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Abstract

Condition monitoring and fault diagnosis are imperative for maintaining the safe,
reliable, and long­term performance of the traction machine used in electric vehicle.
The occurrence of inter­turn faults in stator insulations which can lead to short circuit
fault, can significantly degrade the performance and reliability of these machines.
Early detection of fault conditions is important to minimize the damage and therefore
reduce the downtime of the traction machine. The main focus of this thesis is to
understand the root cause behind the stator insulation degradation which leads to
inter turn fault and develop a method for the early detection of inter turn faults in
the traction machine, particularly permanent magnet synchronous motors (PMSM).

To accomplish this objective, this thesis initially conducted a literature review to un­
cover the roots of the insulation failure and to identify the existing onboard condition
monitoring (OCM) techniques. According to the literature, majority of the condition
monitoring techniques are based on current and temperature. However, the perma­
nent magnet synchronous machine (PMSM) of a vehicle drive system is driven under
vector control including a current loop, so its not possible to monitor a inter turn fault
(ITF) via fundamental frequency currents, and their sequence components. On the
other hand, there is a possibility to see a change in characteristic of a PMSM through
the stator voltages and the integrals of these, the Stator Flux Linkage (SFL). Therefore,
this thesis proposes a relatively simple technique based on stator flux vector compo­
nent analysis for detecting stator inter turn fault in a PMSM. The proposed diagnostic
methodology is able to indicate and allocate the ITF to a specific phase windings.

The proposed diagnostic model is simulated by a complete drive system model and
experimentally tested to study PMSM fault behavior under different operating condi­
tions. The validity of the proposed approach is verified by means of both simulation
model and experimental results. Experimental results have also demonstrated that
the proposed method can identify and locate inter­turn faults even when the stator
windings are connected in a delta pattern.

In conclusion, this research presents a new method for inter­turn fault detection of
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permanent magnet synchronous motors using stator flux linkage DC offset without
having any additional hardware onboard.

Keywords: EV, stator insulation system, PMSM, electric drive, condition monitor­
ing, ITF, SFDO, diagnostics, sensor­less, stator flux linkgaes , traction machine, au­
tomotive.
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Chapter 1

Introduction

1.1 Background

Over the past several years the number of EVs has shown a strong increase rate. With
a goal of achieving zero carbon emissions by 2045[1, 1], this rate of increase is not
expected to slow down. It is no longer just carbon emissions that are driving the
EVs (EV’s) popularity but also high starting torque, improved efficiency, better ac­
celeration, less noise, and low maintenance requirements. With the transportation
electrification industrial revolution worldwide in general and in Sweden, a lot of aca­
demic and industrial research and development efforts have been directed towards
enhancing the design, control, and reliability of the EV powertrains[2, 1].

The EV powertrain is made out of energy storage system (ESS) and electric drive unit
as shown below:

Figure 1.1: Schematic diagram of EV powertrain with diagnostic option.
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ESS responsible to supply the demand power to the EV propulsion system together
with DC­DC bidirectional converter to regulate the DC (Direct Current)voltage to
the DC link input to the power converter. Electric Drive unit consists of power con­
verter and Voltage source inverter (VSI) ; a digital controller with a real­time vector
control implementation and Traction machine[2, 1]. The traction machine is the only
moving electrical apparatus in a typical electric drive system. The ESS, DC­DC con­
verter, DC link, and VSI are static by nature. It is therefore not surprising that it
develops internal faults more often than any other component in the EV drive sys­
tem. Thereby, reliable, fast, accurate, and online fault diagnosis (FD) and condition
monitoring (CM) techniques are required to enhance the EV’s propulsion system’s
reliability.

When studying the EV drive system of the powertrain, the system’s practicality should
be considered. For example, Tesla uses induction motors in their earlier EV models[3,
1]but now from model 3 switching to interior permanent magnet motor[4, 1], whereas
Volkswagen[5, 1], Volvo [6, 1], and Nissan [7, 1] also uses interior permanent magnet
motors. Moreover, the EV produced by Land Rover use switched reluctance motor
(SRM) [8, 1]. For more than a decades and still now, permanent magnet synchronous
motors (PMSMs) have been the workhorse of the EV industry. Due to its mature
technology, high power density, high efficiency, and ease of control of external me­
chanical torque [9, 1]. In light of this, this work considered PMSMs as a traction
machine in EVs drive systems.

Fault diagnosis and condition monitoring studies in traction machines are as old as
the motors’ studies [2, 1]. Nevertheless, when FD and CM problems are addressed
in the EV powertrain, the drive system’s nature should be taken into account. For
instance, in EV drive systems, the PMSMs are vector controlled [2, 1]. Therefore, the
controller reaction to the fault should be deeply considered. Furthermore, monitoring
the condition of the drive system does not only mean detecting faults. It also includes
evaluating the status of the system.

Condition monitoring (CM) and detecting faults (FD) are the first steps toward en­
hancing its reliability [10, 1]. A condition monitoring system (CM) monitors a phys­
ical system so that the changes in its characteristics may be used to schedule main­
tenance before the system suffers severe deterioration or breakdown [10, 1]. In order
to estimate a system’s health condition, CM utilizes knowledge of the failure mecha­
nisms of physical parts.

Commonly used terms like prognosis and diagnosis together with condition moni­
toring are defined here as:

1) Fault Diagnosis (FD): is to find out the root cause behind the fault [10, 1].
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2) Prognosis: assesses the current state of health (SoH) level of a component and
predicts the component’s health at some point in the near future [10, 1].

3) Condition Monitoring: is to measure the real time condition of a component, in
case, if it drifts away from the healthy condition, appropriate action can be taken [10,
1].

Condition monitoring and fault diagnostics are the terms used and elaborated more
in chapter 2 and 3 .

Types of fault in PMSM drive systems ­ In the PMSM drive system, three significant
categories of faults could happen to the system while it is in service and provided
through a figure below. PMSM faults are classified by the location as stator and rotor
faults.

Figure 1.2: Types of faults in PMSMs drive unit

Power electronic (PE) faults are caused due to control circuit failure, auxiliary compo­
nents failure (sensors), converter circuit failure and that could be divided further to:
Capacitor failure (DC­link);power transistor failure; diode failure and inductors and
EMI (Electromagnetic Interference) filter failures. These are omitted from the figure
because there occurrence is very less around 9% [11, 1].

Based on a literature survey[2, 1], stator winding failures are one of the most common
reasons for AC motor failures and represent between 36% and 66% of all failures,
while bearing faults represent between 13% and 41%, respectively, depending on the
type and size of the machine, as shown in Figure 1.3.
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Figure 1.3: Faults percentages by various components in a) low voltage and b) high voltage machines[2, 1]

The most common electrical faults of PMSMs are stator winding faults. Approxi­
mately, 21% [11, 1] of all the faults in PMSM accounts for the inter­turn fault (ITF).
Basically, stator­related faults start with the turn­to­turn faults in one of the stator’s
coils. It is noteworthy to mention that throughout the dissertation chapters, the inter­
turn failures (ITFs) are the same as inter turn short circuit (ITSC) and turn to turn
failures (TTFs).

1.2 Problem statement

Condition monitoring and fault diagnostics of stator faults of traction machine ­

The influence of ITF on the PMSM is generally small at the embryonic stage, but it
causes a circulating current in the shorted turns. Unlike rotor’s electrical or mechanical
faults, the ITF once remains undetected then it propagates to the other turns and
eventually leads to phase faults, phase to phase faults and phase­to­ground faults. The
ITF will also induce extra flux at the fault location, and the extra flux may lead to an
irreversible demagnetisation fault [10, 1].Thus, protection by fault detection against
this situation is essential to be investigated.

1.3 Thesis objectives and outline

This licentiate dissertation’s main objectives is to develop and implement non­invasive,
online, precise, and non­destructive fault diagnosis and condition monitoring rou­
tines to detect the ITFs in vector controlled driven traction machines of EV drivetrain.
Furthermore, the developed technique should be able to allocate the faulty phase and
fault severity. To achieve the first objective of FD and CM routines development, the
following procedures were done in the following nine chapters:
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• A physics based simulation of pot core transformer is made to understand the
root causes behind the insulation failure under thermal, electrical, ambient and
mechanical stresses (TEAM) in chapter 2. In addition, an overview of stator
insulation systems along with the available standards for EV traction machines
is presented.

• A detailed investigation of the available CM techniques for EV traction ma­
chine is presented together with the existing challenges of existing monitoring
method, as well as futuristic trends and proposed methods for identifying ITFs
is presented in chapter 3 .

• Based on the investigation in the previous step, detection of ITF using the stator
flux linkage vector component analysis based FD techniques are introduced and
explained in chapter 4.

• Analytical modeling and analyzing the effect of the ITF with and without the
vector controller action combined with the power electronics inverter switch­
ing. An analysis of the behavior of the stator magnetic flux, the change in
inductance, the fault current, and electromagnetic torque under varying fault
severity is presented in chapter 5.

• Physics based modelling using FEM and simulation of traction machine to
assess the fault parameters and flux distribution around the faulted turns/coils
is analysed and provided in detail in chapter 6.

• Dynamic model development using the fault parameters obtained from the
FEM model, for ITF diagnostics using stator flux linkage vector component
under different operating conditions is discussed in chapter 7.

• Experimental investigation and implementation of the proposed FD scheme in
the real electric drive system is provided in chapter 8.

• The main conclusions and how to take this research ahead is provided in chapter
9.

1.4 Scientific contributions

In the field of fault diagnosis and condition monitoring of the ITFs in traction ma­
chine’s drive system designed for the EV powertrain, the following contributions were
achieved and published:
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• A comprehensive in­depth review of online and offline condition monitoring
of stator inter­turn fault. Based on a literature review, a new classification of
onboard condition monitoring techniques is proposed, which includes self­
analysis and traction modes.

• Proposal of novel real time stator flux linkage based diagnosis technique on a
controller that utilises power converter input voltages and signal processing to
see the stator flux intrusively.

• System level analysis of analytical fault model of PMSM together with stator
flux DC observer in simulink simulation software.

• Development of a FEM­based model to analyze flux line distribution under
fault conditions and its effect on mutual coupling and induced voltage.

• Experimental implementation and verification of the proposed diagnostic tech­
nique under different fault severity, fault location and operating modes.

1.5 Publications

1. A. Reinap and A. Upadhyay, ”Specification of a Specimen for Accelerated Ther­
mal Aging Tests,” 2019 IEEE 12th International Symposium on Diagnostics for
Electrical Machines, Power Electronics and Drives (SDEMPED), 2019, pp. 49
55,doi:10.1109/DEMPED.2019.8864856.

2. A. Upadhyay, M. Alaküla and F. J. Márquez Fernández, ”Characterization of
Onboard Condition Monitoring Techniques for Stator Insulation Systems in
EVs A Review,” IECON 2019 45th Annual Conference of the IEEE Industrial
Electronics Society, 2019, pp. 3179 3186.

3. A. Upadhyay, and M. Alaküla , ”A Theoretical Study Of Stator Flux Linkage
DC Offset Based Stator Fault Detection For PMSM Drive Systems,” IEEE
Vehicle Power and Propulsion Conference (VPPC) 2022.

4. A. Upadhyay, and M. Alaküla , ” Stator Flux Linkage DC Offset Based Stator
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Chapter 2

Stator insulation system and test
specimen for studying TEAM
stresses

This chapter briefly describe the stator insulation system and explores various reasons
derived from literature to determine the root cause behind the stator insulation fail­
ure. To gain a deeper understanding of fault initiation, a solenoid­based sample test
specimen has been analyzed using finite element method (FEM) to see the effect of
stresses like thermal, mechanical and electrical.

2.1 Stator insulation systems

The stator of a traction machine consists of three basic components: the stator core,
the electric conductors (usually copper), and the insulation. A low reluctance path
for the magnetic field is provided by the core. It is usually made up from thin sheets
of electric steel. The electric conductors carry the currents supplied to the machine
and should be dimensioned to withstand operation without overheating. Three­phase
traction machines typically have multiple parallel strands wound on the core of each
phase coil in order to reduce AC losses. The stator insulation plays a passive role,
which means it does not contribute to the creation of magnetic fields nor to their
guidance, but it is necessary to keep the conductors intact, electrically separate from
each other and isolated from the chassis, the machine’s casing, and improve slot fill
[1, 2].
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The stator insulation system is divided into primary and secondary insulation [2, 2].
The stator primary insulation is divided into three main categories: the strand in­
sulation for each conductor (implemented by using insulated magnet wire), the coil
separator in case of multi­layer windings and the slot insulation or slot liner [3, 2].

A secondary insulation is used to enhance the electrical insulating strength of the
winding, protecting from environmental conditions like dirt and moisture, and pro­
viding additional mechanical strength. A common way of implementing the sec­
ondary insulation is by impregnating the stator with epoxy, silicone or urethane poly­
mers. Impregnation helps in removing trapped air between the winding conductors
and in between the winding and the core, which degrades heat dissipation. Impreg­
nation techniques for the stator winding vary with the application needs. It can be
provided by dipping, trickling and vacuum pressure impregnation (VPI) [4, 2].VPI
is considered to be complex and time consuming as compared to other impregnation
techniques.

2.1.1 Type I and Type II insulating systems

The safety and reliability of motor performance is guaranteed by the proper design and
use of suitable materials. Selection of insulating materials depends on the voltage rat­
ing, thermal rating, mechanical strength required by the traction machines. Traction
machines are supplied by inverter drives, therefore the insulating material for traction
machines are often subjected to over­voltages having high frequency content. Under
such conditions, degradation due to erosion or partial discharge (PD) activity takes
place which leads to the breakdown of insulation[5, 2]. In order to prevent such PD
activity, solution adopted for insulating system are mainly depend on their rated volt­
age. When the required voltage rating of traction machines are lower than 1000 V,
Type I insulation systems are used. In Type I insulation system, the primary insulation
are organic material and impregnations are used in secondary insulation.

Type II insulations systems are used in traction machines of voltage rating above 1000
V. In this case rectangular wires are used. Strand, turn and groundwall insulations are
employed in an orderly manner. Furthermore, mica based tapes are used to provide
corona resistance during PD activity. In order to tackle the problems of PD activity,
new insulation materials called PD resistant materials or PD free materials are intro­
duced. Considering a insulation point of view, a PD free concept can be realized by
uniform or homogeneous coating of primary insulation with certain thickness. At
this moment, poly ether ether ketone (PEEK) is gaining popularity in materials of
choice for attaining PD resistance[6, 2].
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Stator faults

Stator insulation failure leads to stator faults. Usually it begins with inter­turn faults
and subsequently develops further into more severe phase­to­phase and phase­to­
ground faults [7, 2]. The other fault modes are coil to coil and phase to phase short­
circuits as provided in [8, 2].

The stator of the traction machine is exposed to somewhat different stress conditions
as compared to an electrical machine used in more stationary industry applications [9,
2]. During operation inside an EV the stator is subjected to stresses of diverse nature,
usually referred to as TEAM stresses ­ thermal, electrical, ambient and mechanical ­
which have an impact on the stator insulation condition [10, 2], [1, 2]. Below is a brief
description of these stresses and their root causes.

The proposed specimen for thermal accelerated aging test in our lab[11, 2] sheds light
on these stresses.

2.2 Test specimen

Analyzing and visualizing the stresses in traction machines is simplified if a reduced
but equivalent test object can be proposed. A pot core (P­core) has been proposed
as test specimen due to its simplicity and availability. P­cores have many advantages,
including high quality factor and temperature stability. Their self­shielding geometry
isolates the winding from external magnetic fields as well as forcing the direction of
the generated magnetic field. Equivalent in terms of materials and preferably winding
parameters.

The test specimen[11, 2], is a parallel wired solenoid that is evaluated by using an
axi­symmetric 2D (two Dimensional) finite element (FE) model in Comsol multi­
physics. The aim of the design model is visualizing an interior stress distribution of
an idealized coil. In Figure 2.1, an axis­symmetric 3D (three Dimensional) model of
a multi­turn coil is presented. Parallel wired solenoids are depicted as having 56 turns
with number of turns going in and out on two­dimensional representations[11, 2] .

Through the test specimen, we intend to investigate internal stress distributions, phys­
ical processes that may cause insulation failures, and fault development.

To understand electrical, thermal or thermal­mechanical stress distributions, Comsol
multi­physics performs finite element simulations.
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Figure 2.1: Double stranded coil layout and wire transition between turns and layers. 28 turn parallel wire coil
shown in 3D and 56 turn parallel wire coil shown in 2D schematics[11, 2]

2.2.1 Geometry and material selection

Two P­core transformer are of interest one is small (Ø30H10) having diameter of
30mm and height of 10mm while another one is large P­core having diameter of
50mm and height of 40mm (Ø50H40). Smaller P­core are only used in FEM based
analysis, while big P­core are intended for visualising high frequency impedances.

Table 2.1 shows a complete list of materials and their properties used in building the
model in Comsol.

Table 2.1: MATERIAL SPECIFICATIONS AND PROPERTIES [12, 2]
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Mass density, ρ [kg/me3] 8700 1500 1500 1120 1.23 4700

Electric conductivity, σ [S/m] 57e6 5e­20 1e­11 5e­18 5e­15 1e­5
Dielectric strength, Em[kV/mm] 1 4 3.6 2.5 1 1

Dielectric constant, ϵ [­] 23 20 38 3.3

Dissipation factor, tanδ [­] 1e­3 6e­3
Thermal conductivity,k [W/mK] 400 0.26 0.5 0.1 0.026

Specific heat capacity,cp[J/kgK] 385 1000 1500 1.0

Thermal expansion,α [1/K] 17e­6 16e­6 1e­4 3.4e­3
Elasticity, E [Pa] 110e9 7.4e9 3.5e9 1.4

Poisson’s ratio,v [] 0.35 0.42 0.44

Compressive strength, [Pa] 2.8e8

Tensile strength, [Pa] 1.5e8
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2.2.2 Simulation results and TEAM stresses

TEAM stresses are evaluated and described in the following subsection under different
stress cases following the setup of the model. There is no abbreviation order since
mechanical and thermal stresses are combined together during simulation.

Thermal stress­ Insulation design of stator depends largely on the thermal require­
ment of the machine operation. If the machine operates above the designed thresh­
old temperature the insulation is considered to be in thermal stress. This temperature
results from copper, eddy current and stray losses in the conductors. Core loss and
windage losses further elevates the winding temperature. The high temperature causes
a chemical reaction leading to degradation of organic material coated on conductors.
Consequently, brittleness and delamination [1, 2] of ground­wall insulation appear.
The chemical oxidation process is given by Arrhenious rate law proposed by Dakin [1,
2].The equation approximates the life of insulation with respect to temperature. Its
well known considered as rule of thumb that every 10◦C rise in temperature above
the threshold temperature leads to decrease in a insulation life by 50%.

Mechanical stress­Thermal stress in the winding initiates relative motion between the
molecules of organic materials used as insulation materials, causing insulation layers to
expand and contract in limited space, deteriorating their strength and causing them to
breakdown. To show the deterioration caused by thermal stress a simulation is made
on the test specimen shown in Figure 2.2.

Figure 2.2: Temperature [°C] and displacement 10µm.[11, 2]

The thermal load in the model is defined as following: the specific heat losses in
conductors are 1W/cm3, which corresponds to current density of 5.88A/mm2 (2.96A
for Ø0.8mm wire) and resistivity of 28.8nΩm at 182°C. All external surfaces are
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defined to have natural cooling conditions of 5W/m2K at 20°C.

Figure 2.2, shows the resulting temperature distribution and thermo­mechanical dis­
placement. The leftmost figure shows the maximum temperature at the center, caus­
ing strains and displacements in the rightmost figure equal to 10µm. In case of dis­
placement, the unit scale is in multiples of 10µm.

This analysis will yield information on the relationship between tensile and compres­
sive strains on strand and turn insulation, which can result in mechanical wear, frac­
ture, and failure.

Electrical stress­ The stator insulation considered to be in electrical stress if the ap­
plied voltage is more than the breakdown voltage. Transient voltages are generated
by switching IGBTs and MOSFETs­SiC in inverter­fed drives, or by mismatches in
the impedance of the inverter, cable, and traction machine. Transient voltage caused
by fast switching devices in modern drives could stress electric vehicle insulation sys­
tems. Normally, insulation systems are designed to resist transient surges. Faster
transients, on the other hand, can cause failures due to non­uniform voltage distribu­
tions. Through parasitic capacitances across inter turn capacitances, inter strand ca­
pacitances, and inter phase capacitances, steep fronted voltages cause transient leakage
currents.

Figure 2.3: Electric field intensity distribution at 200 V with variable air-space between wires[11, 2]

By using electrostatics simulations in comsol, the inception field distribution between
parallel strands A and B is visualized when 200 V is applied across them. There are
2­12µm of air space between each strand as shown in Figure 2.3, and the coating
thickness is 50µm. The voltage applied across the parallel strands is 200V. Voltage
difference can be small but E field can be large as (E=V/d). It can cause conditions for
dielectric breakdown since air has a dielectric strength of 3 kV/mm and is part of the
winding assembly[1, 2]. The result of the electrical breakdown is an electric discharge
and material erosion that wears down the main insulation, enamel coating, etc.

Parameters change under high frequency­ Using a large coil, a measurement is made
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to examine the parametric change under high frequency.

Impedance characteristics The test specimen is formed with a 0.6 mm parallel wired
200 turn coil in an 8 x 23.8 mm window. Lab setup together with a circuit schematic
is shown in Figure 2.4. An Hioki IM3533 − 01 LCR meter is used to measure
impedance between 20Hz and 200kHz.

The test specimen’s circuit schematic is shown in Figure 2.4. The RL­links represents
the parallel wires in the circuit and RC­links is defined as the parasitic between them.

Figure 2.4: Circuit presentation of a test coil and lab setup for measuring coil impedance[11, 2]

A parallel wire test coil is apparently a transformer, where the test voltage can be
applied across the inductance (A1A2, B1B2) or turn­to­turn insulation (A1B1). The
magnetic fields can be added or subtracted and amplified by using a magnetic core. As
a result of introducing the core and main insulation, a new coil­to­core capacitance is
added. The selected measurements including the magnetic core are shown in Figure
2.5.

The first figure in left (A1B1) belongs to capacitance between the coils that decrease
from 5.98 nF to 5.80 nF over the frequency range. The corresponding series resis­
tance reduces from 5.27 kΩ to 3 Ω. The second figure in right (A1A2+BOC) reveals
inductance 18.2 mH, resonance at 142 kHz and series resistance 1.33 Ω.

If the previous measurement had coil B in open circuit then in the next experiment
coil B is shorted. The third figure (A1A2+BSC) reveals inductance 14 μH, series
resistance 2.66Ω, and at 140 kHz the phase angle is close to 0.

