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Abstract: High-voltage line-start permanent magnet synchronous motors (HVLSPMSMs)
are prone to inter-turn short-circuit faults, which not only result in a significant increase in
current but also exacerbate motor vibration. To accurately identify the frequency-domain
fault characteristics of the motor under inter-turn short-circuit conditions, an improved
wavelet packet energy gain ratio analysis method is proposed. Firstly, a two-dimensional
transient finite element simulation model is established, and the validity of the model is
verified through experimental data. On this basis, the inter-turn short-circuit fault state of
the motor is further analyzed, and the corresponding fault signals are extracted. Secondly,
the improved wavelet packet transform (IWPT) is applied to analyze the fault current and
vibration signals. By combining the energy gain ratio, fast Fourier transform (FFT) is
conducted on the sensitive wavelet packet coefficient nodes to extract the fault characteristics
of the current and vibration signals by comparing the frequencies before and after the fault
occurrence. Finally, a comparison with traditional wavelet packet analysis demonstrates the
reliability and accuracy of the proposed method.
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1. Introduction

Permanent magnet motors are characterized by high power factor, high efficiency, and ease of
maintenance. As a result, the application of permanent magnet motors has become increasingly
widespread, particularly for self-starting permanent magnet synchronous motors (PMSMs), which
combine the advantages of simple operation and maintenance similar to induction motors, while
offering high efficiency [1]. In industry, the widespread adoption of permanent magnet motors to
replace induction motors has significantly reduced energy consumption in industrial production.
High-voltage motors are used to drive various mechanical systems and are a primary power source
for industrial production and mining, as well as prime movers in industries like power generation,
mechanical, petrochemical, and metallurgy. However, high-voltage line-start permanent magnet
synchronous motors (HVLSPMSMs), which operate in complex environments, are prone to
various faults, with common issues including stator inter-turn short circuits, permanent magnet
demagnetization, and rotor eccentricity [2]. Among these, inter-turn short circuit faults occur
frequently [3], and the occurrence of such faults not only affects the vibration performance of the
motor, but if undetected in the early stages, can lead to continuous overheating and damage to the
motor, even posing risks to personal safety. Therefore, fault detection of inter-turn short circuits in
motors is of significant importance.

Researchers both domestically and internationally have conducted extensive studies on fault
detection for permanent magnet synchronous motors. The current methods for fault detection
in motors include model-based analysis, signal processing, and deep learning approaches [4-6].
With the increasing number of industrial devices in use, the demand for equipment fault diagnosis
has also grown. More researchers are focusing on analyzing the status information of equipment
from measurement data. Traditional signal processing methods, such as fast Fourier transform
(FFT), have been widely applied and proven effective in machine diagnostics. For example, in
Reference [7], FFT is used to analyze current and vibration signals under fault conditions, and the
fault features under inter-turn short circuit are extracted from the frequency spectrum changes. In
Reference [8], FFT is applied to torque signal analysis, extracting fault features related to inter-turn
short circuits in motors. However, due to the complex operating conditions of motors and their
susceptibility to noise, the precision of direct Fourier transform analysis is relatively low.

For nonlinear signals like those from permanent magnet synchronous motor current and
vibration, wavelet transforms, such as continuous wavelet transform (CWT) and discrete wavelet
transform (DWT), have become powerful tools for signal analysis. They decompose the signals
into different scales and positions, providing a multi-resolution time-frequency representation
that aids in fault feature identification. Reference [9] uses DWT to filter stator current to improve
precision for fault detection. Reference [10] applies wavelet decomposition of stator current and
calculates the energy at each node, comparing the energy variations before and after the fault for
fault detection. However, wavelet transforms also have limitations, they focus on the low-frequency
components of the signal and overlook the high-frequency parts [11]. To address this, wavelet
packet transform (WPT) was introduced. WPT analyzes not only the low-frequency but also
the high-frequency components of the signal, enabling more effective use of the signal [12].
Reference [13] analyzes the torque under different short-circuit turns in the motor, extracts fault
features, and inputs them into an artificial neural network for fault recognition. However, due to
the characteristics of wavelet filters and the algorithms in WPT, frequency aliasing problems are
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inevitable. Improved wavelet packet transform (IWPT) was developed to overcome these issues.
By eliminating the effects caused by filter characteristics, interval sampling, and interpolation,
IWPT effectively resolves the frequency aliasing problem.

