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ABSTRACT

Electric Power reliability is a major concern of any utility company. Although the
distribution system is getting advanced, reliable energy at a cheaper cost is still a big concern.
Power utility companies are trying to provide reliable energy through mpassible ways. One
of the possible solutions is use of automatic switches.

Power utility companies are using automatic switch called IntelliRUfterautomatic
fault detection, isolation and service restoration. It has been the biggest achievement in
improving reliability so far. However, such automation is very costly. It needs proper planning
for installation of such devices so that the utility company can make the most benefit at optimal
cost.

The main objective of the study is to compute religbht the digribution system using
Failure Mode and Effect Analysis method. Also, it presents step by step economic analysis to
determine optimum number and location of automatic switch fulfilling reliability and economic

constraints.
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CHAPTERI

INTRODUCTION

This chapteprovides a brief introduction &mart Grid and explains the importance of
automation inthe electrical distribution system.lt also highlights how reliability can be
improved by automation dghedistribution system. Furthermore, it also emphasizes the ongoing
ways to improve reliability of the distribution system through automation and how such

automation should be done in ordebtof the most benefit

Smart Grid and PresentSituation of the Distribution System

In the traditional distribution system, whenever there is power outage, the trouble call
system is used to detect it. In other words, when a fault occurs and customers experience power
outages, they report the power outage to thveegpaitility company. The distribution system will
then dispatch a maintenance crew to the field. The crew will at first locate the fault location and
then implement the manual switching scheme to conduct fault isolation and power restoration.
This conventnal manual power restoration method might take several hours to complete,
depending on how fast the customers report the power outage aridgtithve maintenance crew
can locate the fault point and restore power.

At present, the distribution system igfshg towards an intelligent network like Smart
Grid. According tothe U.S. Department of Energy (DOE), an&rt Grid is defined as an
electricity network that can intelligently integrate the behavior and action of all users connected
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to it through commuieiation, computational ability control and information technologies in order
to enhance efficiency, reliability, economics and sustainability of electricity serWcesher
words, itis an electrical grid that ithe integration of electric infrastructerandinformation
technology. A Smart @d is a present and future vision tfe electric company which has
characteristicssuch as: (1) for radical improvement thie power systento minimize power
outages (2Jo enable andperate all generations anarstge options (3jo enable new product
services and markets (49 optimize asset utilizatn and operate efficiently (5) to self heal
disturbances (&) operate resiliently against attack and natural disaster.

Concerning Smart @&, AdvancedDistribution Automation (ADA is an important
building block. ADAemploys automation technology and digital control of electrical distribution
systems to improve safety, reliability, asdl+-healing enablement as compared doclassic
distribution system

Any distribution system isvaluatedbased on its reliability And the reliability is
evaluatedby reliability indices. Different reliability parameters are used in the distribution
system in order to measure the system reliabilitthe ©bjective of th study is to evaluate
reliability of distribution system usingeliability indices frequently used in the distribution
system

There are many factors that degrade the reliability of the distribution system. The
ubiquitous reason is faultS here are vadus types of faults that commonly occur in the
distribution system. Different protective devices are used in the distribution system in order to
locate and isolate faults. Reliability of the distribution system is proportional to the average time
taken torestore power. Hence, proper coordination between protective devices must be assured
to speed the restoration process which will improve the reliability of the system significantly.
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There are various methods to speed up the restoration process in ardpraee the
reliability of the distribution system. One of the methods is to use automatic switches. The power
utility company is deploying feeder automatic switching devicesliikalliRuptef® pulse closer
which is a unique altertige to conventional @omatic eclosers. Intellupters provide self
healing, automatic restoration as well sigervisory control andata &quisition (SCADA)
functionality. These automated capabilities make implementation of fault detection, isolation and
restoration (FDIR)dster.

Automation ofthe distribution networkthereforesignificantly increases the reliability of
the systemby isolating a fault and reconfiguring the system in a very short period of time
However, he cost associated with the installation of the autiensavitches isvery high[1]. The
installation of more automated devices will increase the cost tremendously. Therefore, proper
planning must be done for the installation of such automatic switches so that the utility company
can make a significd benefit. Usage of the optimalmber of switcheat optimum locatiorof
the distribution network can give a more reliable and economic system. Howvevegléction
of an adequate number of manual and automatic switchethaongtimal placement of them in
the distribution networksis a difficult task[2]. The selection of the number of automated
switches and their locations depends on the customers connected, reliability cost, installation and
maintenane cost. Therefore, proper Economic analysis should be wbiwh will take care of
the reliability improvement by minimizing the customer interruptigdhe switchesand the
maintenance cost The main objective of theconomic analysiss to choose the bésption

fulfilling reliability and economic constraints.



Literature Review of Regarchesfor Optimization of Automatic Switches

In the last decades, researchers have madead attemptso improve the reliability of a
distribution system using optimaWwitch placementechniquesin [3], the reliability assessment
of a distribution system is done on the basis of cost anali/gie. stage restoration (partial
automation) is used and the objective is to minintie=cost dueat energy not supplied (ENS).
In [4], the immune algorithm (lA) is proposed to figure out the optimal placement of switching
devices by minimizing custoen interruption cost (CIC) andhwestment of line switche3he
reliability index of each service zone is derived to solve energy not served (ENS), and then
customer interruption cost is determined according to customer type and power consumption.
Referencd5] uses the traditional reliability indices order to derive the optimum location of
automated switches in the distribution networke calculation breliability is presented, and
the influence of automation aeliability is discussed in detail. Finally, the best configuration of
the switchess derived usingsenetic Algorithm (GA)

Despite the use of powerful simulation optimization tonts)e ofthese proposals clearly
signify the customerinterruption costAll of these proposals just account for theerruption
cost resulting directly frompower interruptionsand relatively assign an easy dollar value.
However, there are indirect impacts like damage to the system, hardware crashes, loss of sales
and productivity, overtime pay, and relocating of businesses te aidahigher reliability All
of these costs resulting from direct and indirect impaotconsideredn this researctior the
strong economic analysis.

In the proposed researchn efficient analytical method based on Failure Mode and
Effect Analysis (IMEA) is used in order to determine the reliability parameters. The main
objective is to minimize the system cost which is the sum of interruption cost and switch

4



purchasing cosilTherefore acost to benefit analysis is performed in order to choose thealpti

placement of switches that wihtisfythereliability andeconomic constraints.

Overview of the Concept

Power utility companiesire creating a comprehensive SmartdGystem inmost of
metrgoolitan areas of the United States. In these systerastof power utility companiesre
deployng Intellirupters whichprovide information about switch open and closing time, faults
location and drations, harmonics, transformer temparas and oil chemistry. Intelliptersare
alsointegrated tasupervisory ontrol and acquisition (SCADA) systems to employ technologies
to transmit voltage, currents, power and phase ahlgiity companiesthushave thecapability
to collect an ample amount of data generated by the sensing of operations of networks by
Intellirupters

As a part ofthe reliability study, a small electric distribution model provided bye
power utility companywill be selectecandall required information such as feeder failure rate,
load pattern, switch operation time and possible switch plestlocationsvill be gatheredThe
selected distribution network will include a number of line switches which swiliciertly
representa larger network but small emgh to manage the scope of gw@posedstudy. An
effective Failure Mode and Effect Amgsis (FMEA) havebeen used for computation of
reliability using a spreadsheet that can be applied to the electrical distribution system for high
and economical efficiencyReliability is evaluated using reliability indices, such asI=A

SAIDI, and CAIDIfor all possible location of automatic switches.



After the reliability calculation the economic analysis performedfor those options
satisfying the reliability constraints. A cost to benefiethodis used to determine optimal

location of automatic line switch&ghich hashighest benefit to cost ratio

Thesis Outline

The discussion of the study is organized as follows

Chapter Twopresents the role of distribution automation to improve system fgiabi
The automation technique is discussed in detail with necessary diagrams.

Chapter Threeexplains about the reliability parameters used in distribution system with
necessary formulas. It gives a brief concept of computing reliability indices withaampéx

Chapter Fourdescribesabout the various factors that causes power interruption in
distribution system. The chapter discusses briefly all of these factors and their impact on the
distribution system reliability.

Chapter Fiveillustratesabout the potective devices used in radial line protection and
how their proper coordination will improve reliability of the distribution systehme
coordination process is elaborated by using autersattionalizer callethtelliRuptef®.

Chapter Sx explains abouthe importance of economic analysis in the distribution
system. This chapter details about customer reliability cost that need to be accounted for
reliability assessment.

Chapter Sevendetails about the case study condudtaddifferent type offeeders. The
reliability of each model under partial and complete automation is calculated followed by

economic analysis using benefit to cost analysis.



Chapter Eightdiscusses about the finding of case studies and direction for future

research.



CHAPTERII

DISTRIBUTION AUTOMATION

This chapter explains the idea of distribution automation and the important role of
automation in the distribution system in order to improve system reliability. The automation
process is elaborated with the help of amamegle to understand the quick healing process to

power interruption in order to provide a reliable, efficient supply to meet derf@nds

Objective of Feeder Automation

Distribution Automatiorgenerallyrefersto automation othetaskthat has to be done in
a repetitive fashion over a period of tiffg. In other words, automation refers to distance
supervision and control of substation equipment and feeder switoméimuouslyin order to
avoid power outagesThus, the automation will improve reliability of the system by speeding up
the service restoration process. Tp@wer companies are implementing numerous ways of
improving reliability. In addition to supervisory control and data (SCADA) tiows, replacing
traditional manual switches withutomatic switchegan significantly improve reliability by
reducingfault detection, isolation and service restoratiome [6]. Automatic switches avoid the
manual switching perations and hava significant rolen saving maintenance cost as well as
interruption costTherefore, conciselyhe main objectives of feeder automation includedrat

not limited to



1 Decrease the number of customer outageslaration of customesutages.
9 Instantaneous fault detection, isolation and service restoration.

1 Transformer and feeder load balancing.

Automation in Distribution FeederRewnfiguration

In the radial distribution system, the fault current always flows from source to fault
location. Therefore, in the properly coordinatagtomatic distributiorsystem, the fault will be
cleared by the nearest protecting devices. After the fault has been isthateslstem will
reconfigue in order to restore pow#s its customers. The reconfiguration is done with the help
of automatic and manual switcheéghe study mainly focuses on a two stage reconfiguration
where a limited number of customers are restoradktyjuusing automatic switches aritle
remainingcustomers are restoré&terusing manual switching.

System reconfiguration usually takes place in two phases, upstream and downstream
restoration. In the upstream restoration after the circuit breakers dlearfault, the fault is
located and the nearest upstream switch is opened. This will restore power to all upstream
customers.

In the downstream restoration, after the upstream reclosing switch is opened, the
downstream sectionalizing switch close to faelt location is opened. This will allow the
normally open switch to close, restoring service to downstream customers. The overall two stage

reconfiguration process is elaborated in the next section with a diagram.



