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A restorable system with linear branching structure and finite reliability is considered. Preventive
maintenance of its elements is carried out. Operation and restoration periods are assumed to be
random values of general kind. Iteration processes of calculation of stationary reliability and eco-
nomical characteristics of the network are constructed. Optimal intervals between elements’
maintenance are obtained as the functions of their times-to-failure. The examples of electricity sup-
ply network and industrial circuit-switched net are given. It is shown that the optimal choice of
elements’ preventive maintenance results in economical network indexes improvement.

Keywords: resource-supplying networks, branching structure, maintenance, stationary operating
efficiency, average specific income, average specific expenses, optimization of preventive mainte-
nance intervals.

There has been considerable expansion in research concerning complex en-
gineering system reliability theory, particularly resource-supplying networks, as
a result of practical demands. Reliability factors include different aspects: techno-
logical, engineering, and organizational ones. It is necessary to develop the fun-
damental mathematical tools that are suitable for these issues. The reference
guide [1] presents methods, algorithms, and mathematical models to solve the
practical problems of ensuring reliability of electric power, gas, oil, and heat sup-
ply systems. However, predominantly, the formulae for calculation system relia-
bility characteristics are obtained under the assumption of the exponential law of
distribution of restoration time and time between failures of the system elements,
as the apparatus of Markov random processes is suitable in this case.

Assumption of the general distribution law of the above-mentioned random
values significantly complicates the determination of the reliability and econom-
ical characteristics of the system. And this is the problem setting of the present
work. Recurrent processes of calculations of the stationary characteristics of re-
source-supplying networks with branching-structure are applied. Preventive
maintenance of system elements is taken into account, its optimal frequency is
obtained.
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Problem-setting

Herein, we consider the resource-supplying network with multilevel branch-
ing linear structure, in which every element of a certain level directly controls
several elements of the lower level. And every element is connected with the ones
of adjacent levels only [2—4]; such a network structure is shown in Fig. 1.

The head element a, is connected with a, elements of the first level 1, each
of which, in turn, is connected with a, elements of second level, etc. Each ele-
ment of the (n — 1)-th level is connected with a,, elements of the last n-th level.
Elements of the final level are called the outlet ones.

Fig. 1. Structural diagram of resource-supplying network

The network is described as follows. Failure of any element in the network
is detected immediately, and its restoration begins at once. When there is an ele-
ment emergency failure, operation and restoration of all the succeeding elements
cease. All the links that succeed the faulty one, which therefore no longer form
part of a serviceable path, are also disconnected. The serviceable path means the
chain of functionally connected working elements from the head element to one
of the outlet ones. When the element is restored, simultaneously, the serviceable
links previously disconnected restart working; this constitutes the serviceable
path together with the restored element. Their time-to-failure is the same as it
was before disconnection. Additionally, restoration of disconnected elements
functionally connected with the recovered one is continued.

Assuming the uniformity of network, i.e., the elements of the same level are
similar: time-to-failure of elements the i-th level is the random value a; with dis-
tribution function F;(t)=P(e; < t), i=0,n; the restoration time is the random value

B,, with distribution function (1) =P (£ <1),i=0.n.

Network preventive maintenance is made according to the strategy known
as “maintenance by age” [3]. If after the restoration completion, the element’s
time-to-failure is z;, then preventive maintenance is performed; this completely
restores the element. Preventive maintenance duration is the random value g
with distribution function G (t)=P(8F < t), i=0,n. As at the moment of emer-
gency failure, disconnection and connection of the functionally connected ele-
ments occur when preventive maintenance of the element begins and ends.

A characteristic of network failure is the absence of at least one serviceable
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path from the head element to the outlet one. When system failure occurs, all
serviceable elements are disconnected.

The following economic parameters of the elements of the i-th level are con-
sidered known in (i=0,n) network: where ¢; is the income per the fault-free oper-
ation time unit, ¢ is the expense per time unit of restoration, and c? is the expense
per time unit of maintenance.

