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“l know one thing: that | know nothing.”

“True wisdom comes to each of us when we realizelibe

we understand about life, ourselves, and the wartdind us.”

“Wonder is the beginning of wisdom.”

- Socrates [470 — 399 BC]







Abstract

In order to address the issues of climate chanlgpdbabwarming and energy
security, the adoption of plug-in electric vehic(&/) in the transportation industry is
considered as a potential solution. However rditgbi availability and fail-safe
operation of electrical systems is a growing con@nong vehicle manufacturers and
their customers.

This thesis is concerned with modelling, fault dat and control of
permanent magnet machine with stator winding fagutt has been reported in various
surveys that stator winding failure constituteswh#l-37% of the total failures in an
electrical machine. Most winding failure start asipient faults like inter-turn fault and
develop into a complete winding failure.

In the first part of the thesis inter-turn fault surface permanent magnet
machine is modelled using analytical techniques \adlated against finite element
simulations. Two new techniques to model turn fanltinterior permanent magnet
machine is described, one based on finite elemewteiextraction and the other using
a semi-analytical technique requiring only the tigalmachine data. Both these
techniques are experimentally verified and the @od cons of the two methods are
discussed.

The second part of the thesis describes two newfault detection techniques
for surface permanent magnet machines. One teabnigilises the ripple current
present in all pulse width modulated inverter fedtons to determine turn fault. The
other is based on using the drive controller dama performing signal processing to
extract the small fault signature. Both these meshare experimentally verified.

Finally a novel fault tolerant controller able tarule phase-open and phase-
short condition is described. The controller isdsh®n a stationary frame resonant
control which simplifies operation under fault cdarmh compared to a traditional
synchronous frame controller commonly utilised inves. Extensive testing is

performed on a 5-phase fault tolerant machine lidate the controller.
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Introduction

1.1 Trends in Transportation Sector

Mobility underpins our way of life. From time immemial, humankind has tried
to increase its mobility. From horses to steam rgggifrom cars to aircraft, our pursuit
has been to achieve faster means of travel. Up tinatiinvention of the steam engine
the only means of ground transportation other tharfoot or horse has been animal
drawn wagon or sled. In the late™@entury, the internal combustion engine (ICE) was
invented which brought about the automotive revoiut Road transport now is an
integral part of our lives. It has dramatically imaped personal mobility and economic
prosperity.

However, the use of fossil fuel as energy sourceatdomobiles and industry
has led to ever increasing carbon and greenhousssiems which induce climate
change and deterioration of air quality. In 2007 Se&mit an ambitious target of 50%
reduction in global emission (relative to 1990 leyéy 2050 was adoptéd

One way of achieving this in road transportationt@eis adoption of cleaner
fuels. Bio-fuel is one such option. Since bio-fiehot based on fossilised carbon, its
use is not expected to increase the overall B&ance. In Brazil for example, ethanol
based bio-fuel has been promoted by the governraenda means of reducing the
country’s fossil fuel dependence. However, producif bio-fuels can put the already
strained environmental resources under pressurdroggn and fuel cells have been
proposed but are not yet popular due to risk ofdhag hydrogen. Another way of
achieving fuel efficiency has been hybrid and phulgybrid vehicles, which enable the

ICE engine to operate at optimal speed and effigiemnd 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 étec vehicles are gaining more
acceptances in the market due to better battehntdagies, efficient and power dense
electrical motors and increasing number of chargtagions. However, unlike ICE

cars, where a minor fault may not result in a catglbreakdown, even a small
electrical fault like a loose connector can bring electric vehicle to a complete
standstill. As electric cars become more widespreaduring high availability is

expected to become more and more important. Froongumer point of view it means
that the system lasts longer and will not suffenfra catastrophic failure.

In the aerospace industry there has been a pusirdewnore electric aircraft
(MEA). Traditional hydraulic actuators have beegasiily replaced by electro-hydraulic
actuators which lead to reduced weight due to reolucof the hydraulic piping.
Recently, the EADS demonstrated an all-electricraft E-Faf, designed to showcase
the technology of electric motors for primary prigpen of the aircratft.

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

any subsystem will not cause a complete failurtnefsystem.

1.2 Increasing Availability

Avalilability is the ratio of the total time of aide capable of being used during
a given interval to the length of the interval cmventional motor drives an unexpected
failure of any component leads to a motor-drive tdbwn thereby reducing the
availability of the system and leads to economgsldn applications such as electric
vehicles [1]-[3] and aircraft fuel pump systems{#], unexpected shutdown can lead
to high repair costs or more critically lead to aflesmode of operation of the entire
system. To overcome this, in industrial and aerosgpplications redundancy and/or
conservative designs are commonly employed. Redwydeonsists of designing two
or more identical and independent systems whiche#freer sharing the load or are
designed as spare units. In case of fault, theespaits are able to take over the
operation of the faulted unit. Conservative desigmssist of oversizing the motor-drive
system so as to minimise the likelihood of fauledo lower stress on the system.

2 http://www.airbusgroup.com/int/en/innovation-citiehip/airbus-e-fan-the-future-of-electric-
aircraft.html




1. Introduction

However, this can significantly increase the cdghe system. In aerospace application,
non-recurrent cost is not of much concern, but siverg leads to increase in weight
and in the cost competitive automotive sector, ithisot an acceptable solution.

Preventive maintenance is one approach to decreahia likelihood of
unexpected downtime due to failure of a compon&mrgiven part of the drive can be
replaced after a predetermined period of time, Wwhg calculated on the basis of
statistics of historic data on failure of the pautar part. This approach is typically
employed in the aerospace industry. However, rept@nt of a good working part just
because it has crossed its expected lifetime isergteconomically attractive.

One way to improve availability without cost pegalks to develop prognostic
and condition monitoring methods to monitor thenggprocess of critical components.
This enables the monitoring system to flag an indpenfailure to the operator enabling
the operator to schedule preventative maintenaRcegnostic methods depend on
monitoring fault indices which require long peritbdnding and a calibrated dataset to
determine when to flag a faulty component to therafor. However a sudden or a
rapidly progressing fault such as a stator inten-ttault cannot be handled by this
technique.

A way to handle rapidly progressing faults is torelep diagnostic and fault
detection methods to detect small incipient fawtisch enable application of mitigation
technigues to prevent the development of the ieaipfault into a system failure. This
implies that the fault has to be detected at aly stéage of development and therefore
the detector needs to be fast. However it presgraienges in detection due to small
incipient nature of the fault in a high noise eomiment. One such challenge is the need
to robustly reject the changes in the fault indidae to load or speed changes in order
to avoid false alarm.

The last line of defence in preventing a compldétetdown of a motor-drive
system due to a fault that cannot be predicteceteatied within a required period is the
application of advanced fault tolerant controlsulEdolerant controls as the name
suggests is an advanced control system capablaiotaming continued operation of a
system albeit at a reduced torque-speed envelager fisult condition.

Therefore due to an increased application of etattmachines in safety critical

applications, a real-time integrated health momgprthat can detect, classify, and
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predict developing faults and a fault tolerant coinsystem is critical to reducing

operating and maintenance costs while optimisiegith and availability of the system.

1.3 Propulsion Motors in Electric Vehicles

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

and overall high efficiency [1].

Table 1-1: Popular Electric Vehicles Motor Specifions

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 80kwW
Chevrolet Volt Permanent magnet 111 kw

1.4 Electrical Machine Failures

Several surveys on reliability of industrial motm@nducted by Electric Power
Research Institute EPRI [7] and IEEE [8]-[11] canidd that stator winding failures
accounts for about 21-37% of faults in electricaacimnes. Fig. 1-1 shows the
distribution of failure of various motor componemé&ported in [11] and indicates the
winding faults account for 21% of the total. Otlserrveys [7], [8] showed a slightly
high winding failure percentages. In any caseairt be seen that stator winding failure

is the 29 most common failure mode of industrial motors.

3 http://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 ofingndsulation.

Electrical Stress

Electrical stress caused by transients like swiigls$ one of the major causes of
insulation failures. Transients due to circuit ley&e-closer operation have
long been the cause of insulation failure in laigdustrial motors [12].
Transient voltages when impressed on stator wirsddigtribute non-uniformly,
with most of the voltage getting distributed in test few turns of the phase
winding closest to the motor terminal. Repeatedsients have been observed to
cause rapid deterioration of insulation. This igtipalarly true in case of
variable frequency drives due to switching operatd the drive inverter [13].
Also, voids created during winding insulation orttpgy are sites of partial
discharge that cause local heating and rapid dageed of surrounding
insulation eventually leading to failure of the ufetion. Sudden short circuit
currents due to terminal short circuits, poses r&evkermal and mechanical

stress on the coils, especially the end-windingssicay eventual failure.

Thermal Cycling

Temperature is a known factor in accelerating agiragess in insulators [12].
Thermal cycling is among the biggest causes ofifaiin insulation, since it
subjects the insulation and the winding throughasgon and contraction,

causing failure of insulation bonding, cracking thie insulation, and void
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formation which due to presence of electric fieldr@ winding starts to undergo
partial discharge and eventual failure. Another ma@ism is thermal aging of
the winding. An increase in operating temperatureéhe coils can reduce the
insulation lifetime significantly. For example, 8°IC rise in temperature above
rating can decrease insulation life by 50% [12]eQvay to reduce this effect is

to reduce the thermal loading by better coolingsing a higher insulation class.

3. Environmental Conditions
Operating environment condition of the motor caadleto degradation of
winding insulation. Environmental factors such agghh humidity, poor
ventilation, chemicals, and sea salt in costalfbsloore installations can cause
degradation of insulation, by either corrosion @r deposition on insulation,
causing electrical discharge. For example, theemes of dust can lead to
reduced heat dissipation, increasing thermal degi@d of the winding. Salt
along with moisture deposition on winding insulatican cause electrical
tracking [12].

4.  Mechanical Stress
Mechanical stress on the winding insulation carraigg the winding insulation
strength. The electromagnetic force experienceeérmycoils is proportional to
the square of the motor current can cause pulsdinge on the coils.
Mechanical stress can also occur due to vibratibthe motor, particularly

experienced in traction motors.

The gradual degradation of insulation strength detdthe conductors in the
winding to come in contact either with other tuersto the ground wall. One of the
leading mechanisms of a complete winding failure iater-turn short-circuit failures
(TF) [14] which are especially critical, since tt@rent flowing in the shorted turns can
far exceed the rated current of the winding [13]6][ This can lead to thermal
degradation of winding insulation close to the fedl turns and the fault can
progressively spread leading to a complete windadt. The heat generated by the
winding fault can cause degradation of not onlydbis near it, but also the stator core,

leading to costly and lengthy unscheduled mainteaamut down. This is more critical
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in permanent magnet (PM) machines since a simpldetvn of the inverter is not

enough to mitigate turn faults due to presence afjmets in the rotor, the current
continues to flow in the faulted turns until theamhas stopped spinning. The large
circulating current in the faulted turns can alsoduce irreversible demagnetization of
the magnets [17] thereby damaging the rotor as aslthe stator if the fault is not
checked.

Stator turn fault detection has been under invatg since the early 1980’'s
and many techniques (mainly for induction machires)e been presented in literature.
One of the techniques is the use of off-line falgdtection. This is done during routine
planned maintenance on the machine where the naahiaken off service and tested
using techniques like DC winding resistance testge test and partial discharge test
[12]. However this means that if fault developsbetween maintenance periods it will
remain undetected and can potentially cause coepletding failure. Therefore an
online approach is more suited to inter-turn faidtection. There are several online
techniques for inter-turn fault detection in litenee, namely using motor current
signature analysis (MCSA) ) [18]-[20], high freqagn(HF) injection [19], [21], [22],
measurement of axial leakage flux [23]-[25] andradeacoil based measurement of
flux-linkage unbalance [26]-[28], neutral point tage measurement [29]-31],
fundamental frequency analysis [32]-[34] and s&d&mation based methods [35],
[36].

1.5 Gaps in Existing Body of Knowledge

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

One such area is the accurate modelling of machindser turn fault. Machine
models are crucial in the development of new fdatection and mitigation techniques.
However, most models in literature either have $iyipg assumptions or are finite-
element based models. The former is not sufficyesticurate for representing the fault
behaviour while the latter is computationally inei#fnt and not suitable for system
level study and simulation. For surface mountedna@&ent magnet (SPM) machines,

analytical modelling techniques for predicting metgn field distribution in the air-gap
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have been well established, and it should be plessibdevelop accurate models of a
machine under both healthy and fault conditiondeut the need for FE simulations.
This is of potential interest to drive system deeig who need to simulate fault
conditions to test control and fault detection. leeer, most of them may not have the
necessary expertise or access to finite elememhsasgoftware.

Similar gap exists in fault modelling of interioreppnanent magnet (IPM)
machines. It is known that IPM machines have higidy-linear magnetic behaviour
even under healthy conditions. Under a fault caoljtlocalised saturation is more
pronounced and this behaviour has to be accuraaptured in order to have a
representative model of the machine. Till now, thedels presented in literature are
either too simplistic based on assuming linear tiel@ or are very time consuming
based on time-stepped finite element simulations.

In the area of fault detection, stator inter-tuaulf detection for multi-phase
machines have not been researched extensively. $&rhaiques based on analysis
performed for 3-phase analysis have been utilibaet,most of the techniques cannot
perform fast detections in the presence of loaspeed disturbances.

In the area of drive controls, there has been areased interest in developing
control techniques for fault tolerant operation.ltiiphase machines due to their higher
degree of freedom (number of phases greater thaarBpperate with reduced torque
under open and short circuit faults, provided thatshort circuit current can be limited
to a manageable level. However, most of the prapasatrol techniques in literature
are limited in operation and have been tested anlyer constant torque operation.
Field weakening and control transitioning from hiealto fault operation have received
little attention in the literature so far.

The research objectives of this thesis are sumexhbelow:

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

2. Developing new real time fault detection and id@edtion methods for turn
faults and high resistance connection for multigghgpermanent magnet

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

multi-phase permanent magnet machine.

1.6 Thesis Outline

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

Chapter 1 introduces the global technological trehelectric drives towards
more electrification in transportation sector, ngmm automotive and aerospace
industries as a means to reduce carbon emissiwreased efficiency and safety. The
various trends in the two sectors have been destrdmd the need to improve fault
diagnosis and fault tolerant controls has beenegpitesl.

In order to develop novel fault detection and naitign strategies a machine
model is required. Chapter 2 develops the theonamdlytical machine modelling
applied to stator turn fault for surface mountedrnpment magnet machine.
Mathematical modelling presented in this chapteabées designers to quickly assess
the impact of machine design and topology on faultents and can be used to develop
machine models for simulation without the needfifute-element simulations.

An important class of permanent magnet machinefisadi for traction
applications is interior permanent magnet machifmégse are characterised by buried
magnets in the rotor and typically exhibit non-tnemagnetic characteristics. In
Chapter 3 an accurate transient model of InteremmRnent Magnet (IPM) machine
with stator turn fault with due account of magnetaturation is developed using flux-
linkage map of IPM machine under fault extracteahfrFinite Element (FE) analysis.
The modelling technique is evaluated against FEexpérimental results.

In Chapter 4 a semi-analytical model of IPM machuraer stator winding
inter-turn fault conditions is described. It em@ayedq flux-linkage map of healthy
IPM machine and combines it with analytical equagiof turn fault machine in thdg
frame. The main advantage of this method as opptsdtie full FE based model
described in Chapter 3 is that no additional FE datequired for the model. Although

this modelling technique is not expected to becasiiate as the FE based model, it has
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the advantage of requiring much less time and coatipn resources for
implementation. The accuracy of the model is ietifagainst FE and experimental
data.

Stator turn fault causes large circulating curtarthe faulted turns which gives
rise to a local hot spot and lead to further inSoitafailures and ultimately failure of the
entire winding. Therefore the fault has to be deoquickly and robustly so that
corrective action can be initiated. Turn faults da@ detected by applying signal
processing online on the controller data, i.e.damental voltages and currents. This is
investigated in Chapter 5, where an online modskfaapproach is utilised for fault
detection. The detection method is purely a sofm@ased approach and can be easily
incorporated in existing drive controllers. The at#ion technique is capable of
identifying the faulted phase and differentiatinrgfvieeen turn fault and high resistance
connection.

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

Fault tolerant controls for multi-phase machineslarnopen and short circuit
condition is developed in Chapter 7. A novel staiy frame controller capable of
controlling unbalanced current and able to opeiatefield weakening region is
presented. Experimental tests are conducted tdatalithe new control strategy under
steady state and under healthy to fault transitigmnodes.

Finally, conclusions and recommendations for futwerk are presented in
Chapter 8.

1.7 List of Publications

Most of the research work reported in this thesis heen published in peer-
reviewed international conferences and journalse Various publications are listed

below.
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Analytical Modelling of Stator Turn Fault
In Surface Permanent Magnet Machines

The main contribution of this chapter is to presegeneral analytical technique
for analysing stator winding inter-turn faults imrace permanent magnet (SPM)
machine with arbitrary winding configuration. Thapproach takes advantage of well-
established analytical methods used to analysevimiraof healthy SPM machines, and
applies those techniques for purposes of creatingaehine model of SPM machine
with turn faults. Concentrated-winding machines wasll as distributed winding
machines can be analysed using this techniquepiguose of validation, a model of
fractional slot wound SPM motor is derived analgiig and compared with finite
element (FE) simulations. Finally the predictionstiee model are compared with
standard turn fault model in literature which hights the need for accurate turn fault
modelling.

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

Major contents of this chapter were published lyahthor in [37].

2.1 Motivation

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

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

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

Therefore inter-turn winding faults in permanentgmet machines must be
quickly detected and mitigating controls initiatedprevent catastrophic failure of the
machine. Such a functionality commonly known amflthome” mode [39] is essential
for providing high degree of availability, and edility demanded in safety critical
application such as electric vehicles. In orderd&velop sensitive fault detection
algorithms and fault tolerant control strategiasaacurate model of the machine under

fault condition is therefore indispensable.

2.2 Literature Review

The modelling of inter-turn short circuit fault,feered to as turn fault, in an
SPM machine was treated in [40]-[42] where FE aialywas used to extract circuit
parameters of the faulted machine. However, crgaam FE model of machine under
fault and extraction of individual coil inductancesn be time-consuming [43]. In order
to derive a fault model without relying on FE arsady a simplifying assumption of
sinusoidal distribution of winding magneto-motiverde (MMF) can be used [44],
which enables the computation of inductances ufaddt using a simple scaling factor
namely, the fault ratio” which is the ratio of the number of short-ciradtturns to the
total number of turns in a phase winding as shown[45], [46]. However, the
assumption of sinusoidal distributed winding MMEraduces unnecessary errors in the
model, and cannot be applied to a more generad ofasachine with different winding
configurations, in particular fractional slot windis commonly used in SPM motors. In
[43] the model of [45], [46] was modified by usitmral winding fault ratio per stator
coil along with FE analysis to compute the induces of healthy coils, including
mutual and leakage and slot mutual inductance ambming it to generate the overall
fault model. In [47] winding function theory is wbdo derive fault inductances,
however effect of slot leakage flux is ignored. [b] an analytical method for
computing circuit model of alternate tooth woundvbiachine was presented, wherein

the mutual magnetic coupling between phases isgielgl and there is only one coil
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2. Modelling of SPM machine under Turn Fault

side per slot. Since the analysis in [15] is regtd to a special class of machine it
cannot be readily utilised for analysis of otheneling configurations.

The present work extends the approach presentgtbjrfor a general class of
SPM machine, which can have different winding ogunfation and stator slots can have
2 colil sides.

2.3 Reference FE model of SPM machine

For the purpose of validation of the analytical mio@n FE model of a 3-phase,
12-slot, 14-pole SPM machine is taken as refereik@®h phase of this example
machine has 4 series connected coils with 8 turreach coil. The machine has a peak
power of 10kW at a base speed of 1350 rpm andesgyd details are given in Table
2-1. Fig. 2-1 shows the geometry of the healthyhirec

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

In order to validate the analytical fault modelmedified FE model of the
machine is created. This is shown in Fig. 2-2, wimeone coil in phase-A has been
purposefully subdivided into its constituent 8 wrifhis enables creation of faults in
these turns and the machine parameters can bectextrand 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 @eA 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 coilN) - 8
Number of coils/phase - 4
Number of turns/phasél - 32

Active stack lengthl) mm 118
Stator outer diameter mm 150
Airgap mm 0.955
Rotor radiusiR) mm 41.25
Magnet lengthl) mm 5

Magnet pole arc4p) 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 cam tepresented
schematically as shown in Fig. 2-3.

Fig. 2-3: Schematic representation of SPM machiitie taerrn fault on a single phase.

The stator voltage equation can be expressedBs, (2.

. di '
v = RS+ d—st+esf (2.1)

where,vs, id, &, RS, andL4 denotes the voltage, current, back-EMF, resistance
and inductance matrices of the system respectivdig. faulted winding is considered
as a separate winding and denoted as an additpivede (phase-4). For notational
convenience, subscripts 1, 2, and 3 denote phaseB, Aand C, respectively and
superscript denotes fault condition. The matrices can be esga@ by (2.2)-(2.3),

st :[Vl V, V; V4]T

=iy 0y da (i) 2.2)
f_ T

e&'=[a & & ¢
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2. Modelling of SPM machine under Turn Fault

R'=dag[R B R §
=diag R1-m R R R
Ly Lo Lis Lig (2.3)

Lf: L21 L22 L23 L24
> L31 L32 L33 L34

Lyg Lap Lag Ly
V, =i Ry (2.4)
whereR, |, E andL; (i =1, 2, 3, and 4) denote the resistance, curbeuk-
EMF and self-inductances of ti8 windings. Li (i, ] =1, 2, 3, 4j%j) denotes the
mutual inductance between phasasdj, Rr denotes the external fault resistance across
the two shorted circuit terminals angh ‘denotes the winding fault fraction expressed by
(2.5).

_ No.of Faulted Turns
Total No. of Turns/phas

(2.5)

Under sinusoidal steady state condition the eqoatcan be re-written using
phasor analysis as (2.6), whearas the imaginary operator and. is the angular
frequency in rad/sec, and arrow superscript dengtasor quantities.

V, =R
=[Ry 0 Olg+ we[Lu+Lay Lap Ladl g (2.6)
-Ryli- gyl i+ Ey

The fault current can then be obtained as give(2#),

B (R4Ia + jV’/e[L41+ Laa Lo L4J| stE 4)

_ (2.7)
R + R+ Welyy

¥

where,lsis given by (2.8).

(2.8)

S Il I2 |3
In order to predict the fault currents and voltagdstermination of the

parameters of machine is essential. This is donsadbying analytically the magnetic

field equations under fault conditions as detaitethe next few sections.
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2. Modelling of SPM machine under Turn Fault

2.5 Analytical Modelling

For the purpose of deriving a fault model, thedaling assumptions are made.

Laminations are infinitely permeable. Magnetic sation is neglected.
Slot-leakage flux is parallel to the circumferehtlaection.

The coil turns are uniformly distributed along 8iet height.

The shorted turn is treated as tffewinding while deriving the model.
Single layer non-overlapped winding is consideadlie study.
Variation of effective airgap permeance due to gfning is neglected.
End winding leakage is neglected. The end windeak&ge inductance
calculated by PC-BDC program is 0.0025mH whichessslthan 1% of

the phase inductance.

To facilitate a general framework for analysing &M machine with turn-
fault, it is essential to create an easy way ofdhag different winding configurations.

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

Coil definition is used for easy handling of codtd for use in computation of
flux linkages for back-EMF computation as well &g inductance calculations. Table

2-2 shows the coil definition table with 2 coilsasexample.

Table 2-2: Coil Definitions

Coil No. Ph. No. Go Slotg) Return Slot4,) No. Of Turns
1 1 12 1 8
2 1 12 11 8

Here go slot &) refers to the coil side having positive directimincurrent (out
of the sheet of paper) and return sk having negative direction of current. The coil

definition is performed for all the coils in the amne. The reference for the slot
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2. Modelling of SPM machine under Turn Fault

numbering is arbitrary and can be started fromsdoly 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 bemof the original healthy
coil as reference. Table 2-3 shows an exampledauwoil definition, wherein a 1 turn
fault has been assumed in coil 1. Phase numbertetetioat the faulted coil will be
treated as an additional phase (4). The locatiahefaulted turns may be sandwiched
between two parts of the healthy turns, denoted\yand Ny, with Np, being the
number of healthy turns between the fault winding the bottom of the slot as shown
in Fig. 2-5.

Table 2-3Fault Coil Definition

No. of healthy turns Loc. Of faulted turn in
(Ni) slot (Nn)

Coil No. Phase No.

1 4 7 1
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Fig. 2-5: Slot dimension nomenclature. Fault tlaresdenoted biXs.

Using the coil and fault coil definition table angmented coil definition table is
created as shown in Table 2-4.

Table 2-4: Augmented Coil Definition

Coil No. Ph. No. Go Slotg) Return Slot &) No. Of Turns T)
1 1 12 1 7
2 1 12 11 8
13 4 12 1 1

The go and return slot numbers, i&.,anda, define the position of the coil in
the machine and therefore the analytical equatiares derived using these two
parameters to predict the flux linkages of a giweil. Since the system has been
assumed to be magnetically linear, superpositi@ordm can be applied to compute
overall flux of each winding by adding the flux Kisgge contribution of each individual
coils. The definition of coils performed this wag 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 machwieereR. andR,, are the
rotor inner and outer radiR; is the stator bore radius and M is the magnetisatector

of the rotor magnets shown for the case of paraiegnetisation.

Fig. 2-6: Rotor topology of the machine

In order to compute the back-EMF voltage magnieid distribution under no
load can be derived by solving the Laplace equafib8) in air-gap and Poisson’s
equation (2.10) in magnet [48]-[53] for the magnestalar potentigl, whereM is the
magnetization vector of the magnets defined inZRwhereM, andM, are the radial
and tangential components, anda, are unit vectors and and g, are the radius and
angle of the point in space under consideration.

W, 180, , 10, _

ﬂzjll +Eﬂ_||+_1ﬂ2 1] :—1diVM
w r T r?9g,° m

;inairgap (2.9)

; Inmagnets (2.10)

The magnetic field intensity H can be obtained fpommsing (2.11).

/IS

H=-Rj=-a
S aqrﬂqm (2.11)
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M=M,g +M,a, (2.12)
M. =
Moo 2££ e - '°2£
g P p
Mr—BfCOSq'“
g p p
- a a A
M = . Brsing, P2p s P2p
! m
Mr = a, Lt qf (2 a )ﬁ (2.13)
M, =0 P2p PI2p '
_ _B.cos(gn- p/p)
=
n p 3p
. 2 a,|—<£ g£ a,—
_Bsin(gn- o/ p) ( ")Zp P 2p
- m
M, =0
D aps—p£ Gk L
M, =0 2p 2p

For parallel magnetization the radidd, and tangential\],) components of the
magnetization vector can be described by (2.13), @wBere,p is the number of pole-
pairs,B; is the magnet remanence fiela}, is the magnet pole arc to pole pitch ratio, and
gn is the angular position with respect to the aendf magnet pole. Since the
magnetization vector is periodic and repeats evmule pair, M, and M, can be

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

¥

M, = M, cos(npg;,)
n=1,3,5,...

(2.14)
¥

M, = M, sin(npg;,)
n=1,3,5,...

For the case of parallel magnetized magnts,andM,, can be expressed by
(2.15),
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M= e, (A + Ay)
mn
(2.15)
B
qu :E;ap(pin - AZn)
The coefficientdA;, andA,, are defined by (2.16),
sin (np+ 1)ap£
_ 2p
ALn - J2
(np+1)a,
2p
1 " np= (2.16)
: P
_ sin (np- Ja, .~
A2n p2p - npl 1
np-1lja, —
The divergence of magnetisation vector can be asgpeby (2.17),
¥
divM = M, +'|TI\/Ir +}ﬂM‘7 = 1'MnCOS(n[I/m) (2.17)
r o r0m ness.f
Where,
M, =M, +npM,, (2.18)

The radial and tangential flux density can therdbaved as shown in [52], in

the air-gap as a function ofandg, as given by (2.19)-(2.20).

B, (r.qm) = ' Kp(n) far(r)cos( nary,) (2.19)

i1=1,3,5V4

¥

B, (r.qm) :__1351/Kb(n) fe, (r)sin(npz,y) (2.20)

Ku(n), fer(r), feg(r) andAs, are given by (2.21)-(2.23) fop* 1,
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m (np)2+1'
np+1 2np
(Agn B 1)+ 2 ::rm B (A3n+ ]) :ﬂ (2.21)
m +1 L R 2np m- 1 Rn 2n[i R 2np
m Ry m Ry R,
np-1 ng-1 np+1
for (r)= — R, R
Ryt Ryt r
r np-1 np-1 np+1 (222
fog(r)=- — By B
Ry Ryt r
1 M 1
A, = np-n—p Vm+ ?p;" np 1 (2.23)

Here mg is the permeability of vacuum armg is the recoil permeability of the
magnet.

In the previous equations, the rotor has been ass$uiwed with respect to the
stator in order to compute the magnetic field. Howgevbke rotor can rotate and

thereforegn, has to be expressed such that the relative mofidime rotor is accounted
for. This can be expressed as (2.24), whaemg,is the angular position of the slot with

respect to an arbitrary fixed reference ang is the angular shift of the centre of
magnet pole w.r.t the arbitrary fixed stator refesen

G = Gno = Wint (2.24)
The no-load flux linkage of a phase coil havifiigturns can be obtained by
integrating the magnetic field (Bover 1 coil pitch as shown in (2.25) to obtair2@.

aybg- Wit ¥

/o =R LeuTe Ky fg{r)cog np,) ¢, (2.25)

ayb, - W, ti=1,3,5%

¥ +sin{np( - W, t+ &b,
e TRkt Ry L TSPt @0)

2.26
n=1,3% np - sin(np(— W, albs)) ( )

where, Lsi IS the active stator length and is the slot-pitch in radians. The
induced EMF can then be calculated by differem@{2.26) to obtain (2.27).
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_dl,
% dt
¥ +cos(np(- Wyt abs)) (2.27)
=T, m Kdn fgl Ry~
RSt LStkM/ n=1,3,5,... b( ) Br( ) - cos(np(— Wmﬂ' aibs))

The EMF calculated is expressed in termsapftnda,, therefore by iterating
through entries of Table 2-4, EMF of all individuadils can be obtained. The induced
EMF of a phase can then be calculated by summing &M all individual coils in the

phase.

Cpn = % (2.28)

phase Coils
2.5.3 Armature Reaction Field and Airgap Inductance

The armature reaction field in SPM machine candleutated analytically [48]—
[53] using the assumption of smooth stator andrra@tmre and assuming infinite
permeability of stator and rotor cores. Fig. 2-@wsh the current density distribution of
a coil assuming the entire ampere-turns to be éocat the slot opening area [11],
wherei is the coil current]. is the number of turns of the coil under consitleraand
b is the slot opening. The go and return slot nusbes.,a; anda, define the position

of the caoill.

i«
+ Tyi/bg-{--mmmmmmmome e Bo

— Tpi /By ~|-memmmmramennenees

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

The current density distributiod)(can be described by (2.29).
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0 "B gE abs byl 2
-Tei/by " @by bo/R qfi aby by 2
J=0 " abt by B q.f abs byl (2.29)
tTify " abs bo/ B GE @by by :
0 " abgt b/ 2 gf R

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

¥

J= J,cosmg,+ Jy,sinmg, (2.30)
n=1
2T.1 . nb
Jan:msm?o co{nab,)- cofnab) (2.31)
211 . nby . :
an:ﬁsmTo sin(nayb) - sin(nab,) (2.32)

The armature reaction components in the airgaghleambe obtained by solving
the Laplace equation (2.33), subject to the boyndanditions given by (2.34).

VARSI

= = 2.33
w2 or T r?9g,° (2.33)
Hyl . =0
qlr=R,
’ _ (2.34)
L7|r:Rst_-

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

¥

= "+Br "l C +D, si
J n:l(A‘r ") C,cogng,,) +D, sir(ng;,) 035

+(Ap + ByIn r)(Cy + D)

The magnetic field intensity can be expressed &6)2

, ¥ ] :
Hq:-il:_ (Ahrn-1+ B,I A 1) nCnSIn(mm)
[/ +nD, cos(ngy,) (2.36)

-%(A0+ ByIn r) Dy

Applying the stator boundary condition the followioan be obtained (2.37),
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(AR +BR"Y) 1T ,=- &,

n-1 -Al Cn' Dn "0
(AR + BR ") nDy= 3, .37
1
"R (At BINR) B0
Applying rotor boundary condition (2.38) can beaibéd.
(AR™+BR"Y=0 B=- AR
(2.38)

-%(AW BinR)D,=0  eitherD,= 0 orA= By= (

It is also known that without stator excitatibla =0, and noting tha#, By, C,
andD, are not equal to zero the following relation camobtained.

_ Vv

s | =0

r=R.

= (AR"- B8R ")(C,cof my) g sif )

n=1
2.39
Bo(cyr D) o

-%(co+ Dedin)= 0

Using the derived constants, the radial magnegid fintensity can be re-written
as (2.40).

=i
I
v ] ) J nCOS(rﬂm)' Jan Sir( mm))
_ Ahrnl-'ernrnl(b
(- ER7)r ) AR RMRY
) (2.40)
R ?
¥ -1 1 T .
= g —Zn(‘]bncos(mm)_ Jan SIF( rr/m))
n=1 t 1- &
Rt

The magnetic field due to armature reaction cam the obtained as given by
(2.41)-(2.42).
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¥

Br = ”ESHr =1y Far (‘lon cosn g - Jan sinn qn) (2.41)
n=1
2n

1+ 5 n-1

R S

ar — on R, (2.42)
- R t

Rt

Fig. 2-8: Elemental Coil Diagram

To calculate the total flux linkage of the coil dicearmature reaction, the flux
¢ in the elemental coil of spamy{a;)bs as shown in Fig. 2-8 is calculated as (2.43)-
(2.44) whereg; is the starting position of the elemental coil.
qc+(a2' al)bs
yc(qc) = Br Lsthstd7 1y (2-43)
s
yc(Qc) ZZ%Lsthst

n(a- a)b;
¥ isinn(az - a)b,, 2 (2.44)

4 N 2 - )b
n=t -J,,sin g+ —n(az 281) =

+an Cos ng. +

The total flux linkage . can then be obtained by integrating over all elsale

coils as given in (2.45).
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Te ab,+byl2 T
le=y o()dN=" ¥ o(q;)=da.
0 abs- byl2 0

. . (2.45)
_ 2 LR * Fy 1y +Jpn{sin(naybs) - sin( ngs .}

B nan® 2 -3, {coqnab,) co§nab}
The individual flux linkages from coils of a padiar phase can be then be
summed to obtain the overall flux linkags of the particular phase as given by (2.46).

Fon = x (2.46)

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

/

Lo = I_ph (2.47)

Fig. 2-9 shows the flowchart for the computationtbé 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

v

N
{ Calculate flux linkage for all Phase coils due to

MMF, taking care of the winding sign

v

—[ Update Air-Gap Inductance Matrix

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

2.5.4 Slot Leakage Inductance

To derive analytical formula, for both self and mmaltslot leakage inductance, it
Is assumed that the shorted turns are located atbénary position along the slot height
within the coil area in the slot. Fig. 2-5 shows #lot area and the associated turns and

its relative position in the slot, assuming that flault lies in the coil side ‘A’ for
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purpose of illustration. In coil side ‘AN, andNpy, turns correspond to the healthy turns
of the coil and\s corresponds to the shorted turns of the coil. dineensions 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 hy 1 mm
Height of slot hs 22.3mm
Slot opening angle as| 30°

Slot angle by 15.35°

The leakage flux linkages can be calculated easylyapplying Ampere’s

circuital law along the flux paths illustrated irgF2-10.

Y

™N

S

N
3
STttt Y T T
=l
N

Fig. 2-10: Slot leakage flux paths

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

The slot leakage flux due to magnetic field in et opening region can be
obtained as (2.50) by applying Ampere’s law (2.48)Xhe slot opening region and
integrating the magnetic field obtained as give(2i49), where | denotes the current in

the Ns turns.

H.dl =Nl (2.48)
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B=mH
L= Bads (2.49)
5 = /BN
(2.50)
N h Lo
y = B'h'Lstk — m Sht stk

b

Since flux linkages is the product of the flux dgnsimes the number of turns
in the coll, the flux linkage contribution in théosopening region can be obtained as
(2.51).

/ =Ny

/ = nBsthtlstkl (2.51)
by

2.5.4.2 Flux linkage contribution in the wedge area due t@urrent in Ns

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

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

S,

by

(2.52)

Applying Ampere’s law in the wedge area, flux déynstan be obtained as
(2.53).

32



2. Modelling of SPM machine under Turn Fault

2y
B. b+ = | ,
an _ /76NS (2.53)

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

wedge area as given by (2.54).

y_“ MmN,

0 bO + 2y
tana

dy (2.54)

A change of variable can be utilized as shown itb5g to simplify the

integration in order to obtain (2.56).

yo=py+—2Y dye 2
tana tara
y=0  ye=h (2.55)
y=h ¥=§
Su
N¢ILtan a N JL (tana S
y = MmN 2stk¢ sldy¢: g 4 ;tk Sin Ew (2.56)
by y
The flux linkages can be obtained as (2.57).
2
/=Ny =T8Ns 'Lzsfktan iln %V (2.57)

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

in Ns

The flux linkage contribution can be computed kggnating flux density above
the shorted turns (Nas depicted in Fig. 2-12.
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<+

Fig. 2-12: Slot geometry and coordinate systenilforcalculation in the winding area

Applying Ampere’s law, the magnetic field densigncbe obtained as (2.58).

B(S, +2 ytanbg ) =m N | (2.58)
The flux can then be computed by integrating olierdrea as given by (2.59).
h-h,
o (Sy*2ytanby)

Introducing a change of variable given by (2.60¢ timtegration can be
simplified to obtain (2.61).

y¢: S(N +2 ytanbsl)

y=0 y&=3§, (2.60)
y=h-h  y=5,+2(h- hjtanb,
y = SR NI dye
s, y¢  2tanb,
(2.61)
- %Ns”—stkm SW+2(I'L' rIJ)J[a‘nbsl
2tanby Sw

The flux linkage can be obtained by multiplying thex with number of turns to
obtain (2.62) .

_ MNsILg Su+2(h- h)tanby

/ =N
o 2tanby Sv

(2.62)
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2.5.4.4 Flux linkage in the region of the faulted turns dueto current in Ns

The self-flux linkage can be computed by first catipg flux of an elemental
coil and then integrating over the whole fault cegiBy applying Ampere’s law, the
magnetic field density can be obtained as (2.63).

B(S, +2 ytanby) =m N, | Y- (h h) (2.63)
hy - hy
The flux linkages can then be computed using (2.64)
hs' ha
/= N(y)Blgdy
h-h

(2.64)

h-h (ke 2
= ’78’\'32 Lstk Y (r% ha) L dy
h- h, ho - ha Sw‘" 2 ytanbsl

Adopting a change of variable as given by (2.65) aubstituting it in (2.64),
(2.66)-(2.67) can be obtained.

y¢: (S/v +2 ytanbsl)
yy=h-h  ¥=9,+2( h- htanby (2.65)
Yo=h-h  ¥=8+2( h- hjtanb,

N2L,l * ye s 1
/ = m szstk y W'hs+ ha _dy]‘,
2(h, - hy)"tanby o 2tanby y¢
y¢ Su (2.66)
_ NSl 1 atarf by AL 2@nby |
2(hy - o) tanby V¢ yo ho b S
2tanby 2tanby,
Su*(2h- by h)tanbgy,
2tanby (- R+
/= MNGZ Lyl - h- Su 2In Set+2(h- h)tanby
2(ho - ha)2 tanbsl 2tanbsl Sw+ 4 f’g- f'b) tarbsl (2.67)
+2(h, - hy) h- b 2tand,
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Fig. 2-13 shows the overall algorithm used for gktton of slot leakage
inductance. The total inductance of a particulaagehcan then be obtained simply by

adding the air-gap inductance and slot leakagecitaage.

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

[ Calc. Healthy
Inductance

slot Inductance ] No
L

v
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 edlthy machine are first
computed and compared against FE extracted vaResmeters are then compared
against FE for a few cases with differing locatadrfault winding in the slot for a 1 turn
and 3 turn fault. Finally the fault current predbict 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 pelsl voltage of the
analytical model and the FE model at a rotor speled350 r/min. The difference
between the analytical and FE is due to the assampt smooth stator, which ignores

36



2. Modelling of SPM machine under Turn Fault

the effect of slot openings on the open circuitdfidistribution and therefore predicts
higher back-EMF.

Table 2-6: Back-EMF Comparison

EMF, fundamental EMF, fundamental % Error
(Analytical) (FE)
43V 42.37V 1.01%

2.6.2 Airgap Inductance of Healthy Machine

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

coupling via air-gap flux linkage is very small.

Table 2-7: Air-Gap Inductance Comparison

Lj L(Analytical) L(FE) % error
Li;=Ly=L3z  0.161mH 0.164mH -1.7%
Li=Lo -5.0H -5.0nH 0.36%
L13:|_31 -5.01H -5.0nH 0.36%

2.6.3 Leakage Inductance of Healthy Machine

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

overlapped winding [54] as illustrated in sub-sect?.6.6.
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Table 2-8: Slot Leakage Inductance Comparison

L L(Analytical) L(FE) % error
Li;=Lo=Ls;  0.144mH 0.157mH -7.9%
L12=L21 -24.1InH -24. hH -2.4%

Lis=L 31 -24.1nH -24.3H -1.11%

2.6.4 Overall Healthy Machine Inductance

Table 2-9 compares analytically and FE predictedl tmductance of healthy
machine. In this and subsequent comparisons, noma&trial permeability and BH
characteristics are used. The difference is 6.1&bismttributed 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=L =L 33 0.305mH 0.325mH -6.1%
L12=L21 -29.1nH -29.hH -2%
Liz=L3; -29.1nH -29.MH -2%

2.6.5 Faulted Machine Inductance

To limit the number of FE calculations, 3 casesamasidered with 1 turn fault.
Table 2-10, Table 2-11 and Table 2-12 shows thdytrally and FE predicted
parameters of 1 turn fault wherein the fault isaked at the bottom, mid and top of the
slot respectively. All the results show that th&edence is between 5-8% which is
expected arising out of the difference in leakagkictance calculation. It is to be noted
that difference in ks seems to be very large. The absolute value ofrithgctance is,
however, almost three orders of magnitude lower lzgrte negligible compared with
the other inductances in the matrix. It occurs beeahe coupling between the faulty
coil and phase 2 is very small and the error istriiksly due to numeric errors in FE.
The values in bold is the self-inductance of theltéa turns. It can be seen that the

inductance is the least when the faulted turndcmegted at the top of the slot.

