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Abstract: Stator winding faults are one of the most common faults of permanent magnet synchronous
motors (PMSMs), and searching for methods to efficiently detect this type of fault and at an early
stage of damage is still an ongoing, important topic. This paper deals with the selected methods for
detecting stator winding faults (short-circuits) of a permanent magnet synchronous motor, which are
based on the analysis of the stator phase current signal. These methods were experimentally verified
and their effectiveness was carefully compared. The article presents the results of experimental
studies obtained from the spectral analysis of the stator phase current, stator phase current envelope,
and the discrete wavelet transform. The original fault indicators (FIs) based on the observation of
the symptoms of stator winding fault were distinguished using the aforementioned methods, which
clearly show which symptom is most sensitive to the incipient fault of the stator winding of PMSMs.

Keywords: fault diagnosis; permanent magnet synchronous motor; inter-turn short-circuit; fast
Fourier transform; envelope of stator current; discrete wavelet transform

1. Introduction

The many significant advantages of permanent magnet synchronous motors (PMSMs),
such as very good dynamic properties, high efficiency, and power density, have led to
their frequent use in many drives systems today. Progress in the field of power electronics,
microprocessor technology, and materials engineering for permanent magnets contributed
to the popularization of PMSM drives in many applications in the automotive, transport,
and aviation industries [1]. These motors are also characterized by a quiet operation, long
lifetime, and high power factor, resulting in their common use in household appliances
and other commercial applications [2].

PMSMs, despite their higher price, are replacing induction motors (IMs), which until
now were the most popular in industrial applications. Nevertheless, such high-efficiency
motors are exposed to various types of faults, just like other electric motors. As shown in
Figure 1, the most common faults of electric motors include stator (36%), rotor (9%), and
bearing (41%) faults. However, the percentage share of mechanical damage decreases with
increasing rated voltage and power of the motor, in favor of electrical damage, up to 66%
of all faults [3].

Stator winding damages in PMSMs are mainly short-circuits, which are usually caused
by insulation damage. Insulation damage is a consequence of abrasion or overheating of
the winding as a result of electrical or mechanical stresses and excessive motor loads [4].
This type of damage is highly destructive. It begins with a very difficult to detect inter-
turn short-circuit (ITSC) in the adjacent turns of the winding, which may quickly damage
subsequent coils and become phase-to-phase or phase-to-ground short-circuits.
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Figure 1. Fault percentages of various components in (a) low-voltage and (b) high-voltage electric machines.

The consequence of this may be the failure of the motor and an emergency shut-
down of the entire drive system. Inter-turn short-circuits may also cause irreversible
demagnetization of permanent magnets.

Due to the destructive nature of the stator winding fault of a PMSM, it must be
detected at an early stage to prevent the fault spreading, which may result in a significant
increase in repair costs. Therefore, the implementation of an appropriate diagnostic system,
based on effective algorithms, is essential to prevent complete failure of the drive system,
causing losses and delays in the industrial process [5].

When developing an effective diagnostic system, the basic issue is the knowledge of
changes in motor operation caused by specific damage and their subsequent monitoring ac-
cording to the signals available for measurements [6]. Over the years, a number of methods for
detecting faults in electrical motors have been developed, including PMSMs [7-11]. However,
new, more robust, faster, and more accurate diagnostic algorithms are still being intensively
searched for. Currently, the stator phase current and voltage are the basic diagnostic signals
in the diagnosis of stator winding faults. Nevertheless, the stator fault may also affect the
rotational speed, temperature, back electromotive force, and magnetic flux, as well as internal
signals of the control structure, of the PMSM drive system [12,13].

The most common methods for identifying symptoms of damage to the PMSM stator
winding are methods based on stator current analysis. The most popular technique is the
spectral analysis of the stator phase current using fast Fourier transform (FFT), presented
among others in [14,15]. Since the FFT requires the signals to be stationary, a condition
that is difficult to meet in speed-controlled drives, other methods have also been used to
analyze the stator current of PMSM drives, such as Hilbert-Huang transform (HHT) [16,17],
principal component analysis (PCA) [18,19], short-time Fourier transform (STFT) [20,21],
continuous wavelet transform (CWT) [22,23], discrete wavelet transform (DWT) [24-26],
and Wigner-Ville distribution (WVD) [27].

The processing of the phase current signal with the aforementioned methods allows
for the extraction of symptoms characteristic for the failure of the stator winding of PMSM
drives. These symptoms can be used directly for diagnostic purposes or can be used as a
basis for the construction of faults detectors and classifiers.

Nevertheless, an essential and actual problem in the development of electric motor
fault detectors and classifiers is the selection of an appropriate signal processing method,
ensuring the best possible extraction of the fault symptoms and, thus, achieving the highest
possible efficiency in the detection and classification of damage.

