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Abstract--Traditionally, repairs has been modeled in power
system reliability as part of the component reliability models; an
alternative way is to represent them by means of queuing theory
concepts. One of the advantages of this approach is that it allows
assessing the performance of crews, a feature not offered by any
other method. However, the application of this modeling
approach arises the following question: ;what is the correct way
to generate the times to repair, using a global model for all
components or using one for each component or component
class? To reply this question, in this paper reliability of a power
transmission system is assessed using both approaches and
considering for power transformers the cases of repair,
replacement with a local spare and replacement with a spare
taken from a remote location. The conclusion is that if repair
durations of the components are very different is not valid to use
a global model for generating the repair times for all
components, i. e. the approach commonly used in QT is not valid
here; instead, it is necessary to generate them using a model for
each component or component class and this demands more
computational time.

Index Terms-- Maintenance, Poisson processes, power system
reliability, power system simulation, queuing analysis.

I. NOMENCLATURE

Shape parameter of a power law model

DT

Congestion in duration

Duration of a failure scenario
Increment of an index

A failure i

Scale parameter of a power law model
Intensity function of a point model
Number of power system components
n.:  Number of failures

n.:  Number of failure scenarios of order x
P:  Probability of
v

A repair i
ttf © Time to failure
ttr : Time to repair
tod:  Time of outage duration
tw:  Waiting time
X Number of lost components
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II. INTRODUCTION

large power system is generally split into several
maintenance zones or service territories for maintenance
activities, as it is depicted in Fig 1. The repair process
performed in each maintenance zone of a large power system
is then a queuing system (QS) because each failed component
queues up for a service called repair. Although this fact,
repairs have been traditionally represented in power system
reliability studies as part of the component reliability models
[1]-[2], an approach that unrealistically assumes that [3]:
1. There is a repair team dedicated to each component, i. e.
the repair resources are unlimited.
2. Repairs on a given component are independent of the
repairs performed on other ones.

These authors proposed in [4] a method for reliability
assessment of bulk power transmission systems that represents
the repair process using queuing theory (QT) concepts to
overcome these deficiencies. So, the purpose of this paper is to
study in detail the correct way to generate the ttr in this
method.
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Fig. 1. Maintenance zones in a power system
III. QT REPRESENTATION OF THE REPAIR PROCESS [5]-[8]

Zane,

Fig. 2 shows the QT representation of the repair process
performed in a maintenance zone of a power system. For this
QS, the following is defined:

e Input process:The sequence of component failures.

Service process: The sequence of #tr's .

e Output process: The sequence of repairs. It is the result of
the interaction between the input and service processes.
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Fig. 2. QT model for the repair process in a maintenance zone

In Kendall’s notation, this QS is described as:
G/G/m/o|FCFS

The first and second “G” indicate that both the input and
service processes are general probabilistic models. m, o, and
FCFS indicate, respectively, the number of crews, the system
capacity and the queuing discipline “First Come — First
Served”. The capacity of this system is infinite, because all the
failures have to be repaired.

The input and service processes allow solving the QS; their
models are built using operating data. Most preferred models
for these processes include probability distributions and the
Homogeneous Poisson Process (HPP); however, a more
general approach is to use stochastic point process (SPP)
models, i. e. Renewal processes (RP) or Non-Homogeneous
Poisson Processes (NHPP).

Repair durations, i. e. the ttr's, are then generated from the
service model. At this point, is necessary to define the
following times:
ttr: The period required by a crew to repair a component. It

includes the travel time to the place where the
component is located and the time to take actions that
lead to restore the component to the available state.
tw: The period a failed component has to wait until a crew
is free to repair it. It arises due to the limitation on
resources for repairs (personnel, trucks, tools, etc).
The period a component is out of service due to a
failure. It is computed as follow:

tod :

tod = tw + ttr (1)

A detailed description of the procedure to build the repair
service model from operating data and the problems that arise
due to poor recording practices is given in [9].

IV. PROBLEM STATEMENT

When applying QT approach for modeling the repair
process performed in a power system the following question
arises: (what is the correct way to generate the ttr's, using a
global model for all components or using a model for each
component or component class?

The first approach is the most used in QT but a comment to
it is that, when applied to power systems, it does not reflect
the fact that times to repair can be very different from a
component type or component class to other. Additionally, the
repair method can produce very different repair durations.

The second approach is more detailed but it is only easy to
apply inside a Monte Carlo simulation (MCS) method.

