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Abstract: Air gap eccentricity faults in five-phase ferrite-assisted synchronous reluctance motors
(fPMa-SynRMs) tend to distort the magnetic flux in the air gap, which in turn affects the spectral
content of both the stator currents and the ZSVC (zero-sequence voltage component). However,
there is a lack of research dealing with the topic of fault diagnosis in multi-phase PMa-SynRMs, and in
particular, those focused on detecting eccentricity faults. An analysis of the spectral components
of the line currents and the ZSVC allows the development of fault diagnosis algorithms to detect
eccentricity faults. The effect of the operating conditions is also analyzed, since this paper shows that
it has a non-negligible impact on the effectivity and sensitivity of the diagnosis based on an analysis of
the stator currents and the ZSVC. To this end, different operating conditions are analyzed. The paper
also evaluates the influence of the operating conditions on the harmonic content of the line currents
and the ZSVC, and determines the most suitable operating conditions to enhance the sensitivity of
the analyzed methods. Finally, fault indicators employed to detect eccentricity faults, which are based
on the spectral content of the stator currents and the ZSVC, are derived and their performance is
assessed. The approach presented in this work may be useful for developing fault diagnosis strategies
based on the acquisition and subsequent analysis and interpretation of the spectral content of the line
currents and the ZSVC.

Keywords: air gap; eccentricity; fault diagnosis; finite-element method; synchronous reluctance
machine; multi-phase machine

1. Introduction

In recent years, SynRMs (synchronous reluctance machines) have become popular because of the
volatility of the rare-earth PM (permanent magnet) price, concerns about the risk of supply [1], or the
demand of highly-efficient machines. These factors are promoting SynRMs and ferrite-PM assisted
SynRMs (fPMa-SynRMs) to be competitors of induction machines [2] and PM synchronous machines [3]
in many applications requiring a high efficiency and torque density, wide constant-power speed range
or overload capability [4]. Ferrite-assisted SynRMs rely on abundant and low-cost ferrite PMs, offering
a good option since they generate both magnetic and reluctance torques [5]. PMa-SynRMs offer a lower
cost and higher reluctance torque than IPM (interior-PM) motors, since PMa-SynRMs require a smaller
volume of magnets because the reluctance torque is the main component of the total torque. Due to
the reluctance torque, SynRMs present a higher torque ripple compared to other motors; however,
by applying selected rotor steps, rotor skewing, or asymmetric flux barriers, the pulsation of the torque
can be reduced [2].
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Fault diagnosis methods for rotating machinery based on on-line condition monitoring are
currently the object of a major research effort. This approach ensures the reliable and safe operation of
the equipment involved, while minimizing the occurrence of unscheduled and unexpected failures [6],
thus reducing economic losses [7] and the occurrence of serious accidents.

Air gap eccentricity is among the most frequent faults. It can have multiple origins, such as bearing
wear, stator core ovality, rotor shaft bending, mechanical resonance [7], or partial demagnetization of
the magnets in the rotor [8]. Eccentricity produces an uneven distribution of the air gap [9]. A faulty
motor presents a disturbed operation that shortens its lifetime. The static eccentricity can be due to
an inappropriate positioning of the rotor, so the rotation center coincides with the symmetry axis of the
rotor but is displaced from the symmetry axis of the stator [7], so the minimum position of the air gap
remains fixed in space. Dynamic eccentricity is produced when the rotation center is not concentric
with the symmetry axis of the rotor and the minimum position of the air gap changes with time [9].
Mixed eccentricity occurs when both static and dynamic eccentricity coexist.

It is a recognized fact that air gap asymmetry produces new harmonic components in the air gap
flux, which are due to harmonics of the stator and rotor magneto-motive forces (mmf) [9], changes in
air gap permeance [10], and changes in the air gap flux due to the permanent magnets in the rotor.
This non-uniformity of the air gap permeance generates harmonic components that can be seen in the
spectra of the magnetic flux density, thus increasing the torque ripple and affecting the harmonics of
torque and speed. Eccentricity in SynRMs generates a radial force due to the air gap asymmetry, which
produces mechanical stress on the bearings [4]. Air gap fluctuations modify motor inductances and
thus, the stator current harmonics [10,11], which can be used to apply a noninvasive fault detection
approach [11].

