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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 health 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 accuracy and CL.
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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, andmwear [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 (Al)
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<diagnosticsof 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 that
provides fusion of data. Additionally, a new approach/s
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 Figure 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 n 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;).

ICL,=>'R! ; j=12..m (1)
i=1

where Ryl is i recall values of nj 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 ICLs 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 ICLs and find CL; in the rage of [0,1] so
that the summation of CLs for all classes will be unit.

ICL,
CL = (2)
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Figure 1: The proposed ensemble model

Alkey feature of the proposed ensemble model,
illustrated /in Figure .1, is its flexibility in practical
applications. Evencif 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<fromsix
different points are recorded for various, health
conditions and operating 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
sensoriand tested using the corresponding test dataset.
Then the proposed model in Figure 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.

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%

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

Confusion Matrix, Train with 6 transducer
Accuracy: 96.23%

Confusion Matrix, Test with 6 transducer
Accuracy: 96.15%
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Figure 2: Confusion matrix of the proposed ensemble
model for the train data (left) and the test data (right)

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
Figure 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.

Figure 3: The confidence level of classifying each class by
the proposed ensemble model across all 26 samples of the
test dataset

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 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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5 Artificial Neural Network (ANN)

¢ Root Mean Square (RMS)

7 Hidden markov model

8 Disicion tree

° Support Vector Machine (SVM)
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Table 2: Introducing health indicator feartures of gears extracted from filtered signals using time synchronous averaging
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Figure 1: The schematic of constructing.ensemble algorithms [20]
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Figure 2: Theproposed classification model based on the Random Forest algorithm
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Figure 3: a) The designed testrig in SolidWorks, b) Detailed design of the gearbox, ¢) The loading mechanism applied to the
output shaft of the gearbox using a belt under tension of.a weight
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gearbox
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Figure 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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Figure 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) Horizontal and vertical measurements at point 2
(output of the gearbox) and c) Axial measurements at points 1 and 2
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Figure 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
alass gdan o0 s iy, S alas (Sinss ol oW ;> Cardg
¥ Y Y \ Comdg WIS

Cagr— ald p o o3l g o 390T 0010 Afgazmo (59 by 510y il 1 (Siue Siainb e B F Jgur
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Train Confusion Matrix IA, accuracy= 82.0755% Test Confusion Matrix IA, accuracy= 76.9231%
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Figure 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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Figure 9: Confusion matrix of SVM classifier for training data (left) and test data(right) at the input point of the gearbox, in
horizontal direction™
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Figure 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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Figure 11: Confusion matrix of SVM classifier for training data (left) and test data (right) at the output point of the gearbox,
in axial direction
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Figure 12: Confusion matrix of SVM classifier for training data (left) and test data(right) at the output point of the gearbox,
in horizontal direction

Train Confusion Matrix OV, accuracy= 88.6792% Test Confusion Matrix OV, accuracy=92.3077%
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Figure 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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Figure 14: Confusion matrixof the proposed classifier for training data (left) and test data (right)
D9l oo Ly o Jde o dawgd (Giolejl aiges SO (sl oal ools Lasad (S ol il o lebl mhaw acwlxe gl
Tl (50055 Slp G S9Son dmle (K000 agle (S5 3l 0l 0dld anis Sl WS SlsF B yel )l aslsl o
g oo oold Jow 4 islesl diges Y8 asd (398 Sloedys b mille 050 0 o S o JSlg3l8 Lolie ( WIS jo oyl
el 00l dilore i ansetd bbbl mlau g ool ploxil golpiing Jow lawsi o auels
solaul (V) abaly 9 Y-Y-V idu ;0 oo ools i aig, sl ciale;] @loosls (59, pawseis ,o oyluebl paw cposd lp
Oy iy 1Yo aST LM g el dislre B aseis Ll Amlaw ko g0 sl oS plad gl cakal, ) SST 4 00 5 o
Olisodsl zlas VO S5 o el 0000 ,5 5155 goleiing oS e Joe ol (e lgie 4 il oud aile liedsl mlas
Ml oz eizred Lol oals ooly Ll JB g Sl b b il Ased YE by ol alide oSS, L WS o aseid
coig ) F g T Ggy 55 o)1 (6Vb g sl oo ools olis a5 0590 &geb ogleds @b 0 pg5 Silis lawgs juo aiges ,o WIS
sl 00 ALdgs a0 Cew ol e yo s lis sl (False 5 True caase

IIIT+ITTT+TTiIilIIIiII;IiI

“m\ Y, A";“

IS

Class 1:Healthy
Class 2:Broken Tooth
Class 3:Root Crack
Class 4:Pitting

Confidence

)

Al

TestNumber
SialojT slresls ac goco diged Y5 plod (53, solisioy o5 po Joko Jawgi (oM 1o (e oyluses! el 110 JSUi
(39290 Yz F o sodld o )5 4 L)

30

4



Figure 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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Figure 16: Confusion matrix of the proposed classifier with 4 accelerometers for training data (left) and test data (right)
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Figure 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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Ensemble Learning based Model for Multi-Sensor
Vibration Data Fusion in Gearbox Diagnosis
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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 inulaboratory under four health states: no faults, root tooth crack, tooth breakage, and
pitting on the tooth, across varying loads and speeds. Vibration measurements were recorded at six points
(vertical, horizontal, and axial directions at input and output). A total of 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, and 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 than the individual
classifiers for each sensor. In addition, a method is introduced to calculate the confidence level of the diagnoses
from the proposed algorithm. It demonstrated thatthe ensemble 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 accuracy and confidence levels for the detected fault.
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Vibration Condition Monitoring, Gearbox Diagnosis, Ensemble Machine Learning, Confidence
Level, Sensor Fusion
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