Explanation of a Two Stage Automatid=eeder Reconfiguration

|03
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Figure 21 Upstream and @vnstreanProtection in Powerystem

In Figure 2.1, assumenormally closedswitches S1 and SZ2are manualwhile S3 is
automatic. It isnormal practice of thepowercompany to maka&ormally open(NO) switches
automatic.When the fault occurs at point, Ahe circuit breakeat the substation willrip and
interrupts all customers in feeder A, B and C. Howesiace switch S3 is automatic, it will open
itself in a few seconds and will let normally open (N@utomatic switch S£lose restoring
customersn segment Gn afew seconds. Aftethefault has been locatethedispatch crew will
open switch SAnd S2hrough remote operation using SCADA in ortteisolate tle fault This
will restore power to upstream customefsswitch Slin feeder A. In downstream restoration,
after the dispatcher opens switch Sthen switch S3 will close and power is restored to all
customersn feeder Band C. The restoration time dbads A and Bis longer than automatic
switching andwill dependon how long it takes fothe dispatcher to locate and isoldtes fault.

Therefore, with an increase in the number of automatic switches, the reliability of the distribution

10



system will increas significantly. However, it is important to have an idea about what reliability
actually means and ways to evaluate it in order to take proper corrective measures. The next
chapter will discuss more in detail about the distribution system reliabilityitendethods of

evaluation in the practical world.

11



CHAPTERIII

DISTRIBUTION SYSTEM RELIABILITY

In this chapter a briebverviewabout the reliability and the reliability parameters used
frequently in theelectricaldistribution systenms presentedThereliability indicessuch as SAIFI,
SAIDI, CAIDI and ASAI frequentlyusedby power utility companieso evaluate reliability of
the distribution systenare discussed witlrespectiveformulae At the end of the chapter, an
example is provided which fullydetails the calculation of reliability parameters in the

distribution system.

Overview of Reliability

Distribution reliability primarily means continuation of power supply without
interruption. IEEE 1366 standard defines distribution reliability as mmeamnt of keeping
lights on [7]. Simply, reliability is the measurement of equipment outage rates and power
interruption duration. There are various events that disrupt normal operation of the distribution
system leading to peer outages. However, some key descriptions pertaining to distribution

system reliability are explained below.

Faults
Faults are characterized layy enormous current flowing in the circuit in an abnormal
way and can cause equipment insulation failureitgatb power outageld]. In the distribution

12



system, normally there are two types of faults, temporary and sus{&inetemporary faults
clear themselves in a short time once after the patteenergized and customers will see a
momentary interruption7]. A permanent fault remains for long time and needs manual

switching to clear it.

Temporary or Momentary tarruptions
According to IEEE 1366 standard, faulésting less than 5 minutes are categorized as
momentary interruption§/], [8]. Most momentary faults may not necessarily lead to a power
outage. For example, the falling of a tree branch on pbmes may not lead to a fault. Besides
faults, the operation of automatic switches also results in momentary interruptierstudy
doesnodt account for momentary interruptions

momentary interruption in a religity study due to the difficulty knowing when it happened.

Susténed or Rermanent Interruptions
Sustained interruptions occur when customers are out of power for a long time. IEEE
1366 standard classifies faults lasting more than 5 minutes as sustailtefl’] [8]. Sustained

faults are generally characterized by open circuits and will result in power outage.

Reliability Indices
Reliability indices are simply statistical aggregations of reliability data of well defined
loads, equipment and power usgry. The dectrical distribution system is basicallypayzed

basedon its reliability and reliabiliy can be evaluated usingliability indices[3]. In the

13



distribution system,hte reliability is basically represeatl by load basedindices and overall

systembasedndices

Load Based Indices
Load based indices are ceentional indices which typically represent the data of each
connected individual custom@drhe load point indicegsed in this thesis are represented below.

1 Average failure rateg(f/yr)

(3.1)

Where,
n = total number of customeiat load pointi
g = average failure rate of loadt pointi
a = average failure ratef load pointi

1 Average outage time,(hr)

[Th
¢

_ (3.2)

Where,
n = totalnumberof feedes at load point
ri; = averageutage timeof feederj due to failure of segment
a-= averagdailure rate ofeachsegment

1 Average annual outage timg,(hr/yr)
~ . (3.3)

Where,
Uj= average annual outage time

14



SystemBased Indices
System based indices are most widely used indices by utility companies for the reliability
improvement targets. In other words, system based indices often serve as benchmarks for
reliability improvement. The main advantage of system based indices i$ titests all type of

customers equally despite its s[Z¢. Some commonly used system indices are described below.

System Average Interruption Frequency Index
System Average Interruption Frequency Index (SAlepresentshie totalnumber of
sustained interruptions a systenover a yeaf9]. It is the ratio of the totainean failure rate of
each elemerdnd the total customers served in the systBotal mean failure rate for an element
is thetotal number of interruptions that a customer on that segment is expected to experience in a

year[10]. SAIFI can be reduced by reducing the number of sustained interruptions.

31) &98; (34

Where,
n = totalnumberof load points
a= average failure rate of each segment
Ni = Number of customer interrupted
N = Total number of customeserved

System Average Interruption Duration Index
System Average Interruptn Duration IndeXSAIDI) is the amual outage duratioran
averagecustomerwill experience over a yedi7]. The sum of the annual outage duration

represents the total number of annual customer hours interrupted due to all possible faults.

15



SAIDI can be reduced by dacing the number of interruptions or by reducing the duration of

interruptions.

31) $\B Y. B# OO0l il RIOQ TAC(DAOO#O—D)OA (35)
! ) — A

Where,
n= total number of load points
U; = average annual outage rate of component
Ni = number of customers disconnected
N = Total number ofcustomerserved

Customer Average Interruption Duration Index
Customer Average Interruption Duration Indé€XA(Dl) is the measure othe average
time to restore service to customers per interruption. CAIDI can be improved by incriesing
number of momentary interruptions or decreasireduration of sustained interruptions. Due to
this, CAIDI might not be that useful to describe relidtgilas compared to SAIDand SAIFI.

Customer Average Interruption Duration Index is calculated as

301 AIAIOOOT HTAD®OO COPIDEGEBIIT) &)  (36)
747 QAT AIADOOOIET XA OOODPBET &)

Average Service Availability Index
AverageService Availability Index ASAIl) provides the same information as SAIDI and
represents the customer weighted availability of systeen a yearUsually ASAI hasa valueof
more than 0.999.

B 0zyxemnB Y0 (3.7)
B OzZyx em
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Where,
U; = average annual outage rate of component
N; = number of customers disconnected
N = Total number ofcustomeserved

Example for Calculation of Reliability I ndices

Consider the sinilp one line diagram of a largeo@mercial feeder as shown in figure
3.1. The total number of customegrconnecteds 60 andthe average loaderved is5000 KW.
Assume there are no protective devices and alternative sources in this circuit.

Thenecessary network data of feeder is showalie 3.1.

SUBSTATION l

No of Customer=60

Figure3.1 Distribution ModelReliability IndicesCalculation

Table 31 Network Data ofhe Feeder

Components Avg failuresflyr) MTTR (hr)

Substation 0.10 0.5
Line 0.15 2.0

In this example, 60 customers are connected to a substation through an overhead line.
Any fault atthe substation or overhead line will interrupie supply to 60 customers as thare
no protection devices in this circuit.

17



Customer Interruption= Avdailure rate & * Number of custome(N) (3.8)

a) The calculation of SAIFI is shown below.

Table 32 Calculation of SAIFI

Components Avg failure &f/lyr) MTTR (hr) Number of Customers Customer Interruption

Substation 0.10 0.5 60 6
Line 0.15 2.0 60 9
Total 15

Total customer Interruptions=15

Total customesconnected=60

Then, 417 GAOOO0ONITIAORAOOODOET 1
3!) &Ym= v =~z .. TI& U
47 GAAOT #4040 AAQ@AA

b) For calculation of SAIDI, we have to take accountte mean time to repaifMTTR) each

fault component. As a result we dgkétotal duration to repair a fault.

Table 3.3Calculation of SAIDI

Customers hour

Components Avg failure a(flyr) MTTR (hr) Number of Customers . :
interruption per year

Substation 0.10 0.5 60 3
Line 0.15 2.0 60 18
Total 21

Customers hour interruption/year= failure ragTTR*No. of customer interrupted  (3.9)

18



Then,

C) CAIDI= ——= ?

d) ASAI=0.99996

.
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CHAPTERIV

INTERRUPTION FACTORS

There are various factotbat causeinterruption inthe electrical distribution systems.
Equpment failures, animals, humanrors,natural disasters are some of the frequently occurring
factors leading to power interruptioistribution lines are vulnerable to thefselure factors and
their reliability is always a questioA brief discusgon on each othesefailure factors and their

effects onreliability of the electricaldistribution systenarepresented in this section

Equipment Failures

Equipment failure is one of the top reasons for power interruption in the distribution
system. Transformers, circuit breakers, overhead lines, switches and insulators are some
examples of electricad g u i p nmetalléd dnghe distribution syem. All of thesee qui pment 0 s
have theirown probability of failureln order to decrease rate of failurepper installation and
timely maintenance of this equipment is highly recommended.

Failure of transformers in a substation due to various faaltscause interruptioof
service tohundreds of customerBuring this interruption, another healthy transformer is called
upon to carry this load which risks this transformer being overloaded. This might lead to failures
of transformers due to overloading leading to power interruption to thousands of customers.
Proper decision should be made to determine whether to overload transformers or not.

Overloading causes heating in transformers which decreases its thermal age.

20



Circuit breakes areotherdevices which causeequent interruptiongue to untimely co
ordination.Propersetting andmaintenance is required fdre healthy action of circuit breakers.
Othawise, there might be cases in whicincuit breakeramalfunction orfail to operate when
they should[11]. Usually circuit breakers atemely coordinated with other protective devices
usingrelays. Untimely ceprdinations can be reduced by testing settings, relays, CT/PT ratios

and wiring[11].

Human Factors

There are many ways in which a human can cause interruption in the distribution system.
These interruptions can be categorized into schedulechszheduledScheduled interruption
occurs when part of the radial distribution system has to have maintemapeaipgraded. The
utility company notifies its customers in advance prior to maintenance. During maintenance, it
might require equipment to be-deergized and all the customers downstream of that equipment
will be interrupted. Even when fed by an altgime source, these customers experience
momentary interruption due to switching afterateergizing the circuit.

Unscheduled interruption may occur duehtoman error, vehicle accident or vandalism
One example is accidently operating wrong manual swither errors include the falling of
tree branches while trimming trees. Also, vehicle accidents can cause a significant impact on
failure rates of distribution lines. Most road mishajas cause damage to thmlesbringing
power lines to the groundJsing fences or crash resistant poles may reduce the impact of

automotive interruptions.
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Animals

Animals are another large cause of interruption in the electric systgmAnimals, like
snakes, squirrels, birds and rats caoseaproblems and hence, impact the reliability of the
electricaldistribution system. Squirrels are the most common reliability concern for the utility
company in wooden aredsquirrels bring grounded equipmentcontactwith phase conductors
causing falis. Special plastic guards are required to ensure protection of conductors.

