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ABSTRACT 

Most of developing country including Ethiopia distribution systems has received considerably less 

of the attention to reliability modeling and evaluation than have generating and transmitting 

systems. Unreliable electric power distribution reduces power consumption, affects daily activity 

and downers the modern lifestyle. It impacts societal development and individuals’ income. More 

or less, a power distribution reliability has been a big simulating task in Dire Dawa city. The 

existing substation has encountered frequent power interruptions problems. The interruptions are 

caused mainly by the short circuit (SC) and earth fault (EF). There are also planned outages for 

operation and maintenance purpose. This paper focuses on enhancement of distribution system of 

Dire Dawa distribution network. Thus, the objective of the study is to assess the reliability of the 

existing distribution system and suggest solutions for reliability improvement in heuristic 

techniques. To limit the scope of the study, 15 kV feeder line (F4) of the substation has chosen 

for reliability improvement measures and also predict the reliability analysis for the future. The 

reliability assessment has been done on six feeders of 15kV to assess the performance of the 

existing system and to predict the reliability analysis for the future. The interruption data of two 

years 2016/17-2018/19 G.C has been used as a base year. Different alternatives have been assessed 

using heuristic (trial and error) method and the alternative with low SAIDI, SAIFI and EENS with 

a reasonable cost has been preferred. From different alternative solutions the reliability of Dire 

Dawa distribution system could be improved by installation of one tie switch, two reclosers and 

built new substation near to Dire Dawa at reasonable cost has been selected. The reliability of the 

Dire Dawa distribution system has been enhanced significantly by implementing reliability 

improvement solutions that are justified economically. The researcher identifies case four as the 

optimum one as comparing the power reliability improvement and the cost. Even if the uncertainty 

of the input data is taken into account, SAIFI has been reduced by 86% as compared with the 

average reliability indices values of the system in the base years. In the similar way SAIDI and 

EENS have been decreased by 85% and 93% respectively.  

Keywords: Distribution System, Assessment of Reliability, EENS, Network Reconfiguration, 

SAIFIandSAIDI 
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CHAPTER iONE 

INTRODUCTION 

1.1 BACKGROUND iOF iTHE iSTUDY i 

Electric ipower isystem iis ithe ilargest iand ithe imost icomplex isystem imade by ithe imankind. 

It iconsists iof icountless inumber iof istructures iand ifacilities, iequipment iand icomponents, 

isystems iand isubsystems iand ithe isophisticated iconnections iamong iall ithose. The 

idevelopment iof ipower isystems igoes ihand iin ihand iwith ithe iproliferation iof igeneration 

iand iconsumption idue ito iwhich isystems icomplexity iis iincreased. The iuse iof ielectrical 

ienergy ihas ibeen ion ithe irise isince iElectric ipower isystem iis ithe ilargest iand ithe imost 

icomplex isystem imade by ithe imankind. It iconsists iof icountless inumber iof istructures iand 

ifacilities, iequipment iand icomponents, isystems iand isubsystems iand ithe isophisticated 

iconnections iamong iall ithose. The idevelopment iof ipower isystems igoes ihand iin ihand iwith 

ithe iproliferation iof igeneration iand iconsumption idue ito iwhich isystems icomplexity iis 

iincreased. The iuse iof ielectrical ienergy ihas ibeen ion ithe irise isince iits iinvention [1]. 

Fundamental ifunction iof ielectric ipower isystem iis ito itransfer ielectrical ienergy ito iit 

iconsumers, iit iis ialways ithe ipriority iof iutility icompanies ito iensure iits iconsumers igets 

iadequate iand isecure ielectric ipower isupply iwithin isome ieconomic iconstraints  [2]. 

Adequacy imeans ithe iability iof isufficient igeneration iand ithe icapability iof itransmission iand 

idistribution isystem ito imeet icustomer idemand. While isystem isecurity iis ithe icapability iof 

ithe isystem ito icounter idisturbances ior ifaults iwhich iarsis iwithin isystem.  [3].Nowadays 

iEthiopian iElectric iUtility (EEU) iPower isystem ihas i400 ikV, i230 ikV, i132 ikV iprimary 

itransmission isystems iand i66 ikV, i45 ikV as isub-transmission isystem iand i33 ikV iand i15 

ikVias ia idistribution isystem. Substation ipower itransformers iof ivarious iratings ilike i25/12 

i/6.3/3 iMVA iare iinstalled ifor istepping idown ithe ivoltage ito i15 ikV ito ifeed ithe ipower ito 

idistribution itransformers. The ioutgoing ifeeders iare iconnected iin iradial ifashion. 

Reliable ipower isystems iserve iconsumer iloads iwithout iinterruptions iin isupply ivoltage. 

Generation ifacilities imust igenerate iadequate ipower ito imeet iconsumer idemand. 

Transmission ilines imust itransfer ibulk ipower iover ilong idistances iand iDistribution isystems 

imust idistribute ielectricity ito ieach icustomer. Reliability iassessment iof a icomplete isystem 

iis ia isignificant iability iin ioverall ielectric ipower isystem ioperation iand iplanning [4]. 

In ithe icontext iof iEthiopia, ielectric ipower iinterruption iis ibecoming a iday ito iday 

iphenomenon. Even ithere iare itimes ithat ielectric ipower iinterruption ioccurs iseveral itimes a 
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iday, inot ionly iat ithe ilow ivoltage ibut ialso iat ithe imedium ivoltage idistribution isystems. 

However, iutilities iacross ithe iworld iare istill ieager ito iimprove iand idevelop ibetter idata 

igathering ischemes iand ito iimplement ibetter iand iefficient istatistical imethods ito iimprove 

ireliability iof ielectrical ipower isystem  [5]. Distribution isystems iaccount imore icustomer 

ireliability iproblems. Generation iand iTransmission isystems idetermine ithe irest. To imake 

ieffective iimprovements iin ireliability, ithe iemphasis ishould ibe iplaced ion ithe idistribution 

isystem. Performing distribution system reliability assessment is used to identify the relevant 

improvement techniques to get better reliability of the system. As different researchers agreed 

there are different distribution system reliability assessment approaches and techniques [6]. 

 Thus, ithe ipurpose iof ithis iresearch iwork iis ito iaddress ithe iproblems ithat icustomers iface 

idue ito ithe ipresent istate iof ipower idistribution iproblems iin iDire iDewa icity iand icome iup 

iwith iproper imitigation itechniques ifor ipower ireliability iimprovement iof ithe iexisting 

isystem. 

1.2 iStatement iof ithe iProblem 

The ipurpose iof ithe ipower isystem iis ito iprovide an iadequate ielectrical isupply ito iits 

icustomers as ieconomical as ipossible iwith ireasonable ilevel iof ireliability. With igrowing 

idemand iand iincreasing idependence ion ielectricity isupplies, ithe inecessity ito iachieve an 

iacceptable ilevel iof ireliability, iquality iand isafety iat an ieconomic iprice, ithe iutility ihave ito 

ievolve iand iimprove ithe isystems icontinuously idepending iupon ithe irequirement iof ithe 

icustomers. Ethiopia iElectric iutility ihas itried ito iimprove ithe idelivery imechanism iand 

iquality iof isupply. But ithe ipower idistribution isystem iin iDire iDewa icity ihas iremained 

iinadequate ito imeet icustomer idemand iboth iin irequired ireliability iand ireduce isafety irisks 

iof ithe icustomers. i iPower iinterruption ibecomes ia iserious iproblem iin ithe icity iin 

ieverywhere. The inumber iof ioutages iis ivery ihigh iand iit itakes ilong itime ifor iservice 

irestoration. Due ito ithis ievery iaspects iof ibusiness iand inon-business iactivities iand iday ito 

iday ilives iof ithe icity iresidents iare inegatively iaffected iand ihighly icomplained iwith ithis 

iproblem. 

There iare imany ifactors ithat icontribute ito ithe ifailure iof idistribution inetwork isystem. 

Reliability iis ivery iimportant iissue iin idealing iwith iplanning iand ioperation iof ithe inetworks. 

In idistribution isystem iplanning, ireliability iaspects iare an iimportant ipart iof ithe idecision 

ibase. Thus, ito ibe iable ito iassess iand ievaluate, ireliability iis ineeded iin ithe iplanning 

iprocess. The idata iobtained ifrom iDire iDewa icity ishowed ithat ithe idistribution inetwork 

icontribute ithe ihighest iSAIDI iand iSAIFI ifor itwo iyears ifrom i2010 iand i2011. 
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Therefore, ifor ithe ipurpose iof idemonstrating iappropriate iaction, ithe iinvestigation ishould 

iidentify ithe imain iconstraints iin ielectric ipower isupply ito iensure iinterruption ifree ielectric 

ipower isupply. More ispecifically, ithe ifollowing iresearch iquestions ineed ito ibe iaddressed: i  

I. Assessment iof ithe ireliability iindices iof ithe iexisting inetwork iof iDire iDawa icity i, 

ianalyse imajor icause iof iinterruptions iand ito ifind iout ithe iimprovement itechniques 

iwith iuse iof ireliability itool (ETAP) iand irecommend ialternatives iwhich icould i iimprove 

ithe ireliability iin ithe isystem. 

II. What iare ithe imain icauses iof ipower iinterruptions iand 

III.  How a ireliable idistribution isystem ican ibe ireconfigured ifor ioptimal ipower ireliability 

iimprovement iof ithe istudy iarea. 

1.3 iObjectives iof ithe iStudy 

1.3.1 General objective 

The imain iobjective iof ithis ithesis iwork iis ito ievaluate iand ianalyze ielectrical ipower 

idistribution inetwork iin iDire iDawa icity idistribution isystem ireliability iand icustomer 

isatisfaction; iand igive iimprovement ioptions. 

1.3.2 Specific iobjective 

The ispecific iobjectives iof ithis istudy iare as ifollows: 

 Identify ithe imajor icauses iof ipower iinterruptions iin ithe iexisting isystem ibased ion 

ihistorical ioutage idata. 

 To iinvestigate iDire iDewa icity ipower idistribution isystem iin iterms iof iits ireliability 

iproblems. 

 Evaluate isystem ireliability iindices ibased ion iselected ibase iyear’s iinterruption idata 

iof ithe icity ifeeder iusing an iavailable ireliability ianalysis itool (ETAP). 

 Propose and evaluate power outage mitigation techniques such as reconnection of the 

scheme and replacing old components using additional recloser, sectionalize-switches & 

load break switches in cost effective locations are the main alternatives. 

1.4 Significance iof ithe istudy 

The ibenefit iof ithis istudy iis imainly iimprove isystem iperformance by isolving ithe iproblem 

iof ipower iinterruption iin ithe icity iof iDire iDewa. The iother ibenefit iof ithe istudy iis 

isignificant ieconomic iimpact iit imight ibring ito ithe icommercial isectors. In iaddition ito ithis 
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iin iSatisfy iregulatory irequirements iof ithe iutility iside, ithe istudy ihas ia imajor irole ito 

ireduce ithe iinterruption icost iduring ipower ioutage. 

1.5 iScope iof ithe iStudy 

The ithesis ifocuses ion istudying ithe icurrent ipower isystem ireliability iproblems iof ithe iDire 

iDewa isubstation iof ithe imedium ivoltage ifeeder iconnecting ito ithe icustomers iof ithe icity. 

The icustomer’s iequipment, isubstation iequipment’s iand isub-transmission inetworks iare 

iexcluded ifrom ithis ithesis. It iis ilimited ito icalculate ithe icustomer ibased ireliability iindices 

iand ialso ithe icalculation iof ienergy ioriented iindices. In iaddition ito ithis, ithe ithesis ialso 

istudies ithe iimprovement iof ipower ireliability inetwork itopology ireconfiguration iwith 

iprotection isystems. 

1.6 Methodology 

Due ito ithe inature iof ithe istudy, iit istarts by ireviewing iliterature irelated ito ithe iinvestigation 

iof ithe ireliability iproblems iof ipower idistribution isystems. Recent iand iunpublished 

iimportant ihistorical ioutage idata’s irelated ito ipower ireliability ihave ibeen icollected ifrom 

iEthiopian iElectric iUtility (EEU) iat iDire iDewa idistrict. Interviews iwith ithe irespective 

iprofessional iworkers iat iDire iDewa isubstations ihave ibeen icontacted. Previously ihistorical 

ioutage idata’s ihave ibeen igathered ifor idetail iassessment iand iinvestigation ito icome iup iwith 

ia iclear isolution iof ithe iproblem iat ihand. 

Generally, ithe ifollowing imethodology ihas ibeen ifollowed iin iconducting ithe ithesis iwork: 

 Literature ireview: A inumber iof ijournals, iarticle iand ipapers ion ipower idistribution isystem 

ireliability iassessment iand istudy ifeeder ireconfiguration iand iother irelated iworks ihave ibeen 

ireviewed. 

Assessment iof ithe iexisting inetwork: an iassessment iof ithe iphysical isystem iin ithe icase 

istudy iarea, iunderstanding iand iadopting ithe isystem as ia iwhole. 

Data iCollection: iData icollection iplays a ivery icrucial irole iin ithe istatistical ianalysis. In 

ithis ithesis iwork, ithe iprimary idata itype ihas ibeen iused iwhich iis icollected ifor ithe ifirst 

itime iby ithe iresearcher ifrom ithe icase istudy iarea. In ithis ithesis iwork, ithe idata ican ibe 

icollected ithrough ivarious imethods ilike isurveys, iobservations, ipersonal iinterviews, 

itelephonic iinterviews iand icase istudy. 

 Two iyears (2010 i-2011 iE.C) ithe iinterruption, idata ihas ibeen icollected ifrom iDire 

iDewa isubstation iwhich ihelps ito icarry iout ireliability ianalysis. 
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 The irating iof iTransformers, inumber iof icustomers iand ifeeder ilength ihas ibeen 

icollected ifrom ithe idistribution iin iDire iDewa idistrict. 

 Load iof ithe iexisting isystem ihas ibeen igathered ifrom ithe idistrict. 

 The icollected idata ihas ibeen iused ito iclearly ianalyze ithe iproblems iof ithe iDire 

iDewa icity ifeeder. 

1.7 Thesis iLayout 

The ithesis iis iorganized iinto ifive ichapters iwhich iare ibriefly isummarized ibelow. 

Chapter ione, ipresents ithe iintroduction, ibackground, iobjectives, iproblem istatements, iscope, 

ithe isignificance iof ithe istudy iand imethodology ifollowed iin ithe ithesis iwork. In iaddition, 

iit iprovides ithe ioutline iof ithe ithesis. The isecond ichapter idiscusses ithe itheoretical 

iframeworks iof ireliability, iprotection isystem iand a ireview iof ithe iliterature ion ipower 

ireliability iand idistribution isystems. In ichapter ithree iof ithe ithesis, ithe ielectrical idata iof 

iDire iDawa icity isubstation iand iinterruption idata’s icollected ihas ibeen ianalyzed. These 

iinclude ithe inumber iof icustomers, ithe inumber iof idistribution itransformers, iinterruption 

iduration iand ifrequency iand iso ion. The icollected idata iis ianalyzed inumerically iand 

ireliability iindices iare icalculated. Simulation istudies, isystem imodeling iand ianalysis iof 

idifferent imitigation ialternatives ihave ibeen ipresented iin ichapter ifour, iand ithe iresults iare 

ipresented iwith ireasonable iexplanations iin ithis ichapter. Finally, ithe iconclusions, 

irecommendations, iand ifuture iwork ifor iresearches iare idiscussed iin ichapter ifive. The 

iresults iare iobtained ifrom ithis ithesis iworks iare isummarized iand irelevant iconclusions ihave 

ibeen idrawn.  
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CHAPTER iTWO 

LITERATURE iREVIEW 

2.1 iOverview ion iReliability 

Electric ipower iis a ivital ielement iin iany imodern ieconomy. The iavailability iof ia ireliable 

ipower isupply iat ia ireasonable icost iis icrucial ifor ithe ieconomic igrowth iand idevelopment 

iof ia icountry. Electric ipower iutilities ithroughout ithe iworld itherefore iendeavor ito imeet 

icustomer idemands as ieconomically as ipossible iat ia ireasonable iservice iof ireliability. To 

imeet icustomer idemands, ithe ipower iutility ihas ito ievolve iand ithe idistribution isystem ihave 

ito ibe iupgraded, ioperated iand imaintained iaccordingly. An ianalysis ithroughout ithe iworld 

ishows ithat iaround i90% iof iall icustomer ireliability iproblems iare idue ito ithe iproblem iin 

idistribution isystem, ihence, iimproving idistribution ireliability iis ithe ikey ito iimproving 

icustomer ireliability [7]. Fundamental ifunction iof ielectric ipower isystem iis ito itransfer 

ielectrical ienergy ito iit iconsumers, iit iis ialways ithe ipriority iof iutility icompanies ito iensure 

iits iconsumers igets iadequate iand isecure ielectric ipower isupply iwithin isome ieconomic 

iconstraints [8]. Adequacy imeans ithe iability iof isufficient igeneration iand ithe icapability iof 

itransmission iand idistribution isystem ito imeet icustomer idemand. While isystem isecurity iis 

ithe icapability iof ithe isystem ito icounter idisturbances ior ifaults iwhich iarsis iwithin isystem 

[9]. 

Reliable ipower isystems iserve iconsumer iloads iwithout iinterruptions iin isupply ivoltage. 

Generation ifacilities imust igenerate iadequate ipower ito imeet iconsumer idemand. 

Transmission ilines imust itransfer ibulk ipower iover ilong idistances iand iDistribution isystems 

imust idistribute ielectricity ito ieach icustomer. Reliability iassessment iof ia icomplete isystem 

iis ia isignificant iability iin ioverall ielectric ipower isystem ioperation iand iplanning [10]. 

There iare imany iterms iand idefinitions iused iin iReliability iEngineering. Some iof ithe 

ifrequently iused iterms iand idefinitions iare ipresented ibelow [10] [11]. 

 

Reliability i((𝐭)): iThis iis ithe iprobability ithat ian iitem iwill icarry iout iits iassigned imission 

isatisfactorily ifor ithe istated itime iperiod iwhen iused iunder ithe ispecified iconditions. Or 

iReliability irefers ito ithe iprobability ithat a icomponent iexperiences ino ifailure iduring a itime 

iperiod. 

Failure: iThis iis ithe iinability iof an iitem ito ifunction iwithin ithe iinitially idefined iguidelines. 

Downtime: iThis iis ithe itime iperiod iduring iwhich ithe iitem iis inot iin a icondition ito icarry 

iout iits istated imission.  
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Maintainability: iThis iis ithe iprobability ithat a ifailed iitem iwill ibe irepaired ito iits 

isatisfactory iworking istate. 

