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Abstract

With the continuous electrification of the industrial and transportation systems, higher demanding
specifications are being imposed on electrical motors, leading to higher degradation due to the aging of
their components.

This thesis focuses its attention on the study of the effect that the degradation of the magnetic prop-
erties of permanent magnets, as a result of exposure to elevated temperatures, has on the performance
of the electrical machines in which they are applied.

A comprehensive study was conducted, comprising an experimental part in which the magnets were
subjected to aging following exposure to high temperatures and a simulative part in which the data ob-
tained was used for finite element analysis to define how the decay of magnetic properties affects a
synchronous motor performance. Initially, a method for measuring magnetic flux density was designed,
implemented, and validated. This exploits the induction law to obtain the average value of flux produced
by permanent magnets from a voltage measurement. After that, aging tests at 140°C till 186 hours were
performed on three samples of NdFeB magnets to observe changes in their magnetic properties, partic-
ularly the decay of magnetic flux density. The measurements showed no appreciable decay, so a fourth
sample of another magnet grade was tested but again no aging was found. For this reason, it was de-
cided to consider previously obtained data from a previous master thesis to develop the simulation part.
The experimental results were integrated by a detailed finite element analysis to simulate the impact of
the observed degradations on machine performance in terms of torque generation and efficiency.

The results of the aging tests on the permanent magnets show a decrease in magnetic flux density
for prolonged periods. This is reflected in the torque produced by the motor in a negative way. In addi-
tion, effects, albeit marginal, were found on machine efficiency.

However, as explained above, it will be vital to carry out further aging tests in the future to understand

how magnets actually age.

Keywords: Aging, Permanent Magnet, Operating Point, Permanent Magnets Synchronous Mo-

tor, Finite Element Analysis
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Chapter 1

Introduction

1.1 Motivation

The increasing use of electrical machines in applications where high specific power and high effi-
ciency are required has led to the need to study the effects of stress on materials over long periods
of time. These types of machines usually have high operating temperatures [1-3], which can cause
premature aging of materials, i.e. loss of performance as a result of changes in physical and chemi-
cal structure. Such aging can adversely affect the performance of the machine even during its design
life. In particular, it is typical to have, besides mechanical losses, also core losses, demagnetisation of
Permanent Magnets (PMs) and degradation of winding insulation [2, 4—6]. There can be many causes:
thermal, electrical and mechanical stresses over time are the most relevant.

Increasing the specific power of the machine and reducing material aging can be a daunting chal-
lenge as these two concepts are in opposition to each other in practice. In fact, increasing specific
power leads to increasing degradation rates. This is caused by the fact that the machine is subjected to
ever-increasing electromechanical and thermal loads. Optimal electrical machine design, optimization
tools combined with finite element analysis (FEA) and aging prediction models can be used to maximise
specific power and efficiency and mitigate material degradation [4, 7]. In the past, models have been
created to understand the effects of aging on Neodymium-Iron-Boron (NdFeB) PMs, Silicon-lron (FeSi)
laminated cores and electrical insulations. In [8], an experimental study on the effects of PM aging was
conducted to evaluate its possible impact on Permanent Magnet Synchronous Motors (PMSMs), motors
widely used in industry. Other studies have focused more on the consequences of aging in the FeSi
core, as in [9]. Aging prediction is typically based on the Arrhenius aging method [10].

In electrical machines with high specific power, materials are usually tested in order to extend their
current limits so as to achieve higher performance in terms of generated torque, speed etc. In these limit
cases, the effects of aging are likely to have a more pronounced impact than in solutions where high

specific power is not required.



1.2 Objectives

The thesis work will focus on the impact of aging PMs in synchronous machines for traction appli-
cations. To achieve a proper understanding and study of the PM aging in synchronous machines, the

following methodology is proposed:
+ Development of a reliable, cheap and fast method for measuring the PMs magnetic flux.
+ Experimental aging of PMs under different magnetic and thermal operational points.
» Modelling of the aging effects using the Arrhenius model.

+ Study of the performance of a synchronous motor for different stages of aging.



Chapter 2

Background

The aim of this chapter is, after a review of the most important concepts concerning the Permanent
Magnets (PMs), to provide an introduction to the effect of aging on Neodymium-Iron-Boron (NdFeB)
PMs, finally focusing on the consequences of this aging on the performance of Permanent Magnet Syn-
chronous Motors (PMSMs).

Through a critical review of the literature and available technologies, the current landscape of mag-
netic measurements will be outlined, identifying the most significant advances and the gaps that still
persist in the field. This chapter will provide a solid foundation to contextualise the research | carried out

and is preparatory for the reader to follow each step of the thesis in detail.

2.1 Permanent Magnets applications

PMs find applications in a wide range of sectors, owing to their remarkable magnetic properties and
their ability to provide a reliable source of magnetic energy in various devices and systems. In the
automotive industry, which is the case related to this project, they are inserted in electric vehicle mo-
tors, enhancing efficiency and reducing emissions [11-13]. Renewable energy sectors, such as wind
power [14, 15] and hydropower [16], rely on PMs for efficient electricity generation. Beyond these, the
aerospace industry [17, 18], consumer electronics, manufacturing, and even the defense sector [19]
utilize PMs for their compact, lightweight, and enduring magnetic properties, making them an essential
and irreplaceable component in the modern world of technology and innovation.

When it comes to PMs, one of the most widely used and highly regarded materials, as shown in
Figure (2.1), is NdFeB. This material has gained popularity in a multitude of applications due to its ex-
ceptional properties: NdFeB magnets offer a compelling combination of high magnetic strength, energy

density, cost-efficiency, and versatility [20—22]. For the thesis, this very material was used for the study.
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Figure 2.1: Permanent Magnet materials developement [20]

So far, the main applications of PMs in industry have been explained. Now it is time to place their
use in the world of traction by giving an overview of the main types of electric motors used in this sector.
The world of electric machines is very wide and constantly growing and in the specific case of traction
applications there are different kinds of motors available in the market today. The selection of any spe-
cific motor for the electric propulsion system depends on various factors such as its simple structure,
lightweight, small volume, low cost, easy and flexible electric drive control, fault tolerance capability,
low acoustic noise level, better starting torque feature, high efficiency and high power density, constant

torque and constant power regions over a wide speed range, fast and quick torque response and oper-

ational reliability on different driving conditions [23].

According to [23-25], the development of power electronics has resulted in three-phase induction

and PM machines being the most commonly used in the electric and hybrid electric vehicles, as shown

in Figure 2.2.

Make Maodel Traction Motor
Honda EV Plus DC Motor
Holden Ecommodore SRM
Nissan Tino.Leaf Altra PMSM
Honda Insight. Accord,Civic PMSM
Toyota Prius C & V PMSM
Toyota Highlander. Avalon PMSM
Toyota Camry PMSM

Ford Fusion SE Hybrid PMSM

Ford C Max Hybrid SEL PMSM

Hyundai Blueon PMSM

Chevrolet Volt & Energi PMSM
Renault Kangoo M
Chevrolet Silverado M
Daimler Chrysler Durango M

Tesla Roadster LY
Honda Fit EV M

Toyota Revad M
REVA NXR M

Ford Focus Electric IM
Ford Transit Connect M
GM EV1 M
BMW X5 M

Figure 2.2: Electric motors for traction applications [23]



As far as the full electrial and hybrid worlds are concerned, to date almost the entire light vehicle
sector has switched to PMs to meet power density and efficiency requirements (see Figure 2.3), in
particular IPM is becoming the dominant type of machine [24]. On the other hand, referring to the
medium-heavy vehicle category (e.g. delivery trucks or buses), the authors in [24] point to the induction
motor as the main protagonist, while noting an increased interest in IPM. As far as the rail sector is
concerned, once again the induction motor is the main player. However, more recently, PM motors have
been developed for high-speed rail [24]. To conclude their article, in [24], the authors predict that in the
near future, PM machines will continue to dominate the light-duty vehicle market and expand more in

the medium/heavy-duty industry and high-speed rail applications.

Motor characteristics DC IM PMSM SRM
Power density 2.5 4 5 3.5
Efficiency 2.5 4 5 4.5
Controllability 5 5 4 3
Reliability 3 5 -+ 5
Robustness 3 =] 4 =
Torque density 3 4 5 4
Speed range 2:5 4 4.5 4.5
Required maintenance 3 4 4 4
Torque ripple/noise 3.5 4.5 4.5 3
Over load capability 3 4 4 4
Technical maturity 5 4.5 4 3.5
Life time 3.5 5 4 4.5
Size and weight 3 4 5 4
Cost 4 5 3 4
Total 46.5 62 60 56.5

Figure 2.3: Evaluation of electric motors [23]

2.2 Permanent Magnets characteristics

The first thing to analyse in the field of PMs is the BH curve, an example of which is shown in
Figure 2.4. It is also known as the magnetization curve or hysteresis loop and it is a critical concept in
the realm of magnetic materials, such as the PMs. It graphically represents the relationship between
magnetic field strength (H) and the magnetic induction or flux density (B) in a material [5, 20]. This curve
provides essential insights into how magnetic materials respond to external magnetic influences. The
significance of the BH curve for PMs lies in its ability to depict the magnetic behavior of these materials
under various conditions, such as magnetization, demagnetization, and exposure to external fields.

Understanding the BH curve is pivotal for PMs because it helps in characterizing their performance,
such as their coercivity (ability to resist demagnetization) and remanence (the residual magnetization
when the external field is removed). This knowledge is indispensable for designing efficient magnetic
systems and optimizing the use of PMs in applications like electric motors, generators, and medical
devices. By tailoring the magnetic properties to specific requirements, it is possible to ensure that PMs
operate reliably and efficiently, making the BH curve a cornerstone in the development of these critical

components in modern technology.
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Figure 2.4: Demagnetization curves [22]

Another important feature to be analysed are the so-called operating points. The operating point of
a PM refers to the magnetic state at which the magnet operates under specific conditions. It is charac-
terized by a combination of parameters, including the magnetic field strength and magnetic induction.
The operating point is significant because it helps determine the magnet’s performance, particularly its
ability to provide a stable and strong magnetic field. Understanding and controlling the operating point
is crucial in various applications, such as electric motors, generators, and sensors, where the magnet
must function within a defined range to meet desired specifications. The choice of operating point can
impact efficiency, hysteresis losses, and demagnetization risks, making it an essential consideration in
the design and application of PMs [26].

Determining the operating point of a PM involves the intersection of its load line with the demag-
netization curve. The specific position of this intersection is influenced by the conditions to which the
magnet is subjected, whether it is operating in an open circuit or as part of a specific magnetic circuit
(which will be the case of this study). The load line’s steepness can be computed using Equation 2.1
as it is easy to understand looking at Figure 2.5 and is commonly known as the Permeance Coefficient
(PC) [5, 27, 28]. This PC is a vital parameter in PM analysis, providing insight into the magnet’s behavior

under different scenarios and configurations, helping understand and optimize magnetic performance.

