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COMPARISON OF THE EFFECTIVENESS OF METHODS TO OPTIMIZE THE
PARAMETERS OF THE MAINTENANCE STRATEGY
COMPLEX TECHNICAL OBJECTS

The present article is devoted to comparing the effectiveness of methods for optimizing the parameters
of maintenance strategy of complex technical objects. First of all, it concerns the methods for optimizing
the parameters of maintenance strategy by state, by resource and adaptive technical maintenance (TM). In
addition, a comparative assessment of indicators of target functions of the object without maintenance is
made. That is, the article is devoted to one of the important and not fully solved problems: ensuring the
reliability of operation of complex objects of machinery of ordinary and high responsibility.

The basic principles and elements of the construction of the methodology are considered, the
technology of performing the optimization task of the corresponding strategy developed by the authors
earlier is applied. The calculation of parameters under the condition of the optimal methods for solving
problems, namely, simulation and statistical modeling, is proposed.

The best strategy in terms of mean time between failures (MTBF) and unit cost of operation is the
""adaptive TM"" strategy. Then comes the ""condition-based TM"" strategy. The worst is the ""TM by lifetime"
strategy. The strategies ""'TM on condition™ and "‘adaptive TM" are very close to the obtained indicators.
This is due to their common essence - when TM is used information on the actual current state of the object.
The effectiveness of various TM strategies depends significantly on the reliability-value structure of the
object. If the distribution of the cost of renewable elements about correlates with the distribution of their
uptime indicators, the difference in the efficiency of different TM strategies is reduced.

The optimal parameters of different TM strategies depend significantly on both the reliability-value
structure of the object, and on the given requirements to the object's failure-free operation level.

Key words: complex engineering objects, maintenance strategy, change of inspection frequency,
maintenance and repair.

Introduction and problem statement. The process of maintenance of complex technical
objects is very necessary to improve their reliability and extend their technical life, especially when
these objects are impossible or impractical to replace with new ones. This is usually due to economic,
social, hazard and other some difficulties [1-3].

Despite the fact that complex objects in modern conditions have in their composition built-in
systems of technical diagnosis (STD), means of which are carried out continuous or periodic control
of the technical condition, as well as the search for faults and failures, to restore the resource is
possible only by conducting maintenance and repair (MAR).

The content of the MAR process depends on the complexity of the object, the design features
of the component and element composition, the presence and degree of development of the built-in
STD, the purpose of the object and the modes of its application. The content of the MAR process is
determined by the following main components:

- maintenance work;

- repairs (current, scheduled, preventive, etc.);

- conducting analyses and tests;

- providing TM and repair of spare parts for tools and accessories (SPTA).

Maintenance according to [4-6] is "a set of operations or operations to maintain the
serviceability or operability of the object during its intended use, downtime, storage and
transportation”. Further we will consider only TM when used as intended. TM consists in periodic
inspection of the technical condition of the object and replacement of its individual elements that are
in a pre-failure state. Maintenance is carried out when the object is in good or serviceable condition.
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Thanks to carrying out TM there is a "rarefaction™ of a stream of failures of object and at the expense
of it raises level of its reliability.

Repair according to [4] is "a set of operations to restore serviceability or operability of the object
and restore the resource of the object or its components. A distinction is made between routine and
scheduled repairs.

Current repair (CR) is designed to restore the performance of a complex object, carried out at
random moments of time, each time a failure of the object occurs. During maintenance, as a rule,
replacement of one or more components or elements, the failure of which led to the failure of the
object as a whole, is carried out.

Scheduled repair (SR) is designed to replenish the resource of the object, it is carried out at pre-
scheduled points in time. In the case of a planned repair, a large part of the elements of the object are
usually replaced. The greater the number of replaced elements, the greater the value of the resource,
which is accumulated as a result of the planned repair. In practice, for the convenience of planning
and organization of planned repair, the notion of type of planned repair is introduced. With the help
of the notion of type of repair the scope of repair is specified and the rules of assignment of terms of
their performance and ensuring. Most often two types of planned repairs are defined - major (MJR)
and medium (MR). In this case, it is assumed that the volume of overhaul is significantly greater than
the volume of medium repairs. As a result of performance of MJR is carried out close to full
restoration of the resource of the object. At performance of MR there is only a partial restoration of
a resource.

