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Abstract

Predictive maintenance and speed control of rotating machines are crucial in modern
industries due to the reduction of maintenance costs and the improvement of efficiency
and reliability. This paper presents a method for fault diagnosis and speed control of
induction motors. The proposed method employs two algorithms for fault diagnosis. In
the first algorithm, a novel method for extracting statistical, frequency, and energy
features is utilized, along with machine learning algorithms for fault classification. If
the fault detection accuracy of the first algorithm is not suitable, the second algorithm
is used. This algorithm utilizes a convolutional neural network (CNN) and an optimized
long short-term memory (LSTM) model. In this network, feature extraction and
selection are performed automatically. We present a new algorithm for optimizing
layers and parameters through an adaptive ant colony algorithm and likelihood
functions. The proposed methods are tested on three datasets. In the first dataset
collected for this research, the focus is on the healthy state, bearing fault, and uncoupled
condition. In the second dataset, we focus on the defects of the inner and outer rings of
the bearing. In the third dataset, eight cases are considered, including seven cases with
defects in the stator and rotor, and one healthy case. Vibration and acoustic data are
used for fault diagnosis. Then, a control algorithm, including a fractional-order optimal
control controller, is presented to control the motor speed, especially when it is under
fault conditions. The results indicate that the first algorithm is suitable for the first and
second datasets, while the second algorithm is more suitable for the third dataset.
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1- Introduction

Motors are essential and functional components in

various industries, including manufacturing,
agriculture, and power systems. According to the
World Energy Organization, in 2016, more than 50
percent of the world's electrical energy consumption
was accounted for by motors. Despite
improvements in motor efficiency, this percentage
is expected to increase by 2040. Additionally,

according to IEEE Standard 493, the average failure

rate of motors with a voltage of less than 1000 V is
8.24%. In the event of a motor failure, the time
required to shut down and replace the motor is 42 to
75 hours [1]. In a survey of 75 factories, these
factories had 100,114 motors, with an average of
1521 motors per factory [1]. According to the Niroo
Research Institute, approximately 2 million motors
are used in the Iranian industry, and around 60
million motors are used in the domestic sector.
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Given the high price of motors, diagnosing motor
faults is of great importance.

Due to their extensive use, motors are constantly
exposed to various mechanical and electrical
stresses that can lead to faults. These faults can arise
from inherent problems or adverse operating
conditions, leading to motor failure. As a result, if
the fault is not detected in time, it will lead to further
breakdowns and losses in the entire system. To
improve performance, the issues of motor fault
diagnosis and speed control have garnered the
attention of experts and researchers in recent years
[1, 2]. The importance of effective fault diagnosis
and condition monitoring of motors cannot be
overstated, as they play a vital role in minimizing
damage, extending the device's life, increasing its
availability, and reducing maintenance time and
costs. Fault detection is important in preventing
unexpected failures and preventing severe damage
to the entire drive system. Condition monitoring of
motors  increases reliability and  reduces
maintenance costs [3]. The implementation cost is
about $200, considering the combination of
modular software and hardware. Considering the
cost of low-power industrial motors, which range
from $150 to $200, it is cost-effective to diagnose
and repair motors before they fail.

Additionally, this cost savings is further increased
by reducing downtime in the event of a motor
failure. Various components of a motor are
susceptible to damage, and several factors,
including overload, unbalanced loads, and
mechanical stresses, can contribute to these
conditions. As shown in Figure 1, motor failures are
typically categorized into four main types: bearing
failures, stator failures, rotor failures, and other
types of failures [4]. Bearing problems are the most
common type of failure among various types [5].
Studies conducted by General Electric and IEEE-
IGA have shown that bearing failures are the
leading cause of motor failure, highlighting the
critical role of bearing failure detection in the
monitoring of rotating machinery.
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Figure 1: Percentage of motor faults.