It is then the aim of this paper to compare these two

modeling approaches for the service process, observing their
effect on the results of a system reliability study.

V. ASSESSMENT METHOD

The main steps of the MCS algorithm for assessing the
system reliability are:

1. Using the models that represent component failures and
common mode failures, generate for a period 7 of one or
several years the sequence of failures in each maintenance
zone.

2. Using the repair service model, generate the sequence of
repairs in each maintenance zone. Each failure f; has
associated a repair #, that lasts fod, .

3. For each high order failure scenario (HOFS) order, i. e.
those with x>2, compute the mean duration; Fig. 3,

shows this concept.
4. Repeat R times steps one to three.

5. Compute the system reliability indexes (2) and (3).
6. Compute the repair service indexes (4) to (6).
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Fig. 3. The definition of high order failure scenarios
die=( 2 dy))n, (2)
Vde(n-x)
P.=(> d, )/(RT)=nduo/(RT) (3)
Vde(n-x)
w=CQw)/n, (4)
=1
tod = (3 tod,) /I n, (5)
=1
C, =tw/tod *100% (6)

The order of a failure scenario is defined as the situation
where x of n are unavailable due to failure. This is denoted
as n—x.

A more detailed description of this MCS algorithm and
indexes is given in [4]. The background for the development
of this method is presented in [10]-[12].

tw, tod, C,, allow assessing the performance of crews a

feature not offered by any other method.



VI. DESCRIPTION OF THE STUDY

Let us to consider the occurrence of failure scenarios in the
One Area IEEE Reliability Test System (RTS) [13], 7 =1
year and 25000 realizations. The RTS is shown in Fig 4.
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Fig. 4. The IEEE One Area RTS [13]

A. Modeling of Failures and Repairs
All failure and repair processes are represented by means of

the Power Law Process (PLP) [14], a SPP model with
intensity function defined by:

A(t) = ABeP! (7)

When the shape parameter B of the PLP is equal to one, it
is stationary and corresponds to the homogeneous Poisson
Process (HPP), i. e. an exponential RP; on the contrary, it is
non-stationary, with positive tendency if >1.0and negative

tendency if B<1.0.

The scale parameter A of the component failure models is
equal to the permanent failure rate given for them in [13]. The
scale parameter A of the repair models is explained in the next
section.

It is assumed for in cases of study that all failure and repair
processes are stationary; thus, the shape parameters (B, ,B,)

of all models are equal to one.

B. Component Repair Durations

Repair data for RTS components is shown in Table I.

TABLE |
MEAN TIME TO REPAIR FOR RTS COMPONENTS [13]

Componsnt [Hours]
Line A10 (138 V) 15
Line Al {138 LV 16
Othar 138 kV transmission linas 10
230 kV transmission linas 11
Powear transformers TEE

Power transformer repair durations are extremely long
compared to the ones of transmission lines. This, long duration
(768 hours=32 days) can be reduced if the utility has a local
spare or if a spare is taken from a remote location. Thus, it is
also considered in this study the alternatives of replacing a
failed transformer by a local spare in one day (24 hours) or by
means of a spare transported from a remote location in 5 days
(120 hours).

C. Cases of Study

For the comparison of the two modeling approaches for the
repair service, let us to define the following cases of study:

e Case l: There is a particular repair model for each
component. The scale parameter A for each component
repair model equal to inverse of the mean time to repair
shown in Table I.

e Case 2: There is a global repair model for all components.
The global service model required for case 2 is obtained

from the assessment of case 1 because it computes the ttr for
each zone. Thus, A of the global model of a given zone in

case 2 is equal to the inverse of t#r for that zone in case 1.

A single maintenance zone for the system under study is
adopted in order to involve the different repair times of the
components present in the RTS.

Reliability assessments are performed for the situation of
repair of power transformer, replacement with local spare and
replacement with a spare taken from a remote location.

D. Results — Repair of Power Transformer in r=768 hr

Table II shows that although tr generated with both
modeling approaches are almost equal, the indexes for repair
service obtained with the global service model are very
different to the ones obtained when using a repair model for
each component.

