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OPTIMIZATION PARAMETERS OF THE MAINTENANCE STRATEGY "ON
CONDITION" WITH A CONSTANT FREQUENCY OF CONTROL

Abstract

In this article, the optimization parameters of maintenance strategy "“on condition' with a constant
frequency of control is carried out. During the operation of complex technical objects, as a rule,
maintenance is carried out to maintain the required level of object reliability. It is known that the most
effective principle of maintenance organization is “maintenance by condition” (MC), according to which
maintenance operations are carried out only if it is required by the actual technical condition (TC) of the
object. In order to be able to determine the actual TC of an object during operation, it is necessary to develop
and “embed” in the object tools for measuring the determining parameters of the most unreliable elements
even at the stage of its creation. To do this, the developer needs mathematical models with which to estimate
the expected costs of embedding measuring instruments and the expected gain from maintenance during
the operation of facility.

Currently, there are no satisfactory models that allow one to obtain such estimates. In this article, an attempt
is made to partially fill this gap - models are proposed that allow predicting the indicators of reliability and
cost of operating an object, taking into account MC. The article also developed methods to determine the
optimal parameters of various maintenance strategies.

The problem is that when developing such facilities, all issues related to maintainability and maintenance
should be addressed already at the early stages of the design of the facility. If you do not provide in advance
the necessary hardware and software for integrated monitoring of the technical condition (TC) of the object,
do not develop and “embed” maintenance technology into the object, then it will not be possible to realize
in the future a possible gain in the reliability of object due to 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 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 this type of objects and, if such a
decision is made, develop the structure of maintenance system, choose the most appropriate maintenance
strategy, and determine its optimal parameters.

Keywords: maintenance, actual technical condition, optimization of strategy parameters, technical
condition control
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Introduction

Complex technical objects in modern society are extremely important. First of all, we are talking
about various radio-electronic complexes for military and special purposes, radar stations, automated
control systems (air traffic, energy facilities, etc.). The level of reliability such facilities depends on
the defense capability of state, economic security, the lives of hundreds and thousands of people.
Such objects belong to the class of recoverable objects of long-term multiple use. 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.

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 maintenance during their operation.
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 a sharp increase in the level
of integration and reliability of components. Thanks to this, the developers of complex equipment
managed to solve the issues of ensuring the required level of reliability without significant
maintenance costs (or without maintenance at all). However, the same reason (high integration and
reliability of components) opened up the possibility of implementing more and more complex
equipment with new functions, which was impossible with the old element base. This again
objectively leads to problems of ensuring reliability and, therefore, the question of need for
maintenance and the choice of optimal strategy for its implementation again becomes relevant.
Unfortunately, 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 drawback of these models is that they either do not take into account the complex structure
of the object at all, or it is possible to take into account only some of the simplest structures [1, 2]. In
[3], a comparative analysis of the problems that arise in solving the problems of maintenance “by
resource” and “by state” is carried out. An overview of the latest works in the field of maintenance
and repair of complex systems is given. In [4], a theoretical generalization of the known mathematical
models of TC processes was made. However, these models do not allow one to build methods suitable
for practical use on their basis.

Even worse, in our opinion, is the situation with mathematical models of TC processes “by state”.
Only a small number of scientific works are devoted to this line of research [5, 6].

Thus, the article solves an urgent scientific problem of developing methods and tools (software) for
determining the optimal parameters of the maintenance strategy “by state” of complex technical
objects.

Materials and methods

Formalized description of the methodology.

The problem of optimizing the parameters of MC strategy with a constant frequency of control can
be represented as follows:

T,(E., U T)=>T"; (1
a)
c,.(E,,U,,T))—>min, (106)

where T " - is the given required value of the mean time between failures of the object;
E', U’ and T - are the desired optimal values of the corresponding parameters.

This problem cannot be solved by strict analytical optimization methods, only an approximate
solution of the problem is possible. Let us consider a technique for an approximate solution of
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problem (1) based on the use of ISM and software that implements it (ISMPN program).
If at some step all the elements E_ selected from are exhausted (k :\ETO\ ), then this will mean that

the original problem (1) has no solution — specified requirement T * cannot be met.
If, despite this, the task still remains relevant, then to solve it, you need to:

- increase the level of reliability of the facility;

- expand the set of potentially serviceable elements g, or

- reduce the required level of object T * reliability.