Currently, research on fault diagnosis primarily focuses on asynchronous motors and permanent
magnet synchronous motors. However, research on fault diagnosis for HVLSPMSMs is noticeably
insufficient. Moreover, due to the complex operating conditions of HVLSPMSMs, the fault
characteristics of the signals are more susceptible to interference from environmental factors and
noise, making detection more challenging compared to conventional motors. Therefore, this paper
proposes a fault feature extraction method based on the IWPT analysis combined with energy
gain ratio analysis, using both current and vibration signals. IWPT is applied for multi-layer
decomposition of the current and vibration signals, eliminating frequency aliasing, and achieving
multi-resolution analysis. Fault features are reflected in the wavelet packet coefficients, which are
transformed into energy features. Based on this, the energy gain ratio of the wavelet packet is
analyzed, and by examining the changes in the wavelet packet coefficients in the frequency domain,
the primary fault characteristics of the motor current and vibration signals post-fault are extracted.

2. Finite element modeling and fault state analysis of HVLSPMSM

2.1. Establishment of the finite element model

A 10kV, 630 kW HVLSPMSM is analyzed in this paper, with the motor parameters presented
in Table 1. Based on the actual structure of the prototype, a two-dimensional model of the motor is
established. The structure and mesh division of the motor results are shown in Fig. 1. To enhance
solution accuracy, fine meshes are applied in regions with high physical variation rates, while
coarse meshes are used in regions with low variation rates [14], thereby optimizing computation
time. The total number of mesh elements in the model is 65 812.

Table 1. The HVLSPMSM basic parameters

Parameters (unit) Value Parameters (unit) Value
Rated power (kW) 630 Stator inner diameter (mm) 600
Frequency (Hz) 50 Stator outer diameter (mm) 880
Rated voltage (kV) 10 Rotor inner diameter (mm) 360
Rated speed (rpm) 750 Rotor outer diameter (mm) 595
Slot number 36 Stator length (mm) 275
Polar logarithm 4 Length of air-gap (mm) 2.5
Number of stator slots 72 Parallel branches 1
Number of rotor slots 56 Conductors per slot 14
Number of strands 1 Type of circuit Y
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Mesh number: 65812
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Fig. 1. Motor structure (a); subdivision (b)

To verify the accuracy of the HVLSPMSM model, a specialized experimental platform was
constructed, as shown in Fig. 2. The platform includes a power analyzer, DSP data analyzer,
dynamometer, AC high-voltage tester, and other professional measurement equipment. Using this
platform, the actual parameters of the HVLSPMSM were measured under various conditions,

111 +

Fig. 2. Experimental platform
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including no-load back electromotive force (EMF), no-load current, rated load current, and power
factor. The experimental data are presented in Table 2. A comparison of the experimental data
with the simulation results indicates that all deviations are within permissible error ranges. This
demonstrates that the experimental data and finite element simulation results are highly consistent.
This provides a solid foundation for subsequent analysis of inter-turn short circuit fault conditions.

Table 2. Data comparison

pai’:rl::tl::sle(?ltni " Test data Calculated value Variation rate (%)
EMF (kV) 5.024 5.39 7.28
No load current (A) 6.6 6.57 0.45
Rated load current (A) 38.5 38.4 0.26
Power factor 0.98 0.986 0.50

2.2. Fault state analysis

To study the HVLSPMSM under inter-turn short circuit fault conditions, an equivalent circuit
was constructed to simulate the fault state. The equivalent circuit and fault model are illustrated in
Fig. 3. In phase A, R, and L4, represent the resistance and inductance of the non-short-circuited
part, while Rqc and Lac represent the equivalent resistance and inductance corresponding
specifically to the k shorted coils, respectively, with R, being the contact resistance. Rp, Lp, Rc,
L¢ represent the resistance ad inductance of phase B and C, respectively. The fault model and
equivalent circuit are shown in Fig. 3. And in equivalent circuit, region A represents the normal
three-phase circuit operation, while region B corresponds to the simulated inter-turn short-circuit
fault condition. It should be noted that, although the actual stator adopts a double-layer winding
structure, the equivalent circuit model simplifies each phase winding into a lumped representation,
dividing it into short-circuited and non-short-circuited segments. This assumption focuses on
capturing the main current and torque variations under fault conditions, without modeling the
physical layering of coils.

