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GENERAL CHARACTERISTICS OF THE WORK

Relevance of the topic. The application of combined cycle power plants (CCPPs) has
significantly transformed the energy generation sector by enhancing efficiency and reducing
environmental impact. These plants integrate gas and steam turbines to achieve higher thermal
efficiency than traditional fossil fuel-based generation methods.

However, while CCPPs are central to power production, they also face significant challenges.
A primary challenge is the mechanical stress experienced by their components, particularly mechanical
vibrations. If left unmanaged, these vibrations can lead to material wear and fatigue, jeopardizing plant
safety and efficiency, and resulting in costly downtime.

Traditional vibration monitoring methods in power plants rely on scheduled maintenance and
the use of vibration sensors to detect abnormal conditions. However, with the advent of advanced
computational methods, machine learning (ML) offers a transformative approach to vibration analysis
that could revolutionize mechanical stress management in CCPPs. Machine learning methods,
especially those designed for fault detection, have gained recognition for their ability to identify
patterns and predict equipment failure before it occurs. Fault detection algorithms can accurately
identify unusual patterns indicative of potential problems by analyzing both statistical and real-time
operational data. The integration of these methods into CCPPs promises to enhance traditional
monitoring systems by providing early warnings and enabling proactive measures to prevent failures.
This constitutes a relevant scientific task with significant practical importance.

This dissertation explores the application of machine learning algorithms for detecting and
predicting abnormal vibration patterns in the mechanical components of CCPPs. By combining data-
driven models with traditional vibration analysis, this research aims to create a predictive maintenance
framework that enhances operational reliability and efficiency. Through a comprehensive analysis of
statistical vibration data and real-time monitoring data, machine learning models can potentially
identify subtle changes in vibration signatures that precede mechanical failures, offering a novel
perspective on predictive maintenance.

The degree of development of the research topic. This study focuses on the implementation
of a solution designed to provide predictive maintenance capabilities for a gas power plant in Kirkuk,
Irag. The LSTM-autoencoder neural network model developed in this research demonstrates a fault
detection accuracy of 96.10%, illustrating its high capability for learning and predicting complex
patterns from plant operational data. Its effectiveness is superior compared to other recognized anomaly
detection methods, such as One-Class Support Vector Machine (SVM) (12.64% accuracy), the
Isolation Forest algorithm (11.71% accuracy), and the K-Means clustering method (accuracy of
83.64%). The success of the study testifies to the efficacy of the LSTM-autoencoder model in
predictive maintenance applications for power plants.

Purpose of the work. The aim of this work is to develop a neural network for enhanced real-
time detection of operational deviations in power plant turbines, and to identify the most suitable neural
network model for these conditions, ensuring optimal accuracy and reliability for operational
monitoring.

Research objectives:

I-Creation of an integrated dataset by extracting the output data from the piezoelectric
accelerometer CA 202 installed on the Siemens SGTS 4000F gas turbine power plant in Kirkuk, and
normalization of this dataset to teach deep machine learning models.

2-Development of an autoencoder structure with feature selection capabilities, allowing for the
selective saving of key features when obtaining a coded representation of time series data.

3-Create an optimized LSTM model and train it on the specialized dataset for the effective
detection of anomalies in the data.




Object of research: A predictive model for identifying potential mechanical faults based on
deviations of the vibration signature from the current operational regime.

The research subject is Analysis of vibration effects from defects on mechanical components
of the Siemens SGT5-4000F gas turbine.

Scientific novelty.

1. The development of the DLSTM-Autoencoder model represents a novel approach in
the field of anomaly detection within time series data, especially given its application in complex
industrial environments.

2. Integrating DLSTM layers into the Autoencoder framework introduces a novel
dimension to the anomaly detection process.

The theoretical significance of this work lies in its presentation of novel methodologies for
detecting abnormalities in time series data gathered from industrial environments through various
monitoring systems.

The practical significance of the work is that:

1. Comparison of the efficiency of different models of neural network for predictive
analysis of the state of gas turbine Siemens SGT5-4000F, as the most efficient model determined
LSTM with three hidden layers.

2. The optimized LSTM model, developed and trained on a specialized dataset, enables
early anomaly detection. This facilitates the rapid identification of faults in the Siemens SGT5-4000F
turbine installed at the Kirkuk power plant, Irag. Early diagnosis reduces unit downtime through timely
defect resolution, achieves maintenance cost reduction via proactive problem identification and
resolution, and prevents catastrophic failures.

Methods of research:

1. Methodology designed for investigating the vibration effect on CCPP mechanical
components using ML techniques.

2. Data collection includes historical and real-time vibration measurements from
operational CCPPs.

3. ML algorithms selected and evaluated for pattern recognition of mechanical anomalies.

4. Anomaly detection framework tailored for CCPP vibration data, including feature
extraction and unsupervised learning.

5. Integration of ML algorithms into a real-time monitoring system for continuous
component condition evaluation.

6. Model validation through retrospective analysis and prospective testing, focusing on
key metrics.

Provisions to be defended:

1. Study of existing methods of diagnosis using machine learning and selection of the most
effective method for the collection of raw data on vibration condition of power plant equipment in
Kirkuk, Iraq.

2. Integration of the developed methodology into the existing ACU TPs to increase the
detection speed and accuracy of new vibration anomalies on working equipment.

Reliability of the results. The DLSTM-Autoencoder model developed in this research
demonstrates an impressive anomaly detection accuracy of 96.10%, illustrating its strong ability to
learn and forecast intricate patterns within the power plant's operational data. Its efficiency becomes
even more apparent when compared with other existing anomaly detection methods, such as One-Class



SVM (12.64% accuracy), Isolation Forest (11.71% accuracy), and K-Means clustering (83.64%
accuracy). This is a significant improvement.

Implementation of research results. The study received funding from an Iraqi organization
to address early detection. Over the past year, the results of this study have been used effectively with
a positive economic impact. Received a letter of recommendation from the Ministry of Electricity
Production of the Republic of Iraq, located in the northern region of the Kirkuk power plant, confirming
the effectiveness of the use of the project results at the power plant.

Reliability and validation of results. The study represents a significant contribution to the
field of mechanical engineering and focuses on predictive maintenance, detection of malfunctions, and
detection of anomalies in the vibration state of the equipment of combined cycle power plants. The
work uses advanced methodologies, including machine learning and deep learning models, to improve
the reliability and accuracy of the detection of anomalies in the vibrational state.

The data used for this study were collected at the Kirkuk Power Plant, a large gas-fired
combined-cycle power plant in Irag. Founded in 2005, the Kirkuk power plant has a capacity of 622
MW. The equipment includes gas turbines Siemens SGT-1000F and SGT5-4000F.

Key aspects of the data collection process include:

Extensive sensor deployment: A large network of sensors has been installed at the power plant,
including the CA 202 accelerometer for detecting imbalances and inadequacies, and the TQ 402
proximity sensor for capturing shaft displacement. These sensors are located to ensure complete data
collection of critical components.

Data collection period: Vibration data collected over six months to create a reliable and
representative dataset.

Data preparation: To address the limited availability of anomalous data, pre-processing
techniques were applied, including data enhancement techniques such as symmetrical reflection and
noise addition. This has increased the reliability of developed models of deep learning.

The study enabled a shift from reactive to proactive service strategies by integrating advanced
anomaly detection models, such as LSTM autoencoders, into predictive service systems.

Scientific achievements include:

1. Development of a computer program to detect vibration anomalies of rotating
equipment based on various practical algorithms. Computer program 2024663540, 07.06.2024.
2. Intelligent detection of anomalies with high accuracy in the system online, monitoring

turbines and power plants. Computer program 2024663703, 10.06.2024.
Five articles were published in the international peer-reviewed journals SCOPUS/WQOS, and
the results of the studies were presented at three international conferences.

Structure and scope of work. The dissertation consists of an introduction, six chapters, and a
list of literature. The total volume of the dissertation is 161 pages of the main text, containing 61
pictures and 5 algorithms; the list of literature contains 112 sources.

MAIN CONTENT
The introduction describes the current state of technologies in the field of thermal energy
and justifies the relevance of timely diagnosis of equipment of power plants to reduce operating
costs, improve operational efficiency, and environmental safety through the improvement of a
vibration diagnostics system using neural network and machine learning methods.

The first chapter discusses several key aspects of combined-cycle power plant operation. This
chapter outlines the relevance and purpose of the current study on the application of machine learning
(ML) methods for the analysis of mechanical vibrations of combined cycle power plant equipment.



Combined cycle power plants have been shown to revolutionize electricity production and show
improved fuel efficiency and reduced environmental impact. The problems associated with mechanical
vibrations, which could lead to safety risks and costly equipment failures if not addressed in advance,
were discussed. Machine learning offers a change in the approach to vibration analysis, which allows
for early detection of anomalies by identifying patterns in archival and current data.

The second chapter presents an overview of literature and publications on the causes of turbine
group vibration. The particular importance of the problem of vibration on rotating equipment for
combined cycle power plants is considered, and increased vibration can cause serious operational
problems on equipment and lead to accidents, i.e., with catastrophic consequences.

This chapter describes a comprehensive approach to vibration analysis aimed at identifying the
components most susceptible to vibration, understanding the root causes of these vibrations, and
exploring proactive strategies and technological solutions to reduce or eliminate these vibrations.
Detailed study of the causes of mechanical failures caused by vibration, including shaft imbalance and
misalignment, critical speed problems, and the effect of short-circuit rotor turns.

Considering these aspects, the author has laid the foundation for developing more sustainable
and cost-effective maintenance strategies for combined cycle power plants, ultimately aimed at
reducing the risk of component damage, improving operational stability and achieving significant
maintenance savings. The discussion is intended to address the global goal of improving the efficiency
and reliability of electricity generation in combined-cycle power plants through modern methods of
vibration analysis and dampening.

In the third chapter, a structural analysis of vibration signals and monitoring systems is carried
out. Predictive maintenance has received considerable attention in recent years, especially for
electricity generation facilities such as combined cycle power plants. Special attention to the analysis
of vibration on rotating equipment is due to the direct effect of the level of vibration on operational
efficiency and safety. Anomalies in vibration characteristics often lead to mechanical failures, so their
early detection and analysis are crucial for maintaining uninterrupted power generation and minimizing
downtime.

Predictive maintenance strategies, especially those based on vibration analysis, play an
important role in predicting potential failures of critical power plant components. Using advanced
analytical procedures, power plants can anticipate maintenance needs, thereby optimizing operational
efficiency and reducing the likelihood of unplanned outages. To process these signals, methods such
as fast Fourier transform analysis and frequency-time analysis are used to identify common types of
failures, such as bearing wear and rotor misalignment.
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the Kirkuk power plant, illustrating severe
mechanical wear and thermal fatigue.

Figure 1 shows extensive damage to the blades of a gas turbine at the Kirkuk power plant,
showing severe mechanical wear and thermal fatigue. This indicates a critical operational failure with
significant implications for the power generation efficiency and reliability of the plant. Mechanical
failures in power plants, especially for turbines, are mainly caused by vibrations arising from a variety
of causes, including shaft imbalance, resonance, and mechanical friction. High-quality sensors play a



key role in accurate vibration monitoring, providing the data needed to effectively analyze and predict
potential faults. Different types of sensors are used to collect various aspects of vibration data,
including accelerometers and non-contact sensors, each providing unique information on the condition
of equipment.

The current vibration measurement and analysis process consists of two stages: data
collection using a variety of sensors, and data analysis using signal processing tools. Each step
presents its own set of problems, from the selection of suitable sensors to the efficient processing of
raw data into valid conclusions.

Over the past decade, machine learning (ML) and in-depth training have become
indispensable tools for analyzing failure data. The ML methods are generally classified into two
categories: those that teach with a teacher and those that teach without a teacher.

Deep learning, a subset of machine learning, involves complex algorithms such as recursive
neural networks (RNNs), autoencoders, and retrieval neural networks. These algorithms are excellent
at handling complex data structures and learning multi-level representations, which are key for
monitoring the state of machines in different systems. Moreover, hybrid approaches to learning have
emerged that combine elements of both teacher-led and unteaching-led learning.

The main objective of this study is to address the critical need for improved real-time anomaly
detection for turbine power plants where traditional methods are not able to handle complex,
multidimensional time series.

Chapter four presents the organization of a pilot study, including data collection and
production. The research site is in Kirkuk, Irag. The station has an installed capacity of 622 MW and
is a key element in Iraq’s energy infrastructure. The power plant was put into operation in February
2005, with installed equipment - modern gas turbines Siemens SGT series.

The extensive network of sensors installed on power plant equipment provides a comprehensive
data set covering a wide range of operational parameters and performance indicators. Figure 2 shows
the control panel for the overspeed protection system at the Kirkuk gas power plant. The obtained data
Is used to train deep learning algorithms for detecting and predicting anomalies in real time. The data
on turbomachinery failures and power plant maintenance problems provide a direct view of the
operational problems encountered over many years. It took more than six months to collect a detailed
and comprehensive set of data, including both normal and emergency operating modes of the gas
turbine, recorded by the CA 202 accelerometer. This work was particularly difficult and time-
consuming due to the rarity of accident events in power plant operations, which required careful
monitoring and data collection. For 6 months, the data collection on vibration with a sampling
frequency of 1s, according to the comprehensive array of sensors. During this period, the power plants
faced several technical problems, ranging from increased vibration in the turbine bearings to corrosion
of the turbine blades, which required preventive maintenance and unplanned repairs.
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Figure 2. The control panel for the Overspeed Protection System at the Kirkuk Gas power plant,
featuring two independent systems for redundancy.

(a) (b)
Figure 3. Equipment used to measure the vibration velocity of turbines in Kirkuk Gas power plant,
(@) The CA 202 accelerometer, (b) the signal conditioner IPC 704 converts a charge-based signal
from a piezoelectric transducer into a current or voltage signal.

Vibration data collected using the advanced VIBRO-METER system forms a dataset for the
development of machine learning models that provide a deep understanding of the power plant’s
operating status. Modern instruments were used as sensors, i.e., the piezoelectric accelerometer CA
202 and the signal converter IPC 704, which underlines the desire of the power plant to implement

advanced technologies to ensure the accuracy and reliability of vibration data on equipment elements
(Figures 3 and 4).

) ‘ |
Figure 4. Placement of CA 202 accelerometer sensors throughout various sections of the gas turbine
at the Kirkuk power plant.

Figure 5 shows an anomaly detected by the VIBRO-METER monitoring system.
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Figure 5. Vibration monitoring data from the Kirkuk gas turbine and compressor system were
obtained from the monitoring system installed on the power plant.

In Fig. 6, D; is the vibration velocity of the turbine bearing, and D, presents the turbine relative

shaft vibration, which is used as the dataset for the training and testing phases in the deep learning
model.
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Figure 6 The output of the VIBRO-METER monitoring system used in the Kirkuk Gas Power Plant.

The effectiveness of an anomaly detection model heavily relies on the quality of the input data.
In this research we have implemented several preprocessing steps, include: (1) standardization, which
adjusts data to have a mean of zero and a standard deviation of one, (2) normalization, which transforms
datato a range of 0 to 1 or -1 to 1 (also known as Min-Max scaling), are essential and (3) data cleaning
is equally vital, ensuring the removal of any missing or inaccurate values that may have arisen during
data collection. To maintain consistency in the dataset's length for neural network input, missing values
are set to zero.
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Figure 7. The measured vibration displacement of a turbine shaft at the Kirkuk power plant.

