720

IEEE TRANSACTIONS ON SMART GRID, VOL. 3, NO. 2, JUNE 2012

Impacts of Fault Diagnosis Schemes on Distribution
System Reliability
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Abstract—Design and development of fault diagnosis schemes
(FDS) for electric power distribution systems are major steps in
realizing the self-healing function of a smart distribution grid. The
application of the FDS in the electric power distribution systems is
mainly aimed at precise detecting and locating of the deteriorated
components, thereby enhancing the quality and reliability of the
electric power delivered to the customers. The impacts of two types
of the FDS on distribution system reliability are compared and pre-
sented in this paper. The first type is a representative of the FDS
which diagnoses the deteriorated components after their failing.
However, the second type is a representative of the FDS which can
diagnose the failing components prior to a complete breakdown
and while still in the incipient failure condition. To provide quanti-
tative measures of the reliability impacts of these FDS, the compar-
ative and sensitivity case studies are conducted on a typical Finnish
urban distribution network.

Index Terms—Fault diagnosis schemes, fault management,
power distribution system, reliability assessment, smart grid.

I. NOMENCLATURE

ASUI Average system unavailability index.

ECOST Expected cost of the power interruptions
imposed on the customers.

EENS Expected energy not supplied.

FDS Fault diagnosis schemes.

FMA Fault management activities.

NCS Total number of the cable sections in the
distribution network under study.

PAFR Average share of the passive failure events in
the total failure events of the cable sections

PARR Average ratio of the time required for

repairing the passively failed cable sections to
that required for repairing the actively failed
cable sections.
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PFDS Proactive fault diagnosis schemes.

RFDS Reactive fault diagnosis schemes.

SAIDI System average interruption duration index.

SAIFI System average interruption frequency index.

SGS Smart grid simulator.

T\ ctive Time required to repair the cable section
number i, when it encounters with an active
failure condition.

T ssive Time required to repair the cable section
number i, when it encounters with a passive
failure condition.

é tive Active failure rate of the cable section number
1.

)\i, Passive failure rate of the cable section

assive

number 1i.

II. INTRODUCTION

LECTRIC utilities have traditionally performed the fault

diagnosis activities based on the customers’ outage calls.
Upon receiving the trouble calls from the customers, the op-
erators look at the network configuration map and the protec-
tion design manual to determine the outage area. Then, a repair
crew has to be sent to patrol the outage area. When faced with
a tripped circuit breaker and no indication as to where the fault
lies, a repair crew has a range of options by which the faulted
section is identified. In a manually operated distribution net-
work, either “feeder splitting and fault reignition method” or
“feeder splitting and insulation test method” can be used for
finding the faulted section. The diagnosis of the fault in these
manners can be an unsafe, rigorous and time-consuming task,
which finally results in the poor quality and reliability of electric
power delivered to the customers. In order to overcome these is-
sues, various types of the FDS have been developed across the
globe [1]. Some of the FDS mainly work based on the mea-
surements of voltages and currents signals provided by devices
such as the fault passage indicators installed along the distri-
bution feeders [2]-[4]. Other FDS normally operate based on
algorithms that use measurements of voltages and currents sig-
nals provided by intelligent electronic devices located at a main
substation [5]—[7]. The majority of the FDS which have been de-
veloped over the past two decades are mainly RFDS [1]. These
schemes diagnose the failed component after a complete break-
down condition and following the reaction of protective devices
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against the over-current faults and other similar abnormal situa-
tions. Although the fault diagnosis activities can now be accom-
plished faster and more precisely than before, but the component
failures still result in extensive outages, substantial expensive
equipment repair and replacement, and unsafe conditions for
the public. However, regardless of some failure modes of the
components that are unavoidable (such as accidents), there are
many other failure modes of the components that often develop
over days to months before a complete breakdown occurs [8].
This fact has been the basic idea for developing the PFDS [9],
[10]. Using the PFDS, the failing components can be detected
while still in their incipient failure conditions. As a result, a re-
pair crew can be dispatched to repair or replace the failing com-
ponent, before a complete breakdown occurs. Hence, not only
the quality and reliability of electric power delivered to the cus-
tomers are improved but also the substantial expensive equip-
ment repair and replacement and possible unsafe conditions can
be mitigated.

