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Abstract: Our paper proposes a method for constructing a system for predicting defects and failures
of power equipment and the time of their occurrence based on the joint solution of regression and
classification problems using machine learning methods. A distinctive feature of this method is
the use of the equipment’s technical condition index as an informative parameter. The results of
calculating and visualizing the technical condition index in relation to the electro-hydraulic automatic
control system of hydropower turbine when predicting the defect “clogging of drainage channels”
showed that its determination both for an equipment and for a group of its functional units allows
one to quickly and with the required accuracy assess the arising technological disturbances in the
operation of power equipment. In order to predict the behavior of the technical condition index of
the automatic control system of the turbine, the optimal tuning of the LSTM model of the recurrent
neural network was developed and carried out. The result of the application of the model was the
forecast of the technical condition index achievement and the limiting characteristic according to
the current time data on its values. The developed model accurately predicted the behavior of the
technical condition index at time intervals of 3 and 10 h, which made it possible to draw a conclusion
about its applicability for early identification of the investigated defect in the automatic control
system of the turbine. Thus, we can conclude that the joint solution of regression and classification
problems using an information parameter in the form of a technical condition index allows one to
develop systems for predicting defects, one significant advantage of which is the ability to early
determine the development of degradation phenomena in power equipment.

Keywords: defect forecasting system; power equipment; technical condition index; machine learning;
neural network; SCADA; logistic regression; machine learning algorithms

1. Introduction

The production assets of the electric power industry include many units of power
equipment interconnected by a single technological process for the production and conver-
sion of energy at power plants. In order to ensure the reliable and continuous operation of
a power plant, it is necessary to organize the planning of operation processes, repairs, and
modernization of power equipment. Ensuring the implementation of these processes is
entrusted to the maintenance and repair management information system.

One of the key problems in building an effective maintenance and repair management
system is the high level of capital intensity of power equipment of power plants associated
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with the specific nature of the process of energy production and supply to consumers. Thus,
carrying out maintenance, repairs and implementation of programs for modernization and
technical re-equipment of the power plant requires attracting large investments. Incorrect
distribution of limited investment funds in programs for technical re-equipment, recon-
struction, and repairs significantly reduces the level of competitiveness of the power plant
when operating in the wholesale electricity market. This leads to an increase in the cost of
energy products for consumers and creates a threat of disruption to stable energy supply.

In Russia, the use by power enterprises of various scientific and methodological
approaches to the organization of information systems for the management of maintenance
and repairs has led to a large difference in the technical condition and efficiency of using
the main power equipment at power plants. Due to the fact that more than 68% of the
installed capacity of power plants operates within the framework of the unified energy
system of the country, a decrease in the efficiency of operation of the power equipment
of one power plant has a significant impact on the cost and capacity and electric power
balances of other energy sources.

Within the context of limited investment into the Russian electric power industry, the
task of maintaining the operating condition of the currently operating power plants, with
some of their power equipment being outdated, would require a considerable volume
of current and major repairs. Maintenance of obsolete equipment leads to an increase in
the cost of its operation, and the downtime of power units increases, which reduces their
annual electricity production. In addition, the equipment operates at the limit parameters,
and the predicted service life is not restored even after a major overhaul. Thus, there is
a lot of focus in the industry on improving the efficiency of maintenance systems, which
motivated the study.

One of the most common maintenance systems in the energy industry is through
making repairs based on the technical conditions of the equipment. At the same time, the
specifics of the activities of energy enterprises do not allow the full use of the classical
theory of production assets management, which necessitates the development on the basis
of special approaches and tools for managing the operation of the power equipment. All
of this is due to the fact that control according to the criterion of ensuring a given level of
reliability of power equipment has a number of limitations caused by the complexity of
statistical data analysis. Statistics on failures and changes in the parameters of the state
of a single equipment cannot be obtained, since it assumes the presence of an array of the
equipment belonging to the same type which is operated under the same conditions. At the
same time, the main production equipment at many power plants is unique and designed
for various operating modes. This feature of power plants limits the use of statistical
methods of the theory of reliability [1–4].

Further development of the statistical approach to the management of production
assets is associated with the development of a methodology for diagnosing the resource of
each piece of equipment at a power plant, based on progressive methods for measuring
the main technological parameters of a production asset which determine the reliability
and efficiency of its operation and also affect the economy of the power plant [5–7].