Results

The considered technique is implemented by the user (expert) using ISMPN program. To apply the
technique, it is necessary, firstly, to create a database for the object for which problem is supposed to
be solved, and, secondly, to perform a step-by-step search for a solution in accordance with the
technique considered above. At each (k-th) step, user needs to perform the following actions (points):
1) add to the subset of serviced elements E (initially empty) one element taken from the set E_;

+ T+>,

10! "K

2) to perform simulation and find a conditionally optimal solution STO; = <E;,U
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 met, return to step 1 and continue the search

process. Otherwise, follow the next (final) point;
4) take the conditionally optimal solution obtained as the optimal solution STO; of the problem

STO, =(E,\U,,,T,)-
Consider the technology for performing each of these items.

1. Formation of a set of serviced elements E* .

Open the ISMPN program in Database mode. On the Object composition and structure page, select
an element in the object constructive structure tree to be included inset E:. Then, in the table that
displays data on the selected object, in the PW (recovery sign) column, enter the value “in” (serviced
element) for this element.

All elements for which the attribute “in” is set will be automatically included in the current set of
serviced elements E: .

The set of potentially serviceable elements E_ is determined by the user in advance, before the start
of calculations by this method.

2. Formation of a conditionally optimal solution STO; .

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

- open the ISMPN program in TC Study mode | Variation Uto+TKk. (Fig. 1 shows the view of PC
screen after the completion of the calculations);

- introduce boundaries and intervals for varying the frequency of control T_ and the level of

maintenance U_, . The parameters of periodicity T _ variation are selected in such a way as to find

ok *

the minimum of function c; (T) with sufficient accuracy. The range of variation U, s

recommended to be set to [0.1; 0.9], variation interval — 0.05;
- press the Start and run simulation button.
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Fig. 1 Entering the attribute “in” for element “12”

All elements for which the attribute “in” is set will be automatically included in the current set of
serviced elements E .

The set of potentially serviceable elements E_ is determined by the user in advance, before the start

of calculations by this method.
1. Formation of a conditionally optimal solution STO; .

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

- open the ISMPN program in TC Study mode | Variation Uto+Tk. (Fig. 1 shows the view of the PC
screen after the completion of the calculations);

- introduce boundaries and intervals for varying the frequency of control T_ and the level of
maintenance. The parameters of periodicity T_ variation are selected in such a way as to find the
minimum of the function ¢’ (T ) with sufficient accuracy. The range of variation u_, is

k
recommended to be set to [0.1; 0.9], variation interval — 0.05;
- press the Start and run simulation button.

After the simulation is completed, the graphs of the functions u;, (T.), ¢/ (T.), T,;/(T.) and K’ (T)
, Will be displayed, as shown in fig. 1. T (T ) and K (T ) — are functions of the corresponding
indicators and obtained with the optimal vector U’ .

If it turned out that the function c; (T,) does not have a pronounced minimum (the minimum is
obtained at the edge of the range [T ,T 1), it is necessary to change the boundaries and accordingly,
T, and T, re-execute the simulation.

- according to graph c; (T, ), the optimal value T is found that satisfies the condition (4);
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- according to schedule u; (T,), the value of TC u’, level corresponding to the optimal value T * is
determined (expression (5));

- according to schedule T (T ), value of the mean time between failures achieved in the current step
is determined T =T, (T.").

The found optimal value T and the corresponding values u'', ¢’ , T,;” and K (T), are displayed
on the right, next to the graphs.

- obtained values U’ and T  are taken as the values of the corresponding parameters of the
conditionally optimal solution:

STO; =(E;,U.,T.")
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Fig. 2 PC screen view showing function graphs u;,(T,), c;,(T,), T, (T,) and K (T,)

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

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

If the condition is met, then the conditionally optimal solution STO; obtained is accepted as the final
solution of the problem:

STO; :=STO;.

The process of finding a solution in this case is completed.

Otherwise, if T <T,, it is necessary to return to point 1, add one more serviced element to the set
E.. and repeat the calculations.

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

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

Element | Element name | Cpennss HapaboTka
number mo otkasa T, h
1 132 10000
2 12 14142
3 11111 14142
4 KE-131-1 20000
5 KE-131-2 20000

For simulation, we set the following parameters:

T, =20 years; ¢ =10 c.u./h; £”=0.2; N™ =500;

We will perform the calculations in sequence in accordance with the considered technology.
1. At the 1st step, we include the element 132 inthe set E* : E' ={132}.

2. Open ISMPN program in TC Research | Variation Uto+Tk and set the following variation
parameters:

-for u : u  €[0,1;09]; Au,_=0,05;
-for T : [T,,T,]1=1[800 h, 2400 h]; AT =100 h.