Although many techniques and formulas have been purposed
in the literatures for developing the FDS, but always there has
been a lack of well documented materials related to the relia-
bility impacts of such automation schemes. This issue has been
the main motivation for developing this paper. It aims to com-
pare the effects of representatives of the RFDS and the PFDS
on the distribution system reliability. The paper is organized as
follows. After this introduction, the reliability evaluation proce-
dure is discussed in Section III. Next, in Section IV, the results
of comparative and sensitivity case studies which have been
conducted on a typical Finnish urban distribution network are
presented and discussed. Finally, a conclusion is provided in
Section V.

III. RELIABILITY EVALUATION PROCEDURE

When comparing various reliability improvement measures,
it is necessary to perform a course of quantitative reliability as-
sessment studies in the related decision making process. In such
studies, the processes that are followed for managing the faulted
network can affect the approach to these studies. When an elec-
tric power distribution network encounters a fault condition,
specific activities designated as fault management activities are
required to be carried out. Typical FMA involve the following
processes [11]:

— protection system reaction;

— fault notification;

— approximate fault location;

— decision making;

— repair crew dispatching and traveling;

— patrolling;

— fault isolation;

— service restoration;

— repair or replacement;

— return to normal operation.

Distribution system reliability assessment is not a difficult
task as long as the detailed modeling of the FMA is not re-
quired to be considered in the related analyses. However, the
reliability evaluation procedure is complicated when the proce-
dures involved in the FMA are altered due to the characteristics

[ Full-Up State ]

3-.—\r.ti\'r. }‘-Paiii\'l‘.

Haciive

Breakdown
State

Full-Up State: Component works successfully

Degradation State: Component is in the passive failure condition
Breakdown State: Component is in the active failure condition
hacive - Active Tailure rale of the component

hpassive - Passive failure rate of the component

hpra: Rate of [ailure transfer from passive Lo active failure mode
Pagive - Repair or replacement rate for the active failure condition
Ipagsive - Repair or replacement rate for the passive failure condition

Degradation
State

Fig. 1. A three-state Markov model for representing the failure modes of a
component of an electric power distribution network.

of implemented solutions. An electric utility can invest on a spe-
cific automation scheme to perform one or some of the FMA in
more efficient manner compared to what they have been doing
so far. The current paper is mainly dealing with two automation
schemes that have been developed and implemented in the real
fields for automating two stages of the FMA, namely fault no-
tification and approximate fault location activities. Employing
either one of these automation schemes will affect the proce-
dures of electric utilities for performing the FMA. As a result,
in this situation, the detailed reliability modeling of the FMA is
required to gain the desired results. In addition, a suitable reli-
ability model should be used for representing the failure modes
of the components. A three-state Markov model has been de-
veloped by the authors for reliability studies concerned in this
paper, as shown in Fig. 1.

In the model shown in Fig. 1, the “Full-Up State” represents
the normal operating status of a component. In contrast, the
“Breakdown State” and the “Degradation State” represent the
failure conditions. The breakdown state corresponds to an ac-
tive failure situation in which the component encounters with a
severe damage. Therefore, it is de-energized by means of pro-
tection devices and forced to the outage condition. On the other
hand, the degradation state represents the passive failure sit-
uation at which the component malfunctions, but the damage
is still in the incipient condition and needs more time to com-
pletely breakdowns. The component leaves its normal operating
state to either the active failure state or the passive failure state
by rates equal to Apctive and Apassive, respectively. A pas-
sively failed component will finally become an actively failed
component if the necessary repair or replacement activities are
not carried out well in advance. This phenomenon has been rep-
resented by the transition rate Apta in the model shown in
Fig. 1. The time periods required for returning a component to
its normal operating status, when it is either in the active failure
state or the passive failure state, may not be the same. Therefore,
two different repair or replacement rates have been assigned to
the failure states, i.e., f£a ctjve aNd fpassive- 1he parameters of
the proposed model can be estimated from the statistical anal-
ysis of the failure cause of components and engineering prac-
tices.
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Fig. 2. Single-line diagram of a typical Finnish urban distribution network
which is used as a test system for quantitative reliability assessment studies.