2- Research Methods

This section introduces the proposed method for
fault detection and speed control of motors. In this
paper, we use three datasets with two different
algorithms. In the first algorithm, we utilize feature
extraction based on statistical, frequency, and
energy features, along with automatic feature
selection. In the second algorithm, we use automatic
feature extraction. In this method, the dataset is first
obtained, and then the channel selection process is
performed. In this case, based on the type of faults,
we select the appropriate data for the existing
hardware equipment, ensuring that the detection
accuracy is optimal and the detection is performed
at the lowest cost.

The dataset collected in this study includes
temperature, motor current, vibration, and acoustic
signals. Then, we use vibration and acoustic data
according to the faults, which in this study focus on
mechanical faults. After that, we perform
preprocessing, including notch filtering and wavelet
transform. Then the window selection process is
performed, and the segmented data is fed into the
first algorithm. If the accuracy is not suitable, the
second algorithm and the optimized deep neural
network are used. The structure of the layers and
parameters of this network are optimally determined
using the adapted ant colony algorithm. Finally, the
designed controller controls the motor's speed. For
speed control, we used PWM and SPWM. In this
case, two PID controllers and one optimal controller
are used. In the initial stage, according to the
principle of simplicity, the PID controller is used.
Suppose the PID controller cannot control the speed
correctly. In this case, a fractional-order optimal
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controller is used to achieve the desired speed,
which can be achieved by adjusting the adjustable
voltage and current parameters. In the next stage, if
a fault occurs in the motor, the second PID
controller enters the control algorithm and tries to
control the speed using the simplest controller.

3- Results

In datasets with low fault detection complexity, the
first algorithm, which incorporates feature
extraction and feature selection through
classification using machine learning algorithms,
yields good results. The first and second datasets
were classified using the first algorithm; the
execution time for this algorithm on one instance is
less than 30 milliseconds. Initially, all features were
used with the feature selection algorithm. In the next
step, the number of features was reduced to two
using the PCA method, and the results were
satisfactory. Further reduction of features led to a
sharp decrease in accuracy. In the third dataset, the
complexity of fault detection is higher. The data
were classified into two states: with and without
load, at four different speeds, and in eight states,
including one healthy state and seven faulty states.
Machine learning algorithms were not suitable in
this case, so a deep neural network was used instead.
The classification result using the first vibration
sensor was the best. The result is better if a
combination of vibration and acoustic sensors is
used. The results for fault detection based on the
deep neural network are shown in Figure 2.
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Figure 2: Comparison of deep neural networks

4- Conclusion

This paper presents a hybrid approach for fault
detection and speed control of induction motors
under different operating conditions. The results
showed that the first classification algorithm, which
uses feature extraction, feature selection, and
machine learning algorithms, performs well on low-
complexity datasets. The algorithm was trained on
two datasets: the first contained two faults and one
healthy state, and the second contained six faults
and one healthy state. It reached the desired
accuracy in a shorter time (average 2 seconds).
However, the second algorithm, which utilizes
CNN and LSTM deep neural networks, performed
better on higher-complexity datasets that contain
different loads and speeds. Optimizing the network
structure and parameters using the adaptive ant
colony algorithm significantly improved both
detection accuracy and processing time.

Additionally, the combined use of vibration and
acoustic data yielded higher fault detection
accuracy. Additionally, the PID controller and the
provided
effective control over the motor speed under fault
conditions. They were able to control the speed