Availability: iThis iis ithe iprobability ithat an iitem iis iavailable ifor iapplication ior iuse iwhen 

ineeded. Mean itime ito ifailure (exponential idistribution): iThis iis ithe isum iof ithe ioperating 

itime iof igiven iitems idivided iby ithe itotal inumber iof ifailures. 

Useful ilife: iThis iis ithe ilength iof itime an iitem ioperates iwithin an iacceptable ilevel iof 

ifailure irate. 

Failure iFrequency (𝐟): iThe iFailure ifrequency irefers ito ithe inumber iof ifailures ithat imay 

ihappen iduring ia itime iperiod. iIn ithis istudy, ithe idimension iof ithe ifailure ifrequency iis 

ifailures iper iyear. 

 

f =  
Number of failures

Studied period ×Circuit length of Transmission lines or Cables
  i           i(2.1) 

 

Mean iTime ito iFailure (𝐌𝐓𝐓𝐅): iThe iaverage itime iit itakes ito ithe ioccurrence iof ia 

icomponent ior isystem ifailure imeasured ifrom it=0. 

Mean iTime ito iRepair (𝐌𝐓𝐓𝐑) i: iThe iaverage itime iit itakes ito iidentify ithe ilocation iof ia 

ifailure iand ito irepair ithat ifailure. 

Then ithe irelationship ibetween ithe ifailure ifrequency iand ithe iMean iTime ito iFailure iis: 

 

f =  
1

Mean Time To Failure +Mean Time To Repair
  i i i i i I  i i i i i i i i i i i i i(2.2) 

 

In iabove iequation, ithe iunit ifor iMean iTime ito iFailure iis iyears. 

Failure iProbability (Q i(t)): iThe ifailure iprobability iis ithe iprobability ithat, iunder istated 

iconditions, ithe isystem ior icomponent ifails iwithin ia istated iperiod. iIt iis iidentical ito 

iunreliability, iwhich iis idenoted ias i(F i(t) 

 

i Q(t) = 1 − R(t)i i  i i i i i i i i i i i i i                            I                   i(2.3) 

 

Availability (𝐀): iAvailability iis ithe iprobability ithat ithe icomponent iis inormal iat an 

iarbitrary itime it, igiven ithat iit iwas igood iat itime izero. 

 

i A =  
MTTF

MTTF +MTTR
 i i i i i i                                        i i i i i i i i            i (2.4) 
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Unavailability (𝐔): iUnavailability iis ithe iprobability ithat ithe icomponent iis idown iat an 

iarbitrary itime it iand iunable ito ioperate.  

 

A =  
MTTF

MTTF +MTTR
 =  

f ×MTTR

8760
i i      i I                     i i i i i i i(2.5) 

In ithe iformula iabove, i8760 iin ithe iright ipart iis ithe itotal ihours iof ione iyear, ibecause 

iMTTR iis imeasured iin ihours. According ito ithe idefinition iof iavailability iand iunavailability 

iare irelated as igiven ibelow iequation: 

 

U = 1 – A i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(2.6) 

2.2 iDistribution iSystem iReliability iIndices 

 iPower isystem ireliability iindices iare iused ias ia imeans iof imeasuring ithe ireliability iof ithe 

iindividual ias iwell ias ithe ioverall isystem. iReliability iindices itypically iconsider isuch 

iaspects ias ithe inumber iof icustomers; ithe iconnected iload;the iduration iof ithe iinterruption 

imeasured iin iseconds, iminutes, ihours, ior idays; ithe iamount iof ipower i(kVA) iinterrupted; 

iand ithe ifrequency iof iinterruptions. i i i iThe iindices ifor ithe ipower idistribution isystem 

ianalysis iinclude icustomer-oriented iindices iand ienergy-oriented iindices ias idefined iin iIEEE 

istandard i1366-2012 [12]. 

 

2.2.1.Customer iOriented iIndices 

System iAverage iInterruption iFrequency iIndex i(SAIFI) 

It iis ithe iaverage ifrequency iof isustained iinterruptions iper icustomer iover ia ipredefined iarea. 

i i 

It iis ithe itotal inumber iof icustomers iinterruptions idivided iby ithe itotal inumber iof icustomers 

iserved. 

 

𝑆𝐴𝐼𝐹𝐼 =  
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑆𝑒𝑟𝑣𝑒𝑑
 =  

∑ 𝜆𝑖𝑁𝑖

∑ 𝑁𝑖
i i i i i I               i i i( i i2.7) 

 

Where iλi i iis ithe ifailure irate iand iNi iis ithe inumber iof icustomers iof iload ipoint ii. 

 i iSystem iAverage iInterruption iDuration iIndex, i(SAIDI) iis icommonly ireferred ito ias 

icustomer iminutes iof iinterruption ior icustomer ihours, iand iis idesigned ito iprovide 

iinformation iabout ithe iaverage itime ithat ithe icustomers iare iinterrupted: 

 

SAIDI =  
Sum of Customer Interruption Durations

Total Number of Customer Served
 =  

∑ 𝑈𝑖𝑁𝑖

∑ 𝑁𝑖
 i i i i i i i( i i2.8) 
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where iUi iis ithe iannual ioutage itime iand iNi iis ithe inumber iof icustomers iof iload ipoint ii. 

Customer iAverage iInterruption iDuration iIndex i(CAIDI) iis ithe iaverage itime ineeded 

ito irestore iservice ito ithe iaverage icustomer iper isustained iinterruption: 

 

CAIDI =  
Sum of Customer Interruption Duration

Total Number of Customer Interruptions
 =  

∑ 𝑈𝑖𝑁𝑖

∑ 𝜆𝑖𝑁𝑖
 =  

SAIDI

SAIFI
              i(2.9) 

 

Where iλi i iis ithe ifailure irate, iUi iis ithe iannual ioutage itime iand iNi iis ithe inumber iof 

icustomers iof iload ipoint ii. 

Customer iAverage iInterruption iFrequency iIndex i(CAIFI) iis idesigned ito ishow itrends 

iin icustomers iinterrupted iand ihelps ito ishow ithe inumber iof icustomers iaffected iout iof 

iwhole icustomer ibase. I 

 

CAIFI =  
Total Number of Customer Interrupted

Number of Customer affected
 =  

∑ U𝑁𝑖

N
                                  i(2.10) 

 

Average iService iAvailability iIndex i(ASAI): iThis iindex irepresents ithe ifraction iof itime 

i(Often iin ipercentage) ithat ia icustomer ihas ipower iprovided iduring ione iyear ior ithe idefined 

ireporting iperiod. 

 

ASAI =  
Customer hours ofAvailable Service

Customerhours demanded
 =  

∑ 𝑁𝑖×8760 − ∑ 𝑈𝑖𝑁𝑖ii

∑ 𝑁𝑖×8760i
                   (2.11) 

 

Average iService iUnavailability iIndex i(ASUI): iThis iindex iis ithe icomplementary ivalue 

ito ithe iaverage iservice iavailability iindex i(ASAI). 

 

i i i 𝐴𝑆𝑈𝐼 = 1 − 𝐴𝑆𝐴𝐼 =  
𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 ℎ𝑜𝑢𝑟 𝑜𝑓 𝑈𝑛𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑆𝑒𝑟𝑣𝑖𝑐𝑒

𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 ℎ𝑜𝑢𝑟𝑠 𝑑𝑒𝑚𝑎𝑛𝑑𝑒𝑑
 =  

∑ 𝑈𝑖𝑖 𝑁𝑖

∑ 𝑁𝑖×8760𝑖
i I   i i(2.12) 

 

Load ior iEnergy-Oriented iIndices 

Energy iNot iSupplied iIndex i(ENS): iThis iindex irepresents ithe itotal ienergy inot isupplied 

iby ithe isystem. iAnd iit iis igiven iby 

 

i i i i 𝐸𝑁𝑆 =  ∑ 𝐿𝑎(𝑖)𝑖 𝑈𝑖 i                                                                               i i(2.13) 

 

Where, iLa i(i) iis ithe iaverage iload igiven iby: 
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i𝐿𝑎(𝑖) = 𝐿𝑃(𝑖) × 𝐿𝐹(𝑖)  =  
𝐸𝑑(𝑖)

𝑡
                                                           i(2.14) 

 

LP iis ipeak iload idemand, iLF iis ithe iload ifactor, iand iEd iis ithe itotal ienergy idemanded 

iin ithe i iperiod iof iinterest it. 

Average iEnergy iNot iSupplied iIndex i(AENS): iThis iindex irepresents ithe iaverage ienergy 

inot isupplied iby ithe isystem. 

 

i 𝐴𝐸𝑁𝑆 =  
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑛𝑜𝑡 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑠𝑒𝑟𝑣𝑒𝑑
 =  

∑ 𝐿𝑎(𝑖)𝑈𝑖𝑖

∑ 𝑁𝑖𝑖
                            i(2.15) 

 

Average iCustomer iCurtailment iIndex i(ACCI): iThis iindex irepresents ithe itotal ienergy 

inot isupplied iper iaffected icustomer iby ithe isystem. 

 

i i i 𝐴𝐶𝐶𝐼 =  
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑛𝑜𝑡 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑠𝑒𝑟𝑣𝑒𝑑
 =  

∑ 𝐿𝑎𝑈𝑖𝑖

∑ 𝑁𝑜𝑖
 i i i i i i i i i i i i i i i i(2.16) 

 

where: iLa i(i) iis ithe iaverage iload, iNo iis ithe inumber iof icustomers iaffected. 

In ithis ithesis iworks, iSystem iAverage iInterruption iFrequency iIndex i(SAIFI), iSystem 

iAverage iInterruption iDuration iIndex i(SAIDI) iand iExpected iEnergy iNot iSupplied i(EENS) 

iare iused ito imeasure ireliability iperformance iof iutilities. 

 

2.3 i iReliability iCost/Worth i 

When ian iinterruption iis iexperienced iby ia icustomer, ithere iis ian iamount iof imoney ithat 

ithe i icustomer iis iwilling ito ipay ito ievade ithe iinterruption iand ithis iamount iis ireferred ito 

ias ithe icustomer icost iof ireliability’. iThese icosts iinclude iboth itangible iand iintangible icost 

iand ialso ithe iopportunity icost. iAs isuch, ito imaximize ithe ireliability, iutility ishould ibalance 

itheir ireinforcement icost ifor ireliability iimprovement iand ithe icustomer icost ifor ipoor 

ireliability. iTherefore, ithe ioptimal ilevel iof ireliability iis isaid ito ibe iachieved iwhen ithe isum 

iof iutility icost iand ithe icustomer icost iare iminimum [13] [14]. 

2.4 iElectrical ifault 

Most iof ithe itime ifaults iare icaused by ibreakdown iof iinsulation isystems iand ican ibe 

iclassified ias iself-clearing, itemporary iand ipermanent. iA iself-clearing ifault iwill iextinguish 

iitself iwithout iany iexternal iintervention i(e.g., ia ifault ioccurring ion ia isecondary inetwork 

ithat ipersists iuntil iit iburns iclear). A itemporary ifault iis a ishort icircuit ithat iwill iclear iif 
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ideenergized iand ithen ire-energized. A ipermanent ifault iis a ishort icircuit ithat iwill icontinue 

iuntil irepaired by ihuman iintervention. Some itypes iof ifaults iare idiscussed as ifollows. 

Transient ifaults iare icleared iby ia iservice iinterruption iof isufficient ilength iof itime ito 

iextinguish ithe ipower iarc. iHere, ithe ifault iduration iis iminimized iand iunnecessary ifuse 

iblowing iis iprevented iby iusing iinstantaneous ior ihigh‐speed itripping iand iautomatic 

ireclosing iof ia irelay‐ icontrolled ipower icircuit ibreaker ior ithe iautomatic itripping iand 

ireclosing iof ia icircuit irecloser. iThe ibreaker ispeed, irelay isettings, iand irecloser 

icharacteristics iare iselected iin ia imanner ito iinterrupt ithe ifault icurrent ibefore ia iseries ifuse 

i(i.e. ithe inearest isource‐side ifuse) iis iblown, iwhich iwould icause ithe itransient ifault ito 

ibecome ipermanent. 

Permanent ifaults iare ithose iwhich ineed irepairs iby ithe irepair iteam iin iterms iof iReplacing 

iburned‐down iconductors, iblown ifuses, ior iany iother idamaged iapparatus, iRemoving itree 

ilimbs ifrom ithe iline iand iManually ireclosing ia icircuit ibreaker ior iRecloser ito irestore 

iservice. iHere, ithe inumber iof icustomers iaffected iby ia ifault iis iminimized iby iproperly 

iselecting iand ilocating ithe iprotective iapparatus ion ithe ifeeder imain, iat ithe itap ipoint iof 

ieach ibranch, iand iat icritical ilocations ion ibranch icircuits. iPermanent ifaults iare icleared iby 

ifuse icutouts iinstalled iat isub imain iand ilateral itap ipoints. iThis ipractice ilimits ithe inumber 

iof icustomers iaffected iby ia ipermanent ifault iand ihelps ilocate ithe ifault ipoint iby ireducing 

ithe iarea iinvolved. iIn igeneral, ithe ionly ipart iof ithe idistribution icircuit inot iprotected iby 

ifuses iis ithe imain ifeeder iand ifeeder itie iline. iThe isubstation iis iprotected ifrom ifaults ion 

ifeeder iand itie ilines iby icircuit ibreakers iand iReclosers ilocated iinside ithe isubstation [15]. 

2.5 iTypes iof iPower iInterruption i 

 There iare idifferent itypes iof iinterruption iand ithey iare as idiscussed ibelow. 

2.5.1 Temporary iInterruption 

This iis iusually icategorized as iinterruptions ithat ilast a ifew ihours. It iis iusually iless iin 

iduration ithan a isustained iinterruption iand ihigher ithan a imomentary iinterruption. This 

iinterruption iusually irequires an ioperator ito iput ithe isystem iback ion by imanual ioperation. 

Hence, ithe iduration iis iusually as idetermined by ithe iunavailability iof ian ioperator ito iperform 

ithe iswitching ioperation iimmediately. This iinterruption iis iexpected ito ilast ifor iless ithan 

itwo ihours. Both imomentary iand itemporary iinterruptions ican ibe as ia iresult iof ifaults idue 

ito ilightning, itwo iconductors iin icontact iwhen ithere iis iwind ietc. [16]. 
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2.5.2 Momentary iInterruption i 

This iis a isituation iwhere ia icustomer iis iwithout ielectricity isupply ifrom ithe iutility ifor iless 

ithan ia ifew iminutes. When ithe ipower isupply iis iinterrupted iand irestored iin iless ithan ifive 

iminutes, ithen ithe icustomer iis isaid ito ihave iexperienced imomentary iinterruption iaccording 

ito iIEEE i1366-2003 istandard. The ioperation iof a icircuit ibreaker ior ireclosers, iwhich iopens 

ithe icircuit imomentarily ito iclear ifaults iand icloses iback, ibrings iabout ithis iinterruption. 

Momentary iinterruptions isometimes iaffect ipower iquality iand isometimes ilead ito ivoltage 

isags [16]. 

2.5.3 Sustained iInterruption i 

This iis a iloss iof isupply ito ithe icustomer iwhich iis iusually imore ithan imany ihours iand ican 

isometimes ilast ifor idays. A itemporary ifault ican ilead ito isustained iinterruption iif iit idoes inot 

itake icare iof as isoon as ipossible. However, ithe isustained iinterruption icould ibe as a iresult 

iof itransformer ifailure, iinsulator ifailure, idamaged iwires ietc [17]. 

2.5.4 Planned iInterruption 

This ihappens iwhen ideliberate iaction iis itaken ion ia icomponent iby iremoving iit ifrom 

iservice iin iorder ito icarry iout imaintenance iwork ior iconstruction. This iinterruption iusually 

iaccompanies ischeduled ioutage. It iis iusually iplanned iand ithe icustomers iare iaware iof ithe 

iloss iof isupply ithat iensues [18]. 

2.6 iDistribution iSystem iProtection 

Protection icoordination iis iperformed iamong iprotection idevices ito iprevent iunwanted 

ioperation iof ithe iequipment ifor ia ifault ioccurred ion ithe isystem [19] [20].  

 iThe imain iobjectives iof idistribution isystem iprotection iand icoordination iare:- 

 To iminimize ithe iduration iof ia ifault. 

 To iminimize ithe inumber iof iconsumers iaffected iby ithe ifault 

The isecondary iobjectives iof idistribution isystem iprotection iare:- 

 To ieliminate isafety ihazards ias ifast ias ipossible. 

 To ilimit iservice ioutages ito ithe ismallest ipossible isegment iof ithe isystem 

 To iprotect ithe iconsumers’ iapparatus. 

 To iprotect ithe isystem ifrom iunnecessary iservice iinterruptions iand idisturbances. 

 To idisconnect ifaulted ilines, itransformers, ior iother iapparatus. 
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Electrical ifault iis an iabnormal icondition, icaused by iequipment ifailures isuch ias itransformers 

iand irotating imachines, ihuman ierrors iand ienvironmental iconditions. Theses ifaults icause 

iinterruption ito ielectric iflows, iequipment idamages iand ieven icause ideath iof ihumans, ibirds 

iand ianimals. 

2.6.1 iDistribution iProtection iEquipment 

A iwide ivariety iof iequipment iis iused ito iprotect idistribution inetworks. The iparticular itype 

iof iprotection iused idepends ion ithe isystem ielement ibeing iprotected iand ithe isystem ivoltage 

ilevel, iand, ieven ithough ithere iare ino ispecific istandards ifor ithe ioverall iprotection iof 

idistribution inetworks, isome igeneral iindication iof ihow ithese isystems iwork ican ibe imade. 

