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DEVELOPMENT AND RESEARCH OF METHODS
FOR OPTIMIZING MAINTENANCE PROCESSES

Complex technical objects are of exceptional importance in modern society. Such objects belong to
the class of long-term, reusable objects. They are usually expensive and require significant costs for their
operation. To ensure the required level of failure-free operation, technical maintenance (TM) is usually
carried out, the essence of which is the timely preventive replacement of elements that are in a pre-failure
state.

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 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 TM during their operation.

The problem is that when developing such objects, all issues related to maintainability and
technical maintenance must be resolved at the early stages of the design of the 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 “build” into the object the technology for carrying out
maintenance, then it will not be possible to realize in the future the possible gain in the reliability of the
object due to carrying out maintenance. Since all these issues should be resolved at the stage of creating
the 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
of the object due to carrying out maintenance, estimate the required costs for this. Then, based on such
calculations, make a decision on the need to carry out maintenance for this type of objects and, if such a
decision is made, develop the structure of the maintenance system, select the most acceptable maintenance
strategy, determine its optimal parameters.

The article considers various methods for optimizing maintenance processes.

Keywords: components, built-in monitoring of the technical condition, reliability level

Introduction. Maintenance (MT) is a necessary component of the operation process a
complex technical object intended for long-term operation. The scope, content and timing of MT
should be fully determined by reliability properties of the object, the conditions and modes of its
use. Effective execution of any MT operation is possible only if the design of the object provides
for specially designed means (for measuring the determining parameters) and the availability and
convenience of the operation are ensured. Determination and optimization of the parameters of the
MT system are possible only on the basis of the application of mathematical models of the MT
processes. Such models should be used in the design process at all stages as the composition,
structure and design of the object are clarified. Known analytical MT models, unfortunately, are not
very suitable for application to real complex technical objects. Therefore, the way out of situation is
to develop a MT model based on the method of simulating statistical modeling.

Formation of the problem. Unfortunately, currently known mathematical models and
methods for calculating the optimal parameters of maintenance processes are of little use for
application to real technical objects. The main drawback of these models is that they either do not
take into account the complex structure of the object at all, or only take into account some of the
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simplest structures [1, 2]. In [3], a comparative analysis of the problems arising in solving
maintenance problems “by resource” and “by condition” is made. An overview of the latest works
in the field of maintenance and repair of complex systems is given. In [4], a theoretical
generalization of known mathematical models of maintenance processes is made. However, these
models do not allow one to build methods suitable for practical use on their basis.

In our opinion, the situation is even worse with mathematical models of maintenance
processes “by condition”. Only a small number of scientific papers are devoted to this area of
research [5, 6].

Main part. Study of the influence variation coefficient on the value v, of the optimal

maintenance level U_;.

From simple physical considerations it is clear that the choice of optimal maintenance level
u_. should depend on the statistical properties of the determining parameter of i-th element. It is

TOI

obvious that the main characteristic on which the choice of optimal value depends U _; is the

variation coefficient of the determining parameter v ;. The smaller the value v,,, greater optimal

ui?

value should be u_;.

In the developed ISM, DN-distribution is used as a model of failures of the serviced
elements. A feature of DN-distribution is that the variation coefficient of the distribution v, is equal

to the variation coefficient v, of determining parameter of the element whose failures generate
this DN-distribution [8]. This fact significantly simplifies the study of the properties of optimal
maintenance levels U’ . Let us study how the optimal value depends U, on the variation

coefficient of the serviced elements on average v, . The study will be carried out in TOC modeling

mode with a constant monitoring frequency. For all serviced elements we will set the same values
the coefficient of variation operating time before failure v, =v, and determine the same optimal

value U’ =u’ . We will determine the optimal value U’ according to the criterion

u,:c,(E

TO

u

to! 10!

T)—>min, (1)

where the parameters E  and T _ are fixed. The set E__is a characteristic of the object, the
parameter T_will be varied in a certain range.