It should also be noted that the effectiveness of selected methods of diagnosing
motor faults may depend on many different factors, such as the type of the motor, control
structure, regulator settings [28], measurement resolution, and acquisition of diagnostic
signals. Unwanted disturbances can significantly reduce the effectiveness or even make
the fault diagnosis process impossible.
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The main goal of this article is to compare the effectiveness and experimentally verify
selected methods of stator current analysis under the initial stage of inter-turn short-circuits
(ITSCs) of PMSM drives, using frequency domain and time—frequency domain analyses.
Classical FFT was used for analysis of the stator phase current signal and stator phase
current envelope. Next, the discrete wavelet transform (DWT) was applied to current
envelope analysis. Both signal processing methods were tested for a PMSM drive operating
under variable speed and load torque.

The article is divided into six sections. Section 2 discusses the symptoms of damage
to the stator winding of a PMSM that may be visible in the stator phase current signal
and selected methods for its analysis. In Section 3, the test stand and the methodology of
experimental research are presented. In Section 4, the experimental results of stator current
analysis using the aforementioned methods for detecting the symptoms of ITSCs in the
PMSM stator winding are demonstrated, and some fault indicators are proposed. Next, in
Section 5, the online operation of the proposed fault indicators according to the analyzed
signal processing methods is experimentally validated and evaluated. Final conclusions
from the conducted research are presented in Section 6.

2. Symptoms of the Stator Winding Fault in the Phase Current Signal
2.1. Stator Current Data Acquisition for Diagnostic Purposes

The stator phase current is one of the most frequently used signals in the diagnosis of
electric motors, including synchronous motors with permanent magnets [29-32]. Current
measurement is cheap, easy, and noninvasive, and it can be performed using current
transducers usually applied in drive systems that do not interfere with the operation of
the motor.

Damage to the stator winding, specifically an inter-turn short-circuit, causes changes
in the stator current amplitude, fluctuations, and unbalance [33]. These changes make it
possible to extract the fault symptoms from the stator phase current signal using a variety
of diagnostic methods. As outlined in Section 1, some methods are based on the raw
current signal and others on the processed signal, using the various mathematical methods
described previously. The stages of processing diagnostic information using this approach
are shown in Figure 2.

Currents . . Extraction of fault Inference about the
measurement Signal processing symptoms motor condition

. -FFT \‘,
- STFT N

b -DWT

o -HHT

Motor state
——

v

v

Il
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Figure 2. Typical stages of diagnostic information processing in a permanent magnet synchronous motor (PMSM) drive

using the stator current signal.

Various types of electric motor faults, including stator winding faults, may also
cause changes in selected motor parameters. For this reason, identifying parameters and
monitoring them while the system is in operation can be useful for detecting faults [34]. In
the case of inter-turn short-circuits, the detection of which is the main subject of this paper,
the failure symptom is a decrease in stator resistance value [35].

When the motor is operating in a closed-loop vector control structure, the detection
of ITSCs is more difficult. The effect of the fault is to some extent compensated for by the
operation of regulators, which makes it difficult to detect the failure at an early stage [13].
Additionally, in the FFT amplitude spectrum, there are frequency components independent
of the fault, increasing with the load torque, such as even multiples of the frequency of the
supply voltage f;. This phenomenon complicates the isolation of the changes related only
to the winding failure.

In the case of frequency domain analysis, carried out mainly using the FFT, an inter-
turn short-circuit may cause an increase in the third harmonic (3f;) in the spectrum of the
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stator phase current [36]. According to [37], the amplitude of the frequency components
described by Equation (1) may also increase.

fitscfl = fs(l + Fi{P)’ 1)

where f; is the supply voltage frequency, k represents the consecutive positive integers, and
pp represents the number of pole pairs.

Nevertheless, it should be taken into account that an increase in these frequency
components can also be caused by eccentricity. In [37] and [38], the authors suggested that,
in order to distinguish between an inter-turn short-circuit and an eccentricity, one can use
the monitoring of the 17th and 19th harmonious values, as well as sideband frequencies.

Additionally, damage to the stator winding may result in an increase in the slot
harmonics, calculated using the following equation [39]:

frsez = full £ K255, @)
Pp

where Ny is the number of stator slots.

Due to the decreasing prices and the increasing computing power of microcontrollers,
as well as the increasingly better possibilities of measuring devices and data acquisition
(DAQ) cards, ensuring very good resolution, it is still worth paying attention to research
on the application of spectral analysis using FFT. Several years ago, the resolution of the
converters did not allow for the full potential of this solution to be used, and the limited
computing power and memory of microcontrollers made it impossible to implement
diagnostic algorithms, especially on low-cost processors.

