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Introduction

Studies aimed at analysing and evaluating the
reliability properties of electrical equipment are vital for
the proper operation of equipment in companies involved
in the distribution of electricity. The results of this analysis
have the potential for contributing to the optimal design
and operation of power equipment in the future.

The systematically increasing unit power rating of
stations and MV lines increases the risk of exclusion of
larger power values in the event of their failure, and
therefore greater restrictions in the supply of electricity to
consumers. This results in considerable material losses
and, in extreme cases can lead to health hazards or the loss
of human life.

Certainty the supply of electricity to consumers is a
serious problem for network companies, especially for
those distribution companies directly responsible for
servicing customers. Power outages are responsible for
economic and financial losses of distributors as resulting
from the costs of repair as well as the reduction of power
consumption by the public during the time of failure.

The commonly used methods in reliability theory to
calculate the parameters characterizing the failure rate of
subjects in the case of stations do not fulfil their function.
The main reason is the fact that they can only be used in
cases, where the probability density distributions of the
time of proper operation to breakdown as well as the time
of repairing the various equipment components have
exponential distributions. In relation to stations, this
condition is not met. The individual functions are
characterized by log-normal distributions, Weibull, or
gamma. Only a few are characterized by exponential
distributions. In this case it is possible to apply simulation
methods that take into account the form of the probability
density functions at various times. Such methods include
those based on extended Petri networks, the Monte Carlo
method, a method based on neural networks, or based on
genetic algorithms.
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In this article the author presents the results of a
verification of the suitability of a method based on
extended Petri networks to analyse the reliability of MV /
LV transformer distribution stations. The results obtained
by using the simulation program, as based on the terms of
extended Petri nets, were compared with the results
derived from empirical analysis of station failures.

Theoretical basis of the extension of Petri nets

The theory and concept of Petri nets emerged in the
search for a simple and effective method of describing and
analysing of information and data flow in processing
systems. They are abstract models of information flow,
with which it is possible to model, in a uniform language,
the systems and processes of information transfer. The
major advantages of Petri nets are: a uniform language to
describe different levels of abstraction (detail), the
possibility of a simple transition to the next level as well as
the ability to correctly assess the selected model's level of
abstraction. An advantage of Petri nets is also the
possibility of simulating multiple concurrent processes.
This type of a situation exists in most technical systems,
which consist of many technologically interrelated pieces
of equipment and machinery that are subject to
independent factors, such as: external interference, aging
processes, human factors, etc. [1-4].

Carl Adam Petri as a starting point in his work made
the assumption, that the notion of a state is inadequate as a
basic and key concept to describe the cause and effect
relationships in a system, since it is related to the existence
of a synchronization of the time scale. Petri net theory is
based on the concepts of condition as well as event. The
concept of a state is used in an indirect way and is defined
by a set of conditions that in any given situation
independently (in parallel) apply. In this theory, a set of
concurrent conditions is referred to as a configuration. A
configuration is a mapping of a simulated (modeled)
system both in time and space. In order to properly present



a model of an analysed dynamic system in terms of
extended Petri net, it is necessary to interlink
configurations, that can occur in the system and its
environment. These configurations are described by sets of
conditions that apply to a given situation. Changing a
configuration is equivalent to changing the existing
conditions, which are subject to the operation of
elementary events and changes [2—4].
Petri nets are defined by the expressions [2, 5]

<ATF, up,R >, )]
where 4 — the set of all places (4=S UL ); S— elementary
place; L — decisive place; T — transition; F' — neighbouring
relations (F c AxTUT x A); uy — the initial marking of
the network, R — set of network records.

S elements are called elementary places. They
perform the function of determining the condition. If a
place is empty, it means that the condition is not met. If
there is a marker in the place, then the condition is met. L
places are called decisive; they describe the relationship
between a transition and register values in Petri net. The
state of a place equal to one fulfils the condition (true), and
zero does not fulfil the condition (false).

A helpful feature of working with Petri nets is the
graphical representation of various elements from the set
representing the network.

