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Abstract

The increasing application of permanent magR&l) machines in emerging safety
critical sectors such as electric vehiclexlii mor e e | e cstdueitoctleeir ighr c r a
torque density and high efficiency has raised the demand for high availability (or
reliability). Health monitoring for the machisgs becoming an important tool for
improving drive availability by facilitating intelligent maintenancedaavoiding

catastrophic failure.

This thesis is concerned with the diagnostics of thetimarn fault, also known as
turn fault, inPM machine stator windings by enhancing the detectability, robustness
against transient states, and reducing the sanhstiowards other faults especially high

resistance connection (HRC) fault.

Firstly, it proposes a turn fault detection method based on current residual and
angular integration. The fault feature is enhanced in the curesidual while the
impacts of transient states are minimized by the angular integration. Secondly, the fault
features at the switching sideband harmonics are also studied and a fault indicator based
on the PWM ripple currents is proposed and tested oerdiff permanent magnet
machines. Thirdly, to distinguish the HRC fault from the turn fault, both the impedance
around switching sideband frequencies and high frequency voltage injection are
investigated, which explore the different behaviours of resisawe inductive
asymmetry at high frequency. The robustness against transient states is achieved by the
signal processing in the designed circuit board. Finally, to improve the fault
detectability at high frequency, an artificial neutral point is establishgulovide zero
sequence voltage measurements at both fundamental and high frequencies, and the
results allow for a better classification of HRC and turn faults with less impact from
operating conditions. The investigation and implementation of turn titkction
techniques for a commercial permanent magnet alternator with aeustigucture is also

performed.
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CHAPTER 1 Introduction

CHAPTER 1 Introduction

Electrical machines have been researched and developed over a century, from
conventional DC/AC motors to more advanced ones with higher efficiency and better
performance. With the development of power electronics, electrical machines can be
contrdled for various applications, and more advanced control algorithms and
techniques can be implemented to enhance the machine performance. Since they are
environmentally friendly with no pollutant gas emission, there is a trend for them to
replace conventimal combustion engines and hydraulic actuation systems. At present,
they are being applied widely into many industries, including manufacturing,
transportation, services, renewable energy and household appliances with a great

potential.

One of the most #@hctive and promising application of electrical machines is
electric vehiclgl][2]. Vehiclesdriven byinternal combustion engine have been existed
for more thare hundredyears. But with the increasing concerns on energy consumption
and air pollution, electric vehicles driven by electrical machines are regarded as the best
solution for reduction of CO2 and pollutant emission. The basic requirements of an

electric machine ithis field are:

1) High torque density and power density

2) Wide speed range

3) High efficiency over wide ranges

4) Wide constant power operating capability

5) High torque capability fostartup and hill climbing
6) High intermittent overload capabilifpr overtaking

Another emerging application is more electric air¢8ftt]. Generally, most of the
drives in aircrafts are hydraulics for actuation functions, pneumatics for pressurization
and deicing. Electrical power is only used for avionics and utility functions. In the
1980s, the US initiated several programs to develop electrical actuation technologies for
aircraft applications and then a concept called more electric aircraft (MEA) was
proposed in 1990s. Higberformance machines for aerospace applications are typically

integrated into startegenerator embedded within an engine, in electexzhanical

1



CHAPTER 1 Introduction

actuators for primary flight surfaces control, in the electric fuel pump, and in landing
gear nose wheel steering system. From a system point of view, the required gapabilit
for an aircraft application should be based on the following factors: relialpbiyer
densi ty, waghtyaortrel featyres and complexity, thermal robustness, and
sizg5][6].

Currently, the electrical machines that can be adopted in those applications are
limited to induction machines (IM), switched reluctance machines(SRM), and
permanent magnet synchronous machines (PNI§M). Among these machine types,
induction machine drive is the most mature technd®jgyn an IM, the magnetic field
generated by the stator currents interacts with the induced rotor currents to create torque.
They are considered as the potentr@chinesfor the electric propulsionfoelectric
vehicles and hybrid electric vehicles (HEV)s, owing to their reliabildy cost,low
maintenance, and ability to operate in hostile environments. It has been poifééd in
that one of the major disadvantages is the inherent rotor copper losses, resulting in low
efficiency, lower power density, which is more seriofes high speed and largpowe
motor. The switched reictance machine has the simpled robust rotor structure, and
the low cost. They are capable of fauterant operation and can be controlled with
good torquéspeed characteristics. The torque is produced by the change of magneti
reluctance, which is dependent on the rotor position. Thus, the disadvantage is the
significant torque ripples, as well as the vibration and acoustic noise due to the radial
force pulsation, which are quite critical for certain applications. Permanegneina
synchronous machines utilize permanent magnet (PM) to provide an independent
excitation source. They can be classified in to suffaagnet mounted and interior
magnet mounted, depending on the arrangement of the PMs. For PM machines with
special stratures which are referred as permanent magnet assisted synchronous
reluctance machine (PMA SynRM) machine, both the permanent magnet torque and
reluctance torque are combined to produce the total driving torque. As a result, the
higher torque density anddgher efficiency can be achieved for a wider speed range. A
comprehensive comparison of the performance of these three machine types are given in
Tablel-1, according td3][9].

Performance indicator | IM SRM PMSM
Power density Moderate Moderate High
Robustness Moderate High Moderate
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Efficiency Moderate High High
Cost Low Low High
Wide speed range Moderate High High
Torque ripple Low High Low
Acoustic noise Low Moderate Low

With increasing requirements for high power/torque density and high efficiency,
permanent magnet machines are becoming more and more attractive. Generally, they
are classified as being either sinusoidal or zamal back EMF machines, also known
as BLAC and BLDC. Moreover, in order to meet the requirements for a specific
application, topologies and control algorithms should be designed with advanced
techniques which have been subject to numerous researchesarip emerging
applications, high reliability of the PMSM is of great importance. Since the magnet
induced back EMF cannot be turned off in an event of inverter or winding insulation
failure, the fault may cause serious damage to the machine, resultiexy inigh repair
or replacement cost, unless the fault is detected and the fault tolerant control measure is
adopted swiftly. Therefore, health monitoring is essential, which may help reveal the
hidden state of machine health, detect an incipient faulteatigt the remaining useful

life, thus avoiding a real failure.

Since a fault or failure of key components in a machine drive system is of great
concern in safetgritical applications, condition based health monitoring is studied
extersively with the purpose to maximize equipment availability, and to minimize the

risk of the severe consequences and the maintenanfE0¢ost

This requireghe monitoring of the health of the critical components and developing
proper diagnostic or prognostic strategiesdtdect and identify incipienfaults and
predct the remaining useful life (RU[1][12][13]. Both of them are the two main
categories under the healthy monitoring scope, but have different characteristics and

response time scale.

Diagnostics is aimed to investigate the occurrence, cause, type or location of the
abnormal condition, while prognostics is concerned with predicting the future trend of
the condition based on the analysis of the available information. Therefore, the

propeties of promptness and accuracy are essential for diagnostics, whereas the ability

3



CHAPTER 1 Introduction

to rational forecast and estimate the remaining useful life is more important for the

prognostics.

The long degradation process of an impending fault in a machine sgssiown in
Fig. 1-1, which indicates the time when an early incipient fault develops, and depicts
how the component reaches a failure state and evgntoacomplete catastrophic

failure under continuing usage.

Diagnostics of fault

Threshold

Defect
First failure Catastrophic failure

Degradation

It is evident thathe diagnosticf fault can onlybe effectiveon the moment or after
the first failure has occurred. Thus, the damage to the machine and the risk of
catastrophic failure are closely connected with the swiftness of the fault detection and
mitigation measures. In order to take action before the fagltircrence, prognostics
should be conducted all the time during the degradation process. The prediction of the
failure time and its probability can be more and more accurate with the increasing

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

Because of their different objectives, the framework of a diagnostic program and
that of a prognostic program should also be different. A diagnostic program consists of
data acquisition, signal processing with feature extraction, andiateanaking as
shown inFig. 1-2. The final decision fault type and location is made by comparing the
extracted feature with the knowledge base, which can be derived frdnstiwcal data,
physical modelsor expert experiencd-or prognostics, several other steps are required
such & degradation modelsegormance assessment, and predictidij. The relation
between the monitored @atand the health condition need to be established. Then the
degradation patterns need to be identified so that a proper mathematical model can be
utilised to fit the pattern. Finally, the prediction algorithere used to forecast the
degradation of the nchine performancgédy using statisticdjme series analysis, pattern

recognition, or aificial intelligence techniques.
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Model
/knowledge

<

Data Signal processing - .
o . Decision making
acquisition [feature extraction

Data acquisition is the process of collecting and stomisgful data for the
monitored system. It can bacoustic datayvibration data,pressure,temperature,
moisture, etc. For the electrical machine system, current, voltage, speed and torque are
also the commonly sampled data. Key properties for the datasaicu are the
sampling frequency bandwidth and the data storage space. Their demands are
dependent on the data variation frequency and the data processing algorithms. However,
they can also be limited by the capability of the hardware. The acquiedrdatisually
divided into three types: value type, waveform type, and multidimensionglldjpe
The value type data such as temperature and pressure can provide the information for
the current status directly. Thus, data processing algorithms are usually designed for the
other two data types. For the waveform type d#te,commonly used tools are the
time-domain analysis, frequenaomain analysis, and tirfeequency analysis. Time
domain analysis deals with mean, peéalpeakvalues standard deviatioror root mean
square values. The most widely used conventional frequ#otpain analysis is the
spectrum analysisvith fast Fourier transform(FFT)5], which is capableto identify
and isolatespecific frequency components. However, the drawback is the inability to
handle the nomstationary wavefan signals which occur during transient operation.
Thus, timefrequency domain analysis is develofdsd. Short time Fourier
transformation, wavelet transformation, Wignéille distribution, Choi Williams and
others provide broad perspectives to examine the signal, and enhance the feature
extraction capability. For the muiimensional data type, complgx lies in the
correlation structure among the data in different dimensions, especially when the
dimensions are large. The principle component analysis(RCR) independent
component analysis(ICA) are the useful tools to reduce the data dimension and extract
the core information. For the decision making step, there are thieestrategies that
can be implemented: datiiven approaches, model based approaches and the hybrid of
the two approache§he aim is to build the relationship between the information or
features obtained and the typical machine fauliatadriven approehes contains

statistical approaches such as support vector machine (SVM), Hidden Markov Model
5



CHAPTER 1 Introduction

(HMM) , and artificial intelligence appr o:
Evolutionary algorithms (EA), Fuzzy logic systems. They can cope witlbusarand

complex systems but may require vast data and training time. The -basisl
approaches utilise physical or mathematical model oftbritoredmachine With the

explicit model available residuals between the actuahd normal value can be
generded. Then the residuals are evaluated for the fault detection, isolation and
identification.A correct and accurate modsn make such approaches more effective

The hybrid approaches integrate both the -datzen and the moddiased approaches

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

diagnostics.

As has been stated, for the prognostics, the prognostic models are the key steps in
order to predict the future condition. Dataven techniques mentioned above afso
commonly used for those models. Together with other techniques such as particle
filtering[18], extended Kalman filterif@9], Gaussian process regres$ify, fuzzy
logic, neurefuzzy(NF)system, they are extensively reviewatd compared ifl3].

They can all accommodatnonstationary and noefinear systems, but differ in the
requirement of historic data and computation time.

For this thesis, only the fault diagnostics algorithms and techniques are explored
exclusively for permanent magnet machines, while the fauinaistics is not covered.

In an electrical machine, faulteay occur on the stator, rotor and the mechanical
components such as shaft and bearings. Surveys have been made to investigate the
distribution of different types of fault and their pedfilities in terms of the fault
location. Results ifi21] and[22] are illustrated irFig. 1-3 and Fig. 1-4, respectively,
for different application areas. As can be seen, thergpéaults always account for the
largest portion of the fault types, whereas the stator winding faults are the second largest.
If the causes of different faults are concerned in permanent magnet machines, then they
can be classified into electrical fautbechanical fault and magnetic fault, as shown in
Fig. 1-5, according tf23].
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Other

Bearing

related
‘44%

Fig. 1-3 Distribution of faults inf21]

Rotor
related
8%

Stator
related
26%

Rotor Bar Shaft/Coupling

9 3%
Stator 7% °

Winding
21%

\Q

69%

A

Fig. 1-4 Distribution of faults inf22]

Turn to turn fault

Short circuit fault Phase to phase fault

— Electrical fault Phase to ground fault

High resistance
connection fault

Static eccentricity

— Eccentricity fault

Dynamic eccentricity

— Mixed eccentricity
Fault types of Mechanical fault —
PM machines
— Outer race
'— Bearing fault Inner race
'— Rolling ball

Partial demagnetization

— Magnetic fault —— Demagnetization —

Uniform demagnetization

Fig. 1-5 Fault types in permanent magnet machines
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Electrical faults include the shecircuited fault and the high resistance connection
fault. The short circuit can emerge between different turns within one phase windings,
or between the windings of different phases, or between the windings and ground,
constitding the turnto-turn, phasdo-phase and phage-ground faults.

It has been reported thahortcircuit faultscanstart from an incipient turto-turn
fault (or referred to as turn fau[@4] which occur due to insulation failures but develop
into more serious phage-phase or phast®-ground faults very quickly if no preventive
mitigation or maintenance is performed. Insulation failures are attributed to many

causes, such as excessive terapge, voltage stresses, vibration, and d@bp

Whenthere is a seere turn faultalarge circulation current will be generated in the
shorted pathsSuch large current may demagnetize the magnet irreversibly, degrading
the operating performance. More seriously, it also gives rise to the temperature which
accelerates thinsulation deterioration process. As a result, the damage to the machine
can be quick, thus, prompt diagnostic algorithms are essential and have been widely
researched. The equivalent circuithig. 1-6(a) is widely used to describe the tdm
turn fault, assuming fault occurs in phase A. The winding is divided into healthy and
faulted parts, with a resistan€&e representing the level of the insudat failure. The
shortcircuit current is inversely proportional & and the percentage of the faulted
turns over the total turrs. It reaches the highest value whens zero with only one

turn fault.

In order to better demonstrate the relationshigsveen the currents and voltages,
mathematical models are developed. Models exhibit a-tréideetween complexity and
accuracy. From the simplest parameters based linear model as descf{@&danthe
more compleXook-up table based nonlinear model[2Y], they are the first step in the
development of turn fault detection schemes. From these models, it can be inferred that
the effect of turn fault on the basic voltage equations is the change of the inductance,
which can be used as the feature to detect turn fault. Accordi@@Jtothe diagnostic
methods for the turn fault can letassified into6 groupsaccording tothe used fault
indicators: phase currents based, parameter estimation based, voltage based, search coil

based, mechanical outputs based and mixed variables basemtimiAmong them, the

8



CHAPTER 1 Introduction

machine current signature analysis is most researdiex frequency components in
phase currents shown (f-1) considering sairation and stator slots have been analysed

in [29], wherep is the number of the pole pairs, akekis a nonnegative integel, is

the supply fundamental frequendy.has been reported that the magnitudes of these
frequency components will change in turn fault conditionkjch can be used as
applicable criterion for turn fault recognitioBubsequently, tim&equency analysis is
applied due to its adaptability tgahsient states and fast response. However, for
different topologies, the featured frequency componee&si to be studied separately.

The 29 harmonic in the dg axis currents and negative sequence components are also

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

generic machines as long as they argailty balanced.

