ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacio de les seglents
condicions d'Us: La difusié6 d’'aquesta tesi per mitja del servei TDX (www.tesisenxarxa.net) ha
estat autoritzada pels titulars dels drets de propietat intel-lectual Gnicament per a usos privats
emmarcats en activitats d’'investigacio i docéncia. No s’autoritza la seva reproduccié amb finalitats
de lucre ni la seva difusio i posada a disposicio des d'un lloc alie al servei TDX. No s’autoritza la
presentacio del seu contingut en una finestra o marc alie a TDX (framing). Aquesta reserva de
drets afecta tant al resum de presentacio de la tesi com als seus continguts. En la utilitzacié o cita
de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes
condiciones de uso: La difusién de esta tesis por medio del servicio TDR (www.tesisenred.net) ha
sido autorizada por los titulares de los derechos de propiedad intelectual Gnicamente para usos
privados enmarcados en actividades de investigacién y docencia. No se autoriza su reproduccién
con finalidades de lucro ni su difusion y puesta a disposicidon desde un sitio ajeno al servicio TDR.
No se autoriza la presentacién de su contenido en una ventana o marco ajeno a TDR (framing).
Esta reserva de derechos afecta tanto al resumen de presentacion de la tesis como a sus
contenidos. En la utilizacién o cita de partes de la tesis es obligado indicar el nombre de la
persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions:
Spreading this thesis by the TDX (www.tesisenxarxa.net) service has been authorized by the
titular of the intellectual property rights only for private uses placed in investigation and teaching
activities. Reproduction with lucrative aims is not authorized neither its spreading and availability
from a site foreign to the TDX service. Introducing its content in a window or frame foreign to the
TDX service is not authorized (framing). This rights affect to the presentation summary of the
thesis as well as to its contents. In the using or citation of parts of the thesis it's obliged to indicate
the name of the author




UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH

ELECTRICAL AND MAGNETIC FAULTS DIAGNOSIS IN PERMANENT
MAGNET SYNCHRONOUS MOTORS

By
Julio Ceésar Urresty Betancourt

Thesis submitted in partial fulfillment of the
requirements of the degree of Doctor in Electronic

Engineering

Advisers:
José Luis Romeral Martinez

Jordi-Roger Riba Ruiz

Department of Electronic Engineering
Terrassa Barcelona, Spain
June, 2012



Y

ABSTRACT

Permanent magnet synchronous motors (PMSMs) are an alternative in critical applications where high-
speed operation, compactness and high efficiency are required. In these applications it is highly desired to
dispose of an on-line, reliable and cost-effective fault diagnosis method. Fault prediction and diagnosis
allows increasing electric machines performance and raising their lifespan, thus reducing maintenance
costs, while ensuring optimum reliability, safe operation and timely maintenance. Consequently this
thesis is dedicated to the diagnosis of magnetic and electrical faults in PMSMs.

As a first step, the behavior of a healthy machine is studied, and with this aim a new 2D finite element
method (FEM) model-based system for analyzing surface-mounted PSMSs with skewed rotor magnets is
proposed. It is based on generating a geometric equivalent non-skewed permanent magnet distribution
which accounts for the skewed distribution of the practical rotor, thus avoiding 3D geometries and greatly
reducing the computational burden of the problem.

To diagnose demagnetization faults, this thesis proposes an on-line methodology based on monitoring the
zero-sequence voltage component (ZSVC). Attributes of the proposed method include simplicity, very
low computational burden and high sensibility when compared with the well known stator currents
analysis method. A simple expression of the ZSVC is deduced, which can be used as a fault indicator
parameter. Furthermore, mechanical effects arising from demagnetization faults are studied. These effects
are analyzed by means of FEM simulations and experimental tests based on direct measurements of the
shaft trajectory through self-mixing interferometry. For that purpose two perpendicular laser diodes are
used to measure displacements in both X and Y axes. Laser measurements proved that demagnetization
faults may induce a quantifiable deviation of the rotor trajectory.

In the case of electrical faults, this thesis studies the effects of resistive unbalance and stator winding
inter-turn short-circuits in PMSMs and compares two methods for detecting and discriminating both
faults. These methods are based on monitoring and analyzing the third harmonic component of the stator
currents and the first harmonic of the ZSVC.

Finally, the Vold-Kalman filtering order tracking algorithm is introduced and applied to extract selected
harmonics related to magnetic and electrical faults when the machine operates under variable speed and
different load levels. Furthermore, different fault indicators are proposed and their behavior is validated
by means of experimental data. Both simulation and experimental results show the potential of the
proposed methods to provide helpful and reliable data to carry out a simultaneous diagnosis of resistive

unbalance and stator winding inter-turn faults.
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1. INTRODUCTION

Electric motors are one of the most important components of industrial machinery, playing a decisive role
in applications such as robotics and motion control. It is well known that industry continuously demands
faster and more reliable manufacturing machinery. In the last decade, different electric motor
technologies have become popular because high power density, accurate dynamic performance and high
efficiency are being demanded in industrial applications. Additionally, a humber of different control
methods have been widespread, such as adaptive motor control [1-3].

PMSMs are currently being widely applied and are being object of an intense research [4] because they
accomplish with the abovementioned features and are well suited for new adjustable speed ac inverter
drives. Appealing features of PMSMs include high-speed operation, precise torque control even at low
speed, high power to weight ratio, compactness, and high efficiency [5]. The development of rare earth
magnets such as Sm-Co and Nd-Fe-B has made possible the development of efficient and compact
PMSMs. Furthermore, PM SMss efficiency and power factor do not depend on the pole number and speed
to the same extent as it is the case of induction motors. All of these reasons lead to PMSMs to gain
ground in automotive, robotics and aeronautical industry [6].

On the other hand, for safety-critical systems, the consequences of a minor fault in a component can be
catastrophic [7]. Therefore, demand on reliability, safety and fault tolerance is generaly high. It is
necessary to design control systems which are capable of diagnose and tolerate potential faultsin order to
improve the reliability and availability while providing a desirable performance[8]. There are different
fault detection techniques for electric motors such as temperature measurement, radio frequency emission
monitoring, noise and vibration monitoring, acoustic noise measurements, motor torque and speed
harmonic analysis and stator currents monitoring among others [9]. Stator currents monitoring [10] is the
most widely employed method since can provide unique fault patterns [10], it is non-intrusive and does
not require extra equipment because it uses the stator winding as search coil and performs a numerical
processing of the acquired stator currents. Stator currents monitoring relies on severa mathematical
processing techniques. Among them, Fourier transform based methods have been widely applied when
the motor operates under stationary conditions [11]. However, when operating under non-stationary
conditions, time-frequency based methods still remain preferred [5].

PMSMs faults can be classified in magnetic, electrical and mechanica faults. Magnetic faults include
damaged or demagnetized magnets, whereas electrical faults include abnormal connection, stator open
turns, stator short circuited turns, phase-to-phase and phase-to-ground short-circuits. Mechanical faults

include static and dynamic air-gap irregularities, bent shaft or dynamic eccentricity, and damaged
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bearings [12]. In this work magnetic and electrical faults (unbalance connections and inter-turns short-
circuits) are analyzed in surface-mounted permanent magnet synchronous motors (SPMSMs).

Partial demagnetization has adverse mechanical effects because it causes unbalanced magnetic pull,
magnetic force harmonics, acoustic noise and vibrations [13], thus reducing mechanical torque of the
SPMSM and affecting motor performance [14]. Due to partial demagnetization, the SPMSM requires a
stator current higher than the rated one to generate the same output torque. This in turn increases the
temperature of the PMSM and may cause a higher demagnetization, which again increases the stator
current [15]. Additionally, over-currents due to inter-turn short-circuits may produce partia
demagnetization [14]. The worst-case condition happens when a whole stator cail isin short circuit when
the armature reaction is at its highest, during transients or when the motor drives high loads [13]. Stator
short-circuits increase fault effects and may shift the permanent magnet operation point below the
irreversible demagnetization region [16].

In this work it is proved that partial demagnetization faults generate harmonics in the back-emf spectrum
of a single slot because the flux is not symmetrical. However, depending on windings configuration,
when analyzing the global back-emf induced in al the dots of a phase, in some cases it is hot possible to
detect such harmonics because they cancel each other. Hence, when diagnosing this specific type of fault,
in some motorsit is not feasible to detect fault harmonics in the current spectrum due to demagnetization.
In thiswork it is proposed to diagnose incipient demagnetization faults by applying an on-line monitoring
of the zero-sequence voltage component (ZSVC) [17]. This method is also appropriate for inverter-fed
machines. An accessible neutral point of the stator windings is needed to measure the ZSVC, just as
required by the fault tolerant schemes that add an extra inverter branch which, under a fault condition, is
connected to the neutral point of the SPMSM by replacing the faulty phase [15]. Additionally, a smple-
to-extract fault severity factor is presented and its behavior is evaluated and validated by means of
experiments when the SPMSM operates under different speed and load conditions.

In the case of electrical faults, most problems are caused by deterioration and failure of the turn-to-turn
insulation and subsequently they develop into more severe insulation faults [18]. Such faults generate
large circulating currents in the shorted turns of the order of twice the blocked rotor current [19] which in
turn produce winding overheating. It results in severe coil-to-coil short-circuits in which coils from the
same phase get shorted and also can result in phase-to-phase short-circuits, where the fault occurs
between two or more different phases. These faults can again develop into phase-to-ground faults, which
can cause substantial damage to the motor [18]. According to [19], ground current may lead to
irreversible damage to the core and the machine might have to be pulled out of service. In the case of
PMSMs, stator over-currents due to inter-turn short-circuits may create a magnetic flux opposed to the
natural flux of the permanent magnets, which may lead to a demagnetization of the rotor magnets [14].
On the other hand in a three-phase motor, phase resistances should be as balanced as possible.

Unbalanced connections occur frequently in industrial applications. Usually they are due to corrosion or
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contamination problems. Moreover, vibrations and thermal cycling process may deteriorate connections
[20]. Poor contacts may generate local overheating, unbalanced voltages and currents as well as electrical
failures such as short-circuits or open-circuits [21]. Unbalanced conditions generate negative-sequence
voltages and currents that have a negative impact on the motor efficiency and performance and may lead
to excessive thermal stress. Furthermore, voltage unbalance may generate a current unbalance several
times larger than the magnitude of voltage unbalance. The impedance unba ance may increase with time
because of the heating of the stator windings [22].The objective of this thesis is to study both resistive
unbalance and inter-turn faults in SPMSMs while providing a fault detection method for distinguishing
them, even when fed by a voltage-source inverter. For this purpose, two methods are proposed. The first
one is based on the analysis of the amplitude of the third harmonic of the stator currents for different
operating points of the SPMSM, whereas the second one is based on the analysis of the first harmonic of
theZSVC [23].

1.1 Objectives

This works aims to contribute to the detection and diagnosis of magnetic and electrical faults in

permanent magnet synchronous motors. The main objectives of thiswork are as follows:

e Carry out an exhaustive theoretical and experimental analysis of demagnetization and electrical
faults, including winding configuration effects.

e Identify relevant fault harmonicsin stator currents and voltage signals caused by each fault type.

e Determine fault harmonics behavior under stationary and variable load and speed conditions.

e Seect and implement and appropriate signal processing technique for tracking relevant
harmonics from variable frequency signals.

e Propose fault indicators to diagnose electric and magnetic faults.

1.2 Main contributions of the thesis

The most important scientific contributions of this work are as follows:

o A new 2D finite element method (FEM) based system for analyzing SPMSMs with skewed rotor
magnets is presented. It is based on generating a geometric equivalent non-skewed permanent
magnet distribution which accounts for a skewed distribution of a practical rotor. An appealing
feature of the proposed system is that it can be easily performed in any 2D electromagnetic FEM
package by performing a simple change in the magnets geometry instead of using 3D models

which require alarge computational burden.
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It is presented a novel mathematical model to study partial demagnetization effects in the back-
emf on both a single dot and the resultant effect on al dotsin an integral (q = 1) concentrated
winding.

It is proposed and studied the diagnosis of demagnetization faultsin SPMSMs by means of an on-
line monitoring of the ZSVC instead of applying the classical stator currents method.
Furthermore, a simple expression of the ZSVC is deduced, which is proposed as a new fault
indicator parameter in SPM SMs with integral slot windings.

Based on FEM simulations, it is investigated the winding configuration influence on the currents
and ZSVC gpectra in a demagnetized motor. New motor models are studied that include
fractional and integral stator dot windings, single- and double-layer, full-, short-, and variable-
pitch, and series- and parallel-connected windings.

Mechanical effects arising from demagnetization faults are studied. These effects are analyzed by
means of FEM simulations and experimental tests based on direct measurements of the shaft
trajectory by means of self-mixing interferometry, to which result on a new hybrid detection
method for motor faults. Additionally, a FEM model that includes the motor shaft displacement is
presented.

It is proposed and analyzed a new parametric model which allows studying windings inter-turn
short-circuit faults effects. From this model a new methodology based on the analysis of the first
ZSVC harmonic is proposed for detecting such afault.

A new mathematical model of the SPMSM including saturation effects which accounts for inter-
turns short-circuits and unbal ance stator resistance faultsis developed.

The Vold-Kalman filtering order tracking algorithm is introduced and applied to track relevant
harmonics when the machine running under variable speed and different load levels.

Two reliable new fault indicators especially focused on stator windings inter-turn faults diagnosis

under non-stationary speed conditions are proposed.

Thesis outline

The contents of the thesis are:

Chapter 2. Condition monitoring of electrical machines: this chapter presents the main definitions
related to condition monitoring with the aim of highlight the importance of studying faults in
SPMSMs. Additionally in this chapter some general aspects about SPM SM s faults are described.
Chapter 3. Healthy SPMSM: In this chapter it is studied the healthy machine state in order to
examine the main constructive harmonics in the back-emf and stator currents. Furthermore it is
proposed a new method to study SPM SMs with skewed magnets with a2D FEM model.
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e Chapter 4. Demagnetization faults in SPMSM: In this chapter it is presented a theoretical and
experimental analysis of demagnetization faults, including winding configuration influence and
mechanical effects.

e Chapter 5. Electrical faults in SPMSM: In this chapter it is analyzed stator unbalance resistance
and winding inter-turns short-circuits, a model for both faults is developed and a diagnosis
method from proposed models is derived. Moreover, SPMSM with shorted turns and different
winding configurations are studied.

e Chapter 6. Diagnosis of SPMSMs operating under non-stationary conditions by means of order
tracking filtering: In this chapter, the Vold-Kalman filtering order tracking is introduced and
applied for tracking demagnetization and inter-turns short-circuits harmonics from non-stationary
signals.

e Chapter 7. Conclusions and future work.

1.4 Thesis publications

The publications related to the thesis are as follows:

1.4.1 Journals

The papers aready published or submitted to international scientific journals (JCR indexed) can be

divided according to each chapter of thisthesis asfollows:

Chapter 3. Healthy SPMSM:;
1. Urresty, J-C.; Riba, J-R.; Romerdl, L.; Garcia, A., "A Simple 2-D Finite-Element Geometry for
Anayzing Surface-Mounted Synchronous Machines With Skewed Rotor Magnets," |IEEE
Transactions on Magnetics, vol .46, no.11, pp.3948-3954, Nov. 2010.

Chapter 4. Demagnetization faultsin SPMSM:

2. Urresty, J.; Riba, J-R.; Delgado, M.; Romeral, L., "Detection of Demagnetization Faults in
Surface-Mounted Permanent Magnet Synchronous Motors by Means of the Zero-Sequence
Voltage Component,” |EEE Transactions on Energy Conversion, vol.27, no.1, pp.42-51, March
2012

3. Prieto, M.D.; Espinosa, A.G.; Ruiz, J-R.R.; Urresty, J.C.; Ortega, JA., "Feature Extraction of
Demagnetization Faults in Permanent-Magnet Synchronous Motors Based on Box-Counting
Fractal Dimension," IEEE Transactions on Industria Electronics, vol.58, no.5, pp.1594-1605,
May 2011
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Urresty, J-C.; Riba, J-R.; Romeral, L, Saavedra, H., “A Fault Severity Index to Detect Magnet
Failuresin PMSMs,” Submitted to |EEE Transactions on Magnetics

Urresty, J.-C.; Atashkhooei, R.; Riba, J-R.; Romera, L, Royo, S., “Mechanical Effects of
Demagnetization Faults in Permanent Magnet Synchronous Motors,” Submitted to IEEE

Transactions on Industrial Electronics

Chapter 5. Electrical faultsin SPMSM:

6.

7.

Urresty, J.C.; Riba Ruiz, J-R.; Romeral, L., "Application of the zero-sequence voltage
component to detect stator winding inter-turn faults in PMSMS’ Electric Power Systems
Research, Vol.89 pp.38-44, August 2012

Romeral, L.; Urresty, J.C.; Riba Ruiz, J-R.; Garcia Espinosa, A., "Modeling of Surface-
Mounted Permanent Magnet Synchronous Motors With Stator Winding Inter-turn Faults," |IEEE
Transactions on Industrial Electronics, vol.58, no.5, pp.1576-1585, May 2011

Chapter 6. Diagnosis of SPMSMs operating under non-stationary conditions by means of order tracking

filtering:
8.

Urresty, J.C.; Riba Ruiz, J-R.; Romera, L.; “Diagnosis of Inter-Turn Faults in PMSMs
Operating Under Non-Stationary Conditions by applying Order Tracking Filtering” |EEE

Transactions on Power Electronics, Accepted for future publication

1.4.2 Conferences
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Urresty, J-C.; Riba, J-R.; Saavedra, H.; Romeral, L., "Detection of inter-turns short circuits in
permanent magnet synchronous motors operating under transient conditions by means of the zero
sequence voltage," Proceedings of the 2011-14th European Conference on Power Electronics
and Applications (EPE 2011), pp.1-9, Aug. 30-Sept. 1, 2011

Urresty, J.; Riba, J.; Saavedra, H.; Romeral, J., "Analysis of demagnetization faults in surface-
mounted permanent magnet synchronous motors with symmetric windings," |EEE International
Symposium on Diagnostics for Electric Machines, Power Electronics & Drives (SDEMPED
2011), pp.240-245, 5-8 Sept. 2011

Delgado, M.; Urresty, J.C.; Albial, L.; Ortega, JA.; Garcia, A.; Romerdl, L.; Vida, E., "Motor
fault classification system including a novel hybrid feature reduction methodology," IEEE
Industrial Electronics Society Annual Conference (IECON 2011), pp.2388-2393, 7-10 Nov. 2011
Delgado, M.; Garcia, A.; Urresty, J.C.; Riba, J-R.; Ortega, JA., "Evaluation of machine
learning techniques for electro-mechanical system diagnosis,” Proceedings of the 14th European
Conference on Power Electronics and Applications (EPE 2011), pp.1-10, Aug. 30-Sept. 1, 2011
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characterization of electric motor ball bearings with distributed fault using fuzzy inference
tools," Instrumentation and Measurement Technology Conference (12MTC), 2010 IEEE , val.,
no, pp.1159-1163, 3-6 May 2010

Urresty, J.; Riba, J.; Romeral, L.; Rosero, J.; Serna, J, "Stator short circuits detection in PMSM
by means of Hilbert-Huang transform and energy calculation,” IEEE International Symposium
on Diagnostics for Electric Machines, Power Electronics and Drives, SDEMPED 2009., pp.1-7,
Aug. 31-Sept. 3 2009

Urresty, J.; Riba, J.; Ortega, J.; Cardenas, J.; , "Stator short circuits detection in PMSM by means
of Zhao-Atlas-Marks distribution and energy calculation,” 13th European Conference on Power
Electronics and Applications, EPE '09., pp.1-9, 8-10 Sept. 2009

Delgado, M.; Garcia, A.; Ortega, JA.; Urresty, J; Riba, JR.; , "Bearing diagnosis
methodologies by means of Common Mode Current,” 13th European Conference on Power
Electronics and Applications, EPE '09, pp.1-10, 8-10 Sept. 2009
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Patents

Urresty, J.C.; Riba Ruiz, JR.; Romeral, J.L, "Equipo de diagnostico de fallos de corto circuito
para motores sincronos de imanes permanentes y método de utilizacion de este”, Spanish Patent
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2. CONDITION MONITORING OF ELECTRICAL MACHINES

This chapter presents an overview of condition monitoring techniques and the main concepts in regard to
PMSM faults.

