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COMPARATIVE STUDY OF DIFFERENT MAINTENANCE STRATEGIES

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 various types component parts, which 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 of maintenance in 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 technical condition (TC) of the
object, do not develop and "*build" 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 maintenance. Since all these
issues must be resolved at the stage of object creation (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 facility due to maintenance, to estimate the cost costs required for
this. Then, on the basis of 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
acceptable maintenance strategy, and determine its optimal parameters.

The article shows that the optimal parameters of various maintenance strategies significantly depend
on both the reliability and cost structure of the facility and specified requirements for the facility's reliability

T,”. The higher the specified value T,”, the more serviced items should be included in the optimal

maintenance strategy.

It has also been proven that the effectiveness of various maintenance strategies depends significantly
on the reliability and cost structure of object. If the distribution of cost restored (including serviced) elements
is closely correlated with the distribution of their reliability indicators, difference in effectiveness of different
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.

Keywords: maintance strategy, components, reliability level, facility structure.

Introduction. Complex technical objects in modern society are extremely important. We are
talking primarily about various radio-electronic systems 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
of such facilities.

Such objects belong to the class of recoverable objects of long-term repeated use. They are
usually expensive 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 recent research. The “surge” in 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 [1-4]. Currently,
there is a decline in the number of scientific publications devoted to the maintenance of complex
technical objects. One of reasons for this, in our opinion, is the 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 required level of reliability without significant maintenance costs
(or 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
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problems of ensuring reliability and, therefore, question of the need for maintenance and the choice
of optimal strategy for its implementation again becomes relevant.

Formulation of the problem. Unfortunately, the currently known mathematical models and
methods for calculating the optimal parameters of MC 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 an object at all, or it is possible to take into account only some of
the simplest structures [5, 6]. In [7], a comparative analysis of the problems arising in solving the
problems of maintenance "by resource™ and "by state™ is made. An overview of the latest work in the
field of maintenance and repair of complex systems for that period is given. In [8], a theoretical
generalization of the known mathematical models of MC processes is made. However, these models
do not allow constructing methods suitable for practical use on their basis.

In our opinion, the situation is even worse with mathematical models of MC processes "by
state”. Only a small number of scientific works are devoted to this area of research [9-11].

Thus, the work solves the urgent scientific problem of developing methods and tools (software)
to determine the optimal parameters of the maintenance strategy "by state™ of complex technical
objects.

Main part. The complexity of maintenance processes and the variety of factors influencing
them significantly complicate the choice between different maintenance strategies. For an objective
comparison of the advantages and disadvantages of various maintenance strategies, it is necessary to
ensure the approximate equality (sameness) of the conditions in which they are applied.

When comparing different maintenance strategies, we will be guided by the following
principles:

- it is possible to compare different maintenance strategies only by the results of their
application to the same object;

- test objects (on which the comparison of maintenance strategies is made) should be
comparable in terms of the structure time and cost costs for maintenance and maintenance;

- indicators of the quality maintenance process (objective functions), according to which the
comparison of various maintenance strategies is made, should be evaluated at the same intervals of
the object's operation and with the same parameters of modeling process (if the comparison of
maintenance strategies is made based on the simulation results);

- characteristics of maintenance process obtained with the optimal parameters of maintenance
strategies should be compared, that is, the potential capabilities of various maintenance strategies
should be compared.

In this study, 4 test objects are used that differ in their reliability and structural characteristics.
This, among other things, makes it possible to check and simultaneously demonstrate the
"performance” of developed methods for determining the optimal parameters of various maintenance
strategies for different initial data.

To ensure the comparability of the structure of time and cost costs for maintenance and current
repairs, the characteristics of maintainability and cost that are the same for all elements and objects
were set:

- average recovery time of an element 7, = 1 h;
- average duration of maintenance 7, =1 h;

-itemcost C, =10 ¢c. u;;
- cost of operation current repair (replacement) of the element CTpi =1c.u;

- cost of the maintenance operation of element C_.=1c. u;

STD characteristics for test objects are set as follows:
- duration of diagnostics at MC 7, = 0.5 h;

- cost of the diagnostic operation at MC Cn =1lc.u.
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The same for all test objects are also set the indicators depending on the purpose of object - the
specific cost losses incurred by the external system (in which this object is used) in the object failure

state C__=10c.u./h,and inthe MC state C_=1c.u./h.
For all test objects, using the developed methods, optimal parameters for three maintenance

strategies were determined. For brevity, as before, we will call them: “MC by state”, “adaptive MC”
and “MC by resource”.