B,
MOHm

PC = (2.1)

H [KA/m]

Figure 2.5: Load line (PC) highlighting, adapted [29]



2.3 Permanent Magnet flux density measurements

As stated in [30], the characterisation of PMs can be carried out in two distinct ways: in an open or
closed magnetic circuit. The difference is that in the former the PM is not in contact with any ferrous
parts, whereas in the latter case it is in direct contact with magnetic parts. Nowadays, there are several
international and national standards recommending methods for measuring the magnetic properties of
materials in a closed circuit [30], which will also be the case of this work.

As introduced in Section 1.2, the initial part of the thesis will focus on defining a reliable, fast and
cheap method for obtaining precise measurements of the magnetic flux density of the PMs to be tested.

Measuring the magnetic flux of PMs can be achieved through several methods [30, 31], each with
its own set of advantages and disadvantages in terms of precision, cost and time required to take mea-
surements.

It is possible to divide the methods for direct measuring B into two families: free magnets or as-
sembled systems [30]. With regard to the former, demagnetisation curves can be determined using the
hysteresis graph, pulsed field magnetometer or Foner magnetometer (VSM). In the case of assembled
systems, it is possible to use Gaussometer, or alternatively Hall probe. They are both instruments able
to give real-time measurements and that can provide high sensibility. Figure 2.6 shows and highlights

these methods, also comparing the level of accuracy.

Measuring method | Parameters | Units | Equipment |Accuracy (%)
Measuring of free magnets
1. Hysteresis graph (+/-) 1
2| Demagnetization curves J(H), BH) | T, kA/m |Puls field magnetometer (+/-) 1
3 Foner magnetometer (VSM)|  (+/-) 0.5
4| Remanence in open circuit JoC T Helmholtz Coil (+/-) 1
5 Magnetic moment Mm Vs cm |Helmholtz Coil (+/-) 1
6 Helmholtz Coil (+/-) 0.5°
7 Angel deviations J grad |3 D mapper (+/-) 0.5°
8 Gauss meter/ Hall probe (+/-) 1
9 H(B) in a test point B 10 3 D mapper (+/-) 1
10 Surrounding coil D Vs cm |Coil and fluxmeter (+/-) 0.5
11 Holding force ) N Dynamometer 2-5
Measuring of assembled systems, for example rotors
12 H(B) in the air gap B i Gaussmeter / Hall probe 1-2
13 EMF Ueff \ Motor coil / Voltmeter 1

Figure 2.6: Methods to measure magnetic flux in PM [30] adapted

For reasons that will be explained in Chapter 3 it was decided to adopt a different method which is
based on the induction law and allows to define the magnetic flux of the PM without a direct measurement
of its magnitude. This method is the search coil and offers non-invasive measurements by analysing the
voltage pulse generated at the coil when it is hit by a varying magnetic field. Nonetheless, it is relatively

less sensitive than the ones previously listed, so it needs particular attention when applied.



2.4 Temperature effects on Permanent Magnets

Temperature plays a significant role in the aging process of PMs. In fact, over time, exposure to
elevated temperatures can accelerate the aging of PMs, which refers to the gradual deterioration of their
magnetic properties [28, 29, 32]. This phenomenon is primarily due to the thermal energy at higher
temperatures, which causes increased atomic and molecular motion within the magnet’s microstructure,
leading to domain disruptions and magnetic domain wall movements. As a result, the magnet’'s rema-
nence and coercivity, which are critical magnetic characteristics, may degrade. The rate of aging is
often exponential, meaning that even slight temperature increases can have a substantial impact on a
magnet’s longevity as shown in Figure 2.7. This Figure also proves how the PC influences the aging of
PMs.

0% s—o—s—tutrouturan T Nee————
3'3' -5% )
& -10%
@ Pc =33 Pc=1.1
S -15%
1 100 10000
OO/O l T
L Time [hours]
-5%
+ 80°C
-10 % \‘\ = 120°C
Pc =0.33 . 150°C
- o,
Lr 100 10000

Time [hours]

Figure 2.7: Losses as a function of time for different temperatures and PCs [32]

As just shown above and also introduced in Section 2.3, the magnetic circuit in which a PM is situated
exerts a significant influence on the magnet, so much so that it also has a decisive impact on the
thermal aging process. It influences the trajectory and dispersion of magnetic flux, potentially altering
the magnet’s effectiveness as time passes. In an ideal scenario, the magnetic circuit would maintain a
closed-loop structure, ensuring that the magnetic field lines follow a well-defined path. However, in real-
world applications, factors such as design, materials, and geometric constraints can lead to magnetic
circuit irregularities. These irregularities can result in localized variations in magnetic field strength and
may subject certain regions of the magnet to increased stresses or higher temperatures. Such conditions
can accelerate aging processes like thermal demagnetization and lead to reduced magnet performance
over time [28, 29, 32]. Proper design and optimization of the magnetic circuit are essential in preserving
the long-term performance and reliability of PMs in various applications.

In [27, 28, 32], the aging experiments for PMs were conducted without these magnets being placed
within a magnetic circuit. The value of the PC was solely determined by the physical dimensions of the

magnets, specifically their height, length, and width. However, since the final objective of this thesis is to



assess the impact of aging PMs within a PMSM, the aging process will be carried out with the magnets
inserted into a magnetic circuit. Another important motivation for this, is that in open circuit the PC is
lower, which typically brings the PMs to more dangerous situations, close to the demagnetization knee.

In the study described in [33], the authors examined the magnetic behavior of PMs when subjected
to various temperatures during aging, both with and without being situated in a magnetic circuit. They
exposed samples of two different types of NdFeB magnets (as outlined in Table 2.1) to a range of

temperatures for a minimum of 500 hours.

Table 2.1: Properties of tested materials in [33]

Room Room
Material temperature temperature Temp. coeff. of | Temp. coeff. of
coercitivity H,. remenance B, B, [%/°C] H, [%/°C]
[KA/m] [T]
1 1730 1.25 -0.11 -0.64
2 1680 1.21 -0.09 -0.62

In the case of [33], the authors employed a different approach to determine the PC value when the
PMs were not placed within a magnetic circuit. This method relied solely on the physical dimensions
of the magnets and could be calculated using Equation 2.2 , where 'k’ represents the height (in the

direction of magnetization), ‘I’ denotes the length, and ‘v’ represents the width of the magnet [33].

h
PC = 1.775 h(l +w) + lw (2.2)

In [33], for experiments involving PMs placed within a magnetic circuit, the researchers designed a
magnetic setup consisting of a yoke made from laminated electrical steel. The PMs were situated at the

center of this yoke, as depicted in Figure 2.8.

Figure 2.8: Iron yoke used to test the materials [33]



Additionally, two coils were wound around the yoke to generate an excess magnetic field reaching
up to 560kA/m. This entire system was employed during the aging process. After cooling the system
back to room temperature, they measured the magnetic flux using a Helmholtz coil and determined the
magnetic field strength using a Hall sensor.

The results obtained from their aging experiments exhibit the same gradual decline in flux losses as
introduced before. However, these results also featured a comparison of polarization losses for PMs
aged inside a magnetic circuit (referred to as “closed circuit exposure”) and PMs aged without being
placed in a magnetic circuit (termed “open circuit exposure”).

Despite the initial losses being relatively modest, when the PMs were positioned within the mag-
netic circuit, it was evident that the rate of time-dependent demagnetization experienced a significant
decrease with the increase in field strength. In [33], the authors utilized the logarithmic law to predict
how the polarization losses of the tested samples would evolve under the given conditions. Figure 2.9
presents the estimated polarization loss for durations of 1 hour and 30 years, with respect to the PC,
at a temperature of 120°C. Notably, there is a distinct difference between the time-dependent losses for
magnets not placed in a magnetic circuit and those inserted in magnetic circuits. Specifically, when PC
= 1.0, the results for magnets within magnetic circuits show lower polarization losses. This indicates

that, in reality, measurements in open circuit conditions provide more conservative estimates at PC = 1.

Closed circuit exposure Open circuit exposure

Polarization loss (%)
I
o

0.4 0.6 0.8 1 1.2 1.4

Permeance coefhicient, Pc

e After L hour
m After 30 years

Figure 2.9: Estimated polarization losses as a function of PC in closed- and open-circuit exposures in
material 2 magnets at 120° C [33]

The observed time-dependent polarization losses were found to be higher when the PMs were not
positioned within a magnetic circuit. The authors in [33] suggest that this difference may be attributed
to variations in the self-field during the initial demagnetization of open circuit magnets, which in turn
affect their time-dependent behavior. Although this assertion lacks direct experimental validation, it
underscores the idea that localized changes in field conditions for magnets not placed within a magnetic
circuit can alter the PC value. For this reason, it appears more advantageous to have PMs inserted in a

magnetic circuit to obtain results that align with the conditions within PMSMs.
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2.5 Effects of Permanent Magnets aging on PMSMs

Since the ultimate goal of this thesis is to determine how thermal aging of PMs affects the perfor-

mance of a PMSM, this section is dedicated to reviewing the state of the art on this topic.
As already introduced in Section 2.4, it is well known that exposure to high temperatures of a PM causes
its performance to collapse. Anyway, to date there are not many studies about the effect that this aging
has on PMSMs performance. Typically, during its operation, a PMSM can have a wide operating tem-
perature range. For example, in [1], a wide temperature range PMSM is designed, which can be used
as a servo mechanism of an electric actuator in a missile. In this case, the authors considered that the
operation temperature can between -165°C or -240°C.

In another study, [34], the authors considered a temperature range of 25°C to 150°C (6 simulations
at steps of 25°C each) for PMs applied in a PMSM and also analysed the effects on torque, speed
and current. In terms of torque, they observed that the lowest temperature simulation had 18.52% more
torque than the highest temperature simulation, as it is noticable in Figure 2.10. In terms of speed, it was
seen that the magnet reached its steady-state speed faster at lower temperatures. In terms of current,
it was found that the current in each phase rise as the temperature rise. These results are not directly
related to aging, because short-term experiments are being dealt with, however, they can still be linked

to the problem that this thesis wants to analyse.
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Figure 2.10: Torque-time curves obtained for all temperatures[34]
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Chapter 3

Aging tests of Permanent Magnets

This chapter is dedicated to illustrating the methodology applied and the results obtained during the
aging experiments. The chapter is composed of several sections in which the reader will be guided
through the fundamental steps performed to define a reliable, fast and economical method to evaluate
the thermal aging of NdFeB Permanent Magnets (PMs). Finally, once the method has been validated,

the results obtained in the aging tests will be presented and discussed.

3.1 Equipment used

Three samples of a batch of grade BMN-42SH (Figure 3.1(a)) that were already present in the labo-
ratory were used to test the NdFeB PMs. However, as will be discussed later, due to some unexpected
results, a sample of grade BMN-48SH (Figure 3.1(b)) was used to evaluate the quality and reliability of

the measurement method employed.

%

(a) BMN-42SH sample (b) BMN-48SH sample

Figure 3.1: Samples used

Table 3.1: Samples main characteristics

BMN-42SH BMN-48SH
B, [T] 1.33 1.41
H, [KA/m] 1018 1595
Crit. temp. [°C] 150 150
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The main characteristics of the samples used are shown in Table 3.1, more information on this can
be obtained from the datasheets in Appendices A and B. The magnets of Figure 3.1 were applied in
the core consisting of laminated FeSi of Figure 3.2. This created a well-defined path for magnetic flux
produced by the PMs.