The goal of this research is to construct iteration processes to calculate the
stationary factor of the technical use of K (z,, t4,.. 7,) Network, the average spe-
cific income S(zy,t4,-.T,,) Per the unit of calendar time, and the average specific
expense C(7q,t1,--T) Per unit of the network operation, as well as the optimum
frequency of the network elements’ preventive maintenance.

Determination of the system stationary characteristics

Herein, we identify the availability factor of the element of the i-th level
K;(t;), the average specific income of the element of the i-th level per unit of
calendar time S;(t;), and the average specific expenses of the link of the i-th level
per time unit of operation C;(z;). These properties re known to be determined
using the following formulae [3, 5, 6]:

— Ti(l)(Ti)
ilw) Ti(l)(Ti)+Ti(0)(Ti)+Ti(2)(Ti)-

Ci Ti(l) (ti)— Clp Tl-(o) (TL')—CipTL-(Z) (ti).,
TP @) +TO @) +T3 (1)

Si(t) = (1)

c 1O+ TP @)
(1) = m )
TL' (t)

where T" (z;) = [ F;(t)dt is the average operation time,

T (z;)=F;(t;)EB; is the average restoration time, and

Tl.(z) (t;) = F;(t;)EBY is the average preventive maintenance time of the element
of the i-th level for the regeneration period i=0,n, i.e., between two adjacent mo-
ments of the elements operation after the completion of restoration or mainte-
nance.

Let us find stationary characteristics of the network by means of recurrent
formulae obtained by applying the structure to the calculation formulae obtained
in [6]. Ultimately, we obtain the following. The characteristics of the elements’
family of the n—th level, which contains a,, outlet elements controlled by one
element of the (n — 1)-th level, are determined by the formulae

K™ () = 1—[1 = K ()]

s (tn)=ap Sp(tn); (2)
n) — an Cn(Tn) Kn(tn)
) =" wm,

For one family of the elements of the m—th level, which contains a,, links
controlled by one link of the (m — 1)-th level, the calculation formulae are as
follows (m=1,n — 1):
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Characteristics of the entire network with branching structure are determined
by the following formulae:
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Optimization of the network elements preventive maintenance fre-
quency

The stationary characteristics of the network are the functions of the age of
7; links. Therefore, to determine the optimum frequency of preventive mainte-
nance of the system elements, it is necessary to find the absolute extreme points
of the selected criterion functions:

K(zy, 7yy.-.7,) >  Max__;

7;€(0,00);i=0,n

S (7, 7yy..7,) >  Max__;

7;€(0,00);i=0,n
C (zy, 7y...7,) > Tie(ofg;n:ﬁ .

It should be noted that the link preventive maintenance does not always re-
sult in the improvement of the network stationary properties. Improvements of
these characteristics takes place when the preventive maintenance average time
and its costs are less than the similar indicators of elements restoration.

Examples of application of the optimization results for the operation of spe-
cific resource networks are provided.

Example 1. Electric power supply networks

Electricity is supplied from power plants, i.e., the companies supplying re-
source (hydro-, heat, nuclear, solar, wind, and geothermal plants) to the users’
homes. Invariably, users are located at large distances from the electricity source,
as well as from each other. Therefore, the electric power transmission requires a
branching network of electric power supply that includes elements controlling
the resource technical properties, i.e., transformers stepping-up the voltage to
1150 kV (depending on the distance). Subsequently, the overhead transmission
lines transmit electric power to the central distribution substations, which are lo-
cated close to the city or in its suburbs. central distribution substations step down
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the voltage to 220 or 110 kV, and then electric power is transmitted to the sub-
stations [7]. There, the voltage is stepped down once more (to 6-10 kV), and
electric power is distributed to the transformer stations. Electricity can be trans-
mitted to the transformer stations by underground cables rather than overhead
transmission lines, which is more acceptable in the environs of a city. The voltage
is stepped down one more time for the consumer (0.4 kV) (network of 380 V) at
the transformer stations. Fig. 2 shows the path of electric power transmission
from the source to users [8].
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Heat power High-voltage transmission line Low-voltage User
plant transmission line
Substation Substation Step-down
Step-up transformer Step-down transformer transformer

