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Abstract

Gearboxes are critical industrial equipment, and working
performance is contingent on their integrity. Most defects,
including cracked gear teeth, go undetected until catastrophic
failure occurs with attendant cost and time wastages. This
article presents a Continuous Wavelet Transform (CWT)-based
vibration analysis fault detection system. As opposed to common
practice, the proposed technique treats gearbox signals in the
time-frequency domain for detection of faults, provision of pre-
emptive warnings, and estimation of residual life. The
effectiveness of the technique in real-time diagnosis without
extensive use of training data or advanced machine learning
techniques is corroborated using experimental tests on running
and faulty vibration signals of gearboxes.

Keywords: Gearbox fault detection, Continuous wavelet
transform (CWT), Predictive maintenance, Vibration signal
analysis

1. INTRODUCTION

Predictive maintenance and condition monitoring are now
essential functions of industrial activity to guarantee the
reliability and effectiveness of rotating machines, including
gearboxes. Gearboxes are constituents of innumerable systems,
ranging from power plants to wind farms, whose failure leads to
extended downtime and financial loss. Early fault detection is of
exceedingly critical significance in the guaranteeing of smooth
functionality and prevention of catastrophic failure. In the
current research, an approach that uses Continuous Wavelet
Transform

(CWT) in time-frequency analysis of the vibrations of a gearbox
to guarantee adequate differentiation between failure and
healthy states is presented.

The method of vibration analysis is commonly used in fault
diagnosis as it can reveal the minimal difference in the machine's
operation. The non-stationarity of the signals, which is a
common characteristic of faults in gearboxes, cannot be
addressed by most of the traditional techniques like the Fourier
Transform. CWT is a better option as it has frequency and time
resolution and thus is very efficient for diagnosing sophisticated
faults in machines. The system calculates the energy of the CWT
coefficient and gives adaptive threshold for abnormality
detection resulting in a very efficient fault detection system.

The benefit of the system is that it is easy and flexible. It does
not require any training data in the first place, and hence it is an
optimal choice when large labeled datasets are not present. The
system's capability to compare energy distributions between a
faulty and a healthy signal is also an easy and straightforward
diagnostic process. The method has been validated using
vibration datasets that define both faulty and healthy gearbox
conditions, thus ensuring the success of fault detection and
estimation of remaining operational life of equipment.

This paper introduces the design, deployment, and verification
of the system in question, thereby adding to the industrial
predictive maintenance body of work. It is focused on
scalability, economics, and integration with current monitoring
systems, thereby standing to be a useful resource in real-world
application.
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2. LITERATURE REVIEW

This paper introduces the application of vibration signals and
Continuous Wavelet Transform (CWT) for fault detection in
rotating machinery. It highlights the fact that CWT offers both
time and frequency resolution, which is advantageous in fault
detection in transients in gearboxes. The paper discusses how
wavelet-based energy calculation is more appropriate for fault
diagnosis compared to the traditional Fourier Transform
approach. [1]

This paper presents a machine learning approach to gearbox
fault classification using Support Vector Machines (SVM).
Discrete wavelet transforms (DWT) were employed to extract
features from vibration signals with focus on the contribution of
feature selection to classifier performance. The system was very
effective in fault classification, thereby validating the efficiency
of the proposed algorithm. [2]

The research utilizes empirical mode decomposition (EMD) as
the diagnostic method for gear failure from studies of non-
stationary vibration signals and their decomposition into
intrinsic mode functions (IMFs). The paper contrasts wavelet-
based methods with EMD and then concludes that EMD is more
versatile in dealing with complex patterns of signals. [3]

This paper introduces the adaptive wavelet packet transform
method to gearbox fault diagnosis. It enhances resolution and
fault location through adaptive alignment of the wavelet basis
with signal features. It is tested on vibration signals from real
gearboxes.[4]

This work suggests a hybrid approach that involves Discrete
Wavelet Transform (DWT) and Artificial Neural Networks
(ANN) for gearbox fault diagnosis. The features extracted using
DWT are used as inputs for the ANN, which provides enhanced
performance over the traditional techniques, especially for fault
detection in the early stages. [5]

This paper discusses machine learning-based statistical
parameter extraction of vibration signals through Random
Forests and K-Nearest Neighbors (KNN) algorithms. The
findings show the performance of the techniques in fault
detection under various load conditions.[6]

This article proposes a new approach combining wavelet packet
transform (WPT) and Hilbert transform for gearbox fault
diagnosis. The combined approach has the ability to capture the
amplitude and phase behaviors of the vibration signal
effectively, hence improving the diagnostic accuracy.[7]

The study highlights time-frequency analysis of non-stationary
signals using synchrosqueezed wavelet transforms (SWT) as
being crucial. The study finds that SWT enhances representation
of fault signals by a considerable margin over traditional wavelet
transforms, leading to more accurate fault localization.[8]

This project integrates wavelet analysis of vibration with
Internet of Things (IoT) technology to observe the gearbox in
real-time. With cloud processing with continuous wavelet
transform (CWT), it provides a low-cost and scalable method for
fault diagnosis.[9] Comparative analysis compares wavelet-
based approaches with deep learning models, i.e., Convolutional
Neural Networks (CNN), for gearbox fault classification.