A software package designated as “Smart Grid Simulator”
(SGY) is used for directing the reliability case studies concerned
in this paper. The SGS has been developed by the first author
to simulate the issues related to the smart grids. The reliability
assessment module of the SGS mainly relies on the reliability
evaluation techniques which have been already developed by
the authors in this area, e.g., [11]-[13]. More detailed infor-
mation about the reliability evaluation techniques underlying
the SGS can be found in [14]. Failure modes of each compo-
nent of the network under study are simulated in the SGS. For
each failure mode, the detailed reactions of protection and au-
tomation schemes and their impacts on the different stages of
the FMA are evaluated automatically. As a result, the time pe-
riods required for accomplishing each step of the FMA and man-
ners in which different load points have been affected are deter-
mined. Based on these outcomes, the SGS calculates the relia-
bility indices.

IV. STUDY RESULTS

A typical Finnish urban distribution network is used in this
paper as a test system for quantitative reliability assessment
studies. The single-line diagram of the test system is shown in
Fig. 2. Table I contains the basic data of this test system. More
detailed information about this test system can be found in [14].
There are 144 distribution substations (20/0.4 kV) in this net-
work which are supplied through 6 underground cable feeders
originated from a subtransmission substation (110/20 kV).

In order to assess the reliability performance of the test
system when the RFDS and the PFDS are employed, the
following cases are considered in the analyses:

1) Case 1: The base case which aims to show the reliability
performance of the test system when there is no automation
scheme for health monitoring of the network components. In
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TABLE I
BASIC DATA OF THE TEST SYSTEM

Feeder _\' um. o_r ‘\'1'1 m, _or Exposure Peak  Average
Number Dnstrnbu‘tmn bwutc;hmg (meters) I,.oatrl I,oaq
Substations Devices (MW)  (MW)
Feeder | 23 44 22606 1.41 1.03
Feeder 2 18 33 18474 1.35 1.13
Feeder 3 32 58 39393 1.57 1.13
Feeder 4 27 50 24871 2.19 1.60
Feeder 5 15 28 19878 1.43 1.06
Feeder 6 29 49 31587 125 091
Overall 144 262 157011 9.40 6.88

this situation, upon a component failure, the power interrup-
tions are notified by the network operators through outage calls
received from the customers. Then repair crews are sent to the
outage area. They halve the downstream sections of the operated
circuit breaker by opening a suitable switching device. Then an
insulation test is performed to determine whether the fault is lo-
cated upstream of the opened switching device or vice versa.
This trial-and-error process is repeated until the faulted section
is found. Then, the faulted section is isolated and the power ser-
vice is restored for other healthy sections of the network through
the proper switching actions. By the time these tasks are accom-
plished, the precise fault location and the repair or replacement
activities are carried out. Finally, the network is returned to its
normal operating status.

2) Case 2: This case represents a situation when a typical
RFDS is implemented in the test system. The scheme proposed
in [2] is used for such a purpose. This scheme has been devel-
oped for detecting and locating a faulted cable section in the
underground cable distribution networks. When employing this
scheme on the test system, although a fault still results in the
circuit breaker operation and hence power interruption for cus-
tomers, but the faulted cable section can be detected and located
automatically. As a result, the repair crews can be sent directly
to the faulted area. Then, the faulted cable section is isolated
and the power service is restored for other healthy sections of
the network through the proper switching actions. After accom-
plishing these tasks, the precise fault location and the repair ac-
tivities are carried out. Finally, the network is returned to its
normal operating status.

