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This thesis presents ip and protection system operation
on electrical distribution two parts of analysis in this

thesis. The first part i %}:rotecﬁve devices on system
reliability. In general; g protecti device the system e.g. Fuses,
i i ' e its reliability improves. The

f protection scheme, i.e. fuses as lateral
protection, fuses and. di - SWi L fuse=recloser coordination. It will
be shown in this thesig' ~the S ave great impact on system

reliability, a large a aved, an d'@number of interruptions can
be avoided.

reliability. In the first Sis, lil-

system reliability improve n that-cz
customers can with stand the volts z /ever, in practice, some customers can
not tolerate the voltage dip, an&{ﬂgy vill be cut off from the supply. Therefore, the
impact of voltage d1 on customer 1T d not be neglected and have to
be taken into accotint, This the hows-that the impaet-of the voltage dip worsen
system reliability. £ :

that using protective devices can
just assumed that all the remaining

In this thesis Be developed methods based oﬂn analytical method will be
test with the Reliability Ipst System (RBTSJJSatlsfactory results are obtained.
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CHAPTER I

INTRODUCTION

1.1 Motivation

Current research topics relating to distribution system reliability have gained
increasing attention. In this thesis, there are"two parts of analysis. The first one is
impact of protection system on distribution system reliability and the later is that
impact of voltage dip omwsystem reliability. Using protective device, it can make
system reliability help improve. But in the first analysis, it is assumed that voltage dip
due to fault is not violated the'veoltage envelope of the customer. In practice, there
have impacts of voltage dipfon.the customer, and some customer can not tolearant the
dip level and cut off from the'supply. ~

A key function of a/power system is to supply customers with electrical
energy as economically'andreliably as possible. An eleetrical service interruption can
have a profound econgmi¢ impact on certain customers. Not only sustained
interruption results in lost productlon but momentary interruptions may also cause
damages to the consumers; $9

In general, customers will be relm’;t_ant to increase their service reliability
locally, exerting in higher pressure for utilities to improve. Apart from replacing high
failure rate components, e.g. replacing a bare conductor by an insulated conductor, it
is widely known that the utility can improve its reliability by improving its protection
system. Better coordination or putting more appropriate’ protective devices into the
system, e.g. recloser, fuse and disconnecting switch; can help improve its reliability.

The coordination of protective devices aims to maintain the selectivity among
the devices involved in several fault possibilities, in order to assure safe operation
and reliability of the system. In an efficient and coordinated protection system, faults
are eliminated in the smallest possible time, isolating the smallest part of the system
containing the ¢ause ofthe fault.

|Breaker Recloser
1 Sz
@ ‘ il 4

Fuse Fuse
Lateral feeders

Figure 1-1 Typical radial distribution feeder

The disconnected switches, reclosers or fuses can be properly placed on radial
systems resulting in better system reliability. This thesis will analyse the impact of
protective devices on distribution system reliability. The analysis will focus on
permanent outage events. Results of system and load point reliability indices will be
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presented. In addition the impact on voltage dip due to protective device operation
and fault locations will also be analyzed. Bus 2 of Reliability Test System (RBTS)
will be used in this analysis.

The main aspect of the protection coordination is that the primary device,
closer to the fault point, should act before the backup devices . Additional protection
is frequently used in practical distribution systems. One possibility in the case of the
system shown in Figure 1.1 is that a short circuit on a lateral distributor causes its
appropriate fuse to blow. The event causes disconnection of its load point until the
failure is repaired. However, it does not affect or cause the disconnection of any other
load points.

A second or alternative reinforeementor improvement scheme is the provision
of disconnecting switches or isolators at judicious points along the main feeder. These
are generally not fault-breaking switches and_theérefore any short circuit on a feeder
still causes the main breaker to operate! Aftcr the fault has been detected, however,
the relevant disconnect canbe opened and the breaker reclosed. This procedure allows
restoration of all load pointssbetween the supply point and the point of isolation before
the repair process has‘beeneompleted. Whether these devices are used on the system
or not have great effect.on the system. A lateral fuse is responsible for the permanent
fault that occurs in part ofithe/lateral feeder. Reclosers, as they are usually called, are
popular circuit interrupting deyices for distribution systems in which the magnitudes
of fault currents are limited [ 1. :

When a fault ocetirsy the voltage level of each load point will be decreased. It
is known as voltage dip or voltage sag. The voltage dips have to be compared with
customer voltage envelop€. If the eustomer cannot tolerant the dip or the dip violates
the envelope, it will be cut off from the supply permanently Therefore, this event will
impact on reliability of the systém. =

In the thesis, impact of protective dev1ces installation, e.g. disconnecting
switch, recloser and)fuse on distribution system reliability will be analyzed. In
addition, impact of Veliage-dip-on—each-load-point-will also be calculated and
presented. The developed method has been tested with the Reliability Test System
(RBTS) [2].

1.2  Objective of Thesis

The specific.objectives of this thesis-are deyoted to
(1) Calculate‘the reliability indices of existing distribution system
(2) Analyse customer’s reliability"impacts from"protection systém and its
coordination:
(3) Develop comiputer program to calculate reliability indices taking into
account voltage impacts

1.3 Scope of Research

The scope of this research is limited to

(1) Focusing on reliability indices, e.g. SAIFI, SAIDI, CAIDI, ENS and AENS of
distribution system.

(2) Neglect fault impedance to allow fault current as much as possible.

(3) Analyse the impacts of protection system on distribution system reliability
indices.

(4) Consider only radial configuration.



(5) Consider only permanent fault and neglect fault duration

1.4  Expected Contribution

The contribution of this thesis includes:
(1) Useful information and resources for distribution system reliability.
(2) Suggestion on improving distribution system reliability, and
(3) Long-term customer’s satisfactory indices by using the analytical results.

In this thesis, chapter II describes literature review of distribution system and system
reliability. Evaluation techniques to calculaterbasic reliability indices and additional
indices are also mentioned. According to basierknowledge of reliability, it can be
known that reliability of distribution system need to emphasize because most of load
interruptions are due to disteibution system. In echapter III, literature review of
protection system is descmbed” firstly. And, how to find the impact of lateral
protection on system reliability'is mentioned. Moreover, the way to find impact of
disconnection switches and Jdateral prot%ctlon on system reliability is presented. In
chapter IV, characteristic 0t fault and techniques to find voltage and current during
fault are presented. In the main €hapter, chapter V, there are three main parts. The
first one is calculation offreliability indices, the second one is impact of protection
system on system reliability,and the last is impact of voltage dip. Using the evaluation
techniques and knowledge given in chapter 2,3 and 4, the impact of protection system
operation and voltage dip'on €lectrical dlStI'}bllthl’l system reliability can be analysed.
Analytical calculation is deseribed i 1n chapter Sawith as test system.
The evaluation techniques in this thesw Jcan also be used for any Test system.

The test results show that it is. 1mportant to take into account of using protective
devices in the distribution system. And Voltage d1ps caused by faults are also

necessary to con51der fgpr-ehabﬂrny_analysw



CHAPTER I

DISTRIBUTION SYSTEM RELIABILITY ASSESSMENT

2.1 Introduction

The basic aim of every electric power utility is to meet its energy and load
demand at the acceptable levels of quality and Centinuity of supply. The ability of an
electric power network to provide an adequate supply of electrical energy is usually
designated by the term ‘powersystem reliability’. Power system reliability assessment,
both deterministic and probabilistic, can be divided into the two basic aspects of
system adequacy and syStema'Sceurity. System adequacy relates to the availability of
sufficient generation, trafismiSsion/ and distribution facilities within the system to
provide the required ¢lectrical.energy to the customer load points. Adequacy therefore
relates to static system.€onditions. System security, on the other hand, is associated
with the ability of the'systém fo respond fo disturbances arising within the system and
is therefore linked with gysteém dynarnics. It is important to recognize that most of the
probabilistic techniques presently available for power system reliability evaluation are
in the domain of adequacy assessment. Most, of the indices are adequacy indices [3].

There are two main categories of re11ab111ty evaluation techniques: analytical
and simulation. Analytical techfigues represent the system by a mathematical model
and evaluate the reliability indices from this.model using mathematical solution.
Monte Carlo simulation methods, however estimate «the reliability indices by
simulation the actual-process and random behavior of the system. Generally, Monte
Carlo simulation requires a large amount of time and is not used extensively if
alternative analytical methods are available. In this thes1s analytical technique is used
to find the reliability indices [1].

2.2  Functiohal’Zones and Hierarchical-Levels

An electrical power can be broadly divided into the three segments of-
generation, transmission, and distribution. Thesessegments are cammonly referred to
as funcCtional zonés.! While this division ‘of the ‘power system dilay seem somewhat
simplistic, it is very appropriate, as'most electric power utilities are either divided into
such zones for the purposes of organization, planning, and operation which are
responsible for individually in each of these zones. The functional zones of an electric
power system can be combined to form hierarchical levels. This categorization is
depicted in levels(HL). Adequacy assessment techniques can also be grouped under
this hierarchical generation to meet the system load requirement and this area of
activity is usually termed as generation capacity reliability evaluation. Both
generation and the associated transmission facilities are considered at HLII adequacy
assessment and is sometimes referred to as composite system or bulk system
adequacy. HLIII adequacy assessment involves the consideration of all the three



functional zones in an attempt to evaluate customer load point adequacies. Figure 2.1
shows hierarchical levels in power system .