Most of eectrical machines have to operate within a close set of limits. These are selected to ensure safe
operation and to guarantee that design specifications are not exceeded. In many applications such as
electrical vehicles, electrical motors operate within a particular range of speeds and loads. This includes
both steady-state and variable operation. Intermittently, electrical machines are required to operate
outside of design constrains for short time periods (start-up, shutdown, and momentary overloads) [24].
The most important reason for using condition monitoring and fault diagnostics is to generate precise
information about the actual condition of the motor. This allows more realistic expectations about

machine performance. With this type of information is possible to determinate the following key
aspecty[25]:

e Expected timeto failure
o  Expected failure mode

e Required maintenance activities

Failures can be divided into incipient and catastrophic. In most type of failures there are some previous
alarms to detect the failure. The aim of condition monitoring and fault diagnosisis to detect any failurein
its incipient phase and its progression over the time. This will allows to design actuation plans to avoid
catastrophic stages [24].

2.1 Maintenance strategies

Maintenance strategies can be classified into three types: run-to-failure, programmed and condition-based
maintenance (CBM) [26].
Run-to-failure is an approach where maintenance actions or replacements are performed when machinery
has failed. Run-to-failure maintenance is recommended in the following situations:

e With redundant machines

e Low costs spares or replacements are possible

e All failures modes are safe

e Inthe case of alow cost secondary damage
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In the case of programmed or preventive maintenance, specific tasks are performed at defined time
intervals in order to keep a significant period between machine capacities and actual duty. Preventive
maintenance is effective under the following circumstances:

o Statistics of the failure timeis known

e Maintenance actions return the reliability of the machine

e A dominant single known failure type

e A usua low cost associated with regular substitution of the equipment

e With alow cost secondary damage
An example of preventive maintenance practice can be found in a car, in which the engine oil is replaced

at regular time intervals with arelative low cost.

2.2 Condition-based maintenance

In CBM, components are periodically inspected in order to determine their condition and to identify their
degradation rates. A maintenance decision is based upon an examination of the monitored data and only
when it is necessary. The main advantages of CBM s that actual condition and precise failure prediction
permit flexibility for maintenance at a suitable time, therefore improving system availability and reducing
random breakdowns.
The fundamental component in a CBM program is the failure prediction and consequently an effective
method of condition monitoring. The ideal method would be one in which the state of the equipment
would be identified continuously and would provide an accurate prediction of any possible failure on
demand. As aresult, condition monitoring is the way by which CBM can be carried out.
CBM should be used when the following circumstances apply:

¢ Inexpensiveor vita machinery

e Thereisalong time for replacements parts

e Inuninterruptible processes

e Equipment with expensive maintenance

e Acceptable cost of monitoring program

¢ Inremote equipment

e Failures may be dangerous

2.3 Condition monitoring

Condition monitoring can be defined as a method or a practice of monitoring the working characteristics

of a machine in order to use changes and trends in collected data to predict the requirements of
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maintenance before severe deterioration occurs and to estimate the machine condition. Machine
monitoring can be carried out periodically or continuously [24].
In periodic monitoring, machine data is only collected at specific time intervals with portable removable
sensors. This type of monitoring is typicaly applied to equipment where failure modes are known.
Trending of state and severity levels checks are the main focus. On the other hand in continuous
monitoring, the data from fixed sensors in the machine is analyzed automatically. This type of monitoring
is carried out on critical equipment [27].
A condition monitoring system should include the following three main steps[28]:

e Dataacquisition

e Fault detection

e Fault identification and Diagnosis

2.3.1 Dataacquisition

Data acquisition is an essential step in fault diagnosis. Condition monitoring data are the measurements
related to the state of the system.

The source data can be vibration data, acoustic data, oil analysis data, temperature, pressure, moisture,
humidity, and weather or environment data among others. Various sensors, such as micro-sensors,
ultrasonic sensors, acoustic emission sensors, etc., have been designed to collect different types of data
Selection of sensors will rely on the monitoring method and are related to the knowledge on failure
mechanisms of the machine [29].

In this project, the signals acquired for fault diagnosis purposes are stator currents and voltages.

2.3.2 Fault detection

The aim of fault detection schemes is to determine the possible occurrence of an incipient fault appearing
in the machine and the need of further corrective actions.

Fault detection can be done by means of feature extraction methods, time domain, frequency domain or
time-frequency domain signal processing technologies in order to obtain “signatures’ which can represent
normal and faulty stateg[30].

Various signal processing technigques have been developed to analyze and interpret collected datawith the
aim of extracting useful information for further diagnostic and prognostic purposes. The selection of
appropriate signal data processing algorithm among a wide number of possibilities is an important task
which depends of the selected sensors and motor application.

The most widely used conventional analysis is the spectral analysis by means of fast Fourier transform
(FFT). The main idea of spectral analysis in fault diagnosis is to either analyze the whole spectrum or

study closely at a certain frequency interval of interest and thus extract features from the signal.

10
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One limitation of frequency-domain analysis is its inability to handle non-stationary waveform signals,
which are very common when machinery faults occur.

In severd PMSM applications, torque and speed are not constant (i.e. aeronautical and traction
applications) and usually operate under variable operational conditions.

Generdly, frequencies related with fault diagnosis have a mathematical relationship with the fundamental
one (commonly referred as orders). The order spectrum represents the amplitude of a signa as a function
of the harmonic order instead of the absolute frequency [31]. Order or harmonic tracking (OT) is the
process for recovering a particular order waveform in the time domain from a given waveform, which
usually contains multiple harmonics and noise [32].

Time-frequency distributions such as wavel et-based analysis [33] or methods based on the Cohen’s class
[34] among others may also be applied to track harmonic frequencies. However, in order to improve the
resolution, some of the methods based on time-frequency transforms require filtering the analyzed signa
to remove the fundamental harmonic frequency because its amplitude is often much greater than that of
the harmonic of interest. Additionally, most of them calculate the whole or at least a broad band of the
spectrum at each time interval prior to obtain a fault indicator index.

In thiswork, the Vold-Kaman Filtering Order Tracking (VKF-OT) method is introduced to track selected
harmonics for fault diagnosis proposes. Its advantage is that VKF-OT only extracts the harmonic
frequency of interest (but not the whole spectrum) by applying an adaptive band-pass filter centered on
that frequency. When tracking a very small number of harmonics, VKF-OT is a compact solution since it
includes the harmonic extraction and tracking steps. Hence, the VKF-OT algorithm allows minimizing

the data structure of the problem, and therefore its computational burden.

2.3.3 Fault diagnosis

Machine fault diagnostics is the process in which the information obtained in the detection or signa
processing step is analyzed with the aim of determining the type, magnitude and location of the most
probable fault [30], and their expected impact.

Conventionally, fault diagnosis is done manualy by experts in an off-line analysis with auxiliary
graphical tools such as spectrum graph, spectrogram, wavelets spectrogram, etc. Therefore highly
qualified and skilled technicians are needed to perform this task.

Automatic fault diagnosisis highly attractive. This can be achieved on-line by means of the classification
of signals based on the features extracted from the raw signals and combined with computational

technologies. Fig. 2.1 summarizes the fault diagnosis methods [35].

11



L &

Fault
Diagnosis

Classification

Methods
|
| | | [ |
Pattern Statistical Wpproximation Density Based| Artificial
Recognition Classification Methods Methods Inteligence
Decision Bayes Pattern Polynomial Geometrical Fuzzy Neural
Tables Classifier Recognition Classifier Classifier Classifier classifier

Fig. 2.1. Fault Diagnosis Methods

2.4 PMSM faults

A first step to incorporate PMSMs in a condition monitoring program is the study of their failures modes.
Faults in PMSMs are classified into three groups: electrical, magnetic, and mechanical faults as
summarized in Fig.2.2 [12].

PMSM Faults
1 1
Electrical Mechanical Magnetic Faults
Faults Faults
I I ]
Stator Bent Shaft Eccentricity Misalignment Bearings

g Demagnetization
windings

Fig.2.2. Faults classification in PMSMs

Electrical faults involve abnormal connection of the stator windings, stator open-turns and stator short-
circuited turns. Inter-turn short-circuits are one of most usual three-phase motors failures types [36] which
are related to stator winding insulation degradation. In the case of PMSMSs, inter-turn short-circuits may
result in stator over currents that create a magnetic flux opposed to the natural flux of the permanent
magnets, which in turn may lead to a demagnetization of the rotor magnets [14]. Mechanical faults
involve bearing and eccentricity faults. Eccentricity faults consist of static eccentricity, dynamic
eccentricity, and mixed eccentricity. They occur due to manufacturing imprecision such as unbalanced
mass, shaft bow, and bearing tolerance. Eccentricity may cause magnetic and dynamic problems with

12
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additional vibrations, noise emissions and torque pulsations [12]; magnetic faults consist on partial or
total demagnetization of the rotor magnets. This work is focused on the fault detection and diagnosis of
electrical and magnetic faults as shown in Fig. 2.3.
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Fig. 2.3. Summary of the scope of this work: detection and diagnosis of magnetic and electrical faults in
PMSMs

24.1 Rotor magnets demagnetization

Permanent-magnet machines are designed to remain magnetized when operating under normal working
conditions. The operating point of the magnet (or its portion) may slip below the knee of demagnetization
at extreme temperatures or fault currents (such as short-circuit currents produced by the inverter or stator
faults) and under heavy loads.

The demagnetization curve shown in Fig. 2.4 displays the operation point of a PMSM for healthy
conditions and with 4 and 8 shorted-turns at 120°C. The operationa point is determined by the
intersection of the demagnetization curve with a straight line representing the permeability of the external
magnetic circuit.

It should be noted that a temperature increment may displace the demagnetization curve towards the right
side, thus approaching the demagnetization point k to the straight line and increasing the risk of
permanent or irreversible demagnetization [37].

If the failure causes the operating point to fal off the lower end of a recoil line, there will be an
irreversible flux loss[38].

As a consequence of demagnetization, the distributed magneto motive force (MMF) is not sinusoidal. If
demagnetization exists, the frequency components appear[5]:

13
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Where fsis the supply frequency, p isthe pole pairs and k is an integer.
A more extended study of demagnetization faultsisfound in chapter 4.
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Fig. 2.4. Operation points of permanent magnets for a PMSM

2.4.2 Inter-turn short-circuits

2.1)

Inter-turn short-circuits are one of most usual failures in PMSM; these kinds of failures are generated by

problems in stator winding insulation (modeled as R, in Fig. 2.5). The no detection of such faults may

produce other problems in the machine, i.e. permanent magnets demagnetization [14].
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Fig. 2.5. PMSM stator with inter-turns short-circuits

The distribution of the stator MMF in the air gap will be affected by the current i that circulates through

the short-circuited turns. The fault of the shorted turns in the stator phase winding leads to three main

effects on the machine flux. First, the injured phase winding has less effective turns and, therefore,

14
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generates less MMF. Moreover, the shorted turns lead to an increase of the local leakage flux, particularly
dot leakage; this changes the local saturation conditions of the teeth. Thus, there is a change in flux
density near the short-circuit point. Second, the short-circuited turns will create their own MMF but with
aphase that is in opposition to that of the damaged windings. Then, currents induced in the shorted coils
oppose the establishment of the main air-gap flux, reducing the corresponding main flux aong the
winding axis of the shorted coil [39]. Third, the current through the shorted turns increases the heat and
can further deteriorate the insulation.

Among the serious consequences of inter-turn short-circuits, the loss of stator symmetry leads to the
appearance of third harmonic components in the stator currents, as well as an amplitude change of the
integer harmonics. Thisinformation may be used for fault diagnosis.

On the other hand, for a wye-connected electrical machine without any asymmetry, the ZSVC of the
stator voltages is zero, regardless of the unbalance in the supply voltages. A stator winding turn-fault
detection scheme based on monitoring the zero-sequence voltage component has been proposed in [19]
for wye-connected electrical machines. The method requires an access to the neutral point of the stator
winding.

Inter-turn short-circuit faults are studied in detail in chapter 5.

243 Eccentricity

Eccentricity faults constitute a considerable portion of the faults related to electric motors. Machine
eccentricity is the condition of unequal air gap that exists between the stator and rotor [28]. There are two
types of air-gap eccentricity: the static air-gap eccentricity and the dynamic air-gap eccentricity. In the
case of the static air-gap eccentricity, the position of the minimal radial air-gap length is fixed in space.
Dynamic eccentricity occurs when the center of the rotor is not at the center of the rotation and the
position of minimum air-gap rotates with the rotor [40]. In reality, static and dynamic eccentricities tend
to coexist. Aninherent level of static eccentricity existsin healthy machines.

Fault harmonic frequencies due to dynamic eccentricity can be localized according to the following

expression [41]:

f = fs(li ka_ 1} (2.2)

Where fe are the fault frequenciesin the stator currents.

2.4.4 Bearing damage

The majority of the electrical machines use ball or rolling element bearings. Each of these bearings
consists of two rings, inner and outer respectively. A set of balls or rolling elements placed in raceways
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rotate inside these rings. Even under normal operating conditions with balanced load and good alignment,
fatigue failures may take place. Flaking or spilling of bearings might occur when fatigue causes small
pieces to break loose from the bearing. Apart from normal internal operating stresses, other causes of
bearing damages due to vibration, inherent eccentricity, and bearing currents due to solid state drives
appear aswell [42].

Sometimes bearing faults might manifest themselves as rotor asymmetry faults [28], which are usually
covered under the category of eccentricity-related faults. Otherwise, the ball bearing related defects can
be categorized as outer bearing race defects, inner bearing race defects, ball defects, and train defects. All
these mechanical defects cause distortions in flux distribution inside the machine, which in turns leads to
new current harmonics in the stator currents.

The characteristic fault frequencies are the result of the absolute motion (vibration) of the machine [43].
The stator current is not affected by the absolute motion of the machine, but rather by a relative motion
between the stator and rotor (i.e., changes in the air gap). When a bearing fault occurs, the characteristic
fault frequencies are essentially modulated by the electrical supply frequency.

The mechanical displacement resulting from a damaged bearing causes the machine air gap to vary in a
manner that can be described by a combination of rotating eccentricities moving in both directions. As
with the air-gap eccentricity, these variations generate stator currents harmonics at frequencies given by
[44].

f fo £k,

s — 1,0

(2.3)

bng

2

Where no is the number of bearing balls, fi,0 are the characteristic vibration frequencies, fr is the

fo="b f{li bdcosﬂ} (2.4)
B pd

mechanical rotor speed, bd isthe ball diameter, pd is the bearing pitch diameter, and £ is the contact

angle of the balls on the races.

2.5 Conclusion

The aim of this chapter is to present a brief introduction and description of maintenance and condition
monitoring methods in order to contextualize the study of fault diagnosisin PMSMs. As discussed before,
the reasons and justification behind the implementation of any of the maintenance techniques presented is
a tradeoff between financial and technical aspects. Advantages and disadvantages of machine condition
monitoring should be considered in the decision of selecting the best technique for a specified situation.
Potential advantages of machine condition monitoring include improved machine availability and

reliability, extended operational time, increased efficiency, and improved safety. However, some of the
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disadvantages of condition monitoring include increase in equipment costs, operational costs and training
costs.

Additionally, in this chapter the fundamentals of faultsin PMSMs are described, among them electrical
and magnetic faults that are presented in deep in the following chapters
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3. HEALTHY SPMSM

It is important the study of the healthy machine state in order to formulate an accurate interpretation of
changesin the behavior of afaulty SPMSM. In this chapter the healthy condition of SPMSMsis studied.

The motor can produce constant torque only if the magnetic flux through the stator windings due to the
rotor field has a pure sine-wave distribution. Although it is easy to design electrical machines with
accurate back-EMF frequency and amplitude, it is more difficult to produce a pure sinusoidal back-EMF
waveform without presence of harmonics different from the fundamental [45]. This harmonic content has
a negative influence on the torque generated by the machine. Furthermore, the induced back-EMF
depends on the stator winding distribution and the air-gap flux, which in turn depends on the permanent
magnets geometry and winding configuration. Consequently, manufacturers take corrective actions for

minimizing the flux harmonic content.

3.1 Winding distribution

One of the usual measures to ensure a smooth torque consists on an appropriate stator winding
distribution because it has a significant influence on the cogging torque [46]. A proper winding
distribution leads to a reduction of the MMF harmonics generated by the permanent magnets of the rotor
with asmall reduction of the fundamental harmonic.

In low power PMSMs the stator winding is typically concentrated, being the number q of stator slots per
pole and per phase egual to one. Contrarily, high power machines usually have distributed stator
windings, where q is greater than one.

The MMF reduction factor km due to the stator and rotor configuration can be expressed as:

Ky =Kk, K (3.1)
Where kq, ko and ksare the distribution windings, short pitching and skewed reduction factors respectively.
The MMF reduction factor ksdue to a distributed winding can be expressed as [47]:
. VT
sn——

k,=—2M (3.2

qsin %1

2mq

Where v is the harmonic order and m is the number of phases. TABLE 3.1 summarizes the MMF
reduction factors for different distributed windings. Note that the higher the term g, the more sinusoidal
the MMF of the motor is.

