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Abstract—This thesis explores the effects of aging on magnetic
materials typically present in high specific power permanent
magnet synchronous motors (PMSMs). Aging is characterized by
permanent changes in material properties resulting from prolonged
exposure to high temperatures, which is usual in machines with
high specific power. High specific power electrical machines usually
use advanced magnetic materials, such as vanadium-cobalt alloys
(VCoFe) for the iron core and neodymium-iron-boron (NdFeB)
permanent magnets. The aging effects up to 150◦C on these two
materials were analysed. Regarding iron cores, this study analyses
the magnetic properties of laminated VCoFe cores, specifically,
Permendur 49. To assess the aging of these laminations, the
evolution of specific losses was analysed, and no substantial
variations were observed. Thus, we concluded that the tested
laminations did not exhibit signs of aging, even after 186 hours at
100◦C and an additional 16 hours at 150◦C. Regarding permanent
magnets (PMs), the grade N42SH of NdFeB was studied. The direct
measurement of the maximum magnetic flux density point on its
surface, with a gaussmeter, was the method used to determine
if the PMs aged. Contrary to the expectations, the experimental
results of the PMs did not show a clear evidence of aging. This
may indicate that these samples were already aged, prior to the
testing, as confirmed by the acquisition of the demagnetization
curves. No substantial changes with aging were detected in the
tested magnetic materials. Recommendations and adjustments to
the presented methodologies were provided for future researches.
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I. INTRODUCTION
The increased usage of electrical machines in applications where
high specific power is required has led to the need of studying
the effects of high stresses on the materials for extended periods
of time. Machines with high specific power usually have high
operating temperatures, which may cause the materials’ prema-
ture aging. Materials’ aging may affect a machine’s performance
over its expected lifetime, namely, increased core losses [1, 2],
leading to permanent magnet demagnetization [3] and degradation
of windings’ insulation [4]. These aging effects are originated due
to thermal, electric and mechanical stresses over time.

The goals of achieving higher specific power and mitigate the
aging effects may be competing challenges. Typically, higher
specific power leads to higher degradation ratios due to greater
electromechanical and thermal loads.

Some models for aging effects on Neodymium-Iron-Boron
(NdFeB) permanent magnets (PMs), Silicon-Iron (FeSi) lami-
nated cores and electric insulations have been developed. In [5, 6],
an experimental study on PMs aging effects was conducted to
assess its possible impact on permanent magnet synchronous
motors (PMSM). Results show the possibility to predict the aging
of PMs due to thermal and magnetic cycles and a potential

7% decrease of PMSM specific power after 5000 aging cycles
if no additional mitigation measures are considered. In [7],
experimental aging tests were conducted on NdFeB PMs and the
changes in their properties was used to determine the effects of
aging on the performance of PMSMs, using FEA. Results showed
a relative degradation of the remanent flux density of around -
5% (resulting in a 3% reduction in the nominal torque of the
machine) after 5 years of uninterrupted operation at 100◦C. Other
researchers focused their attention on the consequences of aging
in laminated FeSi [8, 9] or on windings insulation [10, 11]. The
prediction of aging is typically based on the Arrhenius aging
method [12, 13].

In high specific power electrical machines, where new materials
are usually tested to expand their current limits, the aging effects
may become critical. One example of an advanced material for
electrical machines is a cobalt-iron alloy (CoFe). It is a soft
magnetic material with an higher saturation point (around 2.4T)
than traditional silicon-iron (FeSi) (around 1.4T), which has been
considered for high-speed and aircraft applications [14–19], in
both Synchronous Reluctance Machines [14, 16, 17], and Perma-
nent Magnet Synchronous Machines (PMSM) [14, 18, 19]. The
use of CoFe showed the possibility of increasing specific power
up to values close to 10kW/kg and to increase the efficiency
in about 3% when compared with FeSi machines. Some reports
state an increase of at least 20% in power compared with FeSi
machines [20, 21]. However, different from the approaches in
reports, where the FeSi was replaced by CoFe (without design
optimization), other researchers projected an optimized 20kW
8000 rpm PMSM with CoFe for a high specific power application
[22], complemented by experimental results in a magnetic circuit
[23, 24]. Results show a further possible specific power increase
up to 50% related to optimized FeSi machines. Therefore, CoFe
alloys allow achieving the current targets of electric machines in
aircraft applications. However, high power density leads to higher
thermal loads on the machines, aggravating the aging effect.

