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ABSTRACT : Fault avoidance and corrective maintenance are important measures for reliability improvement
of a radial distribution system. The two measures decrease system down time and increases mean up time of
the system. These happen due to the fact that failure rate and average repair time of the components are
reduced. A methodology has been developed in this paper for failure rate and repair time allocation to each
component of radial distribution system. A sensitivity based approach has been proposed. Penalty cost function
has been introduced. The components having least sensitivity of penalty cost function with respect to system
interruption time and failure rate have been selected for the improvement in failure rate and repair time. The
algorithm has been implemented on a sample radial distribution system.
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. INTRODUCTION

A primary requirement of any distribution systemis ser-
vice continuity. Continuity of serviceisbetter judged by quan-
titative estimates of reliability indices. The important reliabil-
ity indices are average interruption duration and average fail-
ure rate of the system. Many researchers have developed
methodologies for reliability evaluation of distribution sys-
tems. For many years say until 1965, an acceptable level of
reliability has been based on judgement and experience
[1, 2, 3]. Theindices commonly used to represent distribution
systemreliability are systemfailurerate andinterruption dura-
tions at the load point.

Sallam et al [4] developed a methodology for evaluating
optimal reliability indices for distribution system using gradi-
ent projection method. Once the optimal reliability indicesare
determined the modification of system by equipment replace-
ment and future system planning may be performed so asto
have minimum interruption cost. Chang and Wu [5] presented
amethodology for obtaining optimal reliability design for an
electrical distribution system using aprimal dual interior point
algorithm considering multiple load point. Chowdhury and
Custer [6] presented a value based approach for designing
urban distribution system. Bhowmik et al [7] described a dis-
tribution network planning strategy by considering a non-
linear objectivefunctionwith linear and non-linear constraints
for radial distribution system. The algorithm includes substa-
tion aswell asfeeder optimization. Modified genetic algorithm
hasbeen used for reliability design of adistribution system by
Suand Lii [8]. Thetotal cost is minimized which implies appa-
ratus cost investment and system interruption cost. Reliabil-
ity constraint on load points has been considered.

It isnoted from the above mentioned referencesthat reli-
ability of asystem may be enhanced by adding redundancy or
by reducing failure rate and repair time of each component.
These are termed as fault tolerant and fault avoidance mea-
sures. During operational conditions usually fault avoidance
measures e.g. preventive maintenance are less expensive than
fault tolerance measures, further averagerepair timeisreduced
by additional incentivesto repair crew or better repair facility.
Thusavailability of each component isincreased thus system
reliability indicesare enhanced. Usually any optimizationtech-
nique gives the optimal solution by affecting all the decision
variablesi.e. failurerate and repair time of all the components.
This way corrective efforts/preventive maintenance efforts
haveto beintensified in all segments of the system which may
require substantial managerial cost which may negate the ad-
vantages obtained by increased reliability indices. In view of
thisdiscussioninthispaper an algorithm has been devel oped
based on sensitivity coefficient which permits to reschedule
the decision variables at selected components which are most
effectiveinreliability enhancement. Thisway increased mana-
gerial effortsarerequired to be concentrated at these sel ected
components.

Il. APPROXIMATE RELATIONSFOR RELI-
ABILITY INDICES FOR RADIAL DISTRIBU-
TION SYSTEM

A radial systemisaseriessystem. For each series path of

aradial distribution systemthefailureratefor the systemup to
the end load point is given asfollows [9].

lgs=a1 (D)
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The unavailability is expressed as
Uwszé-liri (2
I

In (2) above |, is expressed in per year and r, average
repair timeis usually expressed in hours. Hence U ¢ system
unavailability is given ashrs per year. Inprincipleif | andr,
are expressed in years than U, isa probability.

Average system interruption duration is given as

o
alis
log =5 . (3
*T &, 9
In general for any equivalent component of aseries sys-
tem following relation follows

Usys: I o s (4
where

U, is unavailability in hrs/year

I sysis system failure rate/year

1S average interruption duration

| r,isfailurerate and average repair time of ith component

Itisobviousfrom (4) that one can select two indicesinde-
pendently and remaining one will be depending on two speci-
fied indices.