Birds are another cause of faults in tlectricaldistribution systems. They cause faults
in systems by bridging the conductors with their wings. To prevent roosting, protentive
roosting structures, like cones structures, should be placed on top oflidles

Snakes, being cold blooded animals, tend to squeeze through holes and stay in warm
places like cabinets and substations. Snakes causéempsolby bridging two conductors.
Electrical cabinets should be sealed and food remains should be removed.

Large animals like ams, horses antlears can cause damagetdes by rubbing on guy
wires.Guy wires provide stability to the poles against tensiamsed by power lind42]. A lot
of cattle learonor rub on ptes or guy wires making polésan and this reduces the reliability as
the chances of collapsing poles incred&snces can be built around the poles in orderc@ase

reliability.

Extreme Weather

Extreme weather has significant impact on reliability. It causes more outages in the
electricaldistribution system. Extreme wind with high velocities, like tornadoes and hurricanes,
can blow off poles and distributicconductors causing damage to many devices im#antime
The falling of towers in a cascading way, due to one pole being knocked off by wind, is one of
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the catastrophic examples. Severe weather includes wind, lightning, tornadoes, hurigeanes,
stornms and fires

Extreme winds refer to a huge gust of linear winds that blow down trees and poles. In the
United States, different states experience different wind speed due to their geographical shapes
and temperature gradient. Therefore, the National kdeStifety Code (NESC) established a
policy according to which a structure must be able to withstand the ice loading and wind (section
3.3.6).

Tornadoes are concentrated rotating masses of air having destructive high magnitudes.
Tornadoes are measuredrujita scale. According to this scale, tornadoes are ranked into FO (0
72 mph), F1 (73l12 mph), F2 (11357 mph), F3 (1506 mph), F4 (20260 mph), F5 (261
318 mph) categoridd1].

Hurricanes can cause severe damage to the distribution system, too. Hurricanes cause
damage by blowing down trees and poles. This can result in broken conductors, broken poles,
and broken cross arms. Damages can also result due to flying tree branclessambimetal
sheets. After a hurricane, huge debris is left and can cover electrical equipment which during
cleaning can be damaged by cleaning vehicles.

The swinging of the line conductor can cause faults when they touch each other.
Therefore, to reducenierruption due to swinging, enough gaps must be maintdieggeen
conductordyy increasing the span length of transmission poles

Lightning storms cause significant damage to tall structures like metal poles and
transmission lines. Ground cables andysuarresters should be mounted on top of poles in order

to protect these lines.
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Ice storms increase intensive stress on conductors as they start to accumulate ice causing
the sagging of conductors. This will increase the probability of fault due to thkimgeof the
conductor due to the weight of ice and blowout due to the conductors coming in contact with
each other.

Fires can cause significant damagethte distribution lines. Power cauctors start to
anneal and losegtelectrical as well as mecharag strength due to fires. Different distribution
conductors are mounted on wooden poles which are susceptible to fire and yhial mewn
due to the lossf mechanical strength due tioe heatIf fire catches wooden poles and reaches
the top of poles,it may damage line conductors as well as electrical instrumékis

IntelliRuptef®, transformers, recloser etc.

Trees

Trees may cause interruption the distribution system. Due tthe falling of trees,
overhead conductors may receiwechanial damag. Also, thegrowing of branches can push
conductors togetheand need to be trimmed. Als@animals like squirrels anchts use trees as

their gateway to electrical poles.

Therefore, in order to mitigate the effect of these failure factors on the rgfiathithe
distribution system, proper protective devices such as relays, circuit breakers, and automatic
switches must be installed. The next section details about the protection devices used in this
study and role of proper synchronization between tlesgces in improving reliability of the

electrical distribution system.
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CHAPTER V

POWER SYSTEM PROTECTION

Power system protection is the backbone and effective way to improve reliability of the
distribution system.This section describesarious protection devices used for radial line
protection. Proper coordination between these protecting devices must be assured in order to
reduce the number of customer interruptions during a fault which will improve reliability of the

distribution sysem.

Protective Devices

Different types of protection devices like reclosers, relays, switchgears and automatic
sectionalizers are used in overhead line protection otlietricaldistribution system. All of
thesedevices are explained in additido newly introducedautomaic sectionalizer called

IntelliRuptef®.

Relays
Protective relays generally receive information from devices like CT (current
transformer) and PT (potential transformer) and then send signals to the circuit breaker to open
when a falt occurs. Depending on the type of protection, relays can be set to protect from fault

currents. For example, the overcurrent relay sends a trip signal when it senses a higher current
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than normal value. Instantaneous relay trips instantaneously wheitt adeurs, whereas time

overcurrent relay trips with time delay in order to coordinate with other protecting devices.

Figure 5.1 SEL Relajd 3]

High Voltage Circuit Breakers
High voltage circuit breakers usually interruptgh fault currents. The insulating
mediums that are usually used in the circuit breakers are vacuum, SF6 (sulfur hexafluoride gas)

and oil

Figure 5.2 Circuit Breakgf 4]
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Reclosers
A recloseris a device which has the capability to sense and interrupt fault currents as well
as reclose automatically in an attempt teepergize a ling¢l5]. This device works similar to a
circuit breaker with relay and has instargans as well as delayed protection schemes. This

device is more cost effective as compared to a circuit breaker with relay but has less interrupting

capability[15].
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Figure 5.3 Reclosdi6]

Switchgears

Switchgear is a combination of fuses or circuit breakers which have a tendency to isolate
a fault and desnergize the circuitl7]. Once a faulted current has been broken, switchgears can
be opened or closed manualigtil the faulted segment is repaired. The switchgears should have
the ability to quench the arc created during opening of the circuit, but Switchgears have no

ability to change the number of interruptions experienced by utility custqt&jrs
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Automatic &ctionalizers
Automatic sectionalizers automatically-deergize a faulted section so that +iaulted
line sections can be safely energized. It helps to overcome the coordination problems of other
protection devices likeuse and reclosers near substations. When the fault current exceeds the
pre-set value, the sectionalizer will open instantaneously in order to isolate the fault to restore
power back to unfaulted line segment customers. This also helps to save therfub®ivmng

which is also known as a Afuse savingo scheme

IntelliRuptef®
Intellirupter is an advanced pulseCloser which has the ability to work in -stimme
mode as the fault interrupter and also can be integrated in the SCADA system for automatic
restaation in the distribution systerf19]. Pulsecloser means that it tests fault with a pulse
instead of huge fault currenntelliruptersprovide a significant protection for 89z systems

through 38 KV and 5z systems through 24 KM9].

Figure5.4 Non Disconnecttgle 38 kV Intellirupter[19]
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Intelliruptess also have inbuilt components like sensors, control group, surge arresters,
power control and disconnectors in additioraté/i-Fi transceiver which provides point to point
wireless communication under IEEE 802.11b standdd®]. We can open and close
Intelliruptess, set hotine tags and change protection profiles by establishisgcure WAFi
connection using laptop froma distance upo 150 feet. Fora remote operabn, it can be

integrated into th&CADA system[19].

Figure 55 ConfiguringIntellirupter Control profile Using WiFi Communicationnk [19]

29



Advantages of Intaltupters over Reclosers

There are significant benefits Intelliruptersover conventional reclosers which are
discussed below.

1. Intellirupters daot stress the system wisthigh magnitude of fault current eyetime it
makesan attempt to reclas into a fault. IntellRupters pulse closes smartly after testing
for fault current before closing19].

2. Intellirupters detect faults, isolate and restore power in seconds.

3. With Intellirupters, the system only experiences over current stress from the initial fault,
not from reclosing applicatiofi9].

4. No coordination technique is required as compared to cormor@itreclosers. Series
Intellirupterscan be set in such a way that after one unit upstream opens to isolate the

fault, those downstream can operate at the same timg,9po

Distribution Automation Using Intellupter

Figure 5.6 below shows an exampledadtribution automation using Intellipters. In this
radial network,TBC03, TBC08, TBC10 and TBC14 are normally open automatic switches and
the rest are all normally closed. Each substation is equipped with a circuit breaker capable of

interrupting high &ult current.
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TBCi Test Before Close, intelligent re-closer
Concepts based on S&C IntelliRupter ® Pulse Closing technology
TCC Phase: SEL U4, 680 A PU, 0.95TD
TCC Ground: SEL C3,290 A PU, 0.23 TD

Substation circuit breakers
Circuits: UTC501, UTC621, UTC721/722
SEL751 relays
Phase: SEL TCC U4, 745 A PU, 1.18 time dial
Ground: SEL TCC C3, 310 A PU, 0.41 time dial
Reclosing cycle: 0.05, 17, 50 seconds

Pulse test sequence: 0.25, 4.0, 9.0 sec

Figure5.6 A 12 KV Feeder at Normal Condition

Assume a fault occuttsetween TBCO05 and TBCQ&BCOS5 detects fault and trips open
instantaneouslpefore UTC50XelayoperatesAfter 0.25seconds,ifst pulsetest is madelf the
fault persists, the switch TBCO5 will open. The second pulse test is made after 4 seconds. If the
fault still remains, it will open again. The final pulse test is made after 9 seconds. If the fault still
is not cleared, then a switctBTO05 gets locked out. In order words, no reclosing attempts are
made further. TBCO5 sends an open request to switch TBCO6 to isolate the fault. TBC06 accepts
the open requestnd confirms open back to TBCOBBCO05 thensendsa find alternate source
messagdo TBCO8 and TBC10TBC10 agrees to close addBCO8 stands hyAfter Team

TBCO6/TBCO7 agree to let TBC10 cloSeBC10 pulse tests intthe de-energized sectiorif no
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fault is detected TBC10 closesTBCO06Y, TBCO7-X & Y andTBCO08 X detecta good source

Figure 5.7 shows thcircuit diagram after Intellipters have isolated the fault betw&@@C05

and TBCO6
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Figure5.7 A 12 kV Feeder Model after Fault Isolation

After the fault has been cleared, the circuit is put backndne it was before the fault.
Once Ine Personnel finists manual repajrthe dspatcher issuea close command to TBCO05
TBCO5first pulse tests intdhe faulted section If it is not faulted TBCO5 closesReturn timer
startsfor 5 minutes. After returimer expiresand TBCO5 detects no fault, it seralslose signal
to TBCO6. TBCO6 pulse close into the line and once it confirms the lineusfaulted, it

confirms a close signal back to TBCOEBCO06 then allowsTBC10 to operand the system is

back to nomal.
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The fast fault healing capacitgf Intellirupters hasnade itbiggestachievement in the
field of reliability improvementof the electric distribution system. However, these automatic
sectionalizersire very expensive. Proper economic analysis is necessary to compare the benefit

made from these switches with respect to their cost.
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CHAPTER VI

ECONOMIC ANALYSIS

It costs money for the utility company to improve reliability of the distribution system
[7]. The utility companywill be willing to invest to improve reliability ithere is a significant
benefit. Therefore economic analysi becomes one of the vital tools for reliability assessment.
Reliability engineers use variousnalysis methodsn such a way in order to maximize
performance and reliability by investingancost effective wayin this research, arginal tenefit

to costanalysis isusedfor economic analysis.

