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Abstract

In the field of designing power supply systems of open pits an important role is attributed to the problems of
components reliability analysis, which can be solved by integrated application of different analysis methods
for individual types of electrical equipment and network devices in power supply systems. The purpose of the
work is to establish optimal parameters for an open-pit mine power supply at mining and processing complexes,
and to conduct research that allows a technical and economic model of the system to be created. It has been
established that mathematical statistics provides a number of methods for establishing the homogeneity (or
heterogeneity) of the population of random variable values. When analyzing the data of failure statistics of
electrical equipment, the method of comparative estimate of two sample averages (compared to the method of
comparing the empirical distribution with the normal distribution or the moving average method) is the most
acceptable. The paper presents accident rates of electrical equipment of open-pit substations and network
devices of the quarry processed on the basis of data, also presents the relationship between the reliability of
the circuit and its elements and shows the influence of protection reliability on the reliability of the circuit.
Methods of optimizing open-pit power supply systems are presented, which consist in the use of first-order
gradient methods, second-order methods or the so-called quadratic optimization methods, and random search
methods. A group of gradient methods is the most widespread for solving nonlinear programming problems,
among which the method of steepest descent should be considered primarily. The combination of random
search with the penalty function method makes it possible to determine conditional extrema for the problem
of optimizing the electrical grid and system operation mode. The method of random descent, which consists in
determining the minimum of the target function according to an appropriate algorithm, is also considered, in
which the direction of motion is generally given by a random vector uniformly distributed over a hyposphere.
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AHHOTaUuA

B 0651aCTV MMPOEKTUPOBAHMS CUCTEM JTEKTPOCHAGKEHNSI KapbepOB BaskHAsI POJIb OTBOAMUTCS BOIIPOCAM aHa-
Ji3a HAAEeKHOCTU 3JIEMEHTOB, KOTOpPbI€ MOI'YT 6bITb peleHbl B XO04e ITpoBeaeHMsI KOMIIJIEKCHOTO ITpMMeHe-
HUS pa3/IMUHbIX MEeTOOOB pacueTa OTAe/JIbHbIX BIUI0B SHEKTp0060py,HOBaHI/IH U CeTeBbIX YCTpoﬁCTB B CUCTeMax
3)’[8KTp0CHa6)KeHI/[H. He)’[b}O pa6OTbI ABJIAETCA YCTAHOBJIEHME OIITMMAJIbHBIX ITapaMeTpPOB 3]'[6KTpOCHa6)K8HI/IH
PYIHMKA OTKPBITHIX TOPHBIX Pa6OT TOPHO-060raTUTENIbHBIX KOMOMHATOB, IIPOBEAEHME MCC/IeA0BaHMIA, T03BO-
JISTIOIIMX CO34aTh TEXHMKO-3KOHOMMYECKYIO MOOEe/Ib CCTEeMbI. VCTaHOBJIeHO, YTO MaTeMaTnuecCcKas CTaTUCTUKa
JlaeT psifi MeTOLO0B YCTAaHOBJIE€HMSI OLHOPOAHOCTY (MM Pa3HOPOLHOCTM) COBOKYITHOCTM 3HAUEHUI CITy4aiiHOM
BEJIMUMHBI. HpI/I dHa/In3e OaHHbIX aBapI/II;'IHOI‘/J[ CTaTUCTUKU BHeKTpOOGOpy,ELOBaHI/IH "Haunbonee IIpremMJIeMbIM
SIBJISIETCSI METOJ, CPaBHUTEIbHOM OLIEHKM IBYX BHIOOPOUHBIX CPeIHMX (I10 CPaBHEHMIO C METOAOM CpaBHEHMS
SMIMPUYECKOTO pacIipeie/ieHus] C HOpMaJIbHBIM WJIM METOIOM CKOJIb3s1Iel cpefHeii). B pa6oTte npuBeqeHsbl
06pa6OTaHHbIe Ha OCHOBE€ OaHHbIX aBapMﬁHOCTM BHEKTpOOGOIZ)y,E[OBaHI/IH PYAHMYHBIX HO,HCTB.HLU/HZ U CeTeBbIX
yCTpOI;iCTB Kapbepa, TakKKe MIpeaCcTaB/JI€Hbl COOTHOLIEHMA MEXAY HAAEKHOCTbIO CXEMbI U €€ 3/IEMEHTaMU U I10-
Ka3aHO BJIMSHME Hage>XHOCTU 3alIThl HAa HAOEe>KHOCTb CX€MBI. Hpe,ZLCTaB.T[eHbI METObI OIITUMMU3ALINUN CUCTEM
9/IeKTPOCHABKEeHMSI KApbePOB, 3aK/II0UAOLIMeCs B IPUMMEHEeHM IPaIeHTHbIX METOIOB IIePBOro MOpsaKa, Me-
TOAOB BTOPOIO IMOPAAKA UM TAaK HA3bIBA€MbIX KBaAPATUMUYHBIX METOA0B OIITMMM3ALIUN, METOO0B CI[Y‘Iaf;IHOI‘O
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nmowcKa. B kauecTBe Hanbosee pacIpoCTpaHEeHHbIX LIS PelIeHMsI 3824 HeIMHEIHOTO MPOrpaMMMUPOBAHMS UC-
TI0JTb3YeTCsI TPYIITaA IPaIMEHTHBIX METOZOB, CPEeI KOTOPBIX B TIEPBYIO OUepe/lb CJIedyeT PACCMaTPUBATh METOZ,
HaucKkopeiimero cirycka. CoyeTaHue CIydaifHOrO TIOMCKA ¢ METOZOM MITpadHbIX QPYyHKIMIT JaeT BO3MOKHOCTh
OTIpeNeNISITh YCIOBHBIE SKCTPEMYMBI IS 33[1a4M ONTUMM3AIUU PEXUMA PabOThI IEKTPUUECKOI CeTU U CU-
cTeMbl. TaKKe pacCMaTpUBAETCS METOJ, CTyYaifHOTO CITYCKa, 3aK/II0YAI0IIMIACS B OTIpeielIeHUM MYUHUMYMa Lie-
JIeBOY (YHKIIMY IO COOTBETCTBYIOIIEMY aJITOPUTMY, IIPU KOTOPOM HarpaBJieHM e OBVKEHNS B 001IeM CTyyae
3a/1aeTCsI CTy4aifHbIM BEKTOPOM, PABHOMEPHO pacIipe/ielleHHbIM IO rurocdepe.

