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ABSTRACT: This study investigates recorded vibration signals from a laboratory gearbox to assess
health condition and identify fault types, using a proposed ensemble-based machine learning algorithm.
A single-stage gearbox was designed and tested in laboratory under four healththe states: no faults,
tooth root crack, tooth breakage, and pitting on the tooth, across varying loads and speeds. Vibration
was recorded at six points. Totally 792 signals (6 signals from 132 tests) were collected. For the data
from each sensor, a support vector machine (SVM) classifier with a linear kernel was trained. Next,
fault detection accuracy was assessed and compared for each transducer individually. A new data fusion
algorithm, inspired by random forest (RF), was developed to combine data from the six sensors. The
results showed that the proposed ensemble algorithm provides higher detection accuracy rather than
the individual classifiers for each sensor. In addition, a novel method is introduced to estimate the
confidence level (CL) of the classification by the proposed algorithm. In addition, it is demonstrated that
the proposed algorithm can effectively diagnose faults with incomplete data (regardless of how many
sensors are used from the total of six). As expected, using data from fewer sensors resulted in reduced
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1- Introduction

Gearboxes are common rotating machinery used in
various industrial applications. They are employed to transmit
power for given input to output ratio of rotating speed or
torque. Their harsh operating conditions increase the risk of
component failures, especially gears. Common gear failures
include tooth breakage, root cracks, pitting due to fatigue,
plastic deformation of teeth, and wear [1]. Condition-based
maintenance (CBM) is one of the most efficient maintenance
strategies that can be used to detect the faults of gearbox in
the early stage [2]. Vibration condition monitoring (VCM)
is one of the most powerful and commonly used techniques
for diagnostics of the industrial gearbox. Detecting of faults
signatures in the vibration signals requires complicated
analysis of experts. Consequently, the application of various
artificial intelligence (AI) methods to interpret vibration
signals and fault detection has attracted significant attention
of researchers [1-6].

In this article a new ensemble-based model is introduced
to be employed for diagnostics of gearbox from vibration
signals. Various features regarding the gearbox faults [4-6]
were extracted from vibration signals recorded from 6 sensors
of experimental set-up. The data of each sensor are used for
building a base support vector machine (SVM) model. Six
built models are employed for making an ensemble model
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that provides fusion of data. Additionally, a new approach is
suggested to estimate the confidence-level (CL) of diagnosis.
The proposed ensemble model can also effectively be used
with the data of limited number of sensors.

2- Methodology

In this study, the suggested vibration features for gearbox
diagnostics in the literature [4-6] have been utilized to
construct a dataset from multi-sensor recorded data of
gearbox VCM. Then, SVM algorithm is employed to develop
a base classifier for the data of each single sensor. These base
classifiers are used to construct an ensemble model that is
shown in Fig. 1. The output of the model is derived through a
voting of the outputs of each individual classifier.

To implement weighted voting, the output of each base
model is weighted corresponding to the recall value obtained
from training dataset for that specific class. To estimate the
CL of the proposed model output the following procedure is
suggested. If the dataset comprises m distinct classes and the
ensemble model consists of 7 base models, and the prediction
of the i-th model for a given data is denoted as y, then, in the
present study, equation (1) is proposed to calculate the initial
CL for the j-th class (ICL].).
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Fig. 1. Phase velocity dispersion curves for a steel pipe
with outer diameter of 220 mm and wall thickness of
4.8 mm
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where R/ is i" recall values of n. models which their output
is the j-th class (where n= n). The value of ICL . is calculated
for the classes where at least one of the base models has
produced that class as its output. If none of the base models
generate an output corresponding to a specific class, the value
of ICL, for that class is considered to be zero. Although the
calculated /CLs are comparable with each other, they are not
in a specific range of [0,1]. To make these values easier to
understand, Equation (2) is proposed to normalize the /CLs
and find CL, in the rage of [0,1] so that the summation of CLs
for all classes will be unit.
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A key feature of the proposed ensemble model, illustrated
in Fig. 1, is its flexibility in practical applications. Even if the
model is trained using data from all available sensors, it can
still be effectively utilized with a limited number of sensors
as input (less than total number of sensors). This allows the
model to classify new data points reasonably, albeit with
reduced certainty. This capability enhances the practical
applicability of the proposed model applications.

3- Results and Discussion

To investigate the performance of the proposed method
in this article, a set of experiments has been planned and
conducted. Vibration signals from six different points
are recorded for various health conditions and operating
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Table 1. The accuracy of the proposed ensemble model
on the training and test datasets

Dataset  Average of base models Proposed
Model

Train set 84.7% 96.2%

Test set 78.2% 96.1%

conditions. The recorded signals belong to 4 classes. Class
1 is for healthy condition of gear. Classes 2, 3 and 4 is for
faulty conditions (tooth breakage, root crack and pitting,
respectively). To evaluate the performance of classifier
models on data from different sensors, six SVM classifiers
with a linear kernel were developed. Each classifier was
trained using the training dataset from one sensor and tested
using the corresponding test dataset. Then the proposed
model in Fig. 1 was constructed and its performance tested on
the train and test sets. The average accuracy of base models
as well as the accuracy of the proposed ensemble model are
reported in Table 1. These results show the better performance
and considerable higher accuracy of the proposed model.

In Fig. 2, the confusion matrix of the proposed model on
training and testing sets are presented.