In Figure 7, the displacement of a turbine shaft's vibration at the Kirkuk power plant is depicted
over a sequence of 400 samples. However, there was a shortage of anomalous data in the dataset. To
counter this, anomalous data were manually generated from the original dataset using various
techniques such as symmetrical flipping and noise addition. These techniques expanded the anomalous
samples, with the anomalous data randomly drifting upwards or downwards, while Gaussian white
noise was applied to create additional samples with the same anomaly label.

To address the issues of data scarcity and insufficient anomaly examples in the dataset, two key
data augmentation techniques were employed: symmetric reflection and temporal transformation,
supplemented by additional methods such as noise addition.

In the fifth chapter, the process of developing advanced anomaly detection using deep learning
techniques is presented. The DLSTM-Autoencoder model introduces a sophisticated approach to
anomaly detection within time-series data, especially in complex industrial contexts. By integrating
Deep Long Short-Term Memory (DLSTM) networks with Autoencoders, the model leverages the
strengths of both to adeptly capture and analyze complex temporal patterns and anomalies in data
sequences. This integration is particularly effective due to the complementary nature of DLSTMSs'
temporal sensitivity and Autoencoders' capability for dimensionality reduction and feature extraction.
The architecture of the DLSTM-Autoencoder is structured within an encoder-decoder framework,
specifically designed to tackle the nuances of time-series data reconstruction and to identify anomalies
by examining the discrepancies between the original inputs and their reconstructions. The model is
defined by several key mathematical components:

DLSTM Networks: The DLSTM layers are pivotal for capturing the temporal dependencies

within the data. A DLSTM cell's functionality is encapsulated by a series of equations, each
representing a different gate or state within the cell. The mathematical formulation is typically as
follows:

Forget Gate (f;): Controls the extent to which a value remains in the cell state, Eq.1.

fe =o(Wr - [he — 1,x¢] + bf) (1)
Input Gate (i;): Decides which new information is added to the cell state, Eq.2.
ir = oW - [he = 1L,x] + by) 2)
Candidate Layer (C;): Creates a candidate vector to add to the cell state, Eq.3.
C; = tanh(W, - [h; — 1,xt] + b,) (3)
Cell State Update (C; ): Updates the cell state by forgetting and adding new information, Eq.4.
Ct:ft*ct_l'i'it*ét 4)
Output Gate (o;): Determines the next hidden state output, Eq.5.
op = oW, - [ht — 1,x] + b,) (5)
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Output (h;): The final output of the DLSTM cell, Eq.6.

h; = o, * tanh(C,), (6)
where ¢ denotes the sigmoid function ,tanh is the hyperbolic tangent function , Wand b represent the
weights and biases of the respective gates ,xt is the input at time step t, ht — 1 is the previous hidden
state, and C; is the current cell state. The DLSTM unit, as depicted in Fig.8, is designed based on Egs.
(1)-(6).

Cell State

Figure 8. The detailed view of an LSTM unit, a building block of LSTM neural networks known for
their ability to capture long-term dependencies in sequence data.

Autoencoder: The part of the model is designed for dimensionality reduction and feature
extraction, consisting of an encoder that compresses the data and a decoder that attempts to reconstruct
the original data from this compressed form. The reconstruction error, typically quantified using the
Mean Squared Error (MSE), is a critical component for anomaly detection.

Encoder: Compresses the input X to a latent representation Z using learned weights W, and
biases b, , Eq.7.

Z=0cW,X+b,) (7)
Decoder: Attempts to reconstruct X from Z, using weights W, and biases b, , EQ.8.
)? = U(WdZ + bd) (8)

Mean Squared Error (MSE): Quantifies the reconstruction error.

The innovative use of LSTM layers to capture time dependencies, combined with autoencoder
efficiency in data compression and recovery, makes the LSTM-Autoencoder model particularly
suitable for detecting anomalies in time series.
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Algorithm 1 Deep LSTM-Autoencoder for Anomaly Detection
1: Define Autoencoder:

2:  Encoder:
3: Input Layer
4: Dense Layer 1 (128 neurons)
5: Dense Layer 2 (64 neurons)
6: Latent Layer (16 neurons)
7 Decoder:
8: Latent Layer (Input from Encoder)
9: Dense Layer 1 (64 neurons)
10 Dense Layer 2 (128 neurons)
11: Output Layer
12:  Loss Function: Mean Squared Error (MSE)
13:  Optimizer: Adam
14: Define DLSTM Model:
15:  Input: Three-dimensional tensor (time sequences)
16:  LSTM Layer 1 (200 units, return_sequence=True)
17:  LSTM Layer 2 (100 units, return_sequence=True)
18:  LSTM Layer 3 (200 units, return_sequence=False)
19:  Dense Output Layer (3 units)
20:  Batch Size: 64
:  Dropout Rate: 0.1

SV )
SV

: Training the Autoencoder:

Train with vibration data

24:  Extract features and reduce dimensionality

25: Training the DLSTM Model:

26:  Train with reduced features from Autoencoder
27: Anomaly Detection and Prediction:

28:  For each new data point:

%)
@

29: Apply Autoencoder to reduce features

30: Input reduced features to DLSTM Model

31: Predict future values

32: Calculate total error across all sensors

33: Use anomaly scoring for deviations

34: Refine errors, determine cut-off for anomalies

Results and discussion.

A thorough comparison was performed to assess the accuracy of the LSTM autoencoder
developed in the study compared to four models in the field of anomaly detection: one class vector
support method, isolation forest algorithm, local emission level, and K-clustering method. Comparing
the LSTM autoencoder model with these widely used methods, it was possible to determine its relative
performance and outline its potential advantages in detecting anomalies. This comparative analysis not
only compares the LSTM model with traditional approaches but also sheds light on its unique
capabilities and contribution to anomaly detection.

Figure 9 presents a comparative analysis of the accuracy of the proposed models, revealing
significant differences between them. Equation (9) shows how to measure the accuracy of a
classification model by calculating the percentage of true positive and true negative predictions from
all predictions made.

A TN+ TP 100% ©9)
= X
CCUraCY = TN+ TP+ FN + FP 0

Variables in (9): Accuracy is the precision; TN (true negatives) are the correctly identified
negatives; TP (true positives) are the correctly identified positives; FN (false negatives) are the

12



positives incorrectly identified as negatives; FP (false positives) are the negatives incorrectly identified
as positives.

Model Accuracies
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Figure 9. Comparison of anomaly detection model accuracies, highlighting the superior performance
of the designed DLSTM-Autoencoder over traditional models ((a) Isolation Forest; (b) One-Class
Support Vector Machine; (c) Local Outlier Factor; (d) K-Means Clustering; () LSTM Autoencoder).

The isolation forest models, and the one-class method of support vectors show relatively low
accuracy with 11.71% and 12.64% respectively. According to Figure 9, the proposed models may have
limitations in detecting complex anomalous patterns in a data set. By contrast, the K Means clustering
method shows a significant increase in accuracy, reaching a value of 83.64%. However, it is the LSTM
autoencoder that provides the best 96.10% accuracy. This result highlights the high capacity of the
developed LSTM autoencoder to predict future time series data, due to its ability to learn long-term
dependencies and complex data patterns. Studying the matrices for different anomaly detection models
provides informative data regarding their performance.

For the isolation forest algorithm, peer support vector method, local emission level, K-Means
clustering method, and LSTM autoencoder matrices show a sharp contrast in models' ability to
correctly classify normal and abnormal incidents in the test data set (Figure 10). The Les isolation
model shows a large number of true negative results (466), but also a significant number of false
positive results (72), indicating a tendency to mislabel normal incidents as anomalies. Models of the
same-class vector support method and local emission level show even more false-positive results (475
and 470, respectively), implying a high degree of misclassification, which is especially critical when
anomalies are detected, where detection accuracy is important. At the same time, the K-Means
clustering model with 450 true negatives and 88 false positives suggests a better, though not ideal,
detection capability. This implies a moderate difference between normal data and anomalies, but the
number of false-positive results remains significant. The LSTM-autoencoder model developed by the
author, with an impressive number of 517 true negatives and only 21 false positives, shows excellent
precision in distinguishing between normal and anomalous data. A small number of false positive
results indicates the high specificity of the model and its ability to synthesize learning data well without
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being misled by inherent noise or non-anomalous variations. The results from the error matrices
suggest that the LSTM-autoencoder model is far superior to its counterparts in distinguishing normal
operation and anomalies within the dataset. Isolation forest models, one-class vector support method,
and local emission level demonstrate a high degree of false positive results, which can lead to
unnecessary alerts in practical applications, thereby reducing the reliability of the detection system's
anomalies. The K-Means clustering approach is better than previous models but does not achieve
LSTM autoencoder accuracy. This may be due to the sensitivity of K-Means to the selection of initial
centroids and its tendency to form spherical clusters, which do not always correspond to the distribution
of anomalies. The high precision of the LSTM autoencoder is due to its ability to learn complex time
dependencies in data, which are not found in traditional models for anomaly detection. This
characteristic is crucial for time series data, where the sequence of observations and their time context
play a significant role in determining what is considered normal behavior versus an anomaly. Figures
11, 12, and 13 present the result of the anomaly detection algorithm based on the author’s LSTM-
autoencoder model.

Confusion Matrix for Local Qutlier Factor Confusion Matrix for Isolation Forest Confusion Matrix for K-Means
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Figure 10. Confusion matrices for anomaly detection models.
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Figure 11. Detected anomaly through using the proposed developed DLSTM-Autoencoder, ()
Segment-1, (b) Segment-2, and (c) Segment-3 of the test dataset.
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Figure 12. Detected anomaly through using the proposed developed DLSTM-Autoencoder, ()
Segment-4, (b) Segment-5, and (c) Segment-6 of the test dataset.
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Figure 13. Detected anomaly through using the proposed developed DLSTM-Autoencoder, (a)
Segment-7, (b) Segment-8, and (c) Segment-9 of the test dataset.

In the sixth chapter, we proposed the conclusions:

1. This research emphasizes the criticality of proactive maintenance schedules in power plants
to prevent significant system damage and effectively reduce maintenance time and costs. It underscores
the importance of such measures for the sustainable and efficient operation of power plants,
highlighting the necessity for timely intervention to prevent larger-scale operational failures. A
significant contribution of this study is the development of a method that leverages the latent layer
output of an Autoencoder to reduce the volume of input data, thereby distilling essential features from
complex time series data. The Autoencoder's effectiveness in reconstructing patterns in time series data
by retaining relevant features underscores its utility in understanding and predicting the health state of
power plant systems.

2. Furthermore, an anomaly detection approach was presented, utilizing the encoder's latent
layer output to train a Deep Long Short-Term Memory (DLSTM) model with three hidden layers. This
model enhances the precision of fault assessments, particularly in gas turbines, indicating its potential
for improving predictive maintenance strategies. By employing vibration analysis in conjunction with
a DLSTM-Autoencoder model for gas turbine fault detection, the study addresses significant issues
related to rotary machinery. The integration of these techniques contributes to more accurate anomaly
detection, supporting the development of predictive maintenance strategies that enhance the reliability,
safety, and efficiency of industrial machinery operations. The anomaly detection model, a combination
of an Autoencoder for feature reduction and a DLSTM for prediction, is meticulously designed to
identify and predict anomalies in time series data. The process starts with the Autoencoder compressing
and encoding input data to reduce its complexity while retaining significant features for anomaly
detection. The DLSTM model then uses these encoded features to predict future states of the data,
anticipating potential anomalies based on learned patterns and correlations. The model's effectiveness
in enhancing predictive maintenance in power plants is thoroughly examined, with a focus on
identifying and predicting anomalous behavior that could indicate potential system issues. The model's
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configuration, including the Autoencoder for feature reduction and the DLSTM for accurate fault
prediction, demonstrates the value of a comprehensive dataset in enhancing learning capabilities and
the practical application of the model in real-world scenarios.

3. This project draws upon the real-world application of the proposed algorithm for online
anomaly detection related to gas turbines, which was successfully employed at the Kirkuk power plant
in Irag. The effectiveness of this approach has been confirmed through its application in an industrial
setting, underscoring the algorithm's relevance and potential in addressing critical maintenance
challenges within the power generation sector. The implementation of this algorithm at the Kirkuk
power plant exemplifies its practical benefits, offering a robust solution to enhance operational
reliability and efficiency while minimizing maintenance-related costs and downtime.

For future work, the research suggests several avenues to enhance predictive maintenance
further. These include integrating real-time data, enhancing synthetic data generation, developing
automated threshold determination algorithms, exploring multimodal data fusion, investigating human-
machine collaboration, and generalizing the methodologies to other industries.
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Ounenka Bo3eiicTBHA BUOpPALMU HA MeXaHUYeCKOe 000pPyA0BaHHE YJIEKTPOCTAHIUH
KOMOMHHPOBAHHOI0 LINKJIA
Anb-Texkputu Barban Xanun @axmu
HccnenoBanne NOCBSIIEHO aHANINW3y BO3JEHCTBUS BHOpAlMd Ha MEXaHMYECKHE YacTH
ANEKTPOCTAHIUN C KOMOMHMPOBAHHBIM IIMKJIOM PalOThI, B KOTOPOM 0c00O€ BHUMaHHE yaemseTcs
nepexony K HPEIUKTUBHOMY TEXHHYECKOMY OOCITYKHBAaHUIO C IOMOIIbIO TEPEAOBBIX METOJOB
MamuHHOro oOyueHus. J{ins oOHapykeHHs aHoManuii Obuta paspaborana HoBas monens LSTM-
ABTOSHKOJIEP, HCIIOb3YIOMIasi CUTHAJIBI BUOpALlMK 3eKTpocTaHuu B Kupkyke B KauecTBE OCHOBHOTO
HaOopa maHHBIX. MccnenoBaHue COCPEIOTOYEHO Ha CHOCOOHOCTH MOJENU BBISBIATH OLIMOKU B
JAHHBIX BPEMEHHBIX PSIOB, HCIONb3YsSd METOJbl YBEJIWYEHHS 00beMa JaHHBIX ISl yCTpaHEHUs
OTPaHMYEHHOW JOCTYNTHOCTH AHOMAJbHBIX JaHHBIX. llodyueHHBIE pe3ynabTaTel MOATBEPHKAAIOT
spdextuBHOCTE LSTM-aBrosHKOIEp B OOHapyKeHMH M TPOTHO3UPOBAHUU HEHCIPABHOCTEH,
noBbIas 3ppekTuBHOCTH PabOTHI M 6€30MaCHOCTh MPU OTHOBPEMEHHOM CHIDKEHHHM 3aTpart. byaymias
paboTa mpeanonaraeT pacliipeHre MPUMEHHMMOCTH MOJEIN M ONTUMH3ALUIO yBEJIWYeHHs] o0bema
JAHHBIX 17151 00Jiee MIMPOKOTO MPOMBIIIJIEHHOTO UCTIONIb30BaHMS.
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Analysis of the vibration effects on combined cycle power plant's mechanical parts
Al-Tekreeti Watban Khalid Fahmi

Research explores the analysis of vibration effects on the mechanical parts of combined cycle
power plants (CCPPs), emphasizing the transition to predictive maintenance through advanced
machine learning (ML) techniques. A novel Deep Long Short-Term Memory (DLSTM) Autoencoder
model was developed for anomaly detection, utilizing the Kirkuk Power Plant vibration signals as a
primary dataset. The study focuses on the model's ability to identify faults in time-series data,
leveraging data augmentation techniques to address limited anomalous data availability. The findings
validate the DLSTM-Autoencoder's effectiveness in detecting and predicting faults, enhancing
operational efficiency and safety while reducing costs. Future work suggests expanding the model's
applicability and optimizing data augmentation for broader industrial use.
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OBIIAS XAPAKTEPUCTHUKA PABOTDI

AKTyaJIbHOCTh TeMbl HccjegoBaHus. lIpuMeHnenue mnaporasosbix yctaHoBok (ITI'Y)
3HAYUTENNBHO IIpeoOpa3oBaio chepy reHepaluu SHEPruH, MOBBICUB IPPEKTUBHOCTh U COKPATHBILUX
BO3/ICICTBUS Ha OKPY KAIOILYIO CpPEly. DTH YCTAaHOBKH UCIIOJIb3YIOT MHTETPALIMIO Ia30BbIX U 1APOBIX
TypOMH JUIsl JOCTHXKEHUs Oojblled TemIoBOH >(PQPEKTUBHOCTH YeM TPAAULHUOHHBIE METO]IbI
reHepaluy Ha OCHOBE UCKOIIaeMOro TOIUIMBA.