The fourth connection (A2B1) can be defined as differential mode excitation, which
reveals series resonance at 15.3 kHz followed by parallel resonance at 142 kHz at­
tached to previously known parameters Ls and Cs.
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Figure 2.5: Impedance characteristics for four selected circuital connections

HF characteristics of the specimen indicate a decrease in parasitic capacitance be­
tween coil turns, an increase in leakage inductance, and a decrease in magnetizing
inductance as frequency increases. This short lab exercise helped to understand the
measurements to evaluate the parameters for the specimen and to determine how and
what parameters change with high frequency.

This measurement was initially intended to make a large number of tests for accel­
erated ageing studies, but due to other priorities in the project and time constraints,
this work has been suspended.

Ambient stress­ Insulation system exposed to dust, gases, water, humidity, oils and
chemicals which can increase insulation deterioration in traction machine. Thermal,
mechanical and electrical ageing will proceed at a faster rate due to moisture absorp­
tion or because of surrounding air. Typically, the operating environment of most
traction machines results in two or more of these ageing mechanisms being present.
Interactions between the stresses may be complex and result in unexpected conse­
quences.
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2.3 Summary

Stator insulation system and its deterioration under dynamic TEAM stresses have
been the subject of this chapter. A description of the proposed test specimen ge­
ometry and material selection is provided. An investigation of TEAM stress analysis
was carried out using FEM with the proposed specimen. The results of simulations
conducted to understand how insulation material changes under electrical, thermal,
and mechanical stresses. Table 2.2 summarises the nature of stresses and root causes
behind them. Individually or synergistically, these stresses can cause decomposition
and result in failure, fatigue, or reduced insulation life.

Table 2.2: Nature of stresses and Root Causes

Stresses Root Causes

Thermal Overload .
Electrical Switched voltage supply with high voltage

and voltage derivatives.
Ambient Humidity, dirt, exposure to chemicals.
Mechanical Thermal,Vibrations.

2.4 Learning outcomes

• The understanding of stator insulation system in traction machines is made by
following the standards and selecting the specimen’s geometry. The insulation
material should take into consideration the traction machine’s operating fre­
quency, temperature, and mechanical strength in order to ensure it has a long
working life and a compact size.

• Measurement of impedance for 1:1 transformer using LCR meter under dif­
ferent combinations.
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Chapter 3

Condition monitoring techniques
of ITF ­A review

This chapter provides the current state of onboard condition monitoring techniques.
Based on the nature and applicability, these techniques are classified into two cate­
gories namely, self analysis mode and traction mode. The purpose of this character­
ization is to provide automotive engineers a comprehensive overview of stator fault
monitoring techniques and the know how of where, how and when can they be ap­
plied. Towards the end, futuristic trends of these monitoring techniques are discussed
and based on existing research gap a new stator fault diagnostics method is proposed.

3.1 Background

The detection of the location and the assessment of the severity of inter­turn faults
at an early stage is challenging. Several efforts are reported in the literature for the
detection of stator faults. A review of both online and offline methods available for
inter­turn fault detection in low­voltage induction machines (IM) is presented by
Grubic [1, 3]. Various exhaustive surveys of online condition monitoring of stator
faults for IM are presented in [2, 3]­[3, 3]. There are very few case studies available
in the literature on reliability assessment of traction machines used in EV. Moreover,
Gandhi [4, 3] and Arumugam [5, 3] present comprehensive studies for stator based
faults, taking both the PMSM and IM into account.

Based on existing literature, this chapter aims to provide the automotive industry
with a comprehensive survey of available onboard condition monitoring (OCM) tech­
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niques for the stator insulation system, assessing their applicability to EV traction ma­
chines. Furthermore, a classification of the OCM techniques reviewed is proposed,
according to whether they can be used while the machine is engaged for driving the
vehicle or not. The proposed characterization structure, is divided in traction and
stand still mode. The monitoring techniques can able to monitor faults under de­
velopment (e.g. gradually changing insulation capacitance that can be detected by
e.g.high frequency (HF) analysis) and developed faults (e.g. inter­turn faults that can
be detected by e.g signature, sequence analysis or dynamic testing).

3.2 The condition monitoring technique

The determination of the State of Health (SOH) of the stator insulation system during
the serviceable life of a traction machine helps ensuring a safe vehicle operation. Some
of the condition monitoring techniques in the literature require that the machine is re­
moved from the vehicle drive system and mounted on a dedicated test bench. For this
reason, these techniques are dominated offboard condition monitoring techniques in
this work. The most common offboard monitoring techniques to assess the stator
turn­to­turn insulation are the surge test and the offboard partial discharge (PD) test
[6, 3]. To test the phase­to­ground insulation, mostly the insulation resistance (IR)
test, the polarization index test, the DC and AC high potential (HiPot) test [7, 3]­[8,
3] and the dissipation factor test are performed. The surge test and the AC and DC
HiPot test are destructive in nature. The main drawback of offboard condition moni­
toring techniques is that they require the machine to be disassembled from the vehicle
drivetrain, which generally is both time consuming and expensive. Additionally, they
are not suitable for determining the running reliability of the traction machine, since
they do not monitor the machine during operation. Nevertheless, since there are no
significant differences in offboard condition monitoring techniques applied to EV
traction machines compared to any other type of machine, the main focus of this
chapter is on onboard condition monitoring techniques.

3.3 Onboard condition monitoring techniques and its classi­
fication

Onboard condition monitoring (OCM) techniques comprise those methods that can
be applied after the traction machine is installed in the vehicle, using the existing
equipment and sensors on­board. Depending on whether they are applicable or not
while the traction machine is engaged in driving the vehicle, they can be classified
into two different modes.
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• Self­analysis mode ­ Self analysis mode can be activated at any time when the
machine is not engaged for driving the vehicle. Functional and condition mon­
itoring tests can be performed then. The main advantage of testing under self
analysis mode is that the drivetrain does not need to comply with the driver’s de­
mands, and therefore pre­defined sequences of test currents and voltages could
be supplied to the motor if needed. Some of these tests may require the machine
to rotate, and in that case, it should be possible to mechanically disconnect the
machine from the wheels.

The state of health of a stator winding is not expected to deteriorate very fast,
but at a rate that is expected to trend over days, weeks , months or even years.
Thus, even though some of the proposed measurements can only be performed
in self­analysis mode, they can be expected to run frequently enough to detect
potential changes in the state of health of the insulation, depending on how
often the vehicle is used.

• Traction mode ­ In traction mode, the drivetrain is in a state to be used for
moving the vehicle, thus the machine can run at any relevant speed and torque
level with respect to a drive cycle as required by the driver. However, there may
still be room for running some additional condition monitoring tests while the
machine is in operation. It is important to consider that in traction mode, the
traction machine is subjected to all the normal external stresses which could in­
terfere with the measurement processes performed by the condition monitoring
methods.

Thus many measurements that only can be done in ”self analysis mode” can be made
daily since the vehicle is expected to be started at least once every day. In order to
avoid complexity in the data logging and further processing its important to decide
when or during what period its important to evaluate the healthiness of the stator
insulation. Time duration for the test can vary like once in a week, once in a day or
before every start of the vehicle called ignition. The monitoring technique which can
be employed before the ignition of the vehicle are bundled under the category called
self analysis mode. Therefore, testing and diagnostics under these two modes open
up further research questions for future implementation.

3.4 OCM techniques under self analysis mode

Onboard SoH estimation of the insulation system is usually based on terminal pa­
rameters of the traction machine, for example the measurement of voltages, currents,
the rotor angle and/or the derivatives of it and possibly vibration. Some tests like
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the partial discharge (PD) test, the high frequency (HF) impedance analysis and the
dynamic test can be performed in self analysis mode.

3.4.1 Partial discharge monitoring

Partial discharge is the localized dielectric breakdown of the voids present in the in­
sulation system under high voltage stress. The root cause behind the voltage stress is
the voltage derivative created by the high frequency switching converter. This stress
is not uniformly distributed along the winding and it affects more the very first turns
of the phase coil, significantly impacting its insulation system [9, 3].

Onboard monitoring of PD activity is done by tracking the partial discharge inception
voltage (PDIV). PDIV is the voltage level at which PD starts. If the voltage surge is
above the PDIV it will lead to PD appearance, which could in turn lead to insulation
failure [9, 3]. According to [9, 3], a decrease in PDIV indicates an aged insulation.
PDIV decreases also with a rise in temperature. For instance, if the temperature in­
creases from 25oC to 155oC typically the PDIV decreases by 30%.

To measure PDIV, filters of increased steepness are recommended by IEC 61934 [10,
3]. There are few studies available in the literature concerning onboard PD monitoring
for traction machines. Hammarström [11, 3] introduces a test setup designed to mea­
sure PDIV with different rise times of the applied voltage. In this setup, a smooth
filter is employed to reduce the adverse effect of fast steep voltage fronts on motor
insulation deterioration. However, to do onboard monitoring of PDIV additional
equipment is needed [11, 3].

For these reasons, the implementation of an onboard PD monitoring system in EV
is cumbersome and the availability of new advanced PD resistant insulation materials
such as nanofilled enamels and impregnation resins [12, 3]­[13, 3] makes this method
less attractive for onboard use.

3.4.2 HF impedance/inter­turn capacitance monitoring

To observe the aging process of the stator insulation system HF impedance monitoring
is introduced in [14, 3]­[15, 3]. The deterioration of the inter­turn insulation can be
detected by a change in the inter­turn capacitance. Usually the insulation resistance,
dissipation factor and capacitance are used as indicators of the ageing process of the
stator insulation [14, 3]. According to [14, 3], fault indicators can be obtained by
measuring the differential leakage current at each phase of the stator. An aging related
change in inter­turn capacitance of the stator insulation is reported by [16, 3]. Even a
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small change in the impedance of the insulation system gives an indication of a stator
fault under development.

In [16, 3], the high frequency leakage current is measured with a high frequency cur­
rent sensor, having a bandwidth in the range of at least 7MHz. This frequency is a lot
higher than what standard current sensors used in traction machines today can mea­
sure and thus implementing this method onboard requires additional HF currents
sensors and the corresponding sampling capacity.

As it is not possible to use a HF impedance analyzer onboard, another way to monitor
HF impedance is by injecting a small HF signal into the stator winding [15, 3]. The
injected frequency must be close to the resonant frequency of the system. A magnetic
probe, like a sense winding, kept in the vicinity of the winding can be used to measure
the flux generated by the high frequency signal. The phase deviation between the
injected signal and the measured flux gives an indication of the resonant frequency
and hence the change in inter­turn capacitance can be calculated.

3.4.3 Machine characterization methods

Machine characterization methods (MCM) aim to identify the electromagnetic model
of the traction machine by subjecting the machine to an intentional sequence of cur­
rents and speeds and measuring the response. There are mainly two types of machine
characterization methods: dynamic testing methods (DTM) and standstill methods
(SSM).

Dynamic testing

DTM can identify the magnetic model from the measurements when the machine
accelerates or brakes. Through DTM, the electromagnetic parameters of the traction
machine (inductance, permanent magnet flux linkage, and thus torque and flux link­
age maps) can be obtained as a function of the stator current, usually expressed in
the rotor reference frame. These methods consist on accelerating and decelerating the
machine with a known current set­point and logging the evolution of the voltages,
rotor position and speed with very high time resolution. From these logged signals,
the machine properties are calculated in post­processing, and the whole test procedure
can be conducted in just a few minutes[17, 3].

Standstill testing

SSM can be performed with or without rotor locking. In order to obtain the mag­
netic model, the machine excited with a hysteresis current controller which applies a
square voltage wave to the machine. The flux can be calculated by integrating the volt­
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age minus the voltage drop due to the stator resistance [18, 3]­[19, 3]. These methods
generally perform well supposing that the square voltage wave alternates from posi­
tive to negative values with a high frequency. Nevertheless, when estimating fluxes,
integration might cause drifting that must be considered.

3.5 OCM techniques under traction Mode

Monitoring under traction mode is advantageous as it provides constant monitoring
during a traction cycle. This provides input to predictive maintenance, in detection of
an incipient fault and in scheduling actions to avoid more severe process downtime.
To detect the SoH of the stator insulation system while the vehicle is in operation sev­
eral monitoring methods are developed [6, 3], [20, 3]­[21, 3] and described following.

3.5.1 Temperature monitoring

Constant monitoring of the temperature and its trending over time can be imple­
mented both with and without dedicated sensors. Nowadays, most traction machines
are embedded with temperature sensors at least in the windings and end­windings and
possibly in the stator core. Sensors like PT100 (PT­platinum) resistance temperature
detectors (RTD), optical fibre and theromcouples (J and K Type) are reported in [22,
3]­[23, 3].

Substantial work has been done also in estimating the temperature without using
temperature sensors. This can be done by injecting HF voltages or currents [24, 3]­
[25, 3], by analyzing the back EMF harmonics (BEMF) [26, 3], or with the help
of a thermal model [27, 3]­[28, 3]. In the first two cases, the rate of change of the
temperature is estimated by the change in stator winding resistance.

The HF injection test, estimates the temperature by injecting a carrier signal into the
traction machine winding. The injected signal frequency is much higher than the
fundamental frequency. Using the HF signal response, the winding temperature can
be estimated from the HF resistance using a linear thermal model [24, 3]. In general,
the carrier signal can either be a HF voltage or a HF current signal [25, 3].

BEMF based methods compute temperature using the temperature dependence of
the permanent magnet flux linkage. Flux linkages can be estimated by measuring the
machine terminal voltages and currents. In [26, 3], this technique is used to measure
the mean temperature variation of the PM magnets.

Temperature estimation using available thermal models[27, 3]­[28, 3] is useful but
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it requires precise knowledge of the machine geometry, materials, and the cooling
system of the machine onboard [27, 3].

3.5.2 Vibration monitoring

Vibration monitoring methods are primarily used to detect mechanical and bearing
related faults [29, 3]. However, some studies report the detection of inter­turn faults
in the stator as well [30, 3], [31, 3]. This monitoring technique requires additional
sensors (e.g. accelerometers) to detect vibration due to a shorted or inter­turn fault
in the stator [30, 3]. As an example, the use of a vibration sensor with high sensitivity
and sampling frequency of 25kHz is reported in [30, 3].

A shorted coil in the stator winding provides a lower resistance path to the current
as compared to a healthy winding. Therefore, in a current controlled machine, the
ohmic losses in the slots become lower and hence the temperature will be lower too.
This lower temperature in the shorted slot combined with the higher temperatures in
the healthy slots can lead to a thermal bend, which in turn leads to vibrations in the
bearings as the machine rotates. The higher the difference in temperature, the higher
the vibration level [31, 3].

Vibration signal monitoring yields good results in fault diagnosis, nevertheless the re­
moval of background noise originated e.g. by the vehicle driving over uneven surfaces,
is often considered a complex process.

3.5.3 Electromagnetic signature analysis

Electromagnetic signature analysis (ESA) is performed by monitoring the flux linkage
in the machine winding. A healthy traction machine has a symmetrical flux distribu­
tion. However, stator and rotor faults create distortion in the flux distribution. To
identify the unsymmetrical distribution of the flux in the airgap a search coil may be
placed across each stator tooth [32, 3]­[33, 3]. The induced emf in the search coil is
then integrated to obtain the flux linkage and its distribution. Alternatively, high res­
olution measurement or estimation of the terminal voltages and phase currents can be
used to estimate the stator flux linkage, although not with as high spatial resolution
as measurement coils on each tooth.
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3.5.4 Motor current signature analysis

Motor current signature analysis (MCSA) is based on the analysis of the harmonic
spectrum of the motor current, obtained by the fast Fourier transform (FFT) algo­
rithm. The current harmonic spectrum changes after the development of a stator
fault. Faults like stator winding short­circuits and eccentricities appear at specific
frequencies in the current harmonic spectrum [34, 3].

A stator inter­turn fault can appear as a second harmonic in the stator current vector
in a synchronously rotating reference frame [35, 3] or as a third harmonic in the phase
current [36, 3], [37, 3] if the machine is supplied by a symmetric sinusoidal voltage
system. With a high performing current control, the corresponding harmonics will
instead appear in the machine terminal voltage. Automatic recognition of the inter­
turn fault using pattern recognition based on artificial neural network (ANN) is also
reported in [38, 3].

EV drive systems usually equipped with at least two current sensors on the stator
winding phase. Therefore, MCSA has proven to be an efficient monitoring technique
for stator insulation fault detection.

One of the main limitations of MCSA comes from the fact that FFT is only applicable
to stationary signals, since it requires averaging the signal in time and then performing
analysis in the frequency domain. However, due to the variable speed, it is not always
possible to obtain stationary signals while the vehicle is in operation. When such non
stationary signals are present, FFT is not a reliable technique for short­circuit fault
detection[35, 3]­[37, 3].

To overcome this, short time Fourier transform (STFT), Wavelet transform (WT) or
Wigner­Ville distribution (WVD) may be applied for spectrum estimation of non­
stationary signals because of their ability to determine the occurrence time of each
frequency component [39, 3]. The STFT provides the spectrum at a discrete time
instant by using a fixed window function, at the cost of reduced signal resolution.
To avoid signal resolution problems, wavelet was developed which has an adjustable
window that automatically adjusts to give the most appropriate resolution[40, 3]­[41,
3].

Various papers have reported OCM of inter­turn or stator faults using discrete Wavelet
transform (DWT) [42, 3]­[43, 3]. An effort to evaluate single inter­turn fault devel­
opment and its severity by extracting the energy obtained from a external magnetic
field using multidimensional DWT is reported in [44, 3] while the same problem is
tackled by analyzing both FFT and DWT in [45, 3]. To consider speed variation
for inter­turn fault development a separate study measuring and analyzing the torque
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producing (quadrature) current using DWT is reported in [46, 3].

The main advantage of using WT is performing time frequency analysis and extract­
ing the time at which the signature starts changing [47, 3]­[48, 3]. Another tracking
algorithm, namely VoldKalman filtering order, is introduced and applied to track the
harmonics of PMSM drives under non­stationary conditions in [43, 3]. However,
the analysis of non stationary signals provides complex time­frequency characteris­
tics during the transient state. Additionally, the performance limitations imposed by
the sensors already existing in the vehicle drive and the need to know the base an­
alytical frequencies or the base spectrum related to faults make these methods quite
cumbersome in PMSM machines.

3.5.5 Power signature analysis

Power Signature analysis (PSA) is based on the spectral analysis of the instantaneous
power [49, 3]. Unbalanced power at the output terminals of the traction machine gives
an indication of unbalance in the supply voltage or current. A change in resistance
due to contact surface damage, corrosion, excessive overheating or winding inter­
turn short faults creates asymmetry in the phase current as presented by J.Yun [50, 3].
This resulting asymmetry in the phase current causes circulation of negative sequence
current components, therefore reducing the motor power performance [51, 3]. PSA is
considered to be less complex than MCSA and flux monitoring. However, the use of
PSA for the determination of the insulation system’s SoH or the diagnosis of faults is
not widely accepted, and further development of this technique is needed in order to
prove its reliability.

3.5.6 Monitoring of sequence components

Sequential component analysis is the classical way of converting unbalanced systems
into three sets of symmetrical balanced systems known as positive, negative and zero
sequence components (I1, I2, I0). To detect inter­turn faults and stator insulation
health several methods using sequence component analysis are reported [52, 3]­[53, 3].

A stator insulation fault creates an asymmetry in the stator impedance that appears
as an asymmetry in the phase current when supplied by a symmetric voltage, and an
asymmetry in the phase voltage if the current is controlled instead, which is the case
for EV traction machine drives. A way to detect these asymmetries is by using artificial
neural networks (ANN) to analyze the voltages and currents as reported in [54, 3],[2,
3]. The asymmetries can be detected by signature analysis as discussed above, but also
with sequence analysis. An asymmetric voltage contains negative sequence compo­
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nents. In [55, 3], both positive and negative sequence components of the current and
voltage are used to figure out the fault severity, location and fault type under vector
control. Detection of inter­turn fault and its location is carried also by zero sequence
component of voltage and current in [55, 3]. The zero sequence voltage component
based diagnostics is appealing since it is independent of the unbalanced supply from
the drive [56, 3]. However, this method needs access to the neutral point of the stator
winding.

In conclusion,the perks and shortcomings of each and every monitoring technique
under proposed self and traction mode is tabulated below.

Table 3.1: Classification Of OCM techniques under self analysis and Traction mode

OCM Techniques Under Self Analysis Mode
References Methods Monitoring Parameter Characteristics
[9, 3],[11, 3] PD Test PDIV­ the voltage at

which PD starts
(+) detects insulation failure,(­)
Need filters on board

[14, 3]­ [16, 3] HF
Impedance

IR, DF, leakage current
and capacitance

(+) detection of inter­turn
degradation,(­) requirement of HF
current sensors having BW of at
least 7MHz

[17, 3]­ [19, 3] Standstill and
Dynamic test­
ing

Inductance, torque, PM
flux linkage, flux linkage
maps

(+) quick calculation of machine
properties using logged signals,(­)
difficulty in measurement at high
current when rotor unlocked

OCM Techniques Under Traction Mode
[22, 3]­ [28, 3] Temperature Temperature, HF volt­

age or current, Back
EMF

(+) easy to perform due to inbuilt
sensors, (­) sensor less measure­
ment requires precise knowledge of
the machine geometry and cooling
system onboard

[29, 3]­[31, 3] Vibration Vibration (­) requirement of sensors,(­) dif­
ficulty in removal of background
noise

[32, 3]­ [51, 3] Signature
Analysis

Flux linkage, current,
and instantaneous power

(+) availability of current sensors
on EV board makes it efficient,(­)
interpretation of result become dif­
ficult due to current control

[52, 3]­[53, 3] Sequence
Component
Analysis

Positive, negative and
zero sequence of Voltage
and current

(+) detects turn­turn fault at steady
state, (+) no sensors required (­)
neutral of the machine has to be ac­
cessible
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3.5.7 Quality assessment and proposal of new diagnostic method

There are six different diagnostics techniques under traction mode. The main aim
of this section is to assess the monitoring technique in terms of fault identification
(FI), fault severity (FS) and sensor­less (SL) operation. When comparing different
monitoring techniques the most significant characteristics are assigned as performance
indicators. In order to make the decision the diagnostic methods are assessed by these
performance indices (PIs). To understand each performance indicators like FI, FS
and SL a short descriptions is provided below­

• Fault identification (FI) : Whether the OCM technique could able to locate
and determine the fault or not. Such as single phase fault, coil fault, phase to
phase fault or open circuit fault.

• Fault severity (FS) : Whether the machine performance compromised by the
fault or not.

• Sensor­less (SL) : Whether the traction machine need extra sensors on board
or not for extracting fault signals.

Temperature monitoring ­ To identify stator fault and its severity, temperature mon­
itoring would need precise thermal sensors allocation across the winding. The rise in
temperature across winding are due to number of factors like change in ac resistance
of the winding at high frequency , change in supply , load conditions etc. this could
affect the sensitivity of stator fault identification.

Vibration monitoring ­ Identification of stator fault via vibration could be possible
by employing extra sensors on board. The test need to be conducted in controlled
environment since the noise from the outside environment could interfere with fault
detection and this considered as a major shortcoming of this method.

