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Abstract. The popularity of high-efficiency permanent magnet synchronous motors in drive systems has continued to grow in recent years.
Therefore, also the detection of their faults is becoming a very important issue. The most common fault of this type of motor is the stator
winding fault. Due to the destructive character of this failure, it is necessary to use fault diagnostic methods that facilitate damage detection in
its early stages. This paper presents the effectiveness of spectral and bispectrum analysis application for the detection of stator winding faults
in permanent magnet synchronous motors. The analyzed diagnostic signals are stator phase current, stator phase current envelope, and stator
phase current space vector module. The proposed solution is experimentally verified during various motor operating conditions. The object of
the experimental verification was a 2.5 kW permanent magnet synchronous motor, the construction of which was specially prepared to facilitate
inter-turn short circuits modelling. The application of bispectrum analysis discussed so far in the literature has been limited to vibration signals
and detecting mechanical damages. There are no papers in the field of motor diagnostic dealing with the bispectrum analysis for stator winding
fault detection, especially based on stator phase current signal.
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1. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) are attracting
more and more attention in modern drive systems. This grow-
ing popularity is related to the fact that they are characterized by
high power density, high reliability, high efficiency, low noise,
and a wide speed range [1]. PMSMs have been widely used in
various applications such as automotive, aerospace, home ap-
pliances, robotics, and transportation [2, 3].

Despite their high reliability, PMSMs like other types of elec-
tric motor types used in drive systems, are prone to various
types of faults during normal operation [4]. The experience of
repair centers, manufacturers, and academic studies shows that
the approximated faults distribution of electric motors is as fol-
lows [5-7]:

o 45% — bearing faults,
o 35% — stator faults,

e 10% — rotor faults,

e 10% — others.

Although bearing faults are the most common cause of motor
failures, stator winding faults are much more dangerous due to
their destructive character. Damage to the stator winding most
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commonly starts with an inter-turn short circuit between adja-
cent turns. This imperceptible short circuit may spread over the
whole winding in a very short time and cause critical motor
damage and emergency stop of the drive system [8].

Due to the nature of the PMSM stator winding fault, it must
be detected effectively and at a very early stage to avoid costly
repairs and downtimes. Nevertheless, in order to be able to con-
duct effective detection of motor failures, it is necessary to use
appropriate diagnostic methods. Most of them are based on the
processed diagnostic signal [9]. Diagnostic signals are those
that contain information about the technical condition of the
motor, such as phase current, voltage, mechanical vibration,
acoustic signal, and temperature [10].

The processing of the diagnostic signal facilitates the extrac-
tion of fault features and is performed with the use of vari-
ous methods that can carry out the analysis in the time, fre-
quency, or time-frequency domain [11]. In the case of stator
winding faults, the most popular method is stator phase current
frequency-domain spectral analysis using the fast Fourier trans-
form (FFT) [12—15]. It is one of the classic diagnostic meth-
ods known for many years. Nevertheless, due to the increas-
ing computing power of microcontroller-based embedded sys-
tems, even low-budget ones, in recent years the use of more
advanced mathematical apparatuses has been gaining popu-
larity. This group includes transforms carrying out analysis
in the time-frequency domain. In the past, advanced methods
were successfully applied to the extraction of the PMSM stator
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winding faults symptoms, such as short time Fourier transform
(STFT) [16], continuous wavelet transform (CWT) [17], dis-
crete wavelet transform (DWT) [14, 18], Hilbert Huang trans-
form (HHT) [19] and Wigner-Ville distribution (WVD) [20].
A novel inter-turn faults detection method that utilizes time-
frequency analysis based on the Gabor order tracking is pro-
posed in [21].

The use of high-order transforms (HOTs) such as multiple
signal classification (MUSIC) [22-24] and bispectrum [25-28]
for the detection of electric motor faults is also widely described
in the literature. Nevertheless, there is a lack of papers dealing
with the topic of PMSM stator winding fault detection using
stator phase current bispectrum analysis. This is a topic that has
been largely under-researched so far. Therefore, these issues are
becoming more and more attractive also due to the dynamically
developing methods of automatic inferring about the condition
of the motor, especially based on classic machine learning al-
gorithms, shallow and deep neural networks (DNNs).

