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Abstract: A new method for detecting demagnetization faults in axial flux permanent magnet
synchronous wind generators is presented in this study. Demagnetization faults occur in the case of
total or partial loss of the magnetic properties of one or more permanent magnets of the machine.
Fault signatures appearing in the current or voltage signal due to a demagnetization fault can often
be confused with those produced by eccentricity faults, making the discrimination between the
two types of faults difficult. The proposed methodology is based on the analysis of the instant power
spectrum of the generator, combined with an estimator to derive the permanent magnet flux, based
on the machine equations. Short-Time Fourier Transform is proposed as the means for spectrum
analysis to ensure performance during variations of the generator speed. Results derived from the
experimental tests are presented, which show that the proposed methodology is capable of detecting
demagnetization faults and distinguishing them from eccentricity ones under a wide variety of
operating conditions.

Keywords: permanent magnet synchronous machines; generators; fault detection; demagnetization

1. Introduction

Permanent magnet synchronous machines are widely used both as motors in a variety
of industrial applications and as generators in many areas, including wind power systems.
The reasons for their widespread use are their advantages over other types of machines;
these advantages include high efficiency, high power density, very good dynamic response,
and compact design. However, these machines are affected by demagnetization faults
that come from high temperatures and short-circuiting from the coils of the stator. The
demagnetization can be partial or total and reduce the electromagnetic force that can be
produced by the machine, affecting its performance. Thus, it is very crucial to detect this
kind of fault.

Research activity is extensive in this area [1,2] and has been moving towards two
directions: (a) modelling the machine, using software tools such as Finite Element Method
(FEM), helps to export with accuracy the voltage and current waveforms of the machine,
whose spectra will be used subsequently for fault diagnosis purposes, using tools as FFT
analysis, etc.; (b) developing methods to detect the fault and its severity in Permanent
Magnet Synchronous Machines (PMSM). The latter can be categorized as time-domain
methods, frequency-analysis methods such as machine current or back-emf voltage signa-
ture analysis, while others use methodologies such as deep learning to enable detection.

Machine current or voltage signature analysis is one of the most common methods
for fault detection since it does not require prior knowledge of the characteristics and
parameters of the machine. It is based on the current–voltage signals of the machine and
simple mathematical time–frequency algorithms such as Fast Fourier Transform (FFT) for
stationary conditions or wavelet analysis, Short-Time Fourier Transform (STFT), Hilbert–
Huang Transform (HHT), and Empirical Mode Decomposition (EMD) for non-stationary
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conditions. This kind of method compares the signals between the healthy and faulty case
and detects the fault. Also, a very significant advantage of signal analysis is the small
requirement of processing and memory, while in other methods e.g., deep learning or
neural networks the requirements for processing and memory are extremely great.

Studies that investigate faults in radial flux permanent magnet synchronous machines
are presented in [3–15]. In [3,4] Finite Element Method (FEM) is used to offer cognitive
background about the stator currents and back-emf voltages spectrum, which is often
extracted using Fast Fourier Transform (FFT), at demagnetization condition.

Referring to methodologies used for demagnetization faults detection, in [5,6] Lin-
ear Discriminant Analysis is used to determine which harmonic has the most detailed
information for fault classification, distinguishing between eccentricity, inter-turn short
circuit and demagnetization. In [7,8], wavelet analysis by implementing wavelet transforms
(WT) of stator currents is used for demagnetization fault detection. In [9], an Extended
Kalman Filter combined with the FFT algorithm is used to estimate the stator currents
of a PMSG. In [10], a comparison between Extended Kalman Filter (EKF) and unscented
Kalman Filter for fault diagnosis is presented. In [11], Hilbert–Huang Transform is used
for demagnetization fault analysis at stationary and non-stationary conditions of a PMSM.
In [12], a convolutional neural network (CNN), which is based on deep learning, has been
trained for fault diagnosis. The common drawback of these methods [5–12] is that they
require relatively high computational power and memory for implementation.

On the other hand, in [13], a method based on Least Square Method and Structure
Analysis of the PMSM inductance is used as demagnetisation fault index. It is known
that a demagnetized machine produces lower flux magnet than the normal one, which
leads to higher inductances, as proven experimentally by the authors of [13]. In [14], a
slightly different method for Ld inductance estimation is presented, which produces good
results, but, as the authors conclude, it cannot be used continuously for detection of the
demagnetization fault. In [15], a magnet flux estimator based on a synchronously rotating
d-q reference frame in combination with FFT is used to detect rotor faults.