&
a8
¢

f =

current

°2KSS - b (1-1)

High resistance connection fault is the fault when unexpected excessive resistance is
introduced into the winding cable connection circuit while the inductance is not
influenced. It may be caused by thermal cycling and vibratiodaorage of the contact
surfaces due to pitting, corrosion, or contamind8ah It can introduceunbalanceto
stator voltages and currentdecrease average torque, dndrease torque pulsatipn
losses and heating. While HRC faults only degrade the machine performance and cause
damage to the connector or contactor rather thaarious damage to the machitie
detection is not as time critical as the detection of turn[88]lt The equivalentircuit
for an HRC fault is shown iifrig. 1-6(b), where the fault is modelled by adding an
additional resistorpRto the phase winding. In the basioltage equations, it only

results in changes in the resistance, and does not affect other parameters. However, it
9
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generates similar symptoms to turn faults, such as tKe harmonic in dq
currents/voltages and negative sequence compd¢BéhtsThus ambiguity will be
produced if these features are used for fault detection and classification. Since it is
essential to cladst the two fault types for the sake of appropriate remedy actions,

further research is needed.

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

machines.

Eccentricity can becaused by th imperfectionsduring the manufacturing stage,
bearing wear, bent machine shaftesses applied to the shaftd mechanical resonance
at critical speedAccording to[35], the inherent level of static, dynamior mixed

eccentricity is typically within 10% of the airgap.

Theair gap between the stator and the raganorruniform with eccentricity while
should bedistributeduniformly in a healthy machine. Tlesymmetric flux distribution
andunbalanced magrnietpull (UMP) between the stator and the rotdli be generated
This UMP increases with eccentricéynd causeibration, noise, and excessive wear of
the bearings, which, in turn mayrfher increase the eccentricity. Thus, it is also
essential to deté@ccentricity and implement mitigation measures at the early stage to
protect the machine from further damage.

There are three types of eccentricity, which are static eccentricity (SE), dynamic
eccentricity (DE), and mixed eccentricity (ME). In SE, th®r and rotation axis centre
deviatesfrom that of the statgrbut is still motionless, as shown kig. 1-7(a). It will
cause the airgap in certaiacsion of the stator constantly smaller than the normal gap
while the airgap in opposite section constantly bigger. As a result, the constant
asymmetry in three phase inductance will be produced. In DE, the rotor geometric axis
centre is also rotating arod a certain centre, causing the airgap varies periodically, as
shown inFig. 1-7 (b). The impact on the three phase inductances is the introduction of
additional harmonics, but symmetry still remains in average sense. In ME, both SE and
DE exist, which makes the condition even worse, but are more likely to occur in a real

system.
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MCSA has been the most popular approach for eccentricity deti38ifb][37].
Under rotor eccentricity, the frequency components in current will exhibit apparent
featuref37][38][39], and equation(1-2) is suggested as the reliable indicator for
detecting such eccentricity.

& A2k-1 6
fecc:él' >x& d}e (1'2)
e ¢ P =

wherefecc andfe are the feature and fundamental frequency componpnssthe

number of poleairs and is a positive integer.

Sincerolling ball bearings araseal to support the rotoin most electrical machings
they incur the largest proportion of the fault types. Rolling bearings consist of an inner
and outer race, which are separated by rolling elements such as balls or cylindrical
rollers. Flaking or pitting of bearings might occur when fatigue causes small pieces to
break loose from the bearing. Other causes can be vibration, bearing current, thermal

stresses which may further deteriorate the bearing lubri¢éfipn

Both intrusive and nonintrusive condition monitoring of bearing failures are
explored in[40]. Different types of sensorstde utilized, such as vibration sensors,
thermal sensors. In addition, chemical analysis, acoustic emission monitoring and sound
pressure measurement are also used to detect bearing faults. However, they require

specialized devices and equipment.

As has been pointed out jAl], if a damage is present in the bearing, shock pulses
with characteristic frequenciédsoccur, wher ball passes through the damaged point.

These characteristic frequencies depend on the affected part of the bearing and are

11
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calculated by means of the geometry of the rolling elements and the mechanical
rotational frequency. A radial motion of the rotoilveccur in condition of bearing
damage, thus, it is similar to the symptoms of dynamic eccentricity faults where specific
frequency components in phase currents are produced, which are widely utilized for the
monitoring of bearing conditiga2], shown in(1-3). Also, the inductances start to

contain additional harmonics but remain symmetric.

fcurrem = | fe Okch (1'3)

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

demagnetization is the common issue of the magnetic faults.

Demagnetization fault occurs when the flux density inside permanent magnets in a
PM machine is below thknee point. This phenomenon is usually caused by physical
damage, high temperature stress, oxidation and corrosion, inverse magnetic fields and
aging [43]. There are two types afemagnetization, uniform demagnetization on all
magnets, and partial demagnetization on a few magnets or in certain jégjoinse
uniform demagnetization occurs when #ile PMs in the machine are demagnetized
with the same level and pattern, thus the back EMF is reduced symmettiaadiyally
occurs wherthe rotor temperature rises uniformbr excessive currents are applidal.
contrast partial demagnetizatiomay occurdue to local heating or local excessive
currentcauseddy a turnto-turn, phasdo-phase or a phage-ground fault. In this case,
the additbnal harmonics can be introduced into the back EMF because of the non
uniform impact. But in terms of the three phase back EMF waveforms in one
fundamental cycle, the impact is still symmetrical because the fault affects all three

phases.

Due to the redumn of back EMF, larger stator current is needed in order to provide
a required torqueyhich causes higher copper losses and degrade the efficiency. More
heat will be generated and the demagnetization process can be accelerated. Partial
demagnetization W cause variations of air gap flux density, stator currents and
voltages and output torque. As a consequence, it will generate unbalanced magnetic pull,

leading to acoustic noise and vibrations in the maddiae
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Different fault detection and diagnostic methods have lsaégtiedto detect motor
faults, the most common of which are MCSA, vibration analysis and magnetic flux.
Specific harmonics in the phase current will be generated due to the asymmetry caused
by the partial demagnetizatioas shown ir(1-4) [45]. However, according tp16], the
same frequency components can also be causdgnamic eccentricitywhich makes
these faults difficult to distinguish. In the case of uniform demagnetization, no
additional harmonics will be generated, thus, other techniques to monitor the magnet
strength and bacEMFs are proposgii5][36].

k

a
fdemag:éé — € (1_4)

|- OO

p

wherefdemagiS the demagnetization frequency components.

Among these possible fault types for a permansagnet machine, tusto-turn fault
is the most severe but with a benign symptom, which requires the prompt detection and

mitigation. Thus, this thesis focuses on the diagnostics of thedduann fault.

The basic voltage equations of the PM machine sbrdiresistive voltage drop,
armature induced voltages, and permanent magnet electromotive force, g{l€5).in
The parameters are balanced in Hsaltonditions but can be affected in fault
conditions. Whether the effect on parameters in three phases is asymmetric or not
determines some fault features. The fault detection method and the discrimination from
other faults should consider which parametare affected. The affected parameters in
all possible fault types and their symmetries are summariséduie 1-2, based on the
previous discussian Since turn fault detection is studied in this thesis mainly by
asymmetric effects, thienpactof other fault types on the proposed fault indicateitl

also be discussed.

?u = Ri +d(Lclia) (.j!.(Mabib) d_(_M aci ()
{ MR dt dt dt
I o d(Liy) d(Mgi) d(Mi)
iu,=Ri, + +—= .
ST Ty dt a (1-5)
:I:U — Rl _,_d(Lt:Ic) q!_(Macia) d_(_M bJ k)
= dt dt dt ¢
Fault types Most affected parameters| Symmetric or asymmetric
Turn-to-turn fault Inductance, resistance Asymmetric
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HRC fault Resistance Asymmetric

Static eccentricity Inductance Asymmetric
Dynamic eccentricity Inductance Symmetric
Mix eccentricity Inductance Asymmetric
Bearing fault Inductance Symmetric
Uniform demagnetizatio Back EMF Symmetric
Partial demagnetization Back EMF Symmetric

For the diagnostics of the faults in a permanent magnet machine, methods are
reviewed and compared extensively [B3][47][48]. The machine current signal
analysis (MCSA) is the most commonly used technique to detect most faults and is
widely applied, although the idé#fication and classification of fault is difficult. The
common problem is that under transient states, fundamental frequency is varying,
causing the conventional FFT unable to calculate frequency components any more.
Advanced techniques such as shortetifRourier transform (STFT) and wavelet
transform (WT) have shown great poterjt8][49]. However, STFT requires high
processing powgb0] and is not very flexiblsincethe window functiomeedsbe pre-
selectedand fixed. Thus, the application to the speed and load variations are limited.
The WT can provide good resolution in time for higbquency components and a good
resolution in frequency for lovirequency componentdhus, it features the capability
of tracking frequency components under nonstationary states disadvantage is that
the selection of the basic wavelet functioauld compromise the performanae
identifying transient elements hidden within a dynamic si¢fd]. If the same wavelet
family is used over the entire data, the detectability can be degraded when fault current
signatures & weal52]. Other timefrequency analysis algorithms developed to provide
better performances, such as Wigh@te distribution (WVD)[52], PseudeéNVD, Zao-
Atlas-Marks (ZAM) distributiorf53], HilbertHuang transformation(HHT[B4].
However, the computational complexity is involved and they are more time consuming
than FFT or WT.

In most cases, the fault features are only significant on one or only a few frequency
components such as th& harmaics of the dq axis currents and voltag@8][55],
fundamental component in the zero sequence vola@jesr the induced voltage in the
search coil[57]. Thus, those complex signal processing technigueshot necessary,
while order tracking algorithms should be preferred, such as Kalman fi[&Fing

trigonometry and filtering based frequency trackij, Voldi Kalman filtering order
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tracking (VKFROT) [58], and computed order tracking (CO[B9]. However, when
filtering is involved, the selection of bandwidth a key iss@ienarrow bandwidtican
separat close components bthieresponse times longer The computed order tracking
requires a resampling process before the conventional FFT processing, thus the

computational burdengaincreased.

For turnto-turn shoricircuited fault, the largest faulted current can be generated
with only a single turn fault. However, due to the small proportion with regard to the
total turns connected in series in one phase winding, the impact on the phaseocurren
voltage is the smallest, as has been statef®8h This dilemma requires dedicated
research orthe increased detection sensitivity to tiien fault with small number of

shortcircuited turns

Apart from the fault detection techniques basaedhe fundamental components and
the lower frequency harmonics, high frequency components are also researched in
[60][61]. Two types of high frequencgomponents are proposed for then turn fault
detection, i.e. the additional injected high frequency voltages and the inherent PWM
switching high frequency harmonics. The high frequency negative sequence current,
high frequency negative sequence impedanod, the high frequency zesequence
voltage are proposed as the fault indicators in the former one. It is less sensitive to
operating conditions of the machine, i.e., the flux linkage, load torque/current and
fundamental frequency, as well as to the infleee of control loops, but the effect of the
additional voltage injection is inevitable. The latter one requires no additional signal
injection, but takes the advantage of the inverter and the PWM voltages in the PM
machine drive system, and analyses theunaa high frequency signal in the phase
currents. It is less intrusive, but deperntden the operating conditions. However, the
performance of both types of high frequency based turn fault detection in the transient

states have not been addressed.

While the conventional MCSA based turn fault detection method examines the
phase current signals and extract the featured harmonics, it is no longer applicable for
the no load conditions where the currents are zero. However, the back EMF in the
shorted turns carstill be active and generagehigh fault currenait a high speed.he
risk of damaging the machine still remains. Thus, the detectability at no load conditions

should be examined.
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For most of the fault detection methods proposed in the existing publications, only
the specific type of fault is considered while the effects of other faults are not mentioned.
However, other faults may produce similar features in the frequency compaments
parameters asymmetry. For example, the zero sequence voltage is used for both inter
turn fault and the high resistance connection fault detectifB6]i62] respectively, but
has not considered the other fault. The existing detection and classification techniques
for the turn fault and HRC fault conditions use the amplitudes and angles of the zero
sequence voltag negative sequence current, fundamental current and impedance.
However, the dependence on the parameters and their susceptibility to operating
conditions and temperature make it less reliable. Also, the effect of transient states has

not been consideregkt.

The main purpose of this thesis is to address the challenges identified in section 1.4
in order to contribute reliable and robust turn fault diagnostic techniques for permanent
magnet machines. The thesis contains 7 chaptergh@ndontent of each chapter is

briefly outlined below.

Chapter 1 introduces the electric drive application trend in electrical vehicle and
more electric aircraft, and compares different candidate machine types. For the
requirement of high reliability, theoncept of healthy monitoring and its two main
objectives, i.e. fault diagnostics and prognostics are explained. The possible fault types
of the permanent magnet ndee are presented and the tdawlt is selected as the
research topic. The challengestod fault diagnostics research are also highlighted.

Chapter 2 proposes a turn fault detection method based on the negative sequence
component of the current residual, being the difference betweephidmwe current
measurement anestimation from amachire model. The fault features can be enhanced
in the current residual if the model error is small, making detection more
straightforward. Angular integration based negative sequence component extraction is
implemented to minimize the impact of the transiates. Since the negative sequence
component is examined rather than the featured harmonics in phase currents, the
technigue can be applied more widely to all balanced sphlise machines. The
analysis and test results also suggest that the effect lioontroller can be minimised
with the introduction of the current residual, whigbed to beone of the concerns of
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utilizing current/voltage frequency components. However, since the negative sequence
components are essentially caused by the asymmetrgr dault types might also

generate similar features.

Chapter 3 investigates the switching sideband harmonics of phase currents and their
application for the turn fault detection. The pwegeth modulated (PWM) drive is a
natural source of high frequenwoltage, and the fault features caused by change in
inductance in a fault condition are contained in the corresponding PWM ripple currents.
Their RMS value of the ripple currents in each phase are compared, and the resultant
relativedeviation is consided as the fault feature. The effect of transient states can be
eliminated. Although the resistive and magnetic asymmetries can be removed in the
high frequency region since tH®&NM ripple current is predominantly determined by
inductance, they still affécthe high frequency voltages through their influence on
modulation index which comes from the control output. Thus the discrimination from

other possible faults needs further study.

Chapter 4 first investigates the classification techniques for theaulinand high
resistance connection (HRC) fault based on the inherent high frequency components in
both voltages and currents. The high frequency impedance can be defined and
calculated,whose dependency on the current controllier eliminated because the
influence on high frequency voltage equations has been accpwiiad is different
from the characteristic of the PWM ripple curreit¢ith or without thedeviations of
the high frequency impedance is used to distinguistutimefault and HRC faultard is
well-suited for surfacenounted PM machinevhose phase inductances are almost
constantHowever, theHRC faultmayalso incur smaltleviatiors in the calculated high
frequency impedance in the interior PM machine, where the phase inductance contains
2" harmoni¢ which complicates the classificatioA high frequency voltage injection
based technique is also investigated, in which the injected signals and the fault features
can be independent from the operating conditions. The inductance asymmaetegas a
of a turn fault can be exclusively detected. Thus, the HRC fault, demagnetization fault,
dynamic eccentricity and bearing fault can be ruled out while the turn fault can be

diagnosed.

Chapter 5 investigates the turn fault and HRC fault detectiwh cdassification
based on zero sequence voltafiee measured zero sequence voltage only contains the
fault signatures, through which the detectability are enharidetth. the inherent high
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frequency and fundamental frequency components are utilized ftautéetection. In

the same way, the resistive and magnetic asymmetry can be ignored at high frequency,
thus, turn fault can be diagnosed more exclusiv@lye robustness of turn fault
detection during transient states and the detectability at no load conditions are also
verified. Once fault negative for a turn fault is determined, the HRC fault detection can

be achieved based on the fundamental frequency component analysis.