Objective of Economic Analysis

The main objective of any system is to be both reliable and cost effi&jtiveitomation
of the distribution networkwill significantly increase the reliability dfe systemby decreasing
outage timeHowever, the cost associated with the installation of the automatic switches is quite
expensive[l]. Therefore, the usage of the optimum numbeswitches placed at the most
probable areas of the distribution network can give us a more reliable and economic system. The
selection of the number of automated switches and their locations depends on the total reliability
cost.

Figure 61 illustrates tb ideal relatiorship between the system reliability aride costs
with respect tdhe customer interruption and utilityost The totalreliability cost is the sum of
the costs to the utility and its customers. Utility coststhesfunction of reliability [7]. That
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meanghe utility must spendsomeamount of money oprotection upgrade, automatiagystem
reinforcement and maintenance to improlereliability. As reliability increases, the customer
interruption cost decreasesiowever it will significantly increase the utility cost of installing
automatic switches. Hencthe optimal cost has to be founshere minimizingthe total cost
maximizesthe economic cost to society. The minimum point of this curvehisrgvtotal utility
cost and interruption cost intersect each other. MtBty companies do not want to operate

beyond this minimum point unless they have considerable benefit.

total cost

utihity
cost

costs

cusiomer
interuption
cosl

——

system reliability

Figure6.1 Optimization Curve for Reliability @ts[20]
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The Problem Formulation
Therefore, he main objective is to find the optimum number and location of

sectionalizing switches in order to minimize the customer interruption cost, investment cost of
line switches and maintenance cost. Hence, the problem can be expressed aflfollows

Minimize Cost= Customer Interruption Cask  Swi t ch cost + x(6.Mai nten
Subject to constraints,

1 Reliability parameters (SAIDI, SAIFI)

1 Approved Budget

1 Switch locations

1 Geography

Customer Interruption Cost (CIC)

Customer mterruption Costs are simply revenues lost by the utddggnpaniesdue to
power interruption to the connected customers. These revenues may be in the $ysterof
failure, ruined process, overtime pay aodt productiors. The customer interruption cogaries
from residenti& to industrial customers. For the residential customer, interruption cost may be
really small as compared to commercial and industrial custonmeegldition, nterruption cost
alsodepends omthe duration oftheinterruption,thetime ofthe week anavhether customers are
informed about the interruptiomhead or not. The customer haviagood back upof power

system is supposedimnpacted less.
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Customer Interruption Cost can be formulatefils

#) # 5 10 (6.2

Where,
N = Number of total feeder segments
NLP = Number of load points isolated due to fault in segment
g= Failure rate of segmept
Cik (rj) = outage cost ($/KW) of load k due to fault in segment j with an outage duration of
Lx= Average load at poirkt(KW)
Table6.1 shows the estimated average electric customer interruption per event according
to a survey conducted by the University ofifdania, Berkeley. The interruption cost for 1 hour

interruption is provided for residential, commercial and industrial loads.
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Table 6.1 Estimated Average Electric Interruption Cost per Event US 2008$ by Customer Type,
Duration and Time of Daj8]

Interruption Duration

Interruption @st Momentary 3Q 1 hour 4 hours 8 hours
minutes
Medium and Large
ce&l
Morning $8,133 $11,035 $14,488 $43,954 $70,190
Afternoon $11,758 $15,709 $20,360 $59,188 $93,890
Evening $9,276 $12,844 $17,162 $55,278 $89,145
smallC &1
Morning $346 $492  $673 $2,389 $4,348
Afternoon $439 $610  $818 $2,696 $4,768
Evening $199 $299  $431 $1,881 $3,734
Residential
Morning $3.70 $4.40 $5.20 $9.90 $13.60
Afternoon $2.70 $3.30 $3.90 $7.80 $10.70
Evening $2.40 $3.00 $3.70 $8.40 $11.90

Table6.2 Average Energy @sumption byCustomer Typ¢8]

Sector Annual KWh

Medium and Large C&! 7,140,501
Small C&l 19,214
Residential 13,351

Marginal Benefit to Cost Analysis

Marginal benefit to cost analysis is an effective tool for power utilities to improve
reliability of the system while minimizing cost. Eveppwer utility companiesave a fixed
budget every year for reliability improvement. The utility company has to assure that each dollar
spent to improve reliability givethem maximum benefit. Marginal benefit¢ost analysis helps
the utility managers and distribution reliabilitygineers to decide how to spend this budget in

the most effective manner.
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Marginal kenefit to cost analysis states that every dollar will be spent one at a time with
each dollar funding the project that will result in the most reliability benefit, resuhiran
optimal budget allocation that identifies the projects that should be funded and the level of
funding for each21].

In marginal enefit to cost analysis, the system will be upgraded until the desired
reliability paraméers are met or the allocated budget becomes insufficient. dllevihg
algorithm is used for marginal tmst benefit analysis.

1. Identify all possible upgrade options for the system.

2. Calculate the cost and benefit of all projects.

3. Set up the starting pdin

4. Compute the @B/ C ratio for all/l upgrades.
5. ldentify an upgrade that htéiseh i ghest B/ gp@ebudyet tonstramtsand t hi n

reliability requirements
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CHAPTER VI

CASE STWDIES AND RESULTS

In this section,a prototype 12 kV radial feeder commonly usedtive distribution
network isstudiedunder different line loading anthe number of customers. The reliability of
each modelinderpartial and complete automatio calculated andenefit to cost analysisf
eachmodel is carried outn order to find the optimum location of switches that satisfies

reliability and economiconstraints.

Methodology
Failure Mode and Effect Analysis

Failure Mode and Effect AnalysidFMEA) is an analytical inductive technique that
accounts for the possible failure mode of the system and their impact on reliability of the
distribution system. For each component the failure mode and resulting impact on the system is
recorded in the workshedthis method is often used in the system reliability study. A successful
FMEA helps to identify each failure mode, probability of occurrence of each failure, imnodle
necessary actions required to mitigate such failure modes.
The steps followed in FMEA altisted as follows:

1. Identify all failure modes.

2. Figure out their probability of occurrence

3. Select a contingency and its impact on all loads.
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4. Weight he i mpact of contingency by multiplyin
5. Follow the previous steps to the rest ofcalhtingencies.

6. Sum the contribution of all individual contingencies.

Reliahlity worth Assessment
The vital step in reliability assessment is to carry out a reliability study and to calculate

the set of reliability indicef20]. For computing reliability parameterthe subsequensteps are
followed.

1. The rumber and possible placementlo¢ switches, load poinisand line segments.

2. Average failure rates of each segment and load lines.

3. The rumber of customers connected d@neaverage consumption of each load.

4. The average repair time of automatic or manual switches.

5. Get feeder topology and switabchtions

6. ldentify switches to operate to isolateilts

7. Total switch operation time.

8. ldentify loads affected by feeder ouéag

9. Compute number of customers with powetage.

10. Calculate reliability parameters (SAIFI, SAIDI) and interruption costs
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Case Studies
Case 1A 12 kV Parallel RsidentiaFeeder
Consider &l2 kV residentialfeeder havinghe majority of the residentialload is shown

in Figure7.1

CB A o>
Station 1 Ji ° K B

F A—

—— Station 3

Figure7.112 kV RadialFeedeModel

In this mode] all the loads are fed bthe substationl. Two alternative sources are
availablefor the backup supply athe end of each nodiéarough normally open switch&3 and
S7. It is thenormalpractice of utility companie make normally open switches automaft,

S2, S4S5 and S6 are the possible locationplacement ohormally closedautomatic switches.

Step | Gather all thenecessary datdable7.1 shows the network data tife feeder The load
location and their indidual consumption are shown iraflle 7.2.Load point 7 is &ommercial

load of 450 kW.
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Table 71 Network [Cata ofthe ResidentialFeeder

Failure Mode Failure Rate( & Total Length(miles)

A

mmOoOOw®

0.15
0.15
0.15
0.15
0.15
0.15

4

A A S D

Table 72 Load Data ofthe ResidentiaFeeder

Load Point Average No. of Customers Average Load (KW)

N o o WD

133
100
133
100
133
133

10

900
850
900
890
900
700
450

Step Il:Reliability Analysis

S Wi

For reliability analysis, certain assumptions madihis thesis arenentioned below.

The system is radial.

All the faults are sustained.

The mean time to repair each of these feeder faults is assumed ho e 2

The automatic switching time is 5 seconds

The manual switching time is 1 hour

The method of finding reliability parameters with different numbeof automatic

tches

i n

a

di

stributi
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indices of the system for all possilp&acementof normally closedautomatic switches. Table
7.3 liststhe best value of reliability fothe switch configurationwith respective numberof

normally closechutomatic switche® A6 st andcat f or swutch and 6 MO

Table7.3 ReliabilityIndices fomumber of Aitomatic Svitchesin the ResidentiaFeeder

No. of Automatic Switch ~ Switch Configuration SAIFI SAIDI CMI
0 MMAMMM A 0.89 58.12 43128
1 MMAAMM A 044 36.32 26955
2 AMAAMM A 0.2 26.23 19467
3 AAAAMM A 0.25 19.37 14373
4 AAAAAM A 0.17 14.53 10782
5 AAAAAAA 0.14 14.53 10782

As automation increased, the reliability paramete8AlfFl, SAIDI and CMI)
significantly improved. This is due toa decreasen rate of power outagetime. However,
automation increased reliability of the system to some point. After that point, there is no
significant benefit of automation as the reliability saturakégure 7.3 showsthat the plot of

SAIFI and SAIDI improve as a result ahincrease in automatic switches.
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Figure7.2 SAIFI andSAIDI Diagrams for 12 kV ResidentiaEEder

Step lll: Economic Analysis

Even though reliability improvand saturattat some point, theumber of automatic
switches after which saturationoccurred might or mighnot be the optimal point. Proper
economic analysis must be done in order to figuretlmioptimal switch number anekliability
that can be achieved with a given budgetA properbenefit to cosanalysismust be done for
this purpose.

For the economic analysis, the cost tbe automatic switch is taken as $30,000
(IntelliRupter market value price)19]. The interruption cost varies depending tbe type of
customersTable 7.4 listshe interruptiorcostfor all type of customer®r an houraccording to

a survey report of The Midwest Independent Transmission System Oggejtor
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Table 74 Interruption Cost per Kwh for Industrial, Commercial and Residentiad L

Type of Customer Interruption C ost (per kWh)

Industrial $500-$600
Commercial $417
Residential $2

For different switch configuratian the interruption cost and total beneéttabulated in
Table 75. Caseddis taken as reference pointThe total cost and benefits of partial and full

automatiorwill be comparedvith respect to this reference pofot economic analysis.