In a graphical form the elementary places are marked
as circles. If a circle is empty, it means, that a condition
related to it is not met. If, however, in a circle there is a
marker (usually in the form of a black circle), then the
condition related to it is met (Fig. 1).

" O ’ @
Fig. 1. The method of marking places in the terms of Petri nets:
a) inactive place; b) the active place

T transitions contain logical conditions of the network
and control the movement of markers. With each transition
t; € T is related to a procedure pr;, describing the
modification of the network register values.

In graphic form, they are presented as squares,
rectangles, and often as thick lines (Fig. 2).

a)

b) c)

Fig. 2. Method of marking transitions within the terms of Petri
nets

L is a place of decision; it describes the relationship
between T transitions and network registers. In the
drawings, they are presented as a triangle with an arrow
that points to the occurrence of the relationship between a
condition and an event (Fig. 3).

a) b)

VANRVANS »

Fig. 3. Method of indicating decisive places in terms of Petri nets
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For there to be an inducement (activation) of a
transition the condition must be fulfilled

vA; e1(t;): uld;)#0., Q)
where
1(t;)=44; 7 4; e An(4;.1;)e F, 3)
as well as
0, whenA; €S and placeis empty or
,U(Aj): A € Land the condition is not met 4)

#0, in opposite case,

where /(;) — a set of input places; 1(4;) — the state of place
4;.

In case of an activation of the ti transition there is a
change in the network markings according to the following

principles
= 4(Si)+1,

where *u(S,), u(S,)* — marking the S, position before and
after activation of the transition #; 0(t;) — a set of output
places of transition t;, where

0(t;)= 1S, /S € S Alt;, Sy ) € F}.

*

)

uls;)-1nS; €0(s): lsy )

(6)

A stimulation of the transition causes an execution of
the associated procedures, where the execution of the T
transition will not delay the movement of the marker.
Network registers are memory cells holding variables
available from all network transits.

A sample graph of a subject (device), as drafted in
terms of Petri nets, is shown in Fig. 4.

Fig. 4. An example of a configuration graph of a subject (device):
1 — an event involving the proper operation of the subject, 2 — an
event involving the failure (damage) of the subject, 3 — an event
involving the device awaiting for its readiness to be used, 4 — a
place of decision as conditional on the change of the event from
readiness to a failure, 5 — a place of decision as conditional on the
change event of failure to awaiting of activation in a state of
readiness

Assuming that at the time of switching the subject is
fit (undamaged), the marker is in position 3 — awaiting for
activation in a state of readiness. After "firing up" the
network, there is an unconditional transition of the marker
to position 1, or the proper operation of the site. This
operation continues until, the condition is fulfilled and the
subject breaks down (condition 4). In that case, there is a
transition to position 2, the failure of the subject. This



event continues until condition 5 is fulfilled, or the subject
is repaired. In that case, there is a transition of the marker
to position 3 Naturally, in practice additional transitions
conditioning the transition of a subject from a position of
correct operation (1) directly to a position of awaiting for
activation to a position of readiness to be used (3) are
necessary.

A structural reliability assessment model based on
extended Petri network is very convenient for analysis,
especially for complex and sophisticated networking
systems. It allows for the determination of many
parameters of reliability, such as [5]:

» Intensity of the failure;

* Intensity of power interruptions to customers;

= Distributions of periods of correct operation of

individual circuit elements;

= Distributions of periods of failure of individual

elements;

= Downtime distributions of individual elements as

a result of the failure of others;

= Distributions of periods in the supply of electricity

to consumers;

= Distributions of periods and number of outages of

electricity to customers.

This breadth of information concerning reliability is
not provided by virtually any analytical method. It should
be noted, that a model based on Petri networks enables an
analysis regardless of the types of distributions of
reliability functions as well as the functions of recovery of
individual components of the considered system.