Slot for PM

FeSi core

Figure 3.2: FeSi core to place the PMs

Three different operating points were considered when using the BMN-42SH samples and one op-
erating point for the BMN-48SH sample. These depended on the thickness of the air gap that was
artificially created between the bottom and top of the iron core by means of aluminium foil, as can be
seen in Figure 3.3. The thicknesses used and their respective operating points are shown in Table 3.2,

in which PMs have also been given a Code Name for ease of use in the following sections.

PM1 | | PM2 | | PM3 |

Figure 3.3: The three BMN-42SH magnets inserterd in the core, with different air gaps

Table 3.2: Relations between air gaps and PC

Code Name Grade Air gap [mm] PC
PM1 BMN-42SH 1 ~ 4.5
PM2 BMN-42SH 2 ~ 2.3
PM3 BMN-42SH 4 ~ 1.1
PM4 BMN-48SH 2 ~ 2.3
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3.2 Definition of the measurement method

In section 2.3, several methods have been introduced to define the magnetic flux (B,,) produced by
PMs. The method used in this work is the so-called search coil method which exploits the induction law

represented by Equation 3.2.

dBm(t)
dt

u(t) = Ri(t) — NS (3.1)

Where R is the resistance of the coil, N is the number of turns of the coil, S is the cross sectional area
and ‘“’%t(t) is the variation of magnetic flux in time. Since no current is present in the coil so Equation

3.1 becomes Equation 3.2.

B (%)
dt

u(t) = —NS (3.2)

Equation 3.2 shows that, if the coil is hit by a time-varying magnetic flux B,,(¢), a voltage pulse u(t)
will be generated. From w(t), knowing the value of the constant product NS, it is possible to obtain the

value of B,,(t), as illustrated in Equation 3.3.

1 T

Bnt) =-x3 |

u(t) dt (3.3)

Finally, considering the maximum value assumed by B,,(t), one obtains the average value of the
magnetic flux produced by the PM, indicated by (B,,,).

As can be seen, the main criticism is that this is an indirect method: mathematical steps are required
to derive (B,,) starting from a voltage measurement. This may make this method less accurate than
others listed above, such as the direct use of a gaussmeter. However, this method was chosen for two
main reasons: the speed of the measurement process and the fact that it returns (B,,). In fact, the PM
could age non-homogeneously and if it is applied a 'spot’ method (e.g. using a gaussmeter) one could
achieve untruthful results that would compromise the correct aging analysis. The main stumbling block
of this method is therefore being able to create a setup that guarantees a level of precision adequate for

our purpose. The first step was to design the Printed Circuit Board (PCB) coil shown in Figure 3.4.

Figure 3.4: PCB coil used to perform the voltage measurements

15



This was designed through the use of Altium Designer. The critical issue at this stage was to eval-
uate and decide on the coil size, number of windings, and PCB size and thickness. All these design

parameters are shown in Table 3.3.

Table 3.3: PCB parameters
PCB length | PCB width | PCB thickness | Max coil length | Max coil width | Number of turns

154 mm 65.9 mm 0.8 mm 34 mm 12.5 mm 8

The length and width of the PCB were designed in such a way that the PCB could slide perfectly
between the top and bottom part of the FeSi core, over the PM. The thickness of 0.8 mm is crucial
because it makes it possible to fit the coil between the top and bottom part of the core. In fact, the
smallest possible air gap (1 mm) was always used during the measurements in order to obtain precise
values. As can be seen in Figure 3.4, the coil extends in a horizontal direction, the perimeter having an
area equal to that of the BMN-42SH PMs. Finally, based on the experiences of previous colleagues, it
has been decided that a winding number of 8 was adequate to obtain a good voltage signal for analysis.

One end of the PCB was attached to a spring, the purpose of which was to ensure sliding in a
horizontal direction, while the other end was connected to a voltage probe, which in turn was connected

to the oscilloscope for displaying the voltage pulse, as shown in Figure 3.5.

Oscilloscope |

oG S PN

]

Voltage impulse

Figure 3.5: lllustration of the method applied
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An important step before proceeding to the validation of the prepared setup which is not yet dealt
with in detail is the definition of the constant parameter given by the product NS. In fact, looking at
Equation 3.3, once the voltage pulse has been obtained, this is the only unknown in order to obtain the
real value of B, (t).

The PM was removed from the magnetic circuit, then a coil with the characteristics of Table 3.4 was

inserted into the central tooth of the ferromagnetic core and connected to a sinusoidal voltage source.

Table 3.4: Primary coil characteristics

Wire cross section 0.5 mm?
Resistance 3.80Q
Number of turns 250

Above the primary coil, the secondary coil (the PCB coil) was placed and the magnetic circuit was
closed again without any air gap placed in between. Between the secondary coil and the top of the
ferromagnetic core, the gaussmeter was inserted to measure B, trying to place it in a central position
with respect to the PCB coil section. In addition, the terminals of the secondary coil were connected to
the oscilloscope to display the sinusoidal voltage induced u on it, the system just described is the one

shown in Figure 3.6.

Figure 3.6: Setup to estimate NS of the PCB coil

To induce the sinusoidal voltage on the secondary coil, the primary coil was energized and an ex-
ample of the waveforms obtained from the oscilloscope is the one shown in Figure 3.7. Now, having the
waveforms of Figure 3.7 and starting from Equation 3.2, it is possible to derive NS as given in Equation
3.4.

NG = _fu(t) dt (3.4)

This experiment was repeated for 27 different couples of values of supply voltage « and frequency
f. After analysing the data obtained, the result was N.S = 0.002516. This result comes from an average
of the values obtained in the different experiments performed, however, it should be considered that,

among the measurements performed, a percentage standard deviation o¢, = 1.1% was obtained, which
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can be considered an acceptable value. Furthermore, it is important to remember that N.S only comes
into play as a constant parameter when one has to define (B,,), which means that even an inaccurate

estimate would not influence the results recorded during the aging tests.

Results from the oscilloscope
100 T T T T

Magnetic flux density
80 Voltage
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Figure 3.7: Waveforms obtained following the power supply of the primary coil

3.3 Validation of the measurement setup

As introduced in the previous section, the hurdle to overcome is to be able to construct a setup that
allows for sufficiently precise measurements for the purpose. Indeed, it must be remembered that, the
expected aging of PMs after around 200 hours ranges between 1% and 3%. Another challenge is to
be able to ensure the reproducibility of the measurements. In fact, to perform these measurements, the
aluminium foils shown in Figure 3.3 are removed and the setup is applied. This, therefore, implies the
need to disassemble and reassemble the FeSi core several times during the entire aging cycle and this
must not affect the measurements.

The idea for the construction of the setup is to create a structure that ensures that the PCB slides
evenly over the surface of the PM and at the same time ensures that the FeSi core is always positioned in
the same way, thus having the same magnetic circuit at each measurement. This ensures the accuracy
and reproducibility of the results. Now the steps that allowed the validation of this structure will be
illustrated.

The first setup was built using a 3D printer and the result is shown in Figure 3.8. It consists of two
1 mm thick plastic bars positioned along the long sides of the PCB (y-direction) in order to force the
latter to slide straight when subjected to spring action. Then, four more bars are screwed in pairs in
a perpendicular direction to the first two in order to secure the PCB around the FeSi core. The main
criticality of this configuration is that, while it can ensure that the setup is always positioned in the correct
position with respect to the y-direction, it cannot guarantee that the PCB always slides in the same
way on the PM surface. In fact, in the considered structure, there is no constraint against sliding in the
x-direction (see Figure 3.8) with respect to the position of the iron core.
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Figure 3.8: First setup prototype used to determine (B,,)

Another possible criticism of the setup just described is that it does not provide any method for locking
the PM at the iron core always in the same position during the tests. Initially, this was not considered to
be a major problem because the way the measurements were conducted: each PM was never touched
during these phases. However, as it will be shown shortly, an additional structure with this type of func-
tionality was realised later on.

Applying the setup in Figure 3.8 to the core in which the PM is applied, initial tests were then con-
ducted to assess its goodness. The first voltage pulse obtained and then processed via MATLAB is
shown in Figure 3.9. It can be seen that in the last part of the graph, the voltage value has an oscillatory
trend. This is caused by the fact that, due to the action of the spring, the PCB does not stop immediately
but has small rebounds before the spring completely loses its energy. However, this part of the graph is

of no interest because it has no influence on what one wants to observe.

Voltage impulse

100

Voltage mV]|

_40 . . . . . . . .
-0.01-0005 0 0.005 001 0.015 0.02 0.025 0.03 0.035 0.04

time [s]

Figure 3.9: First voltage impulse obtained
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In order to define the quality of the setup, several experiments were conducted in which the core
was assembled and disassembled and evaluations were performed by analysing the measurements
obtained. At the end of this process, a dataset of 75 measurements from 5 different experiments was
obtained, the results of which are shown in Figure 3.10, and it was possible to make evaluations about

the accuracy and robustness of the setup.
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(e) Fifth experiment

Figure 3.10: Results of the five experiments
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parameters considered for the evaluation of the setup are condensed.

The relevant value is the one taken by B, (t) at its peak, as it represents (B,,). In Table 3.5 the main

Table 3.5: Analysis of the measurements to evaluate the setup

Experiment | (Bymae) [T | (Bo) [T] o0 [%] | ovtotar [%]
First 0.7107 0.7076 0.27
Second 0.7523 0.7489 0.26
Third 0.7288 0.7242 0.42 2.16
Fourth 0.7455 0.7423 0.27
Fifth 0.7509 0.7462 0.34

Where (B, maz) represents the maximum value taken by (B,,) among the 15 measurements of
each experiment, (B,,) represents the average value among the 15 measurements of each experiment,
oy, represents the percentage standard deviation between the measurements of each experiment and
o9 total YEPresents the standard deviation between the 75 measurements of the entire dataset consid-
ered.

The results show that the setup is valid in terms of measurement quality when one considers the
experiments taken individually. In fact, a percentage standard deviation oy, ranging between 0.26% and
0.42% is accurate enough for the purpose. However, the Table 3.5 highlights a major problem with the
current structure: considering the 75 total measurements, the percentage standard deviation o, ;414
is 2.16%. Recalling that the expected aging of PMs between 100 and 200 hours in our case can vary
between 1% and 3%, the current setup cannot be considered suitable and it must be improved, this is
what is going to be discuss now.