Table 75 Total Interruption Cost andeBefit forthe Residential bad

Case Switch Switch Cost($) Interruption Cost ($) Total Cost($) Benefit($) B/ c

Configuration
0 MMAMMMA 60,000.00 10,656.00 70,656.00 -
1 MMAAMM A 90,000.00 6,660.00 96,660.00 3,996.00 0.041
2 AMAAMM A 120,000.00 4,791.00 124,791.00 5,865.00 0.046
3 AAAAMM A 150,000.00 3,474.00 153,474.00 7,182.00 0.046
4 AAAAAM A 180,000.00 2,664.00 182,664.00 7,992.00 0.043
5 AAAAAAA 210,000.00 2,664.00 212,664.00 7,992.00 0.037

Figure 7.3 showsthe plot of benefit to cost analysaf the 12 kV residentialfeeder. The
benefit considerablyincreaseddue to the increase imumber of automatic switels Thenthe

significant benefit of automatiodecreased-or this case, the optimal number of swishis2.
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Figure7.3 Benefit to Cost Analysis of 12 kResidentialFeeder

Case II: A 12 kV Parallel @nmercialFeeder
Step I:In this case, igure7.1is remodeledvith the majority ofthe commercial loadTable 7.6
shows the network data of the commercial feeder. The load location and theiduabiv
consumption are shown iralble 7.7 Load point 7 ishe industrial load of 2000 KW. Similarly,

load points 5 and 6 are the residential load.

Table 76 Network Data ofthe CommercialFeeder

Failure Mode Failure Rate( & Total Length(miles)

A 0.15 4
0.15
0.15
0.15
0.15
0.15

mmoOQO
A DA DDNDN
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Table7.7 Load Data ofthe CommercialFeeder

Load Point Avg No. of Customers Avg Load (KW)

LP1 40 1600
LP2 40 1700
LP3 20 850
LP4 40 1800
LP5 40 300
LP6 25 200
LP7 5 2000

Step Il:Reliability Analysis

All the assumptiongnade for reliabilityanalysis are theame as that fahe residential
feeder. AppendixB.7 lists the reliability indices of the system for all possible placements for
normally closed automatic switches. Table 7.8 lists the configuration of normally closed switches
with the respective number of automatic switctfes the best value of reliabilityFigure 7.4

shows the plot of SAIFI and SAIDI improve as a result of an increase in automatic switches.

Table7.8 Reliability Indices fomumber of Automatic itchesin the Commetial Feeder

No of automatic switch  Switch configuration SAIFI SAIDI CMI
0 MMAMMM A 0.88 61.71 12960
1 MMAAMM A 044 38.57 8100
2 AMAAMM A 0.31 27.42 5760
3 AAAAMM A 0.24 20.57 4320
4 AAAAAMA 0.16 15.42 3240
5 AAAAAAA 0.14 15.42 3240
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Figure7.4 SAIFI and SAIDI Dagrams forl2 kV CommercialFeeder

Step lll: Economic Analysis

For the economic analysis|l the assumptions made aifee same as thoser the

residential feeder. The interruption rates are #isosame as inable 7.4. The total benefit and

cost of different switch configuration ftne commercial feeder is shown ialdle 7.9

Table 79 Total Interruption Cost anddbefit forthe Commercial load

Case Con?ig:f;ion Switch Cost ($) Interrup('g;c))n C ost Total Cost ($) Benefit ($) @B/
0 MMAMMM A 60,000.00 2,978,100.00 3,038,100.00 -
1 MMAAMM A 90,000.00 1,861,312.50 1,951,312.50 1,116,787.50 0.57
2 AMAAMM A 120,000.00 1,176,390.00 1,296,390.00 1,801,710.00 1.38
3 AAAAMM A 150,000.00 744,795.00 894,795.00 2,233,305.00 2.49
4 AAAAAMA 180,000.00 744,525.00 924,525.00 2,233,575.00 241
5 AAAAAAA 210,000.00 744,525.00 954,525.00 2,233,575.00 2.33

Figure 7.5 shows thecost to benefit analysis ofthe 12 kV commercialfeeder. The

benefis due to automatioaresignificantlyhigher than as comparedtteeresidential feedefor
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the commercial feeder, the optimal number of swétels 3 asthe benefitto cost ratiostarts to

decrease after this point.
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Figure7.5 Benefit to Cost Analysis of 12 k€CommercialFeeder

Case IlIl A 12 kV Parallel IndustriaFeeder
Step l:Figure 7.1 is modified again with the majority of the industrial Idahle 7.106shows the
network data of théndustrial feeder. The load location and their individuahsomption are
shown inTable 7.11Load point 1 is the residential loads with consumption 144 KW. Similarly,

load points 6 and 7 are the commercial loads.
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Table 710 Network Data oftheIndustrialFeeder

Failure Mode Failure Rate( & Total Length(miles)

0.15 4
0.15
0.15
0.15
0.15
0.15

TmMmOoOO W >
A DM DDD

Table 711 Load Data ofthe IndustrialFeeder

Load Point Avg No. of Customers Avg Load (KW)

LP1 20 144
LP2 5 2500
LP3 5 4500
LP4 1 2000
LP5 5 2500
LP6 5 200
LP7 5 450

Step II: Reliability Analysis

Again, all the assumptionmade for reliability analysis are the same as tHosdhe
residential feeder. Appendi£.7 lists the reliabilityindices of the system for all possible
placements for normally closed automatic switch€able 7.12lists the configuration of
normally closed switches witle respective number of automatic switciesthe best value of

reliability.
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Table 712 Reliability I ndices fomumber of Aitomatic Svitchesin the IndustriaFeeder

No of Automatic Switch  Switch Configuration SAIFI SAIDI CMI
0 MMAMMM A 0.782609 56.34783 2592
1 MAAMMMA 0.652174 44.41304 2043
2 MAAAMM A 0.26087 27.19565 1251
3 AAAAMM A 0.195652 17.02174 783
4 AAAAAM A 0.108696 14.08696 648
5 AAAAAAA 0.065217 14.08696 648

Figure 7.5 shows the plot of SAIFI and SAIDI improve as a result of an increase in

automatic switches.

SAIFI SAIDI
0.9 60
08 £ 50 AN
= 0.7 o \
8 AN 2
> 0.6 \ c 40
@ 0.5 c \
o \ S 30
~04 = \
=03 \ £ 20
0.2 N g SN——
. c
o1 \\ 10
0 0
0 2 4 6 0 2 4 6
Number of normally closed automatic switc Number of normally closed automatic switt

Figure7.6 SAIFI and SAIDI Diagrams for 12 kV IndustriaeEder

Step Ill: Economic Analysis
For the economic analysis, again all the assumptions madeeasame as thoder the
residentialfeeder. The interruption rates are mentioned in table 7.4. The total benefit and cost of

different switch configuration for ingtrial feeder is showin table 7.13
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Table7.13 Total Interruption Cost andddefitfor the IndustrialLoad

Case Switch Switch Cost($) Interruption Total Cost ($) Benefit($) @B/ q
Configuration Cost($)

MMAMMM A 60,000.00 7,740,345.60 7,800,345.6 0 -
MAAMMM A 90,000.00 4,837,716.00 4,927,716.00 2,92,629.60 0.58
AAAAMM A 120,000.00 3,420,172.80 3,540,172.80 4,320,172.80 1.22
AAAAMM A 150,000.00 2,610,086.40 2,760,086.40 5,130,259.20 1.85
AAAAAM A 180,000.00 1,935,086.40 2,115,086.40 5,805,259.20 2.74
AAAAAAA 210,000.00 1,935,086.40 2,145,086.40 5,805,259.20 2.70

As shown in Bble 7.13 the benef due to automatiorare significantly higher as
compared to commercial as well as residential fedtigure 77 shows the benefit to cost ratio
for theindustrial feeder. The optimal number of automatic sweis¢br theindustrial customer is

4.

w
o

N
o w
4

N

=
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pad
-

1 2 3 4 5 6
Number of normally closed automatic switch

Benefit to cost ratio

=

o
o

o
o

Figure7.7 Benefit to Cost Analysis of 12 kWhdustrid Feeder
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CHAPTER VI

DISCUSSION AND CONCLUSION

This chapterdiscusss the findings of the casestudies and the conclusion dmavy

comparing each model. Alsib briefly discusseshe future implementation of the project.

Objectives of the $udy

The main objective ahe studyis the reliability assessment thfe automated distribution
system and to propodée optimum number and location of automatic switches tmgirove
reliability of the distribution system. A very simpknalyticalmethod has been implemented for
thesysten analysisThis researclaimsto helpthemanager andeliability engineers othe utility

company to understarte benefitsandto perform economic analysis tifeautomation system.

Summary of the Findings
From the case studiesonducted forresidental, commercial and industrid#edes, the
following conclusions can be drawn.

a. The reliability of the system improves the automation increases for all kinds of load
until a certain number of automatic switcha® installed. #er that it saturatesi.e. no
more reliability improvemetrwith further automation.

b. Benefit of automation is less fdhe residential load as compared italustrial and
commercial load This might be because the average consumption oégheéential load
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is very smallcompare to commercial and industrildadseven though they are large in
numbers.Figure 8.1 shows the comparison of benefit to cost ratio for residential,

industrial and commercial types of customers.

2.5 7=

’
15 S Residential

B/C ration

’
A 4 == = «|ndustrial

p === Commercial

0.5 W

0 1 2 3 4 5 6
No. of normally closed switches

Figure 8.1 Comparison of Benefit to Cost Ratio of Indast€Commercial and &idential load

c. The number of autoatic switches greatly depends upgbe type of feedeiThe number
of automatic switches is higher fordustrial and commercial customexs compared to
the residentiaload It may be due tdhe large interruption cost for the industrial and
commercial customerg.herefore the utility companies areery concernedo provide
thesekinds of customer aery reliable power supplgt anycost. Generally big industries
have multiple feeersasthey shae the portion of reliability improvement withe utility
company.

d. Reliability of the distribution system greatly dependponthe placement of automatic

switches.The reliability indices fodifferent numbes of automatic switchefor all types
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of feedes are shown in appendiA.7, B.7 and C.7 The reliability andbenefis are
different forvariousswitch locations evethoughthe number of automatic switehis

thesame.