However, in all the aforementioned studies, the demagnetization fault in Radial
Flux Permanent Magnet (RFPM) synchronous machines is investigated. On the other
hand, studies related to demagnetization faults in Axial Flux Permanent Magnet (AFPM)
synchronous machines are less in number. In [16–26], the most significant contributions
in this area are summarized. In [16], the demagnetization fault in an AFPM synchronous
machine, with one stator and two rotors is investigated, using search coils and an analytical
model. In [17], both eccentricity and demagnetization faults are studied, using an analytic
time harmonic model, in a single stator–double rotor topology too. In [18], the static,
dynamic eccentricity and the demagnetization fault are investigated using the 3D field-
reconstruction method. In [19], the stator current, output torque, and zero sequence
component of the voltage are used for fault-detection purposes. In [20], the flux density
and the mean torque are used as diagnostic means, when demagnetization exists in the
magnets of the AFPM synchronous machine, due a to short circuit fault. In [21–23], the
demagnetization and the combined demagnetization–eccentricity faults are investigated
using the voltage and current spectra for fault-diagnosis purposes. In [24], a controller is
proposed for the compensation of demagnetization fault in an AFPM synchronous machine
with two rotors. In [25], the partial demagnetization fault is detected by monitoring the
speed and the induced voltage in a supplementary winding. Finally, in [26], the texture-
based analysis is used as a fault diagnosis means.

This paper presents a new method for demagnetization-fault detection in an AFPM
synchronous generator, based on the instantaneous power of the machine and the cal-
culation of permanent magnets flux. More specifically, the flux magnitude is calculated
using a stationary reference frame, while signatures in the instant power of the generator
are investigated to achieve reliable detection of demagnetization faults. The proposed
method does not need initial angle calculation, resulting to a very simple algorithm. The
signatures in the spectrum of instant power of the machine are evaluated for demagne-
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tization diagnosis in both stationary and non-stationary conditions using FFT and STFT
analysis respectively, as wind generators are in general variable speed machines. Therefore,
the proposed method can provide information about the presence of the demagnetisation
fault even under non-stationary conditions, while the majority of the existing articles use
methods that can give accurate results only when stationary conditions exist.

2. Theoretical Analysis of the Proposed Fault Detection Method

The equations of the Permanent Magnet Synchronous Generator (PMSG), expressed
in the stationary α-β reference frame, are shown in Equations (1)–(6):

uα(t) = RSiα(t) +
dλα(t)

dt
(1)

uβ(t) = RSiβ(t) +
dλβ(t)

dt
(2)

λα(t) = LSiα(t) + λmα(t) (3)

λβ(t) = LSiβ(t) + λmβ(t) (4)

Te(t) = p
(
λα(t)iα(t)− λβ(t)iβ(t)

)
(5)

Te(t)− Tm(t) = J
dωm(t)

dt
− βCωm(t) (6)

where uα, uβ, iα, iβ are the machine voltage and current components expressed in the
α-β reference frame, ωr is the reference frame angular frequency, ωm is the rotating shaft
angular frequency, Te is the electromagnetic torque produced by the machine, Tm is the
torque applied to the shaft of the machine, λm is the magnetic flux established by the
permanent magnets, p is the number of pole pairs, and βC is the damping coefficient.

2.1. PMSG Faults and Diagnosis Means

The faults that appear most frequently in PMSG are:

(a) inter-turn short circuit faults (ISC);
(b) static eccentricity (SE);
(c) dynamic eccentricity (DE);
(d) mixed eccentricity (ME);
(e) partial or complete demagnetization of the rotor (DM).

Amongst them, inter-turn short circuit fault is a fast-evolving situation, while the
other four fault situations occur either due to manufacturing deficiencies or excessive strain
conditions and are generally progressing more slowly.

All the mentioned fault types affect the operation of the generator, deteriorating its
operation, so they can be detected using signal-processing techniques for analyzing their
influence in the corresponding mechanical or electrical quantities. One of the most common
ways to achieve this is to exploit the mechanical vibration signals, which means that a
mechanical vibration sensor should be installed at the generator. This solution has been
proven to be quite reliable, however it implies relatively high installation costs.