Generation
Facilities - HLI
: HLII
Transmission
Faetlities
HLIIT
<—
Distribution 4
Fagilitics

Figure 2-1 Hierarchical Le_\,_;éls,‘._in Electrical Power system [3]

2.3  Typical customer unavailability statistics

Over the past' few decades, distribution systems. have not received much
attention on reliability’ modeling and evaluation as generating systems. The main
reason is that generation systems are individually very capital intensive. A distribution
system 1is relatively cheap.and outages have very localized effect. Therefore, less
effort has been! devoted /to guantitativecassessmentofthe: adequacy of various
alternative designs«and reinforcements. On the (other hand; analysis of customer
failure statistics'of most utilities shows that the distribution system makes the greatest
individual contribution_ to_the unavailability of stupply.to a customer. Therefore, it is
clear that we have to pay attention to distribution system reliability. Figure 2.2 shows
the typical customer unavailability statistics depended on the types of contributor [1,
3].

Reliability evaluation is an essential aspect of distribution system planning.
Distribution system reliability assessment can be divided into the two basic segments
of measuring past system performance and prediction future performance. Most
electric power utilities collect data on past system performances and evaluate
appropriate indices. Predictive reliability evaluation is an attempt to estimate future
performance at the actual customer load points. These predictions can also be
aggregated to provide system performance indices. Two sets of reliability indices
which are important for individual customer load points and for the overall
distribution system reliability [3].
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2.4  Basic Distribution

Electric power distribution is the of the power delivery infrastructure

that takes the electricity from“ffﬁ’é;‘ﬁigh}?z shed, high-voltage transmission circuits
and delivers it to ¢ -st},mers. Primary distributio@' ﬁ‘ edium-voltage” circuits,
normally thought o 1 substation, a substation
transformer takes the mncoming transmissi re (35 to 230 kV) and steps it
down to several distrilﬁion primary circuits, which fan out from the substation. Close

to each end user, a distribution transformerotﬁkes the primary-distribution voltage and

steps it down oltage i i hows the overview of
electricity infr %(] Wj ?T ﬁqc‘ﬁ ’gr

Sub-tranigmission circuit, distribution substations, primary feeders, distributed
transformers second%circuits anﬁ load ﬁints‘are arts of an‘electric distribution
bi

B BN iy WL e S
adequately these ¢ del orm their inte function."The distribution

system is an important part of the total electric system as it provides the final link
between the bulk system and customer. In many cases, these links are radial in nature
and therefore susceptible to outage due to a single event. Outages in distribution
systems tend to have localized effects and there is the perception that these outages do
not contribute significantly to overall customer supply inadequacy [3].
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A distribution circuit normally uses a primary or main feeder and lateral distributors.
The main feeder originates from the sub-transmission substation and passes through
the major load points and is constructed using single, parallel or meshed circuits.
Many distribution systems used in practical have a single circuit main feeder, and
these are referred to as radial systems. Other systems, although connected as meshed
circuits, are normally operated as radial systems using normally open points. Radial
systems are popular due to their simple design and generally low cost. The outage
duration due to component failures are reduced by protection and sectionalizing



schemes. The time taken to isolate a faulted component by isolation and switching
action is termed as switching or restoration time. In some systems, there is provision
for an alternate supply in the case of a failure or due to a component maintenance
outage.

2.5 Evaluation Techniques

There are two sets of indices, namely the basic load point indices and the
system performance indices for distribution systems [1]. The basis indices are
important with respect to a particular load point, but they do not give an overall
appreciation of the area or system performance. The system indices are calculated as
weighted averages of the basic load point indiges and are basically identical to those
that have been used for many years to asse€ss past system performance. Load and
energy orientated indices can also be cogsidered.

Unit X Unit

up ﬂl down

a.

Figure2-4 #"Iwo-state model for a base load unit[1,3]

The basic compongnt ‘model usi:_d in these applications is the two-state
representation shown in figure 2.4 Fhe rate of departure from the component up state
to its down state is the compenent failure tate 1. The restoration of the component to
its operating state is denoted by another fransition rate termed the component repair
rate u . . —

o]
8 J oy
o el

251 Basic Load Point Indices

The approachi used in this paper to conduet radial distribution system
reliability assessment 18 to perform a failure modes and effects analysis utilizing the
following basic equations [1] at each load point. There are three basic reliability
parameters of average failure rate ( 1), average outage time (r,), and average annual

outage time (Up), Whete N denotes the humber of ‘outage events affecting load point i

[5].

A S SN O ey @0
N
Up :iglkiri hr/yr 2.2)
U
__bp
Iy = . hr/yr

p (2.3)



2.5.2 System Indices or Customer-orientated Indices

Although the three primary indices are fundamentally important, they
do not always give a complete representation of the system behavior and response.
For instance, the same indices would be evaluated irrespective of whether one
customer or 100 customers were connected to the load point or whether the average
load at a load point was 10 kW or 100 MW. In order to reflect the severity or
significance of a system outage, additional indices can be and frequently are evaluated.
In this thesis, system average interruption frequency index (SAIFI), system average
interruption duration index (SAIDI), customer average interruption duration index
(CAIDI) and energy not supplied index (ENS) will be considered to analyze the
impact of protection system on reliability indices. The equations of additional indices
which used in this paper are as follow [1]:

SAIF] = total number of ¢ustomer interruptions

total number of customer sserved

>A.N.
=—1 L fajlictstomen/yr s 4 (2.4)
2N ‘o

i

sum of customer inferruption duration
SAIDI = P

total number of customer

IUN,

hr/customer/yr _ 2.5
SN y (2.5)

i

CAIDI = sum of customerinterruption-duiation

total numbcrof customer interruptions

2O i Etion (2.6)
=———7 JI/1Intercupton /yr. .
e ption /y

2.5.3 ‘. Load-‘and-Energy-oriented Indices

One of the most important parameters in the evaluation of this indices is the
average load at each load-point bus bar.

L - total energy demand inperiod of interest _ E; 2.7)
‘ period of interest t '

Where L, is average load.

ENS=>'L,,U, (2.8)
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where ENS is energy not supply, L,

1

, is the average load connected to load point i

and U, is outage time at load point i.

L. .U,
AENS=) —0— (2.9)
Ni
where AENS is average energy not supply and N, is total number of customers
served.

2.6  Application to Radial System

Reliability indices are useful for defermining what a customer can expect in
terms of interruption frequeneies and durations[6]. Reliability indices are typically
computed by utilities at the end of each'year by using historical outage data recorded
in distribution outage reperts: This is important-so that utilities know how their
systems are performing, butis less useful when the specific impact of various design
improvement options Wish to be'quantified and compared. To make such comparisons,
a model must be develgped which is capable of predicting reliability measures based
on system topology, component reliability data, and operational data [6]. Now, the
evaluation techniques will be applied-using an example of radial system and the data
is from [1]. : "’;, “

Figurg 2-5 Typical radial distribution network

Table 2-1 reliability andiload data of example | system

Component [VA(f/lyr) | r(hours) .| Load No of Average Load
point customers, |.connected(kW)
Section A 1000 5000
1 0.2 4
2 0.1 4
3 03 4 B 800 4000
4 0.2 4
Distributor
a 0.2 ) C 700 3000
b 0.6 2
c 0.4 2
d 02 2 D 500 2000
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Table 2-2 Basic load point indices for example system

Load point A Load point B Load point C Load point D

C A r U A |r U A r Uu |41 |r H
1 0.2 4 108 0.2 4 108 [0.2 4 108(02] 4 |08
2 0.1 4 104 |0.1 4 104 0.1 4 104 0.1 4 104
3 0.3 4 |12 103 4 1.2 |03 4 112103 4 |12
4 0.2 4 0.8 (02| 4 0.8 0.2 4 08102 4 0.8
a 0.2 2 104 (02 2 1 0AF 02 2 (04102 2 |04
b 0.6 2 |12 | 0% 27 1% U0 2 [12]06 2 |12
c 0.4 2 (08 40" 2 .8 =072 2 (08|04 2 108
d 0.2 2 0.4 | Qedee=2 0.4 0.2 2 04102 2 0.4
Tot |22 | 273 | 6.0 |22 273 | 6.0 10 1273 16022273 |6.0
al \

]

In this section, seliability indices will be calculated using evaluation
techniques. Typical radial distubution network is as shown in figure 2.3. This system
will be used as example System. Reliability and load data are shown in table 2.1.
Firstly, basic indices for each laod point.can be calculated. The result are shown in
table 2.2. In this case, no protective deviee is used in the sytem. After that using the
basic load point indices, 8ystém indites and energy-oriented indices can be calculated
below. ’ e
Based on eqations (2.4), (2.5) and (2.6), we can obtain SAIFI, SAIDI and
CAIDI. To calculate ENS and AENS, equatgéng (2.8) and (2.9) are employed.

SAIFI = (2.2+2.2+3 2+2:2)/4
= 2.2 interruptons/customer yr . o

SAIDI = (6.0+6.0+6.0+6.0)/4
= 6.0 hours/customer yr

CAIDI = (2.73%2.73+2.73+2.73)/4
=2.73 hours/customer interruption

ENS=SAIDIx Totalload
=6 x 14AMW
=84 MWh/yr
AENS=84/3000
=28 kWh/yr-customers
Using this analysis, reliability indices of existing system can be calculated.
And the reliability of future system can be focused.



CHAPTER IlI
PROTECTION SYSTEM

With the increasing dependence on electricity supplies, in both developing and
developed countries, the need to achieve an acceptable level of reliability, quality and
safety at an economic price become even more important to customers. A further
requirement is the safety of the electricity Supply. A priority of any supply system is
that it has been well designed and properly maintained in order to limit the number of
faults that might occur.