The MAR process is carried out according to the appropriate system, which is understood as a
set of interrelated means, documentation, and performers required to maintain the required level of
reliability of complex radioelectronic objects [7]. The elements (subsystems) of MAR system are [8-
12]:

- technical maintenance system,

- system of current maintenance,

- system of repair organizations,

- system of providing spare parts, tools and accessories;

- control system.

Figure 1. shows a typical schematic structure of the MAR process with the definition of the
person (operator) in the process.

Control system MAR
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Figure 1 — Typical structure of the MAR process of complex objects

In general, there are several TM strategies for complex objects [3-13]. Of these, we will
consider comparisons of the following TM strategies:

- condition maintenance;

- adaptive TM;

- resource maintenance (durability restoration);
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- without TM.

A comparative study of different TM strategies

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

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

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

- test objects on which comparison of strategies TM, should be comparable (identical) on
structure of time and cost of TM and CR;

- quality indicators of process TM (target functions) on which comparison of various TM
strategies, should be estimated on equal intervals of operation of object and at the identical parameters
of process of modeling (if comparison of strategies TM is carried out by results of modeling)

- characteristics of process TM received at optimum parameters of TM strategies should be
compared, that is potential possibilities of various TM strategies should be compared.

This study uses 4 test objects differing in their structural and reliability characteristics (the
characteristics of the test objects are given in [12,13]). This, among other things, makes it possible to
test and simultaneously demonstrate the "workability" of the developed methods for determining the
optimal parameters of different TM strategies with different initial data.

To ensure the comparability of the structure of time and cost of TM and SR, the same for all
elements and objects characteristics of maintainability and cost were set:

- average element recovery time = 1 h;

- average duration of TM =1 h;

- cost of the element = 10 c.u. ;

- cost of the operation of current repair (replacement) of the element =1 c.u. ;

- cost of element TM operation = 1 c.u. .

The STD characteristics for the test objects are proposed as follows:

- duration of diagnosticsat TM = 0.5 h;

- cost of diagnostics operation at TM =1 c.u.

The same for all test objects are also set and indicators, which depend on the purpose of the
object - the specific loss of value, which is incurred by the external system (in which this object is
used) in the object failure state = 10 c.u. / hour, and in the TM state = 1 c.u. / hour.

For all test objects, the optimal parameters for the three TM strategies are determined using the
developed techniques. For brevity, as before, we will call them: "condition TM "adaptive TM" and
"resource TM ".

All calculations were performed for the duration of operation = 20 years at continuous operation
of the objects.

The optimal parameters of different TM strategies were determined under the idealized
assumption of the existence for test objects of measurable determinants for the least reliable elements

belonging to the set of renewable elements E_ . Subsets of potentially serviceable elements E_ were
specified such that all less reliable elements were included [14-15]. There were no elements in the
test objects whose reliability was lower than the reliability of any of the elements E  (E, < E)).

Obviously, under this condition with the optimal parameters of TM strategies provides the maximum,
potentially possible efficiency of TM, most likely unattainable in practice.
Table 1-4 shows the final results of calculations of the optimal parameters of different TM

strategies. Figures 2-5 show the corresponding graphs of average MTBF T, and specific cost of
operation C—on the number of serviced elements, obtained with the optimal parameters of the
corresponding TM strategies. All detailed calculations, on the basis of which these tables and graphs
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are constructed, were given by this time in [16] (for object Test-1) and in the appendices (for objects
Test-2,3,4).

Table 1

Comparative estimates of the indicators T;, c,,,and K,, for the object Test-1 at different TM

strategies

TM strategy Condition TM Adaptive TM rizsi(r)lrerr?gnce Without TM

@

= T,.h 1660 1662 1609 1236

C
! 0,01461 0,01408 0,01695 0,02187

» o | c.u./hour

% § K. 0,99851 0,99877 0,99689 0,99919

E § P 0,180 0,179 0,184 0,085
Parameters of the | |Evw=3 E.|=3 N, =1
optimal strategy TM ( U’ ={0,5:0,4;05} | U’ ={0,5:0,4;0,5} E:,|=3 -