Air gap eccentricity can be detected by applying different strategies, including spectral analysis
of the line voltage at disconnection, spectral vibration analysis, acoustic analysis [12,13], thermal
analysis [14], air gap flux analysis, and MCSA (motor current signature analysis); the latter being the
most widely applied since it is a noninvasive technique that can be applied for on-line fault detection.
MCSA is a widely applied technique [15–17] based on the monitoring of the spectral content of the line
currents of the motor when operating under a steady-state condition, so it assumes that any change in
the representative harmonic components is due to the presence of air gap eccentricity [18]. MCSA has
been applied in different types of electrical motors, including induction machines, permanent magnet
motors, and SynRMs [18], although it has recently been reported that this approach can lead, in some
circumstances, to false indications [19]. In addition, it is known that the current loops of the electronic
drive can influence the amplitudes of the harmonics of the stator currents, thus hindering the diagnosis
based on an analysis of the stator currents harmonics [20].

Air gap asymmetry faults may be also detected by analyzing the ZSVC (zero-sequence voltage
component). This approach is advantageous since the ZSVC can be decoupled from the effects
of the electronic drive and the controller [20]. Although the fault detection method based on the
ZSVC involves an accessible central point of the stator windings, this arrangement is frequently
applied in fault-tolerant motor drives. The results presented in [20,21] for PMSMs (permanent
magnet synchronous machines) prove that the ZSVC approach has a better accuracy and sensitivity
than the analysis of the stator currents spectra, particularly when the motor operates under
low-speed conditions.

In the technical literature, there are many works that analyze the effects of air gap eccentricity
faults, but few of them are related to PMa-SynRMs [9,22,23]. Most of the works dealing with fault
detection in PMa-SynRMs are either based on an analysis of the torque developed by the machine [4,24],
although this method has several drawbacks due to its nonlinear relationship with the severity of the
fault, or apply an off-line approach [25], with the associated disadvantages.

Instead, this work focuses on an analysis of the spectral content of both the line currents and
the ZSVC in five-phase fPMa-SynRMs under the effects of air gap asymmetries, which permits the
application of a straightforward on-line fault diagnosis strategy. The finite element method (FEM) has
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been applied to analyze the different machines, since FEM is a recognized simulation method that
allows an accurate electromagnetic analysis [26] and assists in the optimal design process of electrical
machines [27]. FEM also allows one to compute the values of key machine variables, and thus,
permits an analysis of the behavior of suitable parameters to be used in fault detection approaches to
characterize the motor failures under analysis [20].

The detection of failures in PMaSynRMs is a hot topic due to the growing interest of these
machines for vehicular traction applications. The particular geometry of such motors hinders the
on-line detection of eccentricity faults. This paper proves that when selecting favorable operating
points, the detection is possible. This paper also proposes an on-line eccentricity fault detection
approach, which includes the calculation of fault indicators from the spectral content of the stator
currents and the ZSVC. The calculation process of such indicators presents a low computational
burden, which is a requisite for on-line applications.

2. The Analyzed Machine

This paper deals with a PMa-SynRm, whose main features are summarized in Table 1.

Table 1. Main features of the analyzed fPMa-SynRM.

Features Value

Rated power (kW) 3.5
Rated torque (N·m) 5.7

Rated speed (rev/min) 5000
Rated current (ARMS) 4
Rated voltage (VRMS) 240

Number of phases 5
Number of slots 60

Pole pairs (p) 12
Slots/pole/phase (q) 1
Conductors per slot 60

Layer type Double layer
Airgap width (mm) 0.3
Permanent magnets Ferrite HF 30/26

Magnetic steel M330-35A
d-axis inductance (Ld, mH) 59.7no_current−15.9max_current
q-axis inductance (Lq, mH) 15.2no_current−11.8max_current

The analyzed motor has a fault-tolerant winding, since each slot only accommodates a unique
phase, as shown in Figure 1. In addition, the combination of the low current design and the large
inductances (each slot includes 60 conductors) reduces the risk of high short-circuit currents.
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Figure 1. FEM model of the analyzed machine. (a) Layout of the machine. (b) Half winding of the
five-phase 60-slots machine with a double layer and constant pitch with q = 1.