[11. COST FUNCTION OR PENALTY FUNC-
TION IDENTIFICATION

There is always a cost associated with modifications in
failurerate and repair time of acomponent owing to increased
fault avoidance measures. The preferred approach isto formu-
late the cost function using previous data analysis and rela-
tionships may be obtained between cost of improvement and
failure rate (repair time) modifications. In general such cost
functionisnot available. Hence instead of actual cost for fail-
ure rate modification a penalty function of the following form
has been used

0
cKh):&

Ii'li,min

..(5)

Inabovel Pand |, . arecurrent failurerate of the compo-
nent and minimum reachable railure rate respectively.

Expression (5) indirectly reflectsthe penalty (cost) onfail-
ureratemodification. Asoneapproachestowardsli,minhigher
penalty is observed. In fact when li becomes equal to I, ;.
penalty cost approaches infinity. Further as |, is modified
numerator also increased. Hence the C(l,) is such that as
failure rate reduces penalty increases. Further it is assumed
that failurerates of the componentswill take valueslower than
current values. The penalty or cost is a function of range of
improvement which is the difference between current failure

rate (repair time) and minimum achievable failure rate (repair
time). Total cost of failurerate modification for all components
in aseries path up to an end load point is given as

Cr)=aady) ..(6)

Similarly cost function for modification in average repair
timeis adopted as follows
0
r. - r
C () =——" . (7)
i~ ri,min
rland r, . arecurrent repair timeand minimum reachable
repair time of i"" component, r, modified average repair time.

It is obvious that more is the decrement in repair time
higher is the cost associated with it. Asr, equalstor, . the
value of the penalty function becomes infinite. Total cost for
repair time modification is given

Cr(r) =4 Ci(r) (8

IV.USINGTHE TEMPLATE

A Sensitivity of cost function (6) for modification in fail-
ure rate of k' component is given as

0
Ii,min' [ k

dc; _
dy (e | emn)? - ©)

Now from relation (1) following sensitivity follows

di o
d,

=1 .. (10)

Now the sensitivity for system cost changeswith respect
to system failure rate changes for failure rate modification for
k™ component iswritten as

_ 4G di
dl dl o

<l

From (9) and (10) it follows

|, = Ik|min'|kO
e min)?
k k,min

The component which has got |east magnitude of above
sensitivity SCI, must be selected for failure rate modification.

. (11)

Similarly sensitivity of cost function (8) for modification
in average repair time of ki component iswritten asfollows

dCr (1) _ dCy(n) _ fimin = N

dry dry (" = Ticmin)

. (12)
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Now the sensitivity of cost modification of repair time of
the component with respect to changein averageinterruption
timer iswritten asfollows

dCr(r) _dGCr(r) dnc

Xy = .
k drgys dr,  drgs - (13)
Now . is evaluated using relation (3) asfollows
drgys
a, s
drgs 1y .. (14)

Putting (12) and (14) in (13) following fina relation for
desired sensitivity is obtained

&I’k = dCT(r) - (rk,min - rko)l 95

.. (15
dreys I (N = Timin) (15)

Next section illustrates the application of these sensitivi-
tiesin obtaining modification for failure and repair time of the
selected components. A segment/component having least
sensitivity SCI | /SCr, is selected for failure rate/repair time
modification.

V. COMPUTATIONAL ALGORITHM

The objectiveisto allocate failure rate and repair time for
various segments of distribution systems such that at each
end load point (g =1,..... ELP) following inequalities are satis-
fied

I £l

.. (17)

|, andr, aretarget values of system failure rate and aver-
age interruption duration respectively.

I ssa isaverage system failurerate for g end load point.

fsysq £

I'ysq S AVErageinterruption duration for g™ end load point.

Now average interruption duration per year atq™ end | oad
point is given as

U I

sysa = 'sysalsysq

The computational algorithm is explained in following
steps

(a) Data input: Current failure rate (1 %) and repair time
(r®). Specifyr, ;,andl, ..

(b) Identify each end load point q =1, ..... ELP and seg-
mentsin the serial path leading toq.

(c) Calculaterd,1°, using relation (1) - (3).

(d) Setiteration countiter = 0.
(e) Select one of end load point g having greatest |

sysq’

(f) Evaluate sensitivity SCI, and SCr, for all components
in the serial path leadingg.

(g) Obtain modification in failure rate and repair time for
the components having | east val ue of the sensitivity SCI o and
SCr, respectively asfollows

- 0
Dlp— c.Ip

Dr,=—cr°
cisafraction of | pf’/rq0 say 0.2.

'(h). Calculatel ,, and r  with modified failure rate and
repair time.

(i) Ifrg, ,andl  arewithin limits and satisfies (16) and
(17), then take next end load points have been exhausted then
stop.