Opnako, ¢ yderom Toro, yro I1I'Y 3aHMMAalOT LIEHTpaJIbBHOE MECTO B IPOU3BOJCTBE YHEPTUH,
OHU TaK)X€ CTAJIKHUBAIOTCS C HEKOTOPBHIMHU mpoOieMamu. OJHON M3 OCHOBHBIX HpPOOJEM SBISETCS
MEXaHMUYECKOE HANPSHKEHUE, UCTIBITHIBAEMOE NX KOMIIOHEHTaMH, OCOOCHHO MEXaHMYECKUE BUOPALIH.
Ecnu 5T BuOpanyuu He KOHTPOJIUPOBATh, OHU MOTYT MPUBECTU K M3HOCY M yCTAIOCTH MaTE€pPHAaJIOB,
yrpoxas 0e30MacHOCTH U 3PPEKTUBHOCTH YCTAHOBKH, @ TAKXKE IPUBOASL K JOPOTOCTOSIIHUM IIPOCTOSIM.

TpaauumoHHBIE METOIBI MOHUTOPHUHTAa BHOpanMid Ha 3JIEKTPOCTAHIMAX OCHOBAHBI Ha
IUIAHOBOM TEXHUYECKOM OOCIYKHMBAaHMM U HCIOJIB30BAaHUM BHOPALMOHHBIX JAaTYMKOB JUIs
OOHapy»eHHUsI aHOMAJbHBIX COCTOSHUN. OHAKO, C MOSBICHUEM IE€PENOBBIX BBIYMCIUTEIBHBIX
METO/10B, MallnHHOEe 00yuenue (ML) npeanaraet TpaHcGOpMUPYIOLIHIA TOAXO0/ K aHAIU3Y BUOpaLuii,
KOTOPBIN MOXKET PEBOJIIOLIMOHU3UPOBATh METOIBI YIIPABIICHHUSI MEXAaHUYECKUM HarpsbkenueM B 111V,
Metonbl MalIMHHOTO OOY4YeHMs, OCOOEHHO Te€, KOTOpble IpeAHAa3HAYEHbl JUIsI OOHAPYKEHMS
HEUCHPAaBHOCTEHM, NOJYyYWIM MpPU3HAHUE 3a CBOIO CIOCOOHOCTh BBIABIATH MATTEPHBI U
IPOTHO3UPOBAaTh OTKa3 OOOpPYIOBaHUSA JO €ro MposiBIEHUs. AJTOPUTMBI  OOHApY >KEHHs
HEUCIPAaBHOCTEHN JOCTaTOUHO TOUHO BBISABISIOT HEOOBIYHBIE TATTEPHBI, KOTOPHIE MOT'YT YKa3bIBaTh Ha
HNOTEHIMAJIbHbIE TPOOIEMbI, aHATU3UPYsI CTATUCTUYECKHE M TEKYLIME SKCIUTyaTallMOHHBIC JIaHHBIE.
Wuterpamus stux merogoB B [II'Y obemaer ycwinTh TpagulMOHHBIE CHUCTEMBI MOHUTOPHHIA,
IIPENOCTABIIA pAaHHUE MPENYNPEXACHUS M I03BOJIAA IPUHUMATh IIPOAKTUBHBIE MEPHI VIS
IPEIOTBPALICHUS] OTKA30B, YTO SBJSIETCS AaKTyaJlbHOM Hay4dHOH 3ajnadeil, umeroniel Oosbiioe
IIPAKTUYECKOE 3HAYCHHUE.

B nuccepranum ucciegyercs NPUMEHEHUE QJITOPUTMOB MAIIMHHOTO OOy4eHMs Ul
OoOHapy>KeHUsI U NPOTHO3MPOBAHUS AHOMAJIBHBIX BHMOPALMOHHBIX IAaTTEPHOB B MEXAHMUYECKUX
kommoHeHTax [II'Y. OObenussist MoJeNy, OCHOBAaHHBIE HA JAHHBIX, C TPAAWIHMOHHBIM aHATU30M
BUOpAIHii, 3TO UCCIIEJOBAaHUE HAMPABIEHO HA CO3/aHUE CTPYKTYpPbI IPEIUKTUBHOIO 00CITYKUBaHUS,
KOTOpasi yJIydlllaeT SKCIUTyaTallMOHHYI0 HaAeXkHOocTh M 3¢ dexkTuBHOCTh. [lyTem BcecTOpoHHETrO
aHajM3a CTATHCTUYECKUX JaHHBIX O BUOpalMAX W TEKYIIMX MOHMTOPHMHIOBBIX IaHHBIX, MOJEIHU
MaIIMHHOTO OOYY€HHs] MOTYT MOTEHLMAJIbHO BBIABIATH TOHKHE H3MEHEHUS B BUOPALMOHHBIX
CUTHATYypax, IPEeIUIECTBYIOINE MEXaHUUECKUM OTKa3aM, peylarasi HOBBIM B3IIA]] HAa IPEJUKTUBHOE
00cIy)KHBaHUE.

Crenenb pa3spadO0TaHHOCTH TeMbl MCCJIeI0BaHUsA. J[aHHOE HMCCIeN0BaHUE COCPENOTOUYEHO
Ha peanu3alliyd pelIeHHs, HalpaBICHHOTO Ha oO0ecrneYeHne BO3MOXKHOCTEH MPEAUKTUBHOIO
o0cITy>)kKMBaHUS Ha ra3oBoil anekTpoctaHuuu r. Kupkyk, Mpak. PazpaGoranHas B pamMkax JaHHOTO
uccieoBaHusl HeWpoHHOM cetn Mmojaenb LSTM-aBTosHKOAEpa JEMOHCTPUPYET TOYHOCTD
oOHapy>xeHus1 HeucnpaBHocTeil B 96,10%, niutoctpupys €€ BBICOKYIO COCOOHOCTh K OOYUYEHHIO U
MPOrHO3MPOBAHUIO CIIOKHBIX IATTEPHOB IO S3KCIUIyaTallUOHHBIM JaHHBIM AJIEKTpOCTaHIUU. EE
3 PEKTUBHOCTH BbIIIE B CPABHEHUH C IPYTMMHU NPU3HAHHBIMHM METO/aMU OOHapyKEeHUs aHOMaluil,
TaKUMH KaK OJIHOKJIACCOBBIH METOJ OMOpHBIX BekTopoB (SVM) (Ttounocts 12,64%), anroputm
u3onupymomero yeca (tounocts 11,71%) u meron knacrepuzammu K-Means (tounocts 83,64%).
VYcenex uccienoBaHusi sABJseTcsl cBUIETENbCTBOM 3¢ dekTuBHOCTH Mojenu LSTM-aBTosHkoziepa B
NPUIIOKEHUSAX MTPETUKTUBHOTO OOCITYKUBAHUS HA DJICKTPOCTAHIUIX.

Ieab pa6orsl. Llenpio qaHHOTO MCCIEAOBAaHUS SBISIETCS pa3padOTKa HEMPOHHOW ceTu IS
YIIyUYIIEHHOTO OOHapyKEeHUsI OTKIIOHEHUH B pexume paboThl TYpOMH 3JIEKTPOCTAHIUI B pealbHOM
BPEMEHH, U ONpENEICHUE Uil 3TUX YCIOBHM MOJEIN HEHPOHHOW CETH C HAWTy4dllled TOYHOCTBIO U
HaJIe)KHOCTBIO 3KCIUTyaTallMOHHOTO MOHUTOPHHTA.

3agayu ucciae10BaHus.

1. Co3ngaHue KOMIUIEKCHOTO Habopa IaHHBIX ITyTeM W3BJICUEHHS BBIXOJHBIX JaHHBIX C
nbe303j1ekTprudeckoro akcenmepomerpa CA 202, yCTaHOBJIEHHOrO Ha ra3oBOd TypOuHe Siemens
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SGT5-4000F snexrpocranmuu r. Kupkyk, u HOpMaiu3aius 3Toro Habopa JaHHBIX ISl OOydeHHs
rIIyOOKUX MOJIENIeH MAlTMHHOTO 00y4eHUsI.

2. PazpaboTka CTpyKTyphl aBTOJHKOJEpa C BO3MOXXHOCTSIMH BbIOOpa MPHU3HAKOB,
MO3BOJISIIOIIETO BBHIOOPOYHO COXPAHATH KIIFOUEBBIC NMPHU3HAKU MPU MOJIYYEHHUH 3aKOJAMPOBAHHOTO
MPEJICTaBICHUS BPEMEHHBIX PSJIOB IAHHBIX.

3. Coznmanue ontumusupoBanHoil moaenu LSTM u ee oOydeHue Ha crienuaibHOM Habope
JTaHHBIX 17151 9P PEKTUBHOTrO OOHAPYKEHUS aHOMAJIU B JTaHHBIX.

O0bekT uccaenoBanus: I[IporHocTuyeckass MOJENb Ui ONpPEICNCHHS MOTEHIMATbHBIX
MEXaHUYECKUX HEUCHPAaBHOCTEH MO OTKJIOHEHHIO BHOPAIIMOHHOTO COCTOSIHMSI OT TEKYILIEro
HKCIUTYyaTAIMOHHOTO PEKHMA.

IIpeaMeToM HMCC/IeI0BAHUS SIBJSIETCSl aHANM3 BHOpalMOHHBIX 3((PEeKTOB OT AedeKTOB Ha
MEXaHHUYECKUX KOMIIOHEHTax ra3oBoi Typounsl Siemens SGT5-4000F.

HayuyHasi HOBU3HA.

1. Paspaborka momemu LSTM-aBTosnkonepa mpexacraBiseT co0Oil HOBBIA MOAXOA B
obnactu oOHapy»eHHUsI OTKJIOHEHUN B JTAHHBIX BPEMEHHBIX PSAIOB, U €€ MPUMEHEHHE B PEalIbHBIX
YCIIOBHSIX TIPOMBIIUICHHOW AKCILTyaTaIiH.

2.  HUcnonb3oBanue cinoeB LSTM B cTpykType aBTO’HKO/Epa BHOCUT HOBOE M3MEpPEHUE B
nporecc OOHapyKEHHsI aHOMAIMI B UCXOIHBIX JTAHHBIX JJISl aHAJIH3A.

TeopeTnyeckasi 3HAYMMOCTh Pa00ThI 3aKJIK04YAETCs B pa3pabOTKe HOBOI METOAOIOTHH IS
OOHapyKEHUSI aHOMAJIMH B MCXO/HBIX JJAHHBIX BPEMEHHBIX PSIOB, TIOJYYSHHBIX U3 TMPOMBIIIICHHBIX
cucteM ACY TIIL.

IIpakTHyeckasi 3HAYMMOCTD PAGOThI 3aKII0YAETCH B TOM, YTO:

1. BromonHeHo cpaBHeHHE O()PEKTUBHOCTH PaA3NUYHBIX MojJeIed HelpoceTn i
NPEIMKTUBHOIO aHaIW3a COCTOSHHUS ra3oBod TypOunbl Siemens SGT5-4000F, kax wHaubosee
s dextuHas onpenenena moaenb LSTM ¢ tpems ciosmu.

2.  PazpaboranHas ¥ oOydeHHas Ha CIEIHAILHOM HAaOOpe TAHHBIX ONTUMH3UPOBAHHAS
mozenb LSTM no3BossieT oOHapyKUBaTh aHOMAJIMK Ha paHHEM 3Talle, 4YTO CIOCOOCTBYET OBICTPOMY
BBISIBJICHUIO HercipaBHOCTel TypOuHbl Siemens SGT5-4000F, ycraHOBIEHHOM Ha 3JICKTPOCTAHIIHH T.
Kupkyk, HMpak. PanHss nuarHocTuka COKpamlaeT MpPOCTON 3HEpPro0sioka 3a CYET CBOEBPEMEHHOIO
ycTpaHeHus: 1e(heKTOB, JOCTHUTAETCS CHIDKEHHE 3aTpaT Ha TEXHHYECKOe OOCITy)KMBaHHE 3a CYET
MPOAKTUBHOTO BBISIBICHUS U PEUICHUS MPoOIeM, MPEI0TBPAIIAIOTCSA KaTaCTPO(QUUECKHE OTKA3BI.

MeTtoasbl HccIeN0BAHUSA:

1.  Pa3paborana MeTOAOJOTHS AJSl UCCIEIOBAHMS BIWSHUS BUOpAllMM HA MEXaHUYECKHE
KOMITOHEHTBI JJIEKTPOCTAHIIMM C KOMOWHUPOBAHHBIM ITUKJIOM C HCIIOJNIB30BAHUEM METOOB
MAIIMHHOTO O0yYeHUSI.

2.  BemmonHeH cO0p MaccHBa UCXOIHBIX TAHHBIX, BKIIIOUYAsi apXHUBHBIC TJaHHBIC M H3MEPEHUS
BUOpAIMM B pealbHOM BPEMEHH, JIIsl 000py10BaHMSL AJIEKTPOCTAHIIUU C KOMOMHUPOBAHHBIM LIUKJIOM.
3.  BemmonHeH BBIOOp M OIEHKA MPUMEHHUMOCTH JITOPHUTMOB MAIIMHHOTO OOYUYEHWS ISt

pacrno3HaBaHMs 3aKOHOMEPHOCTEN MEXaHUYECKMX aHOMAJIUI

4.  PazpabortaHa cTpykTypa OOHapy>XeHHs aHOMallui, aJaNTUPOBAHHAs JJs JaHHBIX
BUOpAIMM DJIEKTPOCTAHIIMM C KOMOWHUPOBAHHBIM ILIMKJIOM, BKJIIOYas W3BJICYEHUE NPU3HAKOB U
HEKOHTPOJIUPYEMOE 00yUYEeHHE.