The results presented in this paper are based on a healthy and a faulty machine with a static
eccentricity of 40% of the air gap length. It is noted that although this paper analyzes the effects of static
eccentricity faults, dynamic eccentricity produces comparable results, and thus similar conclusions
apply for both eccentricity types.

The d axis is taken as the direction of maximum magnetic flux in the rotor, which is the direction
of the magnetic flux in the rotor following the magnetic path. The minimum flux corresponds to the q
axis, corresponding to the direction of the magnetic flux crossing the air barriers, as shown in Figure 2.
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Figure 2. Direct (d) and quadrature (q) axes and the mmf (magneto-motive force) as a function of the
electrical angle of a SynRM.

It is noted that the currents in the dq reference frame (id,iq) can be calculated from the line currents
(ia, ib, ic, id, ie) as:
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Figure 3 shows the five currents and the mmf distribution for a given time instant in both the d
and q axes.
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The permanent magnets in the rotor are placed in the negative direction of the q axis, so when the
motor is positioned in the d axis, the net flux through the stator windings due to the permanent magnets
is null. This is illustrated in Figure 3a, which shows one pole of a five-phase machine positioned in the
d axis when neglecting the effects of the stator currents. The total flux through the windings is null
since the flux in phase A is also null due to the arrangement shown in Figure 3a, whereas phases B and
E, and C and D, are complementary, so the net flux is zero.

It is known that the winding configuration in rotating field machines greatly impacts the power
capability and the spectral content of both the mmf and back-emf. These effects are reflected in the
harmonic composition of the line currents and the ZSVC [21].

3. Detection of Air Gap Eccentricity Faults in PMa-SynRM from the Stator Currents Spectrum

The research dealing with a three-phase SynRM found in [18] and [28] shows that static eccentricity
faults induce triplen harmonic frequencies in the stator currents, although it is known that supply
unbalance may also induce such harmonic components, thus hindering the interpretation. These works
also conclude that dynamic eccentricity does not generate new harmonic components in the stator
currents, although it modifies the odd harmonics. Static eccentricity induces harmonic components in
the stator current harmonics which can be localized as [9,10,29–31]:

fEccentricity = fs·
(

1 ± k
p

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

where p is the number of pole pairs of the motor and fs is the supply frequency. Therefore, from (3),
it is deduced that eccentricity faults can induce particular fractional harmonic frequencies in the stator
currents spectra that can be used for diagnosis purposes. The set of harmonics predicted by (3) is
present under both stationary and nonstationary operating conditions.

The line currents are already measured by the current probes included in the drive supplying the
PMa-SynRM. Therefore, no additional sensors are necessary. Since, as explained, the amplitude of the
stator currents harmonics may be altered by the current loops of the electronic drive, it can hinder the
diagnosis from the study of the stator currents. Therefore, the ZSVC-based method is also applied in
this work.
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4. Detection of Air Gap Eccentricity Faults in PMa-SynRM from the ZSVC Spectrum

To measure the ZSVC, the central point of the wye-connected stator windings must be
accessible [21]. In addition, a balanced three-phase inexpensive resistor network is required to
generate an artificial neutral point. This approach is compatible with fault tolerant drives adding
an extra inverter branch to replace the failed phase, which is connected to the central point of the
windings [32,33]. In this way, the ZSVC injected by the electronic drive can be removed from the
neutral voltage of the PMa-SynRM [34].

When dealing with a symmetric and healthy machine, according the layout shown in Figure 4,
the fundamental harmonic of the v0,m zero-sequence voltage component measured between the
artificial neutral point and the central point of the stator windings can be expressed as [34]:

v0,m = −1
5

(
dλa

dt
+

dλb
dt

+
dλc

dt
+

dλd
dt

+
dλe

dt

)
= −dλPM,0

dt
(4)

where λPM,0 is the zero-sequence flux component produced by the permanent magnets.
In the case of a salient machine affected by an eccentricity fault, an additional term appears in (4)

due to the changing air gap in the phase inductances.
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Figure 4. Connection realized to measure the ZSVC using a five-phase balanced resistor network to
generate the artificial neutral point.