Chapter 6 exmlres possible turn fault detection techniques for a Fubigce Trent
7000 engine permanent magnet alternator. Due to its unique structure, characteristics
and control mode, which are very different from conventional PM machines, the
previous proposed turfault detection methods cannot be directly applied. Based on the
measured signals, several fault indicators are examined and compared in both healthy
and faulted conditions. And the optimal fault detection method for this machine is
obtained and demonsteal.

Chapter 7 presents the conclusions and suggestions for future work.

Some parts of the research work reported in this thesis have been published in peer
reviewed journals and international conferences, while other parts are under

preparations. They are listed as follows.
Published papers:

1. R. Hu, J. Wang, A. Mi || s, E. Chong, Z
Faul t Detection for Multiphase Per manent
Industry Applications, vol. 53, no, Bp. 27462751, 2017.

2. R. Hu , J . Wang, A Mi | | s, E . Chong, Z
Fault Detectionfordp hase Per manent Magnet Machines
Machines and Drives Conference (IEMDC 2017).

3. R. Hu, J. Wang, A. Mil s , E. Chong, Z. Sun, tTur n
Mounted Per manent Magnet Synchronous Mac

International Electric Machines and Drives Conference (IEMDC 2017).
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4. R. Hu, J. Wang, A. Mi | ibnsand Clssific&ibnooh g , .
Turn Fault and High Resistance Connection Fault in InwéeterPermanent Magnet
Machines Based on High Frequency Signal s
Electronics, Machines and Drives (PEMD 2018).

Papers under review armpreparation:

1. R. Hu , J . Wang, A Mi | | s, E. Chong,
InterTur n Fault Detection in Permanent Ma g

Industrial Electronics, under review.

2. R. Hu, J. Wang, A. Mills, E. Chong, Z. Sum,.Det ecti on and CIl a
Turn Fault and High Resistance Connection Fault in Permanent Magnet Machines based

on Zero Sequence voltageo, to be submitt

3. R. Hu, J . Wang, A. Mi | -turs fault Betecti@hhiro n g ,
Per manent Magnet Machines Dbased on High

submitted IEEE Transactions on Power Electronics
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CHAPTER 2 Current Residual Based Stator
Turn Fault Detection

As explained inChapter 1, turfio-turn short circuit fault (also known as turn fault,
or interturn fault) is among the most common machine failures, accounting 81 @1
of the faults in electrical machin¢25][28]. Moreover, they are also one of the most
severe fault$40], especially in the perament magnet (PM) machinéBhe main cause
of theturn faults is winding insulation deterioration as describelé3, which results
from combined mechanical, electrical and thermal stresses in the stator winding. The
stresses may lead to an insulation brdawn between the coil conductors, which may
shortsome of the turns. Whemsevereturn fault occurs, excessively high current will
circulate in the shorted turns driven by induced voltages including the back
electromagnetic force (EMF) and increase the winding temperature to a level where
severe damager even breakdown of the whole insulation ocfi#k In some PM
machines, the large sharircuit current can produce localized magnetic field intensity
higher thanthe coercivity of the magnets, thereby demagnetizing the magnets
irreversibly[25]. Also, a large percentage of the insulation failures starts from dcturn
turn insulation problem and subsequently develops into more severe insulation faults,
such as coito-coil, phaseto-phase, and phage-ground short circuits, all ofvhich
lead to catastrophic damage to the madble Therefore a swift detection ofirn-to-
turn short fault during machine operation is essential to avoid the subsequent damages,

and reduce the repair cost and service outage time.

In recent years, turn fault detection has been extensively studied, nsnardu
various techniques and methods have been proposed. Among them, one of the most
popular techniques is based on the machine current signal analysis ([&]§%).

Since the symmetrical distribution of magnetic flux in healthy normal operating
condition is broken by the turn fault, sevewlique harmonics emerge. For different
machine types, even different winding configurations, the featured harmonics are also

different, which need individual analyf63].

The significance of thdrequency components in the machine current, however, is
dependenbn the control strategy. For permanent magnet machines that are commonly

used in areas of electric vehicles and servo systems, a -bbmgedurrent control
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scheme is usually applied to regulate the current waveforms in a nearly perfect manner.
In [68], the authors compared the behaviours of an induction machine under voltage
mode and closetbop current control mode, and have suggested that under the
influence of the closetbop control, the origindiault indicators are no longer effective.

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

can exists in botlturrentandvoltage signa Therefore, in addition to the frequency
components in the machine current, the frequency components from the machine phase

voltages can also be used for the fault detection.

Among the featured frequency components in the electrical signal$®thar@onic
in dg currentd30] and voltages is favoured by many autho®y71][55]. The main
cause of the"® harmonic in the fault condition is that turn fault breaks the symmetry of
the three phase balanced system. Thus without the consideration daathgipes, the
emergence of the"2harmonic in dg currents and voltages indicates the occurrence of
the turn fault. Other methods based on th&Hh&rmonic of powd72][73], and the
par k 6 g74|wWH[€6] oarr be seen as the extensions but with the same principle.
Similarly, the negative sequence components are also the results of the broken
symmetry when turn fault occurs, which has been pointed oy#@0h that this is
equivalent to the detection technique based on tHWeh&rmonic. Therefore, the
detection based on the negative sequence currents, voltages are also widely
researchd@1][77]. To exploit both the negative sequence voltage and current, the
identification of negative impedance is proposed[48][79] in which the current
regulating effect of the motor controller is accounted.

Apart from the traditional phase currents and vasagther signals are also studied
for the turn fault detection, which might need additional hardware other than the current
transducers. The detection method based on the induced voltage on a search coil
embedded in the rotor or stator is proposed8@][81], which is also a promising
indicator, even sensitive to a ohen fault. In [82] it is demonstrated that the
electromagnetic signature afsearch coil is capable of detecting many types of fault,
including static and dynamic eccentricityrn-to-turn short circuit, phase-ground
short circuit, and partial or uniform demagnetization. However, it is an invasive
technique and it is not gable for machines that have already been deployed, since only
new motors under manufacturing or the damaged motors withdrawn from service can be

inserted with the search coils. The harmonics of zero sequence voltage are also applied
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for the turn fault dedction in[58][67]. The sensitivity and accuracgan be improved
comparedwith the method based on thghasecurrents, especially dbwer speed.
However, the neutral point of the stator windings as well as an extra voltage isensor
required Other signals such as the spectrum of the magnetic flux measured by external
flux sensof83], and electromagnetic torq@d][85] are also proposed with their own

unique merits and restrictions.

Once the featured signal is determined for turn fault detection, the frequency
components extractmtechniques need to be applied. The simplest way to perform
frequency analysis is the fast Fourier transform (&) In [30], it has also been used
to monitor the 2" harmonic of the gaxis current. When performing FFT, the
frequencies of the signal conned should be assumed constant for accurate detection,
which means that the machine should operate in st&adly. Since this is not always
the case, FFT is not a relialfier the extracton of thesefeatures. To obtain the fault
signature under nestatonary conditions, it is necessary to perform analysis in time
and frequency domains simultaneously. Stione Fourier transform (STFT), which is
the extension of FFT can be employ@6]. However a tradeoff must be made
between time and frequency resolution. A slaotation window provides good time
resolutionat the expense of poor frequency resolution, whereas alloragion window
provides good frequency resolution at the expense of redimedesolution. Once the
window is fixed,it is only applicable foma limited rangeof speed and load variations,

limiting the detection over a wide range of operating conditions.

To overcome the problem, an alternative tool for fault feature extraction are used in
[50], which is the continuous wavelet transform (CWT). The advantage over STFT is
that the wavelet function is scalablehich enhances the wavelet transformafion
adaptabilityto a wide range of frequency resolutioBsscrete wavelet transform (DWT)
algorithms havelsobeen developed and applj8d][88][89][90]. In [86], both STFT
and DWT are analyseaind tested experimentallyhile the results show that DWT is
obviously better than STFT. It is suggested[9d] that oscillations, shift sensitive,
aliasing are the three main shortcomings of the DWT and can be overcome by the dual
tree complex wavelet transform (DTCWT). Other improvement of DWT such as
stationary wavelet transform (SW92] and wavett packet transform (WP[B3] are
also applied in the frequency analysis for the fault detection. There are other time

frequency analysis algorithms developed to provide even lptéwrmances, such as
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WignerVille distribution (WVD)[52], PseudeNVD, ChorWilliams distribution[94],
Zao-Atlas-Marks (ZAM) distribution [53], HilbertHuang transformation(HHT94].

Some of them are compared[85][96][97], and conclusions are made, which are very
helpful for the selection of an appropriate method. However, it should be pointed out
that they greatly increase the computation complexity and time consumption of the data

processing.

The frequency aalysis techniques above are all purely based on the time series of
voltage and current data. However, for the machine drive systems with a position sensor,
the rotor position angle is always available, which can help extract the components of
interest. Thecomputed order tracking (COT) technique is propose[®&) in which
many restrictions of the FFT based methods are overcome. The original signal sampled
at a constant time interval is resampled at a constant angular interval. The resampled
data are equivalent to the constant frequency data in tonmaid while the order and
amplitude information is reserved. Consequently, the normal FFT can be applied to the
resampled data to obtain the spectrum of order where fault feature lies. Thus it can be
used to detect the fault in nonstationary operatingitiond Since in most cases, only a
few frequency components are sensitive to turn faults, there is no need to obtain the
whole spectrum of the signal. In this case, the Wddiman filter order tracking (VKF
OT) is usually applied8][49][99], where the faultelated harmonics are tracked while
the rest of components are removectal extract boththe amplitude and phase of the
analysed orders from the original data in the time domain, and presents improved order
resolution compared to other order tracking techniqug. These two conventional
order tracking techniques in rotating machine diagnostics are compaf&dlin and
concerns of high computational burdens are also raisetbdaeolved matrix inversion

if a larger sized signal is analysed.

With these signal feature extraction algorithms, almost any variation in frequency
components can be monitored and turn fault can be detected. In general, however, the
more advanced are thechnigues, the more demanding for computing power and data
storage they may [25][43][48]. The demand for storage space and processing time
may be excessive to be implemented in a machine drive system with an ordinary

microcontroller.

The machine signal analysis based techniques described above do not require the
accurate physical modefo t he machi ne. However, i f the
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is available, then another turn fault detection technique based on the residual between
the measured and moekettimaed signals haalsobeen developed. In these methods,

the machine model can bestablished from lumped paramef282][103], finite
element simulated data, or even trained neutral nef#@fkdepicting the normal
behaviour of the machine. The most straightforward way to detect the fault by using the
machine model is to detect the residual value, which is the difference between the
model estimationand real measurement. The residual valuehén tregarded as the
indicator. With the same voltage input into the machine and the model, the residual
between the measured and estimated current can be extracted for fault detection in
[102][103][104]. Likewise, with the same current input, the voltage residuals are
used70][77] in the case of closeldop current control. In order to enhance the detection
reliability, the residuals in both voltages and currents are used for the dete¢ti08]in

In this chaper, a new current residual based turn fault detection method with
angular integration order tracking algorithm is proposed. It combines the
aforementioned two turn fault detection methdttequency components based and
residual based methods) improve the detectability of a single turn fault and the
robustness in transient states. The machine model in healthy conditions is established by
finite element analysis and is utilized to estimate the machine currents in healthy
conditions for given dand g axis voltage command. Through the comparison with the
current measurements, the current residuals are produced, where the fault signatures are
enhanced, since other unwanted components are eliminated. After transforming into the
backward rotating frame, anigu integration is applied to extract the dc values of the
negative sequence components. The impact of the transient states can be, therefore,
minimized. As a result, a single turn fault with a benign fault signature can be detected
more reliably in bothransient and steady state operations. The algorithm has been
tested on a triple redundant 3gBase permanent magnet assisted synchronous
reluctance machine (PMA SynRM).

As described in the introduction, tlkey feature of the current residual based turn
fault detection is the use of the machine model in healthy conditions to emulate the
machine behavior and to compare it with the measurement. If the machine is healthy,
then the predicted output from the modetl the measurement from the machine should
be consistent. Thus, the analysis of the machine model is essential to produce the
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residual, and to introduce the fault detection indicator. To simplify the analysis, the
machine model described in this sectinaglects time and space harmonics, and
magnetic saturation. This provides a physical insight of the signature associated with a
turn fault for the development of fault detection techniques. However, the assumption is

not required for implementation of thleveloped fault detection technique.

For a typical, commonly used three phase permanent magnet machine, the
equivalent circuit of the machine driving system can be illustrateBign2-1. The
constant DC voltage is converted into pulse width modulation (PWM) switching
voltages with symmetrical sinusoidal fundamental components through a three phase
full-bridge inverter to power the three phase windings. The windings of each phase can
be epresented by the series connected resistance antdigifance. When all the
windings are excited with currents, the effect on the voltage of each winding may be
represented in the form of mutdabuctance. The neutral pointof the windings is

usuall floating and not accessible.

_
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Generally, the three phase windings are distributed symmetrically in space, and the
phase resistances are usually equal. For a sunfac@ted permanent magnet machine,
the equivalent air gap seen by the armature reaction field is large and approximately
uniform for all the positions since the permeability of the magnets is close to that of air.
As the result, both the seland mutual inductances given ig2-1) are identical and

independent of the rotor position.

el =L, 4, E

2-1
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For interior permanent magnet machines, the physical machine airgap is usually

uniform. However, since the permanent magnets are inserted inside of the rotor, the
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permeance seen by the armature reaction field varies with the rotor position, leading to
rotor position dependent seldnd mutuainductances. The effect can be approximated

by 29 harmonics. By way of example, the variations of the-satlid mutual
inductances of phase A of t3& slots 3 pole pairBMA SynRM with rotor position at

1A in one ekctrical cycle obtained from the finite element analysis are showgin

2-2. By ignoring the high order harmonics, the salfid mutual inductances can be
expressed a-2).
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La Mab Mac

L =L, %, B, L+ Lgos(wy)

L, =L, %, B, L+ Lgcos(wf 4?’0}

L.=L, &, B, L Lcos(vg %)

M,=M,, © %LS Lcos(w} %) (22)

My =M, © %Ls L-DCOS(Z/’/&I)
M,=M_ ° lLS Lcos(w} %)

where¥e is electrical angular speeds denotes the winding leakage inductarigethe
component of the inductances that is independent of the rotor positior,qahd

magnitude of the rotor positieshependent inductance resulting from the rotor saliency.

When voltages are applied to the phase windings, the generated currents will
produce magnetic flux linkage. Together with the permanent magnet flux lirdeage
shown in(2-3), the totalflux linkage as of a phase winding varies with time due to the
time-varying current and rotor position. The time derivatives of the flux linkages
together with the voltage drop dhe resistance are equal to the phase voltages. The

voltage equations for each phase winding can be expresé2d)as
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aé = I'S si + pM (2'3)
U,=RJ, ®o/dt (2-4)

WhereUS:[Uan Up, ucr]Tis:[ia Iy ic]T
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Fig. 2-3 Permanent magnet flux linkages
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Fig. 2-4 Back EMF at 4000 rpm
The permanent magnet flux linkage curves of the PMA SynRM obtained from the
finite element analysis are shown kig. 2-3, and they can be expressed(2®) if
higher order harmonics are neglected. The back EMFs at the speed of 4000 rpm are

shown inFig. 2-4. The high order voltage ripples are caused by slotting effect.