Reliability analysis of pole-mounted distribution
transformer stations in a block system

MV/LV  pole-mounted distribution transformer
stations are characteristic of rural areas and outlying towns.
They have a simplified block structure, do not have
busbars. A structural diagram of such a station is shown in
Fig. 5.

Because damage to any device crashes the entire
station, the station possesses a serial fallibility structure, as
shown in Fig. 6.

The model of an analysed MV / LV station in the
terms of extended Petri nets as shown in Fig. 7

Within network locations, as marked in Fig. 7, the
following conditions apply to station operations:

S1— MYV cable head is working properly;
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S2 — MV cable head is damaged;

S3 — cable head is operational and ready for use (not
in use);

S4, S13 — MV insulator is working properly;

S5, S14 — MV insulator is damaged;

S6, S15 — MV isolator is operational and ready for
use (not in use);

S7 — MV arrester is working properly;

S8 — MV arrester is damaged;

S9 — MV arrester is operational and ready for use (not
in use);

S10 — MV breaker is working properly;

S11 — MYV breaker is damaged;

S12 — MV breaker is operational and ready for use
(not in use);

S16 — MV / LV transformer is working properly;

S17 —MV / LV transformer is damaged;

S18 — MV / LV transformer is operational and ready
for use (not in use);

S19 — LV insulator working properly;

S20 — LV insulator is damaged;

S21 — LV isolator is operational and ready for use
(not in use);

S22 — LV cable head is working properly;

S23 — LV cable head is damaged,;

S24 — LV cable head is operational and ready for use
(not in use);

S25 — the station is operational and supplying power
to users;

S26 — the station is turned off (damaged or
operational and awaiting activation) and does not power
users.

The operation of the model starts from a state, in
which the T1 transition is activated and the transition of
the marker from place S3 to S1. Then, due to satisfying the
condition of transition of T6, followed by its activation and
the transition of the marker from place S6 to S4, etc., until
satisfying the condition of transition T40, its activation and
the transition of the marker from place S26 to S25. Then,
in a given period of simulation in accordance with the
specified probability distributions of activation of an
individual switch. The times are recorded for markers in
particular places of the analysed system. On their basis, it
is possible to specify the intensity of individual events, as
well as the probability density distributions of the time
spent in places under varying conditions.

Input data for the simulation was determined on the

3 4

IN1

CH1

TR

Fig. 5. Structural diagram of the overhead MV station: CH — MV cable head; IN — MV insulators; LA — MV lightning arresters; CS —
MYV disconnectors; TR — MV / LV transformers; IN1 — LV insulators; CH1 — LV cable head

IN1 CH1

CH IN LA CS IN TR
o— +{C + T+ +T H

—__|—o°

Fig. 6. Reliability model of a basic overhead pole-type station (as shown in Fig. 5)
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basis of empirical data from 10 years of observation of
power stations. On its basis the probability density
distributions were determined for the time of correct
operation of equipment to its damage and the time of
failure (Table 1). All times are given in hours.

After carrying out computer simulations for the
circuit in Fig. 7 as well as for the assumed distributions of
the probability density functions according to Table 1, in a
simulation period of 10,000 years, the obtained results
were statistically analyzed.

As obtained by simulating the number of failures is
157. Taking into consideration, that the subject of the
simulation is a single station, the intensity of failure can be
determined by dividing the number of accidents by the
simulation time. Thus the obtained intensity of failure is
A, =0.0157 for one year at one station.

On the basis of the data obtained through simulation a
parametric and non-parametric verification of the duration
of station failure was carried out. The mean value of the
sample 7, as approximated by the maximum likelihood,

based on the dependency [6, 7]

i=k 0

(7

o
where 7, —mean value of the sample; #; — medium of the
i of a range of the distribution; n; — the number of failures

in the i range of a distribution, n — total number of failures
k — number of ranges in a series of a distribution.

The confidence interval for the mean is determined
according to the relation [6,7]

lq ®)

s - s

—Uy = <t<lytUy ——,
oo

where u, — the value of the random variable U with a

standardized normal distribution, as designated for a given
confidence coefficient /-o from an array of a normal
distribution, s — sample standard deviation as calculated
according to the relation [6-8]

2

J ‘n; .