Associated withwthe  distitbution networks themselves are a number of
ancillary systems to assist insmeeting the requirements for safety, reliability and
quality of supply. The most impottant of these are the protection systems which are
installed to clear faultssand limit any damage to distribution equipment. Amongst the
principal causes of faulis' asé lightning discharges, the deterioration of insulation,
vandalism, and tree branghes and “animals contacting the electricity circuit. The
majorities of faults are of a tfansient nature and can often be cleared with no loss of
supply, or just the shortest'of interruptions, whereas permanent faults can result in
longer outages. In order t0 ayoid daimage, suitable and reliable protection should be
installed on all circuits and electrical equipment. Protective relays initiate the isolation
of faulted sections of the metwork in order to, maintain supplies elsewhere on the
system. This then leads to an improved elecmcny service with better continuity and
quality of supply [7]. =5 e S

A properly coerdinated protection system is vital'to ensure that an electricity
distribution network eafi operate within preset requirements for safety for individual
items of equipment, staff and public, and the network ovcrall. Automatic operation is
necessary to isolate faults on the networks as quickly as possible in order to minimize
damage. The economic _costs and the benefits of a protection system must be
considered in onder to.arrive at. a.suitable-balance between the requirements of the
scheme and the“available finane¢ial resources.

When providing protective devices on any supply network the following basic
principles must be apply. On the éccurrence of=a fault or abnermal condition, the
protection ‘system Just be capable of'detecting it immediately in order to isolate the
affected section, thus permitting ‘the'rest of the power system to remain in service and
limiting the possibility of damage to other equipment. Disconnection of equipment
must be restricted to the minimum amount necessary to isolate the fault from the
system.

The protection must be sensitive enough to operate when a fault occurs under
minimum fault conditions, yet be stable enough not to operate when its associated
equipment is carrying the maximum rated current, which may be a short-time value. It
must also be fast enough to operate in order to clear the fault from the system quickly
to minimize damage to system components and be reliable in operation. Back-up
protection to cover the possible failure of the main protection is provided in order to
improve the reliability of the protection system. While electromechanical relays can
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still be found in some utilities, the tendency is to replace these by microprocessor and
numerical relays, particularly in the more complex protection arrangements [7]. In this
thesis, a conventional protection system will be considered on simple radial
distribution system. Then the impact on reliability indices will be analysed taking into
account the protection coordination and its operating time.

3.1 Protective devices used in distribution systems

The devices mostly used for distribution system protection are:
1. Overcurrent relays;
2. Reclosers ;
3. Sectionalisers;
4. Fuse.
To analyze the impact on system tcliability, reclosers and fuse will be
considered in this thesis. " Therefore, overcuitent relays and sectionalisers will not be
mentioned in details.

3.1.1 Overcurrent Relays ,

Overcurrent relays_ are the most common form of protection used to deal with
excessive currents on pewen'systems. They should not be installed purely as a means
of protection systems againt overloads-which are associated with the thermal capacity
of machines or lines-singé oyereurrent protection is primarily intended to operate only
under fault conditions. However, the relay seftings that are selected are often a
compromise in order to cope with both overload and overcurrent conditions. Based on
the relay operating characteristics, overcutfent relays can be classified into three
groups such as definite current @ instantaneous, definite time and inverse time.

Define-current relays operates -instantancously when the current reaches a
predetermined value,, The setting is chosen so thaty.at the substation furthest away
from the source, the telay will operate for a low current value and the relay operating
currents are progressively increased at each substation, moving towards the source.
Thus, the relay with the lower setting operates first and disconnects load at the point
nearest to the fault.“This type of protection has the drawback of having little
selectivity at high values- of short-circuit,current. Another disadvantage is the
difficulty of diStinguishing betweeii the/fatlt current at onejpoint or another when the
impedance between‘these points‘is.small in’comparison to thé'impedance back to the
source, leading to the possibility of poor discrimination. Definite current relays are
not used as the-only overeurrent-protections but their use as-an.ifstantaneous unit is
common where other types of protection are in use.

Definite-time relay enables the setting to be varied to cope with different
levels of current by using different operating times. The setting can be adjusted in
such a way that the breaker nearest to the fault is tripped in the shortest time, and then
the remaining breakers are tripped n succession using longer time delays, moving
back towards the source. The difference between the tripping times for the same
current is called the discrimination margin. Since the operating time for definite-time
relays can be adjusted in fixed steps, the protection is more selective. The big
disadvantage with this method of discrimination is that faults near to the source,
which result in bigger currents, may be cleared in a relatively long time. This type of
relay has a current or pick-up setting — also known as the plug or tap setting - to select
the value at which the relay will start, plus a time dial setting to obtain the exact
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timing of the relay operation. It should be noted that the time-delay setting is
independent of the value of the overcurrent required to operate the relay. These relays
are used a great deal when the source impedance is large compared to that of the
power system element being protected when fault levels at the relay position are
similar to those at the end of the protected element.

The fundamental property of these relays is that they operate in a time that is
inversely proportional to the fault current, as illustrated by the characteristic curves
shown later. Their advantage over definite-time relays is that, for very high currents,
much shorter tripping times can be obtained without risk to the protection selectivity.
Inversetime relays are generally classified in accordance with their characteristic
curve that indicates the speed of operationy based on this they are commonly defined
as being inverse, very inverse, or extremely imverse. Inverse-time relays are also
referred to as inverse definite minimum time-0rdDMT overcurrent relays.

3.1.2 Reclosers

A recloser is a_deviceswith the ability to detect phase-to-each overcurrent
conditions, to interrupt the cwcuit if the overcurrent persists after a predetermined
time and then to reclos€ automatically re-energize the line. If the fault that originated
the operation still existsy then the ‘recloser will stay open after a reset number of
operations, thus isolating #he' faulted section from the rest of the system. In an
overhead distribution systembetween 80-fo 95 pereent of the faults are of a temporary
nature and last, at the most, for a few cycles or seconds. Thus, the recloser, with its
opening/closing characteri§tic, prevents a distribution circuit being left out of service
for temporary faults. Typically, reclosers are.designed to have up to three open-close
operations and, after these, a final open operation to lock out the sequence.

Co-ordination with other protection deviées is important in order to ensure that,
when a fault occurs, the smatlest section of the eircuit is disconnected to minimize
disruption of suppliés to customers. Generally, the time characteristic and the
sequence of operation of the recloser are selected o co-ordinate with mechanisms
upstream towards the source. After selecting the seizc-and sequence of operation of
the recloser, the devices downstream ar¢ adjusted in order to achieve correct co-
ordination. If the fault is_permanent, the time-delay operation allows other protective
devices nearer.to, the, fatlt' to, opens Jlimifing, the amount.of the network being
disconnected.

Reclosers are used at the following points on a distribution network:

1. to provide primary protection fox a circuit in substations.

2. i erder to permit the sectioning of long lines-and thus prevent the
toss ‘of a complete-circuit due“to'a’ fault towardsthe end of the
circuit in main feeder circuits.

3. To prevent the tripping of the main circuit due to faults on the spurs
in branches or spurs.

When installing reclosers, it is necessary to take into account system voltage,
short-circuit level, maximum load current, minimum short-circuit current within the
zone to be protected by the recloser, co-ordination with other mechanisms located
upstream towards the source, and downstream towards the load. The voltage rating
and the short-circuit capacity of the recloser should be equal to, or greater than the
values that exist at the point of installation [7].
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3.1.3 Fuses

A fuse is an overcurrent protection device. It possesses and element that is
directly heated by the passage of current and is destroyed when the current exceeds a
predetermined value. A suitably selected fuse should open the circuit by the
destruction of the fuse element, eliminate the arc established during the destruction of
the element and then maintain circuit conditions open with nominal voltage applied to
its terminals.

The majority of fuses used in distribution systems are to operate on the
expulsion principle, i.e. they have a tube to confine the arc, with the interior covered
with de-ionizing fiber, and fusible element. In the presence of a fault, the interior fiber
is heated up when the fusible element melts and produces de-ionizing gases which
accumulate in the tube. The zone of operation is.limited by two factors; the lower
limit based on the minimum. time required fot the fusing of the element (minimum
melting time) and the maximum total clearing time that the fuse takes to clear the fault.

In distribution systems,the use of fuse links designated K and T for fast and
slow types, respectivelygsdepending on' the speed ration, is very popular. The speed
ration is the ration of minimum melting current that causes fuse operation at 0.1 s to
the minimum melting.etirrent for 300s operation. [7].

3.1.4 Sectionalisers - d

A sectionaliser i§ a deyice that automatically isolates faulted sections of a
distribution circuit once an upstream breaker or recloser has interrupted the fault
current and is usually installed downstream'_pf a recloser. Since sectionalisers have no
capacity to break fault current, théy must be ised with a back-up device that has fault
current breaking capacity. Sectionalisers count the number of operations of the
recloser during fault conditions; After a preselected number of recloser openings, and
while the recloser is.open, the sectionaliser opens and isolates the faulty section of
line. This permits the-recloser to close and re-establish supplies to those areas free of
faults. If the fault is temporary, the operating mechanism of the sectionaliser is reset.

Sectionalisers are constructed in single- or thiee-phase arrangements with
hydraulic or electroni¢ operating mechanisms. A seetionaliser does not have a
current/time operating characteristic, and cansbe used between two protective devices
whose operating curves dré vety close‘and“where ain additional step in co-ordination is
not practicable. Sectionalisei's with-hydraulic operating mechafiisms have an operating
coil in series with the line. Each time an overcurrent occurs the coil drives a piston
that activates.a.counting mechanism,when.the circuit.is.opened and the,current is zero
by thendisplacement of oil. across. the /¢chambers of “the ' sectiohaliser. After a
prearranged number of circuit openings, the sectionaliser contacts are opened by
means of pretensioned springs. This type ofsectionaliser can be closed manually.
Sectionalisers with electronic operating mechanisms are more flexible in operation
and easier to set. The load current is measured by means of CTs and the secondary
current is fed to a control circuit which counts the number of operations of the
recloser or the associated interrupter and then sends a tripping signal to the opening
mechanism. This type of sectionaliser is constructed with manual or motor closing.
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The operating time of fuses and reclosers can also be calculated using Time-

Time-Current characteristic of recloser and fuse used in Test System
Current characteristic curve. The types and rating of fuses can be chosen according to
fault current of lateral feeders and main sections. Minimum melting time and total

clearing time of fuse are shown for type 200k in figure 3.1.

