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“I know one thing: that I know nothing.”

“True wisdom comes to each of us when we realize how little

we understand about life, ourselves, and the world around us.”

“Wonder is the beginning of wisdom.”

- Socrates [470 — 399 BC]
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Abstract

In order to address the issues of climate change, global warming and energy
security, the adoption of plug-in electric vehicles (EV) in the transportation industry is
considered as a potential solution. However reliability, availability and fail-safe
operation of electrical systems is a growing concern among vehicle manufacturers and
their customers.

This thesis is concerned with modelling, fault detection and control of
permanent magnet machine with stator winding failures. It has been reported in various
surveys that stator winding failure constitutes about 21-37% of the total failures in an
electrical machine. Most winding failure start as incipient faults like inter-turn fault and
develop into a complete winding failure.

In the first part of the thesis inter-turn fault in surface permanent magnet
machine is modelled using analytical techniques and validated against finite element
simulations. Two new techniques to model turn fault in interior permanent magnet
machine is described, one based on finite element model extraction and the other using
a semi-analytical technique requiring only the healthy machine data. Both these
techniques are experimentally verified and the pros and cons of the two methods are
discussed.

The second part of the thesis describes two new turn fault detection techniques
for surface permanent magnet machines. One technique utilises the ripple current
present in all pulse width modulated inverter fed motors to determine turn fault. The
other is based on using the drive controller data and performing signal processing to
extract the small fault signature. Both these methods are experimentally verified.

Finally a novel fault tolerant controller able to handle phase-open and phase-
short condition is described. The controller is based on a stationary frame resonant
control which simplifies operation under fault condition compared to a traditional
synchronous frame controller commonly utilised in drives. Extensive testing is

performed on a 5-phase fault tolerant machine to validate the controller.
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Chapter

Introduction

1.1 Trends in Transportation Sector

Mobility underpins our way of life. From time immemorial, humankind has tried
to increase its mobility. From horses to steam engines from cars to aircraft, our pursuit
has been to achieve faster means of travel. Up until the invention of the steam engine
the only means of ground transportation other than on foot or horse has been animal
drawn wagon or sled. In the late 19™ century, the internal combustion engine (ICE) was
invented which brought about the automotive revolution. Road transport now is an
integral part of our lives. It has dramatically improved personal mobility and economic
prosperity.

However, the use of fossil fuel as energy source for automobiles and industry
has led to ever increasing carbon and greenhouse emissions which induce climate
change and deterioration of air quality. In 2007 G8 summit an ambitious target of 50%
reduction in global emission (relative to 1990 levels) by 2050 was adopted'.

One way of achieving this in road transportation sector is adoption of cleaner
fuels. Bio-fuel is one such option. Since bio-fuel is not based on fossilised carbon, its
use is not expected to increase the overall CO, balance. In Brazil for example, ethanol
based bio-fuel has been promoted by the government as a means of reducing the
country’s fossil fuel dependence. However, production of bio-fuels can put the already
strained environmental resources under pressure. Hydrogen and fuel cells have been
proposed but are not yet popular due to risk of handling hydrogen. Another way of
achieving fuel efficiency has been hybrid and plugin hybrid vehicles, which enable the

ICE engine to operate at optimal speed and efficiency, and the balance of power is

! http://www.g-8.de/Webs/G8/EN/News/news.html




1. Introduction

provided by an electric motor. Finally battery electric vehicles are gaining more
acceptances in the market due to better battery technologies, efficient and power dense
electrical motors and increasing number of charging stations. However, unlike ICE
cars, where a minor fault may not result in a complete breakdown, even a small
electrical fault like a loose connector can bring an electric vehicle to a complete
standstill. As electric cars become more widespread ensuring high availability is
expected to become more and more important. From a consumer point of view it means
that the system lasts longer and will not suffer from a catastrophic failure.

In the aerospace industry there has been a push towards more electric aircraft
(MEA). Traditional hydraulic actuators have been steadily replaced by electro-hydraulic
actuators which lead to reduced weight due to reduction of the hydraulic piping.
Recently, the EADS demonstrated an all-electric aircraft E—Fanz, designed to showcase
the technology of electric motors for primary propulsion of the aircraft.

Therefore, ensuring fast incipient fault detection, fault tolerance and fail-safe
operation is one of the key techniques that are required to ensure that a single failure of

any subsystem will not cause a complete failure of the system.

1.2 Increasing Availability

Availability is the ratio of the total time of a drive capable of being used during
a given interval to the length of the interval. In conventional motor drives an unexpected
failure of any component leads to a motor-drive shutdown thereby reducing the
availability of the system and leads to economic loss. In applications such as electric
vehicles [1]-[3] and aircraft fuel pump systems [4]-[6], unexpected shutdown can lead
to high repair costs or more critically lead to unsafe mode of operation of the entire
system. To overcome this, in industrial and aerospace applications redundancy and/or
conservative designs are commonly employed. Redundancy consists of designing two
or more identical and independent systems which are either sharing the load or are
designed as spare units. In case of fault, the spare units are able to take over the
operation of the faulted unit. Conservative designs consist of oversizing the motor-drive

system so as to minimise the likelihood of fault due to lower stress on the system.

2 hitp://www.airbusgroup.com/int/en/innovation-citizenship/airbus-e-fan-the-future-of-electric-
aircraft.html
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However, this can significantly increase the cost of the system. In aerospace application,
non-recurrent cost is not of much concern, but oversizing leads to increase in weight
and in the cost competitive automotive sector, this is not an acceptable solution.

Preventive maintenance is one approach to decreasing the likelihood of
unexpected downtime due to failure of a component. A given part of the drive can be
replaced after a predetermined period of time, which is calculated on the basis of
statistics of historic data on failure of the particular part. This approach is typically
employed in the aerospace industry. However, replacement of a good working part just
because it has crossed its expected lifetime is not very economically attractive.

One way to improve availability without cost penalty is to develop prognostic
and condition monitoring methods to monitor the aging process of critical components.
This enables the monitoring system to flag an impending failure to the operator enabling
the operator to schedule preventative maintenance. Prognostic methods depend on
monitoring fault indices which require long period trending and a calibrated dataset to
determine when to flag a faulty component to the operator. However a sudden or a
rapidly progressing fault such as a stator inter-turn fault cannot be handled by this
technique.

A way to handle rapidly progressing faults is to develop diagnostic and fault
detection methods to detect small incipient faults which enable application of mitigation
techniques to prevent the development of the incipient fault into a system failure. This
implies that the fault has to be detected at an early stage of development and therefore
the detector needs to be fast. However it presents challenges in detection due to small
incipient nature of the fault in a high noise environment. One such challenge is the need
to robustly reject the changes in the fault indices due to load or speed changes in order
to avoid false alarm.

The last line of defence in preventing a complete shutdown of a motor-drive
system due to a fault that cannot be predicted or detected within a required period is the
application of advanced fault tolerant controls. Fault tolerant controls as the name
suggests is an advanced control system capable of maintaining continued operation of a
system albeit at a reduced torque-speed envelope under fault condition.

Therefore due to an increased application of electrical machines in safety critical

applications, a real-time integrated health monitoring that can detect, classify, and
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predict developing faults and a fault tolerant control system is critical to reducing

operating and maintenance costs while optimising the life and availability of the system.

1.3 Propulsion Motors in Electric Vehicles

Table 1-1 shows the propulsion motor technology for the most popular electric
vehicles in the market today, including battery EV and hybrid EV. It can be seen, that
with the exception of the Tesla S, most motors in electric vehicles are based on
permanent magnet technology. Permanent magnet machines are increasing being
favoured as the motor of choice for traction applications due to their high power density

and overall high efficiency [1].

Table 1-1: Popular Electric Vehicles Motor Specifications’

Vehicle Motor Technology Power Rating
Tesla S Induction motor 310 kW
Toyota Prius Permanent magnet 60 kW
Peugeot 3008 Hybrid4 Permanent magnet 28kW

Honda Insight Permanent magnet 10kW

Lexus CT200h Permanent magnet 60kW

Nissan Leaf Permanent magnet 80kW
Chevrolet Volt Permanent magnet 111 kW

1.4 Electrical Machine Failures

Several surveys on reliability of industrial motors conducted by Electric Power
Research Institute EPRI [7] and IEEE [8]-[11] concluded that stator winding failures
accounts for about 21-37% of faults in electrical machines. Fig. 1-1 shows the
distribution of failure of various motor components reported in [11] and indicates the
winding faults account for 21% of the total. Other surveys [7], [8] showed a slightly
high winding failure percentages. In any case, it can be seen that stator winding failure

is the 2™ most common failure mode of industrial motors.

3 hitp://www.cars-data.com
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Rotor Bar Shaft / Coupling
Stator

Winding 7‘|%) 3%

21%

Bearing 69%

Fig. 1-1: Distribution of faults
There are many causes for accelerated aging of winding insulation.

Electrical Stress

Electrical stress caused by transients like switching is one of the major causes of
insulation failures. Transients due to circuit breaker/re-closer operation have
long been the cause of insulation failure in large industrial motors [12].
Transient voltages when impressed on stator windings distribute non-uniformly,
with most of the voltage getting distributed in the first few turns of the phase
winding closest to the motor terminal. Repeated transients have been observed to
cause rapid deterioration of insulation. This is particularly true in case of
variable frequency drives due to switching operation of the drive inverter [13].
Also, voids created during winding insulation or potting are sites of partial
discharge that cause local heating and rapid degradation of surrounding
insulation eventually leading to failure of the insulation. Sudden short circuit
currents due to terminal short circuits, poses severe thermal and mechanical

stress on the coils, especially the end-windings causing eventual failure.

Thermal Cycling

Temperature is a known factor in accelerating aging process in insulators [12].
Thermal cycling is among the biggest causes of failure in insulation, since it
subjects the insulation and the winding through expansion and contraction,

causing failure of insulation bonding, cracking of the insulation, and void
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formation which due to presence of electric field of the winding starts to undergo
partial discharge and eventual failure. Another mechanism is thermal aging of
the winding. An increase in operating temperature of the coils can reduce the
insulation lifetime significantly. For example, a 10° C rise in temperature above
rating can decrease insulation life by 50% [12]. One way to reduce this effect is

to reduce the thermal loading by better cooling or using a higher insulation class.

3. Environmental Conditions
Operating environment condition of the motor can lead to degradation of
winding insulation. Environmental factors such as high humidity, poor
ventilation, chemicals, and sea salt in costal or off-shore installations can cause
degradation of insulation, by either corrosion or by deposition on insulation,
causing electrical discharge. For example, the presence of dust can lead to
reduced heat dissipation, increasing thermal degradation of the winding. Salt
along with moisture deposition on winding insulation can cause electrical
tracking [12].

4.  Mechanical Stress
Mechanical stress on the winding insulation can degrade the winding insulation
strength. The electromagnetic force experienced by end-coils is proportional to
the square of the motor current can cause pulsating force on the coils.
Mechanical stress can also occur due to vibration of the motor, particularly

experienced in traction motors.

The gradual degradation of insulation strength leads to the conductors in the
winding to come in contact either with other turns or to the ground wall. One of the
leading mechanisms of a complete winding failure are inter-turn short-circuit failures
(TF) [14] which are especially critical, since the current flowing in the shorted turns can
far exceed the rated current of the winding [15], [16]. This can lead to thermal
degradation of winding insulation close to the faulted turns and the fault can
progressively spread leading to a complete winding fault. The heat generated by the
winding fault can cause degradation of not only the coils near it, but also the stator core,

leading to costly and lengthy unscheduled maintenance shut down. This is more critical
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in permanent magnet (PM) machines since a simple shutdown of the inverter is not
enough to mitigate turn faults due to presence of magnets in the rotor, the current
continues to flow in the faulted turns until the rotor has stopped spinning. The large
circulating current in the faulted turns can also produce irreversible demagnetization of
the magnets [17] thereby damaging the rotor as well as the stator if the fault is not
checked.

Stator turn fault detection has been under investigation since the early 1980’s
and many techniques (mainly for induction machines) have been presented in literature.
One of the techniques is the use of off-line fault detection. This is done during routine
planned maintenance on the machine where the machine is taken off service and tested
using techniques like DC winding resistance test, surge test and partial discharge test
[12]. However this means that if fault develops in between maintenance periods it will
remain undetected and can potentially cause complete winding failure. Therefore an
online approach is more suited to inter-turn fault detection. There are several online
techniques for inter-turn fault detection in literature, namely using motor current
signature analysis (MCSA) ) [18]—[20], high frequency (HF) injection [19], [21], [22],
measurement of axial leakage flux [23]-[25] and search coil based measurement of
flux-linkage unbalance [26]-[28], neutral point voltage measurement [29]-[31],
fundamental frequency analysis [32]-[34] and state estimation based methods [35],

[36].
1.5 Gaps in Existing Body of Knowledge

Although the topic of fault detection and fault tolerant controls has received
increased attention from the research community over the past few decades there are a
number of areas where there are gaps in the knowledge.

One such area is the accurate modelling of machines under turn fault. Machine
models are crucial in the development of new fault detection and mitigation techniques.
However, most models in literature either have simplifying assumptions or are finite-
element based models. The former is not sufficiently accurate for representing the fault
behaviour while the latter is computationally inefficient and not suitable for system
level study and simulation. For surface mounted permanent magnet (SPM) machines,

analytical modelling techniques for predicting magnetic field distribution in the air-gap
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have been well established, and it should be possible to develop accurate models of a
machine under both healthy and fault conditions without the need for FE simulations.
This is of potential interest to drive system designers who need to simulate fault
conditions to test control and fault detection. However, most of them may not have the
necessary expertise or access to finite element analysis software.

Similar gap exists in fault modelling of interior permanent magnet (IPM)
machines. It is known that IPM machines have highly non-linear magnetic behaviour
even under healthy conditions. Under a fault condition, localised saturation is more
pronounced and this behaviour has to be accurately captured in order to have a
representative model of the machine. Till now, the models presented in literature are
either too simplistic based on assuming linear behaviour or are very time consuming
based on time-stepped finite element simulations.

In the area of fault detection, stator inter-turn fault detection for multi-phase
machines have not been researched extensively. Some techniques based on analysis
performed for 3-phase analysis have been utilised, but most of the techniques cannot
perform fast detections in the presence of load or speed disturbances.

In the area of drive controls, there has been an increased interest in developing
control techniques for fault tolerant operation. Multi-phase machines due to their higher
degree of freedom (number of phases greater than 3) can operate with reduced torque
under open and short circuit faults, provided that the short circuit current can be limited
to a manageable level. However, most of the proposed control techniques in literature
are limited in operation and have been tested only under constant torque operation.
Field weakening and control transitioning from healthy to fault operation have received
little attention in the literature so far.

The research objectives of this thesis are summarized below:

1. Developing turn fault modelling techniques for permanent magnet (interior
and surface mounted) machines.

2. Developing new real time fault detection and identification methods for turn
faults and high resistance connection for multi-phase permanent magnet

machines.
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3. Developing fault tolerant control strategy for open and short circuit faults for

multi-phase permanent magnet machine.

1.6 Thesis Outline

The main aim of the thesis is to address these knowledge gaps identified in
section 1.5 in order to improve availability of permanent magnet machine drives. The
thesis is organised into 8 chapters. The brief summary of each chapter is presented
below.

Chapter 1 introduces the global technological trend of electric drives towards
more electrification in transportation sector, namely in automotive and aerospace
industries as a means to reduce carbon emissions, increased efficiency and safety. The
various trends in the two sectors have been described and the need to improve fault
diagnosis and fault tolerant controls has been presented.

In order to develop novel fault detection and mitigation strategies a machine
model is required. Chapter 2 develops the theory of analytical machine modelling
applied to stator turn fault for surface mounted permanent magnet machine.
Mathematical modelling presented in this chapter enables designers to quickly assess
the impact of machine design and topology on fault currents and can be used to develop
machine models for simulation without the need for finite-element simulations.

An important class of permanent magnet machines utilised for traction
applications is interior permanent magnet machines. These are characterised by buried
magnets in the rotor and typically exhibit non-linear magnetic characteristics. In
Chapter 3 an accurate transient model of Interior Permanent Magnet (IPM) machine
with stator turn fault with due account of magnetic saturation is developed using flux-
linkage map of IPM machine under fault extracted from Finite Element (FE) analysis.
The modelling technique is evaluated against FE and experimental results.

In Chapter 4 a semi-analytical model of IPM machine under stator winding
inter-turn fault conditions is described. It employs the dg flux-linkage map of healthy
IPM machine and combines it with analytical equations of turn fault machine in the dg
frame. The main advantage of this method as opposed to the full FE based model
described in Chapter 3 is that no additional FE data is required for the model. Although

this modelling technique is not expected to be as accurate as the FE based model, it has
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the advantage of requiring much less time and computation resources for
implementation. The accuracy of the model is verified against FE and experimental
data.

Stator turn fault causes large circulating current in the faulted turns which gives
rise to a local hot spot and lead to further insulation failures and ultimately failure of the
entire winding. Therefore the fault has to be detected quickly and robustly so that
corrective action can be initiated. Turn faults can be detected by applying signal
processing online on the controller data, i.e., fundamental voltages and currents. This is
investigated in Chapter 5, where an online model based approach is utilised for fault
detection. The detection method is purely a software based approach and can be easily
incorporated in existing drive controllers. The detection technique is capable of
identifying the faulted phase and differentiating between turn fault and high resistance
connection.

One interesting effect of turn fault in a winding is the reduction of high
frequency winding impedance particularly in the PWM switching frequency range (10 —
20 kHz). This phenomenon is investigated for fault detection in Chapter 6. A hybrid
modelling technique is proposed to model the winding high frequency impedance, and a
fault detection circuit is designed. This approach is validated against experimental
results.

Fault tolerant controls for multi-phase machines under open and short circuit
condition is developed in Chapter 7. A novel stationary frame controller capable of
controlling unbalanced current and able to operate in field weakening region is
presented. Experimental tests are conducted to validate the new control strategy under
steady state and under healthy to fault transitioning modes.

Finally, conclusions and recommendations for future work are presented in

Chapter 8.

1.7 List of Publications

Most of the research work reported in this thesis has been published in peer-
reviewed international conferences and journals. The various publications are listed

below.
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Chapter

Analytical Modelling of Stator Turn Fault
in Surface Permanent Magnet Machines

The main contribution of this chapter is to present a general analytical technique
for analysing stator winding inter-turn faults in surface permanent magnet (SPM)
machine with arbitrary winding configuration. This approach takes advantage of well-
established analytical methods used to analyse behaviour of healthy SPM machines, and
applies those techniques for purposes of creating a machine model of SPM machine
with turn faults. Concentrated-winding machines as well as distributed winding
machines can be analysed using this technique. For purpose of validation, a model of
fractional slot wound SPM motor is derived analytically and compared with finite
element (FE) simulations. Finally the predictions of the model are compared with
standard turn fault model in literature which highlights the need for accurate turn fault
modelling.

The developed model can be used to evaluate drive performance under faults, to
test novel fault detection algorithms, or can be used by machine designers to analyse the
effect of geometry parameters and winding configurations on fault current magnitude.

Major contents of this chapter were published by the author in [37].

2.1 Motivation

As explained in Chapter 1, one of the leading causes of winding failure are inter-
turn short-circuit failure which is especially critical, since it leads to a large circulating
fault current in the faulted turns [15]. This is specially a problem in permanent magnet
machine where the magnet field sustains fault current as long as the rotor rotates even
after the motor drive has been turned off. This large fault current gives rise to a local hot

spot due to ohmic losses in the faulted turns which can cause further insulation
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2. Modelling of SPM machine under Turn Fault

degradation/failures and ultimately leading to a complete failure of the winding as a
phase-ground or phase-to-phase fault [38]. The large fault current in the faulted turns
can also produce irreversible demagnetization of the magnets [17].

Therefore inter-turn winding faults in permanent magnet machines must be
quickly detected and mitigating controls initiated to prevent catastrophic failure of the
machine. Such a functionality commonly known as “limp-home” mode [39] is essential
for providing high degree of availability, and reliability demanded in safety critical
application such as electric vehicles. In order to develop sensitive fault detection
algorithms and fault tolerant control strategies, an accurate model of the machine under

fault condition is therefore indispensable.

2.2 Literature Review

The modelling of inter-turn short circuit fault, referred to as turn fault, in an
SPM machine was treated in [40]-[42] where FE analysis was used to extract circuit
parameters of the faulted machine. However, creating an FE model of machine under
fault and extraction of individual coil inductances can be time-consuming [43]. In order
to derive a fault model without relying on FE analysis, a simplifying assumption of
sinusoidal distribution of winding magneto-motive force (MMF) can be used [44],
which enables the computation of inductances under fault using a simple scaling factor
namely, the fault ratio ‘u’ which is the ratio of the number of short-circuited turns to the
total number of turns in a phase winding as shown in [45], [46]. However, the
assumption of sinusoidal distributed winding MMF introduces unnecessary errors in the
model, and cannot be applied to a more general class of machine with different winding
configurations, in particular fractional slot windings commonly used in SPM motors. In
[43] the model of [45], [46] was modified by using local winding fault ratio per stator
coil along with FE analysis to compute the inductances of healthy coils, including
mutual and leakage and slot mutual inductance and combining it to generate the overall
fault model. In [47] winding function theory is used to derive fault inductances,
however effect of slot leakage flux is ignored. In [15] an analytical method for
computing circuit model of alternate tooth wound SPM machine was presented, wherein

the mutual magnetic coupling between phases is negligible and there is only one coil
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side per slot. Since the analysis in [15] is restricted to a special class of machine it
cannot be readily utilised for analysis of other winding configurations.

The present work extends the approach presented in [15] for a general class of
SPM machine, which can have different winding configuration and stator slots can have

2 coil sides.

2.3 Reference FE model of SPM machine

For the purpose of validation of the analytical model, an FE model of a 3-phase,
12-slot, 14-pole SPM machine is taken as reference. Each phase of this example
machine has 4 series connected coils with 8 turns in each coil. The machine has a peak
power of 10kW at a base speed of 1350 rpm and its design details are given in Table
2-1. Fig. 2-1 shows the geometry of the healthy machine.

Fig. 2-1: Geometry of 12 slot, 14 pole SPM Machine

In order to validate the analytical fault model, a modified FE model of the
machine is created. This is shown in Fig. 2-2, wherein one coil in phase-A has been
purposefully subdivided into its constituent 8 turns. This enables creation of faults in
these turns and the machine parameters can be extracted and compared against the

analytical model.
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2. Modelling of SPM machine under Turn Fault

Fig. 2-2: FE model with turn fault (circled) in phase A for model validation

Table 2-1: Machine Specifications

Quantity Unit Value
Torque (peak/rated) Nm 70/35
Speed (base/max) r/min 1350/5050
Power (peak/rated) kW 10/5
Current (peak/continuous) A (peak) 170/84
Number of pole-pairs - 7
Number of slots - 12
Number of turns per coil (N,) -- 8
Number of coils/phase - 4
Number of turns/phase (N,) -- 32
Active stack length (L) mm 118
Stator outer diameter mm 150
Airgap mm 0.955
Rotor radius (R,) mm 41.25
Magnet length (/,,) mm 5
Magnet pole arc (a,) degree 150
Magnet Remanence (B,) T 1.12
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2. Modelling of SPM machine under Turn Fault

2.4 Transient and Steady State Model

A general 3-phase SPM machine with turn fault can be represented

schematically as shown in Fig. 2-3.

Fig. 2-3: Schematic representation of SPM machine with turn fault on a single phase.

The stator voltage equation can be expressed as (2.1)

Y 21
v :Rs 13 +Ls 7+es (2.1)

where, vsf, isf, esf, Rsf, and Lsf denotes the voltage, current, back-EMF, resistance
and inductance matrices of the system respectively. The faulted winding is considered
as a separate winding and denoted as an additional phase (phase-4). For notational
convenience, subscripts 1, 2, and 3 denote phases A, B, and C, respectively and

superscript f denotes fault condition. The matrices can be expressed by (2.2)-(2.3),

"sfz[vl V, W, V4]T

i/ =i i g i4(=i1—if)]T 2.2)

esf =[91 € €3 6’4]T
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R,/ =diag [R R, Ry R]
=diag[R(1-1) R R R(u)]
L, L, LIS L, 2.3)

LB Lo L Ly
VL Ly Ly Ly

Ly Ly Ly Ly
Vy=isR; 2.4)
where R;, I, E; and L; (i =1, 2, 3, and 4) denote the resistance, current, back-
EMF and self-inductances of the i windings. L; (i, j = 1, 2, 3, 4, i#) denotes the
mutual inductance between phases i and j, Ry denotes the external fault resistance across
the two shorted circuit terminals and ‘&’ denotes the winding fault fraction expressed by
(2.5).

_ No.of Faulted Turns ) s
a Total No. of Turns/phase (2-3)

Under sinusoidal steady state condition the equations can be re-written using
phasor analysis as (2.6), where j is the imaginary operator and w, is the angular
frequency in rad/sec, and arrow superscript denotes phasor quantities.

V,=I,R,
=[R, 0 OJ[ +jo[Ly+Ly Ly Lyl (2.6)
_RJ; - jw€L447; +E,
The fault current can then be obtained as given by (2.7),

T_(R4Ia+ja)e[L41+L44 Ly L43]IS+E4) 27
! Ry + R, + jo,Ly, '

where, Is is given by (2.8).

— — —  —TT

L=, I, I] 2.8)
In order to predict the fault currents and voltages, determination of the

parameters of machine is essential. This is done by solving analytically the magnetic

field equations under fault conditions as detailed in the next few sections.
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2.5 Analytical Modelling
For the purpose of deriving a fault model, the following assumptions are made.

¢ Laminations are infinitely permeable. Magnetic saturation is neglected.

¢ Slot-leakage flux is parallel to the circumferential direction.

¢ The coil turns are uniformly distributed along the slot height.

e The shorted turn is treated as the 4™ winding while deriving the model.

¢ Single layer non-overlapped winding is considered for the study.

® Variation of effective airgap permeance due to slot opening is neglected.

¢ End winding leakage is neglected. The end winding leakage inductance
calculated by PC-BDC program is 0.0025mH which is less than 1% of

the phase inductance.

To facilitate a general framework for analysing any SPM machine with turn-
fault, it is essential to create an easy way of handling different winding configurations.

This is done by using a convenient form of coil definition.
2.5.1 Coil Definitions

Coil definition is used for easy handling of coil data for use in computation of
flux linkages for back-EMF computation as well as the inductance calculations. Table

2-2 shows the coil definition table with 2 coils as an example.

Table 2-2: Coil Definitions

Coil No. Ph. No. Go Slot (ay) Return Slot (a;) No. Of Turns
1 1 12 1 8
2 1 12 11 8

Here go slot (ay) refers to the coil side having positive direction of current (out
of the sheet of paper) and return slot (a;) having negative direction of current. The coil

definition is performed for all the coils in the machine. The reference for the slot
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numbering is arbitrary and can be started from any slot. For the case considered, the slot

numbering is as shown in Fig. 2-4.

Fig. 2-4: Slot numbering convention

The faulted coils are defined by using the coil number of the original healthy
coil as reference. Table 2-3 shows an example faulted coil definition, wherein a 1 turn
fault has been assumed in coil 1. Phase number denotes that the faulted coil will be
treated as an additional phase (4). The location of the faulted turns may be sandwiched
between two parts of the healthy turns, denoted by N, and N, with N, being the
number of healthy turns between the fault winding and the bottom of the slot as shown

in Fig. 2-5.

Table 2-3: Fault Coil Definition

No. of healthy turns ~ Loc. Of faulted turn in
(Np) slot (Na)

Coil No. Phase No.
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Fig. 2-5: Slot dimension nomenclature. Fault turns are denoted by N,.

Using the coil and fault coil definition table an augmented coil definition table is

created as shown in Table 2-4.

Table 2-4: Augmented Coil Definition

Coil No. Ph. No. Go Slot (a,) Return Slot (a;) No. Of Turns (7,)
1 1 12 1 7
2 1 12 11 8
13 4 12 1 1

The go and return slot numbers, i.e., a; and a, define the position of the coil in
the machine and therefore the analytical equations are derived using these two
parameters to predict the flux linkages of a given coil. Since the system has been
assumed to be magnetically linear, superposition theorem can be applied to compute
overall flux of each winding by adding the flux linkage contribution of each individual
coils. The definition of coils performed this way is therefore a useful way of

generalizing the code for calculation of parameters.
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2.5.2 Open Circuit Back-EMF

Fig. 2-6 shows the rotor geometry of a PM machine, where R, and R, are the
rotor inner and outer radii, Ry, is the stator bore radius and M is the magnetisation vector

of the rotor magnets shown for the case of parallel magnetisation.

Fig. 2-6: Rotor topology of the machine

In order to compute the back-EMF voltage magnetic field distribution under no
load can be derived by solving the Laplace equation (2.9) in air-gap and Poisson’s
equation (2.10) in magnet [48]-[53] for the magnetic scalar potential ¢, where M is the
magnetization vector of the magnets defined in (2.12) where M, and My are the radial
and tangential components, a, and ag are unit vectors and r and 8, are the radius and

angle of the point in space under consideration.

I’p, +18(p, +iaz¢1 —0

; inairgap (2.9)
o ror r*a6,’

2 2
%4_1%4—%39—%;:/% divM ; iInmagnets (2.10)
r roor.roog, r

The magnetic field intensity H can be obtained from ¢using (2.11).

H=-Vp=-i PR ety (2.11)
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M =M .a, +M ,a, (2.12)
M. =
’ v-L<6,<-a =
M,=0 2p 2p
_ B, cos6,
Bﬂo. ) V—apzisems(zpzi
MHZ_ S G, p p
Hy
M, = 4 T
Va,—=<6,<(2-a,)—
Me=0} Py ( ”)2p (2.13)
B.cos(6,—7
Y (6, —7/p)
Ho v(z—ap)lsems%l”
_ B,sin(6, —7/p) 2p 2p
=
Hy
M, =0 v 3—”30,,133—”
M,=0 Pap 2p

For parallel magnetization the radial (M,) and tangential (M) components of the
magnetization vector can be described by (2.13) [52], where, p is the number of pole-
pairs, B, is the magnet remanence field, @, is the magnet pole arc to pole pitch ratio, and
6, is the angular position with respect to the centre of magnet pole. Since the
magnetization vector is periodic and repeats every pole pair, M, and My can be

expressed as a Fourier series as given by (2.14),

oo

M,= > M,,cos(npb,)
=135,
' 2.14)

n=1,3,5,...

For the case of parallel magnetized magnets, M,, and Mg, can be expressed by

(2.15),
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rn

B
M =_rap(Aln+A2n)

N
(2.15)
My =2ra (A, —A,)
On — Lo p \“ln 2n
The coefficients A;, and A,, are defined by (2.16),
sin{(np +1)a, 27[}
Aln = b
np+1)a
1 Y np = (2.16)
sin| (np—1)a, —
A2n = |:( P ) P 2p}
;Vonp #1
(np-1)x i’
p 2p
The divergence of magnetisation vector can be expressed by (2.17),
- M, oM, 1dM — 1
divM =—L+ ry 220 = —M , cos(np6, 2.17
r ar r aem nzl,z’j}s,m r ( p m) ( )
Where,
M,=M, +npM,, (2.18)

The radial and tangential flux density can then be derived as shown in [52], in

the air-gap as a function of r and 6,, as given by (2.19)-(2.20).

Z Kb ) f5, (r)cos(np6,,) (2.19)
i=1,3,5,.
= > Kb ) 3o (r)sin(np6,,) (2.20)
i=1,3,5,.

Ky(n), fg.(r), fee(r) and A3, are given by (2.21)-(2.23) for np # 1,
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MM, np
Kb(n) . 2
K. (np) +1
R np+1 2np
(A, - 1)+2(R j —(As, j (2.21)
X T 2n,
lLlr+1 1 RI" 1 & r '
4, Rs R
np+1 np+1
r R R
= — _m + |
wn=(]" [R] (L)
(2.22)

np—1 np+1 np+1
Fao (1) = _[Lj [ﬁj + (R_mj
RSI RSI r

1 \M 1
A, = (np _—]—’” +—;Vnp =1 (2.23)
np )M, np

Here 4 is the permeability of vacuum and 4, is the recoil permeability of the
magnet.

In the previous equations, the rotor has been assumed fixed with respect to the
stator in order to compute the magnetic field. However, the rotor can rotate and
therefore 6, has to be expressed such that the relative motion of the rotor is accounted
for. This can be expressed as (2.24), where, @my is the angular position of the slot with
respect to an arbitrary fixed reference and w,,t is the angular shift of the centre of
magnet pole w.r.t the arbitrary fixed stator reference.

0,=6,,—,Lt (2.24)

The no-load flux linkage of a phase coil having 7. turns can be obtained by

integrating the magnetic field (B;) over 1 coil pitch as shown in (2.25) to obtain (2.26).

Gf—w,t o

A.=R,L,T. _[ Z Kb(n)fBr(r)Cos(npem)dgm (2.25)
a B, —w,11=13.5,...

1 {+sin(np (-, + a, ))}
(2.26)

T.R K, (n) fz, (Ry)—
123: Ly Ky, (1) fz, ( )np —sin (np(~@,t +a,B,))

n

where, Ly is the active stator length and fs is the slot-pitch in radians. The

induced EMF can then be calculated by differentiating (2.26) to obtain (2.27).
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dA

e, =——

¢ dt

= TcRsthtk a)m Z Kb (l’l) fBr (Rst ) X
n=1,3,5,...

+cos(np (-, +a,B,)) (2.27)
{—cos(np(—wmt+a1ﬁq))J

The EMF calculated is expressed in terms of a; and a, therefore by iterating
through entries of Table 2-4, EMF of all individual coils can be obtained. The induced
EMF of a phase can then be calculated by summing EMF’s of all individual coils in the
phase.

=D, € (2.28)

phase Coils

2.5.3 Armature Reaction Field and Airgap Inductance

The armature reaction field in SPM machine can be calculated analytically [48]—
[53] using the assumption of smooth stator and rotor core and assuming infinite
permeability of stator and rotor cores. Fig. 2-7 shows the current density distribution of
a coil assuming the entire ampere-turns to be located in the slot opening area [11],
where i is the coil current, 7, is the number of turns of the coil under consideration and

by is the slot opening. The go and return slot numbers, i.e., a; and a, define the position

of the coil.
1(6,) ¢ a, B
R
+ Tyi/bg-{--mmmmmmmome e Bo
al.Bs >l 9
0 ' | .
21t(mech)

—T.i/bg -}~

Fig. 2-7: Current density distribution of a coil

The current density distribution (J) can be described by (2.29).
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0 V0<6,<apf P2
~T,i/b, Vaf - By/256, <af+ By/2
J =<0 VB +5,/2586,<a,B.—B,/2 (2.29)
+T,i/b, Va8, - By/256, <a B, + /2
0 YV a,B,+ f,/2<6, <27

The current density distribution can then be written as a Fourier series as given
by (2.30)-(2.32).

J= ZJan cosn@,, +J,,sinnb,, (2.30)

n=1
= —jﬁbi sinn—’zgo[cos(nazﬁq ) —cos(na, B, )J (2.31)
Jon :%sinn—’fo[sin (na, B, ) —sin (na, B, )] (2.32)

The armature reaction components in the airgap can then be obtained by solving

the Laplace equation (2.33), subject to the boundary conditions given by (2.34).

