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Gears are commonly used mechanical components in various fields of power transmission.
They offer stability and high transmission efficiency. However, the issue of gear lifespan remains
unavoidable. In this study, we have developed a gear monitoring system that employs deep
neural networks (DNNs) and integrates data from the time domain, frequency domain, short-
time Fourier transform (STFT), and discrete wavelet transform (DWT). This system is designed
to monitor the occurrence of wear in both spur and helical gears. In this research, we expand its
practical applications, implement various gear fault detection methods based on deep neural
networks, provide multicriteria for gear monitoring, and offer experimental results demonstrating
its effectiveness.

1. Introduction

Gears are one of the frequently used mechanical components in the field of transmission.
Gears provide stable transmission and high transmission efficiency. However, the issue of gear
lifespan has become unavoidable. Damage to gears can affect transmission efficiency and even
lead to mechanical damage. With the continuously increasing demands for gear precision, gear
inspection requires a substantial amount of time. Therefore, a gear monitoring system is needed
to assist in handling issues related to gear fault detection and other related concerns.

Fault detection in gear monitoring systems can primarily be categorized into two types: wear
and tooth breakage. Feng et al) used a model to simulate the vibration of gearbox gears,
comparing differences with and without lubrication to effectively predict wear and surface
pitting in spur gears. Chin et al.® compared lubricated and unlubricated conditions, as well as
different speeds and loads, to better monitor gear wear and vibration by studying transmission
errors. Antoni et al.® measured gears at fixed frequencies and intervals until complete failure,
revealing that abnormal spectral peaks appear when the gear is on the verge of failure, and
determined the best signal-to-noise ratio. Sharma and Parey™® conducted fault detection in gears
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by acquiring vibration signals, testing under various loads at the same speed, and found that
internally mounted accelerometers outperformed traditional external accelerometers in fault
characterization. Kane and Andhare® classified gear faults using psychoacoustics, acoustics,
and vibration features, and discovered that statistical features from vibration signals were more
informative than those from acoustic signals. Praveenkumar et al© diagnosed automotive
gearbox conditions through a monitoring system and implemented time-domain and frequency-
domain decision trees, demonstrating their efficiency in shortening detection time. Hu et al.(7)
assessed the impact of wear on gear pairs through vibration parameters, suggesting that
combining the proposed indicators with vibration analysis is effective for detecting gear wear
and faults. Brethee et al® observed the wear condition of helical gears through monitoring,
changing gear parameters and loads, and noted that with increased wear, the effect on the
meshing spectrum peaks of helical gears became more pronounced. Antoniadou et al.®)
monitored the state of gearboxes using time-domain and frequency-domain analysis methods
with various gearbox loads, and found that damaged gears exhibited periodic impulse-like
harmonic frequencies in the meshing process. Lin e al.(!9) utilized the artificial fish swarm
algorithm for the detection of faults in ball bearings, revealing that this approach effectively
enhances the accuracy of classification. Wang et al.()) investigated the nonlinear dynamics of
high-speed gas bearing systems, employing finite difference and hybrid methods. The study
found that this methodology reduces damage caused by irregular vibrations in the system.

We present an efficient detection method by developing a gear monitoring system using a
deep neural network (DNN) deep learning model. The collected signals are transformed into the
time, frequency, and wavelet domains. Through DNN deep learning, gear faults are detected.
The following are the primary contributions of this research.

1. A novel system for detecting gear faults is introduced and its practical applications are
expanded.
2. Monitoring systems for both spur and helical gears are proposed.

bl

Gear fault detection is based on DNN, providing a multi-standard detection method.
4. A 98% recognition rate for gear fault identification is achieved.

2. System Architecture
2.1 Short-time Fourier transform (STFT)

STFT is commonly used in signal processing, especially for nonperiodic signals. Mohammed
and Rantatalo(!? found that by observing the changes occurring in the signal over time,
anomalies can be effectively detected. Nentwich and Reinhart(® observed that by STFT, the
detection of gear cracks is effective in identifying gear defects. In monitoring the health status of
industrial robot gears, this method, employing STFT, was found to be comparable to using the
RMS indicator. It involves dividing the time-domain signal into multiple short-time windows
and performing a Fourier transform on each of these windows. The formula for STFT is
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where x(¢, /) represents the result after applying STFT in both time and frequency domains. x(z)
stands for the input signal. w(t — 7) is the window function used to segment the signal. j
represents the imaginary unit, where j° = —1. Through STFT, it is possible to effectively adjust
the resolution of the Fourier transform in the time domain. The larger the short-time window, the
higher the resolution in the frequency domain. This makes it easier to distinguish information
that may not be clear in terms of amplitude and time. In continuous time, the signals captured by
the system appear in a discrete state. Therefore, we use the discrete Fourier transform (DFT) for
calculations, transforming the signal into discrete frequency harmonic components.