Winding

Short-circuit [ and Part ind___| :_ ST R 4

T4 ling (k turns) - ————-———
Permanent £
magnet
Stator turns) and Shorted
Rotor —» L _PartInd (k turns)__
B e e o o o e s e
(@) (b)

Fig. 3. Fault model (a); equivalent circuit (b)
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In the simulation, the HVLSPMSM operates normally for 0.6 seconds before an inter-turn
short circuit fault occurs in phase-A windings (with four shorted turns). The stator current and
torque waveforms under normal and fault conditions is illustrated in Fig. 4. After the short circuit
fault occurs, significant changes are observed in the three-phase currents, with the phase-A current
being noticeably higher than the other two phases. Additionally, the torque shows large fluctuations
with periodic variations.
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Fig. 4. Current waveform (a); torque waveform (b)

After the inter-turn short circuit, the stator current of the HVLSPMSM changes, and vibration
characteristics of the motor are also affected. The output torque exhibits pulsations, which can
propagate to the motor casing and induce vibrations. These torque pulsations can be used to
simulate vibration intensity [15]. Therefore, in this paper, torque pulsation signals are used as a
substitute for motor vibration signals for analysis.

3. IWPT-Energy gain ratio analysis principle

An ideal wavelet packet filter can accurately decompose a signal into its high-frequency and low-
frequency components, with the high-frequency part containing only high-frequency signals and the
low-frequency part containing only low-frequency signals. However, in practice, wavelet filters are
not perfectly ideal. This results in both high-frequency and low-frequency components containing
adjacent frequency band elements after decomposition. In such cases, decomposing and recon-
structing the signal involves working with erroneous components from adjacent frequency bands,
leading to occurrence of frequency aliasing. This is the fundamental cause of frequency aliasing.

The idea behind IWPT is to introduce two operators, C and D, based on the traditional wavelet
packet decomposition and reconstruction process. In the low-frequency part, only the low-frequency
signals are retained while the rest are set to zero. Similarly, in the high-frequency part, only the
high-frequency signals are retained while the rest are set to zero. The implementation is carried
out using FFT and inverse fast Fourier transform (IFFT) to achieve the above zeroing operation.
Additionally, decimation (down-sampling) and interpolation (up-sampling) are used to correct
frequency mixing phenomenon. The formulas for operators C and D are presented in Egs. (1)
to (4). In traditional wavelet packet transform (WPT), the non-ideal characteristics of the filter can
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cause energy leakage between the high and low frequency branches. In improved WPT (IWPT),
after decomposition, the frequency spectrum is extracted separately using FFT, retaining only the
target frequency components of each frequency band, while other frequency components are set to
zero. This effectively reduces the interference from cross-frequency components. The introduction
of operators C and D in IWPT executes band-pass filtering functions in the low and high frequency
branches, respectively, and then reconstructs the signal using IFFT. Compared to the convolution and
downsampling approach in traditional WPT, this method eliminates excess frequency bands through
the frequency domain windowing technique, effectively avoiding frequency aliasing phenomena.
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In the equations, n = 0,1,...,N; —1;and k = 0,1,...,N; — 1. N; represents the signal
length at scale 2, and x(n) is the wavelet packet coefficient for the corresponding sub-bands at
scale 2j. C(x) and D (x) represent the wavelet packet node coefficients processed by the C and D
operators, respectively, xc(n) and xp (n) are the signals output from IFFT after processing by
C(x) and D (x).The process of improved wavelet packet decomposition and reconstruction can also
be represented by block diagram in Fig. 5. Here, H, G, h, and g denote the convolution operations
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Fig. 5. Decomposition process (a); recomposition process (b)
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for the low-pass and high-pass decomposition and reconstruction coefficients corresponding to
the wavelet filter. | 2 and T 2 are the down-sampling and up-sampling operations, respectively.
Operators C and D perform the removal of extraneous frequency components.

