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DEVELOPMENT OF A RELIABILITY MODEL FOR A COMPLEX TECHNICAL
OBJECT

Complex technical objects today are of exceptional importance in modern society. First of all, we
are talking about various military and special-purpose radio-electronic systems, radar stations, automated
control systems (air traffic, energy facilities, etc.). The level of reliability such objects determines the
defense capability of the state, economic security, and the lives of hundreds and thousands of people.

Such objects belong to the class of long-term, reusable, and refurbished objects. They are usually
expensive and require significant costs for their operation. To ensure the required level of reliability
during their operation, maintenance (MC) 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 of 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 MC during their operation. The DN-
distribution is used as a failure model for all elements and the object as a whole. The DN-distribution is
considered to be an adequate model of gradual failures both for electronic products and for various
mechanical units and elements. An important advantage of DN-distribution is that its appearance is
preserved when transforming the reliability structure of the system. It is this feature of DN-distribution
that made it possible to apply it to a system with a hierarchical structure.

The failure-free operation model (FM) allows obtaining estimates of the failure-free operation
indicators (FMI) of individual structural elements and the object as a whole based on the FMI
information of the elements lower structural level. FM represents hierarchical structural structure of the
object. Structural elements of a certain u-th structural level are a sequential (in terms of reliability)
connection of the elements of (u+1)-th level included in it. Individual structural elements can represent a
redundant group (parallel connection) of similar elements.

Keywords: complex technical objects, automated control systems, objects that are restored

Introduction. Complex technical objects of military equipment are of exceptional importance
in modern society. This primarily concerns various military and special-purpose radio-electronic
systems, radar stations, automated control systems (air traffic, energy facilities, etc.). The level of
reliability of such objects determines the defense capability of the state, economic security, and the
lives of hundreds and thousands of people. Complex technical objects are understood to be objects
consisting of a large number of different types of elements (tens, hundreds of thousands), each of
which can be a fairly complex technical device. Elements can be electronic, mechanical,
electromechanical, hydraulic, etc. The heterogeneity of elements leads to the fact that different
elements are characterized by fundamentally different physical processes (and, consequently, rates)
of degradation, leading to their failures. Objects can have an arbitrary reliability structure (usually
series-parallel). The structural structure of such objects is usually hierarchical, that is, the object
consists of subsystems, subsystems consist of units (cabinets), units consist of devices (blocks), etc.

Analysis of previous studies. The “surge” in the number of theoretical works on the issues of
maintenance complex systems occurred in the 70-s of the last century, which can be explained by
the mass production of complex military and special-purpose electronic equipment at that time
[1-6]. Currently, there is a decline in the number of scientific publications devoted to the issues
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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 component parts. Due to this, developers of
complex equipment were able to solve the issues of ensuring required level of failure-free operation
without significant costs for maintenance (or without maintenance at all). However, the same reason
(high integration and reliability of component parts) opened up the possibility of implementing
increasingly 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.

Main part

Model of failure-free operation of a non-repairable object. The developed model is
intended to obtain the probability functions of failure-free operation P(t) (or the distribution

function of the time to failure F(t)=1-P(t)) for the object as a whole and all its structural

elements based on the available information on the failure-free performance of the component
elements. The functions P(t) and F(t) are the failure-free performance indicators of non-

recoverable objects, therefore we will call the model a failure-free model (FM) of a non-recoverable
object.

The structural structure of a complex technical object is almost always hierarchical. Elements
related to different structural levels can be called, for example, units (cabinets), devices (blocks),
nodes (boards), etc. In this case, the object can consist of units, units - of devices, devices - of
nodes, etc.

Let us designate Ei;‘k k-th element of u-th structural level, which is part of j-th element (u-1)-

th level. In this case, index ijk indicates chain of numbers of elements higher levels (including this
one) in the sequence of their inclusion in the elements of the previous (higher) levels. The
numbering of levels starts from the top, starting with the object level (u=0). The numbering of the
u-th level elements included in (u-1)-th level element is independent within this element. Thus, the
number of numbers in the lower index is always equal to value of the upper index u — number of
design level.

The object as a whole is considered as a zero-level element E°. It is always unique and is not
included in any other elements. Fig. 1 shows a fragment of the hierarchical design structure of the
object.

