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JUSTIFICATION OPTIMAL PARAMETERS OF REGULATED MAINTENANCE
STRATEGY

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

The problem is that in the development of such facilities, all issues related to maintainability and
maintenance should be addressed already at the early stages of facility design. If you do not provide in
advance the necessary hardware and software for the built-in monitoring of the technical condition (TC) of
the facility, do not develop and “build” the maintenance technology into facility, then it will not be possible
to realize in the future a possible gain in the reliability of the facility due to maintenance. Since all these
issues must be resolved at the stage of object creation (when 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 facility due to maintenance, estimate the cost costs required for this. Then,
based on such calculations, make a decision on the need for maintenance given type of objects and, if such
a decision is made, develop the structure of the maintenance system, choose the most acceptable
maintenance strategy, and determine its optimal parameters.

The paper shows that the model for the regulated maintenance strategy is an improved version of the
already known models and is introduced into the complex model for the purpose of comparative assessment
of various maintenance strategies. In addition, it should be borne in mind that in practice, some cases, a
regulated maintenance strategy may be preferable to MCC strategies.

Keywords: complex technical objects, maintenance strategies, technical condition, component parts

Introduction. Complex technical objects in modern society are extremely important. We are
talking primarily about various radio-electronic complexes for military and special purposes, radar
stations, automated control systems (air traffic, energy facilities, etc.). The state's defense capacity,
economic security, and the lives of hundreds and thousands of people depend on the level of reliability
such facilities.

Such objects belong to the class of recoverable objects of long-term repeated use. They tend to
be costly and costly to operate. To ensure the required level of reliability during their operation,
maintenance is usually carried out, the essence of which is timely preventive replacement of elements
in a pre-failure state.

Analysis of previous studies and problem statement. Certain “surge” in the number of
theoretical works on the maintenance of complex systems falls on 70s of the last century, which can
be explained by the mass production of complex radio-electronic equipment for military and special
purposes at that time [for example 1-5]. Currently, there is a decline in the number of scientific
publications devoted to the maintenance of complex technical objects. One of the reasons for this, in
our opinion, is sharp increase in the level of integration and reliability of components. Thanks to this,
the developers of complex equipment were able to solve the issues of ensuring the required level of
reliability without significant maintenance costs (or even without maintenance at all). However, the
same reason (high integration and reliability of component parts) opened up the possibility of
implementing more and more complex technology with new functions, which was impossible with
the old element base. This again leads objectively to the problems of ensuring reliability and,
therefore, the question of need for maintenance and the choice of optimal strategy for its
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implementation again becomes relevant.

Formulation of the problem. Unfortunately, the currently known mathematical models and
methods for calculating the optimal parameters of maintenance processes are not very suitable for
application to real modern technical objects. The main disadvantage of these models is that they either
do not take into account the complex structure of an object at all, or it is possible to take into account
only some of the simplest structures [6-8]. In [9], a comparative analysis of the problems arising in
solving the problems of maintenance "by resource™ and "by state" is made. In [10] provides an
overview of the latest work in the field of maintenance and repair of complex systems. The authors
of this article made a theoretical generalization of the known mathematical models of maintenance
processes. In the works [11-13] foreign developments in this subject area are given. However, these
models do not allow building on their basis suitable for practical use techniques. The closest on the
subject of the article are given in the works [10,14,15].

Main part. The essence of regulated maintenance strategy is that maintenance is carried out at
pre-planned times with a given fixed amount of work. At the same time, the timing and scope of
maintenance work does not depend on the actual technical condition of the facility. The parameters
of the regulated maintenance strategy are:

N,, - hnumber of types maintenance;

T . and E

TO | TO

- are the frequency and volume of maintenance j-th type ( j =1,N_, ). The scope
of maintenance is set E,; here by a set of elements that are subject to maintenance during

maintenance of j-th type.

Test objects of different structure and reliability were used to check and study the developed
models and techniques. The characteristics of test objects are selected in such a way as to cover all
typical cases of possible real objects encountered in practice. With the help of test objects, the
following sections demonstrate the features of application developed models and their capabilities.
This section contains the main characteristics of test objects, as well as the simulation results obtained
for them using the MB software.