Y

sing,
/pm In( 4 zpé) (2_5)
¥ 0 &ing,- 44

wheredk is the electrical angle, and it is the function of electrical angular speadd
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time t. m is the magnitude of the fundamental component of the permanent magnet

flux linkage.
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Healthy machine model in rotating dq frame

In order to simplify the modelling and to make it easier for machine control, Park
transformation is usually adopted. The variables in the three phase abc frame are
converted to the rotating dq frame with the transformation mRtdenoted by(2-6)and

(2-7), whereX can represent voltagg currenti, or flux linkagea:

2&osq,  cos(g- 254 cos(g-A 4 )

p=2¢ . . (2-6)
3&sing, -sin(g 2/%) sin( eq4%3)
aX
eXy @ Z :
& aPEX (2-7)
€ta u éxc

When the Park transformation is applied to the flux linkage and phase voltage
equationg2-3)(2-4), they can be rewritten 2-8)(2-9).

. T
%= P = wla & om O ¢ (2-9)
Uy =Rd 4 Ho/ dt (2-9)
e 0 _

whereL , =PLP* LU, = g = o T A .
SR ENEE T R

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

reference frame cebe expressed i2-10)when high order harmonics are neglected.

(2-10)

whereuq andug are the dand g axis voltagesiq andiq are the dand g axis currents,
Lq andLq are the dand g axis inductances.

Machine model under turn fault condition

Machine model in abc frame

The turn fault occurs when the different turnsted same coil begin to contact each
other due to the degradation of the insulation between them. If the insulation

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

conductors is fully short circuited.

Without loss of generality, the turn fault is assumed to be in phase A, whose
winding is divided into healthy and faulted parts, as shéwm 2-5. The contact
resistance is denoted Bs The ratio of the number of the shaitcuited turns over the
total number of the turns in one phase is defineg, aghich represents the faulinge
between 0 and 1. The séfiductances in the healthy and faulted parts, and the mutual
inductance between them are also defined. Since the back EMF can be considered
proportional to the number of turns, the EMFs in healthy and faulted parts can be
cdculated accordingly.

M o
a i (1-€) /[hh Lt €€

DC = | b(l-s)RE,o . My, MBJ eR |
O ol ] ; il
o

CIbRE‘c M@LijMfc

_|

ICR

Based on the equivalent circuit, the model for fault conditions can be expressed in
(2-11) and(2-12), whereuan anduar denote the voltages in the healthy and faulted parts

of phase A winding respectively, amddenotes the fault current caused by the short
circuit.

o = L+ (2-11)
if
Ut =Rt 9% (2-12)
dt
d _ A T o o . .. T
Where Us :g'lah uaf ubn ucn E’ Is :ga Ia 1 f I b I [ E
é']_- m Eda (E;‘th My My My
e m & i Qth Ly My My
afl, =€ € R'=R[1-m m1 1 L%=¢
e 1 &, eMy,, My L M
s s e
g 1 gc éth Mfc M L

Lhh is the seHinductance of the healthy part of the faulted phasd.rAis the self
inductance of the shorted part of the faulted phasé.is the mutuainductance
between the healthy and shorted parts of the phadawAis the mutuainductance

betwesn phase B and the healthy part of phasknrAis the mutuainductance between
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phase C and the healthy part of phas&is the mutuainductance between phase B
and the shorted part of phasel4 is the mutuainductance between phase C and the

shated part of phase A.

Since the selinductance is proportional to the square of the number of turns, and
the mutualinductance is to the product of the number of turns of the two associated
coils, the self and mutual inductances in turn fault conditisrcan be approximately
obtained from(2-13), for a single coil per phase machif®r machines with more than
one coil per phase, it is not strictlylehaccording to{106]. Nevertheless, for the sake
of simplicity, the analysis of the fault behavior under such relation cabestilseful for

developing fault detection algorithm.

Tél-hh = -m°L,

ith =ml - N,
%Mhb:(l -MM
iM.=Q -mM_ (2-13

= mL

—
=

QO

3 3

fb ab

—_— = = = —)
< <Z
]

fc ac

Rearrange the phase voltage equations by applyimu,, ., the three phase

voltage equations in turn fault conditions can be derivé@-ad).

dol’
U,=Rj, e ARG, 0 O (2-14)
eJS-F: lssi+ PMaH{La Mab Ma]TiI (2'15)

whereUS=[uan Upn UCJT,is:[ia iy ic]

The voltage equation of the faulted part can be expresséil®. For the same
number of shorted turns, the low@r is, the largers could reach, and the worse the
scenario could be. Thus to evaluate thesinsevere condition and for sake of simplicity,

Rris assumed to zero in further analysis.

. A o V4
U =R TR b)) - (2-16)
/f = lﬁ"a Mab Ivlac]i s - ZmA f + 4 (2'17)
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It can be concluded from the expressions above ithzn be expressed by the
combination ofia, in, ic, and the time derivative of. With high-order harmonics
neglected, the fault current can be expressed i(2-18), where |1 denotes the

amplitude andis dependent on machine speedis the associated phase angles.

i ©1,sin@ +9 (2-18)

When the three phase quantities are transformed into the rotating dqg frame, the dq
voltages and flux linkages can be express€@-ih0) and(2-20).

. : : e0 -w
Ugq = Rd g 0%,/ dt %nRslf[cos% sin SW+ 0 %ﬁ (2-19)

Cole = P = whig Tow O +g

I 2 .. T (2-20)

}cpgaf = —3/717f g.cosg L,sin g4

Compared with the dq flux linkages in the healthy conditio(2i8), an additional

term gugr related to the fault current is produced in fault condition. Together with the
additional term on the resistive part, the change in the dq volfageand Quq can be
derived in (2-21), indicating the faultsignatures under the same dq currenfEhe
interactions of the fault current given (B-18) with the sirge and coge terms in Qugr
and Dugr produce a dc component, antf' Barmonics in the dq voltages, as given in
(2-22). The first term is associated with the change of the posiBgeence voltage,
whereas the second term is associated with the change of negmfilence voltage due
to the fault. Thesubscrpt fAdco denotes dc c¢ & hapmonicent |,

If the same voltages shown {8-21) are applied to a machine model equations of
(2-23) in healthy conditions, then the dq currents can be expresg@e2#), whereiqd
and iq0 denote the predicted dqg currents with the machine model under healthy
conditions. Thus, the change in the dq currents due to the fault under the same applied

dq voltages can also be used as fault sigaatur
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é . di :
TUs = R +de_: wld, #D
! di
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; 2 2 di,
1Duy = Fmuytgsin g — byeos —g
] 3 3 dt (2-21)
I -gmlg}(_ifsin eq—z Rimcos ., g
i 3 g 3
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1 qf 3 qf & 3 K’B eth
! 2 . 2 .
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T qf l'Iiaf_dc -Uquan
é .-, di, "
TUd =R, +de_dt wli,
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2.2.2.3 Disturbance generated by fault in control block

ld Uqg

g
Pl controller PM machine -
iq
PM machine -

Iq
»(?_; Pl controller

Fig. 2-6 Permanent magnet machine current control diagram

The control block of the machine driving system is illustratedigm 2-6, where
conventional proportional and integral (P1) controllers are usenatk the current

reference, which comes from the torque or flux demand from the speed control block.
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Thus the dq axis voltages for the machine can be expres$2@3s by neglecting the
nonlinearities in the inverter. With the comparison (2{25) and (2-21), and the
consideration that the current reference is dc constant, which can be tracked with zero
steady state error bthe appropriate design of the Pl gains, the equivalent control
systemblock diagram in response to th#*2 ar moni ¢ d Uds t uggucdnade c e s

illustrated inFig. 2-7.

ud:Kpd[Dd Kidﬁiom WJ-‘J;q

~ : (2-25)
Uy = Kog O Ky 1wl jo /o)

The PI gains can be determined by podeo cancellation. Thusps= ¥ cLd, Kid=
YR, Kp= ¥clg, Kig= ¥cR, wherey is the current controller bandwidth which is set to
400 Hz.

I:l'lde N 1 id2
> >
R+ sl
K + ;
(a)
DJqf2 - 1 iq2
R+ sl, >
Ki
qu +_;

Fig. 2-7 Equivalent transfer function block diagrams to th€harmonic disturbances due to a turn
fault in (a) daxis and (b) epxis.
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From thesimplified transfer function block diagram, the transfer functions between
the outputs of ' harmoniciq andiq, and the disturbance inputs can be obtained in
(2-26). With typical machine parameters selected las0.38mH, Ly=1.02mH,
R=0. 025q, t-inequeryngsponsesiace showikrig. 2-8.
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For most machines and their operating conditions, the fundamelgetrical
frequency and control bandwidth are usually under 1 kHz, thus"tie@nonic in the
dg voltages arenlikely to be filtered out in the output. Therefore, the dq currents will
inevitably contains 2 harmonic. And from the voltage equatiorte 29 harmonic will
also exist in the dq axis voltages. Therefore, tifeharmonic in both the dq currents
and voltages can be used to detect turn faults with order tracking techniques. However,
they are also affected by the controller bandwidth. Albe, presence of large dc
components in the dg currents and voltages could introduce noises into the order

tracking process, making the feature extraction less stable.

It can be concluded that the dqltage equations of the machine under turn fault
conditions is different from that in healthy conditions. Thus, if the machine model in
healthy operations can be obtained, the voltages in healthy condition can be estimated
with the measured currents. Bgroparing the actual voltages with the estimation, the
voltage residual can indicate whether fault has occurred. The diagram of estimating the

voltage residual is shown Fig. 2-9.
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For an interior permanent magnet machine, the dq inductances and flux linkages are
not only dependent on rotor position, but also affected by dqg currents largely. This
nonlinearity can be better represented by the flux liakags functions of the dq
currents and rotor position angle. This relationship, or flux linkage map, can be obtained
from finite element analysid-ig. 2-10 shows the dqg flux linkage map of the PMA
SynRM at 0 rotor position Flux linkages at any intermediate point can be obtained by
linear interpolation. With the flux map available, the math&ahimodel for estimation
can be rewritten if2-27), where the inputs to the modgl,iq, and mechanical angg,
are available from the measurerhegince the mathematical relationships between the
input voltageduq, ug and the measured currdatiq have been expressed(2+21), it is
clear that voltage residuahlculated in(2-28) equals to the voltage changaused by

the fault. Thus, the fault feature signals are captured.

é . d/
:::ud_e_ Ry dtd We/q
1 ; d/q
iuq_e = Rslq ? We/d (2-27)
1 ..
E/d = f(ld"q’ Q)
:,/q:g(id’iq’ Q)
BUy o= Uy o Uy = Hyl
gl? o ) N d ) df (2-29)
fUpre=Uge Uy = uqf[
Uy lg Uy e ¢

_ u
- > d_re
0 Invert PM i Healthy [{] Q)

— a5 machine| g | model L’;?_, Uy re

Fig. 2-9 Voltage residual generation structure
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Fig. 2-10 Flux linkage maps versus dnd gaxis currents at rotor position = 0°. (apxis flux linkage. (b)
g-axis flux linkage.

Dq current residual

As be seen from the equatiofi@-27) that in order to estimate the voltages, the
derivatives of dq flux linkages need to be calculated. However, because of the switching
noises in the current due the PWM operation of the inverter, and the nonlinear

relationship between the current and flux linkageshcomputation is prone to noise.

In contrast, the flux linkages can be obtained from integration of the voltages,
which can reduce the noise. Therefathe mathematical model to estimate the currents
with the voltage inputs i(2-29) is employed. Firstly, the dq flux linkages are calculated
by theintegration of the net voltages shown in fifeand2" equations ir(2-29). Then,
the inverse flux linkage functions are used to obtain the dqrtarvath the estimated
dg flux linkage and the measured rotor position. The inverse are calculated in advance
and the data are stored for the fault detection in real time. By way of exdigp(2,11
shows the inverse dg current maps versus dq flux linkages at 0° rotor position. Together
with the measured dq currents, the current residual can be obtained as sheéwn in
2-12, which should be close to zero in healthy condition if the model is sufficiently
accurate. From the analysis (2-23)(2-24), the current residual in the fault condition
representing the difference betwete healthy and faulted machine behaviours can be
expressed ag-30), where the original fault signatures in the currents are extracted. It
can be dduced that the current residuals are only related to the fault current and the

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

Whereas phase currents are usually measured in a drive system, voltage transducers
arenot necessary for drive control. In order to avoid the use of extra voltage transducers,
the voltages for the input to the model are replaced by the dgq voltage commands from
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the output of the current controller. The voltage drop andlinear charactertecs of

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

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

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

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

solution for fault detection.

Té/d:ﬁud 'Rsid_e Wédt

?/q:ﬁuq “Rig . -w jdt
Tiy =f( by
(. i
Tlge=0" Vg b B
é. o 2. .
'Ifldp_rezld T e :gmfcosq 0
TP =i, 4., =24i,sin qi%°, . i°
’I’q_re q q_e 3 f e’ q re dc
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re_dc
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Fig. 2-11 Current maps versus dnd gaxis flux linkages at rotor position =0°. (a)gdis current. (b)

g-axis current.
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If the machine is balanced in three phases in healthy conditions, those errors in the
voltages and machine models only add to the dc component in the dq current residual
while no 29 harmonic will be introduced. Therefore, th& Barmonic in the current
residual can be used as a good fault indicator accordin@-8%). Since thedc
component in the dq current residuals are greatly eliminated by the estimatioff. the 2
harmonic is more pronounced in the current residuals under the fault condition, thereby
improving signaito-noise ratio of the fault detection process. Thus, tha fault
detection should be based on t#&2armonic positive sequence dq current residual as
the fault indicator, as expressed#31).

X p

a
FI P — é.d_re_2nd (2_31)

él qp_ re_2nd

Various frequency components extraction techniques can be applied for the
detection othe 2'¥ harmonic in the positive sequence dq current resid\ernatively,
the current residuals in the positive rotating dg frame can be transformed into the
backward (negative) rotating dq frame, then the fault indicator of Yhha2monic is
converted intahe dc value of the negative sequence components, as sh@¢232n
To maximize detection sensitivity, the magnitude of the dc values of the reegativ
sequence dq current residuals, give(2i33), is defined as the fault indicator. Thus, the
turn fault detection is mainly be based on the extraction of the dc components, where

the superscript denotes negative sequence components.
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e{; o ﬂeCOSZ] - sin2g gdge
e'q . uestqe cos2g 'dqﬂe

n (2-32)
- gd_re_dc-i-I d_re_2nd ?
A +i" -
elq_re_dc Iq_re_2nd u
"=\ a4 e a (2-33)
d_re_ dc q_re dc

In a real machine drive system, the back EMF andideal inverter as well as
magnetic saturation and rotor saliency will introduce higher dndemonics even in
healthy conditions. In the negative rotating dq frame, these harmonics can coexist with
the 29 harmonic due to the model inaccuracy. Only the dc component of the residual
current in the negative rotating frame is the indicator of a fauft, thus all other
harmonics need to be eliminated. Low pass filters or notch filters can be used to filter
out the harmonics, but the filter parameters need to vary with operating frequency.
When the speed or frequency is varying, the filter respondgeteence the quality of

detection deteriorates.

Since the rotor position angle is always available for the PM machine drive systems,
the dc component can be estimated more accurately within one electrical cycle,
regardless of speed or frequency chanferough the integration of the negative
sequence current residual withip 8lectric radians shown i(2-34), all the harmonics
can be eliminated, and the dc component can be obtained exclusively. Thus, the
integration results and the then the fault indicatof2#33) should be zero in healthy
conditions, but nowzero in turn fault conditions. A threshold can be determined
empirically based on the experimental observations in healthy condifowsif the

fault indicator is higher than the threshold, a turn fault is detected.

S - 9 1 9 g re(qe)
Sq re_dc (] 2:0 O _ee(q e) (Cﬁ) (2-34)
It should be noted that the angular integration based dc component extraction and
the fault detection based on the comparison with the threshold work well in both steady
and speed transient states. However, if there is a current (or load torque) transient,
causing the varying magnitude of the negative sequence current residual, then the
integration results may fluctuate. Thus the fault indicator might also be higher than the
predefined threshold for a period even in healthy condition, and a false alarm might be

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

detection process.