Special software has been developed to conduct the study, which allows us to obtain the
dependence of indicator Cyﬂ(E u_,T.) onthe parameters of interest to us. The calculation results

are obtained in the form of corresponding graphs.

We will conduct the study using the example of the test object Test-1. In the DB for the
Test-1 object, we will successively set different values of the coefficient of variation of the
distribution of the operating time before failure of the lower-level structural elements. Then, for
each value v, we will perform calculations in order to determine the optimal value of the

maintenance U__ level according to criterion (1).

to! “10!

We will vary U in the range [0.1; 0.96] with an interval of 0.02. We will perform
calculations under the condition that set E_={132, 12, 11111}, for three values of the inspection
frequency T_: 500 h, 1000 h and 1500 h.

In fig. 1 shows graphs of the dependence of the specific operating cost Cyﬂ(E

u_.,T.)on

to! P10 !
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u, at T _=1000 h for three values of the variation coefficient v: 0.1; 0.5; 1.0.

The graphs in Fig. 1 are provided only to illustrate the type of results obtained. Based on the
totality of all calculation results for the Test-1 object obtained in this study, the graphs shown in fig.
1a were constructed. Similar graphs were obtained for other test objects. In general, their nature is
similar to the graphs for the Test-1 object. Fig. 1b shows the same graphs for the Test-4 object as an
example.
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Figure 1 — Graphs of the optimal maintenance u’, level dependence on the variation v,
coefficient value for different values of the inspection frequency T,

In general, the following conclusions can be drawn from the results of the brief study:
The general idea that the smaller the value of the variation coefficient of the random

operating time before failure of the serviced elements, the greater the optimal maintenance U,

level value should be is confirmed,
Since the value of the variation coefficient for the serviced elements is usually significantly

less than 1 (see table 1), the optimal maintenance U’ levels for different elements should be
determined separately;

If the variation coefficients of the operating time before failure of the serviced elements are
close to 1, the optimal maintenance level for them is u__ = 0.5.

Methodology for optimizing the parameters of the TOC strategy with a constant inspection

frequency.
Problem (1) of optimizing the parameters of the TOC strategy with a constant inspection
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frequency, taking into account definition (2), can be represented as follows:

TO(E:O'U:O’TK*)ZTOTP; (2 a)
C}’H(E:O’U':O’TK*)%min1 (2 6)
where T, - is the specified required value of the mean time between failures of the object; ,

E. .U, and T - are the sought optimal values of the corresponding parameters.

It has already been noted above that this problem cannot be solved by strict analytical
optimization methods; only an approximate solution to the problem is possible. Let us consider a
method for an approximate solution to problem (2) based on the use of the IMS and the software
implementing it (ISMPN program).

First, we will describe the method formally, present it as an algorithm that is implemented
by the user (expert) in the dialogue mode with the PC. Later, we will consider the technology of
using the software to solve the problem.

Technology for solving the problem.

The considered method is implemented by the user (expert) using ISMPN program. To
apply the method, it is necessary, firstly, to create a DB for the object for which the problem is
supposed to be solved, and, secondly, to perform a step-by-step search for a solution in accordance
with the method considered above. At each (k-th) step, the user must perform the following actions
(items):

1) add one element taken from set E_to the subset of serviced elements E (initially
empty);

2) perform simulation and find a conditionally optimal solution STO; = <ET*O,U:O,TK*>;

3) determine the achieved value of the mean time between failures T~ and check the

fulfillment of the requirement T," =T ”. If the requirement is not fulfilled, return to step 1 and

continue the search process. Otherwise, perform the next (final) step;
4) accept the resulting conditionally optimal solution STO: as the optimal solution to the

problem STO; =(E; ,U",T.).

Let us consider the technology for performing each of these steps.

Formation of the set of serviced elementsE .

Open the ISMPN program in the Database mode. On the Object Composition and Structure
page (fig. 2), select the element to be included in set E_ in the object's structural structure tree.

Then, in the table that displays data on the selected object, in the PW column (recovery indicator),
enter the value “in” (serviced element) for this element.
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Figure 2 — Entering the “in” attribute for element “12”
All elements for which the “in” flag is set will be automatically included in the current set of

serviced elements E .