Fig. 2. The route of electric power transmission from the heat power plant to users

The major links of an electric power supply network are the following: two
transformers stepping-up the voltage for electric power transmission (elements
of level 1) and 36 transformers gradually stepping-down the voltage (six step-
down transformers to 220 kV and 30 step-down transformers to 6-10 kV). Ac-
cording to the manual, maintenance of the network elements should be performed
not less than 7, = 100 day, 7; = 80 day, t, = 60 day, 73 = 30 day to ensure the
required network reliability. Suppose that random values «;, g;, and ! for the
network elements have the Erlang distribution in accordance with the distribution
formulae:

(/1 t) DY

_ - _ - (:ul _
Fi(t) =1—e Mt y2 2o Gi(t) =1—e HtY2 o GH()=1-

e~ Hi tz (lll t)J

j!

The basic characteristics of the elements are provided in Table 1.
Table 2, using S, €, marks the economic characteristics of the network oper-
ation when the recommended maintenance strategy is applied, i.e.7, =

100 day, 7, =80 day, T, = 60 day1 73 = 30 day .

Table 1
Baseline data of the network for Example 1
Lev Nu A A Av- . Ex
Link
el No. mber of | verage | verage erage . penses Pre-
) rincome )
elements | time of | restora- | preven- for res- ventive
) ) ) ¢;, mau./mor )
in the fault- tion tive toration
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level free time | mainte- cf,mu./| mainte-
family | opera- | Mp; day nance mon. nance cost
tion time c?, mau./mor
Mq;, day MB?, hout
20 8. 16. 20
0 a, =1 1500 500
0 6 0 00
6. 14, 16
1 a, =2 75 1200 300
0 5 00
4, 14, 12
2 a, =3 54 1000 200
6 1 00
3. 12. 90
3 az; =5 46 1000 200
8 9 0
Table 2
Results of optimization of the network properties using different criteria for Exam-
ple 1
5 T
Level i, ' smax, S . ' cmin, C*.
day ma./mon. | mu./mon. m.a./mon. | mu./mon.
day day
0 100.0 79.6 44.2
1 80.0 334 8.6
32882.1 623.5
2 60.0 26.2 | 34061.5 9.8 1261.6
3 30.0 20.0 12.2

Elements’ preventive maintenance 17, 7¢, i=0, 3improves these indicators by
3.5% and 50.6%, respectively, at the point of fault-free operation reaching

S._C: 03
77, 717,1=0, 3.

Example 2. Network equipment

An example of calculation of the characteristics and preventive maintenance
frequency optimization for the commutational network equipment at the enter-
prise is as follows.

We consider the network consisting of the central exchange and six switch-
ing devices (level 1 elements). Each of them services 15 personal computers.
According to the instruction, maintenance of the network elements should be per-
formed not less than each 7, = 215 day, 7, = 115 day, 7, = 70 day to ensure the
required network reliability. Herein, we assume that the laws of distribution of

P -
random values «;, B;, and B describing the network elements have the follow-
ing distribution functions:
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The basic properties of the elements are provided in Table 3.

Table 4, using S, €, marks the economic characteristics of the system opera-
tion quality when the recommended maintenance strategy is used, i.e., 7, =
215 day, 7; = 115day, 7, = 70 day. The elements’ preventive maintenance
7,7, i=0, 3improves these indicators by 1.2% and 39.4%, respectively at the
point where the time of the link fault-free operation is reached z7,z¢,i=0,3,.

