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Abstract: A new strategy is proposed here for the diagnosis of asymmetric demagnetisation in permanent magnet synchronous
machines. The strategy is based on the measuring of the voltage at the midpoint of the windings within a phase. Unlike the
phase voltage, for a fault situation, the midpoint voltage shows sidebands around the fundamental component, which allows
detecting and quantifying the demagnetisation phenomenon. A low-cost implementation for the automatic detection of faults is

also proposed in the present study and experimental results are presented to validate the strategy.

1 Introduction

The use of permanent magnet synchronous machines (PMSMs) has
increased significantly, mainly due to improvements in the
development of alloys of magnetic materials used in the
construction of permanent magnets [1, 2]. PMSMs are widely used
in applications such as electric motor drives and generators for
renewable energy plants. The main advantages of the PMSMs over
induction machines are those associated with high power density
and high performance [1, 3]. This fact, together with the global
trend in the efficient use of energy, makes them an interesting
alternative for many applications.

Faults originated in the PMSMs can be classified as: stator
faults, rotor faults and bearing faults [4]. Regarding the stator
faults, they are mainly caused by short circuits between winding
coils [5-8] as well as those in the stator core. In the case of rotor
faults, they are commonly due to eccentricity [9] or rotor
demagnetisation [10—12]. These faults are related to high costs, not
only due to the repair of the PMSM but also by the unscheduled
downtime of the equipment where the machine is located.

Usually, the rotor demagnetisation in the PMSM can be caused
by the presence of thermal, mechanical or electrical stresses, as
well as due to environmental conditions [13]. Demagnetisation of
magnets produces a reduction in the electromotive force (EMF)
induced in the stator windings. Therefore, if the PMSM is
requested to produce the same output power than in the healthy
machine condition, the currents in the stator windings are increased
[13, 14]. This increase of currents above their nominal values
produces a temperature rise in the windings and therefore in the
machine, which can contribute to demagnetisation of magnets
increasing indeed the fault severity.

There are several proposals to detect faults in PMSMs. A recent
review of the current state of the art of condition monitoring and
fault diagnosis techniques for PMSM is presented in [15]. In [16] a
strategy for the detection and separation of rotor problems in
PMSMs such as eccentricity and oscillation in the load torque is
proposed. The harmonic frequencies induced in the EMF due to
demagnetisation faults are analysed in [11] and a method for
detection based on the zero-sequence voltage is proposed.

The detection of rotor faults in PMSMs under non-stationary
operating conditions using time—frequency methods and spectral
analysis is reported in [4]. For this particular case, two methods are
applied that use the windowed Fourier transform and Wigner—Ville
distributions for detecting frequencies associated with rotor
failures.
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On the other hand, in [17] a review of demagnetisation fault
diagnosis methods in PMSM is presented. For the development of
detection and diagnosis strategies, models that include the effects
of faults are needed. This allows for evaluating different possible
scenarios without the necessity of an experimental prototype. The
effects of the demagnetisation in a four-pole PMSM with series and
parallel windings are analysed in [18] using the finite element
method (FEM). The results showed that the behaviour of the
PMSM under demagnetisation changes significantly for different
connections of stator windings. A characterisation of faults due to
demagnetisation for different winding distributions using FEM
simulations is presented in [19]. A model for the analysis of partial
demagnetisation of the PMSM rotor is presented in [10]. In the
same way in [20], through FEM simulations and experimental
results, a simple dynamic abc model for brushless permanent
magnet motors, under demagnetisation faults, is presented and
validated.

The strategies based on the analysis of the harmonics produced
by rotor demagnetisation in the phase currents or the EMF are very
dependent on the distribution and connection of the windings [17—
19]. Additionally, other problems such as motor asymmetries,
unbalance or distorted voltages, and load imbalance can produce
the same components in the EMF or phase currents, thus making
the diagnosis more difficult. To avoid these inconveniences, the use
of search coils for fault diagnosis in PMSM is proposed in [21].
Although the technique is invasive, it is suitable for critical
applications, where it is also necessary to have the capability of
evaluating the severity and the location of each fault. This need is
because an unexpected fault of the machine could lead to a very
high repair or replacement cost, or even the catastrophic system
failure, such as is in the case of the aerospace industry, automotive
industry or wind turbines, among others applications.

A new strategy for fault diagnosis due to asymmetric
demagnetisation in PMSMs is proposed and developed in this
paper. The strategy is based on the measuring of the voltage at the
midpoint of the windings within a phase. In Section 2, an analytical
model to evaluate demagnetisation effects on the EMF induced in
the whole winding and a half winding is developed. It analyses the
condition of the machine under both no-fault and fault conditions.
A diagnosis strategy based on the evaluation of the sidebands
arising after a fault in the voltage at the midpoint of the windings
of a phase is also proposed in this section. Through the midpoint
voltage analysis, a fault severity factor is proposed, given by the
relation between the mentioned sidebands and the fundamental
component. The diagnosis strategy is validated in Section 3 using
the experimental results obtained from a laboratory prototype.