5. Results

Both the stator currents spectra and the ZSVC spectra of the fPMa-SynRM described in Section 2
are analyzed when the machine operates under healthy and air gap eccentricity fault conditions.
The results presented in this section are based on two-dimensional FEM models built and calculated
by means of the FLUX® 12.1 rotating machines software, whereas the post-processing analysis was
developed with the Matlab-2015b® software package. The two-dimensional mesh of the analyzed
PMa-SynRM models comprises about 72,652 triangular elements. The supply frequency considered
for simulation purposes was set to 500 Hz for all analyzed machines. A total of 60 electrical cycles
were simulated with a sampling frequency of 120 kHz, thus obtaining a total of 7200 sample points,
with 120 points in each electrical period.

5.1. Motor Working under Rated Operating Conditions

The first study focuses on the detection of eccentricity faults when the analyzed fPMa-SynRM
operates under rated conditions, that is, 4 ARMS, 3.5 kW, 240 VRMS, 5000 rev/min, and 65◦ current
angle (between d-0◦ and q-90◦ axes). Figure 5 shows the spectral content of the line currents of the
analyzed fPMa-SynRM under healthy and 40% static eccentricity conditions.
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The results presented in Figure 5 show minor differences between the spectral content of healthy
and faulty machines, and it is thus difficult to detect eccentricity faults from the analysis of the line
currents when the motor operates under rated conditions. The low discrimination attained between
healthy and faulty conditions by the method based on the stator currents is attributed to the high
reluctance path of the magnetic flux due to the combined effect of the saturation of the rotor segments
placed between the flux barriers and the flux crossing the flux barriers. This reluctance takes similar
values to those of the air gap, thus hindering the discrimination of the method based on the analysis of
the stator currents spectra.

Figure 6 shows the spectral content of the ZSVC of the analyzed fPMa-SynRM under healthy and
40% static eccentricity conditions.
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machine with 40% eccentricity.

It is noted that both the stator currents and ZSVC spectra are normalized with respect to
the maximum value of the respective waveform. The results presented in Figure 6 clearly show
a better sensitivity of the ZSVC-based method compared to the method based on the analysis of the
stator currents.
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However, to attain a better discrimination, it is suggested that other operating conditions in which
the machine and specifically, the rotor segments, work under less saturated conditions are analyzed.

5.2. Motor Working under Low-Load (Low-Saturation) Conditions

The second study focuses on the detection of eccentricity faults when the analyzed fPMa-SynRM
works under low-load conditions, and thus, less saturation. This study assumes that the operating
conditions are 0.7 ARMS, 130 VRMS, 5000 rev/min, and 40◦ current angle (between d-0◦ and q-90◦). It is
noted that a low current means a low magnetic saturation of the rotor segments.

Figure 7 shows the spectral content of the line currents of the analyzed fPMa-SynRM
working under low-current and low-saturation conditions, for both healthy and 40% static
eccentricity conditions.
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Figure 7. Low-current low-saturation operating conditions. Spectral content of the line currents.
Healthy machine and faulty machine with 40% eccentricity.

Figure 8 shows the spectral content of the ZSVC of the analyzed fPMa-SynRM working under
low-current and low-saturation conditions, for both healthy and 40% static eccentricity conditions.
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Figure 8. Low-current low-saturation operating conditions. Spectral content of the ZSVC. Healthy
machine and faulty machine with 40% eccentricity.

As proved in Figures 7 and 8, the discrimination power decreases (both healthy and faulty spectra
are almost superimposed) with respect to the operating point corresponding to the nominal conditions,
since almost all of the magnetic flux flowing through the stator windings is due to the permanent
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magnets in the rotor, and thus, the reluctance of the path followed by the magnetic flux in the rotor is
high compared to the reluctance of the air gap, thus hindering the detection of such faults.

5.3. Motor Working under Low-Load (Low-Saturation) and near d-Position (Current Angle 30◦)

In order to improve the sensitivity of the methods based on the line currents and ZSVC, the motor
is analyzed when positioned close to the d axis. In this position, the influence of the permanent magnets
can be almost neglected, and the reluctance of the rotor path is still lower than the reluctance of the air
gap, thus facilitating the detection of the analyzed faults. In addition, the low current level produces a
low magnetic saturation of the rotor segments. This study assumes that the operating conditions are
0.7 ARMS, 150 VRMS, 5000 rev/min, and 30◦ current angle.