A well-proven alternative is the Machine Current Signature Analysis (MCSA), where
the machine terminal electrical quantities are exploited to detect the fault indicative signa-
tures. Most commonly, these signatures are characteristic frequencies that occur in the case
of the corresponding fault.

Indicative signatures for the ISC fault lay in the frequencies given by the general
formula fisc = (2k + 1) fs (k = 1, 2, 3, . . . ) [9]. The main assumption to detect eccentricity
faults (ME) is that, in practice, mixed faults occur; therefore, sideband components at
frequencies of fme =

(
1± k

p

)
fs, (k = 1, 2, 3, . . . ) [27] can be utilized to detect eccentricity
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faults. Moreover, the fault-indicative frequencies for the DM fault are fdm =
(

1± k
p

)
fs (k = 1, 2, 3, . . . ) [3,7,11]. Table 1 shows the harmonics used for the detection of each fault:

Table 1. Fault types and the frequencies proposed for their detection.

Fault Type Indicative Frequency

Inter-turn short circuit faults (ISC) fisc = (2k + 1) fs, (k = 1, 2, 3, . . . )
Mixed eccentricity (ME) fme =

(
1± k

p

)
fs, (k = 1, 2, 3, . . . )

Demagnetization of the rotor (DM) fdm =
(

1± k
p

)
fs, (k = 1, 2, 3, . . . )

From the previous table, it is obvious that the ME and DM fault signatures are the
same, so to discriminate an eccentricity fault from a demagnetization condition, additional
criteria should be considered.

2.2. Detection of Demagnetization Faults Using the Instataneous Power

According to the analysis in the literature (e.g., [8]), in the presence of a demagneti-
zation fault, harmonic frequencies

(
1± k

p

)
ωst, where k = 1, 2, 3, . . . appear in the motor

terminal quantities. So, the voltage in the terminals of the generator can be written in the
presence of this fault as in Equation (7). The same frequencies are expected to appear in the
terminal currents, expressed as in Equation (8):

Vabc =

 Va
Vb
Vc

 =


V
{

cos(ωst + ϕ) + ∑ avk cos
[(

1± k
p

)
ωst + ϕvk

]}
V
{

cos
(
ωst− 2π

3 + ϕ
)
+ ∑ avk cos

[(
1± k

p

)
ωst + ϕvk − 2π

3

]}
V
{

cos
(
ωst + 2π

3 + ϕ
)
+ ∑ avk cos

[(
1± k

p

)
ωst + ϕvk +

2π
3

]}

(7)

Iabc =

 Ia
Ib
Ic

 =


I
{

cos ωst + ∑ aik cos
[(

1± k
p

)
ωst + ϕik

]}
I
{

cos
(
ωst− 2π

3
)
+ ∑ aik cos

[(
1± k

p

)
ωst + ϕik − 2π

3

]}
I
{

cos
(
ωst + 2π

3
)
+ ∑ aik cos

[(
1± k

p

)
ωst + ϕik +

2π
3

]}
, (8)

where ωs is the fundamental electrical frequency and avi, aii are the relative amplitudes of
the voltage and current harmonics corresponding to the fault, respectively.

Multiplying with the Clarke transformation matrix, we have the voltage coordinates in
a stationary reference frame, denoted with indexes α and β, as calculated from Equation (9):

Vαβ =
2
3
·
[

1 − 1
2 − 1

2

0
√

3
2 −

√
3

2

]
·

 Va
Vb
Vc

 (9)

which results to Equation (10):

Vαβ =

[
uα

uβ

]
=

 V
{

cos(ωst + ϕ) + ∑ avk cos
[(

1± k
p

)
ωst + ϕvk

]}
V
{

sin(ωst + ϕ) + ∑ avk sin
[(

1± k
p

)
ωst + ϕvk

]} , (10)

The current coordinates are extracted from (8) in a similar way:

Iαβ =

[
iα

iβ

]
=

 I
{

cos ωst + ∑ aik cos
[(

1± k
p

)
ωst + ϕik

]}
I
{

sin ωst + ∑ aik sin
[(

1± k
p

)
ωst + ϕik

]} , (11)

The instantaneous power, as measured in the generator terminals is given by Equation (12):