Recommendations for Future Sudy

This thesis proposea very simple analytical method for reliability assessment and
system economic analysis usiag excel spreadshedtiowever, this method can be very time
consuming if the number of load points are too high. In that sasejationbasedmethodscan
be usedo find optimal placement of automatic switches. Afso the reliabilityevaluation this
thesis accounts on ttestoric averagelatamade available bytility companies This model can
be further enhanced to real time data using Opal RT. Furtherrheregltability andeconomic

analysisof the system withintegration ofDG (Distributed Generatiorgan be carried out.
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APPENDIXA

RELIABILITY ASSESSMENT AND ECONOMIC ANALYSISOF THE RESIDENTIAL

FEEDER

59



Table A.1Switch Placement ®dulefor the Residential Feeder

Switch position Switching time | MTTR

1 1 0.001388889 2
2 1 0.001388889 2
3 1 0.001388889 2
4 1 0.001388889 2
5 1 0.001388889 2
6 1 0.001388889 2
7 1 0.001388889 2

| No. of Automatic switch| 7 | | |
** 1=Automatic, 0=ManualAutomatic Switching time =5 se®-00138888%r

Table A.2Reliability Indices for Switch Mdule shown in Table A.1

SAIFI (INT/CUST) 0.144204852
SAIDI (min/CUST INT) 14.5309973
CAIDI(min/Int) 100.7663551
ASAI 0.99834121
CMI 10782
Interruption cost $ 2,664.(
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Table A.3 Power availability Rate for albadPoints Depending upon Switchddule shown in A.1 using FMERN ethodfor the
ResidentiaFeeder

Load point (LP1) Load point (LP2) Load point (LP3) Load point (LP4) Load point (LP5) Load point (LP6) Load point (LP7)
Fa
o~ o o~ o o~
ult U=@a. U=@o. U=@o. U=@o. U=a.,| @& r U=@a. o r U=@a.
(fr’)y rO0 1 ey (f’)yr rO0 1 oy (fr’)y COD 1 oy (f’)yr O iy (fr’)y O ey |y | on | oy | @y | oo | ey
0.001 0.001 0.0 0.0
AlC%L 2 03 | o015 | 38sss| o | Q1 |00031 o | 45| 3888 | o | Q1|90 o |o15|013] o |o015|o013| o
5 5 | 88889 5 | 1389
9 9 89 89
01 | 0.0013 01 | 0.0013 01 | 0.00 0.0 0.0
B % | Some| O |ois| 2 03 | G902 o |oas| 2 03 || Pge| O [o0a5| 03 0 Jois o1 o
0.001 0.001 0.0 0.0
c | 0L 00013t 1 g45|38888| o |%1| 2 03 |o015| 3888 | o |%1[%00F o |o15|013] o |o015|o013]| o
5 | 88889 5 5 | 1389
9 9 89 89
0.001 0.001 0.0 0.0
p | Ol [00013) o | 45| 38888 o | Q1|00 4 1015|388 | o |[%1] 2 03 | 015|013 o |o15|013] o
5 | 88889 5 | 88889 5
9 9 89 89
0.001 0.001 0.0
0.1 | 0.0013 0.1 | 0.0013 01 | 0.00
E | 5| Gesss | O | o03s|3sme8| O 5 | asess| O |015| 38| O s |1ss| O [O05] 2| 03 |oas|o) o
0.001 0.001 0.0
0.1 | 0.0013 0.1 | 0.0013 01| 0.00
F |5 | Geses | ©O | o03s|3sses| o 5 | asess| O |015| 38| O s |1ss| O [os| 01| o |ois| 2| 03
| o9 03 | 09 03 | 09 03 | 09 03 | 09 03 | 09 03 | 09 03

Table A.4 Number of Custoer Interruption for different Failure Modespendingon Switch Module shown in A.1

Compone | Failure rate Total No of customer Customer Avg no of momentary Cust Momentary
nts (&l yr interrupted Interruption (CI) interruption Interruption
A 0.15 133 19 609 91
B 0.15 200 30 542 81
C 0.15 133 19 609 91
D 0.15 133 19 609 91
E 0.15 133 19 609 91
F 0.15 10 1 732 109
107 554
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Table A.5 Custorar Minute Interruption for all Loadditsin the Residential Feeder

Load Point | Avg No. of Customers(N) | U ( & | CMI (N*U*60 min)

LP1 133 0.3 2394

LP2 100 0.3 1800

LP3 133 0.3 2394

LP4 100 0.3 1800

LP5 133 0.3 2394

LP6 133 0.3 2394

LP7 10 0.3 180
10782

Table A.6Customer Interruption Cost for DifferenbadsDependingon their Rates

Load Point | Interruption cost rate ($/kWhr) Avg. Load (kW) Interruption rate (hr/yr) Interruption cost ($)

LP1 2 900 0.3 $ 540
LP2 2 850 0.3 $ 510
LP3 2 900 0.3 $ 540
LP4 2 890 0.3 $ 534.00
LP5 2 900 0.3 $ 540
LP6 2 700 0.3 $ 420
LP7 417 450 0.3 $ 56,295.00

Total Interruption cost | $ 2,664
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Table A.7 Detail Reliability and Economic AnalySsrted based on B/C Ratio foiflerent NumberandSwitch Locations fothe

Residential Eeder

No. of NC automatic! ~ S1 S2 S3 S4 S5 S6 SAIFI  SAIDI ~ CMI Switch Cost INTERRUPTION Ci Total Cost Benefit n. kp! CMisavings $/CMI Saving
0 0 0 1 0 0 0 1 0.897574 58.12399 43126 $  60,000.00 $ 10,656.00 $ 70,656.00 $ -
1 0 0 1 0 0 1 1 0.735849 50.85849 37737 $  90,000.00 $ 9,324.00 $ 99,324.00 §  1,332.00 0.013410655 5391¢ 1842
1 0 0 1 0 1 0 1 0.536388 4359299 32346 $  90,000.00 $ 7,992.00 $ 97,992.00 $§  2,664.00 0.027185893 1078z $ 9.09
1 0 1 1 0 0 0 1 0.638814 42.79245 31752 $  90,000.00 $ 7,974.00 $ 9797400 $§  2,682.00 0.02737461 11376 $ 8.61
1 1 0 1 0 0 0 1 0.638814 42.79245 31752 $  90,000.00 $ 7,974.00 $ 97,974.00 $§  2,682.00 0.02737461 11376 $ 8.61
1 0 0 1 1 0 0 1 0.444744 36.32749 26955 $  90,000.00 $ 6,660.00 $ 96,660.00 $  3,996.00 0.041340782 16173 $ 5.98
2 0 0 1 0 1 1 1 0.506739 4359299  3234€ $ 120,000.00 $ 7,992.00 $ 12799200 $§  2,664.00 0.020813801 107826 1187
2 0 1 1 0 0 1 1 0506739 37.14016  2755¢ $ 120,000.00 $ 6,912.00 $ 12691200 $§  3,744.00 0.029500756 15570 $ 8.15
2 1 0 1 0 0 1 1 0506739 37.14016 27556 $ 120,000.00 $ 6,912.00 $ 12691200 $§  3,744.00 0.029500755 15570 $ 8.15
2 0 0 1 1 0 1 1 0.385445 34.71429 25756 $ 120,000.00 $ 6,390.00 $ 126,300.00 $§  4,266.00 0.03375267 17370 $ 7.28
2 0 0 1 1 1 0 1 0.361186 31.48787 23364 $ 120,000.00 $ 5,850.00 $ 125,850.00 $  4,806.00 0.038188319 19764 $ 6.37
2 0 1 1 0 1 0 1 0.361186 31.48787 23364 $ 120,000.00 $ 5,850.00 $ 125,850.00 $  4,806.00 0.038188319 19764 $ 6.37
2 1 0 1 0 1 0 1 0.361186 31.48787 23364 $ 120,000.00 $ 5,850.00 $ 125,850.00 $  4,806.00 0.038188319 19764 $ 6.37
2 1 1 1 0 0 0 1 0433962 29.47439 21870 $ 120,000.00 $ 5577.00 $ 125,577.00 $  5,079.00 0.040445304 2125¢ $ 5.91
2 0 1 1 1 0 0 1 032345 27.44879 20367 $ 120,000.00 $ 5,058.00 $ 125,058.00 $  5598.00 0.04476323 22761 $ 5.49
2 1 0 1 1 0 0 1 0.32345 26.23585 19467 $ 120,000.00 $ 4,791.00 $ 124,791.00 $  5,865.00 0.046998582 23661 $ 5.27
3 0 0 1 1 1 1 1 0.331536 31.48787 23364 $ 150,000.00 $ 5,850.00 $ 155,850.00 $  4,806.00 0.030837344 19764 $ 7.89
3 0 1 1 0 1 1 1 0.331536 31.48787 23364 $ 150,000.00 $ 5,850.00 $ 155,850.00 $  4,806.00 0.030837344 19764 $ 7.89
3 1 0 1 0 1 1 1 0.331536 31.48787 23364 $ 150,000.00 $ 5,850.00 $ 155,850.00 $  4,806.00 0.030837344 19764 $ 7.89
3 0 1 1 1 0 1 1 0.264152. 25.83558 19170 $ 150,000.00 $ 4,783.00 $ 154,788.00 $  5,868.00 0.037909915 2395¢ $ 6.46
3 1 1 1 0 0 1 1 0.331536 25,4353 18873 $ 150,000.00 $ 4,785.00 $ 154,785.00 $  5,871.00 0.037930032 24255 $ 6.38
3 1 0 1 1 0 1 1 0.264151 24.62264 18270 $ 150,000.00 $ 4,521.00 $ 154521.00 $  6,135.00 0.039703341 2485¢ $ 6.22
3 0 1 1 1 1 0 1 0.239892 22.60916  1677€ $ 150,000.00 $ 4,248.00 $ 154,248.00 $  6,408.00 0.041543483 26352 $ 5.85
3 1 1 1 0 1 0 1 0.239892 21.39623  1587€ $ 150,000.00 $ 3,993.00 $ 153993.00 $§  6,663.00 0.043268201 21252 $ 5.65
3 1 0 1 1 1 0 1 0.239892 21.39623 15876 $ 150,000.00 $ 3,981.00 $ 153,981.00 $§  6,675.00 0.043349504 21252 $ 5.65
3 1 1 1 1 0 0 1 0.257412 19.37062 14373 $ 150,000.00 $ 3,474.00 $ 15347400 $  7,182.00 0.0467962 28755 $ 5.34
4 0 1 1 1 1 1 1 0.210243 22.60916  1677€ $ 180,000.00 $ 4,24800 $ 18424800 $  6,408.00 0.034779211 26352 $ 6.99
4 1 1 1 0 1 1 1 0.210243 21.39623  1587€ $ 180,000.00 $ 3,993.00 $ 183,993.00 $  6,663.00 0.036213334 21252 $ 6.75
4 1 0 1 1 1 1 1 0.210243 21.39623  1587€ $ 180,000.00 $ 3,981.00 $ 183981.00 §  6,675.00 0.03628092 21252 $ 6.75
4 1 1 1 1 0 1 1 0198113 17.7574.. 13176 $ 180,000.00 $ 3,204.00 $ 183204.00 $§  7,452.00 0.040675968 29957 $ 6.12
4 1 1 1 1 1 0 10173854 14531 10782 $ 180,000.00 $ 2,664.00 $ 182,664.00 $  7,992.00 0.043752464 32346 $ 5.65
5 1 1 1 1 1 1 10144205 14531 10782 $ 210,000.00 $ 2,664.00 $ 21266400 $§  7,992.00 0.037580409 32346 $ 6.57
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Table B.1Switch Placement Bdulefor the Commercial Feeder

Switch posmon Switching time MTTR

1 0.001388889
2 1 0.001388889 2
3 1 0.001388889 2
4 1 0.001388889 2
5 1 0.001388889 2
6 1 0.001388889 2
7 1 0.001388889 2
‘ No. of Automatic switch | 7 ‘ ‘

** 1=Automatic, 0=ManualAutomatic Switching time =5 se®-00138888%r

Table B.2 Reliability Indices for Switch btule Shown in Table B.1

SAIFI (INT/CUST) 0.142857143
SAIDI (min/CUST INT) 15.42857143
CAIDI(min/Int) 108
ASAI 0.998238748
CMI 3240
Interruption cost $ 744,525.(
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Table B3 PowerAvailability Rate for all Load Points @exding upon #itch Module shavn in B.1 using FMEA Methodfor the
CommerciaFeeder