The user defines the set of potentially serviced elements E_ in advance, before starting

calculations using this method.
2. Formation of a conditionally optimal solution STO; .

Calculations to determine a conditionally optimal solution are performed in the following
sequence:

- open the ISMPN program in the TO Research | Uto+Tk variation mode. (figure 2 shows
PC screen after completing the calculations);

- enter the boundaries and intervals of variation T_ inspection frequency and the

maintenance level u_, . The parameters of variation frequency T _are selected in such a way as to

find the minimum of the function ¢ (T ) with sufficient accuracy. It is recommended to set U,

the variation range to [0.1; 0.9], the variation interval to 0.05;
- click the Start and perform simulation button.

After the simulation is complete, graphs of the functionsu. (T.), ¢/ (T,), T,(T,) and
K. (T.) will be displayed, as shown in figure 3. T, and K_, are functions of the corresponding
indicators and , obtained with the optimal vector . If it turns out that the function c;ﬂ (T.) does not
have a pronounced minimum (the minimum is obtained at the edge of the range [T, T ,]), it is
necessary to change the boundaries and accordingly, T, and T, re-run the simulation.

The found optimal value T "and the corresponding values u”’, ¢’ , T.," and K’ (T ) are
K TO yi ™ K

displayed on the right, next to graphs.
The obtained values U’ and T" are accepted as the values of the corresponding

parameters of the conditionally optimal solution: STO{ = <E;,U;,T;>.
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Figure 3 — PC screen view with function graphs u;, (T,), ¢;,(T,), T, (T,) and K} (T.)

Evaluation of the obtained results at k-th step of solving the problem.

Based on the value of mean time between failures obtained in current step T," =T (STO;),
the condition is checked T," >T".

If the condition is satisfied, then the obtained conditionally optimal solution STOY is
accepted as the final solution to the problem:

STO: :=STO: .

The process of finding a solution in this case is complete.
Otherwise, if T,” <T,”, it is necessary to return to point 1, add another serviced element to

the set E_ and repeat the calculations.

We will illustrate the application of the technique using the example of the test object Test-
The object has 15 recoverable elements. For example, we will set that the 5 least reliable elements
among them are potentially serviced, the data on which are given in table 1. Since all elements are
connected (in terms of reliability) in series, the coefficient of variation of the distribution of the
mean time before failure of the serviced elements is the same as for the lower-level elements, i.e.
v, =1.

Table 1
Characteristics of potentially serviceable elements of Test-1 object

Element | Element name | Mean time to failure
number T,i.h

1 132 10000

2 12 14142

3 11111 14142
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4 KE-131-1 20000
5 KE-131-2 20000

For modeling, we set the following parameters:
T,=20years; C.=10 c.u/h; £™=0.2; N™ =500;

We will perform the calculations in sequence in accordance with the considered technology.

At 1-ststep, we will include E_ element 132 in the set: E = {132}.

1. Open the ISMPN program in Research TO | Variation Uto+Tk mode and set the
following variation parameters:

-for u_: u, <[0,1;009]; Au,_=0,05;

-for T : [T, T ,1=1[800w, 2400 h]; AT =100 h.

After this, we will perform the modeling. fig. 4 shows the obtained modeling results.

Using the function graph C_, (T.), we find its minimum and the corresponding conditionally

optimal value T . Then, using the graph u’ (T ), we find the conditionally optimal value . As a

result, we obtain:
T; =1300 h; U™ =0,5.

Tol ™

u’ =u,(T"). According to the graph, we determine the achieved value of the mean time

ol

between failures T,"= 1343 h.

As a result of the calculations performed at step 1, we obtain the following conditionally
optimal solution:

STO; =(E; . U;,T.)=({132}{0,5},1300u).