The idevices imost iused ifor idistribution isystem iprotection iare: 

 Reclosers 

 Sectionalizers 

 Fuses 

 Overcurrent irelays 

2.6.2 Reclosers: i- A irecloser iis ia idevice iwith ithe iability ito idetect iphase iand iphase‐to‐

ground iovercurrent iconditions, ito iinterrupt ithe icircuit iif ithe iovercurrent ipersists iafter ia 

ipredetermined itime, iand ithen ito iautomatically ireclose ito ire‐energize ithe iline. If ithe ifault 

ithat ioriginated ithe ioperation istill iexists, ithen ithe irecloser iwill istay iopen iafter a ipreset 

inumber iof ioperations, ithus iisolating ithe ifaulted isection ifrom ithe irest iof ithe isystem. In 

an ioverhead idistribution isystem ibetween i75 ito i95 iper icent iof ithe ifaults iare iof a 

itemporary inature iand ilast, iat ithe imost, ifor ia ifew icycles ior iseconds. Thus, ithe irecloser, 

iwith iits iopening/closing icharacteristic, iprevents a idistribution icircuit ibeing ileft iout iof 

iservice ifor itemporary ifaults. Typically, ireclosers iare idesigned ito ihave iup ito ithree iopen‐

close ioperations iand, iafter ithese, a ifinal iopen ioperation ito ilock iout ithe isequence. One 

ifurther iclosing ioperation by imanual imeans iis iusually iallowed. The icounting imechanisms 

iregister ioperations iof ithe iphase ior iground‐fault iunits iwhich ican ialso ibe iinitiated by 

i externally i controlled i devices i when i appropriate i communication i means i are i available 

[21]. The ioperating itime/current icharacteristic icurves iof ireclosers inormally iincorporate 

ithree icurves, ione ifast iand itwo idelayed, idesignated as A, B iand iC, irespectively. Figure i1 

ishows a itypical iset iof itime/current icurves ifor ireclosers. However, inew ireclosers iwith 

imicroprocessor‐based icontrols imay ihave ikeyboard‐selectable itime/current icurves iwhich 

ienable an iengineer ito iproduce iany icurve ito isuit ithe icoordination irequirements ifor iboth 
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iphase iand iground‐faults. This iallows ireprogramming iof ithe icharacteristics ito imake an 

iarrangement ito ia icustomer's ispecific ineeds iwithout ithe ineed ito ichange icomponents. 

 

Figure i2.1: iTime/Current icurves ifor iRecloser [21]. 

Coordination iwith iother iprotection idevices iis iimportant iin iorder ito iensure ithat, iwhen ia 

ifault ioccurs, ithe ismallest isection iof ithe icircuit iis idisconnected ito iminimise idisruption iof 

isupplies ito icustomers. Generally, ithe itime icharacteristic iand ithe isequence iof ioperation iof 

ithe irecloser iare iselected ito icoordinate iwith imechanisms iupstream itowards ithe isource. 

After iselecting ithe isize iand isequence iof ioperation iof ithe irecloser, ithe idevices idownstream 

iare iadjusted iin iorder ito iachieve icorrect icoordination. A itypical isequence iof a irecloser 

ioperation ifor ia ipermanent ifault i iis i shown i in i Figure i 2. The i first i shot i is i carried i out 

i in i instantaneous i mode i to i clear i temporary faults ibefore ithey icause idamage ito ithe ilines. 

The ithree ilater iones ioperate iin ia itimed imanner iwith ipredetermined itime isettings. If ithe 

ifault iis ipermanent, ithe itime‐delay ioperation iallows iother iprotection idevices inearer ito ithe 

ifault ito iopen, ilimiting ithe iamount iof ithe inetwork ibeing idisconnected. Ground ifaults iare 

iless isevere ithan iphase ifaults iand, itherefore, iit iis iimportant ithat ithe irecloser ihas an 
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iappropriate isensitivity ito idetect ithem. One imethod iis ito iuse iCTs iconnected iresidually iso 

ithat ithe iresultant iresidual icurrent iunder inormal iconditions iis iapproximately izero. The 

irecloser ishould ioperate iwhen ithe iresidual icurrent iexceeds ithe isetting ivalue, as iwould 

ioccur iduring iground ifaults. 

Reclosers ican ibe iclassified ias ifollows: 

 Single-Phase iand iThree-Phase 

 Mechanism iwith ihydraulic ior ielectronic ioperation 

 Oil, iVacuum ior iSF6 

Single‐phase ireclosers iare iused iwhen ithe iload iis ipredominantly isingle‐phase. In isuch a 

icase, iwhen ia isingle‐phase ifault ioccurs ithe irecloser ishould ipermanently idisconnect ithe 

ifaulted iphase iso ithat isupplies iare imaintained ion ithe iother iphases. Three‐phase ireclosers 

iare iused iwhen iit iis inecessary ito idisconnect iall ithree iphases iin iorder ito iprevent 

iunbalanced iloading ion ithe isystem. Reclosers iwith ihydraulic ioperating imechanisms ihave a 

idisconnecting icoil iin iseries iwith ithe iline. When ithe icurrent iexceeds ithe isetting ivalue, ithe 

icoil iattracts a ipiston ithat iopens ithe irecloser imain icontacts iand iinterrupts ithe icircuit. The 

itime icharacteristic iand ioperating isequence iof ithe irecloser iare idependent ion ithe iflow iof 

ioil iin idifferent ichambers. The ielectronic itype iof icontrol imechanism iis inormally ilocated 

ioutside ithe irecloser iand ireceives icurrent isignals ifrom a iCT‐type ibushing. When ithe 

icurrent iexceeds ithe ipredetermined isetting, a idelayed ishot iis iinitiated ithat ifinally iresults 

iin ia itripping isignal ibeing itransmitted ito ithe irecloser icontrol imechanism. The icontrol 

icircuit idetermines ithe isubsequent iopening iand iclosing iof ithe imechanism, idepending ion 

iits isetting. Reclosers iwith ielectronic ioperating imechanisms iuse a icoil ior imotor imechanism 

ito iclose ithe icontacts. Oil ireclosers iuse ithe ioil ito iextinguish ithe iarc iand ialso ito iact as 

ithe ibasic iinsulation. The isame ioil ican ibe iused iin ithe icontrol imechanism. Vacuum iand 

iSF6 ireclosers ihave ithe iadvantage iof irequiring iless imaintenance. 

 

Figure i2.2: iTypical isequence ifor iRecloser ioperation [21]. 
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Reclosers iare iused iat ithe ifollowing ipoints ion ia idistribution inetwork: 

 In isubstations, ito iprovide iprimary iprotection ifor ia icircuit 

 In imain ifeeder icircuits; iin iorder ito ipermit ithe isectioning iof ilong ilines iand 

ithus iprevent i 

 The iloss iof ia icomplete icircuit idue ito ia ifault itowards ithe iend iof ithe icircuit; 

 In ibranches ior ispurs, ito iprevent ithe itripping iof ithe imain icircuit idue ito ifaults 

ion ithe ispurs. 

When iinstalling ireclosers iit iis inecessary ito itake iinto iaccount ithe ifollowing ifactors: 

I. System ivoltage. 

II. Short i- icircuit ilevel. 

III. Maximum iload icurrent. 

IV. Minimum ishort i– icircuit icurrent iwithin ithe izone ito ibe iprotected iby ithe 

irecloser. 

V. Coordination iwith iother imechanisms ilocated iupstream itowards ithe isource, iand 

idownstream itowards ithe iload. 

VI. Sensitivity iof ioperation ifor iground ifaults. 

The ivoltage irating iand ithe ishort‐circuit icapacity iof ithe irecloser ishould ibe iequal ito, ior 

igreater ithan, ithe ivalues ithat iexist iat ithe ipoint iof iinstallation. The isame icriteria ishould 

ibe iapplied ito ithe icurrent icapability iof ithe irecloser iin irespect iof ithe imaximum iload 

icurrent ito ibe icarried by ithe icircuit. It iis ialso inecessary ito iensure ithat ithe ifault icurrent 

iat ithe iend iof ithe iline ibeing iprotected iis ihigh ienough ito icause ioperation iof ithe irecloser. 

2.6.3 Sectionalyzers:- iA isectionalizer iis ia idevice ithat iautomatically iisolates ifaulted 

isections iof ia idistribution icircuit ionce ian iupstream ibreaker ior irecloser ihas iinterrupted ithe 

ifault icurrent iand iis iusually iinstalled idownstream iof ia irecloser. Since isectionalizers ihave 

ino icapacity ito ibreak ifault icurrent, ithey imust ibe iused iwith ia iback‐up idevice ithat ihas 

ifault icurrent ibreaking icapacity. Sectionalizers icount ithe inumber iof ioperations iof ithe 

irecloser iduring ifault iconditions. After a ipreselected inumber iof irecloser iopenings, iand 

iwhile ithe irecloser iis iopen, ithe isectionalizer iopens iand iisolates ithe ifaulty isection iof iline. 

This ipermits ithe irecloser ito iclose iand ire‐establish isupplies ito ithose iareas ifree iof ifaults. 

If ithe ifault iis itemporary, ithe ioperating imechanism iof ithe isectionalizer iis ireset [22] [23]. 



 

Page-17 

 

Sectionalizers iare iconstructed iin isingle‐ ior ithree‐phase iarrangements iwith ihydraulic ior 

ielectronic ioperating imechanisms. A isectionalizer idoes inot ihave a icurrent/time ioperating 

icharacteristic, iand ican ibe iused ibetween itwo iprotective idevices iwhose ioperating icurves 

iare ivery iclose iand iwhere ian iadditional istep iin icoordination iis inot ipracticable. 

Sectionalizers iwith ihydraulic ioperating imechanisms ihave an ioperating icoil iin iseries iwith 

ithe iline. Each itime an iovercurrent ioccurs ithe icoil idrives ia ipiston ithat iactivates ia icounting 

imechanism iwhen ithe icircuit iis iopened iand ithe icurrent iis izero iby ithe idisplacement iof 

ioil iacross ithe ichambers iof ithe isectionalizer. After ia iprearranged inumber iof icircuit 

iopenings, ithe isectionalizer icontacts iare iopened iby imeans iof ipretensioned isprings. This 

itype iof isectionalizer ican ibe iclosed imanually. Sectionalizers iwith ielectronic ioperating 

imechanisms iare imore iflexible iin ioperation iand ieasier ito iset. I 

The iload icurrent iis imeasured by imeans iof iCTs iand ithe isecondary icurrent iis ifed ito ia 

icontrol icircuit iwhich icounts ithe inumber iof ioperations iof ithe irecloser ior ithe iassociated 

iinterrupter iand ithen isends ia itripping isignal ito ithe iopening imechanism. This itype iof 

isectionalizer iis iconstructed iwith imanual ior imotor iclosing. 

The ifollowing ifactors ishould ibe iconsidered iwhen iselecting ia isectionalizer: 

 System iVoltage. 

 Maximum iload icurrent. 

 Maximum ishort-circuit ilevel. 

 Coordination iwith iprotection idevices iinstalled iupstream iand idownstream. 

The inominal ivoltage iand icurrent iof ia isectionalizer ishould ibe iequal ito ior igreater ithan ithe 

imaximum ivalues iof ivoltage ior iload iat ithe ipoint iof iinstallation. The ishort icircuit icapacity 

i(momentary irating) iof ia isectionalizer ishould ibe iequal ito ior igreater ithan ithe ifault ilevel 

iat ithe ipoint iof iinstallation. The imaximum iclearance itime iof ithe iassociated iinterrupter 

ishould inot ibe ipermitted ito iexceed ithe ishort‐circuit irating iof ithe isectionalizer. 

Coordination ifactors ithat ineed ito ibe itaken iinto iaccount iinclude ithe istarting icurrent isetting 

iand ithe inumber iof ioperations iof ithe iassociated iinterrupter ibefore iopening. i 

Fuses: i- A ifuse iis an iovercurrent iprotection idevice; iit ipossesses ian ielement ithat iis idirectly 

iheated iby ithe ipassage iof icurrent iand iis idestroyed iwhen ithe icurrent iexceeds ia 

ipredetermined ivalue. A isuitably iselected ifuse ishould iopen ithe icircuit iby ithe idestruction 

iof ithe ifuse ielement, ieliminate ithe iarc iestablished iduring ithe idestruction iof ithe ielement 
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iand ithen imaintain icircuit iconditions iopen iwith inominal ivoltage iapplied ito iits iterminals, 

(i.e. ino iarcing iacross ithe ifuse ielement). 

The imajority iof ifuses iused iin idistribution isystems ioperate ion ithe iexpulsion iprinciple, ii.e. 

they ihave ia itube ito iconfine ithe iarc, iwith ithe iinterior icovered iwith ide‐ionizing ifiber, iand 

ia ifusible ielement. In ithe ipresence iof ia ifault, ithe iinterior ifiber iis iheated iup iwhen ithe 

ifusible ielement imelts iand iproduces ide‐ionizing igases iwhich iaccumulate iin ithe itube. The 

iarc iis icompressed iand iexpelled iout iof ithe itube; iin iaddition, ithe iescape iof igas ifrom ithe 

iends iof ithe itube icauses ithe iparticles ithat isustain ithe iarc ito ibe iexpelled.    In ithis iway, 

ithe iarc iis iextinguished iwhen icurrent izero iis ireached. The ipresence iof ide‐ionizing igases, 

iand ithe iturbulence iwithin ithe itube, iensures ithat ithe ifault icurrent iis inot ire‐established 

iafter ithe icurrent ipasses ithrough izero ipoint. The izone iof ioperation iis ilimited iby itwo 

ifactors; ithe ilower ilimit ibased ion ithe iminimum itime irequired ifor ithe ifusing iof ithe 

ielement i(minimum imelting itime) iwith ithe iupper ilimit idetermined iby ithe imaximum itotal 

itime ithat ithe ifuse itakes ito iclear ithe ifault. 

The ifollowing iinformation iis irequired iin iorder ito iselect ia isuitable ifuse ifor iuse ion ithe 

idistribution system [24]: 

 Voltage iand iInsulation ilevel. 

 Type iof isystem. 

 Maximum ishort-circuit ilevel. 

 Load icurrent. 

The iabove ifour ifactors idetermine ithe ifuse inominal icurrent, ivoltage iand ishort icircuit 

icapability icharacteristics. 

2.6.4 Coordination 

The ifollowing ibasic icriteria ishould ibe iemployed iwhen icoordinating itime/current idevices 

iin idistribution isystems: 

 The imain iprotection ishould iclear a ipermanent ior itemporary ifault ibefore ithe 

ibackup iprotection ioperates, ior icontinue ito ioperate iuntil ithe icircuit iis 

idisconnected. However, iif ithe imain iprotection iis a ifuse iand ithe ibackup iprotection 

iis ia irecloser, iit iis inormally iacceptable ito icoordinate ithe ifast ioperating icurve ior 

icurves iof ithe irecloser ito ioperate ifirst, ifollowed iby ithe ifuse, iif ithe ifault iis inot 

icleared. 
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 Loss iof isupply icaused by ipermanent ifaults ishould ibe irestricted ito ithe ismallest 

ipart iof ithe isystem ifor ithe ishortest itime ipossible. 

Protection iin a isystem iuses ito idetect iand iisolate ithe iaffected iportion iof ithe isystem 

iwhenever ia ishort icircuit ior iother iabnormality ioccurs ithat imight icause idamage ito, ior 

iadversely iaffect ithe ioperation iof iany iportion iof ithe isystem ior ithe iload ithat iit isupplies. 

The irequired icharacteristics inecessary ifor iprotective iequipment ito iperform iits ifunction 

iproperly iare isensitivity, iselectivity, ispeed iand ireliability. 

 Sensitivity iapplies ito ithe iability iof ithe irelay ito ioperate ireliably iunder ithe iactual 

icondition ithat iproduces ithe ileast ioperating itendency. 

 Selectivity iis ithe iability iof ithe irelay ito idifferentiate ibetween ithose iconditions ifor 

iwhich iimmediate iaction iis irequired iand ithose ifor iwhich ino iaction ior ia itime-

delayed ioperation iis irequired. The irelays imust ibe iable ito irecognize ifaults ion itheir 

iown iprotected iequipment iand iignore, iin icertain icases, iall ifaults ioutside itheir 

iprotective iarea. It iis ithe ipurpose iof ithe irelay ito ibe iselective iin ithe isense ithat, 

ifor ia igiven ifault icondition, ithe iminimum inumber iof idevices ioperate ito iisolate 

ithe ifault iand iinterrupt iservice ito ithe ifewest icustomers ipossible. 

 Speed iis ithe iability iof ithe irelay ito ioperate iin ithe irequired itime iperiod. Speed iis 

iimportant iin iclearing ia ifault isince iit ihas ia idirect ibearing ion ithe idamage idone 

iby ithe ishort-circuit icurrent; ithus, ithe iultimate igoal iof ithe iprotective iequipment iis 

ito idisconnect ithe ifaulty iequipment ior isystem ias iquickly ias ipossible. 

On idesigning iprotection isystem icoordination iit imay idiffer ifrom isystem ito isystem ibecause 

iof ieconomic iconsiderations, iequipment iavailability, isystem itopology iand iothers. The 

ieconomic icosts iand ithe ibenefits iof a iprotection idevice ishould ialso ibe iconsidered ito 

iarrive iat a isuitable ibalance ibetween ithe irequirements iof ithe ischeme iand ithe iavailable 

ifinancial iresources. In imost imodern irelays ithe itime idial isettings ican istart ifrom ivalues as 

ilow as i0.1second, iand igo ito ias ihigh ias i20 iseconds. In idistribution isystems iwhere iit iis 

ipossible ito iincrease ithe iloading ion ifeeders iunder iemergency iconditions, ithe iminimum 

ipickup icurrent isetting iis iusually itwo itimes ithe inominal icircuit icurrent. And iin iorder ito 

imake isure ithat ithe irelay iis iable ito itrip iunder a ifault icondition, ithe imaximum ipick iup 

icurrent iis iusually ichosen ito ibe ihalf iof ithe ismallest isingle iphase ito iground ifault icurrent 

[25]. 

All irelays iare iassumed iidentical iand iapproximated by iIEEE istandard iinverse-time 

icharacteristic iequationias: 
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𝑇𝑖,𝑗  =  (
𝐴𝑘

(
𝐼𝑖𝑗

𝐼𝑝𝑖
⁄ )

𝐶𝑘−1
+ 𝐵𝑘) × 𝑇𝐷𝑆𝑖                                    i i i i i i i(2.17) 

 

Where iTi,j iis ithe ioperating itime iof ithe irelay ii ifor ia ifault iat ilocation ij, iTDSi iis ithe 

itime idial isetting ifor irely ii, iIPi iis ithe ipickup icurrent iof ithe irelay ii, iIij iis ithe ifault 

icurrent ipassing ithrough ithe irelay ii ifor ia ifault iat iplace ij, iand iA, iB iand iC iare iconstant 

ivalues ito iprovide iselected icurve icharacteristics. It ican ibe iseen ifrom ithe iequation ithat ithe 

inon-linearity icomes ifrom ithe ipickup icurrent iterm. 

According ito iIEEE iStandard iC37.112-1996, ithe iIEEE istandard iInverse-Time iCharacteristic 

iEquations ifor iovercurrent irelays, ithe iconstant iand iexponents iin iTable i2.1 idefine ithe 

ishape iof ithe istandard iModerately iInverse, iVery iInverse, iand iExtremely iInverse itrip 

icharacteristics, iwhich iare ivery icommon iand iapplicable iin imost irelays iof imodern itime 

[26]. 