From the results obtained, it is clear that the realized structure has the potential to be applied, the
key point to be solved now is to make sure that it can guarantee the same test conditions even between
experiments, which is not the case with the current setup. Instead of improving the existing setup, it was

decided to build a new one that has the same working principle, it is shown in Figure 3.11

Figure 3.11: New prototype used to determine (B,,,)
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As noted, one of the plastic bars located on the long side of the PCB has been replaced by a "T” plate.
The goal is to always ensure the same magnetic circuit by making sure that both the top and bottom
of the core are in contact with the latter. This also ensures, with greater precision than before, that the
PCB always runs in the same way with respect to the PM surface. In addition, a kind of cover was also
produced for the PM for the purpose of protecting it from unwanted movements that would distort the
results. To evaluate actual improvements in measurement precision, several tests were performed with
the same methods as previously adopted for the first setup. In addition, to get an even more general
overview, the tests were performed on two different days. For each of the two days, 30 measurements
were performed spread over 3 experiments of 10 each, for a total of 60 measurements. The results are

shown in Figures 3.12 and 3.13 and in the summary Table 3.6.
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Figure 3.12: Results of the experiments for the new setup during day1
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Measurements of B, first experiment day 2 Measurements of B,,, second experiment day 2
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Figure 3.13: Results of the experiments for the new setup during day2
Table 3.6: Analysis of the measurements to evaluate the new setup
. <Bm,maaz> _
Experiment Day 7] (Bm) [T] o, [%] 0% day [l | 0% totar [7]
First 1 0.7974 0.7961 0.13
Second 1 0.7969 0.7953 0.13 0.15
Third 1 0.7956 0.7943 0.11
0.27
First 2 0.7911 0.7901 0.06
Second 2 0.7951 0.7942 0.11 0.23
Third 2 0.7943 0.7925 0.11

From the results shown in Table 3.6, it is evident that the new setup ensures greater precision during

proved robust against repeated assembly and disassembly. In fact, the parameter oy 4,, represents
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individual experiments: the oy, now oscillates between 0.06% and 0.13%. More importantly, the setup

the percentage standard deviation among the 30 measurements obtained in the 3 experiments on a

given day and as can be seen is 0.15% for day 1 and 0.23% for day 2. Finally, the parameter oy, ;o1




represents the percentage standard deviation among the measurements of the entire dataset under
consideration. Observing that this value is 0.27%, it can be concluded that the setup is robust even in
the case of variations in the test conditions (e.g. room temperature), as half of the measurements were
obtained on one day, and the other half on another. A final important observation is that the values of
(Bm.maz) @and (B,,) for each experiment in the new setup are higher than each of the experiments in
the previous setup. This suggests that a condition has now been reached whereby the PCB slides more
precisely with respect to the PM surface.

The structure met the accuracy and reproducibility requirements initially set and was therefore ap-

plied during the thermal aging cycle discussed in the next section.

3.4 Thermal aging cycle procedure

Having defined and evaluated the method to derive (B,,), it is now time to apply it in between the
thermal cycle phases to analyse the behaviour of PMs. The thermal cycle is divided into six phases in
which the structure composed by the FeSi core and the PM is placed in the oven as illustrated in Figure
3.14. During this phase, the OV301 industrial oven was used for the first two tests (1h and 5h), whose
datasheet can be found in Appendix D. For the subsequent measurements, due to logistical problems in

the laboratory where the oven was located, another oven was used [35].

Figure 3.14: BMN-42SH samples in oven with different air gaps

Each phase is longer than the previous one, for a total of 186 hours. Following a detailed analysis
of the literature, and considering the tests carried out by my colleagues before me, it was decided
to perform the aging tests at a temperature of 140°C. During the experiments, the three BMN-42SH
samples (PM1, PM2, PM3) were placed in the oven simultaneously to ensure uniformity in the test and
measurement conditions. Following unexpected results, a further test was then performed on sample

PM2, this decision will be motivated in the next section. A further thermal cycle of 186 hours was also
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performed on sample PM4 of grade BMN-48SH according to the same methodology just described, in
order to clarify the results obtained for samples PM1, PM2 and PM3. Figure 3.15 summarizes what has

just been explained.

Aging cycle PMs
1h 1h at 140°C
¥
6h 5h at 140°C
¥
16h 10h at 140°C PM1
PM2
¥
36h 20h at 140°C PM3
PM4
¥
36h 50h at 140°C
¥
186h 100h at 140°C
386h 200h at 140°C PM2

Figure 3.15: Aging cycle performed

3.5 Thermal aging cycle results for BMN-42SH

The thermal cycle discussed in the previous section was therefore applied to the NdFeB BMN-42SH
magnets codenamed PM1, PM2 and PM3 (see Table 3.2). This section is dedicated to the analysis of

the results obtained for the three samples during the various phases of the cycle.

3.5.1 PM1 analysis

The PM1 sample was aged using an aluminium air gap of 1mm, resulting in a PC of approximately
4.5. For each of the cycle phases a procedure similar to that carried out during the validation of the
setup was applied: three experiments of 10 measurements each were conducted, interspersed with
core disassembly and reassembly operations, for a total of 30 measurements. Table 3.7 summarises

the main parameters taken into account to conduct the analysis of the results.

Table 3.7: Parameters to consider, PM1
Oh 1h 6h 16h 36h 86h 186h

(B,,)[T] | [0.8425- | [0.8365- | [0.8390- | [0.8451- | [0.8373- | [0.8477- | [0.8394-
0.8363] | 0.8309] | 0.8350] | 0.8427] | 0.8318] | 0.8461] | 0.8315]

oo [%] 0.19 0.13 0.3 0.07 0.18 0.04 0.3
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The first is obviously the value that (B,,,) takes during each phase. A range is indicated in the table
and the limit values represent the maximum and minimum obtained among the 30 measurements. The
second is instead the percentage standard deviation o9, used to evaluate the criteria of precision and
reproducibility discussed above. At the end of the last aging phase, this sample was the only one to

show damage on its surface, as highlighted in Figure 3.16.

Figure 3.16: Damage after 100h on PM1 surface

However, as can be seen from Table 3.7, this would only appear to be damage to the magnet’s
coating, as no particularly appreciable losses were noted during this measurement phase.

A first observation is that, for each phase, the oo, amply satisfies the established criteria, with values
ranging between 0.04% and 0.3% considering the total number of measurements acquired. A problem
may arise from the fact that the smallest standard deviation is about 7 times lower than the largest one.
Obviously, in order to have uniformity of results one would like to ensure that o is as similar as possible
in each experiment, however, it must be considered that the percentages in question are close to zero.
and even the slightest misplacement of the setup can have a major impact on the result. It should also
be considered that, despite this diversity in the quality of the measurements, even the worst situation
(0.3%) meets the criteria to consider the data acquired acceptable.

During each experiment, the ambient temperature was recorded and the values of (B,,) given in
Table 3.7 were normalised with respect to this factor according to the datasheet of Appendix A. The box
plot of Figure 3.17 was then created to provide a graphic display of the PM1 behaviour over time, in

which all the measurements obtained are illustrated.
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Figure 3.17: Overview of the measurements for PM1
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What is immediately evident when analysing the Figure 3.17 is that the PM1 sample does not appear
to age over time but rather, it seems that (B,,,) oscillates around a certain value.

The next step is to decide how to treat these measurements to rigorously define the behaviour of
PM1. In general, when a group of values is available, it is good practice to consider the average one
to be analysed. In order to apply this concept to our case in a meaningful way, one should ensure the
same distribution of measurements at each stage of the cycle. To evaluate this possibility, a comparison

of the distribution of measurements during two different experiments is presented in Figure 3.18.

Mesurements distribution after 1h, PM1
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Figure 3.18: Comparison of the distribution of measurements in different experiments

As can be seen, in Figure 3.18(a) most of the measurements are shifted towards the lower end of
the range, whereas in Figure 3.18(b) it is the exact opposite. This implies that in the two cases the mean
value of the magnetic flux (B,,,) does not fit equally in the range of values. Not being able to ensure the

same distribution between the measurements, it was assessed that it did not make sense to consider

27



(B, in order to study the behaviour of PM1; on the contrary, it would be detrimental to a correct analysis
of the results.

It was therefore concluded that the best method for accurately assessing aging was to consider
the maximum value assumed by (B,,). In fact, this value represents the condition for which the PCB
coil most accurately slid over the surface of the sample among the 30 measurements of the stage
considered.

Starting from Figure 3.17 and considering what had just been decided, the logarithmic scale graph
of Figure 3.19 was made and from this, conclusions were drawn regarding the behaviour of PM1. The
graph represents the losses of (B,,,) during the aging cycle. For example, at the i-th stage of the cycle,

the magnetic flux loss is calculated as follows:

lossy,; = — (1 - éﬁ:oi) -100 (3.5)

Where (B,, o) is the average magnetic flux before the first aging phase, (B,, ;) is the one at the i-th

phase and the result is multiplied by 100 to obtain a percentage value.

(Bn,) losses over the thermal aging cycle, PM1
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Figure 3.19: PM1 behaviour over the cycle

From Figure 3.19 it can be seen that, following an initial phase in which the magnet appears to age,
(B,) begins to oscillate around a certain value. At some stages, the magnet even appears to rejuvenate,
in fact the losses take on a positive value. At the end of the cycle, PM1 appears to have aged by only
0.35%, which can be interpreted as the sample not having aged at all.

This was not an expected result, neither by the reviewed literature nor by logic. At this point, it is
necessary to evaluate the behaviour of the other two samples, PM2 and PMS3, in order to draw some

conclusions.
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3.5.2 PM2 and PM3 analysis

The previous subsection provided in detail the method of analysing the results for PM1. In order to
have comparable results, the same evaluation criteria were also maintained for the other two samples.
It is for this reason that this subsection is devoted to analysing the results of samples PM2 (2mm air
gap) and PM3 (4mm air gap) at the same time. It is important to highlight that each phase conducted
on PM1, aging and measurements, was carried out simultaneously on samples PM2 and PM3 in order
to have uniformity in the test conditions. Tables 3.8 and 3.9 summarise the results obtained for PM2 and

PMS3, respectively.

Table 3.8: Parameters to consider, PM2

Oh 1h 6h 16h 36h 86h 186h
(Bm) [T] [0.7967- [0.7930- [0.7919- [0.7941- [0.7883- [0.7971- [0.7920-
0.7916] 0.7869] 0.7893] 0.7905] 0.7845] 0.7944] 0.7879]

oo, [%6] 0.13 0.25 0.09 0.14 0.13 0.10 0.12

Table 3.9: Parameters to consider, PM3

Oh 1h 6h 16h 36h 86h 186h
(Bm) [T] [0.8099- [0.8084- [0.8053- [0.8108- [0.8094- [0.8136- [0.8125-
0.8020] 0.8057] 0.7992] 0.8085] 0.8038] 0.8109] 0.8003]

oo [%] 0.31 0.07 0.24 0.09 0.17 0.10 0.55

These tables should be interpreted in the same way as Table 3.7. Again, the quality of the mea-
surements can be considered sufficiently good for the imposed objective. For PM2 the percentage
standard deviation o, fluctuates between 0.09% and 0.25%, while for PM3 it fluctuates between 0.07%
and 0.55%. The problem of not being able to guarantee the same level of accuracy is also evident for
PM2 and PM3. At the same time, as explained above, one has to deal with percentages close to zero
and therefore easily perturbed. Furthermore, it should be considered that the value o9, = 0.55%, which
is the worst accuracy recorded, is to be regarded as an isolated case. In fact, if one does not consider
this value, the maximum percentage standard deviation had been 0.31% considering all experiments
performed for the three samples. Since the worst accuracy was recorded for the very last experiment
performed (after 186h of PM3), this could indicate a degradation of the measurement setup e.g. caused
by a loosening of the screws.

