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Introduction. Digital data and analytics transform the role of
the production equipment maintenance. Analytical information
of sensors placed on the product allows continuous monitoring
of the production machines operation and their timely servic-
ing. Thus, defects in technical equipment are identified, the
analysis of which enables to develop algorithms for monitor-
ing and forecasting, and to prevent equipment from overshoot-
ing the limits of the safe operation.

Materials and Methods. Basic digitalization principles and the
digital images structure are presented. A mathematical method
is used to describe the digital image vector and the control
system algorithm.

Research Results. The achievements of the known systems of
maintenance and digitalization of various machines are sum-
marized. The application of a dynamic digital image made it
possible to determine the desired levels of the production facil-
ities maintenance. An optional version of monitoring the
equipment state within the framework of the production digi-
talization concept is shown. It is based on the proposed algo-
rithm for an autonomous control of the process state.
Discussion and Conclusions. The construction of machine
digital images in accordance with the main stages of its life
cycle is described. The task of automated maintenance of ma-

chine tools based on digitalization is considered.

Keywords: monitoring, digitalization, autonomous control,
maintenance, digital image.
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Beéeoenue. 1luppoBsle MaHHBIE W aHAJIUTHKA MPEe0oOpaszyroT
POJIb TEXHHYECKOTO 00CITY)KHBAaHHS [IPOU3BOJICTBEHHOTO 000-
pynoBaHHs. AHamMTHYeCcKas WHGOpMAIMs IaT4YUKOB, pa3Me-
[ICHHBIX Ha H3/ICNIMH, II03BOJISET HEMpPEpHIBHO HAGIIFOIaTh
(YHKIMOHMPOBAaHWE TEXHOJIOTMYCCKHX MAIIMH U CBOEBpE-
MEHHO 00CITyKMBaTh HX. Tak, BBIABISAIOTCA NEe(EKThl TEXHHU-
YECKOTO OCHAIICHHS, aHAIIM3 KOTOPHIX MO3BOJLIET pa3padaThl-
BaTh AJITOPUTMBI MOHUTOPHHTA, NMPOTHO3HUPOBAHUS U IIPEIy-
[Pk IaTh BBIXOJ 000PYA0BaHHUs 32 IPEICIbI HaICKHOM
paboTHI.

Mamepuanvt u memoowi. TIpencraBieHbl OCHOBHBIE TPHHIIUIIBI
u(POBH3AIMH U CTPYKTYpa HOCTPOCHHUS LIH(PPOBBIX 0Opa30B.
Hcnonb3yercs MareMaTHYECKUN METOJ ONMCaHUS BEKTOpa
r(pPOBBIX 00Pa30B U AITOPUTMU3ALNN CHCTEMbI YIIPABIICHHS.
Peszynomamut  uccreooganus. OOOOIMIEHBI TOCTIKEHHS W3-
BECTHBIX CHCTEM TEXHHYECKOr0 OOCITY)KHBaHUS M LH(POBU3a-
UK Pa3NUYHBIX MamuH. VCronp30BaHHE IHHAMHYECKOTO
nudpoBoro o0pasza MO3BOJMWIO ONPENETUTh HEO0XOANMBIE
YPOBHH ISl TIOJIAEPKaHHUsI PabOTOCIIOCOOHOCTH TEXHOIOTHYe-
CKHMX 00beKTOB. [I0Kka3aH BOSMOXKHBIN BapHaHT MOHHTOPHHTA
COCTOSIHUSI 000pPY/IOBaHHUS B paMKaX KOHLECIINH u(pPOBH3a-
uH 1por3Bo/icTBa. OH OCHOBAaH Ha MPEIOKEHHOM alrOPUT-
Me aBTOHOMHOT'O yIPaBJICHUS TEXHOJIIOTHYECKHM COCTOSHUEM.
Obcyarcoenue u 3axnouerue. OMUCAHO TIOCTPOCHHE
(bpOBBIX 00pa3oB CTaHKA B COOTBETCTBHHM C OCHOBHBIMH
CTaJIMSIMH €r0 )KHU3HEHHOTO KA. PaccMoTpeHa

3aaya aBTOMATH3HPOBAHHOTO MOICPKAHUS PabOTOCIOCO0-

HOCTH CTaHKOB Ha 0a3e uu(ppoBHU3aLH.

KioueBbie ¢10Ba: MOHUTOPHHT, [H(PPOBH3AIHUS, ABTOHOM-
HOE ymIpaBiieHue, 00CIy)knBaHue, tuppoBoii 0opas.
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Introduction. At the present stage of development of engineering and technology, issues of the production
digitalization, in particular, the life-cycle management of production machines, the independent management of their
operation and maintenance, are particularly sensitive. According to K. Schwab, Head of the World Economic Forum,
digital data and analytics transform the role of servicing [1]. We are talking about the analytical information of sensors
placed on the product. It helps to conduct continuous monitoring, and to study equipment operation and its mainte-
nance. Thus, defects in the equipment are identified, the analysis of which enables to develop monitoring algorithms, to
make forecasts, and to prevent equipment from going beyond the limits of reliable operation. This approach generally
improves the efficiency of production processes. Description of the product operation based on digitalization allows for
the creation of digital twins of machines for various purposes. The concept of “digital twin” includes a temporal infor-
mation copy of an object, artificial intelligence, information technologies, and software. All these components are in-
volved in the creation and support of intelligent digital models (DM) of complex technical products.