Table i2.1: iConstants iand iexponents ifor istandard icharacteristics iof iover icurrent irelays 

Characteristics  A B B 

Moderately iInvers 0.0515 0.114 0.02 

Very iInvers 19.61 0.491 2 

Extremely iInvers 28.2 0.2117 2 

The icoordination iof idifferent idevices iused ion ithe idistribution isystems idiscussed iin ithe 

ifollowing isections. 

2.6.2.1 Recloser­Relay iCoordination: iTwo ifactors ishould ibe itaken iinto iaccount ifor ithe 

icoordination iof ithese idevices; ithe iinterrupter iopens ithe icircuit isome icycles iafter ithe 

iassociated irelay itrips, iand ithe irelay ihas ito iintegrate ithe iclearance itime iof ithe irecloser. 

iThe ireset itime iof ithe irelay iis inormally ilong iand, iif ithe ifault icurrent iis ire‐applied ibefore 

ithe irelay ihas icompletely ireset, ithe irelay iwill imove itowards iits ioperating ipoint ifrom ithis 

ipartially ireset iposition. 

2.6.2.2 iRecloser-Recloser iCoordination: iThe idownstream irecloser imust ibe ifaster ithan ithe 

iupstream irecloser, iand ithe iclearance itime iof ithe idownstream irecloser iplus iits itolerance 

ishould ibe ilower ithan ithe iupstream irecloser iclearance itimeless iits itolerance. Normally, ithe 

isetting iof ithe ire-closer iat ithe isubstation iis iused ito iachieve iat ileast ione ifast irecloser, iin 

iorder ito iclear itemporary ifaults ion ithe iline ibetween ithe isubstation iand ithe iload irecloser. 

The isame iscience iand iprocedure iare ifollowed ifor irelay-relay iand irelay i- irecloser 

icoordination [27] 
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All iprotection isettings iand ithe ireclosing ipattern ishall ibe iconfigurable by iboth ioperator 

ipanel iand a icomputer iwhich iis iconnected iremotely ior ilocally. A iminimum iof ifour i(04) 

itripping ioperations ito ilockout ishall ibe iprovided iand ithe inumber iand isequence iof 

ioperations ito ilockout ishall ibe iadjusted iin ithe ifield. 

The iapplicable iovercurrent itripping ishall ibe iof ithe iinstantaneous, istandard iinverse, ivery 

iinverse iand iextreme iinverse itypes ias iper iIEC i60255-149 iand ithe itripping icurrent/time 

idelay isetting irange ishall ibe i25% ito i150% iof irated icurrent ifor iovercurrent iand i5% ito 

i50% iof ithe irated icurrent ifor iearth ifault. Inrush irestraint ifacilities ishall ibe ialso iprovided. 

The itripping icurrent/time idelay isetting irange ifor iearth ifault iand isensitive iearth ifault 

itripping ishall ibe ifive iseconds ito i180 iseconds. If ithe ifault iis icleared by iany ione iof ithe 

iautorecloser itrip ioperations iand ithe iautorecloser iremains iclosed, iit ishall ireset iitself ifor 

ianother icomplete isequence iof ioperations. The ireset itime ishall ibe iadjustable ifrom i5- i180 

isec [23]. 

 2.6.2.3. Recloser -iSectionalizer iCoordination: iSince ithe isectionalizers ihave ino 

itime/current ioperating icharacteristic, itheir icoordination idoes inot irequire an ianalysis iof 

ithese icurves. 

The icoordination icriteria iin ithis icase iare ibased iupon ithe inumber iof ioperations iof ithe 

iback‐up irecloser. These ioperations ican ibe iany icombination iof irapid ior itimed ishots ias 

imentioned ipreviously, ifor iexample itwo ifast iand itwo idelayed. The isectionalizer ishould ibe 

iset ifor ione ishot iless ithan ithose iof ithe irecloser, ifor iexample ithree idisconnections iin ithis 

icase. If ia ipermanent ifault ioccurs ibeyond ithe isectionalizer, ithe isectionalizer iwill iopen iand 

iisolate ithe ifault iafter ithe ithird iopening iof ithe irecloser. The irecloser iwill ithen ire‐energize 

ithe isection ito irestore ithe icircuit. If iadditional isectionalizers iare iinstalled iin iseries, ithe 

ifurthest irecloser ishould ibe iadjusted ifor ia ismaller inumber iof icounts. A ifault ibeyond ithe 

ilast isectionalizer iresults iin ithe ioperation iof ithe irecloser iand ithe istart iof ithe icounters iin 

iall ithe isectionalizers [28]. 

2.7 iLiterature iReview iof iCurrent iResearch iPapers 

Power isystems iacross ithe iglobe iare ibuilt iwith ithe iintent iof iproviding ifor ithe ienergy 

ineeds iof ithe imodern itimes. Hence, iit iis iunderstood ithat imeeting ithe ineeds iof ithe 

icustomers iis ithe imost iimportant ireason iwhy ia ipower isystem iis iestablished, iwith ithe 

iprofit icoming ialong iwhile idoing ithe ibusiness. I 

The isignificance iof ia ireliable idistribution iis ihinged ion ithe ifact ithat ieven iif ithe igeneration 

iand itransmission iof ia ipower isystem iare ihighly ireliable, ian iunreliable idistribution isystem 
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iwill imean ithat ithere iwill ibe ipoor isupply iof ienergy ito ithe icustomers. Hence, ito imeet 

icustomer idemands, ithe ipower iutility ihas ito ievolve iand ithe idistribution iSubstation isystem 

ihas ito ibe iupgraded, ioperated iand imaintained iaccordingly [29]. To ifulfill iand imeet 

icustomer idemands icurrently ithe ifollowing iResearches iare igoing ion, ion ithe ielectric ipower 

idistribution iSubstation isystem isome iof ithese ilisted ias ifollows: 

 [30]The main contribution of this paper is presenting the benefits of implementing energy 

management at the substation level to improve smart grid reliability and stability across the 

distribution system. The paper provides a brief overview of the recent approaches used to 

implement management and control decisions in the smart grid. 

 In [31] iAtinafu iAlemu i(2012) ihis ithesis ithe ireliability iassessment iof iBahir iDar icity 

idistribution isystem ion i15 ikV iselected ifour ifeeders iis idone. Monte iCarlo isimulation 

isystems iand iETAP isoftware iis iused ito iassess iand isimulate ithe ioverall ibehavior iof ithe 

idistribution isystem ireliability iindices. The iresearcher ialso irecommend ithat ithe 

iimprovement itechniques isuch ias ireconnection iof ithe ischeme iand ireplacing iold 

icomponents iare ieconomical ialternatives ifor ifurther iimprovement iusing iadditional irecloser, 

isectionalize-switches i& iload ibreak iswitches iin icost ieffective ilocations iare ithe imain 

ialternatives. 

In [32]iSeema iSaxena iTripta ihas ialso iassessed ithe ioverall iperformance iof iIndian 

idistribution iutilities. This ipaper ipresents ithe imeasurement iof itechnical iefficiency ifor 

iperformance ievaluation iof ielectricity idistribution iutilities iin iIndia iafter ithe iimplementation 

iof iEA i2003. 

Paper [33]imainly ifocuses ion ithe ireliability iproblems iof ithe iexisting ipower igrid iof iAdama 

icity iand ithe ismart igrid ihas ibeen iproposed ias ia isolution. Therefore ithe iappropriate 

icomponents iof ithe ismart igrid iare iselected ito idesign ithe ioverall isystem. Smart iReclosers 

iare ithe ikey icomponents iof ithe ismart igrid, iwhich iare iused ifor ifault idetection, iisolation 

iand irestoration iprograms iin ithe idistribution isystems iand ithe iresult iof ithis ifact ihas ibeen 

ian iunprecedented iincrease iof iglobal idemand ifor ithis iproduct. Smart iReclosers ioffers ia 

icomplete idesign isolution iwith iintegrated ismart igrid icapabilities ioffering inot ionly iremote 

icontrol ibut iautomation iand ianalog idata imeasurement iand ilogging icapabilities ito iachieve 

ithe iutility ibusiness idrivers. The idesigned isystem iis isimulated iusing ithe isoftware’s iDig-

Silent iand iwindmill ithat iare iused ito ianalyze ithe ireliability iof ithe ioverall isystem. iThe 

isimulation iof ithe idesigned imodel ishows ithat ithe iapplication iof ismart iReclosers ican 

iimprove ithe ireliability iof ithe ioverall isystem ifrom i50% ito i70%. 
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The ipaper [34]ipresented a ibasic inew irestoration imethodology ifor idistribution isystem 

iconfigurations ithat imaximize ithe iamount iof iload ithat ican ibe irestored iafter ia igrid 

iblackout, isubstation ioutage iand idistribution ifeeder iline isection ioutages iand ievaluates ithe 

icost iof iload ipoint iinterruptions iconsidering ifeeder iislanding iand isubstation icapacity 

iconstraints. Several icase istudies iwith irestoration iprocedures iare ipresented iand idiscussed 

ito iclearly ireveal ithe iimpact iof idistribution isystem icapacity iconstraints ion iload ipoint 

ireliability iindices iand ithe icost iof iload ipoint iinterruptions. 

Paper iproposed a ibranch iand ibound itype iheuristic imethod ito idetermine ithe inetwork 

iconfiguration ito ienhance idistribution isystem ireliability iand ifor iminimum iline ilosses. iIts 

isolution ischeme istarts iwith ia imeshed inetwork iby iinitially iclosing iall iswitches iin ithe 

inetwork. The iswitches iare ithen iopened ione iat ia itime iuntil ia inew iradial iconfiguration iis 

ireached. In ithis iprocess ithe iswitch ito ibe iopened iat ieach istage iis iselected iin iorder ito 

ienhance idistribution isystem ireliability iand ito iminimize iline ilosses iof ithe iresulting 

inetwork. 
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CHAPTER iTHREE 

DATA iCOLLECTION iAND iANALYSIS 

3.1 iIntroduction 

This ichapter ibriefly ideals iwith ithe imethodologies iused ifor idata icollection iand idata 

ianalysis ifor ithe iexisting isystem. Reliability ianalysis ineeds iinterruption iduration, 

iinterruption ifrequency, ia itotal inumber iof icustomers iserved, icustomers iinterrupted, iloads 

iconnected iand iso ion. So, iunder ithis ichapter, ithe icollected ifailure idata iand ibasic ielectrical 

idata iof ipower isystem iequipment iwhich iare inecessary ifor ireliability ianalysis iare ipresented. 

iThese idata iare ianalyzed ito iidentify ithe icurrent ireliability istatus iof ithe isubstation iand ito 

idistinguish ithe imain iproblems iof iinterruption. 

3.2 iDescription iof iDire iDewa iSubstation 

Dire iDewa isubstation itakes ielectric ipower ithrough i230 ikV itransmission ilines ifrom iKoka 

ipower iplant ithat iis iinterconnected isystem (ICS) iand iit isupplies ielectric ipower ito iDire 

iDewa icity iand ithe inearby iareas. Ethiopian iElectric iPower (EEP) iand iEthiopia iElectric 

iutility (EEU) iare ia iservice iprovider iof ielectric ipower iin ithe icountry. A i132 ikV 

itransmission iline iis istretched iinto ithe iHnaz isubstation, ithen istepped idawn ito i15 ikV iwith 

itwo iparallel iconnected itransformers as ishown iin iFigure i3.1. The idistribution isystem iin ithe 

icity ihas ia iprimary ivoltage iof i15 ikV iand ialso, ithis ivoltage ivalue iis istepped idown ito 

i400/220V iin ithree iphase iand isingle iphase irespectively. The inetwork itopology iDire iDawa 

isubstation ione (Hnaz) iis iradial. The ibus ibar ischeme ior ibus ibar ilayout iis iparallel ito ithe 

isingle ibus ibar isystem. The isingle ibus ibar ischeme ihas ionly ione ithree iphase ibut ito iwhich 

ithe ivarious iincoming iand iout icoming icircuits iare iconnected. This ihas ilack iof ioperational 

iflexibility iin icase iof ibus ifault ior icircuit ibreaker ifailure ithen, ithe ientire ibus ihas ito ibe ide-

energized, ibut iit ihas ilow icost, isimple ito ioperate iand irequires isimple iprotection iof ithe 

isystem. Dire iDewa isubstation iconsists iof iseven ioutgoing ifeeders. The inominal ivoltages iof 

ithe isix ifeeders iare i15 ikV and the remaining one feeder is 132 KV transmission line. As iper 

ithe idata ifound ifrom ithe ieastern iregion ibilling ioffice, ithe iDire iDawa iCustomer iService 

iCenter ione, itwo iand ithree i i ihas ia itotal iof iapproximately i54, 616 icustomers iserved. From 

ithe ioutgoing ifeeders, iF4 ifeeder icity iline iis iserving icustomers ifound iin ithe icenter iof ithe 

icity iand iis iextended ito iBiyawalle iand iWahil, iwhich iare iat iaround i40 ikm iaway ifrom ithe 

iDire iDawa isubstation iI. Commercial iareas iare iserved by ithis ifeeder. Big i hotels, ismall 

iand imicro iindustries, ibanks, imost iadministrative ioffices, itelecommunication, ischools iand 
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ia ilarge inumber iof iresidential icustomers iget ielectricity ifrom ithis ifeeder. City iline iis 

irepresented iby iF1-F6 ias idepicted iin iFigure i3.1.  

According ito ithe ibreaker iarrangement iin ithe icontrol iroom (Figure i3.2), iCurrent 

iTransformer (CT) irating iof icity ifeeder iis i800/5 iA. This iprimary idistribution ifeeder 

idelivers ipower ifrom ithe isubstation ito idistribution itransformers. It ibegins iwith ithe ifeeder 

ibreaker iat ithe idistribution isubstation iand iexits ithe isubstation iin a iconcrete iduct ibank 

(feeder iget-away) iand irouted ito a inearby ipole. 

The imain iprimary ifeeder ibranches iinto ivarious iprimary ilaterals iwhich iin iturn iseparate 

iinto iseveral isub-laterals ito iserve iall ithe idistribution itransformers. The imain ifeeder iand 

isub ifeeders ibefore ithe itransformer iare ithree iphase ithree iwire icircuit iand ithe ilaterals iare 

ithree iphase ifour iwire ior isingle iphase itwo iwire icircuit. 

 

 

Figure i3.1: iSingle iline iDiagram iof iDire iDawa iSubstation iI [ETAP i16.0 isoftware] 

 



 

Page-26 

 

Figure i3.2 iPartial iView iof iDD iSubstation iI iControl iRoom [Source: iStudy iArea] 

 

 

Figure i3.3: iDire iDewa iSubstation iI [Source: iStudy iArea] 
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3.3 iData iCollection 

Primary idata ihave ibeen icollected iby ithe idirect iinvolvement iof ithe iresearcher iand iworkers 

iof iEthiopia iElectric iUtility (EEU) ifrom iDire iDewa. During ithe isite isurvey, ithe iprimary 

idata inecessary ifor ithis istudy iwere ithe ilength iof ithe ifeeder, irating iand itype iof ieach 

itransformer, itopology iand ilayout iof ithe isystem, iconductor itype, itopography, ipower 

ireliability idata iand iothers. 

Table i3.1: iData ifor iDire iDewa iSubstation iI 

Name iof 

iSubstation 

Lines Transformer 

iQuantity 

Voltage 

iLevel 

i(KV) 

Transformer 

iCapacity 

i(MVA) 

Total iSubstation 

iCapacity (MVA) HV MV LV 

DD 

iSubstation 

iI 

1 0 6 2 132/15 31.5 63 

 

Table i3.2: iName iand ivoltage ilevels iof iDire iDewa isubstation iI ioutgoing ifeeders 

Feeder 

iName 

Voltage iLevel 

iin iKV 

Circuit iBreaker 

iType 

CT 

iRatio 

Peak iLoad iin 

iMW,2018 

Feeder i1 15 Vacuum 800/5 iA 5.14 

Feeder i2 15 Vacuum 800/5 iA 4.5 

Feeder i3 15 Vacuum 800/5 iA 4.63 

Feeder i4 15 Vacuum 800/5 iA 9.3 

Feeder i5 15 Vacuum 800/5 iA 5.4 

Feeder i6 15 Vacuum 800/5 iA 0.23 

 

Table i3.3: iThe iConsummate iData ifor iDire iDewa iSubstation iI iFeeders 

Feeder 

iName 

Total iNo iof 

iDistribution 

iTransformer 

Total iLength 

iof iFeeders 

i(KM) 

Total iNo.- 

iof 

iCustomer 

Total iCapacities iof 

iDistribution 

iTransformer i(MVA) 

Conductor 

iSize i(mm2) 

Feeder iI 48 31.75 10408 7.481 AAC i-50 

imm2 

Feeder i2 76 24.68 10046 7.221 >> 

Feeder i3 120 72.9 8640 6.21 >> 

Feeder i4 95 90.9 16840 12.104 >> 

Feeder i5 52 21.9 7736 5.56 >> 

Feeder i6 2 2 946 0.68 >> 

Total 393 244.13 54616 39.256 >> 
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Table i3.4 ishows ithe iannual iaverage ienergy iand ipower iconsumption iof ieach ifeeder ibus 

ibar. The iannual iaverage ienergy iis icalculated iusing ithe irecorded idata ifrom i2016/17-

2018/19 iG.C. 