Pi = Va Ia + Vb Ib + Vc Ic = uαiα + uβiβ (12)
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Substituting values from (10), (11) to (12), results to Equation (10):

Pi = VI
{

cos(ωst + ϕ) + ∑ αvk cos
[(

1± k
p

)
ωst + ϕvk

]}
·
{

cos ωst + ∑ αik cos
[(

1± k
p

)
ωst + ϕik

]}
+VI

{
sin(ωst + ϕ) + ∑ αvk sin

[(
1± k

p

)
ωst + ϕvk

]}
·
{

sin ωst + ∑ αik sin
[(

1± k
p

)
ωst + ϕik

]} (13)

As the coefficients αvk, αik represent the amplitudes of the fault-indicative frequencies,
it is well-known that each of them will be much lower that unit. So, we can safely make the
approximation that αvk·αik � 1 and omit the products that include the expression, as their
influence in the equation is negligible. This way, we conclude to Equation (14):

Pi = VI
{

1 + ∑ Akcos
[(
± k

p

)
ωst + ϕk

]}
, (14)

where:

Ak = sign[αvk cos ϕvk + αik cos(ϕik − ϕ)]
√

α2
vk + α2

ik + 2αvkαik cos(ϕ + ϕvk−ϕik) (15)

ϕk = tan−1
(
− αvk sin ϕvk + αik sin(ϕik − ϕ)

αvk cos ϕvk + αik cos(ϕik − ϕ)

)
(16)

From (14), it is obvious that the fault-indicative frequencies are also present in the
instant power signal, making it the ideal signal for the detection of the fault. The presence
of these frequencies is indicative of the ME and DM faults, however they do not give
sufficient information to discriminate between them. Therefore, a unique fault-indicative
condition should be supplied.

In the case of a partial or total loss of a permanent magnet in the rotor, a decrease in
the magnetic flux produced by the permanent magnets, as calculated using the machine
equations, is expected. This decrease is not expected in the ME fault, as eccentricity
causes the airgap to variate around a constant or rotating center, without affecting its
average value.

To calculate the magnet-produced flux, a simplified algorithm is presented in this
paper. Equations (1) and (2) can be written as:

dλα(t)
dt = uα(t)− RSiα(t)

dλβ(t)
dt = uβ(t)− RSiβ(t)

(17)

Especially in the steady-state condition, electrical quantities in (17) are sinusoidal, so

the components of
→
λ can be given by Equations (18) and (19). Considering relatively slow

transient conditions where the rotor speed, and therefore the electrical frequency, is subject
to slow variations, deviations from the steady state are not expected to introduce critically
high errors to the flux components estimation.

λα(t) =
uα(t)− RSiα(t)

pωm
(18)

λβ(t) =
uβ(t)− RSiβ(t)

pωm
(19)

From the α-β components of the flux vector, the magnets’ flux magnitude can be
calculated as:

λm(t) =
√
(λα(t)− Lsiα(t))

2 +
(
λβ(t)− Lsiβ(t)

)2 (20)
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One of the main conditions that the Clarke transformation should comply with, is
that the machine must be symmetrical. It is straightforward that this condition should
also be valid in (20). As demagnetization faults often introduce asymmetries, deviations
are expected at the flux magnitude, which could be expressed as ripple and a reduced
flux average value. The concept behind this work is to compare this average value of the
flux with the respective value of the healthy machine to deduce the fault condition. For
example, if one of the 32 magnets is lost, it can be estimated that the calculated average flux
will decrease by a ratio of 1/32, which means 3% of its initial (healthy) value. In addition,
for Equations (18) and (19) to be valid, it is essential the generator to operate at steady-state
or quasi-steady-state condition. This can be assumed in our case, as it is expected that the
wind generator will be operating with variating speed over time, however:

• Speed variations are assumed to be slow compared to the electric quantities period;
• Small deviations of the estimated flux from its actual value do not affect the proposed

method.

However, to ensure the proposed strategy performance, the estimated flux value is
filtered using a moving average filter with exponential forgetting. In addition, the filter
has a variable forgetting factor, starting from a maximum value which decreases over time
with a predefined factor to a minimum. This way, the filter can be reset when required (e.g.,
in a detected steady-state condition). The flow chart of the proposed methodology for DM
fault detection is illustrated in Figure 1.
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Figure 1. Flow chart of the proposed methodology for DM fault detection. Figure 1. Flow chart of the proposed methodology for DM fault detection.

