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ITepiAndm

O Xiyypeovoc Kwnthpag Méviwou Moyvhtny pe Khwpd (LSPMSM) uiodeteitan dho xou
TEPLOGOTEPO G BLounyavinés eQupUoYEég AOYw Tng LPNAfC andédoong, g LmMANG TuxvoTnTAg
toyvog, tNg aviexTixéTNTaC Xou TG duvatdTnTag dueong exxivione and To dixtuo. H el
Tovpyla Tou umopel vo emnpeacTel amd BAIPBEC OTWC N ATOUAYVATION TOV UOVIUWY Y VTGV
xan 1) Vpadon Umapny Tou xAwBol tou dpouca. 26T600, 1 oyetiny| BiBAoypapio yio TN UEAETN
TWV CUYXEXPWEVOY ooludtony otoug LSPMSM »xvntrpec napouével nepopiouév. H nopodoo
epyaoia TpOUGIALEL TNV NAEXTEOUAYYNTXT avdhuoT evog xwvntripo LSPMSM, ovouaotixc
toyVog 750 W, untd %xavovixeg 1o ECQUAUEVES CUVDTXES UTOUAY VATIONG X0l OTUOUEVNG UTIHRIG.

o Tov oxond autd avantiydnxe dlodidotato povieho ye T Médooo Ilenepacuévmy Mtoryelwy
(FEM) yenowornotdvtoag to Aoytowxd Simcenter MAGNET, e to onolo npocopoiydnxe 1
HOVIUY %ot UETAUBUTIXT CUUTERLPORE TOU xwvNThea UTO ovouacTixd goptio. To poviého emoh-
NUEDTNXE UE TELPAUATING DEDOUEVA OE UYL XATACTACT] X0l 0TI CUVEYELN TEOTOTOWUNXE OOTE
VO EVOWUATMOEL GEVAPLO OUOLOMORPPNG ATOUNYVATIONG X0 OTUCUEVGY untapwy. H avdiuorn tng
CUUTIEQLPORAC TOU XVNTARN TeayHatoTolfUnXe Yéow Twv uedédwv Motor Current Signature
Analysis (MCSA), tnc nopaxohobinong tne napexxiivoucac payvntxic pofc (stray flux mon-
itoring) xat tou Short-time Fourier Transform (STFT), 6Aec ot onoleg eivon Bactoyévec atny
AVIAUGT) TOU PACUATIXOU TEEPLEYOUEVOL TwV oNudtwy ue Tov ['efyopo Metaoynuatioud Fourier
(FFT).

To anoteréopota €delay OTL 1) Topaxohovinon TN TUEEXUAVOUGIS Loy VITIXHC pOY|C ATOTEAEL
amoteheopatr] uedodoroyia yior TV aviyVEUOT TNG ATMOPOYVHTIONG, TEOCPEEOVTAS UL o&-
OO TN Bdomn Y £yxanen Sy VwoT xon TopoxoholdnoT TG XATAoTAONS TOL XivnThed. Avti-
VETWE, TOL OQINUUTO OTACUEVNG UTEEAS EUPAVICUY AMYOTEQO EUDLEXELTOL Y OQUX TNELO TG, YEYOVOS

TIOU OVOOEIXYUEL TNY AVAY XY YLl TEQULTEQE BIEPELYNO).



Abstract

The Line-Start Permanent Magnet Synchronous Motor (LSPMSM) is increasingly adopted
in industrial applications because of its high efficiency, high power density, robustness, and
ability to start directly from the grid. Its performance can be significantly affected by faults
such as demagnetization of the permanent magnets and broken rotor bars of the squirrel
cage. However, little research has been made for the LSPMSM bearing those faults. This
thesis presents a comprehensive electromagnetic analysis of a 750/ LSPMSM under healthy
and faulty operating conditions, with a focus on quantifying the impact of demagnetization

and broken bar defects.

A two-dimensional FEM model was developed to simulate the motor’s steady-state and
transient performance under nominal load, using the Finite Element Analysis (FEA) software
Simcenter MAGNET. The model was then validated against the experimental results for the
healthy motor and subsequently modified to introduce uniform demagnetization and broken
bar scenarios. The methods used to analyze motor behavior were Motor Current Signature
Analysis (MCSA), stray flux monitoring, and Short-time Fourier Transform (STFT), all of
which are based on obtaining the frequency content of the signals through the Fast Fourier
Transform (FFT).

The findings highlight that stray flux monitoring is successful for demagnetization detec-
tion, providing a basis for early detection and condition monitoring. In contrast, broken bar

faults exhibit less distinctive signatures, indicating the need for further study.
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Chapter 1
Introduction

According to the World Energy Outlook 2024 (WEQ), total global energy demand in-
creased by approximately 2% in 2023, reaching 640 exajoules (EJ), equivalent to 15,286
million tonnes of oil equivalent (Mtoe) [1]. The majority of this demand continues to be
met by fossil fuels, with oil, natural gas, and coal accounting for around 80% [1]. Although
a record level of clean energy was introduced globally two-thirds of the overall increase in
energy demand in 2023 was still met by fossil fuels, driving energy-related carbon dioxide
(CO3) emissions to a record high [1]. A significant share of these primary energy resources
is converted into electricity, of which more than 50% is consumed by electric motor-driven
systems [2], [3], making them one of the largest contributors to global energy use and emis-

sions. Consequently, optimizing electric motor efficiency has become a regulatory necessity.

Total energy supply Annual change
_, BOO 50
600 FE
400 0 e
200 Iy LTI TTUURUUTRSSR S
SG e
2010 2015 2020 2023 2010 2015 2020 2023

M Coal W Qil mNatural gas I Nuclear = Renewables M Traditional use of biomass = Other

Figure 1.1: Global energy demand up to 2023[1].
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1.1 Why the Line-Start Permanent Magnet Synchronous
Motor

Organizations like the International Electrotechnical Commitee (IEC) have developed
new standards for electric motors that require higher efficiencies. The energy efficiency of
electric motors is defined in the international standard on efficiency classes for motors IEC
60034-30-1:2014. This standard establishes a set of limit efficiency values based on frequency,
number of poles, and motor power. It defines the four International Efficiency (IE) classes

for line-operated AC motors that Table 1.1 shows.

The efficiency improvement of Induction Motors (IMs), among all types of electric motors,
is the most effective practice since they are used in the vast majority of industrial applications,
due to their low cost, up to IE3 efficiency level, and high reliability [3]-[5]. This is usually
achieved through design optimization of parts of the Induction Motor that contribute to
overall losses, as seen in Figure 1.2. Nonetheless, it is quite challenging for IMs to reach
[E4 levels, while respecting the IEC 60072 standard frame dimensions and maintaining cost

effectiveness [5].

An alternative approach to improving efficiency is the replacement of induction motors
with Permanent Magnet Synchronous Motors (PMSMs), which have become increasingly
attractive in recent years due to the significant reduction in Permanent Magnet (PM) costs.
Generally, Synchronous Motors have negligible rotor copper losses compared to Induction
Motors, due to their different operating principle, and adding Permanent Magnets further
increases the efficiency and power factor of these motors [6]. However, they do not have
direct-on-line starting capability as Induction Motors have, meaning that they cannot start
right after connecting them to the power supply. They require inverters or other motors for
starting. This fact makes them uneconomical for many single-speed applications such as fans,

pumps, and compressors, which account for more than 70% of the usage of electric motors
[1], [5], [7].

Code TEC 60034-30-1 Efficiency class
IE1 Standard Efficiency
IE2 High Efficiency
IE3 Premium Efficiency
[EA4 Super Premium Efficiency

Table 1.1: TEC 60034-30-1:2014 efficiency classes.
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To address this limitation, Line-Start Permanent Magnet Synchronous Motors (LSPMSMs)
were first introduced in the 1950s [7]. This motor combines the high efficiency and high
power density of PMSMs together with the direct-on-line starting capability of IMs. Their
widespread adoption was initially hindered by the limited availability and high cost of high-
energy permanent magnets. But, with the recent development of advanced PM materials at
more affordable prices, LSPMSMs have reemerged as a promising solution for high-efficiency
industrial applications [9]-[12]. Anibal T. de Almeida [5] discusses the motor technologies
available in the 2014 market , noting that 1E4 LSPMSMs were offered in the 0.55-7.5 kW
range. Arash H. Isfahani [7] compares four IMs with LSPMSMs of same power, showing
that the latter exceeded the IE4 super premium efficiency class in two low power ratings and
noting their potential for higher power motors in the future. Many other researchers have
compared them to induction motors showcasing their superiority in efficiency, power factor
and cost savings [8], [12]-[14]. Figure 1.2 (b) shows the comparison of the efficiency and
power factor (PF) between the LSPMSM and IM.

1.2 Research Gap and Objectives

Although LSPMSMs have been shown to outperform Induction Motors the majority of
existing research has focused primarily on their performance under healthy operating con-
ditions. Limited attention has been given to their behavior under fault scenarios, such as

permanent magnet demagnetization and broken rotor bars in the squirrel cage. These faults

Distribution of losses in Two-Poles induction
motors

0.11 0.19 B Core losses

B Friction and 1
windage losses
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——— -

Distribution of losses in Four-Poles induction
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o
[»)]
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windage losses 034 7 — —IM EFF*PF
.1|@ Stator Ohmic losses I g —e—IM EFF
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Figure 1.2: (a)Distribution of losses in 2-pole and 4-pole IMs [7], and (b) efficiency (EFF)
and power (PF) of LSPMSM and IM as a function of shaft torque [8].
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can significantly affect machine performance, reliability, and diagnostic accuracy, and there-

fore deserve detailed investigation.

The main objectives of this thesis are as follows:

« To develop and validate an accurate electromagnetic model of a 750W LSPMSM
using Finite Element Analysis (FEA).

o To build a healthy motor behavior profile in the frequency domain.

« To simulate and evaluate the impact of demagnetization and broken rotor bar faults

on motor performance.

« To compare and discuss the results of the Motor Current Signature Analysis (MCSA)
and Stray Flux Monitoring diagnostic methods applied to the faulty conditions using
the Fast Fourier Transform (FFT) and Short-time Fourier Transform (STFT).

By addressing these objectives, this work aims to fill the existing research gap and provide
a comprehensive electromagnetic analysis of LSPMSMs under both healthy and faulty con-
ditions. The results contribute to a better understanding of the machine’s fault behavior and

can support the development of improved diagnostic techniques and fault-tolerant designs.

1.3 Thesis Structure

Below, the content of each chapter is briefly discussed to outline the structure of this

thesis.

Chapter 2: Theoretical Background - This chapter introduces the fundamental theory
and concepts of electrical machines. The operation principles, equations, and charac-
teristics of induction motors, permanent magnet synchronous motors, and line-start
permanent magnet synchronous motors are presented. Subsequently, different types of
faults in electrical machines and diagnostic methods are discussed. The chapter con-
cludes with a brief explanation of the finite element analysis (FEA) method used in

this work.

Chapter 3: Model Development & Validation - The first part of this chapter describes
the development process of the electromagnetic model, with the use of the Simcenter
MAGNET software. The second part focuses on the validation of the model by com-
paring the healthy machine simulations with the experimental results obtained from a
real 750W LSPMSM.