3) Case 3: This case represents a situation when a typical
PFDS is implemented in the test system. The PFDS proposed
in [10] is used for such a purpose, as its infrastructure has close
similarities with the scheme used for Case 2. This scheme
is capable of detecting and locating both active and passive
failure modes of the underground cable sections. The partial
discharges of the cable sections are monitored continuously
in this scheme. Therefore, the passively failed cable sections
can be detected and located automatically before they result in
the circuit breaker operation. As a result, it might be possible
to reconfigure the network such that the impacts on the cus-
tomers due to ongoing fault isolation and repair activities are
minimized. The efficiency of this scheme is considered to be
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Fig. 3. Expected annual interruption frequencies (occ/yr) of distribution substations of the test system for different case studies (Note: Cases 1 and 2 have the

similar results and hence they have been overlapped).

TABLE II
BASIC DATA FOR PERFORMING THE FMA IN EACH CASE STUDY

Fault Management Activity Case 1 Case2  Cased
Average time required for fault i
notification (Seconds) 300 60 60
Average time required for approximate i
fault location {Seconds) 600 60 60
Average time required for decision
making about the FMA (Seconds) 600 600 600
A\-'cragt:l tlr‘nc I’t‘:ql.l‘ll't‘:d f()f dispatching 300 300 300
the repair crews {Seconds)

Average speed of the repair crews for ) )
traveling to the faulted area (lkm/hr) 40 40 40
Average time required for performing

insulation test on an underground cable 1800 - -
section (Seconds)

Average time required for precise fault

location on an underground cable 1800 1800 )

section including both pre-location and
pinpointing activities (Seconds)

Average time required for manual
operation of switching devices involved 180 180 180
in the FMA (Seconds)

Available teams of repair crews for
performing the FMA

about 80% [10] and is defined as the ratio of passive failure
events that have been detected by the FDS over the total passive
failure events. Obviously, this parameter is equal to zero for
Cases 1 and 2.

The basic data required for performing the FMA in the above
described case studies are assumed according to Table II. The
typical data provided in Table II are based on the engineering
judgments, the characteristics of the implemented FDS and also
consulting with some experts in this area.

The above described FDS have been developed for di-
agnosing the cable faults. Therefore, to have a reasonable
comparison between these case studies, the reliability studies
concerned in this paper are concentrated on the cable failure
events and the other components of the test system are assumed
to be fully reliable. It is assumed that about 20% of the cable
failure events are active failures. In addition, the time required
for accomplishing the actual repair activities on a passively
failed cable section is also assumed to be the same as the case
when it encounters with an active failure condition. However,
the impacts of these two parameters are further analyzed later
in the paper.

Figs. 3-5 respectively show the expected annual interruption
frequency, the expected annual interruption duration and the ex-
pected annual interruption cost indices of the distribution sub-
stations of the test system.

As expected, when employing either the RFDS or the PFDS,
the reliability performance of the test system is improved. How-
ever, these improvements are more dominants in Case 3 com-
pared to those of Case 2. As it can be seen from Fig. 3, em-
ploying the RFDS in Case 2 has no impact on the interrup-
tion frequencies of the distribution substations of the test system
compare to the base case study (Case 1).

However, the interruption frequencies of the distribution sub-
stations of the test system decrease when employing the PFDS
in Case 3. Actually, neither the protection system nor the RFDS
implemented in Case 2 can detect the passively failed cable sec-
tions. As a result, after a period of time, the passively failed
cable sections will suffer a complete breakdown. By the time
this occurs, the protection system reacts against this failure con-
dition which results in the power interruption for the customers.
Only after accomplishing this process, the faulted cable section
can be detected and located by the RFDS implemented in Case
2.

