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The existence of an almost unlimited number of methods for evaluating the productivity
of industrial equipment contributes to the uncertainty of choosing the most effective
approach. At the same time, the presence of many possible states of equipment (from
working to repair and other downtime) complicates the problem of modelling the operation
of such a system. The problem of modelling does not lose its relevance, first of all, for
large industrial companies. The article presents the methodological features of modelling
the operation of industrial equipment based on the Markov method. This approach is used
as a base for estimating the probabilities of equipment transitions between states, as well as
for predicting the final state of operation of such a system. In terms of practical application,
we consider an example of the functioning of the same type of industrial equipment in the
framework of three possible states (functional, broken, and also in the mode of forced repair).
Based on the results of calculations, we carry out assessment of the reality of the state
transitions of equipment, designed rate of these transitions, as well as the predicted level of
productivity equipment system after the period “t”. The reliability of the research results
is confirmed by their practical implementation. The obtained results are recommended to
be used by the management and analysts of industrial companies in the process of making
operational decisions and in the development of equipment repair strategies.

Keywords: Markov method; mathematical modelling; theory of probability; prediction;
industrial equipment; equipment states; states transitions.

Introduction

The relevance of the problem of modelling the effective operation of industrial
equipment for large companies is due to a number of significant reasons. The first reason is
mandatory to implement the company production plans. The second one is the improving
the reliability of equipment operation, improving its repair and maintenance systems |1,
2]. Thirdly, the need for accurate forecasting of equipment repair and maintenance costs.
Together, these reasons are integral elements of the strategy of an industrial company
development. Currently, this issue is updated due to the lack of uniform clear guidelines
for the maintenance of equipment at industrial enterprises. The authors divide the solution
of this problem into three stages.

1. Theoretical Foundations of Markov Modelling of Equipment
Operation

Markov analysis is based on the concept of possible states of equipment and the
transition between these states in time, assuming a constant probability of such transitions
[3]. Based on the initial data on the functioning of the system under study, we construct a
Markov transition matrix (Table), as well as its graphical representation in the form of a
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diagram of states and transitions (Figure). They describe the probabilities of transitions
between different states of equipment and model aspects of the reliability of the system
behaviour over time.

Markov analysis is applicable in a situation where the future state of the system
depends only on its current state. This method is usually used in industry companies to
analyse maintainable systems that can operate in many modes.

The input data of the Markov analysis are [4]:

— a list of different system states (e.g. full or partial operation, failure, overhaul,
scheduled maintenance, etc.);

— an accurate understanding of the possible transitions that need to be modeled;

— the rate of transition from one state to another, usually in the form of the transition
probability (in the case of discrete analysis), the failure (A) or recovery (u) rate (in the
case of continuous analysis).

The output data are the values of the probabilities that the system is in various states,
as well as the modelling of the system state after a specific period [4].

2. Estimation of Probabilities of Industrial Equipment Transitions
between States Based on the Markov Method

In this section, we consider an example of the operation of the same type of industrial
equipment for the case of discrete analysis. According to the initial data, there are three
possible states of equipment:

— 51 is a working state;

— S5 is a broken state;

— S5 is a state to be on a forced (unscheduled) repair.

The initial characteristic of this system is as follows: there are 1300, 40 and 12 pieces
of equipment in the state S, S, and S3, respectively.

The matrix of the transitions from the initial state to the final state is presented in
Table. The graphical interpretation of Table is shown in Figure. The indicator “¢” means
the number of periods when the object is in an unchanged state, and the unknowns Xy,
X5, X3, X, are the probabilities of equipment transitions to different states.

Table
Matrix of the equipment states transitions

Final state
S So S3
o S 0,95 X X3
Initial state S, 0 = X,
Ss X1 0,04 0,27

The values shown in Table and Figure interpret the probabilities of the equipment
transition from the initial state to the final state, for example:

— 0,95 means that the probability that the equipment will remain in the working
state S is 95%;

— 0 means that there is no possibility that the equipment will immediately move from
the broken state Sy to the working state S; without a prior repair;
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Diagram of equipment states and transitions

~ 172 is a dependent variable that is equal to the probability of finding the equipment
in the broken state Sy, etc.

Initially, the estimation of all unknown equipment transition probabilities is based on
the principles of probability theory. So, for each initial state, the sum of all the probabilities
of equipment transitions to the final state is equal to one. Therefore, we construct the
system

O,95+X2+X3:1,
0+t2+X, =1, (1)
X;40,0440,27 = 1.

As a result, X; = 0,69, X, = (1 — t7?), the transition probability of X, is
dependent on the variable “t”. The transitions of equipment X, and X3 between states are
interdependent, as shown in the equation

Xy + X3 = 0,05. (2)

Therefore, to quantify the probabilities of these transitions, it is necessary to
investigate their reality:

— X, is the probability of transition of the equipment from the operating mode to the
broken state;

— X3 is the probability of transition of the equipment from the operating mode to the
repair state.

However, the equipment can not immediately move from a working state to a forced
repair, since for this it must initially break down. Therefore, the probability of the
transition X3 is zero, hence the probability of the transition X5 is 0,05.

3. Prediction of Final State of Operation of Industrial Equipment
after Period “t” by Markov Method

To predict the final state of the equipment operation after the period “t” equal to 50
days, we construct the system of equations

P =0,95-P+0- P+ X P,
PQZXQ'P1+t_2'P2+O,O4'P3, (3>
Py=X3-P+X4-P,+0,27- Ps,

P1+P2+P3:1,
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where P, P, P3 are the probabilities of finding the system in each of the states Si, S
and Ss, respectively.