Once the fault indicator exceeds the threshold, then an angle counter is activated and
records the angle increment. Otherwise, the counter is reset to zero. If the angle
recorded in the counter is always small than the predefined transient evaluation perio
then it should due to the fluctuation caused by a load transient. Conversely, if the angle
is greater than such period, then it should be caused by the turn fault. The determination
of this evaluation period is a tradeoff between the risk of false aadthe detection
response time, and can be det eBasedongl® as
above description of the fault signature extraction with the consideration of load
transiens, the whole signal processing and turn fault detectiow chart § shown in

the upper and lower parts Big. 2-13, respectively.

‘ Command dg voltage ‘

‘ Current measurement ‘ ‘ Current estimation ‘

<L

‘ Positive dq current residual ‘
i <L

‘ Negative dq current residual ‘

‘ Integration within one electrical angle cycle ‘

Signal

Turn fault

As has been explained in Chapter 1, the effects of other fault types on the proposed
fault indicator also need be discussed. Since voltage equations at the fundamental
frequency are utilised, any constant asymmatrthe inductance, resistance and back
EMF will generate the similar symptoms. Thus, the HRC faults and the static

eccentricity faults which produce resistive and inductive asymmetry can cause the
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ambiguity to the detection results. Hence, to effectivddyect turn fault, these fault
types need to be diagnosed in advance or their probability is guaranteed to be very low.
Other faults such as dynamic eccentricity, bearing fault and demagnetization, however,
do not impact the effectiveness of this turn fagtection method.

2.5 Experiments

2.5.1 Machine setup

A fault tolerant machine drive based on permanent magnet assisted synchronous
reluctance machine (PMA SynRM) reported[1®7] is used for the validationf the
proposed fault detection method. The machine has 36 slots and 3 pole pairs, with three
independent -phase windings, which are segregated into triple redundantitaSe

winding configuration, as shown kig. 2-14.
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Fig. 2-14 Triple redundant PMA SynRM with segregated windings

Since there is no overlap between two differeqth@se winding sets, thisk of
inter 3phase set short circuit fault is largely reduced. Also, the degradation or failure on
the windings of one set and the heat generated by the fault are not likely to transmit to
the windings of the other sets. EaciplBase winding set ABC, OFE GHI forms a
balanced Pphase system in space and time, and is controlled independently by three
separate inverters. Such physical, thermal and electrical isolation guarantees the fault
tolerant capability when a fault occurs in ong@l&ase winding setnal a mitigation
action is takerj107], while the other two -phase winding sets are still operational to
provide the torque. Although it is namegbBase machine in some parts of this thesis, it
is cantrolled in the same way as apBase machine in healthy operation, thus all the
analysis and methods aimed apl®ase machine can also be applied to this machine

without modifications.
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The machine specification is shownTiable2-1.The test rig set up is shown king.
2-15. The 9phase machine is oil cooled and tieat is taken away by the flowing oil
circulation in the cooling jacket. The machine shaft is connected to the dynamometer
via an inline torque transducer. The machine speed is determined by the dynamometer
under speed control. The torque of the machirgetermined by the machine currents
which can be controlled by the driving system showkig 2-16, consisting of three
standard $hase invertersantrolled by three DSP cores independently. Each DSP core
samples the phase currents from the LEM current transducers and the typical current
control with PI regulator and SVPWM scheme is implemented. The sampling and PWM
frequency is set to 10 kHz. The darrent references are determined from the maximum
torque per ampere (MTPA) table obtained from the initial test which establishes the
relationship between the torque and dq currents. A single turnahawit fault in coil
B2 of the 3phase windinget ABC is emulated by closing the relay showfim 2-17.
Addi tional resi stance of R&imoha shdrtedlloogbymq i
this setupThe action of relay is controlled by one DSP core and the closing time period
is limited to 0.3 to avoid too much heat duette high fault current. The resistance in
the shorcircuited path is minimized by using thkicables.Due to the current limit of
the relay,all the fault detection tests are conducted below 1000 rpm for the sake of
safety. Since the fault signature decreases with speed, the tests at low speed are more
appropriate to demonstrate sensitivity aolustness of the detection technique.

The fault detection algorithm is converted into C code, and is inserted to the main
function of the current control part alongside with the relay control in the DSP. The flux
linkage current table i{2-27) is firstly extracted from finite element analysis software
Flux 12.0 by varyinggd, iq in the ranges 0f105~0A, 0~105A at the step of 15A, and
varyingdm from 0 to 120° (0~360° in electrical angular degree) at the step of 2.5°. The
numbers ofig, iq and dn samples in the FE calculation are 8, 8 and 49 respectively.
During the calculation of the inverse table in MATLAB, both the defined d amaq f
linkage vectors contain 16 sample points, making both inverse tablesnafiq contain
the total 16x16%49 elements. These inverse tables together with the three dimensional
tabledatalook-up function are stored in a header file and are called during the

execution of the control program.

The DSPs communicate with a personal comp(fPC) via controller area network

(CAN) bus. A LabVIEW interface is built to monitor the machine currents and transmit

42



CHAPTER 2 Current Residual Based Stator Turn Fault Detection

control instructions in real time, as shownHFiy. 2-18 and Fig. 2-19. The measured

data that are generated in real time during the operation can be transmitted back to the
PC anl is saved in the Excel file. The waveforms shown in the following part come
from the transmitted data and they can show the behaviour of the machine in healthy

and faulted conditions, and the performance of the proposed fault detection method.

Table2-1 Machine Specifications

Specification Symbol Value
Base speed Ny 4000rpm
Maximum speed Nm 19200rpm
Rated power P: 35kW
Rated current I rated 120A
Nominal DC link voltage  Vc 270V
Turn number of each coil N 8

Faulted turn number Ns 1

PM flux linkage &m 0.025Wb
Resistance Rs 0. 025¢
d-axis inductance Lg 0.38mH
g-axis inductance Lq 1.02mH

Oil inlet [
and outlet | 4

= Qphaséfault tolerant Torque
PMA SynRM W transduder

Fig. 2-15 The nine phase PMA SynRM test rig

Fig. 2-16 DSP based nine phase inverter
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healthy

cable

(@) (b)

Fig. 2-17 Turn fault test setup (a) cable leads (b) turn fault relay.
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Fig. 2-18 The LABVIEW interface for machine monitoring based on CAN bus communication

44



CHAPTER 2 Current Residual Based Stator Turn Fault Detection

‘o ‘o COEN 0N ‘e ‘om
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Fig. 2-19 The LABVIEW interface for machine controlling and data transferring

2.5.2 Validation of the machine mathematical model

In order to improvesensitivity and robustness of the fault detection, the common
features in the current residual which are not caused by the fault should be minimised.
Hence, the error due to the mathematical model which is not related to the fault needs to
be small. Thusthe accuracy of the machine model is examined first.
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Fig. 2-20 The performance of current estimation by machine model at 88A%3.5A,iq = 59.5A) at
different speeds of (a)250 rpm (b) 500 rpm (c)1000 rpm

Fig. 2-20 shows the dq current estimation results and negative sequence dq current
residuals at different speeds in healthy condition with the phase current amplitude of
80A. The giveniq reference is-53.5A and theiq reference is 59.5A. The subscript
icmdo den acomenand voltages d i naenadd i e s thé medseradoande
estimatedcurrents. They are used in all the test results presented thereafter in this

chapter. As can be seen, tligples n themeasured dq currensse small especially at
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lower speed of 250 rpm. Thagher ripplesshown in the command dq voltages are
mainly due to the higher order harmonics from the back EMF and slotting effect. The
error in the current estimation can lBes more significant at lower speed but is much
reduced at higher speed of 1000 rpm. Therefore, the accuracy of the current estimation
is higher at higher speed. This error is mainly caused by the difference between the
command dq voltages artbe actual dving dq voltagesdue to theinverter voltage

drop. Such voltage drop is not related to the speed while the total dqg voltages increases
with speed because of back EMF and synchronous reactance, hence the proportion of
the inverter voltage drop decreasesthe speed increases. As a result, the machine

mathematical model is more accurate at higher speed.

Conventional signals such as timeeasureddq currents and theommanddq
voltages, can also be used to extract tHeén@monic for the fault detection. One of the
problems is that the magnitude of tHé Rarmonic is affected by the current controller
bandwidth.In contrast, according t(2-30) in section2.3.2 the current residualare
only related to the fault current artie percentage of the shorted turasd are
independent of the controller bandwidth. Thus, in order to validate this quality,
experimental tests with different bandwidths are conducted. The machine is operating at
1000rpm with 50A phase current. The tesbandwidths are 400 Hz and 800 Hz. The
positive sequence measurdd currents,commanddq voltages, and the dourrent
residuas are compared ifig. 2-21(a), (b) and(c) respectivelywhen a single turn fault
is injected at 0.114dt is clear that with the increase of bandwidth, tffeharmonis in
the measuredlq currents decease tine fault conditionswhile the 29 harmonis in the
commanddg voltages increaséiowever, h terms of the dq axis residual currents, very
little change can be observed. Therefore, the effect of the current controller bandwidth
on the current residual based fault indicator is minimisddle the faultsignatures are

enhanced
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Fig. 2-21 Comparisons of the positive sequence (a) measured dq currents (b) command dq voltages (c) dq
residual currents at 1000rpm 50A with different current controller bandwidths

2.5.4 Fault detection at steady state

To validate the fault detection method, a single turn fault, which has the most benign
fault signature, is activated at 0.12$.e measurement andetection results are shown
in Fig. 2-22 andFig. 2-23. The machine is operating at 500 rpm with 50A phase current
(is=-28.7A,i=41A). When a single turn fault occurs, the fault current flowing in the
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shortcircuited path can reach the peak value of 250A. THeh@rmonicsincrease
significantly in the command dq voltages, the measured and estimated dq Guaeents
illustrated inFig. 2-24. The 29 harmonics as the fault signatures are preserved during
the calculation of current residuals and are transformed into dc contpanethe
negative rotating dq frame. The dc components of both negative sequence d and
current residuals are extracted by angular integration, and their vector magnitude is
compared with the threshold. When it exceeds the threshold, the angle counter is
activated. When the counter reaches 27,
the dc components is persistently greater than the threshold, the fault is detected

effectively. The time duration for this process is about 0.04s for 500rpm.

To demongtte the benefit of implementing the machine model to obtain the current
residual, the fault signatures extracted from the measured dq currents and command dq
voltages without the use of the machine model, and the current residuals with the model
are compeed at 1000rpm with 50A phase current using the same angular integration
technique and the vector magnitude calculation when the same fault as described
previously is injected at 0.12s. It can be observed fragn2-25(a) that the magnitude
of the dc component vector extracted from the negative sequence measured dq currents
exhibit excessive fluctuation which would lead to incorrect detection response. Also, the
deviation of the dc vector magnitude in the fault conditis small. It is, therefore,
difficult to set an appropriate threshold to differentiate the healthy and faulted
conditions. Although the fault signatures are increased slightly in the negative sequence
command dq voltages shown Hkig. 2-25(b), the fault detection sensitivity is still
compromised due to the fluctuations and indistinctive change in the turn fault
conditions. With the application of theachine model to generate the current residuals,
the extracted negative sequence dc components and the vector magnitude gfigwn in
2-25(c) are muchdss volatile and more pronounced due to the suppression of the
unwanted components, thus, the sensitivity and robustness of fault detection using the

current residual can be largely enhanced.
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Fig. 2-22 Operating condition of 500 rpm, 50/ € -28.7A,iq = 41A)
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Fig. 2-23 Fault detection process and result

2" harmonic magnltude of dq currents and voltages

° Current (A) M VoItage V) °
5 8
4r 4
3r 13
2r 12
1r 11
0 | -D_.LO

id_mea iq_mea id_ést iq est vd_cmdvg cmd

50



CHAPTER 2 Current Residual Based Stator Turn Fault Detection
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For different operating conditions, the magnitude of the negative sequence dq
current residuals vector magnitude are showFRig 2-26, wh er etedhddithyd e n o
conditions and OTF6 denotes turn fault c¢
the fault indicator is not zero, but is slightly dependent on the load current. This is
mainly caused by the inherent impedance unbalance among theptiases. In turn
fault conditions, deviations of the fault indicator from the healthy conditions are
observed, and increase proportionally with the speed and current. Thus, the detection at
very low speeds and currents are less sensitive. Based on trestdtst a threshold as
the function of current should be defined. With the consideration of measurement noise
and error, a margin of 0.5 is set for the determination of the threshold in this case. It can
be deduced that the turn fault in any operatingddans with the speed no lower than
250rpm and the current no lower than 10A can be detectable. When examining the no
load (0 A) conditions, it is clear that the turn fault at 750 rpm and 1000rpm speeds can
still be detected. This is different from the 88 based fault detection method, which
is no longer applicable under no load conditions due to the loss of current signals.
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However, the fault signatures are still preserved in the command dq voltages, which are
transferred to the current residuals, makimg fault detection still effective, even if the
phase currents are zero. When the speed is as lower as 500rpm and 250rpm with OA
current, the fault indicator is too small, and the fault cannot be detected. Nevertheless,
the fault current is also very loat such low speeds, and the risk of causing damage to
the machine can be neglected. Thus, the overall detection zone can be obtained, as

shown in(2-35), wherel is the phase current magnitude, ands the rotating speed.

{(w,1)|25apm ¢ w ¢750pm | 203
¢{(w, 1) w2750pm,l 208} (2-35)

Nega_rli e sequence current residual vector magnitude(A)

= S

i

(o]
fe
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The turn fault detection during transient states and the effectiveness of angular
integraton based dc component extraction are also teBiestly, the test is performed
with acceleration set to 1000 rpm/s via the dynamometer when the machine is initially
operating at 700 rpm and 50A load current, and the resultant speed and detection
respons in the healthy condition are shownRig. 2-27. With the angular integration
based order tracking, the processing interval is always kept to ocigicalecycle
regardless of the speed change. Thus, the extracted negative sequence dc components
and their vector magnitude are not affected. In this way, false alarms can be avoided.
When the fault occurs during the acceleration showiign2-28, it can be detected as

swiftly as in steady state operations.

Secondly, the effect of the current step change in healthy condition on the proposed
detectionmethod is tested and illustrated fing. 2-29. The speed is controlled by the

dynamometer at 250 rpm initially and a step change in load current from 20A to 80A is
52



CHAPTER 2 Current Residual Based Stator Turn Fault Detection

applied at 0.2s. Due to the limited response time of the dynamometesudden
change in the torque cause small deviations and fluctuations of the speed. The current
step change leads to the magnitude variation of the dq current residuals, and hence the
magnitude variation of the"2harmonics in the negative sequence dgenirresiduals.

As can be seen, when the angular integration is performed, the extraction of dc
component is affected by this variation, and the fluctuation in the calculated vector
magnitude of the dc components is seen. Although, the magnitude of thengorent

vector can cross the threshold for a while when the angle counter starts accumulating
from zero, it will decrease to below the threshold due to fluctuation, causing the angle
counter to reset. Eventually, the angle counter never exceeds theidetetransient
evaluation period of 2. Thus [Fig.a-&3ctlusr di ng
load transient condition will not cause a faklarm. When the fault occurs at 0.21s
during the load transient as showrFig. 2-30, the fault detection is effective, since the
magnitude of the d component vector has been over the threshold for the predefined

evaluation period.
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Fig. 2-27 Healthy condition with increasing speea) pperating condition, (Hault detection process and
result
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Fig. 2-29 Healthy condition with current step changg ¢perating condition, (dault detection process
and result
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2.6 Conclusions

In this chapter, a turn fault detection technique based on negative sequence dq
current residuals by employing the machine model has been proposed. It has been
demonstrated that theadlt signatures can be enhanced when most of the unwanted
components are eliminated in the current residuals. The influence of the control
bandwidth on the fault signature has also been reduced greatly. The fault indicator is
defined as the magnitude ofettnegative sequence dc components of the dq current
residuals, which are extracted by the angular integration, through which, the impact of
transient states is minimized. Extensive experimental results validate the analysis and

proposed turn fault detectidechnique, demonstrating its effectiveness and robustness.