The workflow for extracting fault features from signals is shown in Fig. 6.
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Fig. 6. Flow chart

After wavelet packet decomposition, the wavelet packet coefficients corresponding to each
frequency band carry the information of the signal without altering its characteristic features,
making it well-suited for feature extraction. Energy can be used to quantify the information content
of the wavelet packet coeflicients. If a signal is decomposed into 7 levels, it generates 2" sub-bands.
The energy of each sub-band can be calculated using Eq. (5). Here, E; (j =0,1,2,...,2" - 1)
represents the energy of the j-th node at the level n, X (n) represents the coefficients of the j-th node
at the level n, and N is the length of the signal. Once the energy of each node is calculated, the total
energy is used to compute the energy gain ratio G, as shown in Eq. (6). Here, Ehealthy j represents
the energy of the j-th node at the level » under normal conditions, and Efaultj represents the energy
of the j-th node at the level n under fault conditions. If G; > 1, it indicates that the fault signal
energy is significantly higher than the normal signal energy, suggesting that the corresponding
node is a sensitive node with fault characteristics. If G; < 1, it indicates that the fault signal energy
is lower than the normal signal energy, implying that the corresponding node may not be a sensitive
node with fault characteristics. The formulas for £; and G are presented in Egs. (5) to (6).

2
Ei=> X, (5)
n
Efault
T
Gj - Ehealthy' (©)

J
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By comparing the energy gain ratios before and after the fault in current and torque, nodes
with G; > 1 can be identified. These nodes often reflect enhanced features in the corresponding
frequency range. FFT is the applied to these nodes to extract and analyze the fault characteristics.

4. Result analysis

When using IWPT for analysis, it is crucial to effectively identify the characteristics and energy
distribution across different frequency bands in the signal to ensure accurate decomposition and
scientific analysis. The Symlet (SymN) wavelet function (where N = 2,3, ..., 10) demonstrates
good regularity and symmetry, which helps reduce distortion during signal decomposition and
reconstruction. Moreover, it offers excellent frequency band division performance and accurate
fault feature recognition. According to [16], inter-turn short-circuit faults in PMSMs lead to
increased harmonic components, primarily odd harmonics such as the third harmonic of the
fundamental frequency of the current. Reference [17] indicates that inter-turn short circuit faults
induce magnetic field variations, which result in even-order harmonics in vibration signals. Based
on the above findings and the Nyquist sampling theorem, this study employs the sym10 wavelet
as the basis function for analysis. A sampling rate of 1100 Hz is used to analyze current and
torque signals under normal conditions and three fault scenarios (short-circuit turns = 1,4, 7).
A two-level improved wavelet packet decomposition and reconstruction are performed. The signal
undergoes a two-stage decomposition, resulting in a wavelet packet tree with four terminal nodes
(nodes 14 at the second level), and the energy gain ratio of wavelet packet coefficients for each
node is calculated. Sensitive nodes are then subjected to spectral analysis to extract fault features.

4.1. Current analysis

From Table 3, it can be observed that after an inter-turn short-circuit fault occurs, the energy
gain ratios of coefficient nodes 1, 2, and 3 in the current signal, following improved wavelet packet
decomposition, are greater than 1. Therefore, spectral analysis was performed on these three nodes,
with the results shown in Fig. 7. The frequency spectra of the three nodes under normal and varying
degrees of short-circuit faults is illustrated in the figure. From Fig. 7, it can be concluded that
after the fault occurs, the amplitudes of the fundamental frequency, third harmonic, fifth harmonic,
and ninth harmonic all increase. Additionally, the amplitudes of the fundamental frequency, third
harmonic, and ninth harmonic grow as the number of short-circuited turns increases. Although
the amplitude of the fifth harmonic decreases in the case of a seven-turn short-circuit compared to
a four-turn fault, it is still larger than that under normal conditions.