18



e

TABLE 3.1.Harmonic Reduction factors for different distributed windings

Number of slots per pole and per phase g
Harmonic
order 2 3 4 5 6
1 0.966 0.960 0.958 0.957 0.956
3 0.707 0.667 0.653 0.647 0.644
5 0.259 0.218 0.205 0.200 0.197
7 -0.259 -0.177 -0.158 -0.149 -0.145
9 -0.707 -0.333 -0.271 -0.247 -0.236
11 -0.966 -0.177 -0.126 -0.109 -0.102
13 -0.966 0.218 0.126 0.102 0.092
15 -0.707 0.667 0.271 0.200 0.173
17 -0.259 0.960 0.158 0.102 0.084

3.2  Short pitching

In AC windings and important parameter is the pole pitch y and can be defined as:

z

_Z (3.3
2p

y

Where Z is the number of stator slots and p the number of poles pairs.
When the distance between two coil sidesis equal to a pole pitch, the winding is defined as afull pitched.
If coils are dlightly less spaced than a pole pitch, the winding is defined as short pitched. Coils are
generally shorted by one or two slots. The equation for the reduction MMF factor kp due to a short-pitched
winding can be expressed as follows [47]:
k,= sin(vzﬂjJ (3.4)

P
Where yp isthe cail pitch.
Like in the case of winding distribution, short pitching reduces and in some cases eliminates high
frequency harmonics.

3.3 Skewed magnets

Another measure taken in the industry for minimizing the flux harmonic content is the step skewing of
permanent magnets in the rotor, due to ease of manufacturing and cost reduction [48].

The cogging torgue is an undesirable phenomenon that results from the interaction between stator
winding MMF force and angular variations of rotor magnetic reluctance. It can be greatly reduced by

skewing the rotor magnets with an appropriate angle Bsew specific of the rotor configuration [49]:
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0, ——2F (35)
Z,N

period

Where Nperiod IS given by,

2p
N == 3.6
Peied — HCF(Z,2p) (36)

Being HCF the highest common factor.
The net flux per pole @rfor a skewed rotor with ns magnet segments having radial magnetization can be
calculated as:

b3, Zi Brl {T,_ 26, (k -1)} (37)

r
k=1 k=1 ns ns - 1

Being Br the remanent flux density, T is the magnet arc in radians, r is the radius of the magnet and | is

the axial length of the rotor. Since the following identity is true:

> (k-1)= w (38)

k=1

the total flux per pole can be expressed as:

¢ =BIr(r-0,,,) (3.9)

From the above equation it is deduced that the effect of the skew consists on areduction of the permanent

magnets effective width by afactor of rBs«ew. The reduction MMF factor ksdue to a skewed rotor is:

o SN0se,) (3.10)

ns n(ve skew J
2n

3.4  Finite elements model (FEM) of healthy SPMSM

Nowadays, finite elements based methods (FEM) are being commonly applied in the design and analysis
of electrical machines. Among the most interesting capacities of FEM packages it must be noted the
ability to dea with highly non-linear problems, being the case of rotating electrical machines due to the
characteristics of magnetic materials. FEM based analysis is an excellent tool that fits with the strictest
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design requirements of electrical industry. High reliability, minimum power losses, maximum power and
torque density and low production costs among others, are requirements demanded by rotating electrical
machines designers. Therefore, it is crucial to dispose software packages specially conceived for
designing and analyzing the rotating electrical machine in detail, from which a near-optimum design may
be obtained. It is in this area where FEM packages offer an integrated powerful solution. They are
currently being applied instead of the classica analytical and experimental methods, which require
expensive and nonflexible prototyping.

As explained in 3.3, when considering the effects of rotor permanent magnets skew, a simplified
modeling of the SPMSM by means of a 2D FEM model is not possible since 2D models suppose
symmetry of the machine along the shaft axis. However, when dealing with skewed machines, the axial
magnetic field distribution varies. Researchers have checked different alternatives for solving this
problem. One possibility is performing afull 3D FEM analysis. Although different 3D FEM packages are
available, 3D modeling of SPMSMs with skewed rotor is not easy yet due to the complex geometry,
demanding computational burden [50] as well as required resources [51]. For these reasons this approach
is inappropriate for everyday design, especially for medium and large machines where a large number of
nodes are required. Consequently, other alternatives are preferred.

A common used approach is the multi-slice FEM method [52-53]. Under this approach, the base 2D
surface mesh —which is perpendicular to the shaft axis- is duplicated n times along the shaft axis direction
to produce a total of n dices. The dlices are coupled by means of the electric circuit. The 2D rotor is
rotated in each dlice according a well-defined skew angle. Each sliceis represented by aflat disk having a
thickness 1/n. However, a considerable number of slices may be necessary to properly represent skewed
magnets [51]. Additionally, the number of unknowns of the equations system to be solved simultaneously
increases with the number of dlices. When compared with a 2D FEM analysis, the multi-slice
methodology increases simulation time and costs considerably [54-55]. Moreover, not al the available
electromagnetic FEM packages allow performing a multi-slice simulation.

There exist also other techniques to deal with skewed machines. For example, in [50] a 2D FEM analysis
consisting on separated 2-D models of rotor and stator, which are coupled by floating boundary
conditions in dependence with skewing and angular rotor position, is carried out.

Faults disturb the normal operation of SPMSMs and shorten their useful life. Therefore, a simple but
accurate analysis of the faulty machines with skewed rotor magnets becomes essential to study such faults
[45].

In this work, it is proposed an alternative for anayzing SPMSMs with skewed rotor magnets, which is
based on generating an equivalent non-skewed permanent magnet distribution which accounts for the
skewed motor [56].

An appealing feature of this method is that it can be easily performed in any 2D electromagnetic FEM

package. Attributes of the equivalent geometry include simplicity, high accuracy and low computational
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burden and high simulation speed compared to 3D and 2D multi-slice FEM analysis. Moreover, in case of
dealing with a faulty motor, in which the symmetry is frequently lost, it is not possible to take advantage
of the symmetry of the machine being not feasible to simulate only a fraction of the machine.

The equivaent geometry deals with an-step skewed SPMSM. For better understanding Fig. 3.1 shows a

scheme of afour-step skewed rotor.

Fig. 3.1. Rotor scheme of a SPMSM with three poles pairs and four-step magnets

The magnetic flux density Bk of each one of the ns magnet segments of length 1/ns shown in Fig. 3.2 can
be expressed as a function of the mechanical angle 8 and the angular displacement ¢ of the magnets as,

B, 0o<o<7t

B=¢ 0 7<0<7r+¢p (3.11)
-B r+p<0<2r'+¢p
B, + 04 | Ng SO ST +0,,, 1 N

B,=¢ 0 7404, /N <0740y, /N +¢ (3.12)
—B T'4+04,, I N+ <0 <2040, I N+ ¢

B, + (k=1 I N, <O <7 +HK =1y, / N,
B.={ 0 7+k-10y,/n <0<t +k-1)04, /N +0 (3.13)
-B k-1, /n.+p<0<20+(k-1)0,,, / N+

)

Fig. 3.2. Magnetic flux density for a magnet segment
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It is assumed a rotor having ns magnets. All the magnets are supposed to have length | and remanence
B:/ns The magnetic flux density distribution is as shown in Fig. 3.2. The resultant distribution of the
magnetic flux density in the air-gap is equivalent to that produced by a set of fictitious equivaent magnets
with different remanence values. This new geometry alows deding with an equivalent 2D axis
symmetric distribution of the rotor magnets as shown in Fig.3.3. Consequently, the new geometry alows
the researcher to deal with a ssimplified 2D FEM model that accounts for the skew of the rotor magnets.
This system alows avoiding a full 3D FEM geometry as well as the 2D multi-dice FEM geometry, thus
minimizing the computational burden of the problem. In the example illustrated in Fig.3.3 for afour poles
rotor with two magnet segments, the equivalent fictitious magnet of each pole is divided into three

segments. Each segment has its own magnetic flux density strength.

BJ/2

B2+

B, BJ2-BJ2 B, -B/2BJ2 B BJ2-Bj2 B, -BJ2

Fig.3.3. Magnetic flux density for a two magnet segments (n = 2) and its equivalent magnet geometry

3.5 The studied SPMSM

Experimental data have been acquired from a 380 Vac SPMSM with 3 poles pairs, 18 dlots, rated torque
of 2.3 Nm, rated current of 3 A, and rated speed of 6000 r/min manufactured by ABB. The motor was
driven by an ABB power converter model DGV 700. The drive control is avector control, with ia= 0 and
a PID speed control loop. The motor is loaded by an additional SPMSM driven by atorque controller. A
constant load is imposed during experiments. The geometry of this SPMSM has been used to carry out
FEM simulations. A detailed explanation of the experimental test bench isin Appendix A. The SPMSM
studied in this work has a skewed rotor with six rows containing four permanent magnets each, thisisto

say, n = 4 magnets/pole, as shown in Fig. 3.4.
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Fig. 3.4.Skewed rotor of the SPMSM used in experiments

The resultant magnetic flux density distribution for the studied rotor and the resultant magnet geometry is
shown in Fig.3.5.

/3 2n/3 L
B'“—m
B4, =

“ K] 2mi3 m
-B/d, ol
= i 2mi3 =
BM_‘_I—I_'—\_I—H
i ] 2ni3 T
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| =8
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1 ! 3 !
Cv T s T T~ 1 s

Fig.3.5. Magnetic flux density distribution for the skewed rotor with six poles (p = 3) and four magnet
segments (n = 4) studied in this work.

Fig.3.6 shows the classical magnet geometry and the new geometry proposed in this work in the way they
areintroduced in the FEM simulation environment. While in the classical geometry each magnetic poleis
defined by awhole magnet piece, in the new geometry each magnetic poleis divided into seven segments

asdetailed in Fig.3.6. According to Fig.3.5, each segment has its own remanence.

_._L_-,{- :

L 4 Sy
a) Magnet Segments b)

Fig.3.6. a) Classical 2D magnet geometry. b) New equivalent skewed 2D magnet geometry

24



& O
3.6 Experimental and simulations results

In this section experimental data and FEM simulation results obtained from the classical 2D FEM
analysis, the 2D multi-slice FEM analysis and the new proposed 2D FEM analysis are analyzed and
compared. Fig.3.7 shows the magnetic flux in each phase winding obtained from FEM simulations by
applying the three discussed FEM methods.

FEM risw geomalry ..
FEM 2D traddional

10 +— FEM mutti-siice "‘\;

FEM néw geometry

~10 — ——  FEM 20 tradfional
FEM multi-shea

Magnetic flux (pou)

Harmaonic Amplitude of Magnetic flux (dB)

|

= |

1 2 3 4 5 ] 7 1 2 3 4 5 &
Time (ms) a) Harmonic order b)

=20

| FEM new geomatry
i ———  FEM 2D tradisnal
il - FEM multi-slice

Harmonic Amplitude of Magnetic flux (dB)

28 28 a0 a2 a4 36 38 40
Harmonic ardar C)

Fig.3.7.Magnetic flux in phase A when operating at 6000 r/min under no-load conditions. a) Magnetic flux in

p.u. versus time. b) Magnetic flux amplitude in dB versus frequency. c) Detail of b.

Fig.3.7 clearly indicates that results obtained from the new proposed 2D FEM analysis are very close to
those obtained by the multi-slice 2D FEM analysis. Fig.3.8 shows the experimental back-EMF in phase A
and the results obtained from FEM simulations by applying the three FEM methods. Note that the
experimental back-EMF has been obtained by measuring the voltage induced in the open-circuited stator
windings of the studied SPMSM at 6000 r/min.
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Fig.3.8. Back-EMF when operating at 6000 r/min. a) Back-EMF in p.u. versus time. b) Back-EMF amplitude in

dB versus frequency. c) Detail of b.

Once again, Fig.3.8 indicates that results obtained from the new proposed 2D FEM analysis are very close
to those obtained by the multi-slice 2D FEM analysis.
Fig. 3.9 shows the experimental current in phase A when the motor operates at 6000 pm under rated

current as well as the results obtained from FEM simulations by applying the three analyzed FEM

methods.
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Fig. 3.9. Current when operating at 6000 r/min under rated load. a) Current in p.u. versus time. b) Current

amplitude in dB versus frequency.

Once again, results shown in Fig. 3.9 indicate the excellent behavior of the proposed 2D FEM analysis.
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TABLE 3.2 compares the calculation times, the number of nodes and the number of elements of the 2D
FEM method proposed in this work compared with the 2D multi-slice FEM method and the 3D FEM
method. Comparisons have been performed through FEM simulations with similar mesh resolutions for

al the analyzed models by modeling one sixth of the full geometry.

TABLE 3.2. Comparison between the applied fem methods

FEM method [ Number of nodes | Number of elements* | Relative computational burden
Proposed 2D 873 2203 100%
2D multi-slice 3515 8812 263%

3D 27415 78084 963%

*|ncludes line, surface and volume elements

Results from TABLE 3.2 clearly indicate that the proposed 2D FEM method allows reducing the
computational burden and the resources required when compared with 2D multi-slice and 3D FEM
modeling.

3.7 Comparative with different winding configurations

In order to study how different winding types influence the fault diagnosis, four additional machines are
investigated by means of FEM simulations, they are q < 1, q > 1 with fractional winding, q > 1 integral
and g > 1 integral with short-pitching.

TABLE 3.3 summarizes the main parameters of the studied SPMSMs. More details are Appendix B. The
SPM SM's models include skewed rotor magnets.

TABLE 3.3. Parameters of SPMSMs with different windings configurations

Analyzed PMSMs

Motor 1 Motor 2 Motor 3 Motor 4
Slots 24 30 36 36
Poles 16 8 4
q 1/2 1+1/4 3 3 (Short pitching)
Rated current 20 2,5 7.5 7.5

In this section the results of FEM simulations at rated load which were carried out considering the
PM SM s operating under healthy conditions are presented in TABLE 3.3.

In simulations, the electrical frequency was 50 Hz, which is equivalent to 375 r/min in motor 1, 750 r/min
in motor 2 and 1500 r/min in motors 3 and 4. Fig.3.10 shows the current spectrum of the studied

SPM SM's from simulations results.
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Fig.3.10. Current spectra of SPMSMs with different winding configurations. a) g =1/2. b) q = 1+1/4.¢) q = 3. d)
g = 3 with short pitching.

TABLE 3.4 and TABLE 3.5 summarize the amplitude of the back-emf and stator currents harmonics,
respectively. Note that the motor with g = 1+1/4 can eliminate the most relevant odd harmonics in the
current spectrum.

TABLE 3.4. Back-emf harmonics for different windings configurations

Back-emf amplitude (dB)

q 3th 5th | 7th oth | 11th | 13th
1/2 < Noise | -21.3 | -53.97 | < Noise | -33.03 | -41.77
1+1/4 -23.03 | <Noise | -51.21 | -56.33 | -56.52 | -47.92
3 -26.01 | -38.75 | -46.55 | -35.97 | -40.38 | -40.42

3 (Short pitching) | -31.27 | -53.88 | -48.04 | -35.12 | -41.9 |-39.39

TABLE 3.5. Stator current harmonics for different windings configurations

Stator current amplitude (dB)

q 5th 7th 11th 13th
1/2 -29.28 | -36.7 | -44.88| -44.57
1+1/4 <Noise | <Noise | <Noise | <Noise
3 -41.35| -51.18 | -54.39| -59.32
3 (Short pitching) | -50.59 | -48.2| -58.64| -59.61
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In this chapter the back-emf and current spectrum of a healthy machine are analyzed. To acquire
Knowledge about the healthy stateis an initial point of any faults study in SPMSMs.
In healthy SPMSMs, the most relevant harmonics in the back-emf spectrum and as a consequence, in the

3.8 Conclusion

stator currents spectrum, are the odd harmonics, which amplitudes are principally influenced by machine
constructive aspects such as winding configuration, short-pitching and skewed magnets.

Additionally, in this chapter it is presented a novel 2D FEM-based system for analyzing SPMSMs with
skewed rotor magnets. The proposed system requires making a simple change in the geometry of the
magnets, thus being very simple its application. One of the main advantages of this method is that both
required computer resources and computational burden are almost the same as required by traditional 2D
FEM modeling. The proposed methodology is based on generating an equivalent non-skewed permanent
magnet distribution which accounts for the skewed distribution of the magnetsin a practical rotor.

Both FEM simulations and experimental results show that the proposed FEM system is able to properly
predict the features and the behavior of a healthy SPMSM with step-skewed magnets with an accuracy
degree equal or superior than the attained with the 2D multi-slice FEM modeling.
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4. DEMAGNETIZATION FAULTS IN SPMSMS

In this chapter a theoretical an experimental study of demagnetization faults is presented. The reference
motor is analyzed and the results are compared with those obtained by considering different winding
configurations. Furthermore, the mechanical effects arising as a consequence of demagnetization faults
are studied.

Demagnetization of rotor magnets may reduce significantly the output torque of the SPMSM, thus
deteriorating motor characteristics severely [14]. Once the partial demagnetization occurs, a higher than
the rated current flows into the stator windings to generate the same output torque. Consequently,
demagnetization causes an increase of copper losses, thus increasing the temperature of the SPMSM.
This, in turn, causes more demagnetization which again increases the current [15]. Additionally, the
electrical current of the stator winding produce an inverse magnetic field that opposes the remanent
induction of the permanent magnets [57]. This repeated phenomenon may enhance the demagnetization
of permanent magnets [5, 58]. Moreover, inter-turn short-circuits generate over currents, which in turn
may lead to a demagnetization of the rotor magnets [14].

In the technical literature [59] it is well documented that partial demagnetization leads to harmonic
frequenciesin the stator currents according to:

famg = f12 K/ p| k=1,23.n (4.1)

Stator currents diagnostic by means of monitoring and analyzing the stator currents harmonic spectrum
has been applied to detect this type of faults [6, 60]. However, as stated in [60], depending on the stator
windings configuration and the type of demagnetization, in some cases no new harmonic or sub-harmonic
frequencies different than those aready present in a healthy machine appear due to demagnetization
faults. Hence, in these cases, demagnetization faults can only be detected by analyzing other machine
variables. Additionally, it is aso known that other types of rotor defects such as dynamic eccentricity can
be detected by studying the same characteristic fault frequencies in the stator currents [40]. Consequently
in some cases the diagnostic method based on analyzing the stator currents spectrum does not allow to
distinguish between demagnetization and other types of rotor faults.

In thiswork a surface mounted permanent magnet synchronous motor (SPM SM) with symmetrical series-
connected concentrated stator windings is analyzed (Appendix A). It is shown that when analyzing a
single stator slot, partial demagnetization induces harmonic frequencies in the spectrum of the back-emf
since the flux linking the stator windings is no longer symmetrical. However, when analyzing the
resultant back-emf voltage in all the slots of a phase winding the fault harmonic frequencies are cancelled.
It means that in practical machines similar to the one studied where the back-emf is not available it is not
feasible to measure the fault harmonics due to demagnetization. For this reason, in this work it is
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proposed the diagnostic of incipient rotor demagnetization faults in SPM SMs with concentrated windings
by means of an on-line monitoring of ZSVC instead of applying the classical stator currents diagnostic
based on analyzing the three-phase stator currents[23]. An accessible neutral point of the stator windings
is need to measure the ZSCV, just as required in fault tolerant schemes. They usually add an extra
inverter leg which, in fault mode, is connected to the neutral point of the SPMSM, thus replacing the
faulty phase [39, 61]. Hence, the drawback that supposes the accessibility of the neutral point may be
offset because the system is able to detect incipient demagnetization faults, thus making the whole system

more reliable.