55



CHAPTER 3 PWM Ripple Currents BasedTurn Fault Detection

CHAPTER 3 PWM Ripple Currents Based
Turn Fault Detection

Apart from the machine electrical signature analysis and the machine-baseel
turn fault detection methods introduced in Chapter 2, high frequency signal based
detection methods have also been studied by many resear&hfferent from the
former methods which are all based on the fundamental or the lower frequency
components that are directly affected by the control strategy and the operating condition,
the latter ones utilise the high frequency signal superimposetheorfundamental
voltages, and analyse the corresponding high frequency current signals. Measurement of
the high frequency negative sequence cumeimhpedance is used to detect turn fault at
an incipient stage if60][108]. It has demonstrated that the sensitivity to operating
conditions of the machine, i.e., the flux linkage, load torque/current amthriental
frequency, as well as to the influence of control loops, is reduced. The selection of the
high frequency components is further analysefll@®], and the zersequence carrier
signal voltage islao proposed as the fault indicator. Additionally,[110][111], the
method of space modulation profiling (SMP) was used to detect any changes in the
saliency, which can indicate the occurrence of fault in the stator winding. It is pointed
out in [112], however, that the application of the above techniqueshealmited in
interior permanent magnet (IPM) machines due to the rotor saliencies. Thus, the
pulsatingtype voltage injection method is proposed in which the high frequency square
wave voltage is superimposed oraxis voltage. However, signal injectionethod
introduces additional noise in the current and increases acoustic emissions of the motor
drive system[113][114]. Also, due to the frequency limitation of the injection, the

application at high speed is problematic.

An improved method has been proposed[6d] by usingthe inherent PWM
switching harmonics. It takes the advantage of the fact that most PM machines are fed
through a pulsevidth modulated (PWM) drive, which intrinsically contains rich high
frequency components due to the switching. Thus, no extra signetionjés needed.

The root mean square (RMS) value of the high frequency ripple current is measured as
the fault indicator, and the faulted phase can also be identified. Since the ripple current

exists in healthy condition and is dependent on modulatia@xjrat operating condition,
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extensive testare inevitable for thestablisiment ofthe lookup map, and yet the map
obtained in steady state tests may not be effective to monitor the machine conditions
during a transient state. To circumvent these problaims chapter proposes an
improved technique for the fiyghase fault tolerant surface mounted permanent magnet
(SPM) machine drive.

In this chapter, the inherent high frequency PWM ripple currents are also utilized.
The features of these high frequency components in turn fault conditions are analysed.
A bandpass filter(BPF)is designed to extract the selected sideband components, and
their RMS values are measured and compared among each other. It is shown that the
RMS ripple current ratios between two adjacent phases provide a very good means of
detecting turn fault witta high signalto-noise ratio. The detection method can identify
the faulted phase, tolerate inherent imbalance of the machine, and is hardly affected by
transient states. The method is assessed by simulations and experiments -phasive
permanent magnet machine drive. The implementation of this method on the three

phase SPM and IPM is also investigated via simulations and experiments.

In the previous researgfl], a turn fault detectiotechnique based on PWM ripple
current measurement was proposed and applied testotl(Ll2pole, 5phase surface
mounted permanent magnet (SPM) machine with one coil per phase. The geometry of
the machine is shown iRig. 3-1. It is an alternate tooth wound SPM machine which
exhibits inherent fault tolerance due to both physical and magnetic separation of the
phase windings with virtually no mutual nreegic coupling between the phases.

The schematic of a single winding of the machine under the turn fault conditions
with N faulted turns out of a totdl number turns is shown iRig. 3-2. Based on the
schematic, the high frequency admittance of the winding under fault conditions is
derived in(3-1), whereRnn, R, Lhh andLs are the resistance and selfiuctance of the
healthy and fault turns, respectively ahs is the mutual inductance between the
healthy and faulted winding par: is the resistance in the shorted path and is assumed
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zero in the analysis for sake of simpliciith the machine parameters frorable3-1

and Table 3-2, the variation of the admittance against frequency can be obtained. It is
clear that a&high frequency, the difference between #umittances in turn fault and
healthy conditions is more significant, making it promising for turn fault detection with

high frequency signals.
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(in) viim e

M;thz (3-1)
Ry + Jnly

Fig. 3-1 Geometry of 16slot, 12pole SPM machings1]

Oy Ry, Tums N-Ny
NN—
A Healthy
turns L
u(t) N

th

Fig. 3-2 Schematic of winding under turn fafitl]

The previous detection technique is ddhn measurement of RMS PWM ripple
currents which increase in fault conditions. However, they are also dependent on PWM
modulation index, and hence operating conditions, which implies that operation
dependent thresholds have to be established by exteastge While such a process to
determine the thresholds may be possible in a laboratory condition, it is impractical in

real applications. Further the thresholds obtained in stetady tests may not be
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effective for monitoring machine conditions in tsgmt. Thus, it is desirable to develop
a new fault indicator that is relatively constant in most operating conditions, and is also

unaffected by transient states.
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Fig. 3-3 Comparison of admittance magnitude in healthy and 2 turn fault condition
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In order to determine such a fault indicator, the variation of high frequency (HF)
currents due to turn fault is analysed based on a simplified fault model. Although errors
may existin the simplified model, the results give insightful understanding of how HF
currents change in fault conditions, and provide guidance to define and evaluate a new

fault indicator.

Analysis of HF PWM ripple currents

Ll : .
T_'_LeimR'em N | M

Fig. 3-4 Equivalent circuit under turn fault condition in phase A

For generality, a mulphase machine witthn number of phasds assumedThe star
connection of the phase windings with their equivalent circuits and the power converter
under a tn fault condition in phase A are shownRig. 3-4, whereis, in, €in are the
phase currents is the current in the shorted braneh.e, € ey are phase baekMFs,

L andM are sel and mutuainductances of the healthy phases respectigelg. the

percentage of number of shorted tuNisover the total number of turr$ per phase.
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Mtb, &im are the mutual inductances between the faulted tamdsother healthy
phases, whiléMnp, #ym are the mutual inductances between the healthy turns and

other healthy phases.

Based on the equivalent circuit shown kig. 3-4, the governing equations that
describe the relationships between the voltages and currents when a turn fault occurs in
phase A are given i(8-2).

é . di d(i,- i) di di

U, =01 -mMRIi -2 M, —2 +—b M +m (1 i
’:\ ah ( m a I:|:hh dt hf dt hb dt hm dt ( ,jE:
1 .. di d(i,-1i;) di di

~U = nR(i, - M —2 1 +—2 Y M+t—L . M +0 @ +
,:\ af a f) hf dt # dt -le dt fm t a
U =u, U,

| n e O o | (3-2)
Ty =Ri b g gy G0 T) L d oy

} ° dt "o gt Pt dt N

1

’[um:RSm+L% "Mhm% Mme L+ M.gﬂ em+unN+

I dt dt dt dt

whereuan, Usr are the voltages in the healthy and faulted parts of phase A winding,
Ua, Uo € Um are the mverter output voltages referred to the groudy (nn is the voltage
between the neutral poim)(and the ground. The unknownn is obtained in(3-3) by
summing than voltage equations i(8-2) and rearranging. By eliminating it theroent
can be directly related to the inverter output voltage.
_QUin 1 di,

di . 1
Uy m "?n(th H'-ff)Fft _r'n"nﬂlf _me'be 'Mfm)"hdt (3'3)

For high frequency currents due to PWM operation, the contribution of the back
EMFs can be ignored because they are of low frequency. Hence, the equafBa} in
can be rearranged by removing the back EMF and eliminagingith (3-3) in the form
of high frequency components in PWM voltagesugs € , um , shown in(3-4), whereia,
is € , im are high frequency currents in each phase,arid the high frequency current
in the short circuit branch. For the sake of simplicity, the relationship between the self
and mutuainductances and may be approximated ¥{3-5), wherej denotes the rest of
healthy phases, c, &, This is true in the machines which have low leakage flux, or
the machine with one coil per phfse6]. The basic parameters of the prototype
machine in healthy and fault conditions are extracted from finite element analysis (FEA)
software FLUX2D, and are shown Trable 3-1 and Table 3-2 respectively. Since this
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machine is an SPM machine, the saturation due to the current is insignificant. Even
thowgh the short current is much larger than the rated, the effect of small humber of
faulted turns (2 turns in the study) on saturation is also very small. Therefore, the
saturations in both healthy and fault conditions are neglected, and all the induatances

assumed to be constant.

& au, ., . di, m-1 dic,
$UA:(ua - m )HF RIA (Ii' M)F/; —m(th Lff)_-'ﬁ
7 m-1 _. 1 di,
% - m ”RlFa "Tn(be -+ M"fm) dt
i a Ua.m : diy, 1 di,
%UB =(u, _T)HF R (b M)d_: E(th Lff)_-'cli:ht
2 di, 1 . 1 di.,
¥ M fb dt +rT]nRIFa Tn(M fb T M #n) dt (3_4)
1
|
i a l"Ia m H dl a
T Uw = (U, 3“' Jue Ry (- M) S +_(M I:l'ff) -
|
N di 1 1
A -M,,—)2 +—nRi,, +(M 4 M
’:\ fm dt m m( fb ?m dt
H . di, . d(i,-iz) di di
0= nR(i M L+ —A R M+—B M +M
T ( Fa) hf dt * dt % dt fm dt
L, =@ -m°L
L, = mL
My = n(l - At (3-5)

My, =@Q -mM, (j Bc,...m)
My =mM, (j H,c,...m)

With (3-5), equationq3-4) can be simplified tq3-6), wheres denotes the Laplace
operator. The firsm equations show the relations among the high frequency voltages,
the high frequency phase currents and the fault current. It is clear tithffénences in
the currents arenainly caused by the additional terms of fault currénthealthy
conditions, the fault current is zero, hence all high frequency currents should be
symmetric with the same amplitud€he last equation ir{3-6) relates the HF fault
current to the HF phase A current, which can be substituted into the rest equations to
establish the relation between the HF currents and HF phase voltages. Aftergdefinin
coefficientks in (3-7), the final expressions for HF voltage phasors in all phases can be

written in(3-8), in the form of corresponding HF currents and phase A voltage.
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Specification Value Specification Value
No. of phases 5 Phase resistance  0.68
No. of poles 12 Phase inductance 2.8mH
No. of slots 10 Rated current 6.0 A
No. of turns per phas 62 Maximum speed 3000r/min
Back-EMF(peak) 37V Rated torque 1.86 Nm
DC voltage 60V  Switching frequency 10k Hz

Parameter Fault conditions

Nt 2 turn fault 20 turn fault

Rn 0.66 0.46

Re 0.02 0.22

Lhn 2.6mH 1.3mH

Lt 2. 8¢ H 0.28mH

Mt 83¢H 0.6mH

u,=[(L -M)s R i

u =[(L -M)s R}

—_— ) ) = = =) =) = = (]

m-1 .
7’7{('- Mys R

1 .
EH?{(L Mys Rk

(3-6)
u, =[(L -M)s R, %n{(L Mys Bk
=L M)s R,
Fa ms+R
“ g{ n(/ﬁ;mM )[*Smﬂm 1)-F =0
eu,=[(L -M)s R (mDky
i:UB:[(L ‘M)s Ri ke, a9
ium=[(L -M)s R, Kk

Since the first term on the right {8-8) are associated with the impedance in healthy

conditions, the calculation and

performed by applications of H

comparison of HF currents in each phase can be

F voltages. As the HF voltages goeoamately

symmetric with small number of shorted turns, it is very easy to use such a procedure to

calculate the ratio of the resultant HF currents in two adjacent pttage8:5 shows

the schematic phasors diagram and their relative magnitudes for tigh&ise machine

for a given HF voltage component.
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2[T—=Tnput HF voltage phasors ' '
1.5+ Voltage variations caused by turn fault -
| —= HF voltages across the normal phase impedance| [(L- M)s +R] i,
ir - KiUy T
- kf Uy
0.5 7
. (m- Dk u,
of [(L- M)s +R]
ol (L-M)s +R " i
B
uC
1k ” .
- Kl i
L5 [(L-M)s R
“3 -2 -1 0 1 2 3 4 5

The HFvoltage across the normal phase impedances should be equal to the input HF
voltages in healthy conditions, but deviate from them to different extents in turn fault
conditions. Since the fault occurs in phase A, the amplitude change in HF current of
phase Ais the largest. Although the influence of turn fault on the other phase voltage,
represented by the green arrowsHig. 3-5, is the same, the resultachanges of HF

currents in each phase, which are proportional to the red arrows, are different.

The amplitude of HF current is dependent on HF voltages, which is determined by
modulation index. Thus, a nanstant threshold whose value is related terajng
conditions is needed, if turn fault detection is based on the amplitude variation of the
HF currents. Since the change of the HF currents is dependent on operating conditions,
the margin between the threshold and actual value to avoid false alaisoinon

constant, which compromises the sensitivity and robustness of the fault detection.

However, once a fault scenario is assumed, the phasor pleigir8-5 can be
determined. If the HF voltages change with operating conditions, the amplitude of
phasors will also change proportionally. The proportional change will not affect the
relative amplitudes of the HF currents in all phases. Therefore, the compdridén o

currents in adjacent phases in the form of ratio is investigated.

PWM operation of an inverter produces a specific set of high frequency voltages

whose frequency and magnitude carabalysed.

Assuming sindlPWM is employed, the frequency components of the inverter output
voltage can be expressed3)[115], and its spctrum is shown iffrig. 3-6(a).
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v(t)—VDlzvI cosiy +q)

A, 51 f
+ 5 Xa_1 XJ (x M. )sin x cos{th +q ] (3-9)

+%Xau‘ly_ax\]y(x M )smg(x +y)— EOS{ xwt g) Y(pw ¥

whereVp is the dc voltageMm is modulation,¥¢ is switching frequencyy; is the
fundamental frequencyt is the phase angle of the fundamental modulation siggisl,
the initial phase angle of the carrier wadgis the Bessel function of th&' order.x and

y are nonnegativentegers, and whexis odd, thery is even, and vice versa.

It can be seen fron(3-9) that the frequency and magnitude of the voltage
components can lexpressed i§3-10) and in(3-11).

f= Xfc oyfr (3'10)
Ay 1 p
M M -
a, = b X ( ) (3-11

wherefc = 2pme andf, = 2pw. The side band frequency components will only exist
atXfc,XfciZfr,Xfci4fr ,forX: 1 , 3 , )Scifr,éfqiSfa, fodx= 2 , 4 , 6 , é

The switching frequency of the inverter is set to 10 kHz for the machine under study,
and the frequency componentgh the modulation of 0.3hown inFig. 3-6(a) accord
with those in(3-10). After elimination of the zero sequence voltages basd8-dj the
spectrum ofua is shown inFig. 3-6 (b). The side band frequency components with

greater than 2 are ignored, since their amplitudes are much smaller.

