IS

www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

BULLETIN OF THE POLISH ACADEMY OF SCIENCES
TECHNICAL SCIENCES, Vol. 68, No. 4, 2020
DOI: 10.24425/bpasts.2020.134170

SPECIAL SECTION

Substation reliability evaluation in the context
of the stability prediction of power grids

M. BORECKI'*, M. CIUBA', Y. KHARCHENKO?*?, and Y. KHANAS
"'Warsaw University of Technology, ul. Koszykowa 75, 00-662 Warsaw, Poland

2 University of Warmia and Mazury in Olsztyn, ul. M. Oczapowskiego 2, 10-719 Olsztyn, Poland
3 Lviv Polytechnic National University, ul. S. Bandery St 12, 79000 Lviv, Ukraine

Abstract. The aim of the presented work was to examine the reliability assessment model on the example of a selected power grid object. The
analyzed object was tested based on assumptions about technological breaks that were caused by overvoltage, among others. The study was
conducted to check the reliability of integral elements of the power grid object and to assess the change in reliability level as a function of the
frequency of inspections. The test results are to determine the optimal frequency of inspections of individual power grid objects in order to
increase its reliability. In addition, the possibility of correlating optimal inspection periods resulting from the findings of this paper with periodic

inspections of power network facilities was assessed.
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1. Introduction

The expansion of the power grid in terms of power output and
connection of new generation sources is one of the priority
directions in development. This is to improve the reliability
of electricity supply and the security of large agglomerations
and minimize the risk of system failures. These activities are
a consequence of, inter alia, power system failures when, due to
intense rainfall, storms or other climatic phenomena, elements
of the power network fail. At the same time, according to Fig. 1,
this applies to networks of any rated voltage [1, 2]. Owing to
the failure, a power plant or power station may stop working
and, as a result, work in production plants, hospitals and other
facilities will be immobilized. Due to a major accident, a total
of approximately several hundred thousand inhabitants of one
or several voivodships may be deprived of electricity supply.

In the substation, which is the basic element of the power
grids, there are installed switchgear, and protection, alarm and
measurement devices, etc. The absolute majority of emergency
situations can be described as chain ones that occur in a dynamic
mode during a short circuit in the network and refusal of oper-
ation of the switching devices through which short-circuit cur-
rent flows, which causes activation of protections [3, 4].

One of the main causes of short-circuit currents in the power
grid is atmospheric surges. As a result of these surges, over-
head line insulators are most frequently damaged. However,
the remaining effects apply in most station devices/elements,
as shown in Fig. 2 [1].
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Fig. 1. Percentage share of technological breaks in the power grid of
various voltages

The definition of reliability can be defined as the ability
of power grid elements to supply electricity to all consumers
connected to it. This energy must have standardized parameters
(quantity, quality, etc.). Operators and distributors of power net-
works determine the reliability indicators of the power network
based on the analysis of statistical data and information from
consumers in the scope of planned energy consumption. The
basic parameters that define the reliability of the power grid
include the number of breaks, the average time to repair the
network elements and the annual total time of power failure [5].

The assessment of the level of reliability of the power grid
can be made by analyzing the probability of a surge wave that
adversely affects the elements of the power grid [6—8]. On the
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Fig. 2. Percentage share of technological breaks in the power grid
as a result of atmospheric overvoltages: 1 — cable damage, 2 — cur-
rent transformer damage, 3 — cable joint damage, 4 — disconnector
damage, 5 — spark gap damage, 6 — fault due to the field conditions,
7 — damage to station insulators, 8 — breaker damage, 9 — damage to
the overhead line spark gap, 10 — short circuit of wires, 11 — damage
to poles and their structural elements, 12 — breakage of lightning
conductor, 13 — breakage of wire or railing, 14 — damage to overhead
line insulators, 15 — damage at the transformer station, 16 — damage
to the power transformer

other hand, the number of emergency shutdowns can be elimi-
nated or reduced by using various methods to ensure increased
power grid reliability. Considering the specificity of network
infrastructure management and its limited financing, a combi-
nation of maintenance options can be used that will lead to an
increase in the reliability level of the entire network [9, 10].
In the case of very limited financial resources, one can focus
only on the selected key elements of the network infrastruc-
ture, whose preventive maintenance can significantly translate
into increased reliability [10]. At the same time, an effective
but more advanced way to increase reliability is to monitor or
analyze data and failure statistics [11].