Figure 9 shows the spectral content of the line currents of the analyzed fPMa-SynRM working
under low-current low-saturation conditions with a current angle of 30◦, for both healthy and 40%
static eccentricity conditions.
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Figure 9. Low-current low-saturation operating conditions with a current angle of 30◦. Spectral content
of the line currents. Healthy machine and faulty machine with 40% eccentricity.

In this operating point, there are significant differences in the third, ninth, seventeenth,
and nineteenth harmonics of the line currents, thus enabling the detection of eccentricity faults.

Figure 10 shows the spectral content of the ZSVC when the motor operates under low-current
conditions with a current angle of 30◦. It shows substantial differences in the third, fifth, and fifteenth
harmonics of the ZSVC.
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5.4. Results Summary

For the sake of better readability, Tables 2 and 3 summarize the results attained in Sections 5.1–5.3.

Table 2. Spectral content of the stator currents of the analyzed fPMa-SynRM under healthy and 40%
static eccentricity conditions.

Harmonic 1 3 5 7 9 11 13 15 17 19

Rated operating conditions
Healthy (dB) −0.34 −16.91 - −24.04 −38.25 −42.07 −39.00 - −43.31 −54.96
Faulty (dB) −0.78 −16.82 - −23.76 −34.92 −42.87 −37.80 - −48.31 −57.15

∆dB 0.44 −0.09 - −0.28 −3.33 0.80 −1.20 - 5.00 2.19

Low-load conditions
Healthy (dB) −0.39 −28.33 - −43.24 −30.06 −39.83 −58.81 - −41.99 -
Faulty (dB) −0.40 −28.08 - −42.34 −29.85 −39.88 −57.00 - −41.98 −59.54

∆dB 0.01 −0.25 - −0.90 −0.21 0.05 −1.81 - −0.01 59.54

Low-load near d-position conditions (Current Angle 30◦)
Healthy (dB) −0.40 −24.78 - −45.93 −36.45 −45.89 −53.65 - −52.06 −45.94
Faulty (dB) −0.38 −31.78 - −46.94 −30.44 −41.21 −49.89 - −42.64 −55.53

∆dB −0.08 −7.00 - 1.01 −6.01 −4.68 −3.76 - −9.42 9.59

Table 3. Spectral content of the ZSVC of the analyzed fPMa-SynRM under healthy and 40% static
eccentricity conditions.

Harmonic 1 3 5 7 9 11 13 15 17 19

Rated operating conditions
Healthy (dB) −1.31 −12.61 −20.11 −33.85 −34.70 −44.29 −36.13 −41.51 −55.21 −40.73
Faulty (dB) −2.36 −13.96 −21.17 −40.13 −52.41 −35.26 −39.82 −46.52 −51.38 −51.86

∆dB 1.05 1.35 1.06 6.28 17.71 −9.03 3.69 5.52 −3.83 11.13

Low-load conditions
Healthy (dB) −5.95 −9.89 −7.09 −17.98 −39.85 −51.57 −36.13 −54.42 −51.91 –
Faulty (dB) −6.12 −10.06 −7.26 −18.15 40.02 −51.74 −36.29 −54.59 −52.08 –

∆dB 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.16 0.17 –

Low-load near d-position conditions (Current Angle 30◦)
Healthy (dB) −4.67 −5.71 −12.06 −22.25 −36.85 −51.68 −39.2 −41.33 −55.46 –
Faulty (dB) −5.48 −9.37 −7.31 −18.98 −39.61 −39.01 −40.24 −50.21 −52.04 –

∆dB 0.81 −3.66 −4.75 −3.27 2.76 −12.67 −1.04 −8.88 −3.42 –

It is noted that bold values indicate maximum discrimination between healthy and faulty
conditions, whereas the grey shading indicates the harmonics and the operating conditions selected to
calculate the values of the fault indicators.

6. The Proposed Fault Indicators

Taking into account the results presented in Section 5, this section proposes an on-line detection
using two fault indicators, FII and FIZSVC, which are calculated as the difference between the
amplitudes of the two harmonics of the stator currents or the ZSVC, respectively. It is assumed
that during fault occurrence, the magnitude of the fault indicator is greater than a pre-established
threshold value.