KnioueBble cnoea
HaOe>XHOCTb 3JIEMEHTOB, CCTeMa SJ'IEKTpOCHa6)KeHI/IH, Kapbep, rpain€HTHbI€ METOMbI, aBapI/II;'IHOCTb, pya-
HUYHbBIE IMOACTAHLIVN, CTyJaiftHbIl TTOUCK, 11eieBast (GyHKIMS
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Introduction

Fulfillment of the problems set for the mining in-
dustry is impossible without further increase in pro-
duction efficiency, labor productivity and automation
of production processes, increase of the efficiency
level of mining production and the use of electrical
equipment [1, 2].

The growth of power availability per man leads
to an increase in the cost of creating and operating
a power supply system (PSS). In this regard, the prob-
lems of building an optimal PSS not only for a mining
enterprise as a whole, but its individual subsystems as
well, solved at the design stage, as well as the prob-
lems of building reliability models of a PSS [3, 4] are
of particular relevance.

The application of optimization methods in the
design practice, including those using artificial intel-
ligence, will significantly improve the designing qual-
ity in accordance with the problems of the need to
improve the design business on the basis of the wide
introduction of scientific achievements into the engi-
neering practice [5, 6].

The achieved scientific and technical progress
in the technique and technology of open-pit mining
(a high degree of concentration of mining operations,
operation of large deep pits, steady growth of the
installed capacity of mining machines and power
availability per man) poses a number of technical and
economic problems of efficiency improvement in the
field of designing power supply of open pits, which re-
quire urgent solution.

The efficiency of open-pit PSS depends not only
on the quality of the equipment used [7, 8], but also
on the correctness of design decisions and the quality
of design documentation. However, at present PSS’s
are designed by traditional methods developed for the
conditions of open pits of relatively small productivity
and depth. Complex interrelationships between sys-
tem parameters, electrical loads and mining-geomet-
ric, technical and technological parameters of modern
open pits are taken into account during designing in-

sufficiently. Electrical loads are analyzed on the basis
of demand coefficients, and the choice of the power
supply scheme is based on the technical comparison
of a limited number of options without taking into ac-
count the dynamics of mining operations and changes
in electrical loads. This does not help to choose its op-
timal parameters.

When solving technical and economic problems
of power supply designing, design institutes cannot
widely use the capabilities of computer technolo-
gy due to the lack of algorithms suitable for specific
conditions of open-pit mining. It practically excludes
multivariant and optimization analyses, causes dete-
rioration of the quality and increase of terms for de-
sign preparation, with an abrupt increase in the scope
of design.

The purpose of the work is to establish the opti-
mal parameters of power supply of an open-pit mine
within mining and processing complexes (MPC) and
to conduct studies that allow investigation of the re-
liability of PSS individual components in order to fur-
ther consider the safety of work in the electrical grids
of the mining industry [9, 10].

Analysis of existing power supply schemes
of open pit mines

The accident rate of individual components of
grids and electrical equipment of enterprises depends
on many disturbing factors, on the state of installa-
tion and repair works performed, various operating
conditions, their technical state, etc. [11, 12]. The
influence of each of these factors separately is often
insignificant and practically imperceptible, but the
total effect leads to results fluctuating from case to
case. Consequently, accident rates can be considered
as a random variable, which is the subject of mathe-
matical statistics and probability theory. Proceeding
from the statistical nature of the accident rate phe-
nomenon and from the essence of the probability
concept of some event, the quantitative expression of
the reliability concept can be formulated as follows:
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reliability is the probability that a component or an
installation as a whole will operate satisfactorily for
a certain period of time. For example, if the duration
of emergency downtime of the installation during
a year is equal to 8.76 hr, then the probability of its
failure is P = 8.76/8760 = 1073, and the reliability is
P'=1-105.