4 T T T T T
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Fig. 3-6 (a) Spectrum of SPWM voltage. (b) Spectrum of SPWM voltage after elimination of zero
sequence voltages

The magnitudes for the sideband around 10 W, and for the sidebands around
20 kHz,Maz1andMags, can be evaluated {$-11) and their variations with modulation
index are illustrated ifFig. 3-7. It is seen that over a wide range of modulation, the
magnitude of the sideband2it Nf; is the largestAlthough the magnitude &fc N f &
relatively small, its frequency is very clogdf. N f.. As a result, the combined
magnitude of the two sideband HF components around 20 kHz is much larger than that
around 10 kHz in most cases. These two components are chosen for further evaluation.
To extract them from measured currents"@rtler bandpass filter can be designed with
the centre frequency of 20 kHandthe band width of 2kHz.

0.4
0.357
0.3r
0.257
0.2r
0.151
0.1r
0.051

T MalZ/VD
> Ma,/\,

5
5
5

Ma23/VD ',,'/"

0 0102 03 04 05 06 07 08 09 1
Modulation index

Fig. 3-7 Variations in sideband frequency magnitudes with modulation index

After filtering by the bandpass filter, the HF currents contain 4 frequency
components2fc Nf;, fc 8 f.3The voltage components that generate the corresponding
currents are given i{3-12). The HF currents at each frequency can be calculated by
(3-7) and (3-8) as described in sectidh2, with the admittance associated with each
frequerty component defined if8-13). The expression for HF currents in phase A after
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filtering can be written a$3-14) and its rooimeansquare (RMS) value is further

assessed.

UA=UA3- +uA- wA+ % +
?Js(pMm)cos{ Quw 3m +.4]

|
2,y HoMcod @w - i ] (312
P i~ (pM)cod @w + it +g]
P +3:(0M,)cod 2w +3 3 +4]
_ins | J'A| ial: | s |-

K, =il K R S - Bk 3-13
e | o Tl o] (13
eK,, Gy (oM Jcod Qw 31  #g] |
| .. |
- Ko QM ))cod RQw -t 4] ;

2o A ' 314
p Eb Ka1+ Q(IOM )COS[ (2 ,4/ W il j :: ( )
|l + Ka3+ Q(pM )CO# (2 ,4/ 3_ m isﬂ} \I

The RMS value of a signal given (8-15) can be obtained by an analogue RMS
converter which consists of a square function, apass filter (LPF) and a rosguare
function, as shown irFig. 3-8. Ideally, all the frequency components except the dc
component should be filtered out through the-fmags filter, thus the output should be a

dc signal.

RMS(Y) = Y, =/ Average Y) (3-15)

2 .| Low pass
> U ™ filter Ju

4

When the input to the RMS converigris expressed i(3-14), the ideal output can
be written ag3-16). Although RMS currenia_rmsCchanges when turn fault occurs, there
is no simple way to define a threshold singems handia ms_fin healthy and fault
conditions are dependent on modwatindex, as shown iRig. 3-9. Thus, the threshold
must be determined as a function of modulation index, rather than a constant, which,
will increasethe complexity. At low modulation index, the margin between the RMS

currents in fault and healthy conditions become small, which would reduce detectability.
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Therefore, the comparison of the RMS ripple currents between phases is studied for
the purpose of better fault detections. The ideal outputeoRIMS current for phase B
can be similarly derived and is given (@817), and their ratio of the RMS currents in
phases A and B under healthy and fault conditions is sho\{#t18). It can be shown
that Kza=Kazp., K1a=K1p, K1a+=K1a+, K3a+=Kzap+, under healthy conditions and, hence,
the ratio should be 1, regardless of modulation index. Under fault conditions, the ratio is
unequal to 1, albeit it is still depgent on modulation index. The ratio variations with
modulation index under healthy aneun fault conditions are compared kig. 3-10
for the protdype machine whose parameters are givehable3-2. It can be seen that
for the whole range of modulation index from O to 1, the ratio in fault conditions
deviates significantly from 1 and the slight variation at higher modulation index will not
affect fault detection. The large deviation from the healthlye of 1 under the fault
condition indicates a high signed-noise ratio and a constant threshold will be

sufficient to ensure sensitive and robust fault detection. Further, during a transient state
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when speed or load torque changes in healthy condjtilhe modulation will change,
but the ratidkas_nshould remain 1 according Fag. 3-10. Thus, the fault detection with
the RMS current ratio asdrcator will be effective in both transient and steathte.

S [="RMS curatraiosn healthy conditions|
45+n RMS current ratios with 2 turn fault

4

3.5f
3t

2.5F
il k

15F AB_h
1 a

0.5f

O 01 02 03 04 05 06 07 08 09 1
M odulation index

kAB_f

Note that the ratios for other pk&scan also be calculated in a similar way, but
among themkag is the largest and is used as the indicator because the turn fault is
assumed to occur in phase A in this case. In real applications, the faulted phase can be
arbitrary, thus the ratios for datwo adjacent phases need to be calculated in real time.

In healthy conditions, all the ratios should be 1. In fault conditions, the ratios differ
from each other. If any ratio is larger than the predefined threshold, then a fault can be

detected. Alsohe largest ratio can identify the phase where the turn fault occurs.

The above analysis is based on ideal conditions with simplified models for the
convenience of feature extraction. The conclusion obtained is mainly qualitative, while
the exact ratiaunder fault may not be predicted accurately. However, it can at least
prove in theory that the ratios of the selected RMS ripple currents is superior to the
amplitude as the turn fault indicator. The applicability of these analytic results is

explored in Bnulation and experimental studies in the next sections.

The proposed turfault detection technique is assessed by MATLAB/SIMULINK
simulations on the-phase fault tolerant PM machine showrkig. 3-1 with parameters
listed inTable3-1 andTable3-2. The 5 phases are star connected and fed byra$e
inverter as shown irFig. 3-4. The inverter operates under sif&/M at 10 kHz

switching frequency. To accord with the analysis;tarB fault is injected in phase A at
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0.03s.Fig. 3-11 shows the phase currents in A, B, C, D anduid their HF currents

after bandpass filtering and amplifying in both healthy a2 fault conditions, when

the drive responds to a speed demand at 1000 r/ming~8A. It is evident that the HF
currents of all the phases and their RMS values are equal when the machine is healthy.
When turn fault occurs in phase A, the HF and RMS currents differ among all the
phases with those of phase A being the largest.

Phase currents (A)
l T T T T T pha% A

—— phase B

0 phase C |
—— phase D
— phaseE

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
HF currentsand RM S currents detector output

Phase A
0 — HF current
1 ) ) ——RMS current
1 T T T T T Phase B
o-o-opep e e @ +P-@9—-0—0—0— HF current
1 1 1 1 1 1 — RMS current
1 T T T T T Phase C
o-eveveredr- WO @@ Hrcurent
— RMS current

1 T T T T T Phase D
0 — HF current
) ) ) ) ) —— RMS current
l T T T T T Pha% E
0 — HF current
1 1 1 1 1 — RMS current

0 0.01 0.02 0.03 0(0)4 0.05 0.06 0.07  0.08
t(s

Fig. 3-11 HF and RMS currents in both healthy antugnh fault conditions

To test the robustness of fault detection in transients, the variations of speed and
torque, shown irfrig. 3-12, are introduced in the simulation and-tugh fault is injected
at 0.3s in phase A. The detecting results are showAgir3-13. In the simulation, the
RMS currents are obtained by the signal processing function of the RMS converter

shown inFig. 3-8.

As can be observed, the RMS currents contain undesired ripples. This is because the
ideal low pass filter in RMS detector is not possible and the sidebands associated with
the fundamental frequency are present in theverter outputs. Thus, the output of the
RMS converter will contain the frequency components at twice of the fundamental
frequency which causes the output fluctuations. Consequently, the ratios also contain
ripples, which makes the detection less robiustay are to be compared with a constant

threshold. Thus, to eliminate these ripples, a simple digitatplass filter with its
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corner frequency equal to the fundamental frequency can be applied to enhance the

robustness of detection.

It is seen fromFig. 3-14 that in the healthy condition, the RMS currents in each
phase are equal and the ratios are 1, and they are immune to speed variation, except for
the initial transient. The step change in torque does affect the ratios slightly, but the
influence is insignificant and can be ignored. The ratio deviation from 1 during the
initial transient is due to the fact that there is no sufficient data for RMSlatabn.

After one revolution, correct RMS values in each phase are obtained, and the ratios are
no longer affected by subsequent changes in speed. In the fault condition, the ratios
deviate from 1 with the largest above 3. Such a large deviation givigh aignalto-

noise ratio with a constant threshold without the need for extensive experimental tests

and calibrations.

Speed (r/min) RM S currents detector output
| 7% IA T T T T T
1000 7%%8
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2t \ I1017
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Fig. 3-12 Operating conditions Fig. 3-13RMS ripple current and fault indicatot
with balanced machine
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Fig. 3-14 RMS ripple current and fault indicator Fig. 3-15 Fault indiator when fault occur in nen
with unbalanced machine stationary state

If the machine has an inherent unbalance, most detection methods published in

literature are affected, and data map through extensive tests is usually the only solution.
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The effect of phase unbalance on thepmsed technique is also simulated. It should be
noted that the unbalance in the b&MFs will not have any effect on the proposed
detection technique because they are of low frequency and filtered out. Hence, the
simulation is performed by assuming timeluctance and resistance in phase B are 3%
and 5% larger than those in the other phases respectively. The simulation results are
shown inFig. 3-14 under the same operating conditions. As will be seen, the ratios
associated with phase B under the healthy condition are slightly increased to 1.045 due
to phase unbalance. However, the ratio under the fault condition is far greater. Thus, a

few percent machie unbalance has little effect on this detection technique.

Fig. 3-15 shows the detector responses when the drive operates under the same
speed and load profiles shown kig. 3-12 but the fault is injected at 0.1s during the
speed transient. It is evident the detection is equally effective under thstatiomary

conditions.
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The robustness of the proposed method is compared with that descrif&d in
where the detector signal proportional to RMS ripple current is used agahusfiored
thresholds as fault indicatofig. 3-16 shows the simulatefhult indicators of the two
methods in response to step change in load current at 500 rpm in healthy condition. If
the detector signals proportional to the RMS ripple currents are to compare with-the pre
defined thresholds directly, false alarms are Vily to occur as shown in the second
graph ofFig. 3-16. This is caused by the time delay of the RMS detection. Thus,

reliable detection with the teoique described if61] is only feasible in steady state.
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However, since the time delay for all the phases are equal, the effect on the ratio is
greatly reduced. As a result, the ratio based method will not cause false alarms in

trangent state, enhancing the robustness and reliability of the fault detection.

3.5 Experiment Results

The proposed turfault detection technique has been tested on tiphaSe
prototype machine described in sect@@.1 The machine is mounted on the test rig
shown inFig. 3-17(a) and is controlled by thefthase MOSFET inverter shown kig.
3-17(b). A 2-turn fault for short time duration is injected by the relay showRig 3-17
(a). The test machine operates in torque control mode with an encoder feadthdbk
speed is adjusted by a dynamometer. The DC link voltage is set 60V:pasé fault
tolerant drive system is controlled at 10 kHz switching frequency using a digital signal
processor (DSP) board (EzDSP F28325keparate analogue BP filter cirtcboard is
designed and installed to extract the high frequency components around 20 kHz from
measured phase currents and obtain their RMS values through RMS converter chips.
The outputs of the RMS converters are then sampled through the »@kg to
Digital Converter) of the DSP, where the ratios are calculated in reahtoweding to
(3-18). The diagram of the signal processing chain of the detecting technique is shown
in Fig. 3-18.

w | .S |
Test-Motor for Flywheel Dyno=Mo

- _.Q =
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(b)

Fig. 3-17(a) Test rig with fault emulation sep. (b) 5Phase Inverter with HF detection board

Phase Analogue circuit DsP Detecﬂ ng
: results
current||  Band- RMS AD Ratio L ow-pass
o e L N >
pass filter converter sampling | | calculation filter

Fig. 3-18 Diagram of PWM ripple current based turn fault detection technique

Fig. 3-19 showsthe detection results &=3A and 500 r/min with 2urn fault. The
machine is operating in healthy conditions until 0.12s, when-thenault is injected
It can be seen that the RMS values for 5 phase HF currents are initially different in
healthy conditions and the ratios are not equal to 1. This is due to a number of factors.
First, a small phase unbalance is inevitable in a practical machine dueuéaotaring
tolerance. Second, the tolerance of capacitors used in the BP filter board is +5% and
small differences in filter gain also exist in different phases. Hence, the BP filter
frequency responses in each phase are slightly different and the rratiealthy
conditions may not be 1 in an actual system. Despite of the deviation from the ideal
conditions, the change of the ratios in the fault condition is still significant compared to
that in healthy condition, thus the effectiveness of the ratiosuds ihdicator can be
verified. The ripples of RMS currents are observed. To eliminate the ripples, a simple
digital low-pass filter with adaptive corner frequency is applied in the DSP, and the
filtered ratio is smoother and relatively constant, which improve the robustness of

the detection.

73



CHAPTER 3 PWM Ripple Currents BasedTurn Fault Detection
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The ratio deviation from 1 under healthy conditions can lsédyeeorrected by a
simple calibration. By way of example, the ratag n, calculated from measured RMS
currents in phases A and B in healthy conditions is recorded, and a calibration
coefficient is defined i{3-19). The coefficient is applied to obtain the calibrated ratio
kagbfor both healthy and fault conditions, given(8120). The calibration processes for
other ratios are applied in the same manner.

. 1
Calipg =7 — (3-19)
AB_h
Keg' = Calig K (3-20)

The results after the calibration are showrrig. 3-20. The ratios are 1 in healthy
conditions, while they differ significantly from 1 when théu2n fault occurs in phase
A. The ratio,kag, under the fault condition is the largest, which camused to identify
the faulted phase. These results are consistent with the foregoing analysis and
simulations. The evident change krs provides a very effective means for detecting

fault.

The sensitivity of calibration to operating conditions is furthssessedrig. 3-22
andFig. 3-23 showkag ratio variations before calibration with respect to speed and load
current and with modulation index, respectively. It is evident that the actual ratio is not
exactly but close to 1, and is virtually constant in all operating conditions. Therefore,
the cdibration only needs to be performed at 1 operating point. In this case, the
calibration coefficient fokag is 1.08. The ratios in faulted state are also very close and

distinctive from 1 for a wide range of operating conditions. Although the ratio at low
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speed and no load=0A, is smaller than the ratios in most operating conditions, which
may be caused by machine unbalance and filter design tolerance, they have little effect
on the fault detection. To compare with the technique proposglljnthe detecting
results from this technique is shownFRiy. 3-21. Before the detection can be effective,
calibration for each phasis needed with at least 2 test operating points assuming that
the RMS current is linearly proportional to modulation index. However, more data
points are required if the relationship is no linear. Further, the detector outputs under the
fault and healthgonditions at low speeds are so close that reliable fault detection is not
possible with that method. However, these are not the problems in the ratio based

detector as evident fFig. 3-22.