5.  BrImonHeHa MHTErpanus arOpUTMOB MALUIMHHOTO OOYy4eHHUs B CHCTEMY MOHMTOpPHHIA
BUOpALIMY B peaibHOM BPEMEHHU ISl HEIPEPHIBHOM OLIEHKU COCTOSTHUS Ta30BOM TYpOUHBI.

6.  PazpaboraHHas MoJiesib IpOBEpEHa Yepe3 pPeTPOCIEKTUBHBIN aHAIN3 U MEPCIIEKTUBHOE
TECTUPOBAHUE, COCPEJOTOUCHHOE Ha KIIFOUEBbIX METPUKAX.

IToJ107keHNs1, BBIHOCHMbIE HA 3AILMTY:

1.  HccnenoBaHue CYIIECTBYIOIIMX METOJOB JHWAarHOCTUKHA C MPUMEHEHHWEM MAaIIUHHOTO
oOyueHust ¥ BbI0Op Hanbosee 3(h(peKTUBHOroO MeToAa 17151 COOPAHHOTO MacCUBa UCXOAHBIX TAHHBIX MO
BUOPALIMOHHOMY COCTOSIHHIO 000py1oBaHUs 3ekTpocTaniuu r. Kupkyk, Upak.

2.  Huarerpanus pazpaboranHoi MeToaukH B cymiecTByomyo ACY TII snekrpocranuuu
JUTSI TOBBILIEHUS] CKOPOCTH OOHAPY’KEHUSI U TOUHOCTH OIPEJIETICHNsI HOBBIX BUOPALIMOHHBIX aHOMAaTUi
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Ha paboTaroieM 000pyI0BaHUH.

Hape:xHocth pe3yabTaToB. PaszpabotanHas B naHHOM wuccienoBanuu mojenmu LSTM-
aBTOZHKOJIEpa JEMOHCTPUPYET BIECUATIISIONIYI0O TOYHOCTh OOHapykeHus aHomaiuii B 96,10%,
WLTIOCTPUPYS. BBICOKYIO CIIOCOOHOCTH HEMpoceTH K OOyYeHHIO W MPOTHO3MPOBAHHUIO CIIOMXKHBIX
3aKOHOMEPHOCTEN Ha OCHOBE KCIUTYaTAlMOHHBIX JAHHBIX IEKTPOCTAaHLUHU. D(P(HEKTUBHOCTH MOJIEIH
LSTM BbIiie B CpaBHEHHUH C APYTUMH CYIIECTBYIOIIMMHU METOJaMH 00OHApPY>KEHHSI aHOMAJIUNA, TAKUMHU
KaK OJIHOKJIACCOBBIII METOJI OTIOPHBIX BEKTOPOB (TOUHOCTH 12,64%), anroputM H30JUPYIOLIETo Jieca
(rounocts 11,71%) u wmeron xknactepuzanuu K-Means (tounocts 83,64%), uTto siBAsieTcs
3HAYUTENIbHBIM YJIyUIIEHUEM.

Buenpenue  pe3yabTatoB  ucciaegoBaHus.  J[aHHOe — MccienoBaHUE — MOJIYYHIO
(¢uHaHCUPOBaHME OT MPAKCKOM OpraHu3alMM AJIs pelleHus MpoOieMbl paHHEro oOHapyskeHHs. 3a
NOCJTETHUI TOJ Pe3ybTaThl JAHHOTO HCCIeNOoBaHHUS ObLIH 3(P(PEKTHBHO HCIIONIB30BAaHBI, MPUHECS
HOJIOKHUTEIbHBIN 3KoHOMUYecKui 3P dekT. [loyueHo pekoMeH1aTeabHOe TMCbMO OT MUHUCTEPCTBA
NPOM3BOJICTBA AJIeKTpodHeprun PecnyOmuku Vpak, pacroio)K€HHOTO B CEBEpPHOM pETHOHE
anekTpocTanuuu Kupkyk, noarsepxaatomiee 3pPeKTUBHOCTh UCIONB30BaHUS PE3YIbTaTOB MIPOEKTA
HAa 3JIEKTPOCTaHLUH.

CreneHb 10CTOBEPHOCTH M anpolanus pe3yjbTaToB. VccienoBanue npeacTaBiseT coOon
3HAYUTEIBHBIM BKJIaH B 00JacTh MAIIMHOCTPOSHHS M COCPEAOTOYEHO Ha TNPEAUKTHBHOM
00CIly’)KUBaHUM, OOHApy)KEHUU HEUCIIPABHOCTEH U BBIABICHUH aHOMAJIMH B BHUOPALIMOHHOM
COCTOSIHUU 00OpYIOBaHHUSI AJIEKTPOCTAHIMKA KOMOWHHUPOBAHHOTO IHMKIA. B paboTe HCIOMB3yOTCS
nepesoBble METOJIO0JIOTHH, BKJIIOYAs MOJIENM MAUIMHHOTO OOY4YeHHs M TIyOOKOro oOyuyeHMs, Ui
MOBBILICHUS HAJIEKHOCTH U TOYHOCTH OOHAPYKEHUS aHOMaJIMi B BUOPAlIMOHHOM COCTOSIHUU.

JlaHHBIE, HCIOJB30BaHHbIE MAJISI 3TOr0 HcCcienoBaHusA, ObUM coOpaHbl Ha Kupkykckoi
AJIEKTPOCTAHLIUU, KPYIHOM ra3oBoil KOMOMHUPOBAaHHON 3nekTpocTaHiuu B Mpake. OcHoBaHHas B
2005 rony, Kupkykckast aIeKTpocTaHIIUg UMeeT MOITHOCTh 622 MBT, B cocTaB 000py0BaHUs BXOIST
ra3oBbie Typounbl Siemens SGT-1000F u SGT5-4000F.

KitoueBble acniekTsl npoliecca coopa JaHHbBIX BKIIHOYAIOT:

lupoxoe pazeepmvieanue oamuukog: Ha 31eKTpOCTaHIIMM YCTaHOBJIEHA Pa3BETBIEHHAS CETh
JaTYUKOB, BKIto4as akcesnepomerp CA 202 s oOHapyskeHHs JucOalaHCOB M HECHOCHOCTEH, AaTUMK
npubmokenus 1Q 402 s 3axBaTa CMENICHHS Baja. JTH JAaTYUKH Pa3MENICHBI I 00eCTICUCHUS
MOJTHOTO cOOpa TaHHBIX C KPUTUUECKH BAKHBIX KOMIIOHEHTOB.

Ilepuoo cobopa oawnnvix: JlaHHbIE O BUOpAIMU COOpaHbl 3a IIECTUMECSYHBIA TEPHOJ IS
CO3JIaHUsI HAJISKHOTO U MPEJICTABUTEIBHOTO HA0Opa JaHHBIX.

Iloozomoska Oanmeix: sl peuieHus] MpoOJeMbl OTPaHUYEHHOM JOCTYIMHOCTH aHOMAaJIbHBIX
JTAHHBIX ObUIM NMPUMEHEHbl METOJIbl MpeaBAapUTENIbHOW 00pabOTKM, BKIIOYAs METOMABI YBEIMUYCHUS
JAHHBIX, TAKME KaK CUMMETPUYHOE OTpa)k€HUE U J100aBlieHUE IIymMa. DTO 00ECHeUnsIo MOBBILIEHUE
Ha/IeKHOCTH pa3pabOTaHHBIX MOeNel r1yOoKoro o0yueHus.

HccnenoBanue no3BoyIWiO MEPEHTH OT MapaAUrMbl pEaKTUBHBIX K MPEAKTUBHBIM CTPATErHsIM
00CITy’)KMBaHUS IyTeM UHTErPaLlK MEPEOBbIX MOAee oOHapyKeHUs aHOMaJHi, TakuXx kKak LSTM-
ABTO3HKO/JIEP, B CUCTEMBI IPETUKTUBHOTO OOCITYKUBAHUS.

Hay4Hble 10CTHIKEHHS BKIIOYAIOT:

1. Pa3paboTKy KOMIIBIOTEpHOM MpOrpaMMbl JUIsi OOHAapy>XeHHs BHUOPALMOHHBIX AHOMAJIUN
Bpal[aloIerocsi 000py10BaHMs HA OCHOBE Pa3IMYHBIX MPAKTUYECKUX aaropuTmoB. [Iporpamma miis
OBM Ne 2024663540, 07.06.2024.

2. HTeuieKkTyanu3anuio oOHapyKeHUs: aHOMANIUi ¢ BBICOKOW TOYHOCTBIO B CUCTEME OHJIAiH-
MOHMTOpPHHTA TypOuH anekTpoctaniuil. [Iporpamma st 9BM Ne 2024663703, 10.06.2024.

BeI10 0Mmy0NMKOBaHO MATH CTaTell B MEKAYHAPOAHBIX peleH3upyembix xkypHarax SCOPUS/WOS,
pe3yJIbTaThl KCCIIeI0BaHUI ObUIH IIPEICTABICHbI HA TPEX MEXTyHAPOIHBIX KOH(EPEHIHSIX.

CtpykTypa u 00beM padoThl. [luccepraiinonHas paboTa COCTOMT U3 BBEJCHMS; LIIECTH TJIaB,
cnucka auteparypbl. OOmmii o0beM muccepranuu cocTaBisieT 161 cTpaHHWIl OCHOBHOTO TEKCTa,
coziepkaniero 61 pucyHok u 5 aaropuTMOB, CIIMCOK JIMTEPATYPBI COAEPKUT 112 NCTOUHUKOB.
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OCHOBHOE COAEP/KAHUE PABOTbI

Bo BBeeHHMH OINMMCAHO TEKYIEE COCTOSHUE TEXHOJIOTUH B OOJACTH TETUIOBOW YHEPTETHKU U
000CHOBaHa AaKTyaJIbHOCTb CBOEBPEMEHHOW AMArHOCTUKH OOOPYIOBaHMS SJCKTPOCTAHIMM IS
CHW)KEHMSI OKCIUTyaTallMOHHBIX 3aTpaT, [OBBIIMIEHUS O3KCIUIyaTallMOHHOM SKOHOMHUYHOCTU H
9KOJIOTHYECKON O0e30MacHOCTH 3a CY€T YIy4YIlIeHUS CHUCTEMbl BUOPALMOHHOW JUATHOCTHKHU C
IIPUMEHEHUEM HEHUPOCETH U MAIIMHHBIX METOJI0B O0yUEHHUS.

B nmepBoii riaBe 0O0CYXIAlOTCS HECKOJIBKO KIIIOUEBBIX AaCMEKTOB OKCILTyaTalluu
AIIEKTPOCTAHLMN KOMOMHHMPOBAHHOTO LMKJIA. B maHHON riaBe o003HaueHa 3HAYUMOCTh M LIEJIH
TEKYIIEro HWCCJCAOBAHMS I0 TMPUMEHEHHI0 METOJOB MamuHHOro oOyuenus (ML) mns anamusa
MEXaHMYECKUX BHOpanuii 00OpyHZOBaHUS SJIEKTPOCTAHIMM ¢ KOMOWHUPOBAaHHBIM LUKIOM. BbuI1O
MOKa3aHO, YTO DJIEKTPOCTAHIMU C KOMOMHHMPOBAHHBIM IIMKJIOM IPOU3BEIN PEBOJIONHUIO B
IPOM3BOJICTBE AJICKTPOIHEPTUH U MOKA3aJIM NOBBIIIEHHYIO TOIUTUBHYIO 3()()EKTUBHOCTh U CHI)KEHHUE
BO3JICICTBUS Ha OKpyKarolryro cpemy. OOcyxkaeHbl HpoOJieMbl, CBA3aHHBbIE C MEXaHUYECKHUMHU
BUOpAIMsIMH, KOTOPbIE MOTYT IMPUBECTH K PUCKaM Ui O€30MAaCHOCTH U JOPOTOCTOSIIUM HPOCTOSIM
000OpyZOBaHHUsA, €ClM HMX HE YCTPaHUTh 3a0JlaroBpeMeHHO. MamuHHOe OOyueHue Mpeisiaraer
U3MEHEHHE TIOAX0Ja K aHalmu3y BHOpamuu, 4YTO TIO3BOJISIET 3a0JIarOBPEMEHHO OOHApy>KHUBATh
QHOMAaJIMM MMYTEM BBISBICHHS 3aKOHOMEPHOCTEH B ApXUBHBIX U TEKYILUX JAHHBIX.

Bo BTOpOIi r1aBe npejacTaBieH 0030p JUTEpaTyphl U MyONMKaIMil 1O BOIIpOcaM MPUYMH,
BBI3BIBAIOIINX BUOpaiuio Typboarperara. PaccMarpuBaetcs ocobasi BaXKHOCTh MPOOJIeMbl BUOpalnu
Ha BpalIaomeMcs 000pyAOBaHUH JUIS SJEKTPOCTAHIMKA ¢ KOMOMHHPOBAHHBIM LUKIOM W TO, YTO
MOBBILIICHHAs] BUOpallMs MOXKET BBI3BIBATH CEPHE3HBIE AKCIUTyaTal[MOHHBIE MPOOJIEMBbI Ha
000py/IOBaHUY U MIPUBOAMTH K aBApHUsIM, B T.4. C KATaCTPO(YUIECKIMHU TOCIEICTBHSIMH.

B »TOlf TnaBe ommcaH KOMIUIEKCHBIM TOAXOJ K aHalIu3y BUOpaluu, HalleJIeHHBIH Ha
oTpenieieHne KOMIIOHEHTOB, HanOosee MOABEPKEHHBIX BHOpalny, MOHUMAaHHE OCHOBHBIX NMPUYHH
9TUX BUOpALUii U N3ydeHHUE MPOAKTUBHBIX CTPATETHI U TEXHOJOTUYECKUX PEIICHUM AJI1 YMEHbIICHHS
WIM yCTpaHeHus 3TuX BuOpauuid. IIpoBeneHo nertanbHOE MCCIEAOBaHUE NPUYUH MEXAHUYECKUX
OTKa30B, BEI3BAHHBIX BUOpalMel, BKIIOUas TucOanaHc ¥ HECOOCHOCTH BaJIOB, MPOOIEMbI KPUTUYECKOM
CKOPOCTH U BO3JIEHCTBUE KOPOTKO3aMKHYTBIX BUTKOB pOTOpA.

PaccmaTpuBas 3TH acmeKThl, aBTOP 3aJI0KUJI OCHOBY JJIsl Pa3pabOTKu Oojiee YCTOWYUBBIX U
SKOHOMUYECKU 3PQPEKTUBHBIX CTPATErMi TEXHUYECKOTO OOCHYKHMBAaHUSA JI AJIEKTPOCTAHLIUU C
KOMOWHUPOBAHHBIM LIMKJIOM, B KOHEYHOM CYETE HalpaBJIEHHBIX Ha CHWKEHHE PUCKA MOBPEKICHUS
KOMIIOHEHTOB, OBBILIEHHUE ONEPAIMOHHON CTaOMIIBHOCTH U JJOCTUKEHHUE 3HAUUTEIbHON SKOHOMHMH Ha
TexobcmyxkuBaHuu. OOCyX/JeHUE MNpeIHA3HAYEHO JUIsl peIleHUs TI00aJbHOM IeNu YIydIIeHHs
3¢(EKTUBHOCTH U  HAAECKHOCTH TIEHEpalUd  JJIEKTPOIHEPrMH  Ha  DJIEKTPOCTAHIUAX C
KOMOMHUPOBAHHBIM LIUKJIOM 3a CYET COBPEMEHHBIX METO/I0B aHaJIM3a U TallleHNus BUOpaIH.

