

where ൫𝑀஺௝஺ଵ൯୅୬ୟ୪୷୲୧ୡୟ୪  is the mutual inductance calculated by analytical approach, and 

൫𝑀஺௝஺ଵ൯୊୉ is obtained by FE simulations. 

From Fig. 3.4 (b), the following conclusions could be drawn:  

 The self-inductance can be accurately predicted with a relative error of around 5%. 

 The relative errors of mutual inductances between two adjacent coils are generally 

the smallest, which is smaller than 20%. 
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 The relative errors of mutual inductances between two coils farthest apart from each 

other is the biggest, up to 50%. 

However, when two coils/branches are farther apart (the difference between the indices of 

branches will be bigger), their mutual inductances are much smaller compared to those of coils 

close to each other, as shown in Fig. 3.4 (a). Therefore, although larger relative error is 

observed between some analytically calculated and FE inductances, this may not have a 

significant impact on the performance prediction such as healthy and short-circuit currents, 

torque, etc.  

A further calculation of the equivalent phase self- and mutual inductances of 3-phase 

windings has been carried out, and it is shown in Table 3.2. The calculation of the equivalent 

inductances of 3-phase windings with parallel-connected coils will be detailed in the section 

3.4.1. 

Table 3.2 Equivalent self- and mutual-inductances (mH) of 3-phase windings 

Method 𝐿஺஺ 𝑀஺஻ 𝑀஺஼ 

FE 0.1233 -0.02388 -0.02386 

Analytical 0.1246 -0.02589 -0.02589 

Relative error (%) 1.1 8.4 8.4 

 

Again, as explained previously, the much smaller differences in equivalent phase self- and 

mutual-inductances of 3-phase windings indicate that there would only be small errors in 

predicting phase currents of healthy machines by analytical and linear FE models. On the other 

hand, the results of relative errors of some inductances related to the short-circuited turns (see 

Fig. 3.5) are very much the same as those shown in Fig. 3.4, i.e., similar conclusions can also 

be made. It should be mentioned that all the inductance results are obtained without considering 

the core saturation. 
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Fig. 3.5 Relative error of inductances related with short-circuited turns. Here 20 out of 52 

turns are short-circuited. 𝑀஺ଵ௛,஺ଵ௙is the mutual inductance between the healthy and faulty 

turns in the branch/coil A1. 

 

3.4 Model Simplification using Multiphase Clarke 

Transformation 

Although the fault model in a compact matrix form is proposed using branch currents as 

state variables in the stationary reference frame, not much physical insight can be provided. In 

addition, it is difficult to build the fault model using Matlab/Simulink if the number of pole 

pairs is large. Therefore, it would be much better if the fault model could be simplified. After 

all the branch inductance matrices are determined analytically, it is found that all of them are 

circulant matrices like those of a healthy multiphase machine. Therefore, when the original 

branch currents, voltages, and back-EMFs are transformed into new variables using a 

multiphase Clarke transformation matrix 𝐂 , the fault model can be simplified. This 

simplification process can be expressed as  

 ቎
𝐟஺
ᇱ

𝐟஻
ᇱ

𝐟஼
ᇱ
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𝟎 𝟎 𝐂

൩ ൥
𝐟஺
𝐟஻
𝐟஼
൩ (3.20) 

where 𝐟஺
ᇱ , 𝐟஻

ᇱ , 𝐟஼
ᇱ  are the corresponding transformed branch current, voltage, and back-EMF 

vectors. In this thesis, the multiphase Clarke transformation matrix 𝐂  adopts the power 

invariant form, expressed as (3.31). This means that 𝐂ି𝟏 ൌ 𝐂், so that  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Index of branch #j

R
el

a
ti

ve
 e

rr
o

r 
o

f 
in

d
u

ct
a

n
ce

s
(%

)

20 of 52 turns 
are short-
circuited

Analytically and 
FE determined 
inductances

-30

-20

-10

0

10

20

30

40

50

𝑗 ൌ 1, 𝑀஺ଵ ,஺ଵ௙ ୖ୉
 is 𝐿஺ଵ௙ ,஺ଵ௙ ൅ 𝑀஺ଵ௛ ,஺ଵ௙ ୖ୉

𝑀஺௝ ,஺ଵ௙ ୖ୉
𝑀஻௝ ,஺ଵ௙ ୖ୉
𝑀஼௝ ,஺ଵ௙ ୖ୉



 

61 

 ൥
𝐟஺
𝐟஻
𝐟஼
൩ ൌ ൥

𝐂் 𝟎 𝟎
𝟎 𝐂் 𝟎
𝟎 𝟎 𝐂்

൩  ቎
𝐟஺
ᇱ

𝐟஻
ᇱ

𝐟஼
ᇱ
቏ (3.21) 

3.4.1 General Case: ITSC Fault 

The new voltage equations after the multiphase Clarke transformation can be written as  
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0
⋮
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𝐌஻௙

𝐌஼௙

቏
d𝑖௙
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(3.22) 

where 𝐋௫௫ᇱ ൌ 𝐂𝐋௫௫𝐂𝑻, 𝐌௫௬
ᇱ ൌ 𝐂𝐌௫௬𝐂𝑻. “𝑥” and “𝑦” represent different windings of phases A, 

B, and C. If the inductances calculated by analytical method are employed in this analytical 

model, then 𝐋௫௫ᇱ  and 𝐌௫௬
ᇱ  become diagonal or block diagonal matrices as follows: 

 𝐋௫௫ᇱ ൌ diag൫ሺ𝐿ଵ ൅ ሺ𝑝 െ 1ሻ𝑀ଵሻ, ሺ𝐿ଵ െ 𝑀ଵሻ, ሺ𝐿ଵ െ 𝑀ଵሻ,⋯ , ሺ𝐿ଵ െ 𝑀ଵሻ൯ (3.23) 

and 

 𝐌஺஻
ᇱ ൌ 𝐌஻஼

ᇱ ൌ diag൫ሺ𝑀ଶ ൅ ሺ𝑝 െ 1ሻ𝑀ଵሻ, ሺ𝑀ଶ െ𝑀ଵሻ, ሺ𝑀ଶ െ 𝑀ଵሻ,⋯ , ሺ𝑀ଶ െ𝑀ଵሻ൯ (3.24) 

and 

 ሺ𝐌஺஼
ᇱ ሻ௜௝ ൌ

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑀ଶ ൅ ሺ𝑝 െ 1ሻ𝑀ଵ   𝑖 ൌ 𝑗 ൌ 1

ሺ𝑀ଶ െ𝑀ଵሻ cos ൬
2𝜋𝑘
𝑝
൰   𝑖 ൌ 𝑗 ൌ 2𝑘 or 2𝑘 ൅ 1

ሺ𝑀ଶ െ𝑀ଵሻ sin ൬
2𝜋𝑘
𝑝
൰   𝑖 ൌ 2𝑘, 𝑗 ൌ 2𝑘 ൅ 1

െሺ𝑀ଶ െ𝑀ଵሻ sin ൬
2𝜋𝑘
𝑝
൰   𝑖 ൌ 2𝑘 ൅ 1, 𝑗 ൌ 2𝑘

െሺ𝑀ଶ െ𝑀ଵሻ   𝑖 ൌ 𝑗 ൌ 𝑝

 (3.25) 

In (3.25), 𝑝 is assumed to be an even integer, and the integer 𝑘 can vary from 1 to ሺ𝑝 െ 2ሻ/2. 

Other elements equal to zero in ሺ𝐌஺஼
ᇱ ሻ௜௝ are not listed. If 𝑝 is odd, then the integer 𝑘 can only 

vary from 1 to ሺ𝑝 െ 1ሻ/2. 

Therefore, the model is greatly simplified considering that the number of state variables in 

every first-order differential equation is reduced from 3𝑝 ൅ 1 to the minimum value (only 3 to 

5 state variables exist after transformation).  

The new voltage equation for the short-circuited path can be written by  
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൫𝑅௙ ൅ 𝑅஺ଵ௙൯𝑖௙ ൅ 𝐿஺ଵ௙,஺ଵ௙
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d𝑡
൅ ൫𝐂𝐌஼௙൯

் d𝐢஼
ᇱ

d𝑡
  

(3.26) 

where ሺ𝐂்𝐢஺
ᇱ ሻଵ is the first element of the vector 𝐂்𝐢஺

ᇱ . Finally, the torque equation now can be 

expressed as  

 𝑇௘ ൌ
𝑝
𝜔௥

൫𝑒஺𝑖஺ ൅ 𝑒஻𝑖஻ ൅ 𝑒஼𝑖஼ െ 𝑒஺ଵ௙𝑖௙൯ ൅ 𝑇௖௢௚ (3.27) 

It should be mentioned that 𝐯௫ᇱ ൌ ሾ𝑣௫ 0 ⋯ 0ሿ் , 𝐞௫ᇱ ൌ ሾ𝑒௫ 0 ⋯ 0ሿ் . If 𝑖௙ ൌ 0 , 

indicating that the machine is healthy, then only three transformed voltage equations with 

nonzero excited voltages and back-EMFs are useful, others are redundant. This means that, by 

using the multiphase Clarke transformation, the healthy machine model using branch currents 

as state variables can be reduced to that using phase currents as state variables. In other words, 

the mathematical model for machines with parallel-connected coils is the same as that with 

equivalent series-connected coils under healthy operation if the relationship of equivalent phase 

(self- and mutual-) inductances between the series and parallel windings are used  

 𝐿୮ୟ୰ୟ୪୪ୣ୪ ൌ
1
𝑝ଶ
𝐿ୱୣ୰୧ୣୱ  𝑀୮ୟ୰ୟ୪୪ୣ୪ ൌ

1
𝑝ଶ
𝑀ୱୣ୰୧ୣୱ (3.28) 

Similarly, the relationship of resistance between series and parallel windings can also be 

established. Finally, the equivalent phase self- and mutual-inductances for parallel-connected 

coils can be expressed by  
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 (3.29) 

3.4.2 Special Case: One-Coil Short-Circuit Fault 

For the studied machine with parallel-connected coils, the one-coil short-circuit fault is 

equivalent to one-phase short-circuit fault. When this fault occurs, the circuit branch voltage 

equations are changed to the following form  

 ൥
𝐯஺
𝐯஻
𝐯஼
൩ ൌ ൥

𝐋஺஺ 𝐌஺஻ 𝐌஺஼
𝐌஻஺ 𝐋஻஻ 𝐌஻஼
𝐌஼஺ 𝐌஼஻ 𝐋஼஼

൩
d
d𝑡
቎
𝐢஺௙
𝐢஻
𝐢஼
቏ ൅ 𝑅ୡ୭୧୪ ቎

𝐢஺௙
𝐢஻
𝐢஼
቏  ൅ ൥

𝐞஺
𝐞஻
𝐞஼
൩ (3.30) 

where 𝐢஺௙ ൌ ሾ𝑖஺ଵ െ 𝑖௙ 𝑖஺ଶ ⋯ 𝑖஺௣ሿ். The multiphase Clarke transformation in (3.20) now 

should be applied to 𝐢஺௙ vector directly, and it can be proven that all coil currents under one-
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phase short-circuit fault are equal. Here, the current of the first coil A1 is 𝑖஺ଵ െ 𝑖௙. Under this 

situation, it is sufficient to use 3-phase currents as state variables to describe the machine 

behaviour, and a system of 5 first-order differential equations is enough to model the machine 

behaviour under the one-coil short-circuit fault (one-phase short-circuit fault). This will make 

the analysis and simulation much simpler. 
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The multiphase Clarke transformation matrix is shown in (3.31) [138], [139] 
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 (3.31) 

 

In (3.31), one assumption is made that the number of pole pairs is even. If the number of pole pairs is odd, then the last row in (3.31) should be 

deleted and all ሺ𝑝 െ 2ሻ/2 terms appeared in the last three rows should be replaced by ሺ𝑝 െ 1ሻ/2.  
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3.5 Simulation Results  

Due to the limitation of voltage source excitation in the FE simulations, 3-phase balanced 

sinusoidal voltages are fed to the studied 3kW SPM machine to obtain rated torque before fault 

and its rotor mechanical speed is kept constant during the whole operation period. Then, 

different fault severities such as one-coil, half-a-coil and single-turn short-circuits have been 

investigated. Some representative results of the one coil, half-a-coil and single-turn faults have 

been provided in this section.  

3.6 One Coil Short-Circuited 

One coil short-circuit has been selected as the first example here to verify the proposed 

analytical model. Fig. 3.6 shows currents in the faulty coil A1 before and after the one-coil 

short-circuit fault, which are obtained from the linear FE model (a relative permeability 𝜇௥ ൌ

10000 is used for the stator and rotor core material) and simplified analytical model using 

branch currents (or phase currents) as state variables. A good agreement can be observed 

between the analytical and FE results. It is also found that after the one-coil short-circuit, the 

current in the short-circuited coil has been increased by almost 17 times (from 4.37A to 73.2A). 

In Fig. 3.7 and Fig. 3.8, simulation results of three phase currents and on-load torque are 

presented. In Fig. 3.7, only results from the analytical model are shown because results 

obtained from the FE and analytical models match well.  

 

Fig. 3.6 Current in the faulty coil A1 before and after the one-coil short-circuit fault. 
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Fig. 3.7 3-phase currents before and after the one-coil short-circuit fault.  

As the one-coil short-circuit for parallel-connected coils is equivalent to one phase short-

circuit, the amplitude of current in phase A grows quite significantly, about 34.5 times that 

before the fault. In addition, the phase and amplitude of the currents in phases B and C are very 

much similar and the amplitude is 17.7 times higher than that before the fault. This change in 

three phase currents leads to significant change in the on-load torque in Fig. 3.8, i.e., the torque 

ripple significantly increases although the average torque has been maintained at a similar level 

as that before the fault. In Fig. 3.8, the developed electromagnetic torque has negative values 

at some rotor positions, meaning that the motor is changing from the motoring mode to the 

generating mode. This is mainly because the 3-phase currents are now dramatically unbalanced 

as shown in Fig. 3.7 and the developed electromagnetic torque, as the product of them and the 

corresponding 3-phase back EMFs, will yield the dc component and the fundamental 

component whose frequency is 2 times the electrical frequency. The appearance of some other 

higher even order harmonics in the torque profile can be analysed in a similar way if the 

currents and the corresponding back EMFs are approximated by the partial sum of their low-

order harmonics such as the 1st, 3rd, 5th, and 7th harmonics. For example, the interaction 

between the fundamental component of the 3-phase back-EMFs and the third harmonic of 3-

phase currents, typically will not appear before the fault, will yield the second and fourth 

harmonics in the torque waveform.  
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Fig. 3.8 On-load torque of the 3kW SPM machine before and after the one-coil short-circuit 

fault. 

 

3.7 Half a Coil (50% Turns of a Coil) Short-Circuited 

For the half-a-coil short-circuited case, ℎ௔ ൌ ℎ௦/𝑛௖  and ℎ௕ ൌ ሺ0.5𝑛௖ ൅ 1ሻℎ௦/𝑛௖  are 

chosen. Fig. 3.9 shows the currents in the faulty coil A1 before and after the half-a-coil short-

circuit fault.  
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(b) Current in the short-circuited turns 

Fig. 3.9 Current waveforms before and after the half-a-coil short-circuit fault.  

It could be easily seen that there is a very small discrepancy in simulation results from the 

two models. Compared with the one-coil short-circuit fault case, the amplitude of the short-

circuit current increased from 75A to 90A. This is mainly because the short-circuit current is 

almost inversely proportional to the number of short-circuited turns. When the number of short-

circuited turns reduces, the amplitude of short-circuit current generally increases. 

However, although the short-circuit current increases, lower number of turns being short-

circuited means that the impact of fault on on-load torque is less significant, as shown in Fig. 

3.10.  

 

Fig. 3.10 On-load torque of the 3 kW SPM machine before and after the half-a-coil short-

circuit fault. 
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On the other hand, some branch currents of phases B and C are shown in Fig. 3.11. It is 

found that not all branch currents in the remaining healthy phase windings are the same. In 

fact, the branch currents of phases B and C next to the faulty branch of phase A are significantly 

affected, meaning that the changes in 𝑖஻ଵ, 𝑖஻ଵ଺, 𝑖஼ଵ, and 𝑖஼ଵ଺ are greater compared with other 

branch currents in phases B and C when the ITSC fault occurs in A1 branch.  

 

(a) Branch currents of phases B 

 

(b) Branch currents of phases C 

Fig. 3.11 Some branch currents of phases B and C.  

Although it is not shown here, the branch currents 𝑖஻ଶ to 𝑖஻ଵହ in phase B (or 𝑖஼ଶ to 𝑖஼ଵହ in 

phase C) are almost the same. In addition, it is found that the behaviour of branch currents of 

phase C is different from that of phase B. This is mainly because the mutual inductances 

𝑀஺ଵ஻ଵ ് 𝑀஺ଵ஼ଵ  and 𝑀஺ଵ஻ଵ଺ ് 𝑀஺ଵ஼ଵ଺ . If both of them were equal, then the two branch 
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inductance matrices 𝐌஺஻ ൌ 𝐌஺஼  and 𝐌஻௙ ൌ 𝐌஼௙, leading to the same behaviour of branch 

currents in the two phases after the ITSC fault. 

3.8 Single Turn Short-Circuited 

As for the single-turn short-circuited case, it is assumed that the fault occurs at the bottom 

of the slot, and ℎ௔ ൌ ℎ௦/𝑛௖ is chosen. Fig. 3.12 shows the currents in the faulty coil A1 before 

and after the single-turn short-circuit fault.  

 

(a) Current in the remaining healthy turns 

 

(b) Current in the short-circuited turn 

Fig. 3.12 Current waveforms before and after the single-turn short-circuit fault.  

As mentioned previously, the single-turn short-circuit current is the largest, up to 100A, 

about 28 times the rated current. However, it does not lead to great changes to the currents in 

the remaining healthy turns as shown in Fig. 3.12 (a). Although not shown, the currents in the 
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other healthy branches are almost unchanged. Therefore, considering that only 1 of 52 turns is 

short-circuited, the impact of fault on on-load torque is negligible, which is shown in Fig. 3.13. 

 

Fig. 3.13 On-load torque of the 3kW SPM machine before and after the single-turn short-

circuit fault. 

3.9 Currents at Different Speeds under Half-a-Coil Short-

Circuit Fault 

It is worth mentioning that the results in the previous section are obtained under the rated 

speed only. To further verify the accuracy of the proposed analytical model, simulations under 

half-a-coil short-circuit fault at different rotor speeds have been carried out. The amplitudes of 

the currents of phase A and faulty turns are shown in Fig. 3.14.  

It is found that the ITSC current and postfault phase current increase almost linearly with 

the rotor speed. This is mainly due to the increase in back-EMF of the short-circuited turns. If 

the rotor speed keeps increasing, the fault current can be much higher than the rated current. 

This means that early fault detection is critical, otherwise, if the fault is left undetected and 

untreated, the affected coils could be overheated, leading to catastrophic damage to the entire 

machine. 
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Fig. 3.14 Peak currents of phase A and faulty turns before and after half-a-coil short-circuit 

fault. 

3.10 Conclusion 

This chapter presents a general analytical model in a compact matrix form for PM wind 

generators with parallel-connected coils under ITSC fault. Inductance calculations using the 

developed analytical approach in chapter 2 for the SPM machines with parallel-connected coils 

have been carried out. Then the multiphase Clarke transformation has been proposed to 

simplify the fault model. Such model simplification method may be extended to other types of 

electrical machines with similar winding configurations, no matter how many phases the 

machines have.  

For the sake of generality, different fault scenarios have been investigated using the proposed 

analytical model, in which the branch currents are used as state variables. First of all, the 

inductances in the fault model have been calculated by the proposed analytical approach, which 

have been compared against FE predictions when the core saturation is neglected. Overall good 

agreement has been observed except for the mutual inductances between two coils farther apart. 

However, these mutual inductances are very small. Then, these inductances have been used in 

the fault model built in Matlab/Simulink for a 3kW machine to predict the machine 

performance such as healthy and short-circuit currents and on-load torque before and after 

various short-circuit faults. The accuracy of the proposed analytical fault model has been 

validated by 2D time-stepping FE simulations. The analytical model developed in this chapter 

can be very useful for model-based fault detection and mitigation of large wind power 

generators, for which the FE or magnetic equivalent circuit modelling can be very time-

consuming due to large number of slots and poles.  
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Chapter 4 In-depth Investigation of Inter-Turn Short-

Circuit Faults of SPM Machines with Series-Parallel Coil 

Connections 

Based on the developed general analytical fault model for SPM machines with parallel-

connected coils in chapter 3, this chapter proposes the general analytical fault model for SPM 

machines with series-parallel coil connections. The inductances in the fault model are derived 

for SPM machines with series-parallel coil connections by the same analytical method as in the 

previous two chapters: winding function approach (WFA) together with slot permeance 

method. Based on the characteristics of the calculated inductances and the developed fault 

model, the multiphase Clarke transformation is found to be still useful for simplifying the fault 

model. In the process of model simplification, the healthy machine model using branch currents 

as state variables has been proven to be equivalent to that using 3-phase currents as state 

variables. The proposed fault models of a 3kW 96-slot 32-pole SPM machine with different 

series-parallel coil connections have been built in Matlab/Simulink and validated by time-

stepping 2D FE simulations. Simulation results show that different series-parallel coil 

connections have little influence on the amplitude of the ITSC current.  

Related Publications: 

[Mei23c] Z. T. Mei, G. J. Li, Z. Q. Zhu, R. Clark, A. Thomas, and Z. Azar, “In-depth Investigation of Inter-Turn 

Short-Circuit Faults of PM Machines with Series-Parallel Coil Connections,” IET Electr. Power Appl., pp. 1–9, 

Apr. 2023. 

 

 

 



 

74 

4.1 Introduction 

In chapter 3, the relatively simple and general analytical fault model for SPM machines with 

parallel-connected coils has been proposed. Based on that fault model, the general analytical 

fault model for SPM machines with series-parallel connected coils can be easily found. 