Figs. 4 and 5 show that employing the FDS in Case 2 and
Case 3 have reduced the effects of cable faults on annual inter-
ruption durations and also annual interruption costs of distribu-
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Fig. 4. Expected annual interruption durations (hrs/yr) of distribution substations of the test system for different case studies.
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Fig. 5. Expected annual interruption costs (EUR/yr) of distribution substations of the test system for different case studies.

tion substations of the test system. However, in contrast to the
RFDS used in Case 2, the PFDS employed in Case 3 can detect
and locate the passively failed cable sections well in advance.
Hence, the necessary fault isolation and repair activities can be
done with the least impacts on the other distribution substations
connected to the passively failed cable sections. As a result, the
degrees of reliability improvements are much better for Case 3
compared to those of Case 2.

The system oriented reliability indices of the test system
for different case studies are shown in Table III. The relative
changes of these indices for different pair of case studies have
also been presented in Table IV. The results shown in these ta-
bles clearly show the great impacts of the RFDS and the PFDS
on reliability performance of the test system. For Case 2, SAIFI
remains unchanged while the other reliability indices improve.
For Case 3, however, all the reliability indices improve. These
tables once more show how the PFDS can result in much better

TABLE III
SYSTEM ORIENTED RELIABILITY INDICES OF THE TEST SYSTEM

Reliability Index Case 1 Case 2 Case 3
SAIFT (intr/sub-yr) 0.166 0.166 0.070
SAIDI (hrs/sub-yr) 0.735 0.161 0116

ASUTL (%) 0.00839 0.00184 0.00132
EENS (kWhr/yr) 3741.73 765.81 529.86
ECOST (EUR/yr) 94198 20593 13471

reliability performance in the test system compared to those of
the RFDS.

It is expected that employing any FDS in the distribution net-
works would affect the overall burden on the utility repair crews
for performing the FMA. Fig. 6 shows the results of such study
when either the RFDS or the PFDS are employed in the test
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TABLE IV
RELATIVE CHANGE IN SYSTEM ORIENTED RELIABILITY INDICES (IN PERCENT)

Reliability Index Cases 2&1 Cases 3&1 Cases 3&2
SAIFI 0.00 -57.83 -57.83
SAIDI -78.09 -84.22 -27.95
ASUI -78.07 -84.27 -28.26
EENS -79.53 -85.84 -30.81

ECOST -78.14 -83.70 -34.59

system. This figure shows that how the RFDS implemented in
Case 2 or the PFDS employed in Case 3 can affect the average
hours per year that the utility repair crews should be engaged
with the FMA in the test system. As the activities and hence the
total time period required for fault location is decreased when
employing either the RFDS or the PFDS, the overall burden on
the utility repair crews is also reduced for Case 2 and Case 3
compared to that of Case 1.

Fig. 6 also shows that the burden on repair crews is about
the same when either the RFDS (Case 2) or the PFDS (Case
3) is used in the test system. The reason for this is that the re-
pair crews should be dispatched to fix the problem regardless
of the fault type. As it has been assumed that the time required
for performing repair activities on a passively failed cable sec-
tion is the same as that of an actively failed cable section, the
small difference between the results associated with Cases 2 and
3 originated from the time required for precise fault location ac-
tivities, which is negligible in Case 3 (see Table II).

The results of the above described comparative case studies
clearly manifest the prominent capabilities of the PFDS over the
RFDS for reliability enhancement of the electric power distri-
bution networks. The main origin for this pioneering is the ca-
pability of the PFDS in detecting and locating both passive and
active failure modes of the components. For this reason, fur-
ther analyzing of the PFDS when the characteristic of passive
failure events are changed is of high importance. In practice, a
passively failed cable section may have fewer impacts on the pe-

725

Case2 Case3

TABLE V
SENSITIVITY OF SAIFI (INTR/SUB-YR) TO DIFFERENT ATTRIBUTES OF PASSIVE
FAILURE EVENTS WHEN A TYPICAL PFDS IS EMPLOYED IN THE TEST SYSTEM.