B Tperbeii rinaBe npoBeAEH CTPYKTYpHBIN aHaiu3 BUOPAIIMOHHBIX CUTHAJIOB M CHUCTEMBI
MoHUTOpHHra. O0JacTh NMPEAUKTUBHOTO OOCITYKMBAaHUS IPUBIEKIA 3HAUYUTEIbHOE BHMMAaHHUE B
MOCJIEAHHUE TOJIbl, 0COOEHHO JUIsl 0O0OBEKTOB '€HEPALIMU JIEKTPOIHEPT U, TAKMX KaK ANEKTPOCTAHIINY C
KOMOWHUPOBaHHBIM IUKJIOM. Oco0oe BHMUMaHHWE K aHaIW3y BHOpallMM Ha BpallaroLieMcs
000pyI0BaHUN OO0YCJIOBJIEHO MNPSMBIM BO3JCHCTBHEM YpPOBHS BHUOpAallMM HA 3KCIUIyaTallMOHHYIO
3P PEKTUBHOCTh M 0€30MaCHOCTh. AHOMAINUU B BUOPALIMOHHOM XapaKTEpPUCTUKE YaCTO MPHUBOIAT K
MEXaHUYECKUM OTKa3aM, MIOATOMY MX paHHee OOHapy>KEHHE U aHaJIU3 UMEIOT pellalollee 3HauYeHHe
JUIs  ToJiepKaHusl  OecriepeOOMHON BBIPAOOTKH 3JEKTPOIHEPrHM W MHUHHUMM3ALUU IPOCTOEB
000pyI0BaHUS.

Crparernu NpeIUKTHUBHOTO OOCITYXHBaHMS, OCOOEHHO T€, KOTOpPbIE OCHOBAaHBI Ha aHAIM3e
BUOpALlMY, UTPAIOT BaXHYIO POJb B MPOTHO3WPOBAHWHU IMOTEHIMAIBHBIX OTKAa30B B KPUTHYECKUX
KOMIIOHEHTax 3JIeKTpocTaHui. Mcnonb3ys nepe1oBble aHaTUTHUECKUE TPOLIELY P, dJIEKTPOCTAHIIMH
MOTYT TpPEABUAETh MOTPEOHOCTH B OOCIY)XKMBAaHHHM, TEM CAMbIM OINTHMHU3HPYS ONEPALHOHHYIO
3(pPEKTUBHOCTh W CHUXKAs BEPOSTHOCTh HENMPEIABHAEHHBIX OTKIIOYeHHH. [[ng oOpaboTku 3TuX
CUTHAJIOB MPUMEHSIOTCS TAKHME METO/bI, KaK aHaJlu3 ¢ MCIOJIb30BaHUEM OBICTPOrO MPeoOpa3oBaHU
@yppe U 4YaCTOTHO-BPEMEHHON aHAJIU3, YTO MO3BOJISIET BBIIBUTH PACIIPOCTPAHEHHBIE BUbI OTKA30B,
TaKHle KaK U3HOC MOAIIUITHUKOB 1 HapyLIEHHNEe COOCHOCTH POTOPOB.
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PI/ICyHOK 1- KaTaCTqu)I/I‘IeCKOG Ppa3pymceHue JormaTok ra3oBoi Typ6I/IHI)I Ha 3JICKTPOCTAHIINN KHpKyKa, IIOKa3bIBAIOIICC
Cepbe3HI>II71 MEXaHHYECKHI U3HOC U TCPMUYCCKYIO YCTAJIOCTh

Ha pucynke 1 mpencraBineHbl OOLIMpPHBIC TMOBPEXKICHHUS JOMATOK Ta30BOM TypOWMHBI Ha
3EKTPOCTaHIMHU B I'. KUPKYK, 1eMOHCTPUPYIOLINE CePhe3HbI MEXaHNUYECKHUIM U3HOC U TEPMUYECKYIO
yCTaJOCTh, YTO YKA3bIBACT HA KPUTHUYECKHH ONEPALMOHHBIN COO ¢ CYIIeCTBEHHBIMH MOCIIEICTBUSIMH
st 3¢G(GEKTUBHOCTH BBIPAOOTKH AJIEKTPOIHEPTMH U  HAJSKHOCTH CTaHIMU. MexaHuyecKue
HEHCIIPABHOCTH Ha DJIEKTPOCTAHIUAX, OCOOCHHO ISl TypOWH, B OCHOBHOM BBI3BaHBI BHOpAIUSMH,
BO3HUKAIOIIMMHU TIO IIEIOMY psAIy MPUYMH, BKJIIOYAs TakWe Kak AucOanaHc Bajia, PE30HAHC U
MEXaHMYECKOE TpeHHe. BBICOKOKAaYeCTBEHHBIC IATYMKH HUIPAIOT KIIOYEBYIO pPOJIb B TOYHOM
MOHHUTOPHUHIE BHOpaIluii, MpeaocTaBiss MaHHbIe, HEoOXoaumble s 3G(GEKTUBHOIO aHalu3a |
NPOTHO3UPOBAHHUSA TOTCHUUAIBHBIX HeWcrnpaBHOCTeW. [l cOopa  pasmUYHBIX — acHEeKTOB
BUOPALIMOHHBIX JAHHBIX HCIHOIB3YIOTCS PA3IUYHbIC TUIBI JATYMKOB, BKIIIOUAs aKCEIEPOMETPHI H
OCCKOHTAKTHBIC JATUYMKH, KAKIBIH M3 KOTOPHIX OOECIEeYMBACT YHUKAIbHYIO HH(POPMAIUIO O
COCTOSTHUHM 000pYI0OBaHHUSL.

Cy1ecTBYIOUIHIA MPOIEcC U3MEPEHNUS U aHAIN3a BUOpaIMii BKIIOYaeT B ceOs JBa dTamna: coop
JAHHBIX C TIOMOIIBIO PA3HOOOPA3HBIX JATYMKOB M aHAIIN3 JAHHBIX C UCIIOJIH30BAHUEM MHCTPYMEHTOB
00paboTku curHanoB. Kaxaplii sTan mpeacTaBisieT cBoi Ha0Op mpoOiaeM OT BhIOOpa MOAXOSAIINX
JATYUKOB 110 3P PEKTUBHON 00pabOTKN HEOOPaOOTaHHBIX JAHHBIX B ICHCTBEHHBIC BBHIBOIBI.

Ha mpoTsikeHun nocieaHero AecaTUIeTHsI MeTOAbl MaluHHOTO o0yueHus (ML) u rmy6okoro
00y4YeHHsI CTaI HE3aMEHUMBIMUA WHCTPYMEHTAMH JUIsl aHAJIN3a JaHHBIX O HEMCIIPABHOCTSIX. MeTOIbI
ML B nenom kiaccupuUUpyOTCs Ha 00yUeHHEe ¢ yUuTeneM U 0e3 yuuTers.

I'my6Gokoe oOyueHue, Kak MOJpa3fen MAIIMHHOTO OOYyYEeHHs, BKIIOUAET B CeOsl CIIOXKHBIC
QITOPUTMBI, Takue Kak pekyppeHTHble HelpoHHble cetd (RNN), aBTO’HKOJEphl M CBEPTOYHBIC
HEHPOHHBIE CETH. DTH aJNTOPUTMBI OTIIMYHO CIPABISIOTCS CO CIOKHBIMU CTPYKTypaMH IaHHBIX U
00y4YeHHEeM MHOTOYPOBHEBBIX IMPEICTABICHHUH, KOTOPBIE SIBISIOTCS KIIIOUEBBIMH JJIi MOHUTOPHUHIA
COCTOSIHMSI MAlllMH B pPa3JIMYHBIX CHUCTeMax. boiee TOro, MOSBWINCH THOPUIHBIE TOAXOIBI K
00yueHH10, 00BbEIUHSIOIINE JIEMEHThI KaK 00y4EHUS ¢ yUUTeNeM, Tak U 0€3 yuuTess.

OcHOBHasi 1eJdb JAHHOTO HCCIEJOBAaHUS 3aKIIOYaeTCs B PEHICHUH KPUTHYECKOM
HEOOXOIMMOCTH YJIyUIIeHUs] OOHapyKEHUS aHOMAJIMH B PEKUME PEalbHOTO BPEMEHH Ui TypOUH
DIIEKTPOCTAHIIMH, T/€ TPAAWIMOHHBIE METOAbl HE CIPABISIOTCS C O00paOOTKON CIOXKHBIX,
MHOT'OMEPHBIX BPEMEHHBIX PSIJIOB TaHHBIX.

B 4eTBepTOii riIaBe TMpeICTaBlieHA OPraHU3AUS OSKCIIEPUMEHTAIBLHOTO HCCIIeIOBAHUS,
BKJII04ast cOOp ¥ MOJATOTOBKY JIaHHBIX. B kauecTBe 00beKTa UCCeI0BaHNs BEIOpaHa 3J€KTPOCTAHIIHS,
pacnonoxeHHas B . Kupkyk, Mpak. YcraHoBlIeHHass MOITHOCTh CTaHIIMU paBHa 622 MBT, u oHa
SBIISICTCA KJIFOUEBBIM JJIEMEHTOM B JHepreTndyeckod MHppacTpykrype HMpaka. DiaeKTpocTaHIUs
BBelIEHa B OKCIUTyaranuio B (depanme 2005 roma, ycTaHOBICHHOE Ha HEW 00OpyJOBaHHE —
COBpEMeHHBIE Ta30Bble TypOuHBI Siemens cepun SGT.

OO61mupHas ceTh JaTYUKOB, yCTAHOBJICHHAs HA 000PYI0BaHUH AJIEKTPOCTAHIIUHU, 00ECIIEUNBAET
BCEOOBEMITIOIIMI HAOOP JAHHBIX, OXBATHIBAIOIINN IIUPOKUH CIIEKTP IKCILTyaTallMOHHBIX ITapaMeTPOB
¥ ToKa3aTelneil mpou3BoauTensHOCTH. Ha prcyHKke 2 mpecTaBieHa naHe b YIPABICHUS TSl CHCTEMBI
3alIUTHl OT MPEBBIIICHUS CKOPOCTH Ha Ta3oBOM snekTpoctaHimu Kupkyk. IlomydeHHble naHHbIE
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UCTIONB3YIOTCA  JJIsi  OOy4YEeHHsS aJIrOpuTMOB TiyOOKOro oOydeHus Il OOHapyXeHHS |
NPOTHO3UPOBAHUS AHOMAIMKA B PEXUME pealibHOro BpeMeHH. JlaHHble 00 oOTKa3ax TypOuH H
npobiieMax ¢ OOCIy>KMBaHMEM Ha JJEKTPOCTAHIIMM AT MpsAMOE TMpeACTaBlIeHHE 00
HKCIUTyaTAlMOHHBIX MPOo0JIeMaX, C KOTOPBIMU MPUXOIHIOCH CTAIKUBATHCS HA MPOTSHKEHUH MHOTHX
net. s coopa moapoOHOro U BceoObEMITIONIEro Habopa JaHHBIX, BKIOYAs KaKk HOpMajbHBIC, TaK U
aBapuitHbIE PEKUMBI pabOTHI Ta30BOW TYpOUHBI, 3adukcupoBanHbie akcerepomerpom CA 202 Obu10
3aTpadyeHo Oosiee mIeCTH MecsleB. JTa pabora Oblla OCOOCHHO CIIOXKHOW W TPYJOEMKOW H3-3a
PEIKOCTH aBapUitHBIX COOBITHIA B pab0Te AIEKTPOCTAHIIMHU, YTO TPEOOBAJIO THIATEIHHOTO HAOIIOACHUS
u cbopa naHHbIX. 32 6 MecsieB coOpaH MacCUB JAHHBIX 110 BUOPALIMU C YaCTOTON TUCKPETH3AIUH B
lc, IO McUepnbIBaOIIEMy MAaCCUBY JaTYMKOB. 3a 3TOT MEPUOJ HA DIIEKTPOCTAHIIUHN CTOJIKHYIHUCH C
PAZIOM TEXHHYECKHX MPOOJIeM, OT MOBBIIICHHOW BUOpAIMK B TOIIAITHIUKAX TYPOUHBI 10 KOPPO3UH
JIONIATOK TYpOUHBI, KOTOPBIE TPEOOBAIH YIIPEKIAIOIIEr0 00CTY>KUBAHHS U BHETNIAHOBBIX PEMOHTOB.

Cuctema 3aLmUThl OT NpeBbIleHUs CucTeMa 3aLuThl OT NpeBbileHus

ckopoctu 1
p ckopocth 2 MOHUTOPUHT

BpaLaloLmxcs

MexaH13MoB
Tectosbiii  Monutop MoHutop

curHan fatumkl  [latumk 2

Monutop Tecrosblit
[Aatumk3  curHan

Mouutop Monutop MoHutop
fatumk 4 [flatuuk5  [laTuuK 6

S

PI/IcyHOK 2 — Ilanens ynapaBJCeHUA CUCTEMOM 3aIlIUTHI OT MPEBLIIICHUA CKOPOCTHU Ha ra3oBou QJICKTPOCTAaHIINU KI/IpKyKa,
BKJIro4aroniasa IB€ HE3aBHUCHMBIC CHCTEMBI I obecneueHus U30BLITOYHOCTH

(a) (b)
Pucynox 3 — O6opyznoBanue, HCHONB3yeMOe sl U3MEPEHHUS] CKOPOCTH BUOpAIK TYpOUH Ha ra30BOH 3JIEKTPOCTAHIINT

Kupkyxa: (a) — akcenepomerp CA 202, (b) — npeobpazoBarens curnanos IPC 704 npeoOpasyeT curaai, OCHOBaHHBIH Ha
3apsie OT Mbe303JIEKTpHUCCKOT'O npeo6pa3013aTena, B CUT'HaAJI TOKa WJIN HAIIPSAKCHUA

JanHpie o BuOpammu, cCOOpaHHBIE C WCIOJIH30BAHHWEM YCOBEPIICHCTBOBAHHOW CHCTEMBI
VIBRO-METER, ¢opmupytoT Habop AaHHBIX JUId pa3pabOTKH MOjeield MalluHHOro o0ydeHus,
KOTOPBIE TPETOCTABISAIOT TIyOOKOe TOHUMAaHNE YKCIUTYaTallHOHHOTO COCTOSIHHS JIEKTPOCTaHINA. B
Ka4yecTBE JaTYMKOB HCIOJIb30BAIUCh COBPEMEHHBIE HMHCTPYMEHTBI, B T.Y. IbE303JIEKTPUUECKHI
akcenepomerp CA 202 um mpeoOpazoBatenp curHaioB [PC 704, 4ro momuepKkuBaeT CTpeMyIeHUE
9JIEKTPOCTAHIIMHU K BHEJIPEHUIO MTEPEJOBBIX TEXHOJIOTUH 17151 00ecrieyeHHsI TOYHOCTHU U JOCTOBEPHOCTH
JIAHHBIX 110 BUOpAIH 2JIEMEHTOB 000py10BaHUs (PUCYHKH 3 1 4).
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PucyHoxk 4 — Pa3merienue natunkoB akcenepomerpa CA 202 B pa3nUYHBIX CEKIHUSAX [a30BOH TypOWHBI Ha
anexkTpocTaHuuu Kupkyka

Ha pucynke 5 mpencraBieHa aHomamnusi, oOHapykeHHas cuctemMoil Mounutopunra VIBRO-
METER.