256



0.5

Flux Density [T]
o

3 4 5 6
0 [rad]
Fig. 1 Flux density for a PMSM with P = 4. Healthy (solid line) and with
total demagnetisation in one pole, y = 1 (dashed line)
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Fig. 2 Flux density of a PMSM with P =4
(a) Healthy, (b) Total demagnetisation in one pole

From these results, simple implementation for demagnetisation
fault detection using the voltages measured at the midpoint of the
winding is proposed in Section 4. Finally, conclusions are given in
Section 5.

2 EMF analysis

In order to evaluate the effects produced by asymmetric
demagnetisation, an analysis of the changes generated by this fault
in the components of the total phase EMF and the partial EMF of
the windings is proposed. From this analysis, the characteristic
components of the spectrum to be used for fault diagnosis are
determined.

The EMF induced in any stator winding, e(f), can be obtained
from the derivative of the linked flux v [20]:

o dyy dydo
e(n)= — T a6 dar T PO, (1)

where 6, and w, are the rotor position and angular speed,

respectively.
The flux linked by the stator circuits is obtained by integrating
the flux density B over the region occupied by the windings.
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Assuming the radial flux density and the coils along the axial axis
of the machine are uniform, the flux linked by a stator winding is
given by

ws(6) = rl / 2”N (65)B(0; — ;) Ao, 2

where 7 is the mean radius of the air gap, / is the axial length of the
core and N is winding distribution as a function of a reference
angle 6.

2.1 EMF of the healthy PMSM

For a PMSM with symmetrical winding and P pairs of poles, the
winding distribution function for a given phase is

Ny(6) = ) Nycos(nPo,) 3)
n=1
n odd

Moreover, for no fault in the rotor, the flux density can be written
as

BOL) = Y Bicos(nP(O,~0) @)
n=1
n odd

In (3) and (4), N and B are periodic functions in the interval
[0,27/P]. Thus, by replacing (3) and (4) into (2), an integral of a
sum of sine and cosine can be obtained. In this integral, the only
terms that cannot be cancelled are those with the same argument,
resulting

w0, = nrl n; N,B, cos(nP,) 5)
n odd

Then, the EMF is obtained by taking the time derivative of the
linked flux (5). Considering that the rotor speed is constant,
6, = w,t, then the EMF is defined as follows:

0

e(t) = Kw, 2 nN,B, sin(nwgt) (6)
ot

where K = zrl/P and w; = Pw,. From this expression it can be
observed that the components that appear in the EMF are those
present in both, the winding distribution and the rotor flux
distribution. For the case with N, or B, equal to zero, the
corresponding component will not appear in the EMF of the
PMSM phase. Expression (6) also shows that only the fundamental
frequency component, f, = wy/2z, and its harmonics f,, = nf,
appear in the EMF.

2.2 EMF of the PMSM with fault

Considering the asymmetric rotor demagnetisation, the flux is
asymmetric between each pair of poles and is only periodic within
the interval [0,27]. As an example, Fig. 1 shows the flux density
distributions, obtained by the FEM, for a PMSM with four pairs of
poles, no fault and total demagnetisation on one pole. Similar
effects can also be seen in the machine structure calculated by the
FEM (Fig. 2) on the distribution of flux density. In consequence,
the flux can be written as follows:

Bi(0,0) = Y. Bycos(m(0,, 6,) @)

m=1

The original components of flux, whose amplitudes reduce as a
function of demagnetisation, can be obtained in (7), when m = nP
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Fig. 3 PMSM winding distributions and midpoint connection
(a) Distributed windings with P =2, (b) Concentrated windings with P =4

with n = 1,3, 5, .... Moreover, new components appear for m # nP
whose amplitudes depend on the severity of the fault.

We define the fault severity, u, as the percentage of
demagnetisation on one rotor pole, so that 4 = 0 corresponds to a
completely healthy pole and x = 1 a demagnetised pole. From this
definition, it is possible to approximate the value of each flux
component, as proposed in [10]. Thus, from (7), if m = nP, the flux
density distribution components, B,, change their amplitudes as
functions of u according to [10]:

By~ By(1 - 55) )

That is the amplitudes of both the fundamental component and the
flux density harmonics decrease similarly compared with values
for no demagnetisation. Moreover, as the number of pairs of poles
increases, the effects on these components of demagnetisation in a
single pole piece decrease.