4.1 Demagnetization Harmonics induced in the back-emf

In this section the effects of partial demagnetization faults in the back-emf voltage on both a single dlot
and the resultant effect on al the dots of a phase stator winding (series-connected) is analyzed. Results
presented in this section are based on healthy and a partially demagnetized three-phase SPMSM. The
faulty SPMSM has two 25% partially demagnetized poles. For the analyzed winding configuration it is
equivalent to a 50% partially demagnetized pole. For this purpose some magnets have been removed (see
Section 4.4).

4.1.1 Induced back-emf voltagein asingle slot

The permanent magnets placed in the rotor induce a back-emf in the stator windings which amplitude
increases nearly linearly with the rotor speed. A healthy machine induces a regular and periodic back-emf
voltage in each dlot of the stator windings. Conversely, when dealing with a partially demagnetized
machine, the back-emf induced in a single dlot is not regular, as shown below. It is so because the
damaged or removed magnets have a reduced contribution in the back-emf, thus producing a gap or
asymmetry in its waveform whenever aremoved magnet passes in front of the analyzed slot. Thus, such a
behavior is not difficult to model.

Neglecting the effects of the geometric disposition of the rotor magnets, the back-emf voltage in a single
dot eso Of a healthy machine has a sinusoidal shape as shown in Fig.4.1. However, supposing a faulty
machine with a 50% demagnetized pole, whenever this pole passesin front of the analyzed dot, the back-
emf induced in this dot is halved. This effect can be modeled by subtracting the waveform y(t) from the

sinusoidal waveform esq«(t) shownin Fig.4.1.
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Fig.4.1. Waveforms used to develop the proposed model

Mathematically, the wave y(t) can be obtained by multiplying a fundamental sinusoidal wave by the
square wave X(t) in Fig.4.1, which has a frequency fJ/p and a duty cycle d = 1/2p. This square wave can
be expressed by means of the Fourier series:

1 & 2 . 2kt t
X(t)=—+Y < sin(zkd)co s (4.2)
0=+ 22 s >{pj

The wave y(t) shown in Fig.4.1 is obtained by performing the product between the square wave and the

sinusoidal one, resulting in:

y(t) = cos(2f t){—+ik£' n(zkd) co{zmstﬂ (4.3)

k=1 K7 p

After some algebraic operationsit leads to:

y(t):z—lpcos(Zﬂft +Z% ] {—chosi:Zﬂfst(liEH (4.4)

p
The equation of the induced voltage in the first slot of phase “a’ of the anayzed faulty SPMSM can be
expressed as.

M:j—it(t) =Vs|0t COS(ZH’fet)—ng Kdem y(t) +

Being Vso the amplitude of the back-emf induced in asingle slot and Kdemthe ratio between the remanent
flux density of a demagnetized pole and a healthy one.
By substituting equation (4.4) in (4.5), the induced back-emf voltage in the first dot of phase “a’ results

in:
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dAg, (t K gem -1 . (krz Kk
Bya(t) = #() :Vw(l— de JCOS(ZﬂfSt)_VS""Kde'“kZ;‘Esn[Z_pJ co{Zzzfst(li BH (4.6)

The factor 1-Keen/2p in the first part of above equation is the reduction of the fundamental harmonic
amplitude of the back-emf voltage due to the fault. It is worth noticing that in the second part of this
equation, the harmonic frequencies owing to the demagnetization fault are the same than in equation (4.1)
which agrees with the technical literature [59-60]. This is a validation of the usefulness of this smple
model.

Additionally, the predicted amplitudes of these fault harmonics are as follows:

Vot Kaem [ K7 47
A kz (Zp (1)

Fig.4.2 shows comparative results of the back-emf induced in a single slot obtained by means of FEM
simulations and from the model proposed in equation (4.6). It is supposed a faulty SPMSM operating at
6000 r/min with a 50% demagnetized pole.
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Fig.4.2. Normalized back-emf voltage (esiot/Vsiot) induced in a single slot of a faulty SPMSM with a 50%
demagnetized pole when running at 6000 r/min.

Simulation results shown in Fig.4.2 clearly indicate that the effect of 50% demagnetization in apoleis a
50% decrease in the back-emf amplitude whenever the demagnetized pole passes in front of the analyzed
stator slot. Thus, these results evidence the significant effect of this fault on the back-emf voltage in a
single dot. Additionally Fig.4.2 illustrates that results obtained from the simple model explained here are
in close agreement with FEM simulation results.

In a concentrated winding (g=1), the electric angle between two adjacent slots of the same phase is 7 rad.
Therefore, the back-emf voltage induced in any dot of phase “a’ can be computed by extending equation
(4.6) as:
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(4.8)

Ko co —r(m-1)]-
o coszrt - -1

dt

~D)™V, Kdmz ( J O{Zﬂfst(li EJ —(m- 1)[1J_r ‘;H

Wherem= 1,2,... 2p isthe pole number of the slot where the back-emf is cal culated.

es!ot(t ) = M = (_ l)legot(l_

The factor (-1)™* is positive in slots where the conductors are entering and negative in slots where
conductors are leaving. Note that the equation above may be extended to all winding configurations, e.g.
changing the angle between two adjacent sotsin the same phase in a short pitched coil (which is different
from 7 rad).

The magnetic flux in any slot of phase“a’ is obtained by integrating the back-emf voltage induced in it.

Ao (t)= [ e (L)l (4.9)

By substituting equation (4.8) into (4.9) it results,

gy ®)=(=1)™* Nil[l—};d;’“Jsin[Zﬁst —z(m-1)]-

(~1)™ N/lleank%pm(smsn(;pjsn{Zﬂf t( I;J—fr(m 1)(1+EH

Being NA1 = Vol (2rfe).
Fig.4.3 shows the magnetic flux induced in a single slot of phase a when dealing with a faulty SPMSM

(4.10)

running at 6000 r/min having a 50% demagnetized pole. Note that the harmonic order is an integer or a
fractional multiple number of the fundamental supply frequency.

Results from Fig.4.3 clearly show the close similitude between the magnetic flux obtained from FEM
simulations and from equation (4.10). Additionally, the harmonic content obtained from FEM simulations
and detailed in part b isin close agreement with equation (4.10), since the fractional harmonics appear in
both cases, being their amplitudes very similar. Note that equation (4.10) has been deduced by only taking
into account the effects of the fundamental harmonic, thus ignoring the effects of constructive harmonics

really present in the back-emf due to the own geometry of the machine.
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Fig.4.3. a) Normalized magnetic flux in a single slot (Asiot/NA;) of a faulty SPMSM obtained by means of FEM
simulations and from equation (4.10). b) Magnetic flux spectrum.

412 Back-emfinduced in all dots of a phase series-connected winding

In aserial concentrated winding with g = 1, the back-emf voltage in phase A can be calculated as:

ephase(t ) = ieslot,m(t ) = dl%atse(t) (411)

By substituting equation (4.8) into (4.11) it results:

Epnase(t) = 2;sz/11(1— szgﬂ ]i(— 1)™* cod[24f t — 7(m—-1)]-

m=1

2P 1 . (kr k k
27NAK i D (1) —sin ]co ZMSt(lij—ﬂ m—l)[liﬂ
n ;( ) ;kﬂ (Zp { p ( p

Changing the sum order in the second part of (4.12) it results:

(4.12)
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=1 (kr )&, \ma ( kJ )( kj
272fNAK 4 ) —SiNf — | > (-1)" "cog 24f t| 1+ — |—7z(m-1) 1+ —
n ékﬂ (ij;( ) { p ( p

It can be demonstrated that the first term in the above equation resultsin:

i (=1)™" cog2af t — z(m—1)]= 2 pcos(2£ t) (4.14)

m=1

Additionaly, it can aso be verified that the second term is null:

Sy co{Zfzfst[li %j_ﬁ(m_l)[li %H:o (4.15)

Hence, from equations (4.13), (4.14) and (4.15) the back-emf induced phase a can be rewritten as:

dA,..(t
Enase(t) = pg%“ =4 pﬂfSN/ll(l— sz;“ ]cos(zm‘st) (4.16)

The above equation shows that the effect of the partial demagnetization of one pole of the machine is a
reduction in the back-emf voltage in a factor 1 — Kden/2p. However, unlike the back-emf induced in a
single slot, in the resultant back-emf induced in a phase there is no trace of harmonics different from the
fundamental one. Thus, the effects due to demagnetization faults cannot be measured through the back-
emf harmonics induced in a phase of the stator winding. Similar results are obtained when dealing with
other types of symmetric windings [60].

By integrating equation (4.16) it results the following expression for the magnetic flux of phase “a

Aprase(t) = 2pNi( Ky : jsin(Zﬂfst) (4.17)

The back-emf induced in each of the phases of a heathy SPMSM —including the effects of the

constructive harmonics— may be calculated as follows:

e (t)= dt()—47zf Np{/i cos(2A L)+ > 4, cos(24f tv—g, )}

v=2k+1

e (t)= b () = 4Af Np{/l Cos(Z;zf t—z?irj Z A, CO{ZMSW_%—ZVZH (4.18)

v=2k+1

e(t)= () = 47 Np{i Co{ZzszZ?fj > lvcos(Zzsztv—(/ﬁerngﬂ

v=2k+1

In case of a partially demagnetized SPM SM, the back-emf induced in each of the three phasesis:
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Fig.4.4 shows the back-emf induced in phase “&’ obtained by means of FEM simulations when dealing
with healthy and afaulty SPMSM —having a 50% demagnetized pole— running at 6000 r/min.
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Fig.4.4. a) FEM simulations of the normalized back-emf voltage (€phase/Vphase) induced in phase “a”. b) Back-

emf spectrum.

Fig.4.4 corroborates that when analyzing the back-emf induced in a phase of the SPMSM —supposing
symmetrical concentrated stator windings connected in series— it is not possible to measure harmonic
frequencies due to demagnetization faults.

Fig.4.5 shows the current spectrum of phase “a’ of healthy and partially demagnetized SPMSM.

37



Dermagnetized

——— Healthy

Current amplitude (dB)

Harmonic order

Fig.4.5. FEM simulated current spectrum of phase “a” —faulty and healthy machine- when the SPMSM
operates at 6000 r/min.

Results from Fig.4.5 show no presence of fractiona harmonics in the stator current spectrum,
corroborating the results of equation (4.16). Thus, in the analyzed motor type, it is difficult to diagnose
demagnetization faults from the stator current spectrum data.
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Fig.4.6. a) SPMSM geometry. b) Stator windings connection diagram.

The elimination of the fractional harmonics through the entire coil can be explained in a quantitative
manner as follows. As the demagnetized pole is passing in front of the first coil of phase “a’ (coil al-al’

in Fig.4.6), the induced back-emf is quite similar to the other coils back-emf, but with a lower amplitude.

38



&

While the demagnetized pole faces the second coil (coil a2-a2') its induced back-emf is once more

lowered. As a result, the back-emf induced in each coil is lowered. On the other hand, as the phase back-
emf voltage is the sum of the all coils voltages (serial connected winding), the entire back-emf induced in
phase “a” has reduced amplitude but it does not contain fractional harmonics. In order to illustrate this
phenomenon, a FEM simulation using the reference motor was carried out with a full pole removed [62].
These results are shown in Fig.4.8, which proves that the entire back-emf induced in phase “&’ has lower

amplitude (compared with a healthy machine) but it does not contain fractional harmonics.
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Fig.4.7. Back-emf voltage —normalized with respect to phase voltage—induced in a series-connected winding
obtained by means of FEM simulations supposing a full pole removed.

4.2 Expression of the ZSVC for healthy and partially demagnetized SPMSMS

In this section the equation of the VO ZSVC is derived for both healthy and partially demagnetized

machines.
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421 Healthy SPMSM

As stated in [39], when dealing with a healthy symmetrical SPMSM, the stator equations in abc reference

frame can be expressed as follows:

[Vewe] =[ Ry {isme] + Lsh]%[im] %MW,M] £V, (4.20)

Where the Nolzvo[lll]tterm is due to the voltage difference between the center point of the stator
windings and the neutral point of the three-phase voltage-source. This term is zero when neglecting the
effects of constructive harmonics.

The induced back-emf voltage matrix due to the permanent magnets can be written as:

d di, di, di

—[A =|—a b ¢ 4.21
dt[ e { dt dt dt } (4.21)
With wye-connected windings it results:

i, +i,+i, =0 (4.22)

By adding the rows in (4.20) and having into account the above equation, the expression of the ZSVC Vo

is obtained as follows:

1 di
V. ==(V. +V_+V_ )——M0 4.23
0 3( a b c) dt ( )

o _1(% . &, d&)

Where dt 3

4.2.2 Partially demagnetized SPM SM

Including equation (4.19) in (4.20) it results:

[Vae] = [RaT e ] #1115 ] +(1— ';d;“];’tum] +1] (424

By adding the rows of the above equation and having into account (4.22) it results the expression of the
ZSVC Vo:

di
VOZE(Va +V, +V,)- 1_Kﬂ —PMO (4.25)
3 2p dt
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In order to validate the accuracy of the above equation, two type of demagnetization faults are analyzed
by means of FEM simulations. Demagnetization type | assumes a SPMSM with a 50% partialy
demagnetized pole. To obtain this demagnetization some magnets have been removed as detailed in
Section 4.4. Contrarily, demagnetization type Il supposes a lateral demagnetization in which each one of
the 6 rotor poles (each pole has 4 magnets) have a 33.33% demagnetized magnet. Both conditions are
equivalent to a pair of poles 25% demagnetized, or a 50% demagnetized pole, respectively. Possibly, a
real demagnetization is more likely to happen in the same region of all the magnet poles because a large
and localized short circuit stator current may demagnetize al these magnets each time they pass near this
region.

Fig.4.8 shows the simulated ZSVC Vo spectra for both heathy and demagnetized SPMSMs
(demagnetization types | and I1).
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Fig.4.8. FEM simulations of ZSVC V, voltage for healthy and two types of partially demagnetized machines.

Results from Fig.4.8 prove that both type of demagnetization faults lead to similar results. From these
results the obtained values of the factor 1 — Kden/2p in equation (4.25) are 0.877 for demagnetization type
| and 0.901 for demagnetization type |1, whereas its theoretical valueis 0.917.

4.3 Detection of demagnetization faults in inverter-fed SPMSMs

This section sets the bases of ZSV C method proposed in this work to detect demagnetization faults when
dedling with inverter-fed SPMSMs. Due to geometric effects, the magnetic flux spectrum in a rea
SPMSM has a third harmonic component and their multiples [63]. Consequently, the air-gap flux has an
important third harmonic component [64]. This in turn induces a third harmonic voltage in the stator
windings. However, if the SPMSM is wye-connected, no zero sequence components will exist in the
stator currents.
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Commercial SPMSMs are usually fed by electronic inverters; hence the line-to-neutral voltages are not
available. Additionally, the inverter injects ZSVC in the SPMSM. Similarly asin [65], Fig.4.9 shows an
inverter-fed SPMSM and athree-phase balanced resistor network used to measure the ZSVC.
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Fig.4.9.Scheme diagram of SPMSM connection with the inverter, the stator windings and the resistor network

used to generate an artificial neutral point.

PWM inverters usualy inject zero-sequence voltages in the machine, which influence Vo. According to
[65] the zero-sequence voltage injected by the inverter can be divided into components that are intrinsic
to PWM —independent of the modulation method—, components that depend on the modulation method
and components caused by switching transients. ZSV C intrinsic to PWM have a frequency content greater
than or equal to the inverter switching frequency, and therefore far from the fault-related frequencies of
interest [66]. ZSVC generated by the inverter modulation method are almost totally removed by using a
three-phase balanced resistor network. Additionally, components produced by switching transients have
typically frequencies above 100 kHz. Due to this spectral separation, these components do not cause
interference in the diagnostics of the machine.

According to Fig.4.9, the sum of currents through the three branches of the balanced resistor network is

zero, resulting in:

Va=Voo Vo =Voe Ve Voo _ (4.26)
R R R

From (4.26) it results:

V. :%(va +V, +V.) (4.27)

Vo :Vo,c +Vo,m (4.28)

In case of phase-to-neutral voltages containing ZSVC —it is the case of inverter-fed machines— the
balanced three-phase resistor network allows removing them from the neutral voltage of the machine.
Thus the voltage Vom is only influenced by the own harmonics of the machine [65]. Also when the
SPMSM operates under fault condition, the study of Vominstead of Vo has the benefit that the acquisition

42



L &

system can be scaled according to the zero-sequence voltage magnitude which is usually much lower than
the phase-to-neutral voltages Vam, Vomand Vem[65].
When including the three-phase balanced resistor network equations (4.23) and (4.25) can be expressed

as:
dai
V, =——"M0 4.29
om dt ( )
Vo,m = —(1 - szgn Jdigr’o (4 30)

The value of 1 — Keen/2p depends on the analyzed type of demagnetization. However it is worth noting
that all the demagnetization types reduce the Vom ZSVC value. Therefore this reduction may be used as a

fault severity index which informs about the equivalent demagnetization degree.

4.4 Experimental results

Experiments were carried out by means of healthy and faulty machines (reference SPMSMs, Appendix
A). A SPMSM was modified to carry out the experimental part which neutral point of the stator winding
was made accessible as well as the two terminals of a pair of poles of phase A. Additionally, two rotor
magnets were removed to obtain a faulty SPMSM with a 50% partially demagnetized pole
(demagnetization type 1), asillustrated in Fig.4.10.

Demagnetized
poles

Fig.4.10. Rotor of the analyzed partially demagnetized SPMSM. It has 6 rows with 4 magnets/row

The two removed magnets are in opposite poles in order to balance the magnetic forces on the rotor, thus
avoiding mechanical effects, which are studied in section 4.6. Afterwards the rotor mass was balanced.
Fig.4.11.a shows the acquired back-emf induced in one out of the three pair of slots of phase A. Note that
it had been normalized with respect to phase-to-neutral back-emf. Back-emf voltage was obtained
experimentally with the machine operating as a generator. It can be clearly appreciated that whenever the
removed magnets pass in front of analyzed dots, they produce agap in its waveform.

Fig.4.11.b shows the spectrum corresponding to Fig.4.11.a, which confirms the presence of fractiona
harmonics.
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Fig.4.11.a) Experimental back-emf induced in a pair of poles of the stator winding of a partially demagnetized
SPMSM when operating at 6000 r/min. b) Spectrum of part a.