Note the fact that the initial value of (B,,) for both PM2 and PM3 was about 0.04T lower than that of
PM1. This could mean one of two things: that PM2 and PM3 were in a higher state of aging from the
start, and could therefore affect the results of the thermal cycle, or simply that it was just a manufacturing
defect which is not supposed to affect the results. As will be explained shortly, since the three samples
had the same behaviour throughout the cycle, one is led to validate the second hypothesis. In fact, if it
had been due to the fact that the samples were in a different state of aging, different behaviour would
have been observed during the cycle.

As for PM1, during each experiment, the ambient temperature was recorded and the values of (B,,,)
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given in Tables 3.8 and 3.9 were normalised with respect to this factor according to the datasheet of
Appendix A. The box plots in Figure 3.20 and 3.21 were therefore created to provide a graphical visuali-
sation of the behaviour over time of PM2 and PM3 respectively, in which all the measurements obtained

are illustrated.

Overview of measurements, PM2
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Figure 3.20: Overview of the measurements for PM2

Overview of measurements, PM3
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Figure 3.21: Overview of the measurements for PM3

In both Figures it can be observed that the samples do not age but rather have an oscillatory be-
haviour throughout the thermal cycle, as already seen for PM1. For the same reasons listed in the
previous subsection, it was decided to consider the maximum value assumed by (B,,) for studying the
aging of PM2 and PM3.
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From the consideration just made, the graphs in Figure 3.22 and 3.23 were produced for PM2 and
PMS3 respectively. They were made on a logarithmic scale to better visualise the behaviour of the two

samples.
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Figure 3.22: PM2 behaviour over the cycle

(Bp,) losses over the thermal aging cycle, PM3
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Figure 3.23: PM3 behaviour over the cycle

From this graphs, it is evident that both PM2 and PM3 have a similar behaviour to that observed in
Figure 3.19 for PM1. It is therefore clear that unexpected results in terms of aging were obtained for all
the samples analysed. For clarity, the losses of (B,,) at the end of the aging cycle are summarized in
Table 3.10.
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Table 3.10: Losses at the end of the aging cycle for the three samples
PM1 PM2 PM3
(Bm,) losses [%] -0.35 -0.59 +0.31

This table shows that no sample has aged and even PM3 appears rejuvenated compared to the
beginning of the cycle. However, there are factors that indicate that this could be a true trend in the

behaviour of the samples and not measurement errors of (B,,,). To feed this theory it is useful to observe
Figure 3.24.
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Figure 3.24: Recap of the behaviour of the three samples analysed

Analysing Figure 3.24 it evident how the three samples appear to age and rejuvenate during the
same phases and it is statistically unlikely that the same errors were made at each stage of the cycle for
each of the three samples.

Furthermore, it can be seen that PM3 tends to have a higher value than initially assumed at almost
all stages of the cycle.Since this sample was aged with the thickest air gap among the three samples, a
more pronounced aging was all the more expected from the literature reviewed.

Considering what just obtained, it was necessary to make assumptions regarding possible justifica-
tions for the unexpected results. At first, it was thought that the temperature of the room could have a

greater impact than the datasheet in Appendix A. For this reason, a brief study was conducted in this
regard, illustrated in the next section.
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3.5.3 Study on influence of room temperature

To try to justify the unexpected results obtained, a study was conducted to determine the real effect
of temperature on the PM B(H) curve. In fact, the datasheet of Appendix A indicates that the PM rema-
nence B, can vary by up to -0.12%/°C, and an attempt was made to find out whether this is actually the
case in reality.

During the test, the iron core with a PM (already aged) applied and without any artificially introduced
air gap was placed in the oven. At this point, the gaussmeter of Appendix C was placed just above
the surface of the PM. An attempt was made to place it in as central a position as possible, but the
important thing in order to obtain consistent results is that the position remains the same throughout the
experiment. Then a temperature sensor was placed as close as possible to the PM and the test could
begin.

From 18°C to 26°C at 1°C intervals, the value taken by the gaussmeter was recorded. This tempera-
ture range was chosen because it was considered realistic with respect to typical test conditions. In fact,
it should be remembered that the measurements were performed at room temperature and therefore it
does not make sense to go higher than 26°C. In addition, in order to give the core and magnet time to
reach the desired temperature, each step lasted 45 minutes, making a total of 6 hours and 45 minutes.
In this way, the results obtained can be considered consistent. The values recorded are represented in
the graph of Figure 3.25.
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Figure 3.25: Relation between B and temperature

In this graph, the red line (linear fit of the recorded points) represents how temperature affects the

magnetic flux of the PM, and the experimentally obtained result is -0.145%/°C, which is close to the
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value given in the datasheet. It should also be considered that the study conducted may have been
influenced by errors | made unintentionally during the measurements and limitations of the equipment
used. Furthermore, the datasheet refers to the variation of B, whereas the data collected by gaussmeter
represents the value assumed by a point of the PM for a specific PC. These two values are close to each
other but not the same, which is also why the result obtained is not exactly the same as the datasheet.
Finally, for feedback, the behaviour of the three samples was plotted when the correction factor
considered was the one obtained experimentally during the study just conducted (-0.145%/°C instead of

-0.120%/°C as indicated on the datasheet). The result is shown in Figure 3.26.
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Figure 3.26: Behaviour of PMs considering the real correction factor

As can be seen, this graph is virtually identical to Figure 3.24. This consideration was helpful in
demonstrating that the impact of temperature is not as influential on the B(H) curve as hypothesised,

and that the cause of the unexpected results must therefore be sought in other factors.

3.5.4 Additional test for PM2

Having validated the fact that room temperature is not a heavy influencing factor in the measurements
made during the tests, another hypothesis must be formulated to explain how the results that were
obtained are not in line with expectations.

It was assumed that the PMs may have already aged at room temperature, as there is no certainty as
to the origins of these. The results reported for the three samples of BMN-42SH show that (B,,,) seems
to stabilise around a certain value without the PMs aging. This could mean that the aging stage of the
analysed PMs is already advanced with respect to the origin of the logarithmic scale and that therefore a

thermal cycle of 186 hours is not sufficient to reveal aging. For this reason, an additional 200-hour oven
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phase was introduced on the PM2 sample, for a total of 386 hours of aging. The aim was to observe
whether (B,,,) continued to oscillate, thus lending credibility to the hypothesis formulated.

The results presented in Figure 3.27 seem to confirm the theory that the PMs tested may have
already been at an advanced stage of aging. In fact, even after 386 hours, the sample does not appear
to have aged appreciably. In order to fully prove this theory, it is necessary to test other PMs that are
confirmed to have not aged. A positive result would prove that the method applied is valid and that the

samples PM1, PM2 and PM3 had already aged before the thermal cycle.
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Figure 3.27: Overview of the measurements for PM2, after the 200h phase

3.6 Thermal aging cycle results for BMN-48SH

With the aim of understanding the reasons for the results obtained during the aging tests performed
and at the same time demonstrating the actual validity of the methodology employed, it was decided to
carry out the tests on a sample of BMN-48SH, codenamed PM4. It has been aged for a total of 186
hours at a PC approximately equal to 2.3.

Before illustrating the results obtained it should be considered that the setup was tailor-made for
BMN-42SH samples, as the use of BMN-48SH sample was not initially planned. For example, the di-
mensions of the coil, as explained in 3.2, are such that it runs exactly on the surface of a BMN-42SH
sample, avoiding leakages. Obviously, since the sample of BMN-48SH has different dimensions, this
condition does not occur in this case. However, this is not a problem: the aim is simply to obtain reliable
measurements of (B,,,). If the same sliding condition is guaranteed for each measurement, it is sufficient

to apply the method to the aging tests for sample PM4.
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For each of the cycle phases three experiments of 10 measurements each were conducted, inter-
spersed with core disassembly and reassembly operations, for a total of 30 measurements, as done
for samples PM1, PM2 and PM3. The collected data were normalised with respect to temperature

according to the datasheet of Appendix B and summarised in Table 3.11.

Table 3.11: Parameters to consider, PM4

Oh 1h 6h 16h 36h 86h 186h
(Bn) [T] | [0.6285- | [0.6296- | [0.6313- | [0.6303- | [0.6311- | [0.6311- | [0.6312-
0.6158] 0.6283] 6276] 0.6271] 0.6288] 0.6258] 0.6292]

oo [%] 0.42 0.05 0.16 0.18 0.12 0.18 0.10

From the Table, it can be seen that the (B,,,) values for PM4 are lower than those recorded for PM1,
PM2 and PM3, and this is solely due to the consideration made earlier that the setup was tailor-made for
BMN-42SH samples. It is clear that the objective of obtaining precise and reproducible measurements
has been achieved. The oy, fluctuates between 0.05% and 0.42% and it must also be considered that
the latter value may have been caused by human error in the measurements as it is larger than all the
other ones.

The results shown in Table 3.11 show that the sample has not aged. To clarify this, the data have

been plotted in the box plot in Figure 3.28.
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Figure 3.28: Overview of the measurements for PM4

The box plot highlights the fact that PM4 has not aged during the entire cycle. In fact, it is observed
that (B,,,) is not affected during the entire thermal cycle. This is a similar result to that obtained during
the tests for the three BMN-42SH samples. However, if one compares Figure 3.28 with Figures 3.17,
3.20, 3.21 it is evident that this sample has a slightly different behaviour. In fact samples PM1, PM2 and
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PM3 were characterised by a (B,,,) oscillation during the cycle, whereas for PM4 this phenomenon did
not occur.

The behaviour of PM4 is more consistent than that seen for PM1, PM2 and PM3, and finding an
explanation for this difference is a difficult challenge and requires further testing to be resolved. There
are several hypotheses that can be formulated. The first is that, as stated earlier, there is no certainty
about the origins of the BMN-42SH samples: their state of aging prior to oven testing was not known
precisely and may have influenced the final results. Another factor is that PM4 is of a different grade
than the other three samples and may show greater resistance to aging.

However, none of the four samples analysed showed actual aging in line with the State of the Art.
This situation is difficult to explain: on the one hand, one is certain that the measurements obtained
are true and reliable, on the other hand, the results illustrated during this thesis work go against those
obtained in other research. More data would have to be collected in order to be able to state this with
certainty, and this process could take months if not years. Since not enough time is available, it was
decided to use data previously obtained by a colleague to define the impact of PM aging on an IPMSM.
The next Chapter will introduce these data and explain how they were used for the purpose of this

thesis.
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Chapter 4

Impact of aging on an IPMSM

This Chapter is devoted to the analysis of the effects that aging of permanent magnets (PMs) has
on an Internal Permanent Magnets Synchronous Motor (IPMSM). For the analysis that will be shown,
since the data obtained in Chapter 3 are not in line with the State of the Art, data previously obtained
by a colleague will be used. The analysis will include the study of torque and efficiency variation at the

nominal point, at different stages of aging.

4.1 Data and motor overview

As mentioned just above, for simulations using Finite Element Analysis (FEA), data collected during
a previous thesis work by a colleague were used [26]. The aging procedure was the same as that fol-
lowed during this thesis (see Figure 3.15), except that the tests were performed at 100°C and 120°C.
Also, the same aluminum thicknesses were used, consequently obtaining the same Permeance Coef-
ficients (PCs) for the PMs. With the data obtained, the prediction of aging was then performed using
an adaptation of the Arrhenius Model, which is shown in Equation 4.1 and represents the losses in the

remanence of PMs by comparing them with the value taken before the start of the aging cycle.