38



2. Modelling of SPM machine under Turn Fault

Table 2-10: Inductance Comparison with 1 Turn Fhattated at Bottom of Slot (f¥-0)

Lj L(Analytical) L(FE) % error
L1 0.286mH 0.303mH -5.65%
Li=Llo -29.1nH -29.761H -1.98%
Liz=La -27.0nH -27.27H -0.77%
Lis~L 4 9.1InH 9.467H -3.72%
L2, 0.305mH 0.325mH -6.2%
Los=L 3 -29.1nH -29.MH -1.92%
Los~L 4o -5.89e-10H -8.91e-9H -106%
Las 0.305mH 0.325mH -6.05%
L3s~L 43 -2.05H -2.06TH -0.65%
Lag 1.12vH 1.2k -7.89%

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

Lj L(Analytical) L(FE) % error
L1 0.286mH 0.303mH -5.6%
Li=Llo -29.1nH -29.60H -1.98%
Lis=L3 -27.1nH -27.4H -0.79%
Lis~La 8.8H 9.2H -3.78%
L2, 0.305mH 0.325mH -6.2%
Los=L 3o -29.1nH -29.MH -1.92%
Los=L 4o -5.89e-10H -8.85e-9H -106%
Las 0.305mH 0.325mH -6.05%
Las~L 43 -1.93H -1.94H -0.24%
Laa 1.00mH 1.07H -6.1%
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Table 2-12: Inductance comparison with 1 Turn Faattated At Top of Slot (N=7)

Lj L(Analytical) L(FE) % error
Lia 0.289mH 0.307mH -5.65%
Li=Llo -29.1nH -29.mMH -1.98%
Liz=La -27./H -27.9H -0.82%
Lis~L 4 7.41InH 7.667H -3.26%
Loz 0.305mH 0.325mH -6.2%
Los=L 3 -29.1nH -29.mH -1.92%
Los~L 4o -5.89e-10H -8.52e-9H -106%
Las 0.305mH 0.325mH -6.05%
Las~L 43 -1.3&1H -1.3MH 0.48%
Las 0.804H 0.865mH -7.08%

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

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

Table 2-13: Inductance Comparison with 3 Turn Fhaattated in the Middle of the Slot (&3)

L L(Analytical) L(FE) % error
L1y 0.256mH 0.272mH -5.89%
Li=L2 -29.1nH -29.MH -2.04%
Lis=L3 -23.67H -23.81H -0.94%
Lis=L 41 20.37H 21InH -3.28%
Lo 0.305mH 0.325mH -6.2%
Los=L3 -29.1nH -29.MH -1.92%
Los=L 42 -1.77e-9H 2.64e-8H -106%
Las 0.305mH 0.325mH -6.05%
Las=L4s3 -5.5InH -5.51nH 0.01%

L 44 8.9 8.99mH -5.51%
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2.6.6 Leakage Flux Estimation Error Analysis

In order to illustrate the main source of errothe inductance calculation, two
winding cases are considered. First case hagantwarrying coil which only occupies
half of the slot and the other case has the cuo@mying coil which occupies the whole
slot. The field plots obtained by FE are shownim B-14. It can be seen that if the coill
occupies only half a slot the flux lines are natgtlal to the slot bottom compared to the
case where coil occupies the whole side. This dhtces significant errors in the

leakage flux computation [54]. For the sake of diamy, this is ignored in the

analytical computation.

(b)

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

2.6.7 Comparison with Classical Models

One established method in literature is thmodel [44], [55] used for modelling
turn fault in machines with distributed winding,cbuas induction machines. In this
model, the mutual and self-inductance is assumeaddte as a product of the number of
turns of the two windings and the leakage induaascassumed to scale linearly with
the number of turns. The inductance matrix can thenwritten as (2.68) where
subscriptm denotes air-gap inductance. It is to be noted that model does not
distinguish whether the fault is on top, on bott@min between of the slot.
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m=—=
Nt

L=diag (1-m 1 1 mlg

(2- ”jzl-n,m (T Aliom (3 Y, @ oy, (2.68)

+ (1' ”a I—12,m I-22,m I—23m m 12m
(l' ”’) I-13,m I—23,m L 33m m 13m
,7(1' ”)7|—11,m ’mlz,m Inz:%,m zmllm

Using this technique the predicted inductance isutated for a 1 turn fault
(Nha=7) as given in Table 2-14. It can be seen ftapandL,4 values that the prediction
error for the faulted coil self and mutual induatans large.

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

(Nna=7)

L L(Classical) L(FE) % error

Lig 0.305mH 0.307mH -0.47%
L=l o -28.MmH -29.MH -3%
Lia=L3s -28.MmH -27.1H 1.68%
Lis=L 4 9.81H 7.661H 28%

L2 0.322mH 0.325mH -0.83%
Los=L 3 -29.6nH -29."H 0.064%
Los=L 42 -0.92nH -8.52e-9H -10985%

Las 0.322mH 0.325mH -0.8%
Las=L43 -0.921H -1.3MH -33%

Lag 0.1597H 0.8657H -81%

2.6.8 Fault Current Prediction

To further confirm the analytical model, fundaménfmeak fault current
predictions are compared with those obtained fré&sinulation. Fig. 2-15 shows the
results for 1 turn fault in full load condition ferrying location of faulted turns inside
the slot. The maximum error is 8% which is simitar the error calculated in the

inductance comparison. Position O denotes thafaiked turn is located on the top of
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the slot. It can be observed that the proposed hgides a good match whereas the

prediction by then model is off by 56% with respect to the FE présliiccurrent.

250 : T T : :
| —&— Analytical mode | |
L J\ —6— FE model J\ J\ )
f 7| ——m model v v 1
2000 -~ ro o T "%~ Rated current_|~ - SRR -o- - B

Fault Current (‘ ) (A)

Position of fault turn from Top of the slot

Fig. 2-15: Comparison for peak fault current prédit by proposed and classical model with
direct-FE model under 1 turn fault for loaded cdiodi for varying position of fault coil inside
the slot (=84A).

2.7 Conclusions

An analytical method of calculating the parametsra transient SPM machine
model under stator turn fault has been describedl it utility demonstrated. The
performance of the model is confirmed by runningjdadion cases in FE. The model
predicts the fault inductances and fault currerthvai maximum error of 8% compared
to FE simulations. This model is general and thehook can be extended to any
winding configuration SPM machine. The model pregda basis for study of fault
behaviour and development of fault detection teghes. If the slot leakage is more
accurately predicted analytically by consideringtiabution of the turn, the accuracy of
the model can be greatly improved.

43



2. Modelling of SPM machine under Turn Fault

44



Transient Modellingpf Interior Permanent
Magnet Machine with Stator Turn Fault

An accurate transient model of Interior Permaneagivet (IPM) machine with
stator turn fault with due account of magnetic satian is essential to develop robust
and sensitive inter-turn fault detection algorithmusd to evaluate drive controller
performance and stability under fault conditioneeTmain contribution of this chapter
is a general method of modelling stator turn fausing flux-linkage map of IPM
machine under fault extracted from Finite ElemdriE)( analysis. Simulation results
from the proposed fault model are compared ag&isénd experimental results. The

results show that the proposed model matches willexperimental data.

3.1 Motivation

As explained in Chapter 1, inter-turn faults are ofithe leading mechanisms to
a complete winding failure, which in turn account £1-37% of faults in electrical
machines [7]-[11]. Interior permanent magnet (IPMachines are increasing being
favoured as the machine of choice for electric elehapplication due to their high
power density, robustness, large constant powesdspge and overall high efficiency
[1], [3], [56]-[59]. In order to develop sensitivault detection algorithms and fault
tolerant control strategies, an accurate transmatlel of the machine under fault
condition is indispensable [19], [60], [61] at demment stage in order to save time
and resources spent on experimental testing. SHi®¢ause many faults such as inter-
turn short-circuit may cause small changes in teamivoltages and currents.
Consequently, it is difficult to detect them in ahectrically noisy environment.
Inaccurate representation of fault behaviour mayl ® a detection algorithm working

well in simulations, but not effective in real test.
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The previous chapter explored the use of analyteahniques for modelling
turn faults in surface permanent magnet (SPM) nmashiIn deriving the analytical
fault model for SPM machines, it was assumed thatiaminations of the machine are
infinitely permeable. This is a reasonable assumnptor SPM machines with a large
effective air-gap, however in IPM machines the &ffef magnetic saturation cannot be
ignored even under healthy condition let alone urfdelt conditions. This chapter
therefore explores a direct FE derived turn faulidel which can account for not only
magnetic saturation in a healthy machine but al®alised saturation caused by turn

fault in a faulted machine.

3.2 Literature Review

The modelling of inter-turn short-circuit fault IRM was treated in [55], where
a phase variable model of IPM motor under conditbfinear magnetic characteristics
was derived, by extending the fault model derived induction motors in [44].
However, no experimental validation was reported[62] a method of extending the
IPM model under fault accounting for magnetic sation was proposed. The self- and
mutual-fluxes of the healthy and faulted turns assumed to be proportional to their
number of turns. The phase inductance variationtdwsaturation described in [62] is
obtained by computing first the saturated valued-aindg- axis inductanced,qy, and
Lq, and then performing inverse transformation aoc quantities. However, this
assumption is not strictly true for most PM machine which a significant part of the
self- and mutual-inductances is contributed bydiot leakage. Moreover, the concept
was not tested in simulation or experiments. In,[1&8], [40] an FE time stepping co-
simulation transient model of BLDC was used for eleping fault detection
algorithms. However, time stepped FE simulationvésy time consuming and not
suitable for computationally efficient simulationtudies involving pulse-width
modulated (PWM) drives, due to the small time ssahwolved. Moreover, in case of
IPM machine, fault detection needs to be testedratmber of differentlq currents due
to magnetic non-linearity, which will further in@se compute time. In [47], [64], a
fault model for IPM BLDC was derived using windifugnction theory (WFT) for single
layer magnet rotor, neglecting magnetic saturagifiects. The inverse air gap function

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

geometries.

In [61] and [36] an inductance based model was gseg for inter-turn fault
detection in surface mounted PM machines. Howellek] machines with buried
magnets exhibits high level of magnetic saturatésm cross-saturation effects and
therefore separation of armature reaction fluxdopk from the total flux linkage will
incur large error and hence compromises model acguf66]-[71]. Moreover the
method of extraction of inductances reported in @&d [72] by energy-perturbation is
computationally more demanding [70] requiring twiae many FE computations. A
hybrid model for wound-rotor synchronous generagmorted in [73] assumes that the
machine operates in linear region under healthyitiom. However, this assumption is
not applicable to IPM machinegth high level of magnetic saturation [70].

The aim of this chapter is to establish an accuaate computationally efficient
model of IPM machines under stator turn fault. Tisisachieved by extracting flux
linkage map of the machine under turn fault coodsi using offline static FE analysis
and combining it with voltage equations of the maehThe method is not limited to
IPM machines and the same technique can be usadddelling stator turn faults in
rotor systems including surface PM machines, swiicreluctance machines, switched
flux machines and, separately excited machinesh @s wound field synchronous
machines. This approach enables the full representaf spatial harmonics and
magnetic saturation under inter-turn fault andl@dd conditions and therefore is the
most accurate representation of the faulted magbabiour apart from a time stepping
FE-coupled analysis [74]. Although the generatiérilsx map from offline static FE
model is computationally expensive, once the lootaljjes are established it will have
a much faster simulation speed compared to timgpstg FE coupled simulation [74].
This is quite advantageous in drive coupled sintatsince the PWM pulses are of
small duration, an FE-coupled time stepping simotais prohibitively expensive in

terms of compute time. This method is also advadag when numerous test cases
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under different loads and speeds need to be pestbiopickly during development of
fault detection/mitigation schemes. Simplified misdsuch as that presented in [47],
[55] will not be able to represent the phenomemaectly over all load/speed ranges. It
also allows speedup of simulation time comparedrEocoupled simulation in case
where the rotor is skewed, since multi-slice FEwation has to perform simulation for
all the skew slices which results in significantrigase in the overall computation time
[75]. It should also be noted that although it iesgible to neglect saturation
characteristics for simulation of turn fault as gested by some authors [47], [55], the
fault model thus obtained will not be useful to chealidity of performance of fault
detection and fault tolerant algorithms over théremange of operation of the machine.
This may lead to over-simplified fault detectiondamitigation methods which work
well with the simplified motor model, but may noerform well in actual test
conditions. Extensive experimental tests are peréalto 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 modbehaviour of a healthy IPM
machine, a mapping of flux-linkages to currentegded [76], [66]. This non-linear flux
linkage map can capture most of the behaviour efntiachine including the magnetic
saturation, spatial saliency and harmonics [66]}-[89dimensional (3d) effects such as
overhang fringe fields, iron losses and rotor eddrents may also be included. Using
the same approach, a model of a machine under statofault can also be extracted in
the form of appropriate flux-linkage lookup tablesyether with voltage governing
equations and loss components.

Without loss of generality, the turn fault is asgahto be in ‘c’ phase winding
which is therefore divided into two sub-windingsibSvinding ‘csl’ is the healthy part
and sub-winding ‘cs2’ is the faulty part as showrFig. 3-1 ‘/7 represents the fault
winding fraction, defined as the ratio of numbersbbrt-circuited turns in phase Mg\
to the total number of turns in phaseM) ([55]. R represents the fault resistange,

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

3.3.1 Machine Equations inabc Frame

The stator equations for IPM machines with turrtfaan be expressed as (3.1).

v.,!=R[fif +d ! /dt (3.1)
where,
T
st = Vas Ybs Vea (VCQZVf)
Cf . . . . T
ls' = las Tps les D es! ¢
T
sf = /as / bs/ cs /( &~ 1) (3.2)
RS =R diagl 1 1- m n}
e N
Nt

Since IPM machine exhibits strong saturation, th& finkage and torque is a
nonlinear function of current and mechanical anguylasition. This relationship is
denoted using functiorg* as a general non-linearity function between thardities as

shown in,

/xs = gx(ia’ib'i c1i tq m)
L (3.3)
Te = ge(la’|b1|c1|f 'qm)

where, subscripx denotes healthy phasasb, and two sub-windingscs1 or cs4f) in

phasec. Since terminal voltage of phase is the sum of voltages of the sub-windings
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‘csT and ‘cs2, the last two rows of voltage equation in (3.2ncbe added and re-
arranged to obtain terminal voltages as shown ).(3
VS:RSiS+%+m°\1if (3.4)
where,

Vo= Vag Vps (V= Vgt V) T
g =[ias ips el
s las Los A oF d* &)
A=-[o 0 R]
The voltage of the shorted circuited windirgg2 can be written separately as
(3.6).

. (3.5)

. .y, d/y
Vi =Ves2 = Ryl = mRs( les - 'f)+ ot (3.6)

3.3.2 Machine Equations indg Frame

The stator equations can be transformed tadthffame using the synchronous

frame transformation defined in [77] to obtain 7(3.

T

Vig=Ragqtd off dt+ug - /g / 4

2 . T. (3.7)
-méRS sin( g+ 2p/3 co§q+ /B i
where,
4= gd(id'iq'i 1q m)
lq= gq(id’iq’i i m)
The voltage of the shorted turns can be expresséetins of thelq currents as
(3.9).

(3.8)

V: =R: i, = idSin(qe+2p/3) +& (39)
f i +iqcos(qe+20/3)-if dt '
where,
I+ = =95 (iavig @ ) (3.10)
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The torque of the faulted machine can be calculatea@ torque lookup table

obtained from static FE using (3.11).
T = gT(id1iq'i f1Qm) (3.11)
In order to use the model in dynamic simulatiohs,@équations can be written in
its integral form [77].

25 sin(g.+ 20 19
3 °cos(g.+ p /3

: T :
Vag- Réag We -1q 14 *m iy dt (3.12)

dg ~ q

/= (Rfif -mRs(idsin(qe+ 0 13 +iscodg.+t P /3 f))dt (3.13)
where, thed-q axis currentsjq andig, and the fault current are obtained from the
inverses of (3.8) and (3.10).

I :gd-l(/d/ d q. m)
i,=9q /ol 4 9. ) (3.14)
i ¢ =gf_1(/d/ { q. m)

Therefore, if the non-linear mapping of tiie g-, andf- flux linkages toig, ig, i
and g, can be obtained using static FE calculationsaiit lbe used with a differential-
algebraic (DAE) capable solver, such as Sabert@8ptain the solution. Alternatively
the current to flux linkage map can be numericaflyerted to obtain the inverse
mapping functions (3.14) which can be used withoaginary differential equation
(ODE) solver [79].

By way of example, Fig. 3-2 shows schematic of @RE solver based fault
model established using the proposed techniqueholld be noted that the temperature

effect of the phase resistance can be accountie imodel.
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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 mlodemethodology a transient
direct FE model of a 3-phase, 6-pole, 36-slot IPMton with a two turn fault is
generated. The machine is designed to maximizeteglae torque so that a high torque
density can be achieved with low grade magnetd) asderrite or bonded NdFeB. For
this reason, it is often called permanent magneis@sl synchronous reluctance
machine. The machine has 2 slots per pole per plwadancorporates a 3-step rotor
skew of 7° (mech). The main parameters of the nnacaie listed in Table 3-1.

52



3. Transient Modelling of IPM with Stator Turn Faul

rauica rurns

+ "
i + Boundary condition
Imposed flux = 0

(b)

Fig. 3-3: FE model of 36 slot, 6 pole IPM Machingha2 turn fault in C phase (a) full FE
model, (b) zoomed portion of model containing tfamlt showing excitation currents. (+, -
signs depicts coil current direction. + representsent 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-pairsnj -- 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/phasé\{) -- 42
Magnet Remananc®) T 0.56

The laminations of the machine were manufacturedasgr cutting and the
damage to material property due to the cutting g88d80]—[82]. The machine after
fabrication was observed to have 22% lower back-EME€ to the damage due to laser
cutting [82]. This damage to the laminations wasoaated for in the FE model using
additional air-gaps in the rotor such that the raead back-EMF matched with the FE
model as shown in Fig. 3-16. Fig. 3-3 shows therk&del including the two turn
winding fault.

In order to obtain the flux-linkages map of thelfed machine for generating
mode of operation magneto-static FE simulationspamormed by varying, over |-
70A, 10A],iq over [-70A, 10A] in steps of 10A angdover [-350A, 350A] in steps of
50A over one complete electrical cycle [0, 120°e¢m) in steps of 2°. To cover both
motoring and generating modes of operation, theesponding d- and g-axis current
range of [-70A, 70A] is necessary. Although the reeasteps of 50A for; may
compromise accuracy of the flux linkage map it watected to reduce the compute
time. It is to be noted that in performing the REwdations, the current in the 2 short-

circuited turns are defined &sis as illustrated in Fig. 3-1.
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0

Iq (A) -100 -400 If A)

0

|q A -100 -400

(©)
Fig. 3-4: Flux linkage map of machine at a samplee=-30A andg=0. (a)d-axis flux

linkage. (b)g-axis flux linkage (cksAf) flux linkage
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Fig. 3-4 shows the flux-linkage maps of the IPM hiae as functions af,; and
ir atig =-30A andg=0° under fault condition. As can be seen from plas the
machine exhibits significant non-linearity as aute®f magnetic saturation from the
load current and due to fault current. This illagts the effectiveness of the fault model
to capture saturation effects.

Although the faulted phase has been assumed tonbghase ‘C’, for the
development of the model and for extraction of flag linkage-current lookup tables,
fault in any other phase can be simulated withtnet meed to run any further FE
computation, since it is simply a shift of elecaticmechanical angle. This can be
achieved by modifyingg according to (3.15) and accordingly settigg=gs/p in the
lookup tables.

g.- 2p/3 ; PhaseAfaul

9-= @.- 4p/3 ; Phase B fau (3.15)
Q. ; Phase C fal

3.3.4 Skew Computation

The machine selected for validation of fault moalglincorporates a rotor which
consists of 3 identical rotor slices, which are veée by -3.5°, 0° and +3.5°
(mechanical). The rotor slices and shaft are shiowig. 3-14(b).

Rotor skew is an effective means of minimizing daggorque, electro-motive
force (EMF) harmonics and output torque ripple [83bwever, this poses a challenge
in terms of modeling the behavior of the machinééalthy and faulty condition since
each rotor slice will have different saturationdiss Since the machine selected for
validation of fault modeling incorporates a 3-stkgewed rotor, the problem of skew
modeling needs to be addressed. In order to craateaccurate flux map, the
conventional technique is to perform static FE wgsialfor all the skew slices and then
add the contribution of each slice together to inbthe overall flux/torque map [84]-
[86]. However, this is computationally intensivedaseveral methods [87], [88] have
been proposed in the literature to obtain the dvBitex map from just one set of FE
calculations with rotor at 0° skew angle. Howevltese methods are still not
sufficiently accurate specially in capturing spatiarmonic variation and the influence

of skew on saturation of the machine [75]. An aateir method to model the effect of
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skew in healthy machines was presented in [75]. &él@r, the method in [75] is shown
valid for healthy machines and for machine withtataurn fault further refinement of
the model needs to be performed. A general caskest rotor slice is shown in Fig. 3-5
where,do, (o refers to the referenady axis of the rotor with 0 skew angle, adg gs

refer to thedq axis of the rotor withbgx, mechanical skew angle.

s
1q0 II
// !
¢ g xd
——, /:' 7S
7 ] e
,’ 1 A
L/___ _____ ;do l"”_ﬁ_ ____>do
b,
sk

Fig. 3-5: Rotor skew slices at mechanical angl@pD (rad) skew, (s (rad) skew

The dg current and flux vector diagram is shown in Fig6 3vhere,l and/
denotes the stator current and flux linkage spamtov respectively. Considering first
the case of 0 (rad) rotor skew the current vectojegtion on d, o axis is ko and jo as
shown in Fig. 6. The flux-linkage and torque cancbenputed from the lookup tables
obtained from magneto-static FE analysis, usingdtiheurrent valuesifo,iqo) as given
by (3.16). It is to be noted that the argumeénts necessary in the lookup process, since
under fault conditiortq flux linkages have a dominant second harmonicesponding
to the unbalance introduced into the machine ddati.

For the case of rotor slice with skew shift dig(mech) angle for a rotor with
‘P’ pole-pairs, it can be observed from the vectagdam in Fig. 3-6 that the stator
current vector is displacettpbsk with theds axis. This is due to the fact that the rotor
shift w.r.t. the stator A phase, however, the statorent are still at the same angular

displacement w.r.t phase A.
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N

Fig. 3-6: Flux linkage and current vectors for raakewed by, (mech) angle
lago =1do0 +1i g :|| Pj/
 dqo =gd(id0’iq0’i 19 m)+jg c(i o o 4 r)
1o =95 (idO’qu’i 14 m)
To (Gm) = Te(ido’icp’i f’qrq)

Hence, for calculation of the skewed rotor fluxkiage, the projection of the

(3.16)

stator current vectdrontods-, gs- axis should be used, to obtai@ and ¢ referred to
ds-,gs- axis as given in (3.17). Further, since the reggrhysically shifted by, (mech),
the mechanical angle in the lookup process is remtlifo gnt+bs, to account for the
shift of the rotor. It is also to be noted that thelt currentis is not modified because it
does not change with rotor position. The torque lasimilarly computed by usirig,
igs instead of usingo, iqo and modifying theg, to gt bskin the torque lookup table
lags =i st il gs=1 o P
Tags = astl gs
/ds:gd(idsi ol # mitD s)<
ls=0q(iasi gl @ nitt o
[ = gf(ids’iqsi @ mtb sa
To(Gm) = Te(iasi g8l +G it b o)

However, since the flux-linkage vector in (3.17ye$erred to thels-, gs- frame,

(3.17)

it has to be transformed back to g go frame in which the overall machirmg flux-
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linkages are referred, to obtaipand  contribution by the skewed rotor slice as given
in (3.18). It is to be noted that the faulted dhik linkages are not rotated since it is not
a vector quantity.
lag = as*li ofe™> (3.18)
I =l 4
Finally, the total flux and torque contribution aretained in (3.19) from all the
skewed rotor slices scaled by the axial lengtthefrbtor slice, wherb, is the length of
one skewed rotor slicéisewis the total mechanical skew angle of the rotat lagis the

total length of the rotor.

lp lp

! dqiotay =/ dqsl_’/ R
bgye stk bgyc stk
— lb
Te(total) = Tsl_ (3.19)
by stk
I zls—tk b, = Deen T &
b= Psk Y, ylb ¥ n

where,n is the number of skewed rotor slices.

An important point to note is that slot leakagexflinkage should not undergo
any change against the skew rotor slice positien, the leakage flux including the slot
leakage flux should remain unaffected irrespectivéhe rotor skew angle. This can be

easily proven as shown in (3.20), whépedenotes the air-gap flux linkages.
/dqs =/ m(i dsi q; +L 's qﬁ P
/qu =/ dqsejprk # rr(i dsi q)ejprk +L IL dc

In order to verify the proposed skew calculatiochtéque, a test case aff -

(3.20)

40A, iq= -40A, i= -200A) was performed using multi-slice FE simigatand the

proposed method, and the results are comparedir8H.
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+ +3.5(calc)
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Fig. 3-7: Comparison between multi-slice FE andopsed method (calc) atf -40A, = -
40A, i= -200A) (a)d- axis flux linkage, (bl- axis flux linkage, (c) faulted turn flux linkages
(d) Torque

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

flux-linkage lookup tables.

3.3.5 Inverse (Flux-Current) Lookup Algorithm for ODE sol vers

In case of ODE solvers, the algebraic loops inniuelel need to be eliminated.

This can be easily achieved if mapping of flux-higles to current (3.14) can be
determined. However this is not a simple processesithe lookup tables are 4
dimensional and the relative magnitudegiqfflux-linkages are much greater than that
of the faulted windindf’ . This can cause numerical instability if the dataot properly

normalized during the inversion process. In ordecreate a precise inversion, for each
mechanical angle in the lookup table, a minimum axakimum value ofg, 4 £ iS

obtained and this interval is sub-divided imalivisions as given by (3.21). Results are

shown withm=32.
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/x :{/ X,min ud x,inc |i T & I£ m}
/x,min =min/ X(id’i Cl’i t m)‘q=l70
Lemax=max/ (igiqi g, ) ‘qz% (3.21)
/. . = /x,min +/ X, max
X,inc m
x1 {d,q, 1

The inverse solution can then be obtained by miraton of the root-mean-
square (RMS) flux error residual given by (3.222@ by varyingig, i, it for eaclgm,
=g to minimize the flux prediction error.

/ ernr _— / err
total X X (3.22)
X {d,q, f}

Where,

e (/4 (igiai 1@ )7 ) 2

" /x,mid€7 j)

1 ‘max/x(id iqi(q ,)\

=5 #min/, (igiql 4 j)

(3.23)

/il )

The normalization of the flux magnitudes using theid-range values as given
in (3.23) is absolutely essential in the numeritalersion process because if not
normalized the RMS error can get swamped by thativel difference in the error
magnitudes of thelq and fault coil flux linkage magnitudes, resultimgeither non-
convergence or wrong convergence of the minimilgorithm. Even then it is possible
that some points do not converge to a solutions Haippens when the operating flux
gets close to the boundary of the flux lookup tabldsually to avoid non-convergence,
the initial current range used to generate the lihlkage map is made much larger than
the operating current range so that during thersiga process the operating flux range
is well within the current-flux map boundary so ttlt@nvergence is easily achieved.
However, increasing the size of the lookup tabtgeases FE computation time further,

SO as an acceptable compromise between accuracycamgute time, the non-
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convergence points are estimated by linear extatipol from the neighboring
converged points.

Once the inverse flux-current map has been createdlidation of the inversion
process can be performed. This is carried out lBcteg each set a, iq, i ,q in the
original current-flux linkage map, and using (3(8)10) to computeq, 4, f Which are
employed in (3.14) to compute a new setypify, ir. Fig. 3-8 shows the errors in current
prediction at a sample operating poinigf-50A, andg=0°. The maximum errors of the
d, g and fault current prediction are 4%, 4% and 8%peetively within 80% of the
entire current ranges. Although the error can bduged further by using spline
interpolation, increasing the step size and theimam and minimum bounds of the
flux linkage to current map obtained from FE. Itsn@ot performed in order to reduce
compute time. It is also worth noting that the mimn purpose of the inversion
calculation is to show a method of solution with ®Bolvers which give acceptable
prediction performance, however if higher precisismecessary DAE solvers can be
used.

|4 error (%)
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Fig. 3-8: Current prediction errors due to tabkension ai;=-50A andg,=0 (a) d- axis current

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

3.4 Simulation Validation

To illustrate the utility of ODE and DAE solversfthe proposed fault modeling
approach without loss of generality, generator afp@en of the machine under study
with a resistive load of 2@ with two turn short-circuit fault at 3500 r/min @n
Ri=5.5nW is simulated by both the FE model and the propasedel implemented
with the inverse lookup tables and ODE23s solv&d],[and DAE solver [32]. It is to be
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noted that the FE and proposed models are simulateldrotor slice in order to reduce
FE computation time, and does not in any way affeatlel validation as long as the
same current-flux linkage relation is maintainedha both models. The comparison of
simulation times is shown in Table 3Rardware validations provided in next section

uses the current-flux linkage map which accountsHe 3-step skewed rotor.
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1000~ ke
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Fault Current (A)

004
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Fig. 3-9: Fault current comparison of FE verses éh@@DE) solved by ODE solver at load of
2.2V at 3500 r/min
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Fig. 3-10: Phase current comparison of FE versaeteh{®DE) solved by ODE solver at load of
2.2Wat 3500 r/min

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

phase currents with those obtained from the ODResobased model. As is quite
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evident the currents predicted by the proposed modéches very well with the FE

results in terms of both peak and wave-shape.
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Fig. 3-11: Fault current comparison of FE verses@h¢DAE) solved by DAE solver at load of
2.2Wat 3500 r/min

Fig. 3-11 compares the same operating point predlitty the FE and DAE
solver based model. It can be observed that the B@élHtions also match the FE
prediction very well. It is also to be noted thhe terrors between the FE and DAE
results arises from the coarse step% selected to generate the lookup table. A finer
step size in the lookup tables will improve the mloalccuracy. The DAE based model
is simpler to set up if a DAE solver, such as Sabdodelica/Dymola, or
Simulink/Simscape, etc., is available to the usengared to the ODE based solution
which requires numerical inversion of the lookuplés. The numerical inversion with
four variables can be time consuming and introchdditional errors in the model.

A comparison of simulation time is shown in Tabl2 @/here the time for numerical
inversion to build the ODE based model is not ideld. It is evident that the proposed
model dramatically reduces simulation time compaceHE analysis. It is worth noting
that healthy machine FE simulation does not reqagemuch time to solve as fault
machine simulation, since the symmetry which careimg@loyed in healthy conditions
to reduce model size cannot be used in fault clomdit and the model has to be solved

for several electrical cycles for the fault cureetd reach a steady state.
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Transient test is performed by introducing stefllof2.2N at geec=0.5236 rad and 2
turn fault atgeiec=10.472 rad at 3500 r/min, 2.2 ohm load as showrig. 3-12. It can
be observed that the model matches well with thepfesgliction. Effect of increase of
fault resistance on model prediction is shown ig. B-13 where the fault resistance is
increased to 10 times the nominal value assumddeisimulations. It can be observed
that there is a good match between FE and moddigbiens.

Table 3-2: Comparison of simulation times for gater mode operation with resistive load of\®.at

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

20 N
----- I,(FE) |
SO/ NN XYY Y 1, (FE)
Y A A N A A B AU AR AR AN Wy A g g I, (FE)
g 0 —Ia(model)Z
8 10 — I, (model)|
‘ — I, (model)\
_20 1 1 1 1 1
20 :
=1 (FE)
< 1001 — I; (mode))
5 0 -
= |
©.100 - R SR
220G 5

d,. (rad)

elec

Fig. 3-12: Phase and fault current comparison o¥&fses model (ODE) under transient
condition at 3500 r/min. Step resistive load Y& 2applied atg..=0.5236 rad and 2 turn fault
(R=5.5m\) at @e=10.472 rad.

67



3. Transient Modelling of IPM with Stator Turn Faul

20 ‘ ‘ ; ‘
1 | j—— I, (FE) N
< VA G O G i" o T D O I, (FE) I
= AWAW AW AN AW AW AWAW A \iaue I, (FE)
g 0 1 ! ; —Ia(modeIODE#
S -10r - - - LA A A A A _A__A__|—1,(model ODE)|
‘ : — 1. (model ODE)
-20 L L I |
50 : ,
— 1, (FE)
< 25H ----- I, (model ODE
3 |
O o5------ -
_50 |
0 5

. (rad)

elec

Fig. 3-13: Phase and fault current comparison o¥&Ses model (ODE) under transient
condition at 3500 r/min with 10x nominal fault r&since (R=55nW). Step resistive load
applied ae.=0.5236 rad and 2 turn fault @4e.=10.472 rad.

3.5 Experimental Validation

The prototype 36-slot, 6-pole IPM machine whosecsjgation is given in
Table 3-1 was used for the purpose of validatiotheffault model. The machine has 2
turns in C phase taken out of the machine for etimgahe turn fault s = 2). The
machine winding and the fault turns are shown i Bi14. To test the system under
fault, a 3 phase contactor connected to the fauliess was triggered using a timer
circuit to turn on for approximately 500ms. The @¢ins deliberately kept small to
prevent any damage to the coils due to prolongexuleiting currents. Fig. 3-15 shows
the experimental setup. The test machine is drivela dynamometer and operates in
generator mode connected to a 3 phase resistigeblaak. Generator mode is chosen
specifically to avoid any controller actions fromnaotor drive from affecting the
validation of the faulted machine model. Moreow@gation of fault can cause inverter
shutdown especially when fault currents are swidabfé by the fault timer circuit.
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3. Transient Modelling of IPM with Stator Turn Faul

(@)

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

(a) (b)

Fig. 3-15: Experimental Setup (a) Motor Dynamomettup (b) Resistive load
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First no load test under healthy condition was grened and the back-EMF
noted and compared against model prediction. F§6 3hows the match between

experiment and model.
20
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i: ———————— :L —=— Ea(pred)H
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|
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Fig. 3-16: Comparison of measured (meas) and FEehprddicted (pred) phase back-EMF at
2100 r/min.

The leakage inductance of the 2 turns was calaitataround 3.76H using the
leakage calculation technique explained in chaptefhis however, does not account
for the end-winding inductance and the inductanogoduced due to external
connection. When all these effects are accountedleakage inductance of the faulted
turns was increased to 518. The contactor resistance was measured to benérdu
2.5mW. The extra connection wires from the winding te ttontactor introduce an
additional resistance of 3Mwhich was also accounted for in the model. To iobta
positional alignment of the waveforms w.r.t to mopmsition an analog sin/cos encoder
was used. Fault tests were performed at four laadlitions namely no-load, 1.04
2.2V, and 0.69V. For each load condition the speed of the macksnearied from
500r/min to 6500 r/min. Fig. 3-17 shows the comgxami of measured and predicted
peak and RMS fault current. It can be seen thatethe a close match between
experiments and simulation both in magnitude andral trend of the graphs. The

maximum error observed is about 20% and occurgver rotor speeds and lower load
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3. Transient Modelling of IPM with Stator Turn Faul

resistances. It is worth noting that in simulatiba contactor resistance is accounted for

at a fixed value 2W. However, the contactor resistance has poor rapiigy and

varies from 2-2.5W (25% variation) at different contactor closuresrinly the

experiments. At lower speeds, the resistive compom@minates the overall fault

impedance compared to higher speeds where dongnatntributor is inductance.

Consequently, the fault current is particularly stwve to fault resistance variation at

low speeds. It is therefore to be expected thafabhk current prediction could be less

accurate at low speeds due to contactor resistaaation, and this should not be

mistaken as inherent problem with model fidelity.id also to be noted that FE

modeling error, parasitic effects like the extraluotance introduced by the fault

emulation set-up and machine construction on latl@naBH characteristic all

contributes to error. It is difficult to account elese effects in simulation accurately.
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Fig. 3-17: Comparison of measured and predictelt ¢éamrent variations with speed and load
(a) No-load, (b) 2®/load, (¢) Wload and (d) 0.6& load.
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Fig. 3-18: Comparison of measured (meas) and pgest{pred) fault current at (a) 1500 r/min

, () 1500im/at 0.69W load and (d) 5500 r/min at 0.69
load.

at no load, (b) 5500 r/min at no-load
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3. Transient Modelling of IPM with Stator Turn Faul

Measured and predicted instantaneous fault cumereforms are compared in
Fig. 3-18 at 4 sample test-points at rotor spedd4%500 r/min and 5500 r/min under
no-load and at 0.68 load respectively. In all the 4 cases it can bseoked that the
predicted fault currents match well with the expemtal waveforms in terms of both
magnitude and shape. Fig. 3-19 shows the perforenah¢he model under a sample

transient fault condition at 3500 r/min and\&/ bad.

15
100
50

-50
-100
-150
-20

Current (A)
o

Fig. 3-19: Comparison of measured (meas) and pgest{pred) fault currentlat 3500 r/min
and 2.3V load. Turn fault initiated af. = 95 rad.

The inter-turn short-circuit fault will give riseo tunbalance in the machine
operation and hence additional current and voltggaes. Measured and predicted
andiq ripples are compared in Fig. 3-20 at 3 samplegestts at 5500 r/min with 2\&
load and 0.6%/ load, and at 3500 r/min with 2\2load. It can be observed that the
predicted ripple matches closely with experimerthkio peak and wave-shape. It is to

be noted that the voltage ripple is simply a scafalde 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 pgest{pred)dq current ripple at (a) @5500

r/min and 2.%Vload, (b) @5500 r/min and 0.880ad and @3500 r/min and ¥\2oad.
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3.6 Conclusions

A methodology for derivation of detailed transiembdel of IPM machine under
turn fault has been described. The effects of hegkl of saturation and rotor skew are
accounted. It is shown through simulation and erpemts that the model established
with the proposed method is accurate and computtio efficient, and is able to
capture the harmonics in the fault current anddpeurrent ripple in sufficient detail.
The proposed modeling technique can also be usethdaleling stator turn faults in
other electrical machines exhibiting magnetic niaedrity including surface PM
machines, switched reluctance machines, switchex fhachines and wound field
synchronous machines. The proposed model providesffactive tool for assessing
inter-turn short-circuit fault behavior and for éwation of associated fault detection
techniques and mitigation strategies.

It should be noted that the effect of possibleipbitreversible demagnetization
as a result of inter-turn faults, and influenceteiperature variation on permanent
magnet field are not accounted in the model. Tiedfsets can be the subject of future

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

The main contribution of this chapter is a semibgial model of interior
permanent magnet (IPM) machine under stator winditey-turn fault conditions. The
model usesdq flux-linkage map of healthy IPM machine and conasinit with
analytical equations of turn fault machine in tggframe, to derive transient model for
the machine with stator turn fault. The main adagetof this method as opposed to the
full FE based model presented in the previous @maps that no additional FE
simulation is required for the model. This is ofpontance to drive and controls
designers as a model of the machine under faulbeagenerated using only the healthy
machinedq flux linkage data which is already available tavdfcontrol designers for
the control of the IPM machine. Therefore althodbis modelling technique is not
expected to be as accurate as a complete FE baseéel, nit has the advantage of
requiring very less time and resources for impletatgon. The developed model can be
used to test drive performance under faults ardbten select candidate fault detection
algorithms.

Major contents of this chapter were published biyawuin [89].

4.1 Motivation

As explained in Chapter 1 and 3, inter-turn fawdt® one of the leading
mechanisms to a complete winding failure, whichum account for 21-37% of faults
in electrical machines [7]-[11]. The problem of rebithg turn fault in Interior
Permanent Magnet (IPM) is a difficult one, owingt®inherent magnetic non-linearity
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even under healthy operation. In the chapter 3tefelement (FE) based model
extraction was proposed to generate current to lfnkage lookup tables for creating
the fault model of the machine. Although after agtion of the lookup tables, the
technique allowed significant time improvement ovene stepped FE simulations
under fault conditions, generating the lookup tabige a time-consuming process,
requiring FE computation of several thousand caBlsrefore, there exists a need for

modelling techniques which enable faster creatidiawt model.

4.2 Literature Review

The effect of inter-turn short-circuit fault in IPMas first examined in [55],
where a phase variable model of IPM motor assurhimear magnetic characteristics
was derived, by extending the fault model derived inhduction motors in [44].
However, no experimental validation was reported[62] a method of extending the
IPM model under fault accounting for magnetic sation was proposed. The self- and
mutual inductances of the healthy and faulted tuvas assumed to be proportional to
their number of turns. The phase inductance vanalue to saturation described in [62]
is obtained by computing the saturated valuesLgf Ly and then performing
transformation t@bcinductances. However, this assumption is nottstricue for most
PM machines in which a significant part of the sedihd mutual-inductances is
contributed by the slot leakage whose inductanaemendent on location of the turns
in the slot [15]. The inductance look-up table aéssumes that there is no change in
magnetic saturation of the machine due to the faultent itself.

In [19], [63], [40] an FE time stepping co-simuatitransient model of BLDC
was used for developing fault detection algorithrkiowever, time stepped FE
simulation is very time consuming and not suitabde computationally efficient
simulation studies involving pulse-width modulat@@WM) drives, due to the small
time scales involved. Moreover, in case of IPM niaehfault detection needs to be
tested at a number of differedt currents due to magnetic non-linearity, which will
further increase compute time.

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

inverse air gap function used in [47] is difficutt derive for more complex rotor
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geometries common in high saliency machines. I ermeance network (PN)
model for turn faults in saturated PMSMs was prepod he permeance network model
is then used to extract 4-dimensional (4-d) flustlictance lookup tables needed to
formulate the transient model. However no expertaemalidation was performed.
Further derivation of a PN model is very tedious] aompromises accuracy, especially
for complex rotor geometries.

In [73] a hybrid model for wound-rotor synchronogenerator was reported
under the assumption that the machine operatésdarlregion under healthy condition.
However, this assumption is not applicable to IPMchines with high level of
magnetic saturation [70].

The aim of this chapter is to create a model of IRsichine under stator turn
fault using only the flux-linkage/inductance maptloé healthy machine and combining
it with analytical model equations of the machimsler fault [89]. This enables use of
existing FE derived tables employed for drive colsti{69], [76], [90] and therefore
provides a means to generate quickly a model ofntaehine with fault without any
additional FE computations. Moreover, the propasedel is computationally efficient
and capable of capturing key transient behavioulP®& under inter-turn short circuit
conditions. Extensive experiments have been peddru 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 transreadels an FE model of a 3-
phase, 6-pole, 36-slot IPM motor is taken as refs#g91]. The machine parameters
were detailed in the previous chapter. The machase?2 coils per pole-pair per phase.
The machine incorporates a 3-step rotor skew @néth). Fig. 4-1 shows the geometry
of the healthy machine.
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Fig.