™ _
T,"=1500 ) T'=1200h y'=045, =05 |T.;=1400h

I". h Py e )

FETN

] F wWE ) i 1 2 ] 4 HiE")

o . .
Figure 2 — Plots of dependence of indicators T,” (a) and C;ﬂ (b) on the number of elements

served under different TM strategies (Test-1 object):
1 - condition TM;
2 - adaptive TM;
3 - resource maintenance.
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Comparative estimates of the indicators T,, ¢, and K, for the object Test-2

at different TM strategies

Table 2

TM strategy Condition TM Adaptive TM Res_ource Without TM
maintenance
@
2 T,,h 695 702 676 294
C
w! 0,09852 0,08801 0,12009 0,66572
v o | c.u./hour
% § K., 0,98610 0,99374 0,97564 0,99708
_— O
2 § & 0,111 0,112 0,113 0,069
E:O =5 E:() =5 N:OZ 1
Parameters of the | i .l
optimal strategy TM | U, ={0,55;0,45; U,,={0,6;0,55,0,6, | |Ewa|=> _
(TOTP =600 h) 0,25,0,6,0,5} 01570;6} TTZ =240 h
T =250h 7 =045, =05
I, .h ¢ .cu/h
1200 0,8
1100 o =
1000 / i
- 0.6
800 \ L 0,5
700 b— 0,4
600 f \ " 0.3
500
0,2
400
300 | el
200 0
0 1 2 4 5 & 7 8nlE) 0 1 3 4 5 7 8 n(E.)
a) b)

Figure 3 — Plots of dependence of indicators T, (a) and C;H (b) on the number of elements

served under different TM strategies (Test-2 object):
1 - condition TM;
2 - adaptive TM;
3 - resource maintenance.
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Comparative estimates of the indicators T,, ¢, and K, for the object Test-3
at different TM strategies

Table 3

TM strategy Condition TM Adaptive TM rF:]ZSi(r)]?err?:nce Without TM
[
% T,,h 15194 15136 15009 9458
C
m? 0,00154 0,00151 0,00169 0,00232
v o | c.u./hour
25 K, 0,09982 0,99984 0,99967 0,99978
_— O
g § & 0,487 0,448 0,493 0,367
Parameters of the | |Evo|=3 SR N,=1
optimal strategy TM | 4~ ={0,5;0,5; 0,5} | U, ={0,7;0,6;0,5} | |Era|=4 -
™ _
(Ty" = 15000 h) T*= 10500 h y=04; =05 | T =16000h
. h c-c i th
35000 00025
ETLH L
o002
25000 T *
ni
20000 ya ﬂr-'f'—/ 0,0015
Ve &
15000 ’7"/
y"'/ 0,001
10000 |-
SDDD 0,0005 —
D1 2 4 E 7 2 10 »lE ) D123 456 7 85910 7(E)

Figure 4 — Plots of dependence of indicators T,” (a) and c;, (b) on the number of elements

served under different TM strategies (Test-3 object):
1 - condition TM;
2 - adaptive TM;
3 - resource maintenance.
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Comparative estimates of the indicators T,, ¢

at different TM strategies

yn!

and K_, for the object Test-3

Table 4

TM strategy Condition TM Adaptive TM Ezsi(rz'tjerr?:nce \_I/_Vl\l/}hout
@
g TO, h 6575 5566 4879 914
C
wm! 0,00668 0,00637 0,01180 0,02296
» o | c.u./hour
% § K. 0,99736 0,99776 0,99323 0,99890
_— O
E E & 0,268 0,209 0,311 0,113
E. =4 E. [=3 N' =3
U, ={0,5;0,55; U ={0,55;0,55; E..l=3
Parameters of _the | . _ P bl = 2155}_ R T, =600h
optimal strategy TM | T« =900 h y =05 =0, E',|=3 ]
(Ty"=5000 h) T*,=6000h
E:o3 ;7 4
T .= 22000 h
I . h c.culh
20000 0,025
12000 L P
16000 71 0,02
14000 @
12000 — %&/{— 0,015
10000 pP— — ~
2000 — - 4 0,01
D00 p—
4000 0,005
2000
0 a
o 1 2 3 4 5 & 7 8 5 10 :"{E_j a 1 2 S 5§ 7 8 9 10 niET)