Signature analysis ­ Signature analysis can be done by electromagnetic signature anal­
ysis (ESA), motor current signature analysis(MCSA) and power signature analysis
(PSA).

• Flux signals (ESA): This method is promising in terms of FI, FS but so far in
literature there is need to place search coil across the winding which will further
adds to cost of implementation.

• Current signals (MCSA): MCSA is considered to be suitable diagnostic method
since the current signals will be provided by sensors on board and there will be
no need for additional sensors. However, in EV drive system machine runs
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under current control loop which makes the current harmonics to appear in
terminal voltage.

• Power signals (PSA): Fault diagnostics through power signals are not widely
accepted due to its complexity.

Sequence component analysis ­ Asymmetrical three phase system give rise to three
sequence component namely zero, positive and negative sequence components. Fault
detection through zero sequence component of voltage in star connected winding is
appealing since it is independent of unbalance in supply voltage but need the access to
neutral point connection[56, 3]. Positive and negative sequence component of voltage
could able to provide FI, FS and sensorless detection but at the cost of computational
complexity.

Following is a list of the literature­based performance indicators for each monitoring
technique:

Table 3.2: Quality Assessment Of OCM techniques in Traction mode under FOC control

Performance Indicators
Monitoring Technique FI FS SL
Temperature × × ✓
Vibration ✓ × ✓

Sequence component analysis
Terminal voltage and Flux ✓ ✓ ×
Current × × ✓

Signature component analysis
Terminal voltage and Flux ✓ ✓ ✓
Current × × ✓
Power × × ✓

As a result of the above assessment, in this thesis, the stator flux linkage is identified
as the main diagnostic parameter and a detection methodology based on the vector
decomposition of stator flux linkage is proposed.

Regarding stator flux diagnostics, both sensors and sensor­less monitoring of ITF have
been done in literature. Sensors like hall effect and search coils [32, 3],[33, 3],[57, 3]
are most commonly used for ITF diagnosis besides its extra size, complex installation,
and additional cost, etc. On the other hand, sensor less diagnostics of ITF via SFL are
about finding fault signatures in the frequency domain [42, 3],[58, 3] which includes
more complicated decision making algorithms (such as machine learning models or
artificial neural network (ANN) based model) to identify and classify the extracted
fault signatures.
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To address the limitations of current research, a simple method of detecting stator
ITF is proposed using SFL vector component analysis without the need for additional
sensors or without using any complicated ANNs or FFTs. This proposed diagnostic
methodology is detailed in chapter 4 .

3.6 Futuristic trends in monitoring

Commercial electric drivetrains are developed to a high state of functionality. Torque
and power density, efficiency, torque quality and controllability fulfill very high re­
quirements. Prediction of lifetime on the design table under expected operating con­
ditions and, once in operation, estimation of the remaining lifetime, also called con­
dition monitoring, under actual operating conditions leave room for further develop­
ment.

The starting point is lifetime prediction based on the sensors normally available for
traction drive control, with their limitations in number and performance like band­
width or resolution. Still there are several different types of condition monitoring
techniques that can be applied to a drive system in a vehicle, like sequence analysis to
detect winding insulation failures or dynamic testing to determine torque­ and flux
maps that can be used for both controller tuning and health evaluation. These kinds
of functionality can be expected to be a part of EV drivetrains in a near future, since
no additional hardware or no higher sensor specifications is required.

To take condition monitoring to a higher level, tests like HF impedance analysis of
PD analysis must be adopted. Such testing methods require improved sensors, like
current sensors with higher bandwidth and maybe higher resolution, switches that
can reconfigure the stator winding for PD analysis, vibration sensors etc. All these
changes increase the cost of the drive train and the value of the deepened insight in
the SoH of a traction machine drive must be balanced against the increased cost.
Nevertheless, it can be expected that the condition monitoring capabilities of future
traction machine drives will improve as the components cost fall. The voltage level
used in EV drive trains is increasing towards, and maybe beyond, 1kV implying that
isolation material issues can be expected to increase and then also the motivation to
monitor the condition more closely.
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3.7 Summary

A comprehensive review of onboard condition monitoring methods is presented. Spe­
cial focus is laid on methods that can be applied to traction machines whilst still assem­
bled in their intended application, here referred to as onboard condition monitoring
(OCM) methods. A classification is proposed distinguishing between self analysis
mode and traction mode. An overview of the proposed diagnostic method is pro­
vided, as well as a comparison with those currently in use. A quality assessment is
conducted based on performance indicators. The terminal voltage or SFL considered
as a promising monitoring parameter for ITF detection. Futuristic trends describe
the extent and capacity of OCM in commercially available vehicles in the near future.

3.8 Learning outcomes

This characterization helps build understanding for monitoring the stator insulation
system while the vehicle is moving and not moving. An obvious challenge is data log­
ging in standstill monitoring, such as how often (daily, weekly, monthly or annually)
you want to see the SoH of the stator insulation system tested.
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Chapter 4

The proposed diagnostic technique

This chapter briefly describe the vector control and how it is used in combination
with PMSM machines to control the speed and torque. Since the proposed diagnostic
would be part of it later on its important to lay out the details beforehand. Following
that, the proposed diagnostic techniques are described in detail, along with their block
diagram representations. The proposed diagnostic scheme is described using stator
flux vector diagram and mathematically using the symmetric three phase supply and
asymmetric three phase supply, and later the concept is evaluated using simulink.

4.1 Vector control of PMSM

Vector control, also known as field­oriented control (FOC), is a method used in the
control of AC motors, particularly induction motors and permanent magnet syn­
chronous motors (PMSMs). The goal of vector control is to manage the motor’s
torque and magnetic flux independently, similar to the way DC motors are controlled.

From a synchronous coordinate system attached to the rotor position, the rotating
current vector is composed of two dc components along the d and the q axis of the
rotating frame, which can be controlled independently.id current is used to control
and adjust the flux in the d axis while iq is responsible to control the desired torque in
motors. In its simplest form, only the q­currents are used for torque control, but in
more advanced drives unique combinations of d and q currents are used, particularly
for field weakening operation[1, 4].

The basic scheme of PMSM vector control is presented in Figure 4.1.
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Figure 4.1: The block diagram of vector controlled PMSM [2, 4]

Thus the stator currents cannot be expected to be significantly impacted by isolation
faults, as long as the current control system is working as intended, so the fundamental
frequency currents and sequence components cannot be used to monitor inter­turn
faults. However, it is possible to observe a change in characteristics of a motor by
analyzing stator voltages and the integrals of these voltages, the Stator Flux Linkage
(SFL). Based on this fundamental a new diagnostic scheme is proposed to detect in­
cipient ITF faults. The following section discusses in detail the vector control strategy
that is the foundation of the proposed fault detection scheme.

4.2 Proposed diagnostic technique

The proposed method is based on detection of the dc offset of the SFL vector in the
antisynchronous reference frame (ASRF). The DC offset of the SFL is calculated by
estimating the SFL in the stator reference frame, transforming it to an ASRF, and
low­pass filtering it.

Figure 4.2: The complete block diagram of the proposed method

It is possible to simplify the proposed method by looking at each step separately. There
are three steps involved in obtaining the diagnostic parameter ”SFDO”.
Following is a breakdown of the steps:
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Step 1­

The stator flux linkages can be calculated by the integral of the voltage drop in sta­
tionary reference frame as:

−→
ψs

αβ =

∫
(−→usαβ −Rs

−→
is

αβ)dt (4.1)

Therein−→usαβ denotes the inverter voltage vector as−→usαβ = uα+juβ ,Rs is the stator
resistance,

−→
is

αβ is the machine terminal current vector in stationary reference frame
as
−→
is

αβ = iα+ jiβ and
−→
ψs

αβ is the stator flux linkages vector as
−→
ψs

αβ = ψα+ jψβ .

This integral is difficult to perform in a real drive since both voltage and current values
are subject to estimation/measurement error and the stator resistance varies with both
frequency and temperature. Acknowledging that small errors will lead to a drift in
the integral, the integral should be high­pass filtered (HPF).High pass filtering of an
integral equals low pass filtering of the integrand. Thus, a SFL estimate in stationary
reference frame is estimated by low pass filtering the integrand multiplied with a gain
as a time constant as shown in Figure 4.3 where τ is the time constant.

Figure 4.3: Block diagram used to obtain the SFL in stationary reference frame

Low pass filtering can be made with a physical LPF which is fed with the real output
voltage of a converter and the measured phase currents [3, 4], or in software only using
an estimate of the stator voltage including compensation for dead times, rise and fall
times and semiconductor voltage drops.

Step 2­

In the next step, transforming the stationary vectors into synchronous and anti­synchronous
reference frames using Park vector transformation [4, 4], and pass these estimates to
a low pass filter to obtain the diagnostic variable ”Stator flux linkages dc offset” as
SFDO.
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Figure 4.4: The block diagram for obtaining SFDO

In order to have an understanding of different reference frame an attempt is made by
stator flux linkages vector analysis in the following subsection using the case study.

4.3 Mathematical Intrpretations

Three phase symmetric voltage supply ­Under symmetric voltage supply to any three
phase system or machine a three phase sinusoidal voltage source such that the voltage
vector is taken to rotate at constant angular velocity ω.

ua = ûasin(ωt)

ub = ûbsin(ωt− γ)

uc = ûcsin(ωt− 2γ)

(4.2)

Here, ua, ub, uc, ûa, ûb, ûc denotes the instantaneous and peak value of the applied
voltage in each phase a, b, and c respectively , ω represent the supply voltage frequency
and the phase shift of the phase is represented by γ=2π

3 .

The three phase symmetric stator flux linkages obtained from a three phase symmetric
sinusoidal voltage supply applied to PMSM are given below and can be found using

uj(t) = Rjij(t) +
dψj(t)

dt
(4.3)

Therein uj(t) denotes the three phase voltage , Rj is the stator winding resistance
across each phase , ij is the three phase current and ψj is the stator flux linkage of
three phase jϵ a,b,c. The time is denoted by t. The stator flux linkages to each phase
is given below: 

ψa = ψ̂acos(ωt+ δa)

ψb = ψ̂bcos(ωt+ δb − γ)

ψc = ψ̂ccos(ωt+ δc − 2γ)

(4.4)

Here, ψa, ψb, ψc, ψ̂a, ψ̂b, ψ̂c denotes the instantaneous and peak value of SFL in
each phase a, b, and c respectively. δa, δb, δc represents the phase difference due to
applied load in each phase a, b, and c respectively.
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The space vector diagram­ of stator flux linkages in stationary, synchronous (dq) and
anti synchronous (d­q­) reference frame is illustrated in the Figure 4.5.

The figure composed of three complex planes. First stator based complex plane also
known as stationary frame of reference with axis of α and β. The SFL vector linked
with the stationary frame of reference can be expressed in terms of there components
(shown in Figure 4.5 with indigo lines) seen by each winding namely ­

−→
ψs

αβ = ψα + jψβ (4.5)

A second complex plane with axis d and q which is like an axis tied to the rotor [5,
4].The SFL vector linked with the rotor frame of reference can be expressed in terms
of there components (shown in Figure 4.5 with sky blue lines) seen by each winding
namely :

−→
ψs

dq = ψd + jψq (4.6)

Figure 4.5: An overview of a SFL vector components

A third complex plane with axes d­ and q­ rotating in the opposite(reverse) direction
to the rotor. The SFL vector linked with the anti rotor frame of rotation can be
expressed in terms of there components (shown in Figure 4.5 with red lines) seen by
each winding namely :

−→
ψs

d−q− = ψd− + jψq− (4.7)

In Figure 4.5, the superscript from the SFL vector is omitted to simplify the graphical
representation.

43



The relationship between the stator and rotor oriented linkage space vectors as ;

−→
ψs

dq =
−→
ψse

−j(θr) (4.8)

where, θr is the angle between the stationary and rotating complex plane. In case
when the complex plane is rotating in the reverse rotor direction then the rotor linked
spaced vector as ;

−→
ψs

d−q− =
−→
ψse

−j(−θr) =
−→
ψse

j(θr) (4.9)

The symmetric SFL in stationary reference frame(αβ) ­

The space vector formulation in its general form is given by equation:

−→x =

√
2

3
[xa + xbe

jγ + xce
j2γ ] (4.10)

The variables xa, xb and xc represent three phase instantaneous time dependant sup­
ply variables. Substituting these instantaneous values into the expression of general
space vectors while considering the assumption of symmetry as written in equation
4.11 is result into equation 4.12

ψ̂ = ψ̂a = ψ̂b = ψ̂c; δ = δa = δb = δc; (4.11)

−→
ψs

αβ
=

√
2

3
ψ̂[cos(ωt+ δ)+ cos(ωt+ δ−γ)ejγ + cos(ωt+ δ−2γ)ej2γ ] (4.12)

according to Euler’s law cosx can be replaced by cos(x) = ejx+e−jx

2 ;

can be substituted and the space vector equation become as­

−→
ψs

αβ
=

√
2

3
ψ̂[
ej(ωt+δ) + e−j(ωt+δ)

2
+
ej(ωt+δ−γ) + e−j(ωt+δ−γ)

2
ejγ

+
ej(ωt+δ−2γ) + e−j(ωt+δ−2γ)

2
ej2γ ]

By solving the above equation the vector equation becomes;

−→
ψ

αβ

s =

√
2

3
.
3

2
ψ̂ej(ωt+δ) +

√
2

3
.
3

2
ψ̂ (e−j(ωt+δ) + e−j(ωt+δ−2γ) + e−j(ωt+δ−4γ))︸ ︷︷ ︸

vector sum is zero
(4.13)
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The second term in the right hand side of equation 4.13 is zero, given that this term
is formed by three vectors of the same amplitude which are phase shifted with respect
to each other by γ.

Therefore the SFL vector under symmetric supply is expressed as a vector with con­
stant amplitude and frequency, and rotates with an angular speed ω as seen from
the stationary (αβ) reference frame when driven by a sinusoidal a symmetrical three­
phase system.

−→
ψ s

αβ
=

√
3

2
ψ̂ej(ωt+δ) (4.14)

An asymmetric SFL in stationary reference frame(αβ) ­

In the case of asymmetry, if one of the phase flux linkages is different in amplitude or
phase from the other phases in the provided case is the amplitude and the phase of
phase c as shown in equation 4.15. Particularly with inter­turn faults, the flux linkage
to the faulted phase decreases to align the thought later with reality. The decrease in
flux linkages appears to indicate the change in phase c flux linkage.

ψ̂x = ψ̂, ψ̂c ̸= ψ̂, ψ̂c = ψ̂ −∆ψ̂, δx = δ, δc ̸= δ, δc = δ +∆δ (4.15)

Substituting above:

−→
ψs

αβ
=

√
2

3
ψ̂

(
ej(ωt+δ) + e−j(ωt+δ)

2
+
ej(ωt+δ−γ) + e−j(ωt+δ−γ)

2
ejγ

)

+

√
2

3
(ψ̂ −∆ψ̂)

(
ej(ωt+δ+∆δ−2γ) + e−j(ωt+δ+∆δ−2γ)

2
ej2γ

) (4.16)

Simplifying using ej4γ = ejγ :

−→
ψs

αβ
=

√
2

3

ψ̂

2

(
2ej(ωt+δ) + e−j(ωt+δ) + e−j(ωt+δ−2γ))

+ (1− ∆ψ̂

ψ̂
)(ej(ωt+δ+∆δ) + e−j(ωt+δ+∆δ−γ)

) (4.17)

Next step is to simplify it further by adding and subtracting ej(ωt+δ) and e−j(ωt+δ−γ)
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−→
ψs

αβ
=

√
2

3

ψ̂

2

(
2ej(ωt+δ) + e−j(ωt+δ) + e−j(ωt+δ−2γ) + ej(ωt+δ).ej(∆δ)

+ (ej(ωt+δ) − ej(ωt+δ))︸ ︷︷ ︸+ej(ωt+δ−γ).e−j(∆δ) + (e−j(ωt+δ−γ) − e−j(ωt+δ−γ))︸ ︷︷ ︸
− ∆ψ̂

ψ̂
(ej(ωt+δ).ej(∆δ) + e−j(ωt+δ−γ).e−j(∆δ))

)
(4.18)

−→
ψs

αβ
=

√
2

3
.
3

2
ψ̂ej(ωt+δ) +

√
2

3

ψ̂

2
(e−j(ωt+δ) + e−j(ωt+δ−2γ) + e−j(ωt+δ−γ))︸ ︷︷ ︸

vector sum is zero

+

√
2

3

ψ̂

2

(
e−j(ωt+δ−γ).(e−j(∆δ) − 1) + ej(ωt+δ).(ej(∆δ) − 1)− ∆ψ̂

ψ̂
(ej(ωt+δ).ej(∆δ)

+ e−j(ωt+δ−γ).e−j(∆δ))

)
(4.19)

−→
ψs

αβ
=

√
3

2
ψ̂ej(ωt+δ) +

√
2

3

ψ̂

2
(ej(ωt+δ)(ej(∆δ) − 1) + e−j(ωt+δ−γ)(e−j(∆δ) − 1))

−
√

2

3

∆ψ̂

2
(ej(ωt+δ).ej(∆δ) + e−j(ωt+δ−γ).e−j(∆δ))

(4.20)

−→
ψs

αβ
=



∆ψ̂ = ∆δ = 0 →
√

3
2 ψ̂e

j(ωt+δ)

∆ψ̂ ̸= 0;∆δ = 0 →
√

3
2 ψ̂e

j(ωt+δ) −
√

2
3∆ψ̂

(ej(ωt+δ)+e−j(ωt+δ−γ))
2

∆ψ̂ ̸= 0;∆δ ̸= 0 →
√

3
2 ψ̂e

j(ωt+δ)+√
2
3(ψ̂ −∆ψ̂) (e

j(ωt+δ+∆δ)+e−j(ωt+δ+∆δ−γ))
2 −

√
2
3 ψ̂

(ej(ωt+δ)+e−j(ωt+δ−γ))
2

(4.21)
From the obtained resultant SFL vector in the stationary reference frame consists of
one vector rotating forward at synchronous speed as in the symmetric case, and a
rotating vector on top of that, consisting of one part rotating synchronously forward
and one backward.
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The loci and radii pattern for above three case are shown in Figure 4.6. For each of
the phases, the SFL magnitude is proportional to the respective locus’ radius (a,b,c),
and its inclination is proportional to the respective phase angle (a,b,c). As the three­
phase are identical under symmetric conditions, the real and imaginary components
for a given load are same and expressed as a circle in a complex plane. With the
asymmetry on phase c due to change in the magnitude and the phase, the shape, size,
and orientation of the loci points change vary from the signature loci; hence, Equation
4.21 is satisfied.

Next step is to transform the rotating vector into dq and anti dq reference frame.

An asymmetric SFL in rotor reference frame(dq) ­

Using equation 4.22 as given below:

−→
ψs

dq =
−→
ψse

−j(θr) (4.22)

where θr,
θr = ωt; (4.23)

Substituting above in equation 4.22 together with the obtained resulting vector in
stationary reference frame the obtained rotating vector in dq is :

−→
ψs

dq
=



∆ψ̂ = ∆δ = 0 →
√

3
2 ψ̂e

j(δ)

∆ψ̂ ̸= 0;∆δ = 0 →
√

3
2 ψ̂e

j(δ) +
√

2
3∆ψ̂

(ej(δ)+e−j(2ωt+δ−γ))
2

∆ψ̂ ̸= 0;∆δ ̸= 0 →
√

3
2 ψ̂e

j(δ)+√
2
3(ψ̂ −∆ψ̂) (e

j(δ+∆δ)+e−j(2ωt+δ+∆δ−γ))
2 −

√
2
3 ψ̂

ej(δ)+e−j(2ωt+δ−γ)

2

(4.24)

From the obtained resultant SFL vector in the dq or rotor reference frame consists
of constant point (shown in the middle Figure 4.6) in the symmetric case, and a
backward rotating vector rotating at twice the speed of the symmetric vector under
stationary reference frame in the asymmetric case shown in the middle Figure 4.6with
red and blue dot.(when the magnitude and phase of one of the phase different than
the other phase).

An asymmetric SFL in anti synchronous reference frame(d­q­) ­

The SFL in the ASRF can be expressed by a coordinate transformation according to
equation 4.25. In this equation, θr is the same as given in equation 4.23, but rotating
in the opposite direction.

Substituting same as above the resulting rotating vector in d­q­ is :
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−→
ψ d−q− =

−→
ψ αβ.e

j(ωt) (4.25)

−→
ψs

d−q−
=



∆ψ̂ = ∆δ = 0 →
√

3
2 ψ̂e

j(2ωt+δ)

∆ψ̂ ̸= 0;∆δ = 0 →
√

3
2 ψ̂e

j(2ωt+δ) −
√

2
3∆ψ̂

(ej(2ωt+δ)+e−j(δ−γ)

2

∆ψ̂ ̸= 0;∆δ ̸= 0 →
√

3
2 ψ̂e

j(2ωt+δ) −
√

2
3 ψ̂

(ej(2ωt+δ)+e−j(δ−γ)

2 +√
2
3(ψ̂ −∆ψ̂) (e

j(2ωt+δ+∆δ)+e−j(δ+∆δ−γ))
2

(4.26)
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Figure 4.6: Change in the loci pattern at symmetric and asymmetrical conditions under αβ, dq and d-q-

During asymmetry, the obtained resultant vector in d­q­ frame have both stationary
(DC) and rotating components (AC). This is due to fact that the difference in phase
voltages is a single phase component which on its own cannot be expressed as a rotat­
ing vector. Nevertheless, the phase quantities are transformed and their fundamentals
will appear as a dc quantity in d­q­ frame shown with double arrow black line in the
rightmost Figure 4.6.

4.3.1 Case study

In the simulink, the steps for SFDO based diagnostics are initially simply imple­
mented to get an understanding of symmetrical and asymmetrical three phase supply.

The model comprising of all the above mentioned steps (Figure 4.2­ Figure 4.4 ) and
fed by a three­phase sine wave voltage supply.
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Figure 4.7: Evaluation of the proposed concept by using assymetric three phase supply in simulink

A script is used to run the model while varying the voltage supply across phases a, b,
and c. A simulation with three levels of voltage deviation is made using the above
model. Normal voltage is the peak voltage of 100 V, half normal voltage is the peak
voltage of 50V, and zero voltage is the extreme for checking the offset in extreme cases
such as short circuit. This is applied in either phase of the three phases (a, b, c). In an
ideal case of sinusoidal balanced SFL, the space phasor model in the complex plane is
in the form of a circle centered around the origin. To obtain the stator flux linkages
under the stationary reference frame, the voltages are converted from three phase to
two phase and low pass filtered with a gain equal to time constant.

Under perfectly symmetrical case, the SFL in α­β frame of reference is in the form
of a circle centered around the origin. In the next step, the SFL is transformed from
α­β to ASRF. Based on the Figure 4.8 (middle column), the flux lines appear to be
twice as large as when compared to α­β frame of reference (following equation 4.26).
As a result of the asymmetrical supply, the origin is shifted and isn’t centered around
origin.