Fig. 4-1: Geometry of 36 slot, 6 pole IPM Machidé3¢d symmetry model)
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Fig. 4-2 shows the flux map of the healthy IPM maehwhich is obtained by
running a set of static FE simulations by varyingndiy. Thedq inductance map can
also be obtained from the flux map using (4.1).

_/d(id’iQ)'/ d(i ¢= 0l q)‘ ! q(i d 0)
Ly = Ly=——=

q .
lq

- (4.1)
I
iq =const

jy =cons!
Fig. 4-3 shows the resultabf andL variations with d-axis and g-axis currents,
which demonstrates that the machine parametergyelasignificantly due to magnetic

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

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

model of machine with turn fault. The faulty calaircled.

4.4 Classical Turn Fault Model for IPM

For the purpose of comparison, the classical fautdel is introduced and
briefly discussed. The classical fault model refdrto in this chapter is a reformulation
of the original model proposed in [55] idg frame with non-linear magnetic
characteristic of the machine duly accounted apgsed in [62]. Without loss of
generality, the turn fault is assumed to be inphase winding. This is done to simplify
angle calculations for the model. Effect of fauit a different phase on the model
equations is described in the experimental se¢dor). Phase winding ‘A’ is therefore
divided into two parts. Winding ‘AS1’ is the heajtlpart of phase ‘A’ and winding
‘AS2’ is the faulty part as shown in Fig. 4-571'represents the fault winding fraction,
defined as the ratio of humber of short-circuitedns in phase AN to the total
number of turns in phase A{J [55]. R represents the fault resistangegdenotes the

current into the fault resistance.
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Fig. 4-5: Schematic representation of IPM machiité wrn fault in ‘A’ phase.

4.4.1 Machine Equations inabcFrame

The stator equations for IPM machine with turn faain be expressed as (4.2)-
4.3).
v.!=R[if +d [ /at (4.2)

st :[Vasl. Vas‘z Vbs VclT

if =i

. . . . T

as las™lf lps! cs
f _ T

s _[/asl /aSZ/ b! cl

f _ f: f
S _Ls |s+ m

(4.3)

If the machine is not saturated and the permeglufithe core is assumed to be
infinite, the self- and mutual inductances underfeult condition can be represented by
(4.4)-(4.5), where h. and Lg are the constants for the average and ripple tadae
respectively. In the classical model, leakage andap inductance is assumed to scale

linearly and as a product of number of turns respely [55].
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L' =Lydiag[l- m m1 1

(1' ”jz(l-aa) ’7(71' ')Laa (1 )ﬁab ('1 )’mac

+ ”(1' ”)Laa ;'Laa IDZ\b L,gc (4.4)
(1' ”jl-ba My, Lob L pe
(1' njl—ca mca ch I-cc
N
m=—L
Nt
_ g = 4p
Laa=La- LgcoS( 27,) ;L= L 5 L gcos 2+ =
4p (4.5)

Lec =La- LgcoS 27e+ ?

Lap =-0.5L - Lgcos Z; % Lg- 0b, Lgcos e, %

Lye =-0.5L,- Lgcog 2,
Since terminal voltage of ‘A’ phase is sum of vgkaacross sub-winding ‘AS1’
and ‘AS2’, the first two rows of voltage equation(4.3) can be added and re-arranged
to obtain (4.6).

) d )
V= RS|S+d—t5+m°\1|f (4.6)

where,

Vs: (Vasl+va52) Vis VcsT

ig =[ias Tps 1ol 4.7)
o= (Jaa ¥ a0) ! od csT
The flux vector can be rewritten as (4.8),
s=Ldgt+ - mA, (4.8)

where,
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T
A=-[R 0 O
Ly +La - Lgcog( 2,)
A,=- -05Ly Lgcos 2 2?'0
, (4.9)
-0.5L,- Lgcos 2+ ?’0
Laa Lab Lac
Ls=|—|kdiag[l 1 ]]+ I-ba Lbb Lbc
Lca ch Lcc

The voltage equation of the short-circuited windoag be written as (4.10),
. . . d/
Vas2 = R¢l = ”Rs( las™ ! f)+ d_e;sz (4.10)
where,

[ =-MASigk mil sing ¢ m (L mMlLy Lgcos2g)  (4.11)

4.4.2 Machine Equations indgq Frame

The stator equations can be transformed todfpdrame using synchronous
frame transformation defined in (4.12) [77] to obtgd.13).

2
cos(g,) cosg,- ?'0 COSgge+ %
Taboe a0 =3 sin(gy sin ge- % sin g & % (4.12)
L 1 1
2 2 2

Vqa = Rgigqatd gof dt+ug /4 "m %Rs[coq e Sig E]T i (4.13)

where,
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=diag L, L iqd-mg L,cosqg Ly singTif+[O Al

3
Lg = L +§(LA - Lg) (4.14)

3
Ly = L +§(LA +Lg)

The equation for the short-circuited turns is gibgn(4.15),

Voo = Ryis :mRS( i,cosq +iysing - if)+% (4.15)

where,
[0 =-mM LCOgg, Lgsing, igq 4.16)
+miysing, - My L+ MLa- Lgcos2g) '
It is known that IPM machine exhibits non-linear gnatic saturation. This is
guite evident in Fig. 4-3. In order to account $aturation as suggested in [62], the
inductances and the magnet flux linkage are nodotrgated as constants but they are

updated with changinigandiy using lookup tables as given by (4.17).
Ly =Lo(iaia)i/ q=Fofi o o
Ly :Ld(id’id);/d:fd(i ol a) (4.17)
I nlig
The model is tested by simulation wil = 0.1n\W, V4 = -65V, andV4=13V
which corresponds tig = -50A andiq = 50A under healthy condition. Fig. 4-6 compares
the fault current with 1 turn short-circuit predidtby the classic fault model and by the

full FE model. As is clearly evident the classioabdel predicts 41% less fault current
than that predicted by FE.
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Fig. 4-6: Comparison of fault current predictionfEgM simulation and classical modelRyt=

0.1mW, Vg = -65V, andV,=13V

4.5 Proposed Fault Model

The classical model has several assumptions |stkxv.

L4, Ly is considered only dependent adg,ig and does not depend an

However,i; can affect the operating point of the magnetitdfeonsiderably

sinceis >> Gd,iq)-

Leakage inductance is assumed to scale linearly mitnber of turns which

leads to incorrect prediction of leakage inductandie faulty winding.

Fault winding

entire phase.

is assumed to have same winding ididion as that of the

It does not take into account the¢ tlaat phase A may be

composed of many series connected coils which rateirn distributed and

phase shifted with each other.

It is to be noted t

hat the aforementioned assumgtin the classical fault model

are needed if no information about the winding @pmation or mechanical dimensions

of the machine is available. However, if the dimens and winding configuration are

available some of the limitations can be overcomferefore several modifications are

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

First the effect of fault current is analysed untler affected pole-pair region.
Since fault occurs in only one coil of a phase wigdwhich may comprise of several
distributed coils connected in series, as showRign 4-7 the distribution needs to be
properly accounted in the calculation. This is dbgeepresenting the magneto-motive
force (MMF) of the phase winding and faulted tuassspace vectors and calculating

their combined effect.

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

Faulted Turns Coil 1 MMF = N,ji,

MMF= N, i,
\ ’mg’

\ Phase A MMF

Coil 2 MMF = N,j,,

Fig. 4-8: MMF Phasor diagram of two coils in Phas& healthy condition

Fig. 4-8 shows the phase shift between the two MMdétors of the two coils in
phase A, where coil 1 is the coil containing thaltied turnsN;. The instantaneous
MMF space vector can then be written in complex dionas (4.18) taking into account
the fact that the two coils of phase @& énda,) are shifted +15° /12 rad, denoted by

shit W.I.t the Phase A axis.
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Nalia:(N ] Nf)iaej(qewmft)
_ a coll
N (fa- i1 )= Ny (i 1) (4.18)

Nazia - Niae](qe' QShft)} az CO|I

N is the number of turns in one coil and faulted assumed to be in calb.
Similarly the MMF of other phase can also be wniteThe combined MMF

contribution of all the three phases in PP3 can tieewritten as (4.19).
MMF = Ngiy + Nl +Nigip #N gl N d +N g +N (i i )
MMF :gN(zoos(qshﬂ))(iq+ ji g) +N (- f)e"(%“’shﬂ)
o= %4(iac08(q.) +ip cofqe- P IPri, cogrr A I}
ig :%(iasin(qe)ﬂbcos(qe- p /3+i, cofger 2 /9
From (4.19), it is clear that under fault conditibtle MMF of the machine

(4.19)

changes. This leads to the definitionigf andiqs which is obtained by normalizing

(4.19) to obtain (4.20), whem®s (@) is the winding distribution factor.

. . _( . Z N . j(%“?sht)
.t T llas (I a d) +3 N(2C05(57shft))(Jr f)a

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

(4.20)

condition.
4.5.2 MMF Flux Mapping

Under healthy machine condition, the flux map @& thachine is determined by
varyingiq andiq and averaging the flux linkage obtained over deetgcal cycle. Any
change in MMF due to the fault, should be accoutdezhlculate the flux linkage under
fault condition. Thus, instead of using (4.17) e tlassical model, the flux-linkages in

fault conditions are determined by (4.21),

It :fd(id,f'iq,f)/ q,fzfq(i g fl qf) (4.21)
where,fy andfy are thed- andg-axis flux linkage maps under healthy conditions
as shown in Fig. 4-2. By computing tbe and g-axis currentsjqs andiqs under fault

conditions according to (4.20), tlkle andg-axis flux linkages under fault condition can
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be obtained. In the classical model, it is assuthat the fault current does not affect
the flux look-up table, however, this leads to amvesince it is known that the fault will
affect the overall MMF and hence the operating pmirthe machine.

To test this concept, a flux map of healthy machunth the slot leakage flux
suppressed was created. This is done so that lbalinfluence of fault on air-gap flux
can be studied. This enables testing the modiigdurrent references to validate its
performance without leakage flux affecting the Hssurhe first test is with the 1/3rd
symmetric model, Fig. 4-4(a). Fig. 4-9 shows thenparison of the flux linkages
predicted by the model and by FE simulation, witk-50A, i;= 50A, i; = 300A (DC)
with 1 turn fault. It should be noted that the hifyequency ripple seen in the FE
prediction is due mainly to the slotting effect walhiis not accounted in the analytical
model. Fig. 4-10 shows the comparison of the flakdges predicted by the model and
by FE simulation, withg =-50A, i5= 50A, it = 150A (DC) with 3 turn fault. It can be

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

0.03

_____

|
| | === " Proposed Modg

Electrical Angle(Degree)

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

A second test with the full FE model, Fig. 4-4(is)then performed. Fig. 4-11
compares the predicted flux linkages of the cail$?P3 (pole-pair 3) by the proposed
fault model and by FE simulation. The match is oeabkly good; however, is not as
good as the 1/3rd symmetry model. This is becabsestremain small interactions
between pole-pairs, which are not accounted fothm analytical model. Fig. 4-12
compares the prediction verses FE model for a 3 fault. It can be observed that in

both these fault conditions the prediction is good.

12

—FEM
=\ ~"~""Proposed Mode
N |

- =1

N S | I
|
|
|
|
|
| i
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|
|
5
|

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

Fig. 4-11: Comparison of predicted flux linkagedanilted pole-pair (PP3) by proposed model
and by FE, Full Model, No leakagéy € -50A,i4 = 50A,i; = 300A) under 1 turn fault.
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Fig. 4-12: Comparison of predicted flux linkagedanilted pole-pair (PP3) by proposed model
and by FE, Full Model, No leakage, € -50A,i, = 50A,i; = 150A) under 3 turn fault.

4.5.3 Fault Winding Interaction with Pole-Pair Winding Gr oups

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

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

1
—————~ =a+bcog 2p(gn, - 9 4.22
gair (qm’qrm) S{ ( " rm} ( )

where, n is the angle of the rotor d-axis w.r.t. phase-AsaMutual flux

linkage can then be calculated by (4.23) [92],
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2p 1
[ ag =MoRld ¢ ——F—— N Alg )N g ) dg
AF ORStStklfogair(qm’qrm) AN (g ) dg
13a,/2
N a+ bCO# Zp(Qm'qrm} Ck]m
6613 ag/2

4.23
+ N a+beod 2p(gp - g} A P
3a,/2
e
36
_ 36mRyilsud (NN faasz _ Rl NN —/ =
AF = D = 9 =/lgr =-/cF

where as is the slot angle, is the current in the fault windinggs; is the stator
bore radius|sw is the effective length of the stator cong,is the turn function of phase
A and N; is the winding function [92] of fault winding, and is the flux linkage
induced in Phase A in pole pair 1, due to currarfault winding ‘f'. The same results
apply to coils of pole-pair 2 as well. Turn functics the sum of MMF contribution of
all coil sides of a particular phase in consideratiPositive direction is arbitrarily
chosen as into the plane of the paper. Winding tfancis the zero averaged turn
function [92]. The slight DC shift in the windingiriction N as seen in Fig. 4-13 will
induce a slight DC MMF shift for all coils in PP1.
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Turn Function Plc

Slot Number

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

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

The contribution of this fault MMF is expected te $mall on the coils under the
healthy pole-pairs. This condition is cross-checketh FE simulation by injecting a
constant DC fault current; E300A) in the fault winding (1 turn) withy = -50A, andiq
=50A, and then computing thg flux for individual pole pairs. Fig. 4-14 compartbe
dg flux linkages of each pole-pair under the healtmd fault conditions. For the
purpose of comparison, slot leakage flux was sigg@@ by setting the permeability of
the slot region to be less than air in the FE motleis suppression of slot leakage flux
enables the study of only the air gap flux in ortecheck the validity of the winding
function analysis. It is shown that the flux un@&3 where the fault takes place is most
affected as compared to that under the healthyitondIn contrast, the fluxes under
PP1 and PP2 are less affected and hence their ehaog to the fault under PP3 may

be neglected.
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Fig. 4-14: Flux linkage comparison under differpate pairs (FE) withy = -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 thBIMdue to the fault winding is
small for the healthy pole-pairs. One possible tsmhuto modelling this is to ignore the
small effect of fault MMF on the healthy pole-paifis is expressed as (4.24).

Ta.om = apeds ape™ qp@ (4.24)
Since, the flux lookup table shown in Fig. 4-2 @& the healthy machine, to
compute the flux linkages for the healthy and fdltvindings under different pole-
pairs it needs to be scaled. It is known that urtteEalthy condition each pole-pair
contributes the same amount of flux. Thus, theofwilhg is true.
A “29
From the foregoing assumption that the flux linkageler PP1 and PP2 are
unaffected and equal to healthy flux linkage valties following can be written as

(4.26).

Ta,om = o p=

S|~

(4.26)

fofi ol o
J

/ foli o

apnt ™ qpe=

ol
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A more accurate model can also be derived whichs doat involve the
approximation as in (4.26). This is required whkea humber of faulted turns or the
fault current is higher and consequently the fadNIF contribution is difficult to
ignore. The effect of fault can be accounted fer¢hils under the healthy pole-pairs by
using the fact that for ‘a’ and ‘b’ phases the fleantribution is equal whereas for ¢
phase it is opposite phase as given in (4.23) anuguhe MMF contribution of the
faulted turns on the coils to modify tlae currents for flux lookup under the healthy
pole-pairs. Therefore, using the same techniqushasvn in sub-section 4.5.1, the

effectivedq axis currents for the healthy pole pairs can h@essed as (4.27).

g (6N;iy /36)

g = ig +T
ii h iz ab® g (ZNCCOS(qu)) 1 o

1

Tan= app1#F dpg = fd(id,h’i q,h);

Tan = qpm=!qpp= f((i dh’iq,h)

x 10°
8 ,,,,,,,,,,,
w7
2
°6
- | —FE (PP1)
BF----- - - “4—FEPP2) -~ +
-~—-Predicted (PP1,PPR)

—FE (PP1)
0.029 —FE (PP2) |
-~—-Predicted (PP1,PPR)

|
1 1
50 100 150 200 250 300 350
Electrical Angle (Degree)

-----

Fig. 4-15: Comparison afq flux linkages of FE simulation verses model foalti®gy pole pair
(PP1,PP2) flux linkages without slot leakage flig= -50A, i, = 50A,i; = 150A) under 3 turn

fault.

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

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

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

! 4 total =Q apea?t d prﬁ)/"' d p8

_p-1 . _p,1 (4.28)
/d,total_—p/ d,h'l' d, ppi{’ qtotal__/p_ 4h+ g pB

This sum of flux linkages is not affected by thetfthat the system is nonlinear,
since the total flux is the sum of flux linkagestribution by all the coils in all the pole

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

Fig. 4-16 shows the comparison of the tadgl flux-linkages of all the coils
under all the pole-pairs, predicted by the classwwadel, the proposed model and the
FE model with no slot leakage flux present. It ¢tenobserved that the flux linkages
predicted by the proposed model match close topiteatticted by the FE model.

=-=-=Proposed Mode

Electrical Angle(Degree)

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

To check performance of the method a further comparwith FE simulation is

performed under a 3 turn fault as shown in Fig744ican be observed that the match

is good.
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Fig. 4-17: Comparison of predicted flux linkages of proposed model verses FE simoihatf
full model without slot leakage fluxy(= -50A, i, = 50A,i; = 150A) under 3 turn fault.

4.5.5 Leakage Flux Calculation and Flux Linkage of Faultel Turns

In the previous section influence of fault on aapg flux linkage was
investigated, which involved using a flux-linkageymof the machine with leakage flux
suppressed. However, a real machine has slot leafkag which has to be accounted
for in the model. Therefore, the true flux linkageap of the machine without
suppressing the leakage flux is used for calcujative dq flux linkages under fault.
Since the air-gap flux linkage is still requiredr fimodelling it is assumed that the
leakage flux is not affected by saturation in thechine and can be subtracted from the
total flux linkages to obtain air-gap flux linkagd®y method of example thep axis air-
gap flux linkages can be computed by first commuthre air gap flux by subtracting the
leakage flux and then the total leakage flux iseabid obtain (4.29).

/q,pp?z:%Q ol,h(i g rl g f)' L ik f)

1 (4.29)
/q,total :pTQ q,h(i d1i q) -L IIIL q)'b/ q p[3+ L ik (

Fig. 4-18 and Fig. 4-19 shows the comparisonhef prediction ofdqg flux

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

match close to those predicted by the FE model.

L . |—FEM

0.105

> 0.095

=3

—  0.09

0.08 0 50 100 150 200 250 300 350

Electrical Angle(Degree)

Fig. 4-18: Comparison afq flux linkage prediction of classical and proposeadel verses FE

simulation of full model with slot leakage fluiy & -50A, i, = 50A,i; = 300A) under 1 turn fault

0.02

—FE
—-~--Predicted

Electrical Angle (Degree)

Fig. 4-19: Comparison afq flux linkage prediction of classical and proposeadel verses FE

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

The air-gap flux linkages of the faulted turnshen calculated from the phase
flux linkage using thedq flux linkages of the pole pair under fault (PP3ixhwdue

account of the distribution factor (phase shift)l 2ime number of faulted turns as shown
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in (4.30). The flux linkage vector diagram is sianitto the MMF vector diagram as

illustrated in Fig. 4-8.
_Ne 1
N, 2C05(qshft

The self-leakage inductancéy;) of the faulty turns and its mutual leakage

/aSZ

)/ d, p[:BSinﬁ 4 shf)* qpﬁcai G sh} (4.30)

inductance Mk 1) with the healthy winding in the same slot carchiulated using the
method described in [15] instead of scaling thekdge inductance as in the classical
model. The leakage flux can then be added to thgag flux linkages to obtain the
total flux linkages of the faulted turns as givar(4.31).

_Ne 1

- N Zcos(qshft

Fig. 4-20 and Fig. 4-21 shows the comparison oflipten verses FE model for

/as2 )/ as+(i a” i f)L kT M oy (4.31)

the flux linkage of the faulted turns for 1 turnda@ turn fault respectively. It can be
seen that the proposed model matches close tadgmedéel prediction.

——FEM | |
2B, =-=:=Proposed Model - - - - =2

[ asdV-S)

‘e
0
-----

200 250 300 350
Electrical Angle(Degree)
Fig. 4-20: Comparison of faulted coil flux linkageediction of classical and proposed model

verses FE simulation of full model with slot leakétux (4 = -50A,iq = 50A, it = 300A) under

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

3 turn fault

In order to compute the total leakage flux linkagatribution in all the phases,
the leakage flux contribution must be added argivien by (4.32).

/o = Lida- (le,f+ M Ik,fh)i f
To, = Lidp (4.32)
T = Lide

4.5.6 Complete Turn Fault Model

Based on the foregoing sections the governing ensatunder an inter-turn
short circuit fault are summarized in (4.33)-(4.43)

d/
V, = R, +d_tq +w 4- %mRsi €0sg (4.33)
d/d
Vo = Riig+——-wd ¢ mR dsing (4.34)
o _ , o 0\, U
Rilf =V = mRs( 14COS G+ 14SING,- | f)+ o (4.35)

/q :pTlg Q.h(iohi q) Ll Q)+ ! q ps* Lidq - (L ki ™ M'k.fh)i 1C0Ge  (4.36)
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/4 :pqu d,h(id1i q) - Ly d)+ ! g pa™* Luda - ('— it Mlk,fh)i iSing,  (4.37)
! 4. pp3 :%Q q,h(i d flg f) -Likg f) (4.38)

/4, ppa :%Q d,h(i o plg f) -Likg f) (4.39)

Ny 1 /d,pp3$inbe+qshft)

J = Fla-ie )b e tiMpm  (4.40)
a NC 2C0wshft +/q’ pp3 CO*Q +q Shft) ( ) )
i =i 2 Nf 1 i Sin(q + g ) (4.41)
d.f T4 3N Aed o nt '
3N, ZCOS(C/shft) ST
- _ZNf 1 i COiC/"'q ) 4.42
af Sg 3 NC Zcoi%hﬂ) f e shft (4.42)
Where,

Gshe =P 112 (4.43)

The model equations can be easily implemented ynsanulation environment,
such as Matlab/Simulink [79] or circuit simulatdtd Synopsys/Saber [78], to perform

system simulations in a computationally efficierdarmer.
4.6 Model Comparison with FE

To validate the model, a constant andV, which represent a given operating
condition are applied to the model and the resyltig 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 ofrésaltant currents predicted
by the proposed and the classical models, andéizEhmodel. As is clearly evident the
currents predicted by the proposed model match nolager to the FE predictions than
those of the classical model. Fig. 4-23 particylathows that the proposed model is
able to predict the current wave-shape close topreadicted by FE. It is to be noted that
as the fault ampere turn becomes higher local atbar effects due to the turn fault

makes the prediction worse than lower fault ampenes.
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4 ; | — FEM
—_ [ . Lavenes,
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© P - ’ R Classical Model

Timé(s'

Fig. 4-22: Comparison of current prediction of slaal and proposed model verses FE
simulation under 1 turn faulv = -65V, V= 13V, R = 0.1m\) (operating pointy ~= -50A,iq
~=50A)

———— Proposed Model
---------- Classical Model

Time(s’

Fig. 4-23: Comparison of current prediction of slaal and proposed model verses FE
simulation under 1 turn faulv = -3.485V,V,= 7.33V,R; = 0.1nW) (operating pointy ~= -
50A, i ~=0A).
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Fig. 4-24: Comparison of current prediction of slaal and proposed model verses FE
simulation under 3 turn faulv = -65V, V= 13V, R, = 10n\) (operating pointy ~= -50A, i
~= 50A)

—FEM

Fig. 4-25: Comparison of current prediction of slaal and proposed model verses FE
simulation under 3 turn faulv§ = -57V, V= 30V, R = 10nm\) (operating pointy ~= OA, iy ~=
40A)
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A further validation run is performed under a 3ntdault with R = 10m\ is
shown in Fig. 4-24 and Fig. 4-25 for different cgtérg conditions. It can be observed
that the model matches well with FE prediction.

It is to be noted again that the model involves s@mplifying assumptions in
order to enable use of only the healthy machina dat prediction of the machine
behaviour under fault condition. Therefore somereis to be expected. The purpose of
the comparisons in this section was to highliglat #&dthough the match is not perfect, it

is a close approximation.

4.7 Experimental Validation

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

The flux linkage lookup tables under healthy cooditvere generated using this
adjusted FE model. The prototype machine is coatduwith short-pitched coils, i.e.,
coil span is 5 slots instead of 6 as shown in &#ig6. To account for the effect of short
pitch factor sin($/12), the equivalentys andiqs is modified accordingly, as shown in
(4.44). The vector angle is shifted bp/2 since the fault is in phase-C, instead of
phase-A. It is also to be noted tlggii does not appear in the exponential term in (4.44)
since the MMF of the short pitched coil is centvedt the phase C flux linkage.

g, * g, =(q*ii o)
2 N Sin(50/12)(_if)ej(qe+2p,3) (4.44)
3 N(Zcos(qshft))

To avoid any controller from introducing errors model validation, the

machine prototype was run in generator mode witksastive load. To obtain positional

alignment of the waveforms w.r.t to rotor positiemanalog sin/cos encoder was used.
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Fig. 4-26: Geometry of the test machine, includadgitional air-gaps and short pitched coils.
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Fig. 4-27: Comparison of measured and predictell tauwrent variations with speed and load
(a) No-load, (b) 2%/load, (c) 1.0¥Iload and (d) 0.6&load.
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Fault tests were performed at four load conditiorsnely no-load, 0.6,
1.01W, and 2.2V. For each load condition the rotor speed of thelme is varied from
500 r/min to 6500 r/min. Fig. 4-27 shows the congmar of measured and predicted
peak and RMS fault currents. The maximum error ndegkis about 12%.

Measured and predicted instantaneous fault cumereforms are compared in
Fig. 4-28 at 4 sample test-points at rotor speed®®0 r/min and 5500 r/min under no-
load and at 0.6% load respectively. In all the 4 cases it can beeoked that the

predicted fault currents match closely to the expental waveforms in terms of both
magnitude and shape.

80
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Current (A)
o

Current (A)

Current (A)
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T
— I, (meas)
N - | (pred)

Current (A)

(d)
Fig. 4-28: Comparison of measured (meas) and pgest{pred) fault current at (a) 1500 r/min
at no load, (b) 5500 r/min at no-load, (c) 1500imat 0.69Wload and (d) 5500 r/min at 0.69

load

Current/voltage ripple at the terminals of the maehs an important indicator
of unbalance in the machine caused due to the. fsl@asured and predicteglandig
ripple are compared in Fig. 4-29 at 3 sample testtp at 5500 r/min with 2\& load
and 0.69VIoad and at 3500 r/min with 2/A2load. It can be observed that the predicted
ripple matches closed with experiment both in paa## wave-shape. It is to be noted
that the voltage ripple is simply a scaled valughef 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 gestl{pred)dq current ripple at (a) @5500
r/min and 2.2VIoad, (b) @5500 r/min and 0.8oad and (c) @3500 r/min and @/2o0ad.

4.8 Comparison of Simulation Setup Time with Direct FE
Model

The main advantage of the semi-analytical apprasc¢he reduced simulation
setup time required compared to the direct FE @drimethod proposed in Chapter 3.
The simulation setup time is defined as the amairtime required to generate the
current to flux linkage lookup tables. Table 4-lowk the comparison of the two
approaches on a computer with an Intel Xeon quae pmcessor running at 3.1 GHz
with 16GB RAM using Cedrat/Flux 11.1 software. Toeeluction is due to the fact that
the FE model required for the semi-analytical motdela 1/8 symmetry healthy
machine model running only a sweepipndigy, whereas the direct-FE derived model
is a full machine model running a sweep®fq andis. It is therefore clear that using the
semi-analytical model the fault model can be setwgh quicker than the direct-FE

approach at the cost of simplifying assumptionsiiregl 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 IPiachine under stator inter-
turn fault conditions has been described. The modelbe established using the flux
linkage map of the machine under healthy conditidhgs shown through simulation
and experiments that the model is able to capteérarmonics in the fault current and
the dg currents in sufficient detail, even thoubh tnhodel uses only averadg flux
linkages. The model can be used for developingt falgtection and mitigation

techniques for IPM machines.
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Online Stator Fault Detection Using
Residual Currents

The main contribution of this chapter is a fastimalfault detection scheme for
stator turn fault (TF) and high resistance conmec(HRC) using only the drive current
controller inputs such as motor currerdg frame) and rotor position along with current
controller output such as inverter voltage commddd frame) to achieve fault
detection. No external sensor(s) or high speed Bagnpf currents/voltages are needed
in this technique. The fault detection algorithnmnmgplemented in real-time in DSP and
executes in parallel to the drive current controllene detector is based on an internal
motor model which utilises the command voltagepredict the motor currents. The
predicted currents are subtracted from the meastrgdnts to obtain residual currents
which show significant change between healthy andtéd operation. In addition the
fault detection algorithm can identify the fault@thase enabling appropriate fault
mitigation algorithms to be applied. This is pautarly useful in multi-phase machines
which due to its higher degree of control freedamalding fault tolerant operation of
machine without the need to shut down the machibeensive simulation and
experimental results are presented as validatiothéoproposed strategy.

Major contents of this chapter were published tyadhthor in [93].

5.1 Motivation

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

turn fault detection schemes. Fundamental sigaaed fault detection is among the
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most commonly used techniques in literature [94dwidver, since fundamental fault
detection relies on unbalance detection otherdgagpecially high resistance connection
(HRC) can be picked up and classified incorreciytian faults. Therefore this chapter
includes analysis and detection of HRC fault alwp turn fault to obtain more robust
fault detection and classification method.

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

In this chapter and the next chapter, a low powph&se permanent magnet
machine is utilised to experimentally test faultes#ion techniques under relatively low
fault currents. The knowledge gained by the expeni® is then utilised to extend the
technique(s) in simulation for a high power IPM totgpe as part of the MotorBrain

project deliverables.
5.2 Literature Review
5.2.1 Offline Fault Detection

Offline fault detection can only be performed ontars that are disconnected
from service. However, these are accurate method$iave been long used in industry
as part of scheduled maintenance and testing. Sbitie major classes of offline turn
fault detection are DC winding resistance testgsuest and partial discharge test [12].

DC winding resistance as the name suggests is measuat of the winding
resistance under standstill condition. Turn fawh cshow up as reduction in DC
resistance of a winding. Although easy to perfohm test, the sensitivity of the method
is affected by ambient temperature and resolutiosnmall changes particularly in low

voltage automotive motors with low winding resistan
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Surge test and frequency response testing invoamdication of transient
voltage across the winding. If a turn fault is s this can be observed in the current
response of the winding in either frequency or nitage. This has been in use for
industrial motors and the recommended test proeedugiven in IEEE 522 [95].

Partial discharge measurement is based on measurenfiesmall leakage
currents that flow when a high voltage is appliedhe winding. Partial discharge can
be detected analysing the frequency componentshef Ieakage currents. This
recommended test procedure is detailed in IEEE]98Y However, this method is not

readily applicable to low voltage machines.

5.2.2 Online Detection

Online detection is performed while machine is pe@tion. Online methods are
preferred to off-line methods for stator turn fadéttection as turn fault creates a local
hotspot that if left unchecked can damage the entinding of the machine in a very
short period of time (1-2s). [16], [94], [97]. kwvailable literature the techniques for
stator turn fault detection can be grouped intoggomcategories.

The first group of techniques is motor current atgme analysis (MCSA) ) [18]—
[20]. Stator turn fault causes changes in the statagneto-motive force (MMF)
spectrum and therefore modifies specific higher eorcharmonics in  motor
current/voltage and the changes in their magnitudghase of these harmonics can be
used for fault detection. However, in case of ©@aapeed drives this is complicated by
the fact that speed of the motor can change anéftre advanced signal processing
such as short time fourier transform (STFT), camtuns wavelet transform (CWT), and
Hilbert-Huang transform [98], [99] transformatidrave been proposed to overcome
these issues. However, these algorithms are cotmqmally expensive and have only
been implemented using advanced platforms like leabvor dSpace or implemented
off-line using measured data. Similar methods ha&lge been proposed on mechanical
measurements like vibration and torque signals JH[@Q03] but are expensive to
implement due to high cost of the sensors.

The second group of techniques is based on higjuérecy (HF) injection based
methods. These require injection of HF signal (H2kin the modulation signal of the

inverter [19], [21], [22]. The current due to thd-Hignal extracted from the motor
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currents is a function of the winding impedance aad therefore be used as fault
indicator. However injection of HF is not prefadrdue to increase of acoustic noise
from the machine. To overcome this ripple currené do PWM of the inverter was

proposed in [104] as a means of fault detectiolisuitg the modulation as inherent HF
source. However an external circuit was needecatrae the PWM ripple current.

The third group of techniques is based on electgmatic measurements such as
axial leakage flux [23]—[25], search coil based moels [26]-[28]. The voltage sensed
by the search colil acts as an indicator of magnetiralance in the machine and can be
used for fault detection. However, this is an invagechnique requiring additional
winding in stator/rotor, and therefore not wideked.

The fourth group of techniques is based on neypinait voltage measurement
[29]-[31]. The voltage between motor neutral p@nt inverter artificial neutral point
changes under fault conditions and can be usedhasdicator for turn fault. This
technique requires additional circuitry to sensenbutral voltage and connection to the
neutral point of the machine which in many casewisreadily accessible.

The fifth group of techniques is based on funda@aleinéquency analysis. This
includes negative sequence voltage [32], negategpuience currents [33] and cross-
coupled impedance [34]. This technique can be implged in parallel with controller
and needs no additional sensors. Most of the methoel based on negative sequence
analysis, however in multi-phase machines thereadditional sequence components
which also contain the fault signature and needbet@roperly accounted for in the
detection. In [105], a product of two inverter \age command space vectors was
proposed for fault detection in multi-phase mackine

Finally the sixth group of techniques is based tatesestimation based methods,
estimating equivalent resistance and inductancedB8 back-EMF [36] of the machine
and utilising any changes as fault indicator. 184]Jl [107] state estimation was utilised
to reject most of the healthy signal using an maémotor model. The method has
benefit of fast load and speed disturbance rejectio [108] third harmonic frame was
proposed for HRC detection which can identify thelted phase.

HRC detection methods are based on signal injedt@®®], neutral voltage
measurements [110], sequence component based &htllHetection in higher order

harmonic frames [108]. Most of the methods howeaeg,focused on HRC connection
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alone, however since turn fault can also causelanba in the machine most methods
cannot distinguish the two faults. In [29] a faalassification algorithm for 3 phase

induction machines was proposed which could chadsin fault and HRC faults using

neutral voltage measurement and phase angles attiaive sequence currents.

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

This chapter contributes to the body of knowledygthe following aspects:

1. Fast detection (<1.5 electrical cycle) of faultngsian online motor model.

The detector is able to reject load and speedriiahces.

2. Identification of faulted phase.

3. Classification of a fault as TF or HRC based onl@glculation.

5.3 Transient Machine Modelling under Stator Turn Fault

The machine under consideration is a 10-slot 12;pd-phase surface
permanent magnet (SPM) machine. This machine wastsd as a low power platform
to test fault detection techniques as part of thedvBrain project. The fault detection
techniques experimentally tested on this prototigoéhen extended to 3-phase high
power IPM machine described in section 5.12. Fid. $hows the geometry of the
machine. The 5 phase SPM machine with a turn fartbe represented schematically
as shown in Fig. 5-2. The parameters of the madmadenverter are given in Table 5-1.
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Fig. 5-1: Five phase fault tolerant SPM machine
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Fig. 5-2: Schematic representation of 5 phase SRhine with turn fault on phase-4

Table 5-1: Specification of the Prototype Five-&h&ault-Tolerant PM Machine

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

Total Number of turns / phase{N 62

Rated RMS current 6.52A
Fundamental flux linkageX(n1) 19.1mVs
Third harmonic flux linkage X3 416uVs
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The machine with fault can be modelled by (5.1) sidering the faulted
winding as a separate winding. For notational corerece, subscripts 1, 2, 3, 4 and 5
denote phases A, B, C, D and E respectively andrsapptf denotes the fault node.
All voltages are referred to the motor neutndl 'except forVs which is referred to

node f.
f fof ¢ dig' f
V£, =R/ ig +L{ ——+eg (5.1)
dt
Where,
T
Vi= Ve Vo Ve Ve VsV
(5.2)
. f . . . . . . . T
R'=dag R B R B R R
=Rdiagl 1 1 (-m 1 (mp
L, O 0 0 0 0
0O L, O 0 0 0 (5.3)
. 0 0 L, 0 0 0
=0 0 0 L, 0 My,
0 0 0 0 Lg, 0
0 0 0 My 0 Ly
f T
€& =6 & & g § &
& =wY wsin(g- (F V20 /3 3¢ sinbg (i L2 /¥
& =(1- me >-4)
efn:nﬂl
Vin =1 R;

Rs ij, g andL; (j = 1, 2, 3, 4 and 5) denote the resistance, cuyrbauk-EMF
and self-inductances of th8 winding, respectivelyR: denotes the external resistance
across the faulted turngg denotes the electrical frequency in rad/sec ‘andlenotes
the winding fault fraction given by the ratio ofetmumber of faulted turn to the total
number of turns [55]. For the particular SPM togyl@onsidered,; (i,j =1, 2, 3, 4, 5,

iZj) is zero [114]. Table 5-2 shows the parameterhef winding under turn fault
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condition. The parameters are derived using a ainplocedure outlined in Chapter 2

using parameters listed in Table 5-3 .

Table 5-2: Machine Parameters under Turn fault

Parameter Fault Condition

Nt 2 turn fault 20 turn fault
Ru 0.65A 0.46A

Ren 0.02W 0.2

L 2.6mH 1.3mH

L 2.81H 0.28mH

M s 83nH 0.6mH

Table 5-3: Machine Geometry Data

Parameter Value
Air-gap length 1.0 mm
Stator outer diameter 70 mm
Bore diameter (2Ry) 34 mm
Slot opening tf) 1.1 mm
Slot opening depthh) 3.1 mm
Height of slot b 11.9 mm
Magnet Thickness 4.5 mm
Axial length 70 mm
Slot opening anglea) 7.7°

Slot angle 6s) 4.98°

Since in (5.1) phase-4 is divided into two coilsealhy ) and faulty Vi),
(5.1) can be re-arranged by adding tHea#id the 8 row of (5.1) to obtain the motor
terminal voltagesys (5.5).
Ve = Rdi o+ LS%+es+mAli f+A2% (5.5)
dt dt
Where,
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. . . . . . T
ig=[iy iy ig i4ig
V] (VARVARVARVERVIE
-
es=[e & & ¢ ¢ (5.6)
A=[0 0 0 -R ('

A= 0 0 0 -(My+Ly,) 0

Since the motor is fed by an inverter, and the nm&cheutral terminalrf’ is
floating as shown in Fig. 5-2, the applied invenpdiase voltage vectos, w.r.t node
‘N, i.e., the negative terminal of the DC supplyndze re-formulated in terms of the
motor phase voltage vectayas given by (5.7) wher#/,\ is the voltage between node
‘n”and ‘N

V, =\, +V (5.7)
i;j=0 (5.8)
By adding all the rows of (5.7) and applying Kircifts current law (5.8)Vnn

can be obtained as given by (5¥9)x can be eliminated by substituting (5.9) in (5t@),
obtain (5.10).

. dis
Vit IRy +(M4f + Lfn)a (5.9)
VnN - 5
7 . di . di
Vemd = Vi- —5 L= Rgi gt Lsd—t5+ e g mAsi ¢ A4T; (5.10)

The left hand side of (5.10), is the command vdtsag.,q generated by the
current controllerA; andA, are given by (5.11).
A;=RJ1/5 1/5 1/5 - 4/5 1/p

5.11
A, =(My +Ly)[1/5 1/5 1/5 - 4/5 1/p &1

5.4 Steady State Voltage Analysis under Turn Fault

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

Therefore, by processing the inverter command gekathrough signal processing to
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extract only the terms containing turn fault could be detected. In order to derive

fault indicator first the sinusoidal steady stagéddéviour is analysed.

\Z . di
Vemd = Vi- le Rsl st L Sd_'[s tes (5.12)

Fig. 5-3: Voltage Based Detector Structure

5.4.1 Phasor Analysis

Under sinusoidal steady state, the time domainterqug.10) can be expressed
as complex variables (phasors) by replaciiidt with jug, to obtain (5.13). Phasor
voltage command in case of a healthy machine igemgiby (5.14). Superscript

denotes phasor quantities.
. 1 .
chd:(Rs+JWeI-g| s+E s+gA5(”R§|' JWQM4 f+L a)l f
A=[1 11 -4 1

chd, healthy= (R s+ JW é— ll S+E S (5-14)

Comparing the phasor voltage equation of machirgeufault (5.13) and the

(5.13)

phasor voltages expected from a healthy machirigl%he following observations can

be made:

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

2. Fault current influences different phase voltagéemntly as can be observed
from terms ofAs with the faulted phase having the highest coeffiti The

phasor voltages are therefore unbalanced.
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Although the fault current influences the invetemmand voltages the overall
magnitude of the voltages will only differ by agtiamount due to the large influence of
the terms associated with the stator current arak-BMF. An effective method of

resolving small unbalances is by using sequencegooents.
5.4.2 Sequence Component Analysis

Unbalance can be analysed using Fortescue trarsfiorm[115] for 5-phase
system given by (5.15) and applying it to (5.13t& to obtain (5.16)-(5.17), where
superscript * denotes sequence component phasons.(5.15) denotes phasor values
of i phase, subscript 0, +, --, ++ and - denotes tfierdnt sequence components. Fig.
5-4 shows the individual sequence components aadatigular relationship of the
individual phasors. It is to be noted that -- andre the reverse rotation sequence

components of ++ and + respectively.

Fig. 5-4: Sequence components and the phase redhtp
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Fo 11 3
F. 1 a a®>a’a* f
F=f" :él a® a* a a® F
= 1 a%> a a*a? F (5.15)
= 1 a* a® a2 a b

(5.16)

*

chd,healthy = (Rs+ JWJ- Ql*s +E* (5-17)
In (5.16) the voltage component consists of a hggtart and fault part related
to ir component. Assuming perfect current control bydhee and balanced back-EMF

of a healthy machine the sequence components oérduand back-EMF are given by
(5.18).

T (5.18)
EEc=0 E, 000

From (5.16) and using (5.18) several observatiamsbe made.

1. Zero sequence component in the command voltagerés (2o =0) under
healthy and faulted conditions. This however doesimply thatV,y is
zero.

