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The work considers the stages of design and operation of the information expert system of predictive maintenance
analytical support of industrial equipment exemplified by vacuum devices. Special attention was paid to the study of
the methods of maintenance of the equipment and also to the development of a concept of a modern system of pre-
dictive maintenance. The formalization of the test system of predictive maintenance was performed in the package
MS Excel using the programming language Visual Basic for Applications. The result of work is the development of an
automated expert system of analysis of the methods and means of predictive maintenance of vacuum devices. The
particular results were obtained with the support of the Ministry of Education and Science of the Russian Federation
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INTRODUCTION

The work is dedicated to the research of means and
methods of the predictive maintenance systems of indus-
trial equipment exemplified by vacuum devices. The ob-
ject of research is the automated expert system of anal-
ysis of methods and means of predictive maintenance.
The relevance of work is determined by the necessity to
develop and implement a system of equipment predic-
tive maintenance at the radiotechnical enterprise to min-
imize the costs for maintenance of the enterprise and to
increase of output due to minimization of the equipment
downtime.

The systems of predictive maintenance allow achieving

the following values:

e areduction of equipment downtime;

e adecrease in costs for equipment repair;

e adecrease in the number of unscheduled repairs;

e trouble control of operating modes;

e an increase in the efficiency of enterprise manage-
ment.

The objective of this work is to develop an automated ex-

pert system of analysis of methods and means of predic-

tive maintenance of vacuum assemblies in the package

MS Excel using the programming language Visual Basic
for Applications.

The considered system shall solve some problems relat-
ed to the operation of the industrial equipment: liquida-
tion of emergency situations at the manufacturing site;
online diagnostics of modules, components and assem-
blies.

To achieve the stated objectives, it is presupposed in the
work to solve the following set of problems:

e classification of repair methods;
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e development of a concept of a predictive mainte-
nance system;

« development of an expert system of analysis of
methods and means of predictive maintenance.

Methods used for solution of the set problem:

* elements of theory of functional simulation systems,
software tools of CAD system, design and engineer-
ing bureaus in CAD system of electrical systems, ex-
pert systems in the economy;

* methods of reengineering and project management
within the integrated MICS;

e methods of information system design using the pro-
gramming language Visual Basic for Applications.

The result of work is the developed automated expert
system of analysis of predictive maintenance of vacuum
devices. Maintenance takes the significant part of costs
at any industrial enterprise: from 15 to 60 percent of an
item cost [1].

REVIEW OF LITERATURE

Currently, maintenance [1] is divided into reactive main-
tenance, preventive maintenance and predictive mainte-
nance (see Figure 1).

Maintenance in the case of a failure or as it is also called
reactive maintenance follows the simple philosophy: re-
pair is performed only in case of failures or breaks [2]. It
is not reasonable as it leads to significant economic loss-
es caused by the repair of the equipment and downtime
of other production facilities.

Preventive repair reflects the opposite situation in com-
parison with the previous method, the philosophy that is
aimed to the repair before the failure or break [3]. The
European standard of technical maintenance of the in-
dustrial equipment [4] determines this type of repair
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as the technical maintenance performed according to the
set intervals or to the prescribed criteria and designed
to reduce the probability of a failure or deterioration of
the item functioning. That means that in the most cases
the engineering personnel that maintains the assembly
has to rely upon the data from the manufacturer who es-
timated the intervals between the maintenances using
mathematical statistics. The policy of preventive repair
is not convenient from the economic point of view be-
cause maintenance actions are scheduled regardless of
the deterioration of every equipment element separately.
Actually, every component belonging to the same unit
can deteriorate differently due to the inevitable physical
distinctions and especially in different operating or eco-
logical conditions [5].

Currently, manufacturing companies gain experiences
in production in networks and smart logistics and de-

" Methads of
\_manfenance )

Predictive
mainfenance ./

P = - h h,
| Reartive _
\_ maintenance ) L

e

S - = S

([ Preventive A
maintenance

S -

Figure 1: Classification of maintenance methods

velop new organizational structures and business mod-
els which better benefit from the new technologies and
which adapt faster to the rapidly changing network envi-
ronments [6-7]. As the information technologies develop,
the implementation of various approaches to equipment
maintenance becomes more popular. Assemblies usual-
ly show the signs of the approaching failures before they
occur; therefore, while monitoring one can detect the
actual condition of the assembly or its element. For ex-
ample, the analysis of vibrations can provide the earlier
diagnostics of deviations and later it can help detecting
these failure mechanisms before the assembly condition
reaches the alarm level. Supported by the time diagrams
and frequency spectra, it is possible to use complicated
statistical methods to process the information that will
be used as initial data for decision-taking. Nevertheless,
the policy of productive repair is not just monitoring of
the equipment condition because using the predictive
maintenance systems it is possible to predict the further
behavior of the equipment [8]. Predictive maintenance
systems are also called systems of intellectual diagnos-
tics and predictive analysis; it is related to the fact that
in such systems the solutions based upon the artificial
intellect are widely used. Several modern methods of de-
velopment of predictive maintenance systems are distin-
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guished; the most popular of them are shown in Figure 2.