Hupiay 2 Cernstips 2022 A6conioTHas Bubpaumsa kopnyca [Mm/c, cpegHekBagpaTUuHoe 3HaueHue]

TPEHJ, —Fazosas Typ6uHa, peayKTOp U reHepaTtop.
O6uian WwrpokonosiocHasa subpauus

LTusne VIGO0 — 2Z8SEPZ022 08:50.50 742 3 w mms 5413 rpm
Typ6MHa U KOMMNPECCOP curirmne From 27SEPZ022 18 00 56 To €92 1
& Comp Vs) =] 28SEP2022 08:50:50 742 1927 mnvn fms 5413 rpm
s3Comgresscr  From 27SEF2022 12 00 56 To 28SEP2022 11
MBD11CY101 - BeptvKanbHbili 3 ' 1 3
MBD12CY101 = BepTuKanbHbIi hid 3 . . . E
& °F : : E
CelicmMUueCcKmiA g; sE- : 4.5 MM/ ms ? =
: . = - -
npeobpasosarens & ‘T N— s - E
= t2g R i S H § 2 : . : . £ N I
oF v 1 v { 'S v v +— v
2000 00 00 0400 08 00 '2
- 27sEP2022 28SEP2022 28SEP2022 28S€EP2022 28SEPT0
TUMAE - 50 Mns sone
reHepaTop TE u EE W oen TE vM600 — 2“1!“74’ 085059 742 0 894 mmss rms 3000 rpm
et om JTSEP2 OQ 44 To 22SEP02 o
o Gen EE VM500 :: us&mm 08.50 59 712 1 mmn rms 3000 rpm
Terepatop TE MKD11CY021 =~ 45° left == enarates From 27SEL2022 180058 To 26SEP2022 ¥
TeHeparop EE MKD12CY021 = 45° Jeft =
Coi o 0 1 1 1 1 P
oE- : : : =
us E S ¥ 4 E
= s S ! : b -
=] 3 . 38mMM/S aus | . . =
| (] —Sr E : R | .
: T . s
oF— t v +— + —
20 00 00 00 04 00 08 00 1282
- 275€P2022 28SEP2022 28BEP2022 268S€P2022 P

THIE 40 Mns foww

Pucynok 5 — JlanHble MOHUTOPHHTra BUOpALIMK I'a30BOM TYpOUHBI I KOMIIPECCOPHOM CHCTEMBI, TIOJIyYEHHBIE OT
YCTAaHOBJIEHHOM Ha 3JIEKTPOCTAHIUY CUCTEMbl MOHUTOPHUHIA

Ha pucynke 6, D1 o603HagaeT ckopocTh BUOpAIMH MOIIMITHUKA TYpOUHBI, a D2 moka3siBaeT
OTHOCUTEJIbHYIO BUOpaltio Bajia TYpOUHBI, KOTOpbIE MCIIOJIB3YIOTCS B KauecTBE Habopa JaHHBIX IS
oOyJaroreit  TecToBoi (a3 B MOEIH TITyOOKOTO 00yUYeHUSI.

Dy

Time: From  2021/11/01 12:00:00.000 AM To  2021/11/30 11:59:59.076 PM
Teg!. 11MBY10CS%01X001 TURBINE SPEED Togh 11MBD12CYSH0RXC01 REL $.Vi COMPR BRG

AT - J‘;ﬂa:‘ﬁm_ﬂ]im-l __________ AE'!F_?O_\‘ILR_ —is Tog? 11MKD 11CYO21 X Q01 VIB GEN BRG CSG TE
- — uma&mf— Toh 11MKD12CY021 X001 VIB GEN BRG CSG EE
Yoot | VMBDYiCYSsopQO\ . __ . __ .. __ .. REL $-Vfi TURP BEG, Togd 1IMKD 15C Y021 XCO1 \IB GEN BRG SUPRNG

VI8 COMPR BRG

um mm/s um res mmv's mm's mm/s

2021/11/28 03:00:00.000 AM 50,9394 100255 23075 o 51,1429 0.966435 1.29977 115162
2021/11/28 04:00:00.000 AM 50,9331 80.2315 | 2222 325521 48,7558 1.18056 196759 125579
2021/11/28 05:00.00.000 AM 50.5933 129977 256044 l 208032 48,4664 1.18056 199653 122685
2021/11/28 06:00:00.000 AM 50 5261 197.546 23128 21181 181356 38.9902 0.920139 179977 107639
202|I||I?ﬂ 07:00:00.000 AM 494374 200764 ' 228006 I : 04543 391204 401478 1.5393% 1.99653 0.8442907
20211“/260800000NAM 5.731 175208 ’?\\ﬂ l 286458 * 365162 376157 115741 171206 0.954861
2021111728 09:00.00.000 AM $0.6024 189398 | 220m I 87182 * 164005 39.7859 121528 1.67824 0.896991
202111128 10:00.00.000 AM 49.3125 200.162 240 | 283565 394007 40,4360 181713 217503 0804308
Zomlﬂm 1" OOOOON AM 49,6533 196931 I 25N I ALY I 385905 39.7850 148727 194448 0831333
PHcyHOK 6 — BBIXO/HBIE JAHHBIE CHCTEMbI moruToprara VIBRO-METER, ncnosis3yemMoii Ha ra30BOi 3I€KTPOCTaHIINT
Kupkyx
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D¢ GhEeKTUBHOCTE MOJACINA OOHAPYKEHUS aHOMAJIWK B 3HAYUTEIHHOW CTEIEHH 3aBHCHT OT
KayecTBa BXOJHBIX NaHHBIX. B 1aHHOM wHccieqoBaHWMU OBLIM PEaM30BaHbl HECKOJBKO 3TAIloB
IpeBapuTeNbHON 00pabOTKM JAaHHBIX, BKIIOUas: | — CTaHIapTHU3AlMIO, KOTOpas KOPPEKTHUPYET
JTAaHHBIE TaK, YTOOBI UX CpeAHEe 3HaUCHHE OBUIO PABHO HYJIIO M CTAHJAPTHOE OTKIOHEHHE OBLIIO PaBHO
eAMHHUILIC; 2 — HOpMaJIU3aIHIo, PU KOTOPOM TaHHBIE TpeodpasyroTces K nuana3zony ot 0 go 1 wiam or -
1 no 1 (Takxke M3BECTHYIO Kak MacmTabupoBanue MuH-Makc), 4To sBIsieTCS HEOOXOIUMBIM, U 3 —
OUMCTKY JaHHBIX, KOTOpas Tak)Ke HMEeT BaKHOE 3HaueHue, oOecreuuBas yJaleHHE JIIObIX
NPOMYIICHHBIX WM HETOYHBIX 3HAYEHUH, KOTOPhIE MOTJIM BOSHUKHYTH B TIpoliecce cOopa JaHHbIX. J{is
MOJJIEP>KaHUS COTJIACOBAHHOCTH JUIMHBI HA0Opa JaHHBIX JJIsl BBOJIA B HEHPOHHYIO CETh MPOIYIICHHbIE
3HAYCHUS 3aMEHSIOTCS HYJISIMH.

6 —— UcxopHble AaHHble

BubponepemeuieHune, MKkm
o

0 50 100 150 200 250 300 350 400
Homep obpasya
Pucynok 7 — M3mepeHHOe cMelIeHne BUOpaIluy Bajia TypOUHBI Ha AJIEKTpocTaHInN Kupkyk

Ha pucynke 7 mokazaHo cMmenieHne BUOpanuy Bajia TypOMHBI Ha 3JIEKTpocTaHInu Kupkyk B
nocienosarenbHoctd u3 400 oOpasnoB. OpHako B Habope MAaHHBIX HaOmojancs JIeQUIMT
AQHOMAJIBHBIX JaHHBIX. s pemeHus 3TOH mMpoOsieMbl aHOMAaJbHBIC JaHHBIE OBUTM BPYYHYIO
CT€HEpUPOBaHbl U3 MCXOJHOI0 HabOpa JaHHBIX C UCMOJIb30BAHUEM PA3JIMYHBIX METOJIOB, TAKUX KaK
CUMMETPUYHOE OTpaKEHUE U J00aBleHHE IIyMa. DTU METOJbl MO3BOJIWIM YBEIMYUTHh KOJIUYECTBO
AHOMAJIBHBIX 00pa310B, IPX ITOM aHOMAJIbHBIE JaHHBIE CITy4YailHBIM 00pa30M CMELAINCh BBEPX WM
BHU3, B TO BpeMs KakK I CO3JaHMs JOMOJHHUTEIbHBIX OOpa3loB C TOW K€ METKOH aHOMaJIuH
MPUMEHSIICS TayCCOBCKUM OeNbli IIyM.

Jns perieHuss mpoOieMbl HEIOCTAaTOYHOCTH JAHHBIX M aHOMAIMK B HAaOOpe JaHHBIX ObLTH
WCITOJIB30BAHbI J1BA KIIOYEBBIX METO/IA PACIIMPEHUS AHANA30HA JAHHBIX: CAMMETPUYHOE OTPaKEHUE
U BpEMEHHas TpaHCpOopMalus, a TAaKXkKe JOMOJHUTEIbHbIE METO/Ibl, TAKHE KaK J00aBIeHHE IIIyMa.

B nsATOM riaBe mpencTaBieH Mpolece pa3paboTKH IMEpPeOBBIX METOJ0B OOHApYKEHUS
aHOMAJIMH C HCHOJb30BAHUMEM TEXHUK TIiyOokoro oOyuenus. Mopens LSTM-aBTrosHKOAED
npeJcTaBiIsieT co0o0il mepe1oBoi MoIX01 K 0OHAPYKEHUIO0 aHOMAJINI BO BPEMEHHBIX psiJiaX, 0COOEHHO
B CJIO’KHBIX IPOMBILIUIEHHBIX KOHTEKCTaX. biaronmapst mnrerpanuu cereit LSTM ¢ aBTosHKOAEpOM
MOJIeJIb UCHOJb3YEeT CHUIIbHBIE CTOPOHBI 000MX YCTPOMCTB s 3((EKTUBHOIO 3axBaTa M aHalU3a
CIIOXKHBIX BpPEMEHHBIX 3aKOHOMEPHOCTEM M AHOMAJIMN B IIOCIENOBATENBHOCTAX JaHHBIX. OTa
UHTErpamusi oco0eHHO d(¢deKkTuBHA Ojarogaps JOMOJHHUTEIBHOW TPHUPOJE BpPEMEHHOMN
qyBCTBUTEIHHOCTH LSTM © CHOCOOHOCTH aBTOPHKOAEPOB K COKpAIICHHUIO Pa3sMEPHOCTH U
W3BJICUCHHUIO MpHU3HAKOB. ApxurekTtypa LSTM-aBTOSHKOIEp OpraHM30BaHa B PaMKax CTPYKTYpBI
KOJIep-ZIeKOJIepa, CIEeUUaNIbHO Pa3pabOoTaHHON JUI pEIIeHUs] HIOAHCOB PEKOHCTPYKIUH BPEMEHHBIX
PS0B JAHHBIX U BHISIBICHUS aHOMAJIUH IyTEM aHaJIN3a PaCXOXACHUN MEX1y UCXOIHBIMH BXO/IaMU U
UX PEKOHCTPYKUUSAMU. MoJenb Onpenensercs HECKOIbKUMHU KIIOUEBBIMH MaTeMaTH4YECKHUMU
KOMITOHEHTAaMH:

Hetiponnvie cemu LSTM: cnon LSTM umeror kimro4eBoe 3HaUEHHUE JUIS 3aXBaTa BPEMEHHBIX
3aBUCUMOCTe B JNaHHBIX. DyHKIMOHaNbHOCTh sueiiku LSTM onmuceiBaeTcsi cepueil ypaBHEHHIA,
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KaXXI0€ U3 KOTOPBIX MPCACTABIACT Pa3JINYHbIC BECHTUIIN UJIM COCTOSAHUC BHYTPH STYCHKH.

BenTum 3a0piBanus (f;): KOHTPOJIUPYIOT CTEIICHh COXPAHCHUS 3HAUCHHSI B COCTOSIHUU STYCHKH
(2).
fe =o(Wr - [he — 1, x:] + byf) 1)
Bxoanbie BeHTHIN (ip): ONMPEAEIsIOT, Kakas HoBas MH(opManus A00aBIsSeTCS B COCTOSHUE
STYEUKH.

_ i =0(W;-[h; —1,x] + b;) (2)
Kanmuzaat Ha Beixon (Cp): co3maeT BeKTOp-KaHAUIAT AN 10OABICHNS B COCTOSHHE SUSHKH.
C; = tanh(W, - [h; — 1,xt] + b,). (3)

O6HoBieHue cocrosiHus stuehku (Cp): OOHOBIISIET COCTOSIHUE SYCHKH, 3a0bIBasi M J00aBIIS
HOBYIO HH(OPMAIIHIO.

Co=fe*xC—1+i+C, 4)
BrixoaHol BeHTHIIb (04): ONPEACIISIOT CIEIYIONIEe CKPBITOE COCTOSIHUE Ha BBIXO/E (5).
or = o(W, - [ht — 1, %] + b,) (5)
Brixoanoii Bektop (h;): KOHeUHBIN pe3ynbTaT paboTsl stueiiku LSTM (6).
h: = o, * tanh(C,), (6)

rae o 0003HayaeT CUTMOBUAHYIO (PyHKIHIO, tanh — runepboiandeckyo QyHKIMO Tanrenca, W u b
MIPEJICTABIISIFOT BECa M CMEIICHHSI COOTBETCTBYIONINX BEHTUIICH, X; — 3TO BXOJ] B MOMEHT BPEMCHH t,
ht — 1 — mpenpiayuiee CKpeITOe cocTosiHUE, a Cp — TeKyllee coctosiHue sueriku. Suelika LSTM,
KaK TM0Ka3aHo Ha pUCYHKe 8, pa3paboTtana Ha ocHoBe Gopmyi (1)—(6).