3. Experimental Setup

For the experimental investigation of the proposed technique, an Axial Flux Permanent
Magnet Synchronous Generator (AFPMSG) is used. The machine has a double-sided rotor
and one resin-embedded, coreless stator. Each rotor has 16 NdFeB magnets. Table 2
summarizes the most important of the generator parameters.
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Table 2. Parameters of the double-rotor PMSG under study.

Parameter Value

Nominal Power 350 W
Nominal Voltage 80 V

Nominal frequency (fs) 50 Hz
Nominal speed (ns) 375 rpm

Number of poles for each rotor 16
Stator Phase Resistance 5.89 Ohm
Stator Phase Inductance 17 mH

The AFPMSG is driven by a three-phase induction motor. Three current and three
voltage hall-effect transducers were used to perform the stator voltages and currents
measurement. Acquisition of the measurement values is performed using a LabView data
acquisition card. The sampling frequency was set to 10 kHz. The measured data is collected
in an ASCII file and the fault analysis is performed offline. To obtain the DM fault behavior
without introducing eccentricity, one of the rotor magnets is removed and replaced by a
part of equal weight.

In Figure 2. the laboratory test bench is shown, while in Figure 3. the block diagram of
the whole test system structure is illustrated.
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The synchronous generator was studied both in healthy situation and in demagnetiza-
tion fault situation. The demagnetization fault was created by removing a magnet from
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one of the two rotors. One of the two rotors with the magnets and the stator of the machine
are illustrated in Figure 4a,b respectively.
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3.1. Operation under Steady-State Condition

To evaluate the operation of the proposed DM fault-detection methodology, various
tests have been performed under different steady-state operating conditions, from which
characteristic results are shown in Figures 5–10. In these figures, the output voltage, es-
timated flux and power FFT are depicted under healthy and operations under fault for
nominal voltage and frequency with a load of 225 W and 290 W, respectively, connected
at the generator output. Multiple frequency components ( 11 fs

p , 12 fs
p , 13 fs

p , 14 fs
p ) are chosen

as fault-indicative to ensure reliability, considering the rule that if elevated magnitudes
are detected at half or more of these frequencies, an error is signaled. The authors of this
paper decided to choose these frequency components because it has been observed that
their detection was easier under any operating condition at the laboratory experiments.
The flux produced by the magnets in the healthy case is λ = 0.46T. If a level below 0.45 T
is detected, a DM fault is signaled, otherwise the fault is considered as eccentricity. In
this case, where a magnet is totally lost, it is also evident that the expected 3% decrease
in the estimated flux value can be verified in both Figures 7 and 10. More specifically, in
Figures 6 and 9, the instantaneous power frequency components (68.75 Hz, 75 Hz, 81.25 Hz,
87.5 Hz), produced for p = 8 and fs = 50 Hz, can be detected at the demagnetization case
both for the load of 225 W and for the load of 290 W. In both cases, a significant increase
in the amplitude of these frequencies is observed in the faulty case, as shown from the
measured values in Tables 3 and 4. More specifically, for a load of 225 W, it can be noticed
that: at fDM1 = 68.75 Hz the power magnitude has changed from −81 dB (healthy machine)
to −66.4 dB (demagnetized machine); at fDM2 = 75 Hz the magnitude has changed from
−49.5 dB to −29.4 dB; at fDM3 = 81.25 Hz the magnitude has changed from −79.5 dB to
−65 dB; and at fDM4 = 87.5 Hz the magnitude has changed from −81 dB to −67.3 dB.
Respectively, for a load at 290 W, it can be noticed that: at fDM1 = 68.75 Hz the power mag-
nitude has changed from −77 dB (healthy machine) to −59.5 dB(demagnetized machine);
at fDM2 = 75 Hz the magnitude has changed from −47 dB to −29 dB; at fDM3 = 81.25 Hz the
magnitude has changed from −73.5 dB to −65 dB; and at fDM4 = 87.5 Hz the magnitude
has changed from −80 dB to −63.5 dB. In both cases, a detectable difference between
the healthy and the faulty machine in the magnitude of these characteristic harmonics,
combined with the estimated permanent magnet flux is providing a reliable means for the
demagnetisation fault detection.
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Table 3. Experimental results: instantaneous power frequency components at 225 W load.