The Test-1 object is an example of the simplest object with a consistent reliability structure and
a structural structure with 6 nesting levels. Consists of 20 elements-INR, which are part of other
structural elements of senior levels. INR elements are indicated by circles. All INRs have same
reliability characteristics: T =20,000 h; v = 1. Elements included in the set are marked with shading.

The Test-2 object is an example of a low reliability object that uses redundancy to improve
reliability. The three least reliable elements have a reserve: 11 (n = 3), 12 (n = 3) and 131 (n = 2). All
other elements are sequential (in terms of reliability) of all the elements included in them. The total
number of INR is 900. The elements included in the set of recoverable elements are also marked with
shading.

The Test-3 and Test-4 objects are examples of objects that have a single-level design structure.
The number of all elements is 50. The elements of objects differ significantly in their level of
reliability. Object Test-3 is an example of an object with a high level of reliability, object Test-4 is
an example of an object with low reliability. Since the structural structure is one-level, all elements
are INR, and all of them are recoverable.

For each of the test objects, a separate database has been created, into which the necessary
information about the object is entered. For all IDRs, the coefficient of variation is set equal, equal
to 1.

Table 1 shows the main characteristics of the test objects.

The values of reliability indicators given in the table (mean time to failure and coefficient of
variation) are generated automatically when starting the database program and are displayed on the
PC screen. For the Test-2 object, the resulting coefficient of variation is not equal to 1 due to the
presence of redundant groups elements in the object.
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Table 1
Test object characteristics

Number of . Coefficient of
. Number Mean time S
Object recoverable . variation
of INR to failure, h

elements
Test-1 20 15 44721 1,0
Test-2 900 16 745,8 0,726
Test-3 50 50 29930,7 1,0
Test-4 50 50 1783,2 1,0

Test-2 object.
The Test-2 object includes 8 recoverable elements. All of them are potentially serviceable (Table 2).
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Figure 1 — Results of calculations at the 1st step (object Test-2)

As a result of calculations at the 1st step, we obtain a conditionally optimal solution (see fig.1):
STOY = {E9, T9) = {({212},220n)}.
In this case, the following values of indicators are obtained:
c=0,49831 c.u/h; TP=351h.; and K{ =0,99034.

Next, we will carry out all the subsequent steps - we will perform calculations with the
sequential inclusion of all serviced elements in the set E). The results are shown in table 1.

With an increase in the number of serviced elements, we see a tendency for a monotonic
increase in the indicator T (decrease in indicator c{?’), therefore there is no need to introduce the
2nd type of maintenance.

If for the Test-2 object set the required T,” = 600 h, then the optimal parameters of regulated

maintenance are:
STO}, = {212, 211,131, 11, 331}; 240h)}. (1)
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In this case, the following values of indicators are provided:
T,(STOR) =676 h;
¢, (STOg) = 0,12009 c.u./h;

K, (STOg)=0,97564. (£=0,116).
Table 2
Calculation results of the conditionally optimal parameters of regulated maintenance for Test-2 object
(1 type of maintenance)

N ) The values of the indicators
. Conditionally ~ optimal ~ parameters | obtained ~ with  conditionally
Service 0 00 :
Step <E‘ T > optimal parameters
number | YPe e )
) number STOg
e TR Tew [
h h c.u./h
1 1 {212} 220 | 351 |0,49831 | 0,99034 | 0,078
2 1 {212, 211} 240 | 417 | 0,40265 | 0,98720 | 0,082
3 1 {212,211, 131} 240 | 476 | 0,30026 | 0,98334 | 0,090
4 1 {212, 211, 131, 11} 240 | 546 | 0,16558 | 0,97945 | 0,105
5 1 {212, 211,131, 11, 331} 240 | 676 | 0,12009 | 0,97564 | 0,116
6 1 {212,241 131, 11,83}, 8% 240 | 826 |0,10196 | 0,97174 | 0,127
7 1 {2121 1811, 33123 2% 240 | 874 |0,07759 | 0,96765 | 0,131
8 1 {212,211,131,11,331,23,12,32} | 240 | 1036 | 0,07408 | 0,96367 | 0,149

Test-3 object.