Load point (LP1) Load point (LP2) Load point (LP3) Load point (LP4) Load point (LP5) Load point (LP6) Load point (LP7)
Fa
ult o U=a.l 2 u=aoa. 2 u=ao. 2 u=a. 2 r u=a. 2 r u=aoa. 2 r U=@o.
(%y cOD 1 by (gy LD (:;y rO0 | ey (:;y rOD 1 ey (‘;;y () | (hriyn) (‘;;y () | (hriyn) (‘;;y () | (hriyn)
01 01 | 0.0013 0.1 | 0.0013 0.1 | 0.001 0.1 | 0.00 0.1 | 0.00 0.1 | 0.00
Al s 2 03 | 5 | ggssg| © 5 | sssgg | © 5 | 3ssge| O 5 | 1389| © 5 | 1389| © 5 | 1389| ©
01 | 00013 01 01 | 0.0013 01 0.1 | 0.00 0.1 | 0.00 0.1 | 0.00
Bl 5 | essse| © 5 2 03 | 5 | gggge | © 5 2 03 | 5 | 1389| O 5 | 1389| © 5 | 1389| ©
0.1 | 0.0013 0.1 | 0.0013 01 0.1 | 0.001 01 | 0.00 01 | 0.00 01 | 0.00
C| s |sssge| © 5 | sssse| © 5 2 03 | 5 | 3ssg9| © 5 | 1389| © 5 | 1389| © 5 | 1389| ©
01 | 0.0013 01 | 0.0013 01 | 0.0013 01 | 0.001 01 0.1 | 0.00 01 | 0.00
D| 5 | gssgo| © 5 | sssgg| O 5 | sssgg| O 5 | 3sss9| © 5 | 2 03 | 5 | 1389| O 5 | 1389| ©
0.1 | 0.0013 0.1 | 0.0013 01 | 0.0013 0.1 | 0.001 01 | 0.00 01 01 | 0.00
Bl 5 | sssse| © 5 | sssse| © 5 | sssse| © 5 | 3ssgg| O 5 | 1389| © 5 | 2 03 | 5 | 1389| ©
01 | 0.0013 01 | 00013 01 | 0.0013 01 | 0001 01 | 0.00 01 | 0.00 01
F 15 |s8sssg| O 5 | ssssg| O 5 | sssgg| O 5 | 3sss9| © 5 | 1389| © 5 | 1389| © 5 | 2 03
x 2| 0.9 03 | 09 03 | 09 03 | 09 03 | 09 03 | 09 03 | 09 03
TableB.4 Number of Customer Interruption for different failure modes depermuatirsgvitch module shown in B.1
Number of customers A B C D E F
40 2 0.001388889 0.001388889 0.001388889 0.001388889 | 0.001388889
40 0.001388889 2 0.001388889 0.001388889 0.001388889 | 0.00138888¢9
20 0.001388889 0.001388889 2 0.001388889 0.001388889 | 0.001388889
40 0.001388889 2 0.001388889 0.001388889 0.001388889 | 0.001388889
40 0.001388889 0.001388889 0.001388889 2 0.001388889 | 0.001388889
25 0.001388889 0.001388889 0.001388889 0.001388889 2 0.001388889
5 0.001388889 0.001388889 0.001388889 0.001388889 0.001388889 2
Average load affected 40 80 20 40 25 5
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TableB.5 Custoner Minute Interruption for all Loaddtsin the Commercial Feeder

Faul Failure rate Avg. No of customer Customer Interruption Avg no of momentary Cust Momentary
ts (&l yr interrupted (Ch interruption Interruption
A 0.15 40 6 170 25
B 0.15 80 12 130 19
C 0.15 20 3 190 28
D 0.15 40 6 170 25
E 0.15 25 3 185 27
F 0.15 5 0 205 30
30 154

Table B.6 Customer Intemption Cost for Different Loads Depending theatBs

Load Point | Interruption cost rate ($/kWhr) | Avg. Load (kW) | Interruption rate (hr/yr) Interruption cost ($)

LP1 417 1600 0.3 $ 200,160.
LP2 417 1700 0.3 $ 212,670.
LP3 417 850 0.3 $ 106,335.00
LP4 417 1800 0.3 $ 225,180.
LP5 2 300 0.3 $ 180.
LP6 2 200 0.3 $ 120.
LP7 45 2000 0.3 $ 27,000.

Total Interruption cost $ 744,525,
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Table B.7Detail Reliability and Economic Analysis Sorted based & Batio for Different Number and Switch Locations fibre

CommercialFeeder

No. of NC Aut switch  S1 S2 S3 S4 S5 S6 S7  SAIFI SAIDI  CMI  Switch Cost INTERRUPTION Ci Total Cost Benefit n. kp! CMisavings $ICMI Saving
0 0 0 1 0 0 0 1 0.885714 61.71429 12960 $ 60,000.00 $  2,978,100.00 $ 3,038,100.00 $ -
1 0 0 1 0 0 1 1 0.714286 54 11340$ 90,00000 $§  2,605,837.50 $ 2,605,837.50 $  372,262.50 0.138087885 1620 $ 1,664.10
1 0 1 1 0 0 0 1 0.68095249.71429 10440 § 90,000.00 $  2,340,000.00 $ 2,430,000.00 $  638,100.00 0.262592593 2520%  964.29
1 0 0 1 0 1 0 1 0.552381.46.2857.. 9720 $ 90,000.00 $  2,233,575.00 $ 2,323,575.00 $  744,525.00 0.320422194 40  717.15
1 1 0 1 0 0 0 1 0623814542857 9540 § 90,000.00 $  2,105437.50 $ 2,195,437.50 $  872,662.50 0.397489111 3420$ 6419
1 0 0 1 1 0 0 1 0442857 3857143 8100 $ 90,000.00 $  1,861,312.50 $ 1,951,312.50 $ 1,116,787.50 0.572326319 4860 $ 40150
2 0 0 1 0 1 1 1 0528571 46.2857. 9720 $ 120,000.00 §  2,233575.00 $ 2,353,575.00 $  744,525.00 0.316337911 2408 72641
2 0 1 1 0 0 1 1 0528571 42.85714 9000 $ 120,000.00 §  2,020,905.00 $ 2,140,905.00 $  957,195.00 0.447098307 3960 $  540.63
2 0 0 1 1 0 1 1 0.385714 36.85714 7740 $ 120,000.00 $  1,861,222.50 $ 1,981,222.50 $ 1,116,877.50 0.563731484 5208% 37954
2 0 0 1 1 1 0 1 0.366667 33.42857 7020 $ 120,000.00 §  1,861,04250 $ 1,981,042.50 $ 1,117,057.50 0.563873567 5040 § 33351
2 1 0 1 0 0 1 1 0485714 3942857 8280 $ 120,000.00 $  1,833,255.00 $ 1,953,255.00 $ 1,144,845.00 0.586121623 4680 $  417.36
2 0 1 1 0 1 0 1 0.395238 3% 7560 $ 120,00000 $  1,701,810.00 $ 1,821,810.00 $ 1,276,290.00 0.700561529 5400 §  331.37
2 1 0 1 0 1 0 1 0.366667 33.42857 7020 $ 120,000.00 §  1,561,072.50 $ 1,681,072.50 $ 1,417,027.50 0.842930629 5040 $ 28301
2 1 1 1 0 0 0 1 0461905 34.2857. 7200 $ 120,000.00 $  1,514,250.00 $ 1,634,250.00 $ 1,463,850.00 0.895731987 5760 $  283.72
2 0 1 1 1 0 0 1 0.32857130.85714 6480 $ 120,000.00 §  1,382,805.00 $ 1,502,805.00 $ 1,595,295.00 1.061544911 6480 $ 23191
2 1 0 1 1 0 0 1 0.314286 27.42857 5760 $ 120,000.00 $  1,176,390.00 $ 1,296,390.00 $ 1,801,710.00 1.389790109 72008  180.05
3 0 0 1 1 1 1 1 0.342857 33.42857 7020 $ 150,000.00 §  1,861,04250 $ 2,011,042.50 $ 1,117,057.50 0.555461905 5040 §  338.56
3 0 1 1 0 1 1 1 0.371429 3% 7560 $ 150,000.00 $  1,701,810.00 $ 1,851,810.00 $ 1,276,290.00 0.689212176 5400 $  342.93
3 1 0 1 0 1 1 1 0.342857 33.42857 7020 $ 150,000.00 §  1,561,07250 $ 1,711,072.50 $ 1,417,027.50 0.828151642 5040 $  288.06
3 0 1 1 1 0 1 1 0.27142929.14286 6120 $ 150,000.00 $  1,382,715.00 $ 1,532,715.00 $ 1,595,385.00 1.040888223 6840 $  224.08
3 0 1 1 1 1 0 1 0.252381. 2571429 5400 $ 150,000.00 $  1,382,535.00 $ 1,532,535.00 $ 1,595,565.00 1.041127935 7560 §  202.72
3 1 1 1 0 0 1 1 0.342857 29.14286 6120 $ 150,000.00 $  1,295,235.00 $ 1,445,235.00 $ 1,682,865.00 1.164423087 6840 $  211.29
3 1 0 1 1 0 1 1 0.257143 2571429 5400 $ 150,000.00 $  1,176,300.00 $ 1,326,300.00 $ 1,801,800.00 1.358516173 7560 §  175.44
3 1 0 1 1 1 0 1 0.238095 22.2857. 4680 $ 150,000.00 $  1,176,120.00 $ 1,326,120.00 $ 1,801,980.00 1.358836304 8280 $  160.16
3 1 1 1 0 1 0 1 0.252381. 24 5040 $ 150,00000 $  1,076,220.00 $ 1,226,220.00 $ 1,901,880.00 1.551010422 7920$  154.83
3 1 1 1 1 0 0 1 0.242857 2057143 4320 $ 150,000.00 $ 744,795.00 $ 894,795.00 $ 2,233,305.00 2.495884532 8640 §  103.56
4 0 1 1 1 1 1 1 0.228571.25.71429 5400 $ 180,000.00 $  1,382,535.00 $ 1,562,535.00 $ 1,595,565.00 1021138725 7560 $  206.68
4 1 0 1 1 1 1 1 0.214286 22.2857. 4680 $ 180,000.00 $  1,176,120.00 $ 1,356,120.00 $ 1,801,980.00 1.328776214 8280 $  163.78
4 1 1 1 0 1 1 1 0.228571 24 5040 $ 180,00000 $  1,076,220.00 $ 1,256,220.00 $ 1,901,880.00 1.513970483 7920$ 15861
4 1 1 1 1 0 1 1 0.185714 18.85714 3960 $ 180,000.00 $ 744,705.00 $ 924,705.00 $ 2,233,395.00 2.41525135 9000 $  102.75
4 1 1 1 1 1 0 1 0.166667 1542857 3240 $ 180,000.00 $ 744,525.00 $ 924,525.00 $ 2,233,575.00 2.415916281 97208 %12
5 1 1 1 1 1 1 1 0.142857 1542857 3240 $ 210,000.00 $ 744,525.00 $ 954,525.00 $ 2,233,575.00 2.339985857 9720$ 820
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FEEDER
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Table C.1Switch RacementModulefor the Industrial Load