10!~ 10! "K

Taking into account that specified requirement for reliability of the object T," =T *=1500 h
with the received TOS parameters is not met, it is necessary to perform the next search step.
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Figure 4 — Function graphs u; (T,), ¢,,(T,), T, (T,) and K} (T,) for E;, ={132} (v, =1)

But before that, it is necessary to open DB and enter the conditionally optimal value of the
maintenance U_"; level obtained for element 132. The value U = 0.5 must be entered in the Uto

column for element 132, as shown in fig. 5.
After that, the next (2-nd) step of finding a solution can be performed.

1. At 2-nd step, we add element 12 to the set E” . As a result, we obtain set E ={132, 12}.

2. We open the ISMPN program in Maintenance Research | Uto+Tk variation mode and
perform calculations in accordance with the technology discussed above. After the calculations at
the 2nd step, we obtain the following conditionally optimal solution:

STO; =(E; U}, T.") =({132,12}; {0,5;0,4},13004)

To ! T0! "k

3. At the 2nd step, we obtain the value of the average time between failures T, = 1485 h. If

this value T,™ does not satisfy the specified requirement, then the next step is performed.
In the table. 2 shows the results of calculations obtained in 5 search steps performed for all
serviced elements present in the set E_ (see table 1).
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Figure 5 — Entering TO u’’, level for element 132

Tok

Table 2
Results of calculations of conditionally optimal TOC parameters for Test-1 object (v, =1)

Values of indicators obtained with

ConditiErang optlrpal PaIGHIEEER conditionally optimal parameters
Step STO;

number STO;
K E; ut L4h T, ,h c. . c.u/h K: &

Tok ya
1 {132} 0,5 1300 1343 0,01866 | 0,99870 | 0,156
2 {132, 12} 0,4 1300 1485 0,01663 0,99861 0,171
{132, 12,

3 11111} 0,5 1200 1660 0,01461 | 0,99851 | 0,180
{132, 12,
4 11111, KE- | 0,65 1300 1808 0,01361 0,99850 0,182
131-1}

{132, 12,
11111, KE-
131-1, KE-131-
2}

0,65 1200 1988 0,01266 | 0,99847 | 0,198

Let the requirement for the reliability level for Test-1 object be T,” =1500 h. Then, based on
the data obtained, we determine the following optimal TOS parameters:

STO,=STO; = <{132,12,11111}; {0,5;0,4;0,5},1200q>.
With the obtained optimal parameters, following values of the indicators will be provided:
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T,(STO;) = 1660 h;
C,.(STOg) =0,01461 c.u./h;
K, (STOS) =0,99851.

The relative error of simulation results, at which these results were obtained, is &= 0.180.
This solution was obtained under the condition that the coefficient of variation of the
random time to failure v, for all elements of the object is the same and equal to 1. An interesting

question is: how will the optimal parameters of the TOC change in the case of smaller values of v;, .
This question is important because many elements of real technical objects are characterized by a
distribution of time to failure with a coefficient of variation that is significantly less than 1 (see
Table 1). To study this issue, we will perform calculations for the Test-1 object, obtained under the
condition that the coefficient of variation v, for all elements is 0.5.

Fig. 6 shows the graphs of the functions u’ (T ), ¢, (T.), T,"(T,) and K (T ), obtained

TO TH

at the first step of calculations for the set E’ = {132} at v, = 0.5.
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Figure 6 — Graphs of functions u,,(T,), ¢, (T,), T, (T,) and K! (T,) for E,, ={132} (v, =0,5)

Tab. 3 shows the obtained conditionally optimal parameters of TOC STO; and the
corresponding values of the indicators T,", ¢’ and K.
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Table 3
Results of calculations conditionally optimal parameters of TOC for Test-1 object (v, =0,5)

Step Conditionally optimal parameters Values of indicators obtained with

number STO; conditionally optimal parameters STO¢

k =h u | TS, h T, ,h Cyy, C.U/N K P

1 {132} 0,5 2900 1405 0,01740 | 0,99897 | 0,089

2 {132, 12} 0,5 2900 1553 0,01541 | 0,99892 | 0,099
{132, 12,

3 11111} 0,5 3000 1738 0,01340 | 0,99888 | 0,100
{132, 12,

4 11111, KE- | 0,65 2700 1896 0,01248 | 0,99884 | 0,107
131-1}
{132, 12,
11111, KE-

5 131-1, KE-131- 0,45 2900 2086 0,01154 | 0,99881 | 0,113
2}

Based on the data obtained in table 3, and taking into account that T,” = 1500 h, for the case
v, = 0.5 we obtain the following solution to problem (1):

STO,=STO; = <{132,12}; {O,5;O,5},2900q>.