In the diagnosis of electric motors, the quality of devices used for data acquisition is
extremely important. To illustrate this effect, in Figure 3, a comparison of FFT spectra of the
stator phase current of the PMSM obtained using different DAQ cards is shown. The tested
motor parameters are grouped in Appendix A. The first FFT spectrum was obtained after
transforming the stator phase current signal acquired with the use of a DAQ Universal
Serial Bus (USB) card (NI-USB-6212 DAQ CARD), with 16 bit resolution. The second one
was obtained using a DAQ card with 24 bit resolution (DAQ NI PXI-4492). According
to the analysis of these spectra, it is possible to note a significant difference in the noise
level. This difference may significantly affect the effectiveness of diagnosis (the possibility
of isolating the damage symptom in the early stage of the damage), which significantly
depends on the difference in the symptom amplitude values for the undamaged motor
and after the failure. For example, the difference between the third harmonic amplitude
level and the measurement noise level when using a better-quality DAQ card is about
42,811 dB, while, in the case of a USB card, this value is equal to 20,915 dB. Thus, there is a
large discrepancy in the ratio of the noise value level to the signal level despite the same
motor state (presented as the signal-to-noise ratio (SNR)).

2.2. Selected Methods for the PMSM Stator Current Signal Preprocessing

As described in Section 1, there are many methods to preprocess the stator phase
current signal for motor fault diagnosis and condition monitoring purposes. Nevertheless,
it is essential to choose the method that will ensure the best diagnostic effectiveness.
This section describes the selected methods of phase current signal preprocessing. Some
of them were experimentally verified, and their results are discussed in detail in the
subsequent sections.
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Figure 3. Comparison of fast Fourier transform (FFT) spectra for the PMSM stator phase current
using a Universal Serial Bus (USB) card (NI-USB-6212 data acquisition (DAQ) card) with 16 bit
resolution and 24 bit resolution card (DAQ NI PXI-4492) for data acquisition.

One of the approaches that may improve the effectiveness of diagnosis compared to
the classical spectral analysis of the stator phase current is the calculation of the stator
phase current space vector magnitude according to Equation (3) and its spectral analysis
using FFT. Following an inter-turn short-circuit, the amplitude of the frequency component
2fs increases in its spectrum. This approach is known under the acronym EPVA (extended
Park’s vector approach), and its effectiveness in short-circuit detection has been confirmed

among others in [40].
= /B + 1, ()

where ig,, isg are components of the stator current vector in a stationary reference frame
@/P).

The increase in the amplitude of the characteristic failure frequencies causes increased
fluctuations of the stator phase current amplitude. The Hilbert transform may be used
to isolate them, determining the envelope of the stator phase current in accordance with

Equation (4).
il (t) = \J2(t) + H2[is(1)], @

where H[is(t)] is the Hilbert transform of the stator phase current signal [41],
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Unlike the frequency domain diagnostic signal analysis methods, which do not moni-
tor the failure time, time-frequency domain methods such as STFT or wavelet transform
(WT) can detect when a failure occurs.

The ITSC faults using STFT can be detected by analyzing the obtained stator phase
current spectrogram. The values of the spectrogram depend on the amplitudes of the
individual harmonics. After the failure occurs, the value of the spectrogram increases for
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the failure frequencies characteristic for the amplitude spectrum, but only for the time
periods corresponding to the failure [42].

The WT, in turn, allows for noise reduction and the selection of frequency bands
on which the analysis is to be focused [43]. Stator winding fault results in an increase
in the value of details, which cover the frequency range, in which there are components
characteristic for this type of damage [44]. The use of WT for the diagnosis of stator winding
damage to PMSM drives is associated with complications resulting from the presence in
the spectrum of frequency components independent of the damage, which also penetrate
the bands where only damage symptoms should be present. Therefore, research on the
application of this signal processing method is still ongoing.

Discrete wavelet transform is based on the dyadic (twofold sampling) division of the
scale and the shift (coefficients 2 and b). Taking into account a = 21], b= ,, j, k € C where
C s a set of integers, we get

Pix(t) =27 Bp2 Tt — k). 6)

The practical form of DWT in numerical calculations is expressed as follows:

DWT; Z n)yi(n) @)
where 1p]’-‘k(n) is the conjugation of function of the form

Pix(n) =27 bp(2in— k), (®)

where N is the number of samples determined by the limits of occurrence of the wavelet
described by Equation (8).

DWT performs multiresolution wavelet analysis. At each of its stages, the signal can
be split into two components. In the case of dyadic division, the bands of these components
occupy half of the j-th resolution degree. To obtain these components, a set of filters (low- and
high-pass) and the signal sampling operation are used, selecting only even samples [45]. An
example of a wavelet decomposition tree for a second-level analysis is shown in Figure 4.