Switch posmon Switching time MTTR

1 0.001388889
2 1 0.001388889 2
3 1 0.001388889 2
4 1 0.001388889 2
5 1 0.001388889 2
6 1 0.001388889 2
7 1 0.001388889 2
‘ No. of Automatic switch | 7 ‘ ‘

** 1=Automatic, 0=ManualAutomatic Switching time =5 se®-00138888%r

Table C.2 Reliability Indices for Switch Module shown in Table C.1

SAIFI (INT/CUST) 0.065217391
SAIDI (min/CUST INT) 14.08695652
CAIDI(min/Int) 216
ASAI 0.9983919
CMI 648
Interruption cost $ 1,935,086.40
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Table C.3 PoweAvailability Rate for all Load Points Bpending upon Switch dtlule shavn in C1 using FMEA Methodfor the
Industrial Feeder

Load point (LP1)

Load point (LP2)

Load point (LP3)

Load point (LP4)

Load point (LP5)

Load point (LP6)

Load point (LP7)

Failur
Co?'np ES U=al & Ur_a & U=@oa o U=2a & r u=sa e r Ur_a & r U=2oa
r (hr hriyr flyr r (hr ) flyr r (hr P (i r (hr 5 (fyr hr/ flyr ) flyr ST
onent | (tyn | "00 | (¢ )y ( )y 1 e | € )y L e (r)y 001 (hrryry | ¢ )y tn | r)y ( )y tn | ¢ | )y (hr) | (hriyr)
yr) yr)
A 0.15 2 0.3 0.15 5sec 0 0.15 5sec 0 0.15| 5sec 0 0.15 | 5sec 0 0.15 | 5sec 0 0.15 | 5sec 0
B 0.15 5sec 0 0.15 2 0.3 0.15 5sec 0 0.15 2 0.3 0.15 0.00 0 0.15 0.00 0 0.15 | 5sec 0
) ) ) ) ) ) ) 1389 ) 1389 ’

C 0.15 5sec 0 0.15 5sec 0 0.15 2 0.3 0.15| 5sec 0 0.15 | 5sec 0 0.15 | 5sec 0 0.15 | 5sec 0

D 0.15 5sec 0 0.15 5sec 0 0.15 5sec 0 0.15| 5sec 0 0.15 2 0.3 0.15 | 5sec 0 0.15 | 5sec 0

E 0.15 5sec 0 0.15 5sec 0 0.15 5sec 0 0.15| 5sec 0 0.15 | 5sec 0 0.15 2 0.3 0.15 | 5sec 0

F | 015 | ssec| 0 |015| B5sec | 0 | 015 5sec 0 |015| ssec| o |0a5[ 0| o0 |o015|ssec| 0 |0a5| 2 | 03

X o 0.9 0.3 0.9 0.3 0.9 0.3 0.9 0.3 0.9 0.3 0.9 0.3 0.9 0.3

TableC.4 Numbe of Customer Interruption for Different Failure Modespg2ndingon Switch Module shown in

Compone | Failure rate Avg. No of customer Customer Avg no of momentary Cust Momentary
nts (&l yr interrupted Interruption (CI) interruption Interruption
A 0.15 20 3 26 3
B 0.15 6 0 40 6
C 0.15 5 0 41 6
D 0.15 5 0 41 6
E 0.15 5 0 41 6
F 0.15 5 0 41 6
3 33
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Table C5 Custoner Minute Interruption for all badPointsin the Industrial Feeder

Load Point Avg No. of Customers U(o. r) CMI (Customer minute Interruption)

LP1 20 0.3 360
LP2 5 0.3 90
LP3 5 0.3 90
LP4 1 0.3 18
LP5 5 0.3 90
LP6 5 0.3 90
LP7 5 0.3 90

648

Table C.6Customer Interruption Cost f@ifferent Loads [@pendingontheir Rates

Load Point | Interruption cost rate ($/kWhr) Avg. Load (kW) Interruption rate (hr/yr) Interruption cost ($)

LP1 2 144 0.3 $ 86
LP2 600 2500 0.3 $ 450,000.00
LP3 500 4500 0.3 $ 675,000
LP4 600 2000 0.3 $ 360,000
LP5 600 2500 0.3 $ 450,000.00
LP6 417 200 0.3 $ 25,020
LP7 417 450 0.3 $ 56,295

Total Interruption cost | $ 1,935,086.
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Table C.7Detail Reliability and Economic Analysortedbased orB/C Ratio For DifferenNumber and Switch Locations ftire
IndustrialFeeder

No. of NC Automated Switches ~ S1 S2 S3 S4 S5 S6 S7  SAIFl SAIDI  CMI  Switch Cost INTERRUPTION Ci Total Cost Benefit n. kp! CMisavings $CMI Saving
0 0 0 1 0 0 0 1 0.782609 56.34783 2592 $ 60,000.00 $  7,740,345.60 $ 7,800,345.60 $ -
1 0 0 1 0 0 1 1 0.652174 4930435 2268 § 90,000.00 $  6,772,802.40 $ 6,862,80240 §  967,543.20 0.140983689 324§ 21,181.49
1 1 0 1 0 0 0 10391304 2973913 1368 § 90,000.00 $  6,772,586.40 $ 6,862,586.40 $  967,759.20 0.141019602 1224'$  5,606.69
1 0 0 1 0 1 0 1 0.478261.42.26087 1944 § 90,000.00 $  5805259.20 $ 5895259.20 §  1,935,086.40 0.32824449) 648 § 9,097.62
1 0 1 1 0 0 0 1 0.652174 4441304 2043 § 90,000.00 $§  5,085,302.40 $ 5175,30240 §  2,655,043.20 0.513021843 549 § 9426.78
1 0 0 1 1 0 0 10391304 3521739 1620 § 90,000.00 $  4:837,716.00 $ 492771600 §  2,902,629.60 0589041575 972§ 5,069.67
2 0 0 1 0 1 1 1 0434783 42.26087 1944 § 120,00000 $  50805259.20 $ 5925259.20 §  1,935,086.40 0.326582574 648 § 914392
2 1 0 1 0 0 1 1 0.326087 26.6087 1224 § 120,000.00 $  5805,086.40 $ 5,925,086.40 §  1,935,259.20 0.326621262 1368 § 433120
2 1 0 1 0 1 0 1 0239132347826 1080 § 120,00000 $  43837,586.40 $ 495758640 $  2,902,759.20 0585518631 1512 § 327883
2 0 0 1 1 0 1 10304348 3423913 1575 § 12000000 §  4,612,716.00 $ 473271600 §  3,127,629.60 0.660853007 1017 §  4,653.60
2 0 1 1 0 0 1 10434783 38.34783 1764 § 120,000.00 $  4,455,259.20 $ 457525920 §  3,285,086.40 0.718010993 828§ 552%.68
2 1 1 1 0 0 0 10326087 2171739 999 § 120,000.00 §  4,230,086.40 $ 4,350,086.40 $  3,510,259.20 0.80694011 1503 § 2,730.75
2 0 0 1 1 1 0 1 0.304348 32.28261. 1485 § 120,000.00 $  4,162,716.00 $ 4,282,716.00 $  3,577,629.60 0.835364661 1107 $  3,868.76
2 1 0 1 1 0 0 1 0230132113043 972§ 12000000 $  3915086.40 $ 4,035,086.40 §  3,825,259.20 0947999329 1620 $ 2,490.79
2 0 1 1 0 1 0 10304348 32.28261 1485 § 120,00000 $  3,825216.00 $ 394521600 §  3,915,129.60 0.992373954 1107 § 356388
2 0 1 1 1 0 0 1 026087 27.19565 1251 § 120,00000 $  3420,172.80 $ 354017280 §  4,320,172.80 1.220328223 13418 2639.9
3 1 0 1 0 1 1 1 0.195652 2347826 1080 $ 150,00000 $  4:837,586.40 $ 498758640 $  2,902,759.20 0581996775 1512 § 329867
3 0 0 1 1 1 1 1 026087 3228261 1485 § 150,000.00 $  4,162,716.00 $ 431271600 §  3577,620.60 0.82955372 1107 §  3,895.86
3 0 1 1 0 1 1 1 0.26087 3228261 1485 § 150,000.00 $  3,825216.00 $ 397521600 §  3,915,129.60 0.984884745 1107 §  3,590.98
3 1 0 1 1 0 1 1 0152174201527 927 § 150,000.00 $  3,690,086.40 $ 3,840,086.4C §  4,050,259.20 1.054731269 1665 § 2,306.36
3 1 1 1 0 0 1 1 0.195652 1956522 900 $ 150,000.00 $  3,600,086.40 $ 3,750,086.40 $  4,140,259.20 1.104043683 1692 § 2216.36
3 1 0 1 1 1 0 10152174 1819565 837 § 150,000.00 §  3,240,086.40 $ 3,390,086.40 §  4,500,259.20 1.327476255 1755 § 193167
3 0 1 1 1 0 1 101739132621739 1206 § 150,00000 $  3,195172.80 $ 334517280 §  4,545,172.80 1.358725863 1386 § 241354
3 1 1 1 0 1 0 10152174 1741304 801 $ 150,000.00 $  2,970,086.40 $ 312008640 §  4,770,259.20 1528886892 1791 1,742.09
3 0 1 1 1 1 0 10173013 2426087 1116 § 150,000.00 $  2,745,172.80 $ 28%,172.80 §  4,995172.80 1.725345306 1476 $ 196150
3 1 1 1 1 0 0 1 0.195652 17.02174 783 § 150,000.00 $  2,610,086.40 $ 2,760,086.40 $  5,130,259.20 1.858731379 1808 § 1,525.75
4 1 0 1 1 1 1 1 0.108696 18.19565 837 § 180,000.00 $  3,240,086.40 $ 342008640 $  4,500,259.20 1.315832021 1755 ¢ 1,948.77
4 1 1 1 0 1 1 1 0.10869 17.41304 801 $ 180,000.00 $  2,970,086.40 $ 3,150,086.40 §  4,770,259.20 1514326464 1791 § 175884
4 0 1 1 1 1 1 10130435 2426087 1116 § 180,000.00 $  2,745172.80 $ 2,925172.80 §  4,995,172.80 1.707650502 1768 198182
4 1 1 1 1 0 1 1 0.10869 16.04348 738 $ 180,000.00 $  2,385,086.40 $ 2,565,086.40 $  5,355,259.20 2.087750027 185§ 138354
4 1 1 1 1 1 0 1 010869 14.08696 648 § 180,000.00 §  1,935,086.40 $ 2,115,086.40 §  5,805,259.20 2.744691281 1944 § 1,088.01
5 1 1 1 1 1 1 1 0.065217 14.086% 648 § 210,000.00 $  1,935,086.40 $ 2,145086.40 $  5,805,259.20 2.706305535 194§ 110344
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