] o

PAER (%) 104 80 P f“)ﬁ[l 40
100 0.045 0.045 0.045 0.045
80 (L.070 0.070 (.070 0.070
60 0.094 0.094 0.094 0.094
40 0118 0.118 (L.118 0.118

ripheral cables routed through the same channel or conduit com-
pared to the case of an actively failed cable section. Therefore,
the time required for accomplishing the actual repair activities
on a passively failed cable section could be shorter than that of
the case when it encounters with an active failure condition. In
addition, the failure causes of the underground cable networks
may vary from one utility to another. This issue can affect the
share of passive failure events in the total failure events of the
cable sections. Therefore, the following two parameters are de-
fined for overall description of the passive failure events in the
underground cable distribution networks:

100 NCS i
PAFR = X - Passiv(i_ (1)
NOS ; )\Passive + )‘Active
NCS
100 o
PARR = Phassive ,
NCS * ; Ti\ctive ( )

Tables V-IX represent the sensitivity of the system oriented
reliability indices with respect to different attributes of the pas-
sive failure events. The typical PFDS described in [10] was em-
ployed in the test system when conducting these sensitivity case
studies.

Table V shows that the SAIFI index is improved with in-
creasing the value of PAFR and deteriorate for the reverse situ-
ation. However, this index remains constant for different values
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TABLE VI
SENSITIVITY OF SAIDI (HRS/SUB-YR) TO DIFFERENT ATTRIBUTES OF PASSIVE
FAILURE EVENTS WHEN A TYPICAL PFDS IS EMPLOYED IN THE TEST SYSTEM.
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TABLE X
SENSITIVITY OF BURDEN ON REPAIR CREWS (HRS/YR) TO DIFFERENT
ATTRIBUTES OF PASSIVE FAILURE EVENTS WHEN A TYPICAL PFDS 1S
EMPLOYED IN THE TEST SYSTEM.

PAFR (%) 101 80 P (%}ﬁll 40
100 0.106 0.092 0.077 0.063
80 0.116 0.104 0.092 0.081
60 0.125 0.116 0.108 0.099
40 (1134 0.129 (.123 (117
TABLE VII

PAFR (%) PARR (%)
100 80 60 a0
104 12.52 10.72 892 712
80 12.50 11.06 9.63 818
60 12.49 1140 10.33 9.24
40 12.47 11.74 11.03 10.31

SENSITIVITY OF ASUI (%) TO DIFFERENT ATTRIBUTES OF PASSIVE FAILURE
EVENTS WHEN A TYPICAL PFDS 1s EMPLOYED IN THE TEST SYSTEM.

PAFR (%) 100 80 P [%}ou 40
100 0.00121 0.00105 0.00088 0.00072
80 0.00132 0.00118 0.00105 0.00092
60 0.00143 0.00132 0.00123 0.00113
40 0.00153 (.00147 (100144 000133
TABLE VIII

SENSITIVITY OF EENS (KWHR/YR) TO DIFFERENT ATTRIBUTES OF PASSIVE
FAILURE EVENTS WHEN A TYPICAL PFDS 1S EMPLOYED IN THE TEST SYSTEM.

PAFR (%) PARR (%)
100 80 60 40
100 479.17 415.41 351.63 287.89
80 529.86 478 85 427.84 376.84
60 580.54 54229 504.03 463.78
40 631.23 605.73 580.22 554.72
TABLE IX

SENSITIVITY OF ECOST (EUR/YR) TO DIFFERENT ATTRIBUTES OF PASSIVE
FAILURE EVENTS WHEN A TYPICAL PFDS 1S EMPLOYED IN THE TEST SYSTEM.