Wavelet transform is frequently compared with FFT. The biggest advantage of wavelet
transform is that it is very well suited for the analysis of nonstationary signals, i.e., signals
with a parameters varying in time, whereas FFT is a powerful tool for analyzing the
components of stationary signals. Diagnostic signals are very often nonstationary signals;
therefore, the use of DWT in this field is justified. The second difference is that wavelets
are very well localized in both the time and the frequency domain, whereas the FFT is only
localized in frequency domain [46].

3. Experimental Setup and Test Scenarios

The object of the experimental verification was a 2.5 kW PMSM operating in a closed-
loop control structure (with field-oriented control (FOC)) and powered by a voltage source
inverter (VSI). The parameters of the tested motor are listed in Appendix A. This motor
was connected via a rigid coupling to the second PMSM with nominal power of 4.7 kW,
generating load torque to the tested motor. The test stand is shown in Figure 5a. The motor
shown on the left side of the figure is the loading motor, while that on the right is the tested
motor. The design of the stator winding of the tested motor was specially prepared to
enable controlled short-circuits of a selected number of turns in the stator phase B, which is
shown in Figure 5b. In practice, the preparation of the stator winding for the study of the
impact of inter-turn short-circuits consisted of leading the appropriate taps corresponding
to the specified number of turns from the coil. Direct short-circuits were implemented by
connecting the taps on the terminal board with a wire. During the tests, a maximum of
four turns in phase B were short-circuited, which accounted for 1.6% of all turns in the
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phase winding. The tests were carried out without limiting the short-circuit current with an
additional resistor in the short-circuit loop. The stator phase currents were measured using
LEM LA 25-NP multirange transducers. The output signals from the transducers were
entered into the data acquisition system, which was the DAQ NI PXI-4492 (8-channels)
measurement card by National Instruments (NI). This card was placed in the NI PXI 1082
industrial computer, which can be seen in Figure 5c. The block diagram of the experimental
stand is shown in Figure 6.

Using the described test stand, an experimental verification of the application of FFT to
the current signal and the stator phase current envelope analysis, as well as the DWT of the
stator current envelope, to detect ITSC in the PMSM stator winding was carried out. The tests
were carried out for various values of the load torque in the range of 0—1T and for various
set rotational speeds (frequency of the supply voltage, 50-100 Hz), which allowed examining
the influence of motor operating conditions on the extracted ITSC symptoms.

4. Experimental Verification of the Proposed Diagnostic Methods for Detecting
Shorted Turns in PMSM Stator Winding

4.1. Application of Spectral Analysis of the Stator Current Signal and the Current Envelope for
ITSC Detection

As previously mentioned, the spectral analysis of the signal with the use of FFT is
one of the most frequently used methods for diagnosing faults in electric motors [47].
Amplitudes of harmonics with characteristic ITSC fault frequencies are searched for in the
FFT spectra, the change of which allows detecting a fault. Figure 7 shows the spectra of the
stator current in phase B of the tested motor operating at nominal frequency f; = 100 Hz
(N = Ny = 1500 rpm) for idle running (Figure 7a) and nominal torque (Figure 7b), for an
undamaged winding case and with a changeable number Ny, of modeled ITSCs (from 1-3).
In these spectra, a large increase in the amplitude of the third harmonic of the stator current
can be observed after the ITSC. The effect of the number of shorted turns N, and the load
torque T1 on the amplitude value of the 3f; component is shown in Figure 8a, while the
dependence on the frequency of the supply voltage f; is illustrated in Figure 8b.

Signal s(t)
Low-pass
Approximation 1 su(t)
Detail 1 smi(t)
Low-pass
filter
Approximation 2 sa(t) Detail 2 s:(t)

Figure 4. Wavelet decomposition tree for second-level multiresolution signal analysis.
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Figure 5. (a) Experimental stand; (b) diagram of the derived phase terminals of the stator winding, phase B; (c) industrial
PC (NI PXIe-1082) and developed virtual diagnostic tool.
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Figure 7. The impact of shorted turn number in the PMSM stator winding on the FFT spectrum of the stator current in
phase B: f; =100 Hz, Ty =0 (a), Ty = Tn (b).
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Figure 8. The impact of shorted turns number in the PMSM stator winding on the level of the amplitude of 3f; frequency
component in the stator current spectrum for variable load torque T}, (a) and variable supply frequency f; (b).