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

3. The + sequence component comprises of terms expfota the healthy
+ sequence component and also terms duetterms which has the
same magnitude as the other sequence components.

4. The fault information is spread out in all the selce components
(except zero sequence) equally in terms of mageiagican be deduced
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from B3, therefore fault signature from all sequence camepts should

be extracted to maximise the detection signature.

Since --, ++ and — sequence voltage componentsistenenly of terms
comprising of fault current, an effective detectman be achieved simply by summing
up the absolute values of the real and imaginampdeof these sequence voltages as
given by (5.19). Since the + sequence componenttmboth healthy and fault terms
and the fault terms cannot be separated out, thegtience voltage is ignored for the
computation of the detector.

detector:‘ REV" )H iV’ )‘ +‘ RRY. )‘ +‘ I, )‘
. ) (5.19)
+‘Re(v_ )‘ +‘ Im(V_ )‘

In addition to fault detection, in order to enald@fective fault mitigation
controls, the faulted phase has to be identifiedweler since the + sequence
component contains healthy terms which are domjmamtrder to achieve faulted phase
identification the voltage phasors are re-consedicby removing the + sequence

component in (5.16) to obtain (5.20). By applyimyarse Fortescue transformation
(5.21) on (5.20) the residual voltage phasbfs) can be obtained as (5.22).

* 1 ,
Vre :g(”Rs+ JWe(M4f+ Lfn))lef
(5.20)
4 27
B,=-0 0 a a" a
Fo11 11 1 R
Fp 1at a’a®a F,
FR=1a®> a a*a’ F_ (5.21)
F, 1 a® a* a a® F,,
Fs 1 a a%2 a%®a* F
1 .
Vres_g(nﬂs'*' JV@(M4f+ Lfn))ASI f
] (5.22)
Ag= 1+a®> 1+a® 1+a -3 %*a’
|Ag|»[0.618 0.618 1.618 3 1.618 (5.23)

From (5.22) and (5.23) the following observatioas be made:
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1. ComparingAs in (5.13) withAg in (5.22) it can be observed that even if the
positive sequence is neglected the reconstructdua voltage phasor of the
faulty phase (phase-4) still retains the same amguiformation of the fault
currentis as in the original voltage equation (5.13). Howef@ the other
healthy phases it gets modified as giverAgy

2. The ratio between faulted and healthy phases wltagidual is (3/1.618=1.85)
for the two closest healthy phases and (3/0.61&34@ the other two healthy
phases as given by (5.23). This implies that argetation about the fault
location can be made, however the faulted phasduadsis only 85% higher
than the closest healthy phase residuals. Presd#neeise and harmonics and
non-ideal control can reduce this theoretical ratind may cause mis-

identification of the faulted phase.

Therefore in conclusion using just the inverter awend voltages, determination
of fault and localisation of fault can be done teagly state. However, since inverter
command voltages are subject to changes underdraronditions such as load and
speed changes, it needs to be filtered in ordegxtoact the phasor data. This will
increase response time of the detector. This approaay be suitable for industrial
drives running under steady load conditions, howeseunsuitable from traction/EV
application due to dynamic loading. However the dfignof using voltage based
detection is that no machine parameter is requisethe detector making it machine-

parameter independent.

5.5 Steady State Residual Current Analysis under Turn
Fault

It can be appreciated from the previous sectionrésdual voltages can be used
for fault detection. However, under transient ctinds the extraction of voltage
sequence components is difficult and requiresriiiiteto reduce the effect of transients.
If however, the nominal response of the healthyhimeccan be predicted and removed
using a state observer, the detection will be fasbtel more robust to load and speed
changes. This is because the state observer cdittptize same transient response as

that expected from a healthy machine and by sulmicgathe output of the observer from
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the actual machine response, any load or speesig@rdrcan be theoretically eliminated.
However, machine voltage prediction is difficulipesially under transient conditions
such as load and speed changes due to presenaer@itaderivatives in (5.13) which

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

Fig. 5-5: Simplified residual current detector sture

Current however being an integrated quantity isalid®r state estimation.
Therefore an internal state estimator to predichinal motor current using the inverter
command voltages can be utilised to extract orgyféult signature. Fig. 5-5 shows the
simplified detector structure. To analyse the iwgtions 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 iprédous section the faulted

motor model is given by (5.24).
: 1 .
chdz(Rs+JW(J-g| s+E S+EA5(,7R§'_ JW€M4 f+L A')I f

A=t 11 -4 1

The model predicted phasor current using the sasttage command is given by

(5.24)

(5.25) where superscript ~ denotes predicted quesitilt is to be noted here that
it is assumed that model parameter matches exadtly the actual machine
parameters under healthy conditions.

Vema = (Rs+ jwd JI ¢+E ¢ (5.25)
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Since the voltage in (5.24)-(5.25) are equal thap be equated to obtain
residual current as shown by (5.26).

o=l = EAS(,’RS-'- j”é(M4f+ Lfn))

5 (Ro+ jwely)

By way of example, from (5.26) the residual curseot the faulted phase (phase-

4) and a healthy phase (phase-2) can be extraotes given by (5.27)-(5.28) and their

(5.26)

¢

ratio is given by (5.29).
S 4(/7Rs+ jV’é(M4f +Lfn))

) 4 5.27

R Gt (5.27)

| IA__E(/7Rs+jV’é(M4f+Lfn)) (5.28)

7 5 (R mly f '
l,-1,_ 4

4= 5.29

LT 1 (5.29)

From (5.26)-(5.29) the following observations cannbade:

1. The residual currents are proportional to the fauftent Iy’

2. The residual current magnitudes of the healthy @hase equal.

3. The residual current in the faulted phase is inosgip phase with, and 4 times
larger than, that of the healthy phases. This @sabhsy determination of the
faulted phase. In presence of system noise the rmatiexpected to decrease
however, a ratio of 4.0 is an excellent signal-tise ratio. The relationship can
be further generalised to an N phase SPM machinehwias zero mutual
inductance as given by (5.30).

| faurt, ph~ | fau, ph _ _ N-1 (5.30)
i I '

nofault, ph~

nofaulf ph

This property of large residual ratio between thelted and healthy phase can
be exploited to determine the faulted phase byaetitrg the residual phasor magnitudes
and comparing the relative magnitudes. Since the islarge it also provides a good
signal-to-noise ratio for phase identification aggimodel errors. It is to be noted that

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

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

Unbalance can also be analysed using Fortescusfdraration (5.15) and
applying it to (5.26), (5.31) can be obtained, vehguperscript * denotes sequence
component phasors.

(”Rs"‘ j VK(MM"' Lfn)) :

1
&= - |
5  (R+ jwly) H (5.31)

Several key observations can be made using (5.31):

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

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

3. The assumption of perfect current control is nogEmnecessary for residual
current analysis, compared to that needed for gel&nalysis. This is because,
the state estimator uses the same voltage comnmaahdamy non-ideality of
control affects the machine and the model equatigt thus gets cancelled.
Therefore, this method can accommodate low bantiwairrent controller

without loss of precision.

Since in practical conditions it is not possibleh@mve an exact match of motor
model parameters to the actual machine, it is quotsible that small mismatches may
result in a small residual component in healthyrapen. This can easily be removed by
only considering the --, ++ and — sequence compaioerfault detection and ignoring
the + sequence for fault detection. An effectiveedédn can be achieved by summing
up the absolute values of the real and imaginarysef these sequence voltages using

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

will negate the benefit of having a model baseectain.

detectorz‘ R(el s )‘+‘ |r(1| e )“*‘ R@*res )‘ +‘ "@*res )‘

+‘Re(| :ES’_ )‘ +‘ Im(l *res, )‘ (5.32)

5.6 Transient Machine Modelling under HRC
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Fig. 5-6: Schematic of machine with high resistacmenection in phase-4

Fig. 5-6 shows the schematic of the machine withCHRult in phase-4. The
excess resistance introduced due to the faulty exdion is denoted by {Rc. The

faulted machine can be modelled by (5.33).

. di
v.' =R+ |_sd—tS +e, (5.33)

where,

st = [V1 Vo, V; Vs]T
(5.34)
id =[iy i, Qg igid
RS =diaglRk R R RtRpc R
Ls=Ldiag[1 1 1 1 ]
. (5.35)
&'=[e & & g ¢

ej:%lesin(q- (- ])20/3 3 rT:;;sinééy G L2 /)5
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Since the motor is fed by an inverter, and the nmecheutral terminalrf’ is
floating as shown in Fig. 5-6, the applied invenpdase voltage vectos, w.r.t node
‘N, i.e., the negative terminal of the DC supplyndze re-formulated in terms of the
motor phase voltage vectayas given by (5.36) wher¥, is the voltage between node
‘n”and ‘N

Vi =V Vi (5.36)
By adding all the rows of (5.33) and noting that #um of phase currents equals
zero,Vyy can be obtained as given by (5.37). By substiguf37) in (5.36)V,\ can be
eliminated from the voltage equation as given b8&h

Vi - Ryrcls

VnN = 5

(5.37)

Vi . di .
Vemd = Vi - ?lz RsI st L sd_ts+ e g A7|4 (5.38)
The left hand side of (5.38), is the command vatag.,qy generated by the

current controllerA; is given by (5.39).

A, =Rurc[-1/5 -1/5 - 1/5 4/5- 1/p (5.39)

5.7 Steady State Voltage Analysis under HRC

Using the similar approach as in the turn faultigsia the steady state command
voltages is first analysed. Comparing (5.38) tohtbalthy motor model (5.12), it can be
noted that the two equations differ only by thertgrcontaining the resistandéyikc.
Therefore, by processing the inverter command gekathrough signal processing to
extract only the terms containingy&, fault could be detected. In order to derive dtfau
indicator first the sinusoidal steady state behavis analysed.

5.7.1 Phasor Analysis
Under sinusoidal steady state, the time domain tequ#s.38) can be expressed
as complex variables (phasors) by replacitidt with jug, to obtain (5.40). Phasor

voltage command in case of a healthy machine isrgby (5.41).
. 1
ch:i =(Rs + JWeLs)I s+E S+EA8RHRCI4

Ag=[-1 -1-1 4- 1

(5.40)
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chd, healthy: (R s+ jW L— )l §+E (5-41)
From the phasor voltage equation of machine undR€ H5.40) the following

observations can be made:

1. Phasor voltages of the machine under the HRC argasito the ones obtained
for the turn fault (5.13). The extra terms in th@tage phasors are due to the
extra resistance whereas in turn fault case itiéstd the fault current

2. The magnitude of th& matrix which is a measure of effect of fault offetient
phases is same as that obtained in the turn fas#,dHowever the sign of tide
vector has been reversed.

3. The terms in (5.40) due to the HRC fault are prapoal to Ryrc and Phase-4
currentl,. This implies that the influence of the HRC fadéicreases as motor
current decreases. At zero load current the teramssk. Therefore the HRC
fault detection at no loads or light loads is nosgble. This is quite different
from turn fault case where the fault terms are gmesven in no-load conditions.

4. HRC fault influences different phase voltages défely as can be observed
from terms ofAg with the faulted phase having the highest coeffiti The
phasor voltages are therefore unbalanced.

5.7.2 Sequence Component Analysis

Unbalance can be analysed using Fortescue trarationm(5.15) and applying
it to (5.40)-(5.41) to obtain (5.42)-(5.43) wherepsrscript * denotes sequence
component phasors.

* . * * 1
chd = (& + JWeLs)I s +E s +ERHRC,BS|4
(5.42)

*

chd,healthy = (Rs+ jwd Ql*s +E’ (5.43)
Assuming perfect current control by the drive aradabced back-EMF of a

healthy machine the sequence components of cuarehback-EMF can be represented
by (5.44).
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(5.44)

From (5.42) and using (5.44) several observatiamsbe made:

1. Zero sequence voltage in the command voltages ns urder healthy and
faulted conditions. This however does not implyt g, is zero.

2. Under fault condition, the --, ++ and — sequenceponents are non-zero and
are of same absolute magnitude, whereas underhfieatinditions these
components are zero. This is similar to that oleifor the turn fault case.

3. The + sequence component comprises of terms expéam the healthy +
sequence component and also terms due dg- Rvhich also has the same
magnitude as that in the other sequence components.

4. The fault information is spread out in all the seee components equally in
terms of magnitude as can be deduced fBantherefore fault signature from all

sequence components should be extracted to maxih@sietection.

Since --, ++ and — sequence voltage componentsistenenly of terms
comprising of fault resistance, an effective detectan be achieved by summing up
the absolute values of the real and imaginary teyiiBese sequence voltages as given
by (5.19). Since the + sequence component considb®th healthy and faulty terms
and cannot be separated out the + sequence vadtagasequently ignored.

However since the + sequence component containshirearms which are
dominant, in order to achieve faulted phase ideatibn the voltage phasors are re-
constructed by ignoring the + sequence componen5id2) to obtain (5.45). By
applying inverse Fortescue transformation (5.21)%0A5) the residual voltage phasors
(Vres Ccan be obtained as (5.46).

V:es = é RurdB s

. (5.45)

B,=0 0 a a* a*
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1 .
Vies = 5 RirAols

(5.46)
Ag=- 1+ a® 1+a? 1+a -3 ta’
|Ag|»[0.618 0.618 1.618 3 1.6]8 (5.47)

From (5.46) and (5.47) the following observatioas be made:

1. The residual voltage in the faulted phase (phase-#4) phase with the phase
current. This implies that even if the positive seoce is neglected, the
reconstructed residual voltage phasor of the faultigse is still in phase with the
phase current. This is quite different from theutefom the turn fault analysis
where the residual phasor voltage is 180° out @fsphwith the scaled fault
current. This distinction in angles can therefoeeulilised to distinguish the two
faults.

2. The ratio between the faulted and healthy phas€3/1s618=1.85) for the two
closest healthy phases and (3/0.618=4.85) for tiner dwo healthy phases. This
implies that a determination about the fault lowatcan be made, however the
separation ratio is just 1.85. This is the samaltes that obtained in turn fault

conditions.

It can therefore be concluded that the fault behavunder HRC is very similar
to that due to turn fault. The residual voltagegehthe same ratios and the fault detector
will show a similar response. However, since th@deal voltage of the HRC faulted
phase is in phase with the phase current, HRC ammdfaults can be distinguished, by

comparing the angle of the residual voltage topthase current.

5.8 Steady State Residual Current Analysis under HRC

Using similar arguments as presented in the casthefturn fault, a state
estimator can be used in order to remove the inflaeof the terms due to healthy
machine operation and thereby allow for a more iseasdetection which can reject
load and speed disturbances. Detection structusb@sn 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 voltagen@nd is given by (5.40).
The model predicted phasor current using the sasttage command is given by (5.48)
where superscript * denotes predicted quantitigs.tb be noted here that it is assumed
that model parameter matches exactly with the aotaahine parameters under healthy

conditions.
Vemg = (Re+ jwd )i +E (5.48)
Since the voltage in (5.40) and (5.48) are equey ttean be equated to obtain

residual current as given by (5.49).

- 1 RHRC

| - ZA,—HRC
5 (R + jwly)

res =1 5" l4 (5.49)

By way of example the residual currents of the teilphase (phase-4) and a
healthy phase (phase-2) is given by (5.50) andLjsaBd their ratio is given in (5.52).

~ 4 R

|, -],=- —— HRC

CTTE R L) ! =50
~ 1 R

I, - 1,= = —HRE

2= 12 5(RS+jWeLS) 4 (5.51)
-1, 4
R (5.52)
I2'|2 1

From (5.50)-(5.52) the following observations cannbade:

1. The residual currents are proportional to the &lifthase curremi.

2. The residual current magnitudes of all the hegtthgses are equal.

3. The residual current of the faulted phase in (5i5®) phase with-14/Zs. This is
different from the turn fault case. By comparing fphase angle of the faulted
residual and comparing it to the angle of the tdifthase current, HRC and turn
fault can be distinguished.

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

phase under turn fault condition can also work unithe HRC fault. The
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relationship can be extended for any N phase SPNhma and is given by
(5.53).

| fault, ph - rfault, ph N-1
: — =- 5.53
i I 1 (5.53)

nofault, ph~

nofault ph

Therefore it can be concluded from phasor anatysismost of the properties of
residual current are similar to that obtained unttex turn fault with one major
exception of the angle relationship of the faulfdthse residual to the phase current.
This enables to utilise the same detection strecimd yet achieve ability to distinguish
between turn fault and HRC.

5.8.2 Sequence Component Analysis

Unbalance can be analysed using Fortescue traratiorm(5.15) and applying it
to (5.49), (5.54) is obtained where subscript * alea sequence component

phasors.
* * * 1 RHRC
Ires:I s'l s _B3—-|4
3 4 _ 27

Several key observations can be made on (5.54):

1. Under HRC fault condition the residual current sstpe components are non-
zero and are of same absolute magnitude, wheredear urealthy conditions
these components are zero.

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

3. The assumption of perfect current control is natessary for residual current
analysis, compared to that needed for voltage aisalyherefore, this method
can accommodate low bandwidth current controlléheuit loss of precision.

Since in practical conditions it is not possiblehtave an exact match of motor

model parameters to the actual machine, it is quogsible that small mismatches may
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result in a residual component in healthy operafidns however can easily be removed
by only considering the --, ++ and — sequence corapb for fault detection and
ignoring the + sequence for fault detection. Areetifve detection can be achieved by
summing up the absolute values of the real and imaag terms of residual current

sequence components as given by (5.32).

5.9 Fault Detection

Based on the analysis of the previous sectiort(g,dlear that both voltage and
residual current based methods can achieve fatdcuen. However, there are some
differences between the two methods.

Although both methods can detect turn fault and HR@d can classify the
faults, the sensitivity of the voltage based methodientification of the faulted phase
is lower than that obtain by the residual curreethnd. Moreover, the voltage based
method needs near perfect current control unddtr danditions to obtain the theoretical
sensitivities; the residual current method does page such requirements. In the
residual current method the use of a real-time maotodel for prediction of motor
currents, implies that under healthy conditionsrésduals will not be affected by load
and speed changes. This is important advantadeeatsidual current method since any
load and speed disturbances will affect the voltaaged method and will thereby need
more filtering and increase detection time. Howevee benefit of the voltage based
method is that it needs no prior knowledge of tlaeinme parameters and therefore can
be used where no parameter of the machine is alailMost PMSM drive however
can easily determine parameters of the machineuoyimg a self-commissioning
algorithm such as those implemented by Control feghes drives [116].

Regardless, of the method there are some commonalsigrocessing
requirements. Both methods require an extractionpbésor data and sequence
components. Both methods require the same algofithiciassification and localisation
of fault by calculation of phasor angles and phas@agnitude ratios. The residual
current method requires an additional state estintatpredict motor currents.

In the previous sections, steady state fault belhawvas evaluated, based on
phasor and sequence component analysis. Howeveagairtime only instantaneous

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

Based on the analysis of the previous section thaidual currents allow
effective turn fault detection, a real time residaarrent detection algorithm is needed.
However, extraction of residual current using staséimation does not immediately
yield a fault indicator. This is because the realdwrrents are themselves time varying
guantities and using just the instantaneous valuiésot result in an effective detector.
Therefore, the time varying residuals needs todreverted to DC quantity which will
serve as a fault indicator. It is well known tlaftransformation allow for conversion
of time-varying quantities to DC for controls, slami technique can then be used for

detection purpose as well.

During fault, the residual currents are as suchalamtred which implies they
contain both positive and negative sequence conmenapplyingdq transformation
will result in the transformed quantities to cont&C as well as time varying values.
This is well known since the negative sequence @rrapts will appear as time varying
guantity with frequency oRwg in the positive rotatinglg frame and vice-versa. This
will again pose a challenge in obtaining a steaayltfindicator. Therefore, it is
necessary to separate out the positive and negattaéng components from thdy
frame using two reference frames, one with posittation and the other with negative
rotation. In order to remove tt#& components from the individual reference frames,
low pass filter can be used [32], however this wethd to sluggish response of the
detector due to use of large time constant to a&ehsaifficient attenuation, therefore a

more elegant method of sequence component extnasti@quired.

5.9.1 Extraction of Sequence Components

In order to extract the sequence components, Fareesansformation is usually
utilised. However, Fortesque transformation carydi@ applied to phasor quantities.
Under transient conditions, the sequence comporeartsbe extracted using multiple
rotating dgxy transformation given by (5.55), whes€) and c() are sine and cosine
functions respectively. Fig. 5-7 shows the 4 seqaaaomponents and the relatigky

frames. To take an example, positive sequence coempocan be extracted using
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positive rotatingdgxy quantities and negative sequence from negativatimgtdgxy

guantities.
s(g) g- /9 49 45 63 H P (w B)5
X c(q) c(g-20/5 dg /3 ¢a &5 tg H P
quxw(0)=g s(g) sg-6/9 ¢+ D5 63 BH P (w H4)5 (555
c(q) c(g-60/9 do- /95 ¢a 5 tg #H P
12 Y2 12 12 12

Fig. 5-7: Relationship betweelyxyand sequence components

In order to establish the frequency componentsdadwue to unbalance, a test

vector given by (5.56) is transformed by (5.55)pktain (5.57).

cos(g- /) co¢qg-/ )
cos(g-/.-a) cogg- j-a )
I:1,abcde: A1,+ COS(C]-/'+- a )+ A1 CO#Q' /- 612)
cos(g- /.- 3) cog- j - a3)
cos(g-/.- &) cofg- /- a4d)
. _ (5.56)
COS(C]- / ++) COS(' q-J ++)

cog- /.- 3) co- - /. B)

+A_1_|++ COS(Q'/++' & ) +A1 COS('Q' /++' & )

cos(g-/ ..~ 8 ) cog(-g- j.+ 8)

coy(q- /.. - 12a) cof ¢ j.;: )
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A,sin(j )+ A_sin(g ¥ )
A.cos/ )+ A cog@ ¥ )

)

)
Fl,dquoszqu)(q) Fl, abcde™ A1++Sin(/ +) Sln(@ 'V -- )
Aj_++ COS(/ ++) Coifﬁ -V -- )

(5.57)

O

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

an unbalanced third harmonic test ve¢f0b8) is transformed by

component,
substitutingg by 3gin (5.55), to obtain (5.59).
cos( -/ .) cog- B-/ )
cos(4g- a) /.) co§ 8g- a-)/ )
I:3abcde A3+ COS( iq %) / +) +A8,— CO% eq— 82-) / -)
cofdg- @) j.)  cof bg- a3)/ )
cos(dg- @) /.) co$ Bg- a4-)j .
(5.58)
COS( 37'/++) COS( 37 )

cos(Jq- &)- /'++) cof(q-g- @) /)
+Ay,, cos(Jq- @) j..) +A_ co{I-g- @} j._)
co 4g- @) /..) cof g )/ )
cof{ {g- 1%) J o) cob Bg-  42)/ )
- A sin(2g+ /. ) A, sink g /., )
A cos( Z7+j. )+ Ay, cof- v, )
Fadaxyo = Tawo (39) Faabcde=  Agisin(- 29+ /. )+ Ay sin(@ +/ ) (5.59)

Ag.cos(- 7+ )+ Ay co( 4+ )
0

It is therefore clear from (5.57) and (5.59) thater unbalance condition each
of the dgxy components will contaird, 2 ¢ and 4 . frequency components. The
frequency components have to be suppressed in daleextract only the DC

components. Two different approaches to this protdee explored.

1. 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 showrkig. 5-8. The concept of the
cross coupled filter [117] is based on extractidrspace vector components in each
rotating reference frame and subtracting out fréva inputs of the other reference
frames. To take an example if the residual curramésa combination of negative and
positive sequence quantities then in the negatotating dgxy frame the positive

sequence components appea2 astime varying disturbance and vice versa.

If the filtered positive sequence components aldraated from the signal before
applying the negative rotatiothgxy transformation, ripple cancellation will occur and
the disturbance will eventually disappear from btbth frames as the system settles to
steady state. The problem is complicated by thegmee of % harmonic in a five phase
system necessitating the use of two more sequedicaceons in positive and negative
third harmonic reference frame. In Fig. 5-8 eaclt oell corresponds to a particular
rotating reference frame. There are four referdremees corresponding each to positive
and negative sequence of fundamental and positivke reegative sequence of third

harmonic.

Fig. 5-8: Cross coupled detector structure

A low pass filter (LPF) used in each unit cell isimple first order filter given

by (5.60) [117]. The LPF removes any residual eppl the dgxy frame to obtain
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filtered dgxy quantities. The filter corner frequency is varasia function of electrical

frequency. The detector is the absolute sum afirhalanced quantities in fundamental
frequency, given by (5.61). An additional notchiil given by (5.62) is inserted in
series to attenuate the effect of slight DC drift gurrent sensors, which when

transformed to thdgxyframe converts to frequency of.

1
LPF(s)= W, = ke W
(s S 1 e =kt (5.60)
e
detector =[x, | +|y,|+|d | +|q |+ x| +y] (5.61)
2
Hooen(S) = S 07 (5.62)

%+ 2xmg st w2
As can be clearly seen from Fig. 5-8 the filteraignulti-input multi-output

(MIMO) system. Therefore, to select proper cormeqfiency of the LPF filter in (4.60),
numerical simulation is performed to determine matli range ok;.

2 T T T T T T T
— | | ‘ | ‘ | ‘ -
< | | —
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s 1] —k=1
o
3 057_|<f=o.7o7r
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Fig. 5-9: Negative sequence step response of t4&s coupled filter to varyink.

142



5. Online Stator Turn fault Detection using ResldDarrents

N

ok
)
|
)
|
T
|
|
|
I

[
[N
T

Detector Input (A)

0.4

0.3

0.2

0.1

Detector Output (A

0:

Fig. 5-10: Positive sequence disturbance steptrejeresponse of the cross-coupled filter to

varyingk:.

Fig. 5-9 shows the response of the detector toiastep change in negative
sequence component at 0.066s at a fundamentakineywf 50Hzk; is varied from 1.2
to 0.25. It should be noted that a steady posise@guence component present in the
waveform does not reflect in the detector outpuictiis desirable since small positive
sequence components may be present in the residuahts due to mismatch between
model and actual machine in healthy conditions strmlild not be flagged as a fault. It
can be observed from Fig. 5-9 that at highefalues the response becomes more under
damped. Fig. 5-10 shows the disturbance responsmitgpositive sequence step for
varying k.. It can be observed that ksdecreases the rejection performance improves,
which is expected since low&r implies lower corner frequency and therefore great
attenuation.

A range ofk; between [0.5-0.707] is therefore suitable for #yiplication. The
recommended value for critically damped responsero$s-coupled 3 phase filter in
[117] is 0.707, however for 5-phase cross-coupiker fk; =0.5 is a better choice from
point of view of damped response. However, sineerige time is slightly faster and the

overshoot is small (6% higher) f& =0.707, this value is chosen for detection. Hh ca
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be seen that the detector clearly picks up thethegaequence 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 purposéhascross-coupled filter. Fig.
5-11 shows the detector structure. It is known bwh fundamental and third harmonic
will become unbalanced during fault. Thereforeahket an example negative sequence
and third harmonic will appear a¥2nd 4" harmonic in positivelgxyframe. Therefore
2 notch filters are needed, one at.and the other at 4. In addition, a low pass filter
is required to filter any higher frequency noisenfr the signal. Fig. 5-12 shows the
bode plot of the filter for varying, where2 and4 . are the notch frequencies, and
2 (1) defined the -3dB width of the notch filter(s).
(g Srw) ()’
2+ 2x(2m) s+(2m,)° €+ 2( dw) st aw)? e+l

(5.63)

Fig. 5-11: Multi-notch filter based detector
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Fig. 5-12: Bode plot of multi-notch filter

Fig. 5-13 shows the response of the multi-notderfito a unit step change in
negative sequence component at 0.066s at a fundanfimguency of 50Hz. is varied
from 1.5 to 0.3. It can be observed from Fig. 5ti&t at higher values the response
becomes slower, which is to be expected due tceas& in the damping. Fig. 5-14
shows the disturbance response to unit positiveeseze step for varying. It can be
observed that as decreases the rejection performance decreasesh whiexpected
since lower implies lower damping. Therefore an optimal valde @an be selected

between [0.5-1], which optimises both response ame disturbance rejection.
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5.9.1.3 Comparison of Cross-Coupled Filter to Multi-Notch Flter

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

Although Fig. 5-11 looks decidedly simpler than .F&8, the cross-coupled
filter offers computation time advantage comparedntultiple notch filter if both
fundamental and third harmonic components are t@tieacted. This is selected to
enable extraction of the third harmonic in hardwireenable maximum flexibility in
design of the fault detector. Table 5-4 comparepr@mputing elements of the two
approaches. The cross-coupled filter requires ntordransformations whereas the
multiple notch filter approach requires 32 morechofilters compared to the cross-

coupled filter approach.

1.5 | |
Step Response

— X-coupled Filter k=0.5
— Multiple Notchx=0.5

Detector Output (A)
o
(61

—— X-coupled Filter k =0.5

0.15

Detector Output (A)
o
H

Fig. 5-15: Comparison of cross-coupled filter andtimotch filter
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Table 5-4: Comparison of Computational Requireméat€ross-coupled and Multiple Notch

Filter
_ Cross-coupled Multiple notch
Filter elements _ _
filter filter
No. of I order LPF filters 16 16
No. of 2 order notch filters 1 33
dg transformations 8 4

5.9.1.4 Implementation of LPF and notch Filters

In order to implement the filter structures in rémhe, the low pass and the
notch filter is discretised using Tustin transfotioa (5.64) to obtain (5.65)-(5.66).

s=2 L z: (5.64)
T,1+z1 '
_y(2) _Bo(t+2)
Hipe (2) = = 1
u(z) 1+az
T, 1. VeTs (5.65)
. - 2
by = ;&=
1+ M/CTS 1+ WCTS
2 2
-1 .2
Hnotch( 2 = by + bli i bz_zz
l+a,z7 " +a,z
» 2T,
by=b, = —
1+ % Ts +xupTg
W't (5.66)
b = 22 2 , ay=by,

1+ W°4TS +xupT

2 2
1+ W°4T5 - XvpTy
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Notch filter is implemented in DSP using directrfotl (DF-II) structure. Fig.
5-16 shows the structure. DF-1l has benefit of oadg the data storage requirement
from 4 variables for a conventional implementation2 variables and therefore is a

more optimal structure to implement.

Fig. 5-16: Direct form 1l implementation of notciftdr

5.9.1.5 Implementation of dgxytransformation

In order to implement in DSP, it is important ttta number of calls to sin and
cos functions be restricted to minimum, since thieg up a lot of processor clock
cycles. Thedgxytransformation given by (5.55) can be easily sajgalinto a stationary
transformation and rotating transformation matriasgiven by (5.67)-(5.70) where s()
and c() represent sin and cos functions. It can observed that the Clarke
transformation is a constant matrix and the pakgformation only requiresn(g) and
cos(@) values which are available since these are atpaned by the current controller.

0 -S(/9 - 4#/5- 6H/ b (M)
, 1 o»/9 dp/9 «p/F (B P
Toare=¢ O -S(60/9 - $2/5- 6B/ p- A )5 (567
1 o6/ d2/9 B/ % €A P
12 ¥2 ¥2 12 L2

cos(qg) sinq) 0 0o 0
- sin(g) coqq) 0 0 O
Toak= 0 0 co{g) sifg) O (5.68)
0 0 -sin(g) cofqg) O
0 0 0 0 1
quxyO =T parchlarkeF abcde (5-69)
I:abcde: Tclarké T parﬂ:F doxy (5-70)
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5.9.1.6 Implementation of cross coupled filter

It can be noted from Fig. 5-8 that the output oit gell is feedback to the input
of other unit cells. This means that the filterimherently cross-coupled and the
discretised equations need to be solved simultastgdor correct implementation. This
is not an issue in case of high performance cdetslike dSpace, however in DSP this
will become overly complicated and a simpler impégration is required. One
approach to solving this issue is to insert a dalay at an appropriate location, which
does not affect overall performance of the filt€here are many potential sites for
insertion of unit delay as shown in Fig. 5-17. Hees sites 1 and 3 will introduce un-
desirable phase delay. The most appropriate latdto unit delay location is at the
input of LPF at site 2 after thagxytransformation. Since idgxythe quantities are DC,

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

Fig. 5-17: Potential sites for delay insertion

5.9.2 Residual Current extraction

Fig. 5-18 shows the block diagram of the residwaient algorithm. It employs
a current estimation block which implements a SPMdtan model indqldg3frame
(5.71)-(5.72) with the command voltages generatgdhle controller as its inputs. A
star-connected 5-phase machine, has 4 componemtsted asl1, q1, d3, andg3in the
dgl anddq3 reference frames to account for the influencefohdamental and third
harmonic components [118]. The model predicted emirris subtracted from the

measured currents to obtain the residual curreat®téd by /bsiguaiin Fig. 5-18. The
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residual currents imlqldg3frame is converted tabcdeframe and then passed to a

sequence component extraction block to obtaindab# indicator.

Fig. 5-18: Residual Current block diagram

. d 41 T
qu1=Rs'dq1+th+We T o

qu3=Rsidq3+d(;:3 +3, - 1z /g3 !
(5.71)
Il =Y m+Llda
la=Ldg
l43=Y mstLdg
l=Lig
Taqrdes,0 =
s(9) dg9-2/9 ¢+ #5 & HP (¥ B/)5
, @) clg-2p/9 de ¥§ ¢ W bg HP (57
(@) - @/ ¢& AP (@ B)5 (s p)5
() (-9 €<% 25 t38 AP 8 H#)5

Y2 y2 12 12 12
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5.9.2.1 Motor Model Discretisation

Motor model has to be discretised for real-time lenmpentation. The simplest

approach is by using Euler integration. The morueate approach is"dorder Runge-

Kutta (RK4) method.
In order to discretise using Euler method, (5.83ubstituted in model equation

(5.71) to obtain (5.74). The equation (5.74) canthe solved fory(K), igi(k) resulting
in (5.75)-(5.76) andyz andiyz can be similarly obtained by replacingby 3 ¢ and Ym;
by Ymsin (5.76)-(5.77).

s= (5.73)
TS
L, - L.~
Vg (K) = &+T— i (K T iy (k- 1) Weleq( k)
LS LS (5.74)
Vi (K) = RS+_I_—S im(k)-?sim( k 1 weldgq(KF wY oK
L L.~
RJ?: le(k)+T: (k- 1)
gl V(1(k)+_||'_s?¢(k-1)- wy (K (5.75)
idl(k): > 2
RS+'|I_': +(WeLS)2
L L~
RS+T7 Vql(k)+? |ql(k- 1)- wyY (K
+(mLs) Vg (k) +$?d1(k- 1) (5.76)
iql(k): > 2

R+ +(wLy)’

s

The 4" order Runge-Kutta (RK4) is a more accurate impletation for solving
the motor model. Runge-Kutta methods are impliaiplying that there is no need to
solve linear equations after discretisation asiregun the Euler method. RK4 is ideal
for solving IPM motor model wherein the currentthax linkage map is non-linear and

therefore require better solver for accurate egtoma However, compared to Euler

152



5. Online Stator Turn fault Detection using ResldTarrents

method RK4 is computationally more expensive. RE§dations ford- axis are given by

(5.77). Equations for other axis can be similagyized.

d gq1 fa1 . T
== :qul' Rsl dgf We - /ql / di

kar = T fan(t(k-2) ./ a( ke D/ gk 9)

)
oz =Tl (0 D 2 (ke B By 3 0

T. k (5.77)
kys = Tofar t(k- 1)+ ?s’/‘”( k- 1+ %/, gk I izz

Kaa =Ts fdl(t(k' 1)"' Ts./ dl( k- 1)+ E] qJ( k- 1)+ kq3)

k
) - e K Bz Ko, B

H k —_ /dl(k)-Y ml
i (k) = L
d1
To compare the two solvers a step load change @ #/in is performed in
simulation, which includes the discrete currenttoaler and switching inverter. Fig.
5-19 and Fig. 5-20 show the simulation result witie Euler and RK4 method
respectively.

I
6 ”””” i ”””” T e I
SR L
c *
g lgg =
S 2 R e
© |
0 1
0.2 ‘
0.1 ——
= —_— Idl Error
= Ok  — Iql Errror
g — | Error |
w —1 __ Error :
-0.14 a3 - S
_0(? I I
.09 0.095 0.1 0.105 0.11 0.115 0.12

Fig. 5-19: Euler solver (dashed) verses motor ciirre
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Error (A)

_0. 1 1
(%09 0.095 0.1 0.105 0.11 0.115 0.12

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

It can be observed from the error plots that the4Rkelds lower error in
transient and can give better results. However tdwemputation time restriction using
the TMS320F28335 DSP, the Euler method is impleeemt hardware at the sampling
rate of 10kHz.

5.9.2.2 Delay Compensation

In a digital implementation of current controllecomputation of current
controller and PWM duty cycle update introduces pota time delay of one sampling
time (Ts). Moreover PWM itself introduces delay in applioat of the correct voltage
vector to the motor terminal. This is commonly apgmated at half the switching time.
Fig. 5-21 shows the time sequence diagram of te&m of current sampling, control
computation, and PWM output. Due to the zero otudd behaviour of the current
controller and compute as well as PWM delay, theage vector actually applied to the
motor terminal is different from that at the outditthe current controller. Usually this
difference is small and hence neglected, howeverase of model based method this
delay needs to be accounted in the model. THhierdiice can be calculated analytically
by method proposed in [119] and is given by (5.7Bhe compensation oflg3

components can be similarly derived by replacindpy 3 .
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Fig. 5-21: Timing Diagram of sampling, computataomd PWM output

- 2 . WT - 1.5 T
Vdat,motor = V dd, contro sin —== g 1%l (5.78)
AR 2

In order to evaluate the effect of delay compensatsimulation results of
residual currents under a step change,pfs plotted with and without compensation
under healthy machine operation as shown in Fig2.5k can be seen that without
using delay compensation there is a constant raliclurent in steady state, which
implies that even under healthy condition with 8#sne motor parameters the motor
model will predict different current than actualdawill therefore adversely affect the
performance of the detector. Delay compensatiathasefore implemented in DSP to
compensate for the PWM and calculation time delay.

S A — f
s | | | | |
a3 IR / AR R AR SRR n
—O- | | | | |
0 o 1 1 1
2 ; - ; :
—_ without:delay compensation | —
< | | ! ! dires|
[(8) ~— | | ) g
T S (N N
O = 1 : : ‘ - Id3 res|
X s T | T ] !
I
_2 1 1 1 1
2 ; ; ; ; :
. g with de!ay compepsatlon i i S |dl’res
é % 0 1 lv | : - Iql,res_
O£ | | | | Id3 res
x s | | | | !
° : : : : g res
-&09 0.095 0.1 0.105 0.11 0.115 0.12

Fig. 5-22: Effect of delay compensation on residuatents
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5.9.3 Faulted Phase Detection

The phasor magnitude of the residual currentstej't phase can be extracted
from the filtered fundamentalgxycomponents using (5.79), whete= 0, -2/5, -4p/5,
-6p/5 and -®/5, for phases 1, 2, 3, 4 and 5 respectively.

res j = Re( res j) *l Im(l res j)

\irem\:J(Re(neso) [ )
Bijeg | = tan’l( Im(ires J)/ Re(i res J))
Re(ires,j)_ (lres artiresa 3|r(a ) ( e H res. ) Coéa ) (5.79)
e o 51(50, ) 1y e )
)=l w3 )t )il )

Hiresye = sy JSIN(& )+ (res x 4 res) c04 3 )

5.9.4 Fault Classification

Based on fault analysis the phasor angle derived loa used for fault
classification. From (5.49) it can be noted thatifyian HRC fault the residual current
is in phase with-i/Zs. Therefore, using the phasor angle and addingnipedance
angle and comparing it with the command currenteanfithe faulted phase as given by
(5.80) fault classification can be made.

classifier= ‘sin(Dires’i +D Z-Di; )‘ (5.80)

Since the angle at an HRC fault is expected toldsedo zero and for a turn fault
closer to 90°, if an HRC fault occurs the valudanfit classifier is expected to be close
to 0, whereas for a turn fault it will be closelto

5.10 Simulation Results

To test the performance of the new detector, acspaep from 300 RPM to
1200RPM, with pulse load steps applied on the motodel as shown in Fig. 6. A 20
turn fault is applied on phase 4 at 1.0 sec andreteat 1.1 sec. The fault indicator

response shown in Fig. 5-24 shows good rejectioload and speed disturbance and
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picks up only when the fault occurs. Fig. 5-25 shawe residual currents and the
residual phasor magnitudes calculated by the dkgori It shows clearly that the
residual current in phase 4 is approximately 4 sife@ger and in phase opposition to
that of the residuals of the other healthy phagess validating the analytical results.

The extracted phasor magnitudes show smooth tiamsit final DC value.
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Fig. 5-23: Speed ramp and pulse load test. 20Raurt is initiated at 1s and removed at 1.1s.

30

[En
(9)]

[
[6)] o

T

|

|

|

|

|

|

PRRNR B
|

|

|

|

|

|

[N
|

|

|

|

|

|

|

Fault Current (A)

w
o

I
|
|
|
|
|
|
4 - - L -
|
|
|
|
|
|
4 - — |
|
|
|
|
|
|
|

[é)]

w
T
|
|
|
|
|
|
JE—
|
|
|
|
|
|
R
|
|
|
|
|
|
|
|
|
|
|
|
|
|
r--
|
|
|
|
|
|
o
|
|
|
T
|
|
I

Detector
Output (A)
N
:
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

-

T

|

|

|

|

|

|
[

|

|

|

|

|

|
N

|

|

|

|

|

|

|

o

Fig. 5-24: Speed ramp and pulse loading test df fetector. 20 turn Fault is initiated at 1s and

removed at 1.1s.
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Fig. 5-26: Comparison of classifier output to at@ fault and HRC connection (+60% R) at
500 r/min and,=6A. Fault initiated at 0.1s and removed at 0.2s.

Fig. 5-26 shows the response of the classifierudutp 20 turn fault and a HRC
fault (+60% R) at a rotor speed of 500 r/min awbA. It can be observed that in case
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of HRC fault the classifier is close to zero anchtéault is close to 1. Therefore the

classifier can successfully identify HRC or turnlfa

5.11 Experimental Validations

To validate the developed fault detection algoritttn® phase PM machine fed
by 5 phase custom inverter was designed and fabdcdhe test-rig shown in Fig.
5-28(a) comprises of a Lenz dynamometer connecidti¢ 5- phase test-motor. The
stator of the 5 phase machine is shown in Fig. 5A27incremental encoder is used for
rotor position feedback. A five phase custom bMIOSFET inverter is used to control
the test motor as shown in Fig. 5-28(b). The irerei$s controlled through a floating
point TI DSP board (TMS320F28335 EzDSP). Command$heé DSP board is issued
using either CAN interface using LabView or throutje USB connection via the TI
Code Composer studio. Standatd based current control as employed in [118] is
utilized to vary the current loading of the tesaahine. Details of controller can be

found in the Appendix.