O’p 13¢ 1 0%

—_— =0 2.33
o ror r? ae,,f (239
Hdm&:o
(2.34)
H9|r=RM =-J

The general solution of (2.33), can be expressed as,

3 Ar"+Br ") C 6 D_sin(né
é( "+ B r )[ ,cos(n8, )+ D, sin(n m)] 039

+(Ay+ ByInr)(Cy + Dy6,,)

®

The magnetic field intensity can be expressed as (2.36).

d —nC,_ sin(né
H, :—la—(D:—Z(Anr”_l +Bnr—n—1) n ( m)
raé, +nD, cos(nb,, )

n=1

(2.36)
1(AO BOhlr)LO
r

Applying the stator boundary condition the following can be obtained (2.37),
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(4,R,"" +B,R,"")nC, =

n- st

-1 —n—-1
(AnRstn + BnRst " )nDn = ]an (237)

_%(% +ByInR,, ) Dy =0

s

Applying rotor boundary condition (2.38) can be obtained.

(A,R""+B,R™"")=0 =B, =-AR

) . (2.38)
_R_(Ao"‘BolnRr)Do =0 =either D, =0 orAy=B,=0

§
It is also known that without stator excitation H, =0, and noting that A,, B,, C,

and D, are not equal to zero the following relation can be obtained.

99

r|’:Rr or =0

r=R,

= _i(Anan_l -B,R ™" )(Cn cos(nb, )+ D, sin(nb,, ))

n=1

B, (2.39)

Using the derived constants, the radial magnetic field intensity can be re-written

as (2.40).

- 99
' or
L el (o 2n) e (/4 cos(n8,,) = J,,sin(nb,))
= HZZIAn (r ( R, )r ) A (Rstn—l _RanRst—n—l)

R o (2.40)
A5

(/4 c0s(n8,,) = I, sin(n6,,))
-]

The magnetic field due to armature reaction can then be obtained as given by

(2.41)-(2.42).
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B, = i,H, = 1ty ) F,, (I, cosn,, —J ,,sinnb,, ) (2.41)

n=1
n—1
I
( R, ] (2.42)

2n
1+ (R’j
_ r

T,
Turns
| Hm
0 >
27nt(mech)

Elemental coil of span (a, — a;)fs

Fig. 2-8: Elemental Coil Diagram

To calculate the total flux linkage of the coil due to armature reaction, the flux
w. in the elemental coil of span (az-a;)fs as shown in Fig. 2-8 is calculated as (2.43)-

(2.44) where 6, is the starting position of the elemental coil.

ec +(a2 _al)ﬁs
v.(6)= [ BLyR,dS, (2.43)
HC
Ve (ec) = ZﬂoLstk Rst .
+J,, cos (nﬁc + Mj
o 2 (2.44)

3 For g2 —a)By
2
-J,,sin (nﬁc +

"(az_al)ﬁsj

2

The total flux linkage A, can then be obtained by integrating over all elemental

coils as given in (2.45).
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T, B+ py 12 T
A= Jy(6)an =" [ v.(6)-ae,
0 B~y /2 0

_ . (2.45)
_ 2Ly RIS Fy 1y +J4, {sin (nay B,) = sin (nay B, )}

Bo o’ 2 | -J,,{cos(na,B,) - cos(na,f, )}

The individual flux linkages from coils of a particular phase can be then be

summed to obtain the overall flux linkage 4, of the particular phase as given by (2.46).

Aph = Z A (2.46)

phase Coils
Finally, the air-gap inductance L, of the coil can be obtained using (2.47).

A

Ly, = %’1 (2.47)

Fig. 2-9 shows the flowchart for the computation of the air-gap inductance

calculations.

Define Coil Winding Array
(Coil No., Phase, a;,a,,T.)

v

Create Augmented Winding Array with
| additional coils and phases for fault winding |

v

> For each coil ->Calculate MMF Fourier
N
Calculate flux linkage for all Phase coils due to
MMF, taking care of the winding sign
J
—[ Update Air-Gap Inductance Matrix

Fig. 2-9: Flowchart for air-gap inductance calculations

2.54 Slot Leakage Inductance

To derive analytical formula, for both self and mutual slot leakage inductance, it
is assumed that the shorted turns are located at an arbitrary position along the slot height
within the coil area in the slot. Fig. 2-5 shows the slot area and the associated turns and

its relative position in the slot, assuming that the fault lies in the coil side ‘A’ for
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purpose of illustration. In coil side ‘A’ N, and Ny, turns correspond to the healthy turns
of the coil and N; corresponds to the shorted turns of the coil. The dimensions of the slot

of the machine are given in Table 2-5.

Table 2-5: Slot Specifications

Specification Symbol Value
Slot opening b, 3.75mm
Opening depth h, 1 mm
Height of slot hy 22.3mm
Slot opening angle Q) 30°

Slot angle B 15.35°

The leakage flux linkages can be calculated easily by applying Ampere’s
circuital law along the flux paths illustrated in Fig. 2-10.

Y

™N

.
3

v Y
=)
<
L)

o
4,\
z =z
2z

S

Fig. 2-10: Slot leakage flux paths

2.5.4.1 Flux linkage contribution in the slot opening region due to current in Ns

The slot leakage flux due to magnetic field in the slot opening region can be
obtained as (2.50) by applying Ampere’s law (2.48) in the slot opening region and
integrating the magnetic field obtained as given in (2.49), where I denotes the current in

the N, turns.

$H.dl =N,I (2.48)
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B=u,H
3 (2.49)
V= jB.d§
B= luONsI
%o (2.50)
l// — B'ht'Ls;k — IUONs:thtkI
0

Since flux linkages is the product of the flux density times the number of turns
in the coil, the flux linkage contribution in the slot opening region can be obtained as
(2.51).

A=Ny

= HoN ALy @.51)
bO

2.5.4.2 Flux linkage contribution in the wedge area due to current in Ns

In the slot wedge area, the effective air-gap length varies with the vertical

position as shown in Fig. 2-11 and can be computed using (2.52).

b,

Fig. 2-11: Slot geometry and coordinate system for slot wedge flux calculation

2y
=by+——
8eff 0 tana, (2.52)

Applying Ampere’s law in the wedge area, flux density can be obtained as

(2.53).
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2y
B.| b, + =uN. I 2.53
( 0 t aﬂ] :u() K ( )

The flux can then be computed by integrating the flux density over the entire

wedge area as given by (2.54).

V=\|l7—7""<
0[b0+ 2y J (2.54)

A change of variable can be utilized as shown in (2.55), to simplify the

integration in order to obtain (2.56).

y =by+ =dy = 2dy
tana, tana,
y=0=y =bh, (2.55)
y=h=y'= S,
S
¢ UyN L, tano; |, NIL, tan o, S,
W= J‘ HolV g zstk, L gy’ = Ho ik LIn {_J (2.56)
by y 0
The flux linkages can be obtained as (2.57).
N2IL, tane, (S
A= NSV/= HolV s sek VAN Ay In| =2 (2.57)
2 by

2.5.4.3 Flux linkage contribution in region above the faulted turns due to current

in Ns

The flux linkage contribution can be computed by integrating flux density above

the shorted turns (N;) as depicted in Fig. 2-12.
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Fig. 2-12: Slot geometry and coordinate system for flux calculation in the winding area

Applying Ampere’s law, the magnetic field density can be obtained as (2.58).
B(S,, +2ytan f,;) = yyN,I (2.58)
The flux can then be computed by integrating over the area as given by (2.59).

hy—h,

s

ﬂONxILstk y
0 (Sw + 2ytanﬁsl)

Introducing a change of variable given by (2.60) the integration can be

W= (2.59)

simplified to obtain (2.61).

Yy =(S, +2ytanf,)
y=0=y=§, (2.60)

Sw +2(hx _hb )tan ﬁvl

" HoN IL, dy’
w= I 0 - tk
S y 2tan ﬁsl
v (2.61)
_ HNJLy | [ Sy +2(h —hy)tan S,
2tan B S,

The flux linkage can be obtained by multiplying the flux with number of turns to

obtain (2.62) .

2(h,. —h
ﬂ:N :luONsILstk ln(sw—i_ ( s b)tanﬁslj (2.62)

Y= B, N

w
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2.5.4.4 Flux linkage in the region of the faulted turns due to current in Ns

The self-flux linkage can be computed by first computing flux of an elemental
coil and then integrating over the whole fault region. By applying Ampere’s law, the

magnetic field density can be obtained as (2.63).

—(h,—h
B(S, +2ytan B,) = toN,I _y=(h=h) (2.63)
hb - h(l
The flux linkages can then be computed using (2.64).
hs _hu
A= [ N(y)BLydy

hy—h, 26
hy—h 2 ’
e (hv B ha 1

= zuOstLstk J‘ [ )j dy

s '

Adopting a change of variable as given by (2.65) and substituting it in (2.64),
(2.66)-(2.67) can be obtained.
Yy =(S,+2ytan ;)
n=ho=hy, =y =5, +2(h—h)tan f, (2.65)
Yo =hy=h, =y, =5, +2(h;—h,)tan

WNPL I i y=S 21
/1: 0°Ys stk J'(y w_hs‘i'ha] —,dy,

2(h, —h,)" tan B, »\ 2tan S y

72 2
A D A AR 17 (2.66)
N Ly 1 )J% 1 4tan® B, C7 2tan gy dy

= 2 5 ,
2tan B, ¢ 7 2tan g,

S +(2h.—h, —h_ )tan
w ( s b a) ﬁsz(hb—ha)‘i'
2tan S,

1= IUOstLstkI {l’l —h - Sw jzln SW+2(hs_ha)tanﬂsl
2(h, —ha)2 tan S, ‘ 2tan 3, S, +2(hy =y, )tan B

(2.67)

S
+2(h, —h )| h —h — W
I (b a)( a s 2tanﬁs,j

35



2. Modelling of SPM machine under Turn Fault

Fig. 2-13 shows the overall algorithm used for calculation of slot leakage
inductance. The total inductance of a particular phase can then be obtained simply by

adding the air-gap inductance and slot leakage inductance.

Define Coil Winding Array
(Coil No, Phase, a,,a,,T,)

Create Augmented Winding Array with
| additional coils and phases for fault winding )

v

> For each Slot in machine

v

Find coils in slot

v

Find Phases of the coils ]

Yes

Calc. Fault slot
Inductance

[ Calc. Healthy

slot Inductance ] No
L

L Z
Calc. total slot contributioniin the total )
leakage Inductance for each phase enclosed
in the slot taking care of signs )

Fig. 2-13: Leakage inductance computation algorithm

2.6 Model Validation

In order to validate the model, the parameters of healthy machine are first
computed and compared against FE extracted values. Parameters are then compared
against FE for a few cases with differing location of fault winding in the slot for a 1 turn
and 3 turn fault. Finally the fault current prediction for 1 turn fault is compared against

those obtained from FE, under full load condition.
2.6.1 BEMF Comparison

Table 2-6 shows the comparison of fundamental peak EMF voltage of the
analytical model and the FE model at a rotor speed of 1350 r/min. The difference

between the analytical and FE is due to the assumption of smooth stator, which ignores
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the effect of slot openings on the open circuit field distribution and therefore predicts

higher back-EMF.

Table 2-6: Back-EMF Comparison

EMF, fundamental EMF, fundamental

(Analytical) (FE) % Error

43V 42.37V 1.01%

2.6.2 Airgap Inductance of Healthy Machine

Table 2-7 shows the comparison of analytically predicted and FE calculated air-
gap inductance of healthy machine. The FE calculation is performed by making the
permeability of slot region very much less than that of air, which leads to suppression of
any leakage flux through the slot area. The difference is 1.4% and is attributed to
neglecting the slotting effect in the analytical calculation. It can be seen that the mutual

coupling via air-gap flux linkage is very small.

Table 2-7: Air-Gap Inductance Comparison

L; L(Analytical) L(FE) % error
L11=L22=L33 0.161mH 0.164mH -1.7%
L;,=L,; -5.02uH -5.0uH 0.36%
Lj3=L;; -5.02uH -5.0uH 0.36%

2.6.3 Leakage Inductance of Healthy Machine

Table 2-8 shows the comparison of analytically predicted and FE calculated slot-
leakage inductance of healthy machine. The FE is performed by making the
permeability of rotor, shaft, magnets and air-gap region very much less than that of air,
which leads to suppression of any air-gap flux. The difference is 7.9% and is attributed
to the fact that leakage flux lines are not strictly parallel to slot bottom in case of non-

overlapped winding [54] as illustrated in sub-section 2.6.6.
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Table 2-8: Slot Leakage Inductance Comparison

L; L(Analytical) L(FE) % error
L11=L22=L33 0.144mH 0.157mH -7.9%
Lj=Ly, -24.1uH -24.7uH -2.4%
L;s=L3; -24.1uH -24.3uH -1.11%

2.6.4 Overall Healthy Machine Inductance

Table 2-9 compares analytically and FE predicted total inductance of healthy
machine. In this and subsequent comparisons, normal material permeability and BH
characteristics are used. The difference is 6.1% and is attributed to the discrepancy in

the leakage computation as shown in Table 2-8.

Table 2-9: Healthy Machine Inductance Comparison

L; L(Analytical) L(FE) % error
L11=L22=L33 0.305mH 0.325mH -6.1%
L;=L;; -29.1uH -29.7uH 2%
L13:L31 -291].LH -297MH 2%

2.6.5 Faulted Machine Inductance

To limit the number of FE calculations, 3 cases are considered with 1 turn fault.
Table 2-10, Table 2-11 and Table 2-12 shows the analytically and FE predicted
parameters of 1 turn fault wherein the fault is located at the bottom, mid and top of the
slot respectively. All the results show that the difference is between 5-8% which is
expected arising out of the difference in leakage inductance calculation. It is to be noted
that difference in L,4 seems to be very large. The absolute value of the inductance is,
however, almost three orders of magnitude lower and hence negligible compared with
the other inductances in the matrix. It occurs because the coupling between the faulty
coil and phase 2 is very small and the error is most likely due to numeric errors in FE.
The values in bold is the self-inductance of the faulted turns. It can be seen that the

inductance is the least when the faulted turns are located at the top of the slot.
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Table 2-10: Inductance Comparison with 1 Turn Fault Located at Bottom of Slot (N,,=0)

L; L(Analytical) L(FE) % error
Ly, 0.286mH 0.303mH -5.65%
Liy=L;, -29.1uH -29.76uH -1.98%
L;3=Ls; -27.0uH -27.2uH -0.77%
Liy=Ly 9.11uH 9.46uH -3.72%
Ly, 0.305mH 0.325mH -6.2%
Ly;=Ls; -29.1uH -29.7uH -1.92%
Lyy=Ly -5.89¢e-10H -8.91e-9H -106%
Ls; 0.305mH 0.325mH -6.05%
Ls3y=Ly; -2.05uH -2.06uH -0.65%
Ly 1.12pH 1.21pH -7.89%

Table 2-11: Inductance Comparison with 1 Turn Fault Located in Middle of Slot (N,,=3)

L; L(Analytical) L(FE) % error
Ly 0.286mH 0.303mH -5.6%
Liy=L;, -29.1uH -29.6uH -1.98%
L;;=L;3, -27.1uH -27.4uH -0.79%
Li=Ly 8.88uH 9.23uH -3.78%
Ly, 0.305mH 0.325mH -6.2%
Ly;=L;; -29.1uH -29.7uH -1.92%
Lyy=Ly -5.89e-10H -8.85e-9H -106%
Ls; 0.305mH 0.325mH -6.05%
L3=Ly; -1.93uH -1.94uH -0.24%
Ly 1.00pH 1.07uH -6.1%
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Table 2-12: Inductance comparison with 1 Turn Fault Located At Top of Slot (N,,=7)

L; L(Analytical) L(FE) % error
Ly, 0.289mH 0.307mH -5.65%
Liy=L;, -29.1uH -29.7uH -1.98%
L;3=Ls; -27.7uH -27.9uH -0.82%
Liy=Ly 7.41uH 7.66uH -3.26%
Ly 0.305mH 0.325mH -6.2%
Ly;=Ls; -29.1uH -29.7uH -1.92%
Lyy=Ly -5.89¢e-10H -8.52e-9H -106%
Ls; 0.305mH 0.325mH -6.05%
L;=Ly; -1.38uH -1.37uH 0.48%
Ly 0.804puH 0.865uH -7.08%

To further validate the calculation, machine parameters for a 3 turn fault is

compared in Table 2-13. It can be seen that the errors are in the same range (5-8%).

Table 2-13: Inductance Comparison with 3 Turn Fault Located in the Middle of the Slot (Ny,,=3)

L; L(Analytical) L(FE) % error
Ly, 0.256mH 0.272mH -5.89%
Liy=L;, -29.1uH -29.7uH -2.04%
L;;=Ls -23.6uH -23.8uH -0.94%
Li4=Ly 20.3uH 21uH -3.28%
Ly 0.305mH 0.325mH -6.2%
Ly;=Ls; -29.1uH -29.7uH -1.92%
Lyy=Lyp -1.77e-9H 2.64e-8H -106%
Ls; 0.305mH 0.325mH -6.05%
Ls3y=Ly; -5.51uH -5.51uH 0.01%
Ly 8.5uH 8.99uH -5.51%
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2.6.6 Leakage Flux Estimation Error Analysis

In order to illustrate the main source of error in the inductance calculation, two
winding cases are considered. First case has a current carrying coil which only occupies
half of the slot and the other case has the current carrying coil which occupies the whole
slot. The field plots obtained by FE are shown in Fig. 2-14. It can be seen that if the coil
occupies only half a slot the flux lines are not parallel to the slot bottom compared to the
case where coil occupies the whole side. This introduces significant errors in the
leakage flux computation [54]. For the sake of simplicity, this is ignored in the

analytical computation.

(b)

Fig. 2-14: Comparison of flux iso-lines for (a) half slot coil side and (b) full slot coil side.

2.6.7 Comparison with Classical Models

One established method in literature is the #-model [44], [55] used for modelling
turn fault in machines with distributed winding, such as induction machines. In this
model, the mutual and self-inductance is assumed to scale as a product of the number of
turns of the two windings and the leakage inductance is assumed to scale linearly with
the number of turns. The inductance matrix can then be written as (2.68) where
subscript m denotes air-gap inductance. It is to be noted that the model does not

distinguish whether the fault is on top, on bottom, or in between of the slot.
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A
NI

L=diag[(1-4) 1 1 u]L,

(=p) Ly, (=)L, (1=f)Ls, p(-g)l,, | @68
+ (l—ﬂ)le,m Loy Ly MLy,

(1-u)Ly3,, Loz m Ls3 HLys

_,u(l—,u)L“’m MLy MLy, /JzLu,m

Using this technique the predicted inductance is calculated for a 1 turn fault
(Nna=T) as given in Table 2-14. It can be seen from L;; and Ly, values that the prediction

error for the faulted coil self and mutual inductance is large.

Table 2-14: Comparison of Inductance Predicted by Classical Approach for 1 Turn Fault

(Nn=T)

L; L(Classical) L(FE) % error

Ly, 0.305mH 0.307mH -0.47%
Lpp=Ly; -28.7uH -29.7uH -3%
Lis=Ls -28.7uH -27.9uH 1.68%
Li=Ly 9.8uH 7.66uH 28%

Ly, 0.322mH 0.325mH -0.83%
Ly3=Ls; -29.6uH -29.7uH 0.064%
Lyy=Ly -0.92uH -8.52e-9H -10985%

Ls; 0.322mH 0.325mH -0.8%
Ls4=Ly; -0.92uH -1.37uH -33%

Ly 0.159uH 0.865uH -81%

2.6.8 Fault Current Prediction

To further confirm the analytical model, fundamental peak fault current
predictions are compared with those obtained from FE simulation. Fig. 2-15 shows the
results for 1 turn fault in full load condition for varying location of faulted turns inside
the slot. The maximum error is 8% which is similar to the error calculated in the

inductance comparison. Position 0 denotes that the faulted turn is located on the top of

42



2. Modelling of SPM machine under Turn Fault

the slot. It can be observed that the proposed model gives a good match whereas the

prediction by the 1- model is off by 56% with respect to the FE predicted current.
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Fig. 2-15: Comparison for peak fault current prediction by proposed and classical model with
direct-FE model under 1 turn fault for loaded condition for varying position of fault coil inside

the slot (I,=84A).
2.7 Conclusions

An analytical method of calculating the parameters of a transient SPM machine
model under stator turn fault has been described and its utility demonstrated. The
performance of the model is confirmed by running validation cases in FE. The model
predicts the fault inductances and fault current with a maximum error of 8% compared
to FE simulations. This model is general and the method can be extended to any
winding configuration SPM machine. The model provides a basis for study of fault
behaviour and development of fault detection techniques. If the slot leakage is more
accurately predicted analytically by considering distribution of the turn, the accuracy of

the model can be greatly improved.
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Chapter

Transient Modelling of Interior Permanent
Magnet Machine with Stator Turn Fault

An accurate transient model of Interior Permanent Magnet (IPM) machine with
stator turn fault with due account of magnetic saturation is essential to develop robust
and sensitive inter-turn fault detection algorithms and to evaluate drive controller
performance and stability under fault conditions. The main contribution of this chapter
is a general method of modelling stator turn fault using flux-linkage map of IPM
machine under fault extracted from Finite Element (FE) analysis. Simulation results
from the proposed fault model are compared against FE and experimental results. The

results show that the proposed model matches well with experimental data.

3.1 Motivation

As explained in Chapter 1, inter-turn faults are one of the leading mechanisms to
a complete winding failure, which in turn account for 21-37% of faults in electrical
machines [7]-[11]. Interior permanent magnet (IPM) machines are increasing being
favoured as the machine of choice for electric vehicle application due to their high
power density, robustness, large constant power speed range and overall high efficiency
[1], [3], [56]-[59]. In order to develop sensitive fault detection algorithms and fault
tolerant control strategies, an accurate transient model of the machine under fault
condition is indispensable [19], [60], [61] at development stage in order to save time
and resources spent on experimental testing. This is because many faults such as inter-
turn short-circuit may cause small changes in terminal voltages and currents.
Consequently, it is difficult to detect them in an electrically noisy environment.
Inaccurate representation of fault behaviour may lead to a detection algorithm working

well in simulations, but not effective in real testing.
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The previous chapter explored the use of analytical techniques for modelling
turn faults in surface permanent magnet (SPM) machines. In deriving the analytical
fault model for SPM machines, it was assumed that the laminations of the machine are
infinitely permeable. This is a reasonable assumption for SPM machines with a large
effective air-gap, however in IPM machines the effect of magnetic saturation cannot be
ignored even under healthy condition let alone under fault conditions. This chapter
therefore explores a direct FE derived turn fault model which can account for not only
magnetic saturation in a healthy machine but also localised saturation caused by turn

fault in a faulted machine.

3.2 Literature Review

The modelling of inter-turn short-circuit fault in IPM was treated in [55], where
a phase variable model of IPM motor under condition of linear magnetic characteristics
was derived, by extending the fault model derived for induction motors in [44].
However, no experimental validation was reported. In [62] a method of extending the
IPM model under fault accounting for magnetic saturation was proposed. The self- and
mutual-fluxes of the healthy and faulted turns are assumed to be proportional to their
number of turns. The phase inductance variation due to saturation described in [62] is
obtained by computing first the saturated values of d- and ¢- axis inductances, L;, and
L,, and then performing inverse transformation to abc quantities. However, this
assumption is not strictly true for most PM machines in which a significant part of the
self- and mutual-inductances is contributed by the slot leakage. Moreover, the concept
was not tested in simulation or experiments. In [19], [63], [40] an FE time stepping co-
simulation transient model of BLDC was used for developing fault detection
algorithms. However, time stepped FE simulation is very time consuming and not
suitable for computationally efficient simulation studies involving pulse-width
modulated (PWM) drives, due to the small time scales involved. Moreover, in case of
IPM machine, fault detection needs to be tested at a number of different dg currents due
to magnetic non-linearity, which will further increase compute time. In [47], [64], a
fault model for IPM BLDC was derived using winding function theory (WFT) for single
layer magnet rotor, neglecting magnetic saturation effects. The inverse air gap function

used in [47] is difficult to derive for more complex rotor geometries common in high
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saliency machines. In [65] a permeance network (PN) model for turn faults in saturated
PMSMs was proposed. The permeance network model is then used to extract 4-
dimensional (4-d) flux/inductance lookup tables needed to formulate the transient
model. However no experimental validation was performed. Further derivation of a PN
model is very tedious, and compromises accuracy, especially for complex rotor
geometries.

In [61] and [36] an inductance based model was proposed for inter-turn fault
detection in surface mounted PM machines. However, IPM machines with buried
magnets exhibits high level of magnetic saturation and cross-saturation effects and
therefore separation of armature reaction flux linkage from the total flux linkage will
incur large error and hence compromises model accuracy [66]-[71]. Moreover the
method of extraction of inductances reported in [36] and [72] by energy-perturbation is
computationally more demanding [70] requiring twice as many FE computations. A
hybrid model for wound-rotor synchronous generator reported in [73] assumes that the
machine operates in linear region under healthy condition. However, this assumption is
not applicable to IPM machines with high level of magnetic saturation [70].

The aim of this chapter is to establish an accurate and computationally efficient
model of IPM machines under stator turn fault. This is achieved by extracting flux
linkage map of the machine under turn fault conditions using offline static FE analysis
and combining it with voltage equations of the machine. The method is not limited to
IPM machines and the same technique can be used for modelling stator turn faults in
rotor systems including surface PM machines, switched reluctance machines, switched
flux machines and, separately excited machines, such as wound field synchronous
machines. This approach enables the full representation of spatial harmonics and
magnetic saturation under inter-turn fault and all load conditions and therefore is the
most accurate representation of the faulted motor behaviour apart from a time stepping
FE-coupled analysis [74]. Although the generation of flux map from offline static FE
model is computationally expensive, once the lookup tables are established it will have
a much faster simulation speed compared to time stepping FE coupled simulation [74].
This is quite advantageous in drive coupled simulation, since the PWM pulses are of
small duration, an FE-coupled time stepping simulation is prohibitively expensive in

terms of compute time. This method is also advantageous when numerous test cases
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under different loads and speeds need to be performed quickly during development of
fault detection/mitigation schemes. Simplified models such as that presented in [47],
[55] will not be able to represent the phenomena correctly over all load/speed ranges. It
also allows speedup of simulation time compared to FE coupled simulation in case
where the rotor is skewed, since multi-slice FE simulation has to perform simulation for
all the skew slices which results in significant increase in the overall computation time
[75]. It should also be noted that although it is possible to neglect saturation
characteristics for simulation of turn fault as suggested by some authors [47], [55], the
fault model thus obtained will not be useful to check validity of performance of fault
detection and fault tolerant algorithms over the entire range of operation of the machine.
This may lead to over-simplified fault detection and mitigation methods which work
well with the simplified motor model, but may not perform well in actual test
conditions. Extensive experimental tests are performed to validate the model over speed

and load ranges.

3.3 Transient Machine Modelling under Stator Turn Fault

It is well known that in order to accurately model behaviour of a healthy IPM
machine, a mapping of flux-linkages to current is needed [76], [66]. This non-linear flux
linkage map can capture most of the behaviour of the machine including the magnetic
saturation, spatial saliency and harmonics [66]-[69]. 3-dimensional (3d) effects such as
overhang fringe fields, iron losses and rotor eddy currents may also be included. Using
the same approach, a model of a machine under stator turn fault can also be extracted in
the form of appropriate flux-linkage lookup tables together with voltage governing
equations and loss components.

Without loss of generality, the turn fault is assumed to be in ‘c’ phase winding
which is therefore divided into two sub-windings. Sub-winding ‘cs1’ is the healthy part
and sub-winding ‘cs2’ is the faulty part as shown in Fig. 3-1. ‘4 represents the fault
winding fraction, defined as the ratio of number of short-circuited turns in phase ¢ (Ny)
to the total number of turns in phase ¢ (N;) [55]. Ry represents the fault resistance, ir

denotes the current into the fault resistance.
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Fig. 3-1: Schematic representation of IPM machine with turn fault in ‘C’ phase.

3.3.1 Machine Equations in abc Frame

The stator equations for IPM machines with turn fault can be expressed as (3.1).
v/ =R/i/ +di’ [ar 3.1)

where,

isf = ias ibs iCY iCS _if:|T
}»sf = [ﬂ’as ﬂbs lcsl (ﬂcsz - ;Lf )]T (3.2)
Rsf :deiag[l 1 1-u :u]
Ny
AN

Since IPM machine exhibits strong saturation, the flux linkage and torque is a
nonlinear function of current and mechanical angular position. This relationship is
denoted using function ‘g’ as a general non-linearity function between the quantities as
shown in,

//i’xs =8y (ia’ib’ic’if’em)
S (3.3)
Te =8, (la’lb’lc’lf’em)
where, subscript x denotes healthy phases a, b, and two sub-windings c¢s/ or ¢s2(f) in

phase c. Since terminal voltage of phase ‘c’ is the sum of voltages of the sub-windings
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‘esl’ and ‘cs2’, the last two rows of voltage equation in (3.2) can be added and re-

arranged to obtain terminal voltages as shown by (3.4).
. di .
VS =RSlS +_s+ﬂAllf (34)
dt
where,

T
Vs = I:vas Vbs (Vcs =Ves1 T Ves2 ):|
. . . . 1T
Iy = [las lps lcs]

ls = I:las lb‘ (lcs = lcsl + lcsZ ):|T
A=-[o 0 R]

(3.5)

The voltage of the shorted circuited winding ‘cs2’ can be written separately as
(3.6).
dA;

V, =V, =Ri, = uR,(i, —if)+7 (3.6)

3.3.2 Machine Equations in dg Frame

The stator equations can be transformed to the dgq frame using the synchronous

frame transformation defined in [77] to obtain (3.7).

Vig = Riigg +digy 1 di+ @[, 2]
5 , 3.7)
—,UERS[sin(¢96+27[/3) cos(6,+27/3) ] i,

where,

ld:gd(id’iq’if’gm) (3 8)
lq:gq(id’iq’if’em) |

The voltage of the shorted turns can be expressed in terms of the dg currents as

(3.9).
V, =R, = iR [id sin (6, + 27 /3) J+% 49
\+i,cos(6,+27/3)—i; | dr
where,
Ay = Ay = 8 4 (iguiyiis.6,,) (3.10)
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The torque of the faulted machine can be calculated by a torque lookup table

obtained from static FE using (3.11).
T, = g7 (igiyis.6,) (3.11)
In order to use the model in dynamic simulations, the equations can be written in
its integral form [77].

- T 2 |sin(6,+27/3) |,
aq = I(qu ~ Ry - o, [_’14 }”d] +’u§RsLos(6?e + 27r/3)}f}dt G-12)

A = j(Rfif — uR, (iysin (8, + 27 13) +i,cos(6, +27/3)—if))dt  (3.13)

where, the d-g axis currents, iy and i,, and the fault current ir are obtained from the

inverses of (3.8) and (3.10).

iy =284 (Aa- Ay A1.6,)

i,=8," (A4:4y:21.6,) (3.14)

q
i =8 (AApAy-6,)

Therefore, if the non-linear mapping of the d-, g-, and f- flux linkages to ig4, iy, ir
and 6, can be obtained using static FE calculations, it can be used with a differential-
algebraic (DAE) capable solver, such as Saber [78] to obtain the solution. Alternatively
the current to flux linkage map can be numerically inverted to obtain the inverse
mapping functions (3.14) which can be used with an ordinary differential equation
(ODE) solver [79].

By way of example, Fig. 3-2 shows schematic of the ODE solver based fault
model established using the proposed technique. It should be noted that the temperature

effect of the phase resistance can be accounted in the model.
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Fig. 3-2: Schematic of ODE solver based fault model.

3.3.3 FE Model

For the purpose of validation of the proposed modelling methodology a transient
direct FE model of a 3-phase, 6-pole, 36-slot IPM motor with a two turn fault is
generated. The machine is designed to maximize reluctance torque so that a high torque
density can be achieved with low grade magnets, such as ferrite or bonded NdFeB. For
this reason, it is often called permanent magnet assisted synchronous reluctance
machine. The machine has 2 slots per pole per phase and incorporates a 3-step rotor

skew of 7° (mech). The main parameters of the machine are listed in Table 3-1.
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Fig. 3-3: FE model of 36 slot, 6 pole IPM Machine with 2 turn fault in C phase (a) full FE
model, (b) zoomed portion of model containing turn fault showing excitation currents. (+, -

signs depicts coil current direction. + represents current direction into the plane of the paper).
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Table 3-1: IPM Machine Parameters

Quantity Unit Value
Torque (peak/rated) Nm 30/17
Speed (base/max) r/min 2100/8200
Power (peak/rated) kW 6.6/3.75
Peak current A 85
Number of pole-pairs (n) - 3
Number of slots -- 36
Active stator length mm 105
Stator outer diameter mm 120
Airgap mm 0.35
Rotor diameter mm 67
Rotor skew slices - 3
Number of turns/phase (N,) -- 42
Magnet Remanance (B,) T 0.56

The laminations of the machine were manufactured by laser cutting and the
damage to material property due to the cutting process [80]-[82]. The machine after
fabrication was observed to have 22% lower back-EMF due to the damage due to laser
cutting [82]. This damage to the laminations was accounted for in the FE model using
additional air-gaps in the rotor such that the measured back-EMF matched with the FE
model as shown in Fig. 3-16. Fig. 3-3 shows the FE model including the two turn
winding fault.

In order to obtain the flux-linkages map of the faulted machine for generating
mode of operation magneto-static FE simulations are performed by varying i, over [-
70A, 10A], iy over [-70A, 10A] in steps of 10A and ir over [-350A, 350A] in steps of
S0A over one complete electrical cycle [0, 120°] (mech) in steps of 2°. To cover both
motoring and generating modes of operation, the corresponding d- and g-axis current
range of [-70A, 70A] is necessary. Although the coarse steps of 50A for iy may
compromise accuracy of the flux linkage map it was selected to reduce the compute
time. It is to be noted that in performing the FE simulations, the current in the 2 short-

circuited turns are defined as i.-ir as illustrated in Fig. 3-1.
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Fig. 3-4: Flux linkage map of machine at a sample case i,=-30A and 6,=0. (a) d-axis flux

linkage. (b) g-axis flux linkage (c) cs2(f) flux linkage
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Fig. 3-4 shows the flux-linkage maps of the IPM machine as functions of i, and
ir at iy =-30A and 6,=0° under fault condition. As can be seen from the plots the
machine exhibits significant non-linearity as a result of magnetic saturation from the
load current and due to fault current. This illustrates the effectiveness of the fault model
to capture saturation effects.

Although the faulted phase has been assumed to be in phase ‘C’, for the
development of the model and for extraction of the flux linkage-current lookup tables,
fault in any other phase can be simulated without the need to run any further FE
computation, since it is simply a shift of electrical/mechanical angle. This can be
achieved by modifying 6, according to (3.15) and accordingly setting 6,, =6./p in the
lookup tables.

6, —27x/3 ; Phase A fault

6, =16, —4x/3 ; Phase B fault (3.15)
ag ; Phase C fault

3.3.4 Skew Computation

The machine selected for validation of fault modeling incorporates a rotor which
consists of 3 identical rotor slices, which are skewed by -3.5°, 0° and +3.5°
(mechanical). The rotor slices and shaft are shown in Fig. 3-14(b).

Rotor skew is an effective means of minimizing cogging torque, electro-motive
force (EMF) harmonics and output torque ripple [83]. However, this poses a challenge
in terms of modeling the behavior of the machine in healthy and faulty condition since
each rotor slice will have different saturation levels. Since the machine selected for
validation of fault modeling incorporates a 3-step skewed rotor, the problem of skew
modeling needs to be addressed. In order to create an accurate flux map, the
conventional technique is to perform static FE analysis for all the skew slices and then
add the contribution of each slice together to obtain the overall flux/torque map [84]—
[86]. However, this is computationally intensive and several methods [87], [88] have
been proposed in the literature to obtain the overall flux map from just one set of FE
calculations with rotor at 0° skew angle. However, these methods are still not
sufficiently accurate specially in capturing spatial harmonic variation and the influence

of skew on saturation of the machine [75]. An accurate method to model the effect of
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skew in healthy machines was presented in [75]. However, the method in [75] is shown
valid for healthy machines and for machine with stator turn fault further refinement of
the model needs to be performed. A general case of skew rotor slice is shown in Fig. 3-5
where, dy, gy refers to the reference dg axis of the rotor with 0 skew angle, and d;, g;

refer to the dq axis of the rotor with By mechanical skew angle.