In the last years, papers have been published that present
the combination of advanced signal processing methods with
DNN:gs, such as CNN, for motor fault diagnosis. They are mainly
based on signal processing algorithms, the result of which can
be presented as an image [29-31]. The use of bispectrum anal-
ysis may also allow us to collect data sets containing extracted
symptoms that can be successfully used to train the artificial
intelligence-based fault detectors and classifiers. Moreover, it
should be highlighted that fault symptoms extraction, feature
processing, and data collection are crucial parts of motor con-
dition monitoring [32].

The contribution of this work is the application of the bispec-
trum analysis of stator phase current, stator phase current enve-
lope, and state phase current space vector module in symptoms
extraction of inter-turn short circuits in PMSM stator winding.
The use of this advanced HOT has been compared with the
classical method — FFT. Both signal processing methods were
tested for a PMSM drive system under variable load torque and
rotation speed. The use of bispectrum analysis of diagnostic sig-
nals based on the stator phase current under various operating
conditions has not been investigated in the literature so far and
may be very helpful in the development of diagnostic systems
that require a database of extracted symptoms to train the mod-
els on which they are based.

2. BISPECTRUM ANALYSIS
The high order spectral analysis (HOSA) which is based on
HOTs has been known for many years and is used mainly in sig-
nal processing [33]. Nevertheless, due to the rapidly increasing
computing power of microcontrollers, their availability in the
market, and decreasing prices, the application of HOSA meth-
ods in the field of fault diagnostics is an interesting issue.
Bispectrum is one of the most promising HOTs, the first ap-
plication of which is dated to 1962 (analysis of nonlinear inter-
action of ocean waves) [34]. Since then, it has found applica-
tion in many areas such as economics, fluid mechanics, plasma
physics, oceanography, and biomedicine [35].

While the FFT decomposes the signal by its frequency, the
bispectrum analysis allows one to get information regarding
specific interactions between the different frequency compo-
nents. Moreover, it provides an analysis of square and cubic
nonlinearities. Studying the non-linear interaction between sig-
nal harmonics can be a useful way to amplify their respec-
tive effects and make the extraction of the corresponding fault
symptoms easier [36].

Another advantage of this transform is that, after the signal
processing, the information about the phase of the signal com-
ponents is not lost. It facilitates the detection of phase relation-
ships between its components.

HOTs are described by moments and cumulants of order
n > 2. To obtain the bispectrum of the signal it is necessary
to perform the FFT on the cumulant or moment of n = 3. Due
to the properties described in the further part of this paper, the
most popular method is the cumulant-based approach.

For a stationary random discrete signal, the third-order cu-
mulant is a two-variable function 7;, 7. The relation between
the cumulant and random signal x(n) is defined as follows [28]:

3(71, 1) = E[x(n),x(n+11),x(n+ 1)), (1)
where 7|, T — time intervals, n = 0, &1, 2 — sample number,
E[ ] — expected or mean value.

Next, the signal bispectrum is determined by the double

Fourier transform of the third-order cumulant [37]:

fl f2 Z Z Tl,fz —2nfity 6727rf2r2’ )

which can be expressed as [37]:

Bx(fl;f2) = E[X(fl)vX(fZ)vx

where X (f) is the Fourier transform of the x(n) and X*(f) is its
conjugate.