Publications devoted to this topic represent research in the field of intellectual monitoring and control of the
technical condition of machines and machine tool systems [2—14].

Metal-cutting machines are provided with new properties that allow them to meet the growing demands for
speed and accuracy of cutting, reliability and safety of operation under the conditions of fast-speed processes. As in
mechatronics in general, in machine tools, a number of organizational and technology principles related to digitalization
is implemented. Some of them are listed below.

Openness and controllability. A machine is an open, self-controlled system connected with the outdoor envi-
ronment. Information on the state of the equipment, the outdoor environment is used for control, and the object behavior
is simulated.

Originality of properties of the entire machine system. The characteristic of a system object extends further
than a sum of features of its components. The system obtains properties that none of its components possesses. In other
words, the functions of the components can synthesize new properties of the system.

Self-sufficiency of the system. The system and its elements can function independently of external systems.

Intelligent management. Procedures for controlling an object (machine) are based on an analysis of its states
and manufacturing situations using information technologies and knowledge processing mechanisms.

Information and intellectual support of the machine operation includes procedures for maintenance and repair.
The development of digital automated diagnostic and control systems involves the creation of specific software for in-
formation processing integrated with an external network communication environment.

Main Part. In the presented paper, the digital embodiment of an object will be called its digital image (DI).

The machine DI corresponds to various methods of constructing digital models (Digital model). The model se-
lection is determined by the object life cycle stage — from design to disposal (Fig. 1).

initial D;
—> situation D,
> perfectioning D,
—> during succeeding operational period Dy

Fig. 1. Stages of representation of machine digital images

According to the notation of Fig. 1 and considering the sequence of transformations, an ordered set of digital
models of the machine state during the life cycle is as follows:
Dm = (Dia Dsa Dp’ Ds+)'
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According to the standard rules and test methods, the work on creating D; includes the formation of an initial
database for assessing the machine quality. These include the following: performance accuracy factors, dynamic charac-
teristics, thermal deformations, reliability rating estimates. The database (DB) of the initial state of the machine forms
the basis of the temporal machine DI built on the principles of the e-Mind Machine (e-MM) [10, 11].

If we are talking about the machine in use, its state is considered under processing typical test parts or on test
modes subject to the technical requirements and a test program. The structure of the machine DI in the operation pro-
cesses (Dy), considering the e-MM, is shown in Fig. 2.

MODULE D; -

e-Mind Machine S. Machine state ]

\H management
\ 4. Monitoring
-
3. Diagnosis

2. Observation and J

. L Control KS
1. Machine state
monitoring | J BLOCKS

Fig. 2. Structure of machine dynamic DI at service stage (D)

The DI state specificity is determined by the alternation of the operation, maintenance and repair processes.
The DI intelligence depends on the knowledge system (KS) located in the blocks of the machine temporal DI.

Solutions based on the embedded expert systems (ES) and information obtained from the diagnostic and moni-
toring units are synthesized in the modules for controlling the machine technical state. They identify the measured pa-
rameters of the machine, the process and its result, which enables to diagnose and evaluate the state of processes and
devices. In this case, a situational assessment of the system state, which is necessary for the management, adequate to
the current situation, is performed, and the results are predicted. Based on the decisions made, control actions are gener-
ated corresponding to the block assignments. Considering the huge amounts of stored data, optimizing analysis tech-
niques can be used under the system operation — for example, online diagnostics with the aid of Mel-frequency
cepstral coefficients [12].

At this, it is important to apply not quantitative, but qualitative assessments and concepts based on fuzzy pro-
cedures of processing, accumulating and applying knowledge and meta-knowledge. It is advisable to use temporal ES.
First, they work in real time. Secondly, training and adaptation algorithms are built into such ES, and they are able to
improve the performance of the machine subsystems.