fractional-order optimal controller

when a fault occurred effectively. The proposed
method enhances the reliability of rotating systems,
such as motors, reduces maintenance costs, and
improves safety. As a result, this method can be
used as an effective solution in the industry to
improve the performance and safety of rotating
machines.
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Layer Layer name Kernel X unit Specifications Output shape #parameters
1 Conv 1D 5 x 64 Activation= ReLu, Strides=1 (None,996, 64) 384
2 MaxPooling 1D - Strides=2 (None,498, 64) 0
3 Conv 1D 3 x32 Activation= ReLu, Strides=1 (None,496, 64) 12352
4 MaxPooling 1D - Strides=2 (None,248, 64) 0
5 Conv 1D 3 X128 Activation= ReLu, Strides=1 (None,246, 128) 24704
6 MaxPooling 1D - Strides=2 (None, 123, 128) 0
7 Conv 1D 3 X 64 Activation= ReLu, Strides=1 (None,121, 64) 24640
8 MaxPooling 1D - Strides=2 (None,60, 64) 0
9 LSTM 64 Unit return_sequences=1rue (None,60, 32) 12416
10 LSTM 32 Unit - (None,64) 24832
11 Flatten - - (None,64) 0
12 Dense 1 x32 Relu (None,32) 2080
13 Dense 1x8 Softmax (None,8) 264
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# Algorithm Train accuracy Train time Test accuracy
1 Linear SVM 74.80 0.75 72.72
2 Fine KNN 100 0.16 95.45
3 Coarse KNN 100 0.08 90.90
4 Cosine KNN 81.10 0.07 77.27
5  Fine Tree 89.76 0.13 86.36
6  Coarse Tree 55.11 0.03 54.54
7  Ensemble- Bagged Trees 100 0.61 90.90
8  Ensemble- Subspace Discriminant 87.40 1.14 86.36
9  Ensemble- Subspace KNN 100 0.77 90.90
10 Narrow neural network 81.10 2.69 77.27
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Accuracy-PCA 2 Train time-PCA

B

Algorithm Accuracy Train time

features
1 Linear SVM 100 2.317 100 3.051
2 Quadratic SVM 100 2.547 100 2.897
3 Cubic SVM 100 2.721 100 3.547
4 Medium Gaussian SVM 100 2.547 100 3.117
5 Coarse Gaussian SVM 100 2.024 99.8 3.865
6 Fine KNN 100 1.756 100 2.763
7 Medium KNN 100 1.489 99.9 2.492
8 Coarse KNN 98.3 1.647 99.9 2.785
9 Cosine KNN 100 1.478 99.8 2.478
10 Cubic KNN 100 1.571 99.9 2.632
11 Weighted KNN 100 1.712 99.9 2.142
12 Fine Tree 99.9 1.988 99.8 2.158
13 Medium Tree 99.9 2.375 99.8 2.657
14 Ensemble- Bagged Trees 100 3.223 99.8 4.054

15 Ensemble- Subspace Discriminant 100 3.574 97.6 9.216
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Network Sensors Train Sensitivity F1 Score Train time Validation Test accuracy ~ Number of
accuracy accuracy parameters
13-Layers CNN [43] Al 97.73 97.76 97.72 - - - -
15-Layers CNN [43] Al 99.44 99.44 99.44 - - - -
CNN-LSTM [43] Al 99.96 99.96 99.96 9617.431 - - 127784
CNN-LSTM-Attention Al 99.81 99.81 99.81 6752.21 99.81 99.89 135016
Proposed CNN-LSTM Al 100 100 100 6118.137 99.96 99.96 65672
13-Layers CNN [43] A2 80.58 80.48 80.59 - - - -
15-Layers CNN [43] A2 83.44 83.43 83.42 - - - -
CNN-LSTM [43] A2 98.88 98.87 98.88 9789.228 - - 127784
Proposed CNN-LSTM A2 98.98 98.98 98.98 4032.095 96.21 96.19 65672
13-Layers CNN [43] A3 82.89 82.91 82.85 - - - -
15-Layers CNN [43] A3 87.43 87.35 87.33 - - - -
CNN-LSTM [43] A3 99.37 99.36 99.36 9870.883 - - 127784
CNN [43] - 72.73 - - - - - -
ChebyNet [44] - 65.80 - - - - - -
MLP [44] - 63.1 - - - - - -
Self-Training [44] - 48.71 - - - - - -
ME-GNN [44] - 97.7 - - - - - -
Proposed CNN-LSTM A3 99.34 99.34 99.34 5076.251 97.28 97.17 65672
Proposed CNN-LSTM Acou 97.39 97.39 97.39 3924.012 95.16 95.08 65672
Proposed CNN-LSTM Al, A2, 99.94 99.94 99.94 15612.234 99.63 99.73 65672
A3
Proposed CNN-LSTM Al, A2, 100 100 100 15273.091 100 100 65672
Acou
Proposed CNN-LSTM Al, A3, 100 100 100 16175.287 100 100 65672

Acou
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