The Test-3 object is an example of a highly reliable object. The facility includes 50 recoverable
items, of which 10 are potentially serviceable.

As a result of calculations at the 1st step, we obtain a conditionally optimal solution (fig. 2):

sTOY ={EY, T9)}= {{3.11000h)}.
With these parameters, the following values of indicators are obtained:
) 1)
T, =11182h.; and Ks =0,99978.
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Figure 2 — Results of calculations at the 1st step (object Test-3)
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Next, we will make calculations in accordance with the developed methodology. We will make
calculations on the assumption that there is 1 type of maintenance, and all elements EX) from are

Tol

sequentially included in the set of serviced elements E_ . The results are shown in table. 3.
Analysis of the results obtained shows that the indicators T’ and c{;) monotonically improve

as the volume of maintenance increases. However, in the last steps (starting from 6th step), the
improvement becomes insignificant. This suggests that it is possible to improve solution by
introducing 2nd type of maintenance. To test this assumption, we will continue the calculations.

First, according to the results obtained, it is necessary to select and record in the database the
optimal parameters of 1st type maintenance.

Table 3
Calculation results of conditionally optimal parameters regulated maintenance for Test-3 object
(1 type of maintenance)

Service | Conditionally optimal parameters | 1he Values of indicators obtained with
Step type <E(k) T(")> conditionally optimal parameters
Eumber number | 3 sTO®

i EX T [ TO,h | e, cum | KO £
1 1 {1} 11000 | 11182 | 0,00205 0,99978 | 0,410
2 1 {1, 2} 11000 | 12962 | 0,00188 0,99971 | 0,457
3 1 {25} 15000 | 13775 | 0,00178 0,99970 | 0,401
4 1 {1,2,3,4} 16000 | 15009 | 0,00169 0,99967 | 0,493
5 1 {1,2,3,4,5} 16000 | 16802 | 0,00160 0,99962 | 0,539
6 1 {1,2,3,4,5, 6} 16000 | 18497 | 0,00154 0,99957 | 0,577
7 1 {1,2,3,4,5,6, 7} 16000 | 20446 | 0,00149 0,99952 | 0,613
8 1 {1,2,3,4,5,6,7,8} 18000 | 20976 | 0,00147 0,99951 | 0,616
9 1 {1,2,3,4,5,6,7,8,9} | 20000 |21338 | 0,00145 0,99951 | 0,633
10 1 %}2 34,506,189 50000 | 22715 0,00143 0,99947 | 0,669

If you set the required mean time between failures T,”= 15000 h, then the following can be
taken as the optimal parameters of 1st type of maintenance:
STO; = {E®); T<5>>}p= {{L 2, 3, 4, 5}; 16000h)}

T0l? " TOl
In this case, the following values of indicators will be provided:
T,(STOR) = 16802 h;

¢,,(STOg) = 0,00160 c.u./h;

K, (STO;)=0,99962. (€=0,539)
Parameters (2) will be entered into the database as parameters of the 1st type of maintenance.
After that, we will enter the 2nd type of maintenance into the database and introduce one element for
it into the set of serviced elements - the next element from E._. This will be item 6 (E®) ={6}). After

TO 2

that we will continue the calculations. According to the methodology, next step will be the 6th step.
As a result of calculations at step 6, we obtain the following conditionally optimal solution

(Fig. 3):

(2)

STO® = |y, Tou) (9. T9)f= {{1.2.3.4,5},16000h), ({6}, 36000h)}.
In this case, following values of indicators are obtained:
¢®=0,00155 c.u/h; T =18201h.; and K® =0,99959.

The calculation results in all subsequent steps are shown in table 3. According to the results
17



obtained, it is clear that due to the introduction of the 2nd type of maintenance, it is not possible to
improve the indicators TS and c{;’. So, at the 6th step, T\® and ¢ indicators worsen (T,® = 18201
hours instead of 18497 hours, c? = 0.00155 instead of 0.00154).