Suppose that the values X;, Xy, X3, X4 are known, ¢ = 50 days, then we specify the
initial conditions:

P, =0,95-P +0-P,+0,69- P,
Py=0,05-P +50"2- P, 40,04 Py, n
Py=0-P +(1-5072)-P,+0,27 P,

P1+P2+P3:]_.

System (4) has the following results:

—~ P, = 0,8886, or 88,86%;

— Py, = 0,047, or 4,7%;

—~ Py = 0,0644, or 6,44%.

This means that, after 50 days, this system of equipment is in working state, broken
state, and in the state of repair with the probability 88.86%, 4.7%), and 6,44%, respectively.
Suppose that the company has exactly 1 352 pieces of equipment at its disposal, when,
after 50 days, the final state of the simulated system is as follows:

— 1 201 equipment work;

— 64 is in the broken state;

— 87 is in the state of repair.

Conclusions

1. A solution to the relevant problem of modelling the operation of industrial equipment
using the Markov method is proposed.

2. All possible transitions between three states of the same type of equipment are
modeled and their probabilities are quantified.

3. The forecast of the final state of operation of the equipment after the period “t” is
made.

4. The results obtained are recommended for use in predicting the uninterrupted
operation of industrial companies equipment and developing maintenance strategies.
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MATEMATNYECKOE MOJAEJINMPOBAHUE PABOTbBI
ITPOMBIIIJIEHHOI'O OBOPYJJOBAHUNA HA OCHOBE
MAPKOBCKHUX ITPOIIECCOB

B.I'. Mozxoe', I.C. Yebomapesa?

'Ok mH0- Y pasabekuit rocyIapeTBeHHbI YHNBEPCUTET, T. UeIa0micK,

Poccniickasa @enepariust

2Vpanbekuit degepanbublii ynusepeuter, I. Exarepuntypr, Poccniickaa ®@eepariys

CyiecTBoBaHuEe PAKTUYECKH HEOTPAHUYEHHOI'O YHC/IA METOIOB OIEHKH PabOTOCIIO-
COOHOCTH TTPOMBINIIJIEHHOTO OOOPYIOBAHUS CIIOCOOCTBYET BO3ZHUKHOBEHHUIO HEOIIPEIETICHHO-
ctu BbIObOpa Hambosiee 3hdekTuBHOrO 1moaxosa. OMHOBPEMEHHO € 9TUM HAJMYUE MHOXKE-
CTBa BO3MOXKHBIX COCTOsIHU{T 060pyoBanus (0T pabovero 10 PEMOHTHOIO M HHOTO IPOCTOS )
YCJIOXKHSIET 3a/1a9y MOJIeJIMPOBaHUsT PAOOTHI TAKOU CHCTEMBI. 3a/1a4a MOJIe/INPOBAHIS HE Te-
psieT CBOeil aKTyaJIbHOCTH, B IIEPBYIO OUepelb, /IJisi KPYIIHBIX IPOMBIIIJIEHHBIX KOMIaHuii. B
CTaThe IMPEJICTABIEHBI METOIOJIOTUIECKIE OCOOEHHOCTH MOIEINPOBAHUS PAOOTHI IIPOMBIIII-
JIEHHOTO 00Opy/IoBaHnsa Ha ocHoBe MapKOBCKOTO MeToma. JIAaHHBIN MOIX0/T MCIIOMb30BAH B
KadecTBe OA30BOrO IPU OIEHKE BEPOATHOCTEH IIEPEX0I0B 000PYIOBAHUS MEXK Y COCTOSHU-
SIMM, & TaKKe IPU IPOTHO3MPOBAHUU KOHEYHOI'O COCTOSIHHS PAOOTHI IOJOOHON CHCTEMBI.
B wactu npakTudeckoil ampobanuy paccMOTPeH IpuMep (DyHKITMOHUPOBAHUST OJTHOTUITHOTO
[IPOMBIIILIEHHOTO 000OPYIOBAHUsI B PAMKaX TPEX BO3MOXKHBIX COCTOSIHUIT: pab0OTOCIIOCOOHOE,
CJIOMAHHOE, a TaKyKe HAXOSAINEecs B PEKUME BLIHYKIEHHOro pemonta. 1lo pesysibraram
pacdeTroB IPOBEJEHA OIEHKA PEAJHHOCTH MEPEXOMIOB MEXK/IY COCTOSHUAME O0ODY/IOBaHUS,
paccuarTaHa CKOPOCTD [T0JIO0OHBIX MIEPEX0JI0B, & TAKYKE CIPOIHO3UPOBAH YPOBEHb PabOTOCIIO-
COOHOCTH CHCTeMbI 0DOPY/IOBaHMS depe3 Hepuoj <t>. JlocTOBepHOCTh Pe3yJIbTATOB UCCIe-
JIOBaHUSI MTOJITBEPKJIEHA MX MPAKTUIECKON peasmsarueii. [losryueHHble B pamMkax paboThI
Pe3yIbTaThl PEKOMEH/IyeTCs NCIOJIH30BATH MEHEPKMEHTOM U AHAJATHKAM ITPOMBIILIEHHBIX
KOMITAHUIT B TPOTECCEe TPUHSTHS OMEPAIMOHHBIX PEIIeHnii W Ipu pa3paboTKe cTpaTeruit
peMonTa 000PyIOBAHNS.

Karouesvie crosa: Mapkoscrutll Memod; Mamemamuseckoe Moodesuposanue; meopus, 6e-
DOAMHOCTEN; NPOZHOZUPOBANUE; TPOMBIULAEHHOE 000PYI0BAHUE; COCMOANUAL 000PYI0BATUA;

neperodvl Mextcoy COCMOASHUAMU.
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