From the above results, it can be concluded that the load torque change does not
have a significant impact on the value of the third harmonic amplitude in the stator phase
current spectrum, which allows the use of this component as a good symptom of ITSC.
Nevertheless, in the case of the analysis of the influence of the supply voltage frequency on
the level of this amplitude, it can be noted that the greatest sensitivity to damage occurred
when the motor operated at the rated frequency f; = f;n = 100 Hz.

In order to isolate the fluctuations caused by the increase in the characteristic failure
frequency 3f;, the signal envelope was determined in accordance with Equation (4). The
stator current waveforms of phase B and the current envelope for the PMSM undamaged
winding and that with a stator winding fault are shown in Figure 9.
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tls] tls]
(a) (b)

Figure 9. The stator current waveform of phase B and the current envelope for the PMSM operating
at f; = 100 Hz for the undamaged winding (a) and that with a stator winding fault (b) (N, = 3).

Figure 10 shows the spectra of the stator phase current envelope in the B phase of the
motor operating at f; = 100 Hz and different numbers of ITSCs physically modeled in this
phase of the stator winding. As can be seen in these spectra, a significant increase in the
value of the 2f; frequency component can be observed in the case of damage to the stator
winding. The effect of the number of shorted turns Ny, and the load torque T} on the level
of this amplitude is shown in Figure 11a, while the effect of the supply voltage frequency f;
is presented in Figure 11b.
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Figure 10. The impact of shorted turn number in the PMSM stator winding on the FFT spectrum of the stator current
envelope in phase B: f; = 100 Hz, Ty =0 (a), Ty, = T (b).
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Figure 11. The impact of shorted turn number in the PMSM stator winding on the level of the amplitude of 2f; frequency
component in the stator current envelope spectrum for variable load torque T, (a) and variable supply frequency f; (b).

The greatest sensitivity to the increasing number of shorted turns occurs when the
motor operates at high rotational speeds, close to the rated value. Similarly to the analysis
of the stator phase current spectrum, it can be concluded that the 2f; component and its
changes due to damage to the stator winding are a good diagnostic indicator.

4.2. Application of DWT of the Stator Current Envelope for ITSC Detection

At the next stage of the research, the DWT method was tested for ITCS symptoms
extraction from the stator current envelope of the PMSM drive. To isolate the symptoms of
stator damage of the PMSM drive, the stator phase current envelope signal was re-sampled
to obtain an amplitude spectrum in the 0-1024 Hz band, and decomposition to the fifth
level was performed. The obtained bands are grouped in Table 1 and shown in Figure 12.
The choice of the decomposition level resulted from the values of the characteristic failure
frequencies in the FFT spectrum of the stator phase current envelope, which was shown in
Figure 10.

Table 1. Frequency bands obtained after decomposition of the current envelope signal to fifth level.

Name of the Parameter Frequency Band
Detal level 1—d; 512 Hz-1024 Hz
Detal level 2—d, 256 Hz-512 Hz
Detal level 3—dj3 128 Hz-256 Hz
Detal level 4—d, 64 Hz-128 Hz
Detal level 5—dj 32 Hz-64 Hz
Approximation level 5—uas 0 Hz-32 Hz
Al
ds ds d: . di .
1 I
W >< >< S sl
032 64 512 1024

Figure 12. Frequency ranges corresponding to the fifth level decomposition of the oversampled signal of the stator phase
current envelope.

In the case of the signal analysis using the wavelet transform, it is essential to select an
appropriate type of the wavelet, because the effectiveness of fault detection may depend
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on the selected wavelet. Several families of wavelets that have proven to be especially
useful in this case were proposed in the literature. The Haar wavelet is one of the simplest
in microcontroller implementation, because the signal processing needs only products and
signed sums [48]. Nevertheless, this type of wavelet has not found an application in fault
diagnosis as diagnostic signals are usually complex nonstationary signals. The Daubechies
family of wavelets, invented by Ingrid Daubechies, is very popular for analyzing these
types of signals. These wavelets are marked dbO, where O is the wavelet order [49]. To
avoid overlapping between two adjacent frequency bands, a mother wavelet with a high
order has to be used. To separate the different frequency bands, there is an obvious tradeoff
between the order of the mother wavelet and the computational cost. This is why intensive
study is necessary to adapt the order of the mother wavelet to the requirements [50]. In
this study, according to the wavelet responses of different orders of this family, we used the
Daubechies wavelet of order 13 (db13), because it ensured the lowest frequency cross-over
between adjacent bands.

Figure 13 shows a comparison of approximations and details waveforms for an
undamaged motor and one with three shorted turns in the stator winding, for the supply
voltage frequency f; = 100 Hz and idle running of the drive, as well as for the rated load
torque. After an occurrence of ITSC, a significant increase in the amplitude of the third
detail (d3) can be observed, the band of which covers the value of the 2f; component in the
spectrum of the stator current envelope.