Method of reliability analysis of electrical
equipment individual types and network devices

In electrical distribution networks and systems,
damage to certain types of components can cause
downtime of a part or the whole installation for the
time of finding and eliminating the failure (emergen-
cy downtime), or for the time of finding the failure
and subsequent disconnection of the damaged sec-
tion (emergency shutdown time) [13, 14].

According to the operational data on the emer-
gency downtime and emergency shutdown duration x
of the main types of electrical equipment and network
devices used in open pits, the two most important sta-
tistical characteristics are determined: the weighted
average of argument x and standard o,.

Comparison of the obtained average values and
standards shows that the value of coefficient of varia-
bility k for the considered variation series keeps some
constant value with maximum deviation of its indi-
vidual values from the average value up to 4%:

o.
k=—.
X (1)
Respectively, the following ratio is true practical-
ly for all sample distributions:

o, =kx;. (2)
The obtained ratio indicates the same regularity
in distribution of all considered variation series and

that we should expect almost a constant value of the
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standard of the modifying function argument for all
sample distributions.

To reveal the law of distribution of the observed
frequencies for the emergency downtime and emer-
gency shutdown time, a quantile plot of the argument
distribution for some types of electrical equipment is
drawn on the probability paper (Fig. 1).

As the quantile plot shows, the points of values of
some distribution functions are grouped near curves
resembling a logarithmic curve.

Fig. 2 shows new quantile plots on the log-pro-
bability paper. The plot shows that the points are
grouped very closely near straight lines, with more or
less noticeable deviation of the points from a straight
line observed for only up to 5% and above 95% of the
quantiles.

For graphic estimation of the obtained deviations
of the distribution function values from a straight line
(Fig. 3), the curves of permissible values of emergency
deviations from the theoretical line with the reliabili-
ty (probability) of P =0.95 were drawn.

Fig. 3 shows that the permissible value of random
deviations from the theoretical line is much higher at
values P close to 0 or 100% than at the values close
to 50%. Therefore, the observed noticeable deviation
of points of the distribution function values from
a straight line of up to 5% and above 95% quantiles
(see Fig. 2) cannot noticeably change the sample dis-
tribution law. In addition, the number of observations
within these limits does not exceed 10% of the sam-
ple volume. Comparison of the curves for permissible
values of random deviations from the theoretical line
with the obtained deviations of the values of the sam-
ple distribution function from a straight line shows
that the latter are within the permissible limits of ran-
dom deviations at P = 0.95 and n > 250. Respectively,
the emergency downtime and emergency shutdown

100
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Fig. 1. Quantile plot of distribution of the emergency downtime and emergency shutdown time
of open pit excavator cables and networks
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time both in case of damaged excavator cables and in
case of open-pit network failures is distributed accor-
ding to the log-normal distribution. According to the
result of graphical analysis, sample distributions are
adjusted by the equation:

e ', 3
c,V2n
where @ (u) is the distribution function; u;, is the argu-
ment of the modifying function; u is the mean value
of the modified argument; and o, is the standard of
the modified argument.

The results of analytical evaluation of the dis-
crepancy between sample and theoretical frequencies
are: A, =0.307 and P, = 0.999; A, = 0.818 and P, = 0.52;
A; = 0.448 and P, = 0.987; A, = 0.942 and P, = 0.365
(indexes P and A correspond to line numbers given in
Figs 1, 2). Random values A, which are greater than or
equal to the observed values, may occur with a prob-
ability greater than 0.365, i.e., the difference between

d(u) =

100
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the theoretical and sample distributions is insignifi-
cant. Analytical verification confirms the conclusions
obtained by graphical analysis.

The slope of a straight line to the quantile plot
abscissa axis in case of log-normal distribution is de-
termined by the value of the modifying function argu-
ment standard.

The quantile plot (see Fig. 2) shows that the value
of the modifying argument standard for all distribu-
tions is very stable, since all the straight lines of the
plot are within two straight lines insignificantly dis-
tant from each other.

The average value of the modifying argument
standard for all the distributions under study is
o, = 0.347. The maximum deviation of its indivi-
dual values from the average value is 20.1%, which
can be neglected and in the first approximation
o, = 0.347 = const can be assumed (o, = 1gu,, - 1gu,,,,
where u,, and u,,, are 60% and 15.69% of quantiles
respectively).
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Fig. 2. New quantile plot of distribution of the emergency downtime and emergency shutdown time
of open pit excavator cables and networks
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Fig. 3. Curves of permissible random deviations from the theoretical line with the reliability
of P=0.95,1-1atn=100,2-2 atn > 250

186



MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(2):183-194

Similar analyses made for all main components of
open-pit power supply schemes show that:

1. The emergency downtime and emergency shut-
down time is subject to the log-normal distribution.

2. The modifying function argument standard
practically maintains a constant value.

When the distribution is log-normal, the following
ratio takes place:

M(gu)=1ge, 4)

where M(lgu) is the mathematical expectation of the
logarithm of the observed argument; Ige¢ is the mean
value of the modified argument.