3.2
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Time-current curve of fuse (type 200k)

Figute 3-1
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Figure 3-2 = Time-current curve of recloser(102 and 165 type)
Figure 3.2 shows the time-cutrent ¢haracteristic of recloser (type 102 and 165).
There are two curves of slow switching and fast switching. According to the amount
of fault current, the operating timie of fuse and recloser can be focused.

33 Co-ordination,of fuse and recloser

The following- basic ¢riteria Should be employed when co-ordinating
time/current devices in-distribution system:

1. The main protection should clear a permanent or temporary fault before
the backup protection operates, or continue to operate until the circuit is
disconnected.. Howeyer, if.the main protection, is.a fuse and the backup
protection 1s a recloser, it is normally,‘acceptable to co-ordinate the fast
operating curve or curves of the recloser to operate first.

2. Loss of supply caused by permanentsfaults should be restricted to the
smallestpart of the'system for the shottest time possibie.

In this thesis, the' impact of recloser-fuse“co-ordination“on system reliability
will be analyzed. The criteria for determining recloser-fuse co-ordination depend on
the relative locations of these devices, i.e. whether the fuse is at the source side and
then backs up the operation of the recloser that is at the load side, or vice versa. These
possibilities are treated in the following paragraphs. Figure 3.4 shows time-current
curve of fuse-recloser coordianation.



18

©
o
—

=

Minimum melting time of fuse

=femm Total Clearing time of fuse

N
o
~ “ o i N
o o o o o o
— — — — — —
(s) sawiL

Cureenty( times of per unit current)

Characteristic eurve of fuse and recloser coordination

Figure 3-3

Protection system rgsponse on radialsystem

3.4

Ad

system response 0f a radial distribution

straightforward since fault encrgy can be assumed to flow downstream from the

1S

system

The protection

source of power to the fault location. If the protection system is properly coordinated
and operates correctly; the protection device nearest to the fault will operate before

other upstream devices. Slight modifications of this rule.occur when reclosing devices

are utilized in an attempt to allow temporary faults to clear. The two basic reclosing
schemes are fuse saving and fuse clearing. Fuse saving allows all temporary faults a

chance to automatically ,clear.and.results in fewer sustained.interruptions but more

momentary interruptions.

Fuse clearing allows 'lateral fuses to clear all downstream

system with.fuse-recloser coordination.

faults and results in fewer momentary interruptions but more sustained interruptions

[8]. Figure 3.4 shows a simple radial
1

a simple radial system

Figure 3-4
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3.4.1 Reclosing with Fuse Saving

After a fault occurs, the nearest upstream reclosing device opens without any
intentional delay (initiated by an instantaneous relay). After a brief delay, the device
recloses. If the fault persists, the device may operate several more times with
increasing delays. If the fault still persists, the reclosing device will lock out. If a
temporary fault occurs on a fused lateral with a reclosing device upstream of the fuse,
the reclosing device will operate first and "save" the fuse. Fuse-saving schemes are
also referred to as feeder selective relaying [8]. Suppose a fault occurs at lateral C as
shown in figure 3.5, the recloser will operate first and save the fuses at lateral. In this
thesis, this scheme will be considered.

3.4.2 Reclosing (Fuse Clearing)

In this scheme, reclosing devices have their instantaneous relays disabled. If a
temporary fault occurs on a fused lateral with a-reclosing device upstream of the fuse,
the fuse will blow before theaécloser's time overcurrent relay operates. Fuse-clearing
schemes are also referied t0_as instantancous relay blocking. Reclosing schemes have
a substantial impact oneustomer reliability. As such, it is critical to model them
accurately when simulating'a gountingency. Rarely does such a simple and inexpensive
act (i.e., enabling or blecking an instantaneous relay) have such a large impact on
system performance, with seme customers experiencing improved reliability and
other customers experiencing degraded reliability[8]. Figure 3.6 shows a simple radial
system. Suppose a fault is located as shown infigure 3.5, the fuse will blow before the
recloser operates.

3.5  Improving Reliability L

Adding protective device is one of the most straightforward and effective
methods for improving distribution system reliability. AsSuming proper coordination,
increasing the numbér-of protective devices reduces the number of customers that
experience interruptions after a fault occurs. Stated differently, increasing the number
of protective devices in¢reases the selectivity of the protection system.

The first step towards improving reliability is to place a protective device,
typically a fuse,.on all radial branches. Both field experience and reliability studies
show conclusively| that-laterals should be fused. The only compelling reasons not to
fuse a lateral sare nuisance fuse blowing (which can generally be avoided by
specifying larger fuses) and the imability to coerdinate. Threesphase laterals may
require_devices with 3 phase‘tockout capability: if they sérve Targs motors which may
be damaged by umnbalanced voltages, or transforiners 'with prithary-delta-connected
windings, which may create safety problems due to the possibility of backfeeding. The
effectiveness of lateral fusing increases as total lateral exposure increases and as
average lateral length decreases. Assuming perfect fuse operation, a fault on an
unfused lateral will interrupt the entire feeder while a fault on a fused lateral will only
interrupt customers on the lateral.

Main trunk protection, typically in the form of a recloser, can also be an
effective method of improving feeder reliability. Reclosing devices are most
commonly used to allow temporary faults on over head systems to self-clear. Placing
a line recloser on a feeder will improve the reliability of all upstream customers by
protecting them from downstream faults. As such, an effective method of improving
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reliability for a specific customer is to place a recloser just downstream of its service
connection [8]. The analysis of reliability improvement will be conducted for the
following cases.

(1) Effect of lateral protection

(2) Effect of disconnection switches , and

(3) Effect of fuse-recloser coordination

|\,1 2 .3 4
|

a b c

A B € D
Figlire 3-5 Tyﬁfical radial distribution network

Table 3-1 Basic System.dataof figure 3-5

Component | A (f/yr) #f(hetuss) /| Load No of Average Load
point customers | connected(kW)
Section “IFA= N 1000 5000
1 0.2 4
2 0.1 4 '
3 0.3 4 B .| 800 4000
4 0.2 s g,
Distributor — —3
b 0.6 2 T
c 0.4 2 i .
d 0.2 5 D 0 500 ' 2000

Using protective device on radial system has a gieat effect on reliability of the
system. In this thesis the protection failure is not considered and only permanent fault
is taken into account. Typical radial distribution network is shown in figure 3.5. This
system will be-used’as an example|systent. Reliability and<load data are shown in
table 3.1 [1].

Table 3-2 ., Basic load point indices for.example system

Eoad point A Load point B Load point C Load point D

C A r U A |r U A r U |4 |r H

1 0.2 4 108 |02 4 |08 |02 4 108(02] 4 |08
2 0.1 4 104 |0.1 4 104 0.1 4 104101 4 |04
3 0.3 4 112 03] 4 |12 |03 4 112103 4 |12
4 0.2 4 08 |02 4 0.8 ]0.2 4 0802 4 0.8
a 0.2 2 104 |02] 2 |04 |02 2 10402 2 |04
b 0.6 2 |12 (06| 2 |12 |06 2 |12|106| 2 |12
c 0.4 2 108 |04 2 |08 |04 2 108|104 2 |08
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d 0.2 2 |04 |02 2 0.4 0.2 2 04102 2 0.4
Tot |22 | 273 160 [22] 273 6.0 1.0 |273 160(22 (273 |6.0
al

SAIFI = (2.2+2.2+2.2+2.2)/4

Firstly, basic indices for each laod point can be calculated using equations
(2.1), (2,2) and (2.3). The results are shown in table 3.2. In this case, no protective
device is used in the sytem. With the obtained the basic load point indices, system
indices and energy-oriented indices can be calculated according to on equations (2.4),
(2.5), (2.6), (2.8) and (2.9).

= 2.2 interruptons/customer yr

SAIDI = (6.04+6.0+6.0+6.0)/4

= 6.0 hours/customer Vi

CAIDI = (2.73+2.7342073 1273/

=2.73 hours/customegintesruption

ENS=SAIDIx Totalload

AENS =

3.5.1

=6 x 14MW
=84 MWh/yr

ENS

numbe s of customer

=28 kWh/customei-yi

Effect of Lateral Distributor Protection

Additional protection is frequently used in practical distribution systems. One
possibility in the case of the' system shown in figure 3.5 is to_install Fusegear at the
tee-point in each lateral distributor-as shown n'figure 3.6. In this case a short circuit
on a lateral distributor causes its appropriate fuse to blow; this causes disconnection
of its load point until the failure’ is repairedsbut does not affect or cause the
disconhection of duy.other load point. They' system reliability‘indices are therefore
modified to those shown in table'3.3.

N¢
,‘ >

Figure 3-6

A

1 ]

B

C

\

C

1

D

Network of figure 3.6 reinforced with Fusegear
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Table 3-3  Impact of fuse on system reliability indices

Load point A Load point B Load point C Load point D
C A r U A |r U A r U |4 |r H
1 0.2 4 108 |02 4 |08 |02 4 108(02] 4 |08
2 0.1 4 104 |0.1 4 104 |0.1 4 104(01] 4 |04
3 0.3 4 112 03] 4 |12 |03 4 112103 4 |12
4 0.2 4 08 (02| 4 0.8 |02 4 08102 4 0.8
a 0.2 2 |04
b 0.GN2N 1 /1.2
c b4 2 1038
d J 02| 2 0.4
Tot [1.0 | 3.6 |3.6 [ L4 1314 |44 |12 333 [40|10][3.6 |36
al

In this case, the geliability indiceé are improved for all load points although the
amount of improvement igrdifferent for each one. The most unreliable load point is B
because of the dominant effect of.the failures on its lateral distributor 0.6 f/yr
compared with 0.4 and 0:2 f/yr on othé}lr laterals. The additional indices for this
system can be calculated as shown belows.:

SAII:|:(1.0+1.4Z1.2+1.0) i

=1.15 interruption/customer yr

SAIDI = sugdef i -2

total number of loadpoints X
SAIDI = (3.6+4.4+4.0+3.6) ¥

4
=3.91 hours/customer yr
sum of r

CAIDL= :

total numeer of loadpoints
CAIDI = (3.6 +3.14+3.33+3.6)

4
= 3.39 hours/customer interruption
ENS=SAIDIx Total Load
ENS=3.91x14=54.8 MWh/yr

ENS

numbe s of customer

AENS =
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=18.3 kWh/customer yr

Comparing the results of the system between the case of without using
protective device and the case of using fuse, the energy not suppy of the system, ENS
is reduced from 84 MWh/yr to 54.8 MWh/yr.