In recent years, the concept of managing production assets based on the technical
condition of equipment used at energy enterprises has grown into a system for organizing
the activities of an energy enterprise as a whole [8–10]. Thus, in order to solve the problem
of planning maintenance and repairs at power plants, it is merely not enough to assess the
current technical conditions of the equipment. It is also of a great importance to predict the
residual resource of this equipment which consists of determining the time of the onset of
the limiting values of its technological parameters that determine the occurrence of possible
defects and failures.

The presence of this large task facing energy enterprises has led to a broad discussion
within the scientific community focused on various methods and approaches that could
be applied to the construction of systems for predicting defects and failures of power
equipment. The most promising from the point of view of the implementation of the
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mathematical apparatus of forecasting are the methods and algorithms of machine learning
used to solve problems of classification, regression and clustering [11–15].

In accordance with the previous research [16–21], the construction of a modern predic-
tive analytics system that predicts defects and failures of power equipment requires the
implementation of the following sequence of stages:

Formation of a data warehouse coming from a supervisory control and data acquisition
(SCADA) system and representing unstructured data on technological parameters, events,
alarms, and locks;

Data preprocessing, searching for data outliers and anomalies, filling in gaps and
conducting data to a single structure;

Solution of the classification problem based on machine learning algorithms and
predictive models. In this case, the output of the predictive models is not a discrete result
(1 is equipment failure, 0 is no failure), but the probability of a given technical state of
equipment belonging to the “failure” state (to class “1”);

Setting the optimal classification threshold. When the threshold is exceeded, the
technical condition of the equipment is characterized as a condition close to failure, damage,
or defect.

The considered approach to the construction of predictive analytics systems cannot
be characterized as complete in the case of solving problems of predicting the technical
state of equipment. This is due to the fact that the indicator of the probability showing
whether the current technical condition of the equipment belongs to the class of defects
is not sufficiently informative for making a decision on the maintenance required for
preventing an emergency shutdown of the equipment. In other words, it does not give
an idea of when the defect will occur and how long it takes to analyze the developing
degradation situation.

The aim of the study is to propose an approach to the construction of a system for
predicting defects and failures of power equipment based on machine learning methods
which makes it possible to analyze the developing degradation situation in a span of time.
Thus, the research contribution lies in the development of predictive analytics tools to solve
the problem of early notification of the need for equipment maintenance.

The research hypothesis is the possibility of achieving the research goal by jointly
solving the following problems using machine learning methods:

• The problem of predicting the technical condition index of power equipment and
determining the time to reach its limiting state;

• The problem of determining the probability that the current technical condition of
power equipment belongs to the state of defects.

• This hypothesis determined the following structure and content of the paper:
• Analysis of approaches to building a system for predicting defects in power equipment;
• Predicting the time of occurrence of defects in power equipment based on the determi-

nation of the technical condition index;
• Predicting the probability that the current technical state of power equipment belongs

to a class of defects.
• Defect forecasting method development based on the joint solution of regression and

classification problems;
• Approbation of the compiled forecast model in accordance with the proposed method.

The rest of this paper is organized as follows. Section 2 focuses on the analysis of
approaches to building a system for predicting defects in power equipment. Section 3 de-
scribes the defect forecasting method development based on the joint solution of regression
and classification problems. Section 4 reports the results and provides their discussion.
Finally, Section 5 provides overall conclusions and lists possible implications.

The following major contributions can be highlighted:

• An algorithm is proposed for constructing a modern system for predicting defects
and failures of power equipment based on a study of the technical condition index of
equipment and determining the time it will reach its limit state;
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• An approach has been developed to determine the technical condition index of power
equipment and its functional units according to their current technological parameters;

• An approach is proposed to determine the probability that the current technical state
of power equipment belongs to a class of defects based on ensembles of machine
learning methods;

• The LSTM model of a recurrent neural network has been developed and tuned to
solve the problem of predicting the behavior of the technical condition index of
power equipment.

A distinctive feature of the developments is the use of the equipment technical condi-
tion index as an information parameter. If compared with existing methods, in which the
probability of the current technical condition of equipment belonging to the state of defects
is usually used as a predicted parameter, the technical condition index is a more visual
and informative parameter. Also, its use makes it possible to determine the time before the
onset of the limiting state of the equipment and to predict the development of degradation
phenomena at an early stage, which is discussed in Section 4.