Each design element of a certain u-th level Ei‘;k can include design elements of the next (u+1)-

th level. In fig. 1, the lower-level elements are designated by circles, all other elements — by
rectangles.

The term design element will be used when it is necessary to pay attention to the place
occupied in the design structure of the object. Following the terminology adopted in [3, 8], we will
agree to call the design elements of the lower level zero-rank products (ZRP). ZRP can be either a
very complex device or consist of a single simple element (for example, a resistor, microcircuit,
transformer, bearing, etc.). ZRP is a non-separable element and is always considered as a single
whole.

We will formally represent the design structure of the object as a hierarchical list structure.

Each design element E; is considered as a list

E/ ={E/ Et, BN S=0,\E9_

ij..ro? ij..r1? ij...rs?

; u=0,U, 1)

u
ij..r?

where E'  —is the element of (u+1)-th level, which is part of element E

ij...rs

U —is the maximum level (nesting) of structural elements for a given RET object.
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The object as a whole is represented by a list of 1-st level elements:

E'={E.. E....E,..}: i=0,E.

)

u=0
u=1 E}
u=2 E:
u=3

Figure 1 — Fragment of the hierarchical structural structure of the object

ZRP elements are represented by empty lists.

The set of all nested lists of the form (1) is a mathematical model of the structural structure of
the object.

The reliability structure of the object can be an arbitrary series-parallel structure. This means

that each structural element E;  can be either an ZRP element, or a series connection of its

constituent elements, or a redundant group of elements — a group of elements connected in terms of
reliability in parallel. Only elements of the same type can be elements of a redundant group.
Redundancy in groups can be loaded (permanent) or unloaded (substitute).

If an element E;  consists of series-connected elements of (u+1)-th level, then the
probability of failure-free operation of this element is determined as the product:
P(t/E;...k) = HP(t/E;j«), (3)
VE} ke B}k

where r - number of element of the (u+1)-th level E;

+1

" » Which is part of the element of

u-th leve E; ,;

P(t/E;",) - probability failure-free operation of an element E.", .
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If an element E; , is a redundant group consisting of n identical elements connected in

k

parallel Ei;‘flko , then in the case of a permanent reserve the probability of failure-free operation for it

is equal to [1, 2]:

P(t/E’,)=1-[1-P(t/E)]" 4)

ij..k

The model does not take into account the possibility of multiple failures, since within the
framework of the tasks for which this model is being developed, the probability of multiple failures
can be neglected.

From the above, it is clear that the initial information for the model should be the probability
functions of failure-free operation of ZRP P(t/e_) (e - designation of an arbitrary ZRP). For all

structural elements of higher levels, including the object as a whole, functions P (t/E; ) must be

calculated.
In practice, functions P(t/e ) are rarely known exactly. In the best case, the first two

moments are known and there are certain assumptions about the class of distribution laws to which
the function P(t/e_) possibly belongs. As a rule, only the estimate of the first moment (the

mathematical expectation of the time to failure) is known. In the worst case, neither the distribution
function nor its moments are known. Therefore, in practice, it is necessary to make an assumption
about the type of distribution law taking into account the type of a given element and the available
information about the physical laws of failure for elements of this type. The estimate of the average
time to failure of elements has to be specified based on information about analogous elements. The
developed model is intended to solve the problems of assessing the reliability of aging objects, so
we need to use the laws of distribution of the time to failure, taking into account the degradation
processes in the materials of different types of elements. Failures caused by various degradation
processes are usually called gradual [3-5]. At present, it has become generally accepted that gradual
failures occur due to the fact that the value of some determining parameter reaches the maximum
permissible value. Failure models based on the concept of the determining parameter are usually
called probabilistic-physical (VF-models) [6-8].

The most universal model of gradual failures is the diffusion non-monotonic distribution (DN-
distribution) [9].

For DN-distribution, the probability density has the following form:

f(t)=f(t;u,v)= V[\/\E_ﬂtexp(— (tz;f:i j ©)

where 4 - is the scale parameter (mean time to failure);
is v - variation coefficient.

The density function (5) corresponds to the integral function of DN-distribution:

~DN(t; ) =@ 124 2Zg| A
F(t)_DN(t’ﬂ’V)_®{v\/ﬁj+exp(sz®[ y ut)

at-1 2 at+1
=d| —= |[+exp| — |D| - , (6)
(v«/at} p(vzj ( v«/at)
where ®(z) :% jeXp(_ X?jdx - normalized distribution;
T

24



a - the average rate of degradation process (average rate of change determining parameter),
equal to a=1/ .