DC offset (SFDO) obtained after passing ASRF signal to LPF is shown in the right
column of Figure 4.8. It shows an unbalanced scenario in the form of a larger offset.
The SFDO increases with an increase in supply voltage unbalance. For instance, the
SFDO is maximum when one of the phase voltage is nil and zero when the applied
phase voltages are equal or balanced.
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Figure 4.8: Simulation results of assymetrical voltages across x) phase a y) phase b z) phase c

Accordingly, this simple case study illustrates the effectiveness of the proposed method
by depicting the SFDO value’s magnitude and direction and their corresponding fault
location based on unbalance or asymmetry.

4.4 Vector control with proposed diagnostic scheme

Implementation of the proposed model is made in a existing vector control system
with a name of the SFDO observer.

The proposed SFDO observer is added to the inner loop of the FOC. A complete
diagnostic model scheme is shown in Figure 4.9.
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Figure 4.9: The block diagram of proposed scheme under FOC

4.5 Summary

This chapter presented the principal and methodology of the proposed stator flux link­
age DC offset observer. Additionally, the synchronous and antisynchronous reference
frames are illustrated and mathematically derived under symmetry and asymmetric
cases. Using the proposed methodology, a simple case study of changing the supply
voltage is presented to show its effectiveness. An improved FOC model is created
with an inner loop of the proposed diagnostics.

4.6 Learning outcomes

This chapter leads the author to learn about anti synchronous reference frame. SFDO
based diagnostic with unbalance voltage helped to understand the principle and the
know how of its implementation and its applicability to ITF detection.

51



References

[1] [Online]. Available: https://www.iea.lth.se/kel/2020

[2] B. Zhang, Y. Pi, and Y. Luo, “Fractional order sliding­mode control based on
parameters auto­tuning for velocity control of permanent magnet synchronous
motor,” ISA Transactions, vol. 51, no. 5, pp. 649–656, 2012. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0019057812000547

[3] B. Peterson, “Induction machine speed estimation ­ observations on ob­
servers,” TEIE­1009, 1996. [Online]. Available: https://portal.research.lu.se/en/
publications/induction­machine­speed­estimation­observations­on­observers

[4] C. J. e. a. O’Rourke, “A geometric interpretation of reference frames and trans­
formations: dq0, clarke, and park,” IEEE Transactions on Energy Conversion 34, 4,
pp. 2070 – 2083, December 2019.

[5] S.M.A.cruz, “Stator winding fault diagnosis in three­phase synchronous and asyn­
chronous motors, by the extended park’s vector approach,” IEEE Transactions on
Industry Applications, Sept.­Oct. 2001.

52



Chapter 5

Inter turn fault analysis using
analytical model

This chapter presents an analytical model of a permanent magnet synchronous ma­
chine with a stator ITF. The model of the healthy PMSM is initially described in
order to set the basis of the model and define the symbols used. Later, PMSM faulted
equations is described with the same nomenclature. A study of ITF’s effect on back
emf, inductance, resistances, stator flux linkages, current and torque is conducted to
make the equations more intuitive. Additionally, a description of how these param­
eters vary under current control with and without ITF is provided with a simulink
based model. The following steps discuss the detailed effect of ITF on fault current
and electromagnetic torque under various fault scenarios. Afterwards, a model has
been improvised with position dependent inductance values and induced voltages are
exported from the FEM study and the results are further analyzed and discussed.

5.1 Analytical model of PMSM­without ITF

This section presents an analytical three­phase model of the PMSM similar to the
models described in[1, 5]and [2, 5]. The modelling is preferably conducted in three
phase to understand how the ITF affects the flux, inductance, voltage and current
across the phases. For the clarity of the text, in this thesis a “linear machine” refers to
a machine where the properties of materials are assumed to be linear.
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Stator flux linkages and voltage equations ­

Permanent magnet synchronous machines consist of a stator with a three phase wind­
ing, and a rotor with permanent magnets. The terminals of the stator can be connected
to a three phase voltage source supply or through a three phase voltage source inverter
(VSI). A magnetic field is created in the air gap of the machine both by the stator
current and the permanent magnets. Therefore the flux linkage is a sum of the flux
linkages from the stator phase current and from the permanent magnets[3, 5].

ψj(t) = Lij(t).ij(t) + ψpm(t) (5.1)

Therein, the matrix Lij(t) (3x3) is referred to as self and mutual inductance and ψpm

(1 x 3) denotes flux linkage in phases (a, b and c) from the permanent magnets of
the rotor and it serves as a constant.

The phase flux linkages can be written as :

ψa = Laaia + Labib + Lacic + ψpmsin(θr) (5.2)

ψb = Lbbib + Lbaib + Lbcic + ψpmsin(θr −
2π

3
) (5.3)

ψc = Lccic + Lcbib + Lcaic + ψpmsin(θr +
2π

3
) (5.4)

where:

• ψa, ψb, ψc represents the total fluxes linking each stator winding.

• Laa, Lbb, Lcc represents the self­inductances of the stator windings.

• Lab, Lac, Lbc represents the mutual­inductances of the stator windings.

• ψpm represents the permanent magnet flux linkage.

• θr represents the rotor electrical angles.

According to Faraday’s law, a voltage is induced across phases based on the rate of
change of magnetic flux linkage. The phase voltage of a wye­connected electrical
machine can electrically be modeled as[3, 5]:

uj(t) = Rjij(t) +
dψj(t)

dt
(5.5)

Therein uj(t) denotes the three phase voltage, Rj is the stator winding resistance
across each phase, ij is the three phase current and ψj is the flux linkage of three
phase jϵ a,b,c. The time is denoted by t.
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Substituting values obtained from flux linkages(eq.5.2 ­ eq.5.4) to eq.5.5 will provide
the stator terminal voltages across each phases ­

ua = Raia + Laa
dia
dt

+ Lab
dib
dt

+ Lac
dic
dt

+ ψpmωecos(θr) (5.6)

ub = Rbib + Lba
dia
dt

+ Lbb
dia
dt

+ Lbc
dic
dt

+ ψpmωecos(θr −
2π

3
) (5.7)

uc = Rcic + Lac
dia
dt

+ Lcb
dib
dt

+ Lcc
dic
dt

+ ψpmωecos(θr +
2π

3
) (5.8)

where ωe is the time derivative of the electrical position of the rotor. Rotating mag­
netic flux linkages from magnets are represented by back emf ej(t) with phase b and
phase c will be 2π

3 , and −2π
3 , electrical radians shifted with respected to phase a, re­

spectively. Matrix representation of ej(t) is provided in eq.5.13.

Matrix based equations of a PMSM

Assume that stator phases are identically constructed (except being phase shifted) the
phases have identical phase resistances, self inductance’s, and inductive couplings:

Ra = Rb = Rc = Rs, Lab = Lac = Lbc =M,Laa = Lbb = Lcc = L (5.9)

The sum of the three­phase currents for a star­connected balanced machine equals to
zero.

ia + ib + ic = 0 (5.10)

Combining equations from equation 5.6­5.8, the voltage equation and the stator flux
linkage equations of balanced three­phase machine can be represented in matrix form
as and given by equation 5.11 and 5.12 respectively.uaub

uc

 =

Rs 0 0
0 Rs 0
0 0 Rs

iaib
ic

+

L M M
M L M
M M L

 d

dt

iaib
ic

+

eaeb
ec

 (5.11)

ψa

ψb

ψc

 =

L M M
M L M
M M L

iaib
ic

+ ψpm

 sin(θr)
sin(θr − 2π

3 )
sin(θr +

2π
3 )

 (5.12)

where, eaeb
ec

 = ωeψpm

 cos(θr)
cos(θr − 2π

3 )
cos(θr +

2π
3 )

 (5.13)

55



Torque equations

Electromagnetic torque equation can be obtained from the analytical model and its
electrical representation of the machine’s mechanical power, which can be obtained
by the product of the currents and the back­emf [4, 5].

P = eaia + ebib + ecic (5.14)

Using eq.5.14 and the machine’s mechanical speed, instantaneous machine torque can
be determined, whose accuracy is largely determined by the accuracy of the back­emf
representation.

Tmωm = eaia + ebib + ecic (5.15)

5.2 Analytical model of PMSM with ITF

Three phase circuit of PMSM with ITF

The circuit model of PMSM with stator ITF is shown in Figure 5.1. The modelled
machine [4, 5] is a three phases, three pole pairs, interior permanent magnet ma­
chine with concentrated windings (CW) and nine teeth. Each tooth has a single coil

Figure 5.1: PMSM with stator turn-turn fault

wounded around it, which consists of 48 turns. One phase consists of three series
connected coils, leading to a total of 144 turns per phase. The faulty phase in Fig­
ure 5.1 is phase a but it could be possible to move it to other phases as well. All
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phases have identical coupling between two phases and have equal self­inductance
due to symmetry denoted by L and M. By connecting a resistor across any coil/phase,
a faulty operation due to inter­turn fault is created for analysis. The middle winding
is considered here for short circuit creation and is represented by a winding with re­
sistance Ra2, inductance La2 and back emf ea2. The variable resistor Rf represents
the inter­turn fault resistance, which is very high during normal operation of PMSM
and converge to zero when a single winding short fault occurs, thus producing a high
current flow.

As a measure of the percentage of faulted turns in the winding, µ is used to characterize
the stator inter­turn fault. It is defined as the ratio between the number of short­
circuited turns(N2) and the total number of turns(Na) in the faulted phase.

µ =
N2

Na
; (5.16)

The resistance increases directly with the number of turns when the conductor length
increases, assuming that the conductor section and resistivity are constant. Thus, the
phase’s resistance Rs can be divided into Ra1 and Ra2. The partial resistances are
given as

Ra1 = (1− µ)Rs;Ra2 = (µ)Rs (5.17)

whereRa1 is the resistance of healthy part, andRa2 is the resistance of the faulty part.

Inductance values of faulted PMSM

The most widely used method for calculating self and mutual inductances under fault
is proportional to the square of the number of turns, as documented in literature [5].
With Ns number of turns in a phase, the healthy and faulty coils have (1−µ)Ns and
µNs number of turns respectively. So, the self and mutual inductances of healthy and
faulty coils are given as

La1 = (µ)2L,La2 = (1−µ)2L,Ma2a1 = µ(1−µ)L,Ma2b = (1−µ)M (5.18)

The terms La1 and La2 represent the self­inductances of the healthy and faulty sub­
coils, respectively. The terms Ma1a2 and Ma2a3 represent the mutual inductances
between the healthy and the faulty parts of the coils. While Ma2b and Ma2c repre­
sent the mutual inductances between the faulty coil and the healthy phase b and c
respectively.

To determine inductance under fault conditions by the equation given above, a fault
fraction is required, and in this case, the fault resistance is varied, not the related
number of turns. The inductance of the faulty coil are directly linked to the ratio
between the number of shorted turns and the number of total turns of one phase [5,
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5] also known as fault fraction. Considering that one coil has an Rf load, the fault
fraction in this case is 0.33. By substituting mu, the faulted inductances are obtained
using eq. 5.34.

Table 5.1: Faulted inductances obtained from analytical expression [mH]

Fault Condition La2 Mf Ma2b Ma2c

µ= 0.33 12.8 6.5 −4.62 −4.62

This assumption is exact in the case of windings with one slot per pole and per phase
and supposing one pole pair machines. However, it is not valid in the case of windings
with more than one slot per pole and per phase[5, 5]. Due to winding placement and
influence of machine geometry under fault in this work identification of inductance
is based on finite element analysis for various fault configurations and is further
described in detail in chapter 6.

5.2.1 Voltage equation of faulted PMSM

In the event of an ITF in any phase of a PMSM, the affected phase changes from a
healthy state into a faulted state, as indicated in Figure 5.2. The fault creation is made
by connecting a fault resistor (Rf ) across the coils. The machine used in this case is
having three coils per phase. When considering the phase winding, it can be modeled
as three series­connected coils, comprising the fault loop and the remaining winding
turns. Denoting with ua the voltage across the non­faulted phase, ua1, ua2 and ua3
are the resulting induced voltages over the three coils.

Assuming linear properties, the equations describing the faulted machine can be writ­
ten as follows:
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a

b
Figure 5.2: The single phase representation of a phase a with switch open is illustrated in figure a, and figure

b presents the single phase representation of the phase a in the case of a turn-to-turn fault

ua1 = Ra1.ia+La1
dia
dt

+Ma2a1
d(ia − if )

dt
+Ma3a1

dia
dt

+Ma1b
dib
dt

+Ma1c
dic
dt

+ea1

(5.19)

ua2 = Ra2.(ia−if )+La2
d(ia − if )

dt
+(Ma1a2+Ma3a2)

dia
dt

+Ma2b
dib
dt

+Ma2c
dic
dt

+ea2

(5.20)

ua3 = Ra3.ia+La3
dia
dt

+Ma2a3
d(ia − if )

dt
+Ma1a3

dia
dt

+Ma3b
dib
dt

+Ma3c
dic
dt

+ea3

(5.21)

whereRai is the resistance (with i = 1, 2, 3 in reference to Figure 5.2 b), Lai is the self
inductance, eai is the back­emf andMaiaj is the mutual inductance (where i denotes
the coil number 1, 2, 3 ) and ia2 is equal to ia − if . The term Rf represents the
contact resistance between the short circuited turns.
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By adding equation 5.19­5.21, we get the total voltage drop across phase a:

ua = Raia+La
dia
dt

−(Ma2a1+La2+Ma2a3)
dif
dt

+Mab
dib
dt

+Mac
dic
dt

+ea−Ra2if

(5.22)

Where, ua= ua1+ua2+ua3;Ra=Ra1+Ra2+Ra3; The self­inductanceLa of three parts
and their mutual couplings are:

La = La1 + La2 + La3 +Ma1a2 +Ma2a3 +Ma3a1 (5.23)

Based on linear material for the machine, the mutual couplings are as follows of the
phase from faulted phase to the healthy phase is equal to the coupling from the three
coils in Figure 5.2 b to the other phases, i.e.

Mab =Ma1b +Ma2b +Ma3b;Mac =Ma1c +Ma2c +Ma3c (5.24)

Inductance of the faulty coil determined by the sum of its self­inductance’s La2 and
the mutual couplings from the other healthy coil.

Mf =Ma2a1 + La2 +Ma2a3; ea2 = ef (5.25)

The voltage across the new short­circuit loop created by the turn­to­turn fault can be
described as

0 = Ra2ia+Mf
dia
dt

−La2
dif
dt

− (Ra2+Rf ).if + ea2+Ma2b
dib
dt

+Ma2c
dic
dt
(5.26)

The voltage across the phase b and c can be described as

ub = Rbib + Lb
dib
dt

+Mab
dia
dt

−Ma2b
dif
dt

+ eb (5.27)

uc = Rcic + Lc
dic
dt

+Mac
dia
dt

−Ma2c
dif
dt

+ ec (5.28)

By considering machine symmetry, the following assumptions are made to simplify
the equation.

Ra = Rb = Rc = Rs (5.29)

La = Lb = Lc = L (5.30)

Mab =Mac =Mbc =M (5.31)
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The generic three phase faulted PMSM can be described in matrix form :


ua
ub
uc
0

 =


Rs 0 0 −µ.Rs

0 Rs 0 0
0 0 Rs 0

−µ.Rs 0 0 µ.Rs +Rf



ia
ib
ic
if



+


L M M −Mf

M L M −Ma2b

M M L −Ma2c

−Mf −Ma2b −Ma2c La2

 d

dt


ia
ib
ic
if

+


ea
eb
ec
−ef


(5.32)

where, ua, ub, and uc are phase voltages. ij are three phase current (with j = a, b, c
and f ). The negative sign of ef is due to the selected direction of the fault current if
being opposite to ia.

where, 
ea
eb
ec
ef

 = ωeΨm


cos(θr)

cos(θr − 2π
3 )

cos(θr +
2π
3 )

−(µ)cos(θr)

 (5.33)

5.2.2 Specifications of the test machines used for modeling

The test machine used for modelling has a continuous power rating of 4 kW designed
to be operated with a DC­link voltage of 300 V. It has a base and a top speed of 750
rpm and 3000 rpm, respectively, and a rated and a peak torque of 12.7 Nm and 50.9
Nm, respectively. The parameters of machine used in simulation are shown in Table
5.2.

Table 5.2: PMSM MACHINE PARAMETERS [4, 5]

Rated Power (kW) 4 Ld (mH) 22
Rated Current (A) 15 Lq (mH) 34
Rated Speed (rpm) 750 Rs (Ω) 0.78
ψpm(Wb) 0.48 number of turns per coil 48
number of phases 3 number of pole pairs 3
number of slots/pole/phase 1 number of parallel paths 1

Parameters settings while solving ordinary differential equations (ODEs):

The machine is freewheeling at synchronous speed (speed and supply electrical fre­
quency are 500 rpm and 25 Hz respectively). The stator resistance and d­q axis in­
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ductances are provided in Table 5.2.

During the simulation average value of self and mutual inductances are used. The
simulation type is continuous, the simulation step time is 1.2e−3s, and the simulation
solver is ode45. The simulation is carried out with DC­link voltage (Udc) equal to the
back emf of the machine at 500rpm i.e.70V. So as to run the machine in the idling
mode.

The real time rotor position is calculated by the equation below where the load torque
is zero and the electromagnetic torque is obtained by the equation 5.34.

Te − TL = J.
dωm

dt
+Bm.ωm (5.34)

where J is the total moment of inertia of the machine including the motor itself and
mechanical load. ωm is the mechanical rotor speed, Te is the electrical driving torque,
TL is the load torque, Bm is the viscous friction coefficient. For solving ODEs (eq.
5.32), all the mechanical and electrical parameters are tabulated for reference.

Table 5.3: Parameters of inter-turn fault for PMSM

Permanent magnet flux linkage (ψpm) 0.5 Wb
Moment of inertia (J) 0.475 kg.m2
Machine Speed (ωm) 500 rpm
Viscous friction factor(Bm) 18 Nm/rpm
Phase Inductance (L) 28 mH
Mutual Inductances(M) −14 mH
Inter­turn short circuit resistance (Rf ) 5, 2.5, 1 Ω
Load torque (TL) 0 Nm

5.3 Simulation results

Stator flux linkages

The stator flux linkages due to the stator phase currents and from the permanent
magnets of faulted PMSM can be derived from equation 5.1 as

ψa = Lia +Mib +Mic − (Ma2a1 + La2 +Ma2a3)if + ψmsin(θr)

ψb = Lib +Mia +Mic − (Ma1b +Ma2b +Ma3b)if + ψmsin(θr −
2π

3
)

ψc = Lic +Mia +Mib − (Ma1c +Ma2c +Ma3c)if + ψmsin(θr +
2π

3
)

(5.35)
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In the case of a turn­to­turn fault, a short­circuit loop is created, and the SFL across
it is as follows:

ψf = La2if−(Ma2a1+La2+Ma2a3)ia−Ma2bib−Ma2cic−µψmsin(θr) (5.36)

There is a negative sign on the mutual couplings because the selected direction for if
is opposite to ia.

The stator flux linkages equation of three phase faulted PMSM can be written in the
matrix form as

ψa

ψb

ψc

ψf

 =


L M M −Mf

M L M −Ma2b

M M L −Ma2c

−Mf −Ma2b −Ma2c La2



ia
ib
ic
if

+ ψm


sin(θr)

sin(θr − 2π
3 )

sin(θr +
2π
3 )

−(µ)sin(θr)


(5.37)

By subsituting the inductances and by using the dynamic fault equation for stator flux
linkage provided in equation 5.37, the SFL across each phase can be obtained.
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Figure 5.3: SFL per phase and SFL across faulty coil simulated by the equation system with Rf= 1, 2.5 ,5 and
1kΩ

The obtained results from simulations are presented in Figure 5.3. The machine is
freewheeling, so there is only SFL due to permanent magnets. Across the faulted
phase, the SFL decreases as the main SFL and the SFL generated by the fault current
act in opposite directions. Despite this, the magnitude of flux when fault resistance
is1 Ω is higher than when fault resistance is 2.5 Ω. This could be due to the increased
mutual coupling or it could be due to the increased phase difference compared to
healthy SFL.
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Fault current

Using matrix eq. 5.32, the fault current (if ) obtained for different values of the fault
resistance: Rf=1, 2.5, 5 and 1kΩ.
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Figure 5.4: Fault current and electromagnetic torque simulated by the equation system with Rf= 1, 2.5,5
and 1kΩ

In Table 5.4, the peak values for if under different cases is listed.

Table 5.4: ITF’s effect on fault current if

Parameter Rf=1kΩ Rf=5Ω Rf=2.5Ω Rf=1Ω
if [A] 0.02 4.45 8 14.28

phase− lag, [deg] − 10.8 21.6 43

As can be seen in the above table and from the Figure 5.4, both the magnitude and
phase of the fault current increases with decrease in Rf , which results in higher re­
sistive losses, resulting in localized heat. As a result of the extra heat, there may be
further winding failures or faults of other types.

Electromagnetic Torque under ITF

The ITF introduces an additional impedance in the affected turn, causing a distur­
bance in the magnetic field. This disturbance leads to an uneven distribution of mag­
netic flux and, consequently, a torque ripple. In case of an ITF, the electrical model
representation of the machine’s mechanical power needs to be updated to include
impact of the fault. Here is the updated power equation[4, 5]:

Pe = eaia + ebib + ecic − ef if (5.38)

Telω = eaia + ebib + ecic − ef if (5.39)

Using eq.5.39, the ITF’s impact on torque can be evaluated. As the fault current
is the only current flowing in the circuit, the average torque is zero when the Rf is

64



very high. Figure 5.4, illustrates torque ripple caused by the extra term ef if , since
both the induced voltage ef and the fault current if have the same frequency; thus,
the presence of an ITF causes a torque component to oscillate twice the fundamental
frequency.

The ITF’s impact on the torque can be evaluated using the torque ripple factor. The
torque ripple factor (TRF) is defined as the percentage of the difference between the
maximum torque Tmax and the minimum torque Tmin compared to the average
torque Tavg:

TRF =
Tmax − Tmin

Tavg
∗ 100 (5.40)

The obtained results of TRF from simulations are tabulated below:

Table 5.5: ITF’s effect on the torque ripple factor (TRF)

Parameter Rf=5Ω Rf=2.5Ω Rf=1Ω
Tmax, [Nm] 4 7.4 13.14

Tmin, [Nm] −0.015 −0.016 −0.69

Tavg, [Nm] 2 3.65 5.94

TRF (%) 200 203 233

The ripple component introduced by the ITF has a larger amplitude compared the
components which are also present for the healthy machine. The ripple component
introduced by the fault may cause additional stress to the machine as well as the me­
chanical system to which the machine is connected.