The value of 1g¢ is median Me in the modified ar-
gument distribution, and the quantiles of the modi-
fied value coincide with the modified quantiles of the
original value, as long as the modification is performed
by a non-decreasing function. Hence, value ¢ shall be
equal to the median in the x distribution. However,
the median changes if any values of the argument less
than the median change randomly, remaining less
than Me under these changes. This property of the
median and the fact that the probabilities of occur-
rence of a certain number of observations to the left
and right of the median are equal to each other, allow
them to be used to determine the mean values of the
argument with relatively small sample sizes.

Based on the known ratio:

lgx=1ge+1.151c" ©)
the following can be written:
lgx=1ge+0.1387. (6)

The obtained equality can be used to determine
the average value of the considered failure parame-
ters and to make practically its exact estimate with
very insignificant sample sizes, even with n = 25-25.
At the same time, the obtained mean values are
within the confidence limits defined by the accuracy
of 0.15 of the mean value determined with the sam-
ple sizes exceeding 150-200 and having a reliabili-
ty practically equal to 0.9. Mean values determined
with such accuracy and reliability are quite applica-
ble as input data for determining the quantitative
indicators of the electrical grid reliability.

The conducted analyses show that the annual
durations of emergency downtime of open-pit elec-
trical equipment are also distributed according to
the log-normal distribution and the values of the
modified argument standard have deviations not ex-
ceeding 20% of the determined standard mean va-
lue of o, = 0.347. Respectively, the time of emergen-
cy downtime of certain types of electrical equipment
and network devices per year can also be calculated
by the proposed method without determining their
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average damage rate per year with subsequent mul-
tiplication by the average duration of emergency
downtime.

To determine the reliability index of power sup-
ply schemes, it is necessary to know the third failure
parameter — the mean value of the number of failures
per year of individual types of electrical equipment
and network devices.

Determination of the arithmetic mean of the
number of failures is not difficult, but determina-
tion of the statistical mean necessary to calculate the
quantitative reliability indicators is associated with
some difficulties (complications) related to the need
to take into account the degree of influence of dis-
turbing factors on the failure parameter values.

Individual values of failure parameters, posses-
sing a common mean level, deviations from which ap-
pear to be random, constitute a homogeneous popu-
lation. In this case, the value of their arithmetic mean
is the mean in the statistical sense and, expressing
the mean level, summarizes random deviations. If
a part of their disturbing factors causes a systemat-
ic deviation of the values of failure parameters from
some level, along with random values, it creates a new
level (mean), thus forming a heterogeneous popula-
tion. The arithmetic mean loses its cognitive meaning
when one tries to use it to characterize failure param-
eter values that make up a heterogeneous population.
This is because it is impossible to express the mean
level that does not exist in a heterogeneous popula-
tion by any indicator. In this case, to obtain a statisti-
cal mean, it is necessary to divide the heterogeneous
population into homogeneous ones and then to de-
termine the mean value for each homogeneous po-
pulation of failure parameters and, if necessary, to es-
tablish the form and measure of correlation between
the failure parameter values and disturbing factors.

Mathematical statistics provides a number of
methods for establishing the homogeneity (or hetero-
geneity) of the population of random variable values.
When analyzing the data of failure statistics of elec-
trical equipment, the method of comparative estimate
of two sample averages compared to the method of
comparing the empirical distribution with the nor-
mal distribution or the moving average method is the
most acceptable

The essence of the recommended method as
applicable to the failure data processing is that the
sample data for a certain set of disturbing factors de-
termines the value of x,. After excluding the factors
whose influence on the formation of the average level
is clarified from the factors population, a new sample
is taken and average ¥, is also determined. Then the
criterion is determined:
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t= 1 2

J(nl+n2>[2<xl—a>2+z<x2—@>ﬂ' ™)

nn,(n, +n, —2)

According to the value of t found and the num-
ber of degrees of freedom k, probability P is found
using the Student’s distribution probabilities table. It
can be used to expect value t to be numerically equal
to or greater than the observed (calculated) value. If
P >0.95, the compared averages differ insignificantly
and the values of the failure parameters form a ho-
mogeneous population. The number of degrees of
freedom is determined as the number of independent
values of failure parameters. If for some sample of
size n, the values of failure parameters shall satisfy h
conditions linking them, then the number of degrees
of freedom is equal to: k=n, - h.

Accident rates
Accident rates of electrical equipment of open-pit
substations and network devices [15, 16], processed
on the basis, given in Table 1.

