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Annotation. Complex technical objects in modern society are extremely important. Such objects
belong to the class of recoverable objects of long-term multiple used. They tend to be expensive and require
significant maintenance costs. To ensure the required level of reliability during their operation,
maintenance is usually carried out, the essence of which is the timely preventive replacement of elements
that are in a pre-failure state, which is very important for military equipment.

A characteristic feature of complex technical objects for special purposes (military equipment) is
the presence in their composition of a large number (tens, hundreds of thousands) of different types
components that have different levels of reliability, different patterns of their wear and aging processes.
This feature requires a more subtle approach to the organization and planning of maintenance during
operation (military equipment).

The problem is that when developing such objects of military equipment, all issues related to
maintainability and maintenance should be addressed already at the early stages of designing an object.
If you do not provide in advance the necessary hardware and software for the built-in monitoring of the
technical condition (TC) of the object, do not develop and “embed” the maintenance technology into the
object, then it will not be possible to realize in the future a possible gain in the reliability of the object due
to the maintenance. Since all these issues must be resolved at the stage of creating an object (when the
object does not yet exist), mathematical models of the maintenance process are needed, with the help of
which it would be possible to calculate the possible gain in the level of reliability the object due to
maintenance, to estimate the cost costs required for this. Then, based on such calculations, make a
decision on the need for maintenance for this type of objects and, if such a decision is made, develop the
structure of the maintenance system, choose the most appropriate maintenance strategy, and determine
its optimal parameters.

In this paper, we develop a methodology for optimizing the parameters of the strategy for regulated
maintenance of military equipment.

The paper also confirms the general idea that the data obtained fully confirm assumption that the
“adaptive maintenance” strategy is more preferable in the case of unreliable (inaccurate) information
about the reliability indicators of the object’s elements.

Keywords: maintenance, object of military equipment, regulated maintenance of military
equipment, costs for the cost military equipment

Introduction. Complex technical objects are understood as objects consisting of a large
number of different types elements (tens, hundreds of thousands), each of which can be a rather
complex technical device. Elements can be electronic, mechanical, electromechanical, hydraulic,
etc. The heterogeneity of elements leads to the fact that different elements are characterized by
fundamentally different physical processes (and, consequently, rates) of degradation, leading to
their failure.

The objects under consideration belong to the class of repairable objects for long-term
repeated use, and during their operation, maintenance is usually carried out to maintain the required
level of reliability. Maintenance (MS) is understood as “a set of operations or an operation to
maintain the operability or operability of an object when it is used for its intended purpose, simple,
stored and transported” [1,2]. Also, when used as intended, only MS will be considered.

During operation, an object at any time can be in one of the following states: serviceable,
operable, inoperable.



The object can be used for its intended purpose only in good or good condition. Restoration
of a working or working condition is carried out at the expense of current repairs. The MS is usually
carried out only when the object is in working order. If by the time of the start of maintenance (or
in the process of maintenance) there was a complete failure, then the object is first restored, and
then maintenance is carried out.

The essence of MS is to prevent some part of failures by replacing individual elements,
cleaning, lubricating, adjusting, etc. (which is why MS is often called prevention). In modern
technical facilities, in the vast majority of cases, maintenance is reduced to the replacement of
elements (liquids, oils, etc.) that are in a pre-order state.

Analysis of the recent research. Currently, there is a decrease in the number of scientific
publications devoted to the operation of complex technical objects. One of the reasons for this, in
our opinion, is a sharp increase in the level of integration and reliability of components. Thanks to
this, developers of complex equipment have been able to solve the problems of ensuring the required
level of reliability without significant maintenance costs (or no maintenance at all). However, for
the same reason (high integration and reliability of components), it became possible to implement
more and more complex equipment with new functions, which was impossible with the old element
base. This again objectively leads to reliability problems and, therefore, the question of need for
maintenance and the choice of optimal strategy for its implementation again becomes relevant.

Unfortunately, the currently known mathematical models and methods for calculating the
optimal parameters of maintenance processes are not very suitable for application to real technical
objects. The main disadvantage of these models is that they either do not take into account the
complex structure of the object, or it is possible to take into account only some of the simplest
structures [3, 4]. In [5, 6], a comparative analysis of the problems that arise when solving
maintenance problems "by resource™ and "by state" is carried out. An overview of the latest work
in the field of maintenance and repair of complex systems at that time. In [7], a theoretical
generalization of known mathematical models of MS processes was made. However, these models
do not allow one to construct a methodology suitable for practical use on their basis.