Bispectrum, which is based on the third-order cumulant, re-
tains its properties. The most important is the argument sym-
metry, which means that a change in the argument order does
not change bispectrum value [37,38]:

(fi+ )l 3)

B.(f1,/2) = B:(f2, f1) = B:(— f2,— f1)
=B (fi,—fi— ) =B(—fi— 2, 2)
=B(—fi—fo.fi)=B:(f2,—fi— ). D

The symmetric regions of the bispectrum are shown in Fig. 1.
Considering the properties described by equation (4), the anal-
ysis of frequency component amplitudes during the experimen-
tal verification was limited to one non-redundant triangular re-
gion (I) — the principal domain. This area is marked in green in
Fig. 1. It can be described as follows:

Je Je

E={(f,f): 0<f2<f1<* f1+f2<* )

where f, is the sampling frequency.
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Fig. 1. Bispectrum symmetry regions

3. EXPERIMENTAL SETUP

The object of the experimental tests was a 2.5 kW PMSM
powered by a voltage source inverter (VSI) and operating in
a closed-loop motor control structure. To generate the load
torque a second PMSM with nominal power of 4.7 kW was
used. The test stand is shown in Fig. 2. The motor shown on the
right side is the loading motor, while the second one is the tested
PMSM whose parameters are listed in Appendix A. The con-
struction of the tested PMSM was specially prepared to enable
inter-turn short circuits modelling of a selected number of turns
in phase B of the stator winding. The diagram of the derived
phase terminals is shown in Fig. 3. Each of the stator winding
phases consists of two coils — 125 turns each. Direct inter-turn
short circuits were done by connecting the selected tabs on the
terminal board with a wire. During the measurements, a maxi-
mum of three turns were short circuited. It accounts for 1.6% of
all turns in the phase. The stator phase currents were measured
with current transducers — LEM LA 25-NP, the output signals
of which were passed to the DAQ NI PXI-4492 data acquisi-
tion system by National Instruments (NI, Austin, TX, USA).
The DAQ card was placed on the industrial PC — NI PXTI 1082.

Fig. 2. Experimental stand
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Fig. 3. Diagram of the stator winding phase terminals

Pre-processing of diagnostic signals was carried out in the
LabVIEW programming environment. Lenze Engineer Soft-
ware was used to control the tested PMSM, whereas VeriStand
was used to set the load torque. The block diagram of the ex-
perimental setup is shown in Fig. 4.
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Fig. 4. Block diagram of the experimental setup

4. EXPERIMENTAL TEST SCENARIOS AND RESULTS

The experimental verification of the bispectrum analysis appli-
cation for PMSM stator winding detection was preceded by an
FFT analysis of the proposed diagnostic signals. The analyzed
diagnostic signals are stator phase current, stator phase current
envelope, and the vector module of stator phase current space.
The diagnostic application responsible for the data acquisition
and signal pre-processing (bispectrum analysis of the selected
diagnosis signals) is developed in the LabVIEW programming
environment with the use of the Advanced Signal Processing
Toolkit.
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Determination of the stator phase current envelope may allow
us to extract current fluctuations caused by the stator faults. The
stator phase current envelope was calculated as follows:

i (6) + H2[is(1)] (6)

where H i, (t)] — Hilbert transform of phase current signal:

Hli(e)] = © / B0 4 Q)

The spectral analysis of the stator phase current space vec-
tor module has been used in the past to detect induction motor
stator faults and is known in the literature under the EPVA ab-
breviation (Extended Park’s Vector Approach) [39]. The space
current space vector module is defined in accordance with the

following equation:
lis] = \/i%e + 125, ®)

where iq, igg are the stator phase current components in a-f3
reference frame. It should be highlighted that the bispectrum
analysis of |is| has not been discussed in the literature so far.

Experimental tests were carried out for various values of
the load torque (0+1) Ty and the power supply frequencies
(50+100) Hz. It facilitated examining the influence of motor
operating conditions on the extracted inter-turn short circuits
symptoms.

4.1. FFT analysis

The FFT-based spectral analysis of the diagnostic signal is one
of the most popular techniques used in electric motor faults di-
agnosis. In the FFT spectra, the changes of harmonic ampli-
tudes characteristic for the stator winding fault are searched.
Tracking the value of these amplitudes may allow for motor
condition monitoring.