16



Chapter 4: Simulation Results & Discussion - This chapter presents the simulation of
fault scenarios and discusses the results. The implementation of different diagnostic

methods is described, with demagnetization faults analyzed first, followed by broken

rotor bar faults.

Chapter 5: Conclusion - The final chapter summarizes the main findings of the thesis,
highlights their significance for the analysis and reliability of LSPMSMs, and outlines

possible directions for future research.
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Chapter 2
Theoretical Background

To meet their needs, humanity utilizes various forms of energy, with electricity being
one of the most widely used. Electrical energy powers essential aspects of daily life, from
lighting and heating to mechanical movement, making it indispensable in residential and
industrial settings. It plays a crucial role in everything from small households to large-scale
factories and construction sites, enabling modern infrastructure, automation, and efficiency.
With its versatility and ability to be easily transmitted and converted into other forms
of energy, electricity remains a fundamental resource for technological advancement and

industrial development.

2.1 Electromechanical Energy Conversion

Most industrial, commercial, and domestic functions, as well as the electrical power they
consume, are the result of electromechanical energy conversion: the process of converting
electrical energy into mechanical energy and vice versa. This is achieved through devices
called electrical machines, in which electromechanical conversion takes place through the
medium of a magnetic field. The flow of the conversion determines whether the machine
is called an electric motor, which generates motion and mechanical power, or an electric

generator, which is responsible for producing electrical energy.

Electrical “ Electrical “ Mechanical
Energy Machine Energy

Figure 2.1: Electromechanical energy conversion diagram.
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2.2 Electrical Machines [15], [16]

Electrical machines consist of a stationary hollow part, the stator, and a moving part,
the rotor. The rotor is placed inside the stator without touching, and the space between
them is called the air gap of the machine. The stator consists of a ferromagnetic core and a
single-phase or multiphase winding wound throughout its interior, forming electromagnets.
The rotor also consists of a ferromagnetic core but it can either have windings or permanent

magnets or nothing.

The type of electrical supply the stator receives or generates categorizes electrical ma-
chines into Direct Current (DC) and Alternating Current (AC) machines. AC machines are
further classified into single-phase and three-phase, depending on the arrangement of the
stator windings. Three-phase AC machines are the most widely used electrical machines

worldwide, both as motors and as generators.

2.2.1 Three-phase AC Machines

The most common type of three-phase AC motor is the Induction Motor (IM), also known
as an asynchronous motor. It is named after the fact that the currents flowing through
the rotor are induced by the stator’s winding currents rather than being directly externally
supplied, as in, i.e., DC machines. Additionally, the rotor rotates at a different speed than the

speed of the magnetic field produced by the stator current; hence the term "asynchronous".

As a generator, the asynchronous machine is not very common. It is used primarily in
wind turbines and in small hydroelectric units [18], [19]. Most often, another major category
of AC machines is preferred for electrical power production: the synchronous machine. This
machine’s rotor locks in (synchronizes) with the stator’s magnetic field and retains that speed

regardless of load variations. This is one of the reasons for their extensive use as generators;

Fan Cover

Frame

Gonduit Box
Stator

Bearing Bearing
Inner Cap

Figure 2.2: Depiction of an electrical machine and its parts. [17]
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the output frequency is directly proportional to the rotor’s speed. They also differ from
induction machines in that the rotor’s magnetic field is not induced by the stator but is

instead created externally by DC excitation or Permanent Magnets (PMs).

The synchronous machine is used as a motor in applications requiring precise speed control
and constant speed operation under varying loads. They are also useful in power systems,
as they can help with reactive power compensation and voltage regulation by operating at
unity or leading power factor. In contrast with the asynchronous machine, a disadvantage
of the synchronous motor is the inability to self-start due to its different operating principle.
So, they require auxiliary starting methods, such as variable speed drives, damper windings

or external motors.

The primary object of this thesis is a special type of three-phase AC Permanent Magnet
Synchronous Motor (PMSM), which uses an asynchronous machine’s rotor to act as a damper
winding. So, the focus of this chapter will be on the operation and characteristics of both

synchronous and asynchronous motor types.

Operating Principle of Three-Phase AC Motors

The working principle of all three-phase AC motors is fundamentally the same and is
determined by the structure and supply of the stator and the rotor. The stator contains
a balanced three-phase winding, spaced 120 ° apart in space, and supplied by a sinusoidal
three-phase voltage system with a 120 ° phase shift between them. The three-phase current
flowing in the stator winding creates a Rotating Magnetic Field (RMF) that turns at a speed
directly proportional to the current’s frequency. The RMF will interact with the rotor’s
magnetic field to produce electromagnetic torque and cause the rotor to turn. The difference
between induction and synchronous motors lies in how each produce the rotor’s magnetic
field.

The RMF speed is known as synchronous speed and is directly proportional to the supply

DOOOBOC

Phase A Phase B Phase C

KX X

Figure 2.3: Three-phase winding of a two-pole stator supplied with three-phase
current and the resulting rotating magnetic field. [20], [21]

20



frequency:

_ 2ms rad/s
Ws = o (rad/s) (2.1)

where p is the number of pole pairs of the magnetic field, and fs is the electrical frequency.
A more common way to measure synchronous speed is in Rounds Per Minute (RPM) and is

symbolized:
no = % rpan (2.2)
p

The resulting magnetic field is a function of time and space, and is described by the

following equation:

B(x,t) = Byax sin (wt + 7r£) (2.3)

Tp
where w = 27 f, the electrical angular frequency, t is the time, x is the distance along the

circumference of the inner circle in the cross-section of the stator, measured from a freely

chosen reference point, and 7, is the pole pitch; the distance between two consecutive poles.

2.3 Induction Motors [15], [16], [22]

The induction motor (IM) can be classified into three main categories depending on the
rotor structure: the Squirrel Cage IM, the Wound Rotor IM, and the Solid Rotor IM (see
Figure 2.4).

The Squirrel Cage Induction Motor is the most common type of induction motor.
The squirrel cage rotor comprises two end rings that short-circuit a series of slightly skewed
conductive bars, embedded on the rotor’s ferromagnetic core, and are typically made of
aluminum or copper. Each conductive bar constitutes one phase winding. Its wide use is due

to its low cost and low maintenance needs.

The Wound Rotor Induction Motor features a rotor with a three-phase winding

similar to the stator, with one side star-connected and the other side linked to a set of slip

Figure 2.4: From left to right: squirrel cage rotor, wound rotor, and solid ferromag-
netic rotor. [23]-[25]
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rings and brushes. This configuration makes it possible to measure induced currents in the

rotor and connect it to an external circuit when necessary.

The Solid Rotor Induction Motor, features a rotor made of a solid cylindrical fer-
romagnetic core without embedded conductive bars or windings. The rotor surface is often
coated with a conductive material, such as aluminum, creating a continuous short-circuit
path for induced currents. This design provides a simple, rugged rotor structure, typically

used in high-speed, low-power applications where starting torque requirements are low.

2.3.1 Principal of operation

The stator’s Rotating Magnetic Field (RMF), as discussed in Subsection 2.2.1, will induce
currents in the rotor’s winding, according to the law of electromagnetic induction. Those
currents together with the RMF, will develop electromagnetic torque, which will set the
rotor in rotary motion in the RMF’s direction, in order to resist the cause of its movement.
The rotor will try to reach synchronous speed but can never fully do so due to its own inertia
and mechanical friction. It will stabilize itself at a slightly lower speed than the synchronous,

depending on the load. It is said then that the rotor exhibits some slip, which is defined as:

Ng — Ny

100% (2.4)

S =

Ns
where m, is the synchronous speed and n, is the asynchronous rotor speed. Under ideal
conditions with no load, the rotor might momentarily achieve synchronous speed. However,
in this scenario, the relative speed between the stator’s rotating magnetic field and the rotor

becomes zero, resulting in no induced voltage and consequently, no torque.

4 A X, L §2 ¢! R,
(SCL) I, | (RCL}
v, (Core loss) < R Xy JE L-s
¢ f M I Rol——
(P oony)

- O

Figure 2.5: The phase equivalent circuit of an induction motor [15].

2.3.2 Equivalent circuit and equations

The phase equivalent circuit of the induction motor is illustrated in Figure 2.5, where

Vg, I, : stator phase voltage and current, Ry, Ry : stator and rotor ohmic losses per phase,
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X1, X5 : stator and rotor leakage reactance per phase, R, : stator core losses, X, : stator
magnetizing reactance , F; : induced rotor phase voltage, I, : rotor phase current, and
Rs (%) : useful mechanical power.

The power flow of an IM can be derived by examining the phase equivalent circuit of
Figure 2.5, and is shown in Figure 2.6. The input power to an induction motor, P;,, is
in the form of three-phase electric voltages and currents. The first losses encountered in
the machine are I2R losses in the stator windings, the stator copper loss Pscr. Then some
amount of power is lost as hysteresis and eddy currents in the stator, P.,... The power
remaining at this point is transferred to the rotor of the machine across the air gap between
the stator and rotor. This power is called the air-gap power (Pag) of the machine. After
the power is transferred to the rotor, some of it is lost as I?R losses, the rotor copper loss
Prer, and the rest is converted from electrical to mechanical form, P.,,, or how it broadly
known electromagnetic power, P,,. Finally, friction and windage losses, Prgw, and stray
losses, Ppise, are subtracted. The remaining power is the output of the motor P,,;, which is

basically the coupled load.

The electromagnetic torque T, of an induction motor is given by:

1 Vin e
Tem = Pemw,,- = — R,Q 5 , 2? (25)

where Vih, Ry, and Xy, the Thevenin equivalent input voltage, resistance and reactance on

the stator’s side.

'FL‘F.II = Tigad@m
Po=3 Vil cos 8
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Figure 2.6: The power flow diagram of an induction motor [15]

2.3.3 Speed-Torque characteristic

The torque-speed and current-speed characteristic of the induction motor is shown in
Figure 2.7. At startup, the rotor speed is zero, so the slip is maximum, resulting in high rotor
currents and thus high starting torque. As the rotor accelerates and approaches synchronous

speed, the slip decreases, reducing the rotor current and torque. The torque-speed curve

23



of the induction motor shows a low starting speed with high starting torque, increasing
torque as speed rises, reaching a peak (breakdown torque), then settling at rated torque near
synchronous speed. The torque-speed curve depends on the rotor’s resistance as per Eq. 2.5

and is shown in Figure 2.8.
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Figure 2.7: Torque-speed and current-speed characteristic of an induction motor [26]
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Figure 2.8: Dependence of induction motor’s torque on rotor resistance [15].
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2.4 Synchronous Motors [15], [16]

The synchronous motor can be classified based on the construction of the rotor into the
Cylindrical Rotor SM and Salient Pole SM.

The Cwylindrical or Non-Salient Rotor SM has a smooth cylindrical rotor with
distributed, DC-excited, field windings embedded in slots, creating a uniform air gap between
the rotor and stator. A machine of this type usually has only one or two pairs of poles,
therefore, it is used for high-speed applications [27]. For this reason, the rotor has a small
diameter compared to its length to withstand centrifugal forces at high speed. A synchronous

generator with this kind of rotor is typically used as a turbo alternator [28].