Fig. 5-27: Motor stator winding with fault taps
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@)

(b)
Fig. 5-28: (a) Dynamometer setup with test machuiitle fault relays and (b) 5 phase inverter

board

5.11.1 Machine Back-EMF

Back EMF of a healthy machine is usually assumedédoconstant when
transformed talgldg3frame. This implies that in equation (5.7%),(k) does not vary
with q(k). However, actual machine suffer from fabricatisssues like, angular
displacement of the magnet poles during assembdynam-uniform magnetisation of
the poles. Fig. 5-29 shows the measured back- EMEhe@ machine at 800 r/min
transformed to thegldqg3frame for two mechanical cycles. It can be obsgmat the
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back-EMF is periodic with every mechanical cyclé{®s) which is expected, however

within each mechanical cycle the back-EMF showsatians.
1C

A
A

—

VWYY WA

[
|
|

YWY mmwﬂnmmrhnn“nnnﬂ']ﬂ

Voltage (V
o
p———
TUTUT
e N
D DD
nu 0w n
@ d @D

=G () PO

<

_5 = = B
WAMAMMAMMWMAMAMAMAMMAMMAMNMAMAMAAY

0.05 0.075 0.1 0.15

Time (s
(a)
10 T T
AR W W N ATl I e W I W AN R e A WL W
B e Fo
6 e e
S 1 1 —
T l 1 —Eu
S 4 G e -
s 1 T
A L L -t
-2
0 0.05 0.1 0.15
Time(s)
(b)
Fig. 5-29: Back-EMF of the machine at 800 r/mir{ai stationary frame and (b) dy1dg3
frame

Usually this variation is ignored in control desigince the controller can

compensate for these non idealities. However, doit fdetection it is important that
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back-EMF variation be properly compensated to aghgood sensitivity. Since under
low turn faults the signature is small, the vaaatin back-EMF can easily mask the
signature leading to problems in detection. Oner@ggh can be to ignore this effect
resulting in only detection of higher number oflfad turns. Another approach can be
to filter out these harmonics using notch filtdrawever, since the frequencies are a
function of mechanical frequency which is lowerrttae electrical frequency.£fd/6)

a filter will introduce delay and is also not a dogolution. Therefore, a lookup table is
generated by equally diving one mechanical cyde %12 points for each phase back-
EMF as given by (5.81), whee refers to thg™ phase back-EMF lookup table as a
function of the rotor mechanical anglg,. The phase back-EMF is then transformed to

dgldg3frame and utilised in the motor model equationvegiby (5.71)-(5.76).

es=WWe a1(Gm) () 8ca(dn) Gddn) adan)
'e,nom (5.81)

wil qudoB(k) =Tuq def s
In order to appreciate the importance of using ldekup table verses using
constant values, a test is performed with the vadidurrent detector at 800 r/min and
l2=6A as shown in Fig. 5-30. 2 turn fault is initidtat 0.07s and removed at 0.21s. It
can be observed that without using the back-EMKupothe variation in the fault

detector output is high and is not desirable fablgt fault detection.
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Fig. 5-30: Effect of back-EMF lookup method on Entéawult detection at 800 r/min,F6A.

Fault is initiated at 0.07s and removed at 0.21s.

5.11.2 Plant Fitting

In order to match the internal motor model (impletee in the DSP) to the
physical motor, two test currentsqf = 6A, i41=ig3=i3=0} and {ig1= -3A, iq1=i43=i43=0}
are commanded at two different rotor speeds (508 00 r/min) and the delay
compensated controller command voltage is usektiaa the equivalent inductance
and resistance of the motor. In order to checHittieg different command currents are
different speeds is tested. Fig. 5-31 shows thepamison of the predicted voltage using
the fitted parameters verses actual voltage commniemel voltage error can be observed
to be small and therefore the extracted parametsrsa good fit with the actual
machine.
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Fig. 5-31: Parameter fitting result.

5.11.3 Healthy Machine Transient Response

Fig. 5-32 and Fig. 5-33 show the response of thibreéed internal motor model

to step commands tigl current references at 800 r/min.
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Fig. 5-32: Measured model response to step changgsurrent (O to 4A step) at 800 r/min.
id=0A.
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Fig. 5-33: Measured model response to step changgsurrent (0 to -3A step),=0A.

It can be observed from Fig. 5-32 and Fig. 5-33 tiha internal model tracks the
actual current response quite well. It is to beedothough that at lower speeds this
response is slightly degraded since lower modulatioltages causes errors between

actual voltages at inverter output compared to canuhvoltages.

5.11.4 Turn Fault Detection

For testing turn fault, a tap of 2 turn and 20 tamphase-4 winding is shorted
externally using a controlled relay. The measuretéreal resistance including lead
wires and contactor resistance is Y@nfirst, the variation of fault current for a 2rur
fault is shown in Fig. 5-34. Since the rated RM&eut of the winding is 4.24Arms it is
evident from the plot that in order to prevent fiert damage to winding, the detector
should detect faults above 400 r/min rotor spedu [ihear increase in fault current is
due to the fact that the total resistance is thaidating factor in the total impedance.
Since back-EMF increases linearly and inductancegligible compared to the overall

resistance, the fault current increases linearly.
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Fig. 5-34: Measured variation of steady state fauitent due to 2 turn fault to loading and

speed.

In order to appreciate the difficulty in detectismall inter-turn fault the raw
data (voltage and current) to the detector is showfig. 5-35 at rotor speed of 600
r/min andiq;=3A. The data point selected is an operating patrt low speed where the
detector can easily pick up the turn fault. It censeen from the raw data that there
exists a lot of noise even under healthy condiaod the change in current is almost
negligible whereas in the voltage it is barely ceéible. For the sake of brevity, and
ig1 are simply referred to ag andiq in the rest of the chapter singg andiqs current

commands are set to zero for the experiments.
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Fig. 5-35: (a) Controller command voltage and festlicurrent plots and (b) detector output, at
600 r/min and4=3A under a 2 turn fault. Fault initiated at 0.@r&l removed at 0.21s

Fig. 5-36 and Fig. 5-37 show the response of thectler to a sudden turn fault
at 1000 r/min and,=6A for 2 turn and 20 turn fault captured usingoaailloscope. It
can be observed that the fault detection reacleesigtstate within 1.5 electrical cycle
of fault initiation. It can be seen that less tiaturn fault the line current post fault
remain same as the pre-fault current, howeveraf@f turn fault the currents become
unbalanced. This is an expected result, since 20fawlt causes more un-balance and
the current controller is not able to reject thetulibance. It should be further noted

from Fig. 5-36 that the current ripple in the faalirrent is much higher than that
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observed in the phase currents. This change of fegfuency ripple current and its
implication for fault detection is explored in diéia the next chapter.

Fig. 5-36: Detector response to 2 turn fault atQldmin. C1, C2 current in phase-4 and 5
respectively (5A/div), C3 is fault current (20A/)liand C4 is detector output, 0.5V/div. Ph-4 is
the faulted phase.

Fig. 5-37: Detector response to 20 turn fault &0LGmin. C1, C2 current in phase-4 and 5
respectively (5A/div), C3 is fault current (20A/gliand 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 coeeeusing an on-board SPI-
DAC for oscilloscope capture. Due to limited numhber DAC and oscilloscope
channels, the operation of detector is analysethdurusing the DSP to record the
detector parameters at the sample rate of 10 kitwdyeduring and after the fault. This
data is utilised in the rest of the figures for lgiaes.

Fig. 5-38 and Fig. 5-39 shows the detector respoose 2 and 20 turn fault
initiated at 0.07s and removed at 0.21s at varsdeady current loading at 2000 r/min.
The step load response of the detector is showprdeide a comparison of detector
response to transient condition under healthy ¢adio that under fault condition, and
it can be appreciated that the detector peak watder healthy transient condition is far
below that under fault condition. It can be aldserved from Fig. 5-39 that the fault
detector response for 20 turn fault is higher tBaturn fault case. It shows that the
detector is responsive to severity of fault anchbrgfault turn results in higher detector
response. The change of magnitude of detector ladtti current is also expected since
the fault current is affected by the load currem do the mutual coupling between the

healthy and faulted turns.
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Fig. 5-38: Detector response to turn faults at 1@®Mn under various steady load currents to 2
turn fault. Step, (0-4A) response of detector under healthy conaliscadded for comparison.

Fault and load step transient initiated at 0.0¢ramoved at 0.21s.
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Fig. 5-41: Residual Current magnitude extractiarféalt localisation at, =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 curreftsach phase under 2 and 20
turn fault respectively initiated at 0.07s and rgetbat 0.21s. It can be seen that the
residual currents clearly identify the faulty ph#&Bé&-4). The magnitude extraction also
shows a clear distinction between the faulty plaamehealthy phases.

The average ratio of the residual current magnitad@and 3.52 for 2 turn and
20 turn case respectively. The residual currem fatless than theoretically prediction
of 4.0, due to existing unbalance between phasbkealithy machine, but is sufficient to

allow for clear distinction between the faulty dmehlthy phases.

5.11.5 HRC Fault Detection

Fig. 5-42 and Fig. 5-43 shows the detector resptmsa HRC fault of 0.2%/
(+32% increase) and 0.86(+95% increase) respectively initiated in phasa-0.07s
and removed at 0.21s. It can be observed thatdatextr is fast and responsive to the
fault. It can also be appreciated that the detestmgsponsive to the severity of fault i.e.,
a higher HRC fault results in a higher value. logld also be noted that the detector
value changes with the load current which is exgeeétom the theoretical analysis and

that the detector can only detect HRC fault whemelis load current.
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phase-4 at 0.07s and removed at 0.21s. It canéoetbat the residual currents clearly
identify the faulty phase. The magnitude extractmeo shows a clear distinction

between the faulty phase and healthy phases. Térage ratio of the residual current
magnitude is 2.14 and 3.13 for OV¥2urn and 0.68/ HRC fault case respectively. The
residual current ratio is less than theoreticalledicted of 4.0, due to existing

unbalance in healthy machine, but is sufficiersltow for clear distinction between the

faulty and healthy phases.

5.11.6 Fault Classification

Fig. 5-46 shows the response of the fault clagdibo technique to a 2 turn and
HRC (0.22N) fault initiated at 0.07s and removed at 0.21sait be observed that in the
HRC fault case the expected angle deviation frgi is small resulting in value close

to zero, compared to that from turn fault.

Detector (A

Classifier (-
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Fig. 5-46: Residual Current fault classificationat6A at 800 r/min (a) 2 turn fault (b) High

resistance fault (0.23).

5.11.7 Comparison of Detector Output in Steady State

In order to understand the efficacy of fault datectt various fault, speed and
load conditions, the average detector output is nompared. Fig. 5-47(a) shows the
effect of rotor speed and current loading on faeltection for 2 turn fault case, under
steady conditions. It can be observed that at I@peeds (<400 r/min) although there is
a change of the detector value from healthy totfeade, a bit of overlap exists between
healthy signal at high current and fault signatiréow current loading. This is because
the signal due to inherent healthy motor imbalansesose to the detector output under
fault condition at low speeds where the fault cotrie also lower. Therefore at lower
speeds a lookup table maybe utilized to store Inpalata at various current loading to
differentiate healthy from fault condition. At high speed (>400 r/min) as can be
observed from the plot a simple threshold basedctien is sufficient. Fig. 5-47(b)
shows the effect of speed on load variation ont fdetection at 20 turn fault. Since the

fault ratio is higher, fault can very easily beat#éd using a simple threshold.
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Fig. 5-47: Variation of fault detector output (meeel) to varying loads and speeds (a) 2 turn
fault, (b) 20 turn fault

Fig. 5-48(a) shows the residual current magnitudeter 2 turn fault a; =0A
loading with varying speed. This is the worst casenario for fault detection because
line current is zero. It can be observed that aedp >400 r/min it is possible to clearly
detect the faulted phase (ph-4) by quantifying thaximum of all the residual
magnitudes. Fig. 5-48(b) shows the residual cumeagnitudes under 20 turn faultigt
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=0A loading with varying speed. It can be obsertteat at higher fault (20 turn) the

faulted phase can be clearly identified even aj le@r speeds.
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Fig. 5-48: Variation of residual current magnitud@=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 andect loading on fault
detection for HRC fault of 0.2® (+32% increase), in phase-4 under steady condition
It can be observed that the output of the detastbighest at high load currents. This is

expected result since the degree of unbalancerésttyi proportional to the current
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flowing in the HRC fault. The other important aspéz note is that as rotor speed
increases the detector output decreases. Thisss &t expected result, since the
residual current analysis in (5.49) indicates aweilge relation to healthy motor
impedance which increases with rotor speed/elettfrequency. Fig. 5-49(b) shows
the effect of rotor speed and current loading auit fdetection for HRC fault of 0.68

(+95% increase), in phase-4 under steady conditfeimee the fault resistance is higher

it generates a higher signature, and consequendsgsier to detect.
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Fig. 5-49: Variation of fault detector output (mesed) to varying loads and speeds (a) W22
HRC, (b) 0.68VHRC.
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From Fig. 5-47 and Fig. 5-49 it can be concludeat fault signature increases
with rotor speed for a turn fault and decreasesafoHRC fault. This implies that the
turn fault detection is sensitive at higher spesus the HRC detection at lower speeds.
Since HRC is not a critical fault demanding immeeliaction from the controller, the

reduced sensitivity at high speed is acceptable.
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Fig. 5-50: Variation of residual current magnitwede,=6A and varying speed (a) 0\ZHRC,
(b) 0.6V HRC. Ph-4 is the faulted phase
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Fig. 5-50 (a) and Fig. 5-50 (b) shows the residuatent magnitudes variation
with ig=6A under varying rotor for HRC fault of 0.22(+32% increase), and 06
(+95% increase) in phase-4. It can be observedttigafaulted phase (ph-4) can be
clearly identified by quantifying the maximum of #&he residual magnitudes and the
detection is best at lower speed.

Fig. 5-51 shows the classifier output variationhaltading and speed for 2 turn
fault and 0.2%V HRC fault. It can be seen that there exists ar déterence between 2
turn fault (close to 1) and HRC fault (close to Therefore the classifier can distinguish

turn fault and HRC fault enabling application opagpriate fault mitigation strategies.
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Fig. 5-51: Comparison of classifier output at diffiet loading and speed with 2 turn fault and
0.22VHRC fault.

5.12 Extension to 3-phase IPM machines

As part of MotorBrain project, the turn fault ddien for a triplex 3-phase
18slot 16-pole IPM machine was investigated in $thon. Fig. 5-52 shows the FE
model of the machine with the faulted turn circl@the schematic of the one faulted
phase set of the machine is shown in Fig. 5-53thacarameters of the machine are

given in Table 5-5.
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Fig. 5-52: 18-slot 16-pole spoke type IPM machine
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Fig. 5-53: Schematic of the 18-slot 16-pole IPM hiae showing winding configuration for the
faulted set.
Table 5-5: 18-slot, 16-pole IPM Machine Nominal &aeters

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 0.01M
Maximum Speed 11300 r/min | Ly (nominal) 0.47mH
Rated current 85A Lq (nominal) 0.58mH
Total number of turns /
BEMF at max speed 467V "
coi
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The machine is modelled using the similar technigsigiven in Chapter 3. The
current to flux linkage mapping is obtained by wagythe dq and fault currents to
obtain the flux linkage lookup tables. To test thalt detection technique, only the
faulted phase-set out of the 3 phase-sets is siatuldn order to perform turn fault
detection, detection structure given by Fig. 5-8&hosen. It is based on the residual

current approach applied to a 3-phase system. Hawthere are a few key differences:

1. The motor model is based ofi drder Runge-Kutta method
2. Multi-notch filter is utilised for filtering as shen in Fig. 5-55 because of ease of

implementation and tuning.

Fig. 5-54: Block diagram of the overall detectidrusture

Fig. 5-55: Detector structure utilising multi-notfiber approach
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To assess the performance of the turn fault detecsimulation test is first
performed at motor speed of 1500 r/min. At 0.083%p change af, (0-50A) is applied.
Turn fault is initiated at 0.06s and removed atlGs&c. Fig. 5-56 shows tlag currents
and the fault currents. It can be observed thatketiee a ripple in thelq axis current
during fault. This is expected since the fault emusinbalance in the system and
therefore suppression of the unbalanc¥ ¢garmonic indq frame) depends on the

controller bandwidth.
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Fig. 5-56:dg and fault current (1500 r/min, = 50A, turn fault (0.06s -> 0.11s) )
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Fig. 5-57: Fundamental based Detector 1500 r/mm 50A, turn fault (0.06s -> 0.11s)
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Fig. 5-57 shows the fundamental detector output thedfault current for the
same conditions. It can be observed that the detegjects the load current disturbance
at 0.02s and picks up only during fault betweer@d 0.11s.

Fig. 5-58 shows the residual currentsabc frame at the time of fault initiation.
It is to be noted that the faulted phase residphbge-A) is in opposite phase to the
other phases and is about 2 times the currentdarh#dalthy phases. This is expected

result as given by (5.30). This particular propesfythe residual current enables the

identification of the faulted phase (Ph-1).
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Fig. 5-58: Residual current based detector 150ihrfig= 50A, turn fault (0.06s -> 0.11s)

To further test the detector, turn fault is ingidtat a different rotor speed of
3000 r/min. At 0.02s a step changeip{0-50A) is applied. Fault is initiated at 0.06s
and removed at 0.11 sec. Fig. 5-59 shows the nim@urrents and the fault current.
Fig. 5-60 shows the detector output and the fauttenit for the same conditions. It can
be observed that the detector reject the load cudisturbance at 0.02s and picks up
only during fault between 0.06 and 0.11s.
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Fig. 5-59: Machine&lg and fault currents (3000 r/miiy,= 50A, turn fault (0.06s -> 0.11s))
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Fig. 5-60: Fault current and Detector output (300@n, iy = 50A, turn fault (0.06s -> 0.11s))

Fig. 5-61 shows the residual currents at the timé&uolt initiation. It is to be
noted that the faulted phase residual (phaseih)pbase opposition to the other phases
and is about 2 times the current in the healthysebaThis is as expected from the

residual current analysis.
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Fig. 5-61: Residual and fault currents (3000 r/mjr, 50A, turn fault(0.06s -> 0.11s))

It can be concluded from the simulation results tleaidual current method is
also applicable to 3 phase IPM machines and cattdahd localise the turn fault. It is
to be noted that since the detector is model bamad since parameters of the 3-phase
machine may be different from the FE simulation,aano calibration was proposed
along with the turn fault detector to acquire maetparameters in test.

The auto calibration algorithm is based on a sineplecept that if a constant test
current of known quantities is injected into thecimae while the machine is held at a
constant speed by the dynamometer machine paranteterbe determined. It is known
that in steady state, ignoring losses in the machthe machine voltages can be
expressed as (5.82). The machine parameters calotéieed by (5.83). It is to be noted
that the voltages and currents should be averagedniove any noise. The voltages

referred to here are inverter command voltages.

Vy = Rig - WL,

) _ (5.82)
Vg = Rig + W Lgig+wy
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Vq
Ym=—
Wglid=0
ig=0
L ="V
q Wi glia=o0 (5.83)
iq=40
r=Yal o =Yat W
lg |id=-40 Wdyg |id=- 40
|q=0 iq=

Fig. 5-62 shows the operation of the auto calibraind the fault detector. Auto
calibration is performed until t = 0.45s. It is be noted that when the model is not
calibrated (t<0.45s) the detector output is highshswn in Fig. 5-62(b). This is
expected since the machine parameters are diffén@nt the model parameters of the
detector. Auto calibration algorithm generates f8edent current commandsig€ OA,
ig= OA), (a= OA, i7=20A) and (= -20A, i= OA) during the calibration sequence to
determine the machine parameter. After 0.45s, @tectbr output is nearly zero and
becomes high only when fault is applied (t=0.6-p.ltscan be observed that a load step
applied at 0.5si4=0-40A) is completely rejected by the fault detectmplying correct
parameter identification. Auto-calibration therefaran be utilised in a hardware setup
wherein the actual machine parameters can deviatethat obtain from FE simulation,
and can reduce the residual current under heafibyation in order to achieve adequate
sensitivity in fault detection. For IPM machinesigrhexhibit high magnetic saturation,
a more sophisticated calibration, or online leagntechnique may be required to

minimise the modelling error.
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current, (b) Fault current and detector responsio-Aalibration ends at 0.45s.

5.13 Conclusions

The chapter presents a combined fault detectioansehfor inter-turn fault and
high resistance connection. A thorough theoretliadis of the detection method is
presented supported by real-time implementationthaf fault detector. Extensive

experimental data supports the analysis and prtvessensitive fault detection for
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multi-phase SPM machines is possible. In additioe detection technique has been
shown to be able to determine the faulted phasie.CHpability is crucial in multi-phase
machines wherein identification of faulted phasd elassification of the nature of fault
can enable specific fault tolerant controls andgatton strategies to be applied to keep
the machine in operation rather than requiring mplete shutdown. This chapter also
provides simulation studies performed to extendaghgroach to 3-phase IPM machines,

which are subject to magnetic saturation in difféi@erating conditions.
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Online Stator Turn Fault Detection Using
PWM Ripple Current Measurement

The main contribution of this chapter is an onlfaalt detection technique for
inter-turn fault detection based on measuremenpué$e width modulation (PWM)
ripple current. The method uses the ripple curgemerated by the switching inverter as
a means to detect inter-turn fault. High frequeimsgedance behaviour of healthy and
faulted windings are analysed and modelled, anpleipurrent signature due to inter-
turn faults is quantified. A simple analogue citcis designed to extract the PWM
ripple current using a band-pass filter and a mean-square (RMS) detector for fault
detection. In addition, this method can also idgnie faulted phase, which can be
used for fault mitigation strategies. The methotested experimentally on a five phase
permanent magnet machine drive.

Major contents of this chapter were published lgyahthor in [104].

6.1 Motivation

As explained in the previous chapter, inter-turnltiaare one of the leading
mechanisms to a complete winding failure, whichuim accounts for 21-37% of faults
in electrical machines [7]-[11]. One of the obséores in the test results presented in
the previous chapter was the increase in rippleeatimost clearly observed in the fault
current waveform. This implies that under fault thigh frequency impedance of the
machine changes. This chapter investigates utliiive 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 subjecintense investigation and
numerous literatures exist on the topic. Detectidnemes [94] can be broadly divided
into fundamental quantity based [32], [33], [120]22] detection, high frequency based
[21], [22], [123] detection and motor current sigma analysis (MCSA) [19], [60].
Most of the methods under MCSA are computationadtgnsive since they rely on
performing fast Fourier transformation (FFT) ont@tacurrents to determine harmonic
components and extract the fault signature. Highuency signal injection methods on
the other hand, inject high frequency (HF) sigmathe inverter voltage command and
perform synchronous demodulation of the resultamtents in software to determine
stator turn fault. In [21] a high frequency sigmas injected in thelq control voltages
and the negative sequence component of the higjudrey currents so obtained is
extracted in thelq frame to generate the fault indicator. In [22] thethod of [21] is
improved further by using lookup table based catibn of thedq high frequency
signal in order to reduce the effect of magnetlesay and saturation induced by load
variation from affecting the detection. Howevergrsl injection method introduces
additional noise in the current and increases dmoesnissions of the motor-drive
system [124], [125]. In addition, most of the meatkan literature fail to identify the
faulted phase which is of importance in a multigghanachine in order to initiate fault
mitigation and fault tolerant operation.

Most PM machines are fed through a pulse-width raddd (PWM) drive. The
drive is a natural source of high frequency signgction into the motor due to its
switching. It is this inherent source of HF sigimgéction that is explored in this chapter
for detection of turn fault. The proposed methoédsuthe PWM ripple current generated
by the drive to determine the presence of turntfaithout the need to modify or inject
additional HF signal [104]. The method is also ablédentify the faulted phase which
is essential to implement fault mitigation straésgi his chapter contributes to the body
of knowledge in the following aspects:

1. Turn fault detection using PWM ripple current measuent.

2. ldentification of faulted phase using the ripplerent measurement.
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6.3 Transient Machine Modelling under Stator Turn Fault

The machine under consideration is a 10-slot 12;pd-phase surface
permanent magnet (SPM) machine. Fig. 6-1 showgéoenetry of the machine. Fig.
6-2 shows the schematic of a single winding of thachine under the turn fault
condition withN¢ faulted turns out of a tot& number of turns. The parameters of the
machine are given in Table 5-1. The switching ardging frequency of the inverter is
10kHz.

Fig. 6-1: Geometry of 10-slot, 12-pole SPM machine

Fig. 6-2: Schematic of winding under turn fault
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In order to evaluate the ripple current charadiessunder PWM operation, it is
necessary to determine the high frequency admétanhthe winding under healthy and
fault conditions. For the machine under study, high frequency admittance can be
obtained using (6.1) by setting the electromotioecd (EMF) voltage components to
zero in Fig. 6-2, wherB;, Rq, Ly andL; are the resistance and inductance of the healthy
and fault turns, respectively ahg, is the mutual inductance between the two winding
parts.Reui Or R is the external fault resistance and is assumealinehis analysis for
the sake of simplicity.

1 (jw) 1
Vv (iw) WL, 2 (6.1)

R, + july, + :
"Ryt

Y(jw)=

The parameters of the machine under healthy ant danditions are given in
Table 5-1 and Table 6-1. The parameters are detisen) a similar procedure outlined
in chapter 2 as explained in chapter 5. Since thehme under study employs a SPM
topology in which saturation level is quite low,efe parameters are constant. For
machines with high level of saturation, the dervats still valid given that the ripple

current is small, and the parameters can be pieselmearized.

Table 6-1: Machine Data under Fault

Parameter Fault Condition
N; 2 turn fault 20 turn fault
Ry 0.65/A 0.46A
R 0.02MW\ 0.2
Ly 2.6mH 1.3mH
L+ 2.8nH 0.28mH
Lm 83nH 0.6mH
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Fig. 6-3: Experimental setup for measurement ofrHpedance

In deriving (6.1) the iron loss in the laminatiotise eddy loss of the magnet and
the skin effect in the winding coils was ignoredoweéver, in a real machine these
effects will affect the machine parameters esplgciat PWM ripple frequencies.
Modelling these effects analytically can be quitenbersome and inaccurate, and
therefore an experimental measurement of the paeasnis required. Fig. 6-3 shows the
experimental setup wherein the machine rotor ikddcand the winding resistance and
inductance is measured using an impedance anghiki IM3533-01).

Fig. 6-4 shows the variation of equivalent seriesigtance and inductance of a
healthy winding measured by the impedance analyseéer locked rotor condition. The
variation occurs due to the interaction of variéess resistances in series and parallel
combination with the nominal resistance and indumtaof the winding when excitation
frequency is varied.

In order to ascertain the dependence of high fregpeadmittance to rotor
position, the rotor was locked at different elewdtiangles and a frequency sweep
performed on the stator coil of phase-4 using ti@RLmeter. Fig. 6-5 shows the
admittance plot of the coil for various rotor pawis. It can be observed that rotor
position has minimal effect on the measured adnittaand is consequently neglected

in the rest of the chapter.
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Fig. 6-5: Measured healthy winding admittance (M} for varying rotor position (electrical)

Fig. 6-6 shows the comparison of the theoretical experimentally measured
locked rotor admittance of the winding under healttnd fault condition. The
theoretical plot is obtained by using (6.1) and paeameters from Table 5-1 and Table

6-1. It can be observed that under the fault coomabt the admittance increases
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particularly in the frequency range of 10-20 kHangared to healthy condition. It is
also to be noted that the admittance predictechbgry is different from that obtained
from experiments and is especially evident in cabe-turn fault. The difference
between the theoretical and measured admittanexgected and attributed to extra
impedance introduced by the external leads to erds fault, and iron losses (eddy,
hysteresis loss) as well as high frequency losaega skin and proximity effects in the
measured data which is not accounted for in thelsirtheoretical model. Also, as the
number of faulted turn increases from O (healtloy? tturns and finally to 20 turn the
admittance progressively increases above 10 kHzhétiadmittance translates to lower
impedance and hence higher currents for the saritegeo It is to be observed that
although there is difference between experimemd|samplified theoretical predictions
both the measurement and prediction points towardsncrease of high frequency
admittance and this is due to the shorted turnghvheduce the overall impedance of

the winding.
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Fig. 6-6: AdmittanceY) magnitude and phase of winding under healthyy2 and 20 turn
fault. Theoretical (T) — dashed, Measured (M) +dsol

Therefore, if the motor can be excited with a vgdtan the frequency range of
10 kHz-20 kHz, the measured current will show areéase under fault condition which

can be used as a measure to detect turn fault. Anedr is usually fed from a PWM
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drive which generates not only the fundamental agdt for the motor, but also
switching voltage ripple at the terminals. The fesu PWM ripple current can be used
as detector for inter-turn faults. For the purpofsimulation a sine-PWM drive, with a
switching frequency of 10 kHz is assumed.

In order to model the winding behaviour to be cldsethe actual physical
measurements, a hybrid modelling approach is ensployrhis entails using the
impedance/admittance data obtained from experirhemasurement and combining it
with the analytical model to obtain a more accurafgesentation of the actual circuit
condition. In order to use the experimental datasimulation, the experimental
measurement is fitted with d"Sorder transfer function as given by (6.2) usingste
squares fitting to obtainY;ex{(S) and Yhexpfs) for faulted and healthy winding
respectively.
y(g=DSrherads pEr P g

s+ 3¢+ as+ as+ aksr g

Fig. 6-7 and Fig. 6-8 show the transfer functidtirfg for healthy condition and

(6.2)

for 2-turn and 20-turn short circuit conditionsspectively. The circuit equations of a
generic faulted winding as shown in Fig. 6-2 canelpressed irs domain and are
given by (6.3)-(6.4). I(s)ds) can be eliminated from the voltage equatior3)(6o
obtain (6.5)-(6.6).

Reaut! ¢ ()= (Ra+ st )( (3- v(3)+ sk ( B &( ) (6.3)
V(s)=(R+sk) K9+ sh( (- H( P+ H) Bud ) (64

Raut'
e S

(Rfault' Sl-m)(i L+ I'rn)+ Rﬂ_) (6.5)
I
+(s) R+ o L+ L)+ TR
V(9= g (9 et B (9+ B () (6.6)

sly + Ri+ Raun

198



6. Online Stator Turn fault Detection Using PWM Bl Current

Fitted Transfer Functio|

T T T C T TNr TP PITIm

(Bap)eseyd

Frequency(Hz)

Fig. 6-7: Fitted Admittance Functiol{ex(S)) for Healthy Condition

=
o
g 1 o
cy = 3 —
[l 1T |
[l o -
Ll © -
w“—
L Do -
jo
L m |
=
° <
L 4 O
um_l..v q
= 3
[| L 3
Fo=-=-d=-===1@ HSO
F--d-z-z-fz-z--tcz-c s e P . N A
p—— J
Lo -4 -
\\\\\ _ 1%
E===d -3 -
[ZZ +— - _ ]
L — R
L — — == —

: -
EEE EEEE ===3 3
[ZC oA
| — |
L — -————r----

‘o
o
Q@

Frequency(Hz)

(@)

199



6. Online Stator Turn fault Detection Using PWM Rip Current

Fitted Transfer Functio
77777 O Measurement Data

3 [RRET [
Saq. |
S

Magnitude(dB)

Angle(deg)

Frequency(Hz)

(b)

Fig. 6-8: Fitted Admittance functiofYfex(s)) for (a) 2 turn and (b) 20 turn fault condition

Since the measured winding admittance is a higlerondinsfer function, the
model equation needs to be modified to accountherhigh frequency losses. A close
look at (6.6) reveals that the first term correggboth to the high frequency and low
frequency admittancey(s)), whereas the other two terms are only relatethéoback-
EMF components. Hence, it is possible to substitite experimentally derived
admittance instead of the theoretically derived,omesulting in the hybrid model
equation for the faulted phase in (6.7). Theref@¢8e/) contains a part of parameters
obtained through experiment and the rest is caedlfrom theoretical model, and is
therefore referred to as a hybrid model.

v (S) - Yf,ej;)t(S) I(S) * SLfR"taué-l"'SL';ault 5 ( g ' E“( $ 67

In the 5-phase experimental motor, the winding tfasllassumed to occur in

phase 4 as shown in Fig. 6-9. Thus, (6.7) can {veriteen as (6.8) noting thdi, = E; -

E; whereE; is the healthy back-EMF of tH& phase. Zero sequence voltadyén] is
added into (6.8)-(6.9) to account for the fact tihat voltages generated by the inverter
are referred with respect to the negative DC supplyhile the phase voltages are
referred to the floating neutrah’* of the motor. The model for other healthy windsng
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can be written as (6.9). In order to simulate th&tesm the zero sequence voltagg
needs to be eliminated from the model equatidfig.can be calculated by summing
(6.8)-(6.9) over all phases, and noting that then @i the phase currents is zero, to
obtain (6.10). Substituting (6.10) back into (6(8)9), the final model equations (6.11)-
(6.12) can be obtained.

. |
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Fig. 6-9: Schematic representation of 5-phase SRighine 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 currentstfian appropriate frequency
band needs to be selected. In order to aid thgulgsbcess, the harmonic currents can
be analytically calculated under different opergtaonditions in steady state assuming
ideal sine PWM. The PWM harmonic voltages for siriangle modulation can be
calculated using (6.13) [126], wheres and . is the angular frequency of the
fundamental and carrier respectively,corresponds to theé"rorder Bessel function of
the first kindn andm are the harmonic orders of and . respectively an®¥y. is set as
140V for the calculation, which corresponds to hinghest possible DC link voltage of
the test inverter. Fig. 6-10 shows a typical freguyespectrum plot of only the harmonic
voltages obtained using (6.13) at modulation indE8.9 and a fundamental and carrier
frequency of 300 Hz and 10kHz respectively. Harroolme currents can then be

calculated using the line voltage equation as gingp.14).

Vi‘h(t):zvdc ’ iJO m’%M cog my;, § sin n£2

P m=M

1 p
AT —Jp MM cos{ mu t+ {w; t+q)) (6.13)
Prmaimt g (m+ n)%

Vip- Von Z -Z, O 0 i n
V2,h = V3,h _ O 22 = Z3 O I2,h

Vah- Vap -0 0 Z3 -2, l3n
Van- Vs Zs Zs Iy Iyt Zs

(6.14)
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Fig. 6-10: Harmonic voltage spectrum of a sine-P\kierter leg w.r.t negative DC supply rail

at modulation index = 0.9,#140V, fundamental frequencyd = 2 .300 rad.g

Fig. 6-11(a) shows the RMS harmonic current plotsehch phase when phase 4
has a 2-turn fault at the maximum current of 6A wioaly 10 kHz carrier frequency
sidebands are considered and Fig. 6-11(b) showRNM® harmonic current plots when
both 10 kHz and 20 kHz carrier frequency sidebardsconsidered.

It is evident from the plots that by consideringhbthe 10 kHz and 20 kHz
current ripple a greater magnitude and separagtweden the faulted phase and healthy
phases can be obtained specially in low speed rdrgs will also improve signal to
noise ratio. Thus, a pass-band of 10-20 kHz iscsatflefor optimal detection of fault.
The separation in RMS current ripple between faudtied healthy phases allow for easy
identification of fault. It should be noted thatetiharmonic voltages and hence the
harmonic currents are a function of modulation xded therefore as speed or load

change the harmonic currents also vary.
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Fig. 6-11: RMS harmonic current with 2 turn faulthw/ 4. = 140V considering (a) only 10kHz
carrier and sidebands, (b) 10kHz and 20kHz cafmégpuency harmonics and sidebands.

Extraction of harmonic currents can be done in ndiffgrent ways. One direct
approach is the use of high speed sampling of th®rscurrent waveform and
application of signal processing to extract thert@rics. However, the ripple current is
very small compared to the fundamental current dretefore the ADC employed
would have to have a high resolution (>16 bitshéoable to measure the PWM ripple

current accurately. Moreover, the sampling freqyesfche ADC has to be at least 5-10
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times the highest ripple current frequency and dbmer frequency of the anti-alias
filter has to be increased accordingly. Therefatthough this approach has the benefit
of flexibility of application of advanced signalqaessing to extract harmonic currents it
requires high speed, high resolution ADC’s and aded DSP processor to perform the
signal acquisition and processing.

Due to processing limitations of the control hardeyaan alternate approach is
employed, wherein the RMS value of the PWM ripplerent is obtained by using an
analog circuit. RMS ripple current so extractesfidow frequency and can be easily
sampled by the DSP using the same ADC sample tat&kHKlz) as that employed for
current controller. The analog signal processingjrcis shown in Fig. 6-12, consisting
of a second order band-pass filter, RMS detectdraarput buffer. The band-pass (BP)
filter must provide sufficient attenuation at fungiantal frequency to prevent changes in
fundamental current from affecting the result o RMS detector. For the particular
motor, a stop-band attenuation of -38dB (at 300BZpund to be adequate to remove
the fundamental current influence. The pass-bamda@@0 dB is found to be sufficient
for the detection. The bode gain plot of the BRefiis given in Fig. 6-13. The output
buffer provides a further gain of +26dB.

) /—\ |
—L- —- 4 - L L "_#

$* - $

Fig. 6-12: HF detection signal processing chainCAdampling 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 sigmatessing circuit. The
current signal from the transducer is first fedhe high pass filter (HPF) U1l and then
through the low pass filter (LPF) U2 into the RM&ettor U3 and finally into the ADC
buffer U4. The LEM current sensor selected foritherter is LTS-25P which gives a
unipolar output and therefore the entire HF sigclahin is designed to operate on
unipolar supply. To realize the LPF and HPF trangtactions multiple-feedback
topology is used. OPA364 is selected as the opeatiamplifier (opamp) for the
circuit due to its excellent BW and low offset \age and is suitable for unipolar circuit
realization. The RMS detector is LTC1968 which igracision wide bandwidth, RMS-
to-DC converter from Linear Technology [127]. LT@&Bhas a differential input range
of 1Vpk and to avoid saturating the RMS detectodarnworse case fault, a gain of
20dB is selected for the band-pass divided equalsr the HPF and LPF. Finally the
ADC buffer provides additional gain of +26dB on ftietected RMS value. A point to
be noted for the signal chain is that the sequend¢ke block in the chain is critical to
obtaining the desired performance. For exampleppmg the position of HPF and LPF
in the signal chain would saturate the opamps @ dhicuit although the transfer
function of the circuit would have remained unaterThis is because the LPF will pass
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the fundamental current signal with a gain of +1@at8 will saturate the opamps in the

circuit.
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Fig. 6-14: Detector Circuit Implementation

6.6 Simulation Results

Fig. 6-15 shows the simulation results obtainednfrthe model derived in the
foregoing section connected to a current controlletage source inverter at rotor
speed of 500 r/min with, = 6A under a 2 turn fault condition withyy/= 60V. Standard
dg based current control as employed in [118] isiag¢til to control the fundamental
current. The difference in high frequency ripplen d& observed in the actual phase
current plots, and is clearly identifiable in thete@ttor output shown in Fig. 6-16, where
phase -4 shows a higher output than the rest gbhlases and hence is identified as the
phase with fault. The ripple in the detector outigutaused by the currents in sidebands
of the carrier frequency which give rise to a bieatjuency at twice the fundamental
frequency.

Fig. 6-17 shows simulation results obtained atrrepeed of 1000 r/min with = 6A
under 20 turn fault condition with g¢ = 60V. The phase currents are slightly
unbalanced and this is expected since 20 turn fautiduces unbalance which cannot
be completely compensated using conventional pesgequencelq controller. The
difference in the ripple current is quite apparantl is expected at higher speeds and
higher fault ratios. Fig. 6-18 shows the detectotpat and phase 4 can be clearly
identified.
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Fig. 6-15: Simulated phase currents with a 2 tauitfin phase-4 at rotor speed of 500 r/min.
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Fig. 6-16: Simulated detector output with a 2 tiault in phase-4 at rotor speed of 500 r/min.
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Fig. 6-18: Simulated detector output with a 20 tiault in phase-4 at rotor speed of 1000 r/min.

6.7 Experimental Testing

To test the fault detection technique the samerigsis explained in Chapter 5

and Appendix has been utilised. Fig. 6-19 showsPM&M 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, & 6A at 2 turn fault and rotor
speed of 500 r/min and 1000 r/min, respectivelptwaed using yokogawa oscilloscope,
where Ch4 is the detector output of the faultedsphdt can be observed that each
detector channel has a different output beforet figuinitiated. This is to be expected
since each phase has slightly different impedadoesto fabrication process, and there
is variation in each detector channel. This vasiatcan be easily compensated by
implementing a software based calibration explaimethe next section. During fault,

phase -4 detector output shows clear change otibfrtpm the pre-fault level.

(@)
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(b)
Fig. 6-20: Detector output with 2 turn fault in glea4 withiq =6A at (a) 500 r/min, (b) 1000
r/min. Chl- Ch5 - detector outputs for phase lubhophase 5 respectively (100mV/div), Chll
- phase 4 current (5A/div), Ch12 is fault curré2@A/div). Time scale — 100ms/div.
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Fig. 6-21: Zoomed portion of measured Ph-4 (faphgse) line current witi=6A at 500 r/min

under healthy and 2 turn fault.

The change of the PWM ripple current can be apatediin Fig. 6-21, where
zoomed portion of the ph-4 (faulty phase) is showder healthy and 2 turn fault at 500

r/min.

211



6. Online Stator Turn fault Detection Using PWM Bl Current

Fig. 6-22 (a) and (b) show the detector output & 6A with 20 turn fault and
rotor speed of 500 r/min and 1000 r/min, respebtiv@imilar response to 2 turn fault

case with different output levels can be clearlgasiied.

@)

(b)
Fig. 6-22: Detector output with 20 turn fault ingsie-4 with=6A at (a) 500 r/min, (b) 1000

r/min. Ch1-Chb5 - detector outputs for phase 1 thhophase 5 respectively (200mV/div), Chl1l
- phase 4 current (5A/div), Ch12 is fault curre2@4/div). Time scale — 100ms/div
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Fig. 6-23: Comparison of measured and predicteelctiat output ait, =6A, with varying speeds
at (a) 2 turn fault and (b) 20 turn fault

Fig. 6-23(a) compares predicted and measured deteatput variations with
speed for 2 turn fault at load current of 6A. A gancomparison is given in Fig. 6-23
(b) for 20 turn fault. It is to be noted that thgtfrequency admittance was measured
using LCR meter with a very low current excitati@®mA). As load current changes it
is expected that the inductance of the machinechidinge due to saturation which will

affect the PWM ripple currents. Further, therelsoa 4% variation of individual phase
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impedances at 10 kHz as measured using the impedaratyzer. Another effect that
can cause difference is the contactor impedanag tasereate the turn fault. However,
as previously pointed out the variation are to kgeeted and can be cancelled out as

explained in the next section.