On the contrary, as proposed in [10], if m # nP, then

Bl ~ %BM sin( o) P) 9

where By, is the maximum value of the flux density.

These new components of flux density due to the asymmetry
and their amplitudes vary linearly with the demagnetisation.
Equations (8) and (9) are consistent with those obtained in [11] for
the amplitude of the EMF voltage components in one slot. Note
that if the PMSM has only one pair of poles (P=1), no new
components in the flux density due to demagnetisation appear and
only a decrease of the original components is manifested,
conserving the same distribution.

Using (3) and (7), the EMF induced in a phase-winding results
in

=)

e(t) = Kwg Z nN,le;p sin(nawgt) (10)
odd

From this equation, it can be concluded that for a fault at the
magnets, a variation in the flux distribution changes the amplitude
of the fundamental component and that of the harmonics of the
induced EMF but it produces no new components in the EMF.
Therefore, no new components appear in the current or torque due
to fault neither that allow diagnosis. A similar conclusion is
obtained in [11, 14] using a similar approach for PMSM with
windings symmetrically distributed and connected in series.
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2.3 EMF in the windings

Unlike the distribution of the whole winding of one phase, the
distribution of a single coil or group of coils of one phase is
periodic only in the interval [0,2x]. For this reason, the new
components that appear in the flux density due to fault (9) can
induce new characteristic components in the EMF.

In this work, in order to measure these components on the EMF,
it is proposed to allow access to the midpoint of a winding phase.
Thus, the distribution of each two circuits of the stator phase (Ny;

and Ny) is periodic in the range [0, 27] and is given by [14]

00

Ng(6s) = Z (N,llcos(nPHS) + Hicos(n 05)) (11)
n=1
n odd

o0

N0 = Y. (Nycos(n P6,) — H,cos(n0y)) (12)
n=1
n odd

In these equations, it can be seen that the distribution of the second
circuit is obtained by displacing x (rad) from the first one:

N(05) = Nyi(6s + 7) (13)
If the two distributions shown in (11) and (12) are added to form
the complete winding distribution of the phase, all odd terms are
cancelled resulting in the equation presented in (3) with N,, = 2N,..

By calculating the EMF for each circuit, as it was calculated for
the whole winding of the phase yields:

= nwy
e(t) = n;é( ns1n(na)gt)+DnSH1( P t)) (14)
) )
0= 3 (Csintnonp —ysin ) (15)
n odd
where
C,= a)SKnN,l,B'nfp (16)
D, = oKnN.B an

Like for the complete winding of the phase, the amplitude of each
harmonic C, decreases due to demagnetisation. However, new

components of amplitude D, appear on each circuit, defined by
fnz%fs with 7 0dd. (18)

These components are in counterphase for the two circuits.
Therefore, if the circuits are connected in series, then the
components become null obtaining the same result as in (10).

2.4 Detection of the fault and severity factor

According to what was developed in the previous section, it is
possible to detect the asymmetric demagnetisation by analysing the
EMF components given by (18) that appear in the middle point of
the phase winding as a result of the fault.

For that a connection of the midpoint of a phase winding is
necessary. This connection is not available in many commercial
motors but it is very easy to implement during the manufacturing
or rewinding process. As an example, Fig. 3 shows the midpoint
connection for two different motors. The first scheme corresponds
to a stator with distributed windings and P =2, and the second one
corresponds to a stator with concentrated windings and P =4. In
these schemes, only the phase ‘a’ winding is shown.
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Fig. 5 Rotors of the PMSM
(a) Healthy, (b) With fault

From the EMF spectrum, the components with the highest
amplitude produced by the asymmetric demagnetisation are the
closest to the fundamental frequency f,. Thus, for motors with P =
2, the most significant components are the ones withn =1 and n =
3. However, for P =4, these components are with n =3 and n = 5.
In the latter case, the amplitude of these components at frequencies
3/4f, and 5/4f, correspond to D; and Ds, respectively.

To estimate the fault severity, it is necessary to define a severity
factor F; using the characteristic components due to fault. This
severity factor should be insensitive to variations at the operating
point of the machine.

In this paper, we propose the fault severity factor for a machine
with P=4:

Bl (19)

F5=( c

To calculate the severity factor, it is only necessary to measure the
voltage at the midpoint of the PMSM. It must be noted that, since
these components (D, and Ds) are not contained in the EMF of the
phase, components at frequencies 3/4f; and 5/4f, which modify
the amplitude of the components, used in the diagnosis will not
appear in the motor currents.