Cnoit HelipoHHoOM
cetu

h,_y

Pucynok 8 — JleranmusupoBansslii Buj staeiiku JJKII, 6a3oBoro anemenTa HelpoHHBIX cereit JKII, m3BecTHRIX cBOECi
CIIOCOOHOCTBIO 3aXBATHIBATH JIOJITOCPOUHBIE 3aBUCHMOCTH B TIOCJIEIOBATENHHOCTSIX TAHHBIX

ABTOSHKOJIEp: YacThb MOJENH, MPEACTAaBICHHAS aBTOYHKOAEPOM, NpeIHa3HAueHa IS
COKpAIICHUS Pa3MEPHOCTH U U3BJICYCHUS IPU3HAKOB, COCTOUT U3 KOAEPa, KOTOPBIH CKUMAET IaHHbIE,
U JIeKoJiepa, KOTOPBIN IMBITAETCS BOCCO3/1aTh MCXOJHBIC JaHHBIE M3 ATOU Cxkatod Gopmbl. Ommbka
PEKOHCTPYKIMH, OOBIYHO KBAaHTU(HUIUPYEMasi C IOMOIIBIO CPETHEKBAPATHYHOMN OMINOKH, SBIISETCS
KPUTHYCCKUM KOMIIOHCHTOM JJId O6Hapy>KeHI/I$[ aHOMAaJINH.

KonupoBmuk: cxumaeT BXo X B CKPBITOE MPEJCTABICHUE Z C UCTIOJIIE30BAaHUEM O0YUCHHBIX
BecoB W, u cmemienwii b, (7).

Z=o(W,X+b,) (7)
Jlekonep: mbITaeTcst Bocco3nath X u3 Z, Ucnoib3ys Beca Wy u cmemenus b, (8).

)’(\ = O'(WdZ + bd) (8)
[Motepu cpenHekBaaparuynoii ommoOku (MSE): KOJIMYECTBEHHO OIPEICIIIOT OLIHOKY

PEKOHCTPYKITHH.
WHHOBanmonHoe ucnosb3oBanue cioeB LSTM nis 3axBara BPEMEHHBIX 3aBHCHMOCTEW B

coyeTtaHuu ¢ 3pPEKTHBHOCTHIO aBTOIHKOEPA B CKATUH JTAHHBIX M KX BOCCTAHOBJICHHUH JIeJIaeT MOJICTTh

LSTM-aBTo3HKO1Ep OCOOEHHO MOIXOASIIEH U1 OOHApY>KEHHsI aHOMAaJIMi BO BpDEMEHHBIX psJiax.

30



Anroput™m 1: LSTM-aBTo3HKOACD UTsl OOHAPYKEHUS aHOMAJTHH:
1. 3aganue aBTO’HKOAEpA:!
DHKOJEp:
Bxonnoii cioit
[TnotHsIi cioit 1 (128 HelipoHOB)
[TnotHsIi croii 2 (64 HeiipoHa)
CxkpoIThii ciioli (16 HEHPOHOB)
Hexonep:
CKpbITHIH CiIOH (BXOJ ¢ DHKOIEpa)
[Tnotusiii cioit 1 (64 Heitpona)
10. IInmotHsIi cioii 2 (128 HEHpPOHOB)
11. BeixoaHoil cioii
12. ®yuknus noreps: cpeaHekBaapaTudeckas omuoka (MSE)
13.  Onrtumuzarop: Adam
14. Onpenenenne moaens LSTM:
15. Bxona: TpexmepHbIil TEH30p (II0CIE10BaTENbHOCTh BPEMEHN)
16.  Cmoiit LSTM 1 (200 eaunuii, BO3BpaT mocieaoBarenbHocTH = J[a)
17.  Cnoit LSTM 2 (100 exunwuil, BO3BpaT mociea0BaTeibHoCTH = [la)
18.  Cmoit LSTM 3 (200 exunmii, Bo3Bpar mocieaoBarebHoctd = Her)
19.  IlnoTHBIHA BBIXOHOM CIIOH (3 €AMHUIIBI)
20. Pazmep naptuu: 64
21.  Koadpdumment merona uckimodenus: 0.1
22. Oby4eHue aBTOIHKOIEpa:
23. OOyd4eHue C UCIOJIH30BAHNEM JIAHHBIX BUOpPAITUH
24. H3BnedeHue MPU3HAKOB U CHIKEHUE PA3MEPHOCTHU
25. O6yuenne monenu LSTM:
26. OOyueHHe Ha yMEHbIIIEHHBIX IPU3HAKaX OT aBTORHKOIEpa
27. OOHapy>KeHUEe aHOMAJIMH U UX Mpe/icKa3aHue:
28.  Jlms xaxxkgoit HOBOM TOYKH JAaHHBIX:

WO kWD

29. [IpumeneHnre aBTOAPHKOIEP JIJIsi COKPAIICHHS KOJIMYECTBA MMPU3HAKOB

30. BBonx octaBummxcs npu3HakoB B Mojiens LSTM

31. [Tporro3upoBanue OyaymKux 3HaYEHUN TpEeH1a BUOpaiuu

32. Pacuér o011el OIIMOKH 110 BCEM TaTYHKaM

33. Hcnonn30BaHue OLIEHKH aHOMAIUH JIJISI OTKIIOHSHUH

34, YTouHeHue ommbOoK, onpeaenecHre Mopora OMuUOKH SIS BBISIBICHHS aHOMAJTHIA

Pe3yabTaTsl U 00Cy:KI€eHUE.

bbulo mpoBeneHO THIATENbHOE CpaBHEHHE, YTOObI OLIEHUTh TOYHOCTh Pa3pabOTaHHOTO B
pamkax uccienoBanus LSTM-aBTOsHKOAEpa MO CPaBHEHUIO C YETHIPhMS MOJENSMH B OO0JIACTH
OOHapy»XeHHUs] aHOMAJIUN: OJIHOKJIACCOBBIM METOJl OMOPHBIX BEKTOPOB, AJFOPUTM H30JUPYIOLIETO
Jeca, JIOKaJbHBIM ypoBeHb BbIOpoca M MeToa Kiactepuzauuu K-Means. CpaBHeHHMe MOAETH
LSTM-aBTosHKOIEpA C ITHMH PACTIPOCTPAHEHHBIMHU Ha MPAKTHKE METOJAMH, TIO3BOJIAIIO OMIPEICITUTh
€€ OTHOCHUTENbHYIO IPOU3BOJUTEIBHOCTh W OYEPTUTh €€ IMOTEHUUAIbHbIE IPEUMYIIECTBA B
OoOHapy>KEHUH aHOMAJMH. JTOT CPaBHUTENBHBIM aHAM3 HE TOJBKO CpaBHUBaeT mozaeinb LSTM c
TPaIUIIMOHHBIMH TOAXOJaMM, HO M OCBEIIAeT €€ YHHUKaJbHbIe BO3MOXHOCTH M BKJIJ B 00JIaCTh
0OHapyXeHHUST aHOMAJIU.

Pucynok 9 mpencraBisieT CpaBHHUTEIbHBIM AaHAIU3 TOYHOCTH MPENJIOKEHHBIX MOJEIEH,
BBISIBJISIFOIIMM 3HAUUTENbHBIE Pa3uyMs MEXKIY HUMHU. YpaBHeHHE (9) MOKa3bIBaeT, KaK U3MEPHUTh
TOYHOCTh MOJETH KJacCU(UKalMK, paccYUTaB MPOLEHT HCTUHHO TOJOXXKUTENbHBIX M HCTHHHO
OTpHULIATENIbHBIX TPOTHO30B U3 BCEX CIIETaHHbBIX MPEJICKa3aHuM.

A = N+ TP X 100% ©)
CCUraY = TN+ TP+ FN + FP 0
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[Tepemennsnie B (9): Accuracy - 310 TouHOCTh; TN (MCTHHHO OTpHIIATEIIbHBIC) — IPABUIHHO
UICHTU(PUIIMPOBAHHBIE  OTpUlaTeNbHBble; TP  (MCTUHHO  TIOJNOXXHUTENBHBIE) —  MPABHIBHO
UICHTU(PUIUPOBAHHBIE TOJOXHUTENbHbIE;, FN  (JJOKHOOTpHULIATENIbHBIE) —  TOJOXHUTEIbHbIC
HEMPABWIBHO HJICHTU(UIIMPOBAHHBIE KaK OTpHUIATeNbHble;, FP  (JIO)KHOIOJIOKUTEIbHBIE) —
OTpULATCIIbHBIC HCIIPABUIIBHO I/IIIGHTI/I(bI/IL[I/IpOBaHHBIe KaK ITIOJIOKUTCIIbHBIC.

TounocTn MOJCJIH

()

Tounocrs

(B)

Mopgean

Pucynoxk 9 — CpaBHeHHE TOYHOCTH MOJieIell OOHapy>KEHUSI aHOMAIIHH, TT0{4EPKHUBAIOIIEE IPEBOCXOIHYIO
MIPOU3BOIUTEIBHOCTH pa3padboTanHoro LSTM-aBTosHKOAEp 1O CPaBHEHHMIO C TPAIUITHOHHBIMU Moaeismu ((a) Jlec
n3ossinuy; (0) MamirHa onopHBIX BEKTOPOB 0JJHOTO Kiacca; (B) JlokanbHbINH ypoBeHb BhIOpoca; (1) Knacrepuszanus K-
cpennux; (1) LSTM-aBrosukozaep)

Mopaenu U30JIMpYIOLIEro JIeca U OJJHOKIACCOBBII METO/ OMOPHBIX BEKTOPOB AEMOHCTPUPYIOT
OTHOCHUTEJIBHO HU3KYI0 TOYHOCTH ¢ mokasarermsmu 11,71% u 12,64% coorBerctBeHHO. CoriiacHO
puUCyHKY 9, mnpemynaraemple MOJEIM MOTYT HMMEThb OIPAHMYEHHSI TPU BBISIBICHUU CJOKHBIX
aHOMAJIBHBIX 3aKOHOMEpPHOCTEH B HaOOpe MaHHBIX. B oTiMuyme OT 3TOro MeToj KiacTepu3aluu
K-Means neMoHCTpUpYyeT 3HAUUTENbHOE YBEIWYEHHE TOYHOCTH, JOCTHras 3HaueHus B 83,64%.
Opnaxo umenHo LSTM-aBTo3HKOI€p 00€crieunBaeT HAUIyUlIyt0 TOUHOCTb 96,10%. DTOT pe3yabTar
MOIYEPKHUBAET BHICOKYIO CIOCOOHOCTH pazpaboranHoro LSTM-aBTosHKOAEpa K MPOTHO3MPOBAHHIO
OyIymmX JTaHHBIX BPEMEHHBIX pSANIOB, Ojarojapsi €ro CrnocoOHOCTH O0ydYaThCsl JOJITOCPOUYHBIM
3aBUCHUMOCTSIM U CJIOKHBIM 3aKOHOMEPHOCTSIM JaHHbIX. V3yueHne MaTpull A pa3iudHbIX MOJeen
OOHapyXeHUsI ~aHOMAJIHMK  TpPENOoCTaBiIsieT HWH(POPMATHUBHBICE JAaHHBIE  OTHOCUTEIBHO  HX
MPOU3BOAUTEIBHOCTH.

st anropuTma jeca M3O0JISINH, OJHOKJIACCHOTO METOJa OMOPHBIX BEKTOPOB, JIOKAIBHOTO
ypoBHs BbIOpoca, meTona knacrepuzanuu K-Means u LSTM-aBTosHKOAepa MaTpUIIBI TOKA3bIBAIOT
pPEe3KHil KOHTpacT B CHOCOOHOCTH MOJENeld MpaBWIbHO KIACCU(PUIMPOBATh HOpPMalbHbIE U
aHOMAaJbHBIE WHIUACHTHI B TECTOBOM HaOope naHHbIX (pucyHok 10). Mogens Jlec wuzomsiiuu
MOKAa3bIBACT OOJBIIIOE KOJWYECTBO HCTUHHO OTPHUIATEIBHBIX pE3ynbTaToB (466), HO TaKke
3HAUUTENBHOE KOJTHUYECTBO JIOKHOIMOIOKHUTEIBHBIX PE3yNbTaToB (72), yKa3bIBarolee Ha TEHACHIINIO
K HEMpPaBWIBHOW MapKHUPOBKE HOPMAJIBHBIX MHIIMICHTOB KaK aHOMajuil. Mojeiau OJHOKJIACCHOTO
METOJIa OTOPHBIX BEKTOPOB U JIOKAIBHOTO YPOBHS BBIOPOCOB JAEMOHCTPUPYIOT emié Oosbliee
KOJIMYECTBO JIOKHOTIOJIOKHUTEIBHBIX pe3yibTaToB (475 n 470 COOTBETCTBEHHO), YTO MPEIOIaraet
BBICOKYIO CTEMEHb OIMMOOYHON KIAaCCHU(PUKAIMU, YTO OCOOCHHO KPUTHYHO MPH OOHAPYKEHHH
aHOMAJIMH, Iie BaKHA TOYHOCTh OOHapykeHus. B To e Bpems Mozens kinacrepusanuu K-Means c
450 UICTUHHO OTPULIATEIBHBIMU U 88 JT0KHOIMOJIOKUTENBHBIMH PE3YJIbTATAMH ITPEANOIATAET JIYUIYIO,
XOTsI U HE UJIeaTbHYI0, CTIOCOOHOCTh OOHAPYKEHUS. DTO TOIPA3yMEBAECT YMEPEHHOE PA3ITHIUE MEKTY
HOPMAaJIbHBIMU JIAaHHBIMU U aHOMAJHUSIMU, OJHAKO KOJUYECTBO JIO)KHOIOJIOKUTEIbHBIX PE3yJIbTATOB
ocTa€rcsl 3HAYMTENbHBIM. Pa3paboTanHas aBTOopoM aucceptaruu monens LSTM-aBrosHkomepa ¢
BIICUATIISIONIMM KOJIMYECTBOM 517 MCTMHHO OTPULIATENBHBIX U TOJBKO 21 JI0)KHOIMOJIOKUTEIbHBIM
PE3yIBTATOM JIEMOHCTPHUPYET MPEBOCXOAHYIO TOYHOCTh B Pa3IMUY€HUH HOPMAJIbHBIX U aHOMAaJIbHBIX
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naHHbIX. HeOounblioe KOJIWYECTBO JIOKHOMOJIOKUTENBHBIX PE3yJIbTaTOB YKa3bIBa€T HAa BBICOKYIO
CHenuPUIHOCTh MOJENH U €€ CIOCOOHOCTh XOpOIIO 0000IIaTh NaHHbIe 0OYyYEHHS, HE BBOMISCH B
3201y /IeHHE IPUCYIIUM [IYMOM WJIM HEAaHOMAJIbHBIMU BapHalisiMU. Pe3ylbTaThl 3 MaTPHI] OLIUOOK
npeanojaratoT, 4yto Mozelb LSTM-aBTO’HKOJEp 3HAYUTEIBHO IPEBOCXOJUT CBOM aHAJIOTU B
pa3iueHuy HOpPMaJIbHOM paboThl M aHOMaNMii BHYTpU Habopa AaHHBIX. MoJenu U30SIHOHHOTO
Jgeca, OAHOKJIACCHBIH METOJ OIOPHBIX BEKTOPOB M JIOKAJBLHOTO YPOBHS BHIOpOCAa JIE€MOHCTPHUPYIOT
BBICOKYIO CTENEHb JIOXKHOIOJIOKUTEIbHBIX PE3yJIbTaTOB, YTO MOXET IMPUBECTH K HEHY>KHBIM
OTIOBEIICHUSM B MPAKTHYECKUX MTPUIIOKEHHUAX, TEM CAMbIM CHHKAsl JOBEPHE K CUCTeME OOHApY KEHUS
anomanuii. [logxon knactepuzanuu K-Means nydiie, ueM y npeIblayux MOJeNel, HO HE IOCTUTaeT
tounoctr LSTM-aBrosHKOI€pa. ITO MOKET OBITH CBSA3aHO C UyBCTBUTEIBHOCTHIO K-Means k Beioopy
HAYaJIbHBIX HEHTPOUIOB U €ro TeHEHIINEH (opMUpoBaTh chepruecKue Ki1acTepbl, KOTOpPbIE HE BCeraa
COOTBETCTBYIOT pacipenesieHuio anomanuii. Beicokas Tounocts LSTM-aBTo3HKOI€pa CBSI3aHA C €ro
CIIOCOOHOCTBIO YUUTBHCS CIOKHBIM BPEMEHHBIM 3aBHCUMOCTSIM B JaHHBIX, (DYHKLIUU KOTOPOW HET Y
TPaIUIIMOHHBIX MOJieNieil 0OHApyKEHUS aHOMaIMA. DTa XapaKTePUCTUKA HMEET pelIaromiee 3HaueHue
JUISL BPEMEHHBIX PSIIOB JAHHBIX, /1€ MOCIEI0BATEIbHOCTh HAOIIOIEHUN U UX BPEMEHHONW KOHTEKCT
UTPAIOT 3HAYUTEIBHYIO POJIb B OMPEACICHUN TOTO, YTO CYUTAETCS HOPMAJIbHBIM MTOBEJIEHUEM MTPOTHUB
anomanuu. Ha pucynkax 11, 12 u 13 npeacraBneH pe3yiabTaT alropurMa oOHapyKeHHsI aHOMAIIMK Ha
OCHOBE pa3paboTaHHOil aBTOpoM Mojenu LSTM-aBTosnkoaepa.