The complexity of DFT is O(n?), where n represents the signal length. As the signal length
increases, the required time increases at a square rate. Therefore, DFT is not suitable for
processing large-scale operations. To save time when performing a Fourier transform on each
window, fast Fourier transform (FFT) is used. The complexity of FFT is O(nlog,n), where n still
represents the signal length. The rate of increase in log,n is lower than that in n°, making FFT a
more efficient algorithm. In the frequency domain, x(k) denotes the k-th quantity, and in the time
domain, x(n) represents the n-th sample. j stands for the imaginary unit and N is the length of
signal samples. The formula for FFT is

x(k):zN_lx(n)e N (OSkSN—l). )

FFT can transform signals. As shown in Fig. 1(a), in the time domain, signals change over
time. Time-domain signals exhibit different numerical values at different time points and are
typically represented as waveforms. Analyzing signals in the time domain can be challenging.
Therefore, Fourier transformation is used to convert signals into the frequency domain, as
depicted in Fig. 1(b). Wang et al.(¥) showed that in the frequency domain, signals are represented
by different frequencies and amplitudes. By extracting fault features from gear frequency
samples through filtering and utilizing machine learning, the above-mentioned methods
demonstrate exceptional effectiveness.
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Fig. 1. (Color online) (a) Time-domain signal. (b) Frequency-domain signal.
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2.2 Discrete wavelet transform (DWT)

Discrete wavelet functions are effective in describing local features in signals and decomposing
signals into different levels. During the decomposition process, both detail and low-frequency
components are generated. Finally, these detail and low-frequency components are
reconstructed.!®) Using DWT to extract fault features in gearbox, it was found that DWT
filtering can diagnose gear faults early.1®) Classifying gearbox gears using the k-star algorithm
and DWT results in very high accuracy.!'”) Gear defects detected through DWT and EDM
indicate that that combining support vector machine (SVM) with DWT yields excellent defect
classification results. DWT(j, k) represents discrete wavelet coefficients at level j and position k.
x(?) is the original discrete signal, with ¢ denoting time. y stands for the wavelet function. The
formula for DWT is

1 e —2k
DWT(j,k):\/?J‘wx(t)l/,(f 2 jdt' 3)

2.3 DNN

DNN is a type of neural network model composed of input, hidden, and output layers. The
input layer serves as the first layer of DNN and receives the initial input data. The hidden layer is
the intermediate layer in a DNN model. It processes the data received by the first layer through
weighted summation and activation, extracting features from the input data. The output layer is
the final layer of the DNN model and is used to output classified data from the hidden layers.(®)
The results of analyzing gear defect frequencies with DNN revealed that this method achieves a
significantly high accuracy compared with convolutional neural network.(!”) By applying
variational mode decomposition (VMD) and DNN for planetary gear fault detection and using
an autoencoder for gear state classification, this approach achieves an accuracy rate of 100%.%%
The results of DNN analysis of motor current signals for planetary gear fault diagnosis have
demonstrated the superiority of DNN over other methods. The DNN architecture diagram used
in this research is shown in Figure 2.

Input Layer Hidden Layer Output Layer

Fig. 2.  (Color online) DNN architecture diagram.
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3. Experimental Setup

We designed a gear defect detection model. Training was conducted using the DNN approach.
Spur and helical gears of Module 3 were tested. Each gear consists of 30 teeth and the pinion has
20 teeth. The motor operates at 625 rpm. Accelerometers were placed on the bearings to record
the gear-tooth vibrations while the motor runs. The recorded values were then transformed from
the time domain to the frequency domain through STFT and DWT, and compiled into datasets.
DNN models were trained separately on these datasets to determine the presence of gear wear.
The detection equipment developed in this research consists of a gearbox (2) with a gear (12) and
a pinion (11), and an accelerometer (3) on the bearing, as shown in Fig. 3.

The gear conditions set for this experiment simulated severe gear wear, as shown in Fig. 4.
The sampling frequency for the vibration signal was 1024 Hz. A total of 819200 data points were
collected over a sampling time of 800 s. The rotational speed was fixed at 625 rpm. For each
condition, 800 sets of vibration signals were captured. The gear predominantly exhibited 50%
wear, and this data was used for deep learning training. The training and testing data are
presented in Table 1.