Fig. 3-5: Rotor skew slices at mechanical angle of (a) 0 (rad) skew, (b) Sy (rad) skew

The dg current and flux vector diagram is shown in Fig. 3-6 where, I and A
denotes the stator current and flux linkage space vector respectively. Considering first
the case of 0 (rad) rotor skew the current vector projection on do, qo axis is igo and 149 as
shown in Fig. 6. The flux-linkage and torque can be computed from the lookup tables
obtained from magneto-static FE analysis, using the dq current values (ig,ig) as given
by (3.16). It is to be noted that the argument 6, is necessary in the lookup process, since
under fault condition dg flux linkages have a dominant second harmonic corresponding
to the unbalance introduced into the machine due to fault.

For the case of rotor slice with skew shift of +£ (mech) angle for a rotor with
‘p’ pole-pairs, it can be observed from the vector diagram in Fig. 3-6 that the stator
current vector is displaced ¢-pf with the d; axis. This is due to the fact that the rotor
shift w.r.t. the stator A phase, however, the stator current are still at the same angular

displacement w.r.t phase A.

57



3. Transient Modelling of IPM with Stator Turn Fault
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Fig. 3-6: Flux linkage and current vectors for rotor skewed by S (mech) angle
iqu =lgot+ Jigo = |I|ej¢
quo =84 (idO’qu’if’em ) + 8, (idO’qu’if’em)
(3.16)
Apo = 8¢ (ia0sigosis )
Ty(8,) =T, (iz0+ip0+i7.6,)

Hence, for calculation of the skewed rotor flux-linkage, the projection of the
stator current vector I onto d,-, g,- axis should be used, to obtain 44 and A, referred to
di-,qs- axis as given in (3.17). Further, since the rotor is physically shifted by S (mech),
the mechanical angle in the lookup process is modified to 6,+/f, to account for the
shift of the rotor. It is also to be noted that the fault current i is not modified because it
does not change with rotor position. The torque can be similarly computed by using iz,
igs instead of using iy, iz0 and modifying the 6,, to 8,+ /[ in the torque lookup table.

Ly =iy + jigy =1Ly e P

Aigs = Aas + J Ay
Ais = 84 (ids’iqs’if’am +ﬁsk)
Ays = 84 (ids’iqs’if’em + :Bsk)
A =8, (ids’iqs’if’em "‘:Bsk)
T.(6,)=T, (ids’iqs’if’em + :Bsk)

However, since the flux-linkage vector in (3.17) is referred to the d;-, g,- frame,

(3.17)

it has to be transformed back to the dy, go frame in which the overall machine dg flux-
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linkages are referred, to obtain /4 and 4, contribution by the skewed rotor slice as given
in (3.18). It is to be noted that the faulted coil flux linkages are not rotated since it is not
a vector quantity.
f fs
Finally, the total flux and torque contribution are obtained in (3.19) from all the
skewed rotor slices scaled by the axial length of the rotor slice, where /4 is the length of

one skewed rotor slice, By is the total mechanical skew angle of the rotor and I is the

total length of the rotor.

~ - 1 [
_ B _ B
ﬂ'dq(loml) - Zﬂ’dqs I ’ ﬂ’f(mtal) - Zﬂ' s
ﬁsk ﬂsk

stk lstk
/i
Te(mml) = ZTS_ (3.19)
B stk
[
lﬁ:%k9 ﬁsk:{%y, yEN,OSySn

where, n is the number of skewed rotor slices.

An important point to note is that slot leakage flux-linkage should not undergo
any change against the skew rotor slice position, i.e., the leakage flux including the slot
leakage flux should remain unaffected irrespective of the rotor skew angle. This can be

easily proven as shown in (3.20), where A4,, denotes the air-gap flux linkages.

ﬂ’dqs = ﬂ’m (ids ’ iqs ) + Llsldq0 e_JpﬁSk
s s\ B . (3.20)
/1qu = ﬂdqsejp = /7“m (lds’lqs )ejp o+ Llsqu0

In order to verify the proposed skew calculation technique, a test case of (i;= -
40A, i,= -40A, i= -200A) was performed using multi-slice FE simulation and the

proposed method, and the results are compared in Fig. 3-7.
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Fig. 3-7: Comparison between multi-slice FE and proposed method (calc) at (i;= -40A, i,= -
40A, i=-200A) (a) d- axis flux linkage, (b) g- axis flux linkage, (c) faulted turn flux linkages
(d) Torque

It can be seen from Fig. 3-7 that the match is excellent. This algorithm reduces the
computation time by a factor of number of skew slices compared to performing static
FE calculation for all rotor skew slices. This method is therefore used to generate the

flux-linkage lookup tables.
3.3.5 Inverse (Flux-Current) Lookup Algorithm for ODE solvers

In case of ODE solvers, the algebraic loops in the model need to be eliminated.
This can be easily achieved if mapping of flux-linkages to current (3.14) can be
determined. However this is not a simple process since the lookup tables are 4
dimensional and the relative magnitudes of dg flux-linkages are much greater than that
of the faulted winding ‘f’. This can cause numerical instability if the data is not properly
normalized during the inversion process. In order to create a precise inversion, for each
mechanical angle in the lookup table, a minimum and maximum value of 44, 44, Aris
obtained and this interval is sub-divided into m divisions as given by (3.21). Results are

shown with m=32.
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+ lﬂx,inc

A, ={4

X X, min

ie N,0<i<m}

=6, j

j (3.21)
6=6,

At min = min(/ix(id,iq,if,ﬁm)

Avmax = max(lx (id,iq,ifﬂm)

A +A

A, = x,min T by, max
’ m
xe{d.q.f}
The inverse solution can then be obtained by minimization of the root-mean-
square (RMS) flux error residual given by (3.22)-(3.23) by varying iq4, iy, ir for each@),

=@ to minimize the flux prediction error.

Aioral”” = f Z A (3.22)
xe{d.q.f}

A\2
(A (igoigoip-6;) - 4,)
ﬂ’x,mid (01)

1 ‘max/lx (id,iq,if,ﬁj )‘

Where,

ﬂxerr —
(3.23)

X’mid( ) +‘min/1x(id,iq,if,6’j)‘

The normalization of the flux magnitudes using their mid-range values as given
in (3.23) is absolutely essential in the numerical inversion process because if not
normalized the RMS error can get swamped by the relative difference in the error
magnitudes of the dg and fault coil flux linkage magnitudes, resulting in either non-
convergence or wrong convergence of the minimizer algorithm. Even then it is possible
that some points do not converge to a solution. This happens when the operating flux
gets close to the boundary of the flux lookup tables. Usually to avoid non-convergence,
the initial current range used to generate the flux linkage map is made much larger than
the operating current range so that during the inversion process the operating flux range
is well within the current-flux map boundary so that convergence is easily achieved.
However, increasing the size of the lookup table increases FE computation time further,

so as an acceptable compromise between accuracy and compute time, the non-
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convergence points are estimated by linear extrapolation from the neighboring
converged points.

Once the inverse flux-current map has been created, a validation of the inversion
process can be performed. This is carried out by selecting each set of i4, iy, ir ,6in the
original current-flux linkage map, and using (3.8),(3.10) to compute A4, A4, Ar, Which are
employed in (3.14) to compute a new set of iy, iy, ir. Fig. 3-8 shows the errors in current
prediction at a sample operating point of i;=-50A, and 6=0°. The maximum errors of the
d, g and fault current prediction are 4%, 4% and 8%, respectively within 80% of the
entire current ranges. Although the error can be reduced further by using spline
interpolation, increasing the step size and the maximum and minimum bounds of the
flux linkage to current map obtained from FE. It was not performed in order to reduce
compute time. It is also worth noting that the primary purpose of the inversion
calculation is to show a method of solution with ODE solvers which give acceptable
prediction performance, however if higher precision is necessary DAE solvers can be

used.

Id error (%)

Iq (A) -100 -500 I.(A)

(a)
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Fig. 3-8: Current prediction errors due to table inversion at i,=-50A and 6,=0 (a) d- axis current

error, (b) q- axis current error and (c) fault current error.

3.4 Simulation Validation

To illustrate the utility of ODE and DAE solvers for the proposed fault modeling
approach without loss of generality, generator operation of the machine under study
with a resistive load of 2.2Q with two turn short-circuit fault at 3500 r/min and
Ri=5.5mQ is simulated by both the FE model and the proposed model implemented
with the inverse lookup tables and ODE23s solver [79], and DAE solver [32]. It is to be
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noted that the FE and proposed models are simulated for 1 rotor slice in order to reduce
FE computation time, and does not in any way affect model validation as long as the
same current-flux linkage relation is maintained in the both models. The comparison of
simulation times is shown in Table 3-2. Hardware validations provided in next section

uses the current-flux linkage map which accounts for the 3-step skewed rotor.
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Fig. 3-9: Fault current comparison of FE verses model (ODE) solved by ODE solver at load of
2.2Q at 3500 r/min
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Fig. 3-10: Phase current comparison of FE verses model (ODE) solved by ODE solver at load of
2.2Q at 3500 r/min

Fig. 3-9 and Fig. 3-10 show the comparison of FE predicted fault current and

phase currents with those obtained from the ODE solver based model. As is quite
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evident the currents predicted by the proposed model matches very well with the FE

results in terms of both peak and wave-shape.

200——————————— T ————————
| |
| |

150F - p - —FE

L

50F-----f -1

|
|
|
J
|
|
|
—
|
|

Fault Current (A)
=

|
|
|

R e S S AR, SRR
|

T A f
|

] s e s S R ek b e
| |
| |

'20910 45 50 55

0  (rad)

elect

Fig. 3-11: Fault current comparison of FE verses model (DAE) solved by DAE solver at load of
2.2Q at 3500 r/min

Fig. 3-11 compares the same operating point predicted by the FE and DAE
solver based model. It can be observed that the DAE solutions also match the FE
prediction very well. It is also to be noted that the errors between the FE and DAE
results arises from the coarse steps in irselected to generate the lookup table. A finer
step size in the lookup tables will improve the model accuracy. The DAE based model
is simpler to set up if a DAE solver, such as Saber, Modelica/Dymola, or
Simulink/Simscape, etc., is available to the user compared to the ODE based solution
which requires numerical inversion of the lookup tables. The numerical inversion with
four variables can be time consuming and introduce additional errors in the model.

A comparison of simulation time is shown in Table 3-2 where the time for numerical
inversion to build the ODE based model is not included. It is evident that the proposed
model dramatically reduces simulation time compared to FE analysis. It is worth noting
that healthy machine FE simulation does not require as much time to solve as fault
machine simulation, since the symmetry which can be employed in healthy conditions
to reduce model size cannot be used in fault conditions, and the model has to be solved

for several electrical cycles for the fault currents to reach a steady state.
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Transient test is performed by introducing step load of 2.2Q at 6.je=0.5236 rad and 2
turn fault at 0¢.=10.472 rad at 3500 r/min, 2.2 ohm load as shown in Fig. 3-12. It can
be observed that the model matches well with the FE prediction. Effect of increase of
fault resistance on model prediction is shown in Fig. 3-13 where the fault resistance is
increased to 10 times the nominal value assumed in the simulations. It can be observed

that there is a good match between FE and model predictions.

Table 3-2: Comparison of simulation times for generator mode operation with resistive load of 2.2Q at

3500 r/min
Method Solution Time Unit
FE 12420 S
ODE solver 62 S
DAE solver 78 S

20 N
..... I (FE) |
2 07" Y" Y Y VYV TV V|- I, (FE)
DO /A 2 N W WY A VR N WY A N AR W A WY (W 1. (FE)
5 0
= e Ia (model)
6 -10 o Ib (model) ||
_— IC (model) \
_20 1 1 1 | |
200 w ‘
-—--1, (FE)
~ 100H —1; (model)
< ‘
~— |
s 0 i
g |
= |
©-100F -~ R AR
|
|
-200 ;
0 5

Fig. 3-12: Phase and fault current comparison of FE verses model (ODE) under transient
condition at 3500 r/min. Step resistive load (2.2€2) applied at 8,,..,=0.5236 rad and 2 turn fault
(R=5.5mQ) at 6,,.,=10.472 rad.
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Fig. 3-13: Phase and fault current comparison of FE verses model (ODE) under transient
condition at 3500 r/min with 10x nominal fault resistance (Ry=55m&). Step resistive load

applied at 0,,.=0.5236 rad and 2 turn fault at 0....=10.472 rad.
3.5 Experimental Validation

The prototype 36-slot, 6-pole IPM machine whose specification is given in
Table 3-1 was used for the purpose of validation of the fault model. The machine has 2
turns in C phase taken out of the machine for emulating the turn fault (Ny; = 2). The
machine winding and the fault turns are shown in Fig. 3-14. To test the system under
fault, a 3 phase contactor connected to the faulted turns was triggered using a timer
circuit to turn on for approximately 500ms. The time is deliberately kept small to
prevent any damage to the coils due to prolonged circulating currents. Fig. 3-15 shows
the experimental setup. The test machine is driven by a dynamometer and operates in
generator mode connected to a 3 phase resistive load bank. Generator mode is chosen
specifically to avoid any controller actions from a motor drive from affecting the
validation of the faulted machine model. Moreover, creation of fault can cause inverter

shutdown especially when fault currents are switched off by the fault timer circuit.
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(b)

Fig. 3-14: (a) Stator winding with 2 turn fault in phase C (b) 3 step rotor and shaft

Machine
Under Test

1

Dynamometer

| Fault
LContactor

>

(a) (b)

Fig. 3-15: Experimental Setup (a) Motor Dynamometer setup (b) Resistive load
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First no load test under healthy condition was performed and the back-EMF
noted and compared against model prediction. Fig. 3-16 shows the match between

experiment and model.

T

—— Ea(meas)

20

15

:L ————— —=—Ea(pred)

10

Voltage(V)
o

Fig. 3-16: Comparison of measured (meas) and FE model predicted (pred) phase back-EMF at
2100 r/min.

The leakage inductance of the 2 turns was calculated to around 3.76uH using the
leakage calculation technique explained in chapter 2. This however, does not account
for the end-winding inductance and the inductance introduced due to external
connection. When all these effects are accounted, the leakage inductance of the faulted
turns was increased to 5.5uH. The contactor resistance was measured to be around 2-
2.5mQ. The extra connection wires from the winding to the contactor introduce an
additional resistance of 3m€ which was also accounted for in the model. To obtain
positional alignment of the waveforms w.r.t to rotor position an analog sin/cos encoder
was used. Fault tests were performed at four load conditions namely no-load, 1.01€Q,
2.2Q, and 0.69Q. For each load condition the speed of the machine is varied from
500r/min to 6500 r/min. Fig. 3-17 shows the comparison of measured and predicted
peak and RMS fault current. It can be seen that there is a close match between
experiments and simulation both in magnitude and overall trend of the graphs. The

maximum error observed is about 20% and occurs at lower rotor speeds and lower load
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resistances. It is worth noting that in simulation the contactor resistance is accounted for
at a fixed value 2m€Q. However, the contactor resistance has poor repeatability and
varies from 2-2.5m€ (25% variation) at different contactor closures during the
experiments. At lower speeds, the resistive component dominates the overall fault
impedance compared to higher speeds where dominating contributor is inductance.
Consequently, the fault current is particularly sensitive to fault resistance variation at
low speeds. It is therefore to be expected that the fault current prediction could be less
accurate at low speeds due to contactor resistance variation, and this should not be
mistaken as inherent problem with model fidelity. It is also to be noted that FE
modeling error, parasitic effects like the extra inductance introduced by the fault
emulation set-up and machine construction on lamination BH characteristic all

contributes to error. It is difficult to account all these effects in simulation accurately.
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Fig. 3-17: Comparison of measured and predicted fault current variations with speed and load

(a) No-load, (b) 2.2Q load, (¢) 1Q2 load and (d) 0.69Q load.
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Fig. 3-18: Comparison of measured (meas) and predicted (pred) fault current at (a) 1500 r/min
load.

at no load, (b) 5500 r/min at no-load, (¢) 1500 r/min at 0.69 Q load and (d) 5500 r/min at 0.69 Q
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Measured and predicted instantaneous fault current waveforms are compared in
Fig. 3-18 at 4 sample test-points at rotor speeds of 1500 r/min and 5500 r/min under
no-load and at 0.69Q load respectively. In all the 4 cases it can be observed that the
predicted fault currents match well with the experimental waveforms in terms of both
magnitude and shape. Fig. 3-19 shows the performance of the model under a sample

transient fault condition at 3500 r/min and 2.2 load.

150
100

Current (A)

Fig. 3-19: Comparison of measured (meas) and predicted (pred) fault current (Iy) at 3500 r/min
and 2.2Q load. Turn fault initiated at 8, = 95 rad.

The inter-turn short-circuit fault will give rise to unbalance in the machine
operation and hence additional current and voltage ripples. Measured and predicted iy
and i, ripples are compared in Fig. 3-20 at 3 sample test-points at 5500 r/min with 2.2Q
load and 0.69Q load, and at 3500 r/min with 2.2Q load. It can be observed that the
predicted ripple matches closely with experiment both in peak and wave-shape. It is to
be noted that the voltage ripple is simply a scaled value of the current ripple since the

machine is connected to a constant resistive load.
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Fig. 3-20: Comparison of measured (meas) and predicted (pred) dg current ripple at (a) @5500

r/min and 2.2Q load, (b) @5500 r/min and 0.69Q load and @3500 r/min and 2.2Q load.
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3.6 Conclusions

A methodology for derivation of detailed transient model of [IPM machine under
turn fault has been described. The effects of high level of saturation and rotor skew are
accounted. It is shown through simulation and experiments that the model established
with the proposed method is accurate and computationally efficient, and is able to
capture the harmonics in the fault current and the dg current ripple in sufficient detail.
The proposed modeling technique can also be used for modeling stator turn faults in
other electrical machines exhibiting magnetic non-linearity including surface PM
machines, switched reluctance machines, switched flux machines and wound field
synchronous machines. The proposed model provides an effective tool for assessing
inter-turn short-circuit fault behavior and for evaluation of associated fault detection
techniques and mitigation strategies.

It should be noted that the effect of possible partial irreversible demagnetization
as a result of inter-turn faults, and influence of temperature variation on permanent
magnet field are not accounted in the model. These effects can be the subject of future

research.
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Chapter

Semi-Analytical Model of  Interior
Permanent Magnet Machine with Stator
Turn Fault

The main contribution of this chapter is a semi-analytical model of interior
permanent magnet (IPM) machine under stator winding inter-turn fault conditions. The
model uses dg flux-linkage map of healthy IPM machine and combines it with
analytical equations of turn fault machine in the dgq frame, to derive transient model for
the machine with stator turn fault. The main advantage of this method as opposed to the
full FE based model presented in the previous chapter, is that no additional FE
simulation is required for the model. This is of importance to drive and controls
designers as a model of the machine under fault can be generated using only the healthy
machine dg flux linkage data which is already available to drive/control designers for
the control of the IPM machine. Therefore although this modelling technique is not
expected to be as accurate as a complete FE based model, it has the advantage of
requiring very less time and resources for implementation. The developed model can be
used to test drive performance under faults and to down select candidate fault detection
algorithms.

Major contents of this chapter were published by author in [89].

4.1 Motivation

As explained in Chapter 1 and 3, inter-turn faults are one of the leading
mechanisms to a complete winding failure, which in turn account for 21-37% of faults
in electrical machines [7]-[11]. The problem of modelling turn fault in Interior

Permanent Magnet (IPM) is a difficult one, owing to its inherent magnetic non-linearity
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4. Semi-Analytical Model of IPM with Stator Turn Fault

even under healthy operation. In the chapter 3, finite-element (FE) based model
extraction was proposed to generate current to flux linkage lookup tables for creating
the fault model of the machine. Although after extraction of the lookup tables, the
technique allowed significant time improvement over time stepped FE simulations
under fault conditions, generating the lookup tables is a time-consuming process,
requiring FE computation of several thousand cases. Therefore, there exists a need for

modelling techniques which enable faster creation of fault model.

4.2 Literature Review

The effect of inter-turn short-circuit fault in IPM was first examined in [55],
where a phase variable model of IPM motor assuming linear magnetic characteristics
was derived, by extending the fault model derived for induction motors in [44].
However, no experimental validation was reported. In [62] a method of extending the
IPM model under fault accounting for magnetic saturation was proposed. The self- and
mutual inductances of the healthy and faulted turns was assumed to be proportional to
their number of turns. The phase inductance variation due to saturation described in [62]
is obtained by computing the saturated values of L;, L, and then performing
transformation to abc inductances. However, this assumption is not strictly true for most
PM machines in which a significant part of the self- and mutual-inductances is
contributed by the slot leakage whose inductance is dependent on location of the turns
in the slot [15]. The inductance look-up table also assumes that there is no change in
magnetic saturation of the machine due to the fault current itself.

In [19], [63], [40] an FE time stepping co-simulation transient model of BLDC
was used for developing fault detection algorithms. However, time stepped FE
simulation is very time consuming and not suitable for computationally efficient
simulation studies involving pulse-width modulated (PWM) drives, due to the small
time scales involved. Moreover, in case of IPM machine, fault detection needs to be
tested at a number of different dg currents due to magnetic non-linearity, which will
further increase compute time.

In [47], [64], a fault model for [IPM BLDC was derived using winding function
theory (WFT) for single layer magnet rotor, neglecting magnetic saturation effects. The

inverse air gap function used in [47] is difficult to derive for more complex rotor
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geometries common in high saliency machines. In [65] a permeance network (PN)
model for turn faults in saturated PMSMs was proposed. The permeance network model
is then used to extract 4-dimensional (4-d) flux/inductance lookup tables needed to
formulate the transient model. However no experimental validation was performed.
Further derivation of a PN model is very tedious, and compromises accuracy, especially
for complex rotor geometries.

In [73] a hybrid model for wound-rotor synchronous generator was reported
under the assumption that the machine operates in linear region under healthy condition.
However, this assumption is not applicable to IPM machines with high level of
magnetic saturation [70].

The aim of this chapter is to create a model of IPM machine under stator turn
fault using only the flux-linkage/inductance map of the healthy machine and combining
it with analytical model equations of the machine under fault [89]. This enables use of
existing FE derived tables employed for drive controls [69], [76], [90] and therefore
provides a means to generate quickly a model of the machine with fault without any
additional FE computations. Moreover, the proposed model is computationally efficient
and capable of capturing key transient behaviour of IPM under inter-turn short circuit
conditions. Extensive experiments have been performed to test the validity of the model

over speed and load ranges.

4.3 Reference FE Model for IPM Machine

For the purpose of comparison of different transient models an FE model of a 3-
phase, 6-pole, 36-slot IPM motor is taken as reference [91]. The machine parameters
were detailed in the previous chapter. The machine has 2 coils per pole-pair per phase.
The machine incorporates a 3-step rotor skew of 7° (mech). Fig. 4-1 shows the geometry

of the healthy machine.
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Fig. 4-1: Geometry of 36 slot, 6 pole IPM Machine (1/3rd symmetry model)
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Fig. 4-2: Flux linkage map of healthy machine. (a) d-axis flux linkage. (b) g-axis flux linkage
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Fig. 4-2 shows the flux map of the healthy IPM machine which is obtained by
running a set of static FE simulations by varying iy and i,. The dg inductance map can

also be obtained from the flux map using (4.1).

Aa(iaiy) = Aaia = 0.3, )|

L, = Ly =——— 4.1)

‘. —const q ' const
lq =cons 1y =cons

Iy
Fig. 4-3 shows the resultant L, and L, variations with d-axis and g-axis currents,

which demonstrates that the machine parameters changes significantly due to magnetic

saturation under load.
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Fig. 4-3: Inductance map of healthy machine (a) d-axis inductance (b) g-axis inductance
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Fig. 4-4: FE models for fault model validation (fault winding circled)

For the purpose of validation of the fault model, two FE models are generated.
Fig. 4-4(a) shows the 1/3rd symmetric fault model of the machine which is used for
testing model equations under symmetric fault conditions. Fig. 4-4(b) shows the full

model of machine with turn fault. The faulty coil is circled.

4.4 Classical Turn Fault Model for IPM

For the purpose of comparison, the classical fault model is introduced and
briefly discussed. The classical fault model referred to in this chapter is a reformulation
of the original model proposed in [55] in dg frame with non-linear magnetic
characteristic of the machine duly accounted as proposed in [62]. Without loss of
generality, the turn fault is assumed to be in ‘A’ phase winding. This is done to simplify
angle calculations for the model. Effect of fault in a different phase on the model
equations is described in the experimental section (4.7). Phase winding ‘A’ is therefore
divided into two parts. Winding ‘AS1’ is the healthy part of phase ‘A’ and winding
‘AS2’ is the faulty part as shown in Fig. 4-5. ‘4 represents the fault winding fraction,
defined as the ratio of number of short-circuited turns in phase A (Ny) to the total
number of turns in phase A (N;) [55]. Ry represents the fault resistance, ir denotes the

current into the fault resistance.
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Ph-C

Fig. 4-5: Schematic representation of IPM machine with turn fault in ‘A’ phase.
4.4.1 Machine Equations in abc Frame

The stator equations for [PM machine with turn fault can be expressed as (4.2)-
4.3).
v/ =RSi +di [dr 4.2)

f _ T
Vs - [vasl Vas2  Vbs vcs]

. f . . . . T
" = I:las las 1y lpg lcs]

T
j’sf = [/?'asl /’i'aSZ ﬂ’b ﬂ’cs]
isf = Lsfis + imf

4.3)

A

If the machine is not saturated and the permeability of the core is assumed to be
infinite, the self- and mutual inductances under the fault condition can be represented by
(4.4)-(4.5), where L, and Ly are the constants for the average and ripple inductance
respectively. In the classical model, leakage and air-gap inductance is assumed to scale

linearly and as a product of number of turns respectively [55].
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L/ =L,diag[l-u p 1 1]

(l_lu)z(l‘aa) zu(l_lu)Laa (l_lu)Lab (l_lu)Lac
4+ lu(l_zu)l‘aa luzLaa IULab IULac (44)
(1-u)L,, MLy, Ly, Ly,
L (I_IU)LLa IULca ch Lcc i
N .
—_f
M N,

4
L,=L,—Lgcos(26,) ; L, =L, — Ly cos(ZHe —?EJ

L,=L,—Lg 005(26’6 +4?”j

C

4.5)

L,=-0.5L, L, cos(ZHe - 2?”} L L =-05L, L, cos(Zé’e + 2?”}

Since terminal voltage of ‘A’ phase is sum of voltage across sub-winding ‘AS1’

and ‘AS2’, the first two rows of voltage equation in (4.3) can be added and re-arranged

to obtain (4.6).
. di .
VS == RSlS + _S+ lLlAllf (46)
dt
where,

T
Vs = l:(vasl + VasZ) Vbs Vcs:l

is = [ias ibs ics ]T (47)
T
}'s = l:(ﬂ’asl + ﬂ’asZ) ﬂ’hs ﬂ’cs:l
The flux vector can be rewritten as (4.8),
ls = Lsis + )“m - IUifAZ (4.8)

where,
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A=-[R, 0 0]

Ly +L,—Lgcos(26,)

Ay, =—|-05L, - Ly, cos(ZQe _ZT”)

4.9)

—0.5L, — Ly cos(ZHe + 2?7[)

L, L, L

aa ac
Lca ch Lcc

The voltage equation of the short-circuited winding can be written as (4.10),

dﬂ'as2
dt

Voo = Ryiy = pR (i —i, )+ (4.10)

where,

4.4.2 Machine Equations in dg Frame

The stator equations can be transformed to the dg frame using synchronous

frame transformation defined in (4.12) [77] to obtain (4.13).

cos(6,) cos(ﬁe _2_7[) cos(ﬁe +2_7[j
3 3
Tpe—sqao = 2 sin(ﬁe) sin(ﬁe —2—”] sin(ﬁe +2—”j (4.12)
3 3 3
1 1 1
2 2 2

) T 2 . T,
Voa = Ryigg +digg 1 dt + @, 4, =24, ] —,UERS[COS@ sing,] i,  (4.13)

where,
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dga =diag[ L, Ly Jig - ,u%[Lq cosh, L, sinﬁe]T i +[0 4,1

3

3
Ly =Ly +E(LA +Lg)
The equation for the short-circuited turns is given by (4.15),

d//i’aSZ
dt

Voo = Ryip = uR, (i cos6, +iysin6, —i, )+

a

(4.15)

where,

Ay = —,U[Lq cos@, L,sin Qe}iqd

a

(4.16)
+uA,, sin6, — pti | Ly + (L, — Ly cos26,) |

It is known that IPM machine exhibits non-linear magnetic saturation. This is
quite evident in Fig. 4-3. In order to account for saturation as suggested in [62], the dg

inductances and the magnet flux linkage are no longer treated as constants but they are

updated with changing i, and iz using lookup tables as given by (4.17).
Lq = Lq (id’iq);ﬂ’q - fq (id’if/)
Ly =Ly (igig): Ay = £y (igi,) (4.17)
h=4(0)
The model is tested by simulation with Ry = 0.Im&, V; = -65V, and V, =13V
which corresponds to iy = -50A and i, = 50A under healthy condition. Fig. 4-6 compares
the fault current with 1 turn short-circuit predicted by the classic fault model and by the

full FE model. As is clearly evident the classical model predicts 41% less fault current

than that predicted by FE.
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Fig. 4-6: Comparison of fault current prediction by FEM simulation and classical model at R,=

0.ImQ, V;=-65V, and V=13V
4.5 Proposed Fault Model

The classical model has several assumptions listed below.

® L4 L, is considered only dependent on (igzi,) and does not depend on ir.
However, ir can affect the operating point of the magnetic field considerably
since iy >> (ig,lq)-

e [eakage inductance is assumed to scale linearly with number of turns which
leads to incorrect prediction of leakage inductance in the faulty winding.

e Fault winding is assumed to have same winding distribution as that of the
entire phase. It does not take into account the fact that phase A may be
composed of many series connected coils which are in turn distributed and
phase shifted with each other.

It is to be noted that the aforementioned assumptions in the classical fault model
are needed if no information about the winding configuration or mechanical dimensions
of the machine is available. However, if the dimensions and winding configuration are
available some of the limitations can be overcome. Therefore several modifications are

proposed to improve the model.
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4.5.1 MMF Distribution of the Fault Winding with Reference to
Complete Phase Winding

First the effect of fault current is analysed under the affected pole-pair region.
Since fault occurs in only one coil of a phase winding which may comprise of several
distributed coils connected in series, as shown in Fig. 4-7 the distribution needs to be
properly accounted in the calculation. This is done by representing the magneto-motive
force (MMF) of the phase winding and faulted turns as space vectors and calculating

their combined effect.

Fig. 4-7: Series connected coils of phase-A

Faulted Turns Coil ] MMF =N,,i

MMF= N,i,
X _ m50

< | S

\ Phase A MME

Coil 2 MMF = Ni,

Fig. 4-8: MMF Phasor diagram of two coils in Phase A in healthy condition

Fig. 4-8 shows the phase shift between the two MMF vectors of the two coils in
phase A, where coil 1 is the coil containing the faulted turns Ny The instantaneous
MMF space vector can then be written in complex domain as (4.18) taking into account
the fact that the two coils of phase A (a; and ay) are shifted £15° = /12 rad, denoted by

O W.r.t the Phase A axis.
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Ny =(N =N, )ige! %)

Ny (ig=if) =Ny (i ‘if)ej(

C j(ge_gxhﬁ)}a coil
Na2la - Nlﬂe 2

a, coil
o, +05/1ﬁ) (4.18)

N is the number of turns in one coil and faulted coil is assumed to be in coil a;.
Similarly the MMF of other phase can also be written. The combined MMF

contribution of all the three phases in PP3 can then be written as (4.19).

MMF =N i, + N iy + Nygiy, + Nyiyy + N i, + Noie + N (i, i)

3 L AR R
MMF IEN(2COS(0shﬁ))(lq + ]ld)+Nf (_l.f)el(g o) (4.19)

i, =%(ia cos(6,)+i,cos (6, — 27 /3)+i.cos(6, + 27 /3))

iy = 24 (i,5in(6,) +i, c0s(6, —27/3) +i, cos (8, +27 /3))
From (4.19), it is clear that under fault condition the MMF of the machine
changes. This leads to the definition of i;s and i,r which is obtained by normalizing

(4.19) to obtain (4.20), where cos( ;) is the winding distribution factor.

N - .
i+ iy =i+ i)+ 3 iy )
eshft ))

3 N(ZCos(

This relationship is used in the next section to generate the flux map under fault

condition.
4.5.2 MMF Flux Mapping

Under healthy machine condition, the flux map of the machine is determined by
varying iy and i, and averaging the flux linkage obtained over one electrical cycle. Any
change in MMF due to the fault, should be accounted to calculate the flux linkage under
fault condition. Thus, instead of using (4.17) in the classical model, the flux-linkages in

fault conditions are determined by (4.21),

Aiy = Faliagoiq s )i Ay = Fylias iy r) 4.21)
where, f; and f, are the d- and g-axis flux linkage maps under healthy conditions
as shown in Fig. 4-2. By computing the d- and g-axis currents, izs and i,y under fault

conditions according to (4.20), the d- and g-axis flux linkages under fault condition can
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be obtained. In the classical model, it is assumed that the fault current does not affect
the flux look-up table, however, this leads to an error since it is known that the fault will
affect the overall MMF and hence the operating point in the machine.

To test this concept, a flux map of healthy machine with the slot leakage flux
suppressed was created. This is done so that only the influence of fault on air-gap flux
can be studied. This enables testing the modified dg current references to validate its
performance without leakage flux affecting the results. The first test is with the 1/3rd
symmetric model, Fig. 4-4(a). Fig. 4-9 shows the comparison of the flux linkages
predicted by the model and by FE simulation, with iy =-50A, i,= 50A, i = 300A (DC)
with 1 turn fault. It should be noted that the high frequency ripple seen in the FE
prediction is due mainly to the slotting effect which is not accounted in the analytical
model. Fig. 4-10 shows the comparison of the flux linkages predicted by the model and
by FE simulation, with iy =-50A, i,= 50A, ir = 150A (DC) with 3 turn fault. It can be

seen that the model and FE results match well under both the fault conditions.

Electrical Angle(Degree)

Fig. 4-9: Comparison of flux linkages predicted by proposed model and by FE 1/3 symmetric
Model, No leakage. (i; = -50A, i, = 50A, i;= 300A) under 1 turn fault.
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Fig. 4-10: Comparison of flux linkages predicted by proposed model and by FE 1/3 symmetric
Model, No leakage. (i, = -50A, i, = 50A, i;= 150A) under 3 turn fault.

A second test with the full FE model, Fig. 4-4(b), is then performed. Fig. 4-11
compares the predicted flux linkages of the coils in PP3 (pole-pair 3) by the proposed
fault model and by FE simulation. The match is reasonably good; however, is not as
good as the 1/3rd symmetry model. This is because there remain small interactions
between pole-pairs, which are not accounted for in the analytical model. Fig. 4-12
compares the prediction verses FE model for a 3 turn fault. It can be observed that in

both these fault conditions the prediction is good.

——FEM

I N\ B

|

|

|

:
0 50 100 150 200 250 300 350
Electrical Angle(Degree)

Fig. 4-11: Comparison of predicted flux linkages of faulted pole-pair (PP3) by proposed model
and by FE, Full Model, No leakage. (i; =-50A, i, = 50A, ir= 300A) under 1 turn fault.
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Electrical Angle (Degree)

Fig. 4-12: Comparison of predicted flux linkages of faulted pole-pair (PP3) by proposed model
and by FE, Full Model, No leakage. (i; =-50A, i, = 50A, i;= 150A) under 3 turn fault.