In a lot of countries, operators and distributors of power
grids impose stringent requirements regarding the duration
of power outages. This applies to emergency situations and
planned outages of network elements [12]. The planned shut-
down of power grid components may be due to maintenance or
repair work. In this case, part of the power grid can be supplied
through non-stationary power units of the generator set type. In
addition, temporary lines or bypass lines can be used in these
cases. In addition, in emergency situations, renewable energy
sources or energy storage systems can be used as a power
source [9, 13].

In recent years, extensive research has been conducted
around the world on how to monitor damage detection in power
networks [14—17]. The above studies have a direct impact on
maintaining high reliability of the power grid [6, 8, 14, 16, 17].
As already mentioned, due to the fact that electricity is the basis
for the functioning of various types of systems necessary for
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humans, maintaining its parameters in acceptable limits is very
important. For example, one of the key elements of the power
network that affects its reliability is the power transformer.
The load indicator, which defines the period of permissible
peak load, is extremely important for trouble-free operation of
transformers [18]. In the event of a failure on a power trans-
former because of peak load, the time to eliminate such a failure
(repairing the transformer) can be extremely long. The above
will translate into huge financial losses [19].

The reliability of electricity networks is also dependent on
the network configuration. In the case of radial network config-
uration in which there are stations with a limited level of opera-
tional switching capabilities, the reliability of such a network is
low and leads to losses of recipients [20]. An important aspect
when designing a power grid is the correlation of a higher level
of reliability and lower costs. The literature contains numerous
ways to achieve this goal [5]. The analysis of the technical and
economic aspect of reliability can be conducted in the form of
a comprehensive analysis of different ways of connecting or
determining the forecasted minimum income based on a math-
ematical model. Another way to achieve a higher level of reli-
ability with minimal costs is through a broader network analysis
that considers different levels of rated voltages.

In addition, when designing a power grid and analyzing
various ways to achieve a high level of reliability, one should
remember about environmental aspects and compliance with
relevant ecological standards, as well as the possibility of
replacing selected elements with elements with more advanced
parameters. [21-23].

2. Assumptions for analyzing substation reliability

This paper analyzes network objects in the context of analyzing
the reliability of a fragment of a power network, not the param-
eters and properties of individual electrical devices that are part
of power objects, because the mechanism of assessing the deg-
radation of electrical equipment insulation is very complicated
[24]. Therefore, the model of the object in question should be
simplified, which must have an understandable mathematical
form and physical interpretation [25].

In this paper, attention will be focused on the element of
the power grid, which is the station. The station is a connector
between different voltage lines (Fig. 3). The method of assess-
ing the reliability of such a station will be analyzed. Thanks to
this analysis, a more stable electricity supply to consumers can

Fig. 3. Example view of the power grid object — substation
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be ensured, which will be of great importance for the further
development of the area [2].

In the event of a short-circuit current, consideration should
be given to the possibility of further powering the consumers,
depending on the parameters of the short-circuit current flow in
the lines that depart from the station rails (flow time, reliability
of operation of circuit breaker switch-off systems at power
stations and the dates of their reviews (monitoring)). It is nec-
essary to link the probability of a power outage at a given time

of time of one of the station bus sections with the frequency
of short circuits in the lines. If the time of failure-free oper-
ation of the station will be greater than the normalized value,
we will be able to choose the time to check the circuit breaker
switching off.

Below we will consider a situation in which we have a power
station powered by two transformers. Not a large number of
recipients is connected to the station (to reduce the number of
calculations), the scheme of which is shown in Fig. 4: 5 — to the
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first section and 3 — to the second section (we do not include
the reserve).

In order to define the level of reliability of a power station,
one should use a quantity describing its emergency shutdown
during the technological break in the overcurrent protection
zone and the ego of the switching device connected to the
appropriate section of the rails.

The parameter of the rail section working time can be
defined as the period of operation without technological breaks,
which prevents emergency shutdown of power supply to con-
sumers.

Considering [26-28], in this paper the operating parameters
of the power station presented in Fig. 1 within 10 years (T)
are assumed, which are shown in Table 1. The above assump-
tions include conducting annual reviews (¢). Table 1 includes
information about individual lines connected to the considered
substation sections.