The method of development of a predictive maintenance
system based upon the autoregressive model uses the
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Figure 2: Methods of development of predictive mainte-
nance systems

mathematical apparatus of analysis and prediction of the
stationary time series in mathematical statistics making
it possible to build the prediction of one or another char-
acteristic, the statistics of which was transmitted into the
system [9].

The model on the basis of multivariant analysis uses
multidimensional data analysis allowing forming several
variants of the further development, the combination of
which allows obtaining a highly precise forecast of the
further condition of the equipment [10].

The systems based upon the computer-aided learning
model allow revealing the failures and evaluating the fur-
ther service life depending upon the statistical data.

Within the framework of this work, the system of the lat-
ter type was realized as the model of computer-aided
learning complies most completely with the specific char-
acter of the problems being solved.

MATERIALS AND METHODS

The system of predictive maintenance is based upon the
Enterprise Resource Planning, Manufacturing Execution
System, systems of technical maintenance and repair
and also any other systems storing information from the
sensors, information about repairs, and external factors
(humidity, temperature, etc.). The key advantage in this
case is that the system follows the evolutional direction
of development of an information system of a large sci-
ence-based company due to the use and addition of the
existing engineering infrastructure of the industrial facil-
ity. The accuracy of prediction depends upon the filling
of the system (data volume): the bigger the volume of
empiric information, the more successful solution can
be formulated basing upon the knowledge of the expert
system.

The system of predictive maintenance consists of two
main modules: the module of failure search in the equip-
ment operation and the prediction module that estimates
the non-failure operation time of a structural element or
the equipment in general.

The module of failure search allows monitoring the con-
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dition of the equipment in a real-time mode for the occur-
rence of emergencies and emergency operation modes
like it is done in the Computer-Aided Process Control
Systems. Later the information is provided immediately
to the engineering personnel; that is how the basic prin-
ciple of intellectual diagnostics is realized.

The module of predictive maintenance predicts the con-
dition of assemblies and is trained when receiving feed-
back from engineers and process engineers. This mod-
ule allows revealing the condition of a structural element
during a particular period of time before taking decision
on repair or disposal of the equipment. Prediction helps
take a decision on the future of the equipment and to
schedule the repair plan on the base of the actual and
predicted condition; that adds the elements of artificial
intellect to the system due to highly efficient comput-
er-aided learning: engineers and branch experts form
the knowledge base for every particular system. For ex-
ample, according to the plan it is necessary to remove
the assembly out of service for repair in half a year but
earlier the system of predictive maintenance detected
the periodic temperature rise above the normal value
and basing upon the obtained data it makes the predic-
tion of the further operation in these conditions using the
statistical data and knowledge base: will the defect re-
veal itself in such case or will there be a failure and how
soon. Thus, the main task of predictive maintenance is
the correct formation of a repair program regarding the
current and predicted condition of the equipment.

The system is capable to obtain additional learning from
branch experts and engineers, whose experience is digi-
tated, added to a knowledge base and used for analysis.
For example, when the structural element is broken or in
case of the abnormal operation mode of the equipment,
the reason can be revealed and the strategy of further
actions can be developed basing upon the prediction of
the residual resource. For this, the expert knowledge is
required; experts explain the reason of the problem, and
then this knowledge is used for training of the expert sys-
tem to cover as many events and states of the studied
objects as possible.

The short-term benefits are seen during the first days
of work: the optimization of planning regarding the order
of the required spare parts and materials for repair of
the equipment, a decrease in the number of unsched-
uled repairs, a decrease in costs for equipment repair,
control of breaks of operating modes. The key long-term
effect is the change of the repair norms; that means the
repair basing upon the condition of the equipment, and
not because of failures or within the framework of the
scheduled technical maintenance. Thus, one can ex-
clude accidental alarms and increase the reliability of the
equipment and the profitability of the enterprise due to
the exclusion of the downtime for the elimination of seri-
ous failures and saving funds for expensive repairs.