B.(t) . t
By~ L= MolT, PC)+ S(T, PO)In( ) (4.1)

This equation describes the relative change in remanence B, over time ¢, with a dependence on

temperature T and the permeance coefficient of the PM, PC. In the equation My (T, PC) represents the
magnetization, while S(T, PC) is the magnetic viscosity coefficient. For convenience these parameters

have been summarized in Table 4.1.

Table 4.1: Arrhenius parameters for N4A2SH samples

My(T, PC) S(T, PC)
PC=45|PC=23 | PC=11|PC=45|PC=23| PC=1.1
100°C | -0.169 -0.328 -0.257 -0.367 -0.411 -0.442
120°C | -0.171 -0.338 -0.312 -0.370 -0.438 -0.500
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From these data, it was possible to plot a 3-D graph showing how PC affects the aging of PMs in a
range of PCs from 1.1 to 4.5. This was made because then, knowing the PC value of the PMs included
in the analyzed IPMSM, it will be possible to know their aging status. The two planes obtained for
temperatures of 100°C and 120°C are shown in Figures 4.1 and 4.2, respectively.

B, losses prediction for different PCs, T = 1000C

B, losses %]

B, losses (%]

Figure 4.1: Interpolation plane for B,.(t) losses at 100°C

B, losses prediction for different PCs, T = 1200C

B, losses (%]

Figure 4.2: Interpolation plane for B,.(t) losses at 120°C

In order to proceed with the analysis, it is necessary to know the electric motor to be studied. It is
an IPMSM still under construction at the University’s electrical machines laboratory characterized by a
rotor in which there are 8 PMs (4 pole pairs), as shown in Figure 4.3.
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Figure 4.3: Geometry of the IPMSM to be studied

A first simulation was performed to define the average PC (PC,y) of the PMs within an electric cycle.
As observed in Figure 4.3, because of the geometry of the motor to be studied, each PM is characterized
by the same value of PC,,. By means of this simulation the Torque-Speed map observed in Figure 4.4

was made and indicates at each point of operation of the motor, the respective value of PCy,.

Average PC in an electrical cycle
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Figure 4.4: Map of the values of PC,, for every operating point of the motor
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From the map it is clear that, depending on where the motor operates, the PC,, value can vary be-
tween about 0.9 and 1.45 in an electrical cycle. As can be seen from Figures 4.1 and 4.2, this difference
does not have such a major impact on the aging of PMs. However, to conduct an accurate analysis, it is
necessary to define a criterion for selecting which value to use for PC,,. To do this, it is also necessary
to understand how the PC,, varies along the PM. Figure 4.5 illustrates the value of PC,, along the PM

for a certain point of machine operation (nominal torque and speed).

7

Figure 4.5: lllustration of PC,, along a PM

As will be explained in more depth in later sections, the entire analysis is based on studying the
nominal point of the motor. The mean value over the PMs is PC,, = 1.21 and as a first approach will be
considered constant during the aging of the machine, checking later whether this is acceptable.

Before proceeding with the exposition of the results and the analysis, it is necessary to provide an
overview of the assumptions made to carry out the study. In fact, a number of simplifications were made
to arrive at the final result, and it is important to keep these in mind when evaluating the quality of the

results obtained. The main ones are listed below:

1. The PC,, of the PMs is constant in an electrical cycle.
2. The PC,, of the PMs is constant along their surface.
3. The motor works continuously at the same point of operation.

4. The temperature inside the motor is considered to be constant.

These are assumptions that can have a heavy impact on the results. In particular, it is extremely
reductive to assume that the motor operates always at the same point during its deployment. However,
with the available data this assumption is necessary, in fact, in order to have more accurate results it
would be necessary to collect data on the thermal aging behavior of PMs when their PC changes. To
perform this type of analysis, however, requires time that is not available.

In addition, considering the constant temperature in the motor is also a limiting factor. On the one
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hand, it can be assumed that when the motor operates at steady state, the temperature inside the motor

stabilizes. It is also true, however, that the motor is intended to be applied in the Traction sector, and

therefore its exploitation is not uniform.

In addition to the considerations made so far, it is also necessary to reflect regarding the resolution

with which the study was conducted. The Torque-Speed grid of Figure 4.6 was considered during this

work.
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Figure 4.6: Torque-Speed grid

The resolution that was decided for the construction of the grid is mainly due to time constraints.

Simulating a single point among those represented takes approximately 2 minutes, so an overly dense

grid would take an inordinately long time. The grid in Figure 4.6, in the plane of currents, is as depicted

in Figure 4.7. Clearly, grid resolution has an important impact on the quality of the final result. Now,

keeping in mind all the considerations and assumptions made in this section, the study was conducted.
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Figure 4.7: Points evaluated in the dq plane
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4.2 Evaluation of the impact of aging on the IPMSM

Starting from the assumptions made in Section 4.1, it is possible to proceed with the analysis and
evaluate the decay of motor performance. From the planes in Figures 4.1 and 4.2, and knowing that
PCa = 1.21, it was possible to derive the value of PMs remanence, B,., under different aging times. For
the analysis conducted, it was considered appropriate to know the values of B, at 0, 10, 100, 1000,
10000 and 100000 hours of aging. Once one knows the value of B, for a certain aging stage, one can
use it in the software for FEA and obtain information regarding the performance of the motor. For each

of the simulations, the analysis focused on the study of two parameters:

* The torque T [Nm]

» The efficiency n [%]

4.2.1 Torque analysis procedure

The main objective is to understand how the torque T is affected by the fact that the magnetic prop-
erties of PMs degrade. To do this, it is necessary to understand what the principle of torque generation
is in an IPMSM.

They have a rotor structure such that they exhibit a marked magnetic anisotropy, as can be seen in
Figure 4.3. Therefore, an IPMSM generates torque through two main mechanisms: magnetic source
torque and reluctance torque. The total torque is given by the equation:

3

. 3 .
T = inpp't/)mzq + inpp(Ld — Lg)iqiq (4.2)

Where n,,, is the number of pole pairs, 1, is the flux of the PMs, L, is the direct inductance, L, is

the quadrature inductance and 4, i, are the direct and quadrature components of the input current.

Isotorque curves prior to aging PMs
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Figure 4.8: Isotorque curves before the aging of PMs
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During the simulations that will be discussed in the following sections, the input current absolute
value, |I|, was kept constant and equal to the nominal one to give a clear view of the impact that the
deterioration of the magnetic properties of the PMs has on the torque. Importantly, it was assumed for
the simulations that there was only one winding in each stator pit (single coil assumption).

Figure 4.8 shows the isotorque curves (+7,,) of the motor before any aging of the PMs. The deterio-
ration of ¢, affects such curves, and knowing precisely how it does so allows one to make predictions

regarding the evolution of the torque as the PMs age.

Q

<QB

m

Figure 4.9: Influence of ¢,,, on isotorque curves, adapted [36]

In Figure 4.9 the grey ellipses represent the isospeed curves, the green curve represents one of
the isotorque curves (+7,,) and the continuous red lines the maximum torque per ampere line. From
the figure it can be seen that the position of these curves in the plane (iq4, ;) depends on the vertical
asymptote given by the value taken by:

Vm

7 (Lq— Ld) (4-3)

Since ., is positive, and the difference between L, and L, will always be positive because of
the anisotropy introduced by the motor geometry, the asymptote will always be in the first quadrant.
Assuming that the denominator of Equation 4.3 remains constant over time, as the PMs age the value
of ¢, will decrease causing the value of = to move more and more toward the origin (intersection of the
axis), thus affecting the isotorque curves.

It is also clear from Figure 4.9 how decreasing 1, affects the voltage limit, which is represented by
the ellipses. In fact, due to the aging of the PMs, the center, which is given by —%, moves toward the
intersection of the axis. Because of this, it is reasonable to expect that keeping constant the voltage, the
motor will be able to reach a higher speed before entering the flux weakening zone.

Starting from this considerations it is possible to get an idea of how aging PMs might affect the

isotorque curves, Figure 4.10 is used to indicate how the isotorque curves are expected to evolve.
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Isotorque curves prior to aging PMs
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Figure 4.10: Prediction of the evolution of the isotorque curves

Thus, it is reasonable to assume that the curve representing the maximum torque that can be de-
livered by the motor will have a lower value than the original. Furthermore, it is expected that, while
keeping the modulus of the input current, ||, constant, the direct and quadrature components will un-

dergo changes. These assumptions will be verified in the next section.

4.2.2 Efficiency analysis procedure

The other parameter that this thesis sets out to analyse is efficiency, 7, as it is a term of fundamental
importance from an economic and energy perspective. The goal is to understand how much and how

aging PMs affect motor efficiency.
When it comes to efficiency, it is necessary to introduce the concept of losses. There are two types

of losses: electric and mechanic. The electric losses are divided in three types:

» Winding losses, which are the losses due to the Joule effect in the stator windings. They are

computed as follows:
Pwindings = 3R12 (44)

where R is the electric resistance of the coils and I is the input current. Since one wants to
understand, while maintaining the same input current modulus, how the aging of PMs affects

efficiency, one expects this term to be constant in all phases.

+ Core losses, which are given by the losses in the stator and rotor and are obtained from experi-

mental data. They are computed as follows:
Pcore = I"stator + Protor (45)

The core loss density was estimated with Steinmetz coefficients, obtained from experimental re-
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sults during a previous work [11]. Considering a sinusoidal variation of the flux density in the rotor
and stator cores, core loss density, p..re, IS given by Equation 4.6, where f is the frequency of the
flux density and B,, its amplitude, the Steinmetz coefficients k;,, k. and k..., determined for each
core material (VaCoFe and FeSi). The amplitude of flux density, was obtained from the stationary

FE model, with the stator flux aligned with d and q rotor axes [11].

Pcore = kthEn, + ke(me)2 + kemc(f-Bm)ll5 (46)

+ Induced currents in the PMs losses, which are the losses due to the fact that PMs, being endowed

with a resistivity p,,, = 1.3-10~% Qm, are subject to induced currents. They are computed as follows:
P, = / pmJ>dV (4.7)

|4
Where J is the current density of the currents induced in the PMs and the integral is made on the

volume of the PMs.

Mechanical losses, on the other hand, are of two types:

« Vibration losses, which were not considered because they depend on the choice of bearings and

this is not an objective of the thesis.

» Windage losses, representing the losses due to air friction in the air gap. These losses are negli-
gible at low speeds. Since the analysis is based on motor operation at a rated speed of 7500rpm,

they have therefore been neglected.

Figure 4.11 shows the motor efficiency map in the Torque-Speed plane, before aging PMs, with a maxi-

mum efficiency around 96.56% .
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Figure 4.11: Efficiency map
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4.3 Results

This section is devoted to the exposition of simulation results and their analysis. It is divided into
two subsections, the former studies the variation of the torque 7' in time, the second the variation of the

efficiency n.

4.3.1 Torque evolution

The data collected during the simulations regarding the torque study are shown in Tables 4.2 and 4.3
for the 100°C and 120°C tests, respectively.