2. Analysis of Approaches to Building a System for Predicting Defects in Power Equipment
2.1. Predicting the Time of Occurrence of Defects in Power Equipment Based on the Determination
of the Technical Condition Index

As it has been noted above, the process of predicting the time before the onset of
defects and failures of power equipment consists of constructing a forecast (solving the
regression problem) for the key parameters that directly or indirectly characterize its current
technical state. In this case, the predicted time is calculated as the time until the occurrence
of the limiting value (corresponding to the state of defect or failure) of these parameters in
the future. Since such predicted parameter characterizes the current technical condition,
the probability of the current technical condition belonging to the state of defects can be
used [16,17].

However, a more visual and informative parameter is represented by the techni-
cal condition index (TCI) of equipment [22–26] which makes it possible to assess and
predict not only the technical condition of power equipment as a whole but also its
individual elements.

There are various approaches to determining the technical condition index of equip-
ment [24,27,28]. One of them is based on comparing the current measured technological
parameters of the equipment with the values required for normal operation. With such a
comparison in hand, each technological parameter describing the technical condition of
the equipment in accordance with the generated knowledge base is assigned its respective
estimate on the basis of which the calculation of the TCI is carried out. The disadvantage
of this approach for the definition of TCI is the subjectivity of expert assessments entered
into the knowledge base, as well as the lack of a complete list of technological parameters
required for further correct prediction of many possible defects and equipment failures.

An effective approach to determining the TCI of equipment from the point of view of
automation of calculations and ease of interpretation is to assess the degree of deviation of
the current values of technological parameters characterizing the technical condition of the
equipment from the values of these parameters corresponding to warning alarms [29,30].
This approach is reflected in Equation (1) that follows:

HIt =

{ yt − ymin
ymean − ∆y − ymin

i f |yt − ymin| < |ymax − yt|
ymax − yt

ymax − ymean − ∆y i f |yt − ymin| ≥ |ymax − yt|
(1)

where HIt ∈ [0; 1] is the TCI value for a given technological parameter at each moment of
time; yt is the value of the technological parameter describing the technical condition of the
equipment at each moment of time; ymin, ymax is the minimum and maximum technological
parameter values yt corresponding to the alarm level; ymean = ymax−ymin

2 is the average
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value of technological parameter, ideal in relation to alarm levels; and ∆y = δ · ymean is the
deviation from mean value.

The value of TCI for a group of technological parameters characterizing the state of
the equipment is determined as the harmonic mean of all individual TCI given by the
following Formula (2).

HIgroup
t =

N
1

HI1t
+ 1

HI2t
+ · · ·+ 1

HINt

(2)

where N is the number of technological parameters describing the current technical state of
the considered energy facility.

The determination of the technical condition index in accordance with Formulas (1) and (2),
both for a unit of technological equipment and for a group of its functional units on the
basis of technological parameters characterizing the technical state of the equipment,
makes it possible to assess the arising technological disturbances in the operation of power
equipment and, as a result of this, to identify the development of a manufacturing defect
or the occurrence of a failure.

2.2. Predicting the Probability That the Current Technical State of Power Equipment Belongs to a
Class of Defects

This approach is based on the determination of the probability that the current tech-
nical condition of the equipment belongs to the class of defects. The arising classification
problem is solved using machine learning methods.

Historical data on technological parameters characterizing the technical condition
of the equipment (in the form of an attribute space X), as well as data on defects and
failures in the form of a response space Y ∈ [0; 1] (0 is a class characterizing the normal
operation of the equipment, and 1 is a class characterizing the presence of a defect) are
sent as input for the machine learning models with the help of which the problem of
determining the probabilities of belonging of each element of the feature space to the class
“1” is then solved.

Furthermore, after building and tuning the optimal machine learning models, the op-
timal classification threshold is determined, above which a developing defect is identified.
A notification signal is generated and sent to the operator who then decides about the need
for the equipment maintenance.

The following machine learning algorithms can be used here: logistic regression [31–34],
random forest [35–37], gradient boosting of decision trees [38–40] and ensembles of the
presented algorithms [41–43]. In the process of training the listed algorithms, the data is di-
vided into training, validation (using the strategy of stratified K-fold cross-validation [44,45]),
and test sets.

The hyperparameters of each algorithm are adjusted in such a way as to minimize
the error functional-logistic losses (log-loss, cross-entropy) when training these algorithms,
which is shown in Equation (3).

Q(a(x, hyperparam), x) =
l

∑
i=1

ln(1 + e−yiα(xi))→ min
hyperparam

(3)

where a(x, hyperparam) is the predictive response of a machine learning algorithm;
hyperparam is the algorithm hyperparameter; Q is the functional error; and i = 1, l is
the training sample element.