The root mean square (RMS) value of individual details, calculated in accordance with
Equation (9), was adopted as the failure index for this analysis.

1 n—1

2 |i§%D (n)

n n=0

, ©)

iH —
sBDRMS —

where 7 is the number of samples for the waveform of each detail.

The influence of the number of shorted turns and the load torque on the RMS value
of the third detail of DWT of the stator current envelope for the motor operating at rated
speed (fs = 100 Hz) is shown in Figure 14. It can be stated that the fault symptom is highly
sensitive to the increasing number of shorted turns, while it also shows the relatively low
sensitivity to changing load torque.

The impact of stator winding fault on the percentage increase in the RMS value
according to the details and approximations of the wavelet transform of the stator phase
current envelope for the motor operating at rated rotational speed (f; = 100 Hz) and rated
load torque is shown in Figure 15. After an ITSC occurs, a significant increase in the RMS
value of the detail occurs, the frequency band of which covers the characteristic failure
frequency 2f; in the stator current envelope spectrum.

The influence of the supply voltage frequency on the RMS value of the third detail
of the stator phase current envelope is shown in Figure 16a. As expected, when the 2f;
component starts to move beyond the frequency band covering detail number 3 (Table 1),
its RMS value changes as shown in Figure 16b. This allows us to conclude that monitoring
the values of the third and fourth details allows for the detection of stator winding ITSCs
in the entire tested range of motor speeds (supply voltage frequency). It must be added
that the determination of f; is very simple to implement and automate, because it is enough
to find the frequency component with the greatest amplitude in the spectrum of the stator
phase current.
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Figure 13. Time waveforms of approximations and details of discrete wavelet transform (DWT) of
the stator phase current envelope for an undamaged motor and with three shorted turns in the stator
winding, operating at f; = 100 Hz: without load torque (a); with rated load (b).
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Figure 14. The impact of shorted turn number in the stator winding of PMSM and load torque on the
root mean square (RMS) value of the third detail of DWT of the stator current envelope.
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Figure 15. Percentage increase in the RMS value of individual details and approximations of the DWT of the stator phase

current envelope with different degrees of stator winding fault: f; = 100 Hz, for unloaded drive (a) and with rated load (b).
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Figure 16. The impact of the shorted turn number in the stator winding and the load torque on the RMS value of the third
detail of DWT of the current envelope (a) and the percentage increase in the RMS value according to the individual details
and the approximations of the stator phase current envelope with different degrees of stator winding fault in relation to the
undamaged motor for the motor operating at fs = 60 Hz and rated load (b).
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In Figure 17, another failure index is proposed, which was obtained after squaring the
third detail of the DWT of the stator phase current envelope. It also allows for observation
of changes that are the result of the ITSC in the stator winding, especially when operating
at rated load.

f:=100Hz, T: = var
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‘—3 shorted turns

02 o 1
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7
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Figure 17. Waveforms of the square of the third detail of DWT of the stator phase current envelope for an undamaged
PMSM and a motor with three shorted turns in the stator winding, operating at f; = 100 Hz (a), and influence of the load
torque and the number of shorted turns on the RMS value of this failure index (b).

5. Testing of the Proposed Fault Indicators of ITSCs in On-Line Operation of the
Drive System

In this section, the online operation results of the proposed diagnostic methods and
selected fault indicators are discussed and compared. Figure 18 shows the changes in the
amplitude of the stator phase current and the previously described fault symptoms for
the operation of the motor at the rated speed (f; = 100 Hz) during cyclic instantaneous
short-circuiting of three turns in phase B of the stator winding and with variable load
torque. The load torque was increased every 0.2 Ty in the range from 0 to Ty.

From the observation of these waveforms, it can be concluded that each of the fault
symptoms obtained with the use of the proposed methods allows for the detection of stator
winding faults of the PMSM operating in the drive system with vector control. Importantly,
the values of these symptoms are not strongly dependent on the load torque. The greatest
changes in the fault symptom at a short-circuit of three turns in the phase B winding in
the entire range of load torque changes occurred for the amplitude values of the third
harmonic of the stator phase current, the 2f; component in the spectrum of the stator phase
current envelope, and the RMS values of the third detail of DWT of the stator phase current
envelope. Fault symptoms values after a failure increase by up to 300%. In the case of the
last proposed fault symptom, i.e., the squared RMS value of the third detail of DWT of the
stator phase current envelope, this increase is smaller, especially in the range of small load
torques 0—0.4T. A detailed analysis of the effectiveness of proposed fault symptoms is
discussed later in this section.