This results in the following values of the indicators:

T,(STO;) = 1553 h;

C,.(STOq) =0,01541 c.u./h;

K, (STO;)=0,99892 (&=0,099).

The following conclusions can be drawn from the obtained results:
1. The optimal number of serviced elements has decreased. Instead of 3 elements that

should be serviced at v, = 1, now, if v, = 0.5, it is sufficient to service only 2 elements;

2. The optimal inspection frequency has increased significantly T " (instead of
T =1200 h, the value obtained is T "= 2900 h).

Figure 1.7 shows the graphs of the function indicators T,” and C,, depending on the
number of serviced elements n(E' ). The graphs clearly illustrate the tendency for the indicators to

improve even T" and C_ decrease in the variation coefficient v, .

Using the example of the test object Test-1, let us consider another question: what is TOC
process in the case of a strategy with a constant inspection frequency, and what are the
characteristics of this process.

Obviously, this is a random process occurring at discrete moments in time that are

multiples of the inspection frequency T . At each of these moments in time, TO of i-th element

from the set E_ is performed with probability p_;.

For research purposes, ISMPN program has built-in procedures that allow accumulating
statistics on the number and frequency of maintenance various elements over a given period of
operation of the object. Based on the accumulated statistics, following indicator estimates are
calculated:
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T . - average frequency of maintenance i-th element;

v, - coefficient of variation the random frequency of maintenance i-th element;
n .- average number of maintenance of i-th element, which is performed during a given

period of operation objects.
Table 1.4 presents the estimates of these indicators obtained in the considered modeling
example for the Test-1 object.
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Figure 7 — Graphs of the dependence indicators T,” and c;, on the number of serviced elements
n(E; ) for different values v,

Table 4
Characteristics of the random TOC process of Test-1 object with optimal parameters of TR strategy
STO;
Serviced v =1 v,=0,5

elements -rmi ’ h VTOi ﬁToi -r'mi ’ h VTOi ﬁToi

132 5533 0,83 30,2 6480 0,40 25,9

12 7447 0,86 22,2 8501 0,41 19,7

11111 7420 0,86 22,3 - - -

Conclusions. The best strategy in terms of mean time between failures T, and specific
operating cost C is the “adaptive maintenance” strategy. Then comes the “condition-based

maintenance” strategy. The worst strategy is the “lifetime-based maintenance” strategy. A
maintenance strategy is considered the best if the function graph T,  is located above (for the
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function C;ﬂ — below) in relation to the corresponding graph for the compared strategy. The

maintenance strategy that is the best in terms of the indicator T, is usually the best in terms of the
indicator C;ﬂ , and vice versa.

The “condition-based maintenance” and “adaptive maintenance” strategies are very close in
terms of the indicators obtained. This is explained by their common essence — when performing
maintenance, information about the actual current state of the object is used.

The effectiveness of various maintenance strategies significantly depends on the reliability
and cost structure of the object. If the distribution of the cost restored (including serviced) elements
closely correlates 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 the
Test-2 object, for which the least reliable elements are also the most expensive.