The rotor of a Salient Pole SM on the other hand has poles projecting out from the
surface of the rotor core, making them visibly prominent or "salient". These poles are usually
large and embedded with DC-excited windings. They have a non-uniform air gap with a
larger diameter and shorter axial length. Salient pole rotors are typically used in low- and
medium-speed synchronous machines and as generators mainly in hydroelectric plants and

industrial generators driven by gas or steam turbines [29].

A special type of synchronous machine is the Permanent Magnet Synchronous Mo-
tor (PMSM). The rotor of a PMSM, instead of field windings, contains embedded or
surface-mounted permanent magnets providing a constant magnetic field. It is known for its
high efficiency, high power density, no rotor excitation losses, and compact design. It is widely
used in electric vehicles, robotics, aerospace, machine tools [30]-[33]. Depending on where the
PMs are placed, it is further divided into Interior Permanent Magnet Synchronous
Motor (IPMSM) and Surface-mounted Permanent Magnet Synchronous Motor
(SPMSM). Out of the two, the one relevant to the subject of this thesis, is the IPMSM.

Another special category of SMs is the Synchronous Reluctance Motor (SynRM)
in which electromagnetic torque is generated due to the difference in magnetic reluctance
along different axes of the rotor, rather than by rotor windings or PMs. The rotor structure

features fluz barriers to create this anisotropy. Flux barriers are low-permeability gaps inside

Armature Winding
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(a) Rotor topology based [34] (b) Permanent Magnet SM types [35]

Figure 2.9: Classification of synchronous machines.
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the rotor with the purpose of blocking or redirecting the magnetic flux within it, increasing

the magnetic reluctance in specific paths. Beside the SynRM, they are also used in IPMSMs.

2.4.1 Principal of operation

The working principal of a synchronous motor is based on the "synchronous operation”
principle, where the rotor magnetic field is locked in synchronism with the stator’s rotating
magnetic field, just as a north magnetic pole locks in with a south magnetic pole. A syn-
chronous motor does not have the ability to start on its own because its rotor needs to be
spinning at nearly synchronous speed for its separate magnetic field to lock with the stator’s
field, a speed it cannot reach from a standstill. However, an induction motor can self-start

because its rotor generates torque through induced currents from the rotating magnetic field.

An example is given of a salient two-pole SM in Figure 2.10. The stator produces an
RMF spinning clockwise at synchronous speed n,. The rotor’s static magnetic field is created
externally with the help of either permanent magnets or DC excitation of the rotor’s field
windings. From the standstill starting position shown in the figure, during the first half of
the electrical cycle, the rotor will create a counterclockwise torque with the aim of N2 and S2
locking with S1 and N1, respectively. However, since the stator’s RMF is already spinning
fast and since the rotor has a starting inertia, the stator’s two poles will rotate another half
a period with the rotor being almost in the same position. Now, the torque produced will
be clockwise, chasing the two poles of the stator again. So, the rotor is unable to follow the
fast rotation of the RMF, resulting in zero torque over one electrical cycle. What happens

to the motor is that it vibrates heavily with each electrical cycle and finally overheats.

1
1A Stator pole

Direction of rotating
magnetic field

Salient pole rotor
(arbitrary position Rotor
at start)

B :-— Axis of stator magnetic field

Figure 2.10: Depiction of a synchronous motor’s inability to self-start [36]
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2.4.2 Starting methods of a SM

With the synchronous motor having no net starting torque there are three main ways to

start a synchronous motor safely:

Method 1 With the help of power electronics, reduce the stator frequency low enough for

the rotor to be able to catch up during a half electrical cycle with power electronics.

Method 2 Use an external prime mover to rotate the rotor up to synchronous speed, go
through the paralleling procedure, and bring the machine on the line as a generator.
Then, turning off or disconnecting the prime mover will make the synchronous machine

a motor.

Method 3 Put amortisseur or damper windings on the motor to accelerate it to near-
synchronous speed before a direct current is applied to the field windings (if such

windings exist). It works based on the principle of induction.

The damper winding mentioned in Method 3 above can also be in the form of a squirrel
cage. An IPMSM with such a damper winding is the motor studied in this thesis and is
generally called Line-Start Permanent Magnet Synchronous Motor (LSPMSM) or
Direct-On-Line Permanent Magnet Synchronous Motor (DOLPMSM), because
of its capability of starting right after connecting it to the power supply line. It will be

referred to extensively in the next section.

2.4.3 Equivalent circuit and equations

Because of the non-uniform air gap of a Salient Pole SM, the magnetic reluctance is small

along the narrow part of the air gap, and bigger along the wide part. The magnetic flux

:’, Direct axis (d-axis)

Direct axis _
flux path

Xo X, FYA—0

Quadrature axis
(g - axis)
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~ Quadrature—axis

¥ flux path
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Figure 2.11: (a) Rotating d-q reference frame [37], and (b) Equivalent circuit of an IPMSM
138].
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will go through the path of the least reluctance. The existence of the permanent magnets
of an IPMSM will also create an anisotropy in the air gap magnetic reluctance even though
it has an even air gap along the rotor perimeter. That is why the analysis of the motor in
both cases is based on a synchronously rotating Direct axis (d-axis) and a Quadrature axis
(q-axis) reference frame, as Figure 2.11a depicts. Thus, the equivalent circuit of an IPMSM
is the same as the equivalent circuit of a Salient Pole SM, and is presented in Figure 2.11b.

The equations describing the equivalent circuit are:

E; v, X, 0 I, Ey V, + Rol, + Xal,
= + (Ro+7- ) = = (2.6)

0 Vi 0 X4 |4 0 Vi+ Roly — X,I,

where Ej: the back electromotive force (back-EMF) produced by the PMs , V; and V:
the d-axis and g-axis terminal voltages, R,: the armature winding resistance, Xy and X:

the d-axis and g-axis reactances, and I; and ,: the d-axis and g-axis currents.

2.5 The Line-Start Permanent Magnet SM

A Line-Start Permanent Magnet Synchronous Motor consists of a single or polyphase
stator as one of the induction motors and a hybrid rotor involving an electricity conducting
squirrel cage and pairs of permanent magnet poles. Usually, it also contains flux barriers to
determine the magnetic flux path within the rotor. Many different combinations of the cage,
pole shapes, pole locations, and magnetic flux barriers have been presented for the rotor so
far [39], [40]-[43]. Figure 2.12(a) shows a three-phase 4-pole LSPMSM and its many possible

rotor topologies.

2.5.1 Equivalent circuit and equations

The modeling of LSPMSM is based on the stationary d-q reference frame, as described,
and is given by the following expressions [7], [46], [47]:

d\
Vg = Tsisg + wrdsa + 54 (2.7)
dt
dAsd
Ved = Tslsa — w’/‘)\sq + i (28)
dt
dN
Vig = Trglyg + d;q =0 (2.9)
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dN'rd
- 2.1
o =0 (2.10)

where Vi, Vg, V},, and V], are stator and rotor voltages, Ay, Asd; Ay, and A7, stand for

linkage fluxes of stator and rotor and i,,, 744, 7., and 7., represent stator and rotor currents
q » “rgy rd

A
rd = Trdlrd +

respectively. w;, s, 17,4, and 7, denote rotor speed, stator resistance and rotor resistances
referred to stator respectively. Moreover, linkage fluxes of stator and rotor are determined
as follows:

)‘sq = Lsglsg + Lmqi;q

Do
—_
\)

)\sd - Lsdisd + Lmqi;d + A;n

h :
—_
w

Ny =Ll + Ligisg

rq Tq

/ ! . !
vd = Lypglyq + Lindisa + Ay,
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Figure 2.12: (a) Different rotor topologies of a 4-pole LSPMSM [44], and (b) the LSPMSM
relevant for this thesis [45].

Figure 2.13: A d-q reference frame equivalent circuit of the LSPMSM [7].
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where Lgq, Ly, L;q, and L/, are stator and rotor self-inductances, respectively, and L,,, and
L4 are mutual inductances. The permanent magnet flux is represented by A/ . A schematic

view of the d-axis and g-axis equivalent circuits is illustrated in Figure 2.13.

2.5.2 Torque expression and Torque-Speed characteristic

The electromagnetic torque during asynchronous and synchronous operation is given by
[7]:

3 3 3
T = Ep(Lmdi;disq — Lingingisa) + ?p)\'misq + Ep(Lsd — Lsg)isdisq (2.15)
N——
Te Tpm Tr

in which the first term is the cage torque, T, the second term is the permanent magnet

torque, Ty, and the third term is the reluctance torque, Tg.

During asynchronous operation, the sum of the permanent magnet torque Tp,; and the
reluctance torque Ty is generally called braking torque Ty,qking, because it opposes the average
torque produced by the squirrel cage. Tpu,,,,,,, 15 maximum at high slip and fades to zero
as s — 0. It is largely dependent on the saliency ratio (Lsq/Lsd) of the motor and also on
the back-emf of the motor, Ey. That is why a high-saliency PM motor with large back-emf

results in a greater brake torque during starting [8], [46].

After synchronization, the squirrel cage torque T becomes zero, just as in the induction
motor, thus leaving only Tpy; and Tg in expression 2.15, the sum of which is now called

synchronous torque, Tsynchronous-
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Figure 2.14: (a) Average asynchronous torque, and (b) Instantaneous torque versus speed of
a LSPMSM [46)].
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The following well-known expression governs The motor dynamic:

dw,
Tom — Tioad — Bywy = J; (2.16)
Tfriction Thee

where Tioad, Tfrictions By, Tuce and J are the load torque, the friction torque, the viscous
friction coefficient, the acceleration torque, and the moment of inertia, respectively. The
Torque-Speed characteristic of the LSPMSM is illustrated in Figure 2.14.

Starting and synchronization process [7], [9], [10], [46]—[48]

The motor starts as an induction motor by the combination of two torque components:
cage torque, T and braking torque, Tpa,, ., Lhe maximum of Tryy,, ..., at low speed
will create a dip in the average resultant torque curve (7.,,), as shown in Figure 2.14(a).
Then, as the speed increases, T.,, will reach the maximum point (pullout torque) due to the
average cage torque Ty before it starts to decrease. It intersects with the load curve at a
speed slightly below the synchronous speed, as indicated by point C. The synchronization
point is indicated by point D. The jump from point C to point D is a dynamic process, called
pull-in process, and it is better illustrated in the instantaneous torque curve as shown in

Figure 2.14(b).

The starting and synchronization of the LSPMSM is influenced by five main factors: the
PM braking torque, the cage resistance, the input voltage, the shaft inertia and the occurence
of torque dips due to MMF harmonics. If the braking torque is sufficiently high, it causes
the average resultant torque to intersect with the load curve at low speeds, leading to failure

in starting or synchronization, as shown in Figure. A reduced input voltage slows the motor
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Figure 2.15: (a) Effect of cage resistance, and (b) Effect of input voltage on starting and
synchronization of an LSPMSM [49].
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transient and may also lead to synchronization failure, while cage resistance needs to be
optimally chosen for proper starting [50]. Increasing load inertia also deteriorates motor
starting performance, causing high torque pulsations during start-up, sometimes preventing

synchronous operation.
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Figure 2.16: (a) Effect of braking torque on starting and synchronization of an LSPMSM
[51], and (b) Effect of MMF harmonics on torque-speed characteristic of induction motors
[52].