5.4 Model initialisation

Figure 5.5: Test machine and measured induced voltage under no load condition
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Without ITF ­ For initializing the analytical equation (AE) effectiveness, a lab study
has been conducted both under healthy and faulted conditions. An easy setup is used
for the test machine. A drilling machine rotates the machine at roughly 107rpm. The
induced voltage and fault current was measured with an oscilloscope under healthy
and faulted conditions. In Figure 5.5, the test machine and its measurement of in­
duced voltage are shown.

The experimental and analytical results of the induced voltage are compared using
AE from equation 5.32. As a result of the obtained comparison, harmonics should
be included in the analytical equation based on the experimental results. In order
to determine the exact harmonic content of the induced voltage waveform, a Fourier
analysis is performed on the measured results. The result of the Fourier analysis is then
implemented in the analytical model of the healthy machine. The induced voltage
vector of the analytical model, including harmonics, is now calculated as follows:

eabc = ωeΨm

 ∑∞
n=1 sin(AH,nθr + ϕa,n)∑∞

n=1 sin(AH,nθr + ϕb,n − n2π
3 )∑∞

n=1 sin(AH,nθr + ϕc,n + n2π
3 )

 (5.41)

where, AH,n is the relative amplitude of the nth harmonic and ϕj,n is the phase shift
of nth harmonic. Using substitution, the harmonic component of induced voltage
from measured results across phase a is plotted along with the experimental result in
Figure 5.6.

Figure 5.6: Comparison of the induced voltage obtained from the experiment and from the
equations(without harmonics) 5.33 and eq(with harmonics). 5.41

With ITF

The current waveform is generated based on the induced voltage waveform described
above. Inductance values are constant values derived from a FEM analysis. There is
an induced voltage across the phases and the faulty coil has an induced voltage µ times
what the actual phase voltage is. The obtained fault current shows a discrepancy in
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phase when compared with the actual current. Therefore, an initial test is conducted
with measured induced voltage across each coil and it is shown in Figure 5.7. From
the result, the induced voltage across the coil decreases with decrease in Rf also a
increase in phase difference can be seen with a decrease in Rf .

Figure 5.7: Measured induced voltage across one coil of phase a when Rf is 10,5 and 1.2 ohm respectively
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To include the phase difference in the induced voltage under faulted conditions can
be fitted using the following modified equation with phase difference:

eabcf = ωeΨm

∞∑
n=1


sin(AH,nθr + ϕa,n)

sin(AH,nθr + ϕb,n − n
2π

3
)

sin(AH,nθr + ϕc,n + n
2π

3
)

−(µ)sin((AH,nθr + ϕa,n) + ϕf,n)

 (5.42)

where, AH,n is the relative amplitude of the nth harmonic and ϕa,n is the phase shift
of nth harmonic and ϕf,n is the phase shift between the induced voltage in the short
circuited turn and phase a. Taking the harmonic component and substituting it into
the induced voltage of equation equation 5.42, the fault current can be obtained.

The measured fault current is compared to the fault current obtained from the ana­
lytical model. The fault current from the analytical equation is 6.1 A and measured
fault current from test machine is 6.9 A. AE and experimental results appear to be in
13% disagreement in case of fault current.
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Figure 5.8: Comparison of fault current based on lab measurements and AE
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5.5 Simulink model with current controller­ without ITF

The fault model described and initialised above is used in conjunction with field­
oriented control to observe the machine behaviour with and without ITF. A descrip­
tion of the entire model is provided in this section.

5.5.1 Simulink model

The simulink model used in this thesis for fault modeling and fault detection is pro­
vided in Figure 5.9. It have mainly four major components in the model: a current
controller, a modulator, a three­phase inverter and the PMSM model (Healthy and
Unhealthy). This chapter primarily aims to describe fault modeling by describing and
analyzing the above four blocks, while chapter 7 describes the detection system block
namely SFDO.

Figure 5.9: A simulink model used for studying the behaviour of PMSM under current control

A brief introduction of the different blocks is provided in order to build an under­
standing of the complete simulink model.

Sampled current control­

The simulink model uses PI (proportional integral) current controllers for their steady­
state accuracy and robustness. The PI controller adjusts the motor current based on
the error between the desired current and the measured current. The controller re­
ceives the reference current command and compares it with the measured current from
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the machine model. Based on this error, the controller generates the appropriate volt­
age command to the inverter, which then adjusts the motor current accordingly. The
controller parameters, such as gains and time constants, need to be carefully tuned to
achieve the desired performance.

The current controller is the dead beat controller i.e. the entire current error can be
eliminated in one sampling interval. To eliminate the error between the reference and
the actual current voltage is provided at d­q reference frame as provided in equation
below.

ud(k) =

(
Ld

Ts
+
Rs

2

)(
(i∗d(k)− id(k)) +

Ts

(Ld
Rs

+ Ts
2 )
.

n=0∑
n=k−1

(i∗d(k)− id(k))

)
− ωeLqiq(k)

uq(k) =

(
Lq

Ts
+
Rs

2

)(
(i∗q(k)− iq(k)) +

Ts

(
Lq

Rs
+ Ts

2 )
.

n=0∑
n=k−1

(i∗q(n)− iq(n))

)
+ ωe(ψm + Ldid(k)

where Ld, Lq, id and iq are inductances and current at d and q axes and Rs is the
stator resistance. Ts is the sampling time, ωe is the machine electrical speed and k is
the sampling instant.

Modulation­ The voltage generated from the current controller is fed to the mod­
ulator for generating switching sequences for the power inverter. This modulation
block employs symmetrized sinusoidal modulation with fixed carrier wave frequency.
By subtracting the average of the maximum and minimum values of the reference
sinusoidal voltage, symmetrized modulation is performed. A symmetrized sinusoidal
signal is used as the modulation signal, while a triangular wave is used as the carrier
signal. Using carrier waves to compare three­phase sinusoidal reference voltages, the
logical signals Sa, Sb, Sc can be produced. Power transistor switching instants can
be defined using the logical signal. Based on the given logical signals, power switches
are turned on and off to produce voltage pulses.

Three phase inverter ­ Three phase inverter with modulation of the phase potential
in two levels (±Udc

2 ) the switches can be combined in eight patterns. Switching states
Sa, Sb, Sc determine the status of switches in each leg. To every combination a set
of phase voltages is related.

The PMSM model­ The analytical model of PMSM is based on three phases equa­
tions. The matrix equations have already been explained in this chapter (equation
5.32). The mechanical system is based on torque equation 5.34, using it mechanical
speed and rotation angle can be obtained.
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Figure 5.10: PMSM machine block under healthy case

5.5.2 Simulation setup and results

The simulation setting with the reference current applied at the machine is zero at
the beginning and iq = 3A at time instant 0.1 sec and id = ­5A at time instant 0.3
seconds. The simulation runs for 0.4 seconds.
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Figure 5.11: The voltage and obtained current from the controller and from the machine

In order to meet the reference current the voltage supplied by the controller in α­β
reference frame is provided above with the current obtained in the same reference
frame. There are different voltage sets that correspond to different modes. Tuning the
gain and integral of the controller is dependent on machine parameters (Table 5.2)
and sampling time. For the simulation, sampling frequency is 833Hz.

Figure 5.12 shows simulation results with the change in the demand current in both
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d­axis and q­axis currents. The topmost figure is showing the increase in the phase
voltage needed to achieve the desired current under motoring mode or when the cur­
rent at q­axis is positive and reduction in voltage required when the applied current
at d­axis is negative. The following two figures show a comparison of the desired and
actual currents for id and iq. It appears that the controller parameters have been tuned
effectively to perform the analysis. The magnetic torque is shown in the last part of
the graph where the average torque is zero for idling, 3 Nm for motoring, and 4 Nm
for FW.
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Figure 5.12: Vector control of 3 phase converter under healthy operation of PMSM

The purpose of this study is to better understand how the current controller works un­
der different operating conditions. Taking the learning from the learning on healthy
mode and applying it to unhealthy mode will help to better understand how unhealthy
mode affects the controller response.
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5.6 Simulation results with current controller ­ with ITF

This simulation is carried out by the same simulink model (Fig.5.11) except the equa­
tion system for PMSM is made by using equation 5.31 and the inductance matrix is
4x4matrix.The resistance and the induced voltage matrix (4x1) are the major changes.

Induced Voltage Matrix ­

The induced voltage is fed into the model using curve fitting of the induced volt­
age obtained from the FEM model illustrated in Figure 5.13, however curve fitting
is made by using FFTs of exported induced voltages from FEM and they contain
the amplitude of the subharmonics, but they do not take phase into consideration.
Therefore, fitting a curve to the induced voltage signal using FFT was numerically
equivalent, but apparently not in phase.
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Figure 5.13: Induced voltage obtained from the curve fitting of the FEM exported values in the idling,
motoring, and FW modes of phase a,b and c each have a different fault resistance across one coil
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Simulation results

The current controller has already been described under healthy conditions, so it is
interesting to see how it performs under faulted operation. The simulation settings
are same as before. Simulations are conducted three times using a matlab script by
changing fault resistance across one coil of phase a. In these simulations, the fault
resistance varies from 1k to 5, 2.5 and 1 ohm.

Figure 5.14: The voltage and obtained current from the controller and from the machine under different
fault severity as Rf= 1, 2.5,5 and 1kΩ

Figure 5.14, shows the change in voltage requirement under varying fault resistances
and current requirements at d and q axes. Rightmost figure shows the change in
current at the stationary reference frame. Changes in voltage demand may indicate
faulty behavior, but it is difficult to see them through the current flow.

Under varying fault resistance and under different operating modes, Figure 5.15
shows the change in current at d and q­axes. The machine operates in idling mode
when the reference current at q axes is zero. During motoring mode, current is re­
quired at q axes at 3A, and during field weakening (FW), current is required at d axes
at −5A, and current at q axes at 3A.

In comparison with the healthy case, the ripple content of the current increases and
the controller requires more voltage to meet the same demand.

When looking at the currents at the d and q axes, it is difficult to detect the fault since
the controller still works well under ITF.
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Figure 5.15: Current control of PMSM machine with ITF under different current and fault settings.

Stator flux linkages

When it is difficult to identify the fault signature from the current response, it is better
to examine the effect of the stator flux linkage. The SFL response is then plotted
under different reference frames here. This result is obtained from the block named
SFDO. The block is described in chapter 7 for the sake of separating the modelling
and detection part.

It’s interesting to see the reduction in the SFL of alpha axis since the faults are created
in phase a axes. Because of the faulted operation, the flux obtained is in opposition to
the main flux, resulting in a reduction in the SFL with a decrease in fault resistance.
SFL in the forward rotating reference frame is initially at 0.5 Wb in the d axis, but
it changed based on the operating condition, and it further changed with the faulted
resistance below the healthy operating values. The ASRF’s SFL is also shrinking both
in d and q axes with decrease in fault resistance.

76



-0.5 0 0.5

 , [Wb] 

-0.5

0

0.5
 ,
 [

W
b
]

SFL in -

-0.5 0 0.5

d
 ,[Wb] 

-0.5

0

0.5

q
 ,
[W

b
]

SFL in d-q

-0.5 0 0.5

d
-, [Wb] 

-0.5

0

0.5

q
-,

[W
b
]

SFL in ASRF

R
f
=1 R

f
=2.5 R

f
=5 R

f
=1k

Figure 5.16: The SFL in stationary reference frame, ASRF and the SFDO

Fault current­ In idling mode, the magnitude of the fault current is similar to that
obtained without the controller. It is expected that the shape of the fault current curve
will change due to the inclusion of induced voltage harmonics and the modulation
of VSI. The fault current varies both with the various fault resistances and operating
conditions. Maximum fault current flows under FW mode and it is 19.6A. In FW
mode, fault current increases since the induced voltage across the faulty loop is higher
due to adding up the field weakening effect of the negative d axes current. The peak
value of if in motoring mode is 15A and steady state is 14.5A in steady state. There
is a comparison between fault current obtained from FEM and this in Table 5.6.
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Figure 5.17: Fault current under different operating modes and fault resistances

Torque ­ The mechanical torque generated under different operating condition are
provided in Figure.5.18. During idling, motoring and FW, the average mechanical
torque (Tm) under healthy condition is 0Nm, 3Nm and 2.5Nm, respectively. Under
different operating modes, torque ripples behaved differently. Under no load condi­
tions, it is null since fault current is the only current flowing through the circuit. The
torque ripple here depends on the fault current and the induced voltage across the
loop. Torque ripple is suppressed due to suppression in fault current (when looking
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in the figure from blue to purple). When the fault resistance decreases the torque
ripple difference becomes apparent particularly at 1 Ω.
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Figure 5.18: Mechanical torque under under different operating modes and fault resistances

5.6.1 Simulinkmodel with position dependent (SM­PD) values from FEM

Comparatively to FEM results (chapter 6), the magnitude of fault current changes sig­
nificantly when fault resistance becomes 1Ω. To resolve these differences, we attempt
to make the model (SM­PD) closer to the FEM model by using position dependent
values of inductances and induced voltages.

Induced voltages and inductances are exported from the FEM model to the simulink
model using 1­D look up table. As the exported values are relative to position, only
101 data points are required. A position step of 3.6 degrees will be taken in this case
until 360 degrees are reached. Time steps can also be used to do this, but more data
points need to be used, and they need to be replaced with different speeds as well.
The induced voltages and inductance values vary with operating modes. These can be
seen in figures of chapter 6 from Figure 6.12 to Figure 6.24.

Using FEM­based position­dependent exported values for induced voltages and in­
ductances in simulation, the magnitude of fault current at fault resistance 1Ω is still
not comparable to the magnitude of fault current obtained by FEM to know the exact
root cause a analysis is made in the following paragraph.

Simulation results­

This section shows only the fault current and torque since the operating conditions
and simulation settings remain unchanged from earlier. The obtained SFDO’s and
SFLs can be seen in chapter 8.

Fault current ­ The fault current is obtained as before with similar fault resistances
under different operating modes. In idling and motoring modes, the fault current
corresponds well with 5 and 2.5 Ω resistances. However, when load resistance be­
comes equal to 1 Ω, the fault current does not match the results of FEM. Under
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different operating modes, position­dependent values improved the phase difference
and shape of the fault current.
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Figure 5.19: Fault current under different operating modes and fault resistances are in ohms

A comparison of peak value of the fault current from SM­PD , FEM and the results
obtained from the constant parameters (SM­CP)is tabulated in Table 5.6. Here, the
peak value of fault current is taken from Figure 5.17, 5.19 and 6.25.

Table 5.6: Comparison of fault current [A] derived from different models under different operating modes

Idling Mode
Fault resistance,[Ω] FEM model SM­CP SM­PDP

1 27 12.6 14

2.5 11.2 10 10

5 5.4 5.4 5.3

Motoring Mode
1 25.81 14.5 15

2.5 10.4 9.3 10

5 4.4 5.4 5

FW Mode
1 36.3 19.6 20

2.5 21.5 12.4 12.6

5 12 8.3 8.3

Under different operation modes, the model works reasonably well when the fault
severity is low or the fault resistance is high. However, when there is a low fault
resistance, the model is not able to detect the severity of the fault. So, what could be
the reason behind that? The analytical expression of fault current can be determined
by using the last column of the analytical equation given in equation 5.32.

− ef = La2
dif
dt

+ (µRs +Rf )if −Mf
dia
dt

−Ma2b
dib
dt

−Ma2c
dic
dt

(5.43)

To simplify, let’s start with an idling mode with zero phase currents, resulting in the
equation below­

− ef = La2
dif
dt

+ (µRs +Rf )if (5.44)
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if = −
ef + La2

dif
dt

(µRs +Rf )
(5.45)

The fault current flowing in the faulty loop, the induced voltage across the La2, and
the inductance of the faulted coil are plotted together in the idling mode for the 1Ω
case and illustrated in the figure 5.20.
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Figure 5.20: An illustration of the induced voltage ef , fault current if and faulted inductance La2

It is obvious from this comparison that the fault current is synchronous and in phase
with the induced voltage. As a result, the impedance of the faulted loop becomes
resistive and the fault current follows the following equation as 5.46.

if = −
ef
Rf

(5.46)

However, the parameter exported from the FEM study does not show the same in­
ductance variation. Based on the FEM results, the faulted coil inductance La2 varies
from 15mH to 5mH. Based on these parameters, the simulink model results in a low
fault current because of the high impedance of the faulted loop.

Simulink’s model can be corrected easily under low resistance when the machine is
idling, but in other operating modes the presence of phase currents makes it more
difficult.

In order to accurately model the transient behavior of the PMSM, a flux­based (d­
q) or inductance­based PMSM model needs to be adopted which takes into account
cross­coupling, magnetic saturation, and temperature effects[6, 5].
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5.7 Summary

A detailed analysis of PMSM analytical model is presented in this chapter, both for
healthy and faulted systems. Stator flux linkages, fault current, and torque equations
are analyzed in MATLAB for both scenarios. The fault models together with current
control is further analysed to see the effect of change in the demand current and how
the fault current is changing the parameters like SFL, torque and the voltage pro­
vided by the controller to the control setup. Having found that the analytical model
using constant inductances and curve fitted induced voltage could able to produce
the same fault current as the analytical model utilizing position­dependent values of
inductances and induced voltages could, the same model is extended to the analyti­
cal model using position­dependent inductances and induced voltages. Despite this,
position dependent values are still unable to match the fault current generated by the
FEM study in chapter 6 when the fault resistance become 1Ω and under FW mode.

5.8 Learning outcomes

• Solving ODE using different solvers in both Simulink and Matlab under dif­
ferent scenarios also helped to understand the singularity in the matrix system,
and how to set the relative tolerances to avoid it.

• Understanding the current controller, vector control, and how effectively it
can provide the reference current by looking at the induced voltage to find the
rotor position and generate the voltage by the current controller under various
operating modes.

• Developed an understanding of fault modeling through the use of FEM based
fault parameters (both constants inductances and position­dependent parame­
ter matrix of inductance and induced voltages).

• Aiming to export position­dependent values, it helped extend the understand­
ing of rotor angle references and how to associate them with models. If these
aren’t set correctly, this further increases the difference in fault current.
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Chapter 6

Parameter identification using FEM
model

In this chapter, the FEM model is presented for determining fault parameters under
ITF. Firstly, setting up the model using geometrical details, and later performing the
fault analysis using an external circuit. The parameters like inductances and back
emf are identified and extracted under various fault and operating conditions. These
parameters later used in fault diagnostic via proposed method in chapter 7.

6.1 Introduction

Fault diagnosis begin with modeling and determining parameters of the machine with
a turn fault. Under ITF, fault parameters like inductances, back emf or induced volt­
age and stator flux linkages depends on the geometry and winding arrangement[1, 6].
A faulty coil’s inductance and its mutual inductance with surrounding coils can be
identified by analytical equations based on fault fraction[2, 6], magnetic circuits[1,
6], and reluctance grids[3, 6], as mentioned in literature. There is, however, difficulty
in visualizing the distribution of magnetic flux. In a machine with a fault, the current
and flux density distribution changes more or less when the fault severity increases.
The distribution of magnetic flux impact the shape and size of the induced voltage
(backemf) across the healthy and faulty coils. A realistic design of the machine usually
produces a non­sinusoidal induced voltages. Considering the importance of induced
voltages shape in validating an analytical model [4, 6], harmonics cannot be ignored
and can be acquired from FEM models in both healthy and faulty conditions.
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A simplified model is provided by chapter 5 through analytical modeling.Physical ar­
rangement does not influence the derived analytical model, since the analytical model
is more general and is not directly dependent on the structure or winding arrange­
ment. It is only through the parameters of the machine that these aspects impact the
model indirectly. Therefore a FEM based study is conducted to study machine behav­
ior under fault conditions and identify the parameter like inductances and induced
voltages under faulty conditions. As well, a detailed analysis of parameters under fault
and in various operating conditions is conducted.

6.2 FEM model of healthy PMSM

The geometry of machine is based on a prototype machine available at the electrical
machine laboratory at Chalmers university of technology[5, 6]; this machine has been
selected due to the availability and due to access to coils points in machine (Table 5.2).
From Figure 6.1, the modelled machine has three phases, three pole­pairs, a interior
permanent magnet motor, nine teeth and concentrated windings (CW).

Figure 6.1: FEM model of the machine representing the complete machine and the individual winding
arrangement of each coil

The coil arrangement also shown in the left hand side of the figure, where “­“ in­
dex indicates that positive current is entering into the paper. Each phase has three
series­connected coils as shown in the right hand side of Figure 6.1.The machine has
nine slots wound with concentrated windings. Each tooth has a single coil wounded
around it, which consists of 48 turns leading to a total of 144 turns per phase.

Model is built with the help of RMxprt using Ansys electronics desktop. Ansys elec­
tronics desktop is one of the Ansoft corporation softwares well known for finite ele­
ment method modeling.In this work, Maxwell is mainly used to build, analyze and
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extracting the fault parameters of the permanent magnet synchronous machine un­
der inter turn fault. The Maxwell models can be linked to the Twin Builder for co­
simulation for system based study.

6.2.1 RMxprt

Ansys RMxprt is the template based electrical machine design tool .With RMxprt, a
basic motor design can be implemented along with performance evaluation, a reduc­
tion in the design space for the motor, and a development of the motor’s Maxwell
two­dimensional finite element model (Fig. 6.1).

In RMxprt its required to specify some motor parameters, such as the stator and rotor
diameters, the slot, the iron core length, the insulation, winding’s, and the perma­
nent magnet size and material type. A few assumptions and the motor’s specified
rating were used to perform design calculations. As a final step, the Maxwell model
is imported into Ansys Electronic Desktop for further processing and co­simulation.
Below is a step­by­step procedure for creating an in­depth machine model starting
from stator design.

First steps towards designing is to select the right template and input the source type,
structure , stator type and rotor type.

Table 6.1: Machine specification

Name Value and Unit
Source type DC
Structure Inner Rotor
Stator Type Slot­AC
Rotor Type PM­interior

6.2.2 Stator design details

Inputting the correct stator, rotor, and winding details is the next step to model the
machine. The parameters used in the design of the stator core, slot, and windings are
listed below in Table 6.2.
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Stator core, slot and winding

By selecting a template from a number of stator slot templates, a stator core is created.
Figure 6.2, shows what the core design looks like after inputting the stator parameters.
The parameters which were input to the RMxprt model of the machine are categorized
in Tables 6.2. Majority of the stator dimensions are taken from [5, 6]. The dimensions
of some stator slots were assumed, including Rs, Hs1 and Hs0, Bs1 and Bs2 were
calculated from given slot area. A Y type 3 phase with drive type connection is the
circuit type for the given model.

