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a b s t r a c t

The effects of asymmetrical magnet faults on the rotor of Permanent Magnet Synchronous Machines
(PMSM) are analyzed in the present work. Two different stator winding configurations, series and parallel
connected windings, are considered in the analysis. From PMSM with parallel windings, a fault detection
strategy based on the information contained in the branch-current spectrum is proposed. A fault severity
factor is defined to quantify demagnetization on a single magnet. This factor is practically independent
from the motor load conditions. Simulation results using a finite element model are obtained to evaluate
the feasibility of the proposal. Additionally, voltage reduction and current derating due to rotor demag-
netization are also evaluated. Experimental results are presented to validate the proposal.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Permanent Magnet Synchronous Machines (PMSM) are widely
used as both motors in industrial drives and generators in renew-
able energy power plants. In both cases, faults are responsible for
high costs due to maintenance and downtime. Recently, fault
detection in PMSM has become more noticeable due to the impulse
given to the development of renewable energy sources and the
increasing tendency to use these machines as generators directly
coupled to wind turbines [1,2]. There exist several proposals for
monitoring wind turbines, as for instance fault detection in electric
generators [3], which mainly aims to reduce maintenance costs.

Faults in PMSM can be classified as: stator faults, rotor faults
and bearings faults. For the particular case of PMSM connected to
an inverter, faults in either the switches or sensors may also
appear.

Rotor faults are commonly due to eccentricity, damage in any of
the magnets, asymmetries as well as mechanical looseness [4].
Rotor eccentricity is mainly due to non-uniform distribution of
the air-gap and it can be static, dynamic or mixed [5,6]. Eccentric-
ity produces unbalanced radial forces, which can cause stator to
rotor rub. For static eccentricity, the position of the minimum
air-gap is fixed respect to the stator. On the contrary, for dynamic

eccentricity, the rotor center does not coincide with the rotation
center and therefore the position of the minimum air-gap rotates
with the rotor [7]. Eccentricities may be due to load unbalances,
looseness, misalignment, wrong assembly and even bending of
the rotor [8].

The presence of faults on the rotor magnets may produce on the
PMSM similar effects to those due to dynamic eccentricity. Micro-
scopic fissures, chips, disintegration due to corrosion and even par-
tial demagnetization are some of these magnet faults [9–11].

The Motor Current Signature Analysis (MCSA) technique has
been widely used in the detection of induction motor faults such
as broken bars and air-gap eccentricity [12–16] and synchronous
motor faults such as air-gap eccentricity [17]. In PMSMs, this tech-
nique was used for detecting winding faults and dynamic eccen-
tricity [18–20].

As it was presented in literature [4,20–24], rotor faults produces
new components on the stator current frequency spectra according
to fdm ¼ fs 1� k

P

� �
with k = 1, 2, 3. . ., where P is the number of pole

pairs and fs is the stator frequency.
Numerical simulation using the Finite Element Method (FEM) is

a very effective tool for the analysis of PMSM faults [25,21]. This
method allows a precise evaluation of fault diagnosis strategies
for different machine configurations.

Dynamic and static eccentricities as well as demagnetization
effects on a single magnet are analyzed in [9] using FEM. This
proposal consists in carrying out several static calculations. These
calculations include evaluating n steps in order to produce a 360�
mechanical rotation of the machine. The air-gap flux waveform is
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then generated from the FEM results. Once the air-gap magnetic
field distribution is obtained from the equations that describe the
PMSM, the fault analysis is carried out.

Other authors use FEM to evaluate air-gap eccentricity in
PMSMs [26]. Simulation results are experimentally validated mea-
suring vibrations using an accelerometer. This is a good alternative
to the analysis of the current frequency spectrum.

In [21] an online strategy to detect incipient rotor demagnetiza-
tion faults in surface-mounted PMSMs with serial windings con-
nection was proposed. Such strategy uses the zero-sequence
voltage component instead of the current signature and it is
applicable to inverter-fed PMSMs.