Table i3.4: iAnnual iaverage ienergy iand iPower iconsumption ieach ifeeder 

Feeder 

iName 

Average 

iMVA 

Average iPower iConsumption Average iEnergy iConsumption 

Average iActive 

iPower i(MW) 

Average 

iReactive 

iPower(MVAr) 

Average 

iActive iEnergy 

i(MWH) 

Average 

iReactive 

iEnergy(MVArh) 

Feeder i1 3.403 2.895 1.789 25360.2 15671.64 

Feeder i2 4.78 4.07 2.507 35653.2 21961.32 

Feeder i3 3 2.56 1.564 22425.6 13700.64 

Feeder i4 3.55 3.02 1.866 26455.2 16346.16 

Feeder i5 3.96 3.37 2.080 29521.2 18220.8 

Feeder i6 0.35 0.3 0.180 2628 1576.8 

Total 19.043 16.215 9.986 142043.4 87477.36 

 

Based ion iTable i3:4, iThe iPower iFactor iof ithe iSubstation ican ibe icalculated as: 

PF i= iCos (tan-1(Q/P)) i                                  i i i i i i i i i i i i i i i i(3.1) 

PF i= iCos (tan-1(87477.36/142043.4) i=0.85 

where: 

PF i= iPower ifactor 

Q i= iReactive iPower iin (MVAr) 

P i= iActive iPower iin (MW) 

i i i i i i iTable i3:5 iAverage iand iPeak iload iof ithe isubstation i 

Feeder iName Average iLoad i(MW) Peak iLoad i(MW) 

Feeder iI 2.90 5.99 

Feeder i2 4.07 5.78 

Feeder i3 2.56 4.97 

Feeder i4 3.02 9.68 

Feeder i5 3.37 4.48 

Feeder i6 0.30 0.54 

Total 16.22 31.44 
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Table 3:6 Hourly Load (MW) each Feeder of Dire Dewa Substation I 

Feeder→ Feeder iI Feeder i2 Feeder i3 Feeder i4 Feeder i5 Feeder i6 Total 

Hour↓ 

1 2.13 2.76 2.01 0.76 0.41 0.1 8.17 

2 2.15 2.78 2.02 0.78 0.41 0.1 8.24 

3 1.67 2.93 1.84 0.79 0.41 0.25 7.89 

4 1.68 2.94 1.86 0.78 0.56 0.35 8.17 

5 1.91 3.2 2.22 0.75 0.56 0.35 8.99 

6 1.93 3.22 2.25 0.76 0.51 0.46 9.13 

7 2 2.54 1.86 0.46 0.51 0.51 7.88 

8 2 2.54 2.02 0.75 0.61 0.46 8.38 

9 2.17 2.75 2.14 0.44 0.66 0.46 8.62 

10 2.17 2.78 2.28 0.41 0.71 0.15 8.5 

11 2.78 7.26 2.8 0.4 0.77 0.25 14.26 

12 2.76 3.8 7.44 0.57 0.57 0.87 16.01 

13 2.72 3.62 3.08 0.55 0.52 0.52 11.01 

14 2.59 3.01 2.57 0.41 0.77 0.46 9.81 

15 2.57 2.07 2.78 0.41 0.77 0.46 9.01 

16 2.52 2 2.76 0.42 0.77 0.46 8.93 

17 1.71 1.77 1.74 0.76 0.71 0.71 7.4 

18 1.68 1.75 1.37 0.76 0.66 0.56 6.78 

19 1.21 1.2 1.14 0.49 0.66 0.66 5.36 

20 1.21 1.19 1.12 0.48 0.66 0.46 5.12 

21 1.15 1.29 1.17 0.41 0.61 0.31 5.09 

22 1.2 1.19 1.28 0.79 0.61 0.46 5.53 

23 1.27 2 1.54 0.4 0.61 0.61 6.43 

24 1.17 3.18 2.16 0.57 0.66 0.2 7.94 
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Figure i3.4 iAverage iHourly iLoads iof iDire iDewa iSubstation 

As ishown ifrom ithe ihourly iload iof iFigure i3.4, ithe imaximum iand iminimum iloads iof ithe 

ifeeders iare i7.44 iMW iand i0.1 iMW irespectively. The imaximum iload iis iobserved iduring 

ithe iday itime iin ithe irange iof i11:00 iAM ito i13:00 iPM. The iminimum iload iis iobserved 

iduring ithe inight itime iin ithe irange iof i1:00 iAM ito i2:00 iAM. 

 

Figure i3.5 iTotal iLoad iProfile i(MW) iof iDire iDewa iSubstation 

Figure i3.4 iand iFigure i3.5 ishows ithe iload imeasured iduring i24 ihours iof a iday. Hourly 

iload idenotes a iload imeasured iduring ithat icorresponding itime iand ioverall iload iis ithe itotal 

isum iof ia iload iof ieach ifeeder. So ithe imaximum ioverall iload iof ithe isystem iis iobserved 

ifrom i11:00 iAM ito i13:00 ipM iday itime (due ito ithe idesert iarea imost icustomers, iwhich 

iare iused ito iAir icondition iand iventilator) iwhich iis i16.01 iMW. 
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3.4 iMajor iCause iof iPower iInterruption iin ithe iexisting idistribution isystem 

According ito iIEEE100-1992, an iinterruption ito iservice iis ithe iisolation iof an ielectrical iload 

ifrom ithe isystem isupplying ithat iload, iresulting ifrom an iabnormality iin ithat isystem. The 

iabnormality iin ithe isystem ican ieither ibe a imalfunction iof ia isystem icomponent, ia ifault ior 

ia isystem ioperation idue ito imaintenance ior irepair. Interruptions, iindependent ifrom ithe 

icause, iare igenerally iundesired, as ithey ileave ienergy iunserved iand icustomers iwithout 

iservice. Most iof ithe itime, iinterruptions ioccur ibecause ithe isystem iis ireacting ito ia ifault. 

iA ifault ior ishort-circuit iis idefined iby iIEEE100-1992 ias ian iabnormal iconnection iof 

irelatively ilow iimpedance, iwhether imade iaccidentally ior iintentionally, ibetween itwo ipoints 

iof idifferent ipotential [35], i 

At iDire iDewa isubstation, imajor ifaults ioccurring ifrequently iare ishort icircuit, iearth ifault, 

iblackout, isystem iline ioverload, iunder ifrequency. And ithere iare iplanned ioutages ifor 

ioperational iand imaintenance ipurpose. The imajor ifaults ioccurring ican ieither ia itemporary 

ior ipermanent itype. Permanent ior isustained iinterruptions iare ilong-duration iinterruptions 

iwhich ilast ilonger ithan ifive iminutes, iwhereas iinterruptions iwith a iduration iof ifewer ithan 

ifive iminutes iare itermed imomentary iinterruptions [36]. Usually, ionly idata ion isustained 

iinterruptions iis ireported ito ithe iregulatory iauthority iin ithe istudy iarea. Many iof ithe 

idistribution iproblems iare itemporary iand imainly icaused by itree, ianimal icontact, iand 

iweather icondition. They ican ieasily ibe isolved iwith ilittle ior ino iintervention ifrom ithe 

isystem. Then by isimply ireclosing, ithe isystem iwill ibe ire-energized. But ipermanent ifaults 

ican’t ibe irestored by isimple ire-energizing. Permanent ifaults ican ibe icaused by iequipment 

imalfunction, icable ifailure, idown iline ior ipersistent itree icontact [37]. 

There iare imany iprincipal icauses iof ielectrical ifailure; isuch as idust iand idirt iaccumulation, 

imoisture, ilose iconnections, iand ifriction iof imoving iparts, iaging iof iconductors, iclearance 

ifrom itrees iand ilimbs iand istructures, iequipment iover iloading, ifrequency iand iso ion. An 

ieffective imaintenance iprogram ishould iaim ito iminimize ithese ieffects by ikeeping 

iequipment iclean iand idry, ikeeping iconnections itight. 

Before iconsidering iobservational idata, iit iis iexpedient ito imention ivarious isources iof 

iinterruptions iin ithe iexisting isubstations iare: 

Fault: iThe imain icause iof iinterruption ifor iDire iDawa idistribution inetwork iis ithe ifault 

i.out iof iinterruption irecorded i79.6 i% iis idue ito ifault. The ifault iin ithis inetwork iis idue ito 

idifferent icontributing ifactor ilike iwind icondition, itree imovement iduring iwind, iinsulation 

ifailure ion ioverhead iline, iand iprotection iequipment ifailure. The ifault ican ibe ireduced itree 
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itrimming, iconstant imonitoring iof iinsulation, icable ireplacements ican ireduce ifaults. 

Temporary ifaults iare iharder ito ipoint. 

Storms iand iWeather: iLonger icircuits ilead ito imore iinterruptions. Dire iDawa idistribution 

isystems iconsist iof ionly isix iradial iarranged ifeeder iwhich icovers iseveral ikilometer 

idistance. Even iin ione iradial isystem iabove ione ihundred itransformer iwere iinstalled iwith 

ionly ione iauto irecloser iat ithe iinitial iof ifeeder. Due ito ithis iissue ithe inumber iof 

iinterruption iand iduration iincreased. I 

Especially ifor ipermanent ishort icircuit ithe iproblem ibecome ihead iache isince ithey iuse 

iisolator ifor ilater isection ithey icheck ieach iisolator ito iidentify ithe ilocation iof ifault. 

Circuit iExposure iand iLoad idensity: iLonger icircuits ilead ito imore iinterruptions. Dire 

iDawa idistribution isystem iconsist iof ionly isix iradial iarranged ifeeder iwhich icovers iseveral 

ikilometer idistance. Even iin ione iradial isystem iabove ione ihundred itransformer iwere 

iinstalled iwith ionly ione iauto irecloser iat ithe iinitial iof ifeeder. Due ito ithis iissue ithe inumber 

iof iinterruption iand iduration iincreased. Especially ifor ipermanent ishort icircuit ithe iproblem 

ibecome ihead iache isince ithey iuse iisolator ifor ilater isection ithey icheck ieach iisolator ito 

iidentify ithe ilocation iof ifault. 

Supply iConfiguration: iThe idistribution isupply igreatly iimpacts ireliability. Long iradial 

icircuits iprovide ithe ipoorest iservice. A idistribution isystem ican ibe ireconfigured by ichanging 

ithe ilocation iof ithe inormally iopen iswitches, ieffectively ichanging ithe iallocation iof ithe 

icustomers iand ithe iflow iof ipower ifor ithe ieffective ifeeders. But iDire iDawa inetwork iis 

inot imesh ior iring iso ithat iit iis ino ioption ito iget ipower ithe imain ifeeder iis iinterrupted. 

According ito ithe idata icollected ifrom ithe iDire iDewa isubstation, ithe icauses iof inon- 

imomentary (unplanned) iinterruptions iare; iDistribution iPermanent iEarth iFault i(DPEF), 

iDistribution iPermanent iShort iCircuit i(DPSC), iDistribution iTemporary iEarth iFault i(DTEF) 

iand iDistribution iTemporary iShort iCircuit i(DTSC). The ireason ifor ithese iunplanned 

iinterruption iare ibasically as a iresult iof ifaults iand ifailures iwhich imakes ia icomponent ito 

ibe iunavailable ito iperform iits ifunction. In iaddition, ithe itwo imajor ifactors ithat iaffect ithe 

ireliability iof ipower idistribution isystem iare icapacity ishortages iand iFaults iand ifailures 
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Table i3.7 iFrequency iInterruptions ifrom i2017/18 iG.C ito i2018/19 iG.C 

Feeder 

iName 

2017/18 iG.C 2018/19 iG.C 

Unplanned Planned Total Unplanned Planned Total 

F i1 351 119 470 391 87 478 

F2 304 76 380 300 53 353 

F3 531 128 659 433 62 495 

F4 422 199 621 505 57 562 

F5 280 101 381 245 69 314 

F6 23 15 38 26 10 36 

Total 1911 638 2549 1900 338 2238 

 

Table i3.8 iDuration iInterruptions ifrom i2017/18 iG.C ito i2018/19 iG.C 

Feeder 

Name 

 i2017/18 iG.C  i2018/19 iG.C 

Unplanned Planned Total Unplanned Planned Total 

F1 166:70 44:49 211:19 140:52 32:20 172:72 

F2 59:38 43:51 102:89 97:45 12:05 109:5 

F3 274:87 87:50 362:37 207:54 35:95 243:49 

F4 247:56 67:83 315:39 210:304 27:08 237.38 

F5 132:55 54:25 186:80 86:91 25:46 112:37 

F6 96:50 33:70 130:2 185:63 8:79 194:42 

Total 977:56 331:28 1308:84 928:35 141:53 1069:88 

 

Table i3.9 iAverage iFrequency iInterruptions iand iAverage iDuration iInterruptions iPer iYear 

Feeder 

Name 

Frequency iInterruption i( iInt/Year i) 

2017/18 iG.C ito i2018/19 iG.C 

Duration iInterruption i( iHour/Year i) 

2017/18 iG.C ito i2018/19 iG.C 

Unplanned Planned Total Unplanned Planned Total 

F1 371 103 474 153:61 38:35 191:96 

F2 302 64.5 366.5 78:42 27:78 106:2 

F3 482 95 577 241:21 61:73 302:94 

F4 463.5 128 591.5 228:93 47:46 276:39 

F5 262.5 85 347.5 109:73 39:86 149:59 

F6 24.5 12.5 37 141:07 21:25 162:32 

Total 1905.5 488 2393.5 952:97 236:43 1189:4 
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Table i3.10 iAverage iInterruption iduration iand ifrequency iof idifferent ifaults iof i2017/18 ito 

i2018/19 

Feeder 

Name 

 i i i i i iPEF i i i i i i i i iTEF 

 

 i i i i i i i iPSC  ii i i i i i iTSC  i i i i i i i i iOP 

FER DUR FER DUR FER DUR FER DUR FER DUR 

F1 45 45.85 103.5 2:64 76.5 101:41 146 3:74 103 38:35 

F2 48 43:97 147.5 3:80 63.5 29:52 43 1:15 64.5 27:78 

F3 88 119:40 185 5:14 86 113:06 123 3:14 95 61:73 

F4 121.5 143:05 147 5:27 89 76:70 106 3:62 128 47:46 

F5 57.5 64:17 83.5 3:02 40 39:87 81.5 2:71 85 39:86 

F6 8.5 70:98 5.5 2:29 6 67:39 4.5 0:12 12.5 21:25 

Total 

iSystem 

368.5 487:42 672 22.16 361 427:95 504 14:48 488 236:43 

 

In iTable i3.10, iwhere; iPEF iis ia idistribution ipermanent iearth ifault, iPSC iis ia idistribution 

ipermanent ishort icircuit, iOPR iis ioperational iinterruptions, iFRE iis ifrequency iinterruption 

iand iDUR iis iduration iinterruptions. Based ion ithe iabove itable, iit iis ipossible ito ianalyze 

ithe ipercentage icontributions iof ieach icause iof iinterruptions ifor ithe itotal ifrequency iand 

iduration iof iinterruptions iof ieach ifeeder iand ithe ioverall isystem. 

Table i3.11 iPercentage iof ithe icause iof iaverage iduration iand ifrequency iof iinterruption iof 

idifferent ifaults 

Feeder  i i i i i i iPEF  i i i i i iTEF  i i i i i i i iPSC  i i i i i i i iTSC  i i i i i i i iOPR 

%FER %DUR %FER %DUR %FER %DUR %FER %DUR %FER %DUR 

F1 10.61 23.88 21.84 1.38 16.12 52.82 30.8 1.95 21.73 19.97 

F2 13.10 41.40 40.25 3.58 17.33 27.79 11.73 1.08 17.60 26.15 

F3 15.25 39.48 32.06 1.70 14.91 37.38 21.34 1.04 16.46 20.41 

F4 20.54 51.81 24.85 1.91 15.05 27.78 17.92 1.31 21.64 17.19 

F5 16.55 42.89 24.03 2.02 11.51 26.65 23.45 1.81 24.46 26.64 

F6 22.97 43.81 14.86 1.41 16.22 41.59 12.16 0.07 33.78 13.12 

Avera

ge 

15.4 41 28.1 1.9 15.1 36 21 1.2 20.4 19.9 

 

Table i3.12 iand iTable i3.13; ishows as ithe ipercentage iof ieach iof ithe icause iof ifault iin iDire 

iDewa iSubstation. 
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Table i3.12 iPercentage iAverage iInterruption iFrequency iof ieach itype iof ifaults 

 i i iCauses PEF TEF PSC TSC OPR 

% Frequency i(Int/Year) 15.4 28.1 15.1 21 20.4 

 

 

Figure i3.6: iPercentage iof iAverage iFrequency iInterruptions iof ioverall isystem iof iDire 

iDewa iSubstation. 

 iFrom ithe iabove iPie ichart iin iFigure i3.6 ishows ithat i28% iof ithe iinterruption ifrequency 

iis idue ito ithe itemporary iearth ifault, iand i21% iare idue ito ia idistribution itemporary ishort 

icircuit ifault, i20% ia idistribution ioperation iand imaintenance, i15.1% iis ipermanent ishort 

icircuit ifault. 

Table i3.13: iPercentage iAverage iDuration iInterruptions iof ieach itype iof iFault 

Causes PEF TEF PSC TSC OPR 

%Dur(Hr) 41 19 36 12 19.9 
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Figure i3.7 iPercentage iof iAverage iDuration iInterruptions iof ioverall isystems iof iDire 

iDewa iSubstation 

3.5 Distribution iReliability iIndices iCalculation 

As ione iobject iof ithis istudy iis ito iprovide a imore iadopted imethod ifor idetermining 

idistribution inetwork ireliability, ithis ipart iof ithe istudy iused iIEEE1366 iindices [38]ito 

ievaluate ithe ireliability iindices iof iDire iDawa idistribution isystem. The iavailability iof ipower 

ifor icustomers ifrom ithis isubstation iis iperformed ion ithe imedium ivoltage iside iof ithe 

icustomer itransformers (15kV). The ireliability iis ihighly iaffected by ioutages ioccurred ion ithe 

icustomer iside isecondary idistribution ilines iwhich iunable ito icollect idata ifor ianalysis idue 

ito ilack iof iresource, ilack iof iorganized idata iand iadvanced itechnology iat ithe isubstation ito 

iview ithe iperformance iof ithe icustomer iside isecondary idistribution inetwork. The iutilities 

icommonly iuse ithe ifollowing ireliability iindices ifor ifrequency iand iduration ito iquantify ithe 

iperformance iof itheir isystems [39]. The ireliability iindices iof ithe iexisting isubstation ican ibe 

icalculated iusing iequations (2.7) ito (2.15), iwhich iare igiven iin ichapter itwo. Based ion ithe 

irecorded idata igiven iin iTable i3.7 iand i3.8 iwe ican icalculate ithe ireliability iindices ifor 

i2017/18 ito i2018/19 iG.C iand ithe iaverage iof ithe itwo iyears. Hence, ithe iresults iare ishown 

iin iTable i3.14, iTable i3.15 iand iTable i3.16 irespectively. 