Fig.4.12 shows the experimental back-emf induced in phase A (normalized with respect to phase-neutral
voltage) for both healthy and partially demagnetized SPM SMs. The amplitude reduction in case of faulty
SPMSM, agrees with equation (4.16). While the theoretical value of the reduction in the back-emf is
given by 1 — Keen/2p = 1 — 0.5/6 = 0.917, the experimental values are 0.940 and 0.926 for the amplitudes
of the first and third harmonics, respectively. It is important to highlight that there are not additional
harmonics in the back-emf voltage of a partially demagnetized SPMSM different than those of a healthy
machine.
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Fig.4.12.a) Measured back-emf induced in phase A when the SPMSM operates at 6000 r/min. b) Back-emf
healthy and faulty spectrum.
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Fig.4.13.shows the experimental Vom ZSVC of a healthy and a partially demagnetized SPMSM,
normalized with respect to phase-neutral back-emf.
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Fig.4.13.Experimental ZSVC voltage of healthy and partially demagnetized SPMSM operating at 6000 r/min.

Results from Fig.4.13 are an experimental validation of equation (4.30) since the experimenta third
harmonic amplitude reduction factor 1 — Kaen/2p is 0.922, which isin close agreement with its theoretical
value of 0.917. Thus, the third harmonic amplitude reduction factor of the Vom ZSVC (Kdem) may be
adopted as afault severity index which may be very useful to design an on-line fault diagnosis scheme.

441 ZSVC under different operating conditions

In order to vaidate the usefulness of the ZSVC-based method to diagnose demagnetization faults, a
healthy and a new partially demagnetized SPM SMs modified according to Fig.4.14 (equivalent to 2 poles
50% demagnetized) were tested under different operating conditions.

poles

Fig.4.14. Rotor of the analyzed partially demagnetized SPMSM (2 poles, 50% demagnetized)

Fig.4.15 shows the fundamental harmonic amplitude of Vom ZSVC (third harmonic of the supply
frequency) for healthy and partially demagnetized SPM SMs.
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Fig.4.15. 1th harmonic amplitude of Vo mZSVC in healthy and faulty SPMSM operating under different speeds

and load conditions (different currents).

Results shown in Fig.4.15 indicate that for a given speed, the amplitude of the fundamental harmonic of
the VomZSV C is amost constant regardless of the load level.

Fig.4.16 plots the experimental relation between the fundamental harmonic amplitude of the Vom ZSVC
and the speed when the motor operates under rated load. Results shown in Fig.4.16. indicate that for a

given load level, the amplitude of the fundamental harmonic of the Vom ZSVC increases with the speed.

Note that it is not difficult to fit the response curve of the healthy machine by means of a 2nd order

polynomial. Hence, the Vom ZSVC of a practical machine may be compared with the value obtained by

the adjusted polynomial.

TABLE 4.1 summarizes the experimental results of the fault severity index 1-Kdem.
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Fig.4.16. 1th harmonic amplitude of VomZSVC in healthy and faulty SPMSM operating at different speeds

under rated load.
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TABLE 4.1. Fault severity index 1-kqem under rated load and different speeds.

Speed (r/min) Fault indicator 1-kgem
500 0.837
1500 0.841
2500 0.845
3500 0.855
4500 0.848
5500 0.854
Mean 1-Kgem 0.847
Theoretical 1-Kgem 0.833

4.5 Comparative results when analyzing different windings configurations

To analyze the influence of the winding configuration on the harmonic content of the stator currents and
the ZSVC, atotal of five configurations are analyzed different from the reference motor, whose main
parameters are detailed in TABLE 4.2.

The analyzed machines include fractional and integral stator slot windings, overlapping and non-
overlapping, single- and double-layer, full- and short-pitch and series- and parallel-connected windings.
The work is focused on determining the influence of the number of slots per pole per phase (g) on the
harmonic content of the stator currents and the ZSVC.

The stator currents harmonics are analyzed for each machine when operating under healthy and partially
demagnetized conditions. To facilitate the comparison, all the analyzed faulty PMSMs have the same
demagnetization degree.

All the results presented are based on FEM simulations carried out under stationary load and speed
conditions. Although the different analyzed machines have different active dimensions and consequently,
different rated power, it has no influence on the results. It is so because the spectra of the stator currents
for each analyzed SPMSM are plotted normalized with respect to the fundamental harmonic of the same

motor when operating under healthy conditions.
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TABLE 4.2. Parameters of demagnetized SPMSMs

Features m1 m2 m3 m4 m5
Slots/pole/phase (q) 1/2 1+1/4 | 1+1/4
Poles (2p) 16 8 8
Slots number 24 30 30 36 36
Turns per slot 96 40 40 24 24
Layer type Double | Double | Single | Single | Double
Short pitch No Yes No No Yes
Variable pitch No No Yes No No
Parallel-branches 8 2 - 2 2
Symmetric winding Yes Yes No Yes Yes
Equivalent removed poles 2.66 1.33 1.33 0.66 0.66

451 Serial connected windings

Fig. 4.17 shows the stator currents spectra for the five analyzed series-connected winding configurations
shown in TABLE 4.2
Results clearly indicate that the winding configurations have a profound impact on the harmonic content

of the stator currents. A summary of these resultsis as follows:

e ml (q=1/2, double layer): the amplitudes of the constructive harmonics (5-th and 7-th) increase
dightly in a partially demagnetized machine and there are new even harmonics (2-nd and 4-th)
but not fractional harmonics appear in the currents spectrum.

e m2(q= 1+1/4, constant-pitch): in the case of a partially demagnetized SPMSM the amplitudes of
the constructive harmonics (5-th and 7-th) increase significantly and new harmonic components
(0.5-th, 3.5-th, 5.5-th and 6.5-th among others) appear in the currents spectrum. These are the
fractional harmonics predicted by (4.1).

e m3(q = 1+1/4, variable-pitch): when a demagnetization fault occurs, the constructive harmonics
amplitudes (5-th and 7-th) change dlightly. The currents spectrum of a partially demagnetized
SPMSM contains new harmonic components (0.25-th, 0.5-th, 1.25-th, 1.75-th and 2.5-th among
others) as predicted by (4.1).

e m4(q =3, full-pitch): when dealing with a partially demagnetized machine, the amplitudes of the
constructive harmonics (5-th and 7-th) decrease moderately. No new harmonics appear in the

stator currents spectrum due to demagnetization faults.



e mb5 (q = 3, short-pitch): in the case of a partially demagnetized machine, the amplitudes of the
constructive harmonics (5-th and 7-th) decrease moderately and no new harmonics appear in the

stator currents spectrum.
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Fig. 4.17. Currents spectra for healthy and demagnetized SPMSMs. a) q=1/2 b) q=1+1/4 c¢) q=1+1/4 with
variable step d) g=3 e) q=3 with short pitching

Results from Fig. 4.18 show the influence of the winding configurations on the harmonic content of the
ZSVC.
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Fig. 4.18. ZSVC spectra for healthy and demagnetized SPMSMs. a) q=1/2 b) q=1+1/4 c) q=1+1/4 with variable
step d) q=3 e) g=3 with short pitching

A summary of the results presented in Fig. 4.18 isasfollows.

e ml (q= 12, double layer): the amplitudes of the ZSVC constructive harmonics (3-th and 9-th)
change significantly in the case of partially demagnetized SPMSM and an important 6-th
harmonic component appears in the ZSV C spectrum.

e m2 (q = 1+1/4, constant-pitch): in the case of a partialy demagnetized SPM SM, the amplitudes
of constructive harmonics (3-th, 6-th and 9-th) decrease significantly. Additionally, new

harmonic components appear in the ZSV C spectrum (1.5-th and 4.5-th).
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m3 (q = 1+1/4, variable-pitch): the constructive harmonics amplitudes (3-th, 6-th and 9-th)
decrease dlightly in the case of partially demagnetized SPMSM and new harmonic components
(0.75-th, 1.5-th, 2.25-th, 3.75-th and 4.5-th among others) appear in the ZSV C spectrum.

m4 (g = 3, full-pitch): when dealing with a partially demagnetized machine, the constructive
harmonics amplitudes (3-th and 9-th) decrease dightly. No new harmonic components appear in
the ZSV C spectrum due to demagnetization faults.

mb5 (g = 3, short-pitch): in the case of a partially demagnetized machine, the amplitudes of the
constructive harmonics (3-th and 9-th) decrease dightly. The ZSVC spectrum of a partialy
demagnetized SPM SM contains new fractional harmonic components (1.5-th and 4.5-th).

Parallel connected windings

Fig. 4.19 shows the stator currents spectra for the analyzed winding configurations except for m3

(because of its asymmetry it cannot have parallel-connected windings).

Similarly as in the case of series-connected windings, results from Fig. 4.19 prove that the stator

configuration greatly influences the current spectrum composition. A summary of these results is

presented as follows:

ml (q = 1/2, double layer): in the case of a demagnetization fault, the constructive harmonics
amplitudes (5-th and 7-th) decrease dightly and the spectrum has new even harmonics (2-nd and
4-th). However, the stator currents spectra do not have fractional harmonics.

m2 (q = 1+1/4, constant-pitch): in the case of a faulty SPMSM, the constructive harmonics
amplitudes (5-th and 7-th) change slightly and new fractional harmonic components (0.5-th, 3.5-
th, 5.5-th and 6.5-th among others) appear in the currents spectrum.

m4 (q = 3): when dealing with a partially demagnetized machine, the amplitudes of the
constructive harmonics (5-th and 7-th) decrease sightly. No new harmonic components appear in
the current spectrum.

m5 (g = 3, short-pitch): in the case of a partially demagnetized machine, the amplitudes of the
constructive harmonics (5-th and 7-th) remain almost constant. No new harmonics appear in the

stator current spectrum due to demagnetization faults.

Fig.4.20 shows that stator currents spectrain parallel branches of a demagnetized motor contain fractional

harmonics which do not appear in the line currents. As a consequence there are circulating currents,

which can increase joule losses and may lead to more demagnetization.
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Fig. 4.21 shows the windings configurations influence on the ZSVC harmonic content. A summary of
these results is presented as follows:

e ml (q = 1/2, double layer): in the case of a faulty machine, the constructive harmonics
amplitudes (3-th and 9-th) decrease moderately and a new 6-th harmonic component appears in
the ZSV C spectrum.

e m2 (q = 1+1/4, constant-pitch): in a partially demagnetized SPMSM the 3-th, 6-th and 9-th
constructive harmonics amplitudes decrease dightly and new fractional harmonic components
appear in the ZSVC spectrum (0.5-th, 0.75-th, 1.5-th, 2.25-th and 4.5-th among others).

e m4 (g = 3). in the case of the partially demagnetized SPMSM, constructive harmonics
amplitudes (3-th and 9-th) present a very sight change and a new 6-th harmonic component
appearsin the ZSVC spectrum.

e m5 (g = 3, short-pitch): in the case of partially demagnetized machine, the 3-th and 9-th
constructive harmonics amplitudes decrease dightly but the 5-th experiments a sharp increase.
Additionally, the ZSVC spectrum of partially demagnetized SPMSM contains new fractional
harmonic components (0.5-th, 1.5-th, 2-th, 3.5-th and 4.5-th among others).
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4.6 Mechanical effects of demagnetization faults

In this section it is proved that demagnetization faults in PMSMs lead unavoidably to the generation of
unbalanced magnetic forces which in turn may generate a deviation of the rotor trgjectory. The evidences
presented in this section are from both FEM simulations and a direct measurement of the motor shaft
displacement in X and Y axes by means of salf-mixing interferometry using two laser diodes to support

this hypothesis.

4.6.1 Magnetic analysis of unbalance demagnetization

In section 4.4 is analyzed a balanced demagnetization in two SPM SMs with removed magnets in opposite
poles in order to avoid magnetic forces on the rotor. In an actual rotor fault, a feasible demagnetization
fault may occur when only one or two adjacent poles are partially demagnetized. As a conseguence of an
unbalance fault, non-equilibrated magnetic forces may appear on the rotor.

In this section the effects of unbalanced demagnetization faults are analyzed by means of FEM
simulations and experimental results. To conduct an experimental study with an unbalance demagnetized
SPMSM, six rotor magnets placed in consecutive poles were removed in the reference machine
(Appendix A), as shown in Fig.4.22. This demagnetization pattern is equivalent to a 75% partialy
demagnetized SPMSM. Asin section 4.4, the rotor mass was balanced.

Fig.4.22. Type of demagnetization analyzed in this work. The removed magnets are dashed in solid black line.

Fig.4.23 shows the results obtained by means of FEM simulations of the stator currents of both healthy
and partially demagnetized machines. These simulations suppose the motor shaft rotating perfectly
around its symmetry axis.

In section 4.1.2 it is demonstrated that integral slot windings tend to remove from the stator currents
spectrum the effects of periodic changes of parameters that may modify the magnetic flux. Results
presented in Fig.4.23 clearly show that the simulated current spectrum does not contain additional
harmonics in the case of an unbalanced partially demagnetized SPMSM. It is due to the particular

windings configuration of the analyzed motor, an integral slot winding with g = 1 slots per pole per phase.

54



€

O

Note that the main difference between both spectra (healthy and partially demagnetized motor) is that the

amplitude of the odd harmonicsislower for the partially demagnetized motor.

Fig.4.24 shows the spectrum of experimental currents, for both healthy and faulty SPMSM running at

1500 r/min under rated load.
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Fig.4.23. Stator currents spectra of healthy and partially demagnetized SPMSM operating at 1500 r/min under

rated load. FEM simulation results.

Experimental spectra shown in Fig.4.24 are more complex than those obtained from FEM simulations

since the former shows the presence of fractional and even harmonics for both healthy and partially

demagnetized machines. FEM simulations suppose the SPMSM fed by ideal sources, whereas it is well

known that the motor controller may injects harmonics [59]. Additionally, the fractional harmonics may

be also due to mechanical causes such as inherent rotor misalignments and eccentricities [56].
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Fig.4.24. Stator currents spectra of a healthy and a partially demagnetized SPMSM operating at 1500 r/min

under rated load. Experimental results.
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To explain the presence of fractional harmonics, this study must be extended to analyze possible
mechanical effects arising from demagnetization faults. It iswell known that there is a magnetic attraction
force between the ferromagnetic stator core and the rotor magnets. These radial forces may be obtained

from FEM simulations, as shown in Fig.4.25.
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Fig.4.25. Radial magnetic forces on the shaft of a healthy and a partially demagnetized SPMSM when

operating at 1500 r/min under rated load. FEM simulation results.

Simulation results from Fig.4.25 show that in the case of a healthy SPMSM, these radial forces are
equilibrated. However, in case of a partially demagnetized SPMSM, there is a non-zero resultant radial
force which must generate mechanical effects.

Fig.4.26 plotsthe Y axis force against the X axis force, which have been obtained from FEM simulations
of apartially demagnetized SPMSM. It clearly shows 18 lobules corresponding to the 18 stator slots.
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Fig.4.26.Y axis force against X axis force for partially demagnetized SPMSM operating at 1500 r/min under

rated load. FEM Simulation results.
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The influence of the stator currents on the radial forces was analyzed. To this end, two simulations were
performed. In the first one the SPMSM was simulated when operating at rated load (rated current) while
in the second it was analyzed under no load conditions, as depicted in Fig.4.27.
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Fig.4.27. Y-axis force against X-axis force for partially demagnetized SPMSM operating at 1500 r/min under

rated load and no load conditions. FEM Simulation results.

Results from Fig.4.27 show that stator the currents have nearly no contribution to the resultant radial

force. Consequently, it can be assumed that this force is only due to the magnetic interaction between the
ferromagnetic stator core and the rotor magnets.

4.6.2 Mechanical effects analysis by means of laser interferometry

In this section the shaft trgectory of healthy and partiadly demagnetized SPMSMs is measured
experimentally. As deduced from Fig.4.25 to Fig.4.27, it seems feasible that the unbalanced magnetic
forces already present in a partially demagnetized machine may induce small displacements of the motor
shaft. Therefore, to analyze in detail the effects of such forces, it is required an exhaustive combined
electromagnetic and mechanical FEM model of the machine, which must include the bearings behavior.
However, that is not an easy solution. Fortunately, the shaft displacement may be measured
experimentally. In practice, and in order not to affect measurement, optimally shaft displacement should
be observed using some non-contact measurement system. In this work the system has been measured
using a double self-mixing interferometry (SM1) setup, depicted in Fig.4.28. The setup contains two self-
mixing laser diodes (SMLDs) and associate electronics placed perpendicular to each other pointing
towards the rotating shaft, to sample its 2D displacement along the X and Y axes.
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Fig.4.28. Experimental setup used to measure the shaft trajectory of analyzed SPMSMs.

SMI is an experimental technique which has been extensively used for displacement, vibration and
velocity sensing during the past decades [67-69]. It is based on measuring the beat arising from the
interference of a portion of laser beam back-reflected into the laser cavity by a moving target (the motor
shaft in this case), and the standing wave inside the cavity. Since the SMI configuration is compact, self-
aligned, robust and cheap in comparison with conventional interferometers, it is especialy attractive from
the industrial application viewpoint.

Asthere are a number of different types of noise sources in the measuring environment, such as structural
vibrations or shaft surface roughness and shape deviations, a low-pass filter is applied to the acquired
self-mixing signal. Afterwards, a transition detection algorithm [70] is used as the signal processing
method, yielding aresolution of half the wavelength of the laser (392 nm) in the technique. However, due
to different error sources in the measurement setup (mainly shaft surface waviness and structural
vibrations, among others), the experiment performed had its accuracy limited to 6 um. The two
orthogonal SMLD configurations allow direct measurements of the motor shaft displacement since data
of both laser diodes were acquired simultaneously. Two Hitachi HL7851G Fabry-Perot laser diodes with
amaximum output power of 50 mW, emitting at the wavelength of 785 nm were used in the experiment.
Hence, by comparing measures obtained from healthy and partially demagnetized motors, mechanical
effects of demagnetization faults become visible. Fig. 4.29 and Fig.4.30 show the trgjectories of the target

point of the motor shaft where both laser beams were pointing to.
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Fig. 4.29. Displacement of the motor shaft as measured by the two SMLDs placed in the X and Y axes.
Healthy and partially demagnetized SPMSM were measured when running at 1500 r/min under no load

conditions.

As proved in Fig. 4.29 and Fig.4.30, both hedlthy and faulty SPMSMs have a certain degree of
eccentricity, but it becomes significantly higher in the latter. Therefore, these results are a consistent
proof that demagnetization faults may increase significantly the amplitude of shaft displacement.
Concretely, results presented in Fig.4.30 show a measured displacement of about + 30 pm (£ 5% of the
air gap) for the partially demagnetized SPMSM.
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Fig.4.30.Trajectory of the measured target point of the motor shaft in the X-Y plane. Healthy and partially

demagnetized SPMSM were measured when running at 1500 r/min under no load conditions.
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4.6.3 Analysisof joint mechanical and magnetic effects

In section 4.6.1 it has been shown that results from conventional FEM models of SPM SMs which do not
include the shaft displacement are not in close agreement with experimental results. Therefore, in this
section, the experimental displacement of the motor shaft is included in FEM simulations. As it will be
proved, this procedure allows performing more realistic results.

Experimental results presented in Fig. 4.29 and Fig.4.30 for both, healthy and partially demagnetized
motors will be used to adjust the FEM model, which takes into account the displacement of the motor
shaft. It will allow explaining the mechanical effects due to demagnetization faults.