The DN-distribution has one important property, which is that the variation coefficient of the
time-to-failure distribution coincides with the variation coefficient of the distribution of the random
variable of the determining parameter. This property, combined with the fact that the average time-
to-failure is equal to the inverse of the average degradation rate of the determining parameter, opens
up great possibilities for using the DN-distribution in maintenance modeling problems.

The versatility of the DN-distribution is that its variation coefficient (shape parameter)
practically coincides with the shape parameters of the DN-distribution and is approximately equal to
the inverse value of shape parameter of the Weibull distribution and alpha distribution [6]. This
allows using the DN-distribution as a model of failures of elements of various types with different
physical mechanisms of degradation processes. To ensure the adequacy of the failure model, it is
sufficient to correctly set the value of the variation coefficient. Recommendations for choosing the
variation coefficient are given in [8]. Table 1 contains some data on the characteristic values of the
variation coefficient taken from.

Table 1
Generalized estimates of coefficients variation of various physical processes

Type of Co_eff|C|ent gt Name of elements subject to
. variation of the .
degradation q . destruction

estruction
process
process

Fatigue (multi- Housing parts, rolling bearings,

cycle) 0,40 - 1,00 shafts, axles, springs, connecting

rods, bolts, etc.

Wear Housing parts, rolling bearings,

(mechanical- 0,20 - 0,50 shafts, axles, springs, connecting

chemical) rods, bolts, etc.

Plain bearings, shafts, axles, guides,

Aging 0,40 - 1,00 bushings, etc.

Electrical . Semiconductor devices, integrated

(electrolysis, N {

circuits, capacitors and other

charge 0,70 - 1,50 .

L electronic products.
migration,

electrodiffusion)

The selection of the numerical value of the variation coefficient from the specified range in
each specific case can be carried out taking into account the following general considerations: the
higher the average ratio of the load to the fatigue limit (strength), the lower the variation coefficient,
and vice versa, that is, the lower the loading coefficient, the higher the variation coefficient.

Taking into account all of the above, we select VF-model of DN-distribution as a failure model for
all structural elements and the object as a whole. The initial information for MC in this case is a set
of pairs of parameters of all ZRP elements. Based on this information, the corresponding parameters

<,ui,vi> for all other structural elements of higher levels should be calculated.

In [10], it is proved that if a system consists of elements whose failures are subject to DN-
distribution, then failures of the system are also subject to DN-distribution. The parameters of the
DN-distribution of the operating time to failure of the system (the scale parameter and the shape
parameter) depending on the method of reliable connection of the elements in the system are
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calculated using the following formulas. Calculation formulas for determining the scale parameter
and shape parameter for structural elements of higher levels (not ZRP):
Sequential connection of different types of elements:

y:%/i”; ™

i=1 Y,

N ny? N n
_ [y ' (8)
Y \/Z‘ 7 / \/le 74

where n, - is the number of elements of the i-th type;
4, - is the scale parameter of DN-distribution of the time to failure of elements of the i-th

type (average time to failure of elements of i-th type);
v, - is the shape parameter of DN-distribution of the time to failure of elements of i-th type

(variation coefficient);
N - is the number of element types in the system.

Series connection of identical elements:
u=p,l~n; ©)

v=v,, (10)
where g, - is the scale parameter of DN-distribution of elements included in the system

(mean time to failure of one element);
n - is the number of identical elements in the system.

Loaded (constant) redundancy:

1= AN (11)
v=v,/ Jn. (12)
Unloaded (replacement) redundancy:
M= (13)
V=V, /n. (14)

The formal descriptions of the constructive and reliability structures of the object introduced
above, the expression for the probability of failure of the object (or element) F(t) (6) and the
calculation expressions (7)-(14) together represent a mathematical model of the failure-free
operation of a non-recoverable object.

The prototype of the considered MC can be considered the model described in [12]. The main
difference between the MC and the prototype is the use of an important property of DN-distribution
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to preserve the type of distribution when transforming the reliability structure of the structural
elements (when switching from a sequential structure to a parallel one, and vice versa).