Correlations between reliability of the scheme
and its components

Using the provisions of the probability theory and
the data given in Table 1, correlations between relia-
bility of the scheme, its individual circuits and compo-
nents with different connection types were obtained:

— with series connection a failure of each compo-
nent causes a malfunction of the whole installation
and therefore: P'=1-3%p, P"=Xp;

elSSN 2500-0632

https:/mst.misis.ru/

Klyuev R. V. Reliability analysis of open-pit power supply system components

— with parallel connection, power outage can occur
only if all parallel circuits fail, therefore: P'=1 - p,p,,

P"=pp,;
— with mixed connection:

P =(1-pp,)-(1-ps), P =p\p, + s,

where p, is the probability of failures of the scheme
individual parallel circuit components; p,, p, is the
probability of failures of individual parallel circuits
and components; p. is the probability of failures of
a series circuit or component in case of mixed connec-
tion; P', P" are the reliability and probability of failure
of the scheme.

In conclusions of accident rates of individual
components and circuits the schemes are considered
as events independent of each other.

Influence of protection reliability
on scheme reliability

Based on the essence of the probability concept of
some event to determine the probability of incorrect
action of protection ps, it is necessary to take a certain
number of protection actuations S for the number of
all cases belonging to some particular stochastic test
plan, and to take the statistical mean of the number of
malfunctions of protection m with the accepted num-
ber of actuations for the number of cases favorable to
the protection malfunction, i.e.:

p; =ms. ®)
Downtime duration of the busbar system T for

incorrect protection functions p; can be determined
from the expression:

Table 1
Accident rates of electrical equipment of open-pit substations and network devices
Item Number of damages | Probability | Probability
Name of electrical equipment and network devices per 1 facility, of emergency | of emergency
No A 5
: times/year shutdown downtime

1 |Flexible cables 3.65 0.595-10* 13.1-10*
In-pit overhead power lines with excavator number x used for

2 |- stripping y=4.7-x+1.7 0.595-10* 13.5-10*
- offsite dumps y=1.32-x+0.87 0.595-10™* 4.6-10*
- onsite dumps y=2.5-x+0.67 0.595-10* 6.66-10™

3 |Mobile substations 0.99 0.595-10* 1-10*

4 |Boxes of RVNO and VYaP type 0.228 0.595-10* 0.42-10*

5 |Transformer points within the pit and at dumps 0.111 0.595-10* 0.29-10*

6 | Pit power supply points with disconnection devices 2.3 0.595-10* 2.36-10™*

7 |Excavator electrical equipment (upstream of disconnection device) 0.6 0.595-10* 1.1-10*

8 |Daylight surface overhead power line 0.402 0.595-10* 1.3-10*

9 | Overhead power line between substations 0.302 0.595-10* 0.86-10*
Collecting busbars with maximum protection on outgoing feeders

10 |in case of incorrect operation of protections for one emergency - 0.35-10° -
shutdown of protections

11 |Connections 0.098 - 0.35-10*
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T =npit, )
where n is the total number of failures on feeders
outgoing from the busbars; t is the statistical mean
duration of busbar downtime during the protection
malfunction.

The influence of the protection operation on the
scheme reliability is determined from the expression

B T _ npgt
" 8760 8760°

(10)

Methodology of reliability analysis of schemes

When assessing the reliability of electrical
schemes, a special place is taken by substations and
distribution points (DP) busbars, whose reliability
indicators depend not only on the accident rate of
the busbars themselves, but also on the number of
failures on feeders outgoing from them and the pro-
tections function. Thus, the probability of interrup-
tion of power supply to load A (Fig. 4) is influenced
not only by the failure of the circuit through which
power is transmitted, but also by the failure of other
feeders outgoing from busbar 2.

Therefore, bus bars 2 (see Fig. 4) with feeders
outgoing from them shall be replaced by another
conditional component, for example, a component
with an accident rate equal to the sum of the accident
rate of the busbars and the probability of coincidence
of failures on feeders with protection malfunction.
Then, to determine the probability of interruption of
power supply to load A, we obtain a design circuit of
series-connected components (Fig. 5), from which:

P=2.p (11)
where p;, is the probability of failure of individual com-
ponents in the design circuit.

When determining the probability of failure of
conditional component III for another receiver, for
example, B, the number of emergency disconnec-
tions of outgoing feeders may be slightly different
than for load A and is due to a difference in the num-
ber of failures on the loads A and b feeders. This dif-
ference is very small compared to the total number
of failures on the outgoing feeders, so in practical
calculations it can be neglected and the probability
of failure of component III can be assumed to be the
same for all receivers (feeders). Further presentation
of the methodology for determining the reliability
indicator is made on a specific example (Fig. 6).

We determine the reliability indicators of substa-
tions 1, 2, 3, 4 and the whole network if:

Variant I

1. The probability of failure of connections be-
tween substations is equal to a, b, ¢, d, and e.
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2. The receiver capacities of substations 1, 2, 3, 4
have the following ratios: N, : N, : N; : N, =2 :3:5: 2.