Though deep learning was even more accurate, wavelet-based
approaches were more favored as they are low-cost and easy to
implement in real-time systems.[10]

3. Methodology
a. Algorithm

1.The system will measure and analyze the health of gearboxes
using a series of sequential steps. Data acquisition is the initial
step, whereby vibration signals are acquired for both healthy and
faulty gearboxes. The acquired signals will be the basis for
analysis, which plays a vital role in delivering the system's
dynamic response insights.

2.Next, the received signals are then processed employing signal
processing methodology in the form of the Continuous Wavelet
Transform (CWT). The method decomposes the time-domain
vibration signals into their respective time-frequency
components in order to attain an extensive analysis of transient
features crucial to identifying anomalies in the gearbox.

3.During the energy calculation procedure, the wavelet
coefficients of the Continuous Wavelet Transform (CWT) are
averaged and squared, resulting in the creation of energy profiles
of faulty and healthy signals. The profiles are a quantitative
measure of signal features, enabling discrimination between
normal and abnormal condition.

4.The system then uses a thresholding technique whereby the
peak energy of the normal signals serves as a dynamic threshold.
Any signal higher than this threshold is indicated as possibly
reporting faults or anomalies, and hence in need of maintenance.

5.Lastly, visualization tools and decision support like
spectrograms and energy plots display the results in an easily
interpretable manner. This allows for signal behavior analysis
and helps in predicting the state of the gearbox, thereby allowing
for timely maintenance and enhancing the reliability of the
overall system.

b. Continuous Wavelet Transform (CWT)

The system applies the Continuous Wavelet Transform (CWT)
method to identify defective features in gear vibration signals.
CWT, unlike the conventional Fourier-based methods,
possesses superior time-frequency resolution, which is highly
beneficial for fault transient detection.

Continuous Wavelet Transform (CWT) is a method of time-
frequency analysis used in the analysis of non-stationary
signals. Although the Fast Fourier Transform (FFT) would
only provide frequency information, CWT provides complex
time-localized frequency analysis extremely well adapted to
the identification of gearbox vibration transient faults.

CWT converts a signal x(t) into wavelets, tiny oscillating
functions shifted and scaled in time. The mathematical formula
of the transform is given as:

where:

C(a,b) represents the wavelet coefficients.
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X(t) is the input signal.

w(t) is the mother wavelet, a function localized in both time
and frequency.

a is the scale parameter, controlling frequency resolution.

b is the translation parameter, shifting the wavelet in time.
The factor //Na ensures energy normalization across different
scales.

By energy distribution analysis of Continuous Wavelet
Transform (CWT) coefficients, faults can be identified using the
detection of anomalous energy patterns in gearbox vibration
signals. The technique is more sensitive to transient faults than
Fast Fourier Transform (FFT) and has greater frequency
resolution than Discrete Wavelet Transform (DWT).

CWT is found to be used extensively in vibration fault detection,
particularly on rotating machinery, as it isolates and graphically
displays fault frequency components vs. time and, thereby,
facilitates predictive maintenance.

c. Use Of Software

MATLAB is a high-performance and effective programming
language broadly applied in mathematics, engineering, and
science in analysis, visualization, and simulation. In the
project, MATLAB was employed as the base platform to run
vibration signal analysis and fault detection processes. It
provided a robust platform to perform the Continuous Wavelet
Transform (CWT) in the time-frequency domain to find
significant features between healthy and faulty gearbox
vibration signals. MATLAB built-in functions, e.g., cwit,
provided an easy way to determine wavelet coefficients. Its
advanced plotting features helped in the generation of
scalograms and energy plots, allowing signal features to be
graphically illustrated. Moreover, the ability of the software to
handle large data sets and support reading various file formats,
e.g., CSV, allowed straightforward processing of actual
vibration data. MATLAB's wide library of math and signal
processing functions allowed energy thresholding and fault
detection routines to be executed easily, providing accurate
and trustworthy results. MATLAB's functionalities in the
project efficiently combined real-world applications and
theoretical models, hence making it a key component in the
gearbox fault detection system.
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Fig.3.1 Flowchart of the proposed system

Preprocessing includes noise elimination and elimination of
redundant frequency components, leaving clean signals in good
form to analyze. Filtered data are now fed into the wavelet
transform analysis process wherein the Continuous Wavelet
Transform (CWT) is employed. The procedure slices the
vibration signals into time-frequency representations making it
simple to discern frequency patterns indicative of healthy and
faulty gearboxes.

The system compares the energy values of wavelet coefficients
of healthy and defective signals. The frequency spectrum
deviations are identified by comparing energy values. Threshold
energy, calculated from healthy gearbox data, is taken as a
reference to examine healthy and defective conditions. If the
energy values of a test gearbox are above this threshold, a fault
is detected and a recommendation for maintenance.