6.8 Fault Detection

In order to detect turn fault, it is required thhe variation of PWM ripple
current under healthy operation with varying spaad loading be accounted for and
removed. This is particularly true in the case afilfs with low number of short-
circuited turns, where the increase in the PWMlepurrent due to the fault is low. By
way of example, the variation of measured phasetéatior output (phase with turn
fault) with speed and current under healthy andr@-tault operation is shown in Fig.
6-24(a). It can be observed that at higher spe&®Q>/min) there exists a clear
difference between the healthy and fault operatiothe detector output, however at
lower speeds there exists some overlap betweerndhithy and fault cases. As the
speed and load are varied the overall inverter cantmvoltage increases and this
causes an increase in the healthy PWM ripple cyrmghich makes fault detection
using a simple threshold comparison difficult.

Harmonic current under healthy condition is a fiorciof the modulation index
magnitude as given by (6.13)-(6.14) irrespectivehef current ig or ig) or speed. In
order to eliminate the ripple current contributioe to healthy operation of the
machine, a simple algorithm based on linear cuitvis fporoposed. It can be observed
from Fig. 6-24(b) that the detector output varigaast linearly with the fundamental
modulation index. Detector data from 2 test poioctsresponding to two different
modulation indexes at two different speeds (300 Hd@0 r/min) and current loading
(OA and 6A) under healthy operation as shown in 6ig4 are extracted and a linear fit

is performed using (6.15).
detectoy =a,M, +b, (6.15)
The 2 fitted parameters arg & 0.208V and p= 0.103V. Using the obtained
parameters, calibrated detector output for phasegénerated by using (6.16).
calibrateddetector detector deteg (6.16)
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Fig. 6-24: Variation of measured detector outplit4p with load current (0%, 50%, 100%) and
speed plotted with respect to (a) speed, (b) maidulendex. Dashed curves refer to healthy
operation and solid lines refer to 2-turn fault dibion. Stared points are the selected test points

for detector calibration.

The output of the calibrated detector is shownim B-25 for the same current
and speed variation under healthy and 2-turn fé#uttan be observed in Fig. 6-25 that
the variation of the detector under healthy operatiue to load and speed has been
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effectively cancelled. Slight error does exists boar, as can be observed in the healthy
case withiz=0, 3A at higher speed due to use of the simpléregion technique. More
advanced calibration algorithms using neural netear lookup tables can also be

used, which can result in improved sensitivity abloustness of the detection.
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Fig. 6-25: Variation of calibrated detector outfpit-4) at various loading (0%,50%,100%) with
varying speed. Dashed curves refer to healthy nagieration and solid lines refer to 2-turn

fault condition.

Using a threshold value of 0.02, the calibrateccter output can be employed
to classify healthy or faulted operation as showfig. 6-25. A higher value of detector
threshold will be more robust to detector noisthatexpense of low sensitivity at lower
speed and fault currents.

Under ideal conditions, one set of the fitted pagtars can be used to calibrate
all the phases. However, due to differences inviddal detector channels and machine
asymmetry, the proposed calibration procedure rfopaed for the other phases as
well, resulting in a total of 10 constants requitegerform calibration for all phases. It
is to be noted that only 2 operating point datane@@ded to completely determine all the
10 constants. Fig. 6-26 shows the comparison ofc#tibrated detector output (ph-4)
verses calibrated detector output of all phase®uhdalthy condition. It can be seen

that after calibration the detector output undealthg condition with different loading
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and speed is much lower than that of faulted pljpset) detector output under fault

condition.
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Fig. 6-26: Comparison of calibrated detector outifdtiulted phase (Ph-4) under 2 turn fault

verses calibrated detector output of all phasesunealthy condition.
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Fig. 6-27: Variation of all calibrated detector jputs ati;=0A with varying speed under 2 turn
fault. Ph-4 is the faulted phase.

Fig. 6-27 shows the calibrated detector outputliofh@ phases for 2 turn fault

for i;=0A which is the worst case scenario for fault dét® due to the low fault
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signature. It can be observed in Fig. 6-27 thatgbgntifying the maximum of the

detector outputs of all the phases, the faultedliph-4) can be readily identified.
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NL - - — 5 - By

|
| |
1 1
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Rotor Speed (r/min)

00 1400

Fig. 6-28: Variation of all calibrated detector jputts at;=6A with varying speed under 2 turn
fault. Ph-4 is the faulted phase.

Fig. 6-28 shows the calibrated detector outputliofh@ phases for 2 turn fault
under forig=6A. It also shows similar trend to Fig. 6-27 ahé faulted phase can be
clearly identified.

Similar results were also obtained for the 20 ttaunlt condition. Fig. 6-29
shows the un-calibrated data obtained under 20faudbwith (0%, 50%, 100%) current
loading and varying speed. Fig. 6-30 shows théotied detector output under 20 turn
fault condition using the same calibration datéiagtd for the 2 turn case. It can be seen
that calibration reduces the detector output viamatunder healthy condition and
enables use of simple threshold to achieve deteckq. 6-31 shows the calibrated
detector output for all phases under 20 turn fauth i;=6A. It can be observed from
the plot that the faulted phase can be easily ifiettby quantifying the maximum of

the detector outputs of all the phases.
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Fig. 6-29: Variation of measured detector outplit4p with load current (0%, 50%, 100%) and

speed plotted with respect to speed. Dashed cuetesto healthy operation and solid lines

refer to 20-turn fault condition.
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Fig. 6-30: Comparison of calibrated detector outgdtulted phase (Ph-4) under 20 turn fault

verses calibrated detector output of all phasesmunealthy condition.
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Fig. 6-31: Variation of all calibrated detector jputs ati,=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 expedtedhow significant
changes under high resistance connection (HRC)s ©hidue to the fact that the
impedance at PWM frequencies is high and therefoteaffected by small changes in
the resistance of the stator. Fig. 6-32 shows ffexteof HRC fault on the detector
output. The change due to the fault is very smadl en case ofq =2A less than the
healthy detector output a{=6A. It can therefore be concluded that HRC fawls h
minimal effect of PWM based ripple detection ane dletection is sensitive only to turn

faults.
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Fig. 6-32: Variation of detector output (Ph-4) tR@E fault (0.66V) at various loading (33% and
100%) with varying speed.

6.10 Conclusions

A new technique to detect turn fault using PWM kgppurrents has been described in
this chapter. A machine model based on measurddfreguency winding parameters
to capture the high frequency behaviour of the wigdhas been developed. Based on
the analytical simulations, a detector circuit xtract the PWM ripple current has been
designed. Experiments confirm that PWM ripple basedthod can be used to
successfully detect turn faults in the machide.simple and effectivesoftware
calibration technique has been proposed to caheekipple current expected under
healthy operation to obtain a calibrated detector outpyspl&Eation of simple fault
threshold on the calibrated detector has been shove sufficient to determine fault.
By quantifying the maximum of the detector outpoitgll the phases, the faulted phase
can be identified.

Compared with the residual current based faultatiete proposed in the previous
chapter, the high frequency detection requires teatdil hardware but has lower
compute demand for detection whereas as althowggtetidual current method requires
no hardware modification it has significant computgjuirement. Moreover, the
residual current technique can detect HRC faultrede HF detection is insensitive to

it. However, the residual current technique requicareful calibration of the machine
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parameters and its back-EMF, whereas the calibrdtio HF detection is fairly simple
and straightforward. The HF detection method iseeigd to be more robust to
temperature variation of the motor as can be iatefrom its insensitivity to HRC fault
(increase of phase resistance) whereas the reswusadnt technique will require
temperature based parameter compensation to mmiat®quate sensitivity to turn
fault.

PWM current ripple based fault detection can belyeasorporated into drives
as an add-on card and connected to controller wsmadpg input channels. Since most
of the high frequency signal processing is donghencard, a low frequency sampling
of the detector output by the controller is su#fiti. Test show that the detection can
be performed at low speeds and low currents whrehad advantage compared to
fundamental component based methods which haveuiff due to low signal to noise

ratio.
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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 presandtationary frame control
strategy to achieve optimal current control forr stannected poly-phase permanent
magnet machine under asymmetric phase faults, yapmegse-open circuit (OC) and
phase-short circuit (SC) condition. In the previdu® chapters different turn fault
detection methods were explored and the detecttiadr on picking up very small
change between healthy and fault conditions. Dubedigh fault current generated in
the shorted turns which leads to high localisedihgafault detection needs to be fast
and reliable. However, due to the small fault sigrait is likely that some turn faults
can go undetected and can cause a complete faifldihe winding leading to either OC
or SC faults. Such faults will immediately trip a@mtional drive controls due to loss of
a degree of freedom. Fault tolerant control is ldst line of defence in preventing a
complete shutdown of the motor-drive system in ¢asgpient winding faults cannot be
predicted or detected leading to a complete windi@igre in form of OC or SC fault.
Current regulation under these faults is partidylahallenging because optimal torque
control strategy generates non-sinusoidal currefgrences with unbalance in both
fundamental and higher order working harmonicgdaieve minimal copper losses and
torque ripple under fault condition. Under field akkening operation, voltage limit
introduces additional control problems. This chapiescribes a solution for the control
issues by employing a novel controller in statigniaame. This control strategy allows
minimal reconfiguration of the control structurerr healthy to post-fault operation.
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Extensive simulation and experimental results aresgnted as validation for the
proposed strategy.
Major contents of this chapter were published iyauin [128].

7.1 Motivation

Fault tolerant controls are increasingly becomimgpartant in improving
reliability and safety of electric drives speciallyaerospace and automotive sectors [4],
[129]. Several surveys on reliability of industrialotors conducted by Electric Power
Research Institute (EPRI) [7] and IEEE [8]-[11] cluded that stator winding failures
accounts for about 21-37% of faults in electricahcimnes. Operation under fault
condition commonly known as “limp-home” mode [39]essential for providing high
degree of availability, and reliability demandedsafety critical application like electric
vehicles. To further improve fault handling capapjlmulti-phase machines have been
proposed in [4], [112] due to more degrees of fomedvailable for control compared to
conventional 3-phase machines.

However, under fault condition the symmetry of tmachine is lost. Most
conventional controllers based on synchrondgdrame, are not suitable for control
under fault conditions. Most of the work preseniedliterature so far, focus on
modification of the conventional controller to aeh¢ control under fault. However,
most of the work reported so far are only focussedaperation below base speed and
have been tested at only a few operating speeds.efflect of changing speed and
operation close to voltage limit of the inverter lealthy to fault transitioning has

received little attention in the literature so far.

7.2 Literature Review

The issues associated with fault tolerant operationpermanent magnet
machines can be divided into two major tasks.

The first task is to generate appropriate curraierences which produce
minimum torque ripple and minimum losses undertfeahditions. In [130]-[133], zero
torque ripple under open circuit fault was achiebgddjusting phase current angles to

produce forward rotating stator magneto-motive éoffdMF). However this method is
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applicable when rotor flux is purely sinusoidal ahokes not lead to minimum copper
loss. The performance deteriorates further in pralcPM machines which have higher
order harmonics in Back-EMF [118]. In [134]-[136]reent references was optimized
for maximum torque based on offline calculationscamting for third harmonic in
back-EMF for a 5-phase machine with different wigdiconfigurations under open
circuit (OC) fault. In [137]-[141] an online optimaurrent reference generation
technigue was presented for phase short circui} &6@ OC faults which minimized the
overall stator copper losses. However operatioreuri¢ld weakening mode was not
addressed in both the online and offline methodptindal torque control (OTC)
proposed in [113] obtained minimum stator coppss lwith online computation of the
current references under both OC and SC faultsh&umore with application of a
weighting factor on the flux linkage, the OTC coblel used in field weakening regime.
However this method was only applied to 5-phasehmacwith each phase driven
individually by H-bridge converters. Modifying thmirrent references such that OTC
can be applied to star connected machines cance#tenapplicability of the technique
to a larger class of machines.

The second task is the tracking control of the cpted current references.
Tracking the current references obtained through@iC or other current reference
generation techniques is quite challenging. Thibesause under fault conditions, the
machine loses its symmetry and the standard synobsoframe based current control is
no longer effective due to presence of time varyeogiponents. This is particularly
problematic in the OTC since the current referergeserated by the OTC algorithm
are typically unbalanced and have higher order bares [113]. Hysteresis current
controller is typically employed for fault tolerantrrent controls [113], [130]-[133],
[135]-[139]. However, this result in variable swvhiteg frequency which increase
switching loss and electromagnetic interference ljEdnission and therefore current
control with fixed switching frequency PWM is prefed [142]. In [142], [143] a
synchronous frame current control technique basedodified clarke transformation
was proposed for pulse width modulated (PWM) drivesler OC fault. However,
higher order harmonics in back-EMF was ignoredongie computation and operation
under phase short circuit (SC) fault, field weakgnas well as transition of control

from healthy to fault were not addressed. In [1f{#fst fault control of 6-phase
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induction machine was presented for low speed tiperaising additional negative

sequence controllers under OC fault operationhénvarious control methods proposed

in literature, a general control technique for kiag current references which are
unbalanced and contains higher order harmonicsrunderter voltage limit has not
been addressed.

One solution to tracking time varying signals iogwrtional resonant (PR)
controllers [145]-[147] which have been employeddpplications in active harmonic
filtering in grid applications. However they aretiopzed to operate around a fixed
fundamental frequency since the grid fundamengdifency varies only slightly. In
variable speed drives, however, the fundamentagjuiecy of motor currents is speed
dependent. Analysis of transient response of regaraantroller for variable speed drive
application was performed in [148] only for a navreange of frequency (30-50Hz).
However fundamental frequencies vary over a wiggeaespecially in multi-pole PM
drives. In addition the standard PR controllers rawe suitable for operation near the
inverter modulation limit due to their inherentligh open loop gain, which may cause
stability problem under voltage saturation [149).ifnprove performance under voltage
saturation, an anti-windup scheme was proposed48][for the PR controller, albeit
only operation under single excitation frequencysw@emonstrated. In [150] an
alternative control strategy was proposed to stiteeanti-windup problem for operation
under fixed fundamental frequency.

This chapter is concerned with control of a faaletant PM machine under OC
or SC fault with a unified control strategy whichoas for smooth transition between
healthy and fault modes of operation. It contrilsute the body of knowledge in the
following aspects:

1. Extension of the OTC reference generation for adanected PM machine.

2. A new stationary frame resonant current contradigucture operating with fixed
PWM switching frequency, which is capable of trackitime varying current
references with multiple frequency components whiahy with drive speed, and
capable of stable operation near inverter voltagé.|

3. Voltage injection technique under fault conditianincrease modulation range and

DC link voltage utilization in conjunction with th@oposed resonant control.
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4. Field weakening algorithm based on a search algaribor operation under healthy

and fault operation in conjunction with the propbsesonant control.

7.3 Optimal Current Reference Generation

In order to obtain optimal currents under fault @ition, the demand torque
should be met and the ohmic losses should be nEeon{151]. This is because
windings are limited in their heat dissipation capaand injecting more current to
obtain pre-fault torque level will lead to overhagtof the winding possibly leading to
further failure. However, minimizing ohmic lossesed not result in optimal currents
under field weakening condition, since inverterpuitvoltage is limited by the DC link
voltage and the drive will not be able to realihe teference currents due to control
saturation. Hence a cost function which minimizethlcurrents and voltage is needed.
This can be achieved using the optimal torque ogntwvherein for a given torque
demandTy, the phase current references of an m-phase SRiMimeacan be obtained

by minimizing a cost function given by (7.1),
m . 2
f= (L|J-+kflol Fj/j) (7.1)
j=1
where, L is the phase inductancégy is a dimensionless weighting factor
representing the degree of field weakeningiaadd/; are thg™ phase current and flux
linkage respectivelyF; is a binary parameter, which denotes whether thase is
healthy (=1) or faulty (=0) and is defined by (7 ®&herel is the faulted phase.
F. = Lt 7.2
iT 0:j=l (7.2)
The flux linkage,/;, and the instantaneous torqug, of i phase can be
expressed by (7.3),
/i= mcosg - (- 2 M} gcof - (i 32 M)
B . aly (7.3)
T =a(q)j=p g
where,Y m1 andY 3 denotes the first and third harmonic magnitudenafynet
flux-linkage respectively angis the number of pole pairs. The currents refersrmave

to satisfy the torque demand constraint given b4)(7
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m
Ta= Fa(q)i (7.4)
j=1

For the case of a short-circuit fault in phasthe pulsating torqué;, given by
(7.5),

0, Open circuit fault

a (q)i, Shortcircuit fault (7.5)

T; =

Since the phase windings of the fault tolerant rnreclconsidered are star
connected, Kirchhoff current law for the healthyapbs given by (7.6), needs to be
considered in the overall minimization, i.e.,

0= ijF (7.6)
j=1

The objective function of the constrained optimiatproblem can be obtained
by applying the method of Lagrange multipliers egsed by (7.7), whemg andg are
the Lagrange multipliers.

m 5 m m
= (Lij+kfIdFj/j) 9, Tg - Tp - (ﬁ%(0)§)+gz W F (7.7)
j=1 j=1 j=1

The instantaneous current in phgsean then be derived by minimizing the
objective function and is given by (7.8),

3—:‘1_:0 2(Li; +kg i/} )L-g 12+ goF = 0 (7.8)
(7.8) can be re-arranged to obtain the currenteate value given in (7.9).
| = - goFt QiFjajz‘ 2kgg K 4 L
2L

(7.9)

As can be observed from (7.9) the current refereiscelependent on the
undetermined Lagrange multipliers. In order to obthe expression for the Lagrange
multipliers, (7.9) is substituted back into constraquations (7.4) and (7.6) to obtain
(7.10)-(7.11).

m' m m m
0= ijF -9 F+g Fa- 2L F({=0 (7.10)
j=L =1 = j=1
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(7.11)

m m 5 m 5
"% aF+ g Fa- 2k L Kal/ 20T O
j=1 j=1 j=1
It is to be noted thaf; being a binary value, the squareFgfis equal to the
original value. (7.10) and (7.11) are linear equadiin terms ofg and g and can be
solved to obtain the expression for the Lagrangdtiphiers as given by (7.12) and

(7.13).

m m
g Fa -2k L FY
i=1 i=1
9 =— — ) (7.12)
Fi
j=1
m m
22(Ty-T,)  F+ kgL 7
j=1 m
- Rl F3 (7.13)
j=1 j=1
9= 2
m m 5 m
Fi Fig® - Fa
= =1 =1

For the purpose of simulation and experimental dedion a 5-phase fault
tolerant PM machine shown in Fig. 3-1 is considesed its specification and
parameters are given in Table 7-1. It is to be chdteat 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-&h&ault-Tolerant PM Machine

Parameter Value Parameter Value

Maximum speed 3000 r/min Phase Resistance 380mMwV

Rated Torque 1.86Nm Phase inductance 2.8mH

Rated RMS 6.5/ 2A Cable Resistance/phase 380mwV

Number of phases 5 DC link voltage 50V
Fundamental flux linkage

Number of pole-pairs 6 _ 19.1mVs
magnitude Y mi)

Switching/Samplin Third harmonic flux linkage

J ping 10kHz _ 416uVs
frequency magnitude Y ma)

Using (7.9) along with (7.12)-(7.13) current refeces can be generated online.
Fig. 7-2 shows the current references and theictappms generated from the optimal
current control technique withy = 0.7Nm, andkgg =0.7 when phase 1 (i.e. phase A) is

open-circuited.

Current(A)

Electrical Angle(rad)
(a)
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(o)

I
a

9]

N

Amplitude(A)
w

2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1
0
0 3
Harmonic Order

(b)

Fig. 7-2: Optimal torque control with open circfatlt in Phase-A witlTy = 0.7Nm andq

=0.7, (a) instantaneous currents, (b) FFT

It can be clearly seen that the currents hay&1and 8" harmonic although the
5" harmonic is quite small. This is expected sincekdBMF of the machine contains
only 1 and 3 harmonic components, the interaction of the samegjuency
components contribute to average torque. By minimgizhe ohmic losses, even order
harmonics will not be present since it does notrioute to average torque. It can also
be seen from the FFT plots that the fundamentallaind harmonic components in each
phase are different. Current references for a pB&éault exhibit the similar features

to those of the OC fault. The next section elalesréite controller design.
7.4 Discrete-Time Plant Model

Fig. 7-3 shows one phase representation of a PMhimaded by a PWM
modulator. The continuous time model of the pl&i(machine) can be represented by
(7.14). Since the PWM modulator holds the moduratommand value constant for 1
sample time, it is represented by a sampler foltblwg a zero-order hold. The DSP
controller introduces a 1 sample delay due to cdatmn time required for
calculations. The discrete time model of the pl&y) 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

_____________________________________________________________________________
H 1

Ry WP o i

G,(s)= (7.14)

(7.15)

7.5 Current Control

Traditionally current control in PM drives is penfieed in synchronous
reference frame [152], in order to convert sinuabwlrrent references which are time
varying into direct current (DC) references. Tomtrol structure is effective only if a
machine operates in symmetrical or balanced carditi However, the balanced
condition is no longer true when a fault occursghAugh many authors have proposed
modified control structure in synchronous referemteorder to maintain operation
under fault condition [142]-[144], [153], most dfet methods are focused on the open
circuit fault, assuming current and back-EMF tosoggle frequency and operating in
the constant torque region.

To track the reference currents generated by th€,Q&Trrent control in the
natural stationary framelocdg is proposed. The benefit of the tracking coninothe
natural stationary frame is that the controlleusture remains the same in healthy and
fault conditions, except for turning off the congrdor a faulted phase. In doing so, the
controllers in the other healthy phases are netctdtl. Secondly, under field weakening
operation, voltage saturation can be dealt withviddally for each phase rather than
combined in the form of space vectors. However,dfavback of this method is that
the control references are no longer constant giembut is time varying with higher

order harmonics which make the controller desigmenobiallenging.
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One of the effective methods for tracking periotlime-varying currents in
stationary reference frame is proportional resorcantrol and its variants [145]-[147],
[154]. For tracking multiple frequencies refereneesumber of resonant controllers are
usually employed in parallel. Since the resonarlegpa@re located at frequencies of
interest, steady state tracking is guaranteed. Memveone of the limitations of the
proportional-resonant control is that the locataints open-loop zeroes is not placed
directly. This can be appreciated using an exangblsingle proportional resonant
controller in (7.16).

H(s)= K, + K|152+—Swlz
s% + 2( Kll/(Zl/Vle)) wis+ ug

SZ+I/I4_2

(7.16)

:Kp

It can be seen that the order of the numeratohés dame as that of the
denominator. However there is only one degreeeddom (damping coefficient) which
can be specified by gain selection KyandK; whereas the natural resonant frequency
in the numerator has to equal the frequewgyf the tracking reference. Moreover the
location of the zeros can change as more resormanttotlers are added in parallel to
track references with more than one frequency corapts. It is well known that open-
loop zeroes affect the transient performance [13bgrefore although the above
structure will enable zero steady state trackimgrethe control system performance
may be limited by the inability to place the zeropsimally [150].

The restriction on open loop zeros can be solveceiploying an alternate

control law given in (7.17).

2 2

= ST+2x W, S+ W,

H(S):K¥ O 2n zn > zn
n=L3,....,n S +an

(7.17)

where, . nis the resonant frequency and damping factor efifthcomplex
zero respectively and p, is the resonant frequency of thé" rcomplex pole,
corresponding to the desired frequency componebetwacked by the controller. This
controller enables independent selection of looatiof its resonant poles and zeroes.

Resonant controllers are prone to discretizatienas when transforming from

domain toz-domain for purposes of real-time implementatio®bd]L It is therefore
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preferable to design the controller :,domain, to avoid performance deterioration
introduced by discretization [150]. The control lgiven by (7.17) can be discretized
using matched- transformation to maintain the location of polasdazeros. The

resonant controllers may also have stability pnobMhen the delay introduced by
digital sampling is significant with respect to flimdamental frequency [156], [157]. In
order ensure control stability at high fundamenfaéquencies, a predictive
compensation technique is used [150], resultintpénfinal controller structure given by

(7.18)-(7.19) and shown in Fig. 7-4.

z & Z-a 7 3,

H(z)= 7.18
( ) K¥ zZ+ Hn=l,3 ..... nzz' ZZCOS/'/pn-I;-" 1 ( )
&, =26 coU,,T,)
0 =€ (7.19)
S = 'XannTs .

U=wy 1- an
where, a;, and ay, are the controller coefficients corresponding e n™

complex zero ands is the sampling time, assumed to be 100us instody. Furtherm

is limited to 3, in this study, implying only*land 3 harmonic of the current reference

is actively controlled.

Fig. 7-4: Controller Structure

Due to speed, hence frequency variations, it i®sgary to tune the controller

over a wide speed operating range. This is padibuthallenging since it implies that,
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as the resonant poles move with operating speddeofnachine, the closed-loop poles
and zeroes, and the open-loop resonant poles afygtem will move with the system
frequencies. Therefore, the open-loop zeroes havket modified as a function of
system frequencies in order to achieve acceptabigral performance. From the
previous section it is known that for 5-phase maehb take an example, at least two
current harmonics needs to be controlled, namety ftimdamental and the third
harmonic.

In order to keep the complexity of the controlsrtimimum, the poles and zeroes
of the system are scaled as a linear function wadpect to the system fundamental
electrical frequencyf, expressed by (7.20).

Wy =2pt w3 =3" 2pf

Wy = WyetKy,f

X, =X tKy f

Wy = Wy K g f (7.20)
X3 = Xgo tKg f

PL= Pt Ky f

where, ( z1c k1 ), and ( 3¢ kz3 ), are constant intercepts and frequency scaling
coefficients of the resonant frequencies of the glem zeroes (z1, 23, respectively.
(1 ki) and (3 ks) are the constants and frequency scaling coefiicidor the
damping factor of the®iand & complex zero, respectivelypi, ko1) are the constant
and frequency scaling coefficients for the reakgal The 11 tunable parameters of the
system are selected through an optimization protessinimize the integral-square-
error (ISE) as given in (7.21) [158].

€= (y(1)- u(9) dt (7.22)

wherey(t) andu(t) denoted the output and input (reference) of tlsed-loop
system at system frequentyThe objective function, C is the sum of the ISEoes
over the target system frequency range [30Hz-300¢trfesponding to speed range of
[300 r/min — 3000 r/min]. Operation below 30 Hz camply be achieved using only
proportional gain since the gain bandwidth produititbe sufficient to obtain desirable
current tracking. The optimization is performed ingspatternsearchfunction in the

global optimization toolbox in Matlab [79].
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Some constraints need to be imposed during opttiaizan order to reduce
computation time and avoid searching unfeasibletrobber parameters. Since the
controller is not actively trackingsharmonic while the OTC algorithm does generate a
small 3" harmonic in the reference, the closed-loop trarfsfection should have a gain
of 0dB or less at'™® harmonic frequency to ensure that tHe Harmonic will not be

amplified under healthy conditions, and it can kpressed as (7.22).

20log(|CLTF| ) £0 (7.22)

w=5u,
The closed loop transfer function should have a fmak gain such that in

events of speed change, the delay in speed mea=utremil not lead to excessive

overshoots. This condition can be expressed ir8)7.2

max( 20log{|CLTF|)) £ 1.¢ (7.23)

The maximum value of controller proportional gam a tradeoff between
transient response and noise sensitivity, andngdd to 16 in order to limit the open
loop bandwidth to about/f0. To constrain the optimization search, the mmaxn
frequency of zeroes is restricted to 6 times th&tesy angular frequency. The search
constraints for parameters are given in (7.24) thwedresults of the optimal design are

summarized in Table 7-2.

1£Ky £16
-1£ pEl
0.0m. £ w, £ 6w
e AT e (7.24)
OExE4
0.0, £ wyz £ 6,
OExz;£4
Table 7-2: Optimised Controller Parameters
Parameter Value Parameter Value
Ky 16.00 736 -14.84
z1lc 21311 kzg 1442
Ky1 2.835 3 0
1c 0.9633 ks 0
kq -3.2e-3 Pic 0.72
ko1 6.02e-4
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It can be observed from the optimized controllerapzeters that botks and 3¢

is zero and therefore damping ratipneed not be computed online but simply set to O.
Fig. 7-5 show the bode plot of the open-loop tran$finction (OLTF) for two rotor
speeds. It can be observed that for the plot astsatiwith each speed there are two
resonant poles corresponding t dnd 3 harmonic. In the lower speed regime only
one zero with low damping corresponding tg. can be observed, whereas in the high
speed operation both zeroes exhibit low dampingxpected from the damping factor
frequency scaling coefficients 1 k; ). It is worth mentioning that the developed

current controller will also work with other methodf current reference generation.

10 T L N R T L T T T TIOT T LI S A B
——300 r/min

A
(@)

OLTF(dB)

o

-50

Frequency(Hz)
Fig. 7-5: Open loop transfer function magnitudegkt 300 r/min and 3000 r/min.

Fig. 7-6 shows the controller tracking responsg0& r/min and 3000 r/min. It can be
observed that the controller is able to track #ferences within 1.2 electrical cycle. In
order to quantify this further, theoretical setlinime of the controller at various
operating speed of the machine is shown in Fig. Thé average settling time of the
controller is less than 1.2 electrical cycles.hib@ld be pointed out that it is possible to
tune resonant controller(s) for a fast settlingetiof less than a quarter cycle of a
reference with fixed frequency as reported in [15bwever, this is not the case if the
frequency of a reference varies unless the prapwatigain is increased to a high value

which would compromise noise rejection property.
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Fig. 7-6: Controller closed loop response at (&) #thin and (b) 3000 r/min
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Fig. 7-7: Settling time variation in number of dlézal cycles (+/- 4% criterion) with motor

speed
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Imaginary Pal

Real Part

Fig. 7-8: Variation of closed loop poles and zesith changing plant parameters. Blue — 1x,

Red — 0.5x, magenta — 2x times nominal resistandearaluctance.

Fig. 7-8 shows the variations of closed loop pald®n the motor parameters
are varied from 0.5 to 2 times their nominal valuksan be seen that although the
poles/zeroes are shifted from those designed \Wwihntotor nominal parameters, they
are within the unit circle and hence the systemolmist even with 4 times variations in
parameters.

Resonant controllers due to its inherently highngat the resonant frequency,
can quickly windup when operating close to voltdgeit. In [149] anti windup
techniques for resonant controllers was investidja@ne of the techniques proposed
was to increase damping coefficient in the resoramitroller to reduce the gain,
however the authors noted this can have an adeéiese on the tracking performance
of the control An anti-winding up protection sinileo that reported in [150], [155]
shown in Fig. 7-9. It can be shown that under lireandition (no saturation) the closed
loop transfer function of the inner controller feadk loop is equal tbl(z) as given by
(7.23). Since the term in the forward path of tbatwller is only a proportional gain
and all the states of the controller (present enfdedback path) are driven only by the

actual (saturated) values, windup does not occb][1
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MUE T =H(2) (7.25)

U(z) 1+(H(z)'1- K¥'1)K4

Fig. 7-9: Controller structure with anti-windup

7.6 Zero Sequence Voltage Injection

By employing the proposed resonant controller, ¢herent in each phase is
controlled separately. The PWM signals for eacheiter leg are also generated
separately from the controller output voltage facle phase. To boost inverter output
voltages, zero sequence voltage is injected irgaribdulator inputs [159], as shown in

Fig. 7-10.

Fig. 7-10: Zero sequence voltage injection block
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Modulation Inde;

0.01 0.015
Time(s)

Fig. 7-11: Modulation index with and without vol&mjection

The injection of the zero sequence voltage redtieepeak voltage command to
the modulator without affecting the line-to-lineltage. By way of example, Fig. 7-11
compares sinusoidal modulation index commang) (M healthy conditions with the
output of the voltage injection block. It can besdhat the output (¥ is lower in
magnitude than (M and this can improve the torque speed charatiteaspecially in

the field weakening region.

7.7 Torque Speed Characteristics

Fig. 7-12 compares the torque speed characteristite 5-phase PM machine
under healthy and fault conditions with and withthé zero sequence voltage injection.
They are obtained by application of the OTC aldgonitto generate phase current
references under the voltage and current limit26)7and using (7.27) for voltage
calculation, assuming that tracking of these refees are perfect. The weight factor for
field weakening at a given speed is obtained byarch algorithm to maximize the
torque under the voltage and current constraititean be observed that with the zero
sequence voltage injection, torque capability @& thive can be improved by around
9.18% in healthy case, around 22% in OC fault caise,around 30.8% in SC fault case
at a speed of 1800 r/min.
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max(Vj (t)) £ \%

(7.26)
max( RMS( 1)) £ fins ma

ri (LW ey
V(0= Ry (9 + L4 5 (9 () .

Vi () =0.5(ma( ..y, )+ mif .y )R

Fig. 7-13 shows the final controller structure udihg voltage injection block,

where VunsatiS the output of thg" phase proportional gain controlleg K

[ I I [ I I [ I
______ T, —o— T, Win)) —-mon Too —8— Too (WiN) —-emm T —0— T Win)

|

Rotor Speed (r/min)

Fig. 7-12: Torque speed characteristic under hedlth single phase open circuit (OC) and

single phase short circuit (SC) with (w inj) andhaiut voltage injection.

Fig. 7-13: Final controller structure including tage injection
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7.8 Field Weakening

Field weakening can be performed in the optimatjuer control scheme by
changing the field weakening const&mt. The effect of changingq in (7.1), leads to
an increase in the current at the same torque @et po that the overall flux in the
machine is reduced.

In [113] it was proposed that torque error beizéd for determining amount of
field weakening. This was performed since the adnin [113] utilized hysteresis
current controller and it is not possible to deteercommand voltages generated by the
modulator. However traditional field weakening qohtfor PM machines utilizes
voltage command to determine field weakening [1603. 7-14 shows the simulation
result of varyingksq on peak current and voltages, at a fixed loadu®ig=0.71Nm,
and speed of 2000 r/min. It can be observed théjgas varied peak current increases
monotonically, however peak voltage first decreamed then increases. Therefore, a
key requirement for th&;y -update algorithm is to reduce the peak voltage tars is
achieved using perturb and observe (P&O) algoritihis is quite different from the
traditional field weakening algorithm in healthy chines due to the unbalanced
currents demanded by the OTC in fault conditionthis method the sign of the last
perturbation, i.e., change kfy, and the sign of the last peak voltage changeses! to
determine the direction of next change in valug@fIf the peak voltage demand is less
than Vyd2, kaq is reduced in order to reduce current demand heckby reducing the
copper losses. Due to the non-sinusoidal curreatemgated by the OTC under fault
condition, voltage waveforms are also non-sinudotdance, peak voltage () cannot
be determined apriori, therefore is measured eskastrical cycle by the controller. The
field weakening algorithm is detailed in a flowchahown in Fig. 7-15, whereVis a
threshold voltage used to reduce the effect ofag@ltnoise on the algorithmy,\fs set at
1V in experiments. The algorithm is evaluated evkeslectrical cycles denoted loyin
order to allow the controller to settle after chamgksy. Although this field weakening
controller will have a slower response comparedcomventional field weakening
control in healthy machines, it should be appreciathat under fault condition the
conventional field weakening controller cannot lsedi due to presence of unbalance

and harmonic voltages.
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Fig. 7-14: Effect of varying field weakening coeféint on voltageTy = 0.71Nm at 2000 r/min)

No
Voda)-Vad2 >V,

Yes
Vpk(Q)<Vpk(q'1

Kng (0)>=kq (9-1)

J Kng(a+1) = kg (0)-0.01

Kiq (+1) = k4 (Q)

DV=V ,(q)-VyJ2 Kag (0+1) = kg (0)-0.005*DV| [ kqq (q+1) = kg (9)+0.01*PV|

Fig. 7-15:kqq -update algorithm
7.9 Experimental Validations

To validate the developed fault tolerant controatgtgy, a 5 phase PM machine
fed by 5 phase custom inverter described in chaptes utilised. It is to be noted
though, that the controller described in Appendix not used here, the proposed
controller described in this chapter is used inktdag. 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 torcueed characteristics are
obtained, by sweeping th& and ksq command until maximum torque is obtained
without violating the voltage or current limit. Fig-17 shows the predicted and
measured torque-speed characteristics and variafikgy with speed. The reduction in
the measured torque is expected and is attributestottage drop in the devices,
controller tracking error, and to variation in ba€KFs over a mechanical cycle due to
tolerance on magnet properties and dimensions. 78 and Fig. 7-19 show similar

comparisons for the OC and SC fault in phase peds/ely.
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Fig. 7-17: (a) Torque-speed and (y-Epeed plots for healthy operation
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Fig. 7-18: (a) Torque-speed and ka) -speed plots for single phase open circuit opamati
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Fig. 7-19: (a) Torque-speed and Ka) -speed plots for single phase short operation

To test the transient response of the current obety step loading of INm
(53% nominal load) is performed at 600 r/min an@@@min under healthy condition
as shown in Fig. 7-20. The controller settles withi.5 electrical cycles. Due to

limitations of number of oscilloscope channels ohlgurrents waveforms are shown.

Rotor Speed (r/min)

(b)
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Current(A)

Current(A

Time(s)

(b)

Fig. 7-20: Current responses to step change ingdgmand of 1 Nm under healthy operation
(a) at 0.023s witlkzy =0 at 600 r/min (60HZz) and (b) at 0.0287s with= 0.3 at 2000 r/min
(200Hz).

To test the performance of the controller durirapsition from healthy to fault
operating mode, an OC phase fault is initiatedhase-1 by opening phase-1 contactor
at 0.03s at 600 r/min and 0.024s at 1200 r/min. fdsaltant current waveforms are
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shown in Fig. 7-21. It can be observed that thetrotiar tracks new references within
1.5 electrical cycles.

Current(A)

Time(s)

Current(A)

Fig. 7-21: Current responses to transition fromlthgao phase-1 OC (a) at 0.03s with
T¢=1.2Nm at 600 r/min (60Hz) (b) at 0.024s wijx1Nm at 1200 r/min (120Hz).
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Fig. 7-22: Current responses to torque step chander phase-1 OC at (&) =0 to 1INm at
0.027swith k=0 at 600 r/min (bY4=0 to 0.6Nm at 0.023s withk=0.45 at 2000 r/min

Torque step responses under the OC are testedatréih and 2000 r/min and
the results are shown in Fig. 7-22. It can be aleskthat the current settles in less than
1.5 electrical cycles. Similar tests are perforrneder the SC fault in phase-1 at 600
r/min and 2000 r/min and the current waveforms @lrewn in Fig. 7-23. It is to be

noted that under the SC condition current refergmce not 0 even witkyy =0 (no field
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weakening). This is expected since the OTC genem@igent references to cancel out
the pulsating torque due to phase-1 SC. It is aeath mentioning that the speed
regulation of the dynamometer used in the testpsetuot ideal and a step load change

also causes a speed deviation of approximatelyrBid mwhich causes slightly sluggish
response compared to simulation.
8

6

Current(A

Current(A)

Time(s)
(b)
Fig. 7-23: Current responses to torque step chander phase-1 SC (#)=0 to 0.8Nm at
0.025s with §g =0 at 600 r/min (bY4=0 to 0.45Nm at 0.0278s witty =0.45 at 2000 r/minglis

the short circuit current flowing in phase-1.
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Fig. 7-24 shows the response of field weakeningrotiar at 2200 r/min with a
torque step from 0.2Nm to 0.5Nm. The peak voltageras the difference between the
maximum peak voltage demand and the maximum invphase voltage Vdc/2. It can
be seen from the plot that the current trackingreis minimal after 0.2 sec. It is to be
noted that the torque step causes the speed ofidlchine to change and this results is

the variation oks;q to continue after 0.2 sec.
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Fig. 7-24: Responses of voltage error, currenkirgcerror and the field weakening factor to
torque step change from 0.2Nm to 0.5Nm under pha@&- at 2200 r/min.

The effect of the OTC on torque ripple reduction ba appreciated in measured
torque in SC condition &y =0 as shown in Fig. 7-25. It proves the efficatyhe OTC

in achieving ripple torque reduction.
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Fig. 7-25: Current and torque waveforms under 3@¢p -1) at 600 r/min (a) without OTC
control (b) with OTC [4=0). Scale: {: 5A/div, I,: 5A/div, I5: 5A/div, Torque: INm/div.,lis the

short circuit current flowing in phase-1
7.10 Conclusions

This chapter has described and validated a novweémicontroller in natural
stationary frame for fault tolerant operation oflypphase machines. The unique
contribution of the work described in this chapten resonant control structure which
allows pole-zero placements adapted to variabledspgerations. It also incorporates

zero sequence voltage injection and a suitabld figakening control to increase torque
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and speed operating range of a fault tolerant peemtamagnet machine drive. It has
been shown that the proposed control is capablé&aoking unbalanced and non-
sinusoidal current references over a wide speegetancluding field weakening. The
proposed control operates under both healthy amdt faonditions with minimum

reconfiguration. The methods presented in this wraprovide new insights into the

design of stationary frame resonant controls foralde speed drives.

255



7. Stationary Frame Fault Tolerant Control of PMdiiaes

256



Conclusions and Future Work

8.1 Conclusions

The increasing application of permanent magnet imashin safety critical
applications like electric vehicles and aircrafelfpump systems necessitates research
into reliable fault modelling, diagnostics and tatdlerant controls. This thesis has
investigated and contributed to the existing boflkmowledge in the areas of stator
winding fault modelling, detection and fault mitigan techniques. The main

contributions of the research are summarised &l

1. Analytical Modelling of Stator Turn Fault in Surface Permanent Magnet

Machines

Stator inter-turn faults create a large circulatiugrent in the faulted turns and
can cause complete failure of the windings. An el method of calculating the
parameters of a surface mounted permanent magR&f)(&achine under stator turn
fault has been presented. The model predicts thie ifeductances and fault current to
within a maximum error of 8% compared to FE simola. The developed modelling
technique is general and can be applied to anyimgndonfiguration SPM machine.
The model can be utilised in analysing fault bebaviand development of fault

detection techniques.