After that, we will make a simulation. On fig. 3 shows results of the simulation.
According to the graph of the function ¢/ (T ), we find its minimum and the conditionally optimal

value corresponding to it T *. Then, according to the graph u’, (T ), we find the conditionally optimal
value of u’; =u’ (T.). Asaresult, we get:

T=1300h; u;,=05.
According to the schedule T (T ), we determine the achieved value of the mean time between failures

T,7=1343h.
As a result of the calculations performed at the 1st step, we obtain the following conditionally optimal
solution:

STO; = <E:O,U:0,TK+> = ({132},{0,5},1300h).

3. Taking into account the fact that the specified requirement for object reliability T,” >T,”= 1500 h

is not fulfilled with the received MC STO{ parameters, it is necessary to perform the next step of
search.

107



A1 ISMPN: Miccnenpeanme moae v TO no coctoaHMio (eapevpoeanve Uto+Tr)

E]=)(ET]

Ofmert Tecr-1 ges TO To=118254
T0 "no cocroaHHe™ CATHMENEHDE SHRYEHWE yposHA T
: : : : : : : 0,50
BapbWpOBaHYe ypoEHA TO 0.45'K'"I ''''' F---oo- [ i il Attt Brixon
HauaneHoe sHavenwe |0.20 04 ; ; ; ; ; ; ; 00517
KoHeuHos sHaverve  [0.98 00 1000 1200 1400 1600 41800 2000 2200 2400 o
HMHrepean vsmeHeH9A |0.05 v
BENEHSA CTOMMOCTE IKCAMNYATALMK, ¥.2 .04
BapbvpoBaHve Tk 0,019
HauaneHoe sHaveHwe (800 0.01837 001866
K.onewnoe sHavenve (RN 00188 1 130000
WHTepsan vsreHeHWa |100 00187 : : - : ? : :
t t + t t + t
s00 1000 1200 1400 1600 1800 2000 2200 2400
ETouMocTs KOHTRONA, Ye. 1 CpeaHAA HapEBoTES Ha OTHSS, 4
Mpogon#. KOHTPOAA, FUH - 30
L R FE SRR S EEES S S
CTOMMOCTE OTKa5a, Y.e. 10,0 ' : : : : ' : 13432
Ll e T e e R e R
u] t t t t t t +
g00 1000 1200 1400 1600 1800 22000 2200 2400
Crucok 06CYk. 3 NeMEHTOE:
KoatdupeHT TEXHWHECKO D MCNONES0E SHM A
100000 132 |
g | 093870
0,9957 ) !
0,9936 | : !
0,9935 | . ]
t t + t t + t 1
s00 1000 1200 1400 1600 1800 2000 2200 2400
eps = 0,156

Fig. 3 Graphs of functions u;, (T,), ¢, (T,), T, (T,) and K (T,) for E; ={132} (v; =1)

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

T0l

for element 132, as shown in fig. 3.
After that, you can perform the next (2nd) step of finding a solution.

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

2. Open the ISMPN program in the Research TC | Varying Uto + Tk and perform calculations in
accordance with the technology discussed above. After calculations at the 2nd step, we obtain the
following conditionally optimal solution:

STO; = <E;0,u;0,T;> =({132,12}; {0,5;0,4},1300h).

3. At 2-nd step, the mean time between failures T, = 1485 hours is obtained. If this value also does

not satisfy the specified requirement T,", then the next step is performed.
In table. Table 2 shows the results of calculations obtained in 5 steps of the search performed for all
serviced elements available in the set E, (see Table 1).

Let the requirement for the reliability level T,” = 1500 h be set for the object Test-1. Then, based on
the data obtained, we determine the following optimal MC parameters:
STO, =STO; = ({132,12,11111}; {0,5;0,4;0,5},1200 h> :

With the obtained optimal MC STO’ parameters, the following values of indicators will be provided:
T,(STO;) = 1660 h;

C,,(STO;)=0,01461 c.u./h;

K, (STO;)=0,99851.
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Fig. 4 Enter maintenance u_,, level for element 132
Table 2
Calculation results of conditionally optimal MC parameters for object Test-1 (v, =1)
! i Values of indicators obtained with
Conditionally optimal parameters A g
Step i conditionally optimal parameters
number STO; STO:
k
E.. LIS SNl il Cyr CU/N K &
1 {132} 018 1300 1343 0,01866 | 0,99870 0,156
2 {132, 12} 0,4 1300 1485 0,01663 | 0,99861 0,171
132, 12,
3 { 0,5 1200 1660 0,01461 0,99851 0,180
11111}
{132, 12,
4 11111, KE-| 0,65 1300 1808 0,01361 0,99850 0,182
131-1}
{132, 12,
11111 KE-
5 ’ 0,65 1200 1988 0,01266 | 0,99847 0,198
131-1, KE-131-
2}

The relative error of the simulation results at which these results were obtained is &= 0.180.