Figure 6.2: Design of stator core, slot and stator winding

Table 6.2: Stator core, slot and winding dimensions

Parameters Value
Outer stator diameter 190 mm
Inner stator diameter 118.6 mm

Air­gap length 0.7 mm
Stack length 120 mm

Stacking factor 0.95
Steel type M310− 50A, 50Hz

Number of turns 48 per tooth
Wire diameter 1.4 mm

Parameters Value
Number of stator slots 9

Yoke thickness 12.8 mm
Tooth width 22.6 mm

Shoe height, inner(Hs2) 9.6 mm
Shoe height, outer 3 mm

Slot opening width (Bs0) 3.5 mm
Slot area 481 mm2

Slot dimension (Rs) 3 mm

6.2.3 Rotor design details

Figure 6.3, illustrates the internal permanent magnets of the rotor. This rotor pole
design template is available in RMxprt. According to [5, 6], magnet thickness and
magnet width are obtained, while other parameters related to magnet duct dimensions
are inputted after visual inspection. The following table provides magnet dimensions
and rotor diameter information.
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Table 6.4: Rotor core, magnet pole dimensions

Parameters Value
Rotor diameter 118.6 mm

Shaft hole diameter 40.6 mm
Number of poles 6

Steel type M310− 50A, 50Hz
Magnet type NdFe35

Parameters Value
Magnet thickness 5 mm
Magnet width 33 mm

Magnet duct dimension O2 29mm
Magnet duct dimension B1 5mm
Magnet duct dimension Rib 14mm

Figure 6.3: Design of rotor

6.2.4 Machine Specification

In order to simulate the RMxprt, some further machine specifications must be pro­
vided, which are shown in Table 6.5.

Table 6.5: Machine specification

Name Value and Unit
Operating type Motor
Load type Constant Power
Rated output power 4kW
Rated voltage 106V
Rated Speed 3000rpm
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The next step was to export the model to a 2D model. This was accomplished using
Maxwell software, which generates 2D models from RMxprt files. As a result of this
functionality, all necessary information for a 2D transient analysis is generated. The
exported 2D model from the exported RMxprt model is shown in Figure 6.4.

Figure 6.4: RMxprt and Maxwell 2D Model

6.2.5 No load study

After setting up the 2D model, no load studies have been conducted. During no­load
conditions, the stator phase is excited with zero current and is spinning at a speed
of 500 rpm. Below is a graph showing the obtained flux and current density for
the motor obtained under this study. Between the bridges, there is a maximum flux
density of 1.9 T and a strong equipotential line of flux of 0.0149Wb/m.

Figure 6.5: Flux density distribution at no load
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6.2.6 Inductance of a healthy machine

To determine the self and mutual inductances, a magneto­statics solver is used. Magneto­
statics solver provides inductance and coupling between coils in matrix form. Simu­
lating the FEM model under magnetostatic solver would give self and mutual induc­
tance of any phase and across phases. Under this simulation setting, a DC excitation
of 1A is given to a phase and other phases are forced to have zero excitation and the
magnets are moving incrementally from 0 to 360 degree. In this simulation the ma­
terial chosen for the stator and rotor is linear iron, for the magnets it is Neodymium
and the coil material is copper.

Through this, self and mutual inductance with respect to rotor position of phase a and
with respect to other phases can be determined. As can be noticed from the Figure
6.6, the inductance varies with rotor position, which is to be expected for machines
with interior permanent magnets. Self inductance of machine is the summation of
flux in each tooth of a machine divided by the current flowing in that phase.

Laa =
Ψaa

ia
(6.1)

While the mutual inductance between any two phases (lets consider a and b for in­
stance) relates the flux from phase a, linking the coils of phase b and the current in
phase a .

Lab =
Ψab

ia
(6.2)

Figure 6.6: variation of self and mutual inductance w.r.t to rotor position
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The average value of inductances obtained from FEM tabulated below;

Table 6.6: Average value of Inductance obtained from FEM

Parameters Value,[mH]
La = Lb = Lc 28.4

Mab =Mbc =Mca −14.02

Inductance equations

By [6, 6], the inductances of the stator windings are defined as functions of rotor
electrical angles(θr). Ld andLq are the self­inductances of the d and q­axes windings,
respectively.

Ldc =
1

2
[(Ld + Lq)];Lac =

1

2
[(Lq − Ld)] (6.3)

where:

• Ldc represents the self­inductance of the stator winding per phase. This is the
average self­inductance of each stator winding.

• Lac represents the fluctuation in stator inductance. With changing rotor an­
gles, self­inductance and mutual inductance fluctuate according to this value.

With this information, the phase inductance can be evaluated:

La = Ldc + Laccos(2θr) (6.4)

Lb = Ldc + Laccos(2θr −
2π

3
) (6.5)

Lc = Ldc + Laccos(2θr +
2π

3
) (6.6)

Mbc =Mcb = −1

2
Ldc + Laccos(2θr) (6.7)

Mab =Mba = −1

2
Ldc + Laccos(2θr −

2π

3
) (6.8)

Mac =Mca = −1

2
Ldc + Laccos(2θr +

2π

3
) (6.9)

Below is a comparison of average inductance obtained from analytical equation (equa­
tion 6.4 and 6.7) and from FEM based simulation.
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Figure 6.7: Comparison between self and mutual inductance obtained from the equations and the FEM
model.

For the self inductance, the analytical method agrees well with FEM, but for the
mutual inductance, the spread is wider. The bar graph shows mutual inductance as
positive for ease of reading. A coil arrangement in the machine has a strong mutual
coupling between different coil phases, which might explain the disagreement.

6.2.7 Back emf of healthy machine

The back­emf in PMSMs is induced by the movement of the rotor magnets relative
to the stator coils; the amplitude of the back­emf is determined by this movement.
As long as the flux amplitude from the permanent magnet is constant, the induced
voltage amplitude is proportional to rotational speed. Induced voltage waveforms
depend on the amount of flux within coils, which is in turn determined by the design
of the machine.

With the help of the FEM model, we can understand the shape and harmonic distri­
bution of the induced emf across the coils and across the whole phase.

In analytical model, the back emf represented in equation 5.40 is due to movement of
permanent magnets around the coils. The phase currents are forced to zero in order
to acquire the voltage induced in coils only due to rotation of permanent magnet,
and the FEM model is simulated with a mechanical speed of 107rpm using the FEM
transient solver. Using FEM software, the voltage induced in coils is calculated by
taking the derivative of the total flux. Here, the phase back emf is the resultant sum
of induced voltage across three series connected coils. The obtained back emf from
the FEM study is shown in Fig. 6.8.
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Model initialisation

To ensure the model at FEM is trustworthy, no load experiments were conducted in
the laboratory on the machine and compared the extracted back emf with the result
obtained from FEM. Based on the obtained value, the back emf waveform from the
experiment and the Maxwell model shows good agreement for further study.

Table 6.7: Measured and FEM based obtained value of induced voltage

Parameters Model Experimental
Ea 18.37 17.2
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Figure 6.8: Comparison between back emf obtained from lab and from FEM model.

Figure 6.8, shows that the back emf is not a perfect sine wave and contains low­order
harmonics. It is possible to observe from a Fourier analysis of the back emf that besides
the fundamental component there are also low­order (5th and 7th) harmonics present.
The harmonic components are independent of the machine’s operational speed under
no load.

6.3 FEM model of unhealthy machine

An external circuit is used to connect the similar fault set up as experimental setup
in the model using Ansys twin builder[7, 6]. System simulation is conducted using
Maxwell’s 2D model and Twin Builder. Co­simulation refers to this process.
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6.3.1 Fault creation using Co­Simulation(Maxwell/Twin Builder)

6.3.2 Model setup

An FEA­based PMSM model with the ITF in phase a is illustrated in Figure 6.9.
Inductances and resistances at the end of a turn are represented by Rae and LAe,
respectively. For each coil end­turn inductance LA2e, we choose 1mH and resistance
RA2e to be 100mΩ, respectively. Total and remaining end­turn inductance are LBe

is 3mH and LAe is 2mH, respectively. ia, ib and ic are input currents to phase a, b
and c , respectively.

Figure 6.9: Coupling of Maxwell model with twin builder for ITF setup

In phase a, there are two coils connected in series and represented as, WA1 and WA2.
Rf across coil WA2 represents the gradual deterioration of winding coil insulation. To
replicate current control in FEM, the machine is fed by a three­phase current source.
The ITF is set by varying the fault resistance Rf . The resistance of the fault resistor
Rf in the simulation is changed from 5, 2.5 to 1Ω. With the speed source component
(shown in the Figure 6.9), as a constant mechanical speed source was applied to the
Maxwell machine model. The machine runs at 500 rpm with no load.

Model initialisation with ITF

An experimental measurement of fault current is carried out to verify the FEM model
results under similar fault conditions. The fault current if is measured through phase
a’s coil loaded with a 5Ω resistor in parallel with the middle of the three series con­
nected coils. The fault current from the FEM model is 6.1 A and measured if from
test machine is 6.9 A as shown in Figure 6.10. Based on the comparison results,
FEM Model and experimental results appear close, but when calculating the percent­
age change w.r.t their peak they differ by 13 %.
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Figure 6.10: Comparison of fault current based on lab measurements and FEM models.

After validating the model, next step is to identify parameters under different condi­
tions and fault severity levels.

6.3.3 Simulation approach and operating modes

Simulation approach:

The co­simulation with twin builder is set to runs in two ways.

I ­ The total simulation time is 160ms and after every 40ms the fault resistor Rf in
the simulation is changed from 1k, 5, 2.5 to 1 Ω respectively.

II. ­ The simulation time is 80ms, and the fault resistorRf is parametrically changed
from 1 k, 5, 2.5 to 1 Ω respectively.

Operating Modes:­ Three different case studies are made in order to understand and
parameter identification under idling mode, motoring mode and field weakening
(FW) mode. In all the cases degradation of insulation is approximated with a fault
resistance (Rf ) connected across the one coil of phase a.

Table 6.8: Operating Modes

Operating Modes Current [A] Speed [rpm]
Idling Mode Iq =Id = 0 500

Motoring Mode Iq = 3, Id = 0 500

FW Mode Iq = 3, Id = −5 500

Input current ­ Simulations are run under each operating mode by feeding the input
current into the model as shown in Figure 6.11. In motoring mode, the peak current
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is 4.2A, while in FW mode, it is 5A.
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Figure 6.11: Input current under motoring and FW mode

6.4 Parameters Identification

A fault diagnostic simulation model relies on the identification of inductances [8,
6]­[9, 6], mutual inductances, fault inductances and coupling from the faulty coil
to the healthy coil in the same phase or linking to other phases. Another important
parameter is the induced voltage across the phases and the faulty coil. The FEM based
results are showing the change in the induced voltage across other healthy phases as
well. The reason behind this is a stator flux linkage between the faulty coil and its
neighbouring coil, which affects the induced voltage of the same phase as well as the
phase adjacent to it. The mutual effect is studied in under stator flux linkages and
induced voltage study. The distribution of magnetic flux impact the shape and size of
the induced voltage across the healthy and faulty coils.

Inductances ­ The waveforms of machine inductances in the healthy and faulty cases
can be a good approximation of inductance matrix needed for analytical equation.
Inductances under different fault severity cases are obtained using transient cosimula­
tion in FEM. Parameters are obtained in all modes, but they are shown here only for
idling. The idling modes is performed as described in simulation approach II. From
Figure 6.12, obtained inductances oscillate due to the air gap variations by rotating
machine. The average value of self (L) and mutual (M) inductances are 28 mH and
−14 mH under healthy condition. When the fault resistance is placed across one coil
of any one phase in this case is phase a the average values is varying with ± 1% .

The three phase self and mutual inductance is shown below under different fault resis­
tances. The variation of faulted inductances likeLa2,Mf ,Ma2b,Ma2c with different
fault resistance has also shown under it and their average inductance values are tabu­
lated in Table 6.9.
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Figure 6.12: Three-phase self and mutual-inductance variation as well as faulted inductance variation at 5Ω
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Figure 6.13: Three-phase self- and mutual-inductance variation as well as faulted inductance variation at
2.5Ω
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Figure 6.14: Three-phase self- and mutual-inductance variation as well as faulted inductance variation at 1Ω

Plotting the self­ and mutual inductances of three phases over each other shows how
they vary in response to fault resistance and rotor position.
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A simulation approach I is used again to show the effective changes with respect to the
fault resistance. Figure 6.16, showing the variation of the faulted coil self inductance
and mutual inductance with respect to both the fault resistance and the rotor position.
An average value of self and mutual inductances of the faulted coil with it and with
other phases is listed below. La2 andMf only changed 1% whenRf changed from 1k
to 1Ω, however mutual inductance increased 7.5%. The difference in mutual coupling
between the fault coil and phase b and c respectively, is due to machine geometry
and direction of rotation. In this case the fault has occurred in coil A2 where the
neighbouring coils are C2 and B3. The flux produced by the faulty coil reaches a coil
belonging to phase b is less than the phase c due to the rotating direction and hence
the coupling values are bigger than phase b.
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Figure 6.16: La2,Mf,Ma2b,Ma2c (faulted inductance ) of a faulted winding under varying fault resistance
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Table 6.9: FEM based obtained mean value of faulted coil inductance in [mH]

Fault Resistance La2 Mf Ma2b Ma2c

Rf= 1k 10.69 9.51 −4.43 −4.79

Rf= 5 10.69 9.51 −4.43 −4.79

Rf= 2.5 10.63 9.56 −4.6 −4.76

Rf= 1 10.55 9.58 −4.11 −4.43

Following this, in chapter 5 and 7, while performing fault modeling and fault di­
agnostics, FEM based obtained inductances both as the average values and position
dependent values are used.

Stator flux linkages

The stator flux linkage (SFL) under an inter­turn fault can be expressed mathemati­
cally as:

ψs = Lsis + ψpm + ψf (6.10)

In the equation, ψs represents the stator flux linkage, Ls is the stator inductance
matrix, is is the stator current vector, ψpm is the permanent magnet flux linkage, and
ψf is the additional flux linkage caused by the fault.

SFL occurs due to PM flux linkage and fault current flowing across the faulty coil in
this case. The behavior of the magnetic fields and stator flux linkages under different
fault conditions is studied using the circuit shown in Figure 6.9. Through the use of
different fault resistances Rf , an ITF is created which replicates the different stages
of fault development. Rf is reduced from 1k to 1Ω.

The flux linkage across the faulty phase decreases with decrease in Rf as shown in
Figure 6.17. Due to a decrease in SFL across coil A2, this is the case. There is a
reduction in flux linkage of the faulty phase due to fault currents, which act in oppo­
sition to main SFL. In addition, since the total flux linkage is the vector sum across all
three coils, with a reduction in flux linkage, the total flux linkage decreases. Similar
observations are made under different operating modes as well.
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Figure 6.17: The SFL in phase a, b and c and across the coil A2 under idling, motoring and FW mode with
varying fault resistance

Although it’s understandable that the SFL decreased across the faulty phase, it’s inter­
esting to see that it also changed in the other phases.
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The winding distribution affects flux linkages in phase c and b. In phase b, the SFL
decreases with a decrease in Rf , but in phase c, it increases. The reason behind the
change in SFL across phases b and c is an excess flux linkage between the faulted coil
and nearby coils, as shown in Figure 6.18. The top of the figure explains the excess flux
linkage in phases c and c2 which are nearby. The same phenomenon can be observed
in phase b when the machine runs in opposite direction.

Figure 6.18: Flux line distribution when coil A2 is loaded with Rf . On the top, the machine is rotating
clockwise and on the bottom, it is rotating anticlockwise.

Induced Voltage

In healthy conditions, the induced voltage across each phase is symmetrical. A three
phase SFL becomes unsymmetrical when resistors are added to any coil of the phase,
resulting in an unsymmetrical three phase induced voltage. As observed through SFL
under fault conditions the SFL in phase c is maximum while it reduces in the faulty
phase a with Rf and also in the other phase b. SFL’s behavior and movement across
the other phases are explained above.
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In order to verify the SFL crossover phenomenon experimentally, the induced voltage
is examined across each phase when one coil of phase a is loaded withRf as 1 Ω. The
machine is rotating at 500 rpm under field oriented control. The following Figure
6.19 shows the change in back emf obtained from FEM model and lab experiments
when the machine rotates clockwise (500) rpm and anticlockwise (­500rpm).

A similar explanation can be given for the maximum voltage across phase b when the
machine rotates anticlockwise. This machine’s total induced back emf is a vector sum
of the induced voltage across each coil. By loading Rf onto coil A2, an increased
current flows across the coil due to low resistance. As a result of this high current, flux
lines begin to move across the coil, and the flux lines start moving across the neigh­
boring coil as well as shown in Figure 6.18. During clockwise rotation, the flux line
across coil C2 increases, resulting in higher induced voltage across coil C2. Conse­
quently, the induced voltage increases across the phase c. SFL crossover understanding
is also supported by similar experimental observations as the FEM model. For this
phenomenon to be included in the analytical model, the back emf and its frequency
components needs to be updated under different operating conditions with different
induced voltage amplitudes. Therefore, the back emf is obtained via FEM model in
different operating modes.
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Figure 6.19: Three phase back emf obtained from FEM model and through the lab experiments

Idling mode

Under idling mode, the back emf across three phases only varies due to the flux change
induced by the rotation of permanent magnets. Phase a is represented by blue color
and the color get darker with lower Rf that means lower the Rf darker will be the
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color shade. Phases c and b are represented by red and yellow, respectively. Under it,
the harmonic distribution of induced voltages is also shown with same color codes.
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Figure 6.20: Three phase back emf and the induced voltage across the faulted coil when Rf is connected
across the coil under Idling mode

Based on the results, the back emf of phase a and b decreases while in case of phase c it
increases with decrease in fault resistance. Under healthy conditions, induced voltage
reaches 93V across all phases. In phase a and b, it drops to 75V and 83V, respectively,
while in phase c it increases to 101V when Rf is 1Ω. On the other hand, if we look
at the harmonic distribution, then the fifth harmonic component decreases and third
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harmonic component increases as Rf decreases.

On the bottom of Figure 6.20, is shown the induced voltage across the faulty coil,
along with its harmonic distribution.Under healthy conditions, induced voltage across
faulty coil is 31V and it drops to 26V when Rf is 1Ω. The third harmonic increases
with decrease in fault resistance, while the fifth harmonic decreases with increase in
fault resistance, which causes induced voltage or fault current to change shape.

Motoring mode

In motoring mode, the back emf is induced by both the magnetic flux changes caused
by the permanent magnets and the phase currents. As a result the shape of the induced
voltage is different as compared to idling mode. Under motoring mode, the induced
voltage has higher fifth and seventh harmonics.
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Figure 6.21: Three phase back emf when Rf connected across the coil A2 under motoring mode

Under motoring mode, the induced voltage across faulty is shown below. Like, idling
mode the third harmonic increases with decrease in fault resistance, while the fifth
harmonic decreases with increase in fault resistance, which causes induced voltage or
fault current to change shape as well.
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Figure 6.22: The induced voltage across the faulted coil under variable Rf

FW mode

Three phase induced voltage is shaped by negative current in the d axis. As shown in
the plotted waveform below, the maximum induced voltage is across phase c approxi­
mately 112V when Rf is 1Ω in this mode. Compared with other modes, harmonics
were suppressed, and the induced voltage waveform appears sinusoidal.
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Figure 6.23: Three phase back emf when Rf connected across the coil under FW mode
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Figure 6.24: The induced voltage across the faulted coil under variable Rf

Fault current

With varying fault resistance, the figure below shows the fault current obtained for
each operating mode. Fault current increases with decreasingRf and reaches its max­
imum 26.7 A when the Rf is 1ohm in idling mode and 31A and 40 A when the ma­
chine is in motoring and FW mode respectively. Under different operating modes,
the fault current flows with a difference in amplitude and shape due to the change in
the shape of the induced voltage across the fault coil.
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Figure 6.25: Fault current under idling, motoring and FW mode

Based on the results of this study, the fault current obtained is higher than the fault
current obtained from a drive system or a model with a current controller in chapter
5. A comparison of the peak value of fault current obtained from different models
under different operating modes is made in chapter 5.
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Torque ripple

The torque ripple under various operating modes is investigated using simulation ap­
proach II and shown below in Figure 6.26. The ripple is caused mainly by ef if in
the torque equation below:­

Telωe = eaia + ebib + ecic − ef if (6.11)

Low resistance increase the fault current and the uneven distribution of the magnetic
field can cause variations in the electromagnetic torque, leading to increased torque
ripple. The ripple component introduced by the ITF has a larger amplitude compared
the ripple due to cogging for the healthy machine. The average torque decreases with
decrease in Rf as a result of an increase in torque ripple under different operating
modes.
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Figure 6.26: Electric torque variation with different fault resistance under the idling, motoring and FW mode

6.5 Summary

In this chapter, FEM models were presented for both a healthy PMSM and one with
an interturn fault. The fault was introduced into the FEM model using twin builder.
The circuit was then simulated with a circuit software in a co­simulation environ­
ment with more realistic connections between the faulted coil and the affected phase.
The built FEM model is initialised by experimental results. Additionally, this FEM
model runs in different operating modes. The stator flux linkage and its distribution
to other phases are then visualized and analyzed in order to understand the mutual
coupling between phases and coils under high fault severity. The effect of SFL on
fault inductance and back emf is identified and explained. The analysis also includes
fault currents and mechanical torques.

6.6 Learning outcomes

• Developing the FEM model in ANSYS and analyzing the fault parameters un­
der varying fault severity and operating modes were learned.

• The stator flux linkage between the faulty coil and its neighbouring coil, affects
the induced voltage of the same phase as well as the phase adjacent to it de­
pending on the direction of rotation. The distribution of magnetic flux impact
the shape and size of the induced voltage across the healthy and faulty coils.
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Chapter 7

Inter turn fault diagnostics using
SFDO

This chapter provides the diagnostics of inter­turn faults utilizing the proposed stator
flux linkage DC offsets followed by a detailed analysis of the simulation results under
a variety of severity levels, fault locations, and operating modes.

7.1 ITF diagnostics­ using simulink model

The diagnostic model is shown in Figure 5.9. The model is having three main parts,
I) the Field Oriented Control (FOC), II), the PMSM model with ITF and III) Stator
Flux linkage DC Offset (SFDO) observer.

All other parts were already covered in chapter 5, so this chapter focuses solely on the
SFDO observer. PMSM uses FEM­calculated parameters, such as induced voltages
and inductances.

7.1.1 The SFDO observer

As described in chapter 4 of section 4.2, the SFDO proposed here is built on measure­
ment of the stator flux linkage vector, transforming it to a reference frame rotating
reverse with the rotor and in that reverse rotating reference frame filter out the quasi­
DC component of the stator flux linkage. The way this is implemented here requires
two LPFs:
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LPF I is used as an integrator of the stator voltage vector. The reason not to use a pure
integrator is to avoid drift due to bias errors. The selection of the cut off frequency of
LPF I is a balance between having as low cut off frequency as possible (to mimic an
integratator as good as possible) but having it high enough to settle bias errors as fast
as possible. In practice the cut off frequency becomes a few hertz.

LPF II is used as the low pass filter needed to extract the DC component in the reverse
rotating reference frame.

Figure 7.1, shows the complete block diagram of the steps required to obtain the DC
offsets in the ASRF’s SFL.