Table 1
Assumptions regarding the number of short-circuits (x)
and refusals (y) at a power station

Number of line 1 2 3 4 5 6 7 8

X; 1103|652 |3]4

J

¥, 1| 7]0]6]0|3]|5]4

In [22], a formula was proposed that allows to assess the
reliability index of the analyzed power station:

1 n m 2n 2
Fr= Tl o 20, a7, ()

where: FT — the expected number of technological breaks, which
is an indicator of reliability for the substation, @; — a short-cir-
cuit indicator in the line that is connected to the section of the
busbar, which can be determined from the formula *j / T> AT;
— the duration of the interval between inspections of switching
devices, n — the number of switching devices through which
the fault current flows, &; — a failure protection indicator, which
can be determined by the quotient ¥i/, where T — a monitoring
period of lines which are connected to the analyzed power sta-
tion, y; — the number of damage to the protection of individual
lines connected to the power station.

Analyzing the reliability of some element of the power grid
for any moment of time 0 < T < oo, one of the main evaluation
criteria is the probability of damage of this element by the time
T. Therefore, we can write the formula for determining the
probability of failure Pg(T) in analyzed time T [29, 30]:

P(T)=1—¢"(MT )

In the case of a detailed analysis that would relate to the
reliability of individual devices and assessment of its impact
on the stability of the power system part considered, (1) should
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be modified. For the reliability analysis of a single device, the
reliability indicator can be written as:

v, - AT?
Fp=05. Y 8% (3)
T2

where: x; — the number of short-circuits in the line that is con-
nected to the power station field in which the analyzed station
apparatus is located, At, — the period between inspections of
the analyzed station apparatus, y, — the number of non-opera-
tion of the analyzed station apparatus, T — monitoring period.
In a given case, it was assumed that the monitoring time of
the line and the station apparatus is the same, i.e. T =T, = Tj.

For example, in the case of a 110 kV switchgear field, reli-
ability analysis can be performed for all primary circuit appa-
ratus: bus disconnector, circuit breaker, current transformer,
voltage transformer, line disconnector, transformer disconnec-
tor. In the case of assessing the impact of the reliability of
individual station apparatus on the power supply stability of
the recipient through the analyzed line, a reliability analysis
should be performed taking into account the individual appa-
ratus that is necessary for the functioning of the power station
field (Fig. 5).

In this case, the assessment of the impact of the reliability
of station equipment located in one field of the substation on
the power supply to the recipient can be determined on the basis
of the following formula:

yi- At
T

Fr=05-xP->7" , )

where: x; — number of short circuits in the line that are con-
nected to the power station field, p — number of primary cir-
cuit devices installed in a given switchgear field, At; — period
between inspections of the station device located in the ana-
lyzed switchgear field, y; — number of missing operation of
the station device located in the analyzed switchgear field, — T;
monitoring period of the station device located in the analyzed
switchgear field.

For example, if we analyze the linear field of a 110 kV
switchgear, which consists of five primary circuit devices, the
expected number of technological breaks can be determined
as follows:

2 2

5 YpB - ATp yB- AT
Fr=05-x]- - -
Ths Ty

2 2 2 )
yri- Aty y1u- ATtz + YDL'ATDL)
2 2 2
Tn Tty ThL

where: Atpg, Atg, Atyy, ATz, ATpp — period between inspec-
tions of the analyzed station apparatus, Ypg, Y8, Y71, YTU> YDL —
number of failure to operate the bus disconnector (DB), switch

Bull. Pol. Ac.: Tech. 68(4) 2020
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Fig.5. An example view of the 110 kV switchgear field and a basic diagram of the switchgear field

(B), current transformer (TI), voltage transformer (TU), line
disconnector (DL), Tpg, Tg, T11, T1y, Tpr, — monitoring period
of the bus disconnector (DB ), circuit breaker (B), current trans-
former (TI), voltage transformer (TU), line disconnector (DL).

With the standard assumption, when the monitoring period
T, of all primary circuit devices installed in the analyzed
switchgear field is the same (the apparatus was installed at the
same time), formula (5) can be written.

5
X 2 2
Fr=05- —le : <YDB -Atpp + yp- ATp +
P

+ ¥y AT%‘I + ¥Yr1u- AT;FZ + YpL- AT%L)

(6)

At the same time, when assessing the impact of reliability
on the stability of the considered part of the power system,
we deal with mutual reserving power to consumers (H system,
sectioned busbar system, multi-system station systems, etc.).
Therefore, in the remainder of this paper we will analyze the
level of reliability of power supply to consumers connected to
two sections of the busbar system.