Table 4.2: Important parameters during the analysis of torque evolution, 100°C

T=100°C
Aging time [h] | T [Nm] | T decrease [%] | B, decrease [%] | |I]|[A] iq [A] iq [A] | PCa
0 29.74 - - 824.66 | -208.16 | 797.96 | 1.21
10 29.40 1.13 1.27 822.84 | -260.20 | 780.61 | 1.20
100 29.10 2.15 2.28 824.66 | -312.24 | 763.27 | 1.18
1000 28.92 2.75 3.29 824.66 | -312.24 | 763.27 | 1.18
10000 28.74 3.37 4.31 824.66 | -312.24 | 763.27 | 1.18
100000 28.55 4.00 5.32 824.66 | -312.24 | 763.27 | 1.18

Table 4.3: Important parameters during the analysis of torque evolution, 120°C

T=120°C
Aging time [h] | T [Nm] | T decrease [%)] | B, decrease [%)] | |I|[A] iq [A] iqg [A] | PCay
0 29.74 - - 824.66 | -208.16 | 797.96 | 1.21
10 29.24 1.67 1.45 824.66 | -312.24 | 763.27 | 1.17
100 29.04 2.34 2.59 824.66 | -312.24 | 763.27 | 1.18
1000 28.84 3.02 3.73 824.66 | -312.24 | 763.27 | 1.18
10000 28.63 3.72 4.87 824.66 | -312.24 | 763.27 | 1.18
100000 28.42 4.44 6.00 824.66 | -312.24 | 763.27 | 1.18

A first observation concerns the value of PC,,, which was initially assumed to be constant during
aging. It was important to verify the veracity of this assumption since, as already explained, the PC of a
PM affects its aging. From Tables 4.2 and 4.3 it is observed that in 100000 hours of use the PC,, drops
by less than 3% from the initial value, both for simulations at 100°C and 120°C. Therefore, it can be said
that the assumption is acceptable.

The torque T, as expected from the Equation 4.2, decreases due to the decay of the magnetic
properties of the PMs. This occurs both following aging at 100°C and 120°C and is more pronounced
in the latter case, as it can be seen in Figures 4.12 and 4.13, respectively. From the two Figures just
mentioned, it is evident that the torque losses are less pronounced than the flux losses of PMs. The

explanation is to be found in Equation 4.2.
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Comparison of the decrease of T' and B,., 1000C
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Figure 4.12: Decrease of torque and PM’s remanence during a 100°C aging

Comparison of the decrease of 1" and B3,, 120<C

-1 T
®x  Torque decrease
'1-5;: % Remanence decrease| |
,2 = -
— x
= = -
3% 25 X
b4
g 3 x 1
o
< 35 1
&i' x x
= 4T T
g
=
by 45 X
5f % 1
556 8
-6
10! 102 10° 10" 10°
Time [h]

Figure 4.13: Decrease of torque and PM’s remanence during a 120°C aging

Assuming that the direct and quadrature components of the input current (i4, 4,) remain constant,
only the first term (magnetic torque) would decrease, and for this reason the rate of decrease of the flux
losses of the PMs is faster than the rate of decrease of the torque losses of the motor.

Actually, as expected starting from the assumptions of Subsection 4.2.1, from Tables 4.2 and 4.3 it
is observed that only the absolute value of the input current, |I], remains constant and not its direct and

quadrature components as shown in Figures 4.14 and 4.15 for 100°C and 120°C, respectively.
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dq currents evolution due to PMs aging, 1000C
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Figure 4.14: dq currents evolution over the PMs aging, 100°C

dq currents evolution due to PMs aging, 1200C
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Figure 4.15: dq currents evolution over the PMs aging, 120°C

This is a relevant observation because on i, depends the value of the magnetic torque term of
Equation 4.2 and on the product i4i, depends the value of the reluctance torque term. Thus, what
happens as a result of aging PMs is that the first component decreases while the second grows trying
to reach the nominal torque value established in the first simulation.

A final consideration concerns the fact that after a certain aging stage of PMs the pair (4, i,) stabilizes
at a constant value. This is probably due to the level of accuracy of the grid as discussed in Section 4.1,

in particular observe Figure 4.7.
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4.3.2 Efficiency evolution

The second objective of the simulations is to determine how the decay of PMs properties is related

to the efficiency, n, of the motor. The efficiency calculation, for the i-th aging stage, is as follows:

1 total losses;

Tow ) - 100 (4.8)

ni = (

Considering the losses mentioned in Subsection 4.2.2, the new equation becomes:

Pwin in s,-'PCore,-'Pm,-
n=(1- 4 ng + ). 100 (4.9)
Y

Where w represents the speed (remember that only the point of operation at nominal speed is ana-
lyzed) expressed in [rad/s].The data collected regarding machine efficiency are shown in Tables 4.4 and
4.5.

Table 4.4: Evolution of efficiency over time, 100°C

T=100°C
Aging time [h] B, decrease [%] 7 [%]
0 - 96.09
10 1.27 96.05
100 2.28 95.98
1000 3.29 95.96
10000 4.31 95.93
100000 5.32 95.91

Table 4.5: Evolution of efficiency over time, 120°C

T=120°C
Aging time [h] B, decrease [%] 7 [%]
0 - 96.09
10 1.45 96.01
100 2.59 95.98
1000 3.73 95.95
10000 4.87 95.92
100000 6.00 95.89

It can be seen from both Tables that efficiency, while decreasing, does not do so appreciably. This
indicates that the aging of PMs does not lead to a decrease in motor efficiency and is positive in energy
terms. The reasons behind this phenomenon are to be found in the impact that each loss considered
has on the total losses. For this reason, for both 100°C and 120°C simulations, Tables 4.6 and 4.7 were

created to provide a summary.
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Table 4.6: Impact of each loss, 100°C

T=100°C
Aging time [h] Puyindings [W] Peore [W] Py, [W] total [W]
0 731 118 38 887
10 728 126 48 902
100 732 120 55 907
1000 732 119 56 907
10000 732 119 57 908
100000 732 118 59 909
Table 4.7: Impact of each loss, 120°C
T=120°C
Aging time [h] Puindings [W] Peore [W] Py, [W] total [W]
0 731 118 38 887
10 732 121 54 907
100 732 120 56 908
1000 732 119 57 908
10000 732 118 58 908
100000 732 117 59 909

100

Impact of each loss on the total, 100cC

Losses [%]

As expected the Pyinaings are constant since they are proportional to |7|?, which does never change.
Only in the simulation after 10h at 100°C is a slightly different value observed. This is due to the fact
that, during that simulation, due to the reduced grid resolution, the modulus of the input current was
slightly smaller than in the other simulations (see Table 4.2). The winding losses account for about 80%
of total, making them the largest factor in motor losses, as shown in Figure 4.16, which refers to the
results obtained during simulations at 100°C. For simulations at 120°C, almost identical results were
obtained. The P.,.. have a slightly unexpected behavior, in fact, they were expected to decrease as
the PMs age. This is true except for an initial instant in which they appear to grow in both the 100°C

100

Time [h]
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and 120°C simulations. However, there is a need to consider that these losses are subject to numerical
errors and this is where the cause may lie. These losses are about 13% of the total losses during the
whole aging period. However, total losses increase, albeit marginally, due to the fact that losses due to
induced currents established in PMs, P,, increase. These depend on the value of i,. It was previously
observed that aging of PMs causes the ig and i, components of the input current to vary. During use,
it is observed that i, increases (in absolute value) and that is why P, increases as Figure 4.17 shows.
Then from Table 4.8 it is possible to study the relation between the increase of the component iy (in

absolute value) and the increase of P,,.

Impact of losses caused by induced currents on PMs, 100 oC

0 10
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Figure 4.17: Zoom on the impact of P,, losses
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Table 4.8: Relation between i, and impact of P,, on total losses, 100°C

T=100°C
Aging time [h] 1q [A] P, [%] |iq| increase [%] | P, increase [%)]

0 -208.16 4.33 - -

10 -260.20 5.36 25 24

100 -312.24 6.08 50 40
1000 -312.24 6.23 50 44
10000 -312.24 6.28 50 45
100000 -312.24 6.45 50 50

In this table, the column ”|i4| increase [%)]” refers to how much i, increases as a percentage from the

starting value of -208.16A and the same concept applies for ”P,, increase [%]’. These parameters are
crucial to understand the relation between i; and P,,,. The table shows how the increase in modulus of
iq is approximately proportional to the growth of P,,. However, since the latter have an almost marginal
effect on total losses, an increase of more than 100A in i; causes P, to increase only from 4% to 6.5%

of total losses. This means that their final impact can be considered almost unchanged compared to
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during the entire period of motor use.
As a result of this consideration, it is then explained why the efficiency of the motor, shown in Table

4.4 appears to hardly decrease throughout the aging period of the motor.
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Chapter 5

Conclusions

The objective of this thesis work was to determine how aging of permanent magnets (PMs), as a
result of their exposure to high temperatures, affects the performance of the electric motor in which they
are applied.

To reach this conclusion, the thesis was structured in two parts: an initial experimental part was
devoted to data acquisition by conducting aging tests. In order to do this, it was first necessary to
construct a framework for measuring the magnetic flux density, B, of PMs. This structure had to meet
two requirements: accuracy and low cost of creation. Once the method devised was validated, it was
applied for experimental data acquisition.

At this stage, the magnets were placed, for increasing times, inside an oven at a temperature of
140°C. Three samples of BMN-42SH, operating at three different PCs, were tested simultaneously to
define how the working point of a magnet affects its aging. For all three samples, the results showed
almost no decay in magnetic properties. At this point it was hypothesized that the temperature of the
environment might affect the BH curve of the PMs more than the datasheet indicated, thus distorting
the measurements. Therefore, it was decided to conduct a study regarding the influence of the ambient
temperature, which confirmed what was reported in the datasheet. Then, since there was no certainty
regarding the origin of the PMs, it was hypothesized that they may have already been in an advanced
state of aging before the oven tests began. To validate this theory, an additional 200-hour oven cycle
was introduced for just one of the samples, which again showed almost no decay in magnetic properties.
This result seemed to lend credence to the theory that the magnets tested were already in an aging state
when the tests began. For further verification, it was decided to repeat the same thermal cycle performed
for the BMN-42SH samples, for a BMN-48SH sample. For the latter, it was certain that it was not at an
advanced aging stage. However, these tests also showed that the magnet was not aging. These results,
although justifiable by the quality of the measurements, are at odds with the literature and for this reason,
it was decided to use the data previously obtained from a colleague [11] to move on to the second part
of the thesis.

This part focused on applying this data to define what impact the aging of magnets has on the

performance of the electric motor. The data collected was up to 186 hours of aging at temperatures of
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100°C and 120°C. Since this is a limited number of hours, an adaptation of the Arrhenius model was
applied to obtain a prediction of aging for longer times, up to 100000 hours. In order to assess how
motor performance changed as the PMs aged, it was decided to evaluate torque and efficiency for the
same machine operating point (same torque and speed). During the analysis, the input current modulus
was kept constant in order to obtain comparable results.

With regard to the evolution of torque over time, it was observed that it decreases due to the decay of
the magnetic properties of the PMs, as was to be expected. The rate of torque decay is less than that of
the magnetic properties of the magnets. It has also been observed that the value of ¢, influences the
position of the isotorque curves in the plane (iq4, i,). Therefore, while keeping the modulus of the input
current constant, the operating point (i4, ;) changes slightly as a result of the decay of v,,,.