Fig.4.31 and Fig.4.32 show changes in the self-inductance L and the mutual inductance M between two
phases as a consequence of the demagnetization fault. They have been obtained by introducing
experimental displacements (X,Y) of the motor shaft shown in Fig.4.30 in the FEM model.
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Fig.4.31. Self-inductance L considering the measured displacements of the shaft. Both motors operate under

rated load at 1500 r/min. FEM simulation results.
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Fig.4.32. Mutual inductance M considering the measured displacements of the shaft. Both motors operate

under rated load at 1500 r/min. FEM simulation results.

As shown in Fig.4.31 and Fig.4.32, in the case of a healthy motor, both L and M inductances remain
nearly constant regardless the rotor position. Contrarily, when dealing with a partially demagnetized

60



© &

SPMSM, their values change with the rotor angular position. It is so because of the reluctance change due
to the motor shaft displacement (changein air gap distance), which is due to the radial forces.

Changes in inductances generate fluctuations in the magnetic flux generated by them. Additionally, due to
the shaft displacement, the permanent magnets magnetic flux is aso atered. Hence, these combined
effects are traduced in stator flux variations, which are reflected and amplified (due to the time derivative)
in the back-emf spectrum, as shown in Fig.4.33.
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Fig.4.33. Back-emf spectra of healthy and partially demagnetized SPMSMs operating at 1500 r/min under

rated load. Simulations obtained by introducing measured motor shaft displacements in the FEM model.

Results from Fig.4.33 show that when considering a FEM model including both the effects of
demagnetization and eccentricity, the back-emf spectrum contains fractional harmonics.

Fig. 4.34 shows the simulated spectrum of the stator current when taking into account the shaft
displacement.

Results from Fig. 4.34 show the presence of fractional harmonics. It should be pointed out that when
considering the demagnetization effects but not the shaft displacement there is no presence of fractional
harmonics in the stator currents spectrum. Hence, these results show that demagnetization faults may
amplify the amplitude of shaft displacement aready present in any healthy motor, which in turn may

induce fractional harmonics in the current spectrum.
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Fig. 4.34. Phase currents spectra of healthy and partially demagnetized SPMSMs operating at 1500 r/min
under rated load. Simulations obtained by introducing the measured motor shaft displacements in the FEM

model.

4.7 Conclusion

In SPMSMs with integral windings the result of a partial demagnetization over a phase is a decrease in
the back-emf voltage in a factor 1 —Kden/2p. However there no appear frequencies different from those of
the constructive harmonics. As a consequence, since the current is mainly influenced by the back-emf, it
isdifficult to identify demagnetization from stator current spectrum data.

In this chapter is studied demagnetization faults in SPMSMs and an on-line diagnosis method based on
the ZSVC is proposed, their theoretical foundations are established and results from experiments and
simulations are compared taking into account equations obtained in this work.

Although PWM inverters usually generate frequency components which can influence the ZSVC, these
components can be removed by a low cost three-phase balanced resistor network. Thus ZSVC
measurements between the motor neutral point and the neutral point of the resistor network are decoupled
from the motor source and are only influenced by the machine harmonics. Simulation and experimental
results show the efficacy of the ZSV C-based method

Both simulation and experimental results show that the amplitude of the ZSVC provides reliable
information about the condition of the SPMSM. Moreover, this methodology provides an easy-to-
calculate fault indicator or severity index which value depends on the severity of the fault. The proposed
fault indicator is obtained and discussed with experimental test with healthy and faulty SPMSMs running
at different load and speed operation points.
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5. ELECTRICAL FAULTS IN SPMSM

Electricadl SPMSMs faults can be divided in abnormal connection of the stator windings, stator short-
circuited turns and phase-to-phase or phase-to-neutral short-circuits. The first two are analyzed in this
chapter.

Inter-turns short-circuits are one of the most usual three-phase motors failures, which are related to stator
winding insulation degradation, being one of the most difficult failures to identify and the initial step of a
more severe fault (e.g. phase-phase short-circuit) [21]. In the case of PMSMs, inter-turn short-circuits
may result in stator over currents that create a magnetic flux opposed to the natural flux of the permanent
magnets, which in turn may lead to a demagnetization of the rotor magnets[22].

Stator inter-turn short-circuit faults have been analyzed in dc machines [71] aswell asin induction motors
using reference frame transformation theory [72-73]] or by adding an external sensor for measuring the
dispersion flux for inter-turn short-circuit detection [74]. In the case of SPMSMs, references [75] and [14]
propose a model whose parameters -inductances and back electromotive force, emf- were calculated from
afinite elements simulation of the machine when running under the same operating conditions. In [76] a
SPMSM parametric model is presented when single and double phase internal fault occurs, but no
information about harmonic fault content is presented. Additionally, in [39] a parametric model to study
stator inter-turn short circuit faultsin a SPMSM is presented by using classical two-axis theory. However,
this reference does not take into account the effects of spatial harmonics such as those due to the
geometrical distribution of the rotor permanent magnets or non-sinusoidal stator windings configuration,
athough the last ones have a lower influence. Additionally, other researchers have made efforts for
identifying stator short-circuit faults from the acquired spectrum of the stator currents with no aim to
generate afault model [66].

Thus, from the abovementioned references it is not possible to obtain a model able to localize the stator
current harmonics due to short-circuit faults when dealing with SPMSMs with spatial harmonics. As a
result, there is a clear lack of mathematical and physical foundations of stator short-circuit inter-turn
faults in SPMSMs -especially when dealing with machine models that take into account spatial
harmonics- and their effects in the harmonic content of stator currents.

In this chapter it is presented a rigorous mathematical study of both stator short-circuit inter-turns and
unbalance resistive faults in SPMSMs. To meet this objective, a set of consistent equations that allow
modeling both healthy and faulty SPMSMs have been developed and simulated and compared with
experimental test. From the models results, two fault detection methods are proposed; the first one is
based on the analysis of the amplitude of the third harmonic of the stator currents for different operating
points of the SPMSM, whereas the second one is based on the analysis of the first harmonic of the ZSVC.
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5.1 Model of the SPMSM with resistive unbalance and inter-turns faults

In this section the model of a healthy and faulty SPMSM with resistive unbalance and stator windings
inter-turn faults is derived. Modeling of SPM SM s operating under these types of faultsis the first stage to
understand their effects and to devel op fault detection methods.

Several models have been created to describe an ac machine with inter-turn short-circuit faults [19, 58]
but they do not take into account the effects of spatial harmonics.

Fig.5.1 shows awye-connected stator with n short-circuited inter-turns out of N total turnsin phase A.
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Fig.5.1. a) Diagram of the three poles pairs studied SPMSM with stator inter-turn short-circuit faults. b) Stator
windings connections diagram.

In the case of an inter-turn short-circuit fault, both the actual speed of the SPMSM and the ratio v= n/N,
between the number n short-circuited inter-turns and the total number of turns N in a certain phase,
greatly affects the severity of the fault. The current through the n short-circuited turns is designated as it
while R is a resistance whose value depends on the fault severity. Lower values of R indicate severest
inter-turn short-circuit conditions.

The electrical equations of afaulty SPMSM — subscript f — with resistive unbalance in phase A and inter-
turn faults in phase B expressed in abc reference may be calculated similarly to [19, 39]:
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Veaved =[R¢ Il ae] +14 ga0c] + [Vo] (5.1)
Where the symbol “ indicates the time derivative and:

[Agape] = [Lg g ape] + [Apmsanc)
HPMf,abc] = [iPM,a APM,b iPM,c j’PM,f ]t’ APM,f = U/IPM,b’ [st,abc] = [Va Vb Vc 0][' [isf,abc] = [ia ib ic if]t’ Vol =Ve[11 101"
L M M -—-oM
M L M —oL
[Lsf ]: M M L
—oM
oM oL oM —vPL

where the resistance matrix [Rs] has been adapted according to the unbalanced term Rsa = kRs, being k a
multiplying factor that modifies the resistance in phase A. Hence, the resistance matrix resultsin:

kR, 0 O 0
0 R 0 -uR,
R ]= (5.2)
0 0 R 0
0 oR, 0 -ovR,—R

The flux linkage [Armanc] expressed in abc reference due to the permanent magnets taking into account
the gpatial harmonics (owing to the geometrical configuration of rotor magnets or non-sinusoidal stator

windings configuration) is as follows [39]:

Aowa = Aou1008(0) + 2 dewncos(hd = 0, )

h=135...

T T
Aowp = ;,Pmco{e - 2§j + > lpM,hcos(he -6, -2h Ej (5.3)

h=135.,...

Aowe = }“PM;CO{Q + 2%) + Z lw_hco{ha -6, +2h %]

h=135.,...

Where h is the harmonic order.

Equation above increases the accuracy of the model, because the spectrum of the current flowing through
the faulty turnsisdirectly influenced by spatial harmonics.

Adding the first three rows of equation (5.1) and having into account equation (5.3), the expression of the
ZSV C measured between the center of the stator windings and the dc mid-point of the inverter is obtained

asfollows:

V, = %(va +V, +vc)—% R.(k—1)i, + %URSif +%1)(L +2M s = Ao (5.4)

Where
1
}“PM,O = g(j'PM,a + }“PM,b + /IPM,C )

The ZSVC measured as in equation (5.4) is not decoupled from the motor source effects. These

influences are amost totally removed by measuring the ZSVC between the neutral point of the stator
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windings and the central point of a three-phase balanced resistor network connected between the inverter

and the motor as detailed in section 4.3 thus resulting in

—ERS(k—l)ia+%vRsif +%D(L+2M)i'f oo (5.9)

Jmeasured =
3

Vo

The first three terms in equation above are mainly influenced by the first harmonic of the supply
frequency. Contrarily, the last term which is not related to the studied faults, primarily depends on the
third harmonic component due to the permanent magnets particular geometry [39]. Hence, from the study

of the first harmonic of ZSV C it is possible to detect both resistive unbalance and inter-turn faults.

5.2 SPMSM with resistive unbalance and inter-turn faults including saturation

It is well known that core saturation generates harmonic frequencies in the air gap flux distribution.
Hence, saturation effects lead to odd harmonics in the experimental current spectrum [71]. A
straightforward manner to estimate the magnetic saturation curve is by means of a polynomial

approximation:;

B= Y k,H" (5.6

m=135,...
Note that equation above only accounts for odd harmonics because of the odd symmetry of B-H curve.

Neglecting saturation effects, the linear magnetic flux AL through a phase winding is as follows:

Ay = Kying By = 1yingH (5-7)
Where kwind is the winding factor, which value depends on the particular type of winding and x is the

magnetic permeability of the ferromagnetic core. From equation (5.7) it resultsin:

" l:lL (5.8)
HRyind

By taking into account saturation effects and equation (5.6), the expression of the saturated flux Asa

through a phase winding is obtained:

Ay = Kyina BOH) = iy D K H™ (5.9)

m=1,3,5,...

From (5.8) and (5.9) it resultsin:

ﬂﬂl = Zkim/?“Lm (510)
m=1,35,...
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Where
kﬂm = mkmwl
M Kaing )

By including (5.5) in (5.1), the expression of phase fluxes under faulty conditionsis obtained as:

2, = Li, + Mi, + Mi_ +%D(L— M) + doya = oo
A :Mia+Lib+Mic—§u(L—M)if + Zowp — Aomo (5.11)

2. = Mi + Mi, + Li, +%U(L— M) + Ao = Aemo

. . L o
Ay =oMi, +oLiy +vMi, —v°Li; +0dpy,

By performing the time derivative of equation above and having into account saturation effects by means
of (5.10) until grade 7 it resultsin;

l’a,sal = gg[Li'a + Mi‘b + Mi‘c +%U(L_ M )ilf +i,PM,a _}“’PM,O]

'l’b,sat = Csb[Mila + I-ilb + Milc —%D(L— M )i.f +j-,PM,b _/VPM,O] (512)

/lrc,st = é‘sc[MI at Mi pt Li c +§D(L_ M )I f +4 PM,c - PM,O]
Ao =CyqloMi', +oLi'y +oMi'y —0°Li'; + 02 5y,
Where
§Sph339 = k,11 + 3k43ﬂ'ihase + SkAS/IZ:)hase + 7kﬂ/16

e and phase states for a, b, ¢ or f.
Note that saturation effects are neglected when kjs, kas and ky7 are set to zero. By including (5.12) in (5.1)

it resultsin:

Vel =Ry alTigae] Ly s l[i'ganc] + €] (5.13)

Note this last equation has into account saturation effects, and their matrixes are expressed as:

—&(2k+1) 0 0 =R,
Real-| "3k Y R0 -3k
—%(k—l) 0 R %URS

0 vR, 0 -—-oR,—R;

{asl— CasM CasM 7DCas(L_M)

2
[Lg,ﬂ]Z M Gl M _EDCbS(L_M)

é‘[;SM CcsM CCSL %DCS(L_M)
_Dé‘fsM Dcst U(fsM _chst

68



Y

A 'PM,aCas - ;LIPM,OC as
/IIPM,bes - /VPM,OCbs
’VPM,cCcs - A'PM,O cs

O ol s

[esat] =

According to (5.13), resistive unbalance faults generate negative-sequence components due to the loss of
symmetry in [R«sa]. In a faulty machine the abovementioned conditions may result in third harmonic
components in the current spectrum even with sinusoidal feeding. It is so because negative-sequence
components may cause a phase of the machine to work instantaneously beyond the knee point of the B-H
curve, thus generating saturation and third harmonic components in the current spectrum.

Shorted turns also generate negative-sequence components due to the lack of symmetry in matrixes
[Resat] and [Lsst]. Additionally, the circulating current ir has a third harmonic component which is
greatly influenced by the rotor magnets geometry [39]. Equation (5.13) also predicts a link between the
fault current ir and the stator currents ia, inand ic. Hence, the stator currents spectrum must present a third
harmonic component originated by the shorted-turns which is not due to saturation effects since i has a
demagnetizing effect [39].

In case of analyzing third harmonic current components, they may be influenced by the motor source,
thus making difficult the fault diagnosis.

Summarizing, the first harmonic of the ZSVC and the third one of the stator currents are proposed in this
work to detect and discriminate resistive unbalance and inter-turn faults.

5.3 Simulation and experimental results

Simulation and experimental results with the reference motor (Appendix A) are compared in this section.
Simulations have been carried out according to equations derived in Section 5.2, which have been
implemented by means of Matlab/Simulink. Input data required to perform simulations (flux harmonics,
saturation curve, etc.) are obtained from the FEM model detailed in [39, 56].

The reference motors (Appendix A) were especially modified to deal with the studied faults. The adapted
SPMSM alows adjusting the shorted turns number. The stator resistances of the healthy motor were
balanced to 1.50 Q A 1 Qresistance was connected in series with phase A of the unbalanced SPMSM. To
decouple measurements from the motor source, the ZSVC was measured by using a three-phase wye-
connected balanced resistive network as detailed in 4.3. The ZSVC was measured between the neutral

point of the stator windings and the central point of the three-phase balanced resistor network.

5.3.1 Fault current

Inter-turns short-circuit simulations including spatial harmonics were made, with the aim to demonstrate
the accuracy of proposed model.
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Fig.5.2 shows ssimulation results of the evolution of the fault current as a function of the number of short-
circuited turns. As the number of shorted-turns increases, the harmonic distortion of i+ reduces because an

increase of such current implies areduction of the flux due to the permanent magnets.
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Fig.5.2. Current in the shorted turns for different fault levels at 6000 r/min and rated load. a) Model without
spatial harmonics. b) New proposed model with spatial harmonics. ¢) Experimental.

Results from Fig.5.2 shows that the proposed model results are finer than those obtained from the
simulation model that does not account for the spatial harmonics.

Once again Fig.5.3 shows a better performance of the model proposed in this work. For a given fault
severity, the fault current increases with the SPMSM speed because the induced voltage due to permanent

magnets flux increases linearly aswell, as shown in Fig.5.3.
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Fig.5.3. Current in four shorted turns for different speeds when running at 6000, 3000 and 600 r/min and
rated load. a) Model without spatial harmonics. b) New proposed model with spatial harmonics. c)

Experimental.

5.3.2 Mixed resistive unbalance and inter-turns short-circuits at low speed and different loads

Results presented in this section are based on a healthy motor (H), a motor with a resistive unbalance in
phase a (RUa), a motor with four turns in short-circuit in phase A (SCb) and a motor combining both
faults (RUa+SCh). The study of both types of faultsis performed by analyzing the amplitude of the third
harmonic of the stator currents and the first harmonic of the ZSVC.

Fig.5.4.a and Fig.5.4.b, show respectively, ssimulation and experimental results of the third harmonic of
the stator current in phase A when the motors H, RUa, SCb and RUa+SCb are analyzed. All motors are
tested under different load conditions when operating at 1500 r/min.
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Fig.5.4. Third harmonic component of stator current in p.u. (SPMSM operating at 1500 r/min). a) Simulation

results. b) Experimental results.
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Fig.5.5.a and Fig.5.5.b show, respectively, simulation and experimental results of the first harmonic
component of the ZSV C when the motors H, RUa, SCb and RUa+SCb operate under different load levels
at 1500 r/min.

Results presented in Fig.5.4 and Fig.5.5 show a similar behavior in both the third harmonic of the currents
and the first harmonic of the ZSVC. In the case of resistive unbalance, when analyzing its behavior under
different load conditions, it can be approximated by a straight line intersecting the origin, as deduced
from the first term in (5.5). In the case of short-circuited turns, both the third current harmonic and the
first ZSVC harmonic are a consequence of the current circulating through the shorted-turns, which is
greatly influenced by the actual speed of the SPMSM [39]. Hence, the behavior of these harmonics is
amost not affected by the load of the motor. In the case of mixed faults (RUa+SCh), the third harmonic
of the stator currents and the first one of the ZSVC have a linear behavior with respect to the load level.
However, in this case the resulting straight line does not cross the origin because of the offset introduced

by the short-circuit current, as explained in (5.5).
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Fig.5.5. First harmonic components of the ZSVC in p.u. (SPMSM operating at 1500 r/min). a) Simulation
results. b) Experimental results.

5.3.3 Mixed resistive unbalance and inter-turns short-circuits at high speed and different loads

Fig. 5.6.a. and Fig. 5.6.b show, respectively, simulation and experimental results of the third harmonic of
the stator current in phase A from motors H, RUa, SCb and RUa+SCh. All motors are tested under
different load levels at 5500 r/min.

Fig. 5.7.a and Fig. 5.7.b show, respectively, simulation and experimental results of the first harmonic
component of the ZSVC from motors H, RUa, SCb and RUa+SCb at 5500 r/min.