With this in mind, we finally accept as the optimal solution for Test-3 object:
STO; = {(Efy Tou )= {{L 2, 3, 4, 5); 16000h)}.
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Figure 3 — Results of calculations at the 6th step (object Test-3)

Table 4
Calculation results of conditionally optimal parameters of regulated maintenance for the Test-3
object (2 types of maintenance)

Service | Conditionally optimal The values of indicators obtained with
Step type ) =0 conditionally optimal parameters
umber parameters (E%), T) STOW
K _number R

J EL TOh [ T9h | e cuh | KX €
6 2 {6} 36000 | 18201 | 0,00155 0,99959 | 0,565
7 2 {6, 7} 36000 |19617 | 0,00149 0,99957 | 0,599
8 2 {6,7,8} 38000 | 20698 | 0,00144 0,99955 | 0,627
9 2 {6,7,8,9} 36000 | 22466 |0,00140 0,99953 | 0,647
10 2 {6,7,8,9, 10} |36000 |23992 |0,00136 0,99951 | 0,688

Test-4 object.
The Test-4 object includes 50 recoverable elements, of which 10 are potentially serviceable

(Table 8).
As a result of calculations at the 1st step, we find that the optimal frequency of maintenance of

the 1st type, provided that the set of serviced elements E®, = {1}, is equal to T.")= 500 hours.
In this case, the following values of indicators are obtained (see fig. 4):
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c®=0,01961 c.u/h; T=1345h.; and K% =0,99626.

Table 4 shows results obtained after completing the first 6 steps. The results presented in the

table show that, starting from step 4, the unit cost of operation c;‘;) begins to increase. This is a sign
of the need to enter 2nd type of maintenance.

s ISMPN: Mcciegoeanme periameHTHposanHoro TO

YAEnsHAA CTOMMOCTE SKCNNYaTaLMM, ¥ &M

TcpGesTo=91594

| 001961
|

CpegHaa HapaboTka Ha oTkas, 4

| 13847

Ofeext: TecT-4n
Per namenruposannoe TO
B wTD
Havaneroe sHaverue, 4 200
Koneunoe sHauerue, 4 2000
WMHTepsan usmMeHeHus, 4 100 0024
0,023
0022
o021
BuiGop Buga TO  |TO-1 -| 3 '
002
Mapamerpx TO
Mepuoamssocts TO, 4 600
MpoaonKuT. AMarH., MUH. 30
CroumocTe auarnoct.. ye. 1 e
Mpoaosxur. TO, 4 15 1300
‘ 1200
Crucok ofcayk, 3 nemMeHToE i | 1100
~| 25000 1-33
28571 1-41 ‘
60000 1-46
200000 1-44
40000,0 1-48
50000,0 1-49 0935
800000 11 097 -
1000000 1-2 I 0':96
1200000 1-3 0'995
150001.5 1-60 0
0,934
1 0993
0,902
CrommocTe oTkaza, ye. 10

200 400 600 8OO 1000 1200 1400 1600 1 800 2 00C

0,99626

t f u T u T u t
200 400 600 £00 1000 1200 14001600 1800 200C eps=0/138

di

1
t . {  Topt =500
200 400 B'jl:l 800 1000 1200 1 4‘00 1600 1800 200C

EBX

Hauate

Bexoa

0:01:44

Figure 4 — Results of calculations at 1st step (Test-4)

As optimal parameters of maintenance 1st type, we take the parameters obtained in 3rd step
(see table 4):

STO® ={({L,2,3},600h)}.

(3)

Table 5

The results of calculating optimal parameters for one (1st) type of TO (object Test-4)

Conditionally optimal | The values of indicators obtained with
Step Service | parameters conditionally optimal parameters
number | type <E(§), -|-ng>> STOW
K number j 7, () (*) () k

Ei) T h [T h |c,cumh | KW £
1 1 {1} 500 1345 0,01961 0,99626 | 0,138
2 1 {1,2} 500 2416 0,01468 0,99459 | 0,195
3 1 {1,2,3} 600 3230 0,01314 0,99388 | 0,238
4 1 {1,2,3,4} 600 3836 0,01378 0,99227 | 0,260
5 1 {1,2,3,4,5} 1000 2501 0,01437 0,99413 | 0,217
6 1 {1,2,3,4,6} 1000 2637 0,01499 0,99315 | 0,218