RMS currents Detector output after calibration
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Fig. 3-20 Detector output with 2urn fault in phase A after calibration, with iqg=3A and at 500 r/min.
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Fig. 3-21 Variations of detector output (pt) with load (0%,50%,100%) and speed (a) before and (b)
after calibration[61]
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Fig. 3-22 Variations of ratidkag with load current and speed befaralibration

c 4

o o 2turnfault
®35 | % heathy L
e 3 r\(ﬁO(Q o o

k) o | cc0c®ge g Spofo% Pl o o olo

© o

525 o T
2,

m

§1.5

o

g1 [ He HOORHRI SHE e He HE e SHHOIOIAOR Sfoie ple K [k
® 0.5

c

K=

5 0 01 02 03 04 05 06 07 08 09 1

Modulation index

Fig. 3-23 Variations of ratidkag with modulation index before calibration

In contrast, the fact that ratio of RMS current ripples in two adjacent phases is 1 in
the proposed technique provides a very simple means ofcalitboation. Fig. 3-24
shows the ratio variations with modulation index after calibration in both healthy and
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fault conditions. As can been seen, a small difference in the ratio exists for a given
modulation index. This is not seen from the theoretical analysis but can be explained.
At the same modulation index with different combinationg,@ind speed, the effect of
unbalance in phase impedance on the ripple current will be different. Further, the BP
filter gains at the 4 side band frequencies are also different. These differences are
ignored in the analysis, but will cause the actual ratio slightly affected by speed at a
given modulation index. However, these differences are insignificant, and will not affect
the detection. The experimental results verify the significant differences in the fault
indicator in healthyandfault conditions, which implies that the proposed technique has

a high signato-noise ratio, which enhances the robustness of the turn faedtitidet
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Fig. 3-25 shows the detector output during transient in healthy condition. At 500
r/min, a step change in load current from OA to 3A is appliegldb0.2s. A slight speed
variation is witnessed frortine waveform of phase curreatdue to limited disturbance
rejection capacity of the dynamometer. Despite this, the ratio processed by the DSP is
hardly affected. A similar test is performed with the machine operating at 500 r/min and
ig=1A, and the Zurn fault is initiated at 0.2s and removed at 0.42s. The resultant phase
current, fault current and fault indicator are shownFig. 3-26. The fault curent
increases from OA to 10A, and the ratio changes immediately from 1 to 3 when the fault
occurs. The effect of LPF to remove the ripple in the original ratio can also be seen.
Although it will introduce additional delay, the effect is not significastltee fault can
be detected within 0.05s with the threshold set at 2.
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Fig. 3-25 Current waveforms and detector output with load step changdroi OA to 3A at 0.2s in
healthy conditions at 500 r/min
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Fig. 3-26 Current waveforms and detector output wittubh fault at 0.2s dt=1A, 500r/min
While the developed technique is verified on thehise SPM machine which
exhibits negligible effect of magnetic taeation, it should also be applicable to
machines whose parameters are significantly affected by magnetic saturation, such as
interior permanent magnet (IPM) machines. This is because under healthy conditions,
the multiphase machine is balanced and titeos of PWM current ripples between two
adjacent phases should be 1.0 regardless of operating (or saturation) conditions. If a turn
fault occurs in one of its phases, the incremental inductance at a given operating
condition in each phase becomes differ@md hence the ratios would deviate from 1.0,

which provides an effective means of detecting the fault.

3.6 Extension to 3 phase SPM machines

The newly proposed PWM ripple current based turn fault detection has been
validated successfully on a faghase SPMault tolerant machine, with a wide margin

of the fault indicator in fault and healthy conditions. From the theoretical analysis, it can
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be deduced that such big margin which helps to improve the fault detection performance
and reliability is mainly becae of the phase number and the unique spatial distribution

of phase currents. However, for most applications, it is thh@se permanent magnet
machine that is under use. Thus, it is necessary to analyse and evaluate the performance
of this method on thevidely used three phase machines with the consideration of the

conventional topology and control strategy.

3.6.1 Machine Model in Turn Fault Conditions

For a three phase surfaceunted permanent magnet machine (SPM) with the
topology shown inFig. 3-27, the equivalent circuit in turn fault condition can be
illustrated inFig. 3-28 in the same way as the five phase machine assuming fault occurs
in phase A. The machine under study has 12 slots and 7 pole pairs, and the circuit
parameters under turn fault are showTable 3-3, after the extraction from the finite
element analysis. With the assumption that the saturation effect in the SPM can be
neglected, those paraters can be used for the further derivations. According to the
parameters from the FE model, the relationship(3r21) can be applied for the
simplification, while the approximation of the relationship between the saifl
mutuatinductances and in (3-5) cannot be used anymore, because eaclrephasling

contains more than one coils.

Fig. 3-27 SPM topology under study
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1-turn fault 4-turn fault
3 0.03 0.12
R (q) 0.0208 0.0208
L(H) 0.00031 0.00031
M(H) 2.8eb5 2.8eb
Ln (H) 0.0003 0.00025
Mt (H) 9.3e6 2.4e5
Mnb(H) 2.8e5 2.8e5
Mnd(H) 2.7e5 2.1eb
L« (H) 1.2e6 1.7e5
M (H) 4e-8 3e8
Mt (H) 2e6 7.8e6

éMOMhb -leb R/lhc NH—
fLo L, M, b,

° (3-21)

With the same consideration of the floating and inaccessible neutral point, the
common mode voltagann (the voltage between the neutral point and ground or the
negative DC supply) is also eliminated (3y22). The final equations that represent the
relations between the inverter output voltages and the phase currents can be expressed
in (3-23). All the voltages in these equations are controllable and accessible, making it

possible to predict the phase currents analytically with inverter output voltages in fault

conditions.
e _ Ugot Uy HU u, 4
Tua — uaO a0 ;O cO gan an ;n cn
1
l u (0] + l"IbO +ucO uan tI'-Ibn utn
TUy = Uy —2 B, ——0— 3-22
: b o) 3 an 3 ( )
:I:U =u uaO + ubO +uc0 =) uan tIJIbn utn
I C cO 3 an 3
[uabc] :[ Rabca[ iabe B— Lak:]:fadt I alcf [ eLbc (3'23)

80



CHAPTER 3 PWM Ripple Currents BasedTurn Fault Detection

where[u,J =[u, Uy, U], [ige] =[iy i, io079"

- _ __e+
[eabc]z[ea -6 § © ¢ jé,e:%ﬁ,
e 2 1 & 2
gL M M - E(th +y) —é—(be M) gR 0 0 - 3
4 1 2 1 A 1
Laber = gM L M é(M ne i) EM fb é'M e Ruper :go RO :—ng
e é
7 1 1 2 7 1
gM M L é(th +Lff) %be -3Mfc go 0 R §

Considering the high frequency component in the voltages generated from the PWM
control, the back EMFs can be ignored, leading to the voltage equations at high
frequency domainas shown irf3-24).

[uabc_ HF] =[ Rolbca[ iabcf_ H]: B- Lab]:fadt I abcf ]-IF (3'24)
Where[uabc_ HF] :[ ua_HF ub_ HF uc_ HIJ T ![iabcf_ HF] :[I a_HF I b HF I c_HF I f_HIJ T :

In order to solve these equations and study the features of HF currents analytically, a
state spacequationis derived in(3-27), with the consideration of3-25) based on
Kirchhoffdéds Current Law (KCL) and the co
faulted part shown i(3-26).

ia_HF +|b_HF +C_HF G (3'25)
] _ di, d(i, ye- i )
0=rR(l, ve -I¢ ) My d_;F L# _Hth =
di di (320
M, b_HF M HF
dt dt
8. e (S) 8 0,8:(5)  @u (9
8. g, .e
Sebue(9 § A LGe(9 +BEY (3 327
gf_HF(S) H ifg-lF(S) @ 0

wheresis the Laplace operataand matriceg\, B aregivenbelow.
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As can be seen fronB-27), the inpus to the state space equatiane the HF
components ofla, andu,, whose spectra will be analysed in the following pBased
on this state spaceguation the output HF currentsan bepredictedin (3-28) and the

influence of a turn fault on the HF currents can be assessed once the parameters are

obtained.
gia_HF(s) g eu, e (9
- -1
éo_ne(S) (SI '@ Bg Y (9 (3-28)
8 () Y g O

For the three phase machinentrol the space vector PWM (SVPWM) is often
employed in order to enhance the voltage utilization ratio, which is different from the
SPWM control in the five phase SPM. Thus, the spectrum of the SVPWM needs to be
analysed. The space vector modulating voltage is showRign 3-29, while the
equivalent expression is written €29). The Fourier expansion of the inverter output
voltage is given ir(3-30), where the first 2 items denote the dc offset, fundamental and
its baseband harmonics, and the last 2 items denote the switching and its multiple

frequency components with thaideband harmonics.
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F(t)=% é(ﬁbncosnw,t B, sinnyt) +

n=1

a (A, cosmut+ B, sinmt) + (3-30)

m=1

8 A{Ancosmw,+ nw)t] +B, sin[(mw A ¥

m=ln=- &
n, 0

where Mm is the modulation ¥ is the fundamental frequency, and is the
switching frequency.

According to[116], the amplitude for each sideband harmonics can be expressed as
(3-31), which is considerably different from the harmonics of SPWM.
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whereq = m+ gw¥, andJ is the Bessel function of thé' order.

The switching frequency of the inverter is still set at 10 kHz for the machine under
study, and the spectrum of inverter output voltagewith the modulationndexof 0.6
is shown inFig. 3-30(a) and can bpredicted by(3-30) and(3-31).
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. . A
1 15 25 Og
Frequency (Hz) <1
€))

P R NN W

O ;M O ;M O

T T T | —
I I I I

a1
T

||.|1| i [h

15 2 é.5 Og
Frequency (Hz) <1
(b)

0 05

Fig. 3-30 (a) Spectrum of SVPWM voltage. (b) Spectrum of SVPWM voltage after elimination of zero

seguence voltages

After the elimination of the common mode voltagé® spectrum ofl, defined in
(3-22), is shown

of the SPWM voltages generally that the sideband harmonics arounthtdger

inFig. 3-30(b). It can be seen that the spectrum is quite similar to that

multiples of theswitching frequency are symmetric, forming several sideband clusters.
Thus,the same signal processing steps and devices are appl&deband cluster can

be sparated bya bandpass filter, while it is very difficult to separate the frequency
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componerg within a sideband cluster. Thus, the frequency components around one
cluster are processed as a whdlke cluster with the centrigequencyat 20 kHz is
selectedsince the energy is the strongeBe same % order bandpass filter with the
centre frequency of 20 kklandthe band width of 2kHz is also used to extract them

from the measured currents.

After being filtered by the bandpass filter, the HF currentsniyjacontain 6
frequency componentsf.2t fr, 2fc + 5f, 2fc £ 7fr . The composition of the voltage
components is slightly different from that of the SPWM voltages, but it does not make
any differencein the analyss and signal processg. The phasordiagrams ofthe
frequency components af:2: f, are shown inFig. 3-31(a) and (c) as an example,
rotating in the same direction but at different sge@equencies). Note that although
the phasor diagrams for the 2 frequency components are similar, the sequence and phase
shift between théwo phasors are different. The HF current at each frequency can be
calculated by(3-28) as described in sectidh6.]1, and the resultant current phasors are
plotted inFig. 3-31(b) and (d). For other hamonics, the current phasors can also be
calculatedn a similar mannerFrom the phasor diagram, It candigservedhat in this
threephase SPM, the deviation of high frequency current caused by turn fault is not as
significant as that in the fivphase 8M while the other merits such as robustness to
transient state should be preserved.
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By applying the same processing procedure, the RMS value of the high frequency
current is obtained through the RMS converter. Thereafter, the ratio between the high
frequency currents from the two adjacent phases are calculated as the fault indicator, as
shown in(3-32), which is the constant of 1 in healthy condition regardless of operating
conditions. If the ratio is distinguishable from 1 in faulhdions, then it can be used
to detect fault with a constant threshalid.this particular machine, the ratio in 1 turn
fault is calculated akar=1.108,ks=1.068,k:2=0.845 with the parameters Trable 3-3.

As can be seen, the ratio in 1 turn fault condition deviates from 1. However, the
deviation is relatively small compared to that in the five phase machine. Despite of this,
if the signal integrityis superior, and any inherent machine unbalance is reduced by the
calibration described previously, the fault can still be detectable.
ia ms ib rms ic rms
Koo =7 Koo = K = (3-32)

b_rms c_rms a_rms

The difference in the fault indicators between the two machines is due to the
different phase numbemwinding distributions as well as winding configurations. In the
5-phase machine, each phase consists of one cdiladuarn fault has more significant
influence on the inductance seen by the inverter. In thba3e machine, each phase
comprises four coils, and a turn fault in one coil only affected the inductance of this

fault. Consequently, the change in the totdlictance seen by the inverter is much less.

To enhance fault detectability, a unified variable based on the standard deviation of

the three ratios is proposed to indicate the occurrence of the turnlifaulalueis
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calculatedby (3-33) where the ratiosre obtained from the measured outputs of the

three RMS converter

Since the deviation of all three ratit®m their averagés utilized, the abnormal
changs in all threephase HF currents due tdault are captured in the fault indicator,
thus enhancing the detection effectiveness. It represents the unbalance on the high
frequency currents caused by the turn fault. In ideal healthy corgliibbrthe ratios are
equal, ad the standard deviation is zero. In fault condition, the standard deviation

becomes nonzero.

- Kag + Kec *Kca
ave 3

SD:J(kAB_ kave)2 -(kBC kavt)z (kCA ka_v)a2

(3-33)

3

As has been stated before, the machine under studyranthson is a thre@hase
surface mounted permanent magnet (SPM) machine with 12 slots and 7 pole pairs. The
main design and operational parameters are showhabie 3-4. The machine is
controlled by an outer speed loop and two inner current loops in the dq reference frame
in a MATLAB/SIMULINK model. The control schematic block diagram is shown in
Fig. 3-32. One turn shottircuit fault is injected in phase A in order to assess the

feasibility of the proposed fault detection method.

. u
Nyt Teen Field |Iyef Uref ua
—>®—> ASR - - weak- —>®—> ACR — Inverter —2- machine
i ening| -4, Uc
Nmea Torque Imea

limit

Machine topology: Surface mounted, fractional slot per pi

Number of polepairs 7
Number of slots 12
Axial length (active, mm) 118
Outer diameter (excluding case, mm) 150
Number of turns per coil 8
Number of coils per phase 4
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Maximum/base speeds (r/min) 5000/1350
Peak/continuous torques (Nm) 70/35
Continuous current (A peak/rms) 85/60.5
Maximumecurrent (A peak/rms) 170/121
Phase resistance at 120( mq ) 20.8
Synchronous inductance (mH) 0.344

Flux linkage per phase (mWhb) 39.6
BackEMF constant (V peak s/rad) 0.277

The machine is simulated under low speed vsffeed and torquéransiens
representative ofhe actual operation. The varying speed and load are showig.in
3-33, and oneurn fault is injected at t= 0.55%he sideband figuency components in
phase currents around 20 kHz are processed by hardware analogue circuit to obtain their
RMS values. Their ratios and standard deviationsamvn inFig. 3-34. It is seen that
in the healthy condition, the RMS currents in each phase are the same and their ratios
are 1, and they are also immune to speed variations. If a step change in torque is large,
then the ratio is slightly affected, but the influence is micant and can be ignored.
In the fault condition, all three ratios deviate from 1 but to different values. And the
standard deviation which combines all the ratios becomezeranat 0.55s when the
fault occurs while it stays at zero in the healthyditban. During the initial startip
period, RMS detector output is not correct due to the insufficient data, as has been
explained in sectioB.4, thus the ratios and standard deviation are all invalid. Except for
this short period, the detection can be effective afterwards.
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Fig. 3-34 Turn fault detection results for balanced machine. The RMS detector outputs are proportional to
RMS HF current

Fig. 3-35 Turn fault detection results for unbalanced machine

To study the influence of natural unbalance in a machine on the performance of the
detection technique, it is assumed that the resistance and inductance in phase B are 5%
and 3% higher than those in théet phases, respectively. The results are showigin
3-35. The ratios and standard deviation also deviate from nominal value even in healthy
conditions. However, the fault indicators are far greater when the fault occurs. Thus, a
few percent machinainbalance has little effect on this detection technique. In a

practical application, it is possible to eliminate the effect of small unbalance and
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