TABLE II
INDEXES OF REPAIR SERVICE — 7 = 786 HOURS
Case tir fod f0 C.
[Hours] [Hours] [Hours] [%a]
1 17.1402 2314766 633164 26,9903
2 17.1478 17.5535 04458 25394
A% -0.1890 252298 -92.964% | 202914

Tables III and IV show how the prediction of occurrence of



failures scenarios is very different with both modeling
approaches. The global service modeling is “optimistic”
because only predict scenarios up to order four. With
exception to the normal operating condition (n-0), the
indices predicted with both methods are very different. Thus,
considering only this operating condition could lead to the

Cazs= E f:"': H C:
[Hours] [Hours] [Hours] [%a]
12.2114 12.5913 {.3799 30171
2 12.1883 12.4127 0.2244 1.807%
A% -0.1892 -L.4154 409318 | -40.782

erroneous conclusion that both methods produce the same

results.

TABLE III
DURATION OF FAILURE SCENARIO [HOURS] — 7 = 786 HOURS
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TABLE IV
PROBABILITY OF FAILURE SCENARIO [%] — 7 = 786 HOURS

Order Caze I

1= 974408

n-1 2453

-2 0.1012 -60.2569
n-3 0.0029 -97.3247
-4 1.1926E-04 297818
n-3

n-

-

.

n-5

-0

n-11

-2

n-1

n-14

Tables VI and VII show that now the duration of failure
scenarios have been reduced appreciably with the spare taken
from a remote location; also, the failure scenarios predicted
with both methods almost coincide. However, for some failure
scenario orders, the indices predicted with both methods are
still very different.

TABLE VI
DURATION OF FAILURE SCENARIO [HOURS] — 7 = 120 HOURS
Ocdar Casz 1 Cas= 2 A%
1-0 620.2902 -0.0052
1-d 11.8522 +H1.8412
1-2 143308 17.2733
-3 I7.1614 -61.1828
-4 67.2317 -91.1017
" 43,1603
TABLE VII
PROBABILITY OF FAILURE SCENARIO [%] — 7 = 120 HOURS
Order Cazz 1 Cazz 2 A%
1-0 Q8.1747 98.1736 +2. 1673E-04
n-1 1.7477 1.7629 +1.8697
n-2 0.0730 7.397
-3 0.00440
y-4 3.8329E-05 2.135
-3 9.8540E-03

F. Results — Replacement of Power Transformers in r=24 hr

Table VIII show that now the indices predicted with both
modeling approaches are similar. Tables IX and X show that
now the failure scenarios predicted with both methods
coincide. However, as high the order of the failure scenario,
higher is the difference in the predicted indexes

E. Results — Replacement of Power Transformers in r=120 hr

Table V shows the same result mentioned previously, but
now the percentage of difference in the prediction of the repair
process indexes has reduced considerably.

TABLE V
INDEXES OF REPAIR SERVICE — 7 = 120 HOURS

TABLE VIII
INDEXES OF REPAIR SERVICE — 7 = 24 HOURS
s iir fod fw C.
[Hours] [Hours] [Hours] [%2]
1 11.48132 11.7116 0.2304 2670
2 11.4394 11.6376 0.19840 1.6986
A% -0.18%90 J4s6l11 -14.0623 6299
TABLE IX
DURATION OF FAILURE SCENARIO [HOURS] — 7 = 120 HOURS
Order Casa 1 Casa 2 A%
n-0 620.2735 620.2619 0.00240
n-1 11.2521 250 0.01ed
n-2 11.6013 337 E3E2
H- 12,4741 10.0304 19.5902
n-4 208778 §.3004 69,8225




TABLE X
PROBABILITY OF FAILURE SCENARIO [%] — 7 = 120 HOURS
Ordar Casa 1 Casa 2 A%
-0 982817 982843 +H1.0028
n-1 16596 16595 -0.0060
H-2 00573 00550 -4.0140
n-3 20014 2.0010 -1B.5714
H-4 3.8133E-05 T261E-05 -34.7347

VII. COMPUTATION TIME COMPARISON

Table XI shows that when the assessment considers a repair
model per component it uses three times more computational
time than in the case of using a global repair service model.

TABLE XI
REQUIRED COMPUTATIONAL TIME [HOURS]
. - Casz 1 Caz= 2
z Wlzthod of pows . ;
R_?aE_Lﬂ:D "t pewE hlodsl par Global
transformers - -
componant modsl
Bapair 192.34137 £.7449
Rspla_l.: zmant with spars tsken 19 7495 67141
from ramots location
Replacement with local spars 19.2379 64468

VIII. CONCLUSION

When using a queuing representation for the repair process
performed in a power system it is not valid to use a global
model for generating the repair times for all components if
repair durations are very different, i. e. the approach
commonly used in QT is not valid here; instead, it is necessary
to generate them using a model for each component or
component but and this demands more computational time.
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