A spectral analysis is carried out using time–frequency methods
for the detection of rotor faults in brushless DC motors (BLDCM)
under non-stationary operation conditions in [4]. In this case,
two methods using windowed Fourier ridges and Wigner–Ville-
based distributions are used for the detection of the rotor faults
frequencies. The analysis is carried out on a six-pole BLDCM and
the components used to determine the presence of faults are side-
bands at 2

3 fs and 4
3 fs.

The effects of uniform and local demagnetization on PMSMs
back-EMF with different winding distribution using a 2-D FEM
are analyzed in [24]. The effects of rotor eccentricity on currents
and back-EMF of a PM brushless motor with parallel winding con-
nections are also analyzed using FEM in [27].

In this paper, the effects of single magnet demagnetization on
the EMF, phase and branch currents are analyzed. This analysis is
validated through simulation results using a FEM model of the ma-
chine, and experimental results. The FEM model of PMSMs with
single magnet demagnetization and different stator winding con-
figurations is simulated using a Finite Element Analysis (FEA) soft-
ware that allows the calculation of structures with rotation, while
avoiding magneto-static calculations. Simulation results are vali-
dated through experimental tests on a PMSM prototype. From this
analysis, a suitable fault severity factor is proposed.

This paper is structured as follows: An analytical approach for
the rotor fault analysis and a proposal for asymmetrical demagne-
tization detection are presented in Section 2. In Section 3, FEM
models for PMSM with serial and parallel connection of windings
are obtained. Simulation results using the FEM models are shown
in Section 4. Section 5 shows experimental results to validate the
proposal and evaluate the current derating due to rotor demagne-
tization. Finally, discussions and conclusions are given in Section 6.

2. Rotor fault analysis

In order to evaluate the effects of asymmetrical demagnetiza-
tion, we propose to analyze first the changes caused by this fault
on the EMF components. From this analysis, the effects on the cur-
rents at each winding are determined and the components to be
used for the diagnosis, proposed.

The EMF induced in any stator winding, e(t), can be obtained
from the derivative of the linked-flux ws as,

eðtÞ ¼ � dws

dt
¼ � dws

dhr

dhr

dt
¼ uðhrÞxr ð1Þ

where hr and xr are the angular rotor position and speed,
respectively.

The flux linked by a stator circuit is obtained by integrating the
flux density B on the surface covered by the winding. Assuming ra-
dial flux density and uniformity of the windings along the axial
axis of the machine, the flux linked by a stator winding is given by,

wsðhrÞ ¼ rl
Z 2p

0
NðhsÞBðhs � hrÞdhs ð2Þ

where r is the mean radius of the air gap, l is the axial length and N
is the stator winding distribution as a function of a reference angle
hs in the stator.

In this equation N and B are, in any case, periodic functions over
the interval [0,2p] and both can be written as Fourier series:

NðhsÞ ¼
X1
n¼1

Nn cosðnhsÞ ð3Þ

Bðhs; hrÞ ¼
X1
m¼1

Bm cosðmðhs � hrÞÞ ð4Þ

Then, by replacing (3) and (4) into (2) it yields an integral of a
sum of products of sines and cosines. In this integral, the only
terms not null are those corresponding to the same frequency
(m = n), resulting in,

wsðhrÞ ¼ prl
X1
n¼1

NnBn cosðnhrÞ ð5Þ

Then, the EMF is obtained as the time derivative of the linked-
flux (5). Considering that the rotor speed is constant, hr = xrt and
the EMF is given by,

eðtÞ ¼ Kxs

X1
n¼1

nNnBn sin
nxs

P
t

� �
ð6Þ

where K ¼ prl
P and xs = Pxr. From this expression it can be seen that

a specific component will appear on the induced EMF only if such
component exist in both the windings distribution and the rotor
flux distribution. In the case where either Nn or Bn is zero, the cor-
responding component will not appear in the EMF of the PMSM.