4.5.3 Fault Winding Interaction with Pole-Pair Winding Groups

In Fig. 4-4(b) the fault winding is shown under only one pole-pair group denoted
as PP3. Its interaction with the phase windings under the other two pole-pairs (PP1-2)
can be represented using extended winding function theory [92]. Fig. 4-13 shows the

turn function plot. Defining the inverse air-gap function as (4.22),

1
m =a-+ bCOS{Zp (Hm - Hrm )} (422)

where, 6,, is the angle of the rotor d-axis w.r.t. phase-A axis. Mutual flux

linkage can then be calculated by (4.23) [92],
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Asr = HoRy, szklf_[ (6,6,

dlr m?> )

[13e, /2

[ N[a+bcos{2p(6,-6,,)} |46,
6 |«

= UoRy Ly (2;:; Nflfj 015/02[5/2

+ | N[a+bcos{2p(6,-86,,)} |46

m

(4.23)

3a,/2 i
2
o, =—
36
P 36,uORstlstklfNNfa(Z ,uORstlstszNNfaﬂ 3 1
AF = T 9 BF = ~/cF

where ¢ is the slot angle, i is the current in the fault winding, Rj, is the stator
bore radius, I is the effective length of the stator core, n4 is the turn function of phase
A and Ny is the winding function [92] of fault winding, and A4r is the flux linkage
induced in Phase A in pole pair 1, due to current in fault winding ‘f’. The same results
apply to coils of pole-pair 2 as well. Turn function is the sum of MMF contribution of
all coil sides of a particular phase in consideration. Positive direction is arbitrarily
chosen as into the plane of the paper. Winding function is the zero averaged turn
function [92]. The slight DC shift in the winding function Nt as seen in Fig. 4-13 will
induce a slight DC MMF shift for all coils in PP1.
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Turn Function Plot

Slot Number

Fig. 4-13: Turn functions (n) of phase A, B, C coils (located in pole pair 1) and winding

function (Ny) of fault winding (located in pole-pair 3)

The contribution of this fault MMF is expected to be small on the coils under the
healthy pole-pairs. This condition is cross-checked with FE simulation by injecting a
constant DC fault current (ir =300A) in the fault winding (1 turn) with iz = -50A, and i,
=50A, and then computing the dg flux for individual pole pairs. Fig. 4-14 compares the
dg flux linkages of each pole-pair under the healthy and fault conditions. For the
purpose of comparison, slot leakage flux was suppressed by setting the permeability of
the slot region to be less than air in the FE model. This suppression of slot leakage flux
enables the study of only the air gap flux in order to check the validity of the winding
function analysis. It is shown that the flux under PP3 where the fault takes place is most
affected as compared to that under the healthy condition. In contrast, the fluxes under
PP1 and PP2 are less affected and hence their changes due to the fault under PP3 may

be neglected.
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Fig. 4-14: Flux linkage comparison under different pole pairs (FE) with i, = -50A, i,=50A and
fault current (i;=300A) in the fault winding (1 turn)

From Fig. 4-13 and Fig. 4-14 it is clear that the MMF due to the fault winding is
small for the healthy pole-pairs. One possible solution to modelling this is to ignore the
small effect of fault MMF on the healthy pole-pairs. This is expressed as (4.24).

A A A

oot = A, pp2 3 A, ot = A 2 (4.24)
Since, the flux lookup table shown in Fig. 4-2 is for the healthy machine, to
compute the flux linkages for the healthy and faulted windings under different pole-
pairs it needs to be scaled. It is known that under healthy condition each pole-pair
contributes the same amount of flux. Thus, the following is true.
A = p/ld,ppl = pﬂ’d,ppZ = p/ld,pp3
(4.25)
ﬂ’t/ = p/iq,ppl = pﬂ’q,mﬂ = p/iq,mﬂ
From the foregoing assumption that the flux linkage under PP1 and PP2 are
unaffected and equal to healthy flux linkage value, the following can be written as

(4.26).

1 .o
ﬂ'd,ppl = ﬂ'd,ppZ :;fd (ld’ZCI)
(4.26)
A

1 ..
g1 = Aq.pp2 =; T4 (ld’lq)
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A more accurate model can also be derived which does not involve the
approximation as in (4.26). This is required when the number of faulted turns or the
fault current is higher and consequently the fault MMF contribution is difficult to
ignore. The effect of fault can be accounted for the coils under the healthy pole-pairs by
using the fact that for ‘a’ and ‘b’ phases the flux contribution is equal whereas for ¢
phase it is opposite phase as given in (4.23) and using the MMF contribution of the
faulted turns on the coils to modify the dg currents for flux lookup under the healthy
pole-pairs. Therefore, using the same technique as shown in sub-section 4.5.1, the

effective dq axis currents for the healthy pole pairs can be expressed as (4.27).

l:q l:q . (6N /36) 1
| =\l |TLabe—sqao
Iy N Iy ' (2NC Cos(a‘hﬁ)) -1 427)

/1d,h = /1d,pp1 = /ld,ppz = fa (ld,h’lq,h )§

/?’q,h = /?’q,ppl = ﬂ’q,mﬂ =1y (ld,h’lq,h)

—FE (PP1) ‘
Sh-----l-———- +-—FE®PP2) = F---- Ao +

|

1

I

|

|

|

===-Predicted (PP1,PP2)

|
/(; |
> A SN
z ‘
< —FE (PP1) |
R (1 s O N AN\ e 1
0.0291 — FE (PP2) | * ‘ |
==~=-Predicted (PP1,PP2)| | | | |
0028 T T 1 1 1 1 1
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Fig. 4-15: Comparison of dq flux linkages of FE simulation verses model for healthy pole pair
(PP1,PP2) flux linkages without slot leakage flux (i; = -50A, i, = 50A, iy= 150A) under 3 turn
fault.

To illustrate this method, a 3 turn fault case is compared in Fig. 4-15. It can be

seen that the match is good. Therefore, it is a design choice to either use (4.26) for
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simplicity or use (4.27) for more accurate representation. For low turn fault or low fault
currents (4.26) can be utilized without much compromise in fidelity of the simulation.

The total flux linkage equation for the machine under fault can then be written as
(4.28).

ﬂ’d,total = (ﬂ’d,ppl + ﬂ’d,ppZ) + ﬂ’d,ppS

1 (4.28)

_pr-1 . _pr-
//i’d,total - p ﬂ’d,h +ﬂ’d,pp3 ’ ﬂ’q,toml - ) ﬂ’q,h + //i’q,pp?;

This sum of flux linkages is not affected by the fact that the system is nonlinear,
since the total flux is the sum of flux linkages contribution by all the coils in all the pole

pairs.
4.54 Combined Flux-Linkages of All Pole-Pairs

Fig. 4-16 shows the comparison of the total dg flux-linkages of all the coils
under all the pole-pairs, predicted by the classical model, the proposed model and the
FE model with no slot leakage flux present. It can be observed that the flux linkages

predicted by the proposed model match close to that predicted by the FE model.

Electrical Angle(Degree)

Fig. 4-16: Comparison of predicted dg flux linkages of classical and proposed model verses FE
simulation of full model without slot leakage flux (i, = -50A, i, = 50A, i;= 300A) under 1 turn
fault.

To check performance of the method a further comparison with FE simulation is
performed under a 3 turn fault as shown in Fig. 4-17. It can be observed that the match

is good.
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Fig. 4-17: Comparison of predicted dq flux linkages of proposed model verses FE simulation of

full model without slot leakage flux (i; = -50A, i, = 50A, ir= 150A) under 3 turn fault.

4.5.5 Leakage Flux Calculation and Flux Linkage of Faulted Turns

In the previous section influence of fault on air-gap flux linkage was
investigated, which involved using a flux-linkage map of the machine with leakage flux
suppressed. However, a real machine has slot leakage flux which has to be accounted
for in the model. Therefore, the true flux linkage map of the machine without
suppressing the leakage flux is used for calculating the dg flux linkages under fault.
Since the air-gap flux linkage is still required for modelling it is assumed that the
leakage flux is not affected by saturation in the machine and can be subtracted from the
total flux linkages to obtain air-gap flux linkages. By method of example the g- axis air-
gap flux linkages can be computed by first computing the air gap flux by subtracting the
leakage flux and then the total leakage flux is added to obtain (4.29).

1 . . .
Aypp3 = ;(ﬁq,h (ld,f’lq,f ) - lelq,f)
(4.29)

1
ﬂ'q,mml = pT(/lq,h (ld > iq ) - leiq ) + /lq,pp?) + leiq

Fig. 4-18 and Fig. 4-19 shows the comparison of the prediction of dg flux

linkages verses FE model under 1 and 3 turn fault respectively when the slot leakage is
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taken into account. It can be seen the flux linkages predicted by the proposed model

match close to those predicted by the FE model.

0.016

et 1 . | ——TFEM
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Fig. 4-18: Comparison of dq flux linkage prediction of classical and proposed model verses FE

simulation of full model with slot leakage flux (i; = -50A, i, = 50A, iy = 300A) under 1 turn fault
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Fig. 4-19: Comparison of dq flux linkage prediction of classical and proposed model verses FE

simulation of full model with slot leakage flux (i; = -50A, i, = 50A, ir= 150A) under 3 turn fault

The air-gap flux linkages of the faulted turns is then calculated from the phase
flux linkage using the dg flux linkages of the pole pair under fault (PP3) with due

account of the distribution factor (phase shift) and the number of faulted turns as shown

99



4. Semi-Analytical Model of IPM with Stator Turn Fault

in (4.30). The flux linkage vector diagram is similar to the MMF vector diagram as
illustrated in Fig. 4-8.
N, 2cos(0shﬂ

as?2

) [ld’plﬁ sin (0 + 6 ) + A, pp3 €08 (6’ + 0y )J (4.30)

The self-leakage inductance (Lxy) of the faulty turns and its mutual leakage
inductance (M) with the healthy winding in the same slot can be calculated using the
method described in [15] instead of scaling the leakage inductance as in the classical
model. The leakage flux can then be added to the air-gap flux linkages to obtain the
total flux linkages of the faulted turns as given in (4.31).

N,
N, 2c0s(0,hﬁ)

as?2

Aus + (ia —iy )le,f +i,My 4.31)

S

Fig. 4-20 and Fig. 4-21 shows the comparison of prediction verses FE model for
the flux linkage of the faulted turns for 1 turn and 3 turn fault respectively. It can be

seen that the proposed model matches close to the FE model prediction.

i i I I
! | | =——FEM
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Fig. 4-20: Comparison of faulted coil flux linkage prediction of classical and proposed model
verses FE simulation of full model with slot leakage flux (i, =-50A, i, = 50A, i;= 300A) under

1 turn fault
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Fig. 4-21: Comparison of faulted coil flux linkage prediction of classical and proposed model
verses FE simulation of full model with slot leakage flux (i, = -50A, i, = 50A, i;= 150A) under

3 turn fault

In order to compute the total leakage flux linkage contribution in all the phases,

the leakage flux contribution must be added and is given by (4.32).

Aaae = Ly, — (le,f +Mlk,fh)if
/117,11{ =Ly, (4.32)

ﬂc,lk = Ly i,
4.5.6 Complete Turn Fault Model

Based on the foregoing sections the governing equations under an inter-turn

short circuit fault are summarized in (4.33)-(4.43).

. dA, 2 )
Vq = Rslq + 7 + a)eﬂ'd - gﬂRSlf CcoS 96 (4.33)
2
dt 3
. . dA
Reip =V, = UR; (iq cosd, +i,sinb, —i, ) + d”;sz (4.35)

-1
/14 = p—(/lq,h (id sy ) — Ly, ) + ﬂq,mﬁ +Lyd, - (le,f + My g )if cosb,  (4.36)
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-1 )
1 : . .
A3 = ;(ﬂq,h (id.oiq.r ) = Luy. s ) (4.38)
1
ﬂ’d,pp:% :;(ld,h(id,f’iq,f)_leid,f) (4.39)

N, 1 ld,plﬂ sin (Be + Hshﬁ)

0 iy =i )Ly f +i,My 5 (4.40)
N, 2¢088 | +4, ,,5c08(6, + 6, ) (=i )y i

as2

2 Ny

1
3N, 2cos(0,hﬁ)

S

Iy p =y i/ sin(eg + eshﬁ) (4.41)

2Nf 1
i =1 —— i,cos|@ +6
a.f —'q 3N, ZCos(ﬁshﬂ)f (e shﬁ) (4.42)
Where,
Oy =70 /12 (4.43)

The model equations can be easily implemented in any simulation environment,
such as Matlab/Simulink [79] or circuit simulator like Synopsys/Saber [78], to perform

system simulations in a computationally efficient manner.

4.6 Model Comparison with FE

To validate the model, a constant V; and V, which represent a given operating
condition are applied to the model and the resulting dg and fault currents at a speed of
2100 r/min are then compared in steady state.

Fig. 4-22 and Fig. 4-23 show the comparison of the resultant currents predicted
by the proposed and the classical models, and by the FE model. As is clearly evident the
currents predicted by the proposed model match much closer to the FE predictions than
those of the classical model. Fig. 4-23 particularly shows that the proposed model is
able to predict the current wave-shape close to that predicted by FE. It is to be noted that
as the fault ampere turn becomes higher local saturation effects due to the turn fault

makes the prediction worse than lower fault ampere-turns.
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Fig. 4-22: Comparison of current prediction of classical and proposed model verses FE

simulation under 1 turn fault (V,=-65V, V,= 13V, R;=0.1m&) (operating point i; ~= -50A, i,
~=50A)

- Proposed Model
""""" Classical Model

Fig. 4-23: Comparison of current prediction of classical and proposed model verses FE
simulation under 1 turn fault (V,; = -3.485V, V,=7.33V, R,= 0.1m<) (operating point iy ~= -
504, i, ~=0A).
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Fig. 4-24: Comparison of current prediction of classical and proposed model verses FE

simulation under 3 turn fault (V,=-65V, V,= 13V, R,= 10mQ) (operating point i, ~=-50A, i,

simulation under 3 turn fault (V,; =-57V, V=30V, R,= 10m<) (operating point iy ~= 0A, i, ~

~=50A)
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Fig. 4-25: Comparison of current prediction of classical and proposed model verses FE

40A)
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A further validation run is performed under a 3 turn fault with Ry = 10mQ is
shown in Fig. 4-24 and Fig. 4-25 for different operating conditions. It can be observed
that the model matches well with FE prediction.

It is to be noted again that the model involves some simplifying assumptions in
order to enable use of only the healthy machine data for prediction of the machine
behaviour under fault condition. Therefore some error is to be expected. The purpose of
the comparisons in this section was to highlight that although the match is not perfect, it

is a close approximation.

4.7 Experimental Validation

The same test-rig as shown in Chapter 3 is utilised for validation of the proposed
model. It is to be noted again that due to damage to the rotor laminations during laser
cutting process [80], extra air-gaps near all cut edges of the lamination is utilised to
account for the reduced magnetic properties of the material in the adjusted FE model.
Since the motor consists of 3 step skewed rotor, the flux map is run for zero skew rotor
case and subsequently the overall flux for the 3 step skew rotor is computed using
method described in [75] to reduce the computation time.

The flux linkage lookup tables under healthy condition were generated using this
adjusted FE model. The prototype machine is constructed with short-pitched coils, i.e.,
coil span is 5 slots instead of 6 as shown in Fig. 4-26. To account for the effect of short
pitch factor sin(57/12), the equivalent igzy and i, is modified accordingly, as shown in
(4.44). The vector angle is shifted by 2n/3 since the fault is in phase-C, instead of
phase-A. It is also to be noted that 6,z does not appear in the exponential term in (4.44)
since the MMF of the short pitched coil is centred w.r.t the phase C flux linkage.

i, ¢+ jig =i, + jiy)
2 Nysin(52/12) o\ g eamr3) (4.44)
3 N(2cos(9hﬁ)) (_ f)

S

To avoid any controller from introducing errors in model validation, the
machine prototype was run in generator mode with a resistive load. To obtain positional

alignment of the waveforms w.r.t to rotor position an analog sin/cos encoder was used.
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Fig. 4-27: Comparison of measured and predicted fault current variations with speed and load

(a) No-load, (b) 2.2€Q2 load, (¢) 1.01Q load and (d) 0.69Q load.
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Fault tests were performed at four load conditions namely no-load, 0.69Q,
1.01Q, and 2.2Q. For each load condition the rotor speed of the machine is varied from
500 r/min to 6500 r/min. Fig. 4-27 shows the comparison of measured and predicted
peak and RMS fault currents. The maximum error observed is about 12%.

Measured and predicted instantaneous fault current waveforms are compared in
Fig. 4-28 at 4 sample test-points at rotor speed of 1500 r/min and 5500 r/min under no-
load and at 0.69Q load respectively. In all the 4 cases it can be observed that the

predicted fault currents match closely to the experimental waveforms in terms of both

magnitude and shape.
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Fig. 4-28: Comparison of measured (meas) and predicted (pred) fault current at (a) 1500 r/min
at no load, (b) 5500 r/min at no-load, (¢) 1500 r/min at 0.69 Q load and (d) 5500 r/min at 0.69 Q
load

Current/voltage ripple at the terminals of the machine is an important indicator
of unbalance in the machine caused due to the fault. Measured and predicted i; and i,
ripple are compared in Fig. 4-29 at 3 sample test-points at 5500 r/min with 2.2€Q load
and 0.69Q load and at 3500 r/min with 2.2Q load. It can be observed that the predicted
ripple matches closed with experiment both in peak and wave-shape. It is to be noted
that the voltage ripple is simply a scaled value of the current ripple since the machine is

connected to a constant resistive load.
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Current (A)

Current (A)

Fig. 4-29: Comparison of measured (meas) and predicted (pred) dg current ripple at (a) @5500
r/min and 2.2Q load, (b) @5500 r/min and 0.69Q load and (c) @3500 r/min and 2.2 load.

4.8 Comparison of Simulation Setup Time with Direct FE
Model

The main advantage of the semi-analytical approach is the reduced simulation
setup time required compared to the direct FE derived method proposed in Chapter 3.
The simulation setup time is defined as the amount of time required to generate the
current to flux linkage lookup tables. Table 4-1 shows the comparison of the two
approaches on a computer with an Intel Xeon quad core processor running at 3.1 GHz
with 16GB RAM using Cedrat/Flux 11.1 software. The reduction is due to the fact that
the FE model required for the semi-analytical model is a 1/3™ symmetry healthy
machine model running only a sweep of i; and i,, whereas the direct-FE derived model
is a full machine model running a sweep of iy, i; and i. It is therefore clear that using the
semi-analytical model the fault model can be setup much quicker than the direct-FE
approach at the cost of simplifying assumptions required to derive the model which can

reduce the fidelity of the model.
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Table 4-1: Comparison of Simulation Setup Time

Simulation Setup

Method Unit

Time
Direct FE Derived (Chapter 3) 16 Days
Semi-Analytical 0.8 Days

4.9 Conclusions

A computationally efficient transient model of IPM machine under stator inter-
turn fault conditions has been described. The model can be established using the flux
linkage map of the machine under healthy conditions. It is shown through simulation
and experiments that the model is able to capture the harmonics in the fault current and
the dq currents in sufficient detail, even though the model uses only average dg flux
linkages. The model can be used for developing fault detection and mitigation

techniques for IPM machines.
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Chapter

Online Stator Fault Detection Using
Residual Currents

The main contribution of this chapter is a fast online fault detection scheme for
stator turn fault (TF) and high resistance connection (HRC) using only the drive current
controller inputs such as motor currents (dg frame) and rotor position along with current
controller output such as inverter voltage command (dg frame) to achieve fault
detection. No external sensor(s) or high speed sampling of currents/voltages are needed
in this technique. The fault detection algorithm is implemented in real-time in DSP and
executes in parallel to the drive current controller. The detector is based on an internal
motor model which utilises the command voltages to predict the motor currents. The
predicted currents are subtracted from the measured currents to obtain residual currents
which show significant change between healthy and faulted operation. In addition the
fault detection algorithm can identify the faulted phase enabling appropriate fault
mitigation algorithms to be applied. This is particularly useful in multi-phase machines
which due to its higher degree of control freedom enabling fault tolerant operation of
machine without the need to shut down the machine. Extensive simulation and
experimental results are presented as validation for the proposed strategy.

Major contents of this chapter were published by the author in [93].

5.1 Motivation

As explained in chapter 1 and 2, inter-turn faults are one of the leading
mechanisms to a complete winding failure, which in turn accounts for 21-37% of faults
in electrical machines [7]-[11]. In chapters 2-4 different turn fault modelling techniques
were explored. These turn fault models form the basis on which this chapter develops

turn fault detection schemes. Fundamental signal based fault detection is among the
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most commonly used techniques in literature [94]. However, since fundamental fault
detection relies on unbalance detection other faults especially high resistance connection
(HRC) can be picked up and classified incorrectly as turn faults. Therefore this chapter
includes analysis and detection of HRC fault along with turn fault to obtain more robust
fault detection and classification method.

High resistance connection (HRC) [29] can occur due to loosening of any
electrical joint between the drive and the motor. HRC can occur due to thermal cycling,
vibration or corrosion. It can lead to open circuit condition due to failure of joint due to
overheating. Thermal over heating of the joint can also cause insulation damage that can
eventually lead to short-circuit failure and may also cause electrical fire. However, HRC
progresses slower than TF as the circulating current in TF is many times greater than the
rated current of the machine and causes a higher rate of thermal heating. Therefore,
compared to a TF which requires immediate mitigation measures to reduce the
circulating current, HRC does not require an immediate corrective measure [29].

In this chapter and the next chapter, a low power 5-phase permanent magnet
machine is utilised to experimentally test fault detection techniques under relatively low
fault currents. The knowledge gained by the experiments is then utilised to extend the
technique(s) in simulation for a high power IPM prototype as part of the MotorBrain

project deliverables.

5.2 Literature Review

5.2.1 Offline Fault Detection

Offline fault detection can only be performed on motors that are disconnected
from service. However, these are accurate methods and have been long used in industry
as part of scheduled maintenance and testing. Some of the major classes of offline turn
fault detection are DC winding resistance test, surge test and partial discharge test [12].

DC winding resistance as the name suggests is measurement of the winding
resistance under standstill condition. Turn fault can show up as reduction in DC
resistance of a winding. Although easy to perform the test, the sensitivity of the method
is affected by ambient temperature and resolution of small changes particularly in low

voltage automotive motors with low winding resistance.
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Surge test and frequency response testing involves application of transient
voltage across the winding. If a turn fault is present, this can be observed in the current
response of the winding in either frequency or magnitude. This has been in use for
industrial motors and the recommended test procedure is given in IEEE 522 [95].

Partial discharge measurement is based on measurement of small leakage
currents that flow when a high voltage is applied to the winding. Partial discharge can
be detected analysing the frequency components of the leakage currents. This
recommended test procedure is detailed in IEEE1434 [96]. However, this method is not

readily applicable to low voltage machines.

5.2.2 Online Detection

Online detection is performed while machine is in operation. Online methods are
preferred to off-line methods for stator turn fault detection as turn fault creates a local
hotspot that if left unchecked can damage the entire winding of the machine in a very
short period of time (1-2s). [16], [94], [97]. In available literature the techniques for
stator turn fault detection can be grouped into 6 major categories.

The first group of techniques is motor current signature analysis (MCSA) ) [18]—
[20]. Stator turn fault causes changes in the stator magneto-motive force (MMF)
spectrum and therefore modifies specific higher order harmonics in motor
current/voltage and the changes in their magnitude or phase of these harmonics can be
used for fault detection. However, in case of variable speed drives this is complicated by
the fact that speed of the motor can change and therefore advanced signal processing
such as short time fourier transform (STFT), continuous wavelet transform (CWT), and
Hilbert-Huang transform [98], [99] transformation have been proposed to overcome
these issues. However, these algorithms are computationally expensive and have only
been implemented using advanced platforms like Labview or dSpace or implemented
off-line using measured data. Similar methods have also been proposed on mechanical
measurements like vibration and torque signals [100]-[103] but are expensive to
implement due to high cost of the sensors.

The second group of techniques is based on high frequency (HF) injection based
methods. These require injection of HF signal (1-2kHz) in the modulation signal of the

inverter [19], [21], [22]. The current due to the HF signal extracted from the motor
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currents is a function of the winding impedance and can therefore be used as fault
indicator. However injection of HF is not preferred due to increase of acoustic noise
from the machine. To overcome this ripple current due to PWM of the inverter was
proposed in [104] as a means of fault detection utilising the modulation as inherent HF
source. However an external circuit was needed to extract the PWM ripple current.

The third group of techniques is based on electromagnetic measurements such as
axial leakage flux [23]—[25], search coil based methods [26]—[28]. The voltage sensed
by the search coil acts as an indicator of magnetic unbalance in the machine and can be
used for fault detection. However, this is an invasive technique requiring additional
winding in stator/rotor, and therefore not widely used.

The fourth group of techniques is based on neutral point voltage measurement
[29]-[31]. The voltage between motor neutral point and inverter artificial neutral point
changes under fault conditions and can be used as an indicator for turn fault. This
technique requires additional circuitry to sense the neutral voltage and connection to the
neutral point of the machine which in many cases is not readily accessible.

The fifth group of techniques is based on fundamental frequency analysis. This
includes negative sequence voltage [32], negative sequence currents [33] and cross-
coupled impedance [34]. This technique can be implemented in parallel with controller
and needs no additional sensors. Most of the methods are based on negative sequence
analysis, however in multi-phase machines there are additional sequence components
which also contain the fault signature and needs to be properly accounted for in the
detection. In [105], a product of two inverter voltage command space vectors was
proposed for fault detection in multi-phase machines.

Finally the sixth group of techniques is based on state estimation based methods,
estimating equivalent resistance and inductance [35] and back-EMF [36] of the machine
and utilising any changes as fault indicator. In [106], [107] state estimation was utilised
to reject most of the healthy signal using an internal motor model. The method has
benefit of fast load and speed disturbance rejection. In [108] third harmonic frame was
proposed for HRC detection which can identify the faulted phase.

HRC detection methods are based on signal injection [109], neutral voltage
measurements [110], sequence component based [111] and detection in higher order

harmonic frames [108]. Most of the methods however, are focused on HRC connection
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alone, however since turn fault can also cause unbalance in the machine most methods
cannot distinguish the two faults. In [29] a fault classification algorithm for 3 phase
induction machines was proposed which could classify turn fault and HRC faults using
neutral voltage measurement and phase angles of the negative sequence currents.

In multi-phase machines [112], the number of sequence components is higher
than that of 3 phase machines, which implies that the fault signature is distributed across
many more sequence components compared to a 3-phase machine. Therefore, using just
negative sequence components [93] will lead to degradation of fault detectability. In
addition it is not only important to detect that a fault has occurred in the machine, but
also to detect which phase has the turn fault. This is due to the fact that in case of multi-
phase machine, it is possible to operate the machine with the fault if the faulted phase is
properly identified [113].

This chapter contributes to the body of knowledge in the following aspects:

1. Fast detection (<1.5 electrical cycle) of fault using an online motor model.

The detector is able to reject load and speed disturbances.

2. Identification of faulted phase.

3. Classification of a fault as TF or HRC based on angle calculation.

5.3 Transient Machine Modelling under Stator Turn Fault

The machine under consideration is a 10-slot 12-pole, 5-phase surface
permanent magnet (SPM) machine. This machine was selected as a low power platform
to test fault detection techniques as part of the MotorBrain project. The fault detection
techniques experimentally tested on this prototype is then extended to 3-phase high
power IPM machine described in section 5.12. Fig. 5-1 shows the geometry of the
machine. The 5 phase SPM machine with a turn fault can be represented schematically

as shown in Fig. 5-2. The parameters of the machine and inverter are given in Table 5-1.
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Fig. 5-2: Schematic representation of 5 phase SPM machine with turn fault on phase-4

Table 5-1: Specification of the Prototype Five-Phase Fault-Tolerant PM Machine

Parameter Value
Rated Torque 1.86 Nm
Maximum Speed 3000 r/min
Phase Inductance 2.8mH
Phase Resistance 380 mQ
Cable Resistance 300 mQ
Number of pole pairs 6
Number of phases 5

Total Number of turns / phase (N 62

Rated RMS current 6.5M2A
Fundamental flux linkage (¥,,,) 19.1mVs
Third harmonic flux linkage ( ¥,;) 416uVs
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The machine with fault can be modelled by (5.1) considering the faulted
winding as a separate winding. For notational convenience, subscripts 1, 2, 3, 4 and 5
denote phases A, B, C, D and E respectively and superscript f denotes the fault node.
All voltages are referred to the motor neutral ‘n’, except for V4 which is referred to
node ‘f.

v/ =R7i/ +LS ﬂw“‘f (5.1)
‘ ‘ dt
Where,

V&f‘:[vl Vi V3 Vyp Vs an]T

. (5.2)
R/ =diag|[R R, R, R, R R;|
=Rdiag[1 1 1 (1-pu) 1 (u)]
'L,, 0 0 0 0 0 ]
0 L, 0 0 0 0 (5.3)
e 0 0 L, 0 0 0
s 0 0 0 L, 0 M,
0O 0 0 0 L, O
T
e,/ =[31 € € &y & efn:'
e; =%, sin(6-(j-1)27/5)+3w,¥,;sin3(0—(j-1)27/5)
eyr =(1-u)e, (5.4)
efn=ﬂ€4
Vin =igRy

Ry, ij ejand L (j =1, 2, 3, 4 and 5) denote the resistance, current, back-EMF
and self-inductances of the ;™ winding, respectively, Ry denotes the external resistance
across the faulted turns, @, denotes the electrical frequency in rad/sec and ‘4’ denotes
the winding fault fraction given by the ratio of the number of faulted turn to the total
number of turns [55]. For the particular SPM topology considered L;; (i, j =1, 2, 3, 4, 5,

i#) is zero [114]. Table 5-2 shows the parameter of the winding under turn fault
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condition. The parameters are derived using a similar procedure outlined in Chapter 2

using parameters listed in Table 5-3 .

Table 5-2: Machine Parameters under Turn fault

Parameter Fault Condition
Ny 2 turn fault 20 turn fault
Ry 0.65Q 0.46Q
Ry, 0.021Q 0.21Q
Ly 2.6mH 1.3mH
Ly, 2.8uH 0.28mH
My 83uH 0.6mH
Table 5-3: Machine Geometry Data
Parameter Value
Air-gap length 1.0 mm
Stator outer diameter 70 mm
Bore diameter (2*R,,) 34 mm
Slot opening (by) 1.1 mm
Slot opening depth (4,) 3.1 mm
Height of slot (k) 11.9 mm
Magnet Thickness 4.5 mm
Axial length 70 mm
Slot opening angle (&) 7.7°
Slot angle (B,) 4.98°

Since in (5.1) phase-4 is divided into two coils, healthy (V) and faulty (Vj,),

(5.1) can be re-arranged by adding the 4™ and the 6™ row of (5.1) to obtain the motor

terminal voltages, v, (5.5).

Where,

v =Ri +L di,
s =R+ L

di,

te,+ UA + A, ’ (5.5)
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is:[il h Iz Iy is]T
Vs:[vl V, V3V, VS]T
T
e,=[e, e ey ey e5) (5.6)

A=[0 0 0 -Rr, o]
4,=[0 0 0 (M +L,) 0]

Since the motor is fed by an inverter, and the machine neutral terminal ‘n’ is
floating as shown in Fig. 5-2, the applied inverter phase voltage vector v;, w.r.t node
‘N’, i.e., the negative terminal of the DC supply, can be re-formulated in terms of the
motor phase voltage vector v as given by (5.7) where, V,y is the voltage between node
‘n’ and ‘N’.

vi=vi+Vy (5.7)

>i;=0 (5.8)
By adding all the rows of (5.7) and applying Kirchhoff’s current law (5.8), V,n
can be obtained as given by (5.9). V,,y can be eliminated by substituting (5.9) in (5.7), to
obtain (5.10).

SVi+uRi; +(My,+L )di
V.o = ! f 4f fn dt (5.9
nN — 5
V. =V —&—Ri+L dis+e+ Aji +Adi (5.10)
cmd i 5 svs s dt s TH 3tf 4 dt .

The left hand side of (5.10), is the command voltage v.,; generated by the

current controller. Az and A4 are given by (5.11).

A, =R[1/5 1/5 1/5 —4/5 1/5]

T (5.11)
Ay=(My;+Lg)[1/5 1/5 1/5 -4/5 1/5]

5.4 Steady State Voltage Analysis under Turn Fault

It can be observed from (5.10) that the voltage equation of the machine under
fault condition is different from that of a healthy machine model as given by (5.12).

Therefore, by processing the inverter command voltages through signal processing to

121



5. Online Stator Turn fault Detection using Residual Currents

extract only the terms containing i, turn fault could be detected. In order to derive a

fault indicator first the sinusoidal steady state behaviour is analysed.

Z"i , di,
Vemda = Vi~ T = Rxlx + Lx dt + € (512)
rr—_— ]
(I |
| —> chd I N
| Drive Current | > Inverter
| i Controller |
| . Fault output
| chd
I
I

Fig. 5-3: Voltage Based Detector Structure

5.4.1 Phasor Analysis

Under sinusoidal steady state, the time domain equation (5.10) can be expressed
as complex variables (phasors) by replacing d/dt with ja,, to obtain (5.13). Phasor
voltage command in case of a healthy machine is given by (5.14). Superscript —

denotes phasor quantities.

chd = (Rv + ja)eLs)is +Es +1A5 (ILlRY + ja)e (M4f + Lfn))if
5 (5.13)
A=[1 11 -4 1]
chd,healthy = (R? + ja)eLs )iv + I::s (514)

Comparing the phasor voltage equation of machine under fault (5.13) and the
phasor voltages expected from a healthy machine (5.14) the following observations can

be made:

1. Phasor voltages consist of a vectorial sum of terms due to stator current, back-
EMF and terms due to fault current iy.

2. Fault current influences different phase voltages differently as can be observed
from terms of As with the faulted phase having the highest coefficient. The

phasor voltages are therefore unbalanced.
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Although the fault current influences the inverter command voltages the overall
magnitude of the voltages will only differ by a tiny amount due to the large influence of
the terms associated with the stator current and back-EMF. An effective method of

resolving small unbalances is by using sequence components.

5.4.2 Sequence Component Analysis

Unbalance can be analysed using Fortescue transformation [115] for 5-phase
system given by (5.15) and applying it to (5.13)-(5.14) to obtain (5.16)-(5.17), where
superscript * denotes sequence component phasors. Fj in (5.15) denotes phasor values
of jth phase, subscript 0, +, --, ++ and - denotes the different sequence components. Fig.
5-4 shows the individual sequence components and the angular relationship of the
individual phasors. It is to be noted that -- and - are the reverse rotation sequence

components of ++ and + respectively.

k4

el

o\ 3
Va Ve
(++) Sequence {--) Sequence

Fig. 5-4: Sequence components and the phase relationship.
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Fy A
F, 1 a o o o F,
U | ~
F'=|F* =1 a o a o | F
F,, 1 & a o o&|F (5.15)
F- 1ot & & a|lf5]
e
a=e 5 ; |a=1
— . =% = % 1 . Ky
(5.16)
T
BI:—[O o a o az}
V:md,healthy = (Rv + ]weLv)i: + EX (517)

In (5.16) the voltage component consists of a healthy part and fault part related
to iy component. Assuming perfect current control by the drive and balanced back-EMF

of a healthy machine the sequence components of current and back-EMF are given by

(5.18).

i=[0 7, 00 of
) i ) (5.18)
E;=[0 E, 0 0 0]

From (5.16) and using (5.18) several observations can be made.

1. Zero sequence component in the command voltage is zero (V,'=0) under
healthy and faulted conditions. This however does not imply that V,y is
zero.