All calculations were made for the duration of operation T, = 20 years with continuous

operation of the facilities.
The optimal parameters of various maintenance strategies were determined under the idealized
assumption of the existence for test objects of measurable determining parameters for the least

reliable elements E_ related to the set of recoverable elements E . The subsets of potentially

serviced items were specified in such a way that they included all the least reliable items. There are
no elements in test objects, reliability of which would be lower than the reliability of any elements

E.. (E, < E,). Obviously, under this condition, with the optimal parameters of maintenance

strategies, maximum, potentially possible efficiency of maintenance is provided, which is most likely
unattainable in practice.
Table 1 - 4 presents the final results of calculating optimal parameters of various maintenance

strategies. In fig. 1 - 4 shows the graphs of the mean time T, between failures and the unit cost of
operation C from the number of serviced elements, obtained with the optimal parameters of the
corresponding maintenance strategies.

Table 1
Comparative evaluation of indicators, T,, ¢, and K,, for object Test-1
with different maintenance strategies
Maintenance Maintenance Adaptive Maintenance Without
strategy condition maintenance by resource maintenance
2 T,.h 1660 1662 1609 1236
S @
e & | C,.culh 0,01461 0,01408 0,01695 0,02187
% § K., 0,99851 0,99877 0,99689 0,99919
T
I £ 0,180 0,179 0,184 0,085
Optimal E|=3 Er|=3 N =1
maintenance . . el
strategy parameters ( | U1 ={0.5:04,0,5} | U} ={05:0,4,05} | [E.ca =3 -
T, = 1500 h) T.=1200h y"=045; =05 | T,=1400h
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Figure 1 — Graphs dependence indicators Ty" and c;, on the number of serviced elements for

various maintenance strategies (object Test-1):
1 - maintenance by condition; 2 - adaptive maintenance; 3 - maintenance by resource

Table 2
Comparative assessment of indicators T,, ¢, and K, for the object Test-2
with different maintenance strategies
Maintenance Maintenance Adaptive Maintenan- Wlthout
strategy i ce maintenan-
strategy r maintenance
condition by resource ce
- T,.h 695 702 676 294
>
ST c
wo | 0,09852 0,08801 0,12009 0,66572
S8 & u./h
(48]
S K., 0,98610 0,99374 0,97564 0,99708
= & 0,111 0,112 0,113 0,069
Optimal EL|=5 E' |=5 N =1
maintenance U: ={0,55;0,45;, | U* EX,|=5
strategy A —£0 &) BE- ; -
o 0,25;0,6;0,5} | ={0,6;0,55;0,6, T =240h
parameters (T," = T*=250h 0,5;0,6}
600 h) y"=045; =05
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Figure 2 — Graphs of dependence indicators Ty and ¢, on number of serviced elements for

various maintenance strategies (object Test-2):
1 - maintenance by condition; 2 - adaptive maintenance; 3 - maintenance by resource

Table 2

Comparative assessment of indicators T,, ¢, and K, for object Test-3
with different maintenance strategies
Maintenance Maintenance Adaptive Maintgiagy V\_/lthout
8 . ce maintenan-
strategy condition maintenance b
y resource ce
= T,.h 15194 15136 15009 9458
(@]
ST c
e | 0,00154 0,00151 0,00169 0,00232
S = c.u../h
._g 2| K, 0,99982 0,99984 0,99967 0,99978
= & 0,487 0,448 0,493 0,367
Optimal E’|=3 E'l=3 N =1
maintenance . . .l
strategy U.,={0,5,0,5; U Eror =4 _
parameters 0,5} ={0,7;0,6;0,5} T =16000
(T,”=15000h) | T, =10500h y"=04; =05 |h
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Figure 3 — Graphs of dependence indicators T;" and c;, on number of serviced elements for various

maintenance strategies (object Test-3):
1 - maintenance by condition; 2 - adaptive maintenance; 3 - maintenance by resource