The comparison of the performance of algorithms on a test sample is carried out
using the metrics of completeness (recall) and accuracy (precision) which characterize such
indicators of the algorithm as the number of false alarms of the algorithm (false positive,
FP), false classifications of the defect and false omissions of the algorithm (false negative,
FN). In order to prevent false notifications about eventual defects in power equipment, the
selection of such classification threshold is carried out, which makes it possible to minimize
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the number of false omissions of the algorithm (FN) and observe the least number of false
alarms (FP).

If the probability of belonging to a class of defects is greater than the optimal clas-
sification threshold, a warning message “state close to failure” flashes in the predictive
analytics system.

3. Defect Forecasting Method Development Based on the Joint Solution of Regression
and Classification Problems

The concept of a new method for constructing an effective forecasting system is based
on the combination of the two previously presented approaches for predicting defects
and failures of power equipment. The task of classifying the current technical state of
equipment is complemented by the task of regression (forecasting time series), which is
possible to solve not only for determining the presence of a developing emergency situation
based on historical events but also for predicting the dynamics of its development and the
time of occurrence of the limiting state.

The problem of predicting the probability of belonging to the current technical state
to a class of defects is solved on the basis of ensembles of “risky” (the method of gradient
boosting of decision trees) and “cautious” (method of logistic regression) methods of
machine learning, followed by a visually understandable and interpretable definition and
forecasting of TCI and the time to reach it limiting value. As a mathematical apparatus for
solving the problem of forecasting a time series (TCI behavior over time), we suggest using
machine learning methods that are usually applied when working with the data sequences
in regression tasks. One of these methods is based on the construction of a long short-term
memory model of a recurrent neural network.

The neural network is a universal approximator based on Kolmogorov’s theorem [46,47]
and Hornik’s approximation theorem [48,49]. The graphical representation of this math-
ematical model may be different depending on the modification of its mathematical
apparatus [50].

One of the modifications of neural networks is a recurrent neural network (RNN) [51,52].
This network model is commonly used for solving regression and classification problems
when working with data sequences. The structure and operating principle of this model is
fundamentally different from the direct neural network model (Figure 1).
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Figure 1. Schematic diagram of signal propagation in a recurrent neural network (many to
many type).

It can be noted based on the schematic diagram of signal propagation in the RNN
that, in contrast with the direct propagation model, the input data is sent to the model
sequentially at each moment of time t. In this case, at each step of signal propagation,
based on the current input data and the previous calculated state, the current state (outputt)
is calculated. This process is repeated by n steps until the required output of the model
(predicted value) is determined or until the input data (inputt) of the model is exhausted.
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Signal propagation in the recurrent neural network model is represented through the
values of each hidden state (hiddent) (4), calculated based on the previous hidden state
(hiddent−1) and the current input data (inputt).

hiddent = σ
(
〈whidden, hiddent−1〉+

〈
winput, inputt

〉)
(4)

where σ() is the activation function (sigmoid function, hyperbolic tangent, linear rectifier
ReLu); whidden, winput are the weights for hidden and input states, respectively.

The output value at each calculation step (outputt) (5) is computed as the dot prod-
uct of the weights at the output state by the values at the hidden state, similar to the
regression equation.

outputt =
〈
woutput, hiddent

〉
(5)

The training of a recurrent neural network can be carried out by the error backpropa-
gation method [53], the schematic digram of which in relation to RNN is shown in Figure 2.
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Figure 2. Schematic diagram of the error back propagation method for a recurrent neural
network model.

Thus, during training, after calculating the output signal (the initial stage), the error
functional (6) is determined (in regression problems, the root of the standard deviation
between the answers RNN outputt and the values from the response space yt is used).

F(woutput, whidden, winput) =

√√√√ n

∑
t=1

(
(outputt − yt)

2

n

)
→ min

w
(6)

Based on the chain rule for calculating the gradient, the gradient of the error functional
is determined. The weight coefficients wij are adjusted in the direction of decreasing of the
given functional until it takes the minimum value or training iterations reach the set limit.
It is worth noting that the weights for the hidden state of the recurrent neural network
whidden remain the same after the backpropagation of the error from each output outputt,
while the coefficients woutput and winput change at each step of the gradient descent.