Figure 5 — Plots of dependence of indicators T,

a)

served under different TM strategies (Test-4 object):
1 - condition TM;
2 - adaptive TM;
3 - resource maintenance.

k)

() and c;, (b) on the number of elements

For the object Test-4 given requirement T,” = 5000 hours at the optimal strategy "resource
maintenance” is not provided. Despite the fact, that all potentially serviceable elements are used.
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The "adaptive TM" strategy was not investigated separately. The adaptive TM /3 parameter

(exponential smoothing constant) was set to 0.5 for all test objects. This corresponds to a neutral
situation, when the "weight" of the initial data about the reliability performance of the elements
(always a priori information) and the data about the actual measured values of the determining
parameters (a posteriori information) is about the same.

Without going into the study of the "adaptive TM" strategy, we can assume that adaptive TM
is more advantageous in the case of unreliable initial information about the fault tolerance rates of the
object elements. Let us check this assumption as follows.

Let's calculate indicators T, and C,, for the test objects in the case when the average time to

failure of all renewable elements T_; is 2 times less in comparison with the indicators, at which the

parameters of the optimal TM strategy were calculated.
Obviously, in this case the indicators obtained in T, and C;l1 should be worse, in comparison

with the indicators T; and C_,, obtained at the initial values of T_;. Tables 5 and 6 show the values
of the coefficients of relative losses in the level of no-failure 5TO and in the unit cost of operation

0., which were determined by the formulas:

_J c G
0, :TOT T°-1OO; D./=7F %
0 ya C

0 ya

where T, (C,,) - is the average MTBF (unit cost of operation), obtained with the optimal

parameters, provided that the indicators T_; correspond to the values set for the test objects in the

test examples;
T, (C;H) - the same indicators obtained with the optimal parameters, but provided that the

indicators Tcp. in the original data are reduced by 2 times.

Table 5
Coefficient of relative loss of reliability level &; (in %)
‘ Technical object
Type of TM strategy Test-1 Test-2 Test-3 Test-4
Condition TM 52 53 67 79
Adaptive TM 49 49 63 56
Resource TM 55 59 69 82
Table 6
Coefficient of relative losses of unit cost of operation J. (in %)
Technical object
Type of TMstrategy | roqy 4 Test2 | Test-3 Test-4
Condition TM 110 144 187 192
Adaptive TM 98 100 167 117
Resource TM 121 712 185 166

In Figure 6 and 7, the same coefficients are shown in the form of graphs.
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Figure 7 — Coefficient of relative losses of unit cost of operation 5% (in %)

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

The value of loss rate 0. = 712% obtained for the Test-4 object is not a random outlier or an

error. Such large losses in the unit cost at "resource maintenance" are explained by the high cost of
less reliable elements of the Test-4 object. This result is an additional confirmation of the critical
sensitivity of the optimal parameters of the "resource maintenance" strategy in the case of inaccurate
initial data about the reliability of the object.

Conclusions

The following conclusions can be drawn from the results:

1. This article considers one of the important and not fully solved problems: ensuring the
reliability of operation of complex objects of technology and the continuation of their technical life
by comparing the effectiveness of various TM strategies.

2. The best strategy in terms of average failure time T and unit cost of operation C, is the

"adaptive TM" strategy. This is followed by the "condition-based TM" strategy. The worst is the "TM
by resource” strategy. The TM strategy is considered better if the graph of function T, is located

higher (for function Cy*ﬂ , lower) with respect to the corresponding graph for the comparable strategy.
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The TM strategy that is best behind the indicator T, is usually also best behind the indicator C;a'

and vice versa.

3. The strategies "condition TM" and "adaptive TM" are very close to the indicators obtained.
This is due to their common essence - when performing TM, information about the actual current
state of the object is used.

4. The effectiveness of different TM strategies depends significantly on the reliability-value
structure of the facility. If the distribution of the cost of the renewable (including maintained)
elements closely correlates with the distribution of their no-failure rates, the difference in the
efficiency of different TM strategies is reduced. This is well seen on the example of the Test-2 object,
for which the least reliable elements are simultaneously the most expensive.