Table 3
Comparative evaluation of indicators T,, ¢, and K, for object Test-4
with different maintenance strategies
Maintenance Maintenance Adaptive Maintenance Without
strategy condition maintenance by resource | maintenance
2 T,,h 6575 5566 4879 914
s 2
?,_,’ & | C,,culh 0,00668 0,00637 0,01180 0,02296
% § K., 0,99736 0,99776 0,99323 0,99890
2 & 0,268 0,209 0,311 0,113
E |=4 E'|=3 N =3
U:={0,5055 |U’={0,550,55 | |E.=3
Optimal 0,65,0,85} 0,55} T:,=600h
maintenance T =500h y"=05; p=05 . |
strategy parameters Eo|=3 }
(T,” =5000 h) T:,=6000 h
E:03 = 4
T, ,=22000 h
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Figure 4 — Graphs of dependence indicators Ty" and c;, on number of serviced elements for various

maintenance strategies (object Test-4):
1 - maintenance by condition; 2 - adaptive maintenance; 3 - maintenance by resource

For Test-4 object specified requirement T,” = 5000 h with the optimal “maintenance by

resource” strategy is not ensured (despite the fact that all potentially serviced elements have been
used).

The “adaptive maintenance” strategy has not been studied separately. The adaptive MC
parameter S (exponential smoothing constant) was set equal to 0.5 for all test objects. This
corresponds to a neutral situation, when the “weight” of the initial data on reliability indicators of
elements (priori information) and data on the actual measured values of determining parameters (a
posteriori information) is approximately the same.

Without delving into the study strategy of "adaptive maintenance", it can be assumed that
adaptive maintenance is more profitable in the case of unreliable initial information about the
indicators of reliability elements of object. We will check this assumption as follows.

Let us calculate indicators T; and C_ for test objects in the case when mean time to failure of

all recoverable elements T_, is 2 times less than the indicators for which the parameters of the optimal
maintenance strategy were calculated.

Obviously, indicators T, and C,, obtained in this case should be worse in comparison with the
indicators T; and €, obtained with the initial values. Table 3 and 4 show the values coefficients of

relative losses in the level of reliability é}o and in unit cost of operation 0. , which were determined
by formulas:

~T’ ¢ —-c
5T0:T°T TO-100; o, =———>=.100,
ya C

0 i

where T, (C,,) - is mean time between failures (unit cost of operation) obtained at optimal

parametersTCpi , provided that the indicators correspond to the values specified for test objects in test
examples;
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TO' (C;ﬂ) - same indicators obtained with optimal parameters, but under the condition that the

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

Based on the results obtained, the following conclusions can be drawn:
1. The best in terms of mean time between failures T, and unit cost of operation C is the

“adaptive maintenance” strategy. This is followed by the “maintenance by condition” strategy. The
worst is “MC by resource” strategy. The maintenance strategy is considered the best if the function

graph T, is located higher (for function Cy*Il — lower) in relation to corresponding graph for the

compared strategy. The maintenance strategy, best in terms T," of performance, is usually the best in

terms Cy*Il of performance, and vice versa.

2. The strategies “maintenance by condition” and “adaptive maintenance” are very similar in
terms of the obtained indicators. This is due to their common nature - during maintenance,
information about the actual current state of the object is used.

3. The effectiveness of various maintenance strategies depends significantly on the reliability
and cost structure of object. If distribution of the cost restored (including serviced) elements is closely
correlated with the distribution of their reliability indicators, difference in effectiveness of different
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.

4. The optimal parameters of various maintenance strategies substantially depend on both the
reliability and cost structure of the facility and the specified requirement for the facility's reliability

T," . The higher the specified value T;”, more serviced items should be included in the optimal
maintenance strategy.
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K.nmea.H., gou. Tosmoxk I.B., K.T.H. Bansalc I'.B., k.1.H. JlenkoB €.C., Bo3ikoBa JI.M.
MNOPIBHAJIBHE JOCJIII’KEHHSA PIBHUX CTPATEI'IM TEXHIYHOI'O OBCJIYT'OBYBAHHSA

XapakmepHoio 0codaugicmio CKAAOHUX MeEXHIYHUX 00'ckmie cneyianbHO20 NPUBHAYEHHA €
HasaeHicmb 6 Ix cknadi eenuxoi Kinbkocmi (Oecamku, cOmHi mucay) pi3HOMUNHUX KOMHIAEKMYOUUX
ellemenmis, AKi Maroms PizHUil pieHb HAOIliHOCMI, PI3HI 3AKOHOMIPHOCHI npoUecie IX 3HOCY [ cMapiHHAL.
Iln ocobnugicmy eumazae 6Ginbut MoOHKO20 RHIOX00y 00 opzauizauyii i nnamyeanus TO e npoueci ix
excnayamauii.