The optimal parameters of various maintenance strategies depend significantly on both the
reliability-cost structure of the object and the specified requirement for level of failure-free

operation of the object T,”. The higher the specified value T, the greater number of serviced
elements should be included in the optimal maintenance strategy.
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PO3POBKA TA JOCJAIJKEHHA METOJAUK ONITUMI3ALIL IPOIIECIB
TEXHIYHOI'O OBCJIYI'OBYBAHHA

Cknaoni mexniuni 00'ckmu y cycninecmei maiomo UKII04HO 8axcauee 3nadennsn. Taxi 06'ekmu
Hanexcamsv 00 Kaacy 00'ckmis, uio 6IOHOGIAIOIOMbCA MPUBATLO20 DAAMOPA306020 3acmocysanns. Bonu,
AK RPAGUIIO, € 00POCUMU MA ROMPeOYIOMb 3HAYHUX eumpam Ha IX ekcnayamauito. /{na 3ade3neyenns
Heo0XiOn020 pieHsa 0e36i0MO6HOCHMI 6 npoueci ixX eKkcnayamauyii 3a3euuail NPOGOOUMbCA MeXHIUHe
oocnyzoeyeanna (TO), cymb AK020 NONAZAE Y CEOECHACHIN 3ano0DICHIN 3aMIiHI enemeHmis, W0
3HAX00AMBCA 6 CIMAHI nepeod 8i0MO08010.

Xapakmepnoto o0coonugicmio CKIAQOHUX MEXHIYHUX 00'cKmie chneyianbHo20 NPUSHAUEHHA €
HasaeHicMb y IXHbLOMY CK1A0I 8eUKOI KiTbKOCHI (0ecAmKU, COMHI MUCAY) PDIZHOMUNHUX eJleMEeHmie, W0
KOMNIAEKMYIOmMbCA, W0 MAarmoy pi3HUI pieeHb HAOIUHOCMI, PI3HI 3AKOHOMIDHOCMI npoyecie IXHbO20
3Hocy ma cmapinua. s ocobausicms eumazae 6inbui MOHKO20 NiOX00Yy 00 Op2aHizayii ma naAHYEAHHS
TO y npoueci ix excniayamauii.

IlIpoonema nonsacac ¢ momy, uwjo npu po3podui maxux o006'ckmie¢ yci numannsa, noe'azami 3
DPEMOHMONPUOAMHICIIO MA MEXHIYHUM 00C/1Y208Y8AHHAM, NOGUHHI GUPIWLYBAMUCA 6)ce HA DAHHIX
emanax npoekmygeanua o00'ekma. HAxkuio He nepedbauumu 3a3z0aneziob HeoOXiOHi anapamni ma
npozpamui 3acobdu 60y006an020 KoHmpoaw mexHiunozo cmamny (13) 06'ekma, ne popooumu i ne
eOyoysamu ¢ 06'ckm mexnonozirvo npogeoenna TO, mo peanizysamu ¢ ManidOYmHbOMy MOHCAUBUIL 8UZPALU
y 6e3giomosenocmi 06'ekma 3a paxynok nposedennsn TO ne eéoacmuvca. OcKinbku 6ci yi RUMAHHA NOBUHHI
eupimiyeamuca Ha emani CMEOPEHHA 00'ckma (Konu 00'ckma wie HeMac), HeoOXIOHI mamemamuuni
mooeni npouecy TO, 3a 00nomo2010 AKUX MOdCHA Oy0 O npopaxysamu MOMNCTUGUIL 8UzPAuL y pPiGHI
oe3siomosnocmi 06'ckma 3a paxynok npogeoenns TO, oyinumu neooxioni eapmicni eumpamu. Ilomim
Ha niocmaei maxkux po3paxyHKié NPUlHAmMU pilleHHA Npo HeodXionicmbv nposedenus TO ona uvozo
muny 00'ekmie i, AKWO make piwienna npuitnamo, pospooumu cmpykmypy cucmemu TO, eudpamu
Haubdinbw npuiinamuy cmpameziro TO, euznauumu it onmumaivHi napavempu.

Y cmammi pozenadaromuvca pizHomanimui memoouxu onmumizauii npouecie MmMexHiUHO20
o0bcayzo8yeanns.

Knrwouoei cnosa: enemenmu, w0 KOMRIEKmMywOmsca, 60y008aHUIL KOHMPOb MEXHIUHO20 CIMAHY),
pisenv Haoiitnocmi
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