1 i=kfo _
s=.]— | -1,
The resulting mean duration of failure is 7, = 8.31 h,

&)

noio

with a standard deviation of s = 7.36 h, and a confidence
interval for the mean of 7.15h <¢,<9.47h

Dependence, from which the failure rate can be
determined [9]

g=—tala_
447,

N

(10)

+

Knowing 4 as well as ¢ can be used to determine the
average intensity of repair with dependence [9]

Table 1. The distributions of the probability density of operating devices in pole-mounted MV / LV stations

Probability density function of the time the device| Probability density function of recovery time
No. Station device functions properly to its damage (failure)
Distribution type Distribution parameters Distribution type Distribution parameters
1. [IMV/LV transformers Normal distribution m = 182660,97 Exponential distribution A=0,1267
o=85904,68
. S m=174212,96 S B
2. MV disconnectors Normal distribution o= 98748.49 Exponential distribution A=0, 0632
. . N m=183130,81 o m=1,4458
3. MV lightning arrestersy ~ Normal distribution o= 88337.44 Log normal distribution o=0.7978
. o m =194604,46 g _
4. MV insulators Normal distribution o= 88038.42 Exponential distribution A=0,1070
. s b=205107,90 N m=2,4076
5. |[MV cable heads Weibull distribution c=2.1073 Log normal distribution o= 08713
. e m=231251,14 S _
6. |LV insulators Normal distribution o=93623.72 Exponential distribution 1=0,2318
7. |LV cable heads Normal distribution m0=: 19939105062’6118 Exponential distribution A1=0,0752

$25!

Fig. 7. Reliability model of a basic overhead pole-type station in the terms of extended Petri nets
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20 (1-9)
q

M= (11

As obtained from the sample the mean performance

fallibility is for the station: ¢=14.89-10"° and

_ 1
71 =1054.38 .
a-szt.

On the basis of empirical data, a hypothesis was
formulated regarding the exponential distribution of station
repair time. Probability density function of the exponential
distribution has the form [6—8]

flta)=2-e*a, (12)

where A - the parameter of the exponential distribution as
equal to the inverse of the average value of the sample

A= (13)

::‘*Il,_.

The designated value of the distribution parameter is
A=0.120.

The probability density function of recovery time of
MV/LV stations as obtained through simulation as well as
its theoretical course, and the results of a verification of the
hypothesis of distribution by means of 4 Kolmogorov and
% Pearson test of significance at a level & = 0.05, as
shown in Fig. 8

A similar analysis was conducted for the time from
the correct operation of the station to failure. In its results
the following values as well as characteristics of reliability
were obtained: the average time of correct operation of the

station: t_pr = 168219 h, with a standard deviation of

s = 83722 h, at a confidence interval for the mean of
148554 h < ¢, <187884 h. The resulting probability
density distribution of the correct time of operation is a
normal distribution with parameters: m = 168219 as well as
o = 83722. Probability density function of the normal
distribution has the form [6—8]

(tpr _m)2

1
= . - . 14
O i (14)

where m - expected value of a random variable ¢,., o -
standard deviation of a random variable ,,.

60

Relative frequency [%]
w
o

0O 5 10 15 20 25 30 35 40 45 50

The duration of failure [h]

Fig. 8. The probability density function of the duration of the
repair of a station was recorded as a result of a simulation using
the extended Petri nets and its theoretical course (4 = 1,086 < A,
=1,358; ¥ =2,72< 4, =3,33)

Parameters determined by the simulation, were also
determined by analysing the empirical data from stations in
service. The above data comes from 10 years of operation
of more than six thousand MV / LV stations. In Table 2 are
listed the station reliability parameters as obtained through
simulation and the analysis of empirical data.