Figure 7.1: The block diagram of SFDO observer

An estimation of the SFL in stationary reference frame can be achieved by integrating
the stator voltage. The stator voltage and the current both are in α­β reference frame.
Voltage sent by the controller depends on back emf, reference current, and machine
actual current. An additional current flows through the circuit during the ITF, and
depending on the severity of the fault the total flux in the faulty phase is reduced and
thus also the voltage needed by the current controllers to keep the phase current.

The dc offset may also be determined from the controller voltage directly [1, 7]­[2,
7], but this study takes a different approach by using SFL in the ASRF then signal
processing and transformation to detect faults without any extra hardware onboard.

Voltage integrator drift is a problem that can be overcome by a high pass filter[3, 7].
Integrator and HPF can act like a time constant times low pass filter (LPF) (explained
in chapter 4) and shown in Figure 7.1. The selection of right cut off frequency is
important step in obtaining the SFL close to the real SFL. This is discussed further
below.
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Selection of cut off frequency of LPF I­

The LPF’s I role is to integrate the stator voltage vector and estimate the SFL. The
LPF is a first order filter with a low cutoff frequency, as it brings the LPF closer to the
pure integrator if the cutoff frequency is low[3, 7]. The transfer function used for first
order LPF is provided in equation 7.1

G(s) =
τ

1 + sτ
(7.1)

where τ is the time constant. The magnitude and the phase of the LPF frequency­
domain response are, respectively:

G =
1√

ω2
s + ω2

c

(7.2)

ϕ = −arctan(ωs

ωc
) (7.3)

where ωc is the filter cut off frequency and ωs is the stator electrical frequency in rad/s.

Figure 7.2, shows the frequency response of the pure integrator and three LPFs with
cutoff frequencies of 1, 5 and 10 Hz, using the transfer function provided in equation
7.1.
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Figure 7.2: Real flux (in black), integrator output (dashed blue) , low-pass filter output (dashed red) with fc =
1Hz,low-pass filter output (dashed orange) with fc = 5Hz and low-pass filter output (dashed navy

blue) with fc = 10Hz

Hence from the above frequency response, higher cutoff frequency like 10Hz ensures
faster DC­offset rejection, however, it introduces higher deviations to the output sig­
nal due to increasing attenuation and phase lag. The most critical situation prevails
when the stator frequency ωs is lower than the cutoff frequency ωc. On the other
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hand, if ωc is chosen to be very low like 1Hz, which corresponds to a large time­
constant of the LPF, the drift problem persists for few initial cycles.

To understand it further, an analysis of integral of a sin wave is made with different
cutoff frequency in time domain. Figure 7.3, shows the time domain response of both
the pure integrator and the LPF (with ωc = 2*pi*(1,5 and 10Hz ). Contrary, to the
pure integrator (1/s), the LPF is able to eliminate the DC­offset in the estimated flux.

Figure 7.3: Real flux (in black), integrator(1/s) output (dashed blue) and low-pass filter output (dashed red)
with fc = 1Hz,low-pass filter output (dashed orange) with fc = 5Hz and low-pass filter output
(dashed navy blue) with fc = 10Hz in both figure the right one showing the zoomed version

In order to make sure that we guarantee a pure integrator­like overall frequency re­
sponse, a cut off frequency of fc = 1Hz is the ideal case as shown in the Figure 7.3.
However, to improve the DC­offset rejection and the settling time in real drive condi­
tion, 10Hz is used during the experimental investigation and while performing sim­
ulation exercise.

Next step towards SFDO estimation is transformation of SFL in stationary reference
frame (α­β) to ASRF using the power invariant Park transformation[4, 7]. The rotor
angle is estimated and provided by the machine model.The rotor angle is called theta
in the block diagram and is used to transform vectors using the power invariant Park
transformation[4, 7].

Choice of cut off frequency of LPF II­

A role of LPF II is to remove dc offsets present in the ASRF’s SFL. Since DC offsets
need to be looked down, so a very small cutoff frequency is used to filter them out.
The choice of the cutoff frequency is made by looking at the FFT of experimental
results of ASRF’s SFL in both healthy and unhealhty case and its provided below in
Figure 7.4 for an instance.
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Figure 7.4: FFT illustration of both healthy and unhealthy ASRF’s SFL

Based on the results, the cut off frequency can range from 0.1 to 1Hz. The smallest
in the range is chosen to avoid magnitude and phase attenuation. Therefore 0.1Hz
cut­off frequency was taken into consideration during both experimentation and sim­
ulation.

7.2 Simulation setup and results

Simulation setting­The simulation type is continuous, the simulation step time is
0.0012s, and the simulation solver is ode45. The simulation is carried out with DC­
link voltage (Udc) of 300V of the PMSM drive system, and the sampling frequency
is 833 Hz. The machine runs at 500 rpm. This study is based on curve fitted values
of back emf and constant inductances obtained from FEM study under different fault
resistances and operation modes.

Healthymode operation ­ The PMSM model is initially run with high fault resistance
to test the effectiveness of the SFDO observer under healthy conditions. However,
the system runs very slowly due to a high fault resistance (Rf ). The simulation results
provided below in Figure 7.5. The first two figure from left is SFL in stationary and
ASRF reference frame. The SFL in stationary reference frame is like a hexagon due
to the nature of machine’s induced voltage which is rich in 5th and 7th harmonics.
The SFL in the ASRF is shaped like an oval and rotates twice as fast as the SFL in the
stationary reference frame. Since there is an almost negligible offset in the ASRF due
to the extremely small fault current, the SFDO obtained from the observer is at the
origin.
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Figure 7.5: SFL and SFDO obtained from the model under healthy operation

Faulty mode operation ­ One coil out of three in phase a is considered for short
circuit creation, represented by a coil with resistance Ra2, inductance La2, and back
emf Ea2. A variable resistor represented by Rf is placed across to represent the short
circuit resistance which is very high during normal operation of PMSM and converge
to zero when a single winding short fault occurs and yields high circulating current.

7.2.1 Operating modes

Three different operating modes as like in chapter 5 and 6 , are made using a MATLAB
script in order to understand and diagnose faults under idling mode, motoring mode
and field weakening (FW) mode. In all the operating cases degradation of insulation
is approximated with a fault resistance (Rf ) connected across the middle coil of stator
phase a than in b and finally in c. Rf is varied from 5, 2.5 and 1Ω.

7.2.2 Idling Mode

Idling mode is defined as the freewheeling of machine under speed control. The
system simulation is made in simulink by spinning the machine at 500 rpm and
setting the currents (id =iq = 0A) to zero which are controlled by PI controller through
an inverter.

The simulation results are obtained in the same format as healthy one and are provided
in Figure 7.6. The simulation first runs under the case when the fault resistance (Rf )
is varying across phase a , then b and lastly with phase c and named in figure as x, y,
and z respectively.
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Figure 7.6: Simulation results under idling mode of operation with the Rf placed across in the x) phase a y)
phase b z) phase c

In order to understand the obtained results in Figure 7.6x , lets consider the SFL in
the idling mode across phase a, b and c as written in equation 7.4.
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The generic equations of SFL for a three phase PMSM with an ITF can be described
according to equation 5.45 (described in chapter 5); this is a linear model, but the
simulation model under FOC is a non­linear model.
ψaf

ψbf

ψcf

ψf

 =


L M M −Mf

M L M −Ma2b

M M L −Ma2c

−Mf −Ma2b −Ma2c La2



ia
ib
ic
if

+ψpm


sin(ωt)

sin(ωt− 2π/3)
sin(ωt+ 2π/3)
−µ ∗ sin(ωt+ ϕ)


(7.4)

where ψaf , ψbf , ψcf , are the SFL with a turn fault across each phase, ψf is the
SFL across the faulty winding, ψpm is the magnitude of magnetic flux linkage from
the permanent magnet under healthy conditions and ϕ is the phase shift between the
induced SFL in the short circuited turns and phase a. µ is defined as the ratio between
the number of shorted turns to the total number of turns in the faulted phase. La2

is the self inductance of shorted coil a2. Ma2b and Ma2c is the mutual inductance
between coil a2 to phase b and c respectively. Mf is a mutual inductance between
coil a2 to a1 and to a3.

Mf = La2 +Ma1a2 +Ma2a3; (7.5)

Since the phase currents are absent, the influence of the phase current on the SFL is
nil. 

ψaf

ψbf

ψcf

ψf

 =


−Mf

−Ma2b

−Ma2c

La2

 [if ]+ ψpm


sin(ωt)

sin(ωt− 2π/3)
sin(ωt+ 2π/3)
−µ ∗ sin(ωt+ ϕ)

 (7.6)

Next step, is to obtain the SFL in the stationary rotating reference frame by using
power invariant Clark transformation[4, 7].

ψα

ψβ

ψ0

 =

 −Mf

0
−(Mf + 2Ma2c)

 [if ]+√3

2
ψpm

 sin(ωt)
−cos(ωt)

0

 (7.7)

From the obtained equation 7.7, the reduction in the SFL due to ITF is significant in
the alpha axis shown in the left column of Figure 7.7x, is due to inverse magnetic flux
linkage from the faulty turn, which opposes the main flux and as a result the resultant
SFL decreases.

Last step, is the transformation from SRF to ASRF by using power invariant Park
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transformation. The resultant SFL in ASRF are given in equation 7.8.ψd−
ψq−
ψ0

 =

√
2

3

[
Mf

 1
1
0.5

 [if ]+2ψpm

sin2(ωt)sin2(ωt− 2π/3)sin2(ωt+ 2π/3)
cos2(ωt)cos2(ωt− 2π/3)cos2(ωt+ 2π/3)

0

]
(7.8)

whereψd− andψq− are the SFL in the ASRF. From equation 7.8, it should be stressed
that the transformed SFL in the ASRF creates both AC(rotating) and DC(stationary)
components which significantly appeared in both the d and q axes. The rotating flux in
the ASRF is moving twice the electrical speed of the machine, which can be depicted
in the middle column of Figure 7.7 and from equation 7.8.

The shift of SFDO from origin is a fault signal and it can be seen from the right
column of Figure 7.7x i.e. the lower the Rf is the longer is the SFDO shift from
origin. SFDO varies in direct proportions with (if ) as from equation 7.8. Therefore,
in inverse proportion with the fault resistance (Rf ). As the Rf decreases the SFDO
increases due to higher fault current in the faulty loop (if ). In a similar fashion the
fault in phase b (Figure 7.7y) and phase c (Figure 7.7z) can be understood with a
phase difference of ±120◦ in the three phase and ±30◦ in the stationary reference
frame.

Therefore, the SFDO can serve as a useful tool for determining the location as well
as the severity of faults. Next, is to check the effectiveness of the SFDO observer in
motoring and FW modes of operation.

7.2.3 Motoring Mode

Under motoring mode, the system simulation is made by running the machine at 500
rpm and setting the reference current (id =0 and iq = 3A). During a turn fault in the
motoring mode, there is more requirement of current from the controller in order to
meet the reference current which is iq is 3A in the provided case. The three phase SFL
in the motoring mode is the summation of flux generated from the stator current and
from the permanent magnet and is the same as written in equation 7.4. As a result,
the explanation behind the Figure 7.7 is similar to the idling mode except for the tilt
in SFL under SRF and ASRF due to lagging phase current in phase a, b, and c.
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Figure 7.7: Simulation results under motoring mode of the turn fault in the x) phase a y) phase b z) phase c

7.2.4 Field weakening Mode

FW is used to increase the machine speed above its base speed, while maintaining a
constant output power, which is the product of torque and motor speed. The reference
speed is set to 500 rpm. The purpose of running the machine under FW is to see the
rate of decrease in the SFL under the influence of both the ITF and negative current
in d axes and its affect on the diagnostic parameter SFDO.

During field­weakening, the stator d and q axis currents are set to Id = 3A and Iq =
­5A and are manipulated to counter the magnetic flux generated by the permanent
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magnets. The response under the ITF shown in Figure 7.8 are similar to the motoring
and idling mode except there is an additional decrease in the SFL of SRF and ASRF
significantly more in d axes due to the negative d axis current.

Figure 7.8: Simulation results under FW mode of the turn fault in the x) phase a y) phase b z) phase c

Therefore from above results, the proposed diagnostic method is able to predict the
nature, location, and severity of the fault under different operating modes.
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7.3 Summary

The application of the SFDO­based diagnostics of the ITF is described in this chapter.
By using the Simulink model (chapter 5) and fault parameters from the FEM­based
study (chapter 6), the SFDO’s are obtained under different operating modes and fault
resistance variations. In all three phases of the machine, the fault resistance is varied
in the same manner. According to simulation results, SFDO­based diagnostics can
be summarised with following advantages:

1. A SFDO’s position and length away from the origin indicate the severity of the
fault. The SFDO trajectory in different quadrants shows the location of the distur­
bance .

2. SFDO diagnostics can be used in idling, motoring, and FW modes of operation.

3. No additional hardware is required to implement the SFDO­based diagnostics of
ITF.

7.4 Learning outcomes

• Investigating what LPFs are and how to select the correct cutoff frequency.

• The SFDO trajectory under ITF is influenced by the back emf and its harmonic
components.
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Chapter 8

Experimental verification

This chapter presents the measurements carried out with the PMSM machine in the
lab. First, the experimental setup is presented, then the results of the measurement
are presented. It is carried out in a variety of operating modes and finally the model
results are validated with the experimental results.

8.1 Experimental setup

An overview of the experimental setup is provided in the form of a block diagram,
along with calibration procedures for aligning the resolver angle with the alpha axis
of the PMSM. A schematic illustration of the electrical part of the experimental setup
is shown below.

Figure 8.1: Schematic illustration of the electrical part of the experimental setup

From Figure 8.1, DC voltage is supplied by the grid through an adjustable trans­
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former and three­phase rectifier bridge. The experimental PMSM is the same as the
modelled machine and the details are provided in Table II of chapter 5. It is con­
nected to a voltage controlled DC machine (thus running at almost constant speed
when loaded with the PMSM) and controlled through FOC. The control system for
the experimental setup is implemented by National instruments (NI) Labview (LV)
and is executed in a Compact­RIO (C­RIO), which controls the power electronics,
and sample the feedback signals. The controller settings, which decides in what way
the C­RIO, should act is made on an interface on a PC.

Figure 8.2: Details of lab setup for test machine

The test machine [1, 8], has an external arrangement for the creation of coil faults
as also shown in the Figure 8.2. The setup is made to drive the common shaft with
one of the machines and brake it with another as shown in Figure 8.2. In this setup,
the PMSM is driven by the drive system and the DC machine is used for braking
the machine by applying an external resistive load to its terminals. The resolver pro­
vides position signals to the C­RIO, which are needed when controlling the speed of a
PMSM or the current. C­RIO is programmed using LabVIEW, a graphical program­
ming language[2, 8]. LabVIEW provides a user­friendly development environment,
like simulink to create complex control algorithms and user interfaces with ease. The
integration of LabVIEW with C­RIO’s hardware enables seamless communication
and synchronization between the control system and the machine.
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LabVIEW interface

The LabVIEW interface set up is actually made for a laboratory exercise in the power
electronic course in IEA [3, 8]. In this work the same setup is used. From Figure
8.3, the display is divided into indicator, PI current control and graphical display
in addition there are four tabs namely voltage control, current control, motor con­
trol, modulation and field weakening. Mostly current control tab­based panel used in
this work for the current control, and the fault diagnosis setup.The graphical display
is made for displaying the parameters like current and SFL both in stationary, syn­
chronous and anti­synchronous reference frame. In addition, the graphical display of
SFDO is built for real time display. The data are observed on this graphical display
and later exported to CSV files for further post processing.

Figure 8.3: The labVIEW interface used for the running the experimental set up

The purpose of this figure is to illustrate how the observations were made and how
the results were obtained.

Setting of controller parameters

To adjust the proportional and integral gains of the PI current controller, a slider gain
is provided on the interface. By using the reference current generator in q axes (iq),
one can generate a constant, sine wave, or square wave with offset. The reference cur­
rents on the q axes are constants in this case. Based on the machine data (as provided
in chapter 5), a setting on the slider proportional and integral gains are made.
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8.1.1 Rotor angle offset calibration

The position of the rotor is measured by a resolver.On the lab test bench, it was
mounted on the same shaft as the PMSM. The reference angle of the resolver must be
aligned with the α­axis of PMSM machines. However, they are rarely aligned, and
this problem can be solved by measuring the offsets.

Figure 8.4: An illustration of position offset measurement by giving constant current to phase a

To measure it, 1A current is applied to phase a as shown in Figure 8.4. This will result
in magnetisation only in the alpha axis since those phases b and c are symmetrically
arranged and will have equal and opposite currents.

The linked flux of the phase a winding is aligned with the α­axis of the machine. As
a result, a linked magnetic flux is generated, which causes the permanent magnet’s
d­axis to turn mechanically and align with the machine’s α­axis. Rotor angle offsets
will appear on the LV interface, which can be incorporated from the very beginning
into the setup as provided above.

Figure 8.5: Experimental measurements of the SFL in d-q reference frame
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After the rotor angle calibration the SFL in dq axes is checked and it is illustrated
in Figure 8.5. The SFL in d­q reference frame is a point shape due to the correct
alignment of the motor d axis with resolver zero degree position. The peak value of
the SFL in d­q reference frame is 0.5Wb.

8.2 Experimental results

In this section, the measured SFL characteristics of the experimental machine in the
α­β, d­q , ASRF and SFDO are presented under various operational conditions: dif­
ferent severity faults, generator operation, motoring operation and FW operation.

SFL measurement under no load case ­ Accurate rotor positions measurements are
required for the the dq transformations in the control system to provide the reliable
SFL transformations. Following the rotor angle offset calibration, initially the ma­
chine is run in the idling mode when no current is applied and the speed is 500rpm.
The machine is not connected with any additional resistance across any coil of the
winding. This is done to ensure the normal three phase operation of the experimental
machine. Figure 8.6 , illustrates the experimental stator flux linkages in stationary
reference frame, the ASRF and the SFDO from the left of the page.

Figure 8.6: Experimental measurements of the SFL in α-β reference frame, d-q reference frame, ASRF and
SFDO under healthy condition

From the measured experimental result­

• SFL inα­β reference frame­The SFL inα­β reference frame is hexagonal shape
due to the shape of the induced voltage of PMSM machine. The peak value of
the SFL in α­β reference frame is 0.5Wb.

• SFL in anti synchronous(d­q­) reference frame (ASRF)­The SFL in negative
d­q or anti synchronous reference frame is an oval shape and its rotating with
twice of the electrical frequency of the machine.
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• SFDO­ The measured SFDO under healthy conditions is not centered at the
origin, contrary to what simulations would predict. The position of the SFDO
is at (−0.01,0) came out to be robust after changing setups and checking ev­
erything, so it may be caused by an uncompensated voltage drop in the power
switches, dead­time, discretization, and quantization errors.

SFL measurement with load case ­

Following the testing of the experimental setup and the three phase operation, mea­
surements are performed under different operating modes of the machine as described
in section 6.33 of chapter 6 with varying fault severity levels.

The machine runs at 500 rpm in all the different operating modes. An ITF is created
by placing a resistance across one coil of the winding both when stator windings are
∆ connected and star (Y) connected. As a result, ITFs are created in different phases
one by one by connecting fault resistors (Rf ) and their variations in order of 5, 2.5
and 1 Ω.

1. Motoring mode

Motoring mode is the most common mode of operation for electric vehicles. The
fault monitoring is illustrated in this case with a step by step illustration of the SFL
under different fault resistances. ITF is made across phase a with varying Rf . The
SFL in stationary reference frame, ASRF and the SFDO are illustrated in the Figure
8.7.

The SFL decreases in α axes when Rf decreases across phase a, whereas the offset
increases in the ASRF as Rf decreases as shown in Figure 8.7. In the SFL of the
ASRF, this offset is evident. In order to see the offset in ASRF it is good to see the
origin and in the first case it is equidistant in both directions. However, when Rf

decreases, the symmetry from the origin changes. An offset created by the unbalance
of the three phase system has been filtered out and presented as SFDO, which has
changed the origin. With different fault severity, SFDO increases towards the left as
anticipated from the simulation results.
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Figure 8.7: The SFL in statoinry reference frame, ASRF and SFDO with decreasing Rf

Results for different ITF severities and locations for the PMSM operating at motoring
operation are presented in Figure 8.7. A total of 19 results are shown in figure, from
which nine correspond to ITF cases when the the stator windings are star connected
and nine when they are connected in delta and one under healthy condition. All the
tests marked with circles were made at constant speed of 500 rpm, with the machine
operating under no load condition and with the q axes current fixed at the value
of 3 A and d axes current fixed at the value of 0 A. Looking at the displacements
corresponding to the faulty cases, it is visible on the figure how the value increases with
the fault severity, and it can also be observed that the direction of the displacement of
the points is related with the faulty phase.
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Figure 8.8: Experimental results of the SFDO under motoring mode when stator winding connected in Y and
∆ fashion

The vector length from the point close to origin (−0.015,0) to different SFDO points
are measured and its angle defined as

θdq = atan2(SFDOq, SFDOd) (8.1)

The measured displacement for the Y connected stator winding is tabulated below.
Looking at the number column wise it is visible the vector length and its angular
position is inversely proportional to the fault severity.

Table 8.1: Comparison of vector length derived from different phases under motoring mode when machine Y
connected

Vector length Phase a Phase b Phase c
0­5 Ω 0.0196∠120.7◦ 0.0168∠­21.2◦ 0.0197∠−131.3◦

0­2.5Ω 0.034∠130.9◦ 0.035∠1.67◦ 0.032∠­117.9◦

0­1Ω 0.0689∠147.3◦ 0.049∠19◦ 0.0527∠­100.9◦

The location of the fault can be obtained by the angle of the displacement. Ideally,
the fault displacement is expected to appear at 0◦,120◦ and 240◦ for phases a, b and
c, respectively however in this machine it is for phases b, a and c. The maximum
computed angular error was obtained for one ITF on phase B, where the faulty point
is located at ­21◦. Therefore, a limit of ±30◦ was defined for the diagnosis.
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Table 8.2: Location of faulty phase

Angle range Faulty phase
0±30◦ b

120±30◦ a
240±30◦ c

2. Idling mode

Similar observations are made when the machine operating mode switched between
motoring to the idling mode by adjusting the reference current setting. In this case,
the reference current at the d and q axes is zero. Results for different ITF severities and
locations for the PMSM operating at idling operation are illustrated in Figure 8.9.

Figure 8.9: SFDO monitoring under idling mode when stator winding connected in Y and ∆ fashion

A total of 13 results are shown in figure, from which six correspond to ITF cases
when the the stator windings are star connected shown with a solid line and six when
they are connected in delta fashion (dash line) and one under healthy condition. In
idling mode fault resistors Rf and their variations in order of 5 and 2.5 Ω. SFDO
measurement with fault resistanceRf as 1Ω is measured for phase a but not while the
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Rf connected across phase b and c. So they are not plotted here just for the sake of
symmetrical distribution.