2.1. PMSM with serial connection of windings

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

NsðhsÞ ¼
X1
n¼1
nodd

Nn cosðnPhsÞ ð7Þ

As an example, a series winding for a machine with two pairs of
poles is shown in Fig. 1.

Moreover, if the rotor is healthy, the flux density can be written
as:

Bðhs; hrÞ ¼
X1
n¼1
nodd

Bn cosðnPðhs � hrÞÞ ð8Þ

Repeating the previous steps, the EMF can be expressed as

eðtÞ ¼ Kxs

X1
n¼1
nodd

nNnBn sinðnxstÞ ð9Þ

From (9) it can be observed that only the fundamental frequency
fs ¼ xs

2p and its harmonics fsn = nfs appear in the EMF.
Then, considering asymmetric rotor demagnetization, the flux is

asymmetric between each pair of poles and is periodic only within
[0,2p]. For such reason, it can be written as,

Bf ðhs; hrÞ ¼
X1
m¼1

Bf
m cosðmðhs � hrÞÞ ð10Þ

In this equation, when m = nP with n = 1, 2, 3,. . ., we obtain the
components of the original flux whose amplitude is reduced by
demagnetization. Furthermore, new components appear when
m – nP due to asymmetric demagnetization and their amplitude
depends on the fault severity.

Using (8) and (10) the EMF results in,
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eðtÞ ¼ Kxs

X1
n¼1
nodd

nNnBf
nP sinðnxstÞ ð11Þ

From this equation, it can be seen that for fault in the magnets, a
change in the flux distribution changes the amplitude of harmonics
in the induced EMF, but it will not produce new components on it.
As in the EMF, no new components appear on the stator currents or
the electromagnetic torque due to fault. A similar result is obtained
with other approach for PMSM with serial connection of windings
in [21].

2.2. PMSM with parallel connection of windings

The effects of asymmetric demagnetization on PMSM with par-
allel windings are analyzed below. To simplify the analysis, only
two parallel circuits for a machine with P pairs of poles are consid-
ered. Besides, an even number of pair of poles is considered so that
the parallel circuits are symmetric. As an example, a stator phase
with two pair of poles in parallel is shown in Fig. 2. The equivalent
circuit for each phase is shown in Fig. 3a.

Under these considerations, it can be demonstrated that the dis-
tribution for one of the stator circuits is periodic in the [0,2p]
interval and it is given by,

Ns1ðhsÞ ¼
X1
n¼1
nodd

ðN1
n cosðnPhsÞ þ H1

n cosðnhsÞÞ ð12Þ

The winding distribution for the other circuit can be obtained
by shifting the previous distribution,

Ns2ðhsÞ ¼ Ns1ðhs þ pÞ ð13Þ

Thus, the windings distribution for the second circuit can be
written as,

Ns2ðhsÞ ¼
X1
n¼1
nodd

ðN1
n cosðnPhsÞ � H1

n cosðnhsÞÞ ð14Þ

From these equations, it can be seen that by adding these wind-
ing distributions to form a series winding, all odd terms are can-
celled, resulting in the equation of the serial winding distribution
previously obtained in (7), with Nn ¼ 2N1

n.

Fig. 1. Serial connection of windings (Phase a).

Fig. 2. Parallel connection of windings (Phase a).
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Fig. 3. Equivalent circuits for a stator phase. Parallel circuits (a), Series circuit or
Thevenin equivalent circuit.
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Furthermore, proceeding in the same way as for the serial case,
the EMF on each circuit is,

e1ðtÞ ¼ Kxs

X1
n¼1
nodd

nN1
nBf

nP sinðnxstÞ þ nH1
nBf

n sin
nxs

P
t

� �� �
ð15Þ

e2ðtÞ ¼ Kxs

X1
n¼1
nodd

nN1
nBf

nP sinðnxstÞ � nH1
nBf

n sin
nxs

P
t

� �� �
ð16Þ

As in the case with series windings, the amplitude of harmonics
on the EMF at each branch is reduced due to demagnetization.
However, unlike the PMSM with serial windings, new components
appear in the EMF at the frequencies given by nfs

P (n odd). These
components are in counter-phase into each branch, so that if the
two circuits are connected in series, those components are can-
celled, obtaining the same result as in (11).