2. Under fault condition (5.16) the --, ++ and — sequence components are
non-zero and are of same absolute magnitude, whereas under healthy
conditions (5.17) these components are zero.

3. The + sequence component comprises of terms expected from the healthy
+ sequence component and also terms due to ‘i/ terms which has the
same magnitude as the other sequence components.

4. The fault information is spread out in all the sequence components

(except zero sequence) equally in terms of magnitude as can be deduced

124



5. Online Stator Turn fault Detection using Residual Currents

from B, therefore fault signature from all sequence components should

be extracted to maximise the detection signature.

Since --, ++ and — sequence voltage components consists only of terms
comprising of fault current, an effective detection can be achieved simply by summing
up the absolute values of the real and imaginary terms of these sequence voltages as
given by (5.19). Since the + sequence component contains both healthy and fault terms
and the fault terms cannot be separated out, the + sequence voltage is ignored for the

computation of the detector.

detector = ‘Re(Vﬁ_)‘ + ‘Im(Vi_)‘ + ‘Re(Vl)

+\1m(v1+)

(5.19)
+‘Re(‘7i)‘+‘lm(\7i)‘
In addition to fault detection, in order to enable effective fault mitigation
controls, the faulted phase has to be identified. However since the + sequence
component contains healthy terms which are dominant, in order to achieve faulted phase
identification the voltage phasors are re-constructed by removing the + sequence
component in (5.16) to obtain (5.20). By applying inverse Fortescue transformation
(5.21) on (5.20) the residual voltage phasors (V,.;) can be obtained as (5.22).

Vi :é(ﬂRs +jo, (M, + Lfn))Bzif

; (5.20)
Bzz—[o 0 a o az}
AR
| |1 e & @ alF
E|=|1 & a o o |F"_ (5.21)
L 2 4 3 =k
Bl |1 e a8 a o|F,
511 a & & o F
V= ' Aol
res _g(/uRs +Ja)e(M4f +Lfn)) 6If
) (5.22)
A(S:[ch3 1+o 1+a -3 1+a4}
|A¢|=[0.618 0.618 1618 3 1.618] (5.23)

From (5.22) and (5.23) the following observations can be made:
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1. Comparing As in (5.13) with Ag in (5.22) it can be observed that even if the
positive sequence is neglected the reconstructed residual voltage phasor of the
faulty phase (phase-4) still retains the same angular information of the fault
current iy as in the original voltage equation (5.13). However for the other
healthy phases it gets modified as given by As.

2. The ratio between faulted and healthy phases voltage residual is (3/1.618=1.85)
for the two closest healthy phases and (3/0.618=4.85) for the other two healthy
phases as given by (5.23). This implies that a determination about the fault
location can be made, however the faulted phase residual is only 85% higher
than the closest healthy phase residuals. Presence of noise and harmonics and
non-ideal control can reduce this theoretical ratio and may cause mis-

identification of the faulted phase.

Therefore in conclusion using just the inverter command voltages, determination
of fault and localisation of fault can be done in steady state. However, since inverter
command voltages are subject to changes under transient conditions such as load and
speed changes, it needs to be filtered in order to extract the phasor data. This will
increase response time of the detector. This approach may be suitable for industrial
drives running under steady load conditions, however is unsuitable from traction/EV
application due to dynamic loading. However the benefit of using voltage based
detection is that no machine parameter is required by the detector making it machine-

parameter independent.

5.5 Steady State Residual Current Analysis under Turn
Fault

It can be appreciated from the previous section that residual voltages can be used
for fault detection. However, under transient conditions the extraction of voltage
sequence components is difficult and requires filtering to reduce the effect of transients.
If however, the nominal response of the healthy machine can be predicted and removed
using a state observer, the detection will be faster and more robust to load and speed
changes. This is because the state observer can predict the same transient response as

that expected from a healthy machine and by subtracting the output of the observer from
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the actual machine response, any load or speed transient can be theoretically eliminated.
However, machine voltage prediction is difficult especially under transient conditions
such as load and speed changes due to presence of current derivatives in (5.13) which

are difficult to compute due to presence of switching noise in the feedback current.

R ———— 1
|| | ,

I = chd | -

| Drive Current I Inverter

| i Controller |

N S

I Fault 1
l Vemd i Fault output :
: Motor Model Detector |
L DSP |

Fig. 5-5: Simplified residual current detector structure

Current however being an integrated quantity is ideal for state estimation.
Therefore an internal state estimator to predict nominal motor current using the inverter
command voltages can be utilised to extract only the fault signature. Fig. 5-5 shows the
simplified detector structure. To analyse the implications steady state analysis similar to

that presented in the previous section is performed.
5.5.1 Phasor Analysis

Under sinusoidal steady state, as was shown in the previous section the faulted

motor model is given by (5.24).

de =(Rs +ja)eLs)is +Es + AS (IURY +ja)e (M4f +Lfn))lf

C

| =

(5.24)
As=[1 11 -4 1]

The model predicted phasor current using the same voltage command is given by

(5.25) where superscript  denotes predicted quantities. It is to be noted here that

it is assumed that model parameter matches exactly with the actual machine

parameters under healthy conditions.

V'md = (Rs + jweLx )is + Ex (525)

C
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Since the voltage in (5.24)-(5.25) are equal they can be equated to obtain

residual current as shown by (5.26).

i i i :—lAS (ﬂRS+jwe(y4f+Lfn))if (5.26)
(RS+]a)eLS)

By way of example, from (5.26) the residual currents of the faulted phase (phase-
4) and a healthy phase (phase-2) can be extracted and is given by (5.27)-(5.28) and their
ratio is given by (5.29).

R 4(#Rs+jwe(M4f+Lfn))~

I,—-1,=+— I, (5.27)
o UR + jo, (M, +L,))_
12_12:_1( : e(. 4 f"))lf (5.28)
5 (RS+]a)€LS)
L1, 4
2= (5.29)
12_12

From (5.26)-(5.29) the following observations can be made:

1. The residual currents are proportional to the fault current ‘if .

2. The residual current magnitudes of the healthy phases are equal.

3. The residual current in the faulted phase is in opposite phase with, and 4 times
larger than, that of the healthy phases. This enables easy determination of the
faulted phase. In presence of system noise the ratio is expected to decrease
however, a ratio of 4.0 is an excellent signal-to-noise ratio. The relationship can
be further generalised to an N phase SPM machine which has zero mutual

inductance as given by (5.30).

Ifault,ph - Ifault,ph __ N -1

/ 1
I nofault, ph

(5.30)

Dnofault, ph ~

This property of large residual ratio between the faulted and healthy phase can

be exploited to determine the faulted phase by extracting the residual phasor magnitudes
and comparing the relative magnitudes. Since the ratio is large it also provides a good
signal-to-noise ratio for phase identification against model errors. It is to be noted that

in the voltage phasor analysis the ratio between faulted phase and healthy phases varied
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with the minimum ratio being 1.85. Therefore the residual current method offers higher

signal-to-noise ratio than that possible with voltage based detection.
5.5.2 Sequence Component Analysis

Unbalance can also be analysed using Fortescue transformation (5.15) and
applying it to (5.26), (5.31) can be obtained, where superscript * denotes sequence

component phasors.

e 1(#Rs+f‘0e(M4f+Lfn))

s : s — X 1!
e s (R, + jo,L,) ! (5.31)

T
B, =[0 @ a o az}
Several key observations can be made using (5.31):

1. Under fault condition the residual current sequence components are non-zero
and are of the same absolute magnitude, whereas under healthy conditions these
components are zero.

2. The fault information is spread out equally in magnitude in all the sequence
components, therefore fault signature from all sequence components should be
extracted to maximise the detection.

3. The assumption of perfect current control is no longer necessary for residual
current analysis, compared to that needed for voltage analysis. This is because,
the state estimator uses the same voltage command and any non-ideality of
control affects the machine and the model equally and thus gets cancelled.
Therefore, this method can accommodate low bandwidth current controller

without loss of precision.

Since in practical conditions it is not possible to have an exact match of motor
model parameters to the actual machine, it is quite possible that small mismatches may
result in a small residual component in healthy operation. This can easily be removed by
only considering the --, ++ and — sequence component for fault detection and ignoring
the + sequence for fault detection. An effective detection can be achieved by summing
up the absolute values of the real and imaginary terms of these sequence voltages using

the same detector as given by (5.32).Ignoring the + sequence component does not
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however imply that the model can be far off from actual machine behaviour since that

will negate the benefit of having a model based detection.

* *

)‘ + ‘Im(im’__ )‘ + ‘Re(ijes,++)

+‘Re(ires,_ )‘ + ‘Im(ffes,_ )‘

detector = ‘Re(f

+‘Im(i* )

res,++

res,——

(5.32)

5.6 Transient Machine Modelling under HRC

|

DC(D i4_> |

AY|
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s‘

<
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5 Phase L ___ -
Inverter 5 Phase Motor with Fault

Fig. 5-6: Schematic of machine with high resistance connection in phase-4

Fig. 5-6 shows the schematic of the machine with HRC fault in phase-4. The
excess resistance introduced due to the faulty connection is denoted by Rpgrc. The

faulted machine can be modelled by (5.33).

v I =RV +L e (5.33)
; st e
where,
T
V.{:[Vl V, Vi Vs]
(5.34)
. . . . . . T
’sf:[ll Iy Iz Iy 15]
R/ =diag[R, R, R, R, +Ryz R.]
L, =Ldiag[l 1 1 1 1]
(5.35)

esf :[el € € €& es]T

e; =0, sin(0-(j-1)27/5)+30,¥,;sin3(6—(j-1)27/5)
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Since the motor is fed by an inverter, and the machine neutral terminal ‘n’ is
floating as shown in Fig. 5-6, the applied inverter phase voltage vector v;, w.r.t node
‘N’, i.e., the negative terminal of the DC supply, can be re-formulated in terms of the
motor phase voltage vector v, as given by (5.36) where, V, is the voltage between node
‘n’ and ‘N’.

vi=vitVy (5.36)
By adding all the rows of (5.33) and noting that the sum of phase currents equals
zero, V,y can be obtained as given by (5.37). By substituting (5.37) in (5.36), V,n can be

eliminated from the voltage equation as given by (5.38).

v. — R I
VnN:M (5.37)
5
N 3. /B O (538)
cmd i 5 sts Sdl’ s 74 :

The left hand side of (5.38), is the command voltage v.,; generated by the

current controller. A7 is given by (5.39).

Ay =Rypel|-1/5 =115 -1/5 4/5 -1/5] (5.39)

5.7 Steady State Voltage Analysis under HRC

Using the similar approach as in the turn fault analysis the steady state command
voltages is first analysed. Comparing (5.38) to the healthy motor model (5.12), it can be
noted that the two equations differ only by the terms containing the resistance ‘Ryrc’.
Therefore, by processing the inverter command voltages through signal processing to
extract only the terms containing Rygrc, fault could be detected. In order to derive a fault

indicator first the sinusoidal steady state behaviour is analysed.

5.7.1 Phasor Analysis

Under sinusoidal steady state, the time domain equation (5.38) can be expressed
as complex variables (phasors) by replacing d/dt with ja,, to obtain (5.40). Phasor
voltage command in case of a healthy machine is given by (5.41).

. - o~ 1 -
chd = (RY + ja)eLs)Is + Es + gASRHRCI4

(5.40)
Ag=[-1 -1 -1 4 -1
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chd,healthy = (Rs + jweLs )is + Es (541)

From the phasor voltage equation of machine under HRC (5.40) the following

observations can be made:

1.

Phasor voltages of the machine under the HRC are similar to the ones obtained
for the turn fault (5.13). The extra terms in the voltage phasors are due to the
extra resistance whereas in turn fault case it is due to the fault current ir.

The magnitude of the A matrix which is a measure of effect of fault on different
phases is same as that obtained in the turn fault case, However the sign of the A
vector has been reversed.

The terms in (5.40) due to the HRC fault are proportional to Rygc and Phase-4
current I,. This implies that the influence of the HRC fault decreases as motor
current decreases. At zero load current the terms vanish. Therefore the HRC
fault detection at no loads or light loads is not possible. This is quite different
from turn fault case where the fault terms are present even in no-load conditions.
HRC fault influences different phase voltages differently as can be observed
from terms of Ag with the faulted phase having the highest coefficient. The

phasor voltages are therefore unbalanced.

5.7.2 Sequence Component Analysis

Unbalance can be analysed using Fortescue transformation (5.15) and applying

it to (5.40)-(5.41) to obtain (5.42)-(5.43) where superscript * denotes sequence

component phasors.

— . I | -
chd = (Rs + ]a)eLs)Is +Es +§RHRCB3I4
; (5.42)
B, :[0 @ a o az]

ok

chd,healthy = (Rs + -]a)eLs)I; + EK (543)

Assuming perfect current control by the drive and balanced back-EMF of a

healthy machine the sequence components of current and back-EMF can be represented

by (5.44).
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L=[0 7, 0 0 0]
- j . (5.44)
E;=[0 E, 0 0 0]

From (5.42) and using (5.44) several observations can be made:

Zero sequence voltage in the command voltages is zero under healthy and
faulted conditions. This however does not imply that V,y is zero.

Under fault condition, the --, ++ and — sequence components are non-zero and
are of same absolute magnitude, whereas under healthy conditions these
components are zero. This is similar to that obtained for the turn fault case.

The + sequence component comprises of terms expected from the healthy +
sequence component and also terms due to Rpyrc which also has the same
magnitude as that in the other sequence components.

The fault information is spread out in all the sequence components equally in
terms of magnitude as can be deduced from B3, therefore fault signature from all

sequence components should be extracted to maximise the detection.

Since --, ++ and — sequence voltage components consists only of terms

comprising of fault resistance, an effective detection can be achieved by summing up

the absolute values of the real and imaginary terms of these sequence voltages as given

by (5.19). Since the + sequence component consists of both healthy and faulty terms

and cannot be separated out the + sequence voltage is consequently ignored.

However since the + sequence component contains healthy terms which are

dominant, in order to achieve faulted phase identification the voltage phasors are re-

constructed by ignoring the + sequence component in (5.42) to obtain (5.45). By

applying inverse Fortescue transformation (5.21) on (5.45) the residual voltage phasors

(V,s) can be obtained as (5.46).

et 3 1 e
Vies = 5 RpreByiy

res

(5.45)
B4=[0 0 a o az]T
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_ 1 -
Vres = g RHRC A9l4
(5.46)
3 2 a7t
A9=—[1+a l+a” 1+a -3 1+a}
|Ay|=[0.618 0.618 1.618 3 1.618] (5.47)

From (5.46) and (5.47) the following observations can be made:

1. The residual voltage in the faulted phase (phase-4) is in phase with the phase
current. This implies that even if the positive sequence is neglected, the
reconstructed residual voltage phasor of the faulty phase is still in phase with the
phase current. This is quite different from the result from the turn fault analysis
where the residual phasor voltage is 180° out of phase with the scaled fault
current. This distinction in angles can therefore be utilised to distinguish the two
faults.

2. The ratio between the faulted and healthy phases is (3/1.618=1.85) for the two
closest healthy phases and (3/0.618=4.85) for the other two healthy phases. This
implies that a determination about the fault location can be made, however the
separation ratio is just 1.85. This is the same result as that obtained in turn fault

conditions.

It can therefore be concluded that the fault behaviour under HRC is very similar
to that due to turn fault. The residual voltages have the same ratios and the fault detector
will show a similar response. However, since the residual voltage of the HRC faulted
phase is in phase with the phase current, HRC and turn faults can be distinguished, by

comparing the angle of the residual voltage to the phase current.

5.8 Steady State Residual Current Analysis under HRC

Using similar arguments as presented in the case of the turn fault, a state
estimator can be used in order to remove the influence of the terms due to healthy
machine operation and thereby allow for a more sensitive detection which can reject
load and speed disturbances. Detection structure as shown in Fig. 5-5 is evaluated under

steady state conditions.
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5.8.1 Phasor Analysis

Under sinusoidal steady state the phasor voltage command is given by (5.40).
The model predicted phasor current using the same voltage command is given by (5.48)
where superscript A denotes predicted quantities. It is to be noted here that it is assumed
that model parameter matches exactly with the actual machine parameters under healthy

conditions.
V.., =(R +joL )i +E, (5.48)
Since the voltage in (5.40) and (5.48) are equal they can be equated to obtain
residual current as given by (5.49).

1 R B,
1], (5.49)

> |

I, =1 - -
res K K 5 S(Rs‘i‘jweLs)

By way of example the residual currents of the faulted phase (phase-4) and a

healthy phase (phase-2) is given by (5.50) and (5.51) and their ratio is given in (5.52).

4 14 5 (Rs N ja)eLs) 4 (5.50)

- = 1 R

1. -1, =— HRC

? ? 5 (Rv + jweLS) * (551)
L-1, 4
4=t =— (5.52)
12_12 1

From (5.50)-(5.52) the following observations can be made:

1. The residual currents are proportional to the faulted phase current /.

2. The residual current magnitudes of all the healthy phases are equal.

3. The residual current of the faulted phase in (5.50) is in phase with —1/Z;. This is
different from the turn fault case. By comparing the phase angle of the faulted
residual and comparing it to the angle of the faulted phase current, HRC and turn
fault can be distinguished.

4. The residual current in faulted phase is in opposite phase with, and 4 times
larger than, that of the healthy phases. This is the same as that obtained for the
turn fault case. It implies that the same technique that can distinguish the faulted

phase under turn fault condition can also work under the HRC fault. The
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relationship can be extended for any N phase SPM machine and is given by

(5.53).

Ifault,ph - Ifault,ph - _ N-1
IA— 1

nofault, ph

(5.53)
lm)fault, ph

Therefore it can be concluded from phasor analysis that most of the properties of
residual current are similar to that obtained under the turn fault with one major
exception of the angle relationship of the faulted phase residual to the phase current.
This enables to utilise the same detection structure and yet achieve ability to distinguish

between turn fault and HRC.

5.8.2 Sequence Component Analysis

Unbalance can be analysed using Fortescue transformation (5.15) and applying it
to (5.49), (5.54) is obtained where subscript * denotes sequence component
phasors.

res s s 3 . 4
5 (Rv + Ja)eLs ) (5.54)

T
B, :[O o a o az]
Several key observations can be made on (5.54):

1. Under HRC fault condition the residual current sequence components are non-
zero and are of same absolute magnitude, whereas under healthy conditions
these components are zero.

2. The HRC fault information is spread out equally in magnitude in all the
sequence components, therefore fault signature from all sequence components
should be extracted to maximise the detection signature.

3. The assumption of perfect current control is not necessary for residual current
analysis, compared to that needed for voltage analysis. Therefore, this method

can accommodate low bandwidth current controller without loss of precision.

Since in practical conditions it is not possible to have an exact match of motor

model parameters to the actual machine, it is quite possible that small mismatches may
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result in a residual component in healthy operation. This however can easily be removed
by only considering the --, ++ and — sequence component for fault detection and
ignoring the + sequence for fault detection. An effective detection can be achieved by
summing up the absolute values of the real and imaginary terms of residual current

sequence components as given by (5.32).

5.9 Fault Detection

Based on the analysis of the previous section(s), it is clear that both voltage and
residual current based methods can achieve fault detection. However, there are some
differences between the two methods.

Although both methods can detect turn fault and HRC, and can classify the
faults, the sensitivity of the voltage based method in identification of the faulted phase
is lower than that obtain by the residual current method. Moreover, the voltage based
method needs near perfect current control under fault conditions to obtain the theoretical
sensitivities; the residual current method does not pose such requirements. In the
residual current method the use of a real-time motor model for prediction of motor
currents, implies that under healthy conditions the residuals will not be affected by load
and speed changes. This is important advantage of the residual current method since any
load and speed disturbances will affect the voltage based method and will thereby need
more filtering and increase detection time. However, the benefit of the voltage based
method is that it needs no prior knowledge of the machine parameters and therefore can
be used where no parameter of the machine is available. Most PMSM drive however
can easily determine parameters of the machine by running a self-commissioning
algorithm such as those implemented by Control Techniques drives [116].

Regardless, of the method there are some common signal processing
requirements. Both methods require an extraction of phasor data and sequence
components. Both methods require the same algorithm for classification and localisation
of fault by calculation of phasor angles and phasor magnitude ratios. The residual
current method requires an additional state estimator to predict motor currents.

In the previous sections, steady state fault behaviour was evaluated, based on
phasor and sequence component analysis. However, in real-time only instantaneous

voltage and current data is available. Therefore, the phasor and sequence component
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data needs to be extracted using the instantaneous data. In this section, real-time signal
processing is discussed.

Based on the analysis of the previous section that residual currents allow
effective turn fault detection, a real time residual current detection algorithm is needed.
However, extraction of residual current using state estimation does not immediately
yield a fault indicator. This is because the residual currents are themselves time varying
quantities and using just the instantaneous values will not result in an effective detector.
Therefore, the time varying residuals needs to be converted to DC quantity which will
serve as a fault indicator. It is well known that dg transformation allow for conversion
of time-varying quantities to DC for controls, similar technique can then be used for

detection purpose as well.

During fault, the residual currents are as such unbalanced which implies they
contain both positive and negative sequence components, applying dg transformation
will result in the transformed quantities to contain DC as well as time varying values.
This is well known since the negative sequence components will appear as time varying
quantity with frequency of 2@, in the positive rotating dg frame and vice-versa. This
will again pose a challenge in obtaining a steady fault indicator. Therefore, it is
necessary to separate out the positive and negative rotating components from the dg
frame using two reference frames, one with positive rotation and the other with negative
rotation. In order to remove the 2@, components from the individual reference frames,
low pass filter can be used [32], however this will lead to sluggish response of the
detector due to use of large time constant to achieve sufficient attenuation, therefore a

more elegant method of sequence component extraction is required.

5.9.1 Extraction of Sequence Components

In order to extract the sequence components, Fortescue transformation is usually
utilised. However, Fortesque transformation can only be applied to phasor quantities.
Under transient conditions, the sequence components can be extracted using multiple
rotating dgxy transformation given by (5.55), where s() and ¢() are sine and cosine
functions respectively. Fig. 5-7 shows the 4 sequence components and the related dgxy

frames. To take an example, positive sequence component can be extracted using
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positive rotating dgxy quantities and negative sequence from negative rotating dgxy

quantities.
[s(6) s(6-2x/5) s(0-4x/5) s(6-6x/5) s(6-8x/5
) c(6) c(6-27/5) c(0-4xn/5) c(6-67/5) c(0-8x/5
quxyo(e):g s(8) s(8—-67x/5) s(0-2x/5) s(6-8x/5) s(6-4x/5
c(6) c(6-67/5) c(6-2x/5) c(6-8z/5) c(6-4x/5
| 1/2 1/2 1/2 1/2 1/2

Vﬁi |

\
Vin
(+) Sequence (+dg)
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L Ve o Va
(++) Sequence (tay) (- Sequence (xy)

Fig. 5-7: Relationship between dgxy and sequence components

(5.55)

In order to establish the frequency components induced due to unbalance, a test

vector given by (5.56) is transformed by (5.55), to obtain (5.57).
cos(0-9,) | [ cos(-0-¢.)

Fapede = Ari| cos(0—@, —2a) |+ A _| cos(-0—¢_ -2

cos(6— ¢, —3a) cos(-0-¢_-3a
| cos(0-¢, —4a) | | cos(-0—-¢_—4a) |
cos(6-9,.,) | | cos(-0-¢,.)
cos(6—¢,, —3a) cos(-0-¢,, —3a)
+A | cos(0-@,, —6a) |+A __| cos(-0-9,, —6a)
cos(0-¢,, —9x) cos(—0—o,, —9)
(cos(0—g,, —12a) | | cos(-0-¢,, —12a)

cos(60—p, —a) cos(-0-¢_—a)

)
)

(5.56)
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Fl,dquO = quxyO (9) Fl,abcde =

A1,+ sin (¢+
A1,+ cos (¢+
A1,++ sin ((p++

A1,++ cos ((p++

+A _sin(20+¢._)
+A _cos(20+¢_)

R R e

+ A __cos(20+¢__
0

+A __sin(20+¢__)

)

(5.57)

It is known that the back-EMF of a five phase machine has a third harmonic

component, an unbalanced third harmonic test vector (5.58) is transformed by

substituting by 3€in (5.55), to obtain (5.59).

F3,dqu0 = quxy() (30) F3,abcde =

F 3,abcde = A3,+

cos(36-¢,)
cos(3(0-2a)-

(60-3a)-
(0-4a)-

cos(3
cos(3
cos(36-9,,)
cos(3(6-3a)-9,,)
cos(3(6-6a)-9¢,,)
cos(3(0-9a)-9,.)

cos(3(6-a)-9,)
@) |+ A

?.)

_cos(3(9—120{)— (p++)_

?,)

cos(-30—¢_)

cos(3(-6-3a)-9__)

| cos(3(-6-6a)-¢__)

cos(3(-0-9a)-¢__)

_cos(3(—0 —12a)-¢__)

0

A, __sin(20+¢__)— Ay, sin(—40+¢,, )]
Ay __cos(20+@__)+ A, cos(—40+p,.)
Ay sin(-260+ ¢, )+ A; _sin(
A cos(—20+¢, )+ A;_cos(46+¢_)

40+ ¢._)

(5.58)

(5.59)

It is therefore clear from (5.57) and (5.59) that under unbalance condition each

of the dgxy components will contain 0, 2w, and 4w, frequency components. The

frequency components have to be suppressed in order to extract only the DC

components. Two different approaches to this problem are explored.

. Cross-coupled filter.

2. Multiple notch filter.
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5.9.1.1 Cross Coupled Filter

The cross-coupled filter block diagram is shown in Fig. 5-8. The concept of the
cross coupled filter [117] is based on extraction of space vector components in each
rotating reference frame and subtracting out from the inputs of the other reference
frames. To take an example if the residual currents are a combination of negative and
positive sequence quantities then in the negative rotating dgxy frame the positive

sequence components appear as 2w, time varying disturbance and vice versa.

If the filtered positive sequence components are subtracted from the signal before
applying the negative rotation dgxy transformation, ripple cancellation will occur and
the disturbance will eventually disappear from both the frames as the system settles to
steady state. The problem is complicated by the presence of 3" harmonic in a five phase
system necessitating the use of two more sequence extractions in positive and negative
third harmonic reference frame. In Fig. 5-8 each unit cell corresponds to a particular
rotating reference frame. There are four reference frames corresponding each to positive

and negative sequence of fundamental and positive and negative sequence of third

harmonic.
Unit Cell (dgxy,,) X1+
abcde,_ daxy,, >
Iresidual + \ abed Vs ?
/*\ Gt LPF dgxy 4 Fault
—>r
ﬁ ) T 9 o 1- ®, Output
0 o, o | I \[
—
X3.
: abcde,, g 1)
) XY
’es'dﬁ', Unit Cell (dgxy,) . Y1
-8 |
abcde, V
|esidual dox
e Unit Cell (dgxy,,) e,
30; :
| abcde;, ‘ d
i X
residuall Unit Cell (dgxy;.) —&
-30; .

v

abcde;_

Fig. 5-8: Cross coupled detector structure

A low pass filter (LPF) used in each unit cell is a simple first order filter given

by (5.60) [117]. The LPF removes any residual ripple in the dgxy frame to obtain
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filtered dgxy quantities. The filter corner frequency is varied as a function of electrical
frequency. The detector is the absolute sum of all unbalanced quantities in fundamental
frequency, given by (5.61). An additional notch filter given by (5.62) is inserted in
series to attenuate the effect of slight DC drift in current sensors, which when

transformed to the dgxy frame converts to frequency of ..

LPF(s)= 0, =k ;@)
S ‘ (5.60)
a)C
detector = |x+|+|y+|+|d_|+|q_|+|x_|+|y_| (5.61)
S+’
H s)= € ;6=0.7 5.62
nolch( ) S2+2§(0€S+(0€2 g ( )

As can be clearly seen from Fig. 5-8 the filter is a multi-input multi-output
(MIMO) system. Therefore, to select proper corner frequency of the LPF filter in (4.60),

numerical simulation is performed to determine optimal range of k.

2 T T T T T T T
1 1 ‘ 1 ‘ 1 e
g 1k b NN LN AN Il&
é: : ‘ | : | : 12
§ : | | / | ‘ —I4
) '17 - T TN Y\ Y O T\ T [
2 : : ‘ ‘ ‘ —
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z 1 —Kkg=l
2
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Fig. 5-9: Negative sequence step response of the cross coupled filter to varying k.
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Fig. 5-10: Positive sequence disturbance step rejection response of the cross-coupled filter to

varying k;.

Fig. 5-9 shows the response of the detector to a unit step change in negative
sequence component at 0.066s at a fundamental frequency of 50Hz. kris varied from 1.2
to 0.25. It should be noted that a steady positive sequence component present in the
waveform does not reflect in the detector output which is desirable since small positive
sequence components may be present in the residual currents due to mismatch between
model and actual machine in healthy conditions and should not be flagged as a fault. It
can be observed from Fig. 5-9 that at higher ks values the response becomes more under
damped. Fig. 5-10 shows the disturbance response to unit positive sequence step for
varying ky. It can be observed that as k; decreases the rejection performance improves,
which is expected since lower kr implies lower corner frequency and therefore greater
attenuation.

A range of kr between [0.5-0.707] is therefore suitable for this application. The
recommended value for critically damped response of cross-coupled 3 phase filter in
[117] is 0.707, however for 5-phase cross-coupled filter k,=0.5 is a better choice from
point of view of damped response. However, since the rise time is slightly faster and the

overshoot is small (6% higher) for kr =0.707, this value is chosen for detection. It can
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be seen that the detector clearly picks up the negative sequence and settles to the new

value within 1.5 electrical cycles.

5.9.1.2 Multi-Notch filter Approach

Multi-notch filters can be used for same purpose as the cross-coupled filter. Fig.
5-11 shows the detector structure. It is known that both fundamental and third harmonic
will become unbalanced during fault. Therefore to take an example negative sequence
and third harmonic will appear as 2" and 4™ harmonic in positive dgxy frame. Therefore
2 notch filters are needed, one at 2w, and the other at 4w.. In addition, a low pass filter
is required to filter any higher frequency noise from the signal. Fig. 5-12 shows the
bode plot of the filter for varying &, where 2w, and 4w, are the notch frequencies, and

2&(wy) defined the -3dB width of the notch filter(s).

2 2
s +(2a,) s? +(4a,)
H(s)=— - T ‘ - (5.63)
s +28(2m,) s+ (2m,)" s°+28(4w,)s +(4w,) s/@, +1
Unit Cell (dgxy,,)
Iresidual abcd 20, 4o, O quY1+ X1+
| N L)
dgxy \/ \/ \ , —
1+
Te d Fault
PR Oc Output
Unit Cell (dgxy,) qi. 21X \ / —
Iresidual | [abed 2a, 4o, o |idgxy, X
dagxy \/ \/ \ Yi-
lo )

Fig. 5-11: Multi-notch filter based detector
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Magnitude (dB)

Phase (deg)
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Fig. 5-12: Bode plot of multi-notch filter

Fig. 5-13 shows the response of the multi-notch filter to a unit step change in
negative sequence component at 0.066s at a fundamental frequency of SOHz. £ is varied
from 1.5 to 0.3. It can be observed from Fig. 5-13 that at higher ¢ values the response
becomes slower, which is to be expected due to increase in the damping. Fig. 5-14
shows the disturbance response to unit positive sequence step for varying ¢. It can be
observed that as ¢ decreases the rejection performance decreases, which is expected
since lower ¢ implies lower damping. Therefore an optimal value of ¢ can be selected

between [0.5-1], which optimises both response time and disturbance rejection.
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Fig. 5-13: Negative sequence step response of the cross coupled filter to varying ¢&.
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Fig. 5-14: Positive sequence disturbance step rejection response of the cross-coupled filter to
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5.9.1.3 Comparison of Cross-Coupled Filter to Multi-Notch Filter

To compare the performance of the multi-notch filter and the cross-coupled
filter, both filters are designed with the same rise and settling time (kr =0.5 and £=0.5)
and are fed with the same negative sequence step change and a positive sequence step
change to determine the step response and disturbance response respectively. Fig. 5-15
shows the comparison of the responses of the two filters. It can be seen that it is
possible to design the two filters with same response times, and they exhibit similar
disturbance rejection characteristics.

Although Fig. 5-11 looks decidedly simpler than Fig. 5-8, the cross-coupled
filter offers computation time advantage compared to multiple notch filter if both
fundamental and third harmonic components are to be extracted. This is selected to
enable extraction of the third harmonic in hardware to enable maximum flexibility in
design of the fault detector. Table 5-4 compares major computing elements of the two
approaches. The cross-coupled filter requires more dgq transformations whereas the
multiple notch filter approach requires 32 more notch filters compared to the cross-

coupled filter approach.

1.5 !

Detector Output (A)
o
W

0 ; i 77~ | ——X-coupled Filter k=0.5 |
1 1 .| = Multiple Notch £=0.5
_0.5 1 1 1 T T T
= 0o - i 777777 i 777777 i 77777 j | —— X-coupled Filter k =0.5 ||
< | Disturbance Rejection | Multiple Notch £=0.5
2 015~ oo Al YN e .
o PNV N
2 0.05- - hooo- - R EREEEE s S
3 | | |
A O SR ‘ +

Time (s)

Fig. 5-15: Comparison of cross-coupled filter and multi-notch filter
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Table 5-4: Comparison of Computational Requirements for Cross-coupled and Multiple Notch

Filter

Cross-coupled Multiple notch
Filter elements

filter filter
No. of 1* order LPF filters 16 16
No. of 2™ order notch filters 1 33
dgq transformations 8 4

5.9.1.4 Implementation of LPF and notch Filters

In order to implement the filter structures in real time, the low pass and the

notch filter is discretised using Tustin transformation (5.64) to obtain (5.65)-(5.66).

21-7"
s=—2 (5.64)
T, 1+z
-1
o (z)=y(z)=b0(1+z )
Ler u(z) 1+alz_1
oT (1 _af, j (5.65)
bO:—Z ; 611:—2
o.T, ol
1+ c”s 1+A
2 2
-1 -2
Hnotch(z):'go-i_'glz1 +'82Z2
I+oz +o,7
22
ﬁOZ 2 = (02 2
1+ + T,
*’T” (5.66)
Bi= 222 ;oo =P
1+ 4+ & T,
22
L e,
a, = 4
2T2
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Notch filter is implemented in DSP using direct-form II (DF-II) structure. Fig.
5-16 shows the structure. DF-II has benefit of reducing the data storage requirement
from 4 variables for a conventional implementation to 2 variables and therefore is a

more optimal structure to implement.

=
N

o]

W‘;

>

=

Fig. 5-16: Direct form II implementation of notch filter

5.9.1.5 Implementation of dgxy transformation

In order to implement in DSP, it is important that the number of calls to sin and
cos functions be restricted to minimum, since they use up a lot of processor clock
cycles. The dgxy transformation given by (5.55) can be easily separated into a stationary
transformation and rotating transformation matrices as given by (5.67)-(5.70) where s()
and c() represent sin and cos functions. It can be observed that the Clarke
transformation is a constant matrix and the park transformation only requires sin(6) and

cos(6) values which are available since these are also required by the current controller.