Due to the existence of the squirrel cage, MMF harmonics create parasitic torques at all
speeds, typically causing dips in the torque-speed characteristic [53], [54]. MMF harmonics
(also called space harmonics) are the spatial harmonic components of the magnetomotive
force distribution in an electrical machine air gap. These arise because the MMF produced
by the windings is not a perfect sinusoidal distribution around the air gap but instead contains
multiple spatial frequency components due to the discrete slotting and winding layout. Those
dips combined with the breaking torque might reduce torque significantly at low speeds,

causing starting failures under load.

2.6 Faults in LSPMSMs

Unexpected faults often occur in electric motors due to mechanical, electrical, and thermal
stresses. These faults can affect the operation of the machine, reduce its efficiency, and lead
to severe damage that may even result in catastrophic failure. Both economic considerations
and safety concerns highlight the need for the development and improvement of effective fault

detection techniques.

In permanent magnet synchronous motors, faults can generally be classified into three
main categories: electrical, mechanical, and magnetic, as eplained in Figure 2.17). Mechanical

faults are particularly common in electric machines, accounting for approximately 60% of all
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Figure 2.17: Fault classification of LSPMSMs [56].

motor faults, with about 80% of these cases caused by rotor-stator eccentricity. Bearing
failures are also significant, contributing between 13% and 41% of failures, depending on
the machine type and size. Stator winding faults are another frequent cause of failure in
AC motors, representing between 36% and 66% of all faults. Since the conventional PMSM
does not have a squirrel cage there is still no known percentage for broken squirrel cage
components. Nonetheless, it is known that broken rotor bar and broken end-ring failures

account for around 8-9% in induction motor faults [55].

2.6.1 Magnetic Failures

Magnetic faults appear only in permanent magnet machines and consist of irreversible
demagnetization faults and mechanical type faults, where the permanent magnets have suf-
fered material damage. The main factors that cause these faults include armature reaction,
conflicting magnetic fields, contact of magnets with foreign objects causing damage, corro-

sion, aging of the permanent magnets, and high temperatures.

The temperature of the permanent magnets rises when the motor operates under high
load torque in harsh environmental conditions, as well as when there are internal short-circuit
faults in the stator windings, since the short-circuit current there is large and causes a local

temperature increase.

Demagnetization can be defined as the loss of the magnetic flux density of the permanent
magnets, resulting in the degradation of permanent magnet machine performance. Demag-
netization is classified into two types: uniform demagnetization, which happens evenly across

the pole, and partial demagnetization, where only specific regions of the material are affected.

In the case of irreversible demagnetization, the strength of the permanent magnets weak-
ens, causing a higher current to be required in the stator to produce a stable output torque.
As a result, copper losses and temperature increase, which contribute to further demagneti-

zation, an increase in stator current, and a decrease in motor efficiency.
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Figure 2.18: Failure percentages by various components in low-voltage electric machines (left)
and high-voltage electric machines (right) [57].

In conclusion, demagnetization can lead to unbalanced rotor flux, overload conditions,

unwanted noise, and destructive vibrations that may cause bearing wear and rotor damage.

2.6.2 Electrical Failures

Since they have a squirrel cage rotor, a fault that can occur in line start permanent magnet
synchronous motors is the broken rotor bar (BB) fault. These faults usually originate from
manufacturing defects and, combined with the skin effect—which causes current density in
a conductor to be higher on its surface than in its interior—make the bars more vulnerable

to cracks and holes.

During motor startup, especially under heavy mechanical load, a high current flows
through the rotor bars, significantly increasing their temperature. This temperature rise
poses a risk that bars with defects may crack or break. Once a bar breaks, its current is
redistributed to neighboring bars, meaning these bars carry more current, which increases
the likelihood of failure even if those bars do not have any manufacturing defects. In Figure

2.19 a squirrel cage rotor is shown with 3 broken bars.

Figure 2.19: Squirrel cage rotor with 3 broken bars [58].
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The stator windings, consisting of wire coils wrapped around the poles, are normally
insulated to prevent electrical faults. These faults include short circuits between adjacent
coils of the same phase, between coils of different phases, between phase and ground, as
well as open circuits (see Figure 2.20). Experimental observations show that short circuits

between neighboring coils, if left unaddressed, often lead to other types of electrical faults.

Such electrical faults typically arise from insulation degradation caused either by me-
chanical wear and tear or overheating due to motor overload. Internal short circuits happen
when insulation failure between two adjacent coils creates a closed circuit, inducing voltage
by Faraday’s law and causing current to flow. This current in the shorted path is much
higher than the normal phase current, generating intense heat. If not detected and remedied
promptly, this heat can damage insulation in neighboring coils, resulting in phase-to-phase

or phase-to-ground short circuits, or even open circuit faults.

Furthermore, the high currents in the shorted paths produce strong magnetic fields, which
combined with elevated temperatures, increase the risk of irreversible demagnetization of the
permanent magnets. Internal short circuits are particularly dangerous as they spread rapidly
and are notoriously difficult to diagnose, especially since they do not cause significant changes

in phase currents and thus evade many industrial safety detection systems.
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Figure 2.20: Categories of short circuits in the stator winding [59].
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2.6.3 Mechanical Failures

Mechanical faults in electric machines mainly arise from issues in the moving parts, pri-
marily involving bearing damage, rotor eccentricity, and shaft bending due to uneven weight
distribution of the rotor. Bearings support the rotor, preventing it from dropping due to
gravity, while enabling smooth rotation. A typical bearing consists of an outer ring, an
inner ring, rolling elements that bear heavy dynamic loads and rotate at high speeds, and
optionally a cage around these rolling elements (see Figure 2.21). Most electric machines use

bearings with cylindrical rolling elements.

Even under normal operating conditions with balanced loads and proper alignment, bear-
ings can develop faults over time from wear and aging. Lubrication is crucial for bearing per-
formance; inadequate lubrication increases the risk of metal-to-metal contact, while excessive
lubrication leads to heat buildup and friction as rolling elements try to push through excess
grease. Environmental contaminants such as dust, dirt, moisture, and corrosive chemicals
also degrade bearing performance. Misalignment during assembly or shaft bending from over-
heating or overload causes vibrations that accelerate bearing wear. Overloading may crack
or destroy rolling elements, causing high levels of dynamic eccentricity. Sometimes bearing

faults manifest as rotor asymmetry faults, often grouped under eccentricity-related faults.

Electric arc erosion is another significant cause of bearing damage. This occurs when
current passes through the bearing, stopping at contact points between rings and rolling

elements, generating localized heating that may cause dents on rings or rolling elements.

When the machine is healthy, the rotor rotation axis coincides with the geometric center
of the stator, resulting in uniform air-gap thickness around the machine. Uneven air-gap
distribution, called eccentricity fault, is categorized into static, dynamic, and mixed eccen-
tricity (see Figure 2.22). Static eccentricity occurs when the rotor axis coincides with the
rotor geometric center but is displaced relative to the stator center, keeping the minimum air
gap stationary during rotation. Dynamic eccentricity happens when the rotor’s rotation axis
deviates from its geometric center but aligns with the stator center, causing the minimum air
gap position to vary during rotation. Often, both types coexist, leading to mixed eccentricity.
Such eccentricity faults induce vibrations, noise, and torque ripple, and at severe levels can

cause rotor-stator rubbing, resulting in electrical or magnetic motor damage.
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Figure 2.21: Bearing type faults [60].
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Figure 2.22: Illustration of (a) rotor placement in healthy motor, (b) rotor with static eccen-
tricity, and (c) rotor with dynamic eccentricity [61].
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2.7 Fault Diagnosis Methods

Most of the diagnostic methods currently used are based on processed electrical signals and
mechanical signals such as vibration velocity and acceleration. Changes caused by electrical
damage to the motor are well reflected in the current and voltage signals of the motor, with
the stray flux signal being one of the most sensitive to these damages. Mechanical damage
is very well revealed in the velocity and acceleration of vibration. Demagnetization causes
an asymmetric Magnetomotive Force (MMF) in the air-gap and unbalanced radial forces,
resulting in high vibration and noise. In the case of heavy noise caused by motor damage,

an acoustic analysis based on noise can be used as an additional approach.

It should be noted that, unlike the measurement of currents and voltages, which are non-
invasive and easy to implement in any drive, the measurement of leakage fluxes and vibration

requires the installation of the appropriate sensors.

Fault diagnosis methods that process digital signals are able to extract characteristic
symptoms, a profile, for each specific type of fault. They are categorized into three groups:
methods based on the frequency domain, methods based on the time domain, and methods

that combine both time and frequency domains (see Figure 2.23).

Time Domain Methods

System monitoring is a continuous and dynamic process; thus, useful features for fault
diagnosis naturally appear in the time domain. Time-domain methods primarily rely on

statistical analysis and utilize system parameters like maximum values, RMS values, mean

Signal analysis methods
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Figure 2.23: Signal analysis methods for AC motors and drives [62].
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value, root mean square, kurtosis, and others.

Frequency Domain Methods

The most common signal analysis method in the frequency domain is the Fast Fourier
Transform (FFT), which represents a signal as a sum of sinusoidal functions. Its key ad-
vantage lies in clearly depicting the signal’s frequency distribution, enabling the detection
of changes in amplitude and frequency of harmonic components that serve as indicators of

various faults.

Time-Frequency Domain Methods

Despite the many advantages of frequency-domain analysis methods, they also have sig-
nificant drawbacks. The most important is that they require signals to be stationary, which
might not always represent the nature of the fault. Time-frequency analysis can identify
the signal’s frequency components and highlight their time-varying characteristics, making
it a valuable tool for monitoring and diagnosing faults in systems with varying operating

conditions.

The most popular technique is the Short-time Fourier Transform (STFT), which applies
the FF'T in short, windowed segments of the signal, using windows such as rectangular, Ham-
ming, Hanning, and others. Another widely used method is the Wavelet Transform (WT),
which employs variable-sized windows to decompose continuous-time functions into wavelets,
enabling the detection of local features in signals that other analysis techniques might miss.
Some other include, Bilinear Transforms (BTs), Hilbert Huang Transform (HHT), and Mul-
tiple Signal Classification (MUSIC).

In the following, the demagnetization and rotor-broken bar fault diagnosis techniques will
be discussed. The methods employed are the Motor Current Signature Analysis (MCSA)

and stray flux monitoring.

2.7.1 Motor Current Signature Analysis

The stator phase current is one of the most frequently used signals for fault diagnosis
because analyzing its frequency signatures offers a low-cost, highly reliable, and minimally
invasive method that can be applied without disconnecting the motor. Specifically, this
method involves recording the current signals of each phase and analyzing them in the steady-

state using the Fast Fourier Transform.
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Demagnetization of Permanent Magnets [62]—[64]

In the case of uniform or partial PM demagnetization fault, the appearance of disturbances

in the PMSM magnetic field causes a distortion of the sinusoidal magnetomotive force. As a

result, additional harmonics appear in the stator current spectrum around the fundamental
supply frequency:

Famg = (1ik;)fs k=1,23.. (2.17)

where fg,, the demagnetization fault harmonic index, and p the number of motor poles. An
increase in the degree of demagnetization of the rotor causes an increase in the amplitude of

the stator current harmonics defined by Eq. 2.17.