The use of the error backpropagation method in recurrent neural network models for
solving approximation problems for large data sequences determines the main disadvan-
tage of these models. As the sequence size increases, the number of inputs also increases,
and so does the number of hidden states. When using a chain rule to compute a gradient,
the number of computations increases. At the same time, it was proved [51] that the value
of the gradient after many iterations of gradient descent can exponentially decrease, which
prevents the updating of the weight coefficients or exponentially increases, and leads to an
unstable solution of the approximation problem. With regard to the above, the models of
recurrent neural networks are called “neural networks with short-term memory” [51,54]
since they demonstrate good quality only on small data sequences.



Electronics 2021, 10, 3145 8 of 18

In order to improve the quality of models on large data sequences, we suggest
using the long short-term memory (LSTM) method for constructing recurrent neural
networks [55–57]. A schematic diagram of signal propagation using this method is shown
in Figure 3.
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In this schematic diagram (see Figure 3), several signal propagation streams can be
observed. In the first stream (input, input gate), filtering (selection) of data arriving in the
long-term memory of the model takes place. The stream involves new data Xt arriving
at the input of the model and data Ht−1 stored in the short-term memory of the model.
With the help of the sigmoid function (7), the incoming data is converted to the limits [0,1],
where 0 is assigned to data that are not useful for making a forecast and 1 is assigned to
data useful for further training of the model.

i1 = σ
(〈

wi1 , Ht−1
〉
+
〈
ui1 , Xt

〉
+ bias1

)
(7)

In the process of training the neural network using the backpropagation method, the
weight coefficients wi1 and ui1 are updated in such a way as to discard data that noises the
forecast while missing useful ones.

With the activation function (hyperbolic tangent) (8), the same input data Xt and data
from short-term memory are adjusted within the range [−1; 1]:

i2 = tanh
(〈

wi2 , Ht−1
〉
+
〈
ui2 , Xt

〉
+ bias2

)
(8)

Next, the scalar multiplication of the first i1 and second i2 layers of the considered
signal propagation flow is determined and, thereby, the information entering the long-term
memory cell iinput_gate = 〈i1,i2〉 is determined.

In the second stream of signal propagation (forget gate), it is determined which data
from long-term memory at the calculated step t − 1 should be added or removed when
new information appears at the calculated step t. Similarly, as in the case of the first stream
(input gate) (7), using the same sigmoid function with different weight coefficients wforget_gate,
useful information (among the input data Xt and data coming from the short-term memory
Ht−1) is determined by Equation (9).

f = σ
(〈

wi f orget_gate , Ht−1

〉
+
〈

ui f orget_gate , Xt

〉
+ bias f orget_gate

)
(9)

The new state of long-term memory (data set) Ct (10) is formed taking into account (9)
and the data received on the input stream.

Ct = Ct−1 f + iinput_gate (10)
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On the third (output) stream of information dissemination, based on the input data for
the current calculated step Xt, coming from short-term memory at the previous calculated
step Ht−1 and the new state of long-term memory Ct (10), the value of the current output of
the neural network model Ot and the new state of short-term memory (new hidden state)
Ht are formed by Equations (11)–(13). At the same time, a filter implemented in the form of
a sigmoid function is also applied to the data Xt and Ht−1, and the new state of long-term
memory Ct is processed using the hyperbolic tangent.

O1 = σ
(
〈wo1 , Ht−1〉+ 〈uo1 , Xt〉+ biasO1

)
(11)

O2 = tanh
(
wo2 Ct + biasO1

)
(12)

Ht, Ot = 〈O1, O2〉 (13)

Thus, when determined at the current calculated step t and corresponding to each
new input, the new states at each next step take the index t − 1, and the calculations within
the described signal propagation streams are repeated. The weights are updated using the
backpropagation method. In contrast to the standard model of a recurrent neural network,
the values of the gradients during gradient descent operations remain stable due to the
structure of the LSTM of recurrent neural networks [53].

In order to develop and train the LSTM model, the PyTorch library, which is one of the
most commonly used Python libraries for deep learning, is recommend. For preliminary
processing and analysis of data obtained from the SCADA system of the power plant, the
most convenient method is the use of the statistical software package Statgraphics.

The application of the LSTM model of recurrent neural networks, in practice, results
in high quality in solving problems of forecasting data sequences and time series. In the
case of a time series forecast, as input data Xt, the neural network model cannot be fed data
from the feature space X (as it happens in standard regression problems solved by machine
learning methods) but instead data from the response space Y shifted by the time required
to make the forecast. With regard to the problem of predicting the technical condition index
of power equipment, the indicated offset (time lag) can be used for the current temporal
data on the values of the index. That is, the input of the neural network model is supplied
with the values of the index shifted by time, which makes it possible to predict whether the
index would reach the limit value. In this case, the bias is a hyperparameter of the neural
network model.