[0 —s(27/5) -s(4x/5) -s(6x/5) —-s(87/5)]
|1 cCnss)  e(4nfs) clen/s)  e(sn/)
Tuwie =% 0 =5(67/5) —s(22/5) —s(87/5) —s(47/5) (5.67)
1 c(6n/5) c(27/5) c(87/5) c(4n)5)
/2 12 1/2 1/2 /2|
[ cos(8) sin(0) 0 0 0]
—sin(8) cos(8) 0 0 0
Tpurk = 0 0 cos(8) sin(d) 0 (5.68)
0 0 —sin(8) cos(8) 0O
0 0 0 0 1]
quxyO = TparchlarkeFabcde (569)
Fabcde = Tclarke_lTpark,quxyO (570)
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5.9.1.6 Implementation of cross coupled filter

It can be noted from Fig. 5-8 that the output of unit cell is feedback to the input
of other unit cells. This means that the filter is inherently cross-coupled and the
discretised equations need to be solved simultaneously for correct implementation. This
is not an issue in case of high performance controllers like dSpace, however in DSP this
will become overly complicated and a simpler implementation is required. One
approach to solving this issue is to insert a unit delay at an appropriate location, which
does not affect overall performance of the filter. There are many potential sites for
insertion of unit delay as shown in Fig. 5-17. However, sites 1 and 3 will introduce un-
desirable phase delay. The most appropriate location for unit delay location is at the
input of LPF at site 2 after the dgxy transformation. Since in dgxy the quantities are DC,

a delay does not cause phase shift and has minimal effect on the filter performance.

Unit Cell (dgxy,,)

dgxy,,

I = e

residual 1 +

40, it

|abcde3+

abcde;_ |

Fig. 5-17: Potential sites for delay insertion

5.9.2 Residual Current extraction

Fig. 5-18 shows the block diagram of the residual current algorithm. It employs
a current estimation block which implements a SPM motor model in dgldg3 frame
(5.71)-(5.72) with the command voltages generated by the controller as its inputs. A
star-connected 5-phase machine, has 4 components, denoted as d1, g1, d3, and ¢3 in the
dql and dg3 reference frames to account for the influence of fundamental and third
harmonic components [118]. The model predicted current is subtracted from the

measured currents to obtain the residual currents denoted by Iiesiquar in Fig. 5-18. The
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residual currents in dgldg3 frame is converted to abcde frame and then passed to a

sequence component extraction block to obtain the fault indicator.

___________________________________________

E L’ ) Vaaidas R IT:verter E
I 9 —» Drive Current | PWM Modulator |—— I
g PR Controller T |
'\\ Vee Controller /;I
1 quldq3 I
: 0 SPM Motor Model | :
| b dqldq residual X-coupled | N
: — abcde Filter :
| of 0 g
Fig. 5-18: Residual Current block diagram
. da, T
Vigr = Ryiggr + % + @, ':_)qu ﬂ’dl}
. da, T
gy =¥ 1 + Ly
Az = 3+ Lyiys
quldq3,0 =
[s(6) s(6-27z/5) s(6-4x/5) s(6-6x/5) s(6-87/5)
c(6) c(0-27/5) c(6-4x/5) c(6-67/5) c(6-8x/5)
2
“1s(36) s(36-6x/5) s(30-27z/5) s(36-8z/5) s(360-4x/5)
5
c(36) c(36-67/5) c(30-27/5) c(36-87/5) c(30-4x/5)
12 1/2 1/2 1/2 1/2

(5.71)

(5.72)
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5.9.2.1 Motor Model Discretisation

Motor model has to be discretised for real-time implementation. The simplest
approach is by using Euler integration. The more accurate approach is 4™ order Runge-
Kutta (RK4) method.

In order to discretise using Euler method, (5.73) is substituted in model equation
(5.71) to obtain (5.74). The equation (5.74) can then be solved for iz;(k), iy;(k) resulting
in (5.75)-(5.76) and i3 and i,3 can be similarly obtained by replacing w, by 3w, and ¥,
by ¥,3in (5.76)-(5.77).

(1-27) (5.73)

2 L, - 2

] dl(k)_?ldl(k _1)_weleql(k)

' (5.74)
2 L~ 2

V()= R ()= 327 (=) 0 4) 08,0

N

roL {vql(kw ; fql(k—n—wewml(k)} 579

~ |

[Rs +S]{Vql(khl;fql(k—l)—a)e‘l’ml(k)}

N S

+(weLs){Vd1(k) +I;fd1(k —1)} (5.76)

{ql(k): - 2
[Rs +Ls] (ol
T

N

The 4™ order Runge-Kutta (RK4) is a more accurate implementation for solving
the motor model. Runge-Kutta methods are implicit, implying that there is no need to
solve linear equations after discretisation as required in the Euler method. RK4 is ideal
for solving [IPM motor model wherein the current-to-flux linkage map is non-linear and

therefore require better solver for accurate estimation. However, compared to Euler
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method RK4 is computationally more expensive. RK4 equations for d- axis are given by

(5.77). Equations for other axis can be similarly derived.

dhgqr | Jar T
—= =V, — Rz —o,| -4, A
dt |:fql dql stdql e[ gl dl]

kg = del(t A (k=1), /11(]‘_1))
kdl kql
kay =Tofar| t(k=1) +_ Aar (k=1)+ ’ﬂql(k_l)"‘?

k., (5.77)
k k k k
Aar (k) = 2gy (k=1) + gl ;2 +—d

3 6
P (k _Z’dl(k)_lpml
ig (k) =————"=
Ly
To compare the two solvers a step load change at 1200 r/min is performed in
simulation, which includes the discrete current controller and switching inverter. Fig.

5-19 and Fig. 5-20 show the simulation result with the Euler and RK4 method

respectively.
T T T T T
6 ,,,,,,,, : ,,,,,,, “F _ _femmE= ,‘::‘::‘ ,,,,, : ,,,,, - _:__
< 4l o i L L ]
I Iy = g Tl T e g s g
212 77777777 1 T [
© l l l l l
I
< | ‘
g 1 7
= | | |
-0. I I I I I
&09 0.095 0.1 0.105 0.11 0.115 0.12
Time (s)

Fig. 5-19: Euler solver (dashed) verses motor current
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Fig. 5-20: RK4 solver (dashed) verses motor current

It can be observed from the error plots that the RK4 yields lower error in
transient and can give better results. However, due to computation time restriction using
the TMS320F28335 DSP, the Euler method is implemented in hardware at the sampling
rate of 10kHz.

5.9.2.2 Delay Compensation

In a digital implementation of current controller, computation of current
controller and PWM duty cycle update introduces compute time delay of one sampling
time (7). Moreover PWM itself introduces delay in application of the correct voltage
vector to the motor terminal. This is commonly approximated at half the switching time.
Fig. 5-21 shows the time sequence diagram of the instant of current sampling, control
computation, and PWM output. Due to the zero order hold behaviour of the current
controller and compute as well as PWM delay, the voltage vector actually applied to the
motor terminal is different from that at the output of the current controller. Usually this
difference is small and hence neglected, however in case of model based method this
delay needs to be accounted in the model. This difference can be calculated analytically
by method proposed in [119] and is given by (5.78). The compensation of dg3

components can be similarly derived by replacing w, by 3w..
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Fig. 5-21: Timing Diagram of sampling, computation and PWM output

2 . a) T — '1.5 T
qul,motor = qul,control aSln [?je Sl (5.78)

In order to evaluate the effect of delay compensation, simulation results of
residual currents under a step change of i ; is plotted with and without compensation
under healthy machine operation as shown in Fig. 5-22. It can be seen that without
using delay compensation there is a constant residual current in steady state, which
implies that even under healthy condition with the same motor parameters the motor
model will predict different current than actual and will therefore adversely affect the
performance of the detector. Delay compensation is therefore implemented in DSP to

compensate for the PWM and calculation time delay.
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Fig. 5-22: Effect of delay compensation on residual currents
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5.9.3 Faulted Phase Detection

The phasor magnitude of the residual currents for the /™ phase can be extracted
from the filtered fundamental dgxy components using (5.79), where ¢; = 0, -27/5, -47/5,

-61/5 and -87/5, for phases 1, 2, 3, 4 and 5 respectively.

iy = Re(;)ﬂlm( ,es,j)
Ires, j| = \/(RG(Z)) ( re” )2
Lz—tan (Im Lyes, j /Re Lres, )

RC(E) = ( rev d+ + lrev,d—)Sin(a’/j ) + (ires,q+ + lrev q— )COS(Q'j
_( Lres, x+ + lrev x—)Sin(Sa‘)+ (irgs y+ + ires,y )COS 30,'])
)

Im(lres,j) = +(lres,q+ Lres .q— )Sln(

+(i

+ {1

) (res d+~ resd
)+(lres x+ 7 Yres,x— )

res,y+ resy )Sln( aj

5.9.4 Fault Classification

Based on fault analysis the phasor angle derived can be used for fault
classification. From (5.49) it can be noted that during an HRC fault the residual current
is in phase with —iy/Z,. Therefore, using the phasor angle and adding the impedance
angle and comparing it with the command current angle of the faulted phase as given by

(5.80) fault classification can be made.

classzfzer—‘sm(l L7, LT )‘ (5.80)

Lres J

Since the angle at an HRC fault is expected to be close to zero and for a turn fault
closer to 90°, if an HRC fault occurs the value of fault classifier is expected to be close

to 0, whereas for a turn fault it will be close to 1.

5.10 Simulation Results

To test the performance of the new detector, a speed ramp from 300 RPM to
1200RPM, with pulse load steps applied on the motor model as shown in Fig. 6. A 20
turn fault is applied on phase 4 at 1.0 sec and cleared at 1.1 sec. The fault indicator

response shown in Fig. 5-24 shows good rejection of load and speed disturbance and
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picks up only when the fault occurs. Fig. 5-25 shows the residual currents and the
residual phasor magnitudes calculated by the algorithm. It shows clearly that the
residual current in phase 4 is approximately 4 times larger and in phase opposition to
that of the residuals of the other healthy phases, thus validating the analytical results.

The extracted phasor magnitudes show smooth transition to final DC value.
1500
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Fig. 5-23: Speed ramp and pulse load test. 20 turn Fault is initiated at 1s and removed at 1.1s.
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Fig. 5-24: Speed ramp and pulse loading test of fault detector. 20 turn Fault is initiated at 1s and

removed at 1.1s.
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Fig. 5-25: Speed ramp and pulse loading test response of residual magnitude extraction. 20 turn

Fault is initiated at 1s and removed at 1.1s.
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Fig. 5-26: Comparison of classifier output to a 20 turn fault and HRC connection (+60% R) at
500 r/min and i,=6A. Fault initiated at 0.1s and removed at 0.2s.

Fig. 5-26 shows the response of the classifier output to 20 turn fault and a HRC
fault (+60% R) at a rotor speed of 500 r/min and i,=6A. It can be observed that in case
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of HRC fault the classifier is close to zero and turn fault is close to 1. Therefore the

classifier can successfully identify HRC or turn fault.

5.11 Experimental Validations

To validate the developed fault detection algorithm, a 5 phase PM machine fed
by 5 phase custom inverter was designed and fabricated. The test-rig shown in Fig.
5-28(a) comprises of a Lenz dynamometer connected to the 5- phase test-motor. The
stator of the 5 phase machine is shown in Fig. 5-27. An incremental encoder is used for
rotor position feedback. A five phase custom built MOSFET inverter is used to control
the test motor as shown in Fig. 5-28(b). The inverter is controlled through a floating
point TT DSP board (TMS320F28335 EzDSP). Commands to the DSP board is issued
using either CAN interface using LabView or through the USB connection via the TI
Code Composer studio. Standard dg based current control as employed in [118] is
utilized to vary the current loading of the test machine. Details of controller can be

found in the Appendix.

Fig. 5-27: Motor stator winding with fault taps
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Fig. 5-28: (a) Dynamometer setup with test machine with fault relays and (b) 5 phase inverter

board

5.11.1 Machine Back-EMF

Back EMF of a healthy machine is usually assumed to be constant when
transformed to dgldq3 frame. This implies that in equation (5.74), W (k) does not vary
with O(k). However, actual machine suffer from fabrication issues like, angular
displacement of the magnet poles during assembly and non-uniform magnetisation of
the poles. Fig. 5-29 shows the measured back- EMF of the machine at 800 r/min

transformed to the dqldq3 frame for two mechanical cycles. It can be observed that the
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back-EMF is periodic with every mechanical cycle (0.075s) which is expected, however

within each mechanical cycle the back-EMF shows variations.
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Fig. 5-29: Back-EMF of the machine at 800 r/min in (a) stationary frame and (b) in dgldq3

frame

Usually this variation is ignored in control design since the controller can

compensate for these non idealities. However, for fault detection it is important that
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back-EMF variation be properly compensated to achieve good sensitivity. Since under
low turn faults the signature is small, the variation in back-EMF can easily mask the
signature leading to problems in detection. One approach can be to ignore this effect
resulting in only detection of higher number of faulted turns. Another approach can be
to filter out these harmonics using notch filters. However, since the frequencies are a
function of mechanical frequency which is lower than the electrical frequency (f,=f./6)
a filter will introduce delay and is also not a good solution. Therefore, a lookup table is
generated by equally diving one mechanical cycle into 512 points for each phase back-
EMF as given by (5.81), where ¢y ; refers to the jth phase back-EMF lookup table as a
function of the rotor mechanical angle, 6,. The phase back-EMF is then transformed to
dqldg3 frame and utilised in the motor model equations given by (5.71)-(5.76).

0, I:elk,l (6,) Cik,2 (6,) €ik,3 (6,) Clk.,4 (6,) k.5 (em)]T 581

weﬂdqldﬁ (k)= Tyq1a43€5

a)e

eS =

In order to appreciate the importance of using the lookup table verses using
constant values, a test is performed with the residual current detector at 800 r/min and
I;;=6A as shown in Fig. 5-30. 2 turn fault is initiated at 0.07s and removed at 0.21s. It
can be observed that without using the back-EMF lookup the variation in the fault

detector output is high and is not desirable for stable fault detection.
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Fig. 5-30: Effect of back-EMF lookup method on 2 turn fault detection at 800 r/min, iy =6A.
Fault is initiated at 0.07s and removed at 0.21s.

5.11.2 Plant Fitting

In order to match the internal motor model (implemented in the DSP) to the
physical motor, two test currents { ij; = 6A, ig=is3=iy3=0} and { iq; = -3A, ig;=is3=iy3=0}
are commanded at two different rotor speeds (500 and 800 r/min) and the delay
compensated controller command voltage is used to extract the equivalent inductance
and resistance of the motor. In order to check the fitting different command currents are
different speeds is tested. Fig. 5-31 shows the comparison of the predicted voltage using
the fitted parameters verses actual voltage command. The voltage error can be observed
to be small and therefore the extracted parameters are a good fit with the actual

machine.
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Fig. 5-31: Parameter fitting result.
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Fig. 5-32 and Fig. 5-33 show the response of the calibrated internal motor model

5. Online Stator Turn fault Detection using Residual Currents
5.11.3 Healthy Machine Transient Response
to step commands to dgl current references at 800 r/min.

current (0 to 4A step) at 800 r/min.

Time (s)
idZOA.

Fig. 5-32: Measured model response to step changes to i,
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Fig. 5-33: Measured model response to step changes to i, current (0 to -3A step). i,=0A.

It can be observed from Fig. 5-32 and Fig. 5-33 that the internal model tracks the
actual current response quite well. It is to be noted though that at lower speeds this
response is slightly degraded since lower modulation voltages causes errors between

actual voltages at inverter output compared to command voltages.

5.11.4 Turn Fault Detection

For testing turn fault, a tap of 2 turn and 20 turn on phase-4 winding is shorted
externally using a controlled relay. The measured external resistance including lead
wires and contactor resistance is ~8mQ. First, the variation of fault current for a 2 turn
fault is shown in Fig. 5-34. Since the rated RMS current of the winding is 4.24Arms it is
evident from the plot that in order to prevent further damage to winding, the detector
should detect faults above 400 r/min rotor speed. The linear increase in fault current is
due to the fact that the total resistance is the dominating factor in the total impedance.
Since back-EMF increases linearly and inductance is negligible compared to the overall

resistance, the fault current increases linearly.
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Fig. 5-34: Measured variation of steady state fault current due to 2 turn fault to loading and

speed.

In order to appreciate the difficulty in detecting small inter-turn fault the raw
data (voltage and current) to the detector is shown in Fig. 5-35 at rotor speed of 600
r/min and i,;=3A. The data point selected is an operating point at a low speed where the
detector can easily pick up the turn fault. It can be seen from the raw data that there
exists a lot of noise even under healthy condition and the change in current is almost
negligible whereas in the voltage it is barely noticeable. For the sake of brevity, i,; and
ig; are simply referred to as i, and iy in the rest of the chapter since iy and i,3 current

commands are set to zero for the experiments.
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Fig. 5-35: (a) Controller command voltage and feedback current plots and (b) detector output, at
600 r/min and ig;=3A under a 2 turn fault. Fault initiated at 0.07s and removed at 0.21s

Fig. 5-36 and Fig. 5-37 show the response of the detector to a sudden turn fault
at 1000 r/min and i,=6A for 2 turn and 20 turn fault captured using an oscilloscope. It
can be observed that the fault detection reaches steady state within 1.5 electrical cycle
of fault initiation. It can be seen that less than 2 turn fault the line current post fault
remain same as the pre-fault current, however, for a 20 turn fault the currents become
unbalanced. This is an expected result, since 20 turn fault causes more un-balance and
the current controller is not able to reject the disturbance. It should be further noted

from Fig. 5-36 that the current ripple in the fault current is much higher than that
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observed in the phase currents. This change of high frequency ripple current and its

implication for fault detection is explored in detail in the next chapter.

W' P
ca4 A | %
Ittt e I

Measure P1freq(C1) P2:ms(C1) P3:rms(C2) P4:rms(C3) P5:mean(C4) P6:pkpk(C4) P7req(C4) P8:web edt
value 99.411731Hz 4265A 4314A 16.13A 305.0mv 292.1mV -
status a v v v v v a

FLT OCH Thase 800
500 mV/
-1.89500

Fig. 5-36: Detector response to 2 turn fault at 1000 r/min. C1, C2 current in phase-4 and 5
respectively (SA/div), C3 is fault current (20A/div) and C4 is detector output, 0.5V/div. Ph-4 is
the faulted phase.
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Fig. 5-37: Detector response to 20 turn fault at 1000 r/min. C1, C2 current in phase-4 and 5

respectively (5SA/div), C3 is fault current (20A/div) and C4 is detector output, 2V/div. Ph-4 is
the faulted phase.
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It is to be noted that the detector output is converted using an on-board SPI-
DAC for oscilloscope capture. Due to limited number of DAC and oscilloscope
channels, the operation of detector is analysed further using the DSP to record the
detector parameters at the sample rate of 10 kHz before, during and after the fault. This
data is utilised in the rest of the figures for analysis.

Fig. 5-38 and Fig. 5-39 shows the detector response to a 2 and 20 turn fault
initiated at 0.07s and removed at 0.21s at various steady current loading at 1000 r/min.
The step load response of the detector is shown to provide a comparison of detector
response to transient condition under healthy condition to that under fault condition, and
it can be appreciated that the detector peak value under healthy transient condition is far
below that under fault condition. It can be also observed from Fig. 5-39 that the fault
detector response for 20 turn fault is higher than 2 turn fault case. It shows that the
detector is responsive to severity of fault and higher fault turn results in higher detector
response. The change of magnitude of detector with load current is also expected since
the fault current is affected by the load current due to the mutual coupling between the

healthy and faulted turns.
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Fig. 5-38: Detector response to turn faults at 1000 r/min under various steady load currents to 2
turn fault. Step i, (0-4A) response of detector under healthy condition is added for comparison.

Fault and load step transient initiated at 0.07s and removed at 0.21s.
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Fig. 5-41: Residual Current magnitude extraction for fault localisation at i, =6A at 1000 r/min

for 20 turn fault. Ph-4 has the turn fault.

Fig. 5-40 and Fig. 5-41 show the residual currents of each phase under 2 and 20
turn fault respectively initiated at 0.07s and removed at 0.21s. It can be seen that the
residual currents clearly identify the faulty phase (Ph-4). The magnitude extraction also
shows a clear distinction between the faulty phase and healthy phases.

The average ratio of the residual current magnitude is 3 and 3.52 for 2 turn and
20 turn case respectively. The residual current ratio is less than theoretically prediction
of 4.0, due to existing unbalance between phases in healthy machine, but is sufficient to

allow for clear distinction between the faulty and healthy phases.

5.11.5 HRC Fault Detection

Fig. 5-42 and Fig. 5-43 shows the detector response to an HRC fault of 0.22Q
(+32% increase) and 0.66Q (+95% increase) respectively initiated in phase-4 at 0.07s
and removed at 0.21s. It can be observed that the detector is fast and responsive to the
fault. It can also be appreciated that the detector is responsive to the severity of fault i.e.,
a higher HRC fault results in a higher value. It should also be noted that the detector
value changes with the load current which is expected from the theoretical analysis and

that the detector can only detect HRC fault when there is load current.
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Fig. 5-43: Detector response under various load currents at 800 r/min with HRC fault initiated

172




5. Online Stator Turn fault Detection using Residual Currents

— Ph-3
H =" Ph4|__

(V) aun) [enpisay

=

(e}
(v) epmiusey

JUSLIN) [eNnpISay

0.25

0.2

0.15

Time (s)

0.1

0.05

Fig. 5-44: Residual Current magnitude extraction for fault localisation at i, =6A at 800 r/min
with HRC fault initiated in phase-4 at 0.07s and removed at 0.21s with 0.22 @ HRC. Ph-4 is the
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Fig. 5-45: Residual Current magnitude extraction for fault localisation at i, =6A at 800 r/min
with HRC fault initiated in phase-4 at 0.07s and removed at 0.21s with 0.66Q2 HRC. Ph-4 is the

phase with HRC.
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fault of 0.22Q (+32% increase) and 0.66€ (+95% increase) respectively initiated in
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phase-4 at 0.07s and removed at 0.21s. It can be seen that the residual currents clearly
identify the faulty phase. The magnitude extraction also shows a clear distinction
between the faulty phase and healthy phases. The average ratio of the residual current
magnitude is 2.14 and 3.13 for 0.22Q turn and 0.66Q2 HRC fault case respectively. The
residual current ratio is less than theoretically predicted of 4.0, due to existing
unbalance in healthy machine, but is sufficient to allow for clear distinction between the

faulty and healthy phases.

5.11.6 Fault Classification

Fig. 5-46 shows the response of the fault classification technique to a 2 turn and
HRC (0.22Q) fault initiated at 0.07s and removed at 0.21s. It can be observed that in the
HRC fault case the expected angle deviation from 14/Z is small resulting in value close

to zero, compared to that from turn fault.
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Fig. 5-46: Residual Current fault classification at i, =6A at 800 r/min (a) 2 turn fault (b) High
resistance fault (0.229Q).

5.11.7 Comparison of Detector Output in Steady State

In order to understand the efficacy of fault detector at various fault, speed and
load conditions, the average detector output is now compared. Fig. 5-47(a) shows the
effect of rotor speed and current loading on fault detection for 2 turn fault case, under
steady conditions. It can be observed that at lower speeds (<400 r/min) although there is
a change of the detector value from healthy to fault case, a bit of overlap exists between
healthy signal at high current and fault signature at low current loading. This is because
the signal due to inherent healthy motor imbalances is close to the detector output under
fault condition at low speeds where the fault current is also lower. Therefore at lower
speeds a lookup table maybe utilized to store healthy data at various current loading to
differentiate healthy from fault condition. At higher speed (>400 r/min) as can be
observed from the plot a simple threshold based detection is sufficient. Fig. 5-47(b)
shows the effect of speed on load variation on fault detection at 20 turn fault. Since the

fault ratio is higher, fault can very easily be detected using a simple threshold.
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Fig. 5-47: Variation of fault detector output (measured) to varying loads and speeds (a) 2 turn

Fig. 5-48(a) shows the residual current magnitudes under 2 turn fault at i, =0A

loading with varying

line current is zero. It can be observed that at speeds >400 r/min it is possible to clearly
detect the faulted phase (ph-4) by quantifying the maximum of all the residual

magnitudes. Fig. 5-48(b) shows the residual current magnitudes under 20 turn fault at i,
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--EF- Iq = 3A(healthy)
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speed. This is the worst case scenario for fault detection because
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=0A loading with varying speed. It can be observed that at higher fault (20 turn) the

faulted phase can be clearly identified even at very low speeds.
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Fig. 5-48: Variation of residual current magnitude at i,=0A and varying speed (a) 2 turn fault,

(b) 20 turn fault. Ph-4 is the faulted phase.

Fig. 5-49(a) shows the effect of rotor speed and current loading on fault
detection for HRC fault of 0.22Q (+32% increase), in phase-4 under steady conditions.
It can be observed that the output of the detector is highest at high load currents. This is

expected result since the degree of unbalance is directly proportional to the current
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flowing in the HRC fault. The other important aspect to note is that as rotor speed
increases the detector output decreases. This is also an expected result, since the
residual current analysis in (5.49) indicates an inverse relation to healthy motor
impedance which increases with rotor speed/electrical frequency. Fig. 5-49(b) shows
the effect of rotor speed and current loading on fault detection for HRC fault of 0.66€2
(+95% increase), in phase-4 under steady conditions. Since the fault resistance is higher

it generates a higher signature, and consequently is easier to detect.
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Fig. 5-49: Variation of fault detector output (measured) to varying loads and speeds (a) 0.22Q
HRC, (b) 0.662 HRC.
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From Fig. 5-47 and Fig. 5-49 it can be concluded that fault signature increases
with rotor speed for a turn fault and decreases for an HRC fault. This implies that the
turn fault detection is sensitive at higher speeds and the HRC detection at lower speeds.
Since HRC is not a critical fault demanding immediate action from the controller, the

reduced sensitivity at high speed is acceptable.
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Fig. 5-50: Variation of residual current magnitude at i,=6A and varying speed (a) 0.22Q2 HRC,
(b) 0.66Q2 HRC. Ph-4 is the faulted phase
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Fig. 5-50 (a) and Fig. 5-50 (b) shows the residual current magnitudes variation
with i,=6A under varying rotor for HRC fault of 0.22Q (+32% increase), and 0.66Q2
(+95% increase) in phase-4. It can be observed that the faulted phase (ph-4) can be
clearly identified by quantifying the maximum of all the residual magnitudes and the
detection is best at lower speed.

Fig. 5-51 shows the classifier output variation with loading and speed for 2 turn
fault and 0.22€Q HRC fault. It can be seen that there exists a clear difference between 2
turn fault (close to 1) and HRC fault (close to 0). Therefore the classifier can distinguish

turn fault and HRC fault enabling application of appropriate fault mitigation strategies.
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Fig. 5-51: Comparison of classifier output at different loading and speed with 2 turn fault and

0.22Q HRC fault.

5.12 Extension to 3-phase IPM machines

As part of MotorBrain project, the turn fault detection for a triplex 3-phase
18slot 16-pole IPM machine was investigated in simulation. Fig. 5-52 shows the FE
model of the machine with the faulted turn circled. The schematic of the one faulted
phase set of the machine is shown in Fig. 5-53 and the parameters of the machine are

given in Table 5-5.
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Fig. 5-52: 18-slot 16-pole spoke type IPM machine

Terminal
Connector
Ny
e Ph-A
1!
1!
1!
1
Fault Tap : 1
» Connection : : —
T
I4Turns : 11 l Circuit
(I W'Breaker
P
1!
!
1|
1!
!
:Ph B
N
1!
el Ph-C

Fig. 5-53: Schematic of the 18-slot 16-pole IPM machine showing winding configuration for the
faulted set.
Table 5-5: 18-slot, 16-pole IPM Machine Nominal Parameters

Parameter Value Parameter Value
Rated Torque 92 Nm Number of poles 16
Peak Torque 154 Nm Number of phases 3x3
Base Speed 4000 r/min Phase resistance 0.017Q2
Maximum Speed 11300 r/min L, (nominal) 0.47mH
Rated current 85A L, (nominal) 0.58mH
Total number of turns /
BEMF at max speed 467V " 15
coi
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The machine is modelled using the similar technique as given in Chapter 3. The
current to flux linkage mapping is obtained by varying the dg and fault currents to
obtain the flux linkage lookup tables. To test the fault detection technique, only the
faulted phase-set out of the 3 phase-sets is simulated. In order to perform turn fault
detection, detection structure given by Fig. 5-54 is chosen. It is based on the residual

current approach applied to a 3-phase system. However, there are a few key differences:

1. The motor model is based on 4™ order Runge-Kutta method
2. Multi-notch filter is utilised for filtering as shown in Fig. 5-55 because of ease of

implementation and tuning.
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Fig. 5-54: Block diagram of the overall detection structure
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Fig. 5-55: Detector structure utilising multi-notch filter approach

182



5. Online Stator Turn fault Detection using Residual Currents

To assess the performance of the turn fault detection, simulation test is first
performed at motor speed of 1500 r/min. At 0.02s a step change of i, (0-50A) is applied.
Turn fault is initiated at 0.06s and removed at 0.11 sec. Fig. 5-56 shows the dg currents
and the fault currents. It can be observed that there is a ripple in the dg axis current
during fault. This is expected since the fault causes unbalance in the system and
therefore suppression of the unbalance (2" harmonic in dg frame) depends on the

controller bandwidth.

dq Currents (A)

|

|
: l
N R o SRR & R
| |
| |
1

Fault Current (A)
=

| | |

l l l

1 | 1 |
0 0.02 004 0.06 008 0.1 0.12 0.14 o0.16
Time (s)

Fig. 5-56: dg and fault current (1500 r/min, i, = 50A, turn fault (0.06s -> 0.11s) )
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Fig. 5-57: Fundamental based Detector 1500 r/min, i, = 50A, turn fault (0.06s -> 0.11s)
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Fig. 5-57 shows the fundamental detector output and the fault current for the
same conditions. It can be observed that the detector rejects the load current disturbance
at 0.02s and picks up only during fault between 0.06 and 0.11s.

Fig. 5-58 shows the residual currents in abc frame at the time of fault initiation.
It is to be noted that the faulted phase residual (phase-A) is in opposite phase to the
other phases and is about 2 times the current in the healthy phases. This is expected
result as given by (5.30). This particular property of the residual current enables the

identification of the faulted phase (Ph-1).
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Fig. 5-58: Residual current based detector 1500 r/min, i, = 50A, turn fault (0.06s -> 0.11s)

To further test the detector, turn fault is initiated at a different rotor speed of
3000 r/min. At 0.02s a step change of i, (0-50A) is applied. Fault is initiated at 0.06s
and removed at 0.11 sec. Fig. 5-59 shows the motor dgq currents and the fault current.
Fig. 5-60 shows the detector output and the fault current for the same conditions. It can
be observed that the detector reject the load current disturbance at 0.02s and picks up

only during fault between 0.06 and 0.11s.

184



5. Online Stator Turn fault Detection using Residual Currents

Currents (A)

400

200F -~~~ - J

W

Fault Current (A)
=

-4
OOO
Time (s)

Fig. 5-59: Machine dg and fault currents (3000 r/min, i, = S0A, turn fault (0.06s -> 0.11s))
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Fig. 5-60: Fault current and Detector output (3000 r/min, i, = SOA, turn fault (0.06s -> 0.11s))

Fig. 5-61 shows the residual currents at the time of fault initiation. It is to be
noted that the faulted phase residual (phase-1) is in phase opposition to the other phases
and is about 2 times the current in the healthy phases. This is as expected from the

residual current analysis.
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Fig. 5-61: Residual and fault currents (3000 r/min, i, = 50A, turn fault(0.06s -> 0.11s))

It can be concluded from the simulation results that residual current method is
also applicable to 3 phase IPM machines and can detect and localise the turn fault. It is
to be noted that since the detector is model based, and since parameters of the 3-phase
machine may be different from the FE simulation, an auto calibration was proposed
along with the turn fault detector to acquire machine parameters in test.

The auto calibration algorithm is based on a simple concept that if a constant test
current of known quantities is injected into the machine while the machine is held at a
constant speed by the dynamometer machine parameters can be determined. It is known
that in steady state, ignoring losses in the machine, the machine voltages can be
expressed as (5.82). The machine parameters can be obtained by (5.83). It is to be noted
that the voltages and currents should be averaged to remove any noise. The voltages

referred to here are inverter command voltages.

) ) (5.82)
V,=Ri,+o,Li, + oy,
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Fig. 5-62 shows the operation of the auto calibration and the fault detector. Auto
calibration is performed until t = 0.45s. It is to be noted that when the model is not
calibrated (t<0.45s) the detector output is high as shown in Fig. 5-62(b). This is
expected since the machine parameters are different from the model parameters of the
detector. Auto calibration algorithm generates 3 different current commands, (i;= OA,
i;= OA), (i;= 0A, i;=20A) and (i;= -20A, i;= OA) during the calibration sequence to
determine the machine parameter. After 0.45s, the detector output is nearly zero and
becomes high only when fault is applied (t=0.6-0.7s). It can be observed that a load step
applied at 0.5s (i,=0-40A) is completely rejected by the fault detector, implying correct
parameter identification. Auto-calibration therefore can be utilised in a hardware setup
wherein the actual machine parameters can deviate from that obtain from FE simulation,
and can reduce the residual current under healthy operation in order to achieve adequate
sensitivity in fault detection. For IPM machines which exhibit high magnetic saturation,
a more sophisticated calibration, or online learning technique may be required to

minimise the modelling error.
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Fig. 5-62: Combined auto-calibration and fault detection. (a) Currents commands and fault

current, (b) Fault current and detector response. Auto-calibration ends at 0.45s.
5.13 Conclusions

The chapter presents a combined fault detection scheme for inter-turn fault and
high resistance connection. A thorough theoretical basis of the detection method is
presented supported by real-time implementation of the fault detector. Extensive

experimental data supports the analysis and proves that sensitive fault detection for
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multi-phase SPM machines is possible. In addition the detection technique has been
shown to be able to determine the faulted phase. This capability is crucial in multi-phase
machines wherein identification of faulted phase and classification of the nature of fault
can enable specific fault tolerant controls and mitigation strategies to be applied to keep
the machine in operation rather than requiring a complete shutdown. This chapter also
provides simulation studies performed to extend the approach to 3-phase IPM machines,

which are subject to magnetic saturation in different operating conditions.
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Chapter

Online Stator Turn Fault Detection Using
PWM Ripple Current Measurement

The main contribution of this chapter is an online fault detection technique for
inter-turn fault detection based on measurement of pulse width modulation (PWM)
ripple current. The method uses the ripple current generated by the switching inverter as
a means to detect inter-turn fault. High frequency impedance behaviour of healthy and
faulted windings are analysed and modelled, and ripple current signature due to inter-
turn faults is quantified. A simple analogue circuit is designed to extract the PWM
ripple current using a band-pass filter and a root-mean-square (RMS) detector for fault
detection. In addition, this method can also identify the faulted phase, which can be
used for fault mitigation strategies. The method is tested experimentally on a five phase
permanent magnet machine drive.

Major contents of this chapter were published by the author in [104].

6.1 Motivation

As explained in the previous chapter, inter-turn faults are one of the leading
mechanisms to a complete winding failure, which in turn accounts for 21-37% of faults
in electrical machines [7]-[11]. One of the observations in the test results presented in
the previous chapter was the increase in ripple current most clearly observed in the fault
current waveform. This implies that under fault the high frequency impedance of the
machine changes. This chapter investigates utilising the change of switching ripple in

the motor current for fault detection.
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6.2 Literature Review

Stator inter-turn fault detection has been subject to intense investigation and
numerous literatures exist on the topic. Detection schemes [94] can be broadly divided
into fundamental quantity based [32], [33], [120]-[122] detection, high frequency based
[21], [22], [123] detection and motor current signature analysis (MCSA) [19], [60].
Most of the methods under MCSA are computationally intensive since they rely on
performing fast Fourier transformation (FFT) on stator currents to determine harmonic
components and extract the fault signature. High frequency signal injection methods on
the other hand, inject high frequency (HF) signal in the inverter voltage command and
perform synchronous demodulation of the resultant currents in software to determine
stator turn fault. In [21] a high frequency signal was injected in the dg control voltages
and the negative sequence component of the high frequency currents so obtained is
extracted in the dg frame to generate the fault indicator. In [22] the method of [21] is
improved further by using lookup table based calibration of the dg high frequency
signal in order to reduce the effect of magnetic saliency and saturation induced by load
variation from affecting the detection. However, signal injection method introduces
additional noise in the current and increases acoustic emissions of the motor-drive
system [124], [125]. In addition, most of the methods in literature fail to identify the
faulted phase which is of importance in a multi-phase machine in order to initiate fault
mitigation and fault tolerant operation.