5. The optimal parameters of different TM strategies depend essentially both on the reliability-

cost structure of the object, and on the given requirement to the level of the object fault-tolerance T,” .

The greater the given value T, , the greater the number of serviceable elements should be included
in the optimal TM strategy.
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A.T.H., npo¢. JlenkoB C.B., k.1.H. 3inuuk A.I'., k.1.H. JlenkoB €.C., bongapenxo T.B.
NOPIBHSAHHS EOEKTUBHOCTI METO UK OTITUMIBALIL TIAPAMETPIB CTPATEI'TT
TEXHIYHOI'O OBCJYI'OBYBAHHS CKJIAJJHUX OB €EKTIB TEXHIKHU

Cmammsa npuceayenHa NnPOGEOEHHI0O NOPIGHAHHA epeKmuUeHOCmi MemoouK onmumizayii
napamempie cmpamezii mexHiun020 00CNY208Y6AHHA CKIAOHUX 00 ¢kmie mexuiku. Ilepw 3a ece, ye
CMOCYEMbCA MEMOOUK Onmumizayii napamempie cmpamezii mexHi4H020 00CIY208Y6AHHA 34 CHIAHOM, 34
pecypcom ma adanmuenozo mexHiunozo oocayzoeysanna (T0). Kpim ubozco 3poodieno nopieHANbHI OYiHKU
HOKA3HUKIE UiNbOosUX (PYHKUIN 00 €Kmy 0e3 mexniunoz2o oocayzoeyeannus. Toomo cmammsa npuceauena
OOHITL I3 8AXCIUGUX T 00 KIHUA He D036 A3AHUX 3A0aU: 3a0e3neUeHHI0 HAOIIHOCII eKCHyamauii CK1aonux
00’ €Kmie mexHiKu 36UyaitHol ma eucoKoi 8ionoeidanbHocmi.

Po3zenanymi ocnHoeHi npuHyunu ma eiemeHmu nooyoosu MemoouKu, 3acmoco8aHd MexXHO102is
GUKOHAHHA 3060AHHA OnmuMizayii 6i0nogionoi cmpamezii, w0 po3poodiena asmopamu pauiuie.
3anpononoeano po3paxynox napamempis 3a yMogeo0 ORMUMATbHUMU Memooamu eupiuleHHA 3a0ay, a
came imMimauyiiino CMAmuUCMuUYHUM MOOENI0BAHHAM.

Kpawow 3a nokaznukamu cepeonb020 HANPAUIOGAHHA HA 6I0MOEY i numomoi eapmocmi
excnayamauii € cmpamezia "adanmuene TO''. Ilomim 110e cmpamecia "TO 3a cmanom". Haiizipworo €
cmpameczia "TO 3a pecypcom'. Cmpamezii "TO 3a cmanom' i "aoanmuene TO" Oysice onu3bki 00
ompumyeanux nokaznuxkamu. Ile nosacniwemwsca ix 3acanvnoi cymuicmiw - npu npoeedenni TO
eukopucmogyemusca ingopmayia npo gaxkmuuno nomounuii cman 06'eckma. Edexmuenicms piznux
cmpameciit TO icmomuo 3anexicums 6i0 HaodiliHicHO-8apmicHoi cmpykmypu 06'ckma. Axwo po3nooin
eapmocmi  GIOHOGNIO6AHUX e/1IeMEHMI8 OIU3bKO KOPEeaEMbCA 3  PO3N00iNoM IX NOKA3HUKIE
0e3eiomoenocmi, giominnicmes ¢ eghexmuenocmi piznux cmpamezinun TO ckopouyemocs.

Onmumanvui napamempu piznux cmpameziii TO icmomHo 3anexcame AK 6i0 HAOEHCHICMHO-
eapmicHoi cmpyKkmypu 00'ekma, mak i 8i0 3a0anoi eumozu 00 piens 6e3eiomoenocmi 06'ckma.

Kniouoei cnosa: cknaoui 00°c€kmu mexHiku, cmpamezia MeXHIYHO20 00CY208Y8aAHHA, 3MIHA
nepioouuHocmi KOHmMpPOJi10, MEXHIUne 00CNY208Y6AHHA | PEMOHM.
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