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Abstract: In modern drive systems, the high-efficient permanent magnet synchronous motors (PMSMs) have become one of the most
substantial components. Nevertheless, such machines are exposed to various types of faults. Hence, on-line condition monitoring
and fault diagnosis of PMSMs have become necessary. One of the most common PMSM faults is the stator winding fault. Due to the
destructive character of this failure, it is necessary to use fault diagnostic methods that allow fault detection at its early stage. The
article presents the results of experimental studies obtained from fast Fourier transform (FFT) and short-time Fourier transform (STFT)
analyses of the stator phase current, stator phase current envelope and stator phase current space vector module. The superiority of
the proposed method over the classical approach based on the stator current analysis using FFT is highlighted. The proposed solution
is experimentally verified under various motor operating conditions. The application of STFT analysis discussed so far in the literature
has been limited to the fault diagnosis of induction motors and the narrow range of the analysed motor operating conditions. Moreover,
there are no works in the field of motor diagnostics dealing with STFT analysis for stator windings based on the stator current envelope
and the stator current space vector module.
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1. Introduction

The significant advantages of permanent magnet synchronous motors (PMSMs), such as very high efficiency, high
power density, wide speed range and reliability, have led to their frequent use in many drive systems nowadays
(Pietrzak and Wolkiewicz, 2021c). PMSMs have been widely utilized in various fields, such as aerospace,
automotive, home appliances, HVAC and robotics (Zhou et al., 2021).

Despite the high reliability of PMSMs, various types of faults of these machines may occur. Motor fault can result
in stopping various operational activities of a company leading to the significant loss and so its diagnosis is becoming
an increasingly important issue (Tarchata et al., 2020). The PMSM faults can be divided into mechanical, electrical
and magnetic damages. Stator winding faults account for 21%-40% of all electric motor failures, depending on the
type and size of the machine (Riera-Guasp et al., 2015). Failures of stator winding begin mainly as imperceptible
short circuit of single turns — inter-turn short circuit (ITSC), and in consequence spread over the whole winding
(Wolkiewicz et al., 2016). This type of damage is very destructive. ITSCs can lead to a phase-to-phase and phase-
to-ground short circuit. In addition, the ITSC in the PMSM stator winding is a source of local temperature rise
resulting from short-circuit currents with very high value that may damage the permanent magnet (Skowron et al.,
2022). The four types of PMSM stator winding short circuits are shown in Figure 1.

Due to the destructive nature of the PMSM stator winding fault, it must be detected at an early stage to prevent
the fault spreading. Early detection can significantly reduce machine repair costs. Therefore, the implementation
of an appropriate diagnostic system, based on effective algorithms, is essential to prevent complete failure of
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Fig. 1. PMSM stator winding short-circuit types. PMSM, permanent magnet synchronous motor.

the drive system. Considering the high percentage of stator winding failures among all PMSM faults and its very
destructive nature, effective symptom extraction of this type of damage is currently one of the most important
research problems. Over the years, several methods have been developed for the diagnosis of PMSM stator
winding faults (Chen et al., 2019). However, new, more robust and more effective diagnostic algorithms are still
being searched for.

When developing an effective diagnostic system, the basic issue is the knowledge of changes in motor operation
caused by a specific fault and their subsequent monitoring based on the signals available for measurement or
estimation. The stator phase current is one of the most popular signal in the diagnosis of electrical fault in PMSM
(Hang et al., 2016). However, diagnostic methods that are based on other signals, such as voltage (Boileau et al.
2013), electromagnetic torque (Zhao et al., 2021), instantaneous active power (Drif and Cardoso, 2014), rotational
speed (Rosero et al., 2009) and axial flux (Gurusamy et al., 2021; Skowron et al. 2021) have also been proposed
in the literature.