Table i3.14: iComputed iReliability iIndices iof i2017/18 iDire iDewa iSubstation iI 

Feeder SAIFI SAIDI CAIDI ASAI ASUI EENS(MWh) AENS 

F1 470 211 0.45 0.98 0.02 1263.89 0.121 

F2 380 103 0.27 0.99 0.01 595.34 0.059 

F3 659 315 0.55 0.96 0.04 1799.14 0.208 

F4 621 362 0.51 0.96 0.04 3049.20 0.181 
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F5 381 187 0.49 0.98 0.02 837.76 0.108 

F6 38 130 3.42 0.99 0.01 70.2 0.074 

Average 424.8 218 0.51 0.98 0.02 1269.26 0.125 

i i i i i iTable i3.15: iComputed iReliability iIndices iof i2018/19 iDire iDewa iSubstationiI 

Feeder SAIFI SAIDI CAIDI ASAI ASUI EENS(MWh) AENS 

F1 478 173 0.36 0.98 0.02 889.22 0.085 

F2 353 110 0.31 0.99 0.01 495 0.049 

F3 495 237 0.49 0.97 0.03 1129.72 0.131 

F4 562 244 0.42 0.97 0.03 2204.1 0.130 

F5 314 112 0.36 0.99 0.01 604.8 0.078 

F6 36 194 5.39 0.98 0.02 44.62 0.047 

Average 373 178.3 0.48 0.98 0.02 894.58 0.087 

i3.16: iComputed iReliability iIndices ithe iaverage iof itwo iyears iat iDire iDewa iSubstation 

Feeder SAIFI SAIDI CAIDI ASAI ASUI EENS(MWh) AENS 

F1 474 192 0.41 0.98 0.02 1076.56 0.103 

F2 366.5 106.5 0.29 0.99 0.01 545.17 0.054 

F3 577 276 0.52 0.965 0.035 1464.43 0.170 

F4 591.5 303 0.47 0.965 0.035 2626.65 0.156 

F5 347.5 149.5 0.43 0.985 0.015 721.28 0.093 

F6 37 162 4.41 0.985 0.015 57.41 0.061 

Average 398.9 198.2 0.50 0.98 0.02 1081.92 0.106 

 

In ithis ithesis, ifocus iis igiven ionly ion iDire iDewa isubstation iI, ithe icity ifeeder iline ifour 

(F4) ihas imore ifrequency iand iduration iinterruptions ithan iother ifeeders iin ithe iexisting 

isubstation. 

Table i3.17: iComputed iReliability iIndices iof iDire iDewa iCity iFeeder iLine iFour (F4) ifor 

iyear i2017/18-2018/19 iG.C. 

Feeder 

Name (F4) 

Reliability 

Indices 

2017/18 G.C 2018/19 G.C Average 

SAIFI 621 562 591.5 

SAIDI 362 244 303 

CAIDI 0.51 0.42 0.465 

ASAI 0.98 0.97 0.975 

ASUI 0.04 0.03 0.035 

EENS 3049.20 2204.1 2626.65 

AENS 181 0.130 90.565 
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3.5.1 Comparison iof ithe icalculated ivalues iof ireliability iindices iwith ibenchmarks 

Reliability ibenchmarks iare ithe istandards iagainst iwhich ianalyzed ior imeasured ireliability iis 

ijudged. The ipurposes iof ireliability ibenchmarks iare ito idefine iminimum iaverage ireliability 

iperformance, by ifeeder itype, ifor a idistribution inetwork iand iprovide ia ibasis iagainst iwhich 

ia idistribution inetwork iservice iprovider’s ireliability iperformance ican ibe iassessed. 

The ibenchmarks iwere icalculated iusing ithe iIEEE iGuide ifor ielectric ipower idistribution 

ireliability iindices i– iIEEE iStandard i1366‐2003. The istandards iare igiven iin iorder ito 

iprovide a ijustification iand igive iacceptable imargin ifor ithe ireliability iperformance iof 

idistribution inetworks. Based ion iIEEE iGuide, ireference [40]ihighlighted ithe ibenchmarks ifor 

inine icountries icomputed ifor ipower idistribution ireliability as ishown iin iTable i3.18 iwhile 

ithe iauthors iincluded ithe iresults ifrom ithis iwork iin ithe itable itoo. 

This ithesis ialso ifocuses ion ithe icustomer ioriented ireliability iindices iand ienergy ioriented 

iindices.  

Table i3.18: iComparisons iof iSAIFI iand iSAIDI ivalues iwith idifferent icountries [41] 

Countries SAIFI(Int./Year/Customer) SAIDI(Hr./Year/Customer) 

United iStates iof iAmerica 1.5 4 

Italy 2.2 0.967 

France 1.0 1.03 

Denmark 0.5 0.4 

Australia 0.9 1.2 

Spain 2.2 1.73 

Canada 3.4 6.9 

United iKingdom 0.8 1.5 

Germany 0.5 0.383 

Netherland 0.3 0.55 

Ethiopia 20 25 

D.D iSubstation I Feeder 

4(F4) 

591.5 303 
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Figure i3.8: iComparison iof iSAIFI ivalues iwith idifferent icountries istandards 

 

 

 

Figure i3.9: iComparison iof iSAIDI ivalues iwith idifferent icountries istandards 

3.6 iOutage iCost iEvaluation iof iDire iDawa iSubstation iI iFeeder iLine i 

Common iapproach iused iin iquantifying ithe iworth ior ibenefit iof ielectric iservice ireliability 

iis ito iestimate ithe icustomer icosts iassociated iwith ipower iinterruptions iPower iinterruption 
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icosts iboth ithe iutility iand ithe icustomer isides. The isize iof ithe ieconomic ilosses idue ito 

iinterruption idepends ilargely ion ithe icomposition iof ithe icustomers ithat iexperience 

iinterruptions. Customers iin ithe iDire iDawa icity iare iapproximately ibroke iup iinto ithree 

icategories: iresidential, icommercial, iand ismall iindustrial icustomers. On ithe iutility iside 

ipower iinterruption icost iis iestimated ibased ion icustomer idata, iinterruption idata, iand icost 

iper ioutage idata. 

The inumber iof icustomers iconsidered iin iestimating ithe icost iof ipower iinterruptions iwill 

ihave ia isignificant iimpact ion ithe imagnitude iof ithe iestimate. Substantial iuncertainty ican 

iresult ifrom idifferences iin ihow icustomers iare idefined. It iis ibetter ito idifferentiate ithe itype 

iof ithe icustomers iinterrupted iwhether ithey iare iresidential, icommercial ior iindustrial. 

In ithe icase istudy iarea, iDire iDawa icity, ipower iinterruptions idata iare iusually irecorded iin 

ithe iform iof iinterruption iduration, iinterruption ifrequency iand iload (MW) ireading iof ieach 

ifeeder ion ieach ihour. From ithese idata, iit iis ieasy ito iknow ithe ireliability iindices, iSystem 

iAverage iInterruption iFrequency iIndex (SAIFI), iSystem iAverage iInterruption iDuration 

iIndex (SAIDI) iand iExpected iEnergy iNot iSupplied (EENS) iof isustained iinterruptions 

iexperienced iby icustomers iof ieach ifeeder iin ia iyear. By iusing ithe irecording iMega iWatt 

(MW) iload ibefore ithe iinterruption ion ieach ihour, iSAIDI iand iSAIFI idata iunsold ienergy 

(MWH) iwill ibe icalculated. Energy iis a ivery iimportant iterm ito iestimate ithe iinterruption 

icost iof ithe isystem ifor a itypical iyear. 

Table i3.19: iEthiopia iElectricity itariff (Birr/KWh) Energy iTariff iamendment istudy iaccording ito 

iconsumers iclass 

Tariff amendment As of 

Dec. 18 onward 

As of 

Dec. 19 

onward 

As of 

Dec. 20 

onward 

As of 

Dec. 21 

onward 

Tariff Category kwh/month Birr/kwh Birr/kwh Birr/kwh Birr/kwh 

Residential tariff block 

1st block Up to i0 ikwh 

2nd block Up to 100 ikwh 

3rd block Up to 200 ikwh 

4th block Up to 300 ikwh 

5th block Up to 400 ikwh 

6th block Up to 500 ikwh 

7th block Above 500 kwh 

 

0.2730 

0.4591 

0.7807 

0.9125 

0.9750 

1.0423 

1.1410 

 

0.2730 

0.5617 

1.0622 

1.2750 

1.3833 

1.4965 

1.5877 

 

0.2730 

0.6644 

1.3436 

1.6375 

1.7917 

1.9508 

2.0343 

 

0.2730 

0.7670 

1.6250 

2.0000 

2.2000 

2.4050 

2.4810 

General Tariff 

Flat Rate 

 

1.0352 

 

1.3982 

 

1.7611 

 

2.1240 
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Low Voltage Industry Tariff 

Flat Rate 

Demand Charge irate 

 

0.8161 

50.0000 

 

1.0544 

100.00 

 

1.2927 

150.0000 

 

1.5310 

200.0000 

Medium Voltage Industry Tariff. 15kv & 33kv 

Flat Rate 

Demand Charge rate 

 

0.6047 

36.8850 

 

0.8008 

73.7700 

 

0.9969 

110.6550 

 

1.1930 

147.5400 

High Voltage Industry Tariff. Above 66kv 

Flat Rate 

Demand Charge rate 

 

0.5174 

21.9100 

 

0.6540 

43.8200 

 

0.7911 

65.7300 

 

0.9280 

87.6400 

Street Light Tariff 

Flat Rate 

 

1.0352 

 

1.3982 

 

1.7611 

 

2.1240 

Bulk Supply Tariff 

Demand Charge rate perikw 

Generation Tariff. Monthly per kwh 

 

39.2908 

0.2218 

 

78.5815 

0.4435 

 

117.8723 

0.6653 

 

157.1600 

0.8870 

 

Based ion iTable i3.19, ithe iinterruption icost iin ithe istudy iarea ithat iis iin iDire iDawa 

isubstation ican ibe icalculated iusing ithe iformula ibelow; 

Interruption iCost i= iUnsupplied iEnergy (in iKWh) iX i0.4409 iETB\KWh i i i i i i i (3.2) 

Where, ithe itariff i0.4409 iis itaken ifrom ithe iaverage iof ithe ifirst iblock itariffs iof iresidential 

iand icommercial icustomers, iwhich imost iEthiopian ielectricity icustomers iare iassumed ito ibe 

igrouped [42]. For iDire iDawa icity ifeeder (F4) in ithe iyear i2017/18 ihas i3049.20 iMWh 

iunsupplied iEnergy ifrom iTable i3.17; ithen, iInterruption icost iis icalculated as: 

𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡𝑠 = 3049.20𝐾𝑊ℎ × 1000 × 0.4409 𝐸𝑇𝐵
𝐾𝑊ℎ⁄  = 1,344,392.28𝐸𝑇𝐵 

By ithe isame iprocedure ithe iinterruption icost ifor ithe i2 iyears, ithat iis, ifrom i2017/18 ito 

i2018/19G.C iis icalculated iand isummarized iin iTable i3.20. Based ion ithe iexchange irate iof 

ithe iCommercial iBank iof iEthiopia (CBE) ion i23 iApril i2020, (l iUSD i= i33.353 iETB). 

Table i3.20: iSummary iof iestimated iinterruption icost ifrom i2017/18 ito i2018/19 iG.C iin iDire 

iDawa City isubstation iI ifeeder iline ifour (F4) 

 

Year EENS(MWh) Interruption iCost i(ETB) Interruption iCost i(USD) 

2017/18 iG.C 3049.20 1,344,392.28 40305.343 

2018/19 iG.C 2204.1 971,787.69 29136.44 

Average 2626.65 1,158,089.99 34722.21 
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As ishown ifrom ithe itable i3.20, ithe iaverage iof itwo iyear’s iinterruption icost idue ito ithe  

unsold ienergy iof ithe iDire iDawa icity isubstation iI ifeeder iline ifour i(F4) iis i1,158,089.99 

iETB ior i34,722.21 iUSD iper iyear. 

3.7 iData iAnalysis 

Based ion ithe idata icollected ifrom iDire iDawa isubstation iI iwe ican isummarize ithe ipower 

ireliability iindices iof ithe iDire iDawa icity ifeeder iline iF4 iin ithe ifollowing imanner:- 

SAIFI iof ithe ioverall isystem ias ishown iin iTable i3.17 iis i591.5 iint. i/yr. iAs iper iEthiopian 

iElectrical iAgency‘s (EEA’s) istandard, iSAIFI ishould inot iexceed i20 iinterruptions iper 

icustomer iper iyear, iwhich iindicates ithat ithe icurrent ivalue iis iabove ithe iacceptable ivalue 

iby ia ilarge imargin. And ialso, iwhen iwe icompare ithe icalculated iSAIFI ivalue iwith 

iGermany istandard, iit iis imuch igreater ithan ithe imaximum ilimit [43]. This iclearly iindicates 

ithat ithere iis iserious ireliability iproblem iin ithe iexisting iDire iDawa icity ifeeder iline, iF4. 

SAIDI iof ithe ioverall isystem ifrom iTable i3.17 iis i303 ihours iper icustomer iper iyear. This 

ishows ithat ievery icustomer iexperiences i303 iHr. interruption iper iyear. This iindicates ithat 

ithere iis igreat ireliability iproblem iin ithe iexisting iDire iDawa icity ifeeder iline, iF4. iAs iper 

ithe iEthiopian iElectrical iAgency‘s i(EEA), ithe iSAIDI ivalue ishould inot iexceed i25 ihours iper 

icustomer iper iyear [41]. The ipermissible iSAIDI ivalue iin iGermany iis i0.383 ihours iper 

icustomer iper iyear [41]. 

ASAI: iIt iis ithe iaverage iservice iavailability iindex iwhich ishows ithe ifraction iof itime ithat ia 

icustomer ihas ireceived ipower iduring ithe ireporting iperiod. iFrom ithe iTable i3.17 ithe ipower 

isupply iof ithe ioverall isystem ifor iDire iDawa icity ifeeder, iF4 iis i0.965 i(96.5%) iavailable. 

iHowever, ithis ivalue iis istill inot igood ienough isince ithe iASAI ivalue ishould ibe igreater 

ithan i99.98% ias iper iEthiopian iElectrical iAgency‘s istandard [41].  

ENS: iIt ishows ithe iunsupplied ienergy ior iunsold ienergy iof ieach ifeeder. From ithe iTable 

i3.20 iThe iaverage iunsold ienergy ifor iDire iDawa icity ifeeder, iF4 iwas i2626.65 iMWh iper 

iyear. AENS: iThis iindex ishows ithe iaverage ienergy inot isupplied iper icustomer by ithe isystem. 

From ithe iTable i3.17 ithe ioverall isystem ifor iDire iDawa icity ifeeder, iF4 ihas an iAENS 

ivalue iof i0.156 iMWh iper icustomer. Due ito ipower iinterruption iper iyear ifor ithe iDire 

iDawa icity ifeeder, iF4 ithe iaverage icost iof iunsold ienergy iis i1, 159,089.99 iETB ihas ibeen 

ilost. This iamount iof imoney ihas a inegative iimpact ion ithe ieconomic igrowth iof iour 

icountry. 

Finally, ibased ion ithe idata ianalysis ithe ifollowing iconclusions ihave iderived iThe ipower 
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ireliability iof ithe iDire iDawa icity ifeeder iline, iF4 idoes inot imeet ithe irequirements iset by 

ithe iEthiopian iElectric iAgency (EEA). The ipower ireliability iindices iof iDire iDawa icity 

ifeeder iline, iF4 iis inot a igood iperformance as icompared ito ithe iinternational ireliability 

iindices iof ibest-experienced icountries. In ithe istudy iarea iof icity ifeeder iline, iF4 ihas ihigh 

iunavailability iof iservices iin ithe isystem. The iimpact iof iplanned iand iunplanned ioutages iin 

ithe iexisting ipower igrid iof iDire iDawa icity ifeeder iline, iF4 ihas imore iloss iof iunsupplied 

ienergy. 
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CHAPTER iFOUR 

RESULT iAND iDISCUSSION 

4.1 iINRTODUCTION 

This chapter presents the explanation of the modeling and simulation of the existing system 

with different mitigation alternative cases to improve the system reliability of the Dire Dawa city 

feeder line (F4) at a reasonable cost. Different cases have been analyzed by ETAP 16 Software 

simulation. The simulation focuses on evaluating the impact of using reclosers and reconfiguration 

of the feeder on the reliability of the system. 

These iare iacceptable ifor isimple iradial isystems iand imore iextended iindices ihave ito ibe 

iused ifor igeneral idistribution isystems. In ithis ithesis, ithe ifollowing ialternatives iwhich imay 

ienhance ireliability iof iDire iDawa iCity idistribution isystem (feeder ifour, iF4) ishall ibe 

iconsidered: i 

I. Assessing iof ithe iDD idistribution inetwork i 

II. Change iin ithe inetwork iconfiguration ior ireconfiguration iof ithe 

idistribution i 

III. Use iof iadditional iswitches iand iprotective idevices 

From ithe iBeginning iof iexisting isystem iof iDire iDawa distribution (Substation iI) idesign iand 

icalculating iof ithe ireliability iindices iin itwo iyears, ithis ithesis ihas ievaluated idifferent 

imitigation itechnique ito ienhancement iof isystem ireliability iat ilow icost. Many icases ihave 

ibeen ianalyzed by icomputer isimulation. The isimulation ifocuses ion ievaluating ithe ieffects 

iof iusing ireclosers iand ireconfiguration iof ithe ifeeder ion ireliability iof iDire iDawa 

idistribution isystem. The irecloser iincreases ifor iutilities ito iimplement iautomatic iback ifeed 

irestoration, ifault ifinding iand ifault iisolation. Automatic ireclosers iare idesigned ifor iuses 

iboth ioverhead idistribution ilines as iwell ias idistribution isubstation iapplication ifor idifferent 

ivoltage iclasses ilike i15KV, i27KV iand i38KV [44]. 

4.2 iProcedure ifor iDistribution iReliability iAnalysisiby iETAP iSoftwear. 

The isimulation ioutput iof ireliability ianalysis iis iobtained by iperforming ithe ifollowing 

isteps iin iETAP12.6.0 isoftware. 

 Single iline idiagram iof ithe iexisting isystem (DD iCity idistribution iat ifeeder ifour) 

ihas ibeen idesigned ion ithe iworking iplane iof ithe isoftware. 

 DD idistribution (feeder ifour) ireliability icalculations ihas ibeen ispecified iand 



 

Page-45 

 

ientered. 

 All iswitches iand iprotection idevices ihas ibeen ispecified ibased ion itype iand 

ioperation. 

 Then run ithe ireliability iassessment iof iexiting inetwork. 

 4.3 iSystem iModeling by iETAP 

The iElectrical iTransient iAnalysis iProgram (ETAP) iis itotally igraphical iEnterprise ipackage 

ithat ioperates ion idifferent iMicrosoft iWindows ioperating isystems. It iis ithe imost 

iComprehensive ianalysis itool ifor ithe idesign iand ienhancement iof ipower isystems iavailable. 