Broken rotor bars [65]—[67]

In induction motors, electromagnetic analysis gives the following expression for the fre-

quency of the fault:
fbb:(liQkS)fs:fsj:2kas 7k:17273"' (218)

where fy;, the broken bar (BB) faulty harmonic frequency. The lower sideband is specifically
due to a broken bar, the upper sideband is due to consequent speed oscillation. Experience
shows that when the amplitude of the (1 — 2s) f; harmonic is greater than —42dB it is accu-
rately indicative of a broken rotor bar in the motor. A broader and more general expression

for broken bar harmonics is given by:
k
fbb:[g(l—s)is]fs:sfsikfr Jk=1,2,3... (2.19)

For the line-start PMSM however, the above BB signatures are not very indicative since the
synchronous operation of the motor means that no current flows through the cage rotor when
in steady state operation. Thus, nothing significant is expected from analysing the stator
current spectrum of the LSPMSM, derived from the FFT.

2.7.2 Stray Flux Monitoring

Stray flux monitoring offers several advantages, being both inexpensive and noninvasive.
It uses sensors such as coils with many turns or Hall effect sensors, which are placed on the
motor in positions calculated to measure either the radial flux, the axial flux, or a combination
of both directions. This enables early fault detection without the need to disconnect the motor
or open it up. Moreover, when the motor performance is affected by faults, the asymmetry

affected variables in IMs are first the main air-gap flux, then stator back-emfs and finally the
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stator current. Besides, the stator current frequency spectrum can be different depending on
winding configuration, winding connection type, and motor topology. Thus, the stray flux
signal contains more information about the frequency state of the motor compared to the

current signal.

Radial flux

~— sensor \

=

Axial flux

Figure 2.24: Sensor position for stray flux measurements [68].

Demagnetization of PMs [62], [69]

The same expression, Eq. 2.17 applies for monitoring the leakage flux. Because PMs
directly affect the overall magnetic field of the motor, this type of fault is more obvious by

observing the stray flux rather than the stator current.

Broken rotor bars [70]-[72]

The stray flux spectrum has been determined to contain the following frequency signatures
indicating the existence of broken bar faults: the mechanical frequency related harmonics
fs = fr, their sidebands f; £ f. £ 2sf,, and the rotor current frequencies sf; and 3sf;.

2.7.3 STFT for Broken Bar Faults [69], [70]

During the start-up of the LSPMSM motor, the squirrel cage will have current induced
in it. The STFT can be applied for the transient part of the stator current and leakage
flux signals to determine whether diagnosis of broken bar faults is possible for this kind of
machine. This is done by analysing their frequency variations that are expressed as distinct

trajectories.

Applying the STFT on the stray flux has been used as a reliable diagnostic method
during the start-up of the induction motor. Figure 7?7 shows the time-frequency evolution of
all frequency components related to broken bar faults. The V-pattern of the (1 — 2s) f; is the

most characteristic and distinct trajectory proving the existence of a broken bar fault.
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2.8 Finite Element Analysis

Finite Element Analysis (FEA) is the computer-based application of the Finite
Element Method (FEM) used to simulate and analyze the behavior of structures, systems,
or components under various physical conditions. FEM is a numerical technique that divides
a complex object into many smaller, simpler parts called finite elements. These elements are
connected at points called nodes, forming a mesh that approximates the original geometry (see
Figure 2.25. Partial differential equations are then applied to each element to model physical
phenomena such as structural stress, thermal heat distribution, fluid flow, or electromagnetic
fields. By solving these equations collectively, FEA predicts how the whole object behaves

under load, heat, vibration, or other conditions.

2.8.1 Formulation of FEA problem

Electromagnetic equations

For any FE problem, the foremost step is to formulate the equations that describe the
overall physics of the system under study. In electrical machines, the main interest is in
the electromagnetic fields that govern their operation. Therefore, the starting point are
Maxwell’s equations (2.20) - (2.23), representing the four coupled partial differential equations
combining the laws of electricity and magnetism. In the equations (2.20) - (2.23), D is
displacement electric field, B is magnetic flux density vector field, E is electric field intensity

vector field, H is magnetic field intensity vector field and J is current density vector field.

V-D=p (2.20)
V-B=0 (2.21)

0B
E=—— 2.22
V x 5 (2.22)
VxH:JJr%]?zJ (2.23)

The magnetic vector potential A is defined as
B=VxA (2.24)

Using B = puH, where p is the magnetic permeability of the material, substituting (2.24)
into (2.23) one gets
VA = —pJ (2.25)
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Using (2.25), the behavior of the electromagnetic field can be studied for regions where the
current density is defined. Substituting (2.24) in (2.22) and further simplifying one gets

0A

=%

= VViot (2.26)
where Vo is the electric scalar potential. Using the relationship J = o¢E, where o is the elec-
trical conductivity, on (2.26) and adding it to (2.25), one ends up with the final formulation,
which will be used in the numerical analysis of electric machinery. In the expression (2.27),
V'V, represents the voltage applied to the system.

VZA 0A

1 - O’E =-J + Ov%ot (227)

FEA setup procedure

Having obtained the expression (2.27) that describes the physics of the system, the FEM
method is used as a mathematical tool to solve them for each finite element (see Figure 2.26.

The entire FEA procedure is described in a concise manner below.

Step 1 Generation of machine geometry, typically a sketch of its cross section. A more

precise geometry will yield more accurate results.

Step 2 Definition of the different parts of the machine that are made with different kinds
of materials and are called components. This step also includes defining the required

material properties, if need be.
Step 3 Establishing the circuit configuration of the motor’s parts.

Step 4 Determination of the model’s mesh size. Choosing the mesh size is a trade-off be-

tween solution accuracy and computation time and must be taken into consideration.

Step 5 Choosing the simulation settings, running the simulation, and in the end obtaining

the results and studying them.
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Figure 2.26: magnetic flux density, B, and flux lines, ®, of an IM as computed by FEA
software [74].
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Chapter 3

Model Construction & Validation

3.1 FEA Model

The LSPMSM model was developed using four detailed design sheets provided by the
manufacturer. These documents include geometric specifications for the stator, rotor, mag-
net, and winding sequence. Due to confidentiality agreements, the specific details of these

sheets will not be disclosed in this thesis.

The software used is Simcenter MAGNET from Siemens AG. It is a low-frequency elec-
tromagnetic field simulation solution, using FEA, that is used to predict the performance of
motors, generators, transformers, or any component with permanent magnets or coils [75].

The fundamentals of FEA are discussed in Section 2.8.

This section explains how this software was utilized to build an accurate model of the
motor. The process is organized into three levels. First, the outline of the motor is drawn
using lines, circles, and arcs. The second level then uses the surfaces defined by the above
lines to create components of a specific material, i.e. core, air gaps, coils, cage bars, etc.
Finally, level three sets the motion component and the simulation parameters necessary for

the simulation to begin solving.

To start, a quick explanation of the workspace is given to make the above steps clearer.

3.1.1 Simcenter MAGNET Workspace

In Figure 3.1 the main window is presented, which contains the Simcenter MAGNET
working environment. At the top of the window, there is a Menu bar, and just below it
there is a Toolbar. On the center-right, the View window is located, where the model is
drawn. On the center-left, information about the model is displayed and edited in the pages
of the Project bar. Between the View window and Project bar another Toolbar is present.

All the tools in the toolbars can also be accessed in the Menu bar. Lastly, a Status bar is
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Figure 3.1: Simcenter MAGNET workspace.

displayed at the bottom of the Main window.

The construction of the model started by creating a new file and saving it as LSIPMSM.
Then, the Length unit of the model was set from meters (default) to millimeters (Object
-> right click on LSIPMSM -> Properties -> Units -> Length -> millimeters).

This was done for convenience, since the dimensions of the motor are given in mm.

3.1.2 Drawing the Outline of the Motor

Outer and Inner Diameters of the Stator and Rotor.

To start, four circles were drawn (Draw-> Add Circle), as depicted in Figure 3.2. The
two outer circles define the entire core of the stator. The third circle roughly establishes
the core of the rotor. The fourth circle is added as a guide to design later the squirrel cage
rotor bars, but in this case, it can be omitted. The center point and radius of these circles
were specified using the Keyboard Input Bar, a tool necessary for high precision coordinates
(Tools -> Keyboard Input Bar).

Stator and Simple Rotor Bar Slots

The design of the stator slot was made simple by the point, line, and angle analysis given
in Figure 3.3, for which all coordinates for all points were calculated using the datasheet. It
is also noted that Simcenter MAGNET has a tool that can mirror and rotate edges, so only

half of the slot was analyzed and drawn.
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Figure 3.2: Stator’s and Rotor’s rough definitions.

Linel2 is a quarter of a circle starting from point pl, ending in point p2, with the center
located at the orthogonal junction of those points, so it was drawn using an arc (Draw-
>Add Arc). The start, end, and center points of the arc were specified using the Keyboard
Input Bar. Then Line23 and Line34 were drawn using a simple line (Draw->Add Line).
The start and end points of the lines were entered in the Keyboard Input Bar. The result

can be seen in Figure 3.4.

For Line45 a simple line was also used, but since the point p5 cannot be easily computed
due to the curvature of the inner stator circle, the endpoint was placed just below the inner
stator circle, using the mouse. Then, after using the tool Segment Edges on Lined5 and
deleting the protruding line at the end (see Figure 3.5), the half stator slot was successfully

connected to the inner stator circle.

y X 1

a2
(a) Half stator slot points (b) Half stator slot lines (c) Half stator slot angles

Figure 3.3: Point, line, and angle analysis of a half stator slot.
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(a) Draw Line 12 (b) Draw Line 23 (c) Draw Line 34

Figure 3.4: First three lines of stator slot drawn in MAGNET.

(a) Draw Line 45 (b) Segment selected edges (c) Delete protruding line
Figure 3.5: Fourth line of stator slot drawn in MAGNET.

RIRIRIN

) Draw Arcs ) Delete arc edges ) Delete line edges ) Rounded angles

Figure 3.6: Smoothing process of stator slot’s angles.
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(a) Complete half slot  (b) Mirrored half slot (c) Slot base (d) Complete stator slot

Figure 3.7: Completion of one stator slot design.

The two angles seen in Figure 3.5¢ are sharp compared to the rounded angles of Figure
3.3c. The error of that difference is very small and would not significantly affect the results
of the simulation. However, to make the model as true to the original design as possible, arcs
were used to round them as shown in Figure 3.6a. Then Segment Fdges was used to sever
the lines at the points of crossing each other, and the unwanted lines (see Figure 3.6b,3.6¢)

were selected and deleted.

The complete half-slot is shown in Figure 3.7a. To obtain the entire stator slot, the half
slot was mirrored to the y-axis, with the tool Mirror Edges. The base of the slot was deleted

using Segment Edges again. The result of a single slot of the stator is presented in Figure
3.7d.

The software also has the tool Rotate Edges to rotate or/and copy a selected edge. This
tool was used to draw all remaining slots in the stator, rotating the slot of Figure 3.7 at an
angle of 360°/#statorslots each time.

The rotor bar slots were drawn following the same process as above. The stator and rotor

with all their winding slots are shown in Figure 3.8.