4. Approbation of the Results and Discussion of Results

In recent decades, Russia focused on the development of renewable energy, first of
all, on the use of the country’s potential in hydro power. The leader in this area is PJSC
RusHydro, one of the largest hydro-generating companies in the world which generates
electric power from renewable sources.

In addition to its high-capacity HPPs, PJSC RusHydro is actively developing small
HPPs focused on supplying power to isolated and hard-to-reach areas of the country.
Reducing the rated capacity and placing energy sources closer to the local consumer is
currently a global trend.

Small hydroelectric power plants represent a low-carbon energy source and have
a number of advantages over other RES-generation facilities (above all in terms of the
average cost of electricity production throughout the entire life cycle of operation). In this
case, the systems of maintenance and repair of equipment take on key importance, which
allow for maintaining of the main power equipment in working order based on SCADA.

The most common SCADA system in the power industry is ClearSCADA which
supports various standards for information transfer in telecommunication systems. The
support for the third-party software and hardware through the use of open standards
and communication protocols allows ClearSCADA to work, in particular, with controllers
Siemens, Schneider, Yokogawa, Control-Logic, and Omron. In 2009, a series of tests was
conducted in order to confirm the compliance of the ClearSCADA functionality with
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the requirements of power enterprises. Since then, ClearSCADA has been used for the
purposes of automated process control system (APCS) at geographically distributed power
plants, such as small HPPs.

The object of the study was the defect “clogging of drainage channels” of the electro-
hydraulic automatic control system of the hydroelectric turbine. Equipment failure data
were collected from the plant’s SCADA system during the summer period of 2017. Table 1
shows the set values of the lower and upper limits of the warning alarms that are most
correlated with the defect under investigation.

Table 1. Values of warning alarms for the parameters of the technical state of the automatic turbine control system.

Signal Name (Feature) ymin ymax

Water level in the turbine cover, mm 550 750
Hydroelectric head, m 18 25
Oil temperature in the drain tank of the high-pressure oil unit, ◦C 30 42
Oil pressure in the boiler of the high-pressure oil unit (sensor 1), kgf/cm2 0 140
Oil pressure in the boiler of the high-pressure oil unit (sensor 2), kgf/cm2 0 140
Oil level in the drain tank of the high-pressure oil unit, mm 190 230
Oil pressure in the boiler of the low-pressure oil unit, kgf/cm2 0 28
Oil level in the boiler of the low-pressure oil unit, mm −1500 800
Oil level in the drain tank of the low-pressure oil unit, mm −800 270

In accordance with the above formulas (see Formulas (1) and (2)), a study of the
behavior of the technical condition index of the electro-hydraulic automatic control system
of the hydroelectric turbine was carried out (Figure 4).
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From the analysis shown on the graph, it can be seen that the generalized TCI of
the automatic control system of the turbine 15 days before the detection of the defect
“clogging of drainage channels” decreased from 75% to 35%. At the same time, on the
day of the defect detection, the calculated TCI value became negative. This behavior of
the TCI is a consequence of going beyond the upper set level of the warning alarm for the
technological parameter “water level in the turbine cover” (see Figure 5) which was the
cause of the defect.
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Thus, the determination of the technical condition index both for a piece of equipment
and for a group of its functional units on the basis of technological parameters charac-
terizing the technical state of the equipment makes it possible to quickly, and with the
required accuracy, assess the arising technological disturbances in the operation of power
equipment. As a result, one can identify the development a manufacturing defect or failure
and take a timely decision to start the maintenance of the equipment in order to prevent an
emergency shutdown.

As noted earlier, determining the probability that the current technical state of the
equipment belongs to the class of defects “clogged drainage channels” is a classification
task that is solved by machine learning methods. Here, we considered the technological
parameters presented in Table 1 and discrete signals for switching on/off the pumps of oil
pressure units as a feature space.

In the course of research and tuning of optimal machine learning models, it was
determined that the most qualitative model for solving this problem is a combination of a
“riskier” [15] random forest algorithm and a more “careful” logistic regression. At the same
time, the approach to building machine learning models using the ensemble technique
(the weighted voting technique was applied) was as follows: each basic algorithm bN(x)
participating in the construction of the composition was assigned a weight coefficient β,
and then, for each element of the sample, by voting these basic algorithms, the answer a(x)
(14) was chosen that optimizes the quality metrics of the machine learning model.

a(x) = max
β1,...,βN

{β1b1(x), . . . , βNbN(x)} (14)

The optimal hyperparameters for each tuned machine learning model participating
in the developed ensemble of algorithms, the metrics of the data quality of the models, as
well as the optimal weights β that were used in the weighted voting of these models, are
presented in Table 2.