Figure i4.1 ishows ithe iproject ieditor iview, iwith ithe ireliability ipage iopen. IThe iparameters 

iused iin idesigning, iassessment ianalysis iand ienhancement ifor ireliability iof iany isystem iare 

ithose ishown ion ithis ipage. iUsing iits istandard ioffline isimulation imodules, iETAP ican 

iutilize ireal-time ioperating idata ifor iadvanced imonitoring, ireal-time isimulation, 

ioptimization, ienergy imanagement isystems iand ihigh ispeed iintelligent iload ishedding.iETAP 

ican ibe icombining ithe ielectrical, ilogical, imechanical iand iphysical iattributes iof isystem 

imaterials iin ithe isimilar idatabase. 

To ipredict ithe ireliability iindices iof iDire iDawa icity ifeeder iline ifour (F4) idistribution 

isystem, ivalues iof ifailure irates iand imean itime ito irepair ifor ieach icomponent iof istatic 

iloads iare inecessary. To iestimate ithe ifailure irate iof ithe iline iper ikilometer, ithe itotal 

inumber iof ioutages ishould ibe idivided iby ithe ifeeder ilength (kilometers) ias iindicated iin 

iequation i(4.1).iThe iaverage imean itime ito irepair i(MTTR) ieach ifailure iis icomputed iusing 

iequation i(4.2).i i i 

𝜆 =  
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠

(𝑇𝑜𝑡𝑎𝑙 𝑓𝑒𝑒𝑑𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ)(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑒𝑎𝑟𝑠)
              (𝐼𝑛𝑡.

𝐾𝑚. 𝑦𝑒𝑎𝑟⁄ )              (4.1) 

 

𝑀𝑇𝑇𝑅 =  
𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑝𝑎𝑖𝑟 𝑇𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛
                   (𝐻𝑟.

𝐼𝑛𝑡.⁄ )                           (4.2) 

 

By iusing iequation (4.1) iand iequation (4.2), ithe ibasic ireliability iparameters iused iin iETAP 

isoftware ifor ireliability ianalysis iare icalculated as ifollows: 

𝜆 =  591.5
182⁄ = 3.25 (𝐼𝑛𝑡.

𝐾𝑚 × 𝑦𝑒𝑎𝑟⁄ )  𝑎𝑛𝑑 𝑀𝑇𝑇𝑅 = 303
591.5⁄ = 0.5123(𝐻𝑟.

𝐼𝑛𝑡.⁄ ) 

To iestimate ithe ifailure irate iof a icomponent iETAP i12.6.0 iuses ia icombination iof iactive 

(λA) iand ipassive (λ𝑝) ifailure irates itogether. The iactive ifailure irate iin ithe inumber iof 



 

Page-46 

 

ifailures iper iyear iper iunit ilength. The iactive ifailure irate iis iassociated iwith ithe icomponent 

ifailure imode ithat icauses ithe ioperation iof ithe iprimary iprotection izone iaround ithe ifailed 

icomponent. It icauses ithe iremoval iof ithe iother ihealthy icomponents iand ibranches ifrom 

iservice, iafter ithe iactively ifailed icomponent iis iisolated, iand ithe iprotection ibreakers iare 

ireclosed. This ileads ito iservice ibeing irestored ito isome ior iall iof ithe iload ipoints. It ishould 

ibe inoted, ihowever, ithat ithe ifailed icomponent iitself (and ithose icomponents ithat iare 

idirectly iconnected ito ithis ifailed icomponent) icould ibe irestored ito iservice ionly iafter irepair 

ior ireplacement. The ipassive ifailure irate (λ𝑝) iis ithe inumber iof ifailures iper iyear iper iunit 

ilength iof ithe ifeeder.  

The ipassive ifailure irate iis iassociated iwith ithe icomponent ifailure imode ithat idoes inot 

icause ithe ioperation iof iprotection ibreakers iand itherefore idoes inot ihave an iimpact ion ithe 

iremaining ihealthy icomponents. Repairing ior ireplacing ithe ifailed icomponent iwill irestore 

iservice [ETAP iSoftware iLibrary]. As ithere iis ino imeans iof iisolating ispecific ifaulty iareas 

iin ithe isystem, iλ𝑝 iis iassumedias izero iin ithe imodel. 

Based ion ireliability iassessment iresult iplace iand inumber iof iautomatic ire-closers iare 

ichosen by iconsidering i 

I. Number iof icustomers iof ithe ifeeder i 

II. Total ilengths iof ifeeder ifour(F4) 

III. Sensitivity iof ithe iarea ilike iindustrial, icommercial iand ioffices i 

IV. Economic ibenefits ias imuch ias ipossible ilow icost iboth iutility 

iand icustomers i 

Reliability iindices iSAIFI, iSAIDI iand icost ibenefits iwould ibe ithe imain idrivers ifor 

icomparison iof ithe ialternatives iusing iheuristic itechnique. i iFor ithis ithesis, iNu-Lec i15kv 

ioutdoor ipole imounted, iautomatic icircuit irecloser, iis iselected ibecause iit iis iavailable ion 

ithe iETAP isoftware ilibrary, iallows iprotection icoordination iwith iother idevices ialso iit iis 

iapplicable iin ithe ireal iworld. Nu-Lec iindustries iare iSchneider ielectrics icore ibusiness iunit 

ifor irecloser itechnology [45]. 
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Figure i4.1: iWindow iof iETAP i16.0 iSoftware iexisting isystem iof ireliability 

ipage iopened. 
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Figure i4.2: iSingle iLine iDiagram iof ithe iExisting iSystem. 

 

Table i4.1: iSimulation iresult iof ireliability iindices ifor iexisting isystem. 

Reliability Indices Simulation Result 

SAIFI(fr/customer.yr) 591.5 

SAIDI(hr/customer.yr) 303 

CAIDI(hr/customer Interrupion) 0.465 

ASAI (pu) 0.975 

ASUI (pu) 0.035 

EENS (Mwhr) 2626.65 

ECOST (USD/yr) 34722.21 
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4.4. Simulation iand iResult ianalysis iof ifeeder ireconfiguration ifor iDire iDawa 

isubstation ifeeder iline four (F4) 

4.4.1. Case iI: By iUsing iOne iRecloser 

When iplacing ione irecloser iat iline iK27ior ibetween itwo ibuses (B27-B29) ithe ioutput ior ithe 

ireliability iindexes (SAIFI, iSAIDI, iENNS…) iof iDD idistribution ihad ireduce.iAlways iwhen 

iwe iinsert irecloser iand iother iprotection idevice, iwe iconsider idifferent ifactors ilike ilength 

iof iconductor, itype iof iload, isensitivity iof iarea iand icompare ithe ireliability iindex ivalue.  

iAs ican ibe iseen ifrom ithe itable 4.2, ithe iRecloser itogether iwith ithe isubstation ibreaker 

isignificantly iimproves ithe ireliability iof ithe isystem.iThe iexpected inumber iof ioutages iper 

iyear ihas ibeen ireduced ifrom i591.5 ito i343.03 (42% isystem ireliability ihas iimproved), ithe 

iannual ioutage iduration ihas ibeen ireduced ifrom i303 ito i220.28 ihours (27.3% ireduction iin 

ioutage iduration) ias icompared iwith ithe iexisting isystem. In iCase-1 ithe ireliability iof iDire 

Dawa icity substation ifeeder four (F4) iis iimproved by i42%, i27.3% iand i58.19 % ifor iSAIFI, 

iSAIDI iand iEENS irespectively.iAnd ialso ithe iinterruption ienergy icost ifor (Case-1) ican ibe 

icalculated as, iInterruption icost i=1098.2 iKWh ix i1000 ix i0.4409 iETB/ ikWh i= i484196.38. 

Therefore ithe iinterruption ienergy icost ihas ibeen idecreased ifrom i1, 158,089.99 ito i484, 

196.38 iETB iper iyear. 

4.4.2. Case iII: iUsing iTwo iRecloser 

Table i4.2 (Case i-2), ishows ithe ireliability iimprovement iof iusing itwo iReclosers iin ithe 

ifeeder. As ican ibe iseen ifrom ithe iTable i4.2, ithe itwo iReclosers itogether iwith ithe 

isubstation ibreaker isignificantly iimprove ithe ireliability iof ithe isystem. The iexpected 

inumber iof ioutages iper iyear ihas ibeen ireduced ifrom i591.5 ito i275.48 (53.5% iSAIFI ihas 

ibeen iimproved), iand ithe iannual ioutage iduration ihas ibeen ireduced ifrom i303 ito i166.65 

ihours (45% iSAIDI iand i68% iEENS) ihas ibeen iimproved ias icompared ito ibase iyears’ 

iaverage. The iinterruption ienergy icost ifor (Case-2) ican ibe iestimated ias; i 

Interruption icost i= i840.528 iMWh ix i1000 ix i0.4409 iETB/ ikWh i= i370, 588. 795. 

Therefore ithe iinterruption ienergy icost ihas ibeen idecreased ifrom i1, 158,089.99 ito i370, 

588.795 iETB iper iyear. 

4.4.3 Case iIII: iUsing iOne iTie iSwitch iand iNew iSubstation 

In this Case, Dire Dawa city feeder is reconfigured with diesel generator substation using normally 

open tie switch. The Tie Switch paves the way to transfer the load from the diesel generator to the 

Dire Dawa city feeder four (F4) in case of power outage on the supply of the city. The diesel 
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generator operates for emergency cases (in case of the power outage of Awash7 city feeder line) 

due to natural disasters or high power demands are increasingly common. Emergency backup 

electrical generators powered by diesel engines provide reliable, immediate and full strength 

electric power when there is a failure of the primary power supply system on the city feeder, 

minimizing losses from these events. Thus, diesel-powered generator provides the most power 

reliable form of emergency backup power on Dire Dawa city feeder line (F4). The capacity of Dire 

Dawa diesel generator substation is assumed to be 28 % (9.68/35*100%=28%) of the peak demand 

of the Dire Dawa city. Furthermore, increasing power reliability on the city feeder line the recloser 

R1 has been placed on the outgoing line of the Dire Dawa city to Biyawalle Woreda and this has 

been reduced the impact of transient faults on the distribution reliability of the system. 

In icase-3 inetwork ireconfiguring iof ithe ifeeder iwith ithe inew isubstation iand inormally iopen 

itie iswitch ihas ibeen iadded.iThe inormally iopen itie iswitch iseparate ithe ifeeder iload (based 

ion inumber iof icustomers) ialmost iin ito itwo iequal iparts, iand iusing ithe itie iswitch ipaves 

ithe iway ito itransfer ithe iload ifrom iold isubstation ito ithe inew isubstation iduring ioutage 

icondition. This ihas isolved ithe iproblems irelated iwith ioverloads.iSo ibased ion isuch 

icondition ithe ireliability iindexes, ias ishown iclearly iin iTable i4.3 ithe iexpected inumber iof 

ioutages iper iyear iis ireduced ifrom i591.5ito i177.45 (70% iSAIFI ihas ibeen iimproved). And 

ialso ithe iannual ioutage iduration ihas ibeen ireduced ifrom i303 ito i86.325 hours (71% iSAIDI 

iand i83.4% iEENS) ihas ibeen iimproved. The iinterruption ienergy icost ifor (case-3) ican ibe 

iestimated as, iInterruption icost i=436.024 iMWh ix1000 ix i0.4409 iETB/ ikWh i= i192, 

242.981. Therefore ithe iinterruption ienergy icost ihas ibeen idecreased ifrom i1, 158,089.99 ito 

i192, 242.981 iETB iper iyear. 

4.4.4. Case iIV: iUsing iOne iTie iSwitch, iTwo iReclosers iand iwith iNew iSubstation 

In iCase-4, iuse itwo iRecloser iwith ithe inormally iopen itie iswitches iare iplaced ion ithe 

idistribution ilineiby iconsidering ithe ilength iof ithe ifeeder, ithe inumber iof icustomers iand 

icriticality iof ithe ilocation.iRecloser (Rec2) ihas ibeen iplaced iat imost iat imidpoint iby 

iconsidering ithe ilength iand inumber iof icustomers ito ithe iDire Dawa idiesel isubstation. The 

isame ithing iconsidered ifor iRecloser (Rec-1) iwhich ihas ibeen iplaced iat i15KV ifeeder iline 

iside. 

As ican ibe iseen ifrom ithe iTable i4.2, ithe itwo iReclosers itogether iwith ithe itie iswitch 

ienhanced isignificantly ithe ireliability iof ithe isystem. iThe iexpected inumber iof ioutages iper 

iyear iper icustomer ihas ibeen ireduced ifrom i591.5 ito i106.47 i(82% iSAIFI ihas ibeen 

iimproved), iand ithe iannual ioutage iduration ihas ibeen ireduced ifrom i303 ito i51.51 ihours 

i(83% iSAIDI iand i91.91%) ihas ibeen iimproved ias icompared iwith ithe iselected ibase iyears. 
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iIn ithe isame icase ithe iinterruption ienergy icost ifor i(case-4) ican ibe iestimated ias, 

iInterruption icost i= i212.416 ikWh ix1000 ix0.4409 iETB/ ikWh i= i93,654.21ETB. iTherefore 

ithe iinterruption ienergy icost ihas ibeen idecreased ifrom i1,158,089.99 to 93,654.21 iETB iper 

iyear. 

Table 4.2: Summary of the results of reliability improvement for all Cases 

Reliability 

Indices 

                                                     Cases 

Existing Case I Case II Case III Case IV 

SAIFI(fr/cus.yr) 591.5 343.07 275.048 177.45 106.47 

SAIDI(hr/cus.yr) 303 220.28 166.65 86.325 51.51 

EENS(Mwhr/yr) 2626.65 1098.2 840.528 436.024 212.416 

ECOST(USD/yr) 34722.21 14517.326 11111.108 5763.889 2807.969 

% imp SAIFI       - 42% 53.5 70 82% 

%imp SAIDI       - 27.3% 45% 71% 83% 

%imp  EENS       - 58.19% 68% 83.4% 91.91% 

%imp ECOST       - 58.19% 68.% 83.4% 91.91% 

 

 4.5. Economical iCost iAnalysis 

In ithis ithesis, an ieconomical icost ianalysis ihas ibeen idone ibased ion ithe iinterruption icost 

ionly irelated ito ithe iutility iside I by iusing iExpected iEnergy iNot iSupplied (EENS) iof ieach 

iCases.iFor iCasei-1, iannual iaverage iunsold ienergy iis ireduced ifrom i2626.65 ito i1098.2 

iMWh iper iyear ias ishown iin iTable i4.3. Therefore, ithe irevenue isaved idue ito ireliability 

iimprovement ican ibe estimated as ifollows.  

The iRevenue iloss ibefore iimprovement idue ito iunsold ienergy iis: i 

                2,626,650 KWh/year ix i0.4409 iETB/KWh i= i1, 158, 089.99 iETB/year i 

 

For iCase-1; iThe iRevenue isaved iafter iimprovement idue ito iunsold ienergy iis: 

 

                          
[2626650−1098200]𝐾𝑊ℎ

𝑦𝑒𝑎𝑟
 × 0.4409 𝐸𝑇𝐵

𝐾𝑊ℎ⁄  = 673893.605 𝐸𝑇𝐵 

 

 The iinvestment icost ican ibe icalculated by iusing ithe icost iof ione ioutdoor ihigh ivoltage 



 

Page-52 

 

irecloser iused ito idesign ithe isystem iin iCase-1. The iaverage icost iof ione iRecloser iis i15, 

000 (USD) [29]. Based ion ithe iexchange irate iof ithe iCommercial iBank iof iEthiopia (CBE) 

ion i23-April-2020, (l iUSD= i33.353 iETB), ithe icost iof ione i15 iKV, i800A ipole imounted 

ioutdoor iRecloser iis: i15, 000 ix i33.353 i= i500 295 iETB. I 

The iPayback iperiod iis iused as an iimportant ifactor ito ievaluate ithe ieconomic icompetiveness 

iof ithe irespective iCases. The iPayback iperiod iis ithe iperiod ior ilength iof itime irequired ito 

irecoup ithe icost iexpended iin an iinvestment.  

It iis ithe iratio iof ithe icost iof iinvestment ito ithe iannual isaving by iusing ithat iinvestment. 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡

𝐴𝑛𝑛𝑢𝑎𝑙 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 𝑆𝑎𝑣𝑒𝑑 𝐶𝑜𝑠𝑡  
                                           (4.3) 

 Thus, iFor iCase-1; ithe ipayback iperiod iis: 

Payback period = 
500 295 𝐸𝑇𝐵

673893.605 𝐸𝑇𝐵 𝑦𝑒𝑎𝑟⁄
 = 0.742 𝑦𝑒𝑎𝑟𝑠 𝑝𝑎𝑦𝑏𝑎𝑐𝑘 𝑡𝑖𝑚𝑒 

Hence, the payback period indicates that it takes 0.742 years to get back the investment cost. In 

this Case-1, the reliability indices SAIFI and SAIDI have been reduced by about 42% and 27.3% 

respectively. 

For Case-2: Annual Revenue saved cost after improvement is 

                  =  
[2,626,650−840528]𝐾𝑊ℎ

𝑦𝑒𝑎𝑟
 × 0.4409

𝐸𝑇𝐵

𝐾𝑊ℎ
 = 787,501.19 𝐸𝑇𝐵

𝑦𝑒𝑎𝑟⁄    

Investment Cost = 2 × 15,000 × 33.353 = 1, 000590 𝐸𝑇𝐵 

Payback period  =  
1,000,590 𝐸𝑇𝐵

787,501.19 𝐸𝑇𝐵
𝑦𝑒𝑎𝑟⁄

 = 1.27 𝑦𝑒𝑎𝑟𝑠 𝑝𝑎𝑦𝑏𝑎𝑐𝑘 𝑡𝑖𝑚𝑒 

In Case-2, the payback period shows that it takes 1.27 years to get back the investment cost and 

the reliability indices SAIFI and SAIDI have been reduced by 53.5% and 45% respectively. 

For Case- 3 and Case-4, including the cost of Reclosers, tie-switch and feeder line cost that 

connects to the Biyawalle line should be considered.   

For Case-3: Annual Revenue saved cost after improvement is: 

                   =  
[ 2,626,650 −436,024]𝐾𝑊ℎ

𝑦𝑒𝑎𝑟
 × 0.4409 𝐸𝑇𝐵

𝐾𝑊ℎ⁄  = 965847.0034 𝐸𝑇𝐵
𝑦𝑒𝑎𝑟⁄   

In Case-3 the investment cost is the diesel fuel costs is considered in addition to the tie-switch 

costs. The diesel generator operates for emergency cases has a capacity 3.06 MVA which is equal 

to 2,601 KW when the power factor is 0.85.  