For PMSM with parallel windings, these new components in the
EMF do not produce new components in the phase voltage. Indeed,
if the Thevenin equivalent circuit is obtained (Fig. 3b), the resulting
EMF is given by,

eThðtÞ ¼ Kxs

X1
n¼1
nodd

nN1
nBf

nP sinðnxstÞ ð17Þ

where it can be seen that the EMF will contain the fundamental
component and their harmonics.

However, in each branch, new components at frequency nfs
P are

generated in the branch current, and their magnitude magnitudes
are limited by the impedance of the stator circuits. For the case of
linear loads, the current in each branch is given by,

i1ðtÞ ¼
X1
n¼1
nodd

In sinðnxst þunÞ þ In=P sin
nxs

P
t þun=p

� �� �
ð18Þ

i2ðtÞ ¼
X1
n¼1
nodd

In sinðnxst þunÞ � In=P sin
nxs

P
t þun=p

� �� �
ð19Þ

And the phase current results in,

iðtÞ ¼
X1
n¼1
nodd

ð2In sinðnxst þunÞÞ ð20Þ

Because no new components appear in either the equivalent
EMF or the phase currents due to demagnetization, no new compo-
nents will appear in either the power or torque of the machine.

2.3. Fault detection and severity factor

According to what was developed in the previous section, it is
possible to detect asymmetric demagnetization problems through
the components that appear in the current branch at frequency nfs

P

(n odd). For PMSMs with two pairs of poles, the most significant
components are at n = 1 and n = 3. The amplitude of those compo-
nents, at frequencies 1

2 fs and 3
2 fs, are defined as I1/2 and I3/2,

respectively.
We define the fault severity l, as the percentage of demagneti-

zation in a pole. Therefore, l = 0% corresponds to a healthy rotor
and l = 100% to a pole completely demagnetized.

To estimate the severity of the fault, it is necessary to define a
severity factor l̂ based on the characteristic components due to
the fault. This severity factor must be insensitive to variations in
the operating condition of the PMSM. In a previous work [28] the
component I1/2 was proposed to define the severity factor. This fac-
tor is not very sensitive to the load conditions and shows a good
approximation to the percentage of demagnetization in the pole

piece. However, this factor requires for its calculation the knowl-
edge of the active power, thus increasing the number of sensors re-
quired for the strategy implementation.

For this reason, a new severity factor l̂, based on the sum of the
sideband components is proposed in this work,

l̂ ¼ I1=2 þ I3=2

IN

� �
100½%� ð21Þ

where IN is the peak value of the nominal phase current. To calcu-
late this severity factor only the measurement of a current branch
is necessary, so it significantly reduces the number of sensors with
respect to the previous proposal.

3. Finite element model of a PMSM

A PM Synchronous generator was used for the simulation and
experimental analysis. Fig. 4 shows a simplified scheme of this ma-
chine and Table 1 shows the rated data.

Simulation was carried out using a FEM software that allows
the calculation of structures with rotation. The characteristics of
the materials used in the FEM model were obtained from manufac-
turer tables. However, the characteristic of electrical steel was pro-
vided by GRUCAD laboratory of UFSC [29].

The mesh was chosen based on the calculation precision and
with a non-uniform triangular distribution. The air-gap is the sec-
tion with most element density, because this section presents the
highest magnetic field variations, and it is the transition area be-
tween rotor and stator during rotation. The final mesh has about
40,000 1st-order triangular elements (Fig. 5). However, the soft-
ware incorporates, before simulation under rotation, 2nd-order tri-
angular elements with the objective of improving transition
between the different calculus positions.

Fig. 4. Simplified scheme of the PM synchronous generator.

Table 1
PMSM rated data.