However, the fault model simplification using the multiphase Clark transformation matrix in 

that chapter is based on the analytical inductances derived for SPM machines with parallel-

connected coils. Whether the fault model simplification method can be extended to SPM 

machines with series-parallel coil connections has not been proven.  

This chapter continues to adapt the fault model proposed in chapter 3 so that it can be applied 

to SPM machines with series-parallel connected coils and calculate the inductances in the fault 

model by the same analytical method as in the previous two chapters. In addition, whether the 

fault model with analytical inductances can be simplified using the multiphase Clark 

transformation matrix will be explored. The winding of the analysed SPM machines is still 

single-layer, full-pitch and distributed [slot/pole/phase (SPP) is equal to 1], which is often the 

case for large PM generators used in wind power. 

Due to this simple winding structure, inductances of the fault model can be calculated easily 

by analytical methods such as the winding function approach (WFA) together with slot 

permeance method. It is worth noting that the core saturation has been neglected during the 

analytical calculation of the inductances. Once the inductances are determined, it is found that 

the multiphase Clarke transformation can still be used to simplify the fault model based on the 

characteristics of the calculated inductances and the concise block matrix form of the developed 

fault model. As an example, fault models of a 3kW 96-slot 32-pole SPM machine with different 

series-parallel coil connections, have been built in Matlab/Simulink based on the proposed fault 

model and model simplification method, and they have been validated by time-stepping 2D FE 

simulations. 

It should be mentioned that in this chapter, the core saturation has not been considered during 

the inductance calculations. However, in chapter 7, to validate the developed fault models, a 

small scale 24-slot 8-pole SPM machine has been built and tested, and nonlinear inductances 

obtained from both measurement and 3D FE models are employed. More simulated and 

measured results will be shown in Chapter 7.  
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4.2 Analytical Modelling Neglecting the Core Saturation  

A schematic representation of series-parallel coil connections of a SPM machine is shown 

in Fig. 4.1, where the ITSC fault is assumed to be in the first branch (A1 branch) of phase A. 

Here it is also assumed that one parallel branch has r coils in series, and n parallel branches of 

one phase will therefore contain 𝑝 ൌ 𝑟 ൈ 𝑛 coils in total, where 𝑝 is the number of pole pairs. 

This is because the windings of the analyzed SPM machines shown in Fig. 4.2 are single-layer, 

integer-slot and distributed, thus the number of pole pairs 𝑝 is the same as the number of coils 

in one phase winding. To simplify the analyses, in the following sections of this chapter, rS×nP 

will be used to represent the windings with r series coils (in each branch) and n parallel 

branches (in each phase).  

 

Fig. 4.1 Circuit schematic of the studied SPM machines under ITSC fault. One FEM coil 

contains r coils in series, and each phase has n parallel branches.  

In addition, the short-circuited turns of the A11 faulty coil is named as A11_fm shown in 

Fig. 4.1. In the FE geometry model, assuming that the short-circuited turns A11_fm are 

somewhere in the middle of the affected slots, then A11_ht and A11_hb will represent the 

remaining healthy turns at the top and at the bottom of the affected slots, respectively. As for 

A1_hc, it represents the remaining healthy 𝑟 െ 1 coils of A1 branch. Some mutual inductances 

between the short-circuited turns and the other branches such as 𝑀஺ଵ௙,஺௡, 𝑀஺ଵ௙,஻ଵ, 𝑀஺ଵ௙,஼௡, etc 

are also illustrated in Fig. 4.1.  
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Fig. 4.2 The studied SPM machine with integer slot overlapping windings. 

 

From Fig. 4.1, the voltage equations for every circuit branch can be easily derived from (3.1) 

in chapter 3 and expressed in a compact matrix form  

 ൥
𝐯஺
𝐯஻
𝐯஼
൩ ൌ ൥

𝐋஺஺ 𝐌஺஻ 𝐌஺஼
𝐌஻஺ 𝐋஻஻ 𝐌஻஼
𝐌஼஺ 𝐌஼஻ 𝐋஼஼

൩
d
d𝑡
൥
𝐢஺
𝐢஻
𝐢஼
൩ ൅ 𝑅ୡୠ ൥

𝐢஺
𝐢஻
𝐢஼
൩ ൅ ൥

𝐞஺
𝐞஻
𝐞஼
൩ െ ൦

𝑅஺ଵ௙
0
⋮
0

൪ 𝑖௙ െ ቎
𝐌஺௙

𝐌஻௙

𝐌஼௙

቏
d𝑖௙
d𝑡

 (4.1) 

where column vectors 𝐯, 𝐢, and 𝐞 represents branch-to-neutral voltages (𝑣), branch back-EMFs 

( 𝑒 ) or branch currents ( 𝑖 ) for the phases A, B and C windings. For instance, 𝐯஺ ൌ

ሾ𝑣஺ଵ 𝑣஺ଶ ⋯ 𝑣஺௡ሿ் , and it has 𝑛 entries, where 𝑛 is the number of parallel branches defined 

earlier. Additionally, 𝑖௙  is the current in the short-circuit path as shown in Fig. 4.1. As for 𝐋௫௫ 

and 𝐌௫௬ (“𝑦” represents another phase winding different from 𝑥), they are branch inductance 

matrices introduced in chapter 3. Here they all have a size of 𝑛 ൈ 𝑛. In addition, 𝑅ୡୠ in (2.1) is 

the branch resistance, and 𝑅஺ଵ௙ is the resistance of the short-circuited turns. The elements of 

three column vectors 𝐌஺௙, 𝐌஻௙, and 𝐌஼௙ represent the inductive couplings between the short-

circuited turns and the branches in all three phases, and they have the same meanings except 

the dimensions as those explained in chapter 3.  

As for the voltage equation of the short-circuited path, it is the same as (3.5). However, it is 

worth mentioning that 𝑒஺ଵ௙ ൌ ሺ𝜇ଵ 𝑟⁄ ሻ𝑒஺ is the back EMF of the short-circuited turns, where 

the coil faulty turn ratio 𝜇ଵ is defined as 𝜇ଵ ൌ 𝑛௙ 𝑛௖⁄  for the studied integer-slot SPM machines 

and 𝑒஺ is the branch back-EMF of phase A.  

For a wye-connected 3-phase windings having series-parallel coil connections, the branch 

currents need to obey the Kirchhoff’s current law such as  

A B C

Rotor

Stator

B11
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 ෍𝑖஺௞

௡

௞ୀଵ

൅෍ 𝑖஻௞

௡

௞ୀଵ

൅෍ 𝑖஼௞

௡

௞ୀଵ

ൌ 0 (4.2) 

Additionally, if there are space harmonics in the branch back EMFs in (2.1) and the neutral 

point is not accessible, then the three branch-to-neutral (or phase) voltages 𝑣஺ , 𝑣஻ , and 𝑣஼ 

cannot be determined directly from the line voltages 𝑣஺஻  and 𝑣஻஼  under the ITSC fault. 

However, if the “circulant” characteristic of branch inductance matrices and the constraint of 

branch currents are considered, adding all circuit branch voltage equations will give  

 𝑣஺ ൅ 𝑣஻ ൅ 𝑣஼ ൌ ሺ𝑒஺ ൅ 𝑒஻ ൅ 𝑒஼ሻ െ
1
𝑛
൥𝑅஺ଵ௙𝑖௙ ൅ ൭෍൫𝐌஺௙ ൅ 𝐌஻௙ ൅ 𝐌஼௙൯௞

௡

௞ୀଵ

൱
d𝑖௙
d𝑡
൩ (4.3) 

where 𝑒஻and 𝑒஼ are branch back-EMFs of phase B and C, respectively. ൫𝐌஺௙ ൅𝐌஻௙ ൅𝐌஼௙൯௞ 

indicates the kth element of the sum of 𝐌஺௙, 𝐌஻௙, and 𝐌஼௙. 

When the sum of the three branch-to-neutral voltages in (4.3) is known, the two line voltages 

𝑣஺஻ and 𝑣஻஼  can be found using (3.9) and (3.10). In addition, the torque equation is the same 

as (3.11).  

4.3 Inductance Calculation 

This section will detail how to calculate all the elements in the nine branch inductance 

matrices and the three faulty inductance vectors.  

4.3.1 Calculation of Inductances 

It has been mentioned in the chapter 2 that there are three components in the phase self- and 

mutual- inductances. Based on the similar reasons as in the chapter 2, only the air-gap and slot-

leakage inductance components will be calculated in the inductance calculations in this chapter.  

If the branch A1 in Fig. 4.1 has an ITSC fault, the branch A1 will be separated into two parts: 

the faulty turns (A11_fm) and the remaining healthy turns (A11_hb, A11_ht, and A1_hc). The 

corresponding winding functions of the A1 branch with ITSC fault is depicted in Fig. 4.3, 

which can be used to obtain the air-gap components of inductances related to the short-circuited 

turns.  

On the other hand, the corresponding winding function of a healthy branch Am (m=1, 2,∙∙∙, 

n) in phase A is shown in Fig. 4.4, and it can be used to derive all the elements in the 𝐋஺஺ 

branch inductance matrix. The corresponding winding functions of a healthy branch of phases 

B and C can also be found in a similar way, and they can be used to find all the elements in the 

other branch inductance matrices. 
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Fig. 4.3 Winding functions of faulty branch A1 in Phase A. 

 

 

Fig. 4.4 The winding function of a healthy branch Am (m=1, 2,∙∙∙, n) in Phase A. 

 

After the winding functions of other branches are derived, all elements of the branch 

inductance matrices can be calculated using WFA together with the slot permeance method as 

detailed in [127]. It is found that all branch inductance matrices are still circulant matrices. 

According to the characteristic of the circulant matrices, once the elements in the first row are 

known, all the elements of the circulant matrices can be determined accordingly. As a result, 

all the inductances needed for the fault modelling can be obtained as  
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⎩
⎪
⎪
⎨

⎪
⎪
⎧
𝐿஺ଵ஺ଵ ൌ 𝐿஻ଵ஻ଵ ൌ 𝐿஼ଵ஼ଵ ൌ 𝐿ଵ
𝑀஺ଵ஺௝ ൌ 𝑀஻ଵ஻௝ ൌ 𝑀஼ଵ஼௝ ൌ 𝑀ଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑛ሻ
𝑀஺ଵ஻ଵ ൌ 𝑀஻ଵ஼ଵ ൌ 𝑀ଶ
𝑀஺ଵ஻௝ ൌ 𝑀஻ଵ஼௝ ൌ 𝑀ଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑛ሻ
𝑀஺ଵ஼௝ ൌ 𝑀ଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑛 െ 1ሻ
𝑀஺ଵ஼ଵ ൌ 𝑀ଵ ൅𝑀ఈ
𝑀஺ଵ஼௡ ൌ 𝑀ଵ ൅𝑀ఉ

 (4.4) 

with  
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𝑟ሺ2𝑝 െ 𝑟ሻ
2𝑝ଶ

𝜋ሺ𝑛௖ሻଶ ൅ 2𝑟ሺ𝑛௖ሻଶ𝜇଴𝑙௘ ൤
ℎ௦

3𝑆ఠ
൨

𝑀ଵ ൌ
𝜇଴𝑟௘𝑙௘
𝑔௘

ቆെ
𝑟ଶ

2𝑝ଶ
ቇ 𝜋ሺ𝑛௖ሻଶ  and 𝑀ଶ ൌ െ

ሺ2𝑝 െ 3𝑟ሻ

3𝑟
𝑀ଵ

𝑀ఉ ൌ
𝜇଴𝑟௘𝑙௘
𝑔௘

1
3𝑝

 𝜋ሺ𝑛௖ሻଶ  and   𝑀ఈ ൌ ሺ𝑟 െ 1ሻ𝑀ఉ

 (4.5) 

where the meanings of 𝜇଴, 𝑟௘ , 𝑙௘, 𝑔௘, ℎ௦, 𝑆ఠ and 𝑝 are the same as those in [140]. 

As for the elements in the fault inductance vectors, they are given as  

 ቐ
𝐿஺ଵ௙,஺ଵ௙ ൅ 𝑀஺ଵ௛,஺ଵ௙ ൌ 𝐿ଵଵ    𝑀஺௝,஺ଵ௙ ൌ 𝑀஻௝,஺ଵ௙ ൌ 𝑀ଵଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑛ሻ  
𝑀஻ଵ,஺ଵ௙ ൌ 𝑀஼௡,஺ଵ௙ ൌ 𝑀ଶଶ

𝑀஼௝,஺ଵ௙ ൌ 𝑀ଵଵ ሺ𝑗 ൌ 1, 2,⋯ ,𝑛 െ 1ሻ
 (4.6) 

Regarding 𝐿஺ଵ௙,஺ଵ௙  and 𝑀஺ଵ௛,஺ଵ௙ , the air-gap and slot-leakage inductance components 

(indicated by subscripts “g” and “slot”, respectively) will be also calculated separately, as those 

shown in chapter 3  

 
𝐿ଵଵ ൌ 𝐿஺ଵ௙,஺ଵ௙ ൅ 𝑀஺ଵ௛,஺ଵ௙ ൌ ൫𝐿஺ଵ௙,஺ଵ௙൯௚ ൅  ൫𝐿஺ଵ௙,஺ଵ௙൯௦௟௢௧

൅ ൫𝑀஺ଵ௛,஺ଵ௙൯௚ ൅ ൫𝑀஺ଵ௛,஺ଵ௙൯௦௟௢௧ 
(4.7) 

with 

 ൫𝐿஺ଵ௙,஺ଵ௙൯௚ ൅ ൫𝑀஺ଵ௛,஺ଵ௙൯௚ ൌ
𝜇଴𝑟௘𝑙௘
𝑔௘

ሺ2𝑝 െ 𝑟ሻ

2𝑝ଶ
𝜇ଵ𝜋ሺ𝑛௖ሻଶ (4.8) 

In addition, the expressions for  ൫𝐿஺ଵ௙,஺ଵ௙൯௦௟௢௧ and ൫𝑀஺ଵ௛,஺ଵ௙൯௦௟௢௧ are the same as (2.13) and 

(2.14).  

As for 𝑀ଵଵ and 𝑀ଶଶ in (4.6), they can be expressed as  

 𝑀ଵଵ ൌ െ
𝜇଴𝑟௘𝑙௘
𝑔௘

𝑟
2𝑝ଶ

𝜇ଵ𝜋ሺ𝑛௖ሻଶ  and 𝑀ଶଶ ൌ
ሺ3𝑟 െ 2𝑝ሻ

3𝑟
𝑀ଵଵ (4.9) 

Equations (4.5) to (4.9) show that the inductance elements in all branch inductance matrices 

and corresponding fault inductance vectors can be easily updated if the series-parallel coil 

connection 𝑟S×𝑛P of a SPM machine is changed. This means that the developed fault model 
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in this thesis is generic and can be applicable to SPM machines with different series-parallel 

coil connections. 

4.3.2 Results of Inductances  

4.3.2.1 Elements of Branch Inductance Matrices 

The key parameters of the studied 3kW SPM machine are listed in Table 4.1. This machine 

is the same as the one investigated in [140], [141], except this machine adopts different 

combinations of series-parallel-connected coils rather than series-connected or parallel-

connected coils. By way of example, the 2D FE linear inductances of the 3kW machine with 

2S×8P coil connection are shown in Fig. 4.5 (a). In Fig. 4.5 (b), the relative error of the 

inductances is the difference between the 2D analytical and FE inductances divided by the 

corresponding 2D FE inductances.  

Table 4.1 Specifications of the studied 3kW SPM machine  

 Series-parallel coil connections (𝑟S×𝑛P) 

 8S×2P 4S×4P 2S×8P 

Rated power (kW)  3  

Rated speed (rpm)  170  

Rated voltage (Vrms) 345 172.5 86.3 

Phase current (Arms) 5 10 20 

Series turns/coil  52  

Numbers of slots/poles  96/32  

Rotor outer diameter (mm)  426.4  

Stack length (mm)  110  

Airgap length (mm)  2  

To be consistent with the conditions used by the analytical method, all permanent magnets 

in the FE model are treated as air, and the stator and rotor cores are assumed to be magnetically 

linear with a relative permeability 𝜇௥ ൌ 10000. After setting these conditions for materials, 

1A DC current is then supplied to the A1 branch only, meaning all other branches in the three 

phases are open-circuited. 

Due to the symmetrical 3-phase overlapping windings adopted by the studied SPM machine, 

the branch inductance matrices 𝐋஺஺ ൌ 𝐋஻஻ ൌ 𝐋஼஼  and 𝐌஺஻ ൌ 𝐌஻஼. As mentioned earlier, the 

determination of the elements in the first row of all these branch inductance matrices will be 
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enough to determine all the elements of these matrices. Hence showing the characteristics of 

inductances only related to A1 branch is sufficient.  

 

 

(a) 2D FE inductances 

 

(b) Relative errors between analytical and FE inductances 

Fig. 4.5 Characteristics of inductances between #A1 branch and other branches. 

The relative errors between analytical and FE inductances are quite similar to those shown 

in chapter 3. Therefore, it can be concluded that although there are some large errors between 

analytical and FE inductances in Fig. 4.5 (b), due to the small values of these inductances, they 

may not have a significant impact on the accuracy of the developed fault model, as will be 

investigated in section 4.5.  
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4.3.2.2 Equivalent Phase Inductances 

Further calculations of the equivalent phase self- and mutual inductances for the 2S×8P coil 

connection have been carried out, and the results are shown in Table 4.2. It is worth noting that 

how to calculate the equivalent phase self- and mutual- inductances for 3-phase windings with 

series-parallel coil connections will be left in section 4.4.  

Table 4.2 Equivalent phase self- and mutual-inductances (mH) 

Method 𝐿஺஺ 𝑀஺஻ 𝑀஺஼ 

2D FE 0.495 -0.0953 -0.0953 

Analytical 0.499 -0.104 -0.104 

Relative Error (%) 0.9 8.9 8.9 

 

From Table 4.2, much smaller differences in the equivalent phase self- and mutual 

inductances can be observed. This means that the predicted phase currents of the healthy 

machines by the analytical and linear FE models would be very much similar. As for the 

inductance values and relative errors of inductances between the short-circuited turns and other 

branches, they are very much similar to those shown in Fig. 4.5 and hence are not presented 

here to avoid duplication. 

4.4 Model Simplification 

As mentioned in chapter 3, although the proposed fault model uses branch currents as state 

variables in the direct phase domain, it does not provide much meaningful physical insights 

because all the elements in the branch inductance matrices would not be zeros in theory, making 

the analyses very complicated. Meanwhile, it is difficult to construct a fault model in the 

Matlab/Simulink if the number of parallel branches 𝑛 is large ሺ𝑛 ൒ 10), which is very often 

the case for large-power wind generators. To simplify the fault model, i.e., to make all the 

branch inductance matrices sparse ones, in this thesis, the original branch currents, voltages 

and back-EMFs are transformed into new variables using the multiphase Clarke transformation 

matrix 𝐂 of [140] such as (4.10). More details can also be seen in equation (3.31) of chapter 3. 

The number of parallel branches 𝑛 will replace the number of pole pairs 𝑝 appearing in 𝐂 of 

equation (3.31) of chapter 3 to keep matrix dimensions consistent. 

 ቎
𝐟஺
ᇱ

𝐟஻
ᇱ

𝐟஼
ᇱ
቏ ൌ ൥

𝐂 𝟎 𝟎
𝟎 𝐂 𝟎
𝟎 𝟎 𝐂

൩ ൥
𝐟஺
𝐟஻
𝐟஼
൩ (4.10) 
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where 𝐟஺
ᇱ , 𝐟஻

ᇱ  and 𝐟஼
ᇱ  are the corresponding transformed branch current, voltage, and back EMF 

vectors. In this thesis, 𝐂 has the power invariant form, i.e., 𝐂ି𝟏 ൌ 𝐂். Therefore, it is quite easy 

to obtain 𝐟஺, 𝐟஻ and 𝐟஼ from 𝐟஺
ᇱ , 𝐟஻

ᇱ  and 𝐟஼
ᇱ  as shown in chapter 3. 

After using the multiphase Clarke transformation, the new circuit-branch voltage equations 

can be expressed as  

 

቎
𝐯஺
ᇱ

𝐯஻
ᇱ

𝐯஼
ᇱ
቏ ൌ ቎

𝐋஺஺
ᇱ 𝐌஺஻

ᇱ 𝐌஺஼
ᇱ

𝐌஻஺
ᇱ 𝐋஻஻

ᇱ 𝐌஻஼
ᇱ

𝐌஼஺
ᇱ 𝐌஼஻

ᇱ 𝐋஼஼
ᇱ
቏

d
d𝑡
቎
𝐢஺
ᇱ

𝐢஻
ᇱ

𝐢஼
ᇱ
቏ ൅ 𝑅ୡୠ ቎

𝐢஺
ᇱ

𝐢஻
ᇱ

𝐢஼
ᇱ
቏

൅ ቎
𝒆஺
ᇱ

𝒆஻
ᇱ

𝒆஼
ᇱ
቏ െ ൥

𝐂 𝟎 𝟎
𝟎 𝐂 𝟎
𝟎 𝟎 𝐂

൩൮൦

𝑅஺ଵ௙
0
⋮
0

൪ 𝑖௙ ൅ ቎
𝐌஺௙

𝐌஻௙

𝐌஼௙

቏
d𝑖௙
d𝑡
൲ 

(4.11) 

where 𝐋௫௫ᇱ ൌ 𝐂𝐋௫௫𝐂𝑻, 𝐌௫௬
ᇱ ൌ 𝐂𝐌௫௬𝐂𝑻. “𝑥” and “𝑦” represent different phases amongst A, B, 

and C. If the inductances calculated by analytical method are employed in this analytical model, 

then 𝐋௫௫ᇱ , 𝐌஺஻
ᇱ , and 𝐌஻஼

ᇱ  are diagonal matrices and 𝐌஺஼
ᇱ  is a block diagonal matrix. They can 

be expressed as  

 𝐋௫௫ᇱ ൌ diag൫ሺ𝐿ଵ ൅ ሺ𝑛 െ 1ሻ𝑀ଵሻ, ሺ𝐿ଵ െ 𝑀ଵሻ, ሺ𝐿ଵ െ 𝑀ଵሻ,⋯ , ሺ𝐿ଵ െ 𝑀ଵሻ൯ (4.12) 

and 

 𝐌஺஻
ᇱ ൌ 𝐌஻஼

ᇱ ൌ diag൫ሺ𝑀ଶ ൅ ሺ𝑛 െ 1ሻ𝑀ଵሻ, ሺ𝑀ଶ െ𝑀ଵሻ, ሺ𝑀ଶ െ 𝑀ଵሻ,⋯ , ሺ𝑀ଶ െ𝑀ଵሻ൯ (4.13) 

and 

 ሺ𝐌஺஼
ᇱ ሻ௜௝ ൌ

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝑀ఈ ൅𝑀ఉ ൅ 𝑛𝑀ଵ   ሺ𝑖 ൌ 𝑗 ൌ 1ሻ

𝑀ఈ ൅𝑀ఉ cos ൬
2𝜋𝑘
𝑛
൰   ሺ𝑖 ൌ 𝑗 ൌ 2𝑘 or 2𝑘 ൅ 1ሻ

𝑀ఉ sin ൬
2𝜋𝑘
𝑛
൰   ሺ𝑖 ൌ 2𝑘, 𝑗 ൌ 2𝑘 ൅ 1ሻ

െ𝑀ఉ sin ൬
2𝜋𝑘
𝑛
൰   ሺ𝑖 ൌ 2𝑘 ൅ 1, 𝑗 ൌ 2𝑘ሻ

𝑀ఈ െ𝑀ఉ    ሺ𝑖 ൌ 𝑗 ൌ 𝑛ሻ

 (4.14) 

In (4.14), the number of parallel branches 𝑛 is assumed to be an even integer and the range 

of integer 𝑘 is from 1 to ሺ𝑛 െ 2ሻ/2. Other elements of 𝐌஺஼
ᇱ  are all zeros if their indices (i, j) 

do not satisfy the conditions listed in (4.14). When 𝑛 is an odd integer, the range of integer 𝑘 

has to be changed to ሾ1, ሺ𝑛 െ 1ሻ/2ሿ as ሺ𝑛 െ 2ሻ/2 is no longer an integer. In addition, the last 

element such as 𝑀ఈ െ𝑀ఉ when 𝑖 ൌ 𝑗 ൌ 𝑛 in (4.14) does not exist. 

To sum up, after the transformation, the fault model is greatly reduced because the number 

of derivatives of state variables in every circuit branch voltage equation is reduced from 3𝑛 ൅
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1 to the minimum value. This means that there will only be 3 to 5 derivatives of state variables 

after the transformation. 

The transformed voltage equation for the short-circuited path will be  

 
൫𝑅௙ ൅ 𝑅஺ଵ௙൯𝑖௙ ൅ 𝐿஺ଵ௙,஺ଵ௙

d𝑖௙
d𝑡

െ 𝑒஺ଵ௙ െ 𝑅஺ଵ௙ሺ𝑪்𝐢஺
ᇱ ሻଵ

ൌ ൫𝐂𝐌஺௙൯
் d𝐢஺

ᇱ

d𝑡
൅ ൫𝐂𝐌஻௙൯

் d𝐢஻
ᇱ

d𝑡
൅ ൫𝐂𝐌஼௙൯

் d𝐢஼
ᇱ

d𝑡
 

(4.15) 

where ሺ𝐂்𝐢஺
ᇱ ሻଵ  is the first element of the vector 𝐂்𝐢஺

ᇱ . The torque equation now can be 

expressed as 

 𝑇௘ ൌ
൫𝑒஺𝑖஺ ൅ 𝑒஻𝑖஻ ൅ 𝑒஼𝑖஼ െ 𝑒஺ଵ௙𝑖௙൯

𝜔௥௠
൅ 𝑇௖௢௚ (4.16) 

It is worth mentioning that 𝑖஺ ൌ 𝑖஺ଵ ൅ 𝑖஺ଶ ൅ ⋯൅ 𝑖஺௡ ൌ √𝑛𝑖஺ଵ
ᇱ , similar relationships also 

exist between 𝑖஻  and 𝑖஻ଵ
ᇱ , 𝑖஼  and 𝑖஼ଵ

ᇱ . In addition, during the simplification process, the 

relationship between the phase self- and mutual- inductances for 3-phase windings having 

series-parallel-connected coils (LSP and MSP) and those having the series-connected coils (LS 

and MS) can be derived such as  

 

⎩
⎪
⎨

⎪
⎧ ሺ𝐿௫௫ሻௌ௉ ൌ

1
𝑛
෍ሺ𝐋௫௫ሻଵ௝

௡

௝ୀଵ

ൌ
1
𝑛ଶ
ሺ𝐿௫௫ሻௌ

൫𝑀௫௬൯ௌ௉ ൌ
1
𝑛
෍൫𝐌௫௬൯ଵ௝

௡

௝ୀଵ

ൌ
1
𝑛ଶ
൫𝑀௫௬൯ௌ

 (4.17) 

4.5 Simulation Results 

As can be seen from Fig. 4.1 in the FE simulations, the studied 3kW SPM machine is excited 

with 3-phase balanced sinusoidal voltages. In addition, the machine’s rotor mechanical speed 

is kept constant during the whole operation period to shorten the simulation time. It is also 

worth mentioning that FE and Matlab/Simulink simulations for this 3kW SPM machine with 

different coil configurations such as 8S×2P, 4S×4P and 2S×8P have been carried out under 

different fault severities and different speeds. It is found that all the FE and analytical results 

generally have good agreements.  

4.5.1 One Coil Short-Circuited  

In this section some typical simulation results of the 96-slot 32-pole SPM machine with 

different coil configurations such as 8S×2P, 4S×4P and 2S×8P under the one-coil short-circuit 

fault are shown.  
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4.5.1.1 2S×8P  

Fig. 4.6 shows some branch currents in all three phases before and after the one-coil short-

circuit fault for the 2S×8P series-parallel winding configuration. It can be seen from Fig. 4.6 

(a) that the branch currents obtained by these two models match well.  

 

(a) Branch currents of phase A 

 

(b) Branch currents of phase B 
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(c) Branch currents of phase C 

Fig. 4.6 Some branch currents of three phases before and after one-coil short-circuit fault.  

It is worth noting that 𝑖஺ଷ  to 𝑖஺଼  are very much similar to 𝑖஺ଶ , 𝑖஻ଷ  to 𝑖஻଻  are very much 

similar to 𝑖஻ଶ, and 𝑖஼ଷ to 𝑖஼଻ are very much similar to 𝑖஼ଶ. Hence they are not shown in these 

figures. Fig. 4.6 (b) and (c) show some branch currents of phases B and C. Here only the FE 

results are used, as they are very much the same as the analytical results. It is found that, 

different from the assumption made in [88], [89], the branch currents of the remaining healthy 

phases especially phase C are unequal for this integer-slot SPM machine after the ITSC fault. 

Meanwhile, the currents in the short-circuited coil predicted by the two models are shown in 

Fig. 4.7.  

 

Fig. 4.7 Currents in the short-circuited coil under the one-coil short-circuit fault.  
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It can be seen that there is a significant increase in the current of the short-circuited coil. For 

example, the amplitude of current in the short-circuited coil increases from 4.25A to 38.6A 

after the ITSC fault. This will lead to changes in the phase current, and hence changes in the 

developed electromagnetic torque, as shown in Fig. 4.8.  

 

Fig. 4.8 Change in on-load torque of the 3kW SPM machine before and after the one coil 

short-circuit fault.  

It is worth noting that, in Fig. 4.8, the cogging torque has already been included in the 

analytical model according to (4.16) to give more accurate prediction of torque ripple under 

the ITSC fault. It can be seen that after the ITSC fault, the torque ripple increases only slightly. 

This is mainly because each phase current is the sum of 8 individual branch currents. As a 

result, although some branch currents change significantly, the phase current is only slightly 

affected.  

4.5.1.2 4S×4P  

Considering that the FE results are very much the same as the analytical results, in Fig. 4.9 

all branch currents from the FE model in all three phases before and after the one-coil short-

circuit fault for the 4S×4P series-parallel winding configuration are shown. It can be easily 

seen that 𝑖஺ଷ to 𝑖஺ସ are very much similar to 𝑖஺ଶ, 𝑖஻ଷ are very much similar to 𝑖஻ଶ, and 𝑖஼ଶ, 𝑖஼ଷ 

are very much similar. Compared with the 2S×8P winding configuration, the current in the 

remaining healthy turns of A1 branch of the 4S×4P winding configuration decreases 

significantly (from 38A to 13A), meaning that the local overheating due to the one- coil short-

circuit fault in the 4S×4P winding configuration is not worse than that in the 2S×8P winding 

configuration. 
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(a) Branch currents of phase A 

 

(b) Branch currents of phase B 

 

(c) Branch currents of phase C 
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Fig. 4.9 Branch currents of three phases before and after one-coil short-circuit fault.  

In addition, different from the assumption made in [88], [89], the branch currents in the 

remaining healthy phases are not all equal for this integer-slot SPM machine after the one- coil 

short-circuit fault. As for the current in the short-circuited coil and on-load torque of the 3kW 

SPM machine before and after the one coil short-circuit fault, they are very much similar to 

those shown in Fig. 4.7 and Fig. 4.8, thus they are not provided here.  

4.5.1.3 8S×2P  

The special case of series-parallel winding configuration is that each phase winding only has 

2 parallel branches. For this case, all branch currents in all three phases before and after the 

one-coil short-circuit fault are shown in Fig. 4.10.  

 

(a) Branch currents of phase A 

 

(b) Branch currents of phase B 
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(c) Branch currents of phase C 

Fig. 4.10 Branch currents of three phases before and after one-coil short-circuit fault.  

The good agreements between the FE and analytical results can be observed in Fig. 4.10. In 

addition, it is evident that the assumption made in [88], [89], i.e., the branch currents in the 

remaining healthy phases are all equal is not valid for this integer-slot SPM machine after the 

one- coil short-circuit fault. For the same reasons as those for the 4S×4P winding configuration, 

the current in the short-circuited coil and on-load torque of the 3kW SPM machine before and 

after the one coil short-circuit fault are not shown here.  

4.5.2 Different Fault Severities  

The amplitudes of inter-turn short-circuit currents obtained by FE and Matlab/Simulink 

simulations for the 3kW SPM machine with different coil connections such as 8S×2P, 4S×4P, 

and 2S×8P and under different fault severities are shown in Fig. 4.11. Here, the fault location 

is at the bottom of the slot, i.e., ℎ௔= ℎ௦/𝑛௖. A generally good agreement between the FE and 

analytical results can also be observed. The slightly larger difference between FE and 

Matlab/Simulink results for 8S×2P and 4S×4P coil connections is mainly because the relative 

errors between the inductances obtained by linear 2D FE and analytical approaches are larger 

when the number of branches is smaller.  

It is also found that when the coil faulty turns ratio increases, the ITSC current reduces. This 

is the case for all series-parallel coil connections. The reason for this is that the ITSC current 

is mainly determined by the ratio of open-circuit flux linkage of the short-circuited turns to 

their self-inductance. When the faulty turns ratio increases, the self-inductance of the short-

circuited turns (proportional to number of turns squared) increases faster than its open-circuit 

flux linkage (proportional to number of turns). In addition, if the coil faulty turns ratio is the 
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same, different series-parallel coil connections will have negligible influence on the amplitude 

of the ITSC current. This is mainly because for all the series-parallel coil connections, the 

number of turns per coil is the same. As a result, when the coil faulty turns ratio is the same, 

the number of short-circuited turns is also identical, leading to the same ITSC current. 

 

Fig. 4.11 Amplitudes of ITSC current vs coil faulty turns ratio for different series-parallel coil 

connections.  

4.6 Conclusion 

This chapter develops a general and simple analytical model for PM wind generators with 

different series-parallel coil connections under inter-turn short-circuit (ITSC) faults. In the fault 

model, branch currents are used as state variables and inductances for different series-parallel 

coil connections are calculated by an analytical method such as winding function approach 

(WFA) together with slot permeance method. Based on the characteristics of the calculated 

inductances and the concise block matrix form of the developed fault model, the multiphase 

Clarke transformation has been proposed to simplify the fault model. In the process of model 

simplification, the healthy machine model using branch currents as state variables has been 

proven to be equivalent to that using 3-phase currents as state variables. The proposed fault 

model and model simplification method are generic and may be extended to other types of non-

PM machines and also their multiphase counterparts. Simulation results from 2D FE and 

analytical models generally match well for different fault scenarios and different coil 

connections. This validates the accuracy of the proposed fault model. The analytical fault 

model proposed in this chapter can be very useful for developing model-based fault detection 

and mitigation strategies for large wind power generators. For these machines, the modelling 

methods like FE or magnetic equivalent circuit can be very time-consuming. In addition, it can 
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also be used to evaluate the fault-tolerant abilities of SPM machines with different winding 

configurations. From the developed fault model, it is found that the branch currents of the 

remaining healthy phases under ITSC fault are not always equal and different series-parallel 

coil connections have negligible influence on the amplitude of ITSC current at the same torque 

and speed. 
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Chapter 5 Modelling and Analysis of Inter-Turn Short-

Circuit Fault for Large-Power SPM Wind Generators  

Based on the developed general analytical fault model in chapter 4, this chapter focuses on 

the fault model simplification for large-power surface-mounted permanent magnet (SPM) wind 

generators. It is found that the multiphase Clarke transformation can be used to simplify the 

proposed fault model with FE linear or nonlinear inductances. Thus the accuracy of the fault 

model with analytical inductances can be easily validated by the fault model with FE linear 

inductances when some relative errors between analytical and FE linear inductances having 

large values in the fault model are large. If more accurate predictions are required, nonlinear 

FE inductances can be used in the simplified fault model. Studies of scaling effect and influence 

of fault location considering series-parallel coil connections of PM machines with different 

power ratings (3kW, 500kW, 3MW) have been carried out. Simulation results show that large-

power SPM wind generators are vulnerable to ITSC faults when relatively small number of 

turns are short-circuited and the single turn short-circuit fault at the top of the slot is the worst 

case.  

Related Publications: 

[Mei23d] Z. T. Mei, G. J. Li, Z. Q. Zhu, R. Clark, A. Thomas, and Z. Azar, “Modelling and Analysis of Inter-

Turn Short-Circuit Fault for Large-Power SPM Wind Generators” Energies, vol. 16, no. 12, 2023. 
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5.1 Introduction 

In chapter 4, the relatively simple and general analytical fault model for SPM machines with 

series-parallel coil connections has been proposed. However, the fault model simplification 

using the multiphase Clark transformation matrix in chapter 4 is based on the analytical 

inductances derived for SPM machines. Whether the fault model with analytical inductances 

and model simplification method can be extended to large-power surface-mounted permanent 

magnet (SPM) wind generators have not been investigated. 

This chapter continues to study whether the model simplification method can be extended to 

the fault models for SPM machines with FE linear or nonlinear inductances. It is found that the 

model simplification method using the multiphase Clarke transformation can be applied to the 

fault models of large-power surface-mounted permanent magnet (SPM) wind generators. In 

fact, the model simplification method will be still valid for SPM machines with other winding 

configurations only if the branch inductance matrices are all circulant matrices.  

5.2 Inductance Calculation by FEM 

In chapter 4 the general analytical fault model has been proposed for SPM machines with 

series-parallel coil connections. The inductances in the fault model are derived for SPM 

machines with series-parallel coil connections by the same analytical method: winding function 

approach (WFA) together with slot permeance method. This section will detail the 

characteristics of inductance calculation for large-power SPM wind generators.  

Although direct FE simulation of large-power SPM wind generators under ITSC fault using 

voltage sources is quite time-consuming, inductance calculation using FEM can often obtain 

accurate results in a short time. For the studied 3MW SPM wind generator, it will only take 

about several seconds to obtain all linear inductances, and several hours to obtain all the 

nonlinear inductances using the flux linkage subtraction method when the core saturation is not 

heavy. These FE inductances can then be used in the fault model for predicting the performance 

of machines under ITSC faults. It is worth mentioning that under ITSC faults, the machine 

becomes asymmetric and therefore full FE model shown in Fig. 2.4 is necessary to calculate 

all the inductances needed in the fault model.  

In Fig. 2.4, the fault locations ℎ௔  and ℎ௕  related to the number of short-circuited turns 

(marked in red color) are highlighted. The coil having short-circuited turns shown in Fig. 2.4 

is divided into three FEM coils with different numbers of turns, shown in Fig. 2.4. The A1_hc 

FEM coil in Fig. 5.1 represents the remaining 𝑟 െ 1 healthy coils of A1 branch. With regard to 
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A11_hb and A11_ht FEM coils in Fig. 5.1, they are the remaining healthy turns at the bottom 

and top of the two affected slots having short-circuited turns. The last FEM coil A11_fm in A1 

branch of Fig. 5.1 represents the short-circuited turns in the middle of the two affected slots. In 

addition, one FEM coil in every other healthy branch of the three phase windings is used to 

indicate it has 𝑟 healthy coils connected in series.  

 

Fig. 5.1 Circuit schematic of the studied SPM wind generators under ITSC fault. 

5.3 Results of Inductances  

The main parameters of the studied SPM machines are shown in Table 5.1. The initial design 

dimensions can be found in [142], thus it is very easy to obtain them. Some analytical and 

direct FE inductance results of the 500kW machine are shown in Fig. 5.2 (a) and (b) as 

examples. In Fig. 5.2 (c), the relative error of the inductances is the difference between the 2D 

analytical and FE inductances divided by the corresponding 2D FE inductances. On the other 

hand, some analytical and direct FE inductance results of the 3MW machine are shown in Fig. 

5.3. As for the inductance results of the 3kW SPM machine with series-connected coils, they 

have been shown in chapter 2. It can be seen from Fig. 5.2 (c) that some relative errors of the 

elements in the branch inductance matrices for the 500kW SPM machine are relatively large 

for some inductances having larger values such as about 100% for 𝑀஺ଵ஻ଵ  and 𝑀஺ଵ஼ଵ. As for 

the large difference such as 500% for some very small inductance values, they might not affect 

too much the accuracy of the fault model. In Fig. 5.3, the inductances of the 3MW SPM 

machine also have similar characteristics.  
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Table 5.1 Key parameters of the studied SPM machines [142] 

Rated power  3kW 500kW 3MW 

Rated speed (rpm) 170 32 15 

Rated voltage (Vrms) 690 690 690 

Phase current (Arms) 2.5 438.2 2790 

Series-parallel winding 16S1P* 7S7P* 4S20P* 

Series turns/coil 52 23 14 

Numbers of slots/poles 96/32 294/98 480/160 

Rotor outer diameter (mm) 426.4 2195.5 5000 

Stack length (mm) 110 550 1200 

Airgap length (mm) 2 2.15 5 

*: rSnP such as 16S1P is used to represent the series-parallel winding configuration of the 

studied machines. It means r coils in series, n parallel branches.  

Considering that the fault modelling using direct FE simulations for the 500kW and 3MW 

SPM machines are very time-consuming due to their large number of slots and poles as well 

as numerous parallel branches, it seems that the validation of the fault model using analytical 

inductances by direct FE simulations becomes difficult. In addition, if the validation of the fault 

model with the analytical inductances is carried out by using the fault model with FE linear 

inductances, then first-order systems of a large number of differential equations with mostly 

non-zero coefficients have to be built, which are quite complex. 

 

(a) Analytical inductances 
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(b) 2D FE inductances 

 

(c) Relative errors between analytical and FE inductances 

Fig. 5.2 Characteristics of inductances between #A1 branch and other branches for the 

500kW SPM machine. 

However, it is found that the multiphase Clarke transformation developed in chapter 3 can 

be used to simplify the fault model with FE inductances only if the circulant property of all 

branch inductance matrices is retained. Therefore, the validation of the fault model with 

analytical inductances can be carried out by using the fault model with FE linear inductances 

in a simpler manner and the prediction of fault performance using inductances obtained by both 

analytical and FE methods is feasible. It is worth noting that the fault simulations using 

analytical inductances will be the fastest, but with nonlinear FE inductances it will be much 

more accurate.  
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(a) Analytical inductances 

 

(b) 2D FE inductances 

 

(c) Relative errors between analytical and FE inductances 
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Fig. 5.3 Characteristics of inductances between #A1 branch and other branches for the 3MW 

SPM machine. 

5.4 Model Simplification  

As mentioned in chapter 4, the developed multiphase Clarke transformation matrix can be 

used to simplify the fault model using analytical inductances. The transformed branch 

inductance matrices are 𝐋௫௫ᇱ ൌ 𝐂𝐋௫௫𝐂𝑻 ,  𝐌௫௬
ᇱ ൌ 𝐂𝐌௫௬𝐂𝑻 . If these transformed branch 

inductance matrices are sparse ones, then the fault model is greatly simplified. The general case 

would be that the branch inductance matrices such as 𝐋௫௫ and 𝐌௫௬ are circulant matrices with 

elements different to each other, which can be written as  

 circሺ𝐿଴, 𝐿ଵ,⋯ , 𝐿௡ିଵሻ ൌ

⎣
⎢
⎢
⎢
⎡
𝐿଴ 𝐿ଵ 𝐿ଶ ⋯ 𝐿௡ିଵ
𝐿௡ିଵ 𝐿଴ 𝐿ଵ ⋯ 𝐿௡ିଶ
𝐿௡ିଶ 𝐿௡ିଵ 𝐿଴ ⋯ 𝐿௡ିଷ
⋮ ⋮ ⋮ ⋱ ⋮
𝐿ଵ 𝐿ଶ 𝐿ଷ ⋯ 𝐿଴ ⎦

⎥
⎥
⎥
⎤

 (5.1) 

For brevity, 𝐋ୡ୧୰ୡ ൌ circሺ𝐿଴, 𝐿ଵ,⋯ , 𝐿௡ିଵሻ is defined. In this case if the multiphase Clarke 

transformation matrix is used, then the transformed branch inductance matrices will become 

block diagonal matrices, the elements of which are expressed as  

ሺ𝐂𝐋ୡ୧୰ୡ𝐂்ሻ௜,௝

ൌ

⎩
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎧ሺ𝐂𝐋ୡ୧୰ୡ𝐂்ሻଵ,ଵ ൌ ෍ 𝐿௛

௡ିଵ

௛ୀ଴

ሺ𝐂𝐋ୡ୧୰ୡ𝐂்ሻଶ௞,ଶ௞ ൌ ሺ𝐂𝐋ୡ୧୰ୡ𝐂்ሻଶ௞ାଵ,ଶ௞ାଵ ൌ ෍ 𝐿௛cos ቀଶగ௛
௡
ቁ

௡ିଵ

௛ୀ଴

 𝑘 ൌ 1, 2,⋯ , ௡ିଶ
ଶ

ሺ𝐂𝐋ୡ୧୰ୡ𝐂்ሻଶ௞,ଶ௞ାଵ ൌ െሺ𝐂𝐋ୡ୧୰ୡ𝐂்ሻଶ௞ାଵ,ଶ௞ ൌ െ෍𝐿௛sin ቀଶగ௛
௡
ቁ

௡ିଵ

௛ୀ଴

 𝑘 ൌ 1, 2,⋯ , ௡ିଶ
ଶ

 

ሺ𝐂𝐋ୡ୧୰ୡ𝐂்ሻ௡,௡ ൌ ሺെ1ሻ௛ ෍ 𝐿௛

௡ିଵ

௛ୀ଴

 

 
(5.2) 

In addition, the relationship between the equivalent phase self- and mutual-inductances for 

3-phase windings having series-parallel-connected coils (LSP and MSP) and those having series-

connected coils (LS and MS) can be also established as (4.17) even when nonlinear inductances 

are used.  

5.5 Model Construction Using Matlab/Simulink 

In this section how to build a general fault model in the Matlab/Simulink environment will 

be detailed using the developed fault model and model simplification method. To illustrate the 
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model structure clearly, the fault model for the 500kW SPM machine will be used here as an 

example. Based on the fault model for the 500kW SPM machine, the fault models for SPM 

machines with other power ratings can be easily developed in a similar way. 

In Fig. 5.4, the whole system in the uppermost layer of the developed Simulink model is 

shown. It can be easily seen that the whole system is divided into two parts: the electrical model 

will contain all the voltage equations and the developed electromagnetic torque equation, and 

the mechanical model will represent the two common mechanical equations. The names of the 

input and output variables of all the subsystems are explained as follows. For example, Vab 

and Vbc represent the two line voltages 𝑣஺஻  and 𝑣஻஼ . theta_r and w_r represent the rotor 

electrical position 𝜃௥ and speed 𝜔௥, respectively. 

It is worth mentioning that the electrical model contains much information. Generally, there 

are three major parts in the electrical model shown in Fig. 5.4: the parameter initialization part 

includes the assignment of inductance values to the branch inductance matrices and three faulty 

inductance vectors as shown in Fig. 5.5 and Fig. 5.6, calculation of back-EMFs and phase 

voltages. The transformed branch current state-variable model part as shown in Fig. 5.7 will 

represent all the branch voltage equations, and the current output part outputs all the 

transformed and original branch currents, as shown in Fig. 5.8.  

In addition, it can be seen that many signal routing “From” and “Goto” blocks are frequently 

used inside of the electrical model, as shown in Fig. 5.6 to Fig. 5.8. The tag visibility parameter 

of the Goto signal routing blocks are all set to be “global”, thus From and Goto blocks using 

the same tag can be anywhere inside the electrical model to avoid unnecessary crossing of 

signal lines. For example, the M_A1B1p From block used inside the “Phase_A” subsystem of 

Fig. 5.7 corresponds to the M_A1B1p Goto block in Fig. 5.5. This kind of representation will 

make the model easier to read and build. 
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Fig. 5.4 Representation of the whole system in the uppermost layer in the Matlab/Simulink 

environment. 

On the other hand, Fig. 5.5 shows how to transform the elements of 𝐌஺஻ into the elements 

of 𝐌஺஻
ᇱ  using (5.2). The elements of 𝐌஺஻

ᇱ  can be represented as follows  

𝐌஺஻
ᇱ ൌ

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑀஺ଵ஻ଵ
ᇱ 0 0 ⋯ ⋯ 0 0 0
0 𝑀஺ଶ஻ଶ

ᇱ 𝑀஺ଶ஻ଷ
ᇱ ⋯ ⋯ 0 0 0

0 𝑀஺ଷ஻ଶ
ᇱ 𝑀஺ଷ஻ଷ

ᇱ ⋯ ⋯ 0 0 0
⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮
0 0 0 ⋯ ⋯ 𝑀஺ሺ௡ିଶሻ,஻ሺ௡ିଶሻ

ᇱ 𝑀஺௡ିଶ,஻ሺ௡ିଵሻ
ᇱ 0

0 0 0 ⋯ ⋯ 𝑀஺ሺ௡ିଵሻ,஻ሺ௡ିଶሻ
ᇱ 𝑀஺ሺ௡ିଵሻ,஻ሺ௡ିଵሻ

ᇱ 0

0 0 0 ⋯ ⋯ 0 0 𝑀஺௡஻௡
ᇱ ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (5.3) 

As for the elements of 𝐌஺஻, they can be represented as  



 

102 

𝐌஺஻ ൌ

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑀஺஻ଵ 𝑀஺஻ଶ 𝑀஺஻ଷ ⋯ ⋯ 𝑀஺஻,௡ିଶ 𝑀஺஻,௡ିଵ 𝑀஺஻௡

𝑀஺஻௡ 𝑀஺஻ଵ 𝑀஺஻ଶ ⋯ ⋯ 𝑀஺஻,௡ିଷ 𝑀஺஻,௡ିଶ 𝑀஺஻,௡ିଵ

𝑀஺஻,௡ିଵ 𝑀஺஻௡ 𝑀஺஻ଵ ⋯ ⋯ 𝑀஺஻,௡ିସ 𝑀஺஻,௡ିଷ 𝑀஺஻,௡ିଶ
⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮

𝑀஺஻ସ 𝑀஺஻ହ 𝑀஺஻଺ ⋯ ⋯ 𝑀஺஻ଵ 𝑀஺஻ଶ 𝑀஺஻ଷ
𝑀஺஻ଷ 𝑀஺஻ସ 𝑀஺஻ହ ⋯ ⋯ 𝑀஺஻௡ 𝑀஺஻ଵ 𝑀஺஻ଶ
𝑀஺஻ଶ 𝑀஺஻ଷ 𝑀஺஻ସ ⋯ ⋯ 𝑀஺஻,௡ିଵ 𝑀஺஻௡ 𝑀஺஻ଵ ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (5.4) 

This kind of representation corresponds to all the names of the “Goto” blocks. In addition, 

if the elements of 𝐌஺஻ are obtained by different methods such as the analytical approach or 

FEM, they can be loaded to the Simulink model easily to see the difference of fault 

performances.  

 

Fig. 5.5 Transforming 𝐌஺஻with analytical or FE inductances to 𝐌஺஻
ᇱ . 

As for the elements of the transformed three faulty inductance vectors 𝐌஺௙
ᇱ , 𝐌஻௙

ᇱ  and 𝐌஼௙
ᇱ , 

they are shown in Fig. 5.6. The elements of the three original faulty inductance vectors 𝐌஺௙, 

𝐌஻௙  and 𝐌஼௙  will relate to the two fault locations ℎ௔  and ℎ௕  by using the Matlab function 

block. This will also leave us some flexibility if the elements of the three original faulty 

inductance vectors are calculated by one of the two different approaches. 
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Fig. 5.6 Transforming the inductances and resistances relating to the two fault locations ℎ௔ 

and ℎ௕.  

 

After parameter initialization, next is to build all the voltage equations in the form of first-

order differential equations. The construction of all the transformed branch voltage equations 

in the Simulink model is shown in Fig. 5.7. The Phase_A, Phase_B and Phase_C subsystems 

in Fig. 5.7 will contain all the transformed branch voltage equations belonging to Phase A, B 

and C windings, respectively. All the branch current variables together with their derivatives 

will have the corresponding Goto blocks, thus they can be used inside the Phase_A, Phase_B 

and Phase_C subsystems to build the transformed branch voltage equations. 

 

Fig. 5.7 Mathematical representation of all the transformed branch voltage equations. 
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Finally, all the necessary current variables will be monitored by the scope blocks. Some of 

the currents related to A phase are shown in Fig. 5.8.  

 

Fig. 5.8 Transformed branch currents 𝐢஺
ᇱ , branch currents 𝐢஺ and 3-phase currents.  

 

5.6 Simulation Results 

A series of Matlab/Simulink simulations using analytical, FE linear and nonlinear 

inductances have been carried out for the 3kW, 500kW, 3MW SPM faulty machines with 

distributed overlapping windings. As the main purpose of this chapter is to validate the fault 

model and model simplification method, for simplicity, the rotor speeds are kept constant and 

balanced 3-phase sinewave voltages are fed to the fault model to shorten the simulation time. 

The inter-turn short-circuit faults are introduced when the machines operate under the rated 

condition, i.e., rated speed and torque with id = 0A control. It is also worth mentioning that a 

system of 23 first-order differential equations is required to simulate the 500kW faulty machine, 

and for the 3MW machine, a system of 62 first-order differential equations needs to be built. 

Such large-scale systems of first-order differential equations are very complex and much more 

computationally demanding than that for a healthy machine (only 4 to 6 first-order differential 

equations are required).  

5.6.1 Fault Simulations with Linear Inductances  

In this section, simulation results of the one-coil short-circuit and single-turn short-circuit 

faults for the 500kW and 3MW machine are shown. It is worth noting that the results for half-

a-coil are quite similar to those for one coil short-circuit fault, therefore they are not shown 

here to avoid duplication. 
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5.6.1.1 One-coil short-circuit fault (500kW)  

In Fig. 5.9, the currents of the faulty coil before and after one-coil short circuit fault are 

shown. A small discrepancy between the results from the two models by using FE linear and 

analytical inductances can be observed. In addition, it can be seen that the fault current under 

the one-coil short-circuit fault increases slightly, meaning that there would be sufficient time 

to detect this fault. It is worth noting that the steady-state current waveforms before (1.92 to 

2s) and after the one coil short-circuit fault (3.84 to 4s) have been put together because the 

current transients last for a quite long time. By doing so, it is much easier to see the variation 

of current before and after the short-circuit fault. Furthermore, since the results from the two 

models by using analytical and FE linear inductances are very much similar, in Fig. 5.10, only 

the results using the FE linear inductances are shown.  

 

Fig. 5.9 Steady state currents in the faulty coil before and after one-coil short circuit fault in 

the 500kW machine with linear inductances.  
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(a) Branch currents of phase A 

 

(b) Branch currents of phase C 

Fig. 5.10 Steady-state branch currents before and after the one-coil short-circuit fault in the 

500kW machine with linear inductances.  

It should be mentioned that the branch currents 𝑖஺ଷ to 𝑖஺଻ are very much similar to 𝑖஺ଶ, and 

𝑖஼ଷ to 𝑖஼଺ are very much similar to 𝑖஼ଶ. Although not shown, the changes in the branch currents 

of phase B are negligible. Since the changes of branch currents and short-circuit current caused 

by the one coil short-circuit fault is quite small, the change of developed electromagnetic torque 

will be negligible, as shown in Fig. 5.11.  
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Fig. 5.11 On-load torque before and after the one-coil short-circuit fault in the 500kW 

machine with linear inductances.  

 

5.6.1.2 Single-turn short-circuit fault (500kW)  

In contrast to the one coil short-circuit fault, the currents will reach steady state very soon 

after the fault. In Fig. 5.12, the currents in the short-circuited turn from two Simulink models 

before and after the single-turn short-circuit fault are shown. It can be seen that the difference 

between the simulation results is still very small.  

 

Fig. 5.12 Currents in the short-circuited turn before and after the single-turn short-circuit fault 

in the 500kW machine with linear inductances. 
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currents will have imperceptible influence on the developed electromagnetic torque, as shown 

in Fig. 5.14. Due to these two reasons, detecting this fault by utilizing the currents as a fault 

signature might be difficult. 

 

(a) Branch currents of phase A 

 

(b) Branch currents of phase C 

Fig. 5.13 Branch currents before and after the single-turn short-circuit fault in the 500kW 

machine with linear inductances. 
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Fig. 5.14 On-load torque before and after the single-turn short-circuit fault in the 500kW 

machine with linear inductances. 

5.6.1.3 One-coil short-circuit fault (3MW)  

Compared with other fault scenarios, the one-coil short-circuit fault will generally lead to 

the greatest imbalance in branch currents. In Fig. 5.15, the currents of the faulty coil before and 

after the one-coil short circuit fault are shown.  

 

Fig. 5.15 Current in the faulty coil before and after the one-coil short circuit fault in the 3MW 

machine with linear inductances.  

A good match between the results from the two models by using FE linear and analytical 

inductances can be observed. In addition, it can be observed that the fault current under the 

one-coil short circuit fault increases significantly, about 2 to 3 times the current in the faulty 

coil before fault.  
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Some steady-state branch currents in phases A and C before and after the one-coil short 

circuit fault are illustrated in Fig. 5.16. It is worth noting that the steady-state current 

waveforms before (2.4 to 2.5s) and after the one coil short-circuit fault (3.8 to 4s) have been 

put together because the current transients last for quite a long time. By doing so, it is much 

easier to see the variation of current before and after the short-circuit fault.  

 

(a) Branch currents of phase A 

 

(b) Branch currents of phase C 

Fig. 5.16 Steady-state branch currents before and after the the one-coil short-circuit fault in 

the 3MW machine with linear inductances.  

In addition, since the results from the two models by using analytical and FE linear 

inductances are very much similar, in Fig. 5.16, only the results using the FE linear inductances 

are shown. It is also worth noting that the branch currents 𝑖஺ଷ to 𝑖஺ଶ଴ are very much similar to 

𝑖஺ଶ, and 𝑖஼ଷ to 𝑖஼ଵଽ are very much similar to 𝑖஼ଶ. Although not shown, the changes in the branch 
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currents of phase B are negligible. These changes in currents will affect the developed torque 

slightly, as shown in Fig. 5.17.  

 

Fig. 5.17 On-load torque before and after the one-coil short-circuit fault in the 3MW machine 

with linear inductances.  

 

Unsurprisingly, as the 3MW SPM machine has large number of parallel branches (n=20) 

and in each parallel branch, it has 4 coils connected in series, the three phase currents only 

change slightly before and after the one coil short-circuit fault. However, lower order 

harmonics can still be observed in d-axis and q-axis currents, as shown in Fig. 5.18, and they 

may be used as a fault signature[143], [144]. 
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(b) q-axis current 

Fig. 5.18 Steady-state dq-axis currents before and after the one-coil short-circuit fault in the 

3MW machine with linear inductances.  

5.6.1.4 Single-turn short-circuit fault (3MW)  

The currents in the short-circuited turn of the 3MW SPM machine from two Simulink 

models before and after the single-turn short-circuit fault are shown in Fig. 5.19.  

 

Fig. 5.19 Currents in the short-circuited turn before and after the single-turn short-circuit fault 

in the 3MW machine with linear inductances.  

Now the difference between the simulation results is a little bigger, up to 25%. This 

difference is due to the inaccurate prediction of the inductances in the fault model by the 

proposed analytical method. In addition, unlike the same case of the 500kW SPM machine, 

this fault causes more significant changes in branch currents, as shown in Fig. 5.20.  
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(a) Branch currents of phase A 

 

(b) Branch currents of phase C 

Fig. 5.20 Branch currents before and after the single-turn short-circuit fault in the 3MW 

machine with linear inductances. 

These changes in branch currents are also reflected in the dq-axis currents, which are shown 

in Fig. 5.21. Interestingly, under the single-turn short-circuit fault, the developed torque for 

this 3MW SPM machine will be affected slightly, which is in contrast to the 500kW SPM 

machine, as shown in Fig. 5.22. This is mainly because the 3MW machine have fewer number 

of turns per coil and fewer number of coils connected in series than those of the 500kW 

machine. 
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(a) d-axis current  

 

(b) q-axis current  

Fig. 5.21  dq-axis currents before and after the single-turn short-circuit fault in the 3MW 

machine with linear inductances.  
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Fig. 5.22 On-load torque before and after the single-turn short-circuit fault in the 3MW 

machine with linear inductances. 

5.6.2 Fault Simulations with Nonlinear Inductances  

As described earlier, the multiphase Clarke transformation developed in section 4.4 can still 

be used to simplify the fault model with nonlinear inductances. Thus, some simulations can be 

carried out in Matlab/Simulink in a more realistic way if FE nonlinear inductances can be easily 

obtained.  

5.6.2.1 One-coil short-circuit fault (500kW) 

In Fig. 5.23, the currents of the faulty coil before and after one-coil short circuit fault are 

shown. It can be seen that before the one coil short-circuit fault the current amplitude predicted 

by using nonlinear inductances is slightly higher than that using analytical inductances. This is 

because the core saturation will reduce the inductance values to some extent. However, the 

difference between the currents with analytical inductances and nonlinear inductances becomes 

much smaller after the short-circuit fault. This is mainly because the one-coil short-circuit 

current is mainly determined by the voltage inputs and inductances such as ∑ ൫𝐌஺௙൯௞
௡
௞ୀଵ , 

∑ ൫𝐌஻௙൯௞
௡
௞ୀଵ , ∑ ൫𝐌஼௙൯௞

௡
௞ୀଵ  and 𝐿஺ଵ௙,஺ଵ௙ if one more assumption that after the fault, all branch 

currents of the remaining healthy phases are equal is made. However, ∑ ൫𝐌஺௙൯௞
௡
௞ୀଵ , 

∑ ൫𝐌஻௙൯௞
௡
௞ୀଵ , ∑ ൫𝐌஼௙൯௞

௡
௞ୀଵ  and 𝐿஺ଵ௙,஺ଵ௙ have different inaccuracies. 

 In addition, some branch currents predicted by using the nonlinear inductances are shown 

in Fig. 5.24. Like the corresponding linear case, the branch currents 𝑖஺ଷ to 𝑖஺଻ are very much 

similar to 𝑖஺ଶ , and the branch currents of phase C are very much similar, although they 
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increased slightly compared with those before the fault. Although not shown, the changes in 

the branch currents of phase B are also negligible. Contrary to the changes of branch currents, 

the changes of lower order harmonics of d-axis and q-axis currents are apparent, which are 

shown in Fig. 5.25. 

 

Fig. 5.23 Steady state currents in the faulty coil before and after the one-coil short circuit 

fault in the 500kW machine. 
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(b) Branch currents of phase C 

Fig. 5.24 Steady-state branch currents before and after the one-coil short-circuit fault in the 

500kW machine with nonlinear inductances. 
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(b) q-axis current  

Fig. 5.25 Steady-state dq-axis currents before and after the one-coil short-circuit fault in the 

500kW machine. 

On the other hand, the developed torque is shown in Fig. 5.26. It can be seen that the 

developed torque by using nonlinear inductances experiences a slight change before and after 

the fault. However, this slight change cannot be observed when the analytical inductances are 

used in the fault model.  

 

Fig. 5.26 On-load torque before and after the one-coil short-circuit fault in the 500kW 

machine.  
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amplitudes of short-circuit current after the single-turn short-circuit fault has been observed, 

which is now about 22%. In addition, a very small phase shift between the currents can be 

observed. This is again due to the impact of core saturation on the inductance values. 

 

Fig. 5.27 Currents in the short-circuited turn before and after the single-turn short-circuit fault 

in the 500kW machine. 

The single-turn short-circuit fault will also have some slight influence on the branch currents, 

as shown in Fig. 5.28. These slight changes in the branch currents are then amplified by the dq-

axis currents, as shown in Fig. 5.29. It is worth noting that the proportions of the low-order 

harmonics in the d-axis current are very different from those after the one-coil short-circuit 

fault. However, considering that only 1 of 161(=7×23) turns in one branch is short-circuited, it 

will have negligible influence on the developed electromagnetic torque, as shown in Fig. 5.30.  
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(b) Branch currents of phase C 

Fig. 5.28 Branch currents before and after the single-turn short-circuit fault in the 500kW 

machine with nonlinear inductances. 
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(b) q-axis current  

Fig. 5.29 dq-axis currents before and after the single-turn short-circuit fault in the 500kW 

machine. 

 

 

Fig. 5.30 On-load torque before and after the single-turn short-circuit fault in the 500kW 

machine. 
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Fig. 5.31 Currents in the faulty coil before and after the one-coil short circuit fault in the 

3MW machine. 

However, regardless of which inductance values are used, it is found that after the fault, the 

fault current in the short-circuited coil is about 3 times the rated current. This means that, for 

the 3MW machine, the detection of the one-coil short-circuit fault is still necessary. In addition, 

the changes of some branch currents caused by the fault are shown in Fig. 5.32. 
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(b) Branch currents of phase C 

Fig. 5.32 Steady-state branch currents before and after the the one-coil short-circuit fault in 

the 3MW machine with nonlinear inductances. 

It should be mentioned that the branch currents 𝑖஺ଷ to 𝑖஺ଶ଴ are very much similar to 𝑖஺ଶ, and 

𝑖஼ଵ to 𝑖஼ଶ଴ are quite similar. Although not shown, all the branch currents of phase B are almost 

the same. Without question, there would be minor changes in 3-phase currents. However, the 

changes in dq-axis current seem to be more obvious, as shown in Fig. 5.33. Considering that 

there are 20 parallel branches and 4 coils connected in series in every branch, the influence of 

the one-coil short-circuit fault on the developed torque is still very minor, as shown in Fig. 

5.34.  
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(b) q-axis current 

Fig. 5.33 Steady-state dq-axis currents before and after the one-coil short-circuit fault in the 

3MW machine. 

 

Fig. 5.34 On-load torque before and after the one-coil short-circuit fault in the 3MW 

machine. 

In addition, it should be mentioned that in our case studies the voltage inputs to the two 

models with analytical or nonlinear inductances obtained by the analytical approach or FEM 

are assumed to be the same, thus the model with smaller nonlinear inductance values will 

inherently yield more torque. This phenomenon does not imply that the saturated machine will 

have better electromagnetic performance. In practice, the 3-phase currents are regulated by PI 

current controllers in the synchronously rotating dq-axis reference frame, indicating that the 

two models will develop the same torque under closed-loop control. Therefore, the results 

presented here could be unrepresentative of what will be found in a wind turbine.  
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5.6.2.4 Single-turn short-circuit fault (3MW)  

When the nonlinear inductances are used, the amplitude of the single-turn short-circuit 

current is much higher than that predicted by using analytical inductances. In addition, the fault 

current is around 35 times the rated current. The corresponding current waveforms are shown 

in Fig. 5.35. This large short-circuit current will cause local overheating of the windings in a 

very short time and may also lead to demagnetization of the permanent magnets. It is therefore 

important to detect this fault.  

 

Fig. 5.35 Currents in the short-circuited turn before and after the single-turn short-circuit fault 

in the 3MW machine. 

However, the changes of branch currents caused by this fault are very small, which are 

shown in Fig. 5.36. When the dq-axis currents are used, the changes seem to be a bit more 

obvious, as shown in Fig. 5.37. However, these changes are still limited, which does not 

provide meaningful indication when a single-turn short-circuit fault occurs, and therefore might 

not be used for fault detection. Again, the minor changes of branch currents will also lead to 

negligible impact on the developed torque waveform, as shown in Fig. 5.38. 
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(a) Branch currents of phase A 

 

(b) Branch currents of phase C 

Fig. 5.36 Branch currents before and after the single-turn short-circuit fault in the 3MW 

machine with nonlinear inductances. 
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(a)  d-axis current 

 

(b)  q-axis current 

Fig. 5.37 dq-axis currents before and after the single-turn short-circuit fault in the 3MW 

machine. 
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Fig. 5.38 On-load torque before and after the single-turn short-circuit fault in the 3MW 

machine. 

5.6.2.5 Scaling Effect  

Although the scaling effect study has been investigated in [141], the large-power SPM 

machines are assumed to have series-connected windings, which is often not the case in a real 

wind power generator. According to the previous analysis, the large-power SPM machines now 

will have series-parallel winding configurations so that a more practical study can be made. 

The normalized ITSC currents of PM machines with different power ratings (3kW, 0.5MW 

and 3MW) versus coil faulty turns ratio are shown in Fig. 5.39.  

 

Fig. 5.39 Normalized short-circuit current vs coil faulty turns ratio using nonlinear 

inductances. 

The reference current values of these PM machines are their corresponding rated coil 

currents. In addition, the ITSC faults for this scaling effect study are located at the bottom of 
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the slot, i.e., ℎ௔= ℎ௦/𝑛௖. The same conclusion as those in [141] can be reached even when 

practical series-parallel coil connections are considered: large-power SPM machines are 

generally more fault-tolerant to the ITSC fault, but they are still vulnerable to ITSC faults when 

a relatively small number of turns are short-circuited. This is because different series-parallel 

coil connections have negligible influence on the amplitude of ITSC current at the same torque 

and speed, which has been studied in chapter 4. 

5.6.2.6 Influence of Fault Location 

Although in the scaling effect study the fault locations were chosen to be at the bottom of 

the slot, it is worth noting that the amplitude of the ITSC current actually depends on the 

locations of the fault. This is because all the elements of the three faulty inductance vectors 

𝐌஺௙ , 𝐌஻௙ , and 𝐌஼௙  are fault location dependent. It has been reported that the worst-case 

scenario for the fractional-slot SPM machines under single turn short-circuit fault is a short 

circuit close to the slot opening [113], [117], [118]. However, to the best of our knowledge, 

there is no similar report on large-power SPM machines with series-parallel coil connections. 

Based on the proposed fault model and model simplification method, the influence of fault 

location on the amplitude of the ITSC current under the single turn short-circuit fault can be 

studied. The results are shown in Fig. 5.40. For large-power SPM machines (500kW and 

3MW), the worst-case scenario of the single turn short-circuit fault is also a short circuit close 

to the slot opening. However, for low-power SPM machines (3kW), the influence of fault 

location on the amplitude of the ITSC current is negligible. It is worth mentioning that for the 

3kW machine, the ITSC current amplitude can be approximated as the ratio of back EMF to 

the impedance of the short-circuited single turn. Thus the fault location has negligible influence 

on the ITSC current amplitude. However, for large-power machines such as the 500kW and 

3MW ones, the ITSC current amplitude will be affected by the voltage inputs and inductances 

such as ∑ ൫𝐌஺௙൯௞
௡
௞ୀଵ , ∑ ൫𝐌஻௙൯௞

௡
௞ୀଵ , ∑ ൫𝐌஼௙൯௞

௡
௞ୀଵ  and 𝐿஺ଵ௙,஺ଵ௙. All these inductances are fault 

location dependent and the complex interaction between them leads to the variations of ITSC 

current with respect to fault locations shown in Fig. 5.40. This conclusion is reached by 

analysing the reduced-order fault model to approximately predict the amplitude of the ITSC 

current, which is based on one more assumption that after the fault, all branch currents of the 

remaining healthy phases are equal.  
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Fig. 5.40 Normalized single-turn short-circuit current at different fault locations.  

5.7 Conclusion 

This chapter extends the model simplification method using multiphase Clarke 

transformation to large-power SPM wind generators under inter-turn short-circuit (ITSC) fault. 

Calculation of inductances in the fault model using FEM has been presented. It is found that 

the multiphase Clarke transformation can be used to simplify the fault model with FE linear 

and nonlinear inductances because all branch inductance matrices are circulant matrices. As a 

result, simulations for large-power SPM wind generators under ITSC fault can be carried out 

directly in an easier and more time-saving way while keeping adequate accuracy using the 

simplified fault model with FE inductances. Meanwhile, the accuracy of fault model with 

analytical inductances can be easily validated by the fault model with FE linear inductances 

when some relative errors between analytical and FE linear inductances having large values in 

the fault model are large. It is worth mentioning that the proposed fault model and model 

simplification method are general and may be applied to other types of non-PM machines and 

also their multiphase counterparts. In addition, based on the simplified fault model, studies of 

scaling effect and influence of fault location on the amplitude of ITSC current of PM machines 

with different power ratings (3kW, 500kW, 3MW) have been carried out. Simulation results 

show that large-power SPM wind generators are vulnerable to ITSC faults when relatively 

small number of turns are short-circuited and the single-turn short-circuit fault at the slot top is 

the worst-case scenario.  
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Chapter 6 Analysis of SPM Machines with Different 

Winding Configurations Under Inter-Turn Short-Circuit 

Fault 

Based on the developed general analytical fault model in chapter 4 and general model 

simplification method using the multiphase Clarke transformation in chapter 5, this chapter 

compares the performance of SPM machines with two different winding configurations under 

ITSC faults. The two different winding configurations are the non-modular and modular 

overlapping windings. It is found that the elements of some branch inductance matrices and 

faulty inductance vectors in the fault model for these two different winding configurations are 

not exactly the same although the equivalent phase self- and mutual-inductances are the same, 

meaning that the healthy machine performances for a SPM machine with the non-modular or 

modular overlapping windings are the same, but their fault performances may be different. 

Simulation results of the 96-slot 32-pole SPM machine under ITSC faults have confirmed this 

conclusion. In addition, fault performances of the same fault occurring in different phases have 

been studied when these two winding configurations are considered. It is found that for the 

non-modular windings, the same fault in different phases will lead to different changes in the 

branch currents. In addition, compared with the modular windings, the same fault in the non-

modular windings will lead to greater imbalance in branch currents. Thus, compared with the 

non-modular windings, the modular windings generally are more fault-tolerant. However, 

these differences in the large-power SPM machines could be negligible because the ITSC faults 

cause very little imbalance in the branch currents of large-power SPM machines. Finally, fault 

simulations using the 500kW SPM machine with the modular windings have been carried out 

to support this conclusion. No further investigations have been carried out for the 3MW SPM 

machine as it has the same conclusion as that for the 500kW SPM machine. 

Related Publications: 

Z. T Mei, G. J. Li, Z. Q. Zhu, R. Clark, A. Thomas, and Z. Azar, “Analysis of SPM Machines with Different 

Winding Configurations Under Inter-Turn Short-Circuit Fault” Energies. (To be submitted)  
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6.1 Introduction 

In chapters 2 to 5, the relatively simple and general analytical fault models of the SPM 

machines with series, parallel and series-parallel coil connections have been proposed. In 

addition, the general model simplification method using the multiphase Clarke transformation 

has been well developed. However, the analysed windings are the commonly used non-modular 

overlapping windings. In practice, the modular overlapping windings are adopted for wind 

turbine generator systems from the point of view of increasing the fault-tolerant capability of 

wind turbines [145]. It is therefore necessary to analyse and simulate the fault performance of 

SPM machines with the modular windings and compare it against their counterparts with the 

non-modular windings. It should be mentioned that the analytical fault model proposed in 

chapter 4 is general and can be extended to SPM machines with other winding configurations 

including the modular windings. However, whether the general model simplification method 

using the multiphase Clarke transformation can be extended to the SPM machines with other 

winding configurations will depend on whether there is a circulating current flowing in any 

two branches of one certain phase winding of the studied SPM machines when they are under 

no-load condition. For most of the machine design schemes, circulating current flowing in any 

two branches of one phase winding should be avoided to reduce unnecessary copper losses. 

This action will also lead to symmetrical windings. Therefore, it can be inferred that the general 

model simplification method using the multiphase Clarke transformation can be extended to 

most of the symmetrical SPM machines.  

6.2 Inductance Calculation  

A comparison of the modular and non-modular overlapping windings of the studied SPM 

machines has been shown in Fig. 6.1. In Fig. 6.1, the windings of the analysed SPM machines 

are still single-layer, full-pitch and distributed [slot/pole/phase (SPP) is equal to 1], which is 

often the case for large SPM generators used in wind power. In addition, it is easier to calculate 

inductances used in the fault model by the proposed analytical method in chapters 2 to 5 based 

on this winding layout. In Fig. 6.1 (a), two modular segments are put together to form one large 

segment. However, this is different for the non-modular overlapping windings shown in Fig. 

6.1 (b). It can be seen that, in Fig. 6.1 (b), one coil side of a certain coil in the adjacent segment 

is contained in this segment, meaning that the two coil sides have to be welded together later. 

Although this is very common for some large-power hydro or turbo generators [82], [146], 

from the point of view of modularity, the non-modular windings is not as good as the modular 
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windings. On the other hand, the numberings of the coils in Fig. 6.1 are in such a way that the 

numberings of the coils in one phase winding will increase in the counter-clockwise direction.  

Like the assumptions made in chapter 4, here it is also assumed that one parallel branch has 

r coils in series, and n parallel branches of one phase will therefore contain 𝑝 ൌ 𝑟 ൈ 𝑛 coils in 

total, where 𝑝 is the number of pole pairs.  

 

(a) Modular windings 

 

(b) Non-modular windings 

Fig. 6.1 The studied SPM machines with integer-slot modular and non-modular windings. 

6.2.1 Calculation of Inductances  

It has been mentioned in the chapter 2 that there are three components in the phase self- and 

mutual- inductances. Similarly, in this chapter, only the air-gap and slot-leakage inductance 

components for the modular windings will be calculated.  

It can be also seen from Fig. 6.1 that the current distribution of all the conductors making up 

the coils for both winding configurations are exactly the same, the only difference is the end 

connection of coils belonging to the phase C winding. This slight change of end connections 

leads to the difference of the winding functions of the parallel branches of phase C winding. 

As an example, winding functions of the first parallel branch of phase C winding for the 

modular and non-modular windings are shown in Fig. 6.2.  
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(a) Winding function for modular windings 

 

(b) Winding function for non-modular windings 

Fig. 6.2 Winding functions of the first parallel branch of phase C winding for the modular 

and non-modular windings.  

Due to the difference of the winding functions of the parallel branches of phase C winding 

for both winding configurations, the elements in the branch inductance matrices 𝐌஺஼ and 𝐌஻஼ 

are different. As the inductance calculations for the non-modular windings have been carried 

out in chapter 4, here only the inductance calculations for the modular windings will be 

presented. In addition, it is found that all the branch inductance matrices of the modular 

windings are still circulant matrices. After the winding functions of all parallel branches are 

derived, all the elements of the branch inductance matrices can be calculated by using WFA 

together with the slot permeance method as detailed in [127] 
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 (6.2) 

where the meanings of 𝜇଴, 𝑟௘ , 𝑙௘, 𝑔௘, ℎ௦, 𝑆ఠ and 𝑝 are the same as those in [140]. 

As for the elements in the fault inductance vectors, they are also given as  

 

⎩
⎪
⎨

⎪
⎧𝐿஺ଵ௙,஺ଵ௙ ൅ 𝑀஺ଵ௛,஺ଵ௙ ൌ 𝐿ଵଵ   𝑀஻ଵ,஺ଵ௙ ൌ 𝑀ଶଶ

𝑀஺௝,஺ଵ௙ ൌ 𝑀஻௝,஺ଵ௙ ൌ 𝑀ଵଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑛ሻ
𝑀஼ଵ,஺ଵ௙ ൌ 𝑀ଷଷ

𝑀஼௝,஺ଵ௙ ൌ െ𝑀ଵଵ ሺ𝑗 ൌ 2, 3,⋯ ,𝑛ሻ

 (6.3) 

Regarding 𝐿஺ଵ௙,஺ଵ௙ and 𝑀஺ଵ௛,஺ଵ௙, the same equations as those shown in chapters 2 and 4 can 

be used to calculate them.  

As for 𝑀ଵଵ, 𝑀ଶଶ and 𝑀ଷଷ in (4.6), they are expressed as  
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 (6.4) 

Equations from (6.1) to (6.4) clearly show that the inductances in the fault model of the modular 

windings are not exactly the same as those of the non-modular windings. As a result, for the 

SPM machines with modular windings, it can be expected that their fault performance will be 

different from those with non-modular windings.  

6.2.2 Results of Inductances  

The key parameters of the studied 3kW SPM machine have been shown in Table 4.1 of 

chapter 4. Taking the 2S×8P coil connection as an example, the calculated results of the 

inductance elements of 𝐌஺஼ and 𝐌஻஼ are shown in Fig. 6.3. During the inductance calculation, 

the core saturation has also been neglected. It can be seen from Fig. 6.3 that the inductance 

elements of 𝐌஺஼ and 𝐌஻஼ predicted by the proposed analytical approach in chapters 2 to 4 

generally match well with those calculated by FEM. In Fig. 6.3 (a), for the non-modular 

windings, the values of 𝑀஼ଵ஺ଵ and 𝑀஼଼஺ଵ are both positive, and other inductance elements 

from 𝑀஼ଶ஺ଵ  to 𝑀஼଻஺ଵ  are all negative. However, for the modular windings, only 𝑀஼ଵ஺ଵ  is 

negative. In Fig. 6.3 (b), the signs of 𝑀஼ଵ஻ଵ  to 𝑀஼ଵ஻଼  for the non-modular windings are 
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opposite to those for the modular windings. As for the details of inductance calculation by the 

FEM, they have been described in chapter 4, thus they will  not be duplicated here.  

  

(a) Inductance elements of 𝐌஺஼ 

 

(b) Inductance elements of 𝐌஻஼ 

Fig. 6.3 Inductance elements of 𝐌஺஼ and 𝐌஻஼ by the analytical approach and FEM. 

It is worth mentioning that although the inductance elements of 𝐌஺஼ and 𝐌஻஼ for the non-

modular and modular windings are different, the sum of the elements in the first row of 𝐌஺஼ 

for both windings are the same. This is also the case for 𝐌஻஼ for the non-modular and modular 

windings. Therefore, for these two winding configurations, they will have the same equivalent 

phase self- and mutual-inductances. This means that the healthy machine performance for these 

two windings will be the same according to the derivations shown in chapters 4 and 5.  
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6.3 Simulation Results 

As can be seen in the previous chapters, the one-coil short-circuit fault will lead to the 

greatest imbalance in the branch currents compared with other ITSC faults. Therefore, the fault 

performance of the 3kW SPM machine with the modular and non-modular windings under the 

one-coil short-circuit fault has been simulated. The series-parallel coil connections considered 

are 2S×8P, 4S×4P, and 8S×2P, respectively. Although there is some difference in the simulated 

results for both windings with all series-parallel coil connections, the difference for these two 

windings with 2S×8P coil connection is the most significant. In addition, to shorten the 

simulation time, the studied 3kW SPM machine has been supplied with 3-phase balanced 

sinusoidal voltages and the machine’s rotor mechanical speed has been kept constant during 

the whole operation period. In addition, considering that the three faulty inductance vectors 

𝐌஺௙ , 𝐌஻௙ , and 𝐌஼௙  are different when the ITSC faults happen in different phases, the 

influence of the one-coil short-circuit fault in different phases on the fault performance of the 

3kW SPM machine has also been considered. Finally, simulations for the 500kW SPM machine 

with the modular windings under the one-coil short-circuit fault have also been carried out to 

see the scaling effect on the difference of the fault performance from those with the non-

modular windings.  

6.3.1 Results for the 3kW SPM Machine  

It is worth mentioning that the simulated results from direct 2D FE linear simulations are 

almost the same as those from the proposed fault models with the corresponding FE linear 

inductances. However, the direct 2D FE linear simulations are much more time-consuming 

than the corresponding fault models with FE linear inductances. In addition, the core saturation 

will have almost the same influence on the fault performance for both windings. Therefore, for 

simplicity, only the results from the proposed fault models with FE linear inductances have 

been provided in this section. 

6.3.1.1 One-Coil Short-Circuit Fault in Phase A (2S×8P) 

When the one-coil short-circuit fault occurs in phase A, the short-circuit currents of the faulty 

coil for the non-modular and modular windings are shown in Fig. 6.4. It can be seen that there 

is negligible difference in the currents of the faulty coil for both windings. This is mainly 

because the short-circuit current in the faulty coil is approximated by the ratio of the back-EMF 

of the short-circuited coil to the impedance of the short-circuited coil, meaning that the winding 

configurations will have negligible influence on the short-circuit current.  
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The branch currents of 3-phase windings of the 3kW SPM machine with non-modular and 

modular windings are shown in Fig. 6.5, Fig. 6.6, and Fig. 6.7, respectively. When the one-coil 

short-circuit fault occurs in the first branch of phase A, the changes of branch currents of phase 

A in the non-modular and modular windings are almost the same. In Fig. 6.5, 𝑖஺ଶ to 𝑖஺଼ are 

very similar.  

 

Fig. 6.4 Currents in the faulty coil of the 3kW SPM machine with non-modular and modular 

windings before and after the one-coil short circuit fault. 

 

(a) Branch currents of phase A for the non-modular windings 

0.06 0.08 0.1 0.12 0.14 0.16 0.18
-60

-40

-20

0

20

40

60
𝑖஺ଵ௙

Short Circuit

PostfaultHealthy

C
u

rr
e

n
t 

in
 t

h
e

 f
au

lt
y

 c
o

il
(A

)

Time(s)

Non-modular Modular

0.06 0.08 0.1 0.12 0.14 0.16 0.18
-60

-40

-20

0

20

40

60

Short Circuit

PostfaultHealthy

Time(s)

B
ra

n
c

h
 C

u
rr

en
ts

(A
)

𝑖஺ଵ
𝑖஺ଶ
𝑖஺଼

Non-modular



 

139 

 

(b) Branch currents of phase A for the modular windings 

Fig. 6.5 Branch currents of phase A of the 3kW SPM machine with non-modular and 

modular windings before and after the the one-coil short-circuit fault. 

For the non-modular windings, although in Fig. 6.6 there are some changes in the branch 

currents of phase B, the difference between them is small. However, when the one-coil short-

circuit fault occurs, there are negligible changes in the branch currents of phase B for the 

modular windings.  
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(b) Branch currents of phase B for the modular windings 

Fig. 6.6 Branch currents of phase B of the 3kW SPM machine with non-modular and modular 

windings before and after the one-coil short-circuit fault. 

Compared with the changes in the branch currents of phases A and B, the changes in the 

branch currents of phase C are much more significant for the non-modular windings. It can be 

seen from Fig. 6.7 (a) that when the one-coil short-circuit fault occurs in the A1 branch, the 

currents in the branches of phase C adjacent to the A1 branch, namely 𝑖஼ଵ  and 𝑖஼଼ , are 

significantly affected. The amplitude of 𝑖஼ଵ  increases from 4.3A to 10.1 A, although 𝑖஼଼ 

becomes much smaller, the amplitude of which decreases from 4.3A to 2.6A. It has also been 

noticed that for the non-modular windings the sum of 𝑖஼ଵ and 𝑖஼଼ is almost two times as large 

as 𝑖஼ଶ, and 𝑖஼ଶ to 𝑖஼଻ are almost the same.  
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(b) Branch currents of phase C for the modular windings 

Fig. 6.7 Branch currents of phase C of the 3kW SPM machine with non-modular and modular 

windings before and after the one-coil short-circuit fault. 

However, the changes of branch currents of phase C are almost the same for the modular 

windings, as shown in Fig. 6.7 (b). In Fig. 6.7 (b), the amplitude of the branch currents only 

increases from 4.3A to 5.8A. Thus, the one-coil short-circuit fault will cause greater imbalance 

in branch currents of the 3kW machine with the non-modular windings. In addition, the dq-

axis currents of the 3kW SPM machine with non-modular and modular windings before and 

after the one-coil short-circuit fault are shown in Fig. 6.8. It is worth noting that there are 

harmonic components in the d- and q-axis currents under healthy and faulty conditions, and 

this is mainly due to the harmonics in the back-EMFs. 

  

(a) d-axis currents 

0.06 0.08 0.1 0.12 0.14 0.16 0.18
-10

-5

0

5

10
𝑖஼ଵ
𝑖஼ଶ
𝑖஼଼

Short Circuit

PostfaultHealthy

Time(s)

B
ra

n
c

h
 C

u
rr

en
ts

(A
)

Modular

0.06 0.08 0.1 0.12 0.14 0.16 0.18
-40

-20

0

20

40

60
𝑖ௗ

Short Circuit

PostfaultHealthy

Time(s)

D
-a

x
is

 C
u

rr
e

n
t(

A
)

Non-modular Modular



 

142 

 

(b) q-axis currents 

Fig. 6.8 dq-axis currents of the 3kW SPM machine with non-modular and modular windings 

before and after the one-coil short-circuit fault. 

Interestingly, the dq-axis currents of the 3kW SPM machine with non-modular and modular 

windings are very similar before and after the one-coil short-circuit fault, meaning that from 

the 3-phase currents before and after the fault it would be impossible to tell the difference 

between these two winding configurations. Although it is easy to find that the changes in the 

currents in phases A and B are the same for the non-modular and modular windings from Fig. 

6.5 and Fig. 6.6, it is a little difficult to tell why the changes in phase C currents have no 

difference. When this phenomenon is carefully analysed, it is found that for the non-modular 

windings, although 𝑖஼ଵ and 𝑖஼଼ are greatly affected, the sum of 𝑖஼ଵ and 𝑖஼଼ is almost two times 

as large as 𝑖஼ଶ. Furthermore, for both winding configurations, 𝑖஼ଶ to 𝑖஼଻ are very similar. These 

changes in branch currents finally lead to the same variations of phase C currents for both 

winding configurations. In addition, the same changes in the 3-phase currents and current in 

the faulty coil also result in the same changes in the developed torque for both winding 

configurations, as shown in Fig. 6.9.  
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Fig. 6.9 Change in on-load torque of the 3kW SPM machine with non-modular and modular 

windings before and after the one coil short-circuit fault.  

6.3.1.2 One-Coil Short-Circuit Fault in Phase B (2S×8P) 

When the one-coil short-circuit fault happens in the first branch of phase B, the currents in 

the faulty coil of the 3kW SPM machine with non-modular and modular windings are shown 

in Fig. 6.10. A very slight difference between the currents of the faulty coil for both windings 

can be observed. This slight difference may be caused by numerical errors introduced during 

the inductance calculation and FFT analysis of no-load flux linkages. 

 

Fig. 6.10 Currents in the faulty coil of the 3kW SPM machine with non-modular and modular 

windings when the one coil short-circuit fault occurs in the first branch of phase B.  
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almost no difference in the branch currents of 3-phase windings for both winding 

configurations. In addition, there is no difference for the modular windings whether the one-

coil short-circuit fault occurs in phase A or B. However, for the non-modular windings, when 

the one-coil short-circuit fault occurs in phase B rather than in phase A, it will cause less 

imbalance in branch currents.  

 

(a) Branch currents of phase A for the non-modular windings 

 

(b) Branch currents of phase A for the modular windings 

Fig. 6.11 Branch currents of phase A of the 3kW SPM machine with non-modular and 

modular windings when the one coil short-circuit fault occurs in the first branch of phase B. 
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(a) Branch currents of phase B for the non-modular windings 

 

(b) Branch currents of phase B for the modular windings 

Fig. 6.12 Branch currents of phase B of the 3kW SPM machine with non-modular and 

modular windings when the one coil short-circuit fault occurs in the first branch of phase B. 
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(a) Branch currents of phase C for the non-modular windings 

 

(b) Branch currents of phase C for the modular windings 

Fig. 6.13 Branch currents of phase C of the 3kW SPM machine with non-modular and 

modular windings when the one coil short-circuit fault occurs in the first branch of phase B.  

The dq-axis currents of the 3kW SPM machine with non-modular and modular windings are 

also shown in Fig. 6.14. Again, there is very little difference of dq-axis currents for these two 

windings.  
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(a) d-axis currents 

 

(b) q-axis currents 

Fig. 6.14 dq-axis currents of the 3kW SPM machine with non-modular and modular windings 

when the one coil short-circuit fault occurs in the first branch of phase B. 
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the amplitude of 𝑖஺଼ actually drops a little, from 4.3A to 3.9A. It is worth mentioning that the 

two branches of phase A next to C1 where the fault occurs now are A1 and A2. This is why 

the changes in the currents of these two branches are more significant than those of the other 

branches.  

In addition, although the branch currents of phase B are almost the same for both windings, 

the amplitudes of them actually increase from 4.3A to 6A after the fault. As for the branch 

currents of phase C, they are almost the same as the branch currents of phase A if the fault is 

introduced in phase A, or the branch currents of phase B when the fault is introduced in phase 

B. 

 

Fig. 6.15 Currents in the faulty coil of the 3kW SPM machine with non-modular and modular 

windings when the one coil short-circuit fault occurs in the first branch of phase C.  
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(b) Branch currents of phase A for the modular windings  

Fig. 6.16 Branch currents of phase A of the 3kW SPM machine with non-modular and 

modular windings when the one coil short-circuit fault occurs in the first branch of phase C. 
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(b) Branch currents of phase B for the modular windings  

Fig. 6.17 Branch currents of phase B of the 3kW SPM machine with non-modular and 

modular windings when the one coil short-circuit fault occurs in the first branch of phase C. 
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(b) Branch currents of phase C for the modular windings  

Fig. 6.18 Branch currents of phase C of the 3kW SPM machine with non-modular and 

modular windings when the one coil short-circuit fault occurs in the first branch of phase C. 

Although the branch currents for both windings are not totally the same, the changes in 3-

phase currents are very similar. These changes in turn are reflected in the dq-axis currents. To 

avoid duplication, they are not shown here. However, a comparison of the dq-axis currents 

when the one coil short-circuit fault occurs in different phases has also been carried out, as 

shown in Fig. 6.19. It can also be seen that the steady state d-axis current or q-axis current are 

quite similar except there is a time shift between them when the fault occurs in different phases. 

This also means that it is really difficult to tell the one-coil short-circuit fault occurs in which 

phase timely by analysing the current waveforms only. 
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(b) q-axis currents 

Fig. 6.19 dq-axis currents of the 3kW SPM machine when the one coil short-circuit fault 

occurs in the first branch of different phases.  

6.3.1.4 One-Coil Short-Circuit Fault in Phase A (4S×4P)  

When the coil connections are changed from 2S×8P to 4S×4P, the short-circuit currents of 

the faulty coil for the non-modular and modular windings are shown in Fig. 6.20. Now the one 

coil short-circuit fault is also assumed to occur in the first branch of phase A.  

 

Fig. 6.20 Currents in the faulty coil of the 3kW SPM machine with 4S×4P coil connections 

and two winding configurations when the one coil short-circuit fault occurs in the first branch 

of phase A.  

The amplitudes of the short-circuit currents for both windings in Fig. 6.20 are about 36.3A, 

similar to those for 2S×8P coil connection. This is also because the short-circuit current in the 
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faulty coil can be approximated by the ratio of the back-EMF of the short-circuited coil to the 

impedance of the short-circuited coil.  

The branch currents of 3-phase windings of the 3kW SPM machine with 4S×4P coil 

connections and two winding configurations are shown in Fig. 6.21, Fig. 6.22, and Fig. 6.23 

respectively. It can be seen that although the branch currents of phases A and B for the two 

winding configurations are quite similar, the branch currents of phase C are different.  

 

(a) Branch currents of phase A for the non-modular windings  

 

(b) Branch currents of phase A for the modular windings  

Fig. 6.21 Branch currents of phase A of the 3kW SPM machine with 4S×4P coil connections 

and two winding configurations when the one coil short-circuit fault occurs in the first branch 

of phase A. 
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(a) Branch currents of phase B for the non-modular windings  

 

(b) Branch currents of phase B for the modular windings  

Fig. 6.22 Branch currents of phase B of the 3kW SPM machine with 4S×4P coil connections 

and two winding configurations when the one coil short-circuit fault occurs in the first branch 

of phase A.  

In Fig. 6.23 (a), when the one-coil short-circuit fault occurs in the A1 branch, for the non-

modular windings the branch currents 𝑖஼ଵ and 𝑖஼ସ of phase C, adjacent to the A1 branch, are 

significantly affected. The amplitude of 𝑖஼ଵ increases from 4.3A to 7.4 A, and 𝑖஼ସ becomes a 

little smaller, the amplitude of which decreases from 4.3A to 3.7A. It has also been noticed that 

the sum of 𝑖஼ଵ and 𝑖஼ସ in Fig. 6.23 (a) is almost two times as large as 𝑖஼ଶ, and 𝑖஼ଶ and 𝑖஼ଷ are 

almost the same. However, all the branch currents of phase C are almost the same for the 

modular windings, as shown in Fig. 6.23 (b), the amplitudes of which increase from 4.3A to 

5.4A after the fault.  
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(a) Branch currents of phase C for the non-modular windings  

 

(b) Branch currents of phase C for the modular windings  

Fig. 6.23 Branch currents of phase C of the 3kW SPM machine with 4S×4P coil connections 

and two winding configurations when the one coil short-circuit fault occurs in the first branch 

of phase A. 

A comparison of the dq-axis currents of the 3kW SPM machine with 4S×4P coil connections 

and two winding configurations before and after the one-coil short-circuit fault are shown in 

Fig. 6.24. It can be seen that the dq-axis currents for both windings are almost the same before 

and after the one-coil short-circuit fault. These negligible differences in the dq-axis currents 

and current in the faulty coil will also lead to the negligible difference in the generated 

electromagnetic torque, as shown in Fig. 6.25. Compared with the torque ripple for 2S×8P coil 

connections, the torque ripple for the 4S×4P coil connections becomes a little smaller. 
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(a) d-axis currents 

 

(b) q-axis currents 

Fig. 6.24 dq-axis currents of the 3kW SPM machine with 4S×4P coil connections and two 

winding configurations when the one coil short-circuit fault occurs in the first branch of 

phase A. 
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Fig. 6.25 Change in on-load torque of the 3kW SPM machine with 4S×4P coil connections 

and two winding configurations before and after the one coil short-circuit fault. 

6.3.1.5 One-Coil Short-Circuit Fault in Phase A (8S×2P) 

In this section, the one coil short-circuit fault is also assumed to occur in the first branch of 

phase A. When the coil connections are changed to 8S×2P, the short-circuit currents of the 

faulty coil for the non-modular and modular windings are shown in Fig. 6.26.  

 

Fig. 6.26 Currents in the faulty coil of the 3kW SPM machine with 8S×2P coil connections 

and two winding configurations when the one coil short-circuit fault occurs in the first branch 

of phase A.  

Since it has been shown in chapter 4 that different series-parallel coil connections have little 

influence on the amplitude of the ITSC current at the same torque and speed, it can be expected 

that the amplitudes of the short-circuit current in the faulty coil for the non-modular 

overlapping windings are the same as those for 2S×8P and 4S×4P coil connections. Again, for 
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the modular windings, the short-circuit current in the faulty coil is almost the same as that for 

the non-modular windings. 

The branch currents of 3-phase windings of the 3kW SPM machine with 8S×2P coil 

connections and two winding configurations are shown in Fig. 6.27, Fig. 6.28 and Fig. 6.29. 

 

(a) Branch currents of phase A for the non-modular windings  

 

(b) Branch currents of phase A for the modular windings  

Fig. 6.27 Branch currents of phase A of the 3kW SPM machine with 8S×2P coil connections 

and two winding configurations when the one coil short-circuit fault occurs in the first branch 

of phase A. 

It can be seen from Fig. 6.27 that the branch currents of phase A for these two winding 

configurations are almost the same. The amplitude of 𝑖஺ଵ increases from 4.3A to 7.6A, and the 

amplitude of 𝑖஺ଶ decreases from 4.3A to 3.6A, much smaller than the short-circuit current in 

the faulty coil, around 39.4A. Regarding the branch currents of phase B for these two winding 
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configurations, they are also very much the same, as shown in Fig. 6.28. Actually, after the 

one-coil short-circuit fault, they become a little smaller, the amplitude of which are about 4A.  

 

(a) Branch currents of phase B for the non-modular windings  

 

(b) Branch currents of phase B for the modular windings  

Fig. 6.28 Branch currents of phase B of the 3kW SPM machine with 8S×2P coil connections 

and two winding configurations when the one coil short-circuit fault occurs in the first branch 

of phase A. 

However, the difference of changes in the branch currents of phase C for the non-modular 

and modular windings can still be observed in Fig. 6.29 for the 3kW SPM machine with the 

8S×2P coil connections. For the non-modular windings in Fig. 6.29 (a), the amplitude of 𝑖஼ଵ 

increases from 4.3A to 6.2A, and 𝑖஼ଶ is almost unchanged. However, for the modular windings 

in Fig. 6.29 (b), there is negligible difference between 𝑖஼ଵ and 𝑖஼ଶ. The amplitudes of them are 

about 5.2A. 
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(a) Branch currents of phase C for the non-modular windings  

 

(b) Branch currents of phase C for the modular windings  

Fig. 6.29 Branch currents of phase C of the 3kW SPM machine with 8S×2P coil connections 

and two winding configurations when the one coil short-circuit fault occurs in the first branch 

of phase A. 

As for the dq-axis currents of the 3kW SPM machine with 8S×2P coil connections and two 

winding configurations before and after the one-coil short-circuit fault, they are shown in Fig. 

6.30. It can be seen that there is a negligible difference in the dq-axis currents for both windings 

before and after the one-coil short-circuit fault. Because the dq-axis currents and current in the 

faulty coil are almost the same for these two windings, the generated electromagnetic torques 

as shown in Fig. 6.30 will have no difference.  
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(a) d-axis currents 

 

(b) q-axis currents 

Fig. 6.30 dq-axis currents of the 3kW SPM machine with 8S×2P coil connections and two 

winding configurations when the one coil short-circuit fault occurs in the first branch of 

phase A. 
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Fig. 6.31 Change in on-load torque of the 3kW SPM machine with 8S×2P coil connections 

and two winding configurations before and after the one coil short-circuit fault. 

6.3.2 Results for the 500kW SPM Machine 

Although there is some difference in branch currents of the 3kW SPM machine with non-

modular and modular windings, this is not the case for the 500kW SPM machine. It is worth 

mentioning that the branch currents of different phases of the 500kW SPM machine with non-

modular windings under the one-coil short-circuit fault have been shown in chapter 5, and it 

can be seen from those results that there are negligible changes in the branch currents of 

different phases for the non-modular windings when the one-coil short-circuit fault occurs. 

These phenomena are very much the same for the modular windings, as shown in Fig. 6.32. 

Considering that the branch currents of phases B and C are hardly changed before and after the 

one-coil short-circuit fault, the waveforms of which are not shown here. It can be seen from 

Fig. 6.32 that there is almost no difference in the branch currents of phase A for both windings, 

and this is also the same for the branch currents of phase B or C. This is because the one-coil 

short-circuit fault will often do very little harm to large-power SPM machines with many 

parallel branches and many coils connected in series for one branch. Therefore, it can be 

concluded that for large-power SPM machines with non-modular and modular windings, the 

difference in the fault performance would be negligible. In this case, in this chapter, it has been 

deemed unnecessary to carry out further studies for the 3MW generators or beyond.  
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(a) Branch currents of phase A for the non-modular windings  

 

(b) Branch currents of phase A for the modular windings  

Fig. 6.32 Branch currents of phase A of the 500kW SPM machine with non-modular and 

modular windings when the one coil short-circuit fault occurs in the first branch of phase A. 

6.4 Conclusion 

This chapter compares the performance of SPM machines with non-modular and modular 

windings under ITSC faults. It is found that the elements of branch inductance matrices 𝐌஺஼ 

and 𝐌஻஼ and three faulty inductance vectors 𝐌஺௙, 𝐌஻௙, and 𝐌஼௙ in the fault model for these 

two different winding configurations are different although the equivalent phase self- and 

mutual-inductances are the same, meaning that the healthy machine performances for a SPM 

machine with non-modular or modular windings are the same, but their fault performances are 

different. Simulation results of the 96-slot 32-pole SPM machine under inter-turn short-circuit 

-200

-100

0

100

200

3.88 3.92 3.96 4

PostfaultHealthy

B
ra

n
c

h
 C

u
rr

en
ts

(A
)

𝑖஺ଵ 𝑖஺ଶ

1.92 1.96 (3.84)2
Time(s)

𝑖஺଻
Non-modular

3.88 3.92 3.96 4

PostfaultHealthy

B
ra

n
c

h
 C

u
rr

en
ts

(A
)

𝑖஺ଵ 𝑖஺ଶ

1.92 1.96 (3.84)2
Time(s)

-200

-100

0

100

200
𝑖஺଻ Modular



 

164 

faults have confirmed this conclusion. In addition, machine performances of the same fault 

occurring in different phases have been simulated when these two winding configurations are 

considered. It is found that for the non-modular windings, the same fault in different phases 

will lead to different changes in branch currents. In addition, compared with the modular 

windings, the same fault in the non-modular windings will lead to greater imbalance in the 

branch currents of certain phases. However, the changes in three phase currents are almost the 

same. Thus, compared with the non-modular windings, the modular windings are generally 

more fault tolerant. However, these differences in the large-power (500kW and beyond) SPM 

machines become negligible because ITSC faults often cause very little imbalance in branch 

currents for large-power SPM machines with many parallel branches and many coils connected 

in series for one branch.  
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Chapter 7 Experimental Validation 

Previous chapters from 2 to 4 have shown good agreements between the analytical and 2D 

FE simulation results for the 96-slot 32-pole 3kW SPM machine with different series-parallel 

coil connections. This chapter will validate the fault models of the SPM machines with series-

connected coils, parallel-connected coils, and series-parallel connected coils by a series of 

experiments on two different small-scale machine prototypes.  
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7.1 Model Validation for Series-Connected Coils 

To validate the fault models of the SPM machines with series-connected and parallel 

connected coils, a 12-slot 4-pole SPM machine has been built. 

7.1.1 Machine Prototype and Experimental Setup 

A 12-slot 4-pole SPM machine prototype with internal rotor has been built by our group 

member from a previous project [142] and refitted by us to introduce the ITSC faults to validate 

the proposed fault model. It should be mentioned that whether the rotor is internal or external 

will have no influence on the validation of the proposed fault model. The main machine 

specifications are listed in Table 7.1 and the stator and rotor are shown in Fig. 7.1 (a) and Fig. 

7.1 (b), respectively.  

Table 7.1 Specifications of the12-slot 4-pole SPM machine [142] 

Rated speed (rpm) 400 Stator outer diameter (mm) 100 

Rated current rms (A) 2.5 Rotor outer diameter (mm) 49 

Series turns/coil 40 Airgap length (mm) 1 

Slots/poles 12/4 Stack length (mm) 50 

 

  

(a) Stator (b) Rotor  
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(c) Winding layout 

Fig. 7.1 The 12-slot 4-pole SPM machine with ITSC faults. 

Three fault scenarios can be introduced, i.e., single-turn, half-a-coil, and one-coil short-

circuit faults. Because the main purpose of the experiments is to validate the proposed fault 

model, the SPM machine is used as a generator driven by a dc machine. In this way, no 

sophisticated control algorithm is needed, and the experimental setup can be simplified, as 

shown in Fig. 7.2. Because the validation of the fault model requires rotor speed as an input, 

the position encoder together with dSPACE shown in Fig. 7.2 are used to accurately capture 

the speed information (DC and ripple components).  

The winding layout of this 12-slot 4-pole SPM machine is shown in Fig. 7.1 (c). All the coil 

ends (labelled as A1 to A4, B1 to B4 and C1 to C4) will be connected outside of the machine 

housing. On the other hand, the associated circuit schematic is illustrated in Fig. 7.3, in which 

each phase has two coils connected in series. The ITSC faults to be implemented will occur in 

A1A2 coil of the phase A. It is worth mentioning that no extra current limiting resistor is added 

to 𝑅௙  in the external short-circuited path. However, 𝑅௙ ് 0 because the resistive effect caused 

by the extension wires and the electrical contact have to be included, particularly when fewer 

turns are short-circuited. The value of 𝑅௙ can be obtained by subtracting 𝑅஺௙ from 𝑅௙ ൅ 𝑅஺௙. 

It should be mentioned that both 𝑅஺௙ and 𝑅௙ ൅ 𝑅஺௙ can be measured by using a low resistance 

instrument like the Rhopoint Milli-Ohmmeter M210 or Hioki IM3570 Impedance Analyzer 

before the ITSC is introduced. For the single-turn, half-a-coil, and one-coil short circuit faults, 

the measured values of 𝑅௙ are 0.036, 0.031, and 0.033, respectively. As for 𝑅஺௙, they are 

0.007, 0.145, and 0.323, respectively.  
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Fig. 7.2 Experimental setup. 

 

Fig. 7.3 Circuit schematic showing the introduced ITSC fault. 

7.1.2 Cogging Torque and Back EMFs 

As mentioned previously, the cogging torque needs to be included in the analytical model 

built in Matlab/Simulink to predict the torque ripple more accurately. The cogging torque 

obtained from the 2D FE model and experimental measurement using the method in [147] is 

shown in Fig. 7.4 and the corresponding test setup for the measurement is shown in Fig. 7.5 

[142]. The rotor is kept stationary on the lathe, which is fixed by an aluminium beam of a 

certain length such as 300 mm, and a preload is put onto one end of the beam to measure the 

applied force on the digital scale. The preload is needed because the cogging torque can be 

positive or negative, depending on rotor positions. The torque can be simply calculated by 
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using the measured force multiplied by the length of the beam (300 mm). To measure the force 

(and torque) at different rotor positions, the stator is rotated, which leads to a relative angular 

motion between the stator and the rotor.  

 

Fig. 7.4  Cogging torque obtained from the 2D FE model and measurement.  

 

Fig. 7.5 Test setup for measuring the cogging torque [142]. 

It is noticed that the cogging torque of the test machine is quite large relative to the torque 

output capability of the driving dc machine. At low speed, it could not be overcome by the 

developed torque of the dc machine, and thus it prevents the test motor from spinning. The 

cogging torque also acts as a torque disturbance to the dc machine to cause speed variations, 

especially at low speed, as will be investigated in section 7.1.4.  
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On the other hand, to avoid the negative impact of relatively large speed variations on the 

back EMFs measurement, a rotor speed of 900rpm has been adopted for the simulated and 

measured back EMFs of A1A2 coil as shown in Fig. 7.6.  

As mentioned earlier, the harmonics of the phase back EMFs, as shown in Fig. 7.6 (b), can 

be included into the proposed model to predict currents more accurately.  

 

(a) Waveforms 

 

(b) Spectra 

Fig. 7.6 Measured and 2D FE predicted back EMFs of A1A2 coil.  

 

7.1.3 2D and 3D FE Inductances  

The analytical method proposed in this thesis to calculate the 2D linear FE inductances under 

ITSC faults is applied to this 12-slot 4-pole SPM machine. To simplify the calculation of the 

slot-leakage inductances, the trapezoidal slot shown in Fig. 7.1 (c) is approximated to a 
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calculated and results are shown in Table 7.2. It should be mentioned that all the FE inductances 

are average values over one electrical period. From Table 7.2, a generally good agreement 

between the analytical and FE results can be observed.  

In addition, the effect of the core saturation on inductance values can also be observed based 

on the results shown in Table 7.2. It can be seen that when the core saturation is considered, 

the inductance values drop significantly, therefore the core saturation cannot be neglected. It is 

also worth noting that as the length of end-winding at each side of this small prototype is almost 

equal to the stack length, the end-windings cannot be neglected during the inductance 

calculations either. To make a direct comparison against the measured inductances using the 

Hioki IM3570 Impedance Analyzer, as shown in Fig. 7.7, a 3D FE model has been built (see 

Fig. 7.8) and the 3D FE and measured inductances are also shown in Table 7.2.  

From Table 7.2, it is found that the discrepancies between the measured and 3D FE phase 

self- and mutual-inductances are relatively small, both of them can therefore be used in the 

simulations for the prediction of healthy and faulty machine performance in the following 

sections. 

Table 7.2 Inductances in mH of the machine prototype under one coil short-circuit fault 

Method 𝐿஺஺ 𝐿஻஻⁄ /𝐿஼஼ 𝑀஺஻/𝑀஻஼ 𝑀஺஼⁄  𝑀஻௙/𝑀஼௙ 𝑀஺௛,௙ 

Analytical 1.148 -0.328 -0.164 -0.246 

2D FE 

(Linear) 
1.116 -0.3 -0.15 -0.223 

Error (%) 2.9 9.3 9.3 10.3 

2D FE 

(Nonlinear) 
0.85 -0.21 -0.105 -0.08 

Difference (%) 31.3 42.9 42.9 178.8 

3D FE  

(Nonlinear) 
1.323/1.321/1.319 -0.264/-0.266/-0.265 

-0.126 

/-0.127 
-0.095 

Measurement 1.418/1.461/1.419 -0.283/-0.294/-0.296 
-0.153 

/-0.158 
-0.125 

Error(%) -6.7/-9.6/-7 -6.7/-9.5/-10.5 
-17.6/ 

-19.6 
-24 

Note: the difference (%) in the fourth-from-last row is between the 2D FE (linear) and 2D FE 

(nonlinear) 
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Fig. 7.7 Inductance measurement by the Hioki IM3570 Impedance Analyzer. 

 

 

Fig. 7.8 A 3D FE model of the 12-slot 4-pole SPM machine. 

In addition, it is worth mentioning that 36 data points in one electrical cycle have been 

recorded during the inductance measurements by the Hioki IM3570 Impedance Analyzer. The 

waveforms of some measured and 3D FE nonlinear inductances are shown in Fig. 7.9 and Fig. 

7.10, respectively.  
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(a) Self-inductances 

 

(b) Mutual inductances 

Fig. 7.9 Waveforms of some measured inducances. 
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(a) Self-inductances 

 

(b) Mutual inductances 

Fig. 7.10 Waveforms of some 3D FE nonlinear inducances. 
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7.13. It can be easily seen that the saturations of the stator teeth and yoke are rotor position 

dependent.  

 

Fig. 7.11 Phase self-inductances obtained by 2D linear and nonlinear FE models. 

 

Fig. 7.12 Magnetic flux density distribution at 𝜃௥ ൌ 30∘. 
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Fig. 7.13 Magnetic flux density distribution at 𝜃௥ ൌ 90∘.  

 

7.1.4 Phase and Faulty Currents  

In this section, all the three fault cases including the one-coil, half-a-coil, and single-turn 

short-circuits have been investigated, and the measured and simulated currents have been 

provided and analysed.  

7.1.4.1 One-Coil Short-Circuit Fault 

When the one-coil short-circuit fault is introduced, a 3-phase resistive load (see Fig. 7.3) of 

𝑅௟௢௔ௗ ൌ 5Ω  is used to limit the amplitude of the phase currents. The measured speed is 

obtained from the encoder, as shown in Fig. 7.14. This speed is used in the simulation to fully 

consider the impact of speed ripple on the predicted current waveforms. The measured and 

predicted phase currents and the fault current (𝑖஺௙) in the short-circuited coil are shown in Fig. 

7.15. In Fig. 7.15 (a), it is worth noting that, as the predicted phase currents obtained by using 

the measured inductances and the 3D FE inductances are very much the same, to make the 

comparison between the measured and predicted phase currents clearer, only the predicted 
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phase currents using the 3D FE inductances are shown. The relative errors between the 

amplitudes of predicted and measured phase currents are less than 5%. However, there is a 

15% relative error of the amplitudes of the predicted and measured fault currents (𝑖஺௙) in the 

short-circuited coil, as shown in Fig. 7.15 (b), where the predicted fault currents (𝑖஺௙) both 

obtained by using 3D FE inductances and measured inductances have been presented. This is 

mainly due to the potential measurement errors in the fault current and 𝑅஺௙. For example, if 

the resistance 𝑅஺௙ is increased from 0.356 to 0.406 (a 0.05 increase), the relative error in 

the fault current will decrease from 15% to less than 5%. 

 

Fig. 7.14 Rotor speed under one-coil short-circuit fault. 
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(b) Fault current (𝑖஺௙) 

Fig. 7.15 Currents under the one coil short-circuit fault.  
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The 3-phase currents and current in the short-circuited turns are shown in Fig. 7.16. The 3-

phase resistive load 𝑅௟௢௔ௗ (see Fig. 7.3) is also set to be 5 to limit the amplitude of 3-phase 

currents, and the tested motor starts under the half-a-coil short-circuit fault directly.  
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(b) Fault current (𝑖஺௙) 

Fig. 7.16 Currents under the half-a-coil short-circuit fault. 

Like the one-coil short-circuit fault, the speed information is captured and loaded in the 

simulation to fully consider the impact of the speed ripple on the predicted current waveforms. 

It can be observed that the relative errors between the amplitudes of the predicted and measured 

phase currents are also less than 5% and the relative error of the current in the short-circuited 

turns is about 25%. The reason leading to this relatively large relative error of the current in 

the short-circuited turns is the same as those of the one-coil short-circuit current. 

7.1.4.3 Single-Turn Short-Circuit Fault 

In this case, the 3-phase resistive load 𝑅௟௢௔ௗ (see Fig. 7.3) is also set to be 5, and the tested 

motor starts under a single-turn short-circuit fault directly. The speed profile obtained from the 

encoder is similar to that shown in Fig. 7.14. The corresponding phase currents and current in 

the short-circuited turn are shown in Fig. 7.17.  
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(a) Phase currents 

 

(b) Fault current (𝑖஺௙) 

Fig. 7.17 Currents under the single turn short-circuit fault. 
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m (a change about 15 m), then the relative error of the current in the short-circuited turn 

can be limited to less than 5%. 

In addition, compared with the one-coil short-circuit current in Fig. 7.15 (b), the single-turn 

short-circuit current shown in Fig. 7.17 (b) for this machine prototype is much lower, which is 

opposite to those observed for the 3kW one shown in Fig. 2.11 and Fig. 2.12. This is mainly 

because for this 12-slot 4-pole machine, not a perfect full single-turn short-circuit fault is 

introduced, i.e., 𝑅௙ ൌ 0.036Ω ് 0Ω, which is about 5 times the resistance of short-circuited 

turns (𝑅஺௙ ൌ 0.007Ω). In addition, for this tested machine operating at 900rpm, the resistances 

are at least 2.5 times the corresponding inductive impedances. As a result, the inductive 

impedance in (2.15) could be neglected for simplification. This allows for an estimate of the 

amplitude of the fundamental component of 𝑖௙ by using  

 𝐼௙ ൎ
𝜇𝜔௥𝜆௠

൫𝑅௙ ൅ 𝑅஺௙൯
 (7.1) 

 

For the one-coil short circuit fault, the estimated 𝐼௙  is 25.6A. However, for the single-turn 

short circuit fault, 𝐼௙  is only 5.23A. It is noticed that both the estimated 𝐼௙ are slightly higher 

than the corresponding measured results. This is due to the slightly lower measured resistances, 

which cannot take the contact resistance into consideration when the two terminals are 

connected to introduce the ITSC fault.  

7.1.4.4 Different Loads and Speeds 

Further validation of the proposed model has been carried out for different load conditions 

(different currents and rotor speeds). The currents (peak value) in the short-circuited coil A1A2 

under two different resistive loads and different rotor speeds have been measured, as shown in 

Fig. 7.18. Again, the measured results generally match well with the simulated ones using the 

measured inductances, further proving the accuracy of the proposed fault model under various 

operating conditions.  
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Fig. 7.18 Amplitudes of currents of the short-circuited coil under different resistive loads and 

speeds.  

7.2 Model Validation for Parallel-Connected Coils  

7.2.1 Prototype and Test Rig 

Considering that the 12-slot 4-pole SPM machine only has two parallel branches in each 

phase and all the coils of the prototype machine can be connected outside of the machine 

housing, it can also be used for model validation for parallel-connected coils. In addition, the 

branch currents in all phases can be measured outside of the machine housing. The test rig 

shown in Fig. 7.19 is similar to that shown in Fig. 7.2, except that the number of current probes 

now is increased from 3 to 6 to measure 5 branch currents and the current (𝑖௙) in the external 

short-circuit path, shown in Fig. 7.20. Similarly, using this prototype machine, three fault 

scenarios can be carried out: one-coil, half-a-coil, and single-turn short-circuit faults. In 

addition, all the faults are introduced in the A1 coil. As the main purpose of the experiments is 

to validate the proposed fault model, the SPM machine will also be used as a generator driven 

by a dc machine, and its 3-phase terminals are connected to an adjustable 3-phase resistive load 

bank, as shown in Fig. 7.20. In this way, no inverter is required to drive the SPM machine, 

avoiding the necessity of complicated control schemes.  
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Fig. 7.19 Test rig.  

 

 

Fig. 7.20 Circuit schematic with the introduced ITSC fault.  

 

7.2.2 Inductances 

The analytical method for inductance calculation developed in chapter 3 has also been 
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N

Generator

𝑖௙𝑅௙

𝑖஺

𝑖஻

𝑖஼

Rload 

Rload

Rload



 

184 

in Table 7.3, where all the FE inductances in Table 7.3 are average values over one electrical 

period.  

Table 7.3 Inductances related to the A1 coil in mH  

Method 𝐿஺ଵ஺ଵ 𝑀஺ଵ஺ଶ 𝑀஺ଵ஻ଵ 𝑀஺ଵ஻ଶ 

Analytical 0.82 -0.246 0.082 -0.246 

2D FE 

(Linear) 
0.78 -0.224 0.074 -0.224 

Difference (%) 5.1 9.8 10.8 9.8 

2D FE 

(Nonlinear) 
0.508 -0.08 0.0075 -0.112 

Difference (%) 53.5 180 886.7 100 

Method 𝐿஺ଵ஺ଵ 𝐿஼ଵ஼ଵ 𝑀஺ଵ஻ଵ 𝑀஺ଵ஼ଶ 

3D FE (Nonlinear) 0.821 0.823 0.0063 0.0063 

Measured 0.857 0.856 0.0192 0.0237 

Difference (%) -4.2 -3.8 -67.2 -73.4 

Note: the difference (%) in the fifth-from-last row is between the 2D FE (linear) and 2D FE 

(nonlinear). 

A generally good agreement can be observed between the analytical and 2D linear FE results. 

However, it is found that the length of the end windings at each side of this small prototype 

machine is almost equal to the stack length. This means that the influence of the end windings 

on inductance values cannot be neglected. Meanwhile, the core saturation also has a significant 

impact on the inductance values, which has been shown in Table 7.3, making the inductances 

much smaller.  

In order to obtain more accurate inductance results, a 3D FE model shown in Fig. 7.8 can be 

utilized. The obtained 3D FE nonlinear inductances are compared against the measured ones 

by using the Hioki IM3570 Impedance Analyzer, and some of the values are also shown in 

Table 7.3. The corresponding waveforms are shown in Fig. 7.21 and Fig. 7.22, respectively.  
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(a) Self-inductances 

 

(b) Mutual inductances 

Fig. 7.21 Waveforms of some measured inductances. 

It can be observed from Table 7.3 that most of the relative errors between the 3D FE 

nonlinear and measured inductances are generally within an acceptable range. However, the 

relative error of 𝑀஺ଵ஻ଵ exceeds 50%. This is mainly because the absolute value of 𝑀஺ଵ஻ଵ is 

very small, so the measured value may not be reliable due to potential measurement errors. 

In addition, due to its very small value, its impact on machine performance prediction can 

be negligible, as will be investigated in the following section. As for the 3D FE nonlinear 

inductances related to the short-circuited turns, they can be estimated by using the inductances 

related to the coil A1. 
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(a) Self-inductances 

 

(b) Mutual inductances  

Fig. 7.22 Waveforms of some 3D FE nonlinear inductances.  

 

7.2.3 Branch and Faulty Currents  

In this section, all the three fault cases including the single-turn, half-a-coil, and one-coil 

short-circuit faults have been investigated, and the measured and simulated currents have been 

provided and analysed. It should be mentioned that all the three fault scenarios have been 

carried out under different speeds and loads to validate the proposed fault model, and the 

measured and simulated results generally match well.  

0 60 120 180 240 300 360
0

0.2

0.4

0.6

0.8

1

1.2

Relative rotor electrical position(deg)

S
el

f-
in

d
u

c
ta

n
c

es
(m

H
)

0 60 120 180 240 300 360
-0.3

-0.2

-0.1

0

0.1

0.2

M
u

tu
a

l i
n

d
u

ct
an

c
es

(m
H

)

Relative rotor electrical position(deg)



 

187 

In addition, it is worth mentioning that for this machine, the cogging torque is quite large 

and its amplitude is comparable to the rated torque. As a result, the cogging torque causes large 

speed ripples and could prevent the machine from spinning at low speed. One example is that 

when the machine is rotating at 900rpm, the maximum speed ripple is about 200rpm (22%). 

This is why the position encoder (see Fig. 7.19) is required to capture the speed ripples 

accurately so that the predicted current profiles will be closer to the measured ones.  

7.2.3.1 One-Coil Short-Circuit Fault  

Under the one-coil short-circuit fault, due to the relatively low load capability of the dc 

machine, limited power rating of the dc power supply, and large cogging torque of the tested 

machine prototype, the average rotor speed cannot reach 900rpm to reduce the influence of the 

speed ripple on the current profiles. The speed information captured by the position encoder is 

shown as Fig. 7.23 when the voltage applied to the armature winding of the dc machine reaches 

the maximum value (60V). The recorded speed information will then be loaded into the 

Simulink model to obtain the simulated current waveforms. In addition, the 3-phase resistive 

load 𝑅௟௢௔ௗ (see Fig. 7.20) is set to be 1.2 to limit the amplitude of branch currents to safe 

values.  

 

Fig. 7.23 Rotor speed under the one-coil short-circuit fault.  

The measured and simulated branch currents are shown in Fig. 7.24. Generally, the relative 

errors of the amplitudes of measured and simulated branch currents are less than 10%. It is 

worth mentioning that the predicted branch and phase currents by using the 3D FE and 

measured inductances in the fault model are almost the same. Therefore, only the predicted 

results using the measured inductances have been provided in Fig. 7.24 and Fig. 7.25.  
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(a) Measured branch currents 

 

(b) Predicted branch currents 

Fig. 7.24 Branch currents under the one-coil short-circuit fault.  

 

Fig. 7.25 Measured and predicted 3-phase currents under the one-coil short-circuit fault. 
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As the one-coil short-circuit fault is equivalent to the one-phase short-circuit fault for this 

SPM machine, the increase in the amplitudes of the branch currents in the shorted branches A1 

and A2 are almost the same, if the influence of asymmetric windings on the model parameters 

such as resistances and inductances is neglected. In addition, it seems that the branch currents 

in other remaining healthy phases are not greatly affected.  

Furthermore, the predicted fault current 𝑖஺ଵ௙ in the short-circuited coil (using both 3D FE 

and measured inductances) has also been shown in Fig. 7.26 together with the measured 𝑖஺ଵ௙. 

It can be seen that even at this low speed, the fault current 𝑖஺ଵ௙ in the short-circuited coil is still 

about 3 times the rated current, meaning that the windings may be burnt out in a very short 

time if timely detection is not adopted. 

 

Fig. 7.26 Predicted and measured fault currents (𝑖஺ଵ௙) in the short-circuited coil. 

7.2.3.2 Half-a-Coil Short-Circuit Fault 

A 3-phase resistive load of 𝑅௟௢௔ௗ ൌ 1.2Ω  is connected to the 3-phase terminals of this 

prototype machine to limit the amplitude of the branch and phase currents when the half-a-coil 

short-circuit fault is introduced. The speed and current data have been collected when the 

average speed of the prototype machine is about 900rpm. This relatively high speed is chosen 

in order to reduce the impact of speed ripple on the current predictions. At the same time, the 

branch currents and phase currents are shown in Fig. 7.27 and Fig. 7.28, respectively.  
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(a) Measured branch currents 

 

(b) Predicted branch currents 

Fig. 7.27 Branch currents under the half-a-coil short-circuit fault. 

It is also worth mentioning that the predicted branch and phase currents by using the 3D FE 

and measured inductances in the fault model are almost the same. Therefore, only the predicted 

results using the measured inductances have been provided in Fig. 7.27 and Fig. 7.28. It can be 

seen from Fig. 7.27 that the measured and predicted branch currents match well (the relative 

errors of the corresponding amplitudes are less than 10%), this is the same for the measured 

and predicted three phase currents as shown in Fig. 7.28.  
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Fig. 7.28 Measured and predicted 3-phase currents under half-a-coil short-circuit fault. 

Unlike the one-coil short-circuit fault, the detection of the fault by making full use of 3-

phase currents is not easy. The amplitude of the phase A current (6.6A) is only slightly smaller 

than those of the other two remaining healthy phases (7A for phase B and 7.4A for phase C 

respectively), as shown in Fig. 7.28. In addition, the fault current 𝑖஺ଵ௙ in the short-circuited 

turns as shown in Fig. 7.29 is about 5.6 times the rated current, meaning that the windings may 

be burnt out in a very short time if timely detection is not adopted. Again, the predicted 𝑖஺ଵ௙ 

using the 3D FE and measured inductances in Fig. 7.29 match very well, although both are 

slightly larger than the measured 𝑖஺ଵ௙, which may be due to measurement errors as explained 

for series-connected windings.  

 

Fig. 7.29 Predicted and measured fault currents (𝑖஺ଵ௙) in the short-circuited turns. 
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7.2.3.3 Single-turn Short-Circuit Fault 

The single-turn short-circuit fault with a 3-phase resistive load of 𝑅௟௢௔ௗ ൌ 1.2Ω has also 

been carried out using the same test rig. The speed and current data have been collected when 

the average speed of the prototype machine is also about 900rpm. As mentioned earlier, this 

relatively high speed is chosen in order to reduce the impact of speed ripple on the current 

predictions. Meanwhile, a relatively large short-circuit current will be generated. It should be 

mentioned that the measured values of some very small inductances are not reliable, and they 

are estimated based on the measured inductances related to one coil. In this way, the predicted 

branch and phase currents by using the 3D FE and measured inductances in the fault model are 

almost the same. The corresponding branch currents and phase currents are shown in Fig. 7.30 

and Fig. 7.31, respectively.  

Although 1 out of 40 turns has been short-circuited, the changes in the branch currents and 

phase currents are very minor, making it difficult to detect this fault. In addition, compared 

with the half-a-coil short-circuit current in Fig. 7.29, the single-turn short-circuit current shown 

in Fig. 7.32 is much smaller. This is mainly because for this 12-slot 4-pole machine, not a 

perfect full single-turn short-circuit fault is introduced, i.e., 𝑅௙ ൌ 0.036Ω ് 0Ω, which is about 

5 times the resistance of the short-circuited turns (𝑅஺௙ ൌ 0.007Ω).  
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(b) Predicted branch currents 

Fig. 7.30 Branch currents under the single-turn short-circuit fault. 

 

 

Fig. 7.31 Measured and predicted 3-phase currents under the single-turn short-circuit fault. 
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Fig. 7.32 Predicted and measured fault currents (𝑖஺ଵ௙) in the short-circuited single turn. 

7.2.3.4 Different Loads and Speeds 

For completeness of the model verification, further tests with different loads and speeds 

under the one-coil short-circuited fault have also been carried out, the results of which are 

shown in Fig. 7.33. It can be seen that the currents (peak value) in the short-circuited coil A1 

and faulty phase A with two different resistive loads and different rotor speeds from the 

measurement and simulation match well. Therefore, it can be concluded that the developed 

fault model is accurate in predicting the ITSC fault behaviours of the SPM machines.  

 

 

Fig. 7.33 Amplitudes of current of short-circuited coil and faulty phase under different 

resistive loads and speeds.  
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7.3 Model Validation for Series-Parallel-Connected Coils 

As the 12-slot 4-pole prototype only has 2 coils per phase, it is impossible to realise a 

machine with a series-parallel coil connection, which requires at least 4 coils per phase. In this 

case, a second prototype, a small-scale 24-slot 8-pole SPM machine, has been manufactured to 

validate the proposed fault model for the SPM machines with series-parallel connected coils. 

A series of experiments on this machine prototype have been carried out. 

7.3.1 Test rig setup 

The main parameters of this machine prototype are listed in Table 7.4. This prototype has a 

single-layer, full-pitch, and distributed winding structure, as shown in Fig. 7.34. Each phase 

will have 4 coils in total. To achieve a series-parallel coil connection, each phase winding will 

have 2 parallel branches and each branch has 2 coils connected in series. In addition, Fig. 7.35 

shows the coil where the ITSC faults are introduced and Fig. 7.36 shows the stator and rotor of 

the 24-slot 8-pole SPM prototype machine.  

Table 7.4 Specifications of the 24-slot 8-pole SPM prototype machine  

Rated torque (Nm) 1.09 Stator outer diameter (mm) 100 

Rated current rms (A) 2.5 Rotor outer diameter (mm) 49 

Series turns/coil 20 Air gap length (mm) 1 

Slots/poles 24/8 Stack length (mm) 50 

It is worth mentioning that three fault scenarios (single-turn, half-a-coil, and one-coil short-

circuit faults) have been designed and can be carried out outside of the machine housing. All 

these faults have been introduced in the A11 coil shown in Fig. 7.34. 

On the other hand, the associated circuit schematic is illustrated in Fig. 7.37, in which each 

branch has two coils connected in series. As for the any two integers below a coil symbol in 

Fig. 7.37, they indicate the numbering of the two slots where the two coil sides of that coil are 

lodged.  
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Fig. 7.34 The winding layout of the 24-slot 8-pole SPM machine.  

 

 

Fig. 7.35 The coil where the ITSC faults are introduced.  
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(a) Stator (b) Rotor 

Fig. 7.36 Stator and rotor of the 24-slot 8-pole SPM machine.  

 

Fig. 7.37 Circuit schematic showing the introduced ITSC fault.  
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After the machine is assembled, it is put on the test rig shown in Fig. 7.38. Because the main 

purpose of the experiments is to validate the proposed fault model, the SPM machine is also 

used as a generator driven by a dc machine and its 3-phase terminals are connected to a 3-phase 

rheostat. In this way, the hardware implementation of the fault experiments becomes much 

simpler and the main purpose of fault model validation by experimentation can still be 

achieved.  

On the other hand, it is found that it is sufficient to use the Magtrol Model 3411 torque 

display instead of a position encoder to record the speed information, which is an input to the 

analytical model built in Matlab/Simulink. This is because the 2.2kW dc machine has a good 

torque-speed characteristic to reduce the speed ripple caused by the 150W 24-slot 8-pole SPM 

machine prototype, which acts as its load.  

It is also worth mentioning that, to measure the branch currents and current 𝑖௙ in the external 

short-circuit path using current probes outside of the machine, the lead wires of the prototype 

have been made a little longer on purpose and thus the series-parallel coil connections can be 

easily accomplished outside of the machine housing. 

 

Fig. 7.38 Test rig setup on the desk.  

7.3.2 Cogging Torque and Back-EMFs  

Although cogging torque needs to be included in the analytical model built in 

Matlab/Simulink to predict the torque ripple more accurately, the measured values using the 

same method in [147] were not accurate and thus the results were not used for the simulations. 

This is because this method assumes that the rotor is stationary when rotating the stator to a 

fixed angle to measure the cogging torque. However, an imperceptible rotation of the rotor will 

make the measured values not reliable when the fastening of the rotor shaft outside of the 
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machine housing by a specially designed bolt shown in Fig. 7.7 cannot be secured. As a result, 

the cogging torque predicted by the 2D FE model as shown in Fig. 7.39 will be used in the 

Matlab/Simulink model.  

 

Fig. 7.39 Cogging torque obtained from the 2D FE model. 

It can be seen that the amplitude of the cogging torque reaches about 1.6Nm, 1.5 times the 

rated torque. This large cogging torque prevents the test motor from spinning at low speed. In 

addition, the cogging torque also acts as a torque disturbance to the dc machine to cause speed 

variations. However, the 2.2kW dc machine has a good torque-speed characteristic to overcome 

this cogging torque and can reduce the speed ripple caused by the 150W 24-slot 8-pole SPM 

machine prototype.  

The back-EMFs of different circuit branches (A1, A2, B2, C2) have been measured first to 

check whether the number of turns per branch are the same and the corresponding two branches 

of the same phase such as A1 and A2 are in phase with each other. The measured results of 

back-EMFs of different circuit branches are shown in Fig. 7.40. It should be mentioned that 

these measured results are obtained by using the Keysight DSOX2024A oscilloscope with the 

averaging acquisition mode at about 900rpm. This acquisition mode will automatically filter 

some measurement noise. From Fig. 7.40, it can be seen that the number of turns per branch of 

the wound machine are exactly the same and the corresponding two branches of the same phase 

are in phase with each other.  
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Fig. 7.40 Measured back-EMFs of different circuit branches. 

On the other hand, to avoid the negative impact of relatively large speed variations on the 

back-EMFs measurement, a rotor speed of 900rpm has also been adopted for the simulated and 

measured back-EMFs of the A1 branch, as shown in Fig. 7.41. A good agreement between the 

measured and simulated results can be observed. The harmonics of the phase back EMFs as 

shown in Fig. 7.41 (a) can be easily found in Fig. 7.41 (b) using the FFT technique and then 

they will be loaded into the developed fault model to predict the healthy and fault currents more 

accurately. 

In addition, to check if the ITSC faults are introduced correctly, for example, if the one-coil 

short-circuit, half-a-coil short-circuit, single-turn short-circuit faults can be correctly carried 

out, the relevant back-EMFs have been measured and are shown in Fig. 7.42, Fig. 7.43, and 

Fig. 7.44, respectively.  
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(b) Spectra 

Fig. 7.41 Measured and 2D FE predicted back-EMFs of the A1 branch. 

 

 

Fig. 7.42 Back-EMFs related to the one-coil short-circuit fault. 

It is worth mentioning that the back-EMF is proportional to the number of turns, thus it 

would be easy to identify some short-circuit or open-circuit faults by back-EMF tests before 

doing any other loading tests. In addition, it is easy to check the number of turns per coil is 20 

before inserting the coils into the slots because the number of turns per coil is not large. 
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Fig. 7.43 Back-EMFs related to the half-a-coil short-circuit fault.  

 

 

Fig. 7.44 Back-EMFs related to the single-turn short-circuit fault. 

7.3.3 Inductances 

The analytical method proposed in chapter 4 to calculate the 2D linear FE inductances under 

the ITSC faults is also applied to this 24-slot 8-pole SPM machine. The trapezoidal slot shown 

in Fig. 7.34 is also approximated to a rectangular slot with equal height and area to simplify 

the calculation of the slot-leakage inductances. The results of calculated inductances are shown 

in Table 7.5. A good agreement between them can be observed. Like the 12-slot 4-pole SPM 

machine, to consider the influence of the core saturation and long end windings on the 

inductance values, a nonlinear 3D FE model of this prototype has also been built using JMAG, 

as shown in Fig. 7.45. The 3D FE nonlinear inductance results are then compared against the 

measured ones by using the Hioki IM3533-01 LCR Meter, and the corresponding results are 
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also shown in Table 7.5. It can be seen from Table 7.5 that all the relative errors between the 

nonlinear 3D FE and measured inductances are generally acceptable. 

Table 7.5 2D FE and analytical inductances (µH) of the machine prototype  

Method 𝐿஺ଵ஺ଵ 𝑀஺ଵ஺ଶ 𝑀஺ଵ஻ଵ 𝑀஺ଵ஻ଶ 

2D FE (Linear) 331.7 -59.4 19.3 -59.5 

2D Analytical 283.5 -63.1 21 -63.1 

Difference (%) 14.53 -6.23 -8.81 -6.05 

3D FE (Nonlinear) 316.8 -25.8 -14.5 -34.1 

Measured 317.5 -27.45 -13.68 -35.3 

Difference (%) -0.22 -6.4 5.65 -3.52 

As for the nonlinear 3D FE and measured inductances related to the short-circuited turns, 

especially those associated with the single turn short-circuit fault, they can be estimated by 

using the inductances related to coil A11. For example, the self-inductance is proportional to 

the square of the number of turns in a coil, and the mutual inductance is proportional to the 

number of turns. As such, all inductances will be known for the three fault scenarios. 

 

Fig. 7.45 A 3D FE model of the 24-slot 8-pole SPM machine. 
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7.3.4 Branch and Faulty Currents 

To validate the proposed fault model, all the three fault scenarios (single-turn, half-a-coil, 

and one-coil short-circuit faults) have been carried out under different speeds and loads. It is 

found that the measured and simulated results generally match well.  

As mentioned earlier, it is sufficient to use the Magtrol Model 3411 torque display instead 

of a position encoder to record the speed information because the 2.2kW dc machine has a 

good torque-speed characteristic to reduce the speed ripple caused by the 150W 24-slot 8-pole 

SPM machine prototype. In addition, the Magtrol Model 3411 torque display also have a BNC 

connector for torque output. Thus, the speed, current and torque waveforms can be displayed 

on the monitor of the 16-channel Yokogawa DL850 oscilloscope simultaneously. In addition, 

to record these quantities before and after the faults, the trigger function of the oscilloscope has 

to be changed. Finally, after all the measured data are saved, the different time delays of speed, 

torque and currents have to be considered to make all the transients occur at the same time.  

7.3.4.1 One-Coil Short-Circuit Fault  

The rotor speed over the time interval between 0.45s and 0.55s under the one-coil short-

circuit fault is shown in Fig. 7.46. The data over 1s period have been saved and the transient 

occurs at about 0.5s according to the setting of the trigger function of the oscilloscope. 

Although the rotor speed recorded by the Magtrol Model 3411 torque display is not as accurate 

as that recorded by the position encoder, it has been deemed as acceptable to use it as the main 

input to the Simulink model to validate the proposed fault model. The 3-phase rheostat in Fig. 

7.38 is set to be 1.2Ω and it is connected to the 3-phase terminals of this prototype machine to 

limit the amplitude of the branch and phase currents when the one-coil short-circuit fault is 

introduced. The measured and predicted branch currents are shown in Fig. 7.47. 
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Fig. 7.46 Rotor speed under the one-coil short-circuit fault of the 24-slot 8-pole machine 

prototype. 

Generally, there are good agreements between the measured and simulated branch currents. 

The relative errors of current amplitudes are less than 10%. It should be mentioned that the 

predicted branch and phase currents by using the 3D FE nonlinear and measured inductances 

are very similar. Therefore, only the predicted results using the measured inductances have 

been provided in Fig. 7.47 and Fig. 7.48. It can be seen from Fig. 7.47 that the branch currents 

of the faulty phase A are greatly affected, but the branch currents of the remaining healthy 

phases B and C are slightly changed. However, the changes in the branch currents seem to be 

more obvious than those in the 3-phase currents as shown in Fig. 7.48. In Fig. 7.48, the 

amplitudes of the 3-phase currents do not change too much but the amplitude of the faulty 

phase A clearly become smaller, from 7.8A to 6.6A.  
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(b) Predicted branch currents 

Fig. 7.47 Branch currents of the 24-slot 8-pole machine prototype under the one-coil short-

circuit fault.  

 

Fig. 7.48 Measured and predicted 3-phase currents of the 24-slot 8-pole machine prototype 

under the one-coil short-circuit fault.  
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error now is about 10%. However, in Fig. 7.38, there was not much space on the desk to 

separate the current probes farther apart. 

 

Fig. 7.49 Predicted and measured fault currents (𝑖஺ଵ௙) of the 24-slot 8-pole machine prototype 

in the short-circuited coil. 

 

Fig. 7.50 Test rig setup on the ground.  
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Fig. 7.51 Predicted and measured fault currents (𝑖஺ଵ௙) under the one-coil short-circuit fault 

when the test rig is on the ground.  

7.3.4.2 Half-a-Coil Short-Circuit Fault 

When carrying out the experiments under the half-a-coil short-circuit fault, the 3-phase 

rheostat with 𝑅௟௢௔ௗ ൌ 1.2Ω  is also connected to the 3-phase terminals of this prototype 

machine to limit the amplitude of the branch and phase currents to keep electrical safety. The 

speed and current data have also been collected when the average rotating speed of the 

prototype machine is about 900rpm. At this speed, the branch currents and phase currents have 

been recorded and shown in Fig. 7.52 and Fig. 7.53, respectively. It should also be mentioned 

that the predicted branch and phase currents by using the 3D FE nonlinear and measured 

inductances in the fault model are almost the same. Therefore, only the predicted results using 

the measured inductances have been provided in Fig. 7.52 and Fig. 7.53.  

It can be seen from Fig. 7.52 that the measured and predicted branch currents match well, 

this is the same for the measured and predicted three phase currents as shown in Fig. 7.53. 

Compared with the one-coil short-circuit fault, the half-a-coil short-circuit fault causes less 

significant changes in the branch currents and 3-phase currents, therefore it is more difficult to 
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(a) Measured branch currents 

 

(b) Predicted branch currents 

Fig. 7.52 Branch currents of the 24-slot 8-pole machine prototype under the half-a-coil short-

circuit fault. 

The measured and predicted fault currents 𝑖஺ଵ௙ in the short-circuited turns are shown in Fig. 

7.54. Again, the predicted 𝑖஺ଵ௙ using the 3D FE and measured inductances are both provided 

in Fig. 7.54. A good agreement between the measured and predicted results can be observed. 

Although it is difficult to detect this fault, the fault current 𝑖஺ଵ௙ in the short-circuited turns is 

still very high, around 5.6 times the rated current. This means that early detection is still very 

important to protect the machine windings from burning out. 
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Fig. 7.53 Measured and predicted 3-phase currents of the 24-slot 8-pole machine prototype 

under the half-a-coil short-circuit fault. 

 

 

Fig. 7.54 Predicted and measured fault currents (𝑖஺ଵ௙) of the 24-slot 8-pole machine prototype 

in the short-circuited turns. 
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(a) Measured branch currents 

 

(b) Predicted branch currents 

Fig. 7.55 Branch currents of the 24-slot 8-pole machine prototype under the single-turn short-

circuit fault. 

It can be seen from Fig. 7.55 and Fig. 7.56 that the branch currents and phase currents are 

hardly changed. It is worth mentioning that there is negligible difference (less than 10%) in the 

predicted branch and phase currents by using the 3D FE nonlinear and measured inductances 

in the fault model. To make the plots in Fig. 7.55 clearer, only the simulated results using the 

measured inductances have been provided. In addition, compared with the one-coil and half-a-

coil short-circuit currents, the single-turn short-circuit current shown in Fig. 7.57 is much 

smaller, from greater than 20A to 8.6A. This is mainly because for this 24-slot 8-pole machine, 
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0.032Ω ് 0Ω, which is about 6 times the resistance of short-circuited turns (𝑅஺௙ ൌ 0.005Ω), 

meaning that a full single-turn short-circuit fault will not occur in practice. 
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Fig. 7.56 Measured and predicted 3-phase currents of the 24-slot 8-pole machine prototype 

under the single-turn short-circuit fault. 

 

 

Fig. 7.57 Predicted and measured fault currents (𝑖஺ଵ௙) of the 24-slot 8-pole machine prototype 

in the short-circuited single turn.  

 

7.3.4.4 Different Loads and Speeds 
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Fig. 7.58 Amplitudes of currents of short-circuited turns and faulty phase of the 24-slot 8-

pole machine prototype under different resistive loads and speeds. 

7.4 Conclusion  

A series of fault experiments on two different machine prototypes, i.e., 12-slot 4-pole SPM 

machine and 24-slot 8-pole SPM machine have been carried out to validate the proposed fault 

models for the SPM machines with different series-parallel winding configurations. The 

generally good agreements between the measured and simulated results fully validate the 

accuracy of the proposed fault models. The analytical fault model proposed in this thesis can 

be very useful for developing model-based fault detection and mitigation strategies for large 

wind power generators. For these machines, the modelling methods like direct FE or magnetic 

equivalent circuit can be very time-consuming. In addition, it can also be used to evaluate the 

fault-tolerant capabilities of the SPM machines with different winding configurations.  
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Chapter 8 General Conclusions 

8.1 Introduction  

This thesis developed some general and simple analytical models in a concise block matrix 

form for PM wind generators with series, parallel and series-parallel coil connections under 

inter-turn short-circuit (ITSC) faults. More attention has been paid to the series-parallel coil 

connection as it is often used in large offshore wind power generators. The fault model has 

been divided into two parts, i.e., the part of the healthy machine model uses branch currents as 

state variables and the faulty part is represented by the current in the external short-circuited 

path and the inductances between the short-circuited turns and every branch winding. In this 

way, it is found that the multiphase Clarke transformation can be used to simplify the fault 

model with FE linear and nonlinear inductances because all branch inductance matrices are 

circulant matrices. In the process of model simplification, the healthy machine model using 

branch currents as state variables has been proven to be equivalent to that using 3-phase 

currents as state variables, which gives more physical insights into the healthy machine models. 

Direct FE and Simulink simulations have been carried out on the 96-slot 32-pole SPM machine 

with different series-parallel coil connections to validate the developed fault models and model 

simplification method. In addition, the developed fault models have also been validated 

experimentally using two different machine prototypes. 

Simulations for large-power SPM wind generators such as the 500kW and 3MW SPM 

machines under ITSC fault have also been carried out based on the developed fault model and 

model simplification method. Two studies, i.e., the scaling effect and the influence of fault 

location, have been carried out and it is found that the large-power SPM wind generators are 

vulnerable to ITSC faults when relatively small number of turns are short-circuited and the 

single-turn short-circuit fault at the top of stator slots (slot opening) is the worst-case scenario. 

It is worth mentioning that the proposed fault model and the model simplification method 

are generic and may be applied to other types of non-PM machines and also their multiphase 

counterparts with practical winding configurations. When the calculation of inductances in the 

fault model is difficult, FEM can be used to consider the influence of shapes and locations of 

the copper conductors on the corresponding inductance values. Thus, the proposed fault model 

and model simplification method combine both advantages of the analytical and FE models to 

generate simulation results with an adequate accuracy in a shorter time.  
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Based on the developed fault model and model simplification method, the electromagnetic 

performance of SPM machines such as the phase currents, branch currents, current in the short-

circuited turns, torque can be predicted when the SPM machines are supplied by voltage 

sources. Generally, the 3-phase currents and the developed torque will change slightly under 

ITSC faults, although the branch currents and current in the short-circuited turns may change 

significantly. High-fidelity fault models can also be built for all SPM machines used in offshore 

wind power applications to consider all the fault scenarios under different operation conditions 

and to form database that can be used to find fault indicators during fault diagnostics. Such 

database would be useful and will be difficult to be obtained only based on measurements. This 

is because although ITSC faults can be studied by experiments, all the fault scenarios especially 

some extreme fault scenarios such as full single-turn short-circuit fault cannot be considered. 

Therefore, the analytical fault model together with the model simplification method can be very 

useful for developing model-based fault detection methods for large wind power generators if 

current signals are used to extract the fault indicators. It may also be useful for developing fault 

mitigation strategies and comparing the fault-tolerant capability of different machines such as 

the SPM machines with non-modular and modular overlapping windings as investigated in 

chapter 6. For these large-power machines, other modelling methods like FE or magnetic 

equivalent circuit can be very time-consuming and performing fault tests may be difficult.  

8.2 Future Work  

In this thesis, the magnetic equivalent circuit (MEC) modelling for the SPM machines under 

faulty conditions has not been considered. However, MEC models have been proven to be an 

interesting alternative to classical circuit models that are often used for the controller design. 

MEC models can include the effect of magnetic saturation and all space harmonics on machine 

behaviours, although they are more complex than the corresponding circuit models, they are 

much simpler than the corresponding FE models. Therefore, they are trade-offs between model 

complexity and accuracy. If real-time and accurate predictions of machine behaviours under 

healthy and faulty conditions are desired, they could be promising alternatives. In addition, 

they will be very useful especially when the commercial FE software is not available due to 

the consideration of cost reduction, as this has been studied in [31], [32], [90], [92], [94]–[97]. 

Luckily, the mathematical knowledge and skills required by the magnetic equivalent circuit 

models of electrical machines are almost the same as what had been used in this thesis, i.e., 

solving combined systems consisting of large numbers of differential equations and algebraic 

equations. Therefore, the main focus can then be put on the understanding of the basic concepts. 
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In addition, fault detection and mitigation have not been studied in this thesis. These two 

aspects are really very important in practice. When the developed fault model is interfaced with 

PWM converters to simulate the machine performance under real operating conditions, the 

effectiveness of some fault detection and mitigation strategies proposed by researchers can be 

validated easily. In the next stage, how to propose effective fault detection methods will be 

studied. It should be mentioned that multi-parameter monitoring and sensor fusion would 

become the only practical solutions for condition monitoring and fault diagnosis of electrical 

machines [8], thus relying on one method to detect and discriminate faults in most applications 

would not be sufficient.  

Modelling of other internal faults, like the phase-to-ground short-circuit fault, ITSC faults 

considering the multi-turn, multi-strand coil structure, and ITSC faults between coils or phases, 

would be easier based on the research work carried out in this thesis. Therefore, they can be 

studied further and would be part of our future works.  
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