3.5.2 Effect of Lateral Protection and Disconnecting Switches

A second of alternative reinforcement of improvement scheme is the provision
of disconnects or isolators at judicious points along the main feeder. These are
generally not fault-breaking switches and therefore any short circuit on a feeder still
causes the main breaker to operate. After the fault has been detected, however, the
relevant disconnecting switch ean be opened.and the breaker reclosed. This procedure
allows restoration of all load points betwcen the supply point and the point of
isolation be installed in the'previous system as shown in figure 3.7 and let the total
isolation and switching timebe 0:5-hours.

" Diseonnecting switche orisolator

Lo 1 A RN
1~ 43 |
/NN )
A B, i, C D
Figure 3-7 Network of figure 3.6 reinforced with Fusegears and disconnecting
swtiches = 4

The reliability, indices for the four load points are now modified to those
shown in table 3.4."Jn-this case, the reliability of load pomis A,B,C are improved, the
amount of improvement being greater for those near to the supply points and less for
those further from it. The indices of load point D remain unchanged because isolation
cannot remove the efféct of any failure on this load point:

Table 3-4 Inipact of fuse’and disconnecting switches on system reliability
Load point A Load'pemnt'B Load point € Load point D

C | A ~br. U A e, JU . A e U "4 .|lr | H

1 02 |4 08 10214 08 (02 |4 08102 |4 0.8
2 0.1 |05 |0.05 0.1 |4 04 (01 |4 04 0.1 |4 0.4
3 03 |05 |0.15 |03 |05 0.15 | 0.1 |4 1.2 103 |4 1.2
4 02 | 0.5 (0.1 02| 05 |0.1 0.2 0510102 4 0.8

a 02 |2 0.4

b 06 |2 1.2
c 04 |2 0.8
d 02| 2 0.4

Total | 10 | 1.5 | 1.5 141189 [265 |12 |275 |33 ]10|3.6 |[3.6
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Based on the obtained basic indices and evaluation techniques described in
chapter 2, the additional indices can be calculated as shown below.

SAIF] = sum of A
total number of loadpoints
SAIF] = 1.0+14+1.2+1.0)

4
=1.15 interruption/customer yr

SAIDI = sum of

total number of loadpoints

(1.5+2.65 +3.3%36)

SAIDI =
4
= 2.58 hours/customer yr
CAIDI = SAIDI !
SAIFI 4
CAIDI = ﬁ
1.15

= 2.24 hours/customer interruption —

g

ENS =SAIDIx Total Load
ENS =2.58x14=35.2 MWh/yr

ENS
numbe s of customer

AENS =

=11.7 kWh/customéryr.

3.5.3 Effect'of Fuse-recloser Coordination

Using fuse-relcoser coordination on systéin can help reliability improve. If a
fault oecurs on sections beyond | recloser, it will be tripped out and ean not affect on
other section before recloser. As well, recloser can also be used as fuse saving scheme.
Figure 3.8 shows the radial system with fuse-recloser coordination.Suppose a fault at
section 4, the recloser will cut off it from the system and the load points A and B will
not be interrupted.
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N/ 1 2 3@ 4
" /N | O/ |
11 1 ]
A B C D
Figure 3-8  Network of figure 3.6 rei ed with fuse-recloser coordination
Table 3-5 Impact of fuse-reclo -\ ordinaionon system reliability
Load point A i Load point D
C A r U |4 |r u
1 02 |4 08102 |4 0.8
2 0.1 |4 04 0.1 |4 0.4
3 - - 1.2 103 |4 1.2
4 - - 08102 |4 0.8
a 02 |2
b
c 0.8
d 022 0.4
Tot [0.5 |32 40 (10|36 |[3.6
al
Based on i@,:--:-:—:t-.—-.—---:--rﬁ:-,— ----------------- ,‘ - techniques described in
chapter 2, additional indi ' n.be
SAIFI= s

total number of'loglpomts

wn - SR 211 TN E
W‘ﬁﬁiﬁ?ﬁ%ﬁumwmaﬂ

"~ total number of loadpoints

SAIDI = —“

(1.6+2.4+33+3.6)
4

SAIDI =

=2.725 hours/customer yr

SAIDI
SAIFI

CAIDI =




CAIDI

ENS=
ENS =

AENS =

2.58

1.15
= 3.028 hours/customer interruption
SAIDIx Total Load
2.58x14=38.15 MWh/yr

ENS

numbe s of customer

=12.72 kWh/customer yr.

3.54

Case A
Case B
Case C
Case D

amount of SAIFI fail/yr

Comparison of System Reliability

The system reliability lev€lCan be compared according to four cases, i.e.

: no protective devi€c 1s'used,

: fuse is used as'lategal protection.,

: fuse and disconnécting switches arc used and

: fuse-recloser €oordination, with no disconnecting switche.

2.5

Case A case B case C case D

Figure 3-9  Comparison of SAIFI

26
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amount of SAIDI hr/yr

Case A case,B o case C case D

Figure3-10 Corﬁpar_ison of SAIDI

90 :

amount,of energy not supply MWhr/yr

Case A case B case C case D

Figure 3-11  Comparison of Energy not supply for each case

Figure 3.9 shows the comparison of SAIFI. In Case A, the SAIFI is 2.2
fail/yr. With fuse, the SAIFI increases to 1.15 fail/yr in cases B and case C. There is
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no effect of disconnecting switches on SAIFI. In case D, with fuse-recloser
coordination, SAIFI is increased to 0.9 fail/yr. Therefore, we can conclude that fuse-
recloser coordination is the best protection scheme to improve SAIFI of system
according the results.

Figure 3.10 shows the comparison of SAIDI. The SAIDI in Case A, with no
protective device, is 6 hr/yr. In case B, with fuse, it decreases 6 to 3.91 hr/yr.
In case C, with fuse and disconnecting switches, SAIDI is decreased from 6 to 2.58
hr/yr. In case D, fuse-recloser coordination results in the value of SAIDI of 2.725 if
compared with case A.

Figure 3.11 shows the comparison 0 ENS. Case A with no protective device
has amount of ENS 84 MWhi/yr. with fuse, it can improve to 54.8 MWhr/yr. Using
fuse and disconnecting switches, it can 1mprove ENS to 35.2 MWhr/yr which is the
best case for this system zeliability. Fuse-reclosei.coordination has also great impact
on ENS compared with case A. It can make the system ENS improve to 38.15
MWhr/yr.

It is clearly seeft thawprotective devices help improve system reliability.



CHAPTER IV

FAULT CALCULATION AND VOLTAGE DIP

Faults are usually caused by dielectric breakdown of insulation systems and can
be categorized as self-clearing, temporary and. permanent. A self-clearing fault will
extinguish itself without any external imtervention (e.g., a fault occurring on a
secondary network that persists until it butns clear). A temporary fault is a short
circuit that will clear if deenergized and then re-energized (e.g., an insulator flashover
due to a lightning strikes=="after the circuit is dc-energized, the fault path will de-
ionize, restoring the insulator to full dielectric strength). A permanent fault is a short
circuit that will persist untikrepaired by human intervention [7].

When a fault oeéurs.on the line, the voltage level of all load points is affected
by decreasing voltage leyel. In this thesis; the voltage of each load points during fault
is calculated. By using some protective devices, the voltage level will be back to
satisfactory after those deviges have disconnected the faulted points or lines. But
sometimes, even though protective devices are used in the system, the customer may
still cut off from the system ifithe dip violates the customer satisfactory voltage level.

o

4.1  Characteristic of Power System Fault I’

A fault on a power system is an abnormal condition that involves an electrical
failure of power system equipment operating at one of the primary voltage within the
system. Generally, two types of failure can occur. The firSt.is an insulating failure that
results in a short ‘circuit fault and can occur as a result of overstressing and
degradation of the instilation over time or due to a suddén overvoltage condition. The
second is a failure thatresults in a cessation of current flow or an open-circuit fault [9].

4.1.1 Types of faults

Short-circuit faults can occur between phase, or between phases and earth, or
both. Short @ircuitsymay «be .onesphase to)earth, phase) to phase;“tow+phase to earth,
three-phase ‘¢clear "of ‘earth and) three-phase to cearth. [ The |three:phase fault that
symmetrically affects the three phases of a three-phase circuit is the only balanced
fault whereas all the other faults are unbalanced. Simultaneous faults are a
combination of two or more faults that occur at the same time. They may be of the
same of different types and may occur at the same or at different locations. A broken
overhead line conductor that falls to earth is a simultaneous one-phase open-circuit
and one-phase short-circuit fault at one location. A short-circuit fault occurring at the
same time on each circuit of a double-circuit overhead line, where the two circuits are
strung on the same tower, is a simultaneous fault condition. A one-phase to earth
short-circuit fault in a high impedance earthed distribution system may cause a
sufficient voltage rise on a healthy phase elsewhere in the system that a flashover and
short-circuit fault occurs. This is known as a cross-country fault. Most faults do not
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change in type during the fault period but some faults do change and evolve from say
a one-phase to earth short circuit to engulf a second phase where it changes to a two-
phase to earth short circuit fault. This can occur on overhead lines or in substations
where the flashover arc of the faulted phase spreads to other healthy phases. Internal
short circuits to earth and open-circuit faults can also occur on windings of
transformers, reactors and machines as well as faults between a number of winding
turns of the same phase [9].