Table 2 shows the presence of machine learning errors (FP type) which means that the
model can mistakenly predict the state of equipment close to a defect.
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Table 2. Hyperparameters of tuned machine learning models and quality metrics.

Hyperparameter/Metric Name Value

I. (a) Logistic Regression: Hyperparameters

Regularization coefficient L2 (Ridge regularization) 100

I. (b) Logistic Regression: Quality metrics

Cross-entropy on the training set 0.0006270288

Cross-entropy on the test set 0.0011196107

Completeness on the test set (after determining the optimal threshold) 1.0

Accuracy on the test set (after determining the optimal threshold) 0.999523719

Optimal classification threshold 0.613599

Number of false skips of a defect (FN) 0

Number of false positives of the algorithm on the test set (FP) 5

II. (a) Random Forest: Hyperparameters

Number of basic algorithms (number of decision trees) 15

Depth of basic algorithms 12

Minimum subset of elements in tree leaves 1

Minimum subset of elements in tree tops 2

Value of the share of the number of features required for training decision trees 36.3%

II. (b) Random Forest: Metrics

Cross-entropy on the training set

Cross-entropy on the test set 0.000364

Completeness on the test set (after determining the optimal threshold) 1.0

Accuracy on the test set (after determining the optimal threshold) 0.999523719

Optimal classification threshold 0.0665

Number of false skips of a defect (FN) 0

Number of incorrectly identified defects (false positives) in equipment on the test set (FP) 5

III. (a) Random Forest and Logistic Regression Ensemble: Hyperparameters

Logistic Regression weighting factor 2.5

Random Forest weighting factor 8.0

III. (b) Random Forest and Logistic Regression Ensemble: Metrics

Number of false skips of a defect (FN) 0

Number of incorrectly identified defects (false positives) in equipment on the test set (FP) 2

Optimal classification threshold 0.2

In order to test the proposed method for predicting a defect based on the study of the
behavior of the technical condition index and reaching its limit values, the LSTM model
of the recurrent network was tuned. The root of the standard deviation is used as the
error functional. To minimize the error functional by directed enumeration, the following
optimal model hyperparameters were determined:

Percentage ratio of training and validation set volumes;
Time shift of input data (predicted time of TCI change);
Number of latent state neurons in one layer of the recurrent neural network;
Number of layers of the recurrent neural network;
Size of long-term memory, that is, the amount of data needed to be stored in memory;
Model regularization factor;
Learning rate when using gradient descent in the backpropagation method;
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Number of steps of the backpropagation algorithm (number of training eras).
The optimal values of these parameters obtained during the tuning of the neural

network model are presented in Table 3.

Table 3. Values of the optimal hyperparameters of the tuned LSTM model of the recurrent
neural network.

Hyperparameter Name Value

Percentage ratio of training and validation set volumes, % 75/25

Time shift of input data (predicted time of TCI change), hours 3; 10

Number of latent state neurons in one layer of the recurrent neural network 134

Number of layers of the recurrent neural network 2

Size of long-term memory, number of design points 10,132

Learning rate 0.03

Number of training eras 103

The resulting graphs of changes in the predicted values of the technical condition
index on the training and test sets in comparison with real data with time shifts equal to
3 h and 10 h are presented in Figures 6–8.
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From the analysis of the resulting graphs, the following outcomes and comments can
be made.

With increasing training eras, the calculated value of the error on the training set
decreases and takes on a constant value during subsequent iterations of gradient descent
and updating the weight coefficients. In this case, the value of the error on the validation
set is stochastically decreasing. This behavior of the error on the validation set relative to
the error functional on the training set indicates that the tuned LSTM model of the recurrent
neural network did not overfit at the specified training interval.

The change in the technical condition index on the training sample with a time
offset of 3 h shows that the model quite accurately repeats the real behavior of this index
(
√

MSD = 0.011). However, it is worth noting that due to the existing time offset (the
time lag of the data entering the model input), it is possible to observe “run-outs” in the
predicted values of the technical condition index relative to the real ones. These “run-outs”
can help to accurately determine the time of equipment failure when they are correctly
compared with the probability that the current technical condition of the equipment belongs
to a defect.