In general, the system of predictive maintenance allows
solving some relevant current problems:
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* monitoring of the forecasted and technical state of
the enterprise in the real-time mode;

» displaying of events and accidents arising during op-
eration of the equipment;

« formation of the failure probability and residual re-
source of the equipment, which provides the possi-
bility to perform preventive actions by maintenance
specialists;

* introduction of the processes of technical mainte-
nance of assets based not upon the maintenance
regarding abnormal situations but upon maintaining
the assets in good condition.

The application of predictive analytics at industrial facili-
ties allows decreasing the downtime, distributing the ma-
terial and technical resources for repair and maintenance
in advance, accepting the timely managerial decisions
regarding the removing of the equipment out of operation
to prevent accidents [12-14]. Thus, the processing of the
statistical operating data increases the operating stabili-
ty, operating efficiency of the enterprise and the level of
technical readiness [15-25]. Similar results were demon-
strated in other empirical studies - in the field of technical
safety of vital systems [26]; when assessing risk [27]; in
various configurations of productions [28].

Using the concept of predictive maintenance system, the
offered generalized structure is shown in Figure 3.

The algorithm of work of the predictive maintenance sys-
tem provides the collection of statistical data, its process-
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Figure 3: Structure of the predictive
maintenance system

ing, analysis and development of a strategy, visualization
of information and system training. The archive data and
real time data are transmitted into the analytical system
and are studied constantly by the expert system to de-
termine the emergencies. Then the estimation of the cur-
rent state and residual resource of the studied engineer-
ing object is performed with the following informing of the
engineering personnel using the visualization system.
Figure 4 shows the system algorithm that determines the
sequence of start of the predictive maintenance system
together with the maintained vacuum system.

The represented approach to the realization of an infor
mational intellectual support system of predictive main-
tenance allows providing:
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Figure 4: System algorithm

* areduction of downtime of equipment;

» adecrease in costs for repair of equipment;

» adecrease in the number of unscheduled repairs;
» control of breaks of operating modes;

* an increase in the efficiency of enterprise manage-
ment.

The minimally allowed set of system data includes the
statistical operation data of the equipment and experi-
ence of the branch experts included into the knowledge
base.

At the first stage, the predictive system, its initializa-
tion and estimation of the initial parameters are started
(calculation of the basic residual resources). Later the
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maintained vacuum system is activated; the temperature
of the power circuit is constantly monitored. In case of
temperature growth above the allowed value, the system
additionally reduces the residual resource of the assem-
bly. In case of the high growth of temperature during a
short period of time, the system performs the emergency
shutdown.

Let us consider the peculiarities of the expert system of
analytical support of the functions of predictive mainte-
nance exemplified by the predictive maintenance of vac-
uum devices.

RESULTS AND DISCUSSION

The developed automated expert system of analytical
support of the predictive maintenance (hereinafter re-
ferred to as the System) is realized in the package MS
Excel by means of macros using the programming en-
vironment Visual Basic for Applications. Figure 5 shows
the appearance of the system interface.

The system consists of three main activities (sheets):

* "Predictive maintenance system" is the main operat-
ing field which displays the main information of the
equipment activity;

» "Temperature sensor values: is a sheet with data of
the temperature mode of the equipment operation;

* "Log file" is a page with the error messages.

The first clause of the sheet "Predictive maintenance
system" contains the information of the equipment fail-
ures intensity. The equipment intensity data are provided
by the manufacturer and as seen from the Figure 2.1,
they demonstrate the failures curve for the devices that
passed the preliminary running. Using the failures curve,
one can calculate the residual resource of the system
setting the threshold value of the failure intensity.

According to the recommendation of the leading special-
ists in the field of the reliability theory, let us take the val-
ue 0.05 1/hour as a threshold value [1]. At the set thresh-
old value, the resource of the assembly will be 8 hours
(28,800 sec), which is specified in the second clause of
the main operating field. Figure 6 shows the third clause
of the main operating field.

This area of the main operating field is responsible for
the system control, visualization of the operating param-
eters and warning of emergencies. The button "RESET"
deletes the log file and brings the system to the initial
state. Pressing the button "START" activates the system.
According to the temperature data, the residual resource
is calculated at every set moment of time as well as the
emergency shutdown tangent, time from the start and
also the current temperature increase.