MaTtpHna DyTAHANEI J18 MaTtprana myTaEHOBI J/I5 MaTpHOa OyTAHAIEL 118
JI0KAJIBHOTO YPOBHS BEIOpOCa H30IANHOHHOIO JIeca Kaacrepuzanun K-cpeqaux
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Pucynok 10 — Matpuisl myTaHHIB! U MOAENIEH 0OHapyKEeHHUsI aHOMaTIHH
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Pucynok 11 — O6HapyKeHHas1 aHOMAJIKSI C UCIIONIb30BaHUEM IPEIOKCHHOT0 pazpaboranHoro LSTM-aBTosnkoepa: (2)
- cerment-1; (b) - cerment-2; (C) - cermMenT-3 TeCTOBOro Habopa MaHHBIX
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Pucynok 12 — OOHapy»keHHasi aHOMaJHsl C UCIIOJIb30BAHUEM NPEIIOKEHHOTO pazpadoTanHoro LSTM-aBrosnkozepa: (a)
- cerment-4; (b) - cerment-5; (C) - cermenT-6 TECTOBOrO Habopa MaHHBIX
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Pucynok 13 — OGHapyXeHHAsI aHOMAJHS ¢ UCTIOJIF30BaHIEM TPEIIOKCHHOTO pa3padoranHoro LSTM-
aBTOBHKOepa: (a) — cermeHT - 7; (D) - cerment- 8; (C) — cermeHT - 9 TecTOBOro HabOPa TAHHBIX

B mecroii ri1aBe 1peicTaBIcHb! BEIBOBL:

1. 3Oto uccnenoBaHue NOTUEPKUBAET KPUTUUECKYIO Ba)KHOCTh MPOBEACHUSI PEMOHTA I10
TEKyIIEMy TEXHHYECKOMY COCTOSIHMIO Ha JJIEKTPOCTAHLMAX MJIsl NPEJOTBPAILICHUS CEPbE3HBIX
MOBPEXACHUN cHCTeMbl U 3((EKTUBHOIO COKpAIleHHsT BPEMEHM M 3aTpaT Ha TEXHUYECKOE
oOcnyxnBanue. OHO MOAYEPKHUBAET 3HAUEHHE TaKUX Mep JUIsl yCTOHUMBOM U 3(h(eKTuBHON paboThI
AIIEKTPOCTAHLIUHN, BBIJEISISI HEOOXOUMOCTh CBOEBPEMEHHOTO BMEILIATENIbCTBA JJIs IPEIOTBPALLICHHS
KPYITHOMACIITaOHBIX OMNEpPalMOHHBIX cOoeB. Pa3paboTaH MeTOJ|, KOTOPBI HCHOJB3YET BBIXOA
JIATEHTHOT'O CJIOSl aBTOHKOJIEpa JUIsl YMEHBUICHHUSI 00beMa BXOAHBIX JTAHHBIX, TEM CaMbIM BBIJIEISSA
CYLIECTBEHHbIE MPU3HAKU U3 CIIOKHBIX IaHHBIX BPEMEHHBIX psAJ0B. D()(HEKTUBHOCTH aBTOPHKOIEpA B
PEKOHCTPYKLMU 3aKOHOMEPHOCTEM JIaHHBIX BpPEMEHHBIX pSJIOB, COXpaHssl  peJeBaHTHbBIC
XapaKTepUCTUKH, TOAYEPKUBAET €ro IOJIE3HOCTh B IIOHHMMAaHUM W [POTHO3UPOBAHUU
paboTOCTIOCOOHOCTH CUCTEM BIEKTPOCTAHITHH.

2. IlpencraBieH NOAXOX K OOHapyXEHUIO HEUCIPABHOCTEH, HCHOJIB3YIOUUI BBIXOA
JATEHTHOT'O CJIOS KOAUPOBIIMKA A 0o0ydeHus mozenu LSTM c Tpemsi CKpBITBIMH CllOsiMU. JTa
MO/1€JIb MOBBIIIAET TOYHOCTh OLEHKH HEUCIPABHOCTEH, 0COOEHHO B ra30BBbIX TYpOMHAX, YKa3bIBasi HA
ee MOTeHUMaN JUIsl YJIy4IIEHHs CTpaTeruidi IMPOrHOCTUYECKOIO TEXHHUYECKOTro OOCIy>KHBaHUS.
Ucnonp3ysa ananu3 BuOpauuu B coueTtaHuu ¢ mojenbio LSTM-aBTosHKonepa nisi oOHapyKeHus
HEHCIIPaBHOCTEW Ta30BBIX TYpOMH, MCCIEOBAHUE pElaeT 3HAuUUTeNbHbIE MPOOJIEMBbl, CBA3aHHBIE C
BpalllalOIIMMUCS  MaluHamu. VHTerpamust 53TUX METOIMK CHOCOOCTBYeT ©Oojee TOYHOMY
OOHapyKEHUIO HEHCIIPaBHOCTEW, MOJAEpKHUBas pa3padOTKy CTpaTerdii MpPOTHOCTUYECKOTO
TEXHUUYECKOTO 00CITYyKMBaHUS, KOTOPBIE MOBBIMIAIOT HAJEKHOCTh, 0€30MacCHOCTh U 3(PPEKTUBHOCTD
paboThl MPOMBIIUIEHHOTO 000pynoBaHMsA. Mojenb OOHApyKEHHs HEUCHpPAaBHOCTEH, KOMOMHAIUSA
aBTOPHKOJEpA s yMeHblleHus npu3HakoB W LSTM s nporHo3npoBaHus, TIHIATENIBHO
CIPOEKTUPOBAaHA Ul MICHTU(UKAIUM U TpeACKa3zaHWs OTKAa30B B JAHHBIX BPEMEHHBIX PsIJIOB.
[Tpouecc HauMHaeTcs ¢ TOro, YTO ABTOIHKOJIEP CKMMAET M KOJUPYET BXOAHbBIE JaHHBIE, YMEHBIIIAst UX
CJIO)KHOCTh, HO COXpaHss 3HAUMMBble MPU3HAKU JUIsl OOHApy>KeHUs OTKa3oB. 3areM mozaenb LSTM
UCIIOJIb3YET 3TH 3aKOJMPOBAaHHbIE MPU3HAKU ISl IPOrHO3MPOBAHUS OYIyIIUX COCTOSHUM JaHHBIX,
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MPOTHO3UPYS MOTEHIMAbHbIE OTKa3bl Ha OCHOBE H3YYEHHBIX 3aKOHOMEPHOCTEH M KOppEesLuil.
O} eKTUBHOCTh MOJENU B YIYUYIIEHHH IPOTHOCTUYECKOTO TEXHUYECKOTO OOCITyKHBaHHS Ha
JNEKTPOCTAHIMIX THIATEIBHO HCCIEAYeTCs C aKIEHTOM Ha HACHTU(UKALUIO U MpelcKa3aHHe
AHOMAJILHOTO TIOBEJICHUS, KOTOPOE MOXKET YKa3blBaTh HA TOTEHIIMAIBHBIE MPOOJIEMBI CUCTEMBI.
Koundurypanus monenu, BKIItoYasi aBTOOHKOIEP AJs yMeHbleHus npusHakoB 1 LSTM mist Tounoro
Mpe/ICKa3aHus HEUCIIPABHOCTEH, IEMOHCTPHUPYET [IEHHOCTh MOJHOTO HA0Opa JAHHBIX B TIOBBIIICHUH
BO3MOXXHOCTEl OOyueHUss U MPAKTHUYECKOrOo MPHUMEHEHHUS MOJENId B pEalbHbIX YCIOBUSIX
JKCILTyaTaIUH.

3. JlaHHBIN MPOEKT OMUPAETCS Ha pealbHOE MPUMEHEHUE MPEAJI0KEHHOr0 alropuTMa s
OHJIalH- OOHApPYKCHHSI HEHCIIPABHOCTEH Ta30BBIX TYPOWH, KOTOPBIM OBUT yCHENIHO MPUMEHEH Ha
anexTpocTtanuu . Kupkyk B Mpake. O (hekTUBHOCTB MPEAIoKEHHOT0 M01X0/1a Oblia MOITBEPKIeHA
€ro NpUMEHEHUEM B MPOMBILIUICHHOU Cpeie, MOJYepKUBast akTyalbHOCTh U MOTEHIIMAJ aJITOPUTMA B
pEIIEHNN KPUTUYECKH BaXXHBIX MPOOJIEM TEXHUYECKOro OOCITYyKHBAaHUS B CEKTOpE IMPOU3BOJICTBA
sHepruu. Peanmuzamusi 3Toro ajroputma Ha 3JEKTpOCTaHIUU T. KUPKyK CIyXKUT NPUMEpPOM €ro
MPAKTUYECKUX MPEUMYIIECTB, Ipenajaras HaJIeKHOE pELICHHE JJs MOBBIIICHHS OIepalOHHON
HAJICKHOCTH U 3(PPEKTUBHOCTH TP OJTHOBPEMEHHON MHHUMHU3AIIMH 3aTPAT U MPOCTOEB, CBI3aHHBIX C
TEXHUUYECKUM O0CTYKUBAHUEM.

Jns Oymymux paboT HCClieoBaHUE MPeiaraeT HEeCKOJIBKO HAIMPAaBICHUN ISl JabHEHIIEeTo
YIIyYIIEHUS! MPOTHOCTUYECKOTO0 TEXHHUYECKOro oOcmykuBaHus. K HUM OTHOCSTCS: HWHTErpaius
JAHHBIX B PEAJIbHOM BPEMEHH, YJY4IlIEHUE TeHEpallid CHUHTETUYECKHX JaHHBIX, pa3paboTka
ABTOMATU3UPOBAHHBIX  AJITOPUTMOB  OMpEACNICHUS  IMOPOTOBBIX  3HAYEHUH, HCCIIEOBAHHE
MYJIbTUMOJIAJIBHOTO CIIUSIHUSA JIAaHHBIX, U3yUYE€HHUE B3aMMOJCHCTBUS YEIOBEKAa M MAIIWHBI, a TaKXKe
0000111eHIe METOAOIOTHI sl IPYTUX OTpaciield MPOMBIIIIICHHOCTH.
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Ouenka Bo3/1elicTBUS BHOPALMU HA MeXaHUYeCKOe 000Py10BaHME 3JIeKTPOCTAHIMI
KOMOMHHPOBAHHOI0 LIMKJIA
Anb-Texputu Barban Xamug ®axmu
HccnenoBanne MOCBAIIEHO aHAW3Y BO3ACHCTBUSA BUOpAaIlMd HAa MEXAaHHUYECKHUE YaCTU
ANIEKTPOCTAHIIMKM ¢ KOMOMHUPOBAHHBIM LIUKIOM PaboOThl, B KOTOPOM 0C000€ BHUMAHHUE YJIEISETCS
nepexoay K MPEAUKTUBHOMY TEXHHUYECKOMY OOCITYXKMBAaHHUIO C TOMOIIBIO TMEPEIOBBIX METO/IOB
MalIMHHOTO oOyueHusa. s oOHapykeHus aHOMaiuii Obla pa3paboraHa HoBas moaenb LSTM-
ABTOPHKOJIEP, UCITOJIb3YIOIIAs CUTHAJIBI BUOpAIK 3JIeKTpocTaHIuu B KupKyke B KauecTBe OCHOBHOTO
HaOopa naHHBIX. VMcciemoBaHue cocpeaoTOYEHO Ha CIIOCOOHOCTH MOJICIH BBISBIATH OIIMOKH B
JAHHBIX BPEMEHHBIX PSJOB, HCIONB3Ys METONbl YBEIWYEHUsT OoObeMa JaHHBIX [JISl YCTpaHEHUS
OTPAaHUYEHHON JTOCTYNHOCTH AHOMAJIbHBIX JaHHbIX. llomydeHHbIe pe3ynbTarbl MOATBEPKIAAIOT
spdpextuBHOCTh LSTM-aBTOsHKOIEp B OOHApYy)KEHMUM U MPOTHO3UPOBAHUU HEUCIPABHOCTEH,
noBbIIas 3pPeKTUBHOCTH pabOTH M 0€30MaCHOCTh MPHU OTHOBPEMEHHOM CHUKEHHHU 3aTpar. bymymias
pabota mpezamnonaraeT pacluIMpeHre MPUMEHUMOCTH MOJCIM U ONTHMHU3AIMIO YBEIMYECHUS] 00beMa
JTAHHBIX J71s1 60Jiee MHUPOKOTO MPOMBIIIIIEHHOTO UCTIOIh30BAHMS.

Analysis of the vibration effects on combined cycle power plant's mechanical parts
Al-Tekreeti Watban Khalid Fahmi

Research explores the analysis of vibration effects on the mechanical parts of combined cycle
power plants (CCPPs), emphasizing the transition to predictive maintenance through advanced
machine learning (ML) techniques. A novel Deep Long Short-Term Memory (DLSTM) Autoencoder
model was developed for anomaly detection, utilizing the Kirkuk Power Plant vibration signals as a
primary dataset. The study focuses on the model's ability to identify faults in time-series data,
leveraging data augmentation techniques to address limited anomalous data availability. The findings
validate the DLSTM-Autoencoder's effectiveness in detecting and predicting faults, enhancing
operational efficiency and safety while reducing costs. Future work suggests expanding the model's
applicability and optimizing data augmentation for broader industrial use.
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