With regard to the analysis of the evolution of efficiency over time, it was observed that the impact of
the aging of the PMs is negligible and the reason for this is to be found in the distribution of motor losses.
The winding losses during the entire aging process accounted for approximately 80% of the total losses.
Losses in the core, on the other hand, decreased slightly, as to be expected, but was almost negligible.
These losses accounted for about 13% during the entire aging period. The only losses that increased
were those due to the induced currents in the PMs, but this growth had an almost negligible impact on
the final result because these were the least significant losses. In fact, they increased from 4% to 6% of
the total losses during aging. It is for these reasons that the efficiency of the engine, despite aging PMs,

remains almost constant.

5.1 Achievements

The work presented in this thesis is only the introduction to a work that will have to expand over
time in order to obtain more precise and significant results. However, during these months a number of
results have been obtained that can be used by future colleagues to continue what has been started. A

list of the main objectives achieved is as follows:

» An accurate and inexpensive method for measuring the average magnetic flux density (B,,) of

PMs has been developed.

+ It has been verified that the temperature of the environment in which the measurements are taken

is indeed what is indicated on the datasheet.

» By adapting the Arrhenius model, it was possible to obtain an estimate of the aging of PMs over a

large number of hours at a certain temperature of use.

+ Using finite element analysis (FEA), a study was performed on the evolution of torque and motor

efficiency following the decay of the magnetic properties of PMs.
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5.2 Future Work

For the continuation of this work, the first step will certainly be to understand exactly how PMs age.
Indeed, the data obtained in this thesis, although justified, is at odds with the literature. This raises the
interest in carrying out further tests in an oven, perhaps by applying a different method for measuring
the magnetic flux density.

Once this problem is solved, the next step may be to perform aging tests at a non-constant tempera-
ture, as it is limiting to consider that the electric motor in which the PMs are applied always works at the
same temperature. In this way, during future FEA simulations, it will be possible to improve the accuracy
of the results obtained in this thesis regarding torque and efficiency decay.

Finally, in this thesis, it was considered that during the entire aging cycle (100,000h), the motor would
always work at the same torque-speed point, causing the PC of the PMs to be constant. Obviously, this
is a major limitation, especially considering that one is dealing with a motor for traction applications.
Therefore, a further challenge will be to understand how the variation of the PC during use affects the

aging of the PMs and consequently the performance of the motor.
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Appendix A

BMN-42SH Datasheet

30MATEC

MORE THAN JUST MAGNETS

BMN-42SH NdlFeB sintered
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1) The shown temperature coefficients are nominal reference values only . They can vary for different temperatures and don't need to be linear.

2) The { i is ing on the magnet shape, size and on the specific application.

Note: The above plotted graphs are idealized and represent theoretical values of the material. Shown are curves according nominal values
based on uncoated material samples according to IEC 60404-5. Material and magnetic data represent typical data that may vary due to
product shape, size and coating. Please contact Bomatec regarding specific requil for your
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Appendix B

BMN-48SH Datasheet

30MATEC

MORE THAN JUST MAGNETS

BMN-48SH/S (GBD) NdFeB sintered, corrosion stable
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1) The shown temperature coefficients are nominal reference values only . They can vary for different temperatures and don't need to be linear.

2) The { i is ing on the magnet shape, size and on the specific application.

Note: The above plotted graphs are idealized and represent theoretical values of the material. Shown are curves according nominal values
based on uncoated material samples according to IEC 60404-5. Material and magnetic data represent typical data that may vary due to
product shape, size and coating. Please contact Bomatec regarding specific requil for your
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Appendix C

Gaussmeter

Magnetic Instruments Ltd.

SPECIFICATIONS

Model GMO08 and GMO7

Sl Units 0.000-3.000 Tesla (00.00-+30.00 kioGauss) What you get:
000.0 - +299.9 milliTesla (0.000 - +2.999 kiloGauss)
00.00 - +29.99 milliTesla (000.0 - +299.9 kiloGauss) ‘GMOS8 Includes:

00.00 - +2.999 milliTesla (00.00 - +29.99 kiloGauss)

i . GMO8 Gaussmeter
Unita of Tesla, Gauss, Amps/m or Oersted

. Transverse Probe
Frequency Range DCand 15Hz to 10 kHz
Functiona DC,DC peak, AC RIMS, AC PEAK, AC MAX . Calibration Certificate
DC Accuracy Belter than +/- 0.5% Probe and Gaussmeler max calibraled against an . Zero Flux Chamber
NMR Teslameter
NPL Traceable +1% Probe and Gaussmeter . USB lead
Reproducibility Better than +0.5% . R
. Plastic carrying case
Display Back it +/- 7 digit, dedicated, transflective LCD display.

Intemal memory Non-volatile storage of gaussmeter setlings GMO7 Includes:

Temperature Better than +0.1 % of reading/"C including probe
i . GMO7 Gaussmeter
Battery Type 4 x A cells Long-life 1,5 Akaline . Transverse Probe
USB and RS232 Used for data transfer and remole control. Software handshaking. USB . . .
1.1 Compliant . Calibration Certificate
Analogue Output +-3 Volts full scale .
GMO8 Zero Flux Chamber
Time keeping Stored data is time stamped onl Plastic carrying case
nly
External PSU
S Included ~5/6Y (100-500mA )
PC Software Windows communication software CALIBRATION
Temperature
o A calibration certificate, traceable to NPL
- utilisation 0°C-50°C (30°F + 125°F)
- 20°C -70°C  (7C°F + 150°F) (National Physical Laboratory — UK NIM)
Dimensions: standards, is supplied with the unit. Annual
- Length 175 mm (6.9 in) . .
calibration is supported.
- Width 89 mm (35in)
- Height 40 mm (1,6 in)
Weight:
(Exluding 430g (150z)
batteries)

Hirst Magnetic Instruments Ltd. is a company with more than 60 years of experience in magnetic measurement, manufacture,
install, service and calibrate a wide range of magnetic instruments and magnetic equipment. As well as Gaussmeters, Hirst also
offers Integrating Fluxmeters, Pulsed Field Magnetometers (PFMs), magnetisers, magnet calibrators, demagnetisers . In
addition to standard equipment, the Hirst designs incorporate a flexible architecture, offering the simple implementation of
dedicated, bespoke systems for all application.

MAGNETIC S EMS FOR SCIENCE AND INDU

HIRST MAGNETIC INSTRUMENTS LTD.

Tesla House, Tregoniggie Ind. Estate T: +44 (0) 1326 372734 e: sales@hirst-magnetics.com
Falmouth, Cornwall, TR11 4SN, U.K. w: www.gaussmeter.co.uk




68



Appendix D

OV301 oven

& PRECISION BENCHTOP CURING OVEN

easycomposites

Shra he ol

¢¢Unrivalled value for money along with
incredible features and performance put
0V301 in a league of its own?

Designed, manufactured and quality assured in-house by Easy
Composites Ltd in the UK, OV301 is a fully featured pregrammable
industrial curing oven for convenient bench-top installation

The oven is particularly suited for composites use, including curing
or post-curing laminates, prepregs, thermoplastics, castings and
moulds.

The precision manufactured, sturdy design is engineered for
demanding everyday production use whilst the convenient bench
top size and precision control makes the oven equally suited to
laboratory or R&D use.

0Ov301 has been meticulously designed to offer unrivalled thermal
efficiency meaning that complete prepreg curing cycles can be
completed for only a few pence*

Recommended For:

® Curing of prepreg composite parts

® Post-curing of high temperature moulds and tooling
® Curing thermoplastics such as PP and PLA

® Curingsilicones and casting resing

® Researchand development/material testing

“2hrcure cycle, 20°C ambient, 1.5kwh @£0.15/kWh, total cost £0.20

OoVv301

Key Features

Precision temperature contro
Ambient to 200°C / 392°F
Programmable ramp and soak
Two independent vacuum ports
Very high thermal efficiency
Powerful 2kW heating power
Fan assisted forced convection

Rugged build for productionuse

Precision Temperature Control with
Ramp and Soak/Dwell Functionality

Curing Time, 120 min

Natural
. Heat uprate cosling
- Dwell Time, 40 min —+ e fmin —
iy
ia
§ Heat up rate
P 1°C/min

=0
20
50
20

Time {minutes]

The oven delivers the highest standards of PID temperature control
accuracy, utilising high-quality calibrated thermocouple temperature
measurement coupled with effective fan-assisted airflow to minimise
stratification

OV201 includes full ‘ramp and soak’ temperature control which can
control heating rates (degrees per minute), and held for a specific
length of time at set temperatures. Although useful in a range of
curing processes, ramp and soak” control like this is a feature usually
reserved for advanced laboratory ovens and autoclaves.
Temperature, ramp and scak are all fully pregrammable so
recommended cure and post-cure cycles for different materials can
be saved and run automatically for the ultimate in precision and
consistency.

Example prepreg curing cycle.



OV301 - PRECISION BENCHTOP CURING OVEN

Options

QW301 has been designed from the ground-up to offer all the
functionality desirable in a fully-featured composites curing oven
and assuch isavailable with achoice of optionsto ensureit provides
a 'turn-key' system to match your needs.

USB Programming Module

0V301's fully featured PID controller is programmable with up to 8
discreet programs, each with up to 8 individual steps. Programs
can be configured on the centroller itself but fer maximum ease-
of-use, an optional USB Programming Module can be connected
to the oven’s communication socket fer convenient programming
& monitoring,

Requires Windows® PC or laptop computer, notincluded.

0Y301 includes two integral ports which can be supplied complete
with optional gauge and valve assemblies for convenient connection
of one or two separate vacuum lines into the oven

Photo shows two optional vacuum valves fitted

Additional Shelf

ey : S

The OV301 Precision Composites Curing Oven is supplied with one
internal shelf as standard. Adding an additional shelf can provide
more flexibility when loading, particularly when loading smaller
items.

Spare Parts

Atull set of spare partsis available for the oven from stock, including
replacement door seal, fan, heating element and the complete
centrol and power assembly. Please contact sales for pricing,

Easy Composites Ltd
Ur Park

Specification

Mains Power

Max. Oven Temperature
Max. Power Consumption
Maxi mum Current

Internal Capacity

External Dimensions

Total Weight

Maximum Ambient Temp.
Maximum Shelf Load

Set Temperature Accuracy
Program Modes
Communication

Material Appearance
Transport Information

Safety Features

Safety Standards

230W/50Hz

200°C (392°F)

2.2k

125Amps

Width 1070mm

Depth 430mm max
(475mm min {in cormersanlyl)

Height 500mm

Width 1255mm
Depth 710mm
Height 655mm
85.0kgs

35°C (95°F)

20kgs (per shelf)
+-2°C

8 Programs of 8 Segments

Optional USB Module

Grey Powdercoat / Galvanised Steel
1200mm x 800mm Pallet (790mm
High)

Thermal Cut Qut + Thermal Fuse

CE Marked, BS EN 61010-2-010

%
\\\//

easycomposites

share the knowledge

Designed, manufactured and distributed by
Easy Composites Ltd
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