4.1.1. Stator phase current

In the first step, the FFT analysis of the stator phase current
signal was carried out. Figure 5 shows the spectra of the sta-
tor phase current (phase B) for the motor operating at nomi-
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Fig. 5. The impact of shorted turns in the PMSM stator winding on
the stator phase current FFT spectrum (fs = 100 Hz, T, = Ty)

nal power supply frequency f; = fsv and nominal load torque
T; = Ty, for an undamaged stator winding and with 1, 2, and
3 shorted turns — Ng;,. In these spectra, a significant increase in
the amplitude of the third harmonic can be observed after the
stator winding fault.

The greater the increase, the greater the number of shorted
turns. This is the only component the amplitude of which in-
creases consequently with the increasing Ng,.

In order to assess the exact impact of the damage on the
amplitude of a given frequency component and the subsequent
comparison of the increases between other diagnostic signals
and the bispectrum analysis, the increase in the amplitude for
a given Ny, in relation to the value for an undamaged winding
is analyzed:

ADIFF (fc) = ADamaged (fc) - AUndamaged (fc) ) 9

where f. is the characteristic failure frequency component,
ADamaged> AUndamaged are the amplitudes of f. component for
damaged and undamaged motor respectively.

The effect of Ny, and 7}, on the amplitude value of the 3f;
frequency component is shown in Fig. 6, while the dependence
on the f value is illustrated in Fig. 7. Based on the presented
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Fig. 6. The impact of Ny, in the PMSM stator winding and 7}, value
(fs = 100 Hz) on the amplitude increase of 3 f; frequency component
in the stator current spectrum
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Fig. 7. The impact of Ny, in the PMSM stator winding and f; value
(Ty = Ty) on the amplitude increase of 3 f; frequency component in
the stator current spectrum
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results it can be concluded that the amplitude increase of the 3 f;
caused by the stator winding fault is significant (up to 18 dB),
especially in the case of motor operating at rotation speed close
to the rated value.

However, as the value of the power supply frequency f; de-
creases (lower rotation speed than the rated value), the fault sen-
sitivity of this component to damage decreases.

4.1.2. Stator phase current envelope

In the next step, the application of the FFT analysis of the stator
phase current envelope signal to the inter-turn short circuits de-
tection was verified. The FFT spectra of the stator phase current
envelope for the motor operating with f; = fyv and T; = Ty, for
an undamaged stator winding, and a different number of shorted
turns Ny, are presented in Fig. 8.
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Fig. 8. The impact of shorted turns in the PMSM stator winding on the
stator phase current envelope FFT spectrum (fy = 100 Hz, T, = Ty)

In this case, an increase in the amplitude of the second har-
monic is visible after the stator winding fault. The effect of N,
and Ty on the 2f; amplitude increase after the inter-turn short
circuit is shown in Fig. 9, while the dependence on the f; is
shown in Fig. 10. Based on the bar charts presented in these
figures it can be concluded that the amplitude increase of the
2f, caused by the stator winding fault is large (up to 17 dB).
However, as in the case of stator phase current spectral analy-
sis, when the value of the power supply frequency f; decreases
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Fig. 9. The impact of Ny, in the PMSM stator winding and 77, value
(fs = 100 Hz) on the amplitude increase of 2 f; frequency component
in the stator current envelope spectrum
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(lower rotation speed than the rated value), the fault sensitivity
of this component to damage decreases.
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Fig. 10. The impact of Ny, in the PMSM stator winding and f; value
(Ty = Ty) on the amplitude increase of 2 f; frequency component in
the stator current envelope spectrum

4.1.3. Stator phase current space vector module

In the last step of this research part, the FFT analysis of the sta-
tor phase current space vector module signal was carried out.
Figure 11 shows the spectra of the stator phase current space
vector module for the motor operating at nominal operation
conditions (f; = fiv and Ty, = Ty), for an undamaged stator
winding and with a different number of shorted turns in one of
the coils in phase B. As in the case of the spectral analysis of
the stator phase current envelope, the amplitude increase of the
2 f; component is very large.
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Fig. 11. The impact of Ny, in the PMSM stator winding on the stator
phase current space vector module FFT spectrum
(fs =100 Hz, Tp, = Ty)