2. Transient Modelling of Interior Permanent Magnet Machine with Stator

Turn Fault

Modelling stator turn fault in interior permanentgmet (IPM) machines is a

difficult problem since the machine has a non-lmesgnetic behaviour even under
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healthy conditions. Under fault condition accunatehpturing the non-linear behaviour
is quite challenging. One approach proposed in tthésis is the use of extensive FE
simulations with turn fault to obtain a current ftax linkage map. Once this non-
linearity map of the machine has been determined itombined with the voltage
equation of a faulted machine to obtain the trartsieodel of the machine under fault.
In order to reduce the number of FE computationssiewed rotors an analytical
approach is proposed and investigated which erthbleise of only one rotor slice FE
simulations to calculate the current-flux linkag@apping for the entire rotor. Thus it
leads to the reduction of number of FE cases far-stepped rotor by a factor aof It is
shown through simulation and experiments that tbdehestablished with the proposed
method is accurate and computationally efficient & able to capture the harmonics in
the fault current and thelg current in sufficient detail. The proposed moadgli
technique can also be used for modelling stator tauwlts in other electrical machines
including surface PM machines, switched reluctameehines, switched flux machines
and wound field synchronous machines. The proposedel provides an effective tool
for assessing inter-turn short-circuit fault beloavi and for evaluation of associated
fault detection techniques and mitigation strategie

3. Semi-Analytical Model of IPM Machine with Stator Turn Fault

Stator turn fault modelling using direct FE basedraction of current-flux
mapping although more accurate, require a lot offmatation time to evaluate all the
FE cases. Therefore there exists a need for a quiethod of simulating an IPM
machine with turn fault without extensive FE sintida. A semi-analytical modelling
approach is presented in this thesis to obtainpaesentative model of the machine
under fault using only the average current-to-fliskage map. Therefore, the model
enable drive engineers to develop a representitiutemodel with only limited healthy
machine data already available to them for contblthe machine. Experimental
validations show that the model is accurate andptiediction error of fault current is
around 12%.
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4. Online Stator Fault Detection Using Residual Currets

Stator turn fault detection requires quick and sibdetection to enable the
application of fault mitigation techniques. Theieastechnique is to use the controller
data like command voltages and feedback currentetermine the presence of a fault.
In this thesis, a combined fault detection schemsetl on model based approach for
inter-turn fault and high resistance connectionnigestigated. A thorough theoretical
basis of the detection method is presented suppbsteeal-time implementation of the
fault detector. The method is shown to be ableetect disturbances due to load and
speed changes and can distinguish the faulted mgnidom other healthy windings of
the machine. In addition it is able to classify faelt as an inter-turn fault or a high
resistance connection. Extensive experimentalngsias 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 leppurrent generated by the
PWM inverter has been presented in this thesisastbeen shown that under turn fault
condition, the high frequency impedance of the wigddecreases and thus causes an
increase in the ripple current. A simulation moigiltechnique has been developed to
model the fault using measured winding impedanaeumealthy and fault condition.
Based on the simulations, a detector circuit toaettthe PWM ripple current has been
designed. Experiments confirm that PWM ripple basedthod can be used to
successfully detect turn faults in the machire.simple and effectivesoftware
calibration technique has been proposed to caheekipple current expected under
healthy operation to obtain a calibrated detector outpysplfEation of simple fault
threshold on the calibrated detector has been shiove sufficient to determine fault.
By quantifying the maximum of the detector outpoit®ll the phases, the faulted phase

can be identified.
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6. Optimal Current Control of Poly-phase PM Machines wnder Open-Circuit
and Short-Circuit Faults

Open circuit and short circuit failure are two tgpef common winding failures
in an electrical machine. In multi-phase machines tb higher degrees of control
freedom, it is possible to control the machine urntiese faults, albeit with a reduced
torque-speed envelope. In this thesis a methodeokmating optimal currents which
minimize copper losses under healthy and fault tmmdfor star connected 5-phase
machine has been investigated. It has been shoatnofitimal torque control (OTC)
algorithm generates current commands which arelanbed both in fundamental and
third harmonic frequencies. A novel stationary feamesonant current controller is
proposed to track the current commands generatethdyOTC. The benefit of the
proposed stationary frame control is that the adler structure remains same in
healthy and fault conditions, except for turning tfe individual controller of the
faulted phase. In doing so, the controllers in @kiger healthy phases are not affected.
Secondly, under field weakening condition, voltagguration can be dealt with
individually for each phase rather than combinedhe form of space vectors, thus
simplifying the control structure. It has been shotvat the proposed control structure
can track the current references over wide frequeacges and is stable under voltage
saturation. Zero sequence voltage injection ardld Wweakening control is proposed to
increase the operating torque and speed rangefatilatolerant permanent magnet
machine drive. The proposed control structure igdated experimentally under both
healthy and fault conditions. The method presemdtis thesis is expected to provide
new insights into the design of stationary framgoreant controls for variable speed

drives.

8.2 Future Work

Although several novel techniques were presentedisnthesis, further research

is required to improve their performance and robess 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 awalytnodelling of turn fault for
SPM machine, it was shown that the simplified clalttan of leakage inductance is not
very accurate for non-overlapped windings. Thithis main reason for the 8% error in
the prediction by the developed model verses Fhilgitions. This error stems from the
assumption of parallel leakage flux lines to thet dhottom in the slot area. One
approach to improve the fidelity of the predictican be by using the technique in [54]
and extending it to the fault case. Therefore rrttesearch is required to remove the

mathematical difficulties in extending the approatif54] to the fault case.

2. Transient Modelling of Interior Permanent Magnet Machine with Stator
Turn Fault

FE based model proposed in the thesis attemptptimie the effect of turn fault
and magnetic non-linearity in a set of current-fliskage maps. However, the effect of
iron losses and temperature is not accounted firarmodel. One approach could be to
utilise technique as given in [67], [161] and appdyit to the fault model. However, it
is to be noted that the method in [67], [161] rewdbe modified substantially since the
fault divided the winding into two separate pant&l dosses and thermal model of the
machine is very different from that of a healthyamiae. The model also does not
account for any demagnetisation that can occuhénmachine due to the fault, which
could be necessary to certain fault detection &lyos. 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 approximataleiasing only healthy data
of the machine to build a fault model. It assuntet the MMF wave consists primarily
of the fundamental frequency with little or no atkeentribution from other higher order
harmonics. It has been shown to work well in casa distributed winding machine. It

requires further investigation on its applicability fractional slot machines. Also
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incorporation of iron losses and thermal effect® ithe fault model requires further

research.
4. Online Stator Fault Detection Using Residual Currets

Fundamental model and non-model based approachnwestigated and tested
experimentally on a 5-phase SPM machine. Simulation IPM machine was
performed, and the results showed that it is ptssiutilise the same method for fault
detection in IPM machines. However, experimentéitesion needs to be performed to
evaluate the robustness of this technique to magseturation. Another important
point is the effect of temperature. It is knowntttemperature changes the parameters
of the machine such as back-EMF. In this thesispgrature was assumed constant.
Therefore, accounting temperature variation inithernal motor model and means of

compensation of fault thresholds needs furtherstigation.

5. Online Stator Turn Fault Detection Using PWM Ripple Current

Measurement

PWM current ripple based stator turn fault detecticas tested with a 5-phase
SPM machine. The method can be extended to IPM imeshand further simulation
and hardware testing is required to test its vliflor IPM machines in presence of

magnetic saturation.

6. Optimal Current Control of Poly-phase PM Machines inder Open-Circuit
and Short-Circuit Faults

A novel fault tolerant controller was proposed amgberimentally validated in
this thesis. However it was noted that the fielcakeming algorithm was slow because
of use of perturb and observe algorithm to perfdietd weakening. Therefore, field
weakening control requires further investigationomler to reduce the settling times.
The OTC reference generation proposed in the thadis applies to SPM machines
with constant machine parameters. Further investigais required to extend this

technique for IPM machine with load dependent simm.

262



Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Z. Q. Zhu and D. Howe, “Electrical Machines aRdves for Electric, Hybrid, and Fuel
Cell Vehicles,”Proceedings of the IEERo0I. 95, no. 4, pp. 746 —765, Apr. 2007.

N. Bianchi, M. D. Pré, and S. Bolognani, “Desigf a fault-tolerant IPM motor for
electric power steering/EEE Transactions on Vehicular Technologgl. 55, no. 4, pp.
1102-1111, Jul. 2006.

K. T. Chau, C. C. Chan, and C. Liu, “OvervielvRermanent-Magnet Brushless Drives
for Electric and Hybrid Electric Vehicles|EEE Transactions on Industrial Electronjcs
vol. 55, no. 6, pp. 2246—-2257, Jun. 2008.

J. W. Bennett, G. J. Atkinson, B. C. MecrowgddD. J. Atkinson, “Fault-Tolerant Design
Considerations and Control Strategies for Aerospadges,” Industrial Electronics,
IEEE Transactions grvol. 59, no. 5, pp. 2049 —2058, May 2012.

J. A. Haylock, B. C. Mecrow, A. G. Jack, and D Atkinson, “Operation of fault tolerant
machines with winding failures)JEEE Transactions on Energy Conversiool. 14, no.
4, pp. 1490-1495, 1999.

J. Haylock, B. Mecrow, A. Jack, and D. Atkinsdi®peration of a fault tolerant PM
drive for an aerospace fuel pump application,”’Blectric Power Applications, IEE
Proceedings-1998, vol. 145, pp. 441-448.

“Improved Motors for Utility Applications, Volme 1: Industry Assessment Study:
Update and Analysis,” EPRI, Technical Report EL-828L, Oct. 1982.

“Report of Large Motor Reliability Survey of dlustrial and Commercial Installations,
Part I,” IEEE Transactions on Industry Applicationgl. IA-21, no. 4, pp. 853-864,
1985.

“Report of Large Motor Reliability Survey of dlustrial and Commercial Installations,
Part 1l,” IEEE Transactions on Industry Applicationsol. I1A-21, no. 4, pp. 865-872,
1985.

O. V. Thorsen and M. Dalva, “A survey of falbn induction motors in offshore oil
industry, petrochemical industry, gas terminalg] ail refineries,”IEEE Transactions
on Industry Applicationsvol. 31, no. 5, pp. 1186-1196, 1995.

A. H. Bonnett and C. Yung, “Increased EffiolgnVersus Increased ReliabilitylEEE
Industry Applications Magazin®&ol. 14, no. 1, pp. 29-36, 2008.

S. Grubic, J. M. Aller, B. Lu, and T. G. Halm{ “A Survey on Testing and Monitoring

Methods for Stator Insulation Systems of Low-Vo#tdgduction Machines Focusing on

263



Bibliography

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Turn Insulation ProblemsJEEE Transactions on Industrial Electronjosol. 55, no. 12,
pp. 4127-4136, 2008.

I. Culbert, B. Lloyd, and G. Stone, “Statositation problems caused by variable speed
drives,” inPCIC Europe, 2009. PCIC EUROPE '09. Conference REQ009, pp. 187-
192.

A. H. Bonnett and G. C. Soukup, “Cause andlyamis of stator and rotor failures in
three-phase squirrel-cage induction motordEEE Transactions on Industry
Applications vol. 28, no. 4, pp. 921-937, 1992.

Z. Sun, J. Wang, D. Howe, and G. Jewell, “Atighl Prediction of the Short-Circuit
Current in Fault-Tolerant Permanent-Magnet MachineleEE Transactions on
Industrial Electronicsvol. 55, no. 12, pp. 4210 —4217, Dec. 2008.

P. Arumugam, T. Hamiti, C. Brunson, and C. &k, “Analysis of Vertical Strip Wound
Fault-Tolerant Permanent Magnet Synchronous MasliinkEEE Transactions on
Industrial Electronicsvol. 61, no. 3, pp. 1158-1168, Mar. 2014.

Y.-S. Lee, K.-T. Kim, and J. Hur, “Finite-Elemt Analysis of the Demagnetization of
IPM-Type BLDC Motor With Stator Turn FaultfEEE Transactions on Magneticgol.
50, no. 2, pp. 889-892, Feb. 2014.

G. M. Joksimovic and J. Penman, “The detectbmter-turn short circuits in the stator
windings of operating motors|EEE Transactions on Industrial Electronjosol. 47, no.
5, pp. 1078-1084, Oct. 2000.

B.-M. Ebrahimi and J. Faiz, “Feature Extraatitor Short-Circuit Fault Detection in
Permanent-Magnet Synchronous Motors Using Statore@u Monitoring,” IEEE
Transactions on Power Electronjosol. 25, no. 10, pp. 2673-2682, 2010.

A. G. Espinosa, J. A. Rosero, J. Cusido, LmRaal, and J. A. Ortega, “Fault Detection
by Means of Hilbert -Huang Transform of the Staturrent in a PMSM With
Demagnetization,IEEE Transactions on Energy Conversiaol. 25, no. 2, pp. 312—
318, Jun. 2010.

F. Briz, M. W. Degner, A. Zamarron, and J. 8uerrero, “Online stator winding fault
diagnosis in inverter-fed AC machines using higégfrency signal injection,TEEE
Transactions on Industry Applicationgol. 39, no. 4, pp. 1109-1117, 2003.

J. Arellano-Padilla, M. Sumner, and C. Geradd/inding condition monitoring
schemefor a permanent magnet machine using higldreey injection,”IET Electric

Power Applicationsvol. 5, no. 1, pp. 89-99, 2011.

264



Bibliography

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

J. Penman, H. G. Sedding, B. A. Lloyd, and W.Fink, “Detection and location of
interturn short circuits in the stator windingsogferating motors,/EEE Transactions on
Energy Conversianvol. 9, no. 4, pp. 652—-658, Dec. 1994.

T. Assaf, H. Henao, and G.-A. Capolino, “Siifip axial flux spectrum method to
detect incipient stator inter-turn short-circuits induction machine,” in2004 IEEE
International Symposium on Industrial Electroni2zf04, vol. 2, pp. 815-819 vol. 2.

K. Toni, M. Slobodan, and B. Aleksandar, “Detten of Turn to Turn Faults in Stator
Winding with Axial Magnetic Flux in Induction Motsy” in Electric Machines Drives
Conference, 2007. IEMDC ’'07. IEEE Internation2007, vol. 1, pp. 826-829.

Z. Sun, J. Wang, D. Howe, and G. W. Jewelln“Anline winding fault detection
technique for fault-tolerant PM machinedtiternational Journal of Systems Science
vol. 40, no. 3, pp. 289-296, Mar. 2009.

Y. Da, X. Shi, and M. Krishnamurthy, “A New Agpoach to Fault Diagnostics for
Permanent Magnet Synchronous Machines Using Eleeigoetic Signature Analysis,”
IEEE Transactions on Power Electronie®l. 28, no. 8, pp. 4104-4112, Aug. 2013.

P. Neti and S. Nandi, “Stator Interturn FaDitection of Synchronous Machines Using
Field Current and Rotor Search-Coil Voltage Sigratinalysis,”IEEE Transactions on
Industry Applicationsvol. 45, no. 3, pp. 911-920, 2009.

J. Yun, K. Lee, K.-W. Lee, S. B. Lee, and J.M00, “Detection and Classification of
Stator Turn Faults and High-Resistance Electrigairi@ctions for Induction Machines,”
IEEE Transactions on Industry Application®l. 45, no. 2, pp. 666—675, Mar. 2009.

J. Hang, J. Zhang, M. Cheng, and J. Huang,lit@ninter-turn Fault Diagnosis of
Permanent Magnet Synchronous Machine Using ZeraiSwg Components|EEE
Transactions on Power Electronjogol. PP, no. 99, pp. 1-1, 2015.

M. van der Geest, H. Polinder, J. A. Ferreifa,Veltman, J. J. Wolmarans, and N.
Tsiara, “Analysis and Neutral Voltage-Based Detattf Interturn Faults in High-Speed
Permanent-Magnet Machines With Parallel StrandSEE Transactions on Industrial
Electronics vol. 62, no. 6, pp. 3862—3873, Jun. 2015.

T. Boileau, N. Leboeuf, B. Nahid-Mobarakeh,daR. Meibody-Tabar, “Synchronous
Demodulation of Control Voltages for Stator Intenidrault Detection in PMSM,IEEE
Transactions on Power Electronjogl. 28, no. 12, pp. 5647-5654, Dec. 2013.

J. Quiroga, L. Liu, and D. A. Cartes, “Fuzngic based fault detection of PMSM stator
winding short under load fluctuation using negatsefjuence analysis,” iAmerican
Control Conference, 2002008, pp. 4262 —4267.

265



Bibliography

[34] S. Cheng, P. Zhang, and T. G. Habetler, “Arpdatance Identification Approach to
Sensitive Detection and Location of Stator TurfFton Faults in a Closed-Loop
Multiple-Motor Drive,” IEEE Transactions on Industrial Electronjogol. 58, no. 5, pp.
1545-1554, 2011.

[35] B. Aubert, J. Régnier, S. Caux, and D. Aléjgalman-Filter-Based Indicator for Online
Interturn Short Circuits Detection in Permanent-MetgSynchronous GeneratortfEE
Transactions on Industrial Electronicgol. 62, no. 3, pp. 1921-1930, Mar. 2015.

[36] A. Sarikhani and O. A. Mohammed, “Inter-Turauit Detection in PM Synchronous
Machines by Physics-Based Back Electromotive F&stmation,”|EEE Transactions
on Industrial Electronicsvol. 60, no. 8, pp. 3472—-3484, Aug. 2013.

[37] B. Sen and J. Wang, “Analytical modelling dhter turn fault in surface mounted
permanent magnet machines,” 2013 IEEE Energy Conversion Congress and
Exposition (ECCE)2013, pp. 4445-4452.

[38] A. H. Bonnett and G. C. Soukup, “Cause andhais of stator and rotor failures in
three-phase squirrel-cage induction motordEEE Transactions on Industry
Applications vol. 28, no. 4, pp. 921937, 1992.

[39] T. G. Habetler and Y. Lee, “Current-based dtbod monitoring and fault tolerant
operation for electric machines in automotive aggilons,” ininternational Conference
on Electrical Machines and Systems, 2007. ICEROB7, pp. 2011 —2016.

[40] M. Dai, A. Keyhani, and T. Sebastian, “Fauliafysis of a PM brushless DC Motor using
finite element method,JEEE Transactions on Energy Conversionl. 20, no. 1, pp. 1 —
6, Mar. 2005.

[41] O. A. Mohammed, S. Liu, and Z. Liu, “FE-basggllysical phase variable model of PM
synchronous machines under stator winding shortuitir faults,” IET Science,
Measurement & Technologyol. 1, no. 1, p. 12, 2007.

[42] B. Vaseghi, N. Takorabet, and F. Meibody-Tabdfault Analysis and Parameter
Identification of Permanent-Magnet Motors by thenité-Element Method,”IEEE
Transactions on Magneticgol. 45, no. 9, pp. 3290 —3295, Sep. 2009.

[43] B. Vaseghi, B. Nahid-mobarakh, N. Takorabetd &. Meibody-Tabar, “Inductance
Identification and Study of PM Motor With Windinguiin Short Circuit Fault,TEEE
Transactions on Magneticgol. 47, no. 5, pp. 978 —981, May 2011.

[44] R. M. Tallam, T. G. Habetler, and R. G. Harlé{fransient model for induction
machines with stator winding turn faultdBEE Transactions on Industry Applications
vol. 38, no. 3, pp. 632-637, 2002.

266



Bibliography

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

J. A. Farooq, T. Raminosoa, A. Djerdir, andMiraoui, “Modelling and simulation of
stator winding inter-turn faults in permanent magsynchronous motors COMPEL:
The International Journal for Computation and Matietics in Electrical and
Electronic Engineeringvol. 27, no. 4, pp. 887-896, Jul. 2008.

L. Romeral, J. C. Urresty, J.-R. Riba RuizdaA. Garcia Espinosa, “Modeling of
Surface-Mounted Permanent Magnet Synchronous Mokbligh Stator Winding
Interturn Faults,1EEE Transactions on Industrial Electronjogol. 58, no. 5, pp. 1576 —
1585, May 2011.

K.-T. Kim, J.-K. Park, J. Hur, and B.-W. KifiComparison of the Fault Characteristics
of IPM-Type and SPM-Type BLDC Motors Under InterfiuFault Conditions Using
Winding Function Theory,IEEE Transactions on Industry Applicatign®l. 50, no. 2,
pp. 986-994, Mar. 2014.

Z. Q. Zhu, D. Howe, E. Bolte, and B. Ackermariftnstantaneous magnetic field
distribution in brushless permanent magnet DC nsotar Open-circuit field,”IEEE
Transactions on Magneticgol. 29, no. 1, pp. 124 —-135, Jan. 1993.

Z. Q. Zhu and D. Howe, “Instantaneous magndiid distribution in brushless
permanent magnet DC motors. Il. Armature-reactieidf’ IEEE Transactions on
Magnetics vol. 29, no. 1, pp. 136-142, 1993.

Z. Q. Zhu and D. Howe, “Instantaneous magndiid distribution in brushless
permanent magnet DC motors. Ill. Effect of stattmtting,” IEEE Transactions on
Magnetics vol. 29, no. 1, pp. 143-151, 1993.

Z. Q. Zhu and D. Howe, “Instantaneous magnfigic distribution in permanent magnet
brushless DC motors. IV. Magnetic field on loalEEE Transactions on Magnetiogol.
29, no. 1, pp. 152 -158, Jan. 1993.

Z. Q. Zhu, D. Howe, and C. C. Chan, “Improvadalytical model for predicting the
magnetic field distribution in brushless permanmagnet machines,”|[EEE
Transactions on Magneticgol. 38, no. 1, pp. 229-238, Jan. 2002.

J. Wang, Z. P. Xia, and D. Howe, “Three-phasedular permanent magnet brushless
Machine for torque boosting on a downsized ICE efelii IEEE Transactions on
Vehicular Technologwol. 54, no. 3, pp. 809 — 816, May 2005.

Z. Q. Zhu, D. Howe, and J. K. Mitchell, “Magie field analysis and inductances of
brushless DC machines with surface-mounted magaets non-overlapping stator

windings,”IEEE Transactions on Magneticgol. 31, no. 3, pp. 2115-2118, May 1995.

267



Bibliography

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Y. Lee and T. G. Habetler, “A Phase Variablen@ation Model for Interior PM
Synchronous Motor Drives with Stator Turn Faulisésented at the Power Electronics
and Motion Control Conference, EPE-PEMC 2006, 2@p6,1074 —1079.

|. Boldea, L. N. Tutelea, L. Parsa, and D. atlr “Automotive Electric Propulsion
Systems With Reduced or No Permanent Magnets: Aerviaw,” IEEE Transactions
on Industrial Electronicsvol. 61, no. 10, pp. 5696-5711, Oct. 2014.

D. Dorrell, L. Parsa, and I. Boldea, “Automgti Electric Motors, Generators, and
Actuator Drive Systems With Reduced or No PermaMagnets and Innovative Design
Concepts,IEEE Transactions on Industrial Electronjosl. 61, no. 10, pp. 5693-5695,
Oct. 2014.

K. Kamiev, J. Montonen, M. P. Ragavendra, yfhBnen, J. A. Tapia, and M. Niemela,
“Design Principles of Permanent Magnet Synchrondashines for Parallel Hybrid or
Traction Applications,1IEEE Transactions on Industrial Electronjogol. 60, no. 11, pp.
4881-4890, Nov. 2013.

P. Lazari, J. Wang, and L. Chen, “A Computaéilly Efficient Design Technique for
Electric Vehicle Traction Machines|EEE Transactions on Industry Applicationgol.
50, no. 5, pp. 3203-3213, Oct. 2014.

J. A. Rosero, L. Romeral, J. A. Ortega, andRBsero, “Short-Circuit Detection by
Means of Empirical Mode Decomposition and Wignelle/Distribution for PMSM
Running Under Dynamic ConditionlEEE Transactions on Industrial Electronjogol.
56, no. 11, pp. 4534-4547, Nov. 2009.

O. A. Mohammed, Z. Liu, S. Liu, and N. Y. Ahetinternal Short Circuit Fault
Diagnosis for PM Machines Using FE-Based Phase abbei Model and Wavelets
Analysis,”|[EEE Transactions on Magneticgol. 43, no. 4, pp. 1729-1732, Apr. 2007.
Y. Lee, “A Stator Turn Fault Detection Methadd a Fault-Tolerant Operating Strategy
for Interior PM Synchronous Motor Drives in Saféyitical Applications,” PhD Thesis,
Georgia Institute of Technology, 2007.

K.-T. Kim, J. Hur, B. Kim, and G.-H. Kang, “@iulating current calculation using fault
modeling of IPM type BLDC motor of inter-turn fagiltin 2011 International
Conference on Electrical Machines and Systems (ISERD11, pp. 1 -5.

K.-T. Kim, J. Park, B. Kim, and J. Hur, “Comgon of the fault characteristics of IPM-
type and SPM-type BLDC motors under Inter-Turn Eawonditions using Winding
Function Theory,” in2012 IEEE Energy Conversion Congress and Expos(i2CE)
2012, pp. 1262 —1269.

268



Bibliography

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

N. Leboeuf, T. Boileau, B. Nahid-Mobarakeh, Nakorabet, F. Meibody-Tabar, and G.
Clerc, “Inductance Calculations in Permanent-Magvietors Under Fault Conditions,”
IEEE Transactions on Magneticgol. 48, no. 10, pp. 2605-2616, Oct. 2012.

T. J. E. Miller, M. Popescu, C. Cossar, and McGilp, “Performance estimation of
interior permanent-magnet brushless motors using toltage-driven flux-MMF
diagram,”IEEE Transactions on Magneticgol. 42, no. 7, pp. 1867-1872, Jul. 2006.

X. Chen, J. Wang, B. Sen, P. Lazari, and Tn,S% High-Fidelity, Computationally
Efficient Model for Interior Permanent Magnet Maoks Considering the Magnetic
Saturation, Spatial Harmonics and Iron Loss EffelfEE Transactions on Industrial
Electronics vol. 62, no. 7, pp. 4044—4055, Jul. 2015.

M. Boesing, M. Niessen, T. Lange, and R. Den&r, “Modeling spatial harmonics
and switching frequencies in PM synchronous machiaed their electromagnetic
forces,” in2012 XXth International Conference on Electrical dimes (ICEM) 2012,
pp. 3001-3007.

L. Chedot and G. Friedrich, “A cross saturatimodel for interior permanent magnet
synchronous machine. Application to a starter-gatoe)” in Conference Record of the
2004 IEEE Industry Applications Conference, 2008th3IAS Annual Meeting2004,
vol. 1, p. 4 vol.(lvi+2822).

N. Bianchi and S. Bolognani, “Magnetic modefssaturated interior permanent magnet
motors based on finite element analysis,” The 1998 IEEE Industry Applications
Conference, 1998. Thirty-Third IAS Annual Meetibg98, vol. 1, pp. 27-34 vol.1.

X. Chen, J. Wang, V. |. Patel, P. Lazari, Lhed, and P. Lombard, “Reluctance Torque
Evaluation for Interior Permanent Magnet Machinesng Frozen Permeability,” ifith
IET International Conference on Power Electroniédachines and Drives (PEMD
2014) Manchester, 2014, pp. 1-6.

A. Sarikhani and O. A. Mohammed, “Inter-turauft modeling of a variable speed pm
wind generator using physics-based approachEléctric Machines Drives Conference
(IEMDC), 2011 IEEE International011, pp. 636—641.

S. Nadarajan, S. K. Panda, B. Bhangu, and AGKpta, “Hybrid Model for Wound-
Rotor Synchronous Generator to Detect and Diagiose-to-Turn Short-Circuit Fault
in Stator Windings,”IEEE Transactions on Industrial Electronjcgol. 62, no. 3, pp.
1888-1900, Mar. 2015.

Y. Kano, K. Watanabe, T. Kosaka, and N. Mat&8iiNovel Approach for Circuit-Field-
Coupled Time-Stepping Electromagnetic Analysis atuBated Interior PM Motors,”
IEEE Transactions on Industry Application®l. 45, no. 4, pp. 1325-1333, Jul. 2009.

269



Bibliography

[75]

[76]

[77]

[78]

[79]
[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

P. Lazari, B. Sen, J. Wang, and X. Chen, “Aeatel d-q axis modelling of Synchronous
Machines with Skew accounting for Saturation,” préed at the IEEE International
Magnetics Conference (INTERMAG - 2014), Dresderi, 20

E. Levi, “Saturation modelling in d-q axis nmeld of salient pole synchronous
machines,"IEEE Transactions on Energy Conversimol. 14, no. 1, pp. 44 -50, Mar.
1999.

Paul C. Krause, Oleg Wasynczuk, Scott D. Stidisteven Pekarelnalysis of Electric
Machinery and Drive Systenfdrd Edition. Wiley-IEEE Press.

Saber version 2011.08ynopsys, Mountain View, CA 94043: Synopsys,,I8011.
MATLAB version 7.10.Natick, Massachusetts: The MathWorks Inc., 2010.

R. Siebert, J. Schneider, and E. Beyer, “LaSeitting and Mechanical Cutting of
Electrical Steels and its Effect on the Magnetioderties,” [EEE Transactions on
Magnetics vol. 50, no. 4, pp. 1-4, Apr. 2014.

A. Clerc and A. Muetze, “Measurement of Stafmre Magnetic Degradation During the
Manufacturing Process|EEE Transactions on Industry Application®l. 48, no. 4, pp.
1344-1352, Jul. 2012.

P. Lazari, K. Atallah, and J. Wang, “Effectlager cut on the performance of Permanent
Magnet Assisted Synchronous Reluctance MachinE&E Transactions on Magnetics
vol. PP, no. 99, pp. 1-1, 2015.

R. Islam, I. Husain, A. Fardoun, and K. McLalig, “Permanent-Magnet Synchronous
Motor Magnet Designs With Skewing for Torque Rippéd Cogging Torque
Reduction,”IEEE Transactions on Industry Applicationsol. 45, no. 1, pp. 152-160,
20009.

F. Piriou and A. Razek, “A model for coupledagmetic-electric circuits in electric
machines with skewed slotdEEE Transactions on Magneticgol. 26, no. 2, pp. 1096—
1100, Mar. 1990.

S. Williamson, T. J. Flack, and A. F. VolsckeriRepresentation of skew in time-
stepped two-dimensional finite-element models okcelcal machines,” IEEE
Transactions on Industry Applicationgol. 31, no. 5, pp. 1009-1015, 1995.

J. J. C. Gyselinck, L. Vandevelde, and J. AMelkebeek, “Multi-slice FE modeling of
electrical machines with skewed slots-the skewrdistation error,”|[EEE Transactions
on Magneticsvol. 37, no. 5, pp. 3233-3237, 2001.

Y. S. Chen, Z. Q. Zhu, and D. Howe, “Calcutatiof d- and g-axis inductances of PM
brushless ac machines accounting for skd#EE Transactions on Magneticgol. 41,
no. 10, pp. 3940 — 3942, Oct. 2005.

270



Bibliography

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

G. Qi, J. T. Chen, Z. Q. Zhu, D. Howe, L. Bhali, and C. L. Gu, “Influence of Skew
and Cross-Coupling on Flux-Weakening Performanc®eaimanent-Magnet Brushless
AC Machines,”IEEE Transactions on Magneticgol. 45, no. 5, pp. 2110 -2117, May
20009.

B. Sen, J. Wang, and P. Lazari, “A detailednsient model of Interior Permanent
Magnet motor accounting for saturation under staton fault,” in 2013 IEEE Energy
Conversion Congress and Exposition (ECCE)13, pp. 3548—3555.

M. Meyer and J. Bocker, “Optimum Control fartérior Permanent Magnet Synchronous
Motors (IPMSM) in Constant Torque and Flux Weakegritange,” inPower Electronics
and Motion Control Conference, 2006. EPE-PEMC 2Q08h Internationgl 2006, pp.
282 —286.

P. Lazari, J. Wang, L. Chen, and X. Chen, ‘iDesoptimisation and performance
evaluation of a rare-earth-free Permanent Magnedistexd Synchronous Reluctance
Machine for electric vehicle traction,” idth IET International Conference on Power
Electronics, Machines and Drives (PEMD 2012014, pp. 1-6.

J. Faiz and |. Tabatabaei, “Extension of wirgdfunction theory for nonuniform air gap
in electric machinery,JEEE Transactions on Magneticgl. 38, no. 6, pp. 3654 — 3657,
Nov. 2002.

B. Sen and J. Wang, “A fast detection techaifpr stator inter-turn fault in multi-phase
permanent magnet machines using model based apptaac7th IET International
Conference on Power Electronics, Machines and BriirEMD 2014)2014, pp. 1-6.

A. Gandhi, T. Corrigan, and L. Parsa, “Recéuvances in Modeling and Online
Detection of Stator Interturn Faults in Electricslotors,” IEEE Transactions on
Industrial Electronicsvol. 58, no. 5, pp. 1564-1575, 2011.

IEEE Machinery Committee and Institute of Etexal and Electronics Engineel§EE
guide for testing turn-to-turn insulation on formeund stator coils for alternating-
current rotating electric machinesNew York, N.Y.: Institute of Electrical and
Electronics Engineers, 1992.

“IEEE Guide to the Measurement of Partial Dizrges in Rotating MachinerylEEE
Std 1434-2000pp. 1-64, Aug. 2000.

C. Gerada, K. J. Bradley, M. Sumner, P. Whede Pickering, J. Clare, C. Whitley, and
G. Towers, “The results do meshEZEE Industry Applications Magazineol. 13, no. 2,
pp. 62—72, Mar. 2007.

271



Bibliography

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

C. Wang, X. Liu, and Z. Chen, “Incipient Statasulation Fault Detection of Permanent
Magnet Synchronous Wind Generators Based on Hilbént2013;Huang
Transformation, 1EEE Transactions on Magneticgol. 50, no. 11, pp. 1-4, Nov. 2014.
J.-R. Riba Ruiz, J. A. Rosero, A. G. Espinosaad L. Romeral, “Detection of
Demagnetization Faults in Permanent-Magnet SyndusiMotors Under Nonstationary
Conditions,”IEEE Transactions on Magneticgol. 45, no. 7, pp. 2961-2969, Jul. 2009.
R. M. Tallam, S. B. Lee, G. C. Stone, G. Binkan, J. Yoo, T. G. Habetler, and R. G.
Harley, “A Survey of Methods for Detection of StaRelated Faults in Induction
Machines,”IEEE Transactions on Industry Applicationsl. 43, no. 4, pp. 920 —-933,
Aug. 2007.

S. Djurovic, D. Vilchis-Rodriguez, and A. Gmith, “Vibration monitoring for wound
rotor induction machine winding fault detectiom™012 XXth International Conference
on Electrical Machines (ICEMP012, pp. 1906-1912.

M. lorgulescu, R. Beloiu, and M. O. PopestVipration monitoring for diagnosis of
electrical equipment’s faults,” ir010 12th International Conference on Optimizatdn
Electrical and Electronic Equipment (OPTIM2010, pp. 493—499.

M. Tsypkin, “Induction motor condition moniing: Vibration analysis technique - A
practical implementation,” irElectric Machines Drives Conference (IEMDC), 2011
IEEE International 2011, pp. 406—-411.

B. Sen and J. Wang, “Stator inter-turn fadditection in SPM machines using PWM
ripple current measurement,” #th IET International Conference on Power Electami
Machines and Drives (PEMD 2014014, pp. 1-6.

F. Immovilli, C. Bianchini, E. Lorenzani, Aellini, and E. Fornasiero, “Evaluation of
Combined Reference Frame Transformation for Interiault Detection in Permanent-
Magnet Multiphase MachineslEEE Transactions on Industrial Electronjosol. 62, no.
3, pp. 1912-1920, Mar. 2015.

N. Leboeuf, T. Boileau, B. Nahid-Mobarakeh, @erc, and F. Meibody-Tabar, “Real-
Time Detection of Interturn Faults in PM Drives bigi Back-EMF Estimation and
Residual Analysis,"IEEE Transactions on Industry Applicatigngol. 47, no. 6, pp.
2402-2412, 2011.

N. Leboeuf, T. Boileau, B. Nahid-Mobarakeh, Nakorabet, F. Meibody-Tabar, and G.
Clerc, “Effects of Imperfect Manufacturing ProcessElectromagnetic Performance and
Online Interturn Fault Detection in PMSMSsJEEE Transactions on Industrial
Electronics vol. 62, no. 6, pp. 3388-3398, Jun. 2015.

272



Bibliography

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

L. Zarri, M. Mengoni, Y. Gritli, A. Tani, FFilippetti, G. Serra, and D. Casadei,
“Detection and Localization of Stator Resistancesspimmetry Based on Multiple
Reference Frame Controllers in Multiphase Inductitwtor Drives,”|IEEE Transactions
on Industrial Electronicsvol. 60, no. 8, pp. 3506-3518, 2013.

P. M. de la Barrera, G. R. Bossio, and R.dhbeild, “Online Voltage Sensorless High-
Resistance Connection Diagnosis in Induction Mddoives,” IEEE Transactions on
Industrial Electronicsvol. 62, no. 7, pp. 4374-4384, Jul. 2015.

P. M. de la Barrera, G. R. Bossio, and J.S&lsona, “High-Resistance Connection
Detection in Induction Motor Drives Using Signaljdation,” IEEE Transactions on
Industrial Electronicsvol. 61, no. 7, pp. 3563-3573, Jul. 2014.

M. Mengoni, L. Zarri, Y. Gritli, A. Tani, FFilippetti, and S. B. Lee, “Online Detection
of High-Resistance Connections With Negative-SeqeeRegulators in Three-Phase
Induction Motor Drives,IEEE Transactions on Industry Applicatign®l. 51, no. 2, pp.
1579-1586, Mar. 2015.

E. Levi, “Multiphase Electric Machines for ¥able-Speed Applications,Industrial
Electronics, IEEE Transactions pwol. 55, no. 5, pp. 1893 —1909, May 2008.

Z. Sun, J. Wang, G. W. Jewell, and D. Howenlanced Optimal Torque Control of
Fault-Tolerant PM Machine Under Flux-Weakening Ggien,” IEEE Transactions on
Industrial Electronicsvol. 57, no. 1, pp. 344 —353, Jan. 2010.

D. Ishak, Z. Q. Zhu, and D. Howe, “CompariseflPM brushless motors, having either
all teeth or alternate teeth woundEEE Transactions on Energy Conversiaol. 21,
no. 1, pp. 95 — 103, Mar. 2006.

C. L. Fortescue, “Method of Symmetrical Codiiates Applied to the Solution of
Polyphase Networks,American Institute of Electrical Engineers, Transas of the
vol. XXXVII, no. 2, pp. 1027 —1140, Jul. 1918.

“Drives for Industry,”  Emerson Industrial ~ [Online]. Available:
http://www.emersonindustrial.com.

P. Rodriguez, J. Pou, J. Bergas, J. I. CandBl P. Burgos, and D. Boroyevich,
“Decoupled Double Synchronous Reference Frame BElPbwer Converters Control,”
IEEE Transactions on Power Electronie®l. 22, no. 2, pp. 584 —-592, Mar. 2007.

L. Parsa and H. A. Toliyat, “Five-Phase Pemsr@-Magnet Motor Drives,TEEE
Transactions on Industry Applicatignsol. 41, no. 1, pp. 30-37, Jan. 2005.

B.-H. Bae and S.-K. Sul, “A compensation neethfor time delay of full-digital
synchronous frame current regulator of PWM AC dsjvéndustry Applications, IEEE
Transactions onvol. 39, no. 3, pp. 802 — 810, Jun. 2003.

273



Bibliography

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Y. Lee and T. G. Habetler, “An On-Line Stafarrn Fault Detection Method for Interior
PM Synchronous Motor Drives,” presented at the ARPBQ7 - Twenty Second Annual
IEEE Applied Power Electronics Conference, 2007,835-831.

C. Bianchini, E. Fornasiero, T. N. Matzen,Bianchi, and A. Bellini, “Fault detection of
a five-phase Permanent-Magnet machine 34th Annual Conference of IEEE Industrial
Electronics, 2008. IECON 2008008, pp. 1200-1205.

I. Jeong, B. J. Hyon, and K. Nam, “Dynamic diéting and Control for SPMSMs With
Internal Turn Short Fault,JEEE Transactions on Power Electronjesl. 28, no. 7, pp.
3495-3508, 2013.

F. Briz, M. W. Degner, P. Garcia, and A. BieRd “High-Frequency Carrier-Signal
Voltage Selection for Stator Winding Fault Diagrsosi Inverter-Fed AC Machines,”
IEEE Transactions on Industrial Electronjosol. 55, no. 12, pp. 4181-4190, 2008.

S. Kim, J.-I. Ha, and S.-K. Sul, “PWM Switdlgi Frequency Signal Injection Sensorless
Method in IPMSM,” IEEE Transactions on Industry Applicationgol. 48, no. 5, pp.
1576-1587, Sep. 2012.

A. A. Khan and O. Mohammed, “Neural networksbd modeling of audible noise for
high frequency injection based position estimationPM synchronous motors at low
and zero speed,” itEEE Electric Ship Technologies Symposium, 2009SE3009
2009, pp. 119-122.

D. G. Holmes and T. A. Lip&ulse Width Modulation for Power Converters: Pripleis
and Practice Wiley-IEEE Press, 2003.

“LTC1968 - Precision Wide Bandwidth, RMS-ta&zDConverter - Linear Technology.”
[Online]. Available: http://www.linear.com/produt¥C1968. [Accessed: 09-Jan-2014].
B. Sen and J. Wang, “Stationary Frame Faolefant Current Control of Poly-phase
Permanent Magnet Machines under Open-Circuit andrt&tircuit Faults,” IEEE
Transactions on Power Electronjosol. PP, no. 99, pp. 1-1, 2015.

M. E. H. Benbouzid, D. Diallo, and M. Zeramyl“Advanced Fault-Tolerant Control of
Induction-Motor Drives for EV/HEV Traction Applicans: From Conventional to
Modern and Intelligent Control Techniques)EEE Transactions on Vehicular
Technologyvol. 56, no. 2, pp. 519-528, Mar. 2007.

T.-H. Liu, J.-R. Fu, and T. A. Lipo, “A sty for improving reliability of field-oriented
controlled induction motor drives|EEE Transactions on Industry Application®l. 29,
no. 5, pp. 910-918, Sep. 1993.

274



Bibliography

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

J.-R. Fu and T. . Lipo, “Disturbance-free mimn of a multiphase current-regulated
motor drive with an opened phas¢éFFEE Transactions on Industry Applicationgol.
30, no. 5, pp. 1267-1274, Sep. 1994.

H. A. Toliyat, “Analysis and simulation ofvié-phase variable-speed induction motor
drives under asymmetrical connection&sEE Transactions on Power Electronjcsol.
13, no. 4, pp. 748 =756, Jul. 1998.

H. Xu, H. A. Toliyat, and L. J. Petersen, ‘dlient current control of five-phase
induction motor under asymmetrical fault conditidn;n Seventeenth Annual IEEE
Applied Power Electronics Conference and Exposjtkii02. APEC 20022002, vol. 1,
pp. 64-71 vol.1.