() Ifinstep (i) sysq/rsysq do not satisfy the constraints (16)
and (17) then, set iter = iter + 1 and repeat from step (f).

V1. RESULTSAND DISCUSSIONS

The devel oped algorithm presented in previous sections
has been implemented on a sample radia distribution sys-
tem[10]. The system has seven load points at 33 KV supplied
from asubstation as source (132/33 KV). The system has seven
feeder / distributor segments. Each load point connected to
lateral distributor via pole mounted transformers (33/0.4 KV)
whereafusegear isinstalled. In caseashort circuit occurson
alateral distributor causes fuse to blow. Thiswill cause dis-
connection of the distributor from the main load points. It
does not affect or cause the disconnection of any other load
point. Hence reliability of the 33 KV load pointsis unaffected.
Table-1 gives current values of failure rate and average repair
timefor each feeder section. Thesedatainclude breaker, feeder
section and bus bar failure rate and repair time but does not
includefailure dataand repair data of lateral distributors. Same
table also gives minimum reachable values of these rates and
times. The system hasthree distant end |oad pointsi.e. 4, 6and
8. Hencethere arethreeradial pathsfor which system indices
must be satisfied. These three end points involves compo-
nents (1, 2, 3), (1, 4, 5) and (1, 2, 6, 7) in the series path respec-
tively. At the end load point threshold values of failure rate
(Iysy) and average repair time (r ) have been taken as 0.5/
year and 9 hrsrespectively. Theinitial values of failure rates
and repair times at each load point (LP) aregivenin Table-2. It
isobvious from this table that failure rates and repair times of
end point 4, 6 and 6 are more than threshold value. Similarly
fromthesametableit isobserved that the averageinterruption
duration (r ) at each LP is more than the threshold value (8
hrs) itis highest at LP five. SensitivitiesSCI, and SCr, were
evaluated for the three end points so as to satisfy the con-
straintsonl ( andr . Sincetherearethreepath (1,4, 5) and
at the end path (1, 2, 6, 7) was selected to satisfy the con-
straints. Algorithm asexplained inthe Fig. 1 wasimplemented
to evaluate desired final values of failureratesand repair times
of each component. Table-1 also depicts the values of failure
rates and repair times of each component. Table-3 gives the
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sensitivitiesascalculated finally using thel | (= 0.5 andr =8,
Total penalty for improvement in failure rate of the component
is44.67 and total penalty for improving repair timeis 18.387.

VIl. CONCLUSION

A methodology has been developed for failure rate and
repair time allocation to each segment of aradial distribution
system. The methodology is based on sensitivity derivation
of penalty cost function. Themethodol ogy issub-optimal since
sensitivities calculated for a specific decision variables are
local and varies asthe value of control variable changes. The
method is easy to implement and failure rate/repair time may
be quickly allocated based on the sensitivities.

Table 1: Failureratesand repair timesalong with reach-
able minimum valuesfor sampledistribution system.

Component | Failure Repair Minimum | Minimum
No. rates timer?® value of value of
| i°/year (hre) failure repair
rate time

i rhrs
Lmin/yr .min

1 0.40 10.00 0.20 6.00

2 0.20 9.00 0.05 6.00

3 0.30 12.00 0.10 8.0

4 0.50 20.00 0.10 8.00

5 0.20 15.00 0.15 7.00

6 0.10 8.00 0.05 6.00

7 0.10 12.00 0.05 6.00

Table2: Initial and final failurerate (L ) and repair
time(R%Q) for each load poin.

Failure rate Repair rate|
LP Initial Final Intial Final
value value value value
* r* r*

sys.q sys.q sys,.q sys.q

2 0.40 0.22 10.00 7.00
3 0.60 0.32 9.67 7.34
4 0.90 0.47 10.45 7.53
5 0.90 0.34 11.67 7.77
6 1.10 0.50 11.14 8.00
7 0.70 0.40 9.42 7.47
8 0.80 0.50 9.75 8.00

Table 3: SensitivitiesSC | , and SCR, with final solution

and penalty costs.

Penalty cost for

Component | SCI, SCr, each component
K

C() C(r)
1 -500.00 | -1.00 9.00 3.00
2 —60.00 -3.80 2.00 0.52
3 —80.00 -1.71 3.00 1.025
4 —1000.00 | —34.72 19.00 9.00
5 -500.00 | -11.11 4.00 4.33
6 55.60 3.125 0.67 0.00
7 —20.00 —1.78 0.00 0.512
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