Fig. 4 shows a scheme of the proposed fault diagnosis strategy.
The middle-point voltage v, is acquired and the fast Fourier
transform (FFT) is calculated. The components at 3/4f,, f, and
5/4f are extracted from the FFT and the fault severity factor is
calculated according to (19).
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3 Experimental results

To validate the proposed strategy, a PMSM with four pairs of poles
was used. In this machine, the winding of a phase was modified to
allow access to the midpoint. Two rotors were used for the tests
(Fig. 5), one healthy and the other one from which ~80% of one of
the eight rotor magnets was removed. Voltage signals were
acquired and registered with an oscillographic recorder Yokogawa
OR300. For each test, 64,000 samples at 8 kHz sampling frequency
were registered. The data were analysed on a personal computer.

Fig. 6 shows the frequency spectra around the fundamental
component of the phase voltage and midpoint voltage of the phase,
for a healthy PMSM. This figure also shows that, at frequencies
3/4f; and 5/4f,, no components appear in the phase voltage but
there are some of them of very low amplitude in the midpoint
voltage. These components can be associated with the PMSM own
constructive asymmetries.

Frequency spectra for the phase and the midpoint voltage for a
PMSM with demagnetisation are shown in Fig. 7. As for the
PMSM with no fault, it can be observed that no components appear
around the fundamental component in the phase voltage spectrum.
On the contrary, significant components appear on the midpoint
voltage at 3/4f, and 5/4f frequencies of the spectrum of the

midpoint voltage of the phase.

4 Simple implementation for fault detection

This section proposes a simple implementation for the detection of
faults due to demagnetisation using the voltages measured at the
midpoint of the winding. Although this method does not allow for
diagnosing the type of fault, it provides an indicator to trigger an
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Fig. 10 PMSM with fault
(a) Voltage v1, (b) Voltage v, (¢) Difference between v| and vp

alarm in the monitoring system. Fig. 8 shows a block diagram of
the proposed strategy.

By subtracting the voltages of the two circuits, it can be
obtained as

d(1) = vi(1) = (1) (20
Then, as the circuits are connected in series, and if in addition
resistance and inductance of each circuit are equal, the voltage

drops produced by them are cancelled, resulting in

d(t) = e(t) — ext) (21)
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By replacing (14) and (15) in (21), it can be obtained as

d(l) = i 2Dnsin(%t) (22)

n=1
n odd

Then, the RMS value of (22) is calculated as

(23)

By replacing (9) and (17) in (23), it can be demonstrated that this
RMS value is directly proportional to fault severity and the stator
fundamental frequency:

drms = Ao (24)

where a depends on both the winding arrangement and the
distribution of the flux produced by the magnets.

For this reason, this signal can be used as an alarm to indicate
demagnetisation problems in the rotor. In applications where speed
does not vary significantly, it is possible to incorporate an alarm
directly related to d,,,,. However, in variable speed applications,
according to (23), it will be necessary to balance the alarm system
and motor speed.

Since the phase EMF of the PMSM varies linearly with speed,
it can be used to normalise the signal used for fault detection. To
obtain the phase EMF, it is necessary to estimate it from the phase
voltages and currents of the motor. It is also necessary to know
certain parameters such as phase inductances and resistances [22].
For this reason, we propose to use the phase voltage v that though
it depends on the load of the PMSM, its variation from no load to
full load is generally <10%. Thus the severity factor s is
determined as follows:

§ = dims/ Vems (25)

where Vs is the rms value of the phase voltage limited in its
minimum value to avoid division by zero. Then, this severity factor
can be compared with the minimum value s, to trigger an alarm.
Moreover, other problems such as air-gap eccentricity or stator
faults may change the same indicator, so after the alarm activates, a
diagnosis is required, which consists of analysing the spectrum
components for the voltage at the winding midpoint.

Figs. 9 and 10 show the voltages v, and v, and the difference
between a PMSM with no fault and with demagnetisation,
respectively, obtained experimentally.

5 Conclusion

This work demonstrates analytically and experimentally that due to
demagnetisation in the PMSM, certain components appear in the
voltage spectrum of each motor winding. However, these
components may not appear in the spectrum of phase voltages.
Applying this novelty, a strategy for the diagnosis of this type of
faults that use the voltage at the winding midpoint is proposed. A
simple method to detect asymmetric demagnetisation on the
windings is also presented and validated in this paper. By
subtracting the voltages of the two circuits in series, the voltage
drops produced by resistance and inductance of each circuit are
cancelled, making the diagnosis signal less sensitive to the motor
load and other disturbances that affect the phase currents. Although
the midpoint of the windings is not available in many commercial
motors, it is very easy to make the connection available during the
manufacturing or rewinding process. This modification of the
windings, although being invasive, is simpler than the placement of
search coils proposed by other authors for fault diagnosis.

As further works the analysis of the effects of static and
dynamic eccentricity as well as stator faults on the proposed
detection strategy is proposed.
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