Figure 11 shows the flow chart of the proposed approach for detecting eccentricity faults.
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The approach proposed in Figure 11 can be applied for on-line fault detection, since the rotor
position, stator currents, and ZSVC can be acquired continuously, and the calculation of the current
angle α, the FFT (fast Fourier transform) of the current and ZSVC waveforms, and the fault indicators
is very fast. Tables 4 and 5 summarize both the threshold value and the harmonics, which are based on
the fault indicators FII and FIZSVC proposed in this section.

Table 4. Eccentricity fault indicator of the analyzed fPMa-SynRM based on the stator
currents harmonics.

Harmonic Fault Indicator (FII)

Near rated operating conditions FII = I9th,harmonic − I1st,harmonic
Healthy (dB) −37.91
Faulty (dB) −34.14

Threshold value −35

Low-load near d-position conditions (current angle 30◦) FII = I3rd,harmonic − I1st,harmonic
Healthy (dB) −24.38
Faulty (dB) −31.40

Threshold value −31

Table 5. Eccentricity fault indicator of the analyzed fPMa-SynRM based on the ZSVC harmonics.

Harmonic Fault indicator (FIZSVC)

Near rated operating conditions FIZSVC = ZSVC9th,harmonic − ZSVC1st,harmonic
Healthy (dB) −33.39
Faulty (dB) −50.05

Threshold value −48

Low-load near d-position conditions (current angle 30◦) FIZSVC = ZSVC3rd,harmonic − ZSVC1st,harmonic
Healthy (dB) −1.04
Faulty (dB) −3.89

Threshold value −3

The values of the fault indicators shown in Tables 4 and 5 have been calculated from the amplitudes
of the harmonics presented in Tables 2 and 3.

It is noted that when using a computer with an Intel core i5-6400T CPU of 2.2 GHz and 16 GB of
RAM, the total time required to calculate the id and iq currents from the phase currents, the current
angle α, the FFT of the currents/ZSVC, and the faults indicators is about 3 ms.
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7. Conclusions

Air gap asymmetry is a common fault in electrical machines since it has multiple origins.
Eccentricity-related faults generate mechanical stress and electromagnetic asymmetries that worsen
machine performance. This paper has analyzed the impact of the operating conditions employed
to detect air gap asymmetry faults in fPMa-SynRMs by analyzing the spectral content of the stator
currents and the ZSVC, since such faults leave a mark on their respective spectral content. The results
presented in this paper clearly show that it is possible to detect eccentricity faults in five-phase
fPMa-SynRMs by analyzing both the stator currents and the ZSVC spectra. The results also prove that
the effects of eccentricity faults are greatly influenced by the specific operating point of the machine,
and the low-current near d-position operating conditions are the most favorable conditions to detect
such faults, since the sensitivity of both the stator currents and ZSVC spectral methods is improved.
Because of the complex rotor geometry of fPMa-SynRMs, and thus, depending on the path of the
magnetic flux in the rotor, the reluctance can increase dramatically, being even greater than that of
the air gap, thus hindering the detection of such faults. This work has also proposed specific fault
indicators for the on-line detection of eccentricity faults based on the harmonic content of the stator
currents and the ZSVC, and their performance has been evaluated, thus proving the usefulness of the
proposed approach.

The results summarized in this work may be valuable in designing enhanced fault diagnosis
approaches in PMa-SynRMs. It is noted that although the spectral content of the stator currents may
be altered by the motor controller, the ZSVC is known to be decoupled from such effects.

Future work will cover the development of methods that can be used to detect, identify,
and classify different types of faults in multi-phase fPMa-SynRMs, including eccentricity,
demagnetization, and short-circuit, as well as the analysis of more suitable winding configurations for
detecting and minimizing the effects of such faults.
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Nomenclature

N Number of turns per coil [-]
Io Peak value of the stator current [A]
ia,b,c,d,e Instantaneous value of the phase current [A]
id d-axis current [A]
iq q-axis current [A]
va,b,c,d,e Instantaneous value of the phase voltage [V]
vo Instantaneous value of the homopolar voltage [V]
fEccentricity Harmonic frequency associated to eccentricity faults [Hz]
fs Electrical frequency [Hz]
k Harmonic number [-]
p Pole pairs [-]
λa,b,c,d,e Instantaneous value of the phase magnetic flux [Wb]
λPM,0 Instantaneous value of flux linkage due to the magnets [Wb]
Rm Resistance [Ω]
θm Rotor position [electrical ◦]
α Current angle [electrical ◦]
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