Figure 19 shows the changes of the same failure symptoms at constant load torque,
rated speed (f; = 100 Hz), and cyclic instantaneous short-circuiting of an increasing number
of shorted turns in the range from 1-4. With the increasing number of shorted turns, the
values of damage symptoms increase, which confirms the effectiveness of the proposed
methods. Nevertheless, these changes become most pronounced in the case of two or more
shorted turns.
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an increasing number of winding turns at variable load torque and rated motor speed (f; = 100 Hz): the
RMS value of the stator phase current (a); the amplitude values of the third harmonic of the stator phase
current (b); the 2f; component in the spectrum of the stator phase current envelope (c); RMS values of
the third detail of DWT of the stator phase current envelope (d); squared RMS values of the third detail

Figure 18. Waveforms of the proposed fault indicators during cyclic instantaneous short-circuiting of
of DWT of the stator phase current envelope (e).
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Figure 19. Waveforms of the proposed fault indicators during cyclic instantaneous short-circuiting of an increasing number
of winding turns from 1-4 at rated speed (fs = 100 Hz) and Ty = 0.8 Ty 3f; amplitude values of the stator phase current (a);
2fs component in the spectrum of the stator phase current envelope (b); RMS values of the third detail of DWT of the stator
phase current envelope (c); squared RMS values of the third detail of DWT of the stator phase current envelope (d).

To more precisely compare and evaluate the effectiveness and sensitivity of the pro-
posed methods to the changes of the load torque and the number of shorted turns, the
waveforms of the previously discussed fault indicators were averaged. A filter based on the
centered moving average described by Equation (10) was used for the averaging process.
The 11th element window was adopted in the filtering algorithm, with five samples on
both sides around the center. This process is illustrated in Figure 20.

(N-1)/2
Y yk), (10)

n—(N-1)/2

+
yfiltered(n) — l "
N, _

where N is the window size, 7 is the sample number of the original fault symptom wave-
form, k is the sample number in the window, y(k) is the symptom value of the k-th sample
in the window, and y¥#eed) (1) is the average fault symptom value of the n-th sample.

m=>5 n=5
A c A

4 A\ 4 A\
Raw

) 0.0310.041 0.034 0.033 0.036 0.040 0.051 0.041 0.038 0.060 0.029
signal
Filtered
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Figure 20. Filtering process based on the centered moving average with an 11-element window.
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Next, the ratio of average values for the undamaged motor and for the motor with a
stator winding fault was compared, defining the failure detection efficiency index of fault
indicators (Fls), calculated according to Equation (11).

SWES s

FD FI e
FEE ( ) SWFSUndumaged

(11)

where SWFSyy, is the value of the stator winding fault symptom with Ng, shorted coils, and
SWFSuUndamaged 18 the value of the stator winding fault symptom for an
undamaged motor.

The averaged waveform of the third harmonic amplitude value at the cyclic instan-
taneous short-circuiting of three turns in phase B is shown in Figure 21. The method of
calculating the failure detection efficiency indicator is also graphically shown in this figure.
This allowed for the exact determination of the actual impact of the damage on the value of
this fault indicator. Using the proposed method of certain indicator averaging, it is easy to
clearly notice a very large impact of the analyzed winding failure on the analyzed indicator
due to its significant increase (by about 310-400%).
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Figure 21. The original and averaged waveform of the 3fs frequency component amplitude value
in the stator phase current spectrum, at variable load torque, rated speed (f; = 100 Hz), and cyclic
instantaneous short-circuiting of three turns in phase B of the stator winding.

Proposing the above index allowed for the comparison of the actual fault impact and
the assessment of the usefulness of the discussed diagnostic indicators. These results are
summarized in Table 2. From the presented results, it can be concluded that the amplitude
of the 3f; component in the stator current spectrum is the most sensitive to stator winding
fault in the entire range of the load torque changes. Nevertheless, each of the proposed
fault indicators increases at least twofold on average after the failure.

Table 2. Values of the fault detection efficiency of selected fault indicators for various load torques (N, = 3).

Fault Detection Efficiency Indicator—FDEggr

Stator Winding Fault Indicator (FI)

T=0 T=02Ty T=04Ty T=06Ty T=08Ty T=Ty Ferr-ave
Flyfo (i) 3.0638 3.6909 3.5935 3.7429 4.5571 4.0008 3.7748
Fl f(i) 2.8170 3.5952 3.2566 3.4860 4.8047 3.6886 3.6080
Flynss (i) 2.1931 2.3886 2.1454 1.8830 2.3775 1.897 2.1471
L (i) 3.0743 3.8996 4.0082 2.1061 3.3800 2.9350 3.2339
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In order to compare the impact of the load torque on the values of the described
symptoms during online operation, the standard deviation for the FDrrr index values from
the entire tested load torque range was calculated in accordance with Equation (12). These
results, together with the ratio of the indicator value at rated load to the value without
load, are grouped in Table 3, while, in Table 4, the FDgrr values depending on the number
of shorted turns in the B phase of the stator winding are presented.