Eccentric Rotor Bar Slots, Permanent Magnet Slots and Shaft

The rotor has more slots in addition to its cage bar slots. The machine is a 4-pole
permanent magnet synchronous motor, so it will also have slots for the magnets. There is
also a void for the shaft that will support the entire rotor. Lastly, eight of the 44 rotor
bars, two per pole, have an eccentric design compared to the simple rotor bar, acting as flux

barriers (see Section 2.4 on flux barriers).

All the gaps mentioned above were drawn using the same techniques as the stator slot
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Figure 3.8: The complete stator and rotor winding slot design.
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method. First, rough edge slots were created using already calculated points, pivot lines, and
the tool Segment FEdges. Then arcs were used to curve the angles. Where possible, only half
of the drawing is made to simplify the calculations and the number of design steps by using
Mirror Edges and Rotate Edges. The final result can be seen in Figures 3.9, 3.10, 3.11.

B\)\)u‘_’ Bv\)u”“-’k//\/\/\

/ & ™

(a) Half magnet slot (b) Complete magnet slot

Figure 3.9: Drawing of one permanent magnet slot.

(a) Shaft pivot lines (b) Complete shaft

Figure 3.10: Drawing of the motor’s shaft.

(a) Eccentric rotor bar pivot lines (b) Complete eccentric rotor bar

Figure 3.11: Drawing of one eccentric-shaped rotor bar slot.
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Stator Windings, Magnets, and Flux Sensors

Simple parallelograms were drawn to represent the motor coils and magnets, as shown
in Figure 3.12a. Place 1 shows two rectangles that act as the two terminals of one sensor.
Three identical sensors were also placed at plus 60°, 120°, and 240° degrees clockwise relative
to the first. Place 2 shows the windings of the stator, while place 3 shows the permanent

magnet.

Air Gap Modeling and Air Box

The air gap between the stator and the rotor must be divided into multiple layers to
accurately calculate the air gap parameters, which are important in electrical machine design
and condition monitoring. Usually, three layers are used, but in this particular case, four
layers were chosen to achieve higher precision in the FEM solution. The layers were created
by drawing 3 circles between the inner stator circle and the outer rotor circle, equally dividing

the free space. The result is shown in Figure 3.12b.

The last step of the design process was to add a circle surrounding the whole motor, which

will serve the purpose of an air box. The whole motor design is shown in Figure 3.13.

3.1.3 Definition of Motor’s Materials, Coils, and Components

To complete the model, it is necessary to establish its composition. The edges drawn
in Section 3.1.2 create areas that will be defined as the components of the model, and each
will be of the respective material. Simcenter MAGNET already has a list of commonly used

materials, but there is also the option of creating a new material if necessary.

(a) (b)

Figure 3.12: Drawing of (a) stator windings, magnets and flux sensors and (b) air gap
modeling.
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Figure 3.13: Final LSPMSM motor design in SimCenter MAGNET.
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Stator and Rotor Components

The stator and rotor are made from the same ferromagnetic material that is not in the
materials library of the software. To add it to the already existing list of materials, the tool
New User Material was selected. In the pop-up window, data about the magnetic permeabil-

ity (B-H characteristic) and iron loss was requested, which was given by the manufacturer.

The surface that defines the desirable component can be selected by Select Construction
Slice Surfaces. The stator area was first marked before choosing the Make Component in a
Line. Then the name, material and the length of the core were chosen as shown in Figure

3.14a. The same was done for the rotor core.

Shaft, Magnet Slot, Air Gap and Surrounding Air Components

The shaft slot, magnet slot, and air box components were created using the AIR material
from Simcenter MAGNET’s material library.

The air gap consists of four components, one for each layer. For the two inner layers,
the AIR material was chosen, while the two outer layers were made with the Virtual Air
material. Virtual Air is a material in the Simcenter MAGNET material library that has the
same properties as the material AIR. The Virtual Air material can be used, for example, to
compute forces on coils or to view shaded or arrow plots on surfaces that would not otherwise

be available.

Make Component In A Line X

Name: | Stator |

Material: |I Ispmsm core material w |

Material Direction:

Material direction does not apply when the material is not directional
or when the material has magnetizing ratio property defined.

I Distance:|1 I millimeters

Union selected construction slice surfaces
|:| Ignore holes (useful for air regions)

Remove unnecessary vertices on the boundaries

New Material... | Detect & Heal... Cancel

(a) Make Component In a Line window (b) Stator and rotor components

Figure 3.14: Process of making a component in Simcenter MAGNET.
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Flux Sensor & Stator Winding, Rotor Bar and Magnet Components

The Sensor and Stator Winding Components were made with "Copper: 5.77e7 Siemens/meter"
while the Rotor Bar Component was made with "Aluminum: 3.8e7 Siemens/meter". The
magnet’s neodymium grade was already in MAGNET’s list of materials. All of the above
components created can be seen in Figure 3.16, where copper is marked in orange, aluminum

is light gray, and neodymium is light blue.

After creating the above, the edges (green outline) of the model are no longer needed, so

they were all selected and deleted, leaving only the components.

Stator, Rotor and Flux Sensor Coils

The next step was to define the coils of the motor using the Make Simple Coil tool.
The sequence in which the coil terminals are selected determines the current flow through
the terminal. The first to be chosen will have current flow ®, while the other ®, which is

displayed on the terminal components.

The Properties window of the coil of one of the magnetic flux sensors is shown in Figure
3.15. The type of this coil is Stranded, and the number of turns was chosen to be 1000. The

same properties hold for the other 3 sensors.

Each stator phase winding was also modeled by 6 simple stranded coils connected in
series, following the winding connection data sheet given by the manufacturer. Finally, since

the rotor has a squirrel cage, it will have as many coils as its bars, so 44 solid-type coils.

Sensor 1 Properties

Coil Attributes Waveform Current Flow Volumes Parameters

Name:| Sensor 1 |

Placement [] Placed in circuit
Type [ Stranded ] ﬂ
[ No. of Turns 1000 ] turn(s)
. o in mm?. Uncheck the checkbox to use
Strand Area [] Use specified value: the automatically calculated value.
[ Source ] CurrentDriven ﬂ
Additional Resistance ohms
Additional Inductance henries
Terminal 1 T Sensor 1.1,Face#1
Terminal 2 T2 Sensor 1.2, Face#1
Coil Side 1 Sensor 1.1,Face#1 —= Sensor 1.1,Face#2 Reverse Direction
Coil Side 2 Sensor 1.2, Face#2 —> Sensor 1.2 Face#1 Reverse Direction
oK Cancel Apply

Figure 3.15: Flux sensor’s coil properties window.
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Figure 3.16: Final motor’s design with components.
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Motion Component

As the name suggests, the motion component consists of all the moving components of
this machine: the shaft, the rotor’s ferromagnetic core, the PMs & PM slots, the rotor bars,
and lastly the two air-gap layers above the rotor. It was made by selecting all the above
components and then using the Make Motion Component tool. In the General tab of the
parameter window, the motion source type was selected to be Load driven, and the motion
type Rotary. Lastly, in the Load tab, the load of the motor was selected to be constant and
nominal at —4.78 Nm (see Figure 3.17).

Rotor Motion Compenent Properties Rotor Motion Component Properties

General |oad Mass Limits Position References Parameters General Load Mass Limits Position References Parameters

[T T r.otor Motion Component]

N.m
- 478
Source type: | Load driven ~ 1]
08|
Motion type: § Rotary v 0e
04|
Center: (0,0, 0) millimeters oal-
. o . .
Aois: (0,0, 1) o o 5, Oy 05 7
The selections above will determine the available options and how the values » \Constantﬂ Time X Positic
are interpreted in the other property pages.
Note: loads are additive
Close Cance Apply Close Cance Apply
(a) General tab (b) Load tab

Figure 3.17: Motion Component window.

3.1.4 Circuit Connection and Simulation Settings

The six coils of each phase were first connected in series together with a resistance of 9.9
kOhm. That was the stator’s one-phase resistance measured after the motor in the laboratory
had been running for several hours. Then all phases were connected in star configuration
with a 3-phase voltage source of 400V, 50H z, as illustrated by Figure 3.18. The rotor’s 44
coils were all connected in parallel like in Figure 3.19(a). For convinience, only the first set
of 4 coils is shown. Lastly, for each sensor coil, a resistance of 1TOhm was chosen to model

an open circuit (see Figure 3.19(b)).

The number of finite elements for which MAGNET is going to solve the electromagnetic
equations 2.8.1 is determined by the mesh of the model, which can be illustrated by right-
clicking on any model location and choosing Initial 2D Mesh. The default mesh of the model
is too coarse (see Figure 3.20(a)), resulting in a less accurate solution, especially regarding the
air-gap quantities. So in the Mesh option of the model’s properties, the Mazimum element

size was chosen to be 5mm. The improved resolution of the mesh is clearly shown in Figure
3.20(Db).

The last step before starting the solving process was to set the parameters of the simulation
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through the Transient Options window in the Solve tab of the menu bar (see Figure 3.21.
In the field Time stem method, it was defined that the simulation will start from Oms and
will virtually run for 7000ms = 7s with a time step of 0.1ms. In the window on the right
that is titled Field solution storage options, one can choose at what time to store the field
solution of the simulation, which is going to be the cross section of the machine with all the
relevant quantities illustrated on it, like the magnetic flux lines and magnetic flux density
etc. A snapshot at 50ms (transient phase), 6900ms (steady state-first half cycle) and 6910ms
(steady state-second half cycle) will be taken for this thesis.

V1o Stator. Coil 1.1. . .Stator Coil 1.2. . .Stator.Coil 1.3. . .Stator.Coil 1.4. Stator.Coil 1.5. . .StatorCoil1.6. . . . . A1
A@ T3 .=, 10 M 5=, P T 82, T B, B, T T, =, 16 YT
99
SIN - - -
. V2 . . .. . StatorCoil21. . Stafor.Cail2.2. . StatorCoil2.3. . . Stator.Coil2.4. . StatorCoil 2.5. . Stator.Coil 26. . . . . w |
. L °(+ } T1 T2 T 2 T T2 T1 T T T2 T4 T2 A .
SIN - - - 99
V3 Stator Coil 3.1 Stator.Coil 3.2 Stator.Coil 3.3 Stator.Coil 3.4 Stator.Coil 3.5 Stator.Coil 3.6 "3
. L 0(_._ } T1 T2 T T2 T1 2 T ™ T T2 T4 T2 A .
SIN - - - 99
Figure 3.18: The stator’s circuit in Simcenter MAGNET.
Rotor Coil 1
T1 ™
Rotor Coil 2 - |
T1 ™ L L L L
Rator Cail 3 Sensor 1 Sensor 2 Sensor 3 Sensor 4
1 Io 11 i) T1 i) T1 i) T1 i)
11x CR4 .. SRS ... CUR6 .. LRI ..
Rotor Coil 4 7 7 7 7
e o @ . 1000000000000 1000000000000 1000000000000 1000000000000
RotoColl5 - | -

(a)

Figure 3.19: (a) The rotor’s squirrel cage circuit, and (b) the stray flux sensor circuits in

Simcenter MAGNET.
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(a) Default mesh. (b) Improved mesh.
Figure 3.20: The 2D Mesh of the model.