Results from Fig. 5.6 and Fig. 5.7 indicate that at high speed, the resistive unbalance presents a quasi-
linear behavior with respect to the load level (for both the third harmonic of the stator currents and the
first one of the ZSVC), as in the case of low speed operation. When considering shorted-turns, the
harmonics amplitudes are almost independent of the load level. Additionally they are higher at high speed
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than at low speed operation since the circulating current i+ increases with the motor speed. When dealing

with both faults simultaneously (RUa+SCb), the behavior of the harmonic frequenciesis similar to that of

the shorted-turns. It is so because the amplitude of the i+ harmonics prevails over the amplitude of the

harmonics due to resistive unbalance.
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Fig. 5.6. Third harmonic components of stator current in p.u. (SPMSM operating at 5500 r/min). a) Simulation

results. b) Experimental results.
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Experimental results.

5.3.4 Mixed unbalanced and inter-turns short-circuits at rated load and different speeds

Fig. 5.8 shows simulation and experimental results of the third harmonic of the stator current in phase A

from motors H, RUa, SCb and RUa+SCb. All motors are tested under different speeds at rated load.
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Fig. 5.8. Third harmonic component of the stator current in p.u. (SPMSM at rated load). a) Simulation results.

b) Experimental results.

Fig. 5.9 show simulation and experimental results of the first harmonic of the ZSVC when the SPMSMs
are tested at rated load under different speed conditions.
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Fig. 5.9. First harmonic component of the ZSVC in p.u. (SPMSM at rated load). a) Simulation results. b)

Experimental results.

From Fig. 5.8 and Fig. 5.9 it is deduced that in case of resistive unbalance the amplitudes of the first
harmonic of the current and the first harmonic of the ZSVC are nearly independent of the speed. This
result is corroborated by (5.5), since the mathematical expression of the ZSVC is independent of the
actual speed of the SPMSM. However, in case of shorted-turns, the behavior of the analyzed harmonicsis
almost linear with the speed. The second and third terms in (5.5) are a function of the current ir, whereas
this last increases with the motor speed because of the induction of the rotor magnets [39]. However,
when both faults occur simultaneoudly, the linearity between the harmonics amplitudes and the speed

decreases.
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According to the experimental results presented in this work, the third harmonic of the stator currents has
asimilar behavior than that of the first harmonic of the ZSVC.

Summarizing, the results presented in this section show that it is possible to diagnose and discriminate
resistive unbalance from stator winding inter-turn faults in SPMSMs by analyzing different operating
conditions. In case of a resistive unbalance the amplitude of the analyzed harmonics remains nearly
constant under speed changes, but increases linearly with the load level. Contrarily, in case of short-
circuit faults, the amplitude of the studied harmonics increases linearly with the motor speed but remains
nearly constant under load level changes.

As explained, from the analyzed results, the experimental ZSVC first harmonic has a closer behavior
when compared with simulation results than the third harmonic of current. Thisis so becausethe ZSVCis
decoupled from the motor source, which may significantly influence current spectrum [59]. However, the
ZSVC requires accessing to the neutral point of the stator windings as occurs in fault tolerant schemes

where an extrainverter leg isadded [17, 77]]. TABLE 5.1 summarizes the results of this section.

TABLE 5.1. Change in the third harmonic of the stator currents and in the ZSVC first harmonic amplitude

RU SC RU+SC
Speed increase
Low load = constant = linear = linear
High load = constant = linear non-linear
Load increase
Low speed = linear =~ constant = linear
High speed = linear =~ constant = constant

RU: resistive unbalance
SC: short-circuited turns

RU+SC: resistive unbalance and short-circuited turns

5.3.5 Mixed resistive unbalance and inter-turns short-cir cuits gener alization

From (5.5), the first harmonic amplitude of the ZSV C may be rewritten as a function of the speed and the

load level as:
2 2
VE ared =(—;Rs(k—1)lacosy+;uRslfj +[—;Rs(k—1)lasiny+;vw(L+2M ) fj (5.14)

Wherey is the phase shift between the stator current in phase A and current ir. Assuming that the SPMSM
has unity power factor, the angular displacement y between ia and i is 120°. Fig. 5.10 shows the behavior
of the first harmonic amplitude of the ZSVC as predicted by (5.14) with a SPMSM under resistive
unbalance at different speeds and load conditions. It shows that the amplitude of the first harmonic is
nearly independent of the speed and is proportional to the load level.
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Fig. 5.10. Resistive unbalance in phase A (RUa). First harmonic amplitude evolution of the ZSVC at different

speeds and load conditions.

Fig. 5.10 shows the evolution of the first harmonic amplitude of the ZSVC as predicted by (5.14) with the
SPMSM running under fault of four shorted-turns at different speeds and load conditions. It shows that
the amplitude of the first harmonic is nearly independent of the load level and increases ailmost linearly

with speed. The deviation from the linearity is due to the inductive effect of the last term in (5.14), which
becomes important at high speeds.
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Fig. 5.11. Four short-circuited turns in phase B (SCb). First harmonic amplitude evolution of the ZSVC at
different speeds and load conditions.

Fig. 5.12 plots the behavior of the first harmonic amplitude of the ZSVC with the SPMSM running with
both resistive unbalance and four shorted-turns at different speeds and load conditions. It indicates that as
the load increases the linearity of the response curve decreases due to the combined effects of both

resistive unbalance and shorted-turns. While the resistive unbalance produces a linear increase of the
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ZSVC first harmonic amplitude with the load level, shorted-turns faults produce a non-linear increase

with the motor speed.

First harmonic of the ZSVC (p.u.)

Fig. 5.12. Resistive unbalance in phase A and four short-circuited turns in phase B (RUa+SCb). First

harmonic amplitude evolution of the ZSVC at different speeds and load conditions.

5.4

To analyze the influence of the winding configuration on the harmonic content of the stator currents and
the ZSVC, the five motors analyzed in section 4.5 were modified to deal with inter-turns short circuits
faults. All the faulty motors have the same ratio between faulty and healthy turns (TABLE 5.2). Asin
4.5, FEM simulations were carried out under stationary conditions. In the case of inter-turns short-circuits

faults, it is presented results only from seria connected windings because there are not significant

differences when compared with the case of parallel connections.

TABLE 5.2. Parameters of SPMSMs with inter-turn short-circuits

Comparative with different windings configurations

Features ml m2 m3 m4 m5
Slots/pole/phase (q) 1/2 1+1/4 | 1+1/4
Poles (2p) 16 8 8
Slots number 24 30 30 36 36
Turns per phase 384 200 200 144 144
Layer type Double | Double | Single | Single | Double
Short pitch No Yes No No Yes
Variable pitch No No Yes No No
Symmetric winding Yes Yes No Yes Yes
Shorted turns number 8 6 6 4 4

Fig. 5.13 shows the stator currents spectra for the five series-connected winding configurations. Results

indicate that in the case of SPMSM with inter-turns short-circuits; the stator configuration can change
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integer harmonics amplitudes (including even harmonics in asymmetric windings). A summary of these

results are as follows:

e ml(g= 1/2, double layer): the amplitudes of the constructive harmonics (5-th and 7-th) increase
significantly in the faulty motor and there appear new triplen harmonics (3-th and 9-th).

e m2 (g = 1+1/4, constant-pitch): in the case of a faulty SPMSM the constructive harmonics
amplitudes (5-th and 7-th) increase significantly and new triplen harmonics components (3-th,
and 6-th) appear in the currents spectrum.

e m3 (q = 1+1/4, variable-pitch): the 5-th harmonic amplitude decrease in the faulty motor,
however the amplitude of 7-th harmonic increases. Furthermore, the faulty motor current
spectrum contains new integer harmonics (3t-h, 4-th, 6th, etc).

e m4(q= 3, full-pitch): when dealing with afaulty machine, the constructive harmonics amplitudes
(5-th and 7-th) increase and new triplen harmonics appear in the spectrum (3-th and 9-th).

e mb5 (q = 3, short-pitch): in the case of faulty machine, the amplitudes of the 5-th harmonic
increases, however the amplitude of the 7-th decreases. New triplen harmonics (3-th and 9-th)

appears in the spectrum of the faulty SPMSM.
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Results

shorted turns)

from Fig. 5.14 show the influence of the winding configurations on the ZSVC spectrum. A

summary of these resultsis asfollows:

ml (q = 1/2, double layer): the amplitudes of the ZSVC constructive harmonics (3-th and 9-th)
decrease significantly in the case of faulty SPMSM and new odd harmonics appear in the ZSVC
spectrum (1-th, 5-th and 7-th).

m2 (q = 1+1/4, constant-pitch): in the case of faulty SPMSM, amplitudes the constructive
harmonics amplitudes (3-th, 6-th and 9-th) decrease dlightly. Additionally, new integer harmonics
appear in the ZSV C spectrum (1-th, 2-th, 4-th, 5-th, 7-th etc).
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e m3(q=1+1/4, variable-pitch): similarly to the case of constant pitch, the constructive harmonics
amplitudes decrease slightly and new integer harmonics appear in the ZSV C spectrum.

e m4 (q = 3, full-pitch): when dealing with a faulty machine, the constructive harmonics
amplitudes (3-th and 9-th) decrease dlightly. New odd harmonic components appear in the ZSVC
spectrum (1-th, 5-th and 7-th), which have large amplitudes.

e mb (g = 3, short-pitch): similarly to the case of a full-pitch motor, the constructive harmonics

amplitudes decrease dlightly. New odd harmonics components appear in the ZSV C spectrum.
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Current and ZSVC harmonics due to inter-turns faults are related with the faulty current harmonics,
which are a consequence of back-emf waveform. In order to investigate this phenomena, new simulations
with motor m3 (g=1+1/4, variable pitch) were made, since it is the motor with the highest number of new
harmonics.

Fig. 5.15 shows the back-emf spectrum from the six faulty turns When the SPMSM operates as a
generator under no-load conditions. This spectrum contains odd and even harmonics because of the

winding asymmetry.

-20

-40 -

B0

Coil back-emf amplitude {dB)

0 2 4 5] 8 10
Harmonic Order

Fig. 5.15. Back-emf spectrum induced in the faulty turns. (q=1+1/4, variable pitch)

To study inter-turns short-circuit current effects, a new FEM simulation was performed by injecting a
pure sine-wave current (50 A with only the fundamental harmonic) through the faulty turns as shown in
Fig. 5.16.
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Fig. 5.16. Injected current through the faulty turns.

Fig. 5.17 shows the spectrum of the injected current and that obtained from FEM simulations with areal
inter-turn short-circuit fault. An important characteristic of the short-circuit current is that it contains the

same harmonics that those found in the spectrum of the faulty turns back-emf.
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Fig. 5.17. Injected and real short-circuit current through the faulty turns.

Fig. 5.18 shows the stator current and ZSV C spectra from simulations shown in Fig. 5.17. In the case of
the stator currents spectrum obtained by injecting the current in the shorted-turns (Fig. 5.18.d), in contrast
with the case of the real inter-turn fault, there are not new harmonics as a result of the fault. It is
important to highlight that the third harmonic disappears in the former case. Consequently, this third
harmonic could be originated by the third harmonic of the short-circuit current, and not from the
saturation effects of the ferromagnetic core.

As in the case of the current spectrum, the ZSVC spectrum presented in Fig. 5.18 does not contain
additional harmonics besides the first harmonic.
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Fig. 5.18. Spectra obtained by injecting current and considering real inter-turn short-circuits (SPMSM with

g=1+1/4 and variable pitch). a) Stator current spectrum. b) ZSVC spectrum
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In this chapter resistive unbalance and stator windings inter-turns short-circuits faults in SPMSMS are

5.5 Conclusion

analyzed. In addition, a mathematical model for the study of such faults has been devel oped.

Resistive unbalance faults produce negative-sequence components caused by stator asymmetry. These
components may produce stator saturation which generates triplen harmonics in the current spectrum
even with sinusoidal feeding.

When a motor runs with inter-turn short-circuit faults, both the SPMSM speed and the ratio between
shorted and the total number of turns in the damaged phase greatly affects the fault severity. Therefore a
short-circuit involving several turns at low speed can be equivalent to few shorted turns at high speed.
Resistive unbalance and inter-turns short-circuits can be diagnosed by means of the first harmonic of the
ZSVC and the third one of the stator currents. The amplitude of analyzed harmonicsincrease linearly with
the load in the case of unbalance resistance, contrarily, increase linearly with the speed under inter-turn
short-circuits faults

It is demonstrated that even though the ZSVC-based method requires an accessible neutral point, its
spectrum is decoupled from the motor supply influence. Contrarily, the stator current based method does
not need an extra stator connection. However, the stator currents spectrum can be influenced by the
converter effects, making difficult the diagnosis.

Additionally in this chapter it is studied the winding configuration influence in the inter-turns short-

circuits identification by means of FEM simulations.
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6. DIAGNOSIS OF SPMSMS OPERATING UNDER NON-STATIONARY

CONDITIONS BY MEANS OF ORDER TRACKING FILTERING

In this chapter it is proposed a novel approach to detect demagnetization and windings inter-turn short-
circuits in a SPMSM running under non-stationary speed conditions and different load levels.
Additionally, the Vold-Kaman filtering order tracking (VKF-OT) method is introduced to track selected
harmonics. In the automobile industry harmonic frequencies, i.e. frequencies that are integer or fractional
multiples of the fundamental one are commonly referred as orders. The order spectrum represents the
signal amplitude as a function of the harmonic order instead of its absolute frequency [31]. Order or
harmonic tracking (OT) is a process for recovering a particular order waveform in the time domain from a
given waveform which usually contains multiple harmonics and a noise signal [31]. OT is recognized as
an effective instrument to deal with non-stationary vibration and noise signals whose amplitudes and
frequencies are directly related with the speed of arotating shaft [78]. One of its main appealing features
isthat alows identifying orders when dealing with non-stationary data, thus eliminating the influences of
varying rotational speed. However, high-resolution OT-based methods require an accurate and
simultaneous acquisition (at the same sampling frequency) of the machine speed and the input signal of
interest [79]. One of the most suitable and promising techniques for tracking harmonic freguencies in
machines running under non-stationary conditions is the Vold-Kaman filter based order tracking (VKF-
OT) algorithm.

This chapter aso develops and analyzes the behavior of fault indicators for detecting demagnetization and
winding inter-turn short-circuits which are especialy designed to dea with non-stationary speed
conditions.

Time-frequency methods such as wavel et-based analysis [33] or methods based on the Cohen’s class [34]
among others may also be applied to track harmonic frequencies. However, in order to improve the
resolution, some of the methods based on time-frequency transforms require filtering the analyzed signal
in order to remove the fundamental harmonic frequency, because its amplitude is often much greater than
the related fault harmonic [80]. Additionally, most of them calculate the whole or at least a broad band of
the spectrum at each time prior obtaining a fault indicator index. Conversely, the VKF-OT only extracts
the harmonic frequency of interest (but not the whole spectrum) by applying an adaptive band-pass filter
centered on that frequency. When tracking a very small harmonics number, VKF-OT is a compact
solution since it includes harmonic extraction and tracking steps. Hence, VKF-OT agorithm minimizes

problem data structure and therefore its computational burden.
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6.1 Vold-Kalman Order Tracking Filtering

VKF-OT provides severa advantages over other OT methods. It allows extracting both the amplitude and
phase of the analyzed orders at each time instant directly from the original data, working directly in the
time domain [79]. Furthermore, VKF-OT allows an accurate identification of close and crossing orders
over a wide speed range of the studied motor with no smearing-related problems while presenting
improved order resolution compared to other OT techniques. Additionally, its tracking performance does
not depend of the dew rate (rotational speed) [81].

VKF-OT is based on Kalman filtering, allowing accurate tracking of orders of known frequency from
noisy signals. The VKF-OT was first developed by Havard Vold [81] to track sinusoidal waves acquired
using a constant sampling period.

The VKF-OT algorithm first-generation basically consists on processing the analyzed signal through an
adaptive filter whose central frequency is calculated at each time from the current motor speed, while its
bandwidth is selected by applying a specific criterion. Hence, the time signal outputted by the VKF
algorithm is the result of applying a band-pass filter around the analyzed order. Next, the order is
extracted from this latter signal by applying an envelope detector algorithm [79]. The second-generation
VKF-OT agorithm uses a different envelope detector, based on a polynomial fit. Then it is filtered by
applying some particular method[81]. The selectivity of the second-generation agorithm may settled by
selecting the polynomial order (number of filter poles), which usually ranges from 1 to 4, the latter being
the one with the best selectivity [79]. The VKF-OT algorithm applied in this work is that found in the
Vibra Tools Toolbox for Matlab.

Selection of the filter bandwidth is a key issue when applying VKF-OT technique, since a narrow
bandwidth allows separating close components but with a longer response time (limited ability to follow
sharp changes in the signal amplitude) and vice versa [78]. Hence, to choose a suitable bandwidth it is
necessary some prior information of the analyzed signal.

Once the analyzed harmonic has been obtained from the VKF-OT, a peak detector algorithm is applied to
find the amplitude envelope. The shape of this envelope is greatly influenced by the fault nature. The
peak detector algorithm consists of two steps. The absolute value of the tracked harmonic waveform is
calculated in the first step. Subsequently, their peaks are detected in the second step, and the tracked
harmonic envelope is obtained from the whole set of peak points. Fig. 6.1 shows a diagram of the

mathematical process for envelope extraction from tracked harmonic amplitude.
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Fig. 6.1. Mathematical process for envelope extraction from the tracked harmonic amplitude.

6.2 Demagnetization harmonics tracking

According to section 4.1, when dealing with the reference motors (q = 1) (Appendix A) in the stator
currents spectrum there is no presence of new fault harmonics. Hence, in order to diagnose
demagnetization faults, constructive stator current harmonics must be analyzed. In section 4.4 the third
harmonic of the ZSVC (fundamental harmonic of that signal) was analyzed for this purpose.

This section studies the behavior of the fifth current harmonic and the third ZSVC harmonic to diagnose
demagnetization faults from experimental results. With this aim, the demagnetization index 1 — Kadem,
which was presented in section 4.3, is applied. The analyzed harmonics are tracked by applying the VKF-
OT algorithm.
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To discriminate between faulty and healthy conditions in any machine, areference state is required. Here,
that reference is obtained by performing a frequency sweep between 500 and 6000 r/min to the reference

healthy machine. It is done by using a triangular speed profile as shown in Fig. 6.2 which emulates motor

soft-starting and soft-stopping conditions. However, other speed profiles may be imposed since it is
required data covering the whole speed range under analysis.
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Fig. 6.2. Triangular speed profile from 500 to 6000 r/min, f=0.13 Hz

Fig. 6.3 shows the flow chart of the proposed demagnetization diagnosis method.
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Fig. 6.3. Process chart of demagnetization diagnosis
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Fig. 6.4 shows both the fifth current harmonic and the third ZSV C harmonic evolution with speed which
have been tracked by applying the VKF-OT agorithm and the process detailed in Fig. 6.3.
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Fig. 6.4. Experimental results of a healthy SPMSM. Current and ZSVC harmonic evolution with speed
(triangular speed profile, f = 0.13Hz). a) 5th current harmonic. b) 3th ZSVC harmonic

Asshown in Fig. 6.4, athird-order polynomial fit of the analyzed harmonics amplitude with the speed has

been applied. Results presented clearly show that load level greatly influences third current harmonic
amplitude. Contrarily, the behavior of the third ZSVC harmonic is amost independent of the load

conditions.