N. Bianchi, S. Bolognani, and M. D. Pre, ‘@&#&gies for the Fault-Tolerant Current
Control of a Five-Phase Permanent-Magnet Motdntlustry Applications, IEEE
Transactions onvol. 43, no. 4, pp. 960 —970, Aug. 2007.

S. Dwari and L. Parsa, “Fault-Tolerant CohtbFive-Phase Permanent-Magnet Motors
With Trapezoidal Back EMF,Industrial Electronics, IEEE Transactions,orol. 58, no.
2, pp. 476 —485, Feb. 2011.

A. Mohammadpour and L. Parsa, “A Unified Raliblerant Current Control Approach
for Five-Phase PM Motors With Trapezoidal Back EMikder Different Stator Winding
Connections,1EEE Transactions on Power Electroniasl. 28, no. 7, pp. 3517 —3527,
Jul. 2013.

S. Dwari and L. Parsa, “Disturbance Free @fien of Permanent Magnet Motor Drives
Under Short Circuit Faults Using Center-Split Wimgl’ in Conference Record of the
2007 IEEE Industry Applications Conference, 20@hdAS Annual Meetin@007, pp.
1329-1334.

S. Dwari and L. Parsa, “Optimum Fault-Toldr&ontrol of Multi-phase Permanent
Magnet Machines for Open-Circuit and Short-Circtaults,” in Applied Power
Electronics Conference, APEC 2007 - Twenty Secomtu&@l IEEE 2007, pp. 1417 —
1422.

S. Dwari, L. Parsa, and T. A. Lipo, “Optimufontrol of a Five-phase Integrated
Modular Permanent Magnet Motor Under Normal and rE@@ecuit Fault Conditions,”
in Power Electronics Specialists Conference, 2007.@E&07. IEEE 2007, pp. 1639 —
1644.

A. Mohammadpour and L. Parsa, “Post-fault toantechnique for multi-phase PM
motor drives under short-circuit faults,” B013 Twenty-Eighth Annual IEEE Applied
Power Electronics Conference and Exposition (ARE0L3, pp. 817-822.

275



Bibliography

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

A. Mohammadpour, S. Mishra, and L. Parsa,utF@olerant Operation of Multiphase
Permanent-Magnet Machines Using lIterative Learn@antrol,” IEEE Journal of
Emerging and Selected Topics in Power Electrgnics. 2, no. 2, pp. 201-211, Jun.
2014.

H.-M. Ryu, J.-W. Kim, and S.-K. Sul, “Synchaus-frame current control of multiphase
synchronous motor under asymmetric fault conditibre to open phaseslhdustry
Applications, IEEE Transactions pwol. 42, no. 4, pp. 1062 —1070, Aug. 2006.

F. Baudart, B. Dehez, E. Matagne, D. Teltmddlcu, P. Alexandre, and F. Labrique,
“Torque Control Strategy of Polyphase Permanentida®ynchronous Machines With
Minimal Controller Reconfiguration Under Open-Ciitcbault of One Phase|hdustrial
Electronics, IEEE Transactions pwol. 59, no. 6, pp. 2632 —2644, Jun. 2012.

H. S. Che, M. J. Duran, E. Levi, M. Jones-RV.Hew, and N. Abd Rahim, “Postfault
Operation of an Asymmetrical Six-Phase InductioncMae With Single and Two
Isolated Neutral PointsfEEE Transactions on Power Electroniasl. 29, no. 10, pp.
5406-5416, Oct. 2014.

X. Yuan, W. Merk, H. Stemmler, and J. Allmmdi “Stationary-frame generalized
integrators for current control of active powetdis with zero steady-state error for
current harmonics of concern under unbalanced asibrtbéd operating conditions,”
IEEE Transactions on Industry Applicatign®l. 38, no. 2, pp. 523 =532, Apr. 2002.

D. N. Zmood and D. G. Holmes, “Stationarymfia current regulation of PWM inverters
with zero steady-state errodEEE Transactions on Power Electronjogl. 18, no. 3,
pp. 814 — 822, May 2003.

C. Lascu, L. Asiminoaei, |. Boldea, and F.a&8jerg, “High Performance Current
Controller for Selective Harmonic Compensation imctide Power Filters,”|IEEE
Transactions on Power Electronjosol. 22, no. 5, pp. 1826 —1835, Sep. 2007.

A. Yepes, A. Vidal, F. D. Freijedo, J. Malya®. Lopez, and J. Doval-Gandoy,
“Transient response evaluation of resonant coer®Ifor AC drives,” in2012 IEEE
Energy Conversion Congress and Exposition (ECRQE])2, pp. 471-478.

S. . Richter and R. W. De Doncker, “Digitaloportional-resonant (PR) control with
anti-windup applied to a voltage-source invertdn”Proceedings of the 2011-14th
European Conference on Power Electronics and Appbas (EPE 2011)2011, pp. 1-
10.

B. P. McGrath, S. G. Parker, and D. G. Holnfegh-Performance Current Regulation
for Low-Pulse-Ratio InvertersJEEE Transactions on Industry Application®l. 49, no.
1, pp. 149 —-158, Feb. 2013.

276



Bibliography

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

K. Atallah, J. Wang, and D. Howe, “Torquegi@ minimization in modular permanent-
magnet brushless machinedfEE Transactions on Industry Application®l. 39, no. 6,
pp. 1689 — 1695, Dec. 2003.

H.-M. Ryu, J.-H. Kim, and Seung-Ki Sul, “Anals of multiphase space vector pulse-
width modulation based on multiple d-q spaces contéEEE Transactions on Power
Electronics vol. 20, no. 6, pp. 1364 — 1371, Nov. 2005.

A. Tani, M. Mengoni, L. Zarri, G. Serra, arid. Casadei, “Control of Multiphase
Induction Motors With an Odd Number of Phases Un@pen-Circuit Phase Faults,”
IEEE Transactions on Power Electronie®l. 27, no. 2, pp. 565 -577, Feb. 2012.

R. I. Bojoi, G. Griva, V. Bostan, M. GuerrgerF. Farina, and F. Profumo, “Current
control strategy for power conditioners using soidal signal integrators in
synchronous reference framéZEE Transactions on Power Electronjasol. 20, no. 6,
pp. 1402-1412, 2005.

G. C. Goodwin, S. F. Graebe, and M. E. Salg&bntrol system desigtpper Saddle
River, N.J.: Prentice Hall, 2001.

A. G. Yepes, F. D. Freijedo, J. Doval-Gand6y,Lépez, J. Malvar, and P. Fernandez-
Comesafa, “Effects of Discretization Methods on tRerformance of Resonant
Controllers,”IEEE Transactions on Power Electronjesol. 25, no. 7, pp. 1692 —-1712,
Jul. 2010.

A. G. Yepes, F. D. Freijedo, O. Lopez, anddval-Gandoy, “Analysis and Design of
Resonant Current Controllers for Voltage-Source veaers by Means of Nyquist
Diagrams and Sensitivity Function[EEE Transactions on Industrial Electronjcgol.
58, no. 11, pp. 5231 5250, Nov. 2011.

K. J. Astrom and T. Hagglund®ID Controllers: Theory, Design and Tuningnd
Revised edition edition. Research Triangle Park;:NSA, 1995.

A. Igbal and S. Moinuddin, “Comprehensive &nship Between Carrier-Based PWM
and Space Vector PWM in a Five-Phase VEEE Transactions on Power Electronjcs
vol. 24, no. 10, pp. 2379 —2390, Oct. 2009.

T.-S. Kwon and S.-K. Sul, “Novel Antiwindupf @ Current Regulator of a Surface-
Mounted Permanent-Magnet Motor for Flux-Weakenimgi@ol,” Industry Applications,
IEEE Transactions grvol. 42, no. 5, pp. 1293 —1300, Oct. 2006.

F. Fernandez-Bernal, A. Garcia-Cerrada, an&d&ure, “Determination of parameters in
interior permanent-magnet synchronous motors withn ilosses without torque
measurement,TEEE Transactions on Industry Applicatigngl. 37, no. 5, pp. 1265—
1272, 2001.

277



Bibliography

278



List of Figures

Fig. 1-1: Distribution Of fAUILS ....c.oeeiiii e 5
Fig. 2-1: Geometry of 12 slot, 14 pole SPM MacChing.........ccccoeeeeiieeiiiis i 15
Fig. 2-2: FE model with turn fault (circled) in @®A for model validation ........................ 16
Fig. 2-3: Schematic representation of SPM machiitie turn fault on a single phase............... 17
Fig. 2-4: Slot nUMDBEring CONVENLION .......vveccee i 20
Fig. 2-5: Slot dimension nomenclature. Fault tlaresdenoted biMs. .............vvvvvviiiiiviiiiiiiiinnn. 21
Fig. 2-6: Rotor topology of the Machine...............vviiiiiiiic s 22
Fig. 2-7: Current density distribution Of @ COIl.............uuuueimmiiiiia s 26
Fig. 2-8: Elemental COil DIiagram........ ... ccmumeeeereeueeeenennueenneennnnnnnennnnnnnnmnnnnessesnnennnennnnnnnnes 29
Fig. 2-9: Flowchart for air-gap inductance calCi@ias ...............cccccoooiiiiiiiiiieeeeesimmmmeeeee 30
Fig. 2-10: Slot leakage flux Paths .........oooveei i 31
Fig. 2-11: Slot geometry and coordinate systenshkarwedge flux calculation................... 32
Fig. 2-12: Slot geometry and coordinate systenilforcalculation in the winding area .......... 34
Fig. 2-13: Leakage inductance computation algorithm..............cccccvviiiiiiiiiiiiiiiiiiieeeneeeee. 36

Fig. 2-14: Comparison of flux iso-lines for (a) hslot coil side and (b) full slot coil side....41
Fig. 2-15: Comparison for peak fault current prédit by proposed and classical model with

direct-FE model under 1 turn fault for loaded cdiodi for varying position of fault coil

inside the SIot (FEBAA). ... 43
Fig. 3-1: Schematic representation of IPM machiith wrn fault in ‘C’ phase. .................. 49
Fig. 3-2: Schematic of ODE solver based fault model.................cooeoo e, 52

Fig. 3-3: FE model of 36 slot, 6 pole IPM Machingha2 turn fault in C phase (a) full FE
model, (b) zoomed portion of model containing tfamlt showing excitation currents. (+, -

signs depicts coil current direction. + represantgent direction into the plane of the

0721 1= o) PR PP 53
Fig. 3-4: Flux linkage map of machine at a sampset;=-30A and g,=0. (a) d-axis flux

linkage. (b)g-axis flux linkage (cXsAf) flux INKAGE ...........evvvvmuiiimiiiiiiiii e 55
Fig. 3-5: Rotor skew slices at mechanical angl@apD (rad) skew, (bbs (rad) skew ............. 57
Fig. 3-6: Flux linkage and current vectors for rakewed by, (mech) angle............cccceuuve. 58

Fig. 3-7: Comparison between multi-slice FE andpps®d method (calc) aitf -40A, i= -
40A, i= -200A) (a)d- axis flux linkage, (b)y- axis flux linkage, (c) faulted turn flux
Ta = To Lo TS (o ) I e (o [ [ 61

279



List of Figures

Fig. 3-8: Current prediction errors due to tablegeinsion ati;=-50A and g,=0 (a) d- axis
current error, (b) g- axis current error and (ajifaurrent error. .............ccccooeeeiiirieeeeennns 64
Fig. 3-9: Fault current comparison of FE verses @h¢ODE) solved by ODE solver at load of
2.2V At 3500 /MM Lottt et e e et e e e e e e e e e e e e een b n e e e e e e e e e a 65
Fig. 3-10: Phase current comparison of FE versedeh{®@DE) solved by ODE solver at load
Of 2.2V At 3500 /MM 1.ttt ettt smm e e s e e 65
Fig. 3-11: Fault current comparison of FE verseslehdDAE) solved by DAE solver at load
Of 2.2V At 3500 /MM 1.ttt snne e e e e e 66
Fig. 3-12: Phase and fault current comparison ofvEEses model (ODE) under transient
condition at 3500 r/min. Step resistive load {® 2Zpplied atge.=0.5236 rad and 2 turn
fault (R=5.5MN) at Geiect=10.472 T .....uueiiiiiniii et 67
Fig. 3-13: Phase and fault current comparison ofvEEses model (ODE) under transient

condition at 3500 r/min with 10x nominal fault retsince (R=55nW\). Step resistive load

applied afee.=0.5236 rad and 2 turn fault @e.=10.472 rad..........coooeveeeeieeniieeeeee 68
Fig. 3-14: (a) Stator winding with 2 turn faultphase C (b) 3 step rotor and shaft ...........69.
Fig. 3-15: Experimental Setup (a) Motor Dynamomstgup (b) Resistive load....................... 69
Fig. 3-16: Comparison of measured (meas) and FEehprddicted (pred) phase back-EMF at

P2 010 I 0 1T o PP PPPPPPPPR 70
Fig. 3-17: Comparison of measured and predictelt €aurent variations with speed and load

(a) No-load, (b) 2®/load, (c) Wload and (d) 0.88/10ad. .......cccceeeiiiiiiiiieiieeeeie e 71

Fig. 3-18: Comparison of measured (meas) and pgeztlipred) fault current at (a) 1500 r/min
at no load, (b) 5500 r/min at no-load, (c) 1500im/=t 0.69W load and (d) 5500 r/min at

L0 IG 1 YV o - Lo PP 72
Fig. 3-19: Comparison of measured (meas) and pgesti{pred) fault currentglat 3500 r/min
and 2.2V load. Turn fault initiated afe = 95 rad. ......ccoooiiiiieie e 73

Fig. 3-20: Comparison of measured (meas) and pgestl{pred)dq current ripple at (a) @5500
r/min and 2.2VIoad, (b) @5500 r/min and 0.8oad and @3500 r/min and ¥oad. .. 74
Fig. 4-1: Geometry of 36 slot, 6 pole IPM Machidé3¢d symmetry model) ....................... 0.8
Fig. 4-2: Flux linkage map of healthy machine.daxis flux linkage. (b)y-axis flux linkage 80

Fig. 4-3: Inductance map of healthy machine (axid-enductance (b) g-axis inductance ........ 81
Fig. 4-4: FE models for fault model validation (feawinding circled) .........cccccooiiiiiiiniinccee.. 82
Fig. 4-5: Schematic representation of IPM machiita wrn fault in ‘A’ phase.................... 83

Fig. 4-6: Comparison of fault current prediction BgM simulation and classical modelRit
= 0.1MN, Vg = -65V, @nAVGmL3V ... 87

280



List of Figures

Fig. 4-7: Series connected Coils Of Phase-A . oot 88
Fig. 4-8: MMF Phasor diagram of two coils in Phasi& healthy condition....................... 88
Fig. 4-9: Comparison of flux linkages predictedgpposed model and by FE 1/3 symmetric
Model, No leakagei{ = -50A,iq = 50A,i; = 300A) under 1 turn fault. ................ccceeeee. 90
Fig. 4-10: Comparison of flux linkages predicteddmgposed model and by FE 1/3 symmetric
Model, No leakagei{ = -50A,iq = 50A,i; = 150A) under 3 turn fault. ................ccceeeee 91

Fig. 4-11: Comparison of predicted flux linkagedaflted pole-pair (PP3) by proposed model
and by FE, Full Model, No leakagé, € -50A,iq = 50A,i; = 300A) under 1 turn fault. ...... 91
Fig. 4-12: Comparison of predicted flux linkagedanilted pole-pair (PP3) by proposed model
and by FE, Full Model, No leakageéy € -50A,iq = 50A,i; = 150A) under 3 turn fault. ...... 92
Fig. 4-13: Turn functions (n) of phase A, B, C soflocated in pole pair 1) and winding
function (N) of fault winding (located in pole-Pair 3) ..o .eeeeeieiiiaaeaaee e 94
Fig. 4-14: Flux linkage comparison under differpote pairs (FE) withy = -50A,i,=50A and
fault current it =300A) in the fault winding (L tUFN) ...... .o 5.9
Fig. 4-15: Comparison afq flux linkages of FE simulation verses model foaltiey pole pair
(PP1,PP2) flux linkages without slot leakage fllx= -50A, i, = 50A, it = 150A) under 3
L0 = L 96
Fig. 4-16: Comparison of predictelt] flux linkages of classical and proposed model e®rs
FE simulation of full model without slot leakagexli(is = -50A,i4 = 50A, i = 300A) under
(0 T = T | PRSPPI 97
Fig. 4-17: Comparison of predicteld| flux linkages of proposed model verses FE simaoitati
of full model without slot leakage fluxy(= -50A,iq = 50A,i; = 150A) under 3 turn fault. ..98
Fig. 4-18: Comparison adq flux linkage prediction of classical and proposeddel verses
FE simulation of full model with slot leakage fl{iy = -50A,iq = 50A, i = 300A) under 1
LL0 T I = U0 ] PP PP 99
Fig. 4-19: Comparison adq flux linkage prediction of classical and proposeddel verses
FE simulation of full model with slot leakage fl{ig = -50A, i, = 50A, i; = 150A) under 3
L0 = L 99
Fig. 4-20: Comparison of faulted coil flux linkageediction of classical and proposed model
verses FE simulation of full model with slot leakaftux (g = -50A, i = 50A, i; = 300A)

LU T = g O (1 = L | OO P 100
Fig. 4-21: Comparison of faulted coil flux linkageediction of classical and proposed model
verses FE simulation of full model with slot leakaftux (g = -50A, i = 50A, i = 150A)

LU0 =T g 2 (1 = L | SR 101

281



List of Figures

Fig. 4-22: Comparison of current prediction of elaal and proposed model verses FE
simulation under 1 turn faulvg = -65V, V= 13V, R = 0.1nW) (operating pointy ~= -
B50A, i == B0A) .. e 103

Fig. 4-23: Comparison of current prediction of elaal and proposed model verses FE
simulation under 1 turn faulvf = -3.485V,V,= 7.33V,R: = 0.1mW\) (operating pointy ~=
“BOA, iq ~ZOA). cove e ree ettt 103

Fig. 4-24: Comparison of current prediction of elaal and proposed model verses FE
simulation under 3 turn faulv/g = -65V, V4= 13V, R = 10m\) (operating pointy ~= -50A,

Fig. 4-25: Comparison of current prediction of elaal and proposed model verses FE
simulation under 3 turn faulvf = -57V, V= 30V, R = 10mA\) (operating pointy ~= OA, i

Fig. 4-26: Geometry of the test machine, includadgitional air-gaps and short pitched coils.106
Fig. 4-27: Comparison of measured and predictelt €aurent variations with speed and load
(a) No-load, (b) 2®/load, (c) 1.0¥Wload and (d) 0.8&load. ...............ccoeeervverinninnnnnnn. 061
Fig. 4-28: Comparison of measured (meas) and pgextlipred) fault current at (a) 1500 r/min
at no load, (b) 5500 r/min at no-load, (c) 1500im/=t 0.69W load and (d) 5500 r/min at
02 G 1 YV (o - To PP 108
Fig. 4-29: Comparison of measured (meas) and pgest{pred)dq current ripple at (a) @5500
r/min and 2.8V load, (b) @5500 r/min and 0¥8load and (c) @3500 r/min and W2

[0 =T PP PP PPPPPPPRRP 110
Fig. 5-1: Five phase fault tolerant SPM machinge................cccoiiiiiiiiiiiiiieiiieeeeeeeeeeee 118
Fig. 5-2: Schematic representation of 5 phase SREhine with turn fault on phase-4 ......... 118
Fig. 5-3: Voltage Based DeteCtOr StIUCTUIE...co.ee. . uueiiiaeee e 122
Fig. 5-4: Sequence components and the phase reEBiD .............oooviiiiiiiiiiiiiiiiinies e 123
Fig. 5-5: Simplified residual current deteCtor SIIIE .............oooiiiiiiiiiiiiie e e 127
Fig. 5-6: Schematic of machine with high resistacmenection in phase-4 ...................... 130

Fig. 5-7: Relationship betweelgxyand sequence components.................commmmemeeeeeeennn.. 139
Fig. 5-8: Cross coupled detector StrUCTUNE .oooooo..oovieiiiee e 141
Fig. 5-9: Negative sequence step response of tss coupled filter to varyinky. ................ 142

Fig. 5-10: Positive sequence disturbance steptiejecesponse of the cross-coupled filter to

VaAPYINGK. oo, 143
Fig. 5-11: Multi-notch filter based deteCtOr.............oovvvviiiiiieieeeeeeeee e 144
Fig. 5-12: Bode plot of multi-notch filter ..............uvviiiiiiiccee s 145

282



List of Figures

Fig. 5-13: Negative sequence step response ofrtiss coupled filter to varying................ 146
Fig. 5-14: Positive sequence disturbance steptrefecesponse of the cross-coupled filter to
122 171 o PP 146
Fig. 5-15: Comparison of cross-coupled filter andtimotch filter............ccccooviiiiiiiiiieen... 147
Fig. 5-16: Direct form Il implementation of NOtCHtdr ...............c.cccoeiiiiiiiiiiiiiice e e 149
Fig. 5-17: Potential sites for delay iNSertion............cooeeeeiiiei e, 150
Fig. 5-18: Residual Current block diagram ..., 151
Fig. 5-19: Euler solver (dashed) verses motor CUITE............uuvvvvrviemerniiinennnnnreeennenes 153
Fig. 5-20: RK4 solver (dashed) verses motor CULIeNt..............ooiviiiiiiiiiiiiieeeeeee e 154
Fig. 5-21: Timing Diagram of sampling, computatenml PWM output.............cccceeeerinnnnns 551
Fig. 5-22: Effect of delay compensation on residiwsrents ...............ooooeeeeeeeeeeeeee e, 155

Fig. 5-23: Speed ramp and pulse load test. 20Rautt is initiated at 1s and removed at 1.1s.157

Fig. 5-24: Speed ramp and pulse loading test df titector. 20 turn Fault is initiated at 1s
AN FEMOVE AL L.1S. ..eeiiiiiiiiiiiiitte et e e e e s e e e e serr e e e e e e e e e e nannrnees 157

Fig. 5-25: Speed ramp and pulse loading test resspoi residual magnitude extraction. 20
turn Fault is initiated at 1s and removed at L.L1S..........cevvieeeiiiiiiiiiiiiieeee e e e 158

Fig. 5-26: Comparison of classifier output to at@ fault and HRC connection (+60% R) at

500 r/min and,=6A. Fault initiated at 0.1s and removed at 0.2s................cccoeevviernnen. 158
Fig. 5-27: Motor stator winding With fault tapS............uvveuiiiiiiieii e 159
Fig. 5-28: (a) Dynamometer setup with test machkiitk fault relays and (b) 5 phase inverter

0T T= T (o [ R PP PPPPPRP 160
Fig. 5-29: Back-EMF of the machine at 800 r/min(&) stationary frame and (b) dgldq3

1121001 P PPPPPR PP 161
Fig. 5-30: Effect of back-EMF lookup method on 2ntdiault detection at 800 r/min,#6A.

Fault is initiated at 0.07s and removed at 0.2LS...........cuvviiiiiiieeeiiiiiieeee e 163
Fig. 5-31: Parameter fitting reSUIL. ........ccceeeeiiieeeeeeeeeeeeeeeeeeeeeeeeeee e 164
Fig. 5-32: Measured model response to step changdgsurrent (0 to 4A step) at 800 r/min.

R 164
Fig. 5-33: Measured model response to step changgsurrent (O to -3A step)q=0A. ....... 165

Fig. 5-34: Measured variation of steady state fautrent due to 2 turn fault to loading and
L] 01T o RSP SSPPPRPRRR 166
Fig. 5-35: (a) Controller command voltage and featibcurrent plots and (b) detector output,
at 600 r/min and,i=3A under a 2 turn fault. Fault initiated at 0.@rsl removed at 0.21s 167

283



List of Figures

Fig. 5-36: Detector response to 2 turn fault ataL@@in. C1, C2 current in phase-4 and 5
respectively (5A/div), C3 is fault current (20A/gliand C4 is detector output, 0.5V/div. Ph-
disthe faulted Phase. ... 168

Fig. 5-37: Detector response to 20 turn fault 220L@min. C1, C2 current in phase-4 and 5
respectively (5A/div), C3 is fault current (20A/jligsnd C4 is detector output, 2V/div. Ph-4
I g TeIR = 101 (=To o] F= T TSRS 168

Fig. 5-38: Detector response to turn faults at 1@060n under various steady load currents to
2 turn fault. Stepiy (0-4A) response of detector under healthy condii® added for
comparison. Fault and load step transient initiate@ 07s and removed at 0.21s............... 169

Fig. 5-39: Detector response to turn faults at 1@00n under various steady load currents to
20 turn fault. Step, (0-4A) response of detector under healthy condii® added for
reference. Fault and load step transient initiate@l07s and removed at 0.21s.............. 0.17

Fig. 5-40: Residual Current magnitude extractionféwilt localisation at; =6A at 1000 r/min
for 2 turn fault. Ph-4 has the turn fault. ..., 170

Fig. 5-41: Residual Current magnitude extractionféwilt localisation at; =6A at 1000 r/min
for 20 turn fault. Ph-4 has the turn fault. ... 171

Fig. 5-42: Detector response under various loaceats at 800 r/min with HRC fault initiated
in phase-4 at 0.07s and removed at 0.21s WithW.22RC................ccoeiiiiiiiineeeee 172

Fig. 5-43: Detector response under various loaceots at 800 r/min with HRC fault initiated
in phase-4 at 0.07s and removed at 0.21s withW.G8RC...................ccceiiiiiiiriinneee. 172

Fig. 5-44: Residual Current magnitude extractionfémlt localisation aty; =6A at 800 r/min
with HRC fault initiated in phase-4 at 0.07s anchoged at 0.21s with 0.28 HRC. Ph-4
iS the phase With HRC. ..o e 173

Fig. 5-45: Residual Current magnitude extractionfémlt localisation at; =6A at 800 r/min
with HRC fault initiated in phase-4 at 0.07s anchoged at 0.21s with 0.6 HRC. Ph-4

is the phase With HRC. .........cooiiiiiii e e 173
Fig. 5-46: Residual Current fault classification @6A at 800 r/min (a) 2 turn fault (b) High
resistance fault (0.28). ..o e 175
Fig. 5-47: Variation of fault detector output (meged) to varying loads and speeds (a) 2 turn
1= 10 ] o) 2 O (0 = 1 L PP 176
Fig. 5-48: Variation of residual current magnituateé,=OA and varying speed (a) 2 turn fault,
(b) 20 turn fault. Ph-4 is the faulted phase......c....oovviiiiiiiiiiiiieeeee e 177

Fig. 5-49: Variation of fault detector output (meeed) to varying loads and speeds (a) /22
HRC, (D) 0.68VHRC. ... .ottt emmee ettt e e e et e e e e e e e enneees 178

284



List of Figures

Fig. 5-50: Variation of residual current magnituade,=6A and varying speed (a) 0\2HRC,

(b) 0.6V HRC. Ph-4 is the faulted phase ..., 179
Fig. 5-51: Comparison of classifier output at diéfiet loading and speed with 2 turn fault and

0.22NVHRC FAUIL. ... 180
Fig. 5-52: 18-slot 16-pole spoke type IPM machine..............ccccviiiiiiiieeeeee e 181
Fig. 5-53: Schematic of the 18-slot 16-pole IPM hae showing winding configuration for

the TAUIEA SET. ... e e e e e e e 181
Fig. 5-54: Block diagram of the overall detectidrusture ...............ccceveeeeiiiiiiiiiiieeeee e 182
Fig. 5-55: Detector structure utilising multi-notfibher approach ...........cccoooeiiiiiiiiiiicceen .. 182
Fig. 5-56:dg and fault current (1500 r/min, = 50A, turn fault (0.06s -> 0.11s) ).........c... 183

Fig. 5-57: Fundamental based Detector 1500 r/min 50A, turn fault (0.06s -> 0.11s)......... 183
Fig. 5-58: Residual current based detector 150hyfig= 50A, turn fault (0.06s -> 0.11s)....184
Fig. 5-59: Machine&lg and fault currents (3000 r/mii,= 50A, turn fault (0.06s -> 0.11s)) ...185
Fig. 5-60: Fault current and Detector output (30@@in, i = 50A, turn fault (0.06s -> 0.11s))185
Fig. 5-61: Residual and fault currents (3000 r/mjr 50A, turn fault(0.06s -> 0.119)) ......... 186

Fig. 5-62: Combined auto-calibration and fault détm. (a) Currents commands and fault

current, (b) Fault current and detector responsio-&alibration ends at 0.45s. ................ 188
Fig. 6-1: Geometry of 10-slot, 12-pole SPM machine..............cccceeeeiiiiiiiiiiniiee s 193
Fig. 6-2: Schematic of winding under turn faull ... 193
Fig. 6-3: Experimental setup for measurement ofrHfedance .............cccccvvveviiiiiiiiniieees 195

Fig. 6-4: Equivalent terminal resistance and indnce of healthy winding under locked rotor
(o0 T 1110 o 1 196
Fig. 6-5: Measured healthy winding admittance (M} for varying rotor position (electrical)196
Fig. 6-6: AdmittanceY) magnitude and phase of winding under healthyr@ and 20 turn
fault. Theoretical (T) — dashed, Measured (M) 408Ql..............cooe, 197
Fig. 6-7: Fitted Admittance Functiol{exx(s)) for Healthy Condition ...............ccoovieeeene. 199
Fig. 6-8: Fitted Admittance functiofY{e.(s)) for (a) 2 turn and (b) 20 turn fault conditior200
Fig. 6-9: Schematic representation of 5-phase SRighine with turn fault on a single phase201
Fig. 6-10: Harmonic voltage spectrum of a sine-P\iiverter leg w.r.t negative DC supply
rail at modulation index = 0.9,3#140V, fundamental frequencyd = 2 .300 rad.g.....203
Fig. 6-11: RMS harmonic current with 2 turn faulitwVy, = 140V considering (a) only

10kHz carrier and sidebands, (b) 10kHz and 20kHziezafrequency harmonics and

(][0 [T 0 F= 1 [0 £SO PP PP PPRPPP P 204
Fig. 6-12: HF detection signal processing chainCAgampling rate is 10 kHz..................... 520
Fig. 6-13: Band-pass Filter BOde PlOL ... eeiiiiiiiiiiiiiieeeeeeeeeeeev v eeeeee e 206




List of Figures

Fig. 6-14: Detector Circuit IMPIeMENTALION .. ouwwwreeveereereeieeiiiiiiiiriiieieeeiiieeeereeeeereeeeeeeeeees 207
Fig. 6-15: Simulated phase currents with a 2 tauitfin phase-4 at rotor speed of 500 r/min.208
Fig. 6-16: Simulated detector output with a 2 tiamlt in phase-4 at rotor speed of 500 r/min.208
Fig. 6-17: Simulated phase currents with a 20 fauit in phase-4 at rotor speed of 1000

/10 111 o TP U TP PPPUPPPPRRPP 209
Fig. 6-18: Simulated detector output with a 20 tanlt in phase-4 at rotor speed of 1000
/00 11 o TP RPN PPPUPPPPPRRPP 209
Fig. 6-19: PWM ripple detector board.............c.oooviiiiiiiiiiiiieeeee e 210

Fig. 6-20: Detector output with 2 turn fault in glead withiq =6A at (a) 500 r/min, (b) 1000
r/min. Ch1- Ch5 - detector outputs for phase lubglophase 5 respectively (100mV/div),
Ch11 - phase 4 current (5A/div), Ch12 is fault entr(20A/div). Time scale — 100ms/div.211

Fig. 6-21: Zoomed portion of measured Ph-4 (fapltyse) line current with,=6A at 500
r/min under healthy and 2 turn fault. ... 211

Fig. 6-22: Detector output with 20 turn fault ingsie-4 withi;=6A at (a) 500 r/min, (b) 1000
r/min. Ch1-Ch5 - detector outputs for phase 1 thhophase 5 respectively (200mV/div),
Ch11 - phase 4 current (5A/div), Ch12 is fault eatr(20A/div). Time scale — 100ms/div212

Fig. 6-23: Comparison of measured and predictedctiat output ai, =6A, with varying
speeds at (a) 2 turn fault and (b) 20 turn fault...........c.oveeiiiiieee e 213

Fig. 6-24: Variation of measured detector output-4p with load current (0%, 50%, 100%)
and speed plotted with respect to (a) speed, (lWutation index. Dashed curves refer to
healthy operation and solid lines refer to 2-tuaultf condition. Stared points are the
selected test points for detector calibration...............cccooee e, 215

Fig. 6-25: Variation of calibrated detector outgph-4) at various loading (0%,50%,100%)
with varying speed. Dashed curves refer to heattbyor operation and solid lines refer to
2-tUrN FAUIE CONAITION. ....eiiiiiiiie e e e e 216

Fig. 6-26: Comparison of calibrated detector outfufaulted phase (Ph-4) under 2 turn fault
verses calibrated detector output of all phasesunealthy condition. ........................ 217

Fig. 6-27: Variation of all calibrated detector puts ati;=0A with varying speed under 2 turn
fault. Ph-4 is the faulted phase. ... 217

Fig. 6-28: Variation of all calibrated detector puts ati;=6A with varying speed under 2 turn
fault. Ph-4 is the faulted phase. ... 218

Fig. 6-29: Variation of measured detector output-4p with load current (0%, 50%, 100%)
and speed plotted with respect to speed. Dashegsuvefer to healthy operation and solid

lines refer to 20-tUurn faUlt CONAITION. ... ..e e e e e e e eens 219

286



List of Figures

Fig. 6-30: Comparison of calibrated detector outffaulted phase (Ph-4) under 20 turn fault
verses calibrated detector output of all phasesmunealthy condition. ...............cccc..... 219

Fig. 6-31: Variation of all calibrated detector puts ati;=6A with varying speed under 20
turn fault. Ph-4 is the faulted Phase. .....ccccceeiieiiiiiiiiiiiii e 220

Fig. 6-32: Variation of detector output (Ph-4) t&®@E fault (0.6&\) at various loading (33%

and 1009%) With Varying SPEE. ............ot e eeeeeeieeee e 221
Fig. 7-1: Five phase fault tolerant SPM machine...............cccoeee 229
Fig. 7-2: Optimal torque control with open circtault in Phase-A withly = 0.7Nm andkgq

=0.7, (a) instantaneous CUIrents, (D) FRT e 231
Fig. 7-3: Discrete domain plant modelling ......cc....oooooiiiiii 232
Fig. 7-4: CONLrOllEr STIUCIUIE ........uieiii i 234
Fig. 7-5: Open loop transfer function magnitudegkt 300 r/min and 3000 r/min. ............... 237
Fig. 7-6: Controller closed loop response at (&) @tin and (b) 3000 r/min ................... 238
Fig. 7-7: Settling time variation in number of dl&al cycles (+/- 4% criterion) with motor

L] 01T PO 238
Fig. 7-8: Variation of closed loop poles and zenith changing plant parameters. Blue — 1x ,

Red - 0.5x, magenta — 2x times nominal resistandaraluctance. ............................. 239
Fig. 7-9: Controller structure With anti-WinAUp..............uuuuieeemiie e 240
Fig. 7-10: Zero sequence voltage injection blacK.............ccccciieeee 240
Fig. 7-11: Modulation index with and without vol@mjection...............cccvvvvvvvvviviivieeennn.. 241
Fig. 7-12: Torque speed characteristic under hgdhh single phase open circuit (OC) and

single phase short circuit (SC) with (w inj) andheiut voltage injection...................... 242
Fig. 7-13: Final controller structure including tame iNjection ..............cccccvvvvvveees e 242

Fig. 7-14: Effect of varying field weakening coefént on voltage Ty = 0.71Nm at 2000

00011 ) PP PPPPPPPPPPPPPPRN 244
Fig. 7-15:kqq -update algorithm ... e 244
Fig. 7-16: Simplified schematic of the teSt SELUP.........uuuuiiiii s 245
Fig. 7-17: (a) Torque-speed and (ky-&peed plots for healthy operation.........................246

Fig. 7-18: (a) Torque-speed and ka) -speed plots for single phase open circuit opamati247

Fig. 7-19: (a) Torque-speed and Ka) -speed plots for single phase short operation....... 248

Fig. 7-20: Current responses to step change iméodgmand of 1 Nm under healthy operation
(a) at 0.023s withgy =0 at 600 r/min (60Hz) and (b) at 0.0287s vkfh= 0.3 at 2000 r/min

024010 ) PSSR 249
Fig. 7-21: Current responses to transition from Ithgato phase-1 OC (a) at 0.03s with
T4=1.2Nm at 600 r/min (60Hz) (b) at 0.024s witlr1Nm at 1200 r/min (120Hz). ........... 250

287



List of Figures

Fig. 7-22: Current responses to torque step chander phase-1 OC at (&) =0 to 1Nm at
0.027swith kyg=0 at 600 r/min (bY4=0 to 0.6Nm at 0.023s with,k=0.45 at 2000 r/min . 251
Fig. 7-23: Current responses to torque step chander phase-1 SC (d)=0 to 0.8Nm at
0.025s with Jg =0 at 600 r/min (b)I;=0 to 0.45Nm at 0.0278s witkyy =0.45 at 2000
r/min. Iy is the short circuit current flowing in phase-1.................cccccciviiiiiieeieeeeee, 252
Fig. 7-24: Responses of voltage error, currenkiracerror and the field weakening factor to
torgue step change from 0.2Nm to 0.5Nm under pha@&-at 2200 r/min..............cce.n.. 253
Fig. 7-25: Current and torque waveforms under Stagp -1) at 600 r/min (a) without OTC
control (b) with OTC [4=0). Scale: 4 5A/div, I,: 5A/div, I3: 5A/div, Torque: INm/div.

is the short circuit current flowing in Phase-1.........ccooooiiiiiiiii e 254

288



List of Tables

Table 1-1: Popular Electric Vehicles Motor Speafions...............cccoovvvvieiiieeiieee e e 4
Table 2-1: Machine Specifications .........occoeeeeiiii e 16
Table 2-2: COil DEfINITIONS ........coiiiiiei ettt e e e e s rmneree e eeeeaeeeeas 19
Table 2-3Fault Coil DEfiNItION.........ciiiiiiiii e 20
Table 2-4: Augmented Coil Definition .........ccceeeiiiiiiiii e, 21
Table 2-5: SIot SPECIfICAtIONS ......uuiiiiiiceeeee e eee e e e e e e e e e e e e e e e e e eeaeees 31
Table 2-6: BACK-EMF COMPAIISON.........uutiieeeeieie et eeeaa e 37
Table 2-7: Air-Gap Inductance COMPANISON ... 37
Table 2-8: Slot Leakage Inductance COMPANiSON.....c.cooviiiiieeiieeieeeeeeeeeeeee e 38
Table 2-9: Healthy Machine Inductance COMPAriSOM .. .. .uueuuuuiaiaeaaaa e eeeeeeeeeees 38
Table 2-10: Inductance Comparison with 1 Turn Fhatiated at Bottom of Slot (¥-=0) ....... 39
Table 2-11: Inductance Comparison with 1 Turn Fhattated in Middle of Slot (N=3)........ 39
Table 2-12: Inductance comparison with 1 Turn Faattated At Top of Slot (N=7).............. 40
Table 2-13: Inductance Comparison with 3 Turn Fawltated in the Middle of the Slot
(T PRSP 40
Table 2-14: Comparison of Inductance Predicted bgs€ical Approach for 1 Turn Fault
[ PSR 42
Table 3-1: IPM Machine Parameters .........ccccuuuiiiiiiiiiiiiiiiiceee e 54
Table 3-2: Comparison of simulation times for gan@r mode operation with resistive load of
2. 2NV AL 3500 F/IMIN 1.ttt ettt e e e e e e e e st b ettt e e e e eeanr e e e e e e e e e e 67
Table 4-1: Comparison of Simulation SEtUP TIME.eeue..uuueriiiiiiiiici e 111
Table 5-1: Specification of the Prototype Five-RhBault-Tolerant PM Machine.................. 118
Table 5-2: Machine Parameters under Turn faultu...........ccooeieiiiiiiiiie e 120
Table 5-3: Machine GEOMEtry Data...........cceeeeeeuuiiiuiiiiiiiiiies e eee e e 120
Table 5-4: Comparison of Computational Requiremét€ross-coupled and Multiple Notch
1= 148
Table 5-5: 18-slot, 16-pole IPM Machine Nominaldaeters ............oovvveeiiiiiiiiiiiiiiiiiinnnns 181
Table 6-1: Machine Data under Fault ... 194
Table 7-1: Specification of the Prototype Five-RhBault-Tolerant PM Machine.................. 230
Table 7-2: Optimised Controller Parameters ... 236

289



List of Tables

290



Appendix

A 5-phase custom built MOSFET inverter is useddntiol the test motor. The
inverter is controlled through a floating point epd¥ F28335 board from Spectrum
Digital. Commands to the DSP board is issued usitiger CAN interface using
LabView or through the JTAG connection via the Tddé Composer studio. DC link
voltage is set at 60V for the experiments. Tabl&é shows the maximum rating of the
inverter. Table A-2 gives the part numbers of trlgancomponents used in the board.

Fig. A- 6 show the close up view and the majoraftthe 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 épkin Chapter 7) is shown in

Fig. A-1. It is based on control structure proposefd 18] for a 5-phase machine.
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Fig. A-1: Current controller structure

Theabcdeto dgldg3transformation is given in (A-1).

Taqrdes.0 =

s(g) Sg-2/3 ¢+ #5 63 HH (¥ /)5

c(g) clg-20/9 de 99 ¢¢ WP g HP (A1)
(%) ¥- /Y% 63 2P (B B)5 (s )¢
() (y-@3y ¢ 5 €38 AP (@ #4)5

Y2 Y2 12 12 12

Using the nominal RL parameters (R20,9.=2.8mH) of the machine, a current
controller with -3dB bandwidth of 400Hz was desidi€,=5, Ki=1000).

aln

Experimental Validations

In order to validate the controller design, steadgte and step loading is
performed. Fig. A-2 shows the measured line volt@igie inverter operating atqy=
60V. Fig. A-3 shows the measured current and apsuging a digital to analog
converter. It can be observed that the two plasmphase, as expected whgourrent
is present. Fig. A-4 shows the step responseeottinrent controller to a step change of

iqg from O to 4A. Fig. A-5 shows the step responsehef controller indg domain as
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measured by the DSP. It can be observed that dbkitig response of the controller is

good.

9
x 13

8
— Current

6 7

5
Time (s)

4

(A) afejoA aun V) waund |

Fig. A-2: Measured Line voltag®/,) at 1000 r/min with;=6A
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Fig. A-4: Current controller step respongg4A step) at rotor speed of 1000 r/min. C1 — Phase-

4 current, C2- Phase-5 current.
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Schematics

The schematics of the 5-phase inverter are attachtbe following pages.
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Fig. A- 6: Inverter Board
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Inverter Schematic