Bull. Pol. Ac.: Tech. 68(4) 2020

3. The trend of changing the dependence
of substation reliability

Using the above input assumptions and formulas, we can find
line indicators that depart from the section and define techno-
logical breaks in these lines and substation elements. Figure 4
shows one of the standard substation systems, which includes
two sections. In this paper, we consider the actual emergency
situation, which occurs, for example, as a result of a short cir-
cuit (x;) in one of the lines connected to Section 1 and the fail-
ure of the primary circuit device (y;) to operate in the switch-
gear field into which the emergency line is introduced. In the
event of the situation described above, in accordance with the
operating principle of a given substation system, the entire sec-
tion is disconnected from power supply together with all lines
(recipients) that are connected to this section. Therefore, data
on reliable operation of each line connected to the analyzed
sections (¢;) and elements placed in the switchgear field (&;)
in a specified period should be analyzed. The results shown in
Table 2 include one review per year.

Using formula (1) and the above results, we can determine
the level of change of the power station reliability index for
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Table 2
Number of failures and failures in the analyzed power grid object
for specific assumptions

Number of line 1 2 3 4 5 6 7 8

g, 1/rok 01} 0 |03[05]|04|02]03]0.3

¢, 1/rok 01106 0 [05] 0 |03]04]03

various cases of periodic inspections. To assess the trend of
change in the analyzed indicator and to determine the optimal
period of periodic reviews, calculations were made that cover
a time interval from 1 month to 10 years. In other words, we
assume that inspections will be conducted once a month in the
best case and once every 10 years in the worst case. The next
points to be analyzed in this range are at equal intervals. The
results of these calculations are shown in Fig. 6.
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% 1 '// @ ==
< /
— 7
= 01 ® =
- —_
Y o001 /

0.001 1 1

0 10 20 30 40 50 60 70 80 90 100 110 120

T [month]

Fig. 6. Graph of the dependence of the number of technological breaks
in Section 1 (1) and in Section 2 (2) on the number of inspections on
a logarithmic scale

As part of the above analysis, the case of periodic reviews
was reviewed monthly, once every three months, once every
six months, once a year, once every two years, once every
three years, once every 5 years and once every 10 years. As
can be seen from Fig. 6, the reliability index of Section 2 is
several hundred times lower than the indicator of Section 1.
However, the change in the number of technological breaks
in the analyzed facility is similar for Sections 1 and 2. From
the above dependence you can see the trend that the number
of periodic inspections is decisive for the number of tech-
nological breaks at the station facility. Based on the results
obtained, a minimum of two characteristic time intervals can
be specified:

1. From 1 to 12 months (from 1 to 12 reviews per year);
2. From 1 to 10 years (from 1 to 10 inspections in 10 years).

During the first-time interval, it is possible to specify the
high steepness of the increase in the number of technolog-
ical breaks (100 times greater) at the station facility during
a short time interval (1 year). However, the second interval
is characterized by even a greater increase in the number of
technological breaks (100 times greater) over a longer period
of time (9 years). Therefore, the base period of 1 year for peri-
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odic reviews was adopted. To assess the change in the number
of technological breaks at the analyzed facility for individual
options of periodic inspections in relation to the base period
(1 year), calculations were made, and the results are presented
in Fig. 7.

ooy 1
\ —K(T)
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@ K (T=12 month)
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0.1 —
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\\

— |
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0 10 20 30 40 50 60 70 80 90 100 110 120
T [month]

Fig. 7. Multiplicity factor of the change in the number of technological

breaks depending on the number of inspections in a period of 10 years

in relation to the base number of periodic inspections (1 inspection in
1 year) on a logarithmic scale

As aresult of the conducted calculations, it appears that
the power station reliability index with such assumptions may
increase by over 100% in the case of periodic inspections con-
ducted each month. The above statement is true if we take one
review as a base point per year. An increase exceeding 100%
can be observed for a lower frequency of technical inspections
(up to one interim review in 10 months). As can be seen from
Fig. 6, periodic inspections conducted once a year are located
at an optimal point that will provide the necessary level of
reliability, taking into account the capabilities of the network
operator in terms of financial resources and costs. The steepness
of the change rate level of the number of technological breaks
is similar to what we observed in Fig. 6. This confirms the need
to adopt a base period for periodic inspections at the end point
of the first-time interval.