The analysis result is also presented graphically as time-
frequency plots of wavelet transform and energy comparisons.
The system, based on the analyses, also predicts maintenance
needs and estimates remaining life in the gearbox. This is
automatic decision-making, through the utilization of adaptive
thresholds and compare logic.

This is achieved by the decision output and result interpretation,
where the system states whether maintenance is required and
gives a life expectancy value of the gearbox. This is performed
in the direction of predictive maintenance activities, in an
attempt to avoid sudden breakdown and attain maximum
efficiency in operations.
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e. Adaptive Thresholding

Adaptive thresholding is one of the central operations in the
contemplated fault detection system. Rather than using fixed
thresholds, which are insensitive to the variations of
operations, an online computed adaptive threshold is
calculated using statistical characteristics of vibration
signals. The most central points of adaptive thresholding are:

i.Energy-Based Computation: The total energy of CWT
coefficients is calculated over a time window of fixed
duration.

ii.Statistical Modeling: The threshold is calculated based on
the mean and the standard deviation of the energy values
from the healthy gearbox signals.

iii.Dynamic Adjustment: The system continuously adjusts
the threshold with new vibration data making it responsive
to altered conditions.

iv.Noise Immunity: Adaptive thresholding eliminates false
alarms by distinguishing between normal operating
variations and fault-caused anomalies.

f. Novelty

1. Early Fault Detection. CWT-based vibration signal
processing enables early detection of potential faults such as
gear wear, misalignment, or bearing faults, minimizing the risk
of catastrophic failure.

2. Higher Reliability: RUL predictive maintenance models that
forecast the Remaining Useful Life (RUL) of the parts enable
the prevention of deterioration, enhancing overall gearbox
reliability as well as limiting unplanned downtimes.

3. Cost Effectiveness: Preventive fault detection and preventive
maintenance prevent wasteful repairs and minimize the
requirements of costly emergency downtime, thereby saving
maintenance cost in the long run.

4. Improved Operating Performance: The system enables real-
time monitoring and optimization of maintenance schedules to
keep equipment at its optimum levels of performance without
wastage.

5. Non-Intrusive Monitoring: Vibration-based fault detection
systems are non-intrusive, i.e., real-time monitoring of the
gearbox without equipment shutdown or disassembly, improved
uptime during operation.

4. RESULTS

The proposed system was tested thoroughly using gearbox
vibration signal datasets in healthy and faulty condition. To
verify the purpose, healthy-healthy combination datasets were
tested first. The experiment yielded a clear similarity in their
energy patterns with the calculated energy always being less
than the adaptive threshold specified. This confirms the ability
of the system to indicate good operating conditions positively.
Testing continued with the combination of datasets of healthy
and faulty gearbox signals. In these cases, the energy profiles of
the faulty gearbox were quite different from the healthy signals.
Faulty signal energy levels were above the adaptive threshold
specified during the thresholding process. This resulted in the
system marking the gearbox as faulty and flagged it for
maintenance.

Continuous Wavelet Transform (CWT) analysis spectrograms
supported findings. Clear, low-energy time-frequency graphs of
healthy gearbox signals and evident high-energy bands showing
abnormality from degraded gearbox signals were achieved.
Intuitive understanding of gearbox operational condition and
signal feature differences arose from these displays.

In general, the system showed the ability to distinctly distinguish
between normal and faulty states with precise prediction of
maintenance. This capability proves the applicability of the
proposed approach to actual predictive maintenance operations.

Fig4.1. Output showing Healthy gears condition

CWT of Healthy Gearbox CWT of healthy Gearbox

)
I |
|| % Y
00 14 00 .
A 2
00 . LU s
T ’ el 5

.E'u‘glny Comparison: Heathy Gearbox EQ«W Comp-\vgop. healttvy Gearvox
4000 oo
|
i x | | |
S0 : ) | Pt ! | |
u -] w0 -] W
w' 0!

Fig4.2. Visualization of Healthy gear condition through energy
comparison graph and CWT graph
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Fig4.3. Output showing Healthy gears condition
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Fig4.4. Visualization of Broken gears condition through energy
comparison graph and CWT graph

5. CONCLUSION

This paper introduces a strong and computationally effective
approach to gearbox fault diagnosis and maintenance prediction
based on Continuous Wavelet Transform. Through the analysis
of vibration signals in the time-frequency space and adaptive
energy thresholds, the system provides a strong solution to
anomaly detection and remaining life prediction. The findings
confirm its capability to separate normal from faulty gearboxes,
which ensures its suitability for real-time industrial applications.
Future enhancement of the system can be achieved through the
inclusion of machine learning for enhanced fault classification
and its extension to other mechanical systems. The contribution
of the work here is the emphasis on wavelet-based approaches
in driving predictive maintenance strategies for industrial
machinery.
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