Number of Harmonic f(Hz) Healthy Machine
(dB)

Demagnetized Machine
(dB)

(11 fs/p) 68.75 −81.0 −66.4

(12 fs/p) 75.00 −49.5 −28.4

(13 fs/p) 81.25 −79.5 −65.0

(14 fs/p) 87.50 −81.0 −67.3
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Figure 10. Experimental results: estimated flux magnitude for healthy generator and for DM fault
(generator operating under nominal voltage and frequency, with a load of 290 W).

Table 4. Experimental results: instantaneous power frequency components at 290 W load.

Number of Harmonic f(Hz) Healthy Machine
(dB)

Demagnetized Machine
(dB)

(11 fs/p) 68.75 −77.0 −59.5

(12 fs/p) 75.00 −47.0 −29.0

(13 fs/p) 81.25 −73.5 −65.0

(14 fs/p) 87.50 −80.0 −63.8

From the experimental results, it is obvious that by using both harmonics and flux
criteria the DM fault can be reliably detected and discriminated from eccentricity faults.
To obtain the frequency spectrum, FFT is adequate. However, in general, wind generators
are not expected to operate in steady state, so STFT analysis should be used to extract the
power spectra.

3.2. Transient Operation

Finally, experimental tests have been performed to test the validity of the proposed
fault-detection methodology during transient operation of the generator. These tests in-
cluded operation of the machine considering variable load and rotating speed. Hereafter,
characteristic results from a fast speed change of the generator, when the rotor speed
doubles within a time interval of 0.4 s. As the FFT algorithm fails to perform due to the
variable frequency, STFT analysis is used, as described. Results shown in Figures 11–14
prove that the fault can also be reliably detected at variable speed, combining the infor-
mation obtained by the STFT and the flux estimation. More specifically, in Figure 11 the
currents of the healthy and demagnetized machine are presented for a speed change. In
Figures 12 and 13, the results of the STFT algorithm are presented for both the healthy
machine and the demagnetized case, respectively. The instantaneous power frequency
components (34.38 Hz, 37.5 Hz, 40.62 Hz, 43.75 Hz), produced for fs = 25 Hz and k = 11, 12,
13, 14, can be detected at a time interval of 0–6 s at Figure 13 (demagnetized case), while
they are not shown at Figure 12 (healthy). Additionally, when electrical frequency becomes
50 Hz at the time interval of about 6–10 s, it can be noticed that frequency components
shift to the new values corresponding to fs = 50 Hz (68.75 Hz, 75 Hz, 81.25 Hz, 87.5 Hz)
at Figure 13, while these components do not show in Figure 12. It is worthy to refer that
the frequency component of 75 Hz is present both in the healthy and demagnetized case
for fs = 50 Hz and the frequency component of 37.5 Hz for fs = 25 Hz, but with a bigger
amplitude in the demagnetized machine. The arrows depict the four frequency components
for operation frequencies fs = 25 Hz, 50 Hz both at healthy and demagnetization condition.
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In Figure 14, the estimated flux amplitude is presented for speed change from 25 Hz to
50 Hz.
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4. Conclusions

A new methodology for detecting demagnetization faults in axial flux permanent
magnet synchronous wind generators is presented in this study. Demagnetization faults
occur when a partial or total loss of the magnetic properties of the permanent magnet
material appears and could concern only one of the machine magnets or all of them. In
particular, when it comes to signature analysis and the demagnetization fault affecting
only part of the magnets, DM fault signatures are almost identical to the ones of ME faults,
making discrimination between the two fault types very difficult.

The proposed methodology consists of the analysis of the instant power spectrum
of the generator, combined with an estimator to derive the permanent magnet flux based
on the machine equations. To this purpose, the fault indicative signatures contained in
the power spectrum are analyzed. STFT is proposed as a method to derive the power
spectrum, so that the method can perform during variations of the generator shaft speed.
A permanent magnet flux estimator based on the machine model has been developed, to
detect whether the fault indicative signatures reveal a DM or an eccentricity fault.

Experimental laboratory tests have been performed under a wide range of operating
conditions and characteristic results are presented. Experimental results show that the
proposed methodology is capable of detecting demagnetization faults and distinguish them
from eccentricity ones under a wide variety of operating conditions.
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