Methods that perform analysis in the frequency domain are the most common in the field of electric motor
fault diagnosis. The established and still widely used as the first diagnostic approach is the stator phase current
signal analysis with fast Fourier transform (FFT) (Henao et al., 2014). The extended Park’s vector approach
is one of the popular improvements of the classical stator current FFT analysis-based method that has been
applied in the PMSM stator winding fault diagnosis last years (Fonseca et al., 2020). Symptoms of this type
of failure can also be found in the FFT spectrum of stator current symmetrical components, especially in the
negative sequence component (Huang et al., 2021; Jeong et al., 2017; Pietrzak and Wolkiewicz, 2021b). The
zero sequence voltage component (ZSVC) FFT analysis for the detection of PMSM stator winding faults has also
been used in Fang et al. (2019). Nevertheless, the access to the neutral point of the stator winding is needed for
this method. The effective on-line ITSC detection algorithm based on the ZSVC and high frequency (HF) signal
injection is proposed in Zhang et al. (2021). There, ZVSC is used to detect the abnormal state of the PMSM
drive, and then, the HF current signals are injected to discriminate between the ITSC and resistive unbalance
fault. In Hang et al. (2022), the ITSC fault is diagnosed by ZSVC and the torque ripple caused by ITSC fault
is reduced by the current injection-based fault tolerant control strategy. The spectral analysis of the reference
voltages in d—q frame is proposed for the on-line stator winding fault detection in PMSM drives in Ahn et al.
(2019). A novel stray flux spectral analysis-based method for PMSM ITSC detection is proposed in Gurusamy et
al. (2021). This method utilizes the value of the stray flux third harmonic as a fault indicator. To the more complex
subgroup of the frequency domain methods belong the High Order Transforms (HOTs). HOTs have also been
applied for PMSM fault diagnosis in the past. The most popular of HOTs utilized in diagnosis field are multiple
signal classification (MUSIC) (Zamudio-Ramirez et al., 2020), Bispectrum (Ewert, 2020; Pietrzak and Wolkiewicz,
2022) and estimation of signal parameter by rotational invariance technique (ESPRIT) (Xu et al., 2013). However,
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these methods have some significant limitations. The main limitation is the lack of information about the time
of occurrence of a given frequency component and, in most cases, the need for a long measurement time to
achieve high symptoms extraction effectiveness. Methods that perform time—frequency analysis do not suffer
from these limitations. These methods include the application of the continuous wavelet transform (Haje Obeid et
al., 2017; Park et al., 2019), Hilbert—-Huang transform (Urresty et al., 2009), Wigner—Ville transform also known
in the literature as Wigner-Ville distribution (Rosero et al., 2009), Gabor expansion (Dogan and Tetik, 2021) and
short-time Fourier transform (STFT) (Magsood et al., 2020). The STFT analysis has been verified in the past too
in the field of PMSM faults diagnosis (Rosero et al., 2007; Zanardelli et al., 2007). Nevertheless, this research
is limited to the detection of other types of damage than the stator winding fault and in a narrow range of motor
operating conditions.

The processing of the diagnostic signal with the aforementioned mathematical apparatuses allows to extract
the symptoms characteristic for the failure of the PMSM stator windings. The application of STFT analysis may
also allow to collect data sets that contain extracted symptoms that can be successfully used to train the artificial
intelligence-based stator winding fault detectors and classifiers. Moreover, it should be highlighted that fault
symptoms extraction, feature processing and data collection are a crucial part of condition monitoring and predictive
maintenance systems.

The contribution of this work is the application of the STFT analysis of stator phase current, stator phase
current envelope and stator phase current space vector module for symptoms extraction of ITSCs in PMSM
stator winding. The use of this advanced signal processing method has been compared with the classical
approach — FFT. The superiority of the proposed method over this approach is highlighted. Both signal
processing methods are tested for a PMSM drive system under variable load torque and rotation speed (power
supply frequency).

The article is divided into six sections. Section 2 discusses the impact of ITSC on the stator current, stator current
envelope and stator current space vector module waveform of PMSM drive. The theoretical basis of the STFT
analysis is discussed in Section 3. In Section 4, the test stand and the methodology of experimental research are
presented. In Section 5, the experimental results of FFT and STFT analyses using the aforementioned methods are
demonstrated to extract the symptoms of ITSCs. The final conclusions from the conducted research are presented
in Section 6.

2. Impact of ITSC on the Stator Current-Based Signals of PMSM Drive

The ITSC in the PMSM stator winding causes changes in the amplitude of the stator current and its fluctuations.
However, these changes are not enough to provide effective diagnostics of this type of fault because of the
impact of the load torque on stator current amplitude. To confirm it, the influence of the ITSC of the PMSM stator
winding (three shorted turns) on the stator phase current waveforms during motor operation at nominal load torque
(T, = T,) and nominal speed (power supply frequency f = f, = 100 Hz) is shown in Figure 2. Analysis of these
waveforms shows that there is only a slight change in the current amplitude value of the faulty phase as a result
of ITSC.
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Fig. 2. The impact of the ITSC (N, = 3) in the phase B of the PMSM stator winding on the stator current waveforms (T, = T, . = f,, = 100 Hz). ITSC,
inter-turn short circuit; PMSM, permanent magnet synchronous motor.
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Fluctuations in the stator phase current signal waveform can be isolated by determining the stator phase current
envelope. To calculate the signal envelope, the Hilbert transform (HT) can be used. HT is determined according to
Eq. (1) (Pietrzak and Wolkiewicz, 2021a):

i (t)=\i2(O) + H[i,(1)], (1)

where H[i(#)] — HT of the phase current signal:

177
iion=— [ =2 @
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The influence of the ITSC in the PMSM stator winding (N, = 3) on the phase current envelope signal of the faulty
phase (B) during motor operation at rated operating conditions is shown in Figure 3. Analysis of these waveforms
shows that there is only an insignificant change in the envelope amplitude value of the faulty phase as a result of an
ITSC. As in the case of the raw stator current signal, the amplitude of its envelope also depends heavily on the load
torque level, so it cannot be used for effective diagnostics without any pre-processing stage.

The next diagnostic signal that may be used to improve the effectiveness of the fault diagnosis compared to the
classical analysis of the stator phase current is the stator current space vector module. The space vector module is
defined in accordance with the following equation:

iy [= iz +idg. 3)

where i and isﬁ are the components of the stator phase current in o—f reference frame, determined according to
Eq. (4):
. 2 (. 1 . .
Iy = E '(ZSA _E'(ZSB + lsc)j’
“

. [P
Isp = ﬁ(lsB e )

where i, i ; and i, — stator current in phases A, B and C, respectively.

The signal waveform of the stator current space vector module for an undamaged motor and after the ITSC
(N, = 3) is shown in Figure 4. Based on this waveform, it can be concluded that the influence of the ITSC on its
amplitude is slightly greater than in the case of the stator phase current signals and its envelope. Nevertheless, also
in this case, the amplitude is strongly dependent on the T, level, which is further confirmed. To extract the symptoms
of the ITSCs that are independent of the motor operating conditions changes, signal pre-processing algorithms can
be applied. In this work, in the pre-processing step, the application of the FFT and STFT analyses of these three
signals is compared.
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Fig. 3. The impact of the ITSC (N, = 3) in the PMSM stator winding on the stator current envelope waveform, Phase B (7, = T,

w =1, =100 Hz).
ITSC, inter-turn short circuit; PMSM, permanent magnet synchronous motor.
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Fig. 4. The impact of the ITSC (N_, = 3) in the phase B of the PMSM stator winding on the stator current space vector module waveform (7, = T,
f, = f,, = 100 Hz). ITSC, inter-turn short circuit; PMSM, permanent magnet synchronous motor.

3. Short-Time Fourier Transform

The frequency domain representation of the signal provided by the FFT analysis does not contain information about
the occurrence of a particular frequency over time, despite good resolution in the frequency domain (Figure 5a).
Moreover, the FFT is effective only in the case of a stationary signal. In the field of electric motor fault diagnosis, it
is crucial to have information about the time of the fault. Based on this information, the source of the failure can be
determined. The STFT overcomes the limitations of the FFT analysis. It is an extension of the FFT for time—frequency
domain analysis. This transform is also suitable for the analysis of nonstationary signals (Zanardelli et al., 2007).
It provides the location in time while simultaneously capturing the frequency information. The signal segmentation
(tilling) for the STFT is presented in Figure 5b. In the implementation of the STFT, a design trade-off must be
made between time and frequency. A short window provides good time resolution at the expense of poor frequency
resolution, whereas a long window provides good frequency resolution at the expense of reduced time resolution.

The STFT calculates the Fourier transform (FT) of a function f(t) over a symmetrical and real window function
w(t), which is translated by time t and modulated at frequency . The continuous domain expression of the STFT
is illustrated by Satpathi et al. (2018):

S(t,0) = J W -t)e " d. 3)

The magnitude of the STFT yields the spectrogram, whose amplitudes are analysed during the experiments.
The spectrogram is the result of calculating the frequency spectrum of windowed frames of a compound signal.
It is a three-dimensional plot of the energy of the signal frequency content as it changes over time and may be
expressed by the following equation:

spectrogram(t,w) =| S(¢,w) \2, ©

Frequency
Frequency

Time Time

() ®)
Fig. 5. (a) FFT and (b) STFT tiling. FFT, fast Fourier transform; STFT, short-time Fourier transform.
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Table 1. STFT dependence parameters.