3. The capacity of the connections is equal to:
Nyi =Ny3=N + N, + N;+ N, N, =N, + N; + N,
N, .=N,+N,.

4. The reliability of substation operation is equal
to 1, the protection at all substations is ideal.

For substation 4, the accident rate of the scheme
section from district substation A to substation 3,
which has two parallel branches with failure proba-
bilities b, a + ¢ + d, is equal to b(a + ¢ + d). Consequent-
ly, the considered scheme for substation 4 can be re-
placed by the scheme shown in Fig. 7, from which the
probability of interruption of power supply to substa-
tion4isequalto: P,=b(a+c+d)+e.

— Bk

OPL, OPL,

2

Fig. 4. Design circuit of the electrical grid:
OPL - Overhead Power Line

Fig. 5. Design circuit of series-connected components:
OPL - Overhead Power Line

Fig. 6. Example of presentation of the methodology
for determining the reliability indicator

b-(a+c+d)

[ ] Substation 4
Fig. 7. Replacement of the scheme in Fig. 6
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The probabilities of interruption of power sup-
ply to substations 1, 2, 3 are equal to: a(c + b + d),
(a+c)-(b+d),b(a+c+ d)respectively.

Variant II

Let us modify condition 3 and assume that
Ny =N;+N,+N;, N, ;=N + N, + N;+ N, N, , =N, + N;,
N, ;=N, +N,.

The probability of interruption of power supply
to substations 1, 2, 3 does not change, but the proba-
bility of scheme failure in relation to substation 4
changes significantly, because connection A-1-2-3
to substation 3 in case of failure of connection A-3
is not able to power substation 4. The probability of
interruption of power supply to substation 4 is de-
termined by the failure of connections A-3 and 3-4
and is equal to: P',=Db +e.

Thus, the same scheme with the same loads de-
pending on the capacities of separate scheme sections
has different reliability indicators.

Variant III

Let us change condition 2 and accept that
N, :N,:N,:N,=5:1:2:4.

The values of probabilities of power supply in-
terruption to individual substations do not change,
but the capacity of the receivers of each substation,
kW -h, does change. Therefore, a change in the ratio
between the substation capacities of the scheme un-
der study changes the duration of downtime of the
whole scheme receivers. Therefore, the sum of pro-
babilities of power supply interruption to individual
substations (receivers without taking into account
their capacities) cannot be a reliability indicator of
the whole scheme. The capacities of substations (re-
ceivers) can be taken into account, if the probability
of power supply interruption to substations is brought
to the same capacity, for example, to the total capacity
of all substations, by multiplying them by the ratio of
capacities of individual substations to their total ca-
pacity. The obtained new values of the probability of

[A] [A]

2-(b+c+d)-a/12

3.(a+c)-(b+d)/12

5-(a+tc+d)-b/12

2-[(atctd)-b+e]/12

[] =N

12N,

2-(b+c+d)-a/12

3.(a+c)-(b+d)/12

5-(a+tc+d)-b/12

3-(at+e)/12
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power supply interruption to individual substations,
which have the same significance from the duration
of downtime of receivers standpoint, allow modify-
ing the scheme under consideration into a single-line
scheme with one conditional receiver, whose capacity
is equal to the sum of the capacities of all substations
(receivers).

Modification according to the conditions of the
considered scheme variants is shown in Fig. 8.

The results of probability calculations for power
supply interruption to all scheme receivers, assuming
that a-b—c-d-e, are equal to:

Variant I - 31(12 +la,
4 6

Variant II - Zéa2 +la,
4 3

Variant III - SLaz +la.
12

Thus, the reliability analysis of schemes should
be performed as follows:

1. Replace the busbars of substations and distri-
bution substations with conditional components III,
whose failure probability is determined by the sum of
the probability of failures of the busbars themselves
and the probability of coincidence of failures on out-
going feeders with protections malfunction.

2. Determine the probability of power supply in-
terruption to each receiver (substation), taking into
account the capacities of individual scheme sections.
In case of complex schemes, to simplify the calcula-
tion, convert them into design circuits for each re-
ceiver (substation).

3. Reduce the probabilities of power supply inter-
ruption to individual loads to their total capacity and,
using the probabilities given, make a design circuit
with one conditional load of the total capacity.

4. Determine the probability of power supply in-
terruption to all receivers of the scheme.

A

5.-(b+c+d)-a/12

1-(a+c)-(b+d)/12

3-(atc+d)-b/12

4-[(atc+d)-b+e]/12

[1=N;

Fig. 8. Modification according to the conditions of the considered scheme variants
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Methods of optimizing open-pit power supply
systems

The central problem in the development of any
CAD subsystem is to determine the optimal para-
meters of this subsystem. Only in this case the ad-
vantages of designing automation can be realized
in full [17, 18].

The variety of the content of practical problems
reflected in the existing mathematical models is so
great that it is usually necessary to investigate many
ways to achieve the optimum. None of the optimiza-
tion methods is universal from the application to any
particular problem standpoint, but also does not act
in isolation from others.