Main part. The problem of optimizing the parameters of regulated maintenance strategy,
taking into account the determination of parameters, can be formally represented as follows:
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where N - is the optimal number of MS types;
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maintenance of j-th type.

and T ; - optimal volume (a set of serviced elements) and the frequency of

The initial information for solving the problem is:
E.. - setof potentially serviced elements of the given object;

T," - specified required value of the mean time between failures, which must be ensured by

carrying out maintenance.

Problem solving technology

To solve the problem, as before, it is necessary to create a database (DB) and, using the ISMPN
program, enter into it all the necessary data about the object for which the problem is being solved.

Determine for the object a set of potentially serviceable elements E .

To include elements in aset E_, you need to open the database (run ISMPN program in the

Database mode), select the required element in the structural structure tree, and then enter the “in”
attribute for this element in PW column of the table.
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To enter the parameters of types maintenance, it is necessary in Database mode to open the
tab Parameters of service stations and maintenance systems (Fig. 1).

In the table of parameters types maintenance, enter the following data:

- name of the type maintenance;

- frequency of maintenance T_ ; (indicative value, since its optimal value has not yet been

determined);
- duration of diagnosis during maintenance TM. ;

- cost of diagnosing during maintenance CM. .
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Figure 1 - Entering the parameters of maintenance T.., types MS-1

Then, in the list of serviced elements for the selected type TTf)kj’ of MS, set (by mouse click)

the switch to the on state for all elements that are included in the subset TT’;J. (Fig. 1).

At the first step, one type of MS is introduced and one element is selected, which is included
in the set .

The search for a conditionally optimal value ¢, T and K{’of the frequency of
maintenance is performed in the mode Research MS | Regulated Maintenance. After opening this
mode T >T ™ you must do the following:

- set the parameters for varying the frequency of maintenance (initial and final values,
interval);

- choose the type of maintenance, frequency of which will vary;

- click the Start button.

On fig. 2 shows PC screen after the calculation is completed.

To the right of the graphs, the value of the optimal frequency obtained in the current step is
displayed, as well as the values T of the indicators , ¢', T and K’ obtained with the

frequency of maintenance T .

TO
This completes the execution of the current (k-th) step, in which a conditionally optimal
solution is obtained:
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If the received value T, does not satisfy the requiremen T, >T "t, the next step is
Q)

TO j !
Database mode and select the next element in the list of serviced elements for the current
maintenance type (by turning on the switch, as shown in Fig. 1).

performed. In the set E ), you need to add the next element E_ from . To do this, switch to the
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Figure 2 - Completion of the search for optimal frequency of maintenance T
of MS-1

for the type

When moving to the next type of MS, the frequency value T*) obtained in the last step must

be entered into the table as the found optimal value T ..
After that, switch back to the Maintenance Research | Scheduled maintenance and re-calculate

to determine the optimal frequency and the corresponding values T %) of the indicators , c;kl) : To(k)
and K.

TO |
Repeat the calculations until the condition is met. Take the decision obtained in the last step
as a solution T >T ™ to the problem.

Below is a specific example of solving the problem.

An example of the application of the technique.

For example, we use the Test-1 test object, the data on which was given above. Next, we will
make calculations in accordance with the technology described above.

At the 1st step, we set the set E®) ={132}. As aresult of calculations at the 1st step, we obtain

a conditionally optimal value of the periodicity of MS TTf)ll) =1300 hours. In this case, the following
values of indicators are obtained (Fig. 3):

c"=0,01964 c.u/h; T"=1335h; and K’ =0,99801.

At the 2nd step, we include the next element in the set E®), after which we get the set E®
={132, 12} (Fig. 4).
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Figure 3 - Completion of calculations at 1-st step of the search (object Test-1)
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Figure 4 - Inclusion in the set of second element (object Test-1)

Further, in a similar way, we will make calculations for one type of MS with inclusion in all
elements E_ from E). The calculation results are summarized in Table 1.