Conclusions

The simulation method for evaluating the reliability
of power stations as described in terms of Petri nets allows
for the description of the distributions of the basic
functions of reliability, as well as to designate the mean
values of coefficients, such as: the intensity of failure, the
intensity of renewal, unreliability coefficient, or reliability
coefficient. It is a very convenient method to use.

Table 2. Comparison of the reliability indicators and features of station as obtained through simulation and analysis of empirical data

No. Parameter or characteristic of reliability Simulation using the extended Petri | Calculations based on empirical
nets data
1. |The mean duration of failure t_a [h] fa =8,31h t_a =8,51h
2. |The standard deviation for fa [h] s=736h s=11,21h
3. |Confidence interval for mean t_a [h] 7,15h<t,<947h 7,93h<¢,<9,10h
4. |The intensity of failure [1/ (a - pcs.)] A, =0,0157 1/(a-szt.) A,=0,0144 1/(a-szt.)
5. [Reliability coefficient q=14389- 1076 q=13,99-10"°
6. |Intensity of renewal [1/( a-pcs.)) z = 1054,38 1/(a-szt.) u =1029,29 1/(a-szt.)
7 Probability density distribution of the duration Exponential distribution Exponential distribution
* |of failure A=0,120 A=0,117
8. |The average time of correct operation 7 o [h] fp, =168219 ¢ pr = 175488
9. |The standard deviation for ¢ or [h] s=83722h s=85269 h
10. |Confidence interval for mean fp, [h] 148554 h <1, < 187884 h 171047 h <1, < 179931 h
11 Probability density distribution of the Normal distribution Normal distribution
" | duration of failure m = 168219 oraz 0=83722 m = 175488 oraz 0=85269
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As demonstrated by the analysis presented in this 2. Starke P. H., Petri networks. — Scientific and Technical
article, the parameters obtained by simulation are only Publishing, Warsaw, 1987.
slightly different from data obtained by calculations made ~ 3- Ru Yu, Hadjicostis C. N., Fault diagnosis in discrete event
on the basis of empirical data. Taking into consideration, systems mi’deueﬁ hby Petri nets with SOUtputS 2/(; 0 89th
that such data is not always available as well as the fact, International Workshop on Discrete Event Systems, T

.. sy e P. 443-448.
that often an analysis is undertaken of the reliability of 4, . o, R., MengChu Zhou, Petri nets and industrial

systems in design, it should be noted, that simulations applications(a tutorial) // IEEE Transactions on Industrial
undertaken using extended Petri nets are a very good and Electronics, 1994. — Vol. 41. — Iss. 6. — P. 567—-583.

accurate tool for reliability analysis. In addition to the 5. Stepien J. C., Blank S., Stobiecki A. Simulation of the
analysis presented in the article, the author also conducted reliability of power systems using Petri nets // III Technical
simulations of complex processes in power stations with and Science Conference "Methods and Computer Systems in
overt or hidden reserves as well as in selected parts of a ?;;gmagogz a;d Electrotechnics”. — Czestochowa/Poraj,

medium voltage network. Also in these cases, the

effectiveness of algorithms based on Petri networks has 6. Gren J. Models and tasks of mathematical statistics. — Polish

scientific publishers, Warsaw, 1982.

been confirmed. . . 7. Kowalski Z. The reliability of the supply of electricity to
The modelling of more complex systems using customers. — Lodz, Publishers of Lodz University of

classical Petri nets is often associated with an excessive Technology, 1992

complexity of a pattern in network simulation. This is the 8. Sozanski J. Reliability and quality in the operation of power

main reason for the introduction of an expanded network systems. — Warsaw, Scientific and Technical Publishing,

of higher order in recent years. One type of such networks 1990.

are coloured Petri nets. They allow for a more concise and - Sozafiski J. Reliability of power supply. — Scientific and
easier to interpret simulation of even large systems. Technical Publishing, Warsaw, 1990.

Coloured Petri nets extend the model by introducing to it

the value assigned to the markers.
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Pateikiami iSpléstais Petri tinklais besiremiancio metodo elektros energijos pastociy patikimumo rodikliams ir charakteristikoms
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