The influence of Ny, and Ty changes on the 2 f; amplitude dif-
ference compared to the undamaged motor after the inter-turn
short circuit is shown in Fig. 12. The effect of the rotation speed
(frequency of the supply voltage f;) is shown in Fig. 13. It can
be concluded that the amplitude of the 2f; frequency compo-
nent is very sensitive to the stator winding faults. The values of
increases are much higher compared to the previously described
results, especially when the motor is operating at the rated con-
dition — an increase by as much as about 30 dB for 3 shorted
turns. Moreover, even at a lower power supply frequency than
the rated value, these increases are significant.
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Fig. 12. The impact of Ny, in the PMSM stator winding and 7} value Fig. 13. The impact of Ny, in the PMSM stator winding and f; value
(fs = 100 Hz) on the amplitude increase of 2f; frequency component (7 = Ty) on the amplitude increase of 2 f; frequency component in the

in the stator current space vector module spectrum

4.2. Bispectrum analysis

In the next stage of the research, the bispectrum analysis appli-
cation of the previously discussed diagnostic signals to the ex-
traction of the inter-turn short circuits was carried out. The use
of this HOT is associated with the search for the relationships
between the frequencies characteristic to a given fault, which
can be distinguished as increases in the amplitudes of the points
corresponding to a given frequency pair on the bispectra.
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4.2.1. Stator phase current

As with the application of the FFT, the first diagnostic signal
analyzed is the stator phase current. 2D and 3D bispectra of
the stator current signal for an undamaged PMSM and with
3 shorted turns are presented in Fig. 14 (f; = fin, T = Ty).
The figure shows a considerable increase in the amplitude value
of the points corresponding to the frequency pairs: (3f5,0),
Bfs, fs), and (3f;,3f5). This increase is visible as character-
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Fig. 14. Three- and two dimensional bispectra of the stator phase current signal for a), b) undamaged stator winding and c), d) 3 shorted turns
(fs =100 Hz, Tp, = Ty)
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istic peaks of amplitudes appearing at these points. Based on
a thorough analysis of changes in the amplitudes of these points
caused by the inter-turn short circuits, it is found that the am-
plitude of the point (3 f;,3 f;) is the least sensitive to changes in
operating conditions fault indicator.

The effect of Ny, and T on the amplitude increase of the
(3fs,3f5) point on the bispectrum is shown in Fig. 15a, while
the dependence on the f; value is illustrated in Fig. 15b. It can
be deduced that the amplitude increase of the (3f;,3f;) peak
due to the stator winding fault is visible over the full motor
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load torque range (up to 15 dB) and is much greater at lower
frequencies (60+-90) Hz than in the case of the FFT analysis,
which is an undoubted advantage.

4.2.2. Stator phase current envelope

The 2D and 3D bispectra of the stator current signal for an
undamaged PMSM and with 3 shorted turns are presented in
Fig. 16 (f; = fiv, Tr = Ty). In this case, the increase in the am-
plitude value of the points corresponding to the frequency pairs:
(2f5,0) and (4f5, 0) can be observed. The same as in the case
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Fig. 15. The impact of Ny, in the PMSM stator winding, a) Ty and b) f; value on the amplitude increase of (3 f;, 3 fy) frequency component
in the stator current bispectrum
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Fig. 16. Three- and two dimensional bispectra of the stator phase current envelope signal for a), b) undamaged stator winding and c), d) 3shorted
turns (fs = 100 Hz, T, = Ty)
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of the stator phase current bispectrum, an analysis of changes in
the amplitudes of these peaks caused by the stator winding fault,
it is decided that the (2f;,0) amplitude is much more sensitive
to the failure and least sensitive to the changes in the operating
conditions.