The residual resource of the assembly operation is cal-
culated according to the following formula:

rres 1=r_res 0—k 1°At— At (1)
where r_res_0 — previous value of residual resource,
sec; k 1 — conversion factor of residual resource;
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At — time step, sec.

tg_em = (T_1-T_0)/At,

()

Special attention is paid to the emergency situations  \here T_0 — previous temperature value, °C; T_0 — cur-

when the emergency shutdown of the assembly is re-
quired. The emergencies are monitored by calculations
and comparison with the threshold value of emergency
shutdown tangent (rate of temperature growth):
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rent temperature value, °C; At — time step, sec.
Figure 7 shows the result of system operation.
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As Figure 7 shows, the system stopped the assembly
operation due to the emergency: emergency shutdown
tangent grew up to the value 31 and this led to the
shutdown of the system. Figure 8 shows the log file of
the system operation.

The log file shows that the critical growth of temperature
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3775 Temperature exceeding: 9 °C
3776 Emergency stop!!!

Figure 8: Result of system operation

during an extremely short period of time led to the emer-
gency shutdown. It is also seen that before the emer-
gency the multiple exceeding of temperature took place
and this caused the additional decrease in the residual
resource. Figure 9 shows the diagram of change of re-
sidual resource depending upon the operating time of
the assembly.

As the figure shows, since the start of the equipment for

30000
29000
28000
7000 1
26000
25000 -

Residual resource, s

22000 -+

The time from the beginning of operation, s

Figure 9: Diagram of residual resource change

some time the assembly functioned in the normal mode:
for 1 second the residual resource reduced by 1 second.
On the 3601st second from the start, there were opera-
tion temperature mode disturbances and that influenced
the assembly operation. Figure 10 shows the diagram of
the residual resource from the 3500th second of opera-
tion.

For illustrative purposes, the temperature change dia-
gram was added to the residual resource diagram. When
temperature increased, the residual resource decreased
in comparison with the normal decrease in the residual
resource. The higher the temperature growth was, the
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Figure 10: Diagram of residual resource change
from the 3500th second

faster the residual resource decreased. Figure 11 shows
the diagram of the residual resource change from the
3770th second.

As seen from the figure, the system stopped the oper-
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Figure 11: Diagram of residual resource change
from 3770th second

ation of the assembly from the 3775th second because
the critical growth of temperature per time unit was re-
vealed. This result demonstrates the capability of the
predictive maintenance system not only to control the re-
sidual resource but to detect the emergency conditions
of the equipment operation with the further shutdown.

Such emergency conditions are controlled by the reg-
istration of emergency shutdown tangent change. As
mentioned above, the emergency shutdown tangent
characterizes the sharp growth of temperature of the as-
sembly that means the pre-emergency condition. Figure
12 shows the diagram of emergency shutdown tangent
change and the diagram of temperature change depend-
ing upon the time from the start at last seconds.

As the figure shows, at the last seconds of the assembly
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operation the emergency shutdown tangent exceeded
its allowed value. It signals about the sharp tempera-
ture growth. This circumstance was the reason for the
assembly emergency shutdown. Figure 12 shows the di-
agram of emergency shutdown tangent change and the
diagram of residual resource change depending upon
the time from the start at last seconds.

Despite the sharp growth of emergency shutdown tan-
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Figure 13: Diagram of emergency
shutdown angent change

gent and disorderly closedown of operation, the system
continued to function up to the shutdown. As the diagram
shows, the sharp growth of emergency shutdown tan-
gent caused the immediate reaction of the system in the
form of the sharp decrease in the residual resource and
that also was the reason for the disorderly closedown
of operation. This multistage protection system allowed
avoiding the serious break of the equipment and a long
and expensive repair.
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CONCLUSION

The considered expert system of analytical support of
predictive maintenance exemplified by vacuum devices
allows: calculating the residual resource of the equip-
ment operation; analyzing the events and emergencies;
correcting the residual resource of the equipment opera-
tion taking into account the external and internal factors;
performing the immediate shutdown of the equipment in
case of emergencies.

The introduction of this system of predictive maintenance
provides the achievement of such values as a reduction
of equipment downtime, a decrease in costs for equip-
ment repair, a decrease in the number of unscheduled
repairs, control of breaches of operating modes, an in-
crease in the control efficiency of enterprise. Later it is
supposed to develop this approach taking into account
the microminiaturization of the elements of the intellec-
tual controller, development of the special element base
allowing performing the diagnostics of particular subsys-
tems in a real-time mode with the intellectual functions
of processing.
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