Name of the Symbol Description

parameter

Sampling 1‘p Sampling frequency affects the time and frequency resolution of the STFT output. Higher fp results in better time
frequency and frequency resolution and vice versa. In this article, 1‘p of the FFT- and STFT-based analysis is set to 8,192 Hz.

Number of input It is the total number of samples of the input stator phase current signal on which the windowing function is
samples t applied. For the 10 s measurement time and fp = 8,192 Hz, the number of input samples is equal to 81,920.

The most popular window functions available for performing STFT are rectangular, triangular, Hanning, Hamming
and Bartlett. In this article, based on the comparisons, Hamming window function is used.
The window size is responsible for the STFT output resolution in time domain. The lower the size of the window,

Window size H the better the resolution of the time. In this article, H is chosen to be 2,048 samples, which is equivalent to the time
resolution of 0.25 s. Further, the time resolution for other H value is shown.

Type of window
function

FFT, fast Fourier transform; STFT, short-time Fourier transform.

Table 2. Rated parameters of the tested PMSM.

Name of the parameter Symbol Value Units
Power Py 2,500 W
Torque Ty 16 Nm
Speed ny 1,500 r/min
Stator phase voltage Uy, 325 \
Stator current Iy 6.6 A
Frequency T 100 Hz
Number of pole pairs P, 4 -
Number of stator turns N 2x125 -

PMSM, permanent magnet synchronous motor.

In real applications, signals are sampled with a fixed sampling frequency (fp), and discrete Fourier transform
(DFT) is computed to analyse the frequency spectrum by applying the FFT algorithm. Therefore, Eq. (5) in the
discrete domain is expressed as follows (Satpathi et al., 2018):

n=N-1 —jM
Splm,k]= Z x[nwin—mHle = N, 7)
n=0

where N — the number of FFT points, n — the time-domain input sample index, x[n] — the input sample, w[n] — the
window function and m is its position, H — window size and k — frequency index. The STFT dependence parameters
are grouped in Table 1.

4. Experimental Setup Description

The object of the experimental verification is a 2.5 kW PMSM operated in closed-loop control structure with
field-oriented control (FOC). The parameters of this motor are listed in Table 2. The tested PMSM is connected
via a rigid coupling to the second PMSM with a nominal power of 4.7 kW. Both motors are supplied by voltage-
source inverters (VSIs). The second inverter operates in torque regulation mode. The test stand is shown in
Figure 6a. The motor shown on the left side of the figure is the tested motor, while that on the right is the
loading motor. The stator winding construction of the tested PMSM allows to model the ITSCs of several
stator turns physically. Direct short circuits were done by connecting the taps on the terminal board with
a wire. The terminal board is shown in Figure 6b. To make the tests as close to the real case as possible,
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Fig. 6. (a) Real view of the experimental stand, (b) diagram of the stator winding phase terminals and (c) block diagram of the experimental setup.
PMSM, permanent magnet synchronous motor.

there is no additional resistance in the short circuit. The stator phase currents are measured using LEM LA
25-NP multirange transducers. The output signals from the current transducers enter the internal eight-
channel data acquisition unit DAQ NI PXI-4492 with 24-bit ADC converter. This DAQ card is placed inside
the industrial PC NI PXI 1082 by National Instruments. The sampling frequency is set to 8,192 Hz. The block
diagram of the experimental setup is shown in Figure 6c. The PMSM stator winding condition monitoring
and fault symptom extraction algorithms are developed in LabVIEW programming environment. The signal
measurement and processing application is created as a virtual measurement diagnostic tool using the graphical
language (‘'G’).

Using the described test stand, an experimental verification is conducted. Tests are carried out for various
values of the load torque in the range of 0-1T, with 0.2 T, step and for various rotational speeds (frequency of the
supply voltage, 60—-100 Hz), which allowed the examination of the influence of motor operating conditions on the
extracted ITSC symptoms.
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9. Experimental Results
5.1. FFT analysis

5.1.1. Stator phase current

First, the FFT analysis of the stator phase current signal is carried out. In Figure 7, the stator phase current spectra
(phase B) for the motor operating at nominal power supply frequency f =f_, = 100 Hz and Figure 7a T, = 0, Figure 7b
T, = T, for an undamaged stator winding and with three shorted turns (N_, = 3) are shown. In these spectra, the
increase in third harmonic (3f) amplitude is visible after the stator winding fault. To assess the exact impact of the
ITSC on the amplitude of a given frequency component and the subsequent comparison of the increases between
other diagnostic signals, the increase in the amplitude for a given N, in relation to the value for an undamaged
motor is analysed:

ADIFF (fc) = ADamaged (fc) - AUndamaged (J‘;)> (8)

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

The effect of N, and T, on the increase in the amplitude of the 3f, frequency component is shown in Figure 8a,
while the dependence on the f, value is illustrated in Figure 8b. Based on the presented results, it can be concluded
that the increase in amplitude of 3f, caused by the stator winding fault is significant, especially in the case of the
motor operating at rotation speed close to the rated value. Nevertheless, as the value of the power supply frequency

f. decreases (the lower rotation speed than the rated value), the fault sensitivity (A;,..) is much lower.
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Fig. 7. Theimpact of shorted turns in the PMSM stator winding on the FFT spectrum of the stator phase current (a) 7, = 0and (b) 7, = T, (f, = 100 Hz).
FFT, fast Fourier transform; PMSM, permanent magnet synchronous motor.
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Fig. 8. The impact of N, on the PMSM stator winding and (a) 7, and (b) £, values on the increase in amplitude of 3, frequency component in the stator
current FFT spectrum. FFT, fast Fourier transform; PMSM, permanent magnet synchronous motor.
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Fig. 9. The impact of shorted turns in the PMSM stator winding on the FFT spectrum of the stator phase current envelope (a) 7, = 0and (b) 7, = T,,
(f, = 100 Hz). FFT, fast Fourier transform; PMSM, permanent magnet synchronous motor.
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Fig. 10. The impact of N, on the PMSM stator winding and (a) 7, and (b) f, values on the increase in amplitude of 2f, frequency component in the
stator current envelope FFT spectrum. FFT, fast Fourier transform; PMSM, permanent magnet synchronous motor.

5.1.2. Stator phase current envelope

In the next step, the application of the stator phase current envelope signal FFT analysis to the ITSC detection is
verified. The FFT spectra of the stator phase current envelope for the motor operating with £, = f | = 100 Hz and (a)
T,=0,(b) T, = T,, for an undamaged stator winding and N, are presented in Figure 9. In this case, an increase in
the amplitude of the second harmonic (2f) is visible after the stator winding fault. The effect of N, and T, on the
increase of 2f_ amplitude after ITSC is shown in Figure 10a. The influence of the power supply frequency value £,
is shown in Figure 10b. Based on the bar charts presented in these figures, it can be concluded that the increase
in amplitude of 2f, caused by the stator winding fault is significant. However, as in the case of stator phase current
spectral analysis, when the value of the power supply frequency f, decreases, the fault sensitivity of this component
to damage is also lower.

5.1.3. Stator phase current space vector module

Figure 11 shows the spectra of the stator phase current space vector module for the motor operating under
the same conditions as for the stator current and the stator current envelope signal. The stator winding fault
results in the significant increase in the amplitude of the 2f component. The influence of stator winding fault
and T, changes on the 2f amplitude difference compared to the undamaged motor after the ITSC is shown in
Figure 12a. The effect of the frequency of the supply voltage f_ is shown in Figure 12b. The amplitude of the 2
component is very sensitive to the stator winding faults. The values of increases are higher compared to the
results described previously, especially when the motor is operating at rated condition. Nevertheless, the T,
value has an impact on the increase in amplitude as a result of ITSC, which is especially visible for T, = 0.6T,,
and T, =0.8T,,.
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Fig. 11. The impact of shorted turns in the PMSM stator winding on the FFT spectrum of the stator phase current space vector module (a) 7, = 0 and
(b) T,_T,, (f, = 100 Hz). FFT, fast Fourier transform; PMSM, permanent magnet synchronous motor.
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Fig. 12. The impact of N, on the PMSM stator winding and (a) 7, and (b) f, values on the increase in amplitude of 2_ frequency component in the FFT
spectrum of the stator phase current space vector module. FFT, fast Fourier transform; PMSM, permanent magnet synchronous motor.