An optimization problem can be mathematically
formulated as follows: there is function F of several
variables X,. These variables are related to each other
by k-equations or inequalities of the form:

W(X,, X,, ., X,)20;
(12)
W.(X,, X,, .., X,) 20,

where W,, W, are some functions of variables X,
i=1,2,...,n).

It is required to find the minimum (maximum)
of function F. Three directions for solving the above
problem can be distinguished based on the applica-
tion of:

— first-order gradient methods;

- second-order methods or so-called quadratic
optimization methods;

- random search methods.

A group of gradient methods is the most wide-
spread for solving nonlinear programming problems,
among which the method of steepest descent should
be considered primarily.

The search for the minimum using the method of
steepest descent consists in the sequential applica-
tion of the following expression for the calculation of
the main variables:

oo
]

XV =X® 4 h

where X{““? are the refined values of the required pa-
rameters at the (k+1)-th iteration; X{ is the value of
parameters at the k-th iteration; h is the coefficient
of the length of increment; acD/ 0X'" are the values of
particular derivatives from the target function for the
main variables at the k-th iteration.

It is convenient to present the values of de-
rivatives at the sequential iteration in the form of
a matrix.

The increment length coefficient can be calculat-
ed by the formula:
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2
o (oD
. { *D oD oD
7| 0X,0X, oX; 0X,

h= (14)

Let it be necessary to minimize function U(Z) with
a continuous gradient under constraints: W(Z) = 0,
Z SZ<Z_.
The vector of parameters Z is presented as a set of
vectors X and Y (dependent and independent param-
eters). In this case, the problem can be presented as

minimization of an implicit function:
UIX(Y), Y]|=H(Y). (15)
With constraints: X_, < X(V) <X, Y, .. SY<Y,

min min max?

where X(Y) is an implicit function determined by the
steady-state condition equation:
W(X,Y)=0. (16)

The problem is proposed to be solved in two stag-
es: entering the mode into the permissible region and
determining the minimum of the target function in
the permissible region.

Let there be a problem of entering the mode into
the permissible region. With Y©, X = X©is calculated
from equation (16). Corrections AX to initial approxi-
mation vector X© are determined by the equation:

ow

ZEAX =W,

X a7
where oW/oX is the matrix of particular derivative
functions.

Based on (15), the gradient is calculated:

v _on| _ oW oX (18)
oY oY|, oxoy’

where

-1
%[ﬂ} w. (19
oY | oX | oY

The permissible vector of descent (V) is obtained
from the gradient by replacing with zeros the compo-
nents of the corresponding variables that are on the
boundary and tend to go beyond the permissible limits
and change the sign of the remaining components.

The following approximation of vector Y:

YO=YO1Vt=Y(@), (20)
where t = min(t,, t,).
Value t, is determined by the Newton method
from expression:

oM
v, =0 21)

Ultimate increment t,, = min (t,,) is the solution
of the equation:
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Z[Y®)-2Z, =0, (22)
where
. at oz <0,
z =1 " ot 23)
. at oz 0.
min ot

The end of the computational optimization pro-
cess is controlled by value V, taking into account the
changes in vector Y and 1(Y) over a number of succes-
sive approximations.

The disadvantages of this method include wor-
sening of convergence when approaching the mini-
mum of the target function, as well as the complexity
of the algorithm and the labor intensity of its imple-
mentation.

To take into account inequality-type constraints
when applying gradient methods, it is proposed to use
the penalty function method.

In the literature, a network of gradient-based op-
timization methods is given and their comparative
characteristics are provided.

The most powerful optimization method based on
the first-order gradient method is designed to solve
problems minimizing the function:

U= Z N.(X). (24)

Compared to the reduced gradient method, the
steady-state equation is written in the form of explicit
functions, and the functional constraints are controlled
by penalty functions, whereas in the reduced gradient
method they are controlled by changing the basis, i.e.,
by exchanging variables of vectors X and Y.

Optimization methods of the second direction
have been widely used in numerous studies.

A method of solving the problem of integrated
optimization is known. The basic idea is to modi-
fy an initially nonlinear problem with constraints
into a sequence of problems without constraints,
whose solution approaches the solution of the origi-
nal problem. The modified problem is solved by the
Fletcher-Powell method [19].

Different methods of modifying the original prob-
lem are analyzed in scientific papers. The analysis of
the Fiacco and McCormick, Zangwill, and Powell [20]
methods showed the expediency of the latter two
methods as not requiring an initial point satisfying
inequality-type constraints.

Using the Zangwill’s transformation correspon-
ding to the application of penalty functions, the fol-
lowing unconstrained function is formulated:

FOO =M+ X n WO + 18,0 (25)
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In equation (25), term g(X) representing an in-
equality-type constraint exists only when this con-
straint is violated.

According to the Fletcher—Powell method, for
quadratic function f(X) the following ratio is true:

fX-X)=1,8(X), (26)

where X is the point of maximum; [;is the reverse ma-
trix of the second partial derivatives of function f(X),
called the Hesse matrix; g(X) is the vector of the first
partial derivatives of function f(X).