4.1.2 Causes of faults

Open-circuit faults may be caused /by the failure of joints on cables or
overhead lines or the failure of all the three phases of a circuit-breaker or disconnect
or to open or close. For example, two phases-of a circuit-breaker may close and latch
but not the third phase ortwo phases may properly open but the third remains stuck in
the closed position. Exeept on-thainly underground systems, the vast majority of
short-circuit faults are weather related \followed by equipment failure. The weather
factors that usually causesshort-¢ircuit faults are: lightning strikes, accumulation of
snow or ice, heavy rain; strongwinds or gales, salt pollution depositing on insulators
on overhead lines and in stibstations, floeds and fires adjacent to electrical equipment,
e.g. beneath overheaddines. Vandalism may also be a cause of short-circuit faults as
well as contact with or breach of minimum clearances between overhead lines and
trees due to current overload.

Equipment failurey e.g. machines, transformers reactors, cables, etc., cause
many short-circuit faults. Theése may be caused by failure of internal 1nsu1at10n due to
ageing and degradation, breakdown due to high switching or lightning over voltages,
by mechanical incidents or by inappropriate installation. An example is a breakdown
of a cable’s polymer insulation-due to ageimg or to the creation of voids within the
insulation caused by an external mechanical force being accidentally applied on the
cable. Short-circuit faults may also be caused by human error. A classical example is
one where maintenance staffs inadvertently leave isolated equipment connected
through safety earth clamps when maintenance work is completed. A three-phase to
earth short-circuit fault occurs when the equipment is reenergized to return it to
service [9].

4.2 Fault Calculation

The, fault currents and.voltages.are.calculated for any types of faults using bus
impedance matrix, Zss which is based on the principle of supetposition. The detail

calculation and the equation can be seen in [10]. In this theses, balanced three-phase
fault will be considered. This type of fault is defined as the simultaneous short circuit
across all three phase. It occurs infrequently, but it is the most serve type of fault
encountered. Because the network is balanced, it is solved on a per-phase basis. The
other two phases carry identical current except for the phase shift.

A fault represents a structural network change equivalent with that caused by
the addition of an impedance at the place of fault. If the fault impedance is zero, the
fault is referred as the bolted fault or the solid fault.
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4.2.1 Systematic fault analysis using bus impedance matrix

The network reduction also can use for fault calculation. But it is not efficient
and is not applicable to large networks. By utilizing the elements of the bus
impedance matrix, the fault current as well as the bus voltages during fault are readily
and easily calculated.

Consider a typical bus of an n-bus power system network as shown in figure
4.1. The system is assumed to be operating under balanced condition and a per phase
circuit model is used. Each machine is respresent by a constant voltage source behind
proper reactance which may be X, X, orX,. Transmission lines are represented by
their equivalent pi model and all impedances, are expressed in per unit on a common
MVA base. A balanced three-phase fault is to be applied at bus k through a fault
impedance Z, . The perfault-bus voltages .V, are obtained from the power flow

bus

solution and are represented-by-the column vector.

2\
Q o, —

Figure 4-1,,- A typical bus of a powr éystem

v, (©)

Vi, = V§(0) (4.1)

_Vn (O)_

The changes in the network voltage caused by the fault with impedance Z, is
equivalent to those caused by the added voltage Vk (0) with all other sources short
circuit. Zeroing all voltage sources and representing all components and loads by their

appropriate impedances, we obtain in Thevenin’s circuit shown in figure 4.2. the bus
voltage change caused by the fault in this circuit are represented by equation (4.2).
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AV,,, =| AV, (0) (4.2)

bus

\\\‘E - CVth =V, (0)
‘ kﬁ\ WF)

Z;

ircui ofﬁgurej4.1

From the Thevenin’s theo gmy oltage during fault are obtained by
superposition of the pref: s voltages and gesin the bus voltages given by

equation (4.3). The ﬁTﬁﬁﬁﬁ:i ssed in terms o the bus

¢-bus admittance matrix. The

voltages with bus 0" as

diagonal element of e

WINEIMENINGINT @
o YHTRINIUNRIINYAY

In the thevenin’s circuit of figure 4.2, current entering every bus is zero except
at the faulted bus. Since the current at aulted bus is leaving the bus, it is taken as a

negative current entering bus k. Thus, the node equation applied to this circuit
becomes as shown in equation (4.5).

bus 1s the sum of admittances connected to it.
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SLE =Y, . . Y. .Y, Ay, (4.5)

0 Y, .

Or Iy (F)=Y, AV

The changes iQ/
4 4

(4.6)

4.7)

5 (4.7) to (4.3), the bus voltage

vector during fault bec s of its element is in (4.9).

Vius (F)= Vus (4.8)
Vi® | [ ]
Vi(®) | =] Vi (0y Ly | - L (F) (4.9)

ﬂuﬂwaW§wa ns
RN RADI 0 I IR Y

Since we have only single nonzero element in the current vector, the k™
equation of (4.9) becomes to (4.10).

V (F)=V, (0)-Z, 1, (F) @10

Also from the Thevenin’s circuit shown in figure 4.2, we have

Vi (F)=Z.1, (F) @i
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For bolted fault, Z=0 and V(F)=0. Substituting these values into (4.10), the fault
current becomes

Vi (0)

k
I, (F)= (4.12)
k
Zkk + Zf

I is fault current at fault bus k. Zyx is element of the bus impedance matrix.

This element is needed the Thevenin’s impedance as viewed from the faulted bus.

Vi) = V,(0) -, 0) @13)

Where V,(F) is bus voltage-at bus i-during fault, V. (0) is pre-fault bus voltage,

V, (0) is bus voltage atfault bus'k-and Z is impedance from Zy,;. With the knowledge

of bus voltage during thefauliythe fault current in all the lines can also be calculated.
i
4.3  Voltage dip 2"

Voltage sags or veltage dips ‘cause some of the most common and hard-to-
solve power quality problems. Sags can be caused by faults some distance from a
customer’s location. The same voltage sag affects different customers and different
equipment differently. Selutions nclude: 1mpr0v1ng the ride-through capability of
equipment, adding additional protectlve equlpment (such as an uninterruptible power
supply), or making improvements or changes ifi the power system [4].

Voltage sags are temporary RMS reducuons in voltage typically lasting from a
half cycle to several'seconds. They are a major power quality concern since they can
cause sensitive eleetronic cquipment to fail and motor-contacts to drop out". IEC
documents use the tesn dip rather than sag. Sags result from high currents, typically
due to faults or starting motors, interacting with system impedances. The magnitude
of a sag is described by either (1) the resulting per unit voltage, or (2) the per unit
voltage decrease below fiominal. An eventithat results in a voltage of 0.7 pu can be
described as either a "sag to 0.7 pu" or'a "sag of 0.3 pu”{8].-“An example of voltage
dip characteristic is'shown in figure4.3.

_—

Voltage during fault

! i
1 pu —
-——— | ‘
Q | |
=] [ ‘
.g | |
on
<
= .
@ Total clearing
S time
S >
> Time(s)

Figure 4-3  Example of voltage dip curve
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Voltage sags caused by severe weather conditions, car pole accidents, utility
equipment operations or failures, and adjacent customers are beyond your control.
However, voltage sags caused internally in your facility can be resolved using
different mitigation techniques before implementing the following standards. To help
improve the robustness or voltage sag ride-through capabilities in the procurement of
new equipment and improvements in equipment system design, the industry
association for the semiconductor industry known as Semiconductor Equipment and
Materials International (SEMI). Figure 4.1 shows the voltage envelope curve and the
dips of each load points have to be compared with this curve. If the dips violate the
envelope, the customer will be cut off from/the system [11].

1 pu
0.0 e

0.8 [ g L AL
0.7 | = o LY

()]
|

ge level o

Volta

e

0.01 0.02 0.1 ik | 10
Duration of Disturbance (seconds)
Figure 4-4 _ Veltage Envelope curve of SEMI F47[11]

Duration of dips is mainly determined by the fault clearing time. Generally
speaking faults in transmission systems are cleared faster than the faults in the
distribution system, which effects the duration of faults depending on its location in
the system. Voltage dip. is much more of a “global” problem than interruption.
Reducing the number of interruption typically tequires imprevement on one feeder,
but reducing number of voltage sdgs requires improvement on several feeders, and
often even at transmission lines far away. Most of the current interest in voltage sag is
directed to voltage sag due to shoft circuit faults. These voltage/sags are the ones
which ‘eauses the majority of €quipment trip [ 12].

4.4  Impact of voltage dip on system reliability

There are two kinds of impact on system reliability due to voltage dip in my
thesis.
(1) Impact of voltage dip on the reliability of system with fuse
(2) Impact of voltage dip on the reliability of the system with recloser-fuse
coordination.
To focus impact of voltage dip, voltage and current during fault have to be calculated
firstly.

Figure 4.5 shows the example test system to study fault calculation. Base
MVA is 25 and base voltage is 11 kV. Base current is 2272 kA. Impedance data of
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system is shown in table 4.1. Using the evaluation techniques shown in section 4.2,
voltage and current during fault can be calculated as shown in table 4.2.