To determine the CL of each prediction on the test data,
the procedure described in Section 2 was applied to all 26
samples in test dataset. Using Equation (2), the CL for all
existing classes can be calculated for each sample, and the
class with the highest CL is reported as the final output of
the proposed ensemble model. In Fig. 3, the CL obtained
using the data of all 6 sensors for each class are illustrated
with different colors for all 26 test samples, represented by
hollow markers and solid lines. The similar results extracted
from only the data of 4 sensors (out of 6) are depicted with
hollow markers and dashed lines. Additionally, the true class
label of each sample is indicated by a solid marker above the
plot. The correctness of model output is accompanied by the
letters “T” (True) or “F” (False) to above the solid markers.
The first row of T/F corresponds to the model performance
with six sensor data as inputs and the second row corresponds
to that with four sensor data as inputs. It can be observed
that only for samples #14 and #17, the output of models with
different number of inputs are varied. However, the CL of
classification is different for almost all the samples.

4- Conclusions

In this study, a novel ensemble model is proposed. The
base SVM classifiers (with each utilizing data from a single
sensor as input) were constructed. The proposed model offers
the capability to integrate data from multiple sensors in such
a way that after training, the model can be employed with the
data from any number of sensors. Additionally, a method for
estimating the CL of detecting each class was proposed.

The proposed method was evaluated on vibration data
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Fig. 2. Confusion matrix of the proposed ensemble model for the train data
(left) and the test data (right)
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Fig. 3. The confidence level of classifying each class by the proposed ensemble mod-
el across all 26 samples of the test dataset

recorded from a laboratory gearbox under various health and
operating conditions. It was demonstrated that, as expected,
the proposed ensemble model achieves higher accuracy
compared to the base models. Furthermore, when the number
of sensors used as inputs to the ensemble model is reduced,
the classification accuracy decreases to some extent, and the
average CL of the predictions also declines.
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Table 2. Introducing health indicator feartures of gears extracted from filtered signals using time synchro-
nous averaging method
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Fig. 1. The schematic of constructing ensemble algorithms [20]
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Fig. 2. The proposed classification model based on the Random Forest algorithm
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Fig. 3. a) The designed testrig in SolidWorks, b) Detailed design of the gearbox, ¢) The loading mecha-
nism applied to the output shaft of the gearbox using a belt under tension of a weight
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Fig. 4. The schematic of the power transmission path with an output-to-input ratio of 1.13 and the
arrangement of the gearbox
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Fig. 5. Gears with artificial faults. a) tooth breakage, b) pitting and c) root crack
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Table 3. The experiment plan for conducting on the experimental setup
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Table 4. The configured parameters for the measurement in the planned experiments
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Fig. 6. The mounting position (point-direction) of accelerometers on the gearbox (indicated by a red

dashed ovals). a) Horizontal and vertical measurements at point 1 (input of the gearbox), b) Horizon-

tal and vertical measurements at point 2 (output of the gearbox) and c) Axial measurements at points
1 and 2
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Fig. 7. Sample vibration signals measured at the input point in the vertical direction for different
health conditions (a: healthy, b: tooth breakage, c: root crack, and d: pitting) under operating speed
correspond to the inverter frequency of 10 Hz and heavy loading
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Table 5. The existing classes in the prepared dataset
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Table 6. The accuracy of SVM classifiers on the train and the test datasets for each point-direction
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Train Confusion Matrix IA, accuracy= 82.0755%

Test Confusion Matrix IA, accuracy= 76.9231%
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Fig. 8. Confusion matrix of SVM classifier for training data (left) and test data (right) at the input
point of the gearbox, in axial direction
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Train Confusion Matrix IH, accuracy= 77.3585% Test Confusion Matrix IH, accuracy= 73.0769%
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Fig. 9. Confusion matrix of SVM classifier for training data (left) and test data (right) at the input
point of the gearbox, in horizontal direction

Train Confusion Matrix IV, accuracy= 86.7925% Test Confusion Matrix IV, accuracy= 69.2308%
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Fig. 10. Confusion matrix of SVM classifier for training data (left) and test data (right) at the input
point of the gearbox, in vertical direction
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Train Confusion Matrix OA, accuracy= 89.6226% Test Confusion Matrix OA, accuracy= 80.7692%
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Fig. 11. Confusion matrix of SVM classifier for training data (left) and test data (right) at the output

True Class

point of the gearbox, in axial direction

Train Confusion Matrix OH, accuracy= 83.9623% Test Confusion Matrix OH, accuracy= 76.9231%
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Fig. 12. Confusion matrix of SVM classifier for training data (left) and test data (right) at the output

point of the gearbox, in horizontal direction
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Train Confusion Matrix OV, accuracy= 88.6792%

Test Confusion Matrix OV, accuracy= 92.3077%
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Fig. 13. Confusion matrix of SVM classifier for training data (left) and test data (right) at the output
point of the gearbox, in vertical direction
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Table 7. The accuracy of classifiers built with the data of each point-direction, along with the accuracy of the
proposed ensemble classifier on the train and the test datasets
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Confusion Matrix, Train with 6 transducer
Accuracy: 96.23%

Confusion Matrix, Test with 6 transducer
Accuracy: 96.15%
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Fig. 14. Confusion matrix of the proposed classifier for training data (left) and test data (right)
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Fig. 15. The confidence level correspond to each class by the proposed ensemble model across all 26
samples of the test dataset (using data of all 6 available accelerometers)
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Table 8. The accuracy of the proposed ensemble model on the train and the test datasets using data from
limited number of accelerometers
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Confusion Matrix, Train with 4 transducer
Accuracy: 92.45%

Confusion Matrix, Test with 4 transducer
Accuracy: 88.46%
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Fig. 16. Confusion matrix of the proposed classifier with 4 accelerometers for training data (left) and
test data (right)
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Fig. 17. The confidence level correspond to each class by the proposed ensemble model across all 26
samples of the test dataset (using data of 4 out of the 6 available accelerometers)
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