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Abstract. The paper considers the use of a delay queuing system for increasing the reliability of power supply
systems for agricultural electricity consumers, which has been estimated using SAIDI. At the same time, both the
mode of current operation of distribution electric networks and the mode of emergence of mass failures in
electric networks under the influence of unfavorable weather factors have been considered. The reliability of
power supply has been estimated by the value of SAIDI, and the change in this index occurs by reducing the
time to eliminate interruptions in power supply to consumers by determining the required number of repair
personnel. The determination of the number of repair personnel has been carried out using a delay queuing
system in transient modes. The choice of the required number of repair personnel has been based on the
numerical solution of differential equations describing the delay queuing system, using the criterion of the
optimal delay in servicing of requests for eliminating interruptions in power supply to consumers. The
calculations have been carried out both for the stationary value of the request flow parameter for eliminating
interruptions in power supply, and for the cases of step change in the request flow parameter. According to the
results of the calculations, the dependence of SAIDI on the number of repair personnel and the optimal number
of repair personnel at economically justified costs for eliminating interruptions in power supply to consumers
have been determined.
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Introduction

The development of agriculture and rural territories is impossible without reliable power supply.
The reliability of power supply is influenced by many factors, such as electric distribution network
schematic diagram, the lifetime of the electrical equipment of the electrical networks, the organization
of the operation of the electrical equipment, weather conditions. In addition to the above, an important
factor is the availability of distributed (standby) generation [1]. At the same time, in the event of
various non-standard situations in the operation of rural distribution electric networks, for example,
unfavorable weather conditions [2], one of the bases for ensuring a sufficient level of reliability is the
timely restoration of power supply to consumers when they are cut off.

The choice of such a reliability index, according to which it is necessary to assess the reliability of
consumers’ power supply, is also important. The most used are indexes such as SAIFI, SAIDI, CAID],
CAIFI [3-5] for the so-called steady faulting (which are eliminated by the operational, repair or
maintenance personnel) and MAIFI, which shows the number of disconnections of consumers of short
duration (no more than 1 min), which are eliminated by the actions of network automation.

The aim of this paper is to determine ways to increase the reliability indexes of power supply to
consumers, based on average estimates of SAIDI by determining the required number of personnel
involved in the elimination of mass failures in power supply systems. In this case, it is necessary to
strike a balance between the number of personnel involved and the cost of it, and the possible losses
for agricultural consumers from interruptions in power supply.

Materials and methods
To assess the reliability of power supply to consumers, such an index as SAIDI is used [3]:

TN,
SAIDI =Z— (1)

T0T

where T;— duration of interruptions in power supply to consumers in the amount of N; , located
in the i node;
Nror — total number of consumers served by the power supply system.

In general, this index is calculated specifically for a given period of time (usually 1 year), for all
types of consumer disconnections. Cutoffs can be planned and unscheduled (emergency), which, in
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turn, are divided into those arising during the current operation, and arising under unfavorable weather
conditions, such as during a hurricane, glaze-clear ice, snowfall, etc. Scheduled cutoffs are carried out
in order to perform scheduled preventive repairs, which, if properly organized, are accomplished on all
connected equipment of the power supply system, and the period of their execution is about 1 time in
6-12 years and depends on the type of equipment used, the duration of repairs usually does not exceed
8 hours. Emergency cutoffs under normal operating conditions have a cutoff frequency (average) once
in 5 years, with an average recovery time of about 4 hours. But a strong enough influencing factor on
SAIDI is massive failure in unfavorable weather conditions.

In the case of technological failures (TF) caused by unfavorable weather factors, the distribution
of the recovery time and the rate of failures occurred parameter can have other values, for which it is
necessary to analyze the data of enterprises using electric networks. The results of the data analysis are
shown in Figure 1[6].
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Fig. 1. Distribution of the duration of the restoration of power supply
to consumers arising under unfavorable weather conditions

To obtain the distribution shown in Figure 1, the information on 10,000 failures in the enterprise
Svetlogradskie Electric Networks of the Stavropol Territory for 2001-2011 has been analyzed. It
should be noted that the main cause of failures in power supply systems is strong wind, accompanied
either by thunderstorm with rainfall (in summer) or intense icing on wires (in winter).

The following equation has been used to analyze the effect on SAIDI of the recovery time of
consumers’ power supply:

SAIDI = ZTSTORMiNSTORMi + ZTCOkNCOk + ZTSMnNSMn s (2)
NTOT

where Tgrory; — duration of interruptions in power supply to consumers in the amount of
Nsrorui, located in the i node under the influence of adverse weather conditions;
Tcox — duration of interruptions in power supply to consumers in the amount of Ncoy,
located in the k node during current operation;
Tsyn, — duration of interruptions in power supply to consumers in the amount of Ngy,,
located in the n node when performing scheduled preventive work.