Table 4-1 Impedance data of example test system

branch From bust Tobus | R X
1 0 1 0.0731 0.0567
2 1 2 0.0731 0.0567
3 2 3 0.0731 0.0567
4 3 4 0.0585 0.0454
5 1 5 0.0585
6 1 6 '
7 2 '
8 2 <
9 3
10 3
11 4

breakerj

0
_P|X

Table 4-2  Voltage dEing fau urrent whe&ult occur at branch 10

Load point Voltage during fault Total fault current

@'u 8‘—’3 V g_gﬂ %Jw EI ’] ﬂ ‘57011 per unit

L QRN TR INNAY
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Table 4-3 Voltage and current during fault when fault occur at branch 4

Load points Voltage during fault Total fault current
1 0.7368 2.8433 per uint

2 0.7368 or

3 0.4737 6460 kA

4 0.4737

5 0.2105

6 0.2105

7 0.0000

4.4.1 Impact of voltage dip on the reliability.of system with fuse

a | b || o d |
\'\\‘\

fuse \ -
1 1 s 3 g 44 i_fault vd |

LP1 LP2 PR3- ) R4y LPS LP6 LP7

|

Figure 4-6 Exampl’e’ritest‘ system with fuse

Voitage"during fault

‘ ;
1 pu [
(.3 — ‘
2 0 0.04s |
E I |
8
<
= .
2 Total clearing
S time
- >
- Time($)

Figure 4-7  Characteristic curve of voltage dip at loat point 4

In general, suppose a fault occurs on laterals, the fuse will be trip out theirself from
the system. Therefore, the fault will only trip out the faulted load from the system. But
in this case, it should be considered whether the voltage level at other load points is
satisfactory or not for customer. If the customer cannot tolerant the voltage dip, they
will be cut off from the supply. Suppose that a fault occurs on lateral 6 and the fuse
will trip out only load LP 6 from the system. In this case, impact of voltage dip is not
considered and we assumed that other load points can stand the voltage dip caused by
fault. Actually, every load point can not stand the voltage dip and some of them may
trip out from the system even though fuse is used in laterals. In this thesis, this impact
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will be taken into account for reliability calculation. Example test system with using
fuse is shown in figure 4.6.

Suppose when a fault occurs at lateral 6 we will focus the impact of voltage on
load point 4. The voltage dip level at this load point is 0.5 pu and fault current is 6138
kA. According to the time-current characteristic curve of fuse shown in figure 3.1, the
total clearing time of fuse is 0.04 seconds. Therefore, the characteristic curve of the
voltage dip at load point 4 becomes figure 4.7.
The curve of voltage dip has to be compared with the voltage envelope curve of figure
4.4. According the comparison of two curves, the customer can stand only 0.02
seconds at voltage level of 0.5 pu. So there has an impact of voltage dip on load point
4 . Generally to evaluate the reliability indices at load point 4, we don’t need to
consider the interruptions of branch 10 as fiise is used. However, if we take into
account impact of voltage dip, the voltage dip at1oad point 4 is violated the envelope
curve. Therefore, to consider icliability of load.point 4, we also need to take into
account the interruption of lateral 6.

4.4.2 Impact of Veltage.Dip on the Reliability of System with Fuse-recloser
Coordination

Figure 4.8 show§ example -test system with fuse-recloser coordination
protection. In general,Suppose a fault oceurs on sections 4 and 3, the recloser will be
trip out theirself from the system: Therefore, the fault will only trip out the faulted
load from the system. But in this case, it should be considered whether the voltage
levels at load points are Satisfactory or not for customer. If the customer cannot
tolerant the voltage dip, they will becut off from the supply.

|

,|. (R)
>

fuse \ \ \ \

Loada ol d dle

LP1 LP2 LP3 | IlP4" LRS LP6 LP7

Figure 4-8 Example test system with fuse=recloser coordifiation

Suppose ‘a fault occurs at section 'd, the recloser will ‘be trip out the faulted
location and load point 7 will be cut off. There is no effect on other load points. If we
focus on load point 1, the voltage during fault is 0.7368 pu and fault current is 6460
kA. Using time-current characteristic curve of figure 3.3, the voltage dip characteristic
curve become as shown in figure 4.9.
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CHAPTER V

TEST RESULTS AND DISCUSSION

In this chapter, there are mainly two parts to study impact of protection system
operation and impact of voltage dip on/ system reliability. Using the evaluation
techniques from chapter 2 and knowledge of chapter 3, the impact of protection
system operation on system reliability can be'foeused. According to the methods from
chapter 4, voltage and curzent during fault can be.obtained using fault calculation. To
find the voltage dip charagteristic curve, the time-eurrent curves from chapter 3 and
the results from fault caleulation have to be used. In this thesis, Reliability Test
System of RBTS bus 2'1s used as a test system.

5.1 Datafor RBTS bus?2

The ReliabilityTest System of RBTS bus 2 is shown in figure 5. There is a
single 11 kV supply point for with .20 MW load on this network. The feeders are
operated as radial feeders although they are connected as a mesh through normally
open sectionalizing points. Component rehablhty data for the RBTS distribution
system are shown in Table 5.1. Table 5.2° shows types of feeder and their lengths as
well customer data and load data are shown in Table 5.3. All the data are from
brought [2] and [5]. In this test, only the 11KV feeders are taken into account while
any failure in the 33kV system; the 33/ 11KV substation ,and the 11kV breakers are
ignored.

LP10 LPI11} EPI2"LPE3TLP14 7 LPIS

QO—x—F2

;‘12| rVeTriw v
33kV 14 —I—

11kV

r1 LP8

TRV

LP2 LP3 LP4 LP5S LP6 LP7

Figure 5-1  One line diagram of RBTS bus2
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Table 5-1 Component reliability data for RBTS distribution system

Type A A r r S
Transformer

33/11kV 0.05 0.015 -- 15.0 1.0
LT | - 0.015 200.0 10.0 1.0
Breakers

33kV 0.002 0.0015 4.0 -—- 1.0
11kV 0.006 0.0040 4.0 - 1.0
Bus bars

33kV 0.001 0.001 200 - 1.0
111kV 0.001 0.001 20 --- 1.0
Lines 2

33kV 0.060 0.046 8.0 --- 2.0
11kv. | e 0.065 U -—- 1.0
Cables \

11kV | - 01040 | 30.0 3.0

Note: Lines and Cables Mailute raiess are ‘in t/yr-km. Where LT is lateral
transformer, A is momentary faiture raté:,J (f/yr), 4,1s active failure rate (f/yr) , r is

>7"m

repair time(hr) , r, is replacement time of transformer and s is switching time (hr).

Table 5-2 Feeder type and length' Sdla
Type Length(km)" | féeder section numbers
1 0.6 2,6, 10, 1417, 21,25, 28,30, 34
2 0752 1,4,7,9,12,16, 19, 22_,‘;2,4 ,27,,29 ,32 ,35
3 0.8 - 3,5, 8,11 15,18,205,23,26, 31,33,36
Table 5-3  Customer number and load data
Loads Peaks Avetrage Noof
Points Load Load /Eoad pt (MW)! |ICustomer/load pt
1-7 5.934 3.645 652
8-9 3.500 2.15 2
10-15 5.057 3.106 632
16-22 5.509 3.390 622

5.2 Reliability Improvement

To improve reliability, appropriate coordination of protective devices have to
be used in the system. In this thesis, three cases will be analysed, i.e.
(1) Effect of lateral protection or fuse.
(2) Effect of fuses and disconnecting switches.
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(3) Effect of fuse-recloser coordination in which case disconnecting switches are not
considered.

Using the given data in table 5.1, Base case load point reliability indices for
RBTS bus 2 system can be calculated as in Table 5.4.

Table 5-4  Basic indices of test system

Feeder Load Failure Rate | Repair Rate Outage Time
Point
1.0000 0.6260 37.7029 23.6020
2.0000 0.6260 37.7029 23.6020
3.0000 0.6260 37.7029 23.6020
1 4.0000 0.6260 374029 23.6020
5.0000 0.6260 3727029 23.6020
6.0000 076260 37.7029 23.6020
7.0000 0,6260 ST 23.6020
2 8.0000 Qa9 ¥, 5.0104 0.9607
9.0000 04917 L 5.0104 0.9607
10.000 055901 <12 £36.3900 20.3420
11.000 0.5590 _ 36.3900 20.3420
3 12.000 05590 L 36.3900 20.3420
13.000 0.5590 *‘ 36.3900 20.3420
14.000 0.5590: +36:3900 20.3420
15.000 0.5590. £ 36.3900 20.3420
16.000 0.6260- : J3_7;.7029 23.6020
4 17.000 0.6260° 37.7029 23.6020
18.000 0.6260 37.7029 23.6020
19.000 0.6260 37.7029 23.6020
20.000 . 0.6260 327029 23.6020
21.000- 0.6260 37.7029 23.6020
22.000 0.6260 37.7029 23.6020
Table 5-5 customer indiges and energy-otiented indices
Feeder SAIEL SAIDI CAIDI ENS AENS
1 0.6260 23.6020 37.7029 86.0293 0.1319
2 0.1917 0.96070 5.0104 2.0656 1.0328
3 0:5590 20.3420 36.3900 63.1s23 0.1000
4 0:6260 23.6020 37.7029 80.0108 0.1286

Based on evaluation techniques described in chapter 2, the system indices and energy
indices can be calculated. Table 5.5 shows system indices and energy indices. For the
base case , no protective device is used in the system.
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Effect of lateral distributor protection

In this case, using protective devices, the reliability indices will be calculated.
Table 5.6 shows Basic
indices , whereas System and energy oriented indices are shown in table 5.7.

The fusegears will be used as protective devices of lateral.