1 N 2
5= N7_2|PDEFP(”)*V| / (12)
n=1
where
1 N
p =~ FDgrr(n). (13)
anl

Table 3. Standard deviation values of the FDgpr indicators for the entire tested load torque range
and the ratio of its values for motor operation at rated load and without load (N, = 3).

Stator Winding Fault S FDrr(T=Ty)
Indicator (FI) FDgrr(T=0)
Flgfs(i5) 0.4918 1.6334
F £ i5) 0.6637 1.655
Ly s (i) 0.2217 1.549
IngMS (iss) 0.7001 4951

Table 4. Values of the fault detection efficiency of selected fault indicators for various degrees of
damage to the stator winding.

Stator Winding Fault Fault Detection Efficiency Index—FDErr_ns,
Indicator (FT) Ng =1 Ny =2 Ny =3 Ny =4
Flafs(i5) 2.2196 3.6909 7.4197 9.1990
FL fs(is) 2.1258 2.8767 5.885 9.0113
Fliss (i) 1.3246 1.7758 2.725 3.2391
Idngs (isp) 2.8747 3.293 3.5006 3.5251

On the basis of the above comparison, it can be concluded that the third harmonic
amplitude in the stator phase current spectrum is the best fault indicator, taking into
account the entire range of tested load torques. It should be noted, however, that the
other proposed fault indicators are also very sensitive to ITSCs of the PMSM winding.
The least load-dependent damage indicator is Flj, .\« (i ,)- On the other hand, the greatest
increase in the value of the fault symptoms for one shorted turn occurred in the case of the
FlngMS (i,p) indicator.

6. Conclusions

In this paper, ITSC fault symptoms of stator windings in the stator phase current
signal of a PMSM drive were discussed, and optimal fault indicators were searched for. The
results of experimental tests for three methods of diagnosing this type of damage on the
basis of stator current signal analysis were taken into account, using methods belonging to
the frequency domain and time—frequency domain. The presented experimental research
results confirm the effectiveness of the application of the spectral analysis of the stator
phase current, the stator phase current envelope, and the discrete wavelet transform of the
current envelope for the detection of ITSCs in the PMSM stator winding at an early stage
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of failure, even with one shorted turn in the phase, which constitutes 0.4% of all turns in a
phase of the tested motor.

In the case of the FFT analysis of the stator phase current, the most significant symptom
of damage is an increase in the amplitude of the third harmonic—the 3f; component.
The increase in the amplitude of this component causes greater fluctuations in the
amplitude of the stator phase current, changing the shape of the stator phase current
envelope. The FFT analysis of the envelope showed an increase in the 2f; component
in the spectrum after the failure occurred. Monitoring the value of this component
allows the detection of any single ITSC. The third of the analyzed methods was the
DWT of the phase current envelope. Upon failure, the RMS value of the detail, which
includes the 2f; component, increases significantly. It was proven that monitoring the
RMS values of the third and fourth details allows detecting stator winding faults in
the entire tested range of rotor speeds (supply voltage frequency) and the load torque.
The original fault indicators (FIs) based on the observation of the aforementioned
ITSC fault symptoms were described, which clearly show which symptom is most
sensitive to the incipient fault of the stator winding of PMSM. After comparing
the proposed Fls in online operation, it was also found that the Fl35 and Flyg fault
indicators, corresponding to 3f; and 2f; components in the stator phase current FFT
and stator phase current envelope spectrum, are the most sensitive to stator winding
fault. The least sensitive FI to the change of the motor load, with the simultaneous high
sensitivity to damage, is the Fl;3rpss indicator corresponding to the RMS value of the
third detail (d3rums) of the DWT of the stator current envelope. The greatest increase
in value with only one shorted turn occurred for the proposed damage indicator
Flgg (i) corresponding to s (i),

The confirmation of the effectiveness of the proposed ITSC fault indicators presented
in the article and their detailed comparison may be the basis for the development of
virtual diagnostic instruments. The discussed results can also be successfully used
in the design of neural detectors and classifiers of damage to the stator windings of
PMSM drives.
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Appendix A

Table A1l. Rated parameters of the tested permanent magnet synchronous motor.

Name of the Parameter Symbol Value Units
Power Py 2500 \%\Y
Torque TN 16 Nm
Speed Ny 1500 r/min
Stator phase voltage Usn 325 \%
Stator current IBN; 6.6 A
Frequency fsN 100 Hz
Number of pole pairs Pp 2 -
Number of stator turns Njs 2 x 125 -
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