Thus, it is possible to estimate SAIDI using averaged values. Suppose that in the service area of
distribution electric networks there are about Npor= 110000 customers (100 000 household
consumers and 10 000 enterprises and organizations), and one consumer means a connection point
with authorized equipment for accounting for electric energy. Consumers are connected at low voltage
(0.4 kV). Considering that in Russia the radial scheme of distribution electric networks is mainly used,
and the relay protection and automation and network management tools are concentrated mainly in
power centers (at electrical substations), the minimum interruptible load volume in case of damage or
scheduled work is the feeder and all consumer transformer substations connected to it. Therefore, the
assumption that the average number of consumers on one feeder is a value Ncr=200. The average
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time to restore consumers’ power supply during the current operation is T¢p = 4 hours, the average
time for scheduled maintenance is Ty = 8 hours, the average number of feeders at which scheduled
preventive work is carried out during the year is 11 % of the total, and those, in which failures occur
under normal operating conditions, is 20 % of the total.

The time to restore power supply in unfavorable weather conditions is of the utmost interest.
Since, from the analysis of the information in Figure 1, it can be concluded that 25 % of failures are
eliminated in no more than 4 hours (the average recovery time is 2 hours), and the rest has an average
recovery time of 12 hours. In this case, it is conditionally possible to divide all failures into two
categories [6]: the first category of failures (25 %) can be eliminated by the forces of field service
teams (FST), and the second category (75 %) require the use of complex repair and restoration work,
and involvement not only FST, but also repair teams (RT). For the second part, the algorithm for

restoring power supply is as follows - initially the damage is inspected by a FST (TREPI = 2 hours),

then the work is performed by a RT (Tkgp, = 8 hours), then the repaired equipment is turned on by FST
Trep3 = 2 hours.

It is possible to use the queueing theory to determine the number of FST and RT. [4]. For this, the
following assumptions are applied. In general, the elimination of each interruption in power supply to
consumers (hereinafter referred to as failure, and, as a result, the emergence of a requirement to
eliminate the failure —a repair request) has its own technical features. In some cases, it is possible not
to take these features into account, but to apply a queuing system (QS) [7], which allows for averaged
parameters to determine the delay time for servicing repair requests depending on the number of
personnel, which affects the reliability index of the power supply system SAIDI.

There are various types of QS [7], in our case we use one of the most common QS types
(M/M/Nggic): (GD/xo/) — the input flow is of Poisson type, distribution of the recovery time has an
exponential distribution(with some assumptions, it is possible to calculate with any law of distribution
of the recovery time), the number of teams is limited, there is a general queue, the queue size is not
limited, an infinite number of requests can be generated for QS. The use of this type of QS is also
possible with a sufficiently large number of failures that occur in networks in unfavorable weather
conditions.

The initial data for the QS are: the failure flow parameter A (the flow of incoming requests to the
QS); the average recovery time Txgp or the recovery intensity u = 1/Tggp (Which is true for the applied
QS according to [7]); the number of RB or FST Npggi. For calculations using the QS, a numerical
solution of the system of differential equations describing the QS used has been performed. The
elimination of interruptions in the power supply of consumers for different categories of failures is
different: for the first category — restoration by the forces of FST, and for the second category,
restoration takes place in several stages. When considering the elimination of failures, a multiphase
QS model has been used (Figure 2), which consists of three phases: the first phase is the maintenance
of failures by field service teams (FST), the second is the repair work by the repair teams (RT) and the
third is the acceptance of the work performed by RT and performing of operational switching by the
forces of FST. Accordingly, each of the phases is characterized by its own parameters: A, Trgp, Npgric-
Passing the repair request for the second and third phase (separation of failures of the first and second
category) is also a random process.
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Fig. 2. Multiphase QS circuit

The numerical solution of the system of equations describing the QS has been carried out
using the explicit 4™-order Runge-Kutta method. Moreover, the system of equations has a limited
queue size Ny, but it was shown in [8] that under the condition 4-Nggi; < Ny the finite value of the
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queue does not significantly affect the results of numerical solutions of the system of equations. The
result of a numerical solution of the system of differential equations is an array of probabilities of all
states of the system at each moment in time, based on these results, such a parameter as the time to
wait for a service request T has been calculated. To calculate this parameter, the Little formula has
been used [7]:

1
T, =7Lo(0) 3)

where A — failure flow parameter;
Lq — average number of requests in the queue, which can be determined by the formula:

L= kP, (). (4)
k=1

To assess the effect of the teams’ number Nggig, involved in eliminating network failures on
the reliability index SAIDI, the algorithm has been developed and the software has been implemented
that allow the system of differential equations describing the QS to be compiled and solved
numerically and processed the calculation results to obtain parameters, such as Ty(#) and Ly(?). The
parameter Ty(f) allows us to calculate SAIDI reliability index by averaged values using formula (2),
which takes the form:

’ITS‘TOTINFNCFkll +]-;‘T0T2NFNCFk12 +TCONCO +T5u Ny

SAIDI = S, (&)
NTOT
where Tsror — first category average failure recovery time:
Toror = TSlsmge =Tpp + Tlege 4 (6)

Tsror, — second category average failure recovery time:
f + f + 7_}3slage ’ (7)

stor2 = S2stage

T,

Slstage

at

=T, . +T =T

T‘S 2stage REP2 Q2stage ° TS 3stage REP3

+ TQ}stage ’ (8)

where Ny — number of feeders disconnected due to unfavorable weather conditions;
Nco and Ny — average number of consumers for the year subjected to cutoffs due to
failures during the current operation and scheduled maintenance work, respectively;
ki and ki, — coefficients taking into account the distribution of network failures under the
influence of unfavorable weather conditions in categories 1 and 2, respectively.

Results and discussion

The QS calculations have been performed on the basis of the averaged data obtained from the
processing of information on the operation of electric networks. When calculating the QS, the phase
parameters have been taken: 4; = 1 h™', Trepr = 2hours, A, =0. 75 h™', Trep = 8 hours, 43=0. 75 h'',
Treps = 3 hours. In addition, the total review period is 24 hours, the step size is 0. 1 hour, the number
of equations is Ngy = 41, the number of teams Ngg;; varied from 1 to 8, and the number of places in the
queue ranged from 39 to 32. The values are k;; = 0. 25 and kp =0. 75, the total number of failed
feeders is taken to be Np =24 (taking into account the failure rate and the duration of unfavorable
weather conditions 24 hours). N¢o = 22000 and Ng, = 12100. The calculation results are presented in
Table 1. Calculation of the value of SAIDIprovided that a very large number of teams are involved
(Torstages Toostages Tossiage(t) = 0) gives a value of about 2. 1 hours, and without taking into account
failures caused by unfavorable weather conditions 1. 68 hours.

The data in Table 1have been obtained as follows. The second, third, and fourth columnsare the
waiting time for the service request — Ty(#), taken at time ¢ = 24 hours after the start of the period of
failures with a given intensity 4;, when unfavorable weather conditions occurred. This time has been
determined for each of the phases of the QS. From the fifth to seventh columns, the values have been
obtained using expressions (6) and (8) and show the average time of requests passing through the QS
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phases, and the parameters in the eighth and ninth columns have been calculated from expressions (6)
and (7) and show the total average failure elimination time of the first and second categories,
respectively. As it can be seen from Table 1, an increase in the number of teams leads to a decrease in
the value of SAIDI and an improvement in the reliability of power supply to consumers.

Table 1
Calculation results for SAIDI based on averaged values (in hours)

N BRIG TQ 1stage TQ?stage TQsthge TS 1stage TS 2stage TS 3stage TS T0T1 TS 7012 SAIDI
1 11.99 | 18.93 8. 98 13.99 | 26.93 | 10.98 | 13.99 | 51.90 3.53
2 3.69 14.22 1. 80 5. 69 22.22 3. 80 5. 69 31.71 2.78
3 0. 80 10. 53 0.31 2.80 18. 53 2.31 2.80 23.63 2.48
4 0.17 6. 56 0. 06 2.17 14. 56 2.06 2.17 18.79 2.32
5 0.04 3.96 | 0.0115 | 2.04 11. 96 2.01 2.04 16. 01 2.23
6 0.01 2.21 |0.0021 | 2.01 10. 21 2.00 2.01 14.22 2.17
7 0.0019 | 1.15 |0.0004 | 2.00 9.15 2.00 2.00 13. 15 2.13
8 0.0004 | 0.56 | 0.0001 | 2.00 8.56 2.00 2.00 12. 56 2.11
Conclusions

The paper assesses the impact of the number of personnel involved in the elimination of mass
failures in electrical networks that occur when exposed to unfavorable weather conditions. On the
example of one network enterprise, the average indexes have been assessed by the number and
duration of disconnection of consumers during current operation and the performance of scheduled
preventive work. The evaluation of SAIDI, when using average operation data and the calculation
results of parameters, such as the waiting time for service requests for repairs, using the queuing
system, has shown that an increase in the number of teams can significantly increase this index. Thus,
an increase in the number of teams eliminating interruptions from three (2 field service teams and
1 repair team) to twenty (8 field service teams and 4 repair teams) reduces SAIDI, calculated over the
year of operation from 3. 53 hours to 2. 32 hours.
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