GIt)=1-

Table 3
Baseline data of the system for Example 2
Le A Av
vel No. Nu | verage A | erage 5
re-
mber of | time of | verage | preven- _ Ex- )
i Link ventive
ele- fault- resto- tive ) penses for )
. income . mainte-
ments in free ration | mainte- restoration
. C;, M.U.MOoJ nance cost
the level | opera- | time nance c?, mu./mo
: : , c?, mu./mo
family tion MB;, day time
Ma;, day MB?, hou
4 4. 12.
0 ag=1 1500 2800 1300
50 0 3
2 3. 11.
1 a; =6 1200 2400 1200
25 5 6
1 3. 11.
2 a, =15 1000 2000 800
29 2 4
Table 4

Results of optimization of the network properties using different criteria for Example

2
s Smax S Cmin C*
Level T T, / / Tf, / y
m.au. m.u. m.au. m.u.
No. day day day
mon. mon. mon. mon.
0 300.0 214.3 159.7
1 200.0 107.8 94782.56 93574.47 80.6
1405.2 | 2320.26
2 100.0 53.2 45.7
Conclusions
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In this article we construct iteration process to calculate the stationary relia-
bility and economic characteristics of branching-structure networks with regard
to preventive maintenance of the network elements. Examples of specific re-
source networks demonstrate that the most favorable selection of the element
preventive maintenance frequency results in network optimization. Stationary
characteristics of operation efficiency can be improved in comparison with the
existing strategy: for an electric power network—the average specific income is
increased by 3.5%, and the average specific expense is reduced by 50.6%; for the
network equipment-the average specific income is increased by 1.2%, and the
average specific expense is reduced by 39.4%.
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Paccmampusaemca soccmanaenusaemas cucmema ¢ 8emesujelics IUHetHOU CImpyKmypou u Ko-
HEUHOU HAOEXHCHOCTDIO, 8 KOMOPOI NPOBOOUMCS NPEOYRPEOUMETbHOE MEXHUYeCKoe 0DCTYHCUBa-
Hue ee 36enbes. [Ipednonazaemcs, 4mo epemena 6e30MKA3HON padomsl U BOCCMAHOBNIEHUSA 36e-
Hbe8 AGIAIOMCA CIYHAUHLIMU BenutUHaAMU 00we2o euda. Cmposmes: umepayuorHsle npoyeccsl
pacuema cmayuoHaApHLIX HAOEICHOCHHBIX U IKOHOMUYECKUX Xapakmepucmux cemu. Onpedens-
10MCS. ONMUMATbHBIE CPOKU NPOBEOCHIUS, TNEXHUYECKO20 OOCTYHCUBANIUA 36EHbES CEeMU 8 3A8UCHU-
Mocmu om epemenu ux pabomul 6e3 omxaza. Ha npumepax pabomot anexmpocHabicarowyeti cemu
U cemu KOMMYmayuu cemesoeo 0O0pyoO8aHUst Ha NPeORPUAMUL NHOKA3AHO, YO ONTMUMATIbHYILL
8b100D NEPUOOULHOCTIU NPOBEOCHIUST MEXHUYECKO20 ODCILYICUBAHUSL 36EHbEE MOJICE NPUBOOUNTL
K VIIVUUEHUIO IKOHOMUYECKUX XAPAKMEPUCUK CeNu.

Knroueswvie cnosa: pecypcocnabcarowyue cemu, 6emeamanca cCmpykmypa, mexHuieckoe oocuy-
JHCUBAHUE, CIMAYUOHAPHDBILL KOIDDUYUEHIM MEXHUYECKO20 UCNONb308AHUS, CDEOHULL YOeTIbHbIU 00-
X00, cpeoHue yOelbHble 3ampambyl, ONMUMUAYUS CPOKO8 NPOPUAAKIMUKU.

* Paboma evinonnena npu noooepiicke epanmos PODU (npoexm Ne 5-01-05840 u
Ne 17-48-630410 p_a).

Anexceu Heanosuu Ilecuanckuii (0.m.n., npo@.), npogheccop raghedpwi «Buvicwias mamema-
TMUKAY.

Tennaouni Huxonaesuu Poeaues (0.m.n., 0oy.), npogpeccop kageopuvl «Aemomamuxa u ynpaesie-
HUE 8 MEXHUYECKUX CUCTEMAX).
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