Next, a partially demagnetized SPMSM is analyzed. The faulty machine has two poles out of six 75%
magnetized, leading a theoretical demagnetization index 1 — Keem= 0.916. The experimental tests carried
out include a speed change between 3500 and 5500 r/min and a speed change between 500 and 2500

r/min. Thetriangular speed profiles frequenciesaref = 0.36 Hz and f = 0.18 Hz, as detailed in Fig. 6.5.
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6.5. Triangular speed profile a) 3500-5500 r/min, f=0.36 Hz. b)500-2500 r/min, f=0.18 Hz
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As done in the case of the healthy machine, when dealing with the demagnetized motor, the fifth current
harmonic and the third ZSVC harmonic are tracked by means of the VKF-OT algorithm when applying
the above-explained speed changes. This procedure was applied under different load conditions. Fig. 6.6
presents experimental results for healthy and demagnetized SPMSMs running with a 3500-5500 r/min

speed triangular profile with 30% and 100% load conditions.
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Fig. 6.6. Healthy and demagnetized harmonics amplitudes (3500-500 r/min, f=0.36 Hz). a) 5th Current

harmonic amplitude b) 3th ZSVC harmonic amplitude

Results from Fig. 6.6 show that experimental values obtained from the partially demagnetized machine
are below the reference polynomia fits obtained for the healthy machine. This is true for both the
currents-based and the ZSV C-based methods. However, the ZSVC curves of the partially demagnetized
SPMSMs are closer to the reference ones than in the case of the stator currents curves.
Fig. 6.7 shows experimental results obtained when atriangular speed change between 500 and 2500 r/min

isapplied.
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Fig. 6.7. Healthy and demagnetized harmonics amplitudes (500-2500 r/min, f=0.36 Hz). a) 5th Current
harmonic amplitude b) 3th ZSVC harmonic amplitude
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As shown in Fig. 6.7, it is difficult to diagnose demagnetization faults by the analysis of stator currents
fifth harmonic at low speed, since some of the experimental points are above the reference curve obtained
from the healthy motor conditions. Contrarily, the third ZSVC harmonic has a similar behavior than that
obtained at high speed operation.

Fig. 6.8 details experimental values of the demagnetization index 1 - Keem Obtained from tests carried out

under varying speed conditions.
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Fig. 6.8. Demagnetization index 1-Kq4em Obtained from experimental tests with healthy and partially
demagnetized SPMSM by applying a triangular speed profile and different load conditions. a) 3500-5500
r/min. b) 500-2500 r/min.

Each data point shown in Fig. 6.8 was calculated by averaging the factors 1 — Keem resulting from 30%,
50%, 75% and 100% load tests.

When analyzing the speed change from 3500 to 5500 r/min by means of both the stator currents and the
ZSVC based methods, the demagnetization index 1 — Kaem is less than unity, thus making the diagnosis
feasible. Although it is possible to quantify the fault severity by analyzing the third ZSV C harmonic, it is
not possible from the analysis of the third harmonic of the stator currents.

In regard the data obtained from the 500-2500 r/min triangular speed change, it is possible to perform a
quantitative fault diagnosis from the analysis of the third ZSV C harmonic. However, the fifth harmonic of
the stator currents is greater than unity, thus it does not alow identifying such a fault. TABLE 6.1
presents the average values of demagnetization index 1-Keem presented in Fig. 6.8.

TABLE 6.1. Experimental average values of the demagnetization factor 1 - Kqem Obtained from the analysis of
the fifth current harmonic and the third ZSVC harmonic.

Speed change 5th Current harmonic 3th ZSVC harmonic Theoretical value
3500-5500 r/min 0.331 0.893 0.917
500-2500 r/min 1.090 0.928 0.917
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6.3 Inter-turns short-circuit harmonics tracking

As done with demagnetization faults, detection of inter-turn short-circuits needs the actual motor speed.
The VKF-OT agorithmis applied to track the ZSV C first harmonic component and the third one of stator
currents. Fig. 6.9 shows aflow chart of the applied processin this section.
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Fig. 6.9. Flow chart of the inter-turns short-circuits diagnosis process

According to section 5.1 the voltage drop in the shorted turns resultsin:

d[ is,abc] —1)2Ldi7f+1) leM b

6.1
dt dt dt 6.

Vi =i;Ry =oR(i, —i; ) +o[ L]'

The last term in equation above is the most significant one because of the important permanent magnets

induction effect. Hence, the fundamental harmonic of the fault current i+ may be approximated as:

dA
i~ KM kdgsin(e—zﬁ)z ka)s'n(e—z”j
dt dt 3 3

(6.2)
Where 6 is the rotor angular position and its time derivative is the angular speed w. Hence, (6.2) predicts
that for a given number of short-circuited turns, the fault current it is proportional to the motor speed. This
result is corroborated experimentaly, as shown in Fig. 6.10, being an experimental validation of the

usefulness of equation (6.2).
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Fig. 6.10. Measured fault current is of a faulty SPMSM with 4 short-circuited turns. The results have been

obtained under constant speed operation.

Next, the fault current it is measured in the case of 4 short-circuited turns when the SPMSM runs under
non-stationary speed conditions. For this purpose a triangular speed profile with frequency 0.36 Hz is
imposed within a speed interval range from 3500 to 5500 r/min. Fig. 6.11 shows the normalized speed
profile and the normalized envelope of the fault current ir. The envelope has been calculated by tracking
the first harmonic component of the current is by means of the VKF-OT agorithm followed by the peak
detector algorithm. Normalizations have been done by dividing the current value of the variable by its

average value calculated over the analyzed timeinterval.

Speed
12 1 i envelope
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Time (s)

Fig. 6.11. SPMSM with 4 short-circuited turns running under a triangular speed profile from 3500 to 5550

r/min. Normalized triangular speed profile and normalized envelope of the first harmonic of the fault current i¢

Experimental results presented in Fig. 6.11 corroborate the assumption made in (6.2) which states that the
fault current is is proportional to the current motor speed. However, under practical operating conditions

the current i+ may not be measured. Hence, another fault indicator must be eval uated.
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6.3.1 Behavior of stator currentsthird harmonic and thefirst oneof ZSVC

Including (6.2) in (5.5), the first ZSVC harmonic component (Vo1) may be approximated as (without

unbalance):

V. ~ klwsin(6—2§j+ K0’ co{9—2§)+ ks‘fj‘t"sin(e-z’;j (6.3)

According to (6.3), the ZSVC first harmonic component has three terms. The first one is proportional to
the speed, the second one is quadratic with the speed and the third one depends on speed time derivative.
Depending on the imposed profile speed, each term in (6.3) has its own shape and its own central
frequency. As the first term is proportional to the speed, it is the easier to track. This term is the one
analyzed in thiswork.

In Fig. 6.12 the first term in (6.3) is tracked by means of VKF-OT algorithm when imposing a triangular
speed profile. Next, a peak detector and an envelope extractor algorithm are applied. Afterwards, the
tracked harmonic is normalized with respect to the third ZSVC harmonic amplitude (fundamental
component) of a healthy SPMSM operating at 6000 r/min.
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Fig. 6.12. Experimental envelope of the first ZSVC harmonic when the healthy and the faulty SPMSMs run
under a triangular speed profile. The reference ZSVC value is 46 V. a) Speed change (f = 0.36 Hz) from 3500 to
5500 r/min. b) Speed change (f = 0.18 Hz) from 500 to 2500 r/min. c) Speed change (f = 0.108 Hz) from 100 to
1500 r/min.

Fig. 6.12 shows that the normalized value of the first ZSVC harmonic has the same shape than the
imposed speed profile. It aso proves that its amplitude increases with the number of turnsin short-circuit.
Similarly as done with the ZSVC, Fig. 6.13 tracks the normalized value of the third harmonic of the stator
current in phase B by means of VKF-OT agorithm when the same triangular speed profile is applied.
Next, the peak detector and the envelope generator algorithm are applied.
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Fig. 6.13. Experimental envelope of the third current harmonic when the healthy and the faulty SPMSMs run
under a triangular speed profile. a) Speed change (f = 0.36 Hz) from 3500 to 5500 r/min. b) Speed change (f =
0.18 Hz) from 500 to 2500 r/min. c) Speed change (f = 0.108 Hz) from 100 to 1500 r/min.

Experimental results from Fig. 6.12 and Fig. 6.13 show a similar behavior of the first term of the first
ZSV C harmonic and the third harmonic of the stator currents. However, the method based on the ZSVC is
more sensitive and accurate than the stator currents-based method, especially at low speed with few
shorted turns. Fig. 6.13.c shows that at very low speed operation, the method based on the analysis of the
third harmonic of the stator currents has no accuracy enough to track the fault harmonic. It is so because
the ratio between the amplitude of the third harmonic and the amplitude of the fundamental one is very
low (0.001 at 100 r/min and full load conditions for the SPMSM with four shorted turns). Conversely, the
ratio between the first harmonic amplitude of the ZSVC and its fundamental harmonic is much higher
(0.064). Hence, the ZSV C provides better sensitivity and accuracy, especialy at low and very low speed
operation since changes in the ZSV C-based results are magnified when compared to the ones based on
the analysis of the stator currents.

It is worth noticing that the first ZSVC harmonic is mainly due to the short-circuit fault whereas the third
one (the fundamental harmonic) is originated by the permanent magnets geometry (dieuo/dt).
Additionally, both harmonics amplitudes are proportional to the machine speed. Hence the ratio between
the first ZSVC harmonic and the third harmonic amplitude is nearly independent of the motor speed.
Consequently, the ZSVC-based method presents improved sensitivity even under very low speed
operation, as shownin Fig. 6.12.c.

The analyzed harmonics of the stator currents have a different behavior. The third stator currents
harmonic amplitude (fault harmonic) depends on machine speed because of the permanent magnets
induction effect. Consequently, the ratio between the stator current fault harmonic amplitude and the

fundamental one diminishes with the speed, for a given load level. This fact lowers the sensitivity of such
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a method, especially at low speed operation as detailed in Fig. 6.13.b. Consequently, to achieve accurate
enough results, this method requires high resolution current sensors.

6.3.2 Them and R fault indicators

To develop fault indicators, first it is required to plot the values presented in Fig. 6.12 and Fig. 6.13
against the motor speed as shown in Fig. 6.14 and Fig. 6.15.
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Fig. 6.14. Experimental envelope of the first ZSVC harmonic as a function of the motor speed when the
healthy and the faulty SPMSMs operate under a triangular speed profile. The reference ZSVC value is 46 V. a)
Speed change (f = 0.36 Hz) from 3500 to 5500 r/min. b) Speed change (f = 0.18 Hz) from 500 to 2500 r/min. c)
Speed change (f = 0.108 Hz) from 100 to 1500 r/min.
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Fig. 6.15. Experimental envelope of the third current i, harmonic as a function of the motor speed when the

healthy and the faulty SPMSMs operate under a triangular speed profile. a) Speed change (f = 0.36 Hz) from

3500 to 5500 r/min. b) Speed change (f = 0.18 Hz) from 500 to 2500 r/min. c) Speed change (f = 0.108 Hz) from
100 to 1500 r/min.
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Results shown in Fig. 6.14 clearly indicate that the amplitude of the first term of the first ZSVC harmonic
increases proportionally with the motor speed. Consequently, this result isindependent of the shape of the
applied speed change profile. Similarly, results from Fig. 6.15 show that the amplitude of the third
harmonic of the stator currents tends to increase proportionally with the motor speed. However, in this
case the result is more disperse because of the abovementioned sensitivity problems, especially at lower
speed operation.

As shown in Fig. 6.14 and Fig. 6.15, there is a clear link between the speed variation and the change in
the magnitudes of the ZSV C first harmonic amplitude and the third one of the stator currents. Hence, two
fault indicators are defined, the slope m of the curves in Fig. 6.14 and Fig. 6.15 and the correlation
coefficient R.

Fig. 6.16 and Fig. 6.17 show the evolution of the two fault indicators R and m when analyzing the first
harmonic component of the ZSVC and the third one of the stator currents against the motor speed. Both
parameters have been calculated under different load conditions of the andyzed SPMSM when a

triangular speed reference is applied.
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Fig. 6.16. Faultindicators m and R are calculated over the normalized envelope of the first ZSVC harmonic.
a) Fault indicator R. b) Fault indicator m.
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Fig. 6.17. Fault indicators m and R are calculated over the normalized envelope of the third stator current

harmonic. a) Fault indicator R. b) Fault indicator m.

Although results presented in Fig. 6.16 and Fig. 6.17 are referred to the line current in phase B, similar
experimental results were obtained for phases A and C.

The occurrence of an inter-turn fault is directly related to the correlation coefficient R. High values of the
coefficient R indicate a high probability of fault occurrence, independently of the speed change applied.
However, low values of R may indicate both, a healthy condition or that the sensor is not sensitive
enough to detect the occurrence of agiven fault level.

Experimental results presented in Fig. 6.16 and Fig. 6.17 show that the steeper the slope m, the more
severe the fault. Hence, the severity of the analyzed fault may be quantified by means of the slope m since
it increases with the number of short-circuited turns. Results from Fig. 6.16 and Fig. 6.17 show that the
slope misamost constant in front of load changesin all the speed range. Furthermore, the slope is nearly
independent of both the profile of the speed change and its range of variation.

It is worth noticing that owing to their nature, both fault indicators m and R are designed to work under
non-stationary speed conditions. The proposed system may be particularly useful during the start-up,
sinceit allows dealing with any kind of speed change profile.
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In the SPMSM analyzed, the most sensitive harmonic of the stator currents for detecting inter-turn faults
is the third one, while the other harmonics are affected in a lesser extent [39] due to its particular stator
windings configuration. However, depending on the stator windings configuration, other stator currents
harmonics may be analyzed [82] by applying the methodology developed in this work. Contrarily, the
ZSV C has the same behavior, independently of the configuration of the stator windings.

6.4 Conclusion

Nowadays, there are many applications in which motors operate under variable speed conditions. For this
purpose, this chapter has dealt with demagnetization and inter-turns short-circuit fault detection in
SPMSMs from the analysis of stator currents and ZSV C non-stationary signals.

The VKF-OT agorithm has been introduced successfully for tracking fault related harmonics under a
wide speed range and different load levels. It has been shown the suitability of this algorithm to deal with
the analyzed problems.

In the case of demagnetization faults, the tracked harmonics are the fifth when analyzing the stator
currents and the third one when studying the ZSVC. Additionally, the demagnetization index presented in
section 4.3 is applied.

In the case of inter-turns short-circuit faults, this chapter presents two reliable faults indicators especially
focused to detect such faults under non-stationary speed conditions.

Experimental results have validated the methodology suitability for carrying out demagnetization and
inter-turn faults diagnosis in SPM SM's operating under variable speed.
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7. CONCLUSIONS AND FUTURE WORK

7.1  Conclusions

PMSMs have appealing features comprising compactness because of their high power and high torque
density, high efficiency and reliability, simple construction, and precise torque control. Therefore, they
are a highly suitable aternative for high performance systems such as traction drives, particularly for
hybrid and electric vehicle power train with compact structure. On-line condition monitoring and
diagnosis is an attractive tool that allows reducing unexpected failures occurrence. Consequently this
thesis is dedicated to the magnetic and electrical faults diagnosis in PMSMs running under stable and
non-stationary conditions.

This work has exhaustively analyzed demagnetization and electrical faults in PMSMs from a theoretical
point of view. Next, the most suitable methods to detect such faults are identified. Subsequently the
sensitivity and performance of these methods are evaluated by means of experimental measurements
under steady-state conditions. Once the most suitable methods have been identified, their scope is
extended to non-stationary conditions by using appropriate tracking algorithms

It isimportant to highlight that there is not a general approach for PMSM fault diagnosis, and in each case

the diagnosis method depends on motor configuration, fault type and operational conditions.

For demagnetization faults, the main finding of thisthesisisasfollows:

o Due to geometric effects, the magnetic flux spectrum in areal PMSM has a high third harmonic
amplitude besides others odd harmonics. Consequently, the back-emf has an important third
harmonic component. However, if the PMSM is wye connected, no triplen harmonics will exist in
the stator current, but they will exist in the ZSVC spectrum, and their amplitudes will decrease
with the severity of the demagnetization fault. Therefore, third ZSVC harmonic monitoring is
proposed as an alternative for demagnetization detection in PMSMs with integral windings and
the third ZSV C harmonic amplitudes ratio between a faulty and a healthy PMSM can be used asa
fault severity index.

In the case of eectrical faults, the main conclusion of thiswork is as follows:
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e Combined effects of resistive unbalance and stator windings inter-turn faults have been very little
studied in general, and not studied in PMSMs in particular. In this work it is demonstrated that
both types of faults greatly influence the third harmonic amplitude of the stator currents and the
first harmonic of the ZSVC. Hence, by monitoring the stator currents and/or the ZSVC under
different operating conditions of the PMSM, it is possible to establish a fault diagnosis scheme
which allows discriminating both types of faults. In the case of a resistive unbalance, analyzed
harmonics amplitudes remain nearly constant under motor speed changes, but increase linearly
with the load level. Contrarily, in the case of short-circuit faults, studied harmonics amplitudes

increase linearly with the motor speed but remain nearly constant under load changes
In the case of non-stationary analysis, the main finding of thiswork is as follows:

e The VKF-OT algorithm is introduced to track selected harmonics for detecting demagnetization
and inter-turns short-circuit faults by analyzing non-stationary stator currents and ZSVC signals.
The VKF-OT has the advantage that only extracts desired harmonics at each time by applying an
adaptive band pass filter, which are the cases of demagnetization and electrical faults, where just
certain frequencies are analyzed. Therefore VKF-OT is a compact solution since it includes both
the harmonic extraction and tracking steps. From the VKF-OT output data it is possible to
calculate fault indicators for both magnetic and electrical failures.

7.2  Future work

Some research topics that can be studied in the future are discussed as follows:

e Mechanical faults are among the most frequent faults related to electric motors. Bearing faults
often might manifest themselves as rotor asymmetry faults, which are usually covered under the
category of eccentricity-related faults. Consequently al these mechanical defects create
distortions in the air gap flux distribution and may affect the ZSV C spectrum. As a consequence
mechanical faults diagnosis by means of ZSV C should be studied.

e Inthiswork it is demonstrated that the ZSVC is decoupled from the motor supply. However, its
main disadvantage is the necessity of an accessible neutral point of the ststor windings. On the
other hand in the case of stator current spectra analysis, this extra connection is not required, but

their spectra may be distorted by the power supply. Therefore in order to improve the stator
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currents method, the influence of motor controller and its associated power e ectronics should be
investigated.

In this thesis it is discussed the motor configuration influence on the fault diagnosis. Therefore
for afull CBM structure it is interesting to design an expert system which can be able to combine
and decide the most reliable method from those discussed in this work.
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