The difference in the left-hand side of ratio (26)
represents the distance between any point X and the
point of minimum. For a non-quadratic function, X
is not an exact minimum, but this point can be con-
sidered as an initial approximation for the sequential
iteration by expression (26).

Matrix [; is obtained iteratively by an algorithm
that requires only the first derivatives of the target
function. After determining AX and a new point of
matrix [, which was initially singular, matrix /; is re-
calculated by adding the coefficient matrices to it:

[ =19+ AV + BY, 27)
where
Oy )y (YyOT0
APY ), (YOI,
YT Oy ®
]

i) _
B = ,
(i) (i)

_AXPAX]
jk T AX(i)Ty(i) ’

Y(i) _ 6f(i+1) ~ af(i>
oX  oX

The peculiarity of the Fletcher—-Powell method is
that there is no need to compute the inverse matrix of
the second partial derivatives.

The disadvantages of the method include: (1) the
Hesse matrix shall be permanently stored in the com-
puter core memory and changed at each step of the al-
gorithm; (2) when solving problems with a large num-
ber of variables, changes in matrix [, may be insufficient
to obtain such values of AX that would reduce f(X).

To eliminate these disadvantages, the idea of di-
rect estimation of the Hesse matrix is proposed:

HAX = g(X), (28)

where H is the Hesse matrix.

Equation (28) is solved relative to AX using Gauss
elimination, which consists in reducing the system to
a triangular form. The main disadvantage of the method
is its dependence on the choice of the starting point.

Statistical methods for optimizing power sup-
ply systems are outlined and have been developed by
D.A. Arzamastsev [21]. The formulation of the problem
of the electric grid mode complex optimization is con-
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sidered. The combination of random search with the
penalty function method makes it possible to deter-
mine conditional extrema for the problem of optimiza-
tion of the electrical grid and system operation mode.

In the permissible region of the k-factor space un-
der study, starting point X'” is chosen with coordinates
X2, x{”, ..., X, and the value of target function T
is calculated in it. To move to new point X" with coor-
dinates XV, X{", ..., X\", a random vector is selected,
which is evenly distributed over a hyposphere of radius
h with the center in the coordinate origin:

AXO = (AX©?, AXO, ..., AX?). (29)

Coordinates of point X" are determined by sum-
ming up two vectors:

XV =XO0 4 AXO, (30)

The value of the target function in point X is
equal to T™.

The completed step is considered successful and

point X" is accepted if the following condition is ful-
filled:
T(l) < T(O>. (31)

Otherwise, point X" is not accepted. Once again
a random vector is selected and a new attempt to make
a successful step is made. The process of transfer from
point XV to point X® is performed in the same way.

The advantage of the random search method is
the simplicity of the structure of program implemen-
tation on the computer, high reliability and efficiency
in solving many nonlinear programming problems. It
is the only method capable of solving multiextremal
problems. It is especially effective in the absence of
analytical expressions for the gradient. At the same
time, when approaching the minimum of the target
function using the random search algorithm, the
number of unsuccessful steps increases, so it is advi-
sable to do refinement near the extremum using some
deterministic optimization method, such as gradient.

A variety of the random search method is the ran-
dom descent method.

When determining the minimum of the target
function according to a random descent algorithm,
the direction of motion is generally given by a ran-
dom vector uniformly distributed over a hyposphere.
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However, unlike the random search algorithm, the di-
rection is not chosen at every step. In the randomly se-
lected successful direction, a number of working steps
are performed until the function starts to increase. At
the resulting point, a successful direction is selected
again, and descent is performed in that direction until
it is exhausted, and so on. Thus, a descent to the region
of the required minimum is performed.

Conclusion

The existing power supply schemes of open-pit
mines have been analyzed from the standpoint of the
accident rate of separate network components and
electrical equipment of open pits and the influence of
various disturbing factors on it. The analysis for all
main components of open-pit power supply schemes
showed that the time of emergency downtime and
the time of emergency shutdown is subject to the
log-normal distribution, and the standard of the modi-
fying function argument practically keeps a constant
value. The conducted analyses show that the annual
durations of emergency downtime of open-pit elec-
trical equipment are also distributed according to the
log-normal distribution and the values of the modi-
fied argument standard have deviations not exceed-
ing 20% of the determined standard mean value of
0.347. The method of reliability analysis of schemes
for several variants has been developed. It consists in
determining the probability of power supply interrup-
tion to each receiver (substation), taking into account
the capacities of individual scheme sections and in-
dividual loads in relation to their total capacity. Me-
thods of optimizing the open-pit power supply sys-
tems are presented, which consist in the use of
first-order gradient methods, second-order methods
or the so-called quadratic optimization methods, and
random search methods. A group of gradient methods
is the most widespread for solving nonlinear program-
ming problems, among which the method of steepest
descent should be considered primarily. The method
of random descent, which consists in determining the
minimum of the target function according to an ap-
propriate algorithm, is also considered, in which the
direction of motion is generally given by a random
vector uniformly distributed over a hyposphere.
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