Pn (kW) 3.0
Vn (V) 200
In (A) 5.0
f (Hz) 50
Pair of poles 2
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The noticeable difference between the magnetic permeability of
the steel and the air is responsible for the flux lines contained in-
side the magnetic core and, for this reason, on the external surface
of the stator, a Dirichlet boundary condition was imposed.

A transient analysis was done to obtain the electric dynamics,
whereas the mechanical dynamics is neglected by assuming that
the machine is operating at constant (rated) speed. Other parame-
ters used on the model are: the maximum error between
iterations, the total time of analysis, and the pitch of calculations,
so that the waveform reaches its optimum resolution.

Two connection schemes were implemented for the motor
windings with the objective of analyzing the effects of faults. A
connection in series of the stator windings constitutes the first cir-
cuit (Fig. 1). The second circuit is a connection in parallel of them
(Fig. 2). A three-phase resistive load was used for both cases.

4. Simulation results

4.1. Serial connection of windings

A connection in series of the stator windings is first considered.
Two simulations were carried out: one of them for no fault (l = 0%)
and other with a partial demagnetization in a pole (l = 16.7%).
Simulation results of the current spectrum for one of the motor
phases are shown in Fig. 6. By analyzing the frequency components
for both signals through the FFT, it can be observed that there is a
reduction in amplitude of the fundamental components. However,
as it was demonstrated analytically, no new components appear in
the spectrum due to asymmetrical demagnetization. For the
machine operating at rated power, as the induced EMF is reduced,
the current results higher than the corresponding rated value. This
produces an increase in the winding temperature due to Joule
effects.

4.2. Parallel connection of windings

A further stage in this analysis consists in connecting two cir-
cuits in parallel as the one shown in Fig. 2. Four cases were ana-
lyzed: the first one for no fault (l = 0%) and the other three for
different levels of demagnetization (l = 4%, l = 16.7% and
l = 33.3%). These levels correspond to demagnetization produced

in the laboratory prototype used to obtain the experimental results
shown in the next section. For all these cases, the current wave-
forms corresponding to phase a (ia) and branch 1 of this phase
(ia1) were obtained through simulation.

The spectra of the phase a current for the faulty case are shown
in Fig. 7a. As it can be clearly seen, no new components appear.
Meanwhile, Fig. 7b presents the analysis of the failure for branch
a1 current, for the same load conditions. The indicator of fault is gi-
ven by the magnitude of the components at 1

2 fs and 3
2 fs, which

increase as demagnetization increases. The difference between
phase and branch currents is due to a circulating current through
the two branches. Additionally, components of lower amplitude
at frequencies 5

2 fs and 7
2 fs appear in the spectrum of the branch cur-

rents due to demagnetization.
Based on these results, the fault severity factor (21) was evalu-

ated for different demagnetization levels and load conditions, and
the obtained results are shown in Fig. 8. As it can be appreciated,
the proposed fault severity factor approximates the percentage of
pole demagnetization in all the cases, for different load conditions.

For the analyzed case, the reduction of the EMF produced by
demagnetization increases the phase currents when the PMSM is

Fig. 5. Finite element mesh layout.
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Fig. 6. Phase current frequency spectra, serial winding connection, for (a) l = 0%,
(b) l = 16.7%. Simulation results.
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Fig. 7. Current frequency spectra, with l = 16.7% and full load, of phase a (a) and
branch a1 (b). Simulation results.
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operating at rate load. Additionally, for windings connected in par-
allel the components at 1

2 fs and 3
2 fs frequencies and their harmonics

appear in the branch current spectrum. These effects increase the
RMS current in the windings generating additional Joule losses.
Such effects are analyzed in detail in the next section.

5. Experimental results

This section presents experimental results from a PMSM proto-
type whose geometry was previously analyzed through simulation
(Fig. 9). The experimental setup is shown in Fig. 10. The PMSM
voltages and currents were acquired using a National Instruments
USB acquisition board with 12 bits resolution A/D conversion. The
PMSM was propelled by an induction motor drive with speed con-
trol. The PMSM was loaded with a variable resistive load bank.