This solution was obtained under the condition that the coefficient of variation of random time to
failure v, for all elements of the object is the same and equal to 1. It is an interesting question: how
will the optimal MC parameters change in the case of smaller values of v . This issue seems important

because many elements of real technical objects are characterized by the distribution of time to failure,
which has a coefficient of variation that is significantly less than 1 (see table 3). To study this issue,
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we will make calculations for the object Test-1, obtained under the condition that the coefficient of
variation v; for all elements is 0.5.

On fig. 6 shows the graphs of functions u, (T,), c;,(T,), Ty (T,) and K (T,), obtained at the first
step of calculations for the set E ={132} at v, =0,5.
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Fig. 5 Graphs of functions uy,(T,), ¢/ (T,), T, (T,) and K, (T,) for E; ={132} (v, =05)

Table 3 shows the obtained conditionally optimal MC STO; parameters and the corresponding
values of the indicators Ty, c;, and K.
According to 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 (4):
STO; =STO; = ({132,12}; {0,5;0,5},2900 h> :

This results in the following values:
T,(STO;) = 1553 h;

C,,(STO5)=0,01541 c.u./h;
K. (STO;)=0,99892 (& =0,099).

Using the Test-1 test object as an example, let's consider another question: what is MC process in the
case of a strategy with a constant control frequency, and what are the characteristics of this process.
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Table 3

Calculation results of conditionally optimal MC parameters for object Test-1 (v, =0,5)

Conditionally optimal parameters Val_ues of indicators obtained with conditionally
Step STO* optimal parameters
nurEber s STO!
E; us T ,4 Ty, d C;ﬂ, y.e./q K: &
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}
. h
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Fig. 6 Graphs of the dependence of indicators T,” and cj, on the number of serviced elements

n(E; ) for various values v,

It is obvious that this is a random process that occurs at discrete times, multiple of the frequency of
control T, . At each of these moments of time, TC of i-th element from the set E,, is performed p_,
with probability.

For research purposes, ISMPN program has built-in procedures that allow accumulating statistics on

the number and frequency of maintenance of various elements over a given period of operation of the
facility. According to the accumulated statistics, estimates of indicators are calculated:
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T, - average frequency of maintenance i-th element;

v - coefficient of variation randoms periodicity of TO i-th element;

n,,;- average number of maintenance of i-th element, which is performed during a given period of

operation of the object T, .

In table 4 shows the estimates of these indicators obtained in the simulation example under

consideration for the object Test-1.

Table 4
Characteristics of the random process MS of object Test-1
with optimal parameters of the maintenance strategy STO;
Service i v, =1 v,=05
ervice Items -rmi ’ h VTOi ﬁToi -rmi ’ 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 20 & - - -
Conclusions

1. Optimized parameters of MC strategies are:
- set of serviced elements E_;

- vector of TC U levels, in which each element e, e E _ is assigned the optimal TC u_, eU__ level,

- fixed periodicity of control T (for conditional maintenance) or coefficient , (for adaptive

maintenance).
2. The parameter y has the meaning of a relative value that links the changing frequency of control

T_with the current estimate of the average time to failure of the object fcp. With adaptive MC, the
frequency of control T _is calculated by the formula T =7fc,,' where the score fcp is determined by
the results of measuring determining parameters.

3. Parameters E_ and U_ are common for MC strategies. The difference between the “state

maintenance” and ‘“‘adaptive maintenance” strategies is only in the method of determining the
frequency of control T .

4. The optimal number of serviced elements has decreased. Instead of 3 elements to be served at
v,= 1, now if v, = 0.5, it is enough to serve only 2 elements;

5. Significantly increased the optimal frequency of control T~ (instead of T = 1200 hours obtained

value T = 2900 hours).
Figure 7 shows graphs of the functions of indicators T" and ¢ depending on the number of serviced

elements n(E; ). The graphs clearly illustrate the trend of improving performance T and ¢ witha
decrease in the coefficient of variation v. .
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OIITUMIBALIA IIAPAMETPIB gTPATEFIi TEXHIYHOI'O OBCJIYT'OBYBAHHA «I10
CTAHY» 3 HOCTIMHOIO MEPIOAUYHICTIO KOHTPOJIIO