With these parameters, indicators are provided:

c®=0,01314 c.u/h; T?=3230h.; and K =0,99388.
We enter the parameters of 1st type of maintenance into database and continue the search in
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order to determine the optimal parameters for 2nd type of maintenance.
Taking into account the already completed 3 steps, we will continue the search starting from
4th step. In fig. 5 shows the screen view after calculations for 2nd type of maintenance in step 4.
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Figure 5 — Results of calculations at the 4th step (object Test-4)

Table 6

The results of calculating optimal parameters for 2nd type of maintenance (object Test-4)
Step tService g;g?;g&?g Iy epiillia The _\{alues of _indicators obtained \k/vith
number | YPE <E(k). T(k_)> conditionally optimal parameters STOY’
K pumber 107 10 ]

] = linthi-Fr-al i e Sy | K £

4 2 {4} 5000 3710 0,01270 0,99362 | 0,262
5 2 {4,5} 5500 4030 0,01239 0,99349 | 0,273
6 2 {4,5,6} 6000 4287 0,01218 0,99339 | 0,285
7 2 {4,5,6,7} 7000 4514 0,01210 0,99334 | 0,291
8 2 {4,5,6,7,8} 8000 4592 0,01205 0,99321 | 0,297
9 2 {4,5,6,7,8,9} 8500 4593 0,01203 0,99322 | 0,304
10 2 {4,5,6,7,8,9,10} 10500 | 4508 0,01204 0,99327 | 0,298

Table 6 shows all the results obtained in the search for optimal parameters for the 2nd type of

maintenance.

According to the data obtained, it can be seen that the inclusion of the last elements in the
number of serviced during maintenance -2 leads to an insignificant improvement in indicators (this
improvement is practically within the statistical error).

Therefore, the user has the right to decide not to service these elements at all during operation.

If, for example, during maintenance -2, only 3 elements are serviced (E‘®, ={4,5,6}), then the
optimal parameters of maintenance for two types of maintenance are:
STO® = {({1,2,3},600h), ({4,5,6},6000h)}. (4)
At same time, indicators are provided:

TO 2
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¢! =0,01218 c.u/h; T(¥=4287h,; and K =0,99339.
According to results obtained, it is clear that due to the introduction of 2nd type of maintenance,

it was possible to significantly improve the indicators T and c(.

Earlier, for the Test-4 object, we set T, = 5000 hours as the required reliability level. In this

case, we see that this requirement is not met with a regulated maintenance strategy. Therefore, we
will continue the calculations in order to check the possibility of further improvement of indicators
due to the introduction of the third type of maintenance.

Before continuing the search, you need to enter the obtained optimal parameters for 1st and 2nd
types of maintenance into the database. After that, we will continue the calculations, starting from
7th step. The results obtained in this case are presented in table. 7.

Table 7
The results of calculating the optimal parameters for the 3rd type of maintenance
(object Test-4)

Conditionally optimal The values of indicators obtained with
Step Service I conditionally optimal parameters
number | type parameters <ETOJ.,TT0 j> Al O
“ numberJ e TOh [10h [c®cumn [kO e

TO TO j ! ! YOS ™

7 3 {7} 18500 | 4490 0,01207 0,99332 | 0,291
8 3 {7,8} 16000 | 4668 0,01196 0,99326 | 0,304
9 3 {7,8,9} 18000 | 4816 0,01186 0,99323 | 0,305
10 3 {7,8,9,10} 22000 | 4879 0,01180 0,99323 | 0,311

As a result of calculations for 3 types of maintenance, we received the following solution:
STOU = {/{1,2,3},600h), ({4,5,6},6000h), ({7,8,9,10},22000h)}. (5)
At the same time, indicators are provided:
c%”=0,01180 c.u./h; T¥=4879h,; and K =0,99323.

So, we see that the introduction of the 3rd type of maintenance leads to a further improvement
in performance in comparison with case of 2 types of maintenance. However, the requirement T,” =
5000 h is not met in this case. Since solution (5) has already used all serviced elements from the set,
it can be concluded that with a regulated maintenance strategy, the requirement T,”=5000 h for Test-

4 object is unattainable.