Fig. 3.  Gear defect detection equipment.
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Fig. 4. (a) Healthy Gear. (b) Wear Gear.
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Table 1
Training and testing data.
Count

Training database 560
Verification database 160
Test database 80
Training database 640
Verification database 160
Test database 80

4. Results and Discussion

We use common spur and helical gears as detection targets. The collected time-domain
signals are transformed into frequency-domain, STFT, and DWT signals. These signals are then
processed using DNN to identify patterns associated with the healthy and worn states of gears.

In Fig. 5, it is observed that the amplitude of healthy spur gears falls within the range of —20
to —60. Among the 800 collected data points, the average amplitude is —54.1606. On the other
hand, for worn spur gears, the amplitude varies between —20 and —80, with an average amplitude
of =57.0262 among the 800 collected data points. Compared with healthy spur gears, worn spur
gears exhibit more pronounced negative amplitudes. The change in the amplitude of the spur
gear from —54 to —57 indicates the presence of wear in the gear.

In Fig. 6, it can be observed that the amplitude of healthy helical gears falls within the range
of =20 to —80. Among the 800 collected data points, the average amplitude is —59.7765. For worn
helical gears, the amplitude also ranges between —20 and —80, with an average amplitude of
—62.9927 among the 800 collected data points. Compared with healthy helical gears, worn
helical gears exhibit the most severe amplitudes between 0.5 and 1 s during the entire operation.
The negative amplitudes of worn helical gears show a significant variation compared with
healthy helical gears. The change in the amplitude of the helical gear from —59 to —62 indicates
the presence of gear wear.

In Fig. 7, it can be observed that the average coefficient for healthy spur gears is £0.029886914,
whereas the average coefficient for worn spur gears is +0.026037174. When the coefficient of the
spur gear reaches approximately £0.026, gear wear is considered to occur during operation.
Therefore, it is recommended to replace the gear.

In Fig. 8, it can be observed that the average coefficient for healthy helical gears is
+0.020813182, whereas that for worn helical gears is £0.014686684. When the coefficient of the
helical gear reaches approximately £0.0147, gear wear is considered to occur during operation.
Therefore, it is recommended to replace the gear.

In Fig. 9, it can be observed that for spur gears, the time-domain, frequency-domain, STFT,
and DWT data all exhibit very high accuracy. As for helical gears, the frequency-domain and
STFT data show high accuracy. However, there is no significant difference observed in the time-
domain signal and wavelet coefficient map for helical gears, suggesting that alternative methods
are required for detecting faults in helical gears.
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Health Spur Gear STFT

Wear Spur Gear STFT

Fig. 5. (Color online) (a) Healthy spur gear waterfall chart. (b) Wear spur gear waterfall chart.

Health Helical gear STFT

Wear Helical gear STFT

Fig. 6.  (Color online) (a) Healthy helical gear waterfall chart. (b) Wear helical gear waterfall chart.

Health Spur Gear DWT

Wear Spur Gear DWT

Fig. 7. (Color online) (a) Healthy spur gear coefficient chart. (b) Wear spur gear coefficient chart.
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Fig. 8.  (Color online) (a) Healthy helical gear coefficient chart. (b) Wear helical gear coefficient chart.
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Fig. 9.  (Color online) (a) Spur gear accuracy and epochs. (b) Helical gear accuracy and epochs.

5 Conclusions

In this study, we propose a gear wear detection system that utilizes data from the time
domain, frequency domain, STFT, and DWT, which are then subjected to DNN deep learning.
We also analyze the accuracy of gear monitoring through various methods to achieve the
monitoring of both spur and helical gears. On the basis of the results of the comprehensive
analysis of the obtained data, the following conclusions are drawn:

1. In this study, the collected data are subjected to FFT, followed by conversion into STFT and
DWT representations. Finally, predictions are conducted in the time domain, frequency
domain, as well as using STFT and DWT. Using the four different prediction results, we aim
to identify the patterns associated with gear wear and provide a multicriteria detection
approach.

2. Through the time-domain and DWT analyses, it was observed that the patterns of wear in
spur gears are more easily identified than those in helical gears. Therefore, the time domain
and DWT are well suited for use in the recognition of wear in spur gears.

3. Frequency-domain STFT analysis was found to exhibit very high accuracy in the recognition
of wear in both spur and helical gears. Therefore, frequency-domain STFT is suitable for the
recognition of wear in both spur and helical gears.

4. It can be observed from the training of DNN that the number of training iterations is not
significantly correlated with the accuracy of the model.

5. In the future, further research in the field of gear monitoring can be pursued with a focus on
expanding the dataset to include more cases of gear damage in order to provide a more
comprehensive and robust gear monitoring system.
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