Table 5-6 Basic indices of the system with lateral protection
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Feeder | Load Point Failure Rate | Repair Rate Outage Time
1.0000 0.2393 17.2257 4.1212
2.0000 0.2523 16.5956 4.1863
3.0000 0.2523 16.5956 4.1863
1 4.0000 0.2393 17.2257 4.1212
5.0000 0.2523 16.5956 4.1863
6.0000 0.2490 16.7470 4.1700
7.0000 0.2528 16.5956 4.1863
2 8.0000 0.1397 5.0000 0.6987
9.0000 0.1397 5:0000 0.6987
10.000 02425 17:0619 4.1375
11.000 02523 16.5956 4.1863
3 12.000 02555 | 16.4481 4.2025
13.000 02523 = 16.5956 4.1863
14.000 02555 =7 ' 164481 4.2025
15.000 0.2425 17.0619 4.1375
16.000 0.2523. 34 16.5956 4.1863
4 17.000 0.2425 s 4 17.0619 4.1375
18.000 0.2425~ . 17.0619 4.1375
19.000 02555 — +4,16.4481 4.2025
20.000 02555 M6.4481 4.2025
21.000 -0.2523 /15,0496 3.7963
22.000 - 0.2555 - 16.4481 4.2025
Table 5-7  Customer-indices and energy-oriented indices
Feeder SAIEL SAIDI CAIDI ENS AENS
1 0.2481 4.1654 16.7973 15.1827 0.0233
2 0:1397 0.6987 5.0000 125023 0.7512
3 0:2501 4.1754 16:7019 12.9688 0.0205
4 0.2509 4.1236 16.4448 13.9789 0.0225

Table According to ithe results from tables:5.5 and ' 5. 7"With_fuse, the SAIFI
of feeder'1 i1s decreased from 0.626 to 0.2481 fail/yr and SAIDI is decreased from 23.
602 to 3.6138 to 4.1654 hr/yr. Other indices can also be compared.

5.2.2 Effect of fuses and disconnecting switches

In this case, the disconnecting switches or isolators will be used on the main
feeders in addition to lateral protection. The modified system reliability can be seen in
table 5.8 and table 5.9.




Table 5-8  Basic load point indices of test system
Feede | Load Point | Failure Rate | Repair Rate | Outage Time

r
1.0000 0.2393 14.9436 3.5753
2.0000 0.2523 14.4311 3.6403
3.0000 0.2523 14.4311 3.6403

1 4.0000 0.2393 14.9436 3.5753
5.0000 0.2523 14.4311 3.6403
6.0000 0.2490 14.5542 3.6240
7.0000 0.2523 14.2765 3.6013

2 8.0000 0.1397 18337 0.5428
9.0000 O 3:6047 0.5038
10.000 02425 14.7567 3.5785
11.000 012523 14.3796 3.6273

3 12.000 025635 '+ 14.2603 3.6435
13.000 0.25231-, <13 £14.3796 3.6273
14.000 025656 ~, 14.2603 3.6435
15.000 02425, \ 14.7567 3.5785
16.000 02523 144311 3.6403

4 17.000 0:2425, '-nf'11_4.8103 3.5915
18.000 0.2425- 14.7567 3.5785
19.000 0.2555 14.2603 3.6435
20.000 0.2555 142603 3.6435
21.000 0.2523 14.2250 3.5882
22.000- 2555 141076 < 3.6045
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Table According to the results from tables 5.5 and 5.9, it can be known that
fuse can improve SAIFIL, and disconnectings switches can reduce repair time. With
fuse, the SAIFJ, of feeder 11is decreased from 0.626t0 0.2481 fail/yr and SAIDI is
decreased from ' 237602 to'3.6138 hr/yr It can-be known that fuse can improve
SAIFI whereas disconnecting switches can improve SAIDI.

Table 5-9 " Energy-oriented of Test system with fuse and disconnecting switches
Feeder SAIFI SAIDI CAIDI ENS AENS

1 0.2481 3.6138 14.5730 13.1722 0.0202

2 0.1397 0.5232 3.7442 1.1250 0.5625

3 0.2501 3.6164 14.4655 11.2326 0.0178

4 0.2509 3.6129 14.4073 12.2476 0.0197




5.2.3 Effect of fuse-recloser coordinatin on system reliability

. 7’% T3 é@ T

—— {3

LP10 LP11 LP12 LP13 LP14 LPIS

TR,k

F1 LP8

ey -0

LPl# LP2 /-LP3 LP4 LPS ELEP6 LP7

Figure 5-2 «Testsysiem with fuse-recloser coordination
|
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Table 5-10 Basig reliability indices
Feeder Load Faiuge rate. Repair rate Outage time
points 4 \ |4
1 01515 7 24.3069 3.6825
2 0.1645 b 225312 3.7475
1 3 0.1645 Ll 227812 3.7475
4 0.1515 1 243069 3.6825
5 0:2523 = 16.5956 4.1863
6 0.2490 | .16.7470 4.1700
7 0.2523 - 16.5956 4.1863
2 8 0.1008 5.0000. - 0.5038
9 0.1397 5.0000 0.6987
10 0.1548 23.9015 3.6988
Il 0.1645 2247812 3.7475
3 12 0.1678 22.4367 3.7637
13 0.2523 16.5956 4.1863
14 0.2555 16.4481 4.2025
15 0.2425 23.9015 4.1375
16 0.1645 22.7812 3.7475
17 0.1548 23.9015 3.6988
4 18 0.2425 17.0619 4.1375
19 0.1678 22.4367 3.7637
20 0.2555 16.4481 42025
21 0.2523 15.0496 3.7963
22 0.2555 16.4481 4.2025
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Table 5-11  System and Energy oriented indices

Feeder SAIFI SAIDI CAIDI ENS AENS
1 0.1979 3.9146 20.5878 14.2689 0.0219
2 0.1203 0.6013 5.0000 1.2927 0.6463
3 0.2062 3.9560 21.0108 12.2875 0.0194
4 0.2133 3.9355 19.1610 13.3415 0.0214

In this case, the effect of fuse-recloser coordinaton on system reliability will
be focused. Fuses are used at all lateral and recloser is used as shown in figure 5.2.
Table 5.10 and 5.11 shows basic reliability, system and energy oriented indices of this
case. According to table 5.5 and 5.11, the reliability improvement can be seen clearly.
For feeder 1, SAIFI is decreased from 0.626 to 0.1979 fail/yr. SAIDI is decreased
from 23.602 to 3.9146 hr/yr. Other indices can.alSo be compared.

5.2.4 Comparison of reliability levels

Reliability level can be compared for four base as shown below:

Case A: no protective deviee isused. |

Case B: fuse is used asfatezal protection..

Case C: fuse and disconnecting switches arc used.

Case D: fuse-recloser.€oordination is used and in this case disconnecting switches are
not used in the system. 5

Table 5-12 Comparison 0f customer indices and energy-oriented indices

SAIFI __ SAIDI OAIDI ENS AENS
Feeder | Case (A) :no protective device
No. T
1 0.6260 23.6020 37.7029 86.0293 0.1319
2 0.1917 0.96070 5.0104 2.0656 1.0328
3 0.5590 20.3420 36.3900 63.1823 0.1000
4 0.6260 23.6020 37.7029 80.0108 0.1286
System | 0.6034 22.4984 37.2891 231.2879 0.1212
Total
Feeder | Case (B)|:with fuses
No.
1 0.2481 4.1654 16.7973 15.1827 0.0233
2 0:1397 0.6987 5.0000 15023 0.7512
3 0:2501 4.1754 16.7019 12.9688 0.0205
4 0.2509 4.1236 16.4448 13.9789 0.0225
System | 0.2495 4.1514 16.6368 43.6328 0.0229
Total
Feeder | Case (C) : disconnecting switches- fuses-
No.
1 0.2481 3.6138 14.5730 13.1722 0.0202
2 0.1397 0.5232 3.7442 1.1250 0.5625
3 0.2501 3.6164 14.4655 11.2326 0.0178
4 0.2509 3.6129 14.4073 12.2476 0.0197
System | 0.2495 3.6111 14.4715 37.7774 0.0198
Total
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Feeder | Case (D) : fuse-recloser coordination

1 0.1979 3.9146 20.5878 14.2689 0.0219
2 0.1203 0.6013 5.0000 1.2927 0.6463
3 0.2062 3.9560 21.0108 12.2875 0.0194
4 0.2133 3.9355 19.1610 13.3415 0.0214
Total 0.2056 3.9317 19.1245 41.1905 0.0216

Customer and Energy-oriented indices or SAIFI, SAIDI, CAIDI, ENS and
AENS can be compared in detail as shown in table 5.12. Figure 5.3 shows the
comparison of SAIFI. In case B, according to'the results, using fuses on the laterals,
system total SAIFI is reduced from 0.6034 1o 0.2495 fail/yr. Furthermore in case C,
if disconnection switches is used on allisections, the index will reduced to the same
values as case B. It can be knewn that there is no-impact of disconnecting switches on
SAIF. In case D, using fuse-recloser coordination can make SAIFI improve to 0.2056
fail/yr.

Figure 5.4 compares SAIDI results. Case A, with no protective device has
SAIDI 22.4984 fail/yt. In ease' By it decréases from 22.4984 to 34.1514 hr/yr using
of fuse. In case C, with fuseg and . disconnecting switches, SAIDI is decreased to
14.4715 hr/yr. In case Dy fuse-recloser ‘coordination results in the value of SAIDI
from 22.4984 to 3.9317 hr/yr if compared with case A.

0.7

system average interruption frequency index fail/yr

case A case B case C case D

Figure 5-3  Comparison of SAIFI
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Figure 5-5 Comparison of CAIDI
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Figure 5.5 shows the comparison of CAIDI. The value of CAIDI is 37.2891
hr/yr in case A. In case B, it is decreased to 16.6368 and reliability is better. Using
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fuses and disconnecting switches, CAIDI further decreases to 14.4715 hr/yr while
fuse-recloser coordination results in the CAIDI decrease to 19.1245.

Figure 5.6 shows the comparison of ENS. Case A ENS 84 MWhr/yr. Using
fuse in case B, it can improve to 54.8 MWhr/yr. Using fuse and disconnecting
switches, it can improve ENS to 35.2 MWhr/yr which is the best result. Fuse-recloