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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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NOMENCLATURES

Abbreviation
2D Two dimensional
3D Three dimensional
AC Alternating current
DC Direct current
EMF Electromotive force
FEM Finite element method
ITSC Inter-turn short-circuit
MEC Magnetic equivalent circuit
PM Permanent magnet
SPM Surface-mounted permanent magnet
SPP Slot/pole/phase
WFA Winding function approach
Variables
T, Mean air-gap radius
Je Effective air-gap length
l, Effective stack length
ng The number of turns per coil
ng The number of short-circuited turns in one coil
p The number of pole pairs
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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. 1.2 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



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



e A wind turbine system has many components and each component would break
down or have a failure at some point.

e 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.

e 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

Wind
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A -
N
SCIG  WRIG/DFIG 0L ‘*‘ x i
mloYo Bl oo 3
S AN
Gearbox
o e | | L] | & T LR s
WRSG By Three-Phase
Wind Generator Generator-side Power Converter Grid-side ) Cbllg:?igrﬁ’oim
Harmonic Filter Harmonic Filter

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



components. Fig. 1.7 shows the annual failure rate and down time of a wind turbine system

corresponding to Fig. 1.6.
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Fig. 1.7 Wind turbine overview in respect to reliability [7].
Some conclusions can be made from Fig. 1.7:

e 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.

e 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.



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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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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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 1) dielectric
2) thermal overloading 2) tracking (over 600V)
3) corona (above 5kV)
C) Mechanical D) Environmental
1) coil movement 1) moisture (condensation)
2) rotor strike 2) contamination
3) abrasion

(a) A typical phase-to-phase fault caused by (b) A typical turn-to-turn short-circuit

a breakdown in phase insulation caused by voltage spikes from an inverter

(c) A turn-to-turn short-circuit caused by a  (d) Breakdown of ground insulation caused

defective magnet wire insulation 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].
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N

C
N
NN
N

Sy

(a) single switch (b) phase-leg short- (c) single inverter  (d) single-phase open-
short-circuit circuit switch open-circuit 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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(b) Windings with phase-to-phase short-

circuit

(c) Winding with phase to ground short- (d) Winding with inter-turn

circuit in the slot (turn-to-turn) short-circuit

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

eloﬂen Ci2

P
 —

< ¢ X

(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 SOMVA, the multi-turn coils will often form series-parallel

connections, which complicates the ITSC fault modelling.

Four Copper Strands in
Each of Six Turns

Copper Strands
Strand Insulation
Turn Insulation
Groundwall Insulation

Semicon Coating ——

(a) Random-wound stator coil for (b) Form wound stator coil for large power

small power machines [81] 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 as; and as,, 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. 1.22 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].
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(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.
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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 5S00kW 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

e 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.

e 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.

e 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 (0.5SMW and 3MW) have also been investigated
to study the scaling effect on machine fault-tolerant capability.
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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 1is 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, 0.5SMW 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.
221 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.

Armature Coil N

Fig. 2.1 ITSC fault in armature coils.
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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 R,
is the phase resistance, Ryf is the resistance of short-circuited turns, and Ry (assumed to be
zero for the 3kW machine) is the contact resistance between short-circuited points. My, ¢, Mg,

and Mc; are the mutual inductances between the remaining healthy winding Ah, healthy
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windings B, C and short-circuited turns, respectively. Ly is the self-inductance of short-

circuited turns. iy, (= iy), ig and i, are the currents of remaining healthy windings Ah, B and
C, respectively. Similarly, e4, eg, and e, are the phase back-EMFs of healthy phase windings.

In addition, e4, = (1 — p)e,, ef = uey, in which the phase faulty turns ratio in one phase

winding is defined as yu = % W = %% for the studied integer-slot SPMs with a SPP of 1. The
(o

corresponding coil faulty turns ratio in one elementary coil is defined as iy = ng/n., where ns

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.

V4 [RS 0 O —RAf ] iy es
vg| |0 Ry 0 0 ig |, |
Ve 0 0 Rs 0 lc €c
ol Ry 0o 0o —Rry—RLie] e
2.1)

Lyg My Mac —(Mapg+Ly) in

+ Mg, Lgg Mg —Mpy i ip
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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
di
vy +vp +ve = (eq+ep+ec) — Rypif — (Lf + Myp s + Mpr + Mcf)d—z (2.2)
Equation (2.2) together with (2.3) and (2.4) could be used to calculate the phase voltages

from line voltages.

Vgp = Vy — Up (2.3)
Vpe = Vg — Vg = Uy + ZUB - (UA + Up + vc) (24)
Once the currents in the healthy and faulty windings are determined, the electromagnetic

torque under ITSC fault can be calculated by

(eAiA + egip +ecic — efif)
(4)7-

T.=p + Tcog (2'5)

where w;. is the rotor electrical speed (rad/s), T, 4 1s 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.
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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

-®-

|_fault

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

Sinusoidal

( \ SYYY\
Vv
(A) 8
CP_B
FEM
W ( \ SYYY\
vy ‘A' C
Voltage CP_C
Source

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:

{Lph = Lg + Lis = Lg + Lot + Lena

2.6
Mph = Mg + M = Mg + Mot + Mepg 2.6)

where Ly, M, are the air-gap components and L;;, M;; are the leakage components,
respectively. Lgo¢, Mo are the slot-leakage components, and L,,,4 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, 0.5SMW 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;,; and slot-

leakage component L.

Lag Map My _(Mf an t Lf )

Mgy Lgg Mpc —Mpf L 4L 27

Mcy Mcp  Lec —Mcy ms 1 "l '
(Man+Lf) Mg Mgc —Ly

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

inductances can be calculated by [135]:

ele 2T
Ly =B fo Ni($)N;($5) dos 2.8)

e

where [, is the effective stack length, 7, is the mean air-gap radius, g, is the effective air-gap

length, py is the permeability of free space. Both g, and 7, for SPM machines can be
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calculated using the method in [134]. N;(¢) and N;(¢;) 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.
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Fig. 2.6 Winding functions of the faulty winding (Phase A).
The air-gap inductance component of phase A is
UoTele TT
Lag = =5 ()’ 2.9)

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

1 —-= = —
3 3 #
1 1
3 1 73 3
Lns =Lag| | 4 " (2.10)
—_ —_ 1 —
3 3 3
T )
-~ = —u2(2p-1
| U 3 ~3 #@r-D)]

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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[ Lisa 0 0 —(Misans+Liss)]

, 0 Lisg 0 0
L,. = ’ 2.11
ls 0 0 Lls,C 0 ( )
Mis anfs +Lisy O 0 Lisr

where Lis 4, Lis, Lis,c» Lis r are the slot-leakage components of self-inductances of phases A,
B and C and the short-circuited turns, respectively. Mg 4p, 5 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
Lisa=Lisp = Lisc = 2puol (nc>2 (hs)? o)
1s,4 = Lis,;p = Lisc = 4PHole n.) 3s, '
nc\2 (hy — he)? 1 2
Fisy = ke (h_z> Ta(hs ~gha=3h) (2.13)
ne\? [ha(hy — hy)?
Mis f.an = Mis ang = 210le (h—c> [a;%
(hp — hg) S "’ (2.14)
+ bzs < {(hs - hb + ha)z — htzl}]
w

where S, is the slot width, hy is the slot height, h, and h;, represent the fault locations along
the slot (see Fig. 2.4), and nf = n.(h, — h,)/hs represents the number of short-circuited

turns.

Tooth

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 u, = 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 3IMW
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  Lya/Lpp /Lcc Map/Mpc /Mca  Mps/Mcy Man, g Ly

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 8.4 122 438

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  Lya/Lpp /Lcc Map/Mpc /Mca  Mps/Mcy Man, g Ly

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  Lya/Lpg /Lcc Map/Mpc /Mca  Mpr/Mcy Map g Ly

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 15

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.
24.1.1 Linear Magnetic Core Material

To validate the proposed analytical model, a core material with a relative permeability p, =
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
ia = 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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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

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

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

pole number and the spatial distribution of coils on the

also obvious. This is particularly the case for the current in

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.
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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.
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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 g-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.
24.1.2 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.
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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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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 u =
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.

The peak currents at different rotor speeds under single turn short-circuit fault have also been

simulated, as shown in Fig. 2.13. Interestingly, the single turn short circuit current seems to
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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.
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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
o HwrAm

\/ (RS2 + (w,Ly)’

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

Iy (2.15)

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 w, Ly = 1/3uR; 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.
243 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.
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Fig. 2.14 Normalized short-circuit current vs coil faulty turns ratio.
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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
in predictions of the short-circuited current, hence the linear model is used for simplicity. In

Fig. 2.14 and Fig. 2.15, FE simulations of single turn, 10 turns, 21 turns, 31turns, 41 turns and
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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 iz =
OA 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.
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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 370MV A 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.
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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 Al are
labelled as A1 _fm, and the remaining healthy turns are marked as Al ht and Al _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 My1 ¢ 416, Ma15,51, and Myq 5 c16, €tC. 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

. . R
\/ Laa Map Myc] 4 [la Iy €4 %lf M,y di
Ve|=[Mpa Lps Mpc|—lis| + Reou |Ip |+ (€8] —| © |if— My ar 3.1
Ve Mcys Mep  Lec ic ic €c i M.

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 vy = [Va1 Va2 Vap]” has a size of p X 1. Additionally, if is the current in the
short-circuit path as shown in Fig. 3.1. As for Ly, Myp, My and My, 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

[Lxlxl Myixy Myixz - Mxlxp]

Mxel Lx2x2 Mx2x3 Mxep

Lyx =|Mysx1 Myzxz  Lysxz Mx3xp (3.2)
| : : i
lMxpxl Mxpxz Mxpx3 prxp J

Mxlyl Mxlyz Mx1y3 Mxlyp
T Mx2y1 Mx2y2 Mx2y3 Mnyp
Mxy = (Myx) = [ Mx3y1 Mx3y2 Mx3y3 Mx3yp (3.3)

Mypyr  Mxpyz  Mxpys =+ Mypyp

where x and y designate the phase windings, namely, A, B and C. L, describes all the
inductive couplings of the same or different coils/branches in the same phase winding, and
M,,, describes the inductive couplings between two different coils/branches in two different
phase windings. In addition, both of them have the size of p X p, and p is the number of pole
pairs.

For example, in (3.2), Ly;4; (i = 1,2, -+, p) is the self-inductance of branch Ai winding, and
MAl-Aj(i *;i=12,-,p;j=12,---,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

CO Cl Cz ee Cp—l
Cp—l CO Cl M CP—Z

circ(co,cl, ---,cp_l) = |Cp—2 Cp-1 Co Cp—3| (3.4
l Cl CZ C3 M CO J

In addition, R,y in (3.1) is the coil resistance, and Ry is the contact resistance between
short-circuited points. In the following case studies for the 3kW machine, Ry is set to be zero
for simplicity.

For the short-circuited path, the voltage equation is expressed as

di
. £ .
(Rf + RAlf)lf + LAlf,Ale —ea1r — Raigian

: : : (3.5)
T dlA T dlB T dlC

= (Myy) T (Ms;) Fr (Mcy T
Regarding the short-circuited turns, Raq15, La1ra15, and eq 5 are their resistance, self-
inductance, and back EMF. It could be easily found that e, = u;e,, in which the coil faulty
turn ratio in one phase winding is defined as u; = nyg/n, for the studied integer-slot SPM
machines. As for ny 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, s, Mgs, and My, are

faulty inductance vectors related to the short-circuited turns and they can be written as

My = [Latpair + Matnary Mazary = Maparr]”
Mps = [Mpia1if Mpaary - Mppair]” (3.6)
MCf = [MC1,A1f MCZ,Alf MCp,Alf]T

It can be seen that Lyq5 417 is the self-inductance of the short-circuited turns and Myqp 415

represents the mutual inductance between the remaining healthy turns and short-circuited turns
of the faulty coil, Al.
For the Y-connected stator windings with parallel coil connection, the sum of three phase

currents must be zero as described by

14 14 p
z iAk + Z in + 2 iCk =0 (37)
k=1 k=1

k=1

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

p

| di
vy + Vg +'UC = (eA + ep +ec)—5 RAlf"f-l_ E(MAf-l_MBf-I_MCf)k E (38)
k=1

where v,4, v, and v, are the three branch-to-neutral voltages. On the other hand, e4, ep, and
ec are the three branch back-EMFs. It is worth noting that all the branch-to-neutral voltages

belonging to the same phase such as v4; to v4, and the corresponding branch back-EMFs are
equal in the study. In the meantime, to be concise, (M 4 + Mpr + Mg f)k is used to denote the

k™ element of the sum of three faulty inductance vectors M, 7> Mgy, and M.

In addition, line voltages v,p and v, can be expressed in terms of branch-to-neutral

voltages v, and vy as

UAB = VA — UB (39)

UBC =UB_UC =UA+2UB_(UA+UB+vc) (310)

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

e )iy + (ep)Tip + (ec)Tic — eqfi
T, =p( 4)" 1y + (ep) Bw (ec)"ic Alflf_l_Tcog (3.11)
T

where w;. is the rotor electrical speed (rad/s), T¢,4 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 JIMAG 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 dg-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 Al 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

Layar = Lpipr = Leici =L G =1,2,-,p)

Mpyaj = Mpipj = Mcicj = My UG=23-,p)

Mp1p1 = Mpic1 = Mpicp = M> (3.12)
My1pj = Mpic; = My Gd=23,p)

My1cj = Ma1c1 = My Gg=23-,p-1)

with
b =M B D 002 + 2000 ol [
Im, = “‘fgr:l" (— ZLpz> (ny)? (3.13)
M =20 () oy
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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

Laifa1r + Mainaiy = L1
JMAj,Alf = Mpj a1y = M11 UG=23-,p) (3.14)
MBl,Alf = MCp,Alf = M, '
LMCj,Alf =M G=12,-,p—1)

In terms of calculating Lyif 415 and Myyp 415, 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

Li1 = La1f a1y + Matnarr = (LAlf,Alf)g + (Lasr.a1r)

slot

(3.15)

+ (MAlh,Alf)g + (MAlh,Alf)Slot

with
UoTole 2p — 1)
(Larrany), = == 50— ()’ m(ne)? (3.16)
e
UoTole 2p — 1)

(Marnary), = == 1 = (@)*Ir(ne)? (3.17)

e

In addition, the expressions for (LAlf, A1 f)slot and (MAlh, a1 f)szot are the same as (2.13) and

(2.14).

In addition, M;; and M, in (3.14) can be expressed as
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UoTele g

My, = — 2_pz7T(nc)2

e

KoTele (2p —3)
My, = 7 6—pzﬂ1ﬂ(nc)2

Equation (3.18) clearly shows that the mutual inductances between the short-circuited turns

(3.18)

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 pu, = 10000. Only the coil Al is excited by 1A DC current. It should be
mentioned that Ly, = Lgg = L-c and My = Mp. 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 Al 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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Fig. 3.4 Characteristics of inductances between A1 branch/coils and other branches/coils.

The relative error [(M aj Al)RE] using Myj4q as an example in Fig. 3.4 (b) is given by

where (MAjAl )Analytical

(MAjAl)Analytical B (MAjAl)FE
(Maja1) g

is the mutual inductance calculated by analytical approach, and

(Majar) g = 100 (3.19)

(MA i Al)FE 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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e 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 Lag Myp My
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. Myqp, 4118 the mutual inductance between the healthy and faulty

turns in the branch/coil Al.

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) cCo o
f [o C 0[ ] (3.20)
f.] lo o c

where fy, fg, f/ are the corresponding transformed branch current, voltage, and back-EMF

S

vectors. In this thesis, the multiphase Clarke transformation matrix C adopts the power

invariant form, expressed as (3.31). This means that C~1 = CT, so that
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f4 ¢’ o o1]fa
fepl=10 ¢cT o] |fs (3.21)

fc 0 0 CTl|f
34.1 General Case: ITSC Fault

The new voltage equations after the multiphase Clarke transformation can be written as

/] Lyy Myp My d iy iy
vp|=|Mps Lpz Mpe iz ip| + Reoil |15
ve Mg, Mg cc ic ic
3.22
exl 1€ 0 0 R‘(‘)lf Mar] 4 22
+eg—[o C 0] .|t Mde—::
e.] lo o c M,

where L, = CL,,CT, M;, = CMxyCT. “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 L), and My, become diagonal or block diagonal matrices as follows:

Ly, = diag((Ll + (@ —DMy), Ly — M), (Ly — My), -, (Ly — Ml)) (3.23)
and
M;p = Mp, = diag((Mz + (- 1DM,), My —M,), My — M,),-,(M, — M1)) (3.24)
and
( My+(p-1DM; i=j=1
2tk
(M, —M1)C05(T) i=j=2kor2k+1

2k
Mjc)ij =4 (My— My)sin (%) i=2kj=2k+1 (3.25)

. (2mky . .
_(MZ_Ml)Sln(T) i=2k+1,j=2k

\ —-(M,—M,) i=j=p
In (3.25), p is assumed to be an even integer, and the integer k can vary from 1 to (p — 2)/2.
Other elements equal to zero in (Mj);; are not listed. If p is odd, then the integer k can only
vary from 1 to (p — 1) /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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_ dif -
(R + Raxy )i + Lasfary pFraaC Vi Ra1r(CTij)q
di, dij di (3.26)
T Uly T B T Cc
= (CMyy) =+ (CMgp) =+ (CMef) ==
where (CTi))); is the first element of the vector CTi}. Finally, the torque equation now can be

expressed as
p . . . ,
Te = w—(eAlA + egip + ecic — eAlflf) + TCOg (327)
T

It should be mentioned that vy, =[v, 0 -+ 0]", e, =[e, 0 -+ 0]". Ifi, =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
1 1

Lparallel = p_steries Mparallel = FMseries (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

( 1w 1v
| (Lxx)parallel = }?Z Z(Lxx)ij = EZ(Lxx)lj
S = (3.29)
_ 1 _ 1
(Mxy)parallel - PZ Z(Mxy)ij - EE(Mxy)lj
i=1j=1 =

34.2 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

Va Lia Mg Myc] g |lar Ly €a
Ve|=|Mps Lpp Mpc a ip |+ Reoit [ip | +[€B (3.30)
Ve Mca Mcp  Lec ic ic €c

where iy = [la1 =1 142+ lap]". The multiphase Clarke transformation in (3.20) now

should be applied to iyf 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 Al is iy; — ir. 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]

1 1 1 1 1
2 2 NP P P
21 21 2r 21
1 cos (— —) cos (—2 X —) cos (—m X —) cos (—(p —-1) x —)
p p p p
21 21 21 21
0 sin (— —) sin (—2 X —) sin (—m X —) sin (—(p —-1) x —)
p . p p . p
21 . 21 . 2r 21
1 cos (—kx—) cos (—Zxkx—) cos (—mxkx—) cos(—(p—l) xkx—)
2 p p p p
C= |- 2 (3.31)
p . T ) 21 . 21 ) 21
0 sm(—kx—) sm(—2><k><—) sm(—mxkx—) sm(—(p—l) xkx—)
p p _ _ p ' ' p
—2y 2 y—2 2my b2 2m\ S -2\ 2
1 cos (— (p ) X —n) cos (—2 X (p ) X _n) =+ COS (—m X (p ) X _n) =+ COS (—(p —1) x (p ) X —n)
2 p 2 P 2 P 2 p
) p—2 2 ) p—2 2m ) p—2 2m ) p—2 2m
0 sm(—( )x—) sm(—Zx( )x—) sm(—mx( )x—) sm(— -1 x( )x—)
2 D 2 D 2 D (o ) 2 D
1 1 1 1 1
— - — (—D)m— -
V2 V2 V2 V2 2

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 (p — 2)/2 terms appeared in the last three rows should be replaced by (p — 1)/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 u, =
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.
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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, = hg/n. and h, = (0.5n. + 1)hy/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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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 igq, ig16, ic1, and iqq¢ are greater compared with other

branch currents in phases B and C when the ITSC fault occurs in Al branch.
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Fig. 3.11 Some branch currents of phases B and C.

Although it is not shown here, the branch currents ig, to igy5 in phase B (or i, to i¢q5 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

My1p1 # My1c1 and Myqip16 # Myic16- If both of them were equal, then the two branch
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inductance matrices Myp = My and Mps = 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, = hy/n. is chosen. Fig. 3.12 shows the currents in the faulty coil A1 before

and after the single-turn short-circuit fault.
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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.
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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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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:
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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 7 coils in series, and n parallel branches of
one phase will therefore contain p = r X 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, »SxnP
will be used to represent the windings with » series coils (in each branch) and » parallel

branches (in each phase).

One FEM coil contains r coils in seriesR

F=0
’_(%H:]?
. o f
—— i, Al_hc AT1_ht A11_hb | —p is
Sinusoidal Al A Al

U Branch A1 o A11_fm W
el S FEM K
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CP_A Branch ;\n

Branch B1

v ‘

V >
CP_B Branch MAlf c1
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Source >
Branch C1 MAlf,Cn
ilien Z
!!I CP_C ““Branch Cn

Fig. 4.1 Circuit schematic of the studied SPM machines under ITSC fault. One FEM coil

®

contains 7 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 A1l _fm are
somewhere in the middle of the affected slots, then A11 ht and A1l _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 My £ an, Ma1f,51, Ma1f,cn» €tC

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

. . R
Va Liga Myup My d [ta 14 €a ‘2)1f M,f diy
Ve|= Mgy Lpg Mpc|— ig|+Rep |ip[+|€8|—| | [ir—|Msr o @D
Ve Mcy Mep Lec ic ic ec : M¢

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, =
[Var Vaz ** Van]T.andithas n entries, where n is the number of parallel branches defined
earlier. Additionally, if is the current in the short-circuit path as shown in Fig. 4.1. As for Ly,
and My, (“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 X n. In addition, R, in (2.1) is
the branch resistance, and Ry f is the resistance of the short-circuited turns. The elements of
three column vectors My, Mgf, 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, = (u1/7)e, is the back EMF of the short-circuited turns, where
the coil faulty turn ratio y; is defined as u; = ng¢/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
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n n n
2 iAk + z in + z iCk =0 (42)
k=1 k=1 k=1
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,, vg, and v,
cannot be determined directly from the line voltages v,z and vg. 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

AL diy
Raipis + Z(MAf+MBf+MCf)k I (4.3)

k=1

1
UA+UB+'UC:(8A+eB+ec)_E

where egand e, are branch back-EMFs of phase B and C, respectively. (MA 5+ Mg+ Mcf)k

indicates the ™ element of the sum of M4 7> Mgy, 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 Al 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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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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(La1a1 = Lpip1 = Lcica = L1

My14j = Mp1gj = Mcicj =My = 2,3,-++,n)

My1p1 = Mpyic1 = M,

{Mp1pj = Mpic; =M, ( =2,3,+-,n) 4.4)
Myqc; = My (G=23,-,n—-1)

Myic1 = My + M,

\Mp1cn = My + Mp

with

UoTeleT(2p — 1) h

Ly = B T om0 + 2 ()l |3
UoTel r? (2p —3r)

M, = g: z (— 2—pz> n(n,)? and M, = - M (4.5)

HoTele 1

Mg = — n(ny)? and M, = (r — 1M,

7 ge 30 F « d

where the meanings of g, 7, , ¢, ge, hs, S, and p are the same as those in [140].
As for the elements in the fault inductance vectors, they are given as
Laifarr + Matnary = L1 Majarp = Mpjap =M1 G =2,3,--,n)
Mp1,a15 = Mcnary = Mp (4.6)
Mcjarf = Miq Gg=12,-,n-1)
Regarding Lyqf 415 and Myqp 415, 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

Lyy = Laipair + Maanarr = (LAlf,Alf)g + (LAlf,Alf)

slot

4.7
+ (MAlh,Alf)g + (MAlh,Alf)Slot
with
HoTele 2p — 1)
(LAlf,Alf)g + (MAlh,Alf)g = ge eTHﬂT(nc)z (4.8)
e

In addition, the expressions for (LAlf'Alf)slot and (MAlh'Alf)slot are the same as (2.13) and

(2.14).
As for My, and M,, in (4.6), they can be expressed as

toTele T (3r — 2p)
My, = —fz_pzlh”(nc)z and M, = 3—7,M11 (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 rSxnP 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
2Sx8P 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 (rSxnP)

8Sx2P 4Sx4Pp 2Sx8P
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 u,, = 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 Ly, = Lgg = L and My = Mp.. 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.
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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 2Sx8P 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 Lya Myp My
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
bran