5.1.4. Results comparison

The comparison of the results presented in the previous subsections has to be made to select the most suitable signal
for the diagnosis of PMSM stator winding failure based on the FFT analysis. Following to this, the amplitude increase
of the characteristic failure components as a results of the ITSC for each of verified diagnostic signals is presented
in Figure 13. The comparison is conducted for different values of the load torque T, (Figure 13a) and power supply
frequency £ (Figure 13b). Based on this comparison, it can be concluded that the sensitivity to the ITSC for the 3f,
component in the stator phase current FFT spectrum and 2f, component in the stator phase current envelope FFT
spectrum is very similar. A much larger increase in the value of the amplitude as a result of the stator winding fault is
visible for the 2f, component in the spectrum of the stator phase current space vector module. It is also visible at low
frequencies of the power supply voltage. Thus, it can be concluded that the most sensitive symptom is the amplitude
change of this component. Nevertheless, it should be remembered that to calculate the module of the stator phase
current space vector, it is necessary to have information about the current in all three phases.

5.2. STFT analysis

5.2.1. Introduction

As previously mentioned, proper selection of the STFT window width H is essential to provide efficient fault symptoms
extraction. Nevertheless, there is no single method for selecting this value. The proper H value depends on the
nature of the analysed signal, measurement parameters and the specific application. The STFT spectrograms of a
10-s stator current signal (t = 10 s) sampled with frequency fp = 8,196 Hz and different H are shown in Figure 14.
As can be seen, depending on the window width, good resolution is achieved in the time or frequency domain.
The smaller the window width, the better resolution in the time domain. As shown in Figure 15, for H = 2,048, the
resolution is 0.25 s in the time domain and 4 Hz in the frequency, for H=4,096 — 0.5 sand 2 Hz, H=8,196 -1 s
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Fig. 15. The resolution obtained in the time and frequency domain for different window width values (a) H = 2,048, (b) H = 4,096 and (c) H = 8,192
(f,=8196Hz,t =10s).

and 1 Hz. The STFT spectrograms of the stator phase current clearly show the influence of the window width on the
resolution in a given domain. The spectrograms also show that apart from the dominant component corresponding
to the frequency of the supply voltage (f, = 100 Hz), the other components with less significant amplitudes are
visible, which is typical for a PMSM motor powered by VSI.

5.2.2. Stator phase current

As in the case of the FFT analysis, also for the STFT, the effectiveness in the extraction of PMSM winding fault
symptoms is verified by analysing the stator phase current signal, its envelope and the stator phase current
module. Nevertheless, taking into account the main advantage of STFT, that is the possibility of determining
the fault time, the analysis is divided into steady short circuits (short circuit of a given N, for 10 s) and
momentary short-circuits during on-line operation of the drive system (short circuits of a given N_, for =1 s)
for various motor operation conditions. To compare the efficiency of ITSC symptom extraction with the classic
method based on FFT analysis and to assess the intensity of changes caused by faults, the mean values from
10 s are adopted as the value of the fault components for comparison. It can be defined with the following
equation:

N
1
Sotrg =577 D Sour(®) ©)
n=1

where N, — number of samples corresponding to the measurement time t (N, = 81,960 for fp = 8,196 Hz and
t,=10s), f () —the amplitude of the frequency component characteristic for the ITSC for the n sample.

To assess the exact impact of the damage on the amplitude of a given frequency component, the average
increase in the amplitude for a given N_, in relation to the value for an undamaged winding is analysed in the same
manner as for the FFT results. The STFT spectrograms of the stator current signal for an undamaged PMSM and
with three shorted turns in the stator winding are presented in Figure 16 (f, = f, = 100 Hz, T, = T, H = 2,048).
The figures show a considerable increase in the amplitude value of the frequency corresponding to the third
harmonic (3f, = 300 Hz). Moreover, a significant effect of the change in load torque on the amplitudes of the first
and fifth harmonics is visible. The other harmonics with lower amplitude that are not susceptible to ITSCs are also
noticed. The effect of N, and T, on the increase in the amplitude of 3f, frequency on the stator phase current STFT
spectrogram is shown in Figure 17a, while the dependence on the £ value is illustrated in Figure 17b. It can be
deduced that the increase in amplitude is more robust to changes in load torque than for FFT analysis. Moreover,
this component is more sensitive to the ITSC at lower frequencies (60—90) Hz in the very early stage of the damage
(N, = 1) compared to the FFT-based method.