Conclusions. The mode of modeling regulated maintenance was introduced in order to ensure
the completeness of analysis possible maintenance strategies of designed facility and predicting the
possible gain in reliability and cost of operating the facility through use of strategies for maintenance.
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A.T.H., mpo@d. Jlenkos C.B., k.nexa.H., gou. Toaok I.B., k.1.H. Koabuos P.IO.,
k.T.H. ban3zak I'.B., k.1.H.JlenkoB €.C., loopoBoabcbka C.B.
OBI'PYHTYBAHHSI OITUMAJIBHUX TAPAMETPIB CTPATEI'TI TEXHIYHOI'O
OBCJIYI'OBYBAHHA, 11O PETJIAMEHTY€ETbBCSA

Xapaxmepnoio o0codaugicmio CKIAQOHUX MEXHIYHUX 00'cKmie cneyiaibHo20 NPUHAYEHHA €
HaaeHicmb 6 IX CK1adi eenuxoi KinbKocmi (0ecaAmkKu, COMHI mucau) pPi3HOMURHUX KOMHIEKMYIOUUX
enemMenmis, AKi Maroms Pi3HUI pieeHb HAOIIIHOCHI, PI3HI 3AKOHOMIDHOCII BPOYECie iX 3HOCY | CIAapiHHA.
Il ocodnusicmv eumazae 0Oinbut mouxKo20 nioxoody 0o opzawizauii i naanysanns TO 6 npoyeci ix
excniyamauit.

Ilpobnema nonazac 6 momy, wio npu po3pooui makux 00'ckmie 6ci numauHs, NO6'A3aHi 3
DPEMOHMONPUOAMHICIIO | MEXHIUHUM 00CIY208Y8AHHAM NOGUHHI GUPIULYSAMUCA 8JiCe HA PAHHIX emanax
npoexmyeanna 06'ckma. Axuwo0 ne nepeddauumu 3a30a1€2i0b He0OXiOHI anapamui i RPOZPAMHI 3acoou
60y0oeanozo konmpo.io mexuiunozo cmany (TC) 06'ekma, wio He po3pooumu i e ""66ydysamu’’ 6 06'ckm
mexnonozito npogedennn TO, mo peanizysamu ¢ MAOYMHLOMY MONCAUGUI UZPAUL 6 0€36i0MOEHOCHI
00'exma 3a paxynox npoeedenna TO ne edacmuca. OcKinbKu 6Ci Yi NUMAHHA NOBUHHI 6UPIULYBAMUCA HA
emani cmeopenus 00'ckma (konu 06'ekma wie Hemae), Heo0Xioni mamemamuuni mooeni npoyecy TO, 3a
00NOMO2010 AKUX MOMNHCHA OYN10 6 BPOPAXYBAMU MOMNCAUGUIL euzpaul @ pieHi 0e38i0moenocmi 00'ckma 3a
paxynok npoeedennsn TO, ouyinumu Heo0XiOHi 014 yb020 eapmicni eumpamu. Ilomim na niocmaei maxkux
PO3PAxXyHKie npuiinamu piuienHs npo Heooxionicmo npogedenns TO 0na danozo muny 06'ckmie i, aKuwo
make piwleHHa NpuiiHAmoO, po3pooumu cmpykmypy cucmemu TO, eudpamu Haibinowi nRPpUBHAMHY
cmpamecito TO, euznauumu it onmumanvHi napamempu.

Y pobomi noxazano, wo mooenv onn cmpamecii pecramenmosanozo TO € e60ockoHanenum
eapianmom esice 8i0oMuUx mooeJieil i 66e0eHA 8 KOMNIAEKCHY MOOENb 3 MEen ot NOPIGHAIbHOT OUIHKU PI3HUX
cmpameciit TO. Kpim mozo cnio epaxosysamu, w0 Ha npakmuui ¢ OeAKUX 6UNAOKAX cMpamezis
peznamenmosanozo TO mooice suasumucsa 6invu Kpauioio y nopieuanni 3i cmpameziamu TOC.

Kniouosi cnoea: cknaoni mexuiuni 06'ckmu, cmpameczii mexHiunozo 06Cy208y8anHs, mexHiuHuil
cmamn, KOMRJIEKMyuux einemenmia.
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