The vector length between the point close to origin (−0.015,0) and the next consecu­
tive point is computed and tabulated below with a maximum absolute error of 0.006
for all three phases.

Table 8.3: Comparison of vector length derived from different phases under idling mode when machine star
connected

Vector length Phase a Phase b Phase c
0­5 Ω 0.0219∠134.5◦ 0.0216∠23◦ 0.0154∠­97.6◦

0­2.5Ω 0.034∠145.4◦ 0.039∠31◦ 0.031∠­86◦

3.FW mode

During field­weakening, the reference d and q axis currents are set to Id = 3A and
Iq =­5A. The FW operation is only conducted when the machine is star connected.
However, this operation is run under two different speed as shown below. Interest­
ingly, this mode is showing the variation of the SFDO w.r.t speed as provide in the
Figure 8.10.

Figure 8.10: Experimental measurements of the SFDO under FW mode

The vector length between the origin and the next consecutive point is computed and
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tabulated below for all three phases and under different speed.

Table 8.4: Comparison of vector length derived from different phases under motoring mode when machine Y
connected

Vector length Phase a Phase b Phase c
ω=500rpm

0­5 Ω 0.0115∠110◦ 0.0121∠−10.9◦ 0.011∠−126.5◦

0­2.5Ω 0.021∠124◦ 0.0214∠3.74◦ 0.019∠−113.78◦

ω=1000rpm
0­5 Ω 0.024∠155◦ 0.025∠37◦ 0.023∠−73.8◦

0­2.5Ω 0.035∠166◦ 0.035∠42◦ 0.033∠−84.5◦

The wider angle and change in vector length under two different speed is due to higher
fault current and also due to the lack of tuning of the cutoff frequency (fc) of the LPF I
provided to obtain the SFL estimate in the stationary reference frame. The phase of the
SFL estimate changes gradually as the speed and thus the input frequency increases.
The electrical frequency increases when the speed increases from 500 to 1000 rpm
and this electrical frequency is closer to the cut off frequency of the SFL estimating
low pass filter. This frequency was mistakenly set to about 10Hz at the time of the
measurements were made and should have been closer to 1 Hz.

8.2.1 Model Validation

After measuring the results under different operating modes, fault severity and loca­
tions, this section aims to validate the simulink model results presented in chapter 5
and 7 for SFDO based diagnostics.

Simulation setting of the simulink model is kept same like the experimental setup,
the fault parameters as mentioned in earlier chapter is obtained from the FEM study.
However, while inputting the fault parameters with limited knowledge of how fault
parameters affect the trajectory, this study made back and forth and here tries to com­
pare all the steps taken to make the model as close as possible to the lab results. So
the steps in building the diagnostics have been done in three steps based on the fault
parameters entered in analytical equation (AE) using different assumptions. These as­
sumptions are denoted by AE together with the step number as AE1, AE2 and AE3.

• AE1­ In the first step, waveforms of fault behavior is obtained from chapter
5 where parameters like induced voltage is illustrated in Figure 5.6. The har­
monics distribution of the induced voltage waveform is obtained by the initial
experimental no load test at 107rpm. In this case the induced voltage across
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the faulty coil is scaled by the factor µ. The average inductances are obtained
from FEM analysis.

• AE2­ In the second step, the fault severity dependent induced voltage waveform
(based on a finite element model) is used and illustrated in Figure 5.13. The
induced voltage is composed of all harmonic component but not having the
phase of the harmonics. Inductances are again average values listed in Table
6.9.

• AE3­ In the last step, the position dependent induced voltage and inductance
waveform (exported from finite element model) is used illustrated in Figure
6.13 ­ Figure 6.24.

SFL Monitoring ­ The SFL illustration obtained from is arranged similarly to the
measured SFL illustrated in Figure 8.11. A fault is created in phase a’s coil, and then
the SFDO’s are compared with the measured experimental results under different ITF
scenarios. Operating mode is idling and the obtained SFL characteristics from the
fault parameters mentioned by AE1, AE2 , AE3 and experimental result is presented
in the Figure 8.11. A short explanation of SFDO’s monitoring is provided based on
fault waveforms derived from parameter setting AE1, AE2 and AE3 .

SFDOMonitoring based on parameter setting AE1

The SFL in different reference frame obtained from the fault parameters based on AE1
is provided at the top of the Figure 8.11. The change in SFDO is significant enough
to detect faulted operation when Rf changed from 1k, 5 , 2.5 to 1 Ω. However, the
vector length of the SFDO’s obtained are shorter than AE2 and AE3.

SFDOMonitoring based on parameter setting AE2

In contrast to results based on AE1, ITF reductions in SFL are significant along the
alpha axis (due to ITF across phase a) shown in Figure 8.11. The reason is that the
exported induced voltage from the FEM corresponds to the electrical frequency used
in the experiments. However the position of the obtained SFDO are not exact like
the experimental ones.

SFDOMonitoring based on parameter setting AE3

In order to make the model results closer to the experimental ones, the position de­
pendent values of the induced voltage and inductances are exported into the simulink
model using 1­D look up table and the SFL characteristics are obtained again. As
a result of position­dependent inductance and induced voltage values, some of the
SFDO points are very close to the experimentally measured values of the SFDO. This
is especially the case when Rf is 5 Ω.
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Figure 8.11: The SFL and SFDO obtained from AE1, AE2, AE3 and experimental results
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Experimental validation

For the idling operating case, simulation results for all cases and the experiment are
plotted together based on the parameters input AE1, AE2, and AE3.

Variation ofRf from 1k to 1Ω is from the right hand side (Rf = 1kΩ) to the left hand
side (Rf = 1Ω). In healthy conditions, the SFDO is at origin. While the SFDO from
the lab experiments is not centered at the origin.

In case 1 (AE1), the SFDO trajectory is not as close to the experimental trajectory as
in case 2 (AE2) and 3 (AE3) . Nevertheless, they are following the trend.

The SFDO’s trajectory obtained from case 2 (AE2) is closer (deviation of 3.6%) to the
experimental value due to accounting the fault severity dependent voltage waveform.
A deviation is calculated by taking the percentage change between the leftmost point
when Rf = 1Ω.

The SFDO’s trajectory obtained from case 3 (AE3) is above the trajectory obtained
by the experimental results. A trajectory’s points are close when Rf = 5Ω, and it can
also depict healthy offsets.
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Figure 8.12: A comparison of SFDO’s measurement from the experiment and from the simulation model using
three cases under idling mode
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Operating modes validation

Similar ITF creation is made in the model using AE2 and AE3 under different operat­
ing modes and compared with experimental results as shown in Figure 8.13 and 8.14.
A deviation is calculated under different operating modes as calculated above using
AE2 and it came out to be 3.6% in case of idling, 6.1% in case of motoring mode and
34% in case of FW mode. In case of FW mode the deviation is 34% is calculated by
taking the percentage change between the point when Rf = 2.5Ω. This deviation is
improved by using the position dependent values of induced voltage especially under
motoring and FW mode.

Table 8.5: Percentage deviation using AE2 and AE3

Operating Mode AE2 AE3
Idling mode 3.6% 6.2

Motoring mode 6.1% 9.1

FW mode 34% 9.5
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Figure 8.13: A comparison of SFDO’s measurement from the experiment and from the simulation model using
two cases under motoring mode

The model results follow the same fault trajectory and trend as experimental results
in the same quadrant, but the SFDO position deviation is quite high in both the mo­
toring and FW modes when using AE2, while it is more consistent when using AE3.
With AE2, the induced voltages are fitted using FFT, resulting in phase­degraded

141



curves, while with AE3, the induced voltages are position­dependent, similar to the
induced voltages from FEM.
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Figure 8.14: A comparison of SFDO’s measurement from the experiment and from the simulation model using
two cases under FW mode

8.3 Summary

This chapter presents an experimental setup and the experimental results of SFDO­
based ITF diagnostics. Model accuracy is good for the idling and motoring mode
but under FW mode the model results deviate by 34% and is calculated by taking the
percentage change between the point when Rf = 2.5Ω. To increase the efficacy of
the model position dependent values of induced voltages and inductances are used.
By using it, the deviation is improved by 25% .

Various operating modes, fault severity levels, and locations were used in the exper­
iments. The fault existence and location are diagnosed in accordance with position
shift of the SFDO under the influence of ITF. Likewise, experiments were also con­
ducted when the stator winding was connected in a delta configuration. Based on the
results, SFDO­based diagnostics are valid for both delta and star­connected machines.

Tuning of cutoff frequency is needed under high speed operation of the PMSM ma­
chine.

ITF’s diagnostics are summarized in the following figure.
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Figure 8.15: Experimental results of the SFDO under idling, motoring and FW mode when the machine is Y
connected

According to these results, the applicability of the diagnostic of the ITF using SFDO
has been experimentally verified and has the following advantages based on the results
of the fault indicator under different operating modes:

(i) It is robust to the operating condition of the motor and can reveal the fault severity
under different conditions.

(ii) It can diagnose the stator fault existence, location, and severity.

(iii) It is sensitive and is effective in detecting the fault at an incipient stage.

(iv) It is cost effective and it can integrated into modern EV drives.

8.4 Learning outcomes

(i) Making new sub­VIs with experimental setup helped build knowledge of LV in­
terfaces.

(ii) Testing the model with experiments provided insight into the validity of fault
parameters.

(iii) Learning rotor angle calibration was both new and challenging, but once done,
it is done.
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Chapter 9

Conclusions

The purpose of this chapter is to summarize the main conclusions of this Licentiate
thesis and to outline the next step for the detection and identification of ITF.

9.1 Conclusion

This thesis presents following :

• A specimen is proposed to study how the TEAM stresses in electric traction
machines cause insulation degradation and, ultimately, cause ITF. Using the
proposed specimen, an interior stress distribution of a simplified coil is visu­
alized, in order to better understand the physics­of­failure of a more complex
system than twisted pair enameled wires.

• Based on a literature review of condition monitoring of ITF, a characterization
for onboard condition monitoring techniques are proposed. In this characteri­
zation, self­analysis methods are distinguished from traction methods based on
the functionality they provide. This characterization aims at providing a broad
perspective on stator fault monitoring techniques to automotive engineers and
researchers, focusing on permanent magnet synchronous machines.

• A methodology is proposed for diagnosing inter turn faults invasively through
stator flux linkages in order to fill the existing gap in monitoring inter turn
faults. In the proposed method, stator fault detection is based on the dc offset of
the Stator Flux Linkage (SFL) in the antisynchronous reference frame (ASRF).
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The DC offset of the SFL is calculated by estimating the SFL in the stator
reference frame, transforming it to an ASRF and low pass filtering it.

• The proposed methodology is modeled and simulated to make it intuitive. An­
alytical equations are presented for PMSM machine under both healthy and
faulty case. The effect of ITF on back emf, inductance, stator flux linkages, cur­
rent and torque is discussed. Afterwards, FEM­based modeling is employed to
identify parameter values under ITF, which are considered complex and hard
to determine through analytical equations alone. FEM results indicated that
the back­EMF across each phase input required updating to reflect the impact
of stator flux linkage distortion caused by the machine’s geometry and due to
the fault resistance. Three different case studies are made in order to understand
and detect faults under the idling mode, motoring mode and field weakening
(FW) mode. The results illustrate the robustness of the diagnostic parameter
under different operating conditions.

• Fault detection is carried out when using three sets of parameters in AE based
ITF model implemented in Simulink.

All the three cases are experimentally validated. A close agreement (deviation
of 3.6%) was observed between the experimental results and the trajectory ob­
tained from the fault dependent parameter that specifies induced voltage wave­
forms. Yet, the SFDO trajectory derived from healthy machine parameters also
follows the trend.

A FEM­based identification of parameters under fault conditions and in dif­
ferent operating modes would increase model accuracy and reliability, while
initial healthy machine parameters would assist in analyzing faults quickly.

• Lastly, the proposed diagnostic algorithm was implemented in the experimental
setup and tested for real­time ITF detection. According to experimental and
simulation results, the applicability of the diagnostic of the ITF using SFDO are
diagnosed in accordance with position shift of the SFDO under the influence of
ITF produced by the SFDO observer. The diagnostic parameter namely SFDO
is robust against the operating conditions and type of stator connection (star or
delta). Additionally, it is able to diagnose both stator fault existence, its location
and related phase. With the proposed method, a stator fault monitoring system
is realised.
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9.2 Future Work

The following suggestions are included in this thesis for potential future work:

• Measurement of fault current using an experimental setup when the fault re­
sistance is 1 Ω.

• Use the proposed diagnostic technique to investigate the impact of different
machine geometry on SFDO under fault conditions.

• Test the proposed fault indicator extensively under varying speed and load con­
ditions. In addition, check SFDO’s effectiveness under high frequency switch­
ing operation of the electric drive system.

• Integrate the model of the faulted machine to a thermal model, in order to be
able to estimate the heat produced by the fault. Using this information, the
faulted model can be updated to acquire information for better estimation of
the remaining time before neighboring turns fail to insulate.
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Appendix A

Appendix A ­ RMxprt Model Data

GENERAL DATA

Operation Type: Motor
Source Type: DC
Rated Output Power (kW): 4
Frequency (Hz): 37.5
Rated Voltage (V): 106
Load Type: Const Power
Rated Speed (rpm): 750
Operating Temperature (C): 75

STATOR DATA

Stator Core Type: SLOTAC
Stator Position: Outer
Number of Poles: 6
Outer Diameter of Stator (mm): 190
Inner Diameter of Stator (mm): 118.6
Length of Stator Core (mm): 120
Stacking Factor of Stator Core: 0.95
Steel Type of Stator: M1924G

Number of Stator Slots: 9
Type of Stator Slot: 3
Stator Slot
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hs0 (mm): 3
hs1 (mm): 8
hs2 (mm): 10
bs0 (mm): 3
bs1 (mm): 27.11
bs2 (mm): 3.3894
rs (mm): 5
Top Tooth Width (mm): 22.6
Bottom Tooth Width (mm): 22.6

STATOR WINDING DATA

Number of Phases: 3
Winding Connection: Y3
Number of Parallel Branches: 1
Number of Layers: 2
Winding Type: Editor
Coil Pitch: 1
Winding Factor: 0.8666
Number of Conductors per Slot: 96
Number of Wires per Conductor: 1
Wire Diameter (mm): 1.369
Wire Wrap Thickness (mm): 0
Wedge Thickness (mm): 8
Slot Liner Thickness (mm): 0.3
Layer Insulation (mm): 0.3
Slot Area (mm2): 598.14
Net Slot Area (mm2): 424.989
Slot Fill Factor (%): 42.33
Limited Slot Fill Factor (%): 75
Coil Half­Turn Length (mm): 152.141
End Length Adjustment (mm): 0
End­Coil Clearance (mm): 0
Conductor Type of Stator: copper75 C
Conductor Resistivity at 75C (ohm.mm2/m): 0.0262

CIRCUIT DATA

Control Type: DC
Lead Angle of Trigger (deg): 0
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Trigger Pulse Width (deg): 120
Transistor Drop (V): 0
Diode Drop (V):0

ROTOR DATA

Rotor Core Type: PMINTERIOR
Rotor Position: Inner
Number of Poles: 6
Outer Diameter of Rotor (mm): 117.2
Inner Diameter of Rotor (mm): 40.6

Length of Rotor Core (mm): 120
Stacking Factor of Rotor Core: 0.95
Steel Type of Rotor: M1924G

Rotor Pole Type: 2
Rotor Pole Dimensions
D1 (mm): 115.2
O1 (mm): 3
O2 (mm): 27.8
B1 (mm): 5
Rib (mm): 12
HRib (mm): 3
Magnet Thickness (mm): 5
Magnet Width per Pole (mm): 33
Magnet Type: NdFe35
Maximum Magnet Width per Pole (mm): 41.68

SHAFT DATA

Magnetic Shaft: Yes
Friction Loss (W): 0
Windage Loss/Power (W): 0
Reference Speed (rpm): 3600

PERMANENT MAGNET DATA

Residual Flux Density (Tesla): 1.23
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Coercive Force (kA/m): 890
Maximum Energy Density (kJ/m3): 273.6
Relative Recoil Permeability: 1.099
Demagnetized Flux Density (Tesla): 0
Recoil Residual Flux Density (Tesla): 1.23
Recoil Coercive Force (kA/m): 890

USER DEFINED DATA

SolidCore 0
SleeveThick 0
PartialSol 0
Fractions 1

MATERIAL CONSUMPTION

Stator Wire Density (kg/m3): 8900
Stator Core Steel Density (kg/m3): 7650
Rotor Magnet Density (kg/m3): 7400
Rotor Core Steel Density (kg/m3): 7650
Stator Copper Weight (kg): 1.72
Stator Core Steel Weight (kg): 10.39
Rotor Core Steel Weight (kg): 7.11
Rotor Magnet Weight (kg): 0.87912
Stator Net Weight (kg): 12.1193
Rotor Net Weight (kg): 7.96
Stator Core Steel Consumption (kg): 23.05
Rotor Core Steel Consumption (kg): 9.4

UNSATURATED PARAMETERS

Stator Resistance R1 (ohm): 0.78
Stator Resistance at 20C (ohm): 0.642
Stator Leakage Inductance L1 (H): 0.0219
Slot Leakage Inductance Ls1 (H): 0.0048
End Leakage Inductance Le1 (H): 0.0002204
Spread Harmonic Inductance Ld1 (H):0.0145
Muture Slot Leakage Inductance Lsm (H): −0.00242
Uniform Air­gap Magnetizing Inductance Lm (H): 0.04067
D­axis Armature Reactive Inductance Lad (H): 0.013758
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Q­axis Armature Reactive Inductance Laq (H): 0.0371
D­axis Armature synchronous Inductance Ld (H): 0.035
Q­axis Armature synchronous Inductance Lq (H): 0.059183

NO­LOAD MAGNETIC DATA

Stator Tooth Flux Density (Tesla): 0.9597
Stator Yoke Flux Density (Tesla): 1.42
Rotor Top­Tooth Flux Density (Tesla): 0.80
Rotor Yoke Flux Density (Tesla): 0.612533
Magnet Flux Density (Tesla): 1.02435
Air­Gap Flux Density (Tesla): 0.566
Stator Tooth Ampere Turns (A.T): 4.038
Stator Yoke Ampere Turns (A.T): 35.59
Rotor Top­Tooth Ampere Turns (A.T): 0.635
Rotor Yoke Ampere Turns (A.T): 2.72
Magnet Ampere Turns (A.T): −372
Air­Gap Ampere Turns (A.T): 329
Total Ampere Turn Drop (A.T): 6.99174e­12
Leakage­Flux Factor: 1.23031
Saturation Factor: 1.13068
Correction Factor for Magnetic
Circuit Length of Stator Yoke: 0.364771
Correction Factor for Magnetic
Circuit Length of Rotor Yoke: 1

FULL­LOAD ELECTRIC DATA

Average Input Current (A): 8.78201
Root­Mean­Square Armature Current (A): 9.63575
Armature Thermal Load (A2/mm3): 147.138
Specific Electric Loading (A/mm): 22.4769
Armature Current Density (A/mm2): 6.54619
Frictional and Windage Loss (W): 0
Iron­Core Loss (W): 21.3852
Armature Copper Loss (W): 217.422
Transistor Loss (W): 0
Diode Loss (W): 0
Total Loss (W): 238.807
Output Power (W): 692.085
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Input Power (W): 930.893
Efficiency (%): 74.3464
Torque Angle (elec. degree): 91.8
Rated Speed (rpm): 750
Rated Torque (N.m): 8.8119
Fundamental RMS Phase Back­EMF (V): 64.3604
THD of Phase Back­EMF (%): 17.5765

TRANSIENT FEA INPUT DATA

For Stator Winding:
Number of Turns: 144
Parallel Branches: 1
Terminal Resistance (ohm): 0.780569
End Leakage Inductance (H): 0.000220479
2D Equivalent Value:
Equivalent Model Depth (mm): 120
Equivalent Stator Stacking Factor: 0.95
Equivalent Rotor Stacking Factor: 0.95

A.1 Phase measurement obtained from the FEM results

Table A.1: Comparison of fault current[A] derived from different models under different operating modes

Operating Mode ­ Idling
Fault resistance FEM model SM­CP SM­PDP

Rf , [Ω] If , [A] phase lag,[deg] If , [A] phase lag,[deg] If , [A] phase lag,[deg]
1 27 36 15 99 15 99

2.5 11.2 18 9.2 45 15 99

5 5.4 9 5.3 27 15 99

Operating Mode ­ Motoring
1 25.81 79 13.67 34 15 99

2.5 10.4 57.6 9.22 14.4 15 99

5 4.34 39.6 5.9 28 15 99

Operating Mode ­ FW
1 36.3 75 7.5 28 15 99

2.5 21.5 43.2 5.7 28 15 99

5 12 25 3.7 3.7 15 99
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Table A.2: Comparison of flux linkage across faulty coil derived from FEM model under different operating
modes

Operating Mode ­ Idling
Fault resistance FEM model

Rf , [Ω] ψf ,[wb] phase lag,[deg]
1 0.126 64.8

2.5 0.156 35.1

5 0.167 18

1k 0.17 0

Operating Mode ­ Motoring
1 0.142 70.2

2.5 0.24 47.7

5 0.29 30.6

1k 0.32 0

Operating Mode ­ FW
1 0.15 59.4

2.5 0.1858 33.3

5 0.194 18.9

1k 0.196 0

Table A.3: Comparison of voltage induced across faulty coil[V] derived from the FEM model under different
operating modes

Operating Mode ­ Idling
Fault resistance FEM model

Rf , [Ω] ef , [V ] phase lag,[deg]
1 26.8 41.4

2.5 28 16.2

5 26.7 7.2

1k 31.12 0

Operating Mode ­ Motoring
1 23.82 32.4

2.5 23.72 14.4

5 26.1 7.2

1k 30.83 0

Operating Mode ­ FW
1 26 36

2.5 25.88 15.3

5 29 4.5

1k 30.64 0

A.2 Steps of coupling Maxwell to Twin Builder

Maxwell model must be modified in order to be used in co­simulation with twin
builder.
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On the Maxwell project tree (be it 2D or 3D), right mouse click on Model tab, then
click design setting . On the design setting pop­up window, go to the advanced prod­
uct coupling tab and enable Transient­Transient link with twin builder. This will let
Maxwell know that everything linked to rotor position and winding information are
to be taken from twin builder.

Next, click on the excitation tab and find the winding definition. Click the right
mouse button on phase A, B, and C windings (one at a time), then select properties
and change the winding type to external. Make sure that the initial current is 0. In
twin builder, add transient cosimulation as shown with these following arrows.

Twin Builder→ SubCircuit→MaxwellComponent→ TransientCosimulation.

In the Transient­Transient coupling window that appears, browse to open the Maxwell
project saved before. Maxwell is opened and loads the project. In the Transient­
Transient coupling window, the project information are loaded. Select the project
you modified in Maxwell and in the Option tab, select Pin Description and click
OK. Place the component and make the connections.
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