Table 3. Current signal G ;

Gj Nodel Node2 Node3 Node4
Short circuit one turn 1.0268 1.0141 1.6630 0.6417
Short circuit four turns 1.1785 2.0321 1.6509 0.2759

Short circuit seven turns 1.3674 8.1823 2.0567 0.7691
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Fig. 7. Current signal analysis

The node analysis of current signal wavelet packet coefficients for a four-turn short-circuit
fault using traditional wavelet packet decomposition is presented in Fig. 8. It can be observed that
frequency mixing is severe across all nodes, making fault characteristics prone to interference.
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Fig. 8. Wavelet packet decomposition of current signal

This non-monotonic behavior is caused by the winding’s angular asymmetry due to electrical
asymmetry, and similar effects may also occur for other harmonics under different shorted-turn
combinations.

4.2. Torque analysis

From Table 4, it can be observed that after an inter-turn short-circuit fault occurs, the energy
gain ratios of coefficient nodes 1 and 2 in the torque signal, following improved wavelet packet
decomposition, are greater than 1. Therefore, spectral analysis was performed on these two nodes,
with the results shown in Fig. 9. The figure illustrates the frequency spectra of the two nodes under
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normal and varying degrees of short-circuit faults. From Fig. 9, it can be concluded that after the
fault occurs, the amplitudes of the second and fourth harmonics increase, and compared to normal
conditions, the fundamental frequency also emerges as a new component in the fault scenario.
Moreover, the amplitude of the second harmonic increases as the number of short-circuited turns
grows. Although the amplitudes of the fundamental frequency and fourth harmonic do not increase
consistently with the severity of the fault, they are still higher than those under normal conditions.

Table 4. Torque signal G j

G; Nodel Node2 Node3 Node4
Short circuit one turn 25.3903 1.2243 0.5637 0.5370
Short circuit four turns 9.9031 1.6994 0.5042 0.6224
Short circuit seven turns 14.3375 1.1376 0.3490 0.8605
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Fig. 9. Torque signal analysis

The node analysis of the torque signal wavelet packet coefficients for a four-turn short-circuit
fault using traditional wavelet packet decomposition is presented in Fig. 10. It can be observed that
frequency aliasing is severe across all nodes, making fault characteristics prone to interference.

The observed increases in the fundamental, 2nd, and 4th harmonic components in the
torque spectrum provide valuable indicators for inter-turn short circuit faults. It should be noted
that external power supply asymmetry (e.g., unbalanced three-phase voltages) can also induce
qualitatively similar effects in the torque spectrum, such as increased fundamental and even-order
harmonic amplitudes. However, the distinctive signature identified concurrently in the stator
current signal — namely the significant increase in the 3rd and 9th harmonics — serves as a key
discriminator. The combined utilization of features from both torque and current signals in the
proposed method enhances diagnostic specificity against such potential confounding factors.
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Fig. 10. Wavelet packet decomposition of torque signal

5. Conclusion

To address the precise identification of inter-turn short-circuit faults in HVLSPMSMs, this
paper investigated the frequency domain characteristics of current and vibration under inter-turn
short-circuit conditions and proposed an improved wavelet packet algorithm combined with energy
gain ratios. The results indicate:

1. Traditional wavelet packet decomposition suffers from frequency alising, and the conventional

energy analysis method of wavelet packet coefficients fails to accurately reflect energy
variations. In contrast, the improved wavelet packet analysis algorithm not only effectively
eliminates frequency alising, but also when combined with energy gain ratio analysis,
accurately reveals energy changes before and after faults, enabling precise fault feature
analysis without interference from unrelated harmonics.

. Under inter-turn short circuit fault conditions, the amplitude of current signal components

at f, 3f, 5f, and 9f significantly increases. Similarly, the fundamental frequency and 2f
components of vibration signal also increase. These are the main frequency-domain
characteristic frequencies for identifying inter-turn short-circuit faults.

. This study analyzed a specific fault — inter-turn short-circuit fault — in a high-voltage

self-starting permanent magnet synchronous motor and examined varying levels of fault
severity. The proposed method effectively identifies inter-turn short-circuit fault features.
However, its effectiveness in detecting different fault types or faults at different locations
requires further investigation, and this will be the focus of future research.

. It is worth noting that due to the high voltage and high-power characteristics of the

HVLSPMSM, this study was unable to obtain experimental data in a fault state under actual
operating conditions, and the fault analysis still relies on the simulation model. Future
research will consider introducing fault injection mechanisms and improved high-voltage
testing platforms to enhance the adaptability and reliability of the method under actual
operating conditions.
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