Transient Options

Time step method: Field solution storage options:
Fixed Interval -
User Defined v
Time
Start:|0 Time
Stop:|7000 1 50 |
Step:|0.1 2 6900
3 6910
4
5
milliseconds .. | milliseconds .
L Hysteresis is ignored -

Power loss integration options:

Specify the time range of the stored field solutions to calculate the power loss. Uncheck to use the transient time range where field solutions
are stored.

C]Transient power loss start time: 50 milliseconds

() Transient power loss end time: 6910 milliseconds

Close Cancel Apply

Figure 3.21: Transient Options tab for setting up the simulation time step and duration, and
the field solution snapshot.
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3.2 Model Verification

3.2.1 Simulation results and experimental validation
Simulation Conditions

The healthy FEA model was simulated with a balanced three-phase 400 V, 50 Hz voltage
supply in a star-connected configuration and operated under a rated load of 4.78 Nm. The
simulation was carried out for a total duration of seven seconds using Simcenter MAGNET,
with a time step of 0.1 seconds to achieve an optimal balance between accuracy and com-
putational efficiency. For reference, the motor nameplate, which contains the operational

characteristics, is provided in Figure 3.22.

(E4~85.7% .
11NOV22 1077557575 e

:)' L Jepe - o 1
w|hs.n@ AMBJ4 g
[min~] A P.F.|A.| 1000 |m.a.

& 2.68 |
79 1300]‘@ 0.82‘ 16 Kg

w2' U2 V2 @*6204—21
-620 3

Ut

22 ‘ " ol
_ ¥ (753

an |

———— =
"r > 24ul 202310:20

Figure 3.22: Motor nameplate.

FEA Motor Performance Results

The performance of the simulated hybrid motor is presented in Figure 3.23. Then Table
3.1 compares the rated load characteristics provided by the manufacturer with those obtained
by simulation. Specifically, from left to right are the stator RMS phase current (Inyms),
mechanical output power (Py,), electrical input power (Pel), rated load (T4,), synchronous
speed (ng), PF (cos ¢) and efficiency (n).Overall, the results are satisfactory, with deviations
observed in the stator current, PF, and efficiency. Despite these discrepancies, the rotor

reached synchronous speed while delivering the nominal torque at the nominal load.

A large part of the difference observed in motor quantities in Table 3.1 can be attributed
to the 2D nature of the simulation. As shown in Section 3.1, the 2D approach completely
disregards the influence of the end rings, which would have been considered in a 3D simula-
tion. Therefore, a 3D analysis would have yielded results much closer to the rated data, with

minor discrepancies, primarily due to manufacturing asymmetries [76]. These include:
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o static and dynamic eccentricity faults,

e iron core porosity,

» stator windings imbalances,

« magnetic anisotropy,

e lamination faults,

 insulation coating faults,

« machining faults,

e power supply imbalances,

e and others.

To add to the above, the influence of temperature was not included in the simulation. The
model assumes operation at a constant temperature of 20°C throughout, which may not
accurately reflect real-world conditions. Additionally, the dynamic behavior of the stator
resistance, particularly during transitions from startup to steady state, was not accounted

for. The stator phase resistance used in the circuit FEA modeling of the motor was measured

in the lab after operating the motor for several hours.

Lirms(A) | Pm(W) Po(W) | Tim(Nm) | ng(rpm) | cos ¢ n
Rated 1.54 750 W | 874.89 W 4.78 1500 0.82 | 85.7 %
FEA 1.30 750.84 W | 832.29 W 4.78 1500 0.93 | 90.21 %

Table 3.1: Rated performance comparison between real motor and FEA model.
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Figure 3.23: Healthy FEA model signals.

FFT Steady-State Analysis
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Figure 3.24: Magnetic Flux density of healthy FEA motor.

The single-sided spectra of the steady-state stator current, stray flux, torque, and speed

of the healthy FEA model are presented in Figure 3.25.

The first harmonics to be observed in the current spectrum are space harmonics. These

harmonics are produced due to the stator MMF and the non-linearity of the iron core. Their
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rank is given by 6k 4+ 1 and they are also present in the flux spectrum. Typically, their

amplitude decreases as their order increases [77].

However, that is not exactly the case here; topically, some space harmonics are stronger
than expected across the spectrum. This phenomenon occurs due to their coincidence with
the Rotor Slot Harmonics (RSH), slip-dependent frequency components commonly observed
in induction motors. These harmonics result from spatial asymmetry caused by the presence
of rotor slots and their interaction with the stator magnetic field [77]. The RSH are given
by:

Frsi = [k]\;’* (1-s)+ n] /. (3.1)

where k € N, Ng: rotor slot number, p: pole pairs, s: slip, n: stator MMF rank and f;:
supply frequency. For & = 1, the above equation also gives the Prinsipal Slot Harmonics
(PSH) of the motor. Those occur naturally if the rotor slot number is an even multiple of

the number of poles [78]:

Nr=2p[3(m+q) L], m=+q¢=0,1,2,3...,7r=0,1 (3.2)
which is the case in this motor since Ngp = 11 - p = 44.

The special rotor geometry must be considered to continue the analysis. It consists of 44
slots - 36 similar short slots and 8 deeper unique slots - enhancing the saliency of the rotor.

For each of those numbers, Equation 3.1 yields a pair of RSH.

For k=1, s =0,n =1 and N = 44 Equation 3.1 yields 1050 Hz and 1150 Hz, with
respective amplitudes -71.35 dB, -28.99 dB in the current spectrum and -26.88 dB, -34.86 dB
in the flux spectrum. The 1050 Hz harmonic is homopolar, and since the stator winding is

star-connected, it is weaker in the current spectrum.

For Ni = 36 slots, the formula gives 850 Hz and 950 Hz. Their amplitudes are -26.99
dB and -36.37 dB in the current spectrum, -31.30 dB and -28.57 dB in the flux spectrum.

Similarly, the 8 rotor slots give harmonic frequencies 150 Hz and 250 Hz, with ampli-
tudes of -80.02 dB and -22.39 dB in the current spectrum, which explains the weak presence

of 3k harmonics in the current.

Finally, the stator harmonics at 850 Hz and 1150 Hz react with the fundamental rotor
harmonic, producing torque pulsations at 900 Hz (-32.70 dB) and 1200 Hz (-30.56 dB).
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Harmonic (Hz) | Stator Current Spectrum Stray Flux Spectrum
150 -80.02 dB -8.29 dB
250 -22.39 dB -18.60 dB
350 -25.71 dB -33.75 dB
550 -37.46 dB -52.30 dB
650 -33.31 dB -41.90 dB
850 -26.99 dB -31.30 dB
950 -36.37 dB -28.57 dB
1050 -71.35 dB -26.88 dB
1150 -28.99 dB -34.86 dB

Table 3.2: Harmonics’ amplitude in the stator current and flux spectrum.
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Figure 3.25: FFT of stator current, stray flux, torque, and speed of healthy FEA model.
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Comparison with experiment data

Our associates at the University of Valladolid conducted an experiment with a real hybrid
motor to validate the FEA model. The acquired stator current, stray flux, torque and speed

spectra are shown in Figure 3.26, also containing the simulation results for reference.

Generally, the harmonic content predicted by the simulation agrees with the experimental
results. Most of the 6k 4+ 1 space harmonics’ amplitude is very satisfying, with an exception
for 1050 Hz, which has reached a high amplitude of -20.11 dB in the current spectrum and
-17.05 dB in the flux spectrum. There is a 54 dB and 10 dB difference, respectively, from
those in the simulation. That dramatic change in the current spectrum is also observed for
150 Hz, 450 Hz, and 750 Hz, frequencies that are an odd multiple of 3. When a balanced
three-phase system is star connected, the 3k harmonic currents do not flow in the line currents
because their line currents are in phase and cancel out. However, these harmonics can still
exist in the phase currents and the magnetic field. Real healthy motors will always have low-
level inherent asymmetries, such as stator windings, magnetic anisotropy, supply imbalances,
etc., which produce a slightly imbalanced system. Hence, 3k harmonics are notably present
in the experimental current spectrum but do not differ much in the flux spectrum. This lack
of symmetry also increases the amplitude of some low-order 2n harmonics, especially in the

flux spectrum.

In addition to the differences in harmonic amplitudes, another notable observation is the
presence of sidebands around the fundamental frequency, at 25 Hz and 75 Hz, with significant
amplitudes. These sidebands are attributed to eccentricity in the motor (see 2.6.3 Mechanical
Failures for more information) and follow the formula below for permanent magnet machines
[79]:

s
fecc:fsii (33)

p
Lastly, it is worth noting that minor discrepancies in the stray flux harmonic amplitudes
are observed. These discrepancies are primarily attributed to differences in the geometry of
the flux sensors between the simulation and the experiment, as well as the aforementioned

motor’s inherent asymmetries.

The comparative amplitudes of the most significant harmonics in the stator current and

stray flux spectra are presented in Table 3.3.
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Stator Current Stray Flux
Harmonic (Hz) | FEA Model | Experiment | FEA Model | Experiment
25 -111.27 dB -39.27 dB -53.50 dB -29.57 dB
75 -108.11 dB -41.12 dB -51.80 dB -41.99 dB
150 -80.02 dB -40.46 -49.97 dB -10.60 dB
850 -27.00 dB -32.01 dB -31.30 dB -24.67 dB
950 -36.37 dB -40.52 dB -28.57 dB -29.43 dB
1050 -71.35 dB -20.11 dB -26.88 dB -17.05 dB
1150 -28.99 dB -32.11 dB -34.86 dB -28.65 dB

Table 3.3: Comparison between simulated and experimental harmonic amplitudes in stator

current and stray flux.
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Figure 3.26: FFT of experimental stator current and stray flux.
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Experimental Setup

The experiment for the data aquision of the real-life LSPMSM was done by Pr. Morinigo
Sotelo and Dr. Garcia-Calva at the University of Valldolid, in Spain.

The experimental setup comprises a Hybrid PMSM 750 W by WEG connected in a star
configuration and powered by the grid. A magnetic-powder brake from Lucas-Niille (SE 2662-
5R), with its associated control unit (SO3213-7S), is used as the motor load and provides
for measuring the torque and speed signals. The collection system involves a homemade
board with voltage Hall effect transducers by LEM (LV25-P) and current clamps by YHDC
(SCT013-005). The data acquisition (DAQ) board is from National Instruments (NI USB-
6210).

Figure 3.27: Experimental setup for LSPMSM measurements.

69



Chapter 4

Simulation Results Discussion

4.1 Demagnetization

This thesis examines the behavior of this motor under non-uniform demagnetization of
a single permanent magnet. In Fig. 4.1 (a) is shown the magnet that was selected to be
demagnetized. The choice of the magnet is irrelevant due to symmetry. In particular, five
levels of fault severity were simulated: low (5%), moderate (10%, 15%) and high (20%, 30%).
The demagnetized magnet was modeled in Simcenter MAGNET by creating a new magnet

material for each severity level, and this equation then calculated its magnetic permeability:
B,=(1—a)- By (4.1)

where a: % severity level and Bg: the magnetic permeability of the healthy magnet. Fig.

4.1 (a) shows the demagnetization curves of the material for each case.