Understanding how magnetic materials age may influence the
design of electrical machines, as designers may take into account
the machine’s performance change over its lifetime

II. METHODOLOGY

II-A. Aging Analysis in Magnetic Cores
The test subjects are two Permendur 49 ’E’ shaped pieces, which
form a ferromagnetic core. Each ’E’ shaped piece is made of 17
0.355mm thick annealed laminations, coated with varnish.

In order to estimate the magnetic flux density, the magnetic
field strength and the core losses in the material, the core is
assembled with a primary and a secondary coil, as represented
on Fig. 1.

An alternating sinusoidal voltage is applied on the primary coil,
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Fig. 1: Magnetic circuit to test Permendur 49 laminations.

inducing a voltage on the secondary winding:

u2 = N2
d�

dt
= N2A

dB

dt
(1)

where � is the magnetic flux, B = �
A is the magnetic flux

density and A is the central column cross-section.
By measuring the evolution of current on the primary coil over

time, i(t), the magnetic field strength, H(t), is computed by (2):

H(t) =
N1i(t)

leq
(2)

where leq is the equivalent mean path for the magnetic field, i
is the current on the primary coil and N1 the number of turns of
said coil. The secondary coil has N2 turns and is an open circuit.

With the induced voltage on the secondary coil, u2(t), the
evolution of the magnetic flux density at time instant t, B(t),
can be computed by rearranging (1), obtaining (3):

B(t) =
1

N2A

Z
u2(t) dt (3)

Calculating the magnetic field strength and magnetic flux
density for each point, with (2) and (3), the hysteresis loop,
B(H), can be plotted. And, to obtain hysteresis loops with
different values of maximum flux density, Bmax, this test is
repeated for sinusoidal voltages with different amplitudes.

The specific core losses are estimated from the primary’s
current and secondary’s voltage, to eliminate the influence of the
voltage drop on the primary coil’s internal resistance, resulting
in (4).
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where m is the mass of the core and T is an electrical period.
To compute losses separation, the determination of the Bertotti

[25] losses coefficients can be used (5), which requires experi-
mental tests at different frequencies.

Pfe = ChystfB̂
2 + Cecf

2B̂2 + Cexcf
1:5B̂1:5 (5)

where B̂ is the peak magnetic flux density, f = 1
T is the

time varying magnetic field frequency and the coefficients Chyst,
Cec, and Cexc are determined by fitting the losses model (5) to
experimental measurements data.

At each aging time step, the laminations are tested for different
imposed sinusoidal voltages. The sine waves’ maximum root
mean square values, URMS , were chosen experimentally, for each

frequency, f , in a way that the core would reach saturation,
without exceeding the coil’s maximum current. It is important to
note that above 300Hz the knee point of the B(H) curve is not
reached because the used power supply only outputs a maximum
of 310V (Urms) and 500Hz. Ideally, these tests would also be
conducted at higher frequencies, because PMSMs with a high
number of poles operate at frequencies below and above 500Hz.

The DC magnetization curve corresponds to the (B,H) points
for the maximum value of B on each test at certain valur of Urms
for a certain frequency, computed with (6) and (7), according to
[26]:

HDC = N1
max(i(t))

l
(6)

BDC =
ju2j

4fN2A
(7)

where ju2j is the mean value of the modulus of the induced
voltage waveform. This equation can be proved with (8):
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A perfectly sinusoidal voltage source is used to apply the
sinusoidal voltage to the primary winding to guarantee minimal
harmonic content and to test the CoFe core for different frequen-
cies. To measure the current on the primary coil and the induced
voltage on the secondary winding, a current probe and an isolated
voltage probe are used, respectively. On Fig. 2 the experimental
setup is shown. The oscilloscope acquires the signals from the
voltage and current probes and sends it to the computer for post-
processing and storing. The computer controls the oscilloscope’s
acquisition settings and the sinusoidal voltage source voltage and
frequency.

Fig. 2: Experimental test bench to test laminations.

To measure how sinusoidal the voltage is, its form factor, FF ,
is used (9):
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