Most PM machines are fed through a pulse-width modulated (PWM) drive. The
drive is a natural source of high frequency signal injection into the motor due to its
switching. It is this inherent source of HF signal injection that is explored in this chapter
for detection of turn fault. The proposed method uses the PWM ripple current generated
by the drive to determine the presence of turn fault without the need to modify or inject
additional HF signal [104]. The method is also able to identify the faulted phase which
is essential to implement fault mitigation strategies.This chapter contributes to the body
of knowledge in the following aspects:

1. Turn fault detection using PWM ripple current measurement.

2. Identification of faulted phase using the ripple current measurement.
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6.3 Transient Machine Modelling under Stator Turn Fault

The machine under consideration is a 10-slot 12-pole, 5-phase surface
permanent magnet (SPM) machine. Fig. 6-1 shows the geometry of the machine. Fig.
6-2 shows the schematic of a single winding of the machine under the turn fault
condition with Ny faulted turns out of a total N number of turns. The parameters of the
machine are given in Table 5-1. The switching and sampling frequency of the inverter is

10kHz.

Fig. 6-1: Geometry of 10-slot, 12-pole SPM machine

I(t
L» Rn Turns: N-N;

Healthy
Turns

V(t)| Faulted
Turns

Rfault

E

Fig. 6-2: Schematic of winding under turn fault
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In order to evaluate the ripple current characteristics under PWM operation, it is
necessary to determine the high frequency admittance of the winding under healthy and
fault conditions. For the machine under study, the high frequency admittance can be
obtained using (6.1) by setting the electromotive force (EMF) voltage components to
zero in Fig. 6-2, where Ry, Ry, Ly and Ly are the resistance and inductance of the healthy
and fault turns, respectively and L,, is the mutual inductance between the two winding
parts. Ry or Ryis the external fault resistance and is assumed zero in this analysis for

the sake of simplicity.

v (jo) =242 1

V(jw ’r 2 6.1
(je) R, + joL, +—Ztn ©.1)
Ry + joL,

The parameters of the machine under healthy and fault conditions are given in
Table 5-1 and Table 6-1. The parameters are derived using a similar procedure outlined
in chapter 2 as explained in chapter 5. Since the machine under study employs a SPM
topology in which saturation level is quite low, these parameters are constant. For
machines with high level of saturation, the derivation is still valid given that the ripple

current is small, and the parameters can be piece-wise linearized.

Table 6-1: Machine Data under Fault

Parameter Fault Condition
Ny 2 turn fault 20 turn fault
Ry, 0.65Q 0.46Q
Ry 0.021Q 0.21Q
Ly 2.6mH 1.3mH
L; 2.8uH 0.28mH
Lin 83uH 0.6mH
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Fig. 6-3: Experimental setup for measurement of HF impedance

In deriving (6.1) the iron loss in the laminations, the eddy loss of the magnet and
the skin effect in the winding coils was ignored. However, in a real machine these
effects will affect the machine parameters especially at PWM ripple frequencies.
Modelling these effects analytically can be quite cumbersome and inaccurate, and
therefore an experimental measurement of the parameters is required. Fig. 6-3 shows the
experimental setup wherein the machine rotor is locked and the winding resistance and
inductance is measured using an impedance analyzer (Hioki IM3533-01).

Fig. 6-4 shows the variation of equivalent series resistance and inductance of a
healthy winding measured by the impedance analyser under locked rotor condition. The
variation occurs due to the interaction of various loss resistances in series and parallel
combination with the nominal resistance and inductance of the winding when excitation
frequency is varied.

In order to ascertain the dependence of high frequency admittance to rotor
position, the rotor was locked at different electrical angles and a frequency sweep
performed on the stator coil of phase-4 using the LCR meter. Fig. 6-5 shows the
admittance plot of the coil for various rotor positions. It can be observed that rotor
position has minimal effect on the measured admittance and is consequently neglected

in the rest of the chapter.
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Fig. 6-4: Equivalent terminal resistance and inductance of healthy winding under locked rotor
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Fig. 6-5: Measured healthy winding admittance (Y) plot for varying rotor position (electrical)

Fig. 6-6 shows the comparison of the theoretical and experimentally measured
locked rotor admittance of the winding under healthy and fault condition. The
theoretical plot is obtained by using (6.1) and the parameters from Table 5-1 and Table

6-1. It can be observed that under the fault conditions the admittance increases
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particularly in the frequency range of 10-20 kHz compared to healthy condition. It is
also to be noted that the admittance predicted by theory is different from that obtained
from experiments and is especially evident in case of 2-turn fault. The difference
between the theoretical and measured admittance is expected and attributed to extra
impedance introduced by the external leads to create the fault, and iron losses (eddy,
hysteresis loss) as well as high frequency losses due to skin and proximity effects in the
measured data which is not accounted for in the simple theoretical model. Also, as the
number of faulted turn increases from O (healthy) to 2 turns and finally to 20 turn the
admittance progressively increases above 10 kHz. Higher admittance translates to lower
impedance and hence higher currents for the same voltage. It is to be observed that
although there is difference between experimental and simplified theoretical predictions
both the measurement and prediction points towards an increase of high frequency
admittance and this is due to the shorted turns which reduce the overall impedance of

the winding.
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Fig. 6-6: Admittance (Y) magnitude and phase of winding under healthy, 2 turn and 20 turn
fault. Theoretical (T) — dashed, Measured (M) — solid

Therefore, if the motor can be excited with a voltage in the frequency range of
10 kHz-20 kHz, the measured current will show an increase under fault condition which

can be used as a measure to detect turn fault. A PM motor is usually fed from a PWM

197



6. Online Stator Turn fault Detection Using PWM Ripple Current

drive which generates not only the fundamental voltage for the motor, but also
switching voltage ripple at the terminals. The resultant PWM ripple current can be used
as detector for inter-turn faults. For the purpose of simulation a sine-PWM drive, with a
switching frequency of 10 kHz is assumed.

In order to model the winding behaviour to be close to the actual physical
measurements, a hybrid modelling approach is employed. This entails using the
impedance/admittance data obtained from experimental measurement and combining it
with the analytical model to obtain a more accurate representation of the actual circuit
condition. In order to use the experimental data in simulation, the experimental
measurement is fitted with a 5" order transfer function as given by (6.2) using least
squares fitting to obtain Yiey(s) and Yjeq(s) for faulted and healthy winding

respectively.

_ bss” +byst +bys? +bys” +bys' + b,

Y(s) 62)

ass’ +aus’ +azs’ +ays” +ays' +a,

Fig. 6-7 and Fig. 6-8 show the transfer function fitting for healthy condition and
for 2-turn and 20-turn short circuit conditions, respectively. The circuit equations of a
generic faulted winding as shown in Fig. 6-2 can be expressed in s domain and are
given by (6.3)-(6.4). I(s)-If(s) can be eliminated from the voltage equation (6.3) to
obtain (6.5)-(6.6).

Ry ()= Ry +sLy )(1(s) =1 (s5))+sL,I(s)+E,(s) (6.3)
V(s)=(R, +sL,)I(s)+sL,(1(s)=1,(s))+E,(s)+ Ryl (5) (6.4)

R —sL
V(s)=—2 T (5)+E,(s)

(6.5)
+1(s)| R, +s(L,+L,)+
1 Rault_SLm
:>V(s)= I(s)+ f E»(s)+E (s) 6.6
Y, (s) SLy + Ry + Ry ! " ©0
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Fig. 6-8: Fitted Admittance function (¥,.,(s)) for (a) 2 turn and (b) 20 turn fault condition

Since the measured winding admittance is a high order transfer function, the
model equation needs to be modified to account for the high frequency losses. A close
look at (6.6) reveals that the first term corresponds both to the high frequency and low
frequency admittance (Y4s)), whereas the other two terms are only related to the back-
EMF components. Hence, it is possible to substitute the experimentally derived
admittance instead of the theoretically derived one, resulting in the hybrid model
equation for the faulted phase in (6.7). Therefore, (6.7) contains a part of parameters
obtained through experiment and the rest is calculated from theoretical model, and is
therefore referred to as a hybrid model.

V(s)

1 R e — SL
I(s)+ fault

=———I(s - E»(s)+E (s) 6.7
Yf,expt(s) SLf+Rf1+Rfault ! ! ( )

In the 5-phase experimental motor, the winding fault is assumed to occur in
phase 4 as shown in Fig. 6-9. Thus, (6.7) can be re-written as (6.8) noting that E, = E; -
Er where E; is the healthy back-EMF of the i" phase. Zero sequence voltage (V,y) is
added into (6.8)-(6.9) to account for the fact that the voltages generated by the inverter
are referred with respect to the negative DC supply N while the phase voltages are

referred to the floating neutral ‘n’ of the motor. The model for other healthy windings
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can be written as (6.9). In order to simulate the system the zero sequence voltage V,n
needs to be eliminated from the model equations. V,y can be calculated by summing
(6.8)-(6.9) over all phases, and noting that the sum of the phase currents is zero, to
obtain (6.10). Substituting (6.10) back into (6.8)-(6.9), the final model equations (6.11)-
(6.12) can be obtained.
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Fig. 6-9: Schematic representation of 5-phase SPM machine with turn fault on a single phase
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6.4 PWM Ripple Current Based Detector Design

In order to extract the high frequency current, first, an appropriate frequency
band needs to be selected. In order to aid the design process, the harmonic currents can
be analytically calculated under different operating conditions in steady state assuming
ideal sine PWM. The PWM harmonic voltages for sine triangle modulation can be
calculated using (6.13) [126], where w; and w. is the angular frequency of the
fundamental and carrier respectively, J, corresponds to the n™ order Bessel function of
the first kind n and m are the harmonic orders of wyand w. respectively and V. is set as
140V for the calculation, which corresponds to the highest possible DC link voltage of
the test inverter. Fig. 6-10 shows a typical frequency spectrum plot of only the harmonic
voltages obtained using (6.13) at modulation index of 0.9 and a fundamental and carrier
frequency of 300 Hz and 10kHz respectively. Harmonic line currents can then be

calculated using the line voltage equation as given in (6.14).

Vi a(2) :%ZLJO (m%Mijcos(mwct)sin(mgj

ijn(mﬁMijcos(mwcHn(waq.)) (6.13)

m=ln=1 . 4
: +n)=
Sin (m I’l) 2)

= ’ (6.14)
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Fig. 6-10: Harmonic voltage spectrum of a sine-PWM inverter leg w.r.t negative DC supply rail

at modulation index = 0.9, V4=140V, fundamental frequency (w¢) = 2x.300 rad.s™

Fig. 6-11(a) shows the RMS harmonic current plots for each phase when phase 4
has a 2-turn fault at the maximum current of 6A when only 10 kHz carrier frequency
sidebands are considered and Fig. 6-11(b) shows the RMS harmonic current plots when
both 10 kHz and 20 kHz carrier frequency sidebands are considered.

It is evident from the plots that by considering both the 10 kHz and 20 kHz
current ripple a greater magnitude and separation between the faulted phase and healthy
phases can be obtained specially in low speed range. This will also improve signal to
noise ratio. Thus, a pass-band of 10-20 kHz is selected for optimal detection of fault.
The separation in RMS current ripple between faulted and healthy phases allow for easy
identification of fault. It should be noted that the harmonic voltages and hence the
harmonic currents are a function of modulation index and therefore as speed or load

change the harmonic currents also vary.
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Fig. 6-11: RMS harmonic current with 2 turn fault with V4. = 140V considering (a) only 10kHz

carrier and sidebands, (b) 10kHz and 20kHz carrier frequency harmonics and sidebands.

Extraction of harmonic currents can be done in many different ways. One direct
approach is the use of high speed sampling of the stator current waveform and
application of signal processing to extract the harmonics. However, the ripple current is
very small compared to the fundamental current and therefore the ADC employed
would have to have a high resolution (>16 bits) to be able to measure the PWM ripple

current accurately. Moreover, the sampling frequency of the ADC has to be at least 5-10
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times the highest ripple current frequency and the corner frequency of the anti-alias
filter has to be increased accordingly. Therefore, although this approach has the benefit
of flexibility of application of advanced signal processing to extract harmonic currents it
requires high speed, high resolution ADC’s and advanced DSP processor to perform the
signal acquisition and processing.

Due to processing limitations of the control hardware, an alternate approach is
employed, wherein the RMS value of the PWM ripple current is obtained by using an
analog circuit. RMS ripple current so extracted is of low frequency and can be easily
sampled by the DSP using the same ADC sample rate (10 kHz) as that employed for
current controller. The analog signal processing chain is shown in Fig. 6-12, consisting
of a second order band-pass filter, RMS detector and output buffer. The band-pass (BP)
filter must provide sufficient attenuation at fundamental frequency to prevent changes in
fundamental current from affecting the result of the RMS detector. For the particular
motor, a stop-band attenuation of -38dB (at 300Hz) is found to be adequate to remove
the fundamental current influence. The pass-band gain of 20 dB is found to be sufficient
for the detection. The bode gain plot of the BP filter is given in Fig. 6-13. The output
buffer provides a further gain of +26dB.

Detector Circuit Controller
Lon ﬂ
T .| RMS | | Output || ADC
BandPass Detector Buffer
Filter

Fig. 6-12: HF detection signal processing chain. ADC sampling rate is 10 kHz.
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Fig. 6-13: Band-pass Filter Bode Plot
6.5 Circuit Implementation of the Detector

Fig. 6-14 shows the schematic of the analog signal processing circuit. The
current signal from the transducer is first fed to the high pass filter (HPF) Ul and then
through the low pass filter (LPF) U2 into the RMS detector U3 and finally into the ADC
buffer U4. The LEM current sensor selected for the inverter is LTS-25P which gives a
unipolar output and therefore the entire HF signal chain is designed to operate on
unipolar supply. To realize the LPF and HPF transfer functions multiple-feedback
topology is used. OPA364 is selected as the operational amplifier (opamp) for the
circuit due to its excellent BW and low offset voltage and is suitable for unipolar circuit
realization. The RMS detector is LTC1968 which is a precision wide bandwidth, RMS-
to-DC converter from Linear Technology [127]. LTC1968 has a differential input range
of 1Vpk and to avoid saturating the RMS detector under worse case fault, a gain of
20dB is selected for the band-pass divided equally over the HPF and LPF. Finally the
ADC buffer provides additional gain of +26dB on the detected RMS value. A point to
be noted for the signal chain is that the sequence of the block in the chain is critical to
obtaining the desired performance. For example, swapping the position of HPF and LPF
in the signal chain would saturate the opamps in the circuit although the transfer

function of the circuit would have remained unaltered. This is because the LPF will pass
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the fundamental current signal with a gain of +10dB and will saturate the opamps in the

circuit.
©3 22n F}\E’/\iso
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Fig. 6-14: Detector Circuit Implementation

6.6 Simulation Results

Fig. 6-15 shows the simulation results obtained from the model derived in the
foregoing section connected to a current controlled voltage source inverter at rotor
speed of 500 r/min with i, = 6A under a 2 turn fault condition with V4. = 60V. Standard
dq based current control as employed in [118] is utilized to control the fundamental
current. The difference in high frequency ripple can be observed in the actual phase
current plots, and is clearly identifiable in the detector output shown in Fig. 6-16, where
phase -4 shows a higher output than the rest of the phases and hence is identified as the
phase with fault. The ripple in the detector output is caused by the currents in sidebands
of the carrier frequency which give rise to a beat frequency at twice the fundamental
frequency.

Fig. 6-17 shows simulation results obtained at rotor speed of 1000 r/min with i, = 6A
under 20 turn fault condition with V4 = 60V. The phase currents are slightly
unbalanced and this is expected since 20 turn fault introduces unbalance which cannot
be completely compensated using conventional positive sequence dg controller. The
difference in the ripple current is quite apparent and is expected at higher speeds and
higher fault ratios. Fig. 6-18 shows the detector output and phase 4 can be clearly
identified.
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Fig. 6-15: Simulated phase currents with a 2 turn fault in phase-4 at rotor speed of 500 r/min.
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Fig. 6-16: Simulated detector output with a 2 turn fault in phase-4 at rotor speed of 500 r/min.
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Fig. 6-17: Simulated phase currents with a 20 turn fault in phase-4 at rotor speed of 1000 r/min.
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Fig. 6-18: Simulated detector output with a 20 turn fault in phase-4 at rotor speed of 1000 r/min.

6.7 Experimental Testing

To test the fault detection technique the same test-rig as explained in Chapter 5

and Appendix has been utilised. Fig. 6-19 shows the PWM ripple detector board mated

to the 5-phase inverter board.
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Fig. 6-19: PWM ripple detector board

Fig. 6-20(a) and (b) show the detector output at i, = 6A at 2 turn fault and rotor
speed of 500 r/min and 1000 r/min, respectively, captured using yokogawa oscilloscope,
where Ch4 is the detector output of the faulted phase. It can be observed that each
detector channel has a different output before fault is initiated. This is to be expected
since each phase has slightly different impedances due to fabrication process, and there
is variation in each detector channel. This variation can be easily compensated by
implementing a software based calibration explained in the next section. During fault,

phase -4 detector output shows clear change of output from the pre-fault level.
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Fig. 6-20: Detector output with 2 turn fault in phase-4 with i, =6A at (a) 500 r/min, (b) 1000
r/min. Ch1- Ch5 - detector outputs for phase 1 through phase 5 respectively (100mV/div), Ch11
- phase 4 current (5A/div), Ch12 is fault current (20A/div). Time scale — 100ms/div.
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Fig. 6-21: Zoomed portion of measured Ph-4 (faulty phase) line current with i,=6A at 500 r/min
under healthy and 2 turn fault.

The change of the PWM ripple current can be appreciated in Fig. 6-21, where
zoomed portion of the ph-4 (faulty phase) is shown under healthy and 2 turn fault at 500

r/min.
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Fig. 6-22 (a) and (b) show the detector output at i, = 6A with 20 turn fault and
rotor speed of 500 r/min and 1000 r/min, respectively. Similar response to 2 turn fault

case with different output levels can be clearly observed.
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Fig. 6-22: Detector output with 20 turn fault in phase-4 with i;=6A at (a) 500 r/min, (b) 1000
r/min. Ch1-Ch5 - detector outputs for phase 1 through phase 5 respectively (200mV/div), Chl1
- phase 4 current (5A/div), Ch12 is fault current (20A/div). Time scale — 100ms/div
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Fig. 6-23: Comparison of measured and predicted detector output at i, =6A, with varying speeds

at (a) 2 turn fault and (b) 20 turn fault

Fig. 6-23(a) compares predicted and measured detector output variations with

speed for 2 turn fault at load current of 6A. A similar comparison is given in Fig. 6-23
(b) for 20 turn fault. It is to be noted that the high frequency admittance was measured
using LCR meter with a very low current excitation (20mA). As load current changes it
is expected that the inductance of the machine will change due to saturation which will

affect the PWM ripple currents. Further, there is also a 4% variation of individual phase
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impedances at 10 kHz as measured using the impedance analyzer. Another effect that
can cause difference is the contactor impedance used to create the turn fault. However,
as previously pointed out the variation are to be expected and can be cancelled out as

explained in the next section.

6.8 Fault Detection

In order to detect turn fault, it is required that the variation of PWM ripple
current under healthy operation with varying speed and loading be accounted for and
removed. This is particularly true in the case of faults with low number of short-
circuited turns, where the increase in the PWM ripple current due to the fault is low. By
way of example, the variation of measured phase-4 detector output (phase with turn
fault) with speed and current under healthy and 2-turn fault operation is shown in Fig.
6-24(a). It can be observed that at higher speed (>600 r/min) there exists a clear
difference between the healthy and fault operation in the detector output, however at
lower speeds there exists some overlap between the healthy and fault cases. As the
speed and load are varied the overall inverter command voltage increases and this
causes an increase in the healthy PWM ripple current, which makes fault detection
using a simple threshold comparison difficult.

Harmonic current under healthy condition is a function of the modulation index
magnitude as given by (6.13)-(6.14) irrespective of the current (iz or i;) or speed. In
order to eliminate the ripple current contribution due to healthy operation of the
machine, a simple algorithm based on linear curve fit is proposed. It can be observed
from Fig. 6-24(b) that the detector output varies almost linearly with the fundamental
modulation index. Detector data from 2 test points corresponding to two different
modulation indexes at two different speeds (300 and 1000 r/min) and current loading
(OA and 6A) under healthy operation as shown in Fig. 6-24 are extracted and a linear fit
is performed using (6.15).

detector, = a,M , + b, (6.15)

The 2 fitted parameters are a; = 0.208V and by = 0.103V. Using the obtained
parameters, calibrated detector output for phase-4 is generated by using (6.16).

calibrated detector = detector— detector, (6.16)
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Fig. 6-24: Variation of measured detector output (ph-4) with load current (0%, 50%, 100%) and
speed plotted with respect to (a) speed, (b) modulation index. Dashed curves refer to healthy
operation and solid lines refer to 2-turn fault condition. Stared points are the selected test points

for detector calibration.

The output of the calibrated detector is shown in Fig. 6-25 for the same current
and speed variation under healthy and 2-turn fault. It can be observed in Fig. 6-25 that

the variation of the detector under healthy operation due to load and speed has been
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effectively cancelled. Slight error does exists however, as can be observed in the healthy
case with i,=0, 3A at higher speed due to use of the simple calibration technique. More
advanced calibration algorithms using neural networks or lookup tables can also be

used, which can result in improved sensitivity and robustness of the detection.
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Fig. 6-25: Variation of calibrated detector output (ph-4) at various loading (0%,50%,100%) with
varying speed. Dashed curves refer to healthy motor operation and solid lines refer to 2-turn

fault condition.

Using a threshold value of 0.02, the calibrated detector output can be employed
to classify healthy or faulted operation as shown in Fig. 6-25. A higher value of detector
threshold will be more robust to detector noise at the expense of low sensitivity at lower
speed and fault currents.

Under ideal conditions, one set of the fitted parameters can be used to calibrate
all the phases. However, due to differences in individual detector channels and machine
asymmetry, the proposed calibration procedure is performed for the other phases as
well, resulting in a total of 10 constants required to perform calibration for all phases. It
is to be noted that only 2 operating point data are needed to completely determine all the
10 constants. Fig. 6-26 shows the comparison of the calibrated detector output (ph-4)
verses calibrated detector output of all phases under healthy condition. It can be seen

that after calibration the detector output under healthy condition with different loading
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and speed is much lower than that of faulted phase (ph-4) detector output under fault
condition.
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Fig. 6-26: Comparison of calibrated detector output of faulted phase (Ph-4) under 2 turn fault

verses calibrated detector output of all phases under healthy condition.
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Fig. 6-27: Variation of all calibrated detector outputs at i,=0A with varying speed under 2 turn
fault. Ph-4 is the faulted phase.

Fig. 6-27 shows the calibrated detector output of all the phases for 2 turn fault

for i,=0A which is the worst case scenario for fault detection due to the low fault
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signature. It can be observed in Fig. 6-27 that by quantifying the maximum of the

detector outputs of all the phases, the faulted phase (ph-4) can be readily identified.
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_OO 1 1 1
SOO 400 600 800 1000 1200 1400
Rotor Speed (r/min)

Fig. 6-28: Variation of all calibrated detector outputs at i,=6A with varying speed under 2 turn
fault. Ph-4 is the faulted phase.

Fig. 6-28 shows the calibrated detector output of all the phases for 2 turn fault
under for i,=6A. It also shows similar trend to Fig. 6-27 and the faulted phase can be
clearly identified.

Similar results were also obtained for the 20 turn fault condition. Fig. 6-29
shows the un-calibrated data obtained under 20 turn fault with (0%, 50%, 100%) current
loading and varying speed. Fig. 6-30 shows the calibrated detector output under 20 turn
fault condition using the same calibration data utilized for the 2 turn case. It can be seen
that calibration reduces the detector output variation under healthy condition and
enables use of simple threshold to achieve detection. Fig. 6-31 shows the calibrated
detector output for all phases under 20 turn fault with i,=6A. It can be observed from
the plot that the faulted phase can be easily identified by quantifying the maximum of
the detector outputs of all the phases.
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Fig. 6-29: Variation of measured detector output (ph-4) with load current (0%, 50%, 100%) and

speed plotted with respect to speed. Dashed curves refer to healthy operation and solid lines

refer to 20-turn fault condition.
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Fig. 6-30: Comparison of calibrated detector output of faulted phase (Ph-4) under 20 turn fault

verses calibrated detector output of all phases under healthy condition.
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Fig. 6-31: Variation of all calibrated detector outputs at i,=6A with varying speed under 20 turn
fault. Ph-4 is the faulted phase.

6.9 PWM Ripple Current under High resistance Connection

The PWM ripple current measurement is not expected to show significant
changes under high resistance connection (HRC). This is due to the fact that the
impedance at PWM frequencies is high and therefore not affected by small changes in
the resistance of the stator. Fig. 6-32 shows the effect of HRC fault on the detector
output. The change due to the fault is very small and in case of i, =2A less than the
healthy detector output at i,=6A. It can therefore be concluded that HRC fault has

minimal effect of PWM based ripple detection and the detection is sensitive only to turn

faults.
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Fig. 6-32: Variation of detector output (Ph-4) to HRC fault (0.662) at various loading (33% and
100%) with varying speed.

6.10 Conclusions

A new technique to detect turn fault using PWM ripple currents has been described in
this chapter. A machine model based on measured high frequency winding parameters
to capture the high frequency behaviour of the winding has been developed. Based on
the analytical simulations, a detector circuit to extract the PWM ripple current has been
designed. Experiments confirm that PWM ripple based method can be used to
successfully detect turn faults in the machine. A simple and effective software
calibration technique has been proposed to cancel the ripple current expected under
healthy operation to obtain a calibrated detector output. Application of simple fault
threshold on the calibrated detector has been shown to be sufficient to determine fault.
By quantifying the maximum of the detector outputs of all the phases, the faulted phase
can be identified.

Compared with the residual current based fault detection proposed in the previous
chapter, the high frequency detection requires additional hardware but has lower
compute demand for detection whereas as although the residual current method requires
no hardware modification it has significant compute requirement. Moreover, the
residual current technique can detect HRC fault whereas HF detection is insensitive to

it. However, the residual current technique requires careful calibration of the machine
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parameters and its back-EMF, whereas the calibration for HF detection is fairly simple
and straightforward. The HF detection method is expected to be more robust to
temperature variation of the motor as can be inferred from its insensitivity to HRC fault
(increase of phase resistance) whereas the residual current technique will require
temperature based parameter compensation to maintain adequate sensitivity to turn
fault.

PWM current ripple based fault detection can be easily incorporated into drives
as an add-on card and connected to controller using analog input channels. Since most
of the high frequency signal processing is done on the card, a low frequency sampling
of the detector output by the controller is sufficient. Test show that the detection can
be performed at low speeds and low currents which are of advantage compared to
fundamental component based methods which have difficulty due to low signal to noise

ratio.
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Chapter

Stationary (abcde) Frame Fault Tolerant
Current Control of Poly-phase PM
Machines under Open-Circuit and Short-
Circuit Faults

The main contribution of this chapter is to present a stationary frame control
strategy to achieve optimal current control for star connected poly-phase permanent
magnet machine under asymmetric phase faults, namely phase-open circuit (OC) and
phase-short circuit (SC) condition. In the previous two chapters different turn fault
detection methods were explored and the detection relied on picking up very small
change between healthy and fault conditions. Due to the high fault current generated in
the shorted turns which leads to high localised heating, fault detection needs to be fast
and reliable. However, due to the small fault signature it is likely that some turn faults
can go undetected and can cause a complete failure of the winding leading to either OC
or SC faults. Such faults will immediately trip conventional drive controls due to loss of
a degree of freedom. Fault tolerant control is the last line of defence in preventing a
complete shutdown of the motor-drive system in case incipient winding faults cannot be
predicted or detected leading to a complete winding failure in form of OC or SC fault.
Current regulation under these faults is particularly challenging because optimal torque
control strategy generates non-sinusoidal current references with unbalance in both
fundamental and higher order working harmonics, to achieve minimal copper losses and
torque ripple under fault condition. Under field weakening operation, voltage limit
introduces additional control problems. This chapter describes a solution for the control
issues by employing a novel controller in stationary frame. This control strategy allows

minimal reconfiguration of the control structure from healthy to post-fault operation.
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Extensive simulation and experimental results are presented as validation for the
proposed strategy.
Major contents of this chapter were published by author in [128].

7.1 Motivation

Fault tolerant controls are increasingly becoming important in improving
reliability and safety of electric drives specially in aerospace and automotive sectors [4],
[129]. Several surveys on reliability of industrial motors conducted by Electric Power
Research Institute (EPRI) [7] and IEEE [8]-[11] concluded that stator winding failures
accounts for about 21-37% of faults in electrical machines. Operation under fault
condition commonly known as “limp-home” mode [39] is essential for providing high
degree of availability, and reliability demanded in safety critical application like electric
vehicles. To further improve fault handling capability, multi-phase machines have been
proposed in [4], [112] due to more degrees of freedom available for control compared to
conventional 3-phase machines.

However, under fault condition the symmetry of the machine is lost. Most
conventional controllers based on synchronous dg frame, are not suitable for control
under fault conditions. Most of the work presented in literature so far, focus on
modification of the conventional controller to achieve control under fault. However,
most of the work reported so far are only focussed on operation below base speed and
have been tested at only a few operating speeds. The effect of changing speed and
operation close to voltage limit of the inverter or healthy to fault transitioning has

received little attention in the literature so far.

7.2 Literature Review

The issues associated with fault tolerant operation in permanent magnet
machines can be divided into two major tasks.

The first task is to generate appropriate current references which produce
minimum torque ripple and minimum losses under fault conditions. In [130]—[133], zero
torque ripple under open circuit fault was achieved by adjusting phase current angles to

produce forward rotating stator magneto-motive force (MMF). However this method is
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applicable when rotor flux is purely sinusoidal and does not lead to minimum copper
loss. The performance deteriorates further in practical PM machines which have higher
order harmonics in Back-EMF [118]. In [134]-[136] current references was optimized
for maximum torque based on offline calculations accounting for third harmonic in
back-EMF for a 5-phase machine with different winding configurations under open
circuit (OC) fault. In [137]-[141] an online optimal current reference generation
technique was presented for phase short circuit (SC) and OC faults which minimized the
overall stator copper losses. However operation under field weakening mode was not
addressed in both the online and offline methods. Optimal torque control (OTC)
proposed in [113] obtained minimum stator copper loss with online computation of the
current references under both OC and SC faults. Furthermore with application of a
weighting factor on the flux linkage, the OTC could be used in field weakening regime.
However this method was only applied to 5-phase machine with each phase driven
individually by H-bridge converters. Modifying the current references such that OTC
can be applied to star connected machines can extend the applicability of the technique
to a larger class of machines.

The second task is the tracking control of the generated current references.
Tracking the current references obtained through the OTC or other current reference
generation techniques is quite challenging. This is because under fault conditions, the
machine loses its symmetry and the standard synchronous frame based current control is
no longer effective due to presence of time varying components. This is particularly
problematic in the OTC since the current references generated by the OTC algorithm
are typically unbalanced and have higher order harmonics [113]. Hysteresis current
controller is typically employed for fault tolerant current controls [113], [130]-[133],
[135]-[139]. However, this result in variable switching frequency which increase
switching loss and electromagnetic interference (EMI) emission and therefore current
control with fixed switching frequency PWM is preferred [142]. In [142], [143] a
synchronous frame current control technique based on modified clarke transformation
was proposed for pulse width modulated (PWM) drives under OC fault. However,
higher order harmonics in back-EMF was ignored in torque computation and operation
under phase short circuit (SC) fault, field weakening as well as transition of control

from healthy to fault were not addressed. In [144] post fault control of 6-phase
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induction machine was presented for low speed operation using additional negative

sequence controllers under OC fault operation. In the various control methods proposed

in literature, a general control technique for tracking current references which are
unbalanced and contains higher order harmonics under inverter voltage limit has not
been addressed.

One solution to tracking time varying signals is proportional resonant (PR)
controllers [145]-[147] which have been employed for applications in active harmonic
filtering in grid applications. However they are optimized to operate around a fixed
fundamental frequency since the grid fundamental frequency varies only slightly. In
variable speed drives, however, the fundamental frequency of motor currents is speed
dependent. Analysis of transient response of resonant controller for variable speed drive
application was performed in [148] only for a narrow range of frequency (30-50Hz).
However fundamental frequencies vary over a wide range especially in multi-pole PM
drives. In addition the standard PR controllers are not suitable for operation near the
inverter modulation limit due to their inherently high open loop gain, which may cause
stability problem under voltage saturation [149]. To improve performance under voltage
saturation, an anti-windup scheme was proposed in [149] for the PR controller, albeit
only operation under single excitation frequency was demonstrated. In [150] an
alternative control strategy was proposed to solve the anti-windup problem for operation
under fixed fundamental frequency.

This chapter is concerned with control of a fault tolerant PM machine under OC
or SC fault with a unified control strategy which allows for smooth transition between
healthy and fault modes of operation. It contributes to the body of knowledge in the
following aspects:

1. Extension of the OTC reference generation for star connected PM machine.

2. A new stationary frame resonant current controller structure operating with fixed
PWM switching frequency, which is capable of tracking time varying current
references with multiple frequency components which vary with drive speed, and
capable of stable operation near inverter voltage limit.

3. Voltage injection technique under fault condition to increase modulation range and

DC link voltage utilization in conjunction with the proposed resonant control.
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4. Field weakening algorithm based on a search algorithm for operation under healthy

and fault operation in conjunction with the proposed resonant control.

7.3 Optimal Current Reference Generation

In order to obtain optimal currents under fault condition, the demand torque
should be met and the ohmic losses should be minimized [151]. This is because
windings are limited in their heat dissipation capacity and injecting more current to
obtain pre-fault torque level will lead to overheating of the winding possibly leading to
further failure. However, minimizing ohmic losses does not result in optimal currents
under field weakening condition, since inverter output voltage is limited by the DC link
voltage and the drive will not be able to realize the reference currents due to control
saturation. Hence a cost function which minimizes both currents and voltage is needed.
This can be achieved using the optimal torque control, wherein for a given torque
demand T, the phase current references of an m-phase SPM machine can be obtained
by minimizing a cost function given by (7.1),

f=2(Lij+ kg FA;) (7.1)

j=1
where, L is the phase inductance, kz; is a dimensionless weighting factor
representing the degree of field weakening and i; and /; are the 7™ phase current and flux
linkage respectively. F; is a binary parameter, which denotes whether the phase is

healthy (=1) or faulty (=0) and is defined by (7.2), where [ is the faulted phase.
F.— 1;j#1 .
7o )=1 72
The flux linkage, 4;, and the instantaneous torque, 7; of 7™ phase can be
expressed by (7.3),
A=, cos(8—(j—1)27/m)+%¥,;cos(3(6—(j—1)27/m))
dA, (7.3)
ARt
where, W,; and W3 denotes the first and third harmonic magnitude of magnet
flux-linkage respectively and p is the number of pole pairs. The currents references have

to satisfy the torque demand constraint given by (7.4),

227



7. Stationary Frame Fault Tolerant Control of PM Machines

T, =2 Fa;(0)i; (7.4)

For the case of a short-circuit fault in phase /, the pulsating torque 7}, given by
(7.5),
0, Open circuit fault
T, = . o (7.5)
a,(0)i;, Short circuit fault
Since the phase windings of the fault tolerant machine considered are star

connected, Kirchhoff current law for the healthy phases given by (7.6), needs to be

considered in the overall minimization, i.e.,
m
0= le F; (7.6)
j=1

The objective function of the constrained optimization problem can be obtained
by applying the method of Lagrange multipliers expressed by (7.7), where ¥ and ) are
the Lagrange multipliers.

m ) 2 m . m .
j=1 j=1 j=1

The instantaneous current in phase j can then be derived by minimizing the
objective function and is given by (7.8),

dA :

dlj

(7.8) can be re-arranged to obtain the current reference value given in (7.9).

v, F.+yF.a. -2k, F.A.L

j =t 1;112 fid” % (7.9)

As can be observed from (7.9) the current reference is dependent on the

undetermined Lagrange multipliers. In order to obtain the expression for the Lagrange

multipliers, (7.9) is substituted back into constraint equations (7.4) and (7.6) to obtain
(7.10)-(7.11).