The effect of Ny, and 77, on the amplitude increase of these
points is shown in Fig. 17a, whereas the dependence on the f;
value is presented in Fig. 17b. The results show that the value
of Aprrr (2f5,0) caused by the stator winding fault is large for
each of the tested load torques and reaches the maximum value
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of about 17 dB for 3 shouted turns and as much as 7 dB for
one shorted turn. Nevertheless, the susceptibility to damage de-
creases at f; lower than 80 Hz.

4.2.3. Stator phase current space vector module

The last diagnostic signal analyzed was the stator phase current
space vector module. 2D and 3D bispectra of this signal for
an undamaged PMSM and with 3 shorted turns are presented
in Fig. 18 (f; = fen,Tr = Ty). In this case, the increase in the
amplitude value of the points corresponding to the frequency
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Fig. 17. The impact of Ny, in the PMSM stator winding, a) 77, and b) f; stator current envelope bispectrum value on the amplitude increase
of (2fs,0) frequency component in the stator current envelope bispectrum
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Fig. 19. The impact of Nsh in the PMSM stator winding, a) 7z and b) f value on the amplitude increase of (2fs,0) frequency component
in the stator current space vector module bispectrum

pairs: (2f;,0) and (4f;,0) can be observed. Due to the stator
winding fault, the increases in both of these points are signifi-
cant. Nevertheless, taking into account the changing motor op-
eration conditions, the (2f;,0) component is more promising as
the damage indicator.

Figure 19 shows the effect of Ny, T; and f; on the amplitude
increase of this point. The results show that the value of Aprp,
(2f5,0), caused by the stator winding fault is higher than in the
case of previously analyzed signals. These increases are equal
up to 23 dB at the nominal frequency of the supply voltage and
as much as 13 dB at a significantly reduced frequency — 60 Hz.

5. CONCLUSIONS

This paper has addressed the issue of PMSM stator wind-
ing fault diagnosis. The two signal processing methods: well-
known FFT analysis and the bispectrum analysis, which have
not been used so far to detect this type of PMSM fault, are pro-
posed to the inter-turn short circuits detection extraction. The
analysis has not only been performed for the stator phase cur-
rent signal but has also been extended to the stator phase cur-
rent and the stator phase current space vector module, which is
a significant contribution to the topic of PMSM electrical fail-
ure detection.

The presented experimental research results confirm the ef-
fectiveness of the application of the bispectrum analysis of the
stator phase current, stator phase current envelope, and stator
phase current space vector module to the symptom extraction
of the inter-turn short circuits in the PMSM stator winding. Un-
like the FFT analysis, which is also useful for the extraction of
these symptoms, the bispectrum analysis allows us to extract
more than one characteristic failure component for each of the
analysed signals. Moreover, it provides higher sensitivity to the
failure when the rotation speed (power supply frequency) is sig-
nificantly lower than the rated value at an early stage, even with
one shorted turn in the phase (0.4% of all turns in a phase).
Based on the thorough analysis of the results, the most promis-
ing is the bispectrum analysis of the stator current space vector
module.

The results presented in this paper supplement the missing
part of work in the field of motor diagnostics dealing with bis-
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pectrum analysis for stator winding fault detection, which so far
has been limited to applications based on vibration signal and
for detecting mechanical damages, mainly of induction motors.
Proving that the bispectrum analysis of the stator phase current-
based signals allows for the isolation of more symptoms than
the FFT can be extremely useful in the development of diag-
nostic systems based on machine learning models and artificial
neural networks, and on the appropriate selection of the input
vectors.

APPENDIX
Table 1

Rated parameters of the tested PMSM

Parameter Symbol Value
Power Py 2500 W
Torque v 16 Nm
Rotation speed ny 1500 rpm
Stator phase voltage Un 325V
Stator phase current Iy 6.6 A
Frequency fsN 100 Hz
Pole pairs number Dp 4
Number of turns in one phase Ny 2x 125
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