Hence, the diesel generator operates for emergency case has fuel capacity 963.7 Litter/hr. For the 
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price of diesel, which is equal to 0.56 USD/Litter (Petro prices in Ethiopia, June-18-2020). Then, 

963.7 x 0.56 USD = 538.29 USD. According to the exchange rate of Commercial Bank of Ethiopia 

(CBE) on 23-April-2020, (l USD= 33.353 ETB), the cost of diesel generator operates per hour is; 

538.29 x 33.353= 17,953.59 ETB. In Case-3 the designed system also used one recloser and Tie-

switch. Their costs, which are equal to 2 x 15, 000 USD = 30,000 USD (30,000 x 33.353= 

1,000,590ETB) because of the cost of Tie- Switch similar to the Recloser cost. Then the total 

investment cost is: 17,953.59 ETB + 1,000,590 ETB = 1,018,543.59 ETB. 

Payback period =
1,000,590 𝐸𝑇𝐵

965,847.0034 𝐸𝑇𝐵
𝑦𝑒𝑎𝑟⁄  

 = 1.04 𝑦𝑒𝑎𝑟𝑠 𝑝𝑎𝑦𝑏𝑎𝑐𝑘 𝑡𝑖𝑚𝑒 

 

Hence, the payback period is 1.04 years. In this Case-3, the reliability of the system has been 

improved by 70%, 71% and 83.4% for SAIFI, SAIDI and EENS respectively. 

For Case-4: The new 2.5 km feeder line cost mainly consists of material cost, labor cost, and 

transportation cost. The line should be 15 kV, 12 meter concrete pole, and three phase 95 mm2 

AAC conductor with overhead triangular configuration. By dividing the total length (2500 meter) 

to the span length (50 meters) the total number of concrete poles are estimated to be about 50 ( 50 

Concrete poles for 12 meters). 

Table 4.3: Labor and Transport cost of MV line construction (EEU price list, 2011 E.C) 

Distance Labor Cost(ETB) Transport Cost(ETB) Total(ETB) 

For 1 Km line 

construction 

10, 725.12 1, 643.76 12, 368.88 

For 2.5 Km line 

construction 

26812.80 4109.40 30, 922.20 

 

From the Table 4.3, the sum of labor and transport cost to construct 2.5 km medium voltage line 

is 30, 922.20 ETB. 

Table 4.4: Summary of materials needed to construction the new line and their costs (EEU price 

list, 2011 E.C). 

Stock No. Materials Unit Unit Price Amount Total Cost 

03-01-000 Insulator HT 18/5 mm2 15KV Each 439.30 204 89, 617.2 

03-01-200 Insulator pin 18/5 for HT 15 KV Each 510.82 204 104,207.3 

04-04-920 AAC, All Aluminium Conductor 95 mm2 MT 50.31 10, 200 513,162 

09-01-680 Concrete Pole 12m Each 4574.13 68 311,040.8 
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09-03-030 Cross arm type 4-48/202 Each 142.54 68 9, 692.72 

09-03-430 Collars Big Each 131.08 272 35653.76 

09-09-670 15 KV Tie strap Each 442.71 136 60,208.56 

12-04-860 Long Bolt Galvanized 5/8” 40 Cm Each 185.37 4 741.48 

                                       Total Material Cost 1, 124, 324 

 

As per the Ethiopian Electric Utility price List version 2011 E.C, the total materials cost needed 

to construct the new MV line (2.5 km) as shown in Table 4.5, is 1,124,324 ETB. 

For Case -4: Annual Revenue saved cost after improvement is: 

 

                     =
(2626650 − 212416) 𝐾𝑊ℎ

𝑦𝑒𝑎𝑟
 × 0.4409 𝐸𝑇𝐵 𝐾𝑊ℎ = 2,414,234 𝐸𝑇𝐵 𝑦𝑒𝑎𝑟⁄⁄  

                                         Payback period =  
2,223,865.38 𝐸𝑇𝐵

2,414,234 𝐸𝑇𝐵 𝑦𝑒𝑎𝑟⁄
 = 0.92 𝑦𝑒𝑎𝑟 

 

                                   Table 4.5: Summary of estimated payback period for all cases 

Cases EENS  

(MWh) 

Interruption  

Cost (ETB) 

Investment  

Cost (ETB) 

Annual  

RevenueSaved (ETB) 

Payback period 

(year) 

Existing 2626.65 1, 158, 089.985            0       -      0 

Case 1 1098.2 480, 228.28 500, 295 673, 893.605 0.7424 

Case 2 840.528 370588.795 1, 000, 590 787, 501.19 1.27 

Case 3 436.024 192, 242.982 1, 018, 589.68 965, 847.0034 1.1 

Case 4 212.416 93654.2144 2,674, 130.88 2, 414, 23 0.92 

 

Table 4.5, clearly shows that the payback period of Case-1 (0.7424 year) is smallest compared 

with the other Cases, but as clearly shown in Table 4.3, the percentage reduction for SAIFI (42%) 

and SAIDI (27.3%) compared with the selected base years is minimum. In Case-2 (53.5% for 

SAIFI) and Case-3 (70% for SAIFI), the system reliability enhancement is not good enough as 

compared to Case Four (82% for SAIFI). But Case-2 and Case-3 the payback periods are more 

compared with Case-4. Case four has a bit better reliability indices but the payback period is only 

0.92 years. For maintenance system or to isolate faulted areas in case of permanent faults, recloser 

can manually operate to use as load breaker. And this prevents frequently opening and closing of 

the substation breaker. Comparing the improvement in reliability improvement and the cost, the 

researcher identifies Case-4 as the optimum one. 
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Table 4.6 below shows the comparison of the most commonly used reliability indices (SAIFI and 

SAIDI) of Dire Dawa substation feeder four, with the requirements of the Ethiopian Electric 

Agency (EEA) and the best-experienced countries in the world. As it is observed from Table 4.6, 

the SAIFI and the SAIDI have been improved by 82% and 83% respectively as compared with 

the base year’s values. 

Table 4.6: Summary and comparison of reliability indices values with benchmark country 

Country SAIFI 

(f/customer/year) 

SAIDI 

(hr/customer/year) 

USA 1.5 4 

Italy 2.2 0.967 

France 1.0 1.03 

Denmark 0.5 0.4 

Australia 0.9 1.2 

Spain 2.2 1.73 

United Kingdom 0.8 1.5 

Germany 0.5 0.383 

Ethiopia 20 25 

Existing 591.5 303 

Case 1 343.07 220.28 

Case 2 275.048 166.65 

Case 3 177.45 86.325 

Case 4 106.47 51.51 
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CHAPTER iFIVE 

CONCLUSIONSiAND RECOMMENDATION 

5.1. Conclusions 

In this thesis work, evaluation of power reliability and improvement techniques for Dire Dawa 

city feeder line four (F4) has been conducted. 

In this thesis, System Average Interruption Frequency Index (SAIFI) and System Average 

Interruption Duration Index (SAIDI) have been used as the main driver for evaluating each 

Scenario. Expected Energy Not Supplied (EENS) was also monitored during this process and cost-

effectiveness have considered as the main constraint of any analysis in this thesis work. 

The study clearly identified that the reliability of the DD city substation feeder does not meet the 

requirements set by the Ethiopia Electric Agency (EEA). The average frequency of the 

interruptions the city feeder is 591.5 interruptions per customer per year (SAIFI). And also the 

average duration of the interruption is 303 hours per customer per year (SAIDI). This shows that 

there is huge loss of unsupplied energy due to planned and unplanned outages. The average of 

unsupplied energy is 2626.65 MWh per year. This results in a loss of around 1,158,089.99 ETB 

per year from Ethiopia Electric utility (EEU). 

In this thesis, the system modeling and simulation studies are carried out on one of 15 kV DD city 

feeder line four F4 to evaluate its reliability performance for the existing feeder and also for 

predicting the reliability performance for the proposed improvement techniques. 

In this thesis work, four different Cases have been proposed and analyzed for the implementation 

of reliability improvement in the study area. As the simulation result shows all Cases have 

different reliability improvement contribution on the city feeder with 1.16 to 3 years payback 

period investment cost. All Cases are tolerable in terms of the investment cost. But, to improve 

city power reliability indices more Case-4 is highly proposed. 

By implementing Case-4 the overall reliability of the Dire Dawa city feeder linefour (F4) is 

improved by 86%, 85.4% and 92.94% for SAIFI, SAIDI and EENS respectively. 

The proposed solution has the potential to save around 556,615.9686 ETB per year from the 

unsold energy of the city feeder with 3 years payback period for the technology investment made 

to improve the reliability. 
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5.2. Recommendation i 

Based on this thesis work the following recommendations are drawn. 

 It is highly recommended that EEU has to look at the various technologies evaluated in 

this research for improving the reliability of distribution systems. 

 As this thesis is conducted on one feeder, doing reliability assessment analysis for whole 

part of the city is recommended. 

 For better power reliability improvement of Dire Dawa city feeder, it is also recommended 

to consider the use of underground cables for low voltage feeders. 

 It is also important to give more attention to preventive maintenance to improve random 

power interruption, sustainability of equipment and to deliver reliable power to the 

customer. 

 Dire Dawa substation has little experience in the documentation of the performance data 

for the outgoing feeders. It is, therefore, strongly recommended that the data collection 

and documentation are improved at EEU. 

 I highly recommended for Engineers to put their hands on solving such real time problems. 
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Appendix 

Appendix A 

                     Table A-1: Dire Dawa Diesel Substation Data 

Capacity 35 MW 

Maximum Load 15 MW 

Maximum Load Current 215 A 

Feeder Current transformer Capacities 350 A 

Feeder Cable Current Capacities 300 A 

Voltage level 15 KV 

Main line Feeder Capacities Current 340 A 

 

 

 

   Table A-2: Reliability Parameters of Distribution System Components 

Components Failure rate (failure/year) Repair time (hrs) 

Lines per KM 0.065 5 

Breaker 15KV 0.006 4 

Breaker 132KV 0.0058 8 

Transformer 132/15KV 0.01 168 

Transformer 15/0.4 KV 0.015 200 

Bus bars 132 KV 0.001 2 

Bus bars 15 KV 0.001 2 

 

    

Table A-3: Ethiopia Electric Utility Tariff for Electricity (ETB/KWh) Energy Tariff amendment study 

according to consumers class 

Tariff amendment As of 

Dec. 18 

onward 

As of 

Dec. 19 

onward 

As of 

Dec. 20 

onward 

As of 

Dec. 21 

onward 

Tariff Category kwh/month Birr/kwh Birr/kwh Birr/kwh Birr/kwh 
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1. Residential tariff block 

1.1 1st block Up to 50 kwh 

1.2 2nd block Up to 100 kwh 

1.3 3rd block Up to 200 kwh 

1.4 4th block Up to 300 kwh 

1.5 5th block Up to 400 kwh 

1.6 6th block Up to 500 kwh 

1.7 7th block Above 500 kwh 

 

0.2730 

0.4591 

0.7807 

0.9125 

0.9750 

1.0423 

1.1410 

 

0.2730 

0.5617 

1.0622 

1.2750 

1.3833 

1.4965 

1.5877 

 

0.2730 

0.6644 

1.3436 

1.6375 

1.7917 

1.9508 

2.0343 

 

0.2730 

0.7670 

1.6250 

2.0000 

2.2000 

2.4050 

2.4810 

2. General Tariff 

2.1 Flat Rate 

 

1.0352 

 

1.3982 

 

1.7611 

 

2.1240 

3. Low Voltage Industry Tariff 

3.1 Flat Rate 

3.2 Demand Charge rate 

 

0.8161 

50.0000 

 

1.0544 

100.00 

 

1.2927 

150.0000 

 

1.5310 

200.0000 

4. Medium Voltage Industry Tariff. 15kv & 33kv 

4.1 Flat Rate 

4.2 Demand Charge rate 

 

0.6047 

36.8850 

 

0.8008 

73.7700 

 

0.9969 

110.6550 

 

1.1930 

147.5400 

5. High Voltage Industry Tariff. Above 66kv 

5.1 Flat Rate 

5.2 Demand Charge rate 

 

0.5174 

21.9100 

 

0.6540 

43.8200 

 

0.7911 

65.7300 

 

0.9280 

87.6400 

6. Street Light Tariff 

6.1 Flat Rate 

 

1.0352 

 

1.3982 

 

1.7611 

 

2.1240 

7. Bulk Supply Tariff 

7.1 Demand Charge rate per kw 

7.2 Generation Tariff. Monthly per kwh 

 

39.2908 

0.2218 

 

78.5815 

0.4435 

 

117.8723 

0.6653 

 

157.1600 

0.8870 
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Appendix B 

Apendix B-1: Line Data for the selected Feeder (F4) 

Line 
Name 
 

Length of Line Line 
Name 

Length of Line 

From To KM From To KM 

K1 B3 Bus 2 0.41 K50 B51 B49 1 

K2 B4 B3 0.2 K51 B52 B51 0.05 

K3 B5 B3 0.1 K52 B53 B51 2.1 

K4 B6 B5 0.4 K53 B54 B53 1.3 

K5 B7 B6 0.3 K54 B55 B53 4.45 

K6 B7 B8 0.2 K55 B56 B55 0.65 

K7   0.45 K56 B57 B55 1.6 

K8 B10 B9 0.25 K57 B57 B58 0.15 

K9 B9 B11 0.25 K58 B59 B57 0.35 

10 B12 B6 1 K59 B59 B60 0.25 

K11 B13 B12 0.2 K60 B61 B60 0.05 

K12 B13 B14 0.15 K61 B60 B62 0.55 

K13 B14 B15 0.05 K62 B63 B59 2.8 

K14 B14 B16 0.3 K63 B64 B59 1.65 

K15 B17 B16 0.2 K64 B65 B64 2.55 

K16 B16 B18 0.25 K65 B66 B65 0.2 

K17 B19 B18 0.05 K66 B67 B65 0.25 

K18 B18 B20 0.1 K67 B68 B67 0.05 

K19 B21 B13 0.4 K68 B69 B67 1 

K21 B22 B13 0.45 K69 B70 B69 0.35 

K22 B23 B22 0.25 K70 B71 B69 8.7 

K23 B24 B23 0.4 K71 B72 B71 0.6 

K24 B23 B25 0.4 K72 B74 B73 0.1 

K25 B26 B23 0.05 K73 B75 B74 0.2 

K26 Bus 7 B26 0.25 K74 B73 B76 0.3 

K27 B27 B26 0.4 K75 B77 B73 0.25 

K28 B27 B28 0.35 K76 B78 B77 0.35 

K29 B29 B27 0.1 K77 B79 B78 0.2 

K30 B73 B29 0.35 K78 B80 B78 0.15 

K31 B29 B30 0.5 K79 B81 B80 0.05 

K32 B31 B30 0.35 K80 B82 B80 0.05 

K33 B32 B31 0.15 K81 B83 B77 0.05 

K34 B33 B31 0.2 K82 B84 B83 0.1 

K35 B33 B34 0.3 K83 B85 B84 0.45 

K36 B34 B35 0.05 K84 B86 B85 0.1 

K37 B34 B36 0.15 K85 B87 B86 0.05 

K38 B37 B33 0.05 K86 B88 B86 0.3 

K39 B38 B37 0.15 K87 B89 B88 0.15 

K40 B39 B37 0.15 K88 B90 B88 0.15 

K41 B39 B40 0.25 K89 B85 B90 0.2 

K42 B41 B39 0.2 K90 B92 B85 0.15 

K43 B44 B41 0.1 K91 B92 B93 0.05 

K44 B45 B41 0.1 K92 B94 B93 0.05 

K45 B46 B39 2.85 K93 B94 B95 0.05 

K46 B46 B47 0.15 K94 B96 B94 0.3 
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K47 B48 B46 2.05 K95 B96 B97 0.15 

K48 B49 B48 0.15 K96 B96 B98 0.7 

K49 B50 B49 0.05 K97 B99 B98 0.1 

K98 B99 B101 0.15 K118 B118 B117 0.35 

K99 B100 B99 0.15 K119 B116 B119 0.2 

K100 B92 B102 0.49 K120 B119 B120 0.2 

K101 B102 B103 0.1 K121 B121 B119 0.2 

K102 B104 B102 0.05 K122 B122 B116 0.1 

K103 B104 B105 0.05 K123 B123 B46 4.2 

K104 B106 B104 0.55 K124 B124 B123 4.2 

K105 B106 B107 0.05 K125 B124 B125 0.15 

K106 B108 B106 0.2 K126 B126 B124 0.4 

K107 B109 B108 0.05 K127 B126 B127 2 

K108    K128 B128 B127 0.1 

K109    K129 B127 B129 2.45 

K110 B108 B110 0.3 K130 B131 B126 5.4 

K111 B110 B111 0.2 K131 B132 B131 0.25 

K112 B111 B112 0.2 K132 B133 B131 0.95 

K113 B113 B108 0.2 K133 B134 B133 0.1 

K114 B113 B114 0.2 K134 B135 B133 1.8 

K115 B115 B113 0.15 K135 B136 B135 0.4 

K116 B116 B115 0.05 K136 B137 B135 0.6 

K117 B117 B116 0.1 K137 B138 B137 5.2 

    K138 B139 B138 0.2 

Total   19.45Km Total   64.85Km 
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Table B-2: Sample Interruption Data for DD Substation I 

 

 

 

 

 

 

 

 

 

 

 

 

TEF PEF TSC PSC OP SOL SHADING

F 108 43 162 78 84 0 0

D 2.747 43.35 4.06 90.36 32.197 0 0

F 161 44 38 57 53 0 0

D 4.23 38.4 1.07 53.75 12.05 0 0

F 160 88 101 84 62 1 0

D 4.18 112.5 2.74 88.12 35.95 0.1 0

F 130 139 138 98 57 1 0

D 6.147 125.957 4.11 74.09 27.08 0.1 0

F 71 57 83 34 69 1 0

D 2.34 48.06 2.05 34.46 25.46 0.1 0

F 5 9 4 8 10 1 0

D 0.09 69.88 0.08 115.58 8.79 0.1 0

F 3 6 0 0 9 0 4

D 0.116 182.38 0 0 111.75 0 96.0

F 0 6 0 0 14 0 0

D 0 84.21 0 0 35.45 0 0

F 20 127 0 0 54 0 4

D 1.15 1105.42 0 0 93.93 0 147.57

F 8 12 0 1 4 22 0

D 0.38 10.43 0 0.1 3.31 12.96 0

F 3 6 0 0 3 25 0

D 0.15 4.28 0 0 23.03 38.03 0

132

230

FEEDER NAME

F1

F2

F3

F4

F5

2011e.c interruption data

F6

F1(33)

F2(33)

F3(33)
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