T0l
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Table 1
Calculation results of conditionally optimal parameters of regulated maintenance
(object Test-1)

Conditionall L ) ;

S optimal parameterz _ _Values of |_nd|cators obtained W|t[1
tep Mainte (£, T) conditionally optimal parameters STO ¢
numbe nance type AR ©
r number j T® T Cya

®) 0
K EY) N e K £
1 1 0,0 0,9 0,
1 1 {132} 300 | 335 1962 9801 158
1 1 0,0 0,9 0,
2 1 {18212} | 5007 | 465 1827 9741 170
3 1 {132,12, 1 1 0,0 0,9 0,
11111} 400 609 1695 9689 184
4 1 11111{132’12’ r : 0.0 0.9 0
131-1} 400 756 1657 9623 190
132,12,
5 1 11111, 1 1 0,0 0,9 0,
131- 400 932 1619 9557 196
1,131-2}

The presented results provide comprehensive information on the possibilities of improving
the reliability of the object Test-1 due to regulated maintenance.

So, if, for example, the required value of the mean time between failures is set equal to  T,”
=1500 h, then the optimal solution is 1 type of maintenance with the parameters:
STO}, = {({132,12,11118,1400h)}.
This results in the following values:
C;: 0,01695 c.u./h; T, =1609 h.; and K’ =0,99689.
Based on the results obtained, the following conclusions can be drawn:
1. The MS strategy is considered the best if the graph of the function T, is higher (for the

function c;l - lower) in relation to the corresponding graph for the compared strategy. The

maintenance strategy that is best in terms of T,", as a rule, is also the best in terms of C;1 and vice

versa.
2. The effectiveness of various maintenance STO" strategies significantly depends on the
reliability T, and €, cost structure of the object T_,. If the distribution of the cost of repairable
(including serviceable) elements is closely correlated with the distribution of their reliability
indicators, the difference in the effectiveness of various maintenance strategies is reduced. This is
clearly seen in the example of Test-2 object, for which the least reliable elements are also the most
expensive.
We will also calculate the indicators for test objects in the case when the average time to
failure of all recoverable elements is 2 times less compared to the indicators for which the
parameters of the optimal maintenance strategy were calculated.

Obviously, the indicators obtained in this case T, and C;H should be worse than the indicators

T, and C_, obtained with the initial values of T_.. Tables 2 and 3 show the values of the coefficients
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of relative losses in the level of reliability 5TO and in the specific cost of operation o, , which were
determined by the formulas:

-T, c —cC
_L TO-100; o, =—>—=-100,
ya C

0 ya

0.

To

where T, (C,,) - is the mean time between failures (specific cost of operation) obtained under

optimal parameters STO", provided that the indicators Tcpi correspond to the values specified for

test objects in test cases;
T, (C;ﬂ) - same indicators obtained with optimal parameters STQO", but under the condition

that the indicators T_; in the initial data are reduced by 2 times.

Table 2
Relative loss ratio of reliability level &; (in %)
. Technical object
Maintenance
strategy Test-1 Test- Test- Test-
2 3 4

MS by
condition 5% 53 67 79

Adaptive MS 49 49 63 56

MS on 55 59 69 82
resource

Table 3
Relative loss ratio of unit cost operations 5% (in %)
. Technical object

I:ﬂatmtenance Test-1 Test- Test- Test-

strategy est- 2 3 4

MS by
condition 110 144 187 192

Adaptive MS 98 100 167 117

MS on 29 712 185 166
resource

In Fig. 5 and 6 these same coefficients are shown in the form of graphs.
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Figure 5 — Relative loss coefficient of the reliability level &; , %

13



/ \ —i— M2 by condition n

/ \ T Adaptive MS
/ M/f\iéim

Figure 6 - The coefficient of relative losses of the unit cost operation 5% , %

The data obtained fully confirm the assumption that the “adaptive maintenance” strategy is
more preferable in the case of unreliable (inaccurate) information about the reliability indicators of
the object elements.

The value of the loss factor 6. = 712% obtained for the Test-4 object is not an accidental

outlier or error. Such large losses in the unit cost with “MS by resource” are explained by the high
cost of the least reliable elements of the Test-4 object. This result is an additional confirmation of
the critical sensitivity of the optimal parameters resource maintenance strategy in the case of
unreliability initial data on the reliability of object.
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METO/IUKA OIITUMI3AIIIL HIAPAMETPIB CT}’ATEFIT PEIVTAMEHTOBAHOI'O
TEXHIYHOI'O OBCJIYI'OBYBAHHS BIMCBKOBOI TEXHIKHN