Under the intelligent control with the KS units during the machine operation period, complete information on
the DI state can be represented as an ordered set (vector) of possible states of the machine system and control:

5$=(S,.5.5,5.8S,).
Here, §,,S..S,.S.,S, are, respectively, sets of states of the machining process, the tool, the technical state of the
machine components, the state of the product (workpiece - part) and control. The set of admissible vectors (S) is
called the admissible set of DI states, and we denote it as S . KS synthesizes sets of time-ordered regulated actions:

U, e U . They provide transformation of the vector of the DI initial condition $*eS§ froma hypothetically identi-

fied admissible set of states ( S ) to the specified goal state S, e S . This search is based on the analysis of knowledge
about the functionality of a specific machine tool system. Actually, KS should realize A indication:
A :8xS>U|U, =A(S",S,].

which, out of the set of admissible controls (U ), finds such control (U, e U ) that corresponds to the of the initial state
vector (S* € 5) and to the specified goal state (S, € S). In this case, U, e U control enables the transition of the ma-

chine from S* e S state to S, € S state. The management apparatus (U , € U ) is based on the formalisms of fuzzy alge-
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bra and fuzzy sets. This approach allows for the formulation of a plausible hypothesis about the organization of the ap-
propriate behavior of the machine tool system. In this case, a coherent transition from one state to another is observed,
and at each transition, information about changes in the machine DI is generated [15]:

S, —(S,.1,].
Here, S, is DI state at the beginning of j-th transition; S, is DI state obtained as a result of j-th transition; [, are
changes to be made in the descriptions of DI state obtained as a result of j-th transition; U, is control ensuring the tran-
sition from S, state to S, state.
The current state (S, ) obtained as a result of the j-th transition is determined by the state of:
- product (workpiece - part) (S,),
- tool subsystems ('S, ),
- object (S,).
That is
S, =(S,.5,.5,)

y

Models of technical condition management, built on this KS base, are the framework for building a digital sys-
tem for autonomous control of machine tools.

Developers and researchers pay serious attention to the automated maintenance of machine operability, espe-
cially, under the conditions of computerization of production and improvement of information support [1].

The digitalization systems developed for the technological machines maintenance require the application of in-
tegrated and/or remote software and hardware support components. These systems are created to fulfill the following
tasks:

- to obtain information on the equipment state in real time,

- to forecast the development of the state of various devices/units (D/U),

- to give the personnel warning of emergency and other dangerous equipment conditions,

- to carry out self-maintenance and troubleshooting,

- to conduct maintenance or updating of the control programs in the process of equipment operation.

Within the framework of the e-MM concept, an automated autonomous control of the technical state of ma-
chine tools (AUTS) was created [16]. AUTS means independent automated control. Special tools and informational
links allow it to assess the state and role of the machine. Based on these estimates, the AUTS provides certain signals or
acts on a specific machine device to maintain or restore its operability.

The AUTS features are listed below.

First, the system should be equipped with a sufficient number of sensors that transmit reliable information on
the status of units and devices.

Secondly, when recognizing the obtained data, it is necessary to exclude noise and determine the parameters
informatively describing the state of the equipment.

Thirdly, the forecasting systems should flexibly adjust the indicators in real time, focusing on the information
obtained from the diagnostic unit.

Fourthly, the decision should include the possibility of reducing the risk from the machinery breakdown or
wear reduction of the equipment components, and it should comply with the selected treatment program with minimal
departure from the optimal process.

In view of the above, the structure of the system and the autonomous control of the machines technical state is
developed [15]. The algorithm of the state monitoring system is presented in Fig. 3.
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Fig. 3. Flowchart of state monitoring system (AUTS)

The algorithm provides the following actions.
I. 1. Search for information on the D/U inheriting states (i.e., at the preceding stage — n - 1) in the
knowledge system, and basing the n stage states into the monitoring unit DB.

2. Obtaining current operational data of diagnostics of the D/U state at n stage.

3. Creation (change) of the current image of the D/U state in the working memory of the knowledge system of
n—KS, stage of the machine condition monitoring unit.

4. Determination of the ES belonging to the KS of the monitoring unit, and tendencies of changes in the D/U
state.

5. Comparison of the obtained state estimates with the parameters of the fuzzy boundaries of the D/U operabil-
ity state extracted from the database.

6. Predictable assessment of the preservation of permissible state parameters within the limits of the D/I opera-
bility under the condition of work on the input control program of the CNC device.
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7. Estimation of the accessibility of fail-safety under the condition of correction of the processing program
components.

8. Decision-making on the accessibility of fail-safety.

9. Decision-making on technical condition management.

10. Correction of the D/I state without processing interrupt.

11. Part process shutdown for the correction (restoration) of the state.

12. Selection of the offline means to prevent (eliminate) malfunction of the D/U or external services.

13. Conducting off-line servicing.

14. Support call to the external services for troubleshooting of the technical condition.

15. Diagnosis and assessment of the D/I status after maintenance.

16. Logging and input of the list of the operations performed and the resulting assessments of the D/I state to

the KS. Accumulation of experience in assessing the technical condition and autonomous state control in the

KS.

In this case, the decision-making and autonomous control of actions to maintain working capacity is made on
the basis of the presented approach to the digitalization of machine tools, and this is the key feature of the unit for moni-
toring the object state and of the algorithm for monitoring the AUTS state.

Conclusion. The construction of machine digital images in accordance with the main stages of its life cycle is
proposed. The automated maintenance of machine tools based on digitalization through the creation of autonomous
technical condition control systems is considered. These systems transmit information on the equipment state in real
time, signalize purposefully about the equipment state, and maintain (restore) its performance.
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