5.2.3. Stator phase current envelope

Second, the STFT analysis of the stator phase current envelope is carried out. The STFT spectrograms of this
signal for an undamaged PMSM and with three shorted turns are presented in Figure 18 (f. = £, T, = T,). In this
case, the increase in the amplitude value of the 2f frequency component after the ITSC is visible. The amplitudes of
the .., f.and 4f_ frequency components are significantly affected by the load torque changes and are not sensitive
to the ITSC. The influence of the N, and T, on the increase in the amplitude of the 2f, frequency component is
shown in Figure 19a, while the effect of the £, value is presented in Figure 19b. In this case, the results are very
similar to the stator phase current STFT analysis. The ITSC fault sensitivity is greater in the early stage of the failure

compared to the FFT stator current envelope.
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(f, = 100 Hz). STFT, short-time Fourier transform.
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Fig. 17. The impact of N, on the PMSM stator winding and (a) T, and (b) 7, values on the increase in the amplitude of 3f, frequency component in the
stator phase current STFT spectrogram. STFT, short-time Fourier transform; PMSM, permanent magnet synchronous motor.

5.2.4. Stator phase current space vector module

The STFT spectrograms of the stator phase current space vector module signal for an undamaged PMSM and with
three shorted turns in the stator winding are presented in Figure 20 (f, = f, =100 Hz, T, = T,, H = 2,048). In this
case, as in the case of the stator phase current envelope, the increase in the amplitude value of the 2f, component
can be observed. However, the increase is much higher compared to the previously analysed signals. The effect of
N, and T, on the increase in the amplitude of the 2f_frequency on the STFT spectrogram of the stator phase current
space vector module is shown in Figure 21a, while the dependence on the £, value is illustrated in Figure 21b. It can
be deduced that the increase in amplitude is more robust to changes in load torque than for FFT analysis. Moreover,
this component is more sensitive to the ITSC at lower frequencies (60-90) Hz in the very early stage of the damage
(N, = 1) compared to the previously conducted analysis.

5.2.5. Testing of the proposed fault symptoms of ITSCs in on-line operation of the drive system

To emphasize the main advantage of the STFT analysis — the possibility of on-line tracking of the faulty harmonics,
keeping information about the time of frequency occurrence, the effectiveness of the proposed method of extracting
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Fig. 22. The stator phase current (a) waveform, (b) STFT spectrogram and (c) 3f, amplitude changes during the on-line operation of the drive system
and cyclic instantaneous short circuiting of three turns at variable load torque. STFT, short-time Fourier transform.

symptoms for instantaneous short circuits during on-line operation of the drive system and changing T, is verified.
In Figure 22, the stator phase current signal waveform (Figure 22a), STFT spectrogram (Figure 22b) and value
changes of the harmonic amplitude of the 3f, frequency component during the on-line operation (Figure 22c) are
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presented. In this scenario, T, value is increased with 0.27, step and for each value, the momentary ITSC is
performed (N, = 3).

Based on the analysis of these results, it can be seen that the use of the stator current STFT allows to track
of changes in the amplitudes of the frequency components during on-line operation, also in the case of changing
(transient) operation conditions. It is clearly visible which harmonics are sensitive to the ITSC (3f). The spectrogram
also shows that the amplitudes of the f and 5f components increase with increasing T,. Due to the fact that
spectrograms add time to the analysis of FFT allowing the localization of both time and frequency, this can help
locate the source of the fault by analysing changes in other process parameters prior to failure.

Figure 23 shows the stator phase current envelope waveform (Figure 23a), STFT spectrogram (Figure 23b)
and value changes of the 2f_ frequency component (Figure 23c) during the on-line operation and momentary short
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Fig. 23. The stator phase current envelope (a) waveform, (b) STFT spectrogram and (c) 2f, amplitude changes during the on-line operation of the drive
system and cyclic instantaneous short circuiting of three turns at variable load torque. STFT, short-time Fourier transform.
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circuit of the three turns. The results confirmed the significant impact of the T, level on the amplitude of the stator
phase current signal envelope. In this case, the on-line monitoring of the 2f, component may allow for the detection
of the ITSC in the PMSM stator winding. It is also visible, that the value of the amplitude of f,_ and 4f_ frequency
components strongly depends on the load torque.

In Figure 24, the stator phase current space vector module waveform (Figure 24a), STFT spectrogram
(Figure 24b) and value changes of the 2f frequency component during the on-line operation and momentary
short circuit of the three turns are presented. Based on the analysis of results presented in this figure, it can be
concluded that same as in the case of the stator phase current envelope, after the ITSC in the stator winding the
increase in the amplitude of the 2f_ frequency component is significant, which is especially visible in Figure 24c.
The 2f_amplitude values for an undamaged motor and for a PMSM with damaged stator winding differ significantly,
more than in the case of the analysis of previous signals, which makes this component a very good fault indicator.