Anomauin. CKnaoHi mexniuHi 00' eKmu y CycniibCmei Maioms 6UKII0UHO sadxicauee 3nauenusn. Taki
00'ekmu Hanexcamv 00 K1acy GiOHOGNIO6AHUX 00'€KMie mpueanozo 0azamopazo8oco 3acmocy8anHs.
Bonu, ak npaeuno, € oopocumu ma nompedyromv 3HAYHUX eumpam Ha iX ekcnayamauir. /[na
3a0e3neueHns HeoOXiOH020 PieHA 0e36i0MO6HOCHI 8 BPoUeci iX eKcnayamauyii 3a3euuail NPOEOOUMbCA
mexHiune oocnyzoeyeanna (TO), cymb aK020 nOAA2AE Y CEOEUACHTI 3AN00IMHCHIN 3aAMIHI e1leMenmis, w0
3HAX00AMBCA 6 CMAHI nEPed 6IOMOBOI0, W0 OYIHCe 8ANCIUBO 011 00'€KMIE GilICbKOBOT MEXHIKU.

XapaxmepHoio 0codaugicmio CKIAGOHUX MEXHIYHUX 00'cKmie cneyianibHo20 NPUHAYEHHS
(8ilicbk0680i mexHIKU) € HAAGHICMb Y IXHbOMY CKAAOi 8enUKOI KilbKocmi (Oecamku, comui mucay)
DIBHOMUNHUX KOMRIAEKMYIOUUX e1eMeHmis, w0 MAalomsv pi3HUINl PpieeHb Hadilinocmi, pi3Hi
3aKoHOMIpHOCHI npoyecie iXHb020 3Hocy ma cmapinna. Ila ocodaueicme nompedye Oinvut MOHKO20
nioxooy 0o opzanizauii ma naanyeanus TO y npouyeci excniayamauyii (8ilicbK080i mexHiKu).

Ilpoonema nonsazae 6 momy, wjo npu po3pooui maxKux 00'ekmie ilicbK060i mexHiKu 6ci NUMAHHA,
noe'a3ani 3 peMOHMONPUOAMHICHIO MA MEXHIYHUM 00CIY208Y8AHHAM, NOGUHHI UPIULYBAMUCA 8)ICE HA
PanHix emanax npoekmyeannsa 06'ekma. Axuwo ne nepedoauumu 3azoaneziov HeoOXiOHi anapamui ma
npozpamui 3acoou 606y0oeanozo KoHmpoao mexuiunozo cmany (13) o6'ekma, ne po3pooumu i ne
60yoysamu 6 00'ekm mexnonoziio npogedenna TO, mo peanizyeamu 6 MaiiOymuboMy MOHCIAUGUIL 6UZPALL
y 06e36iomoenocmi 06'ekma 3a paxynok nposedennsn TO ne eoacmuoca. OckinbKu 6ci yi nUMAHHA HOGUHHI
supiwyeamuca Ha emani cmeopenHs 00'ckma (Konu 00'ekma we nemac), HeoOXIOHI MamemMamuyHi
mooeni npouyecy TO, 3a 00n0OM02010 AKUX MOIHCHA OYI0 O NPOPAXYGAMU MOIHCTUGUIL GUZPAWL Y DIGHI
0e3siomoenocmi 00'ckma 3a paxynok npoeedenna TO, oyinumu neodxioni éapmicni gumpamu. Ilomim
Ha niocmaei maxux po3paxyHKie RPUUHAMU pileHHA npo Heodxionicmv npoeedennsa TO ona uvozo
muny 00'ekmig i, AKUO0 make piwieHHA NPUUHAMO, po3pooumu cmpykmypy cucmemu TO, sudopamu
Haiioinvw npuiinamuy cmpamecito TO, suznauumu it onmumanvii napamempu.

Y pobomi nposooumuca oocniorcennsa enaugy Koehivicnma eapiauii Ha eeUUUHY ONMUMATILHOZ0
PieHA MeXHIUH020 00C/1y206Y6aHHA.

Taxootec y pobomi niomeeporcyemoca 3acanbhHe MIPDKYBAHHA Y MOMY, W0 MeEHUle GeaUYUHA
Koegiyicnma eapiayii 6unadKoeoi HanPauIOBaAHHsA 00 i0MOBU 0OCIY208Y6AHUX e/leMEHNI8, MO DilbuIUM
Mmae oymu onmumanvHe 3HaueHus piensa TO.

Kniouoei cnosa: mexniune o06cnyzosysanms, 00'ekm ilicbK060i mexHiKu, pezilameHmosane
00C1y208y6aHH BIIICbKOBOT MEXHIKU, GUMPAMU HA 6APMICMb 8IIICbKOBOT MEXHIKU
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