In the first experimental test, one phase current and one branch
current were measured in the healthy machine. Same measure-
ments were carried out for different load conditions. For this test
small sidebands appear on the branch current. Such sidebands

are produced by differences in magnetization of the magnets, small
eccentricities and non-uniform distribution of the air-gap. This
case is taken as a reference case, with a fault severity factor below
3%.

Then, a portion of magnet was removed producing a demagneti-
zation of approximately 4% in one pole. Later, one and two of the six
magnets that constitute a machine pole were removed, producing a
reduction of 16.7% and 33.3% in residual magnetism respectively.
Phase and branch currents were measured for this modified ma-
chine. Fig. 11 shows the spectra of the phase and branch currents
for a demagnetization of 16.7%, and full load conditions.

Fig. 12 presents the fault severity factor l̂ proposed in (21), as a
functions of the fault severity l for two different load conditions.

The fault severity factor l̂ as a function of machine load for dif-
ferent demagnetization conditions is shown in Fig. 13. From the
same figure, it can be concluded that the proposed severity factor
hardly changes with load. For the case without fault, severity factor
does not exceed 3%. These values are produced by differences in
the magnetization of the magnets, small eccentricities and non-
uniform distribution of the air-gap that are inherent of the manu-
facturing process.

5.1. Derating produced by rotor demagnetization

The asymmetrical rotor demagnetization produces a voltage
reduction and an increase of branch currents for the same phase
current. These effects produce a reduction in the power available
at the generator terminals. To assess these effects, the voltage at
the generator terminals as a function of load for different levels
of demagnetization is shown in Fig. 14.

0 10 20 30
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20

30

100% Load
    0% Load

Fig. 8. Fault severity factor l̂ as a function of the fault severity l for different load
conditions. Simulation results.

Fig. 9. PMSM prototype used for the experimental results.
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Fig. 11. Current frequency spectra, faulty machine (l = 16.7%), with full load and
parallel connection, of phase a (a) and branch a1 (b). Experimental results.
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Fig. 15 shows the rms current in a branch as a function of the
phase current for different levels of demagnetization.

Because of this effect, the phase current should be reduced
depending on magnet demagnetization to ensure that the branch
currents do not exceed their rated value. To avoid overheating, a
derating factor is defined for the PMSM with asymmetrical demag-
netization. Derating factors are commonly used to protect electri-
cal machines from voltage disturbances such as harmonics or
unbalance [30,31]. A derating factor for phase currents obtained
from the previous results is presented in Fig. 16.

6. Discussion and conclusions

From the analysis presented in this work, it can be concluded
that, for a generator with all the windings connected in series,
demagnetization on a single magnet produce a reduction of the in-
duced EMF value. If load is resistive type, such reduction appears
also in the current. It is not possible to observe frequency compo-
nents associated to fault, but only a reduction of the total flux
linked by the windings.

For the generator with windings connected in parallel, partial
demagnetization effects can be observed in the branch currents
as new components at nfs

P (n odd). This is a clear sign of rotor fault
in the PMSM. These components only circulate inside the motor
windings and do not interfere at all with the phase current. If there
is only one magnet with less residual induction, the proposed
severity factor that uses the amplitude of the components at 1

2 fs

and 3
2 fs for a PMSM with two pair of poles, is a clear indicator of

fault for any load condition.
It is really important to detect and locate incipient rotor faults

in PMSMs in order to avoid windings overheating produced by
the increase in branch currents, and in consequence maintain the
machine properly. With this aim, a derating factor is proposed in
this paper, which allows protecting the machine by limiting the
maximum phase current.

The strategy proposed in this paper can also be used for the
analysis of rotor dynamic eccentricity.
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Fig. 13. Fault severity factor as a function of load for different demagnetization
conditions. Experimental results.
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Fig. 14. Voltage as a function of load current for different demagnetization
conditions. Experimental results.
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Fig. 15. Branch current vs. phase current for different demagnetization conditions.
Experimental results.
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Experimental result.
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