Ilpoonema nonsazac 6 momy, wio npu po3pooyi makux 06'ckmie 6ci numannsa, nos'a3ani 3
DPEMOHMORPUOAMHICHIO | MEXHIUHUM 00CIY208Y8AHHAM ROGUHHI GUDIULYBAMUCA 6JiC€ HA PAHHIX emanax
npoexkmyeanna 06'ckma. Axuwio ne nepeddauumu 3a30aneciob HeoOXiOHI anapamui i NPOZPaAmMHI 3acoou
60y008ano020 kKonmpo.iio mexuiunozo cmany (TC) 06'ekma, ujo e pozpooumu i ne ""6oyoyeamu’’ 6 06'ckm
mexHonozito npoeedenusn TO, mo peanizysamu 6 MAOYMHbOMY MOMHCAUBUIL uzpaul 8 0€386i0MO6HOCHI
00'ekma 3a paxynok npoeedennna TO ne edacmoca. Ockinveku 6ci yi RUMAHHA ROGUHHI GUPIULYBAMUCA HA
emani cmeopennn 00'ekma (Konu 00'ekma wie Hemae), Heooxioni mamemamuyuni mooeni npovecy TO, 3a
00NOMO2010 AKUX MOMNCHA OY710 6 RPOPAXYBAMU MOMNCTUGUIL UZPAUL 6 PIGHI 0e36i0MO6HOCHI 00'ckma 3a
paxynok npoeedennsn TO, ouinumu HeoOXiOHI 013 Ybo2o eapmichi eumpamu. Ilomim na niocmaei maxkux
PO3PAxyHKie npuiinamu pivieHHsa npo Heooxionicmo nposedenns TO 0na danozo muny 06'ckmie i, AKWLO
make piwleHHA RPUlHAMO, po3pooumu cmpykmypy cucmemu TO, eudpamu Hnaiéinbuws npuiinamuy
cmpamecito TO, suznauumu it onmumaivHi napamempu.

Y emammi nokazano, wgo onmumansui napamempu piznux cmpameziu TO icmomno 3aneixcams AK
6i0 HaOiiiHO-e6apmicHOi cmpyKkmypu 00'ekma, max i 6i0 3a0aH020 8UMO2U 00 DiGHA 0e€38i0MOGHOCHI
06'ekma. Hum Oinvue 3a0ane 3HAUEHHA, MUM OLIbULA KINbKICMb 00C/Y208Y8AHUX €l1eMeHMI8 MA€E
exnoyamuca ¢ onmumansuy cmpameciio TO.

Taxootc 0osedeno, wio ehexmuenicmo piznux cmpamezii TO icmomno 3anexicumo 6i0 HAOIIHO-
eapmicHoi cmpykmypu 00'ekma. fAxwo po3nodin eapmocmi enemenmis, wio 6iOH06AI0I0MbCA (6 MOMYy
yucni i 00cny208yI0mMuCa) O0ULKO KOPENIEMBCA 3 PO3NOOINIOM IX NOKA3HUKIE 0e36i0M06HOCHI,
eiominnicmo 6 eghexkmuenocmi piznux cmpameziii TO cxopouyemoca. Ile 0obpe euono na npuxnaodi
00'ekma TesSt-2, 0na AK020 Hatimenu HAOIIIHI eleMeHmU 00OHOYACHO € | HAUOINbUL 00POCUMU.

Kniouoei cnosa: cmpamezia mexniyHo20 00CAY208Y8aHHA, KOMNJIEKMYIOUi eneMeHmu, pieeHb
HaodiliHOCmi, cmpyKmypa 00’ekma.
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