B-H curves of magnet material

Healthy

5% Demag.
10% Demag.
15% Demag.
20% Demag.
30% Demag.

(a) (b)

Figure 4.1: (a) Positon of affected magnet, and (b) Demagnetization curves of magnet.
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Steady-state performance data analysis

Performance data for each severity of the fault are compared with those of the healthy

motor in Table 4.1. There was no problem with rotor synchronization or torque production

in any of the cases.

It is observed that while magnet strength decreases, RMS current gradually increases

while Power Factor (PF) and motor efficiency drop slightly and steadily, as demonstrated in

Figure 4.2 (a) and (b). Since the weakened magnet reduces the magnetic field strength, the

motor compensates by drawing more current to maintain the nominal torque. Higher current

leads to higher electrical power, lowering efficiency, and PF. So, the results of Table 4.1 are

within expectations.
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Figure 4.2: RMS stator current and motor efficiency as a function of demagnetization level.

Healthy | 5% Dmg | 10% Dmg | 15% Dmg | 20% Dmg | 30% Dmg

Lo rms(A) 1.298 1.304 1.310 1.317 1.314 1.342
Pn(W) 750.84 750.84 750.84 750.84 750.84 750.84
P (W) 832.29 833.07 833.91 834.91 834.44 838.29
T(Nm) 4.78 4.78 4.78 4.78 4.78 4.78

ng(rpm) 1500 1500 1500 1500 1500 1500

cos ¢ 0.925 0.922 0.919 0.915 0.917 0.902
eff 0.902 0.901 0.900 0.899 0.900 0.896

Table 4.1: Steady-state motor performance data.
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Following, Figure 4.4 shows the time signals of the motor’s torque and speed during start-
up until synchronization occurs. The first critical observation is that as the demagnetization
percentage increases, the time until synchronization generally decreases. This is explained by
the fact that the rotor’s overall magnetic field produced by the permanent magnets decreases;

therefore, the breaking torque decreases accordingly, which eases the synchronization process.

The torque-speed characteristic is shown in Figure 4.3. It differs from the theoretical
characteristic due to the presence of oscillations and higher harmonics in the torque and

speed.

The stator phase current and the stray flux of the motor for all five severity levels do
not have significant changes compared to the respective healthy signals, as shown in Figure
4.5 (a) and (b). The lack of obvious differences is due to the fact that the demagnetization
affects only one out of four neodymium PMs. The other three healthy permanent magnets
are so strong that they manage to compensate for part of the lost magnetic field density.
However, there is still an asymmetry inserted in the magnetic field, which in theory can be

more clearly determined after implementing the FFT analysis in the next section.

The above explanation is validated by Figure 4.6, which shows an instance of the motor’s
air-gap flux density (cross section) at a simulated time of 6.9 s. The demagnetized magnet is
colored red to pinpoint its location. Comparing the healthy case with the most severe case
of 30% demagnetization, it is evident that the magnetic flux density above the weak magnet

in the latter case is less saturated.

Furthermore, it is observed that the weak magnet’s position in the cases 5%, 10% is
different compared to the cases 15%, 20%, 30%. This is a result of the different times the
motor takes to reach steady state. This difference can also be seen in Figure 4.6 (c¢), which
shows the air gap flux density as a function of the rotor angle. There is an exception of
behavior in the ranges 140° — 180° and 320° — 360°, which is totally in agreement with the
position of the demagnetized magnet of Figure 4.6. In the former, the magnetic flux density
of the 5% and 10% demagnetization cases is above the healthy graph, while the 15%, 20%
and 30% demagnetization cases are below it, and in the latter, the opposite is happening,

even though they should have been in a consecutive order.
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MCSA and Stray Flux Monitoring using FFT

The Fast Fourier Transform analysis was applied for the motor’s current and stray flux
signals of Figure 4.5. The frequency content of those signals for each faulty case is compared

with the healthy content in Figure 4.7 and Figure 4.8 respectively.

Upon analysis of the current spectrum of each case, there are two obvious observations.
The first is that there is a very slight drop in the amplitude in the motor’s main signatures that
is proportional to the severity of the demagnetization. This is ascribed to the fact that those
harmonics are a manifestation of the saturation of the stator’s and rotor’s ferromagnetic core.
As mentioned above, demagnetization causes less saturation around the area of the affected
magnet. Therefore, as saturation decreases, the amplitude of those harmonics also decreases.
Nevertheless, the change in amplitude is so small that it is not enough to derive the motor’s
health. It is suspected that upon combined and varied demagnetization of all four magnets

this decrease in amplitude in the stator current would become more clear.

Secondly, there is an increase in the amplitude of the side harmonics, also proportional to
the severity level. This is in accordance with the literature, which suggests monitoring the
fault at frequencies f; + k% in the stator current. However, this increase is insignificantly
small because of the inductances present in the motor’s circuit, acting like a filter. This filter
is more efficient at cutting high rather than low frequencies and that is why the effect can

be seen mostly around the fundamental and the third harmonic.

On the other hand, all the expected side harmonics of the stator current are clearly and
strongly present in the stray flux at amplitudes approximately 28dB (5% demagnetization)
and 40dB (30% demagnetization) higher than those of the healthy condition. This is not
unexpected, since the demagnetization of a magnet directly influences the magnetic flux of
the motor. So flux monitoring is a valid method for the detection of the demagnetization of

one magnet, even at low severity, for this motor but MCSA is not a reliable method.
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Figure 4.8: Comparative FFT spectra of healthy and faulty stray flux signal for all demag-
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4.2 Broken Bar

The broken bar fault was modeled in FEA by connecting one 1T'Ohm resistance in series
with the chosen rotor bar (see Figure 4.9). That way, an open circuit is modeled. Seven cases
of broken bars were studied out of which: two cases have one broken bar (BBS6, BBW10),
two cases have two adjacent broken bars (BBS6S7, BBW10W11), two cases have two non-
adjacent broken bars (BBS6S1, BBS6W10), and one case has three adjacent broken bars
(BBS5S6S7). BB stands for broken bar, S stands for the simple rotor bar, and W stands for
the deeper rotor bar, which also acts as a flux barrier. Figure 4.10 shows the position of all
those rotor bars relative to one magnet. From right to left are the S1, S5, S6, S7, W10, W11

rotor bars.

- RotoCoil5 - .
B B — DU v 2

ReorGols Ll
..... < - .- -R8 [ - -
— e A

1000000000000 * °

Figure 4.10: Positions of broken rotor bars. From right to left, their names are S1, S5, S6,
S7, W10, and W11.
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Steady-state analysis using FFT

In induction motors, when the rotor rotates at synchronous speed, the rotor current and
torque is practically zero, as shown in the current-speed characteristic. The LSPMSM is no
exception to this fact. This means that BB fault detection is not possible through a steady-

state analysis. Still, steady-state analysis was performed to rule out any exceptions.

As expected, the motor performance data organized in Table 4.2 show no useful signs
of any existing fault. Likewise, the MCSA method shown in Figure 4.18 cannot detect any
of the simulated BB faults. There is a clear increase in the amplitude of high-frequency
components in the stray flux spectra, especially for the worst-case scenario with three broken
bars (BBS5S6S7). However, considering the real-life motor already has a higher-amplitude

healthy stray flux profile, it is not certain whether this difference will be visible.

Healthy | BBs6 | BBw10 | BBs6s7 | BBs6s1 | BBs6w10 | BBw10w1ll | BBs5s6s7
Lirms(A) | 1.298 1.2982 | 1.2978 | 1.2981 1.2981 1.2978 1.2968 1.2972
Pn(W) 750.84 | 750.83 | 750.84 | 750.84 | 750.84 750.84 750.84 750.84
T(Nm) 4.78 4.78 4.78 4.78 4.78 4.78 4.78 4.78
ng(rpm) 1500 1500 1500 1500 1500 1500 1500 1500
cos ¢ 0.925 | 0.92531 | 0.92557 | 0.92536 | 0.92535 | 0.92555 0.92611 0.92583
n 0.902 |0.90218 | 0.9022 | 0.9022 | 0.9022 0.90223 0.90238 0.90234

Table 4.2: Steady-state motor performance data for all BB cases.
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Figure 4.21: Illustration of motor’s cross section magnetic flux density of broken bar fault

cases in steady state.
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Transient-state analysis using STFT

Since the squirrel cage has current only in the time period from the start of the motor to
synchronization, called transient state. The Short-time Fourier Transform (STFT) is a more
practical method compared to FFT in transient conditions [80]. The STFT spectograms of
the stator current and the stray flux were obtained for each faulty case, and are displayed in

Figure 4.22, and Figure 4.23 respectively.

The most widely spread methods for the detection of rotor damages are based on the
analysis of motor currents and stray flux. Observing the current and stray flux spectrograms,
it is evident that the well known broken bar fault-related sidebands located at f, — 2sf, and
fs + 2sfs are not present. The former follows a characteristic V trajectory while the motor
speed increases as it has been discussed in the corresponding theoretical section [81],[82].
There is a really strong signature starting from 0Hz and seems to reach f; = 50H z, which
could overshadow the sidebands mentioned above. It is interesting that if one compares the
trajectory of this harmonic to the transient speed signal of Figure 4.15 they are very similar.
This points to the fact that it stems from the presence of the Permanent Magnets on the

rotor, which start from stillness and reach synchronous speed.

What is clear is that compared to the healthy spectrogram, both faulty spectograms show
many more trajectories in the areas of O0Hz-50Hz and 50Hz-250Hz resulting in high energy
areas. The applied STFT however, has low resolution and those frequency components
cannot be distinguished. Other signal processing methods in the Time-Frequency domain

with better time-frequency resolution must be investigated for the broken bar fault.
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Figure 4.22: Stator current STF'T spectograms for all BB cases.
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Figure 4.23: Stray flux STFT spectograms for all BB cases.
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Chapter 5
Conclusion

Starting with the case of the uniform demagnetization of one magnet, it was determined
that the MCSA failed to diagnose the fault, despite the fact that the literature suggests
monitoring the fault at fs £+ k% in the stator current spectrum. It was interesting to see
that all the above signatures strongly appeared in the stray flux spectrum, with very high
amplitudes even from the a fault severity of 5% demagnetization. All faulty harmonics had a
difference of at least 40dB when compared the healthy spectrum. Thus monitoring the stray
flux of the LSPMSM can be a promising demangetization fault diagnostic method for this

type of motor.

The MCSA method also did not yield anything for neither of the broken bar cases, which
was expected due to the nature of the LSPMSM. On the other hand, an interesting increase
in amplitude of some frequncies in the stray flux spectrum. It seemed that to be dependent
on the fault severity, since the one broken bar cases had the lowest increase, while the three
broken bar case had the highest increase compared to the healthy spectrum. Finally, the
STEFT on both stator current and stray flux did not give the expected outcome, with not
even the V trajectory of (1 — 2s) fs showing in any of the cases. The transient in some faults
was very short, while in others the time-frequency resolution was not very high. Moreover, the
existence of a certain powerful trajectory starting from OHz and reaching up to 50Hz after
synchronization was overshadowing all other possible fault harmonic trajectories. It was
hypothesized that the particular harmonic is caused by the presence of permanent magnets

in the rotor.
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