When using a time offset equal to 3 h (Figure 7), predicting the defect under inves-
tigation becomes impossible from a practical point of view, since the predicted values of
the technical condition index are issued almost simultaneously with the process of deterio-
ration of the equipment condition. Thus, there is practically no time left for an operative
analysis of the situation by the operator. However, when using a 10-h time offset, the
abnormal behavior of the predicted technical condition index (Figure 8), namely its early
sharp decrease, allows the operator to assess the situation in time and take appropriate
maintenance measures for the automatic turbine control system unit and not allow the
shutdown of equipment.

The use of information on the probability that the current technical state belongs to the
condition of the defect “clogged drainage channels”, which for the considered 10 h before
the defect changed from 0.873 to 1.000, improves the quality of the operator’s decision-
making on the implementation of measures aimed at maintaining the equipment in proper
technical condition.

5. Conclusions

Overall, the proposed method for constructing a forecasting system for detecting
defects and failures of power equipment on test samples demonstrated its effectiveness in
terms of early determination of the development of degradation phenomena in equipment.
Thus, the hypothesis we put forward about the possibility of studying the developing
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degradation situation in time by jointly solving the problems of predicting equipment
technical condition index and determining the probability that its current technical state
belongs to the state of defects turned out to be correct. This allows us to conclude about
the significant contribution of the study to the development of industry predictive ana-
lytics tools, which allow one to continue proactively informing others about the need for
equipment maintenance.

In the course of this research, the following significant scientific results were obtained.
Based on the analysis of the literature, an algorithm for constructing a modern pre-

dictive analytics system that predicts defects and failures of power equipment has been
compiled. An approach to its improvement based on the assessment of equipment technical
condition index and time determination to reach its limiting state is proposed, which makes
it possible to increase the information content of the predictive analytics system.

An approach to determining the index of the technical condition of power equipment
by its current technological parameters has been proposed. It has shown that the analysis of
the technical condition index both for an equipment and for a group of its functional units
makes it possible to quickly and with the required accuracy assess the arising technological
disturbances in the operation of power equipment. Determination of the technical condition
index of equipment and the time to reach its limit value is carried out by forecasting
time series.

An approach to determine the probability that the current technical state of equipment
belongs to a class of defects has been provided. It is shown that the arising classification
problem can be effectively solved using ensembles of “risky” (random forest) and “cautious”
(logistic regression) machine learning methods.

Optimal tuning of the LSTM model of a recurrent neural network for solving the
problem of predicting the behavior of the technical condition index of equipment has been
developed and carried out. It is shown that if the index values shifted by the time required
to make the forecast are fed into the neural network model as input data, then in this way
it is possible to predict the index reaching the limit value.

The approbation of scientific results was carried out on the basis of data obtained from
the SCADA system of the hydroelectric power plant. The defect “clogging of drainage
channels” of the electro-hydraulic automatic control system of the hydro turbine was
considered. The discussion part of the study led us to the following conclusions:

The constructed model quite accurately repeats the real behavior of the technical
condition index. However, due to the time lag of the data arriving at the input of the model,
it is possible to observe “run-outs” in the predicted values of the index relative to the real
ones. When correctly compared with the probability that the current technical state belongs
to a defect, these “run-outs” can help to accurately determine the time of equipment failure.

Investigation of the defect “clogging of drainage channels” with a time shift of 3 h
allowed observing “run-outs” during the period of anomalous behavior of the predictive
technical condition index. At the same time, the use of this time shift in predicting the
investigated defect loses its practical value, since the predicted values of the technical
condition index are issued almost simultaneously with the process of deterioration of the
equipment condition.

Investigation of the defect “clogging of drainage channels” at a time offset of 10 h
also made it possible to observe “run-outs” during the period of the defect occurrence.
In this case, the efficiency of using the forecast data increases. An early sharp decrease
in the technical condition index allows the operator to assess the situation in time and
take appropriate measures for the maintenance of the unit of the automatic turbine control
system and prevent the shutdown of all equipment.

Despite the existing advantages of the developed approach to the design of a system
for predicting defects in power equipment based on the determination of the technical
condition index and the time to reach its limiting value, the question of calculating the index
for equipment consisting of a set of functional units remains open. At the moment, weights
are used, reflecting the importance of each unit for the operation of equipment (determined
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by an expert method). A further direction of research can focus on the refinement of
the methods for calculating the technical condition index for various classes of power
equipment and the construction of predictive models for the occurrence of equipment
defects in the event of failure of its functional units.
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