Based on the results analysis, it can be concluded that the application of STFT analysis may allow to collect data
sets which contain extracted symptoms that can be successfully used to train the artificial intelligence-based fault
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Fig. 24. The stator phase current space vector module (a) waveform, (b) STFT spectrogram and (c) 2f, amplitude changes during the on-line
operation of the drive system and cyclic instantaneous short circuiting of three turns at variable load torque. STFT, short-time Fourier transform.
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detectors and classifiers. The training of such models for different operating conditions of the motor and different
states of the stator winding may allow for the automation of the detection process without the need to define a
single threshold value, which would be complicated considering the wide range of operating conditions under which
modern drive systems operate. As input of the models, the raw values of the characteristic failure frequencies or
spectrograms images may be utilized. The comparison of the results obtained after processing the stator phase
current, stator phase current envelope and stator phase current space vector module during the steady short
circuits and online operation of the drive system is discussed in the next subsection.

5.2.6. Results comparison

The amplitude increase of the characteristic failure components as a result of the ITSC for each of the verified
diagnostic signals and for the first stage of the research (steady short circuits — short-circuit of a given N_, for
10 s) is presented in Figure 25. The comparison is conducted for different value of the load torque T, (Figure 25a)
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Fig. 25. The comparison of the STFT analysis results presented in the previous subsections for different values of (a) 7, and (b) 7. STFT, short-time
Fourier transform.
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circuiting of three turns at variable load torque.

and power supply frequency £ (Figure 25b). From this comparison, it follows that the sensitivity to the ITSC for
the 3f, component in the stator phase current STFT spectrogram and 2f, component in the stator phase current
envelope STFT spectrogram is comparable. Nevertheless, again a much significant increase in the value of the
amplitude as a result of the stator winding fault is visible for the 2f component in the spectrogram of the stator
phase current space vector module. Most importantly, it is also visible at low frequencies of the power supply
voltage (rotation speed). Thus, it can be concluded that the most suitable symptom is the amplitude change of
this component. The amplitude changes of the characteristic failure frequencies — 3f_ in the stator phase current
spectrogram and 2f, in the stator phase current envelope and space vector module spectrogram — during the on-
line operation of the drive system and cyclic instantaneous short circuiting of three turns at variable load torque
are presented in Figure 26. This confirms the greatest sensitivity of symptoms appearing in the stator current
space vector module; however, based on the stator phase current signal and its envelope, it is also possible to
conduct effective diagnostics.

6. Conclusions

This article has addressed the issue of the PMSM stator winding fault diagnosis. The two signal processing methods:
the well-known FFT analysis and the STFT analysis are proposed to the ITSCs symptoms extraction. The analysis
has not only been performed for the stator phase current signal but has also been extended to the stator phase
current and the stator phase current space vector module, which is a notable contribution to the topic of PMSM
electrical failure detection.

The presented results of the experimental research confirm the effectiveness of the application of the STFT
analysis of the stator phase current, stator phase current envelope and stator phase current space vector module to
the symptom extraction of the ITSCs in the PMSM stator winding. Unlike the FFT analysis, which is also useful for
the extraction of these symptoms, the STFT-based approach allows to determine the time of the failure occurrence
and to track harmonics amplitudes during the on-line operation of the drive system, also in transient conditions
— changing motor operating conditions. This is an important property that makes the STFT approach better than
classic FFT. This method also provides higher sensitivity to failure when the rotation speed (power supply frequency)
is significantly lower than the rated value at an early stage. Moreover, STFT provides greater robustness to changes
in load torque compared to the FFT analysis.

Based on the thorough analysis of the results, the most promising (most sensitive to the fault in a wide range of
motor operating conditions) is the STFT analysis of the stator current space vector module. The results presented
in this article fill the lack of work in the field of motor diagnostics dealing with STFT analysis for the detection of
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stator winding faults. In addition, these results can be useful in the development of automatic diagnostic systems,
including those based on artificial intelligence, whose basis is an appropriate selection of features characteristic
for failure. As the input data of such fault detectors models, the amplitudes of failure frequencies indicated as the
most ITSC fault-sensitive may be used. Training dataset can be collected through experimental research for various
motor operating conditions and stator winding states, as has been presented in this article.

Further research will focus on the development of PMSM automatic real-time stator winding condition monitoring
and fault diagnosis system. Nevertheless, for such purposes, the profound influence of measurement accuracy
(e.g. sampling frequency, measurement resolution, current sensor noise) on the diagnostic system has to be also
considered.
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