Anomauisn

Y witi cmammi nposeodumuvca onmumizauyia napamempie cmpamecii mexHiuHO20 00CAY208Y6aAHHA (34
CIMAHOM» 3 ROCHIUHOI0 NepiooudHicmio KOHmpoaw. Y npoueci excniayamauii CKIAQOHUX MEXHIUHUX
00'ckmie, 3a3euuaii, nposooumsvca mexuiune oocayzoeyeanus (TO) niompumku HeoOXiOHO20 pigna
oe3eiomoenocmi 06'ekma. Bioomo, wo naitepexmuenivium npunyunom opzanizauii TO ¢ «TO cmanom»
(TOC), gionogiono 0o axum onepauyii TO npoeodamvca auuie MOMY GURAOKY, AKUL0O UbO20 GUMA2AE
axkmuunuii mexuiunuii cman (TC) 06'ckma. /lna mozo, ui06 y npoueci excniyamauii oyna moxcaugicmo
seusnauamu @axmuynuit TC 00'ckma, HneodXiono wie Ha emani 020 CMEOPEHHA pPO3POOUmMU ma
60ydysamu 6 00'ekm 3acoou 0na UMIpIOGAHHA NAPAMEmMPIE, W0 6UHAYAIOMbCA HAWOIIbW HEHAOIIHUX
enemenmie. /[na yb020 po3poOHUKY HEOOXIOHI mamemamuuni Mooei, 3a 00NOMO2010 AKUX MOHCHaA Oy10 0
OyiHUmMuU OUYiKyeani eumpamu Ha 60Y008Y8AHHA 3AC00i6 GUMIPIOGAHHA MA OYIKY8AHUU euzpaui 6i0
npogsedenna TO y npoyeci excnayamayii 00'cxkma.

B oanuii uac eiocymmui 3a006invHi modei, wio oaioms 3mMo02y ompumyeamu maxi oyinku. Y yiit cmammi
3p06AEHO cnpody HUacmKoeo 3aN0GHUMU U0 RPOZATUHY — 3ANPONOHOGAHO MOOeNi, Wi0 00360]1410Mb
npozHo3yeamu NOKA3HUKU Haldiinocmi ma eapmocmi excniayamauii 06'ckma 3 ypaxyeanuam TI'C. Y
cmammi maxoic po3poodaeno mMemoouKu, Wio 0aiome 3M02y 6UHAYAMU ORMUMATbHI nAPAMEmMPU Pi3HUX
cmpamezin TO.

Ilpobnema nonszac 6 momy, w0 npu po3poduyi makux o00'ckmie yci numaunus, noe'azamni 3
DPEMOHMONPUOAMHICIIO MA MEXHIYHUM 00C1Y208Y6AHHAM, NOGUHHI GUPIWLYBAMUCA 6iC€ HA PAHHIX
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emanax npoekmyeants 00 'ckma. Axuio He nepeddauumu 3a30a1e2i0b HeoOXIOHI anapamui ma nPoZPamHi
3acobu e0yooeanozo konmponio mexuiunozo cmany (TC) 06'ckma, ne po3pooumu i ne 66yoyeamu 6 06'ckm
mexHon02ito npoeedennsn TO, mo peanizysamu ¢ MalOYMHbOMY MONCTUGHIL suzpaui y 6€36i0MoeHOCHI
00'ekma 3a paxynok npoeedenna TO ne e0acmoca. Ockinvku 6ci yi NUMAHHA ROGUHHI GUPIWIYBAMUCA HA
emani cmeopenus 06'ckma (konu 06'ekma wie Hemac), Heodxioni mamemamuyuni mooeni npouecy TO, 3a
00NOMO2010 AKUX MOMNHCHA OYN10 6 NPOPAXYy8aAmMU MOMCTUGUIL éuzpaul y pieHi 6e38i0moenocmi 06'ckma 3a
paxynok npoeedennsa TO, ouinumu Heobxioni eapmicni eumpamu. Ilomim na niocmaei makux
PO3PAxXyHKi6 npuilHAmMU PiuleHHA npo Heoo0XioHicmb npoeedenna TO 0na yvozo muny 06'ckmie i, AKWLO
make piuleHHa RPUiHAmMO, po3podumu cmpykmypy cucmemu TO, eudpamu Haubdinbuwi nNPUIHAMHY
cmpameziio TO, suznayumu it onmumanvHi napamempu.

Knrouoei cnosa: mexuiune 00cnyz08ys6anns, akmuunuil mexuivHuii cman, onMuUMizayis napamempies
cmpamezii, KOHMPOIb MEXHIYHO20 CIMAHY
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