Model of failure-free operation of a recoverable object. In the above, a MC was developed
for the case when the object is considered non-recoverable. In the developed model

(a) hierarchical structural structure of the object is presented;

(b) reliability structure is determined by specifying a redundant group attribute for each
structural element;

(c) automatic (software) calculation of the parameters of the DN-distribution of the time to
failure for each of the elements of the object is performed.

Thus, MC contains all the information necessary for modeling failures of any of the structural
elements of the object.

However, this is not enough for the simulation statistical model (ISM), in which the
maintenance processes must be modeled. For the ISM, it is necessary to specify specific elements
whose failures-recoveries must be modeled.

Let us introduce the concept of a set of recoverable elements E_as follows (fig. 2). The set
E, must include structural elements that will be replaced in the event of object failures. The set E,

includes the most repairable elements, that is, elements whose replacement time is minimal, these
are the so-called typical replacement elements (TRE). The set E must satisfy the requirements of

completeness and non-redundancy.

Object

Figure 2 — Towards an explanation of set E_

The completeness requirement is that the set must include all elements whose failures can
lead to the failure of the object. Formally, the completeness requirement is ensured by the following
condition: there must not be a single path between the root of the tree (object) and a hanging node
(element- ZRP) that does not contain an element belonging to the set E_ (such an element must be
unique).

The non-redundancy requirement is that the set Emust not contain more than one element
belonging to the path between the root of the tree and any hanging node.

With such a definition of the set E and with the previously adopted assumption of a

sequential reliable connection of structural elements, the probability of failure-free operation of the
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object is equal to

Pt)=T]1-F®I] (15)

ieE,

where F, (t) - is the probability of failure the i-th element from the set E, .

The probability P(t) does not depend on the choice of the set E. .
Similarly, the value of the mean time to failure does not depend on and E,

T, = [P(t)dt. (16)

If the object is considered as recoverable, then the failure rate parameter @(t) and the mean
time between failures should be used as reliability indicators T, [14].
When connecting elements in series, the failure rate parameter is defined as the sum

o)=Y o), (17)

icE,

where @, (t) - failure flow parameter of i-th element from the set E .

The failure flow parameter of i-th element @ (t) is found as a solution to an integral equation of the
following type [13, 14]:

o,(t) = f.(t) +j f (t — X)o,(X) dX. (18)

where f (t)- probability density of failure of i-th element (i € E,).
The failure flow parameter always has a steady-state value

o =lima(t).

t—w

In this case, the mean time between failures of object is equal to

T,=1w".
For real technical objects within the operating period T, of interest to the user, steady-state

value of failure flow parameter may not occur. In this case, the mean time to failure of the object is
determined by the formula:

To :To (T3) =T 1 ) (19)
T { o(t)dt

The value T, (in contrast to Tcp) depends significantly on the choice of set E_. The higher

average level of elements included in E_, the greater value of T, . This is easily explained, since

when replacing larger structural elements, a greater number of serviceable elements are

simultaneously updated. Consequently, the higher structural level of restored elements (smaller the

level number u), the greater the proportion of elements is updated after current repairs, which leads
28



to an increase in the indicator T,.

Conclusions. The failure-free operation model (FM) allows obtaining estimates of the failure-
free operation indicators (FMI) of individual structural elements and the object as a whole based on
the FMI information of the elements of the lower structural level. The FR represents the hierarchical
structural structure of the object. Structural elements of a certain u-th structural level are a
sequential (in terms of reliability) connection of the elements of (u+1)-th level included in it.
Individual structural elements can represent a redundant group (parallel connection) of similar
elements. Thus, with the help of FM, the representation of a hierarchical constructive structure is
combined with an arbitrary serial-parallel reliability structure of an object, which is an acceptable
representation for most technical objects encountered in practice.