PAFR (%) PARR (%)
100 80 60 40
100 11884 10392 8899 7406
80 13471 12277 11082 0388
60 15058 14162 13266 12370
10 16644 16047 15450 14853

of PARR. It should be noted that even in situations where all
the cable failure events are passive (i.e., PAFR = 100), cus-
tomers will still experience power interruptions. There are two
main reasons for this phenomenon. The first one is the efficiency
of the employed scheme in diagnosing the passively failed cable
sections. The efficiency of the PFDS used in these studies is 80%
[10]. This value of efficiency means that the developed scheme
can diagnose about 80% of all passive failure events and the
remaining 20% will finally appear as the active failure events.
The active failure events then result in a power interruption for
customers due to the operation of protection devices, which are
counted by SAIFI. The second reason is the inherent limitations
in the distribution network for isolating and repairing the failed

cable sections, as it might not be possible to perform these ac-
tivities without unavoidable power interruptions to some distri-
bution substations.

In contrast to SAIFI, the other system oriented reliability in-
dices presented in Tables VI-IX show some levels of sensitivity
to both PAFR and PARR. In general, these reliability indices are
improved with increasing the value of PAFR and decreasing the
value of PARR and deteriorate for the reverse situations.

Table X shows the sensitivity of burden on the utility repair
crews to different attributes of the passive failure events. As it
can be seen from this table, for the situation where the average
time required for repairing a passively failed cable section is al-
most the same as that of an actively failed cable section, i.e.,
PARR = 100, the burden on the repair crews amplifies with
increasing the share of passive failure events. However, the sit-
uation is different for cases where the average time required for
repairing a passively failed cable section is less than that of an
actively failed cable section. In these situations, the burdens on
repair crews are lessened with increasing the value of PAFR and
decreasing the value of PARR and amplified for the reverse sit-
uations. This behavior is resulted from different procedures that
the utility repair crews should follow for performing the FMA
when dealing with various failure modes of the cable sections.
For an actively failed cable section, the repair crews first iso-
late the faulted cable section and then reconfigure the network
in an optimal manner to restore power for distribution substa-
tions which have been affected by the fault. However, for a
passive failure situation, the repair crews first reconfigure the
network such that the minimum number of distribution substa-
tions would be affected from ongoing fault isolation process,
then they perform the necessary fault isolation and repair activ-
ities. Normally, the time required for accomplishing the second
scenario is pretty more than that required for the first scenario.
Therefore, as it can be seen from the first column of Table X,
with increasing the share of passive failure events, the burden
on the utility repair crew is increased. However, this issue is
masked in situations where the time required for performing re-
pair activities on a passively failed cable section is less than that
of an actively failed cable section, i.e., PFRR less than 100%,
as this time reduction is far more than that of the previously de-
scribed incremented time.

V. CONCLUSIONS

This paper aimed to compare the effects of two types of the
FDS on the reliability performance of the electric power distri-
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bution systems. The first one was a representative of the RFDS
and the second one was a representative of the PFDS. The SGS
was used for conducting the quantitative reliability assessment
studies on a typical Finnish urban distribution network when
employing these FDS. The results of comparative case studies
show that employing either the RFDS or the PFDS can im-
prove the reliability performance of the electric power distribu-
tion systems. However, the extents of improvements are much
better when employing the PFDS. The RFDS can detect and lo-
cate the deteriorated components after their failing and hence
mainly reduce the duration of power interruptions imposed on
the customers. In contrast, the PFDS can diagnose the failing
components prior to the breakdown condition and while they
are still in the incipient failure condition. As a result, the PFDS
can reduce both frequency and duration of power interruptions
experienced by the network customers. In addition, the substan-
tial expensive equipment repair and replacement and possible
unsafe condition can be mitigated by using the PFDS. The re-
sults also indicate that employing either the RFDS or the PFDS
can reduce the overall burden on the utility repair crew for per-
forming the FMA. The results of sensitivity case studies show
that when either the share of passive failure events in the total
failure events is considerable or where the time required for
performing the repair activities on the passively failed compo-
nents is far less than that of the actively failed components, the
more improvement in the reliability indices are expected from
the PFDS compared to the RFDS.
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