0=Di;F; =~ Fi+n) Fa;~2kp LY Fid; =0 (7.10)
J=1 j=1 j=1 j=1
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Q:Zﬂ%wm
’_lm . . (7.11)
j=1 j=1

j=1
It is to be noted that F; being a binary value, the square of F; is equal to the
original value. (7.10) and (7.11) are linear equations in terms of % and % and can be

solved to obtain the expression for the Lagrange multipliers as given by (7.12) and

(7.13).

(%ZE%_%WLZE%J
e —— (7.12)

20(T, —T,)Y Fj+2kp, L

: -2 F; J(ZFJ'aJ} (7.13)

J=1 J=1

For the purpose of simulation and experimental validation a 5-phase fault
tolerant PM machine shown in Fig. 3-1 is considered and its specification and
parameters are given in Table 7-1. It is to be noted that this machine topology has

negligible mutual inductance between phases [15].

Fig. 7-1: Five phase fault tolerant SPM machine
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Table 7-1: Specification of the Prototype Five-Phase Fault-Tolerant PM Machine

Parameter Value Parameter Value
Maximum speed 3000 r/min Phase Resistance 380mQ
Rated Torque 1.86Nm Phase inductance 2.8mH
Rated RMS 6.5M2A Cable Resistance/phase 380mQ2
Number of phases 5 DC link voltage 50V

Fundamental flux linkage

Number of pole-pairs 6 ) 19.1mVs
magnitude (W,,;)

Switching/Sampling Third harmonic flux linkage
10kHz _ 416uVs
frequency magnitude (W,,3)

Using (7.9) along with (7.12)-(7.13) current references can be generated online.
Fig. 7-2 shows the current references and their spectrums generated from the optimal
current control technique with 7; = 0.7Nm, and kg, =0.7 when phase 1 (i.e. phase A) is

open-circuited.

<
T
o
5
O ‘
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Fig. 7-2: Optimal torque control with open circuit fault in Phase-A with 7, = 0.7Nm and kg,

=(0.7, (a) instantaneous currents, (b) FFT

It can be clearly seen that the currents have 1*, 3" and 5™ harmonic although the
5™ harmonic is quite small. This is expected since back-EMF of the machine contains
only 1% and 3™ harmonic components, the interaction of the same frequency
components contribute to average torque. By minimizing the ohmic losses, even order
harmonics will not be present since it does not contribute to average torque. It can also
be seen from the FFT plots that the fundamental and third harmonic components in each
phase are different. Current references for a phase SC fault exhibit the similar features

to those of the OC fault. The next section elaborates the controller design.

7.4 Discrete-Time Plant Model

Fig. 7-3 shows one phase representation of a PM machine fed by a PWM
modulator. The continuous time model of the plant (PM machine) can be represented by
(7.14). Since the PWM modulator holds the modulation command value constant for 1
sample time, it is represented by a sampler followed by a zero-order hold. The DSP
controller introduces a 1 sample delay due to computation time required for
calculations. The discrete time model of the plant (G,,) with the ZOH and delay can be
obtained as shown in (7.15) [150].
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Computation ~ Modulator PM machine ADC
delay Hold Sampling

_______________________________________________________________________________

—s| 7! 3] zoHk

R+sL

1
G (s)= .
L (5) N (7.14)
_ G (s
sz(Z)‘;(l‘ 1)%{ ps( )}
. (7.15)
_rii=et
ZRz—e_TS/TP, P R

7.5 Current Control

Traditionally current control in PM drives is performed in synchronous
reference frame [152], in order to convert sinusoidal current references which are time
varying into direct current (DC) references. This control structure is effective only if a
machine operates in symmetrical or balanced conditions. However, the balanced
condition is no longer true when a fault occurs. Although many authors have proposed
modified control structure in synchronous reference in order to maintain operation
under fault condition [142]-[144], [153], most of the methods are focused on the open
circuit fault, assuming current and back-EMF to be single frequency and operating in
the constant torque region.

To track the reference currents generated by the OTC, current control in the
natural stationary frame (abcde) is proposed. The benefit of the tracking control in the
natural stationary frame is that the controller structure remains the same in healthy and
fault conditions, except for turning off the controls for a faulted phase. In doing so, the
controllers in the other healthy phases are not affected. Secondly, under field weakening
operation, voltage saturation can be dealt with individually for each phase rather than
combined in the form of space vectors. However, the drawback of this method is that
the control references are no longer constant quantities but is time varying with higher

order harmonics which make the controller design more challenging.
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One of the effective methods for tracking periodic time-varying currents in
stationary reference frame is proportional resonant control and its variants [145]—-[147],
[154]. For tracking multiple frequencies references a number of resonant controllers are
usually employed in parallel. Since the resonant poles are located at frequencies of
interest, steady state tracking is guaranteed. However, one of the limitations of the
proportional-resonant control is that the location of its open-loop zeroes is not placed
directly. This can be appreciated using an example of single proportional resonant
controller in (7.16).

S
H(S):KP+K112—

5T+’
s2+2(K,1/(20)1Kp))a)1s+a)12
s*+ o

(7.16)

:Kp

It can be seen that the order of the numerator is the same as that of the
denominator. However there is only one degree of freedom (damping coefficient) which
can be specified by gain selection for K, and K;; whereas the natural resonant frequency
in the numerator has to equal the frequency m; of the tracking reference. Moreover the
location of the zeros can change as more resonant controllers are added in parallel to
track references with more than one frequency components. It is well known that open-
loop zeroes affect the transient performance [155], therefore although the above
structure will enable zero steady state tracking error, the control system performance
may be limited by the inability to place the zeroes optimally [150].

The restriction on open loop zeros can be solved by employing an alternate
control law given in (7.17).

H(s)=K. []

2 2
n=L3,...,n s +a)pn

S +28,@,5+@,°

n-——zn

(7.17)

where, ®,, &, 1s the resonant frequency and damping factor of the n® complex
zero respectively and wp, is the resonant frequency of the n" complex pole,
corresponding to the desired frequency component to be tracked by the controller. This
controller enables independent selection of locations of its resonant poles and zeroes.

Resonant controllers are prone to discretization issues when transforming from s

domain to z-domain for purposes of real-time implementation [156]. It is therefore
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preferable to design the controller in z-domain, to avoid performance deterioration
introduced by discretization [150]. The control law given by (7.17) can be discretized
using matched-z transformation to maintain the location of poles and zeros. The
resonant controllers may also have stability problem when the delay introduced by
digital sampling is significant with respect to the fundamental frequency [156], [157]. In
order ensure control stability at high fundamental frequencies, a predictive
compensation technique is used [150], resulting in the final controller structure given by

(7.18)-(7.19) and shown in Fig. 7-4.

2
—da +a

H(z)=K.,— Lt P (7.18)

Z+ P n=13,..,n < _2zcosa)pnr€ +1

aln = 260_ COS(vZnTS)

20
a =e
2 (7.19)
o= _fnwznrs‘

2
V=00, 1- é:n
where, a;, and a, are the controller coefficients corresponding to the n™
complex zero and Ty is the sampling time, assumed to be 100us in this study. Further, n

is limited to 3, in this study, implying only 1*" and 3™ harmonic of the current reference

is actively controlled.

Computation

delay and
Controller __Medulator | iMimaching
i H(z) 1 |s[zon | L
> >
" R+sL
ZOH je—
ADC Sampling

Fig. 7-4: Controller Structure

Due to speed, hence frequency variations, it is necessary to tune the controller

over a wide speed operating range. This is particularly challenging since it implies that,
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as the resonant poles move with operating speed of the machine, the closed-loop poles
and zeroes, and the open-loop resonant poles of the system will move with the system
frequencies. Therefore, the open-loop zeroes have to be modified as a function of
system frequencies in order to achieve acceptable control performance. From the
previous section it is known that for 5-phase machine to take an example, at least two
current harmonics needs to be controlled, namely the fundamental and the third
harmonic.

In order to keep the complexity of the controls to minimum, the poles and zeroes
of the system are scaled as a linear function with respect to the system fundamental
electrical frequency, f, expressed by (7.20).

@, =27f 0, =327 f

wzl = a)zlc + kzla)f

§ =G tkef

a)z?a = wz3c' + kz3a)f

63 =G thyef
Pi=Ditk,f

(7.20)

where, (@i, k;1,), and (@3, k;3,), are constant intercepts and frequency scaling
coefficients of the resonant frequencies of the complex zeroes (w;;, @.3), respectively.
(&1es ki) and (&, k3p) are the constants and frequency scaling coefficients for the
damping factor of the 1% and 34 complex zero, respectively. (p;., k) are the constant
and frequency scaling coefficients for the real pole p;. The 11 tunable parameters of the
system are selected through an optimization process to minimize the integral-square-

error (ISE) as given in (7.21) [158].
CZZI(y(t)—u(t))zdt (7.21)
f

where y(t) and u(t) denoted the output and input (reference) of the closed-loop
system at system frequency f. The objective function, C is the sum of the ISE errors
over the target system frequency range [30Hz-300Hz], corresponding to speed range of
[300 r/min — 3000 r/min]. Operation below 30 Hz can simply be achieved using only
proportional gain since the gain bandwidth product will be sufficient to obtain desirable
current tracking. The optimization is performed using patternsearch function in the

global optimization toolbox in Matlab [79].
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Some constraints need to be imposed during optimization in order to reduce
computation time and avoid searching unfeasible controller parameters. Since the
controller is not actively tracking 5™ harmonic while the OTC algorithm does generate a
small 5™ harmonic in the reference, the closed-loop transfer function should have a gain
of 0dB or less at 5™ harmonic frequency to ensure that the 5" harmonic will not be

amplified under healthy conditions, and it can be expressed as (7.22).
20log(|CLTF|, ,, ) <0 (7122)

The closed loop transfer function should have a low peak gain such that in
events of speed change, the delay in speed measurement will not lead to excessive

overshoots. This condition can be expressed in (7.23).

max (20log (|CLTF|)) <1.8 (7.23)

The maximum value of controller proportional gain is a tradeoff between
transient response and noise sensitivity, and is limited to 16 in order to limit the open
loop bandwidth to about f¢/10. To constrain the optimization search, the maximum
frequency of zeroes is restricted to 6 times the system angular frequency. The search
constraints for parameters are given in (7.24) and the results of the optimal design are

summarized in Table 7-2.

1<K_<I16
00lw, £w,, <6W
¢ AT (7.24)
0< .fl <4
0.0lw, < w5 <60,
0< .f3 <4
Table 7-2: Optimised Controller Parameters
Parameter Value Parameter Value
K. 16.00 W3¢ -14.84
wz]c 21311 kz_gw 1442
k.10 2.835 Ee 0
Ere 0.9633 ke 0
k]f ‘3.26'3 plc 072
Ky 6.02e-4
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It can be observed from the optimized controller parameters that both k3 and &3,
is zero and therefore damping ratio £; need not be computed online but simply set to 0.
Fig. 7-5 show the bode plot of the open-loop transfer function (OLTF) for two rotor
speeds. It can be observed that for the plot associated with each speed there are two
resonant poles corresponding to 1* and 3™ harmonic. In the lower speed regime only
one zero with low damping corresponding to w3, can be observed, whereas in the high
speed operation both zeroes exhibit low damping as expected from the damping factor
frequency scaling coefficients (S, kje). It 1s worth mentioning that the developed
current controller will also work with other methods of current reference generation.

100

— 300 r/min
""" 3000 r/mi

(o)
(=)

OLTF(dB)

-50

Frequency(Hz)

Fig. 7-5: Open loop transfer function magnitude plots at 300 r/min and 3000 r/min.

Fig. 7-6 shows the controller tracking response at 300 r/min and 3000 r/min. It can be
observed that the controller is able to track the references within 1.2 electrical cycle. In
order to quantify this further, theoretical settling time of the controller at various
operating speed of the machine is shown in Fig. 7-7. The average settling time of the
controller is less than 1.2 electrical cycles. It should be pointed out that it is possible to
tune resonant controller(s) for a fast settling time of less than a quarter cycle of a
reference with fixed frequency as reported in [150]. However, this is not the case if the
frequency of a reference varies unless the proportional gain is increased to a high value

which would compromise noise rejection property.
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Fig. 7-6: Controller closed loop response at (a) 300 r/min and (b) 3000 r/min
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Fig. 7-8: Variation of closed loop poles and zeros with changing plant parameters. Blue — 1x ,

Red - 0.5x, magenta — 2x times nominal resistance and inductance.

Fig. 7-8 shows the variations of closed loop poles when the motor parameters
are varied from 0.5 to 2 times their nominal values. It can be seen that although the
poles/zeroes are shifted from those designed with the motor nominal parameters, they
are within the unit circle and hence the system is robust even with 4 times variations in
parameters.

Resonant controllers due to its inherently high gain at the resonant frequency,
can quickly windup when operating close to voltage limit. In [149] anti windup
techniques for resonant controllers was investigated. One of the techniques proposed
was to increase damping coefficient in the resonant controller to reduce the gain,
however the authors noted this can have an adverse effect on the tracking performance
of the control An anti-winding up protection similar to that reported in [150], [155]
shown in Fig. 7-9. It can be shown that under linear condition (no saturation) the closed
loop transfer function of the inner controller feedback loop is equal to H(z) as given by
(7.23). Since the term in the forward path of the controller is only a proportional gain
and all the states of the controller (present in the feedback path) are driven only by the

actual (saturated) values, windup does not occur [155].
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Fig. 7-9: Controller structure with anti-windup

7.6 Zero Sequence Voltage Injection

By employing the proposed resonant controller, the current in each phase is
controlled separately. The PWM signals for each inverter leg are also generated
separately from the controller output voltage for each phase. To boost inverter output
voltages, zero sequence voltage is injected into the modulator inputs [159], as shown in
Fig. 7-10.

+Vy /2

To modulator
—

fatlvs rnaxd}/2

sy of min{}/2

Fig. 7-10: Zero sequence voltage injection block
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Fig. 7-11: Modulation index with and without voltage injection

The injection of the zero sequence voltage reduces the peak voltage command to
the modulator without affecting the line-to-line voltage. By way of example, Fig. 7-11
compares sinusoidal modulation index command (M;) in healthy conditions with the
output of the voltage injection block. It can be seen that the output (M;*) is lower in
magnitude than (M;) and this can improve the torque speed characteristic especially in

the field weakening region.

7.7 Torque Speed Characteristics

Fig. 7-12 compares the torque speed characteristics of the 5-phase PM machine
under healthy and fault conditions with and without the zero sequence voltage injection.
They are obtained by application of the OTC algorithm to generate phase current
references under the voltage and current limits (7.26) and using (7.27) for voltage
calculation, assuming that tracking of these references are perfect. The weight factor for
field weakening at a given speed is obtained by a search algorithm to maximize the
torque under the voltage and current constraints. It can be observed that with the zero
sequence voltage injection, torque capability of the drive can be improved by around
9.18% in healthy case, around 22% in OC fault case, and around 30.8% in SC fault case
at a speed of 1800 r/min.
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max (V~ (t)) < @

’ 2 (7.26)
max (RMS (1;)) < I,y o
di; (1)
Vi(t)=Ri;(t)+L ;,t +E; (1) =V, (1) -
Vi (1)= O.S(max(...,VJ-,...) + min(...,VJ-,...)) Vj#l

Fig. 7-13 shows the final controller structure including voltage injection block,

where V; unsa 18 the output of the jth phase proportional gain controller K...
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Fig. 7-12: Torque speed characteristic under healthy (h), single phase open circuit (OC) and

single phase short circuit (SC) with (w inj) and without voltage injection.
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Fig. 7-13: Final controller structure including voltage injection
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7.8 Field Weakening

Field weakening can be performed in the optimal torque control scheme by
changing the field weakening constant kg, The effect of changing ky, in (7.1), leads to
an increase in the current at the same torque set point so that the overall flux in the
machine is reduced.

In [113] it was proposed that torque error be utilized for determining amount of
field weakening. This was performed since the control in [113] utilized hysteresis
current controller and it is not possible to determine command voltages generated by the
modulator. However traditional field weakening control for PM machines utilizes
voltage command to determine field weakening [160]. Fig. 7-14 shows the simulation
result of varying kg, on peak current and voltages, at a fixed load torque 7,=0.71Nm,
and speed of 2000 r/min. It can be observed that as kg, is varied peak current increases
monotonically, however peak voltage first decreases and then increases. Therefore, a
key requirement for the kg, -update algorithm is to reduce the peak voltage and this is
achieved using perturb and observe (P&O) algorithm. This is quite different from the
traditional field weakening algorithm in healthy machines due to the unbalanced
currents demanded by the OTC in fault condition. In this method the sign of the last
perturbation, i.e., change of kg4, and the sign of the last peak voltage change, is used to
determine the direction of next change in value of k. If the peak voltage demand is less
than Vq./2, kgq 1s reduced in order to reduce current demand and thereby reducing the
copper losses. Due to the non-sinusoidal currents generated by the OTC under fault
condition, voltage waveforms are also non-sinusoidal. Hence, peak voltage (Vi) cannot
be determined apriori, therefore is measured every electrical cycle by the controller. The
field weakening algorithm is detailed in a flowchart shown in Fig. 7-15, where Vy, is a
threshold voltage used to reduce the effect of voltage noise on the algorithm. Vy, is set at
1V in experiments. The algorithm is evaluated every 4 electrical cycles denoted by ¢ in
order to allow the controller to settle after change in kg, Although this field weakening
controller will have a slower response compared to conventional field weakening
control in healthy machines, it should be appreciated that under fault condition the
conventional field weakening controller cannot be used due to presence of unbalance

and harmonic voltages.
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Fig. 7-14: Effect of varying field weakening coefficient on voltage (7, = 0.71Nm at 2000 r/min)
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Fig. 7-15: ky, -update algorithm
7.9 Experimental Validations

To validate the developed fault tolerant control strategy, a 5 phase PM machine
fed by 5 phase custom inverter described in chapter 5 is utilised. It is to be noted
though, that the controller described in Appendix is not used here, the proposed

controller described in this chapter is used instead. Fig. 7-16 shows the simplified

schematic of the fault setup.
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Fig. 7-16: Simplified schematic of the test setup

To validate the design, first steady state torque-speed characteristics are
obtained, by sweeping the 7, and kz; command until maximum torque is obtained
without violating the voltage or current limit. Fig. 7-17 shows the predicted and
measured torque-speed characteristics and variation of ky; with speed. The reduction in
the measured torque is expected and is attributed to voltage drop in the devices,
controller tracking error, and to variation in back-EMFs over a mechanical cycle due to
tolerance on magnet properties and dimensions. Fig. 7-18 and Fig. 7-19 show similar

comparisons for the OC and SC fault in phase 1, respectively.
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Fig. 7-17: (a) Torque-speed and (b) kgg-speed plots for healthy operation
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Fig. 7-19: (a) Torque-speed and (b) kg, -speed plots for single phase short operation

To test the transient response of the current controller, step loading of 1Nm
(53% nominal load) is performed at 600 r/min and 2000 r/min under healthy condition
as shown in Fig. 7-20. The controller settles within 1.5 electrical cycles. Due to

limitations of number of oscilloscope channels only 4 currents waveforms are shown.
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Fig. 7-20: Current responses to step change in torque demand of 1 Nm under healthy operation
(a) at 0.023s with k4, =0 at 600 r/min (60Hz) and (b) at 0.0287s with kg, = 0.3 at 2000 r/min
(200Hz).

To test the performance of the controller during transition from healthy to fault
operating mode, an OC phase fault is initiated in phase-1 by opening phase-1 contactor

at 0.03s at 600 r/min and 0.024s at 1200 r/min. The resultant current waveforms are
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shown in Fig. 7-21. It can be observed that the controller tracks new references within

1.5 electrical cycles.

Current(A)

8
0.

Time(s)

Current(A)

0.04

Fig. 7-21: Current responses to transition from Healthy to phase-1 OC (a) at 0.03s with
T,=1.2Nm at 600 r/min (60Hz) (b) at 0.024s with T,=1Nm at 1200 r/min (120Hz).
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Fig. 7-22: Current responses to torque step change under phase-1 OC at (a) T, =0 to INm at
0.027s with k=0 at 600 r/min (b) 7,=0 to 0.6Nm at 0.023s with kg, =0.45 at 2000 r/min

Torque step responses under the OC are tested at 600 r/min and 2000 r/min and
the results are shown in Fig. 7-22. It can be observed that the current settles in less than
1.5 electrical cycles. Similar tests are performed under the SC fault in phase-1 at 600
r/min and 2000 r/min and the current waveforms are shown in Fig. 7-23. It is to be

noted that under the SC condition current references are not 0 even with kg4 =0 (no field

251



7. Stationary Frame Fault Tolerant Control of PM Machines

weakening). This is expected since the OTC generates current references to cancel out
the pulsating torque due to phase-1 SC. It is also worth mentioning that the speed
regulation of the dynamometer used in the test-setup is not ideal and a step load change
also causes a speed deviation of approximately 80 r/min which causes slightly sluggish

response compared to simulation.
8

6

Current(A)

_6 1 1 1 1
0.02 0.022 0.024 0.026 0.028 0.
Time(s)

(b)
Fig. 7-23: Current responses to torque step change under phase-1 SC (a) 7,=0 to 0.8Nm at
0.025s with ky, =0 at 600 r/min (b) 7,=0 to 0.45Nm at 0.0278s with kg, =0.45 at 2000 r/min. I, is

the short circuit current flowing in phase-1.
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Fig. 7-24 shows the response of field weakening controller at 2200 r/min with a
torque step from 0.2Nm to 0.5Nm. The peak voltage error is the difference between the
maximum peak voltage demand and the maximum inverter phase voltage Vdc/2. It can
be seen from the plot that the current tracking error is minimal after 0.2 sec. It is to be
noted that the torque step causes the speed of the machine to change and this results is

the variation of kg, to continue after 0.2 sec.

15

-==-Peak Voltage Error (V)
— Current Error (Ph-3) (A)

Reference

Fig. 7-24: Responses of voltage error, current tracking error and the field weakening factor to

torque step change from 0.2Nm to 0.5Nm under phase-1 OC at 2200 r/min.

The effect of the OTC on torque ripple reduction can be appreciated in measured

torque in SC condition at T; =0 as shown in Fig. 7-25. It proves the efficacy of the OTC

in achieving ripple torque reduction.
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Fig. 7-25: Current and torque waveforms under SC (phase -1) at 600 r/min (a) without OTC
control (b) with OTC (7,=0). Scale: I;: SA/div, I,: 5A/div, I;: 5A/div, Torque: 1Nm/div. I, is the

short circuit current flowing in phase-1
7.10 Conclusions

This chapter has described and validated a novel current controller in natural
stationary frame for fault tolerant operation of poly-phase machines. The unique
contribution of the work described in this chapter is a resonant control structure which
allows pole-zero placements adapted to variable speed operations. It also incorporates

zero sequence voltage injection and a suitable field weakening control to increase torque
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and speed operating range of a fault tolerant permanent magnet machine drive. It has
been shown that the proposed control is capable of tracking unbalanced and non-
sinusoidal current references over a wide speed range, including field weakening. The
proposed control operates under both healthy and fault conditions with minimum
reconfiguration. The methods presented in this chapter provide new insights into the

design of stationary frame resonant controls for variable speed drives.
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Chapter

Conclusions and Future Work

8.1 Conclusions

The increasing application of permanent magnet machines in safety critical
applications like electric vehicles and aircraft fuel pump systems necessitates research
into reliable fault modelling, diagnostics and fault tolerant controls. This thesis has
investigated and contributed to the existing body of knowledge in the areas of stator
winding fault modelling, detection and fault mitigation techniques. The main

contributions of the research are summarised as follows:

1. Analytical Modelling of Stator Turn Fault in Surface Permanent Magnet

Machines

Stator inter-turn faults create a large circulating current in the faulted turns and
can cause complete failure of the windings. An analytical method of calculating the
parameters of a surface mounted permanent magnet (SPM) machine under stator turn
fault has been presented. The model predicts the fault inductances and fault current to
within a maximum error of 8% compared to FE simulations. The developed modelling
technique is general and can be applied to any winding configuration SPM machine.
The model can be utilised in analysing fault behaviour and development of fault

detection techniques.

2. Transient Modelling of Interior Permanent Magnet Machine with Stator

Turn Fault

Modelling stator turn fault in interior permanent magnet (IPM) machines is a

difficult problem since the machine has a non-linear magnetic behaviour even under
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healthy conditions. Under fault condition accurately capturing the non-linear behaviour
is quite challenging. One approach proposed in this thesis is the use of extensive FE
simulations with turn fault to obtain a current to flux linkage map. Once this non-
linearity map of the machine has been determined it is combined with the voltage
equation of a faulted machine to obtain the transient model of the machine under fault.
In order to reduce the number of FE computations for skewed rotors an analytical
approach is proposed and investigated which enable the use of only one rotor slice FE
simulations to calculate the current-flux linkage mapping for the entire rotor. Thus it
leads to the reduction of number of FE cases for an n-stepped rotor by a factor of n. It is
shown through simulation and experiments that the model established with the proposed
method is accurate and computationally efficient, and is able to capture the harmonics in
the fault current and the dg current in sufficient detail. The proposed modelling
technique can also be used for modelling stator turn faults in other electrical machines
including surface PM machines, switched reluctance machines, switched flux machines
and wound field synchronous machines. The proposed model provides an effective tool
for assessing inter-turn short-circuit fault behaviour and for evaluation of associated

fault detection techniques and mitigation strategies.

3. Semi-Analytical Model of IPM Machine with Stator Turn Fault

Stator turn fault modelling using direct FE based extraction of current-flux
mapping although more accurate, require a lot of computation time to evaluate all the
FE cases. Therefore there exists a need for a quick method of simulating an IPM
machine with turn fault without extensive FE simulation. A semi-analytical modelling
approach is presented in this thesis to obtain a representative model of the machine
under fault using only the average current-to-flux linkage map. Therefore, the model
enable drive engineers to develop a representative fault model with only limited healthy
machine data already available to them for control of the machine. Experimental
validations show that the model is accurate and the prediction error of fault current is

around 12%.
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4. Online Stator Fault Detection Using Residual Currents

Stator turn fault detection requires quick and robust detection to enable the
application of fault mitigation techniques. The easiest technique is to use the controller
data like command voltages and feedback currents to determine the presence of a fault.
In this thesis, a combined fault detection scheme based on model based approach for
inter-turn fault and high resistance connection is investigated. A thorough theoretical
basis of the detection method is presented supported by real-time implementation of the
fault detector. The method is shown to be able to reject disturbances due to load and
speed changes and can distinguish the faulted winding from other healthy windings of
the machine. In addition it is able to classify the fault as an inter-turn fault or a high
resistance connection. Extensive experimental testing has been performed of a 5-phase

machine to prove the efficacy of this method.

5. Online Stator Turn Fault Detection Using PWM Ripple Current

Measurement

A new technique to detect turn fault using the ripple current generated by the
PWM inverter has been presented in this thesis. It has been shown that under turn fault
condition, the high frequency impedance of the winding decreases and thus causes an
increase in the ripple current. A simulation modelling technique has been developed to
model the fault using measured winding impedance under healthy and fault condition.
Based on the simulations, a detector circuit to extract the PWM ripple current has been
designed. Experiments confirm that PWM ripple based method can be used to
successfully detect turn faults in the machine. A simple and effective software
calibration technique has been proposed to cancel the ripple current expected under
healthy operation to obtain a calibrated detector output. Application of simple fault
threshold on the calibrated detector has been shown to be sufficient to determine fault.
By quantifying the maximum of the detector outputs of all the phases, the faulted phase

can be identified.
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6. Optimal Current Control of Poly-phase PM Machines under Open-Circuit
and Short-Circuit Faults

Open circuit and short circuit failure are two types of common winding failures
in an electrical machine. In multi-phase machines due to higher degrees of control
freedom, it is possible to control the machine under these faults, albeit with a reduced
torque-speed envelope. In this thesis a method of generating optimal currents which
minimize copper losses under healthy and fault condition for star connected 5-phase
machine has been investigated. It has been shown that optimal torque control (OTC)
algorithm generates current commands which are unbalanced both in fundamental and
third harmonic frequencies. A novel stationary frame resonant current controller is
proposed to track the current commands generated by the OTC. The benefit of the
proposed stationary frame control is that the controller structure remains same in
healthy and fault conditions, except for turning off the individual controller of the
faulted phase. In doing so, the controllers in the other healthy phases are not affected.
Secondly, under field weakening condition, voltage saturation can be dealt with
individually for each phase rather than combined in the form of space vectors, thus
simplifying the control structure. It has been shown that the proposed control structure
can track the current references over wide frequency ranges and is stable under voltage
saturation. Zero sequence voltage injection and a field weakening control is proposed to
increase the operating torque and speed range of a fault tolerant permanent magnet
machine drive. The proposed control structure is validated experimentally under both
healthy and fault conditions. The method presented in this thesis is expected to provide
new insights into the design of stationary frame resonant controls for variable speed

drives.

8.2 Future Work

Although several novel techniques were presented in this thesis, further research

is required to improve their performance and robustness as summarised below.
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1. Analytical Modelling of Stator Turn Fault in Surface Permanent Magnet

Machines

Although this thesis presents a generalised analytical modelling of turn fault for
SPM machine, it was shown that the simplified calculation of leakage inductance is not
very accurate for non-overlapped windings. This is the main reason for the 8% error in
the prediction by the developed model verses FE simulations. This error stems from the
assumption of parallel leakage flux lines to the slot bottom in the slot area. One
approach to improve the fidelity of the prediction can be by using the technique in [54]
and extending it to the fault case. Therefore further research is required to remove the

mathematical difficulties in extending the approach of [54] to the fault case.

2. Transient Modelling of Interior Permanent Magnet Machine with Stator

Turn Fault

FE based model proposed in the thesis attempts to capture the effect of turn fault
and magnetic non-linearity in a set of current-flux linkage maps. However, the effect of
iron losses and temperature is not accounted for in the model. One approach could be to
utilise technique as given in [67], [161] and applying it to the fault model. However, it
is to be noted that the method in [67], [161] needs to be modified substantially since the
fault divided the winding into two separate parts and losses and thermal model of the
machine is very different from that of a healthy machine. The model also does not
account for any demagnetisation that can occur in the machine due to the fault, which
could be necessary to certain fault detection algorithms. Further research is needed to

solve these issues.
3. Semi-Analytical Model of IPM Machine with Stator Turn Fault

The semi analytical model is a quick approximate model using only healthy data
of the machine to build a fault model. It assumes that the MMF wave consists primarily
of the fundamental frequency with little or no other contribution from other higher order
harmonics. It has been shown to work well in case of a distributed winding machine. It

requires further investigation on its applicability to fractional slot machines. Also
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incorporation of iron losses and thermal effects into the fault model requires further

research.
4. Online Stator Fault Detection Using Residual Currents

Fundamental model and non-model based approach was investigated and tested
experimentally on a 5-phase SPM machine. Simulation for IPM machine was
performed, and the results showed that it is possible to utilise the same method for fault
detection in IPM machines. However, experimental validation needs to be performed to
evaluate the robustness of this technique to magnetic saturation. Another important
point is the effect of temperature. It is known that temperature changes the parameters
of the machine such as back-EMF. In this thesis, temperature was assumed constant.
Therefore, accounting temperature variation in the internal motor model and means of

compensation of fault thresholds needs further investigation.

5. Online Stator Turn Fault Detection Using PWM Ripple Current

Measurement

PWM current ripple based stator turn fault detection was tested with a 5-phase
SPM machine. The method can be extended to IPM machines, and further simulation
and hardware testing is required to test its validity for IPM machines in presence of

magnetic saturation.

6. Optimal Current Control of Poly-phase PM Machines under Open-Circuit
and Short-Circuit Faults

A novel fault tolerant controller was proposed and experimentally validated in
this thesis. However it was noted that the field weakening algorithm was slow because
of use of perturb and observe algorithm to perform field weakening. Therefore, field
weakening control requires further investigation in order to reduce the settling times.
The OTC reference generation proposed in the thesis only applies to SPM machines
with constant machine parameters. Further investigation is required to extend this

technique for IPM machine with load dependent saturation.
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Appendix

A 5-phase custom built MOSFET inverter is used to control the test motor. The
inverter is controlled through a floating point eZdsp™ F28335 board from Spectrum
Digital. Commands to the DSP board is issued using either CAN interface using
LabView or through the JTAG connection via the TI Code Composer studio. DC link
voltage is set at 60V for the experiments. Table A-1 shows the maximum rating of the
inverter. Table A-2 gives the part numbers of the major components used in the board.

Fig. A- 6 show the close up view and the major parts of the inverter board.

Table A-1: Inverter board specification

Parameter Value
Maximum DC link Voltage 150V
Maximum Current 10A
Switching frequency 10kHz
Maximum no. of phases 6

Table A-2: Major components of the inverter board

Component Part. No.

MOSFET IRFP4332

Current Sensor LTSR-25p

DC Voltage Sensor HCPL-7800

Gate Driver IR2110S
Opto-isolator HCPL-063L
RS-485 transceiver SN65HVD30

SPI DAC TLV5638

DSP board eZdsp F28335 board

Current Controller

The current controller used in the experiments (except in Chapter 7) is shown in

Fig. A-1. It is based on control structure proposed in [118] for a 5-phase machine.
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PI Controller Circular Limiter
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Fig. A-1: Current controller structure

The abcde to dgldg3 transformation is given in (A-1).

quldq3,0:
s(6) s(6-2x/5) s(6-4x/5) s(6-6x/5)
5 c(0) c(6-27/5) c(6-4x/5) c(6-67/5)
3 s(36) s(360-6x/5) s(360-27/5) s(30-8x/5)
c(36) c(30-6x/5) c(36-27z/5) c(36-8x/5)

1/2 1/2 1/2

M

abcde

Vdc/2

s(6-87/5)

c(6-87/5)

s(30-47/5)

c(36-47/5)
1/2

PWM
Modulator

(A-1)

Using the nominal RL parameters (R=0.5Q, L=2.8mH) of the machine, a current

controller with -3dB bandwidth of 400Hz was designed (K,=5, K;=1000).

Experimental Validations

In order to validate the controller design, steady state and step loading is

performed. Fig. A-2 shows the measured line voltage of the inverter operating at V4. =

60V. Fig. A-3 shows the measured current and cos (0) using a digital to analog

converter. It can be observed that the two plots are in phase, as expected when i, current

is present. Fig. A-4 shows the step response of the current controller to a step change of

iy from O to 4A. Fig. A-5 shows the step response of the controller in dg domain as
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measured by the DSP. It can be observed that the tracking response of the controller is

good.
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Fig. A-4: Current controller step response (i,=4A step) at rotor speed of 1000 r/min. C1 — Phase-
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Fig. A-5: Current controller response to step loads (i,=4A step) at 1000 r/min

The schematics of the 5-phase inverter are attached in the following pages.

Schematics
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DC Power Supplies
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Fig. A- 6: Inverter Board
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