The DN-distribution is used as a failure model for all elements and the object as a whole. The
DN-distribution is considered an adequate model of gradual failures both for electronic products
and for various mechanical units and elements. An important advantage of DN-distribution is also
that its appearance is preserved when transforming the reliability structure of the system. It is this
feature of DN-distribution that made it possible to apply it to a system with a hierarchical structure.
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PO3POBKA MOJEJII BE3BIZIMOBHOCTI CKJIAJHOT'O TEXHIYHOI'O OB'EKTY

Cknaoni mexniuni 00'ekmu cb0200Hi y cycninbcmei mMaiomov GUKIIOUHO 6aJXHCIUGE 3HAUEHHS.
Hoemvca nacamneped npo pizni padioeneKmponni Komniekcu 6ilicbKogo20 ma CReyianbHO20
npU3HaveHHs, PAdioNoKAYilHI CMAaHYil, ABMOMAMU306AH] CUCMEMU YRPAGTIHHA (ROBIMPAHUM DYXOM,
o0'ekmamu  enepzemuxku mouio). Bio piena 0e3siomoenocmi makux 00'ckmie  3anexcumsp
000pOHO30amMHICb 0eprHcasU, eKOHOMIYHA De3NeKa, HCUMMA COMEeHb ma mucay Jawoeil.

Taki 06'ekmu nanexcams 00 Kuacy 00'ckmie, wj0 8iOHO6I0IOMbCA, MPUBATIO20 DAZAMOPAZ06020
3acmocysanus. Bonu, ax npasuno, € 0opocumu ma nompeoyome 3HAUHUX GUMPA HA iX eKCRaAyamayiio.
/lna 3abe3neuennsa HeoOXiOH020 pieHa 0Oe38i0moeHocmi 6 npoueci ix excnayamayii 3azeuuai
nposooumuvca mexniune oocayzosysannsn (TO), cymv AK020 NONA2AE Y CBOCHACHIN 3ANO0INCHIN 3aMiHi
enemenmis, wio 3HAX00AMbCA 6 CHAHI nepeo 6i0M06010.

Xapaxkmepuoro 0coonugicmio CKI1AOHUX MEXHIYHUX 00'€KMie cneyianbHo20 NPUIHAYEHHA €
HaaeHicmv y IXHboMYy CK1adi eenukoi Kiibkocmi (Oecamku, COMHI mucay) pi3HOMURHUX
KOMNJIEKMYIOUUX e/leMeHmis, W0 Maroms pizHull pieeHb HAOIUHOCHI, PI3HI 3AKOHOMIpDHOCMI npoyecie
ixnvo20 3nocy ma cmapinna. Lla ocobnugicme eumazae 0inbut MOHKO20 niOX0dy 00 opzanizauyii ma
naanysannsa TO y npoyeci ix ekcniayamauii.

Ak mooenv 6iomoe ona ecix enemenmie ma 006'ckma 3azanom euxopucmosgyemuvca DN-po3znodin.
DN-po3nodin eearxcacmvca adexkeammnoro mooensni) NOCMYROGUX 6i0MO08 AK 6UpODIe eneKmpoHHOT
mexHiKu, maK pi3HUX Mexamiynux 6y3nie i enemenmis. Baycnueum oocmoincmeom DN-po3noodiny
makodc € me, w0 1020 U0 30epicacmvbca NpuU nepemeopeHHAX Haodilinocmi cucmemu. Came uysn
ocoonueicmv DN-po3noodiny 0036o1una 3acmocyseamu io2o 00 Cucmemu, Wo MAac i€papxiuny CmpyKmypy.

Mooens be3siomosnocmi (Mb) 003601516 ompumysamu oyinku nokasnukie vezeiomosnocmi (I15)
OKpeMux KOHCMPYKMUGHUX ejlemMeHmie ma o06'ckma 3azanom 3a ingpopmauicro npo IlIb enemenmie
HUMCHBO20 KOHCMPYKMUBHO20 pieHA. Y Mb npedcmaenacmupca ipapxXiuna KOHCMpPYKmMuena cmpyKkmypa
06'ekma. Koncmpykmugni enemenmu 0eaKkozo u-20 KOHCMPYKMUGHO20 PiGHA € NOCHIO06HUM (Y ceHCi
Haoditinocmi) 3'€OHAHHAM eleMenmie, w0 6xo0amov 00 Hb020 (u+l)-20 piena. OKpemi KOHCMPYKMUGHI
ellemenmu Mox3cyms Oymu pe3epeosanoro zpynoro (napanensvhe 3'€OHAHNA) 0OHOMUNHUX e/leEMEHMIE.

Knrouoei cnoea: cknaoni mexniuni 00'ckmu, a6mMomMamu3o08ani cucmemu ynpaeiiHus, 00'ckmu, ujo
8iOH0GII0I0MbCA
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