At the same time, it can be stated that minimizing the param-
eter leads to an increase in the trouble-free operation of the
power grid object, and thus the entire power system.

At the same time, this frequency of inspections is optimal in
terms of the requirements of most manufacturers of one of the
most expensive station equipment — circuit breakers. According
to these requirements, it is necessary to perform:

e Periodic treatments performed in two cycles:

1. Visual inspections carried out at least once a year, in-
cluding checking the number of switching operations and
the value of the sum of off currents, as well as visual
inspection of the technical condition of construction parts

2. Checks over a 5-year cycle, including functional tests and
checking the SF6 density monitor

e Periodic inspections of the pole and circuit-breaker drive,
which should be carried out after 5000 switching opera-

Bull. Pol. Ac.: Tech. 68(4) 2020
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tions or after reaching the permissible value of the total  grid, we also ensure stable operation of the entire power grid.

off current The paper shows the level of impact of technical reviews and

In addition, in accordance with, inter alia, the requirements  reserving power to consumers on the reliability of this power.
of most distributors and network operators, a quick inspection  Thanks to the results obtained in this paper, the following con-
of circuit breakers should be conducted at every stay at the clusions can be made:

operational staff facility, and a complete examination should be 1. In order to determine the most accurate assessment of the
conducted once a month by the Head of the duty team. reliability indicator at the analyzed station, periodic inspec-

To assess the level of impact of the frequency of technical tions should be performed not for a group of similar ele-
inspections on the reliability of Section operation for a specific ments, and specifically for each unit. This paper provides
station system, the probability of failure in sections was calcu- an analysis of reliability using a mathematical model that
lated based on formula 2 (Fig. 8). considers the station layout and mutual reserve of power

supply to consumers. In addition, a mathematical model was
developed for assessing the level of reliability of individual

1 devices and devices cooperating within the field of the sub-
o1 / — station switching station. This will help you receive detailed
) —— information about the level of reliability of individual power

0.01 /// station components at every stage of operation.
/ 2. Monitoring of the station's electrical equipment should
0.001 +—~ start from the day of their commissioning and last until
/ —0 disposal. As a result of the analysis, it was determined that
0.0001 / —O the optimal period for periodic reviews is 1 year. This is
0.00001 a landmark, the deviation from which the number of tech-

0 10 20 30 40 50 60 70 8 90 100 110 120 nological breaks increases or decreases. In this paper, the
authors provide justification for the deadlines for conduct-

T [month] . . : . . L
ing reviews, which will avoid emergency situations. In ad-
Fig. 8. Probability of failure occurrence in Section 1 (1) and Section 2 dition, the implementation of the analysis during the power
(2) in relation to the number of periodic inspections over a period of station operation based on the presented model will allow

10 years on a logarithmic scale the dates and scope of required technical inspections to be

changed. This will contribute to the extension of the life
of the power station components, more precise planning of

As can be seen in this case, Section 1 has a high steep rise repair activities and the use of technical staff, reduction of
in the probability of failure from 1 to 24 months. Then, min- the cost of purchasing spare parts and a high level of oper-
imizing the number of inspections can no longer affect the ational reliability.
probability of failure. Therefore, conducting periodic reviews 3. The reliability indicator of the power grid or its element
once every 12 months is the right approach. The dependence of is inversely proportional to the parameter describing the
the probability of failure in Section 2 on the number of periodic number of technological breaks. At the same time, for the
inspections has a similar course as the corresponding relation- analyzed period (10 years), an exemplary increase in the
ship for Section 1. However, the change in the probability of number of periodic inspections from one to two years to
failure in Section 2 has a much wider scope of change. The one-year results in a fourfold decrease in the number of
above dependence is characterized by a smoother change than technological breaks. An analysis of the probability of fail-
we could observe in Section 1. Due to the fact that the maxi- ure occurrence in individual sections of the substation has
mum value of the probability of failure in this Section is much been conducted, which will shorten the periodic review time
lower than in Section 1 in the analyzed period, this will reduce for Section 2. The above approach will reduce the time of
the time of periodic reviews of this section. shutdowns necessary to perform such a review. This ap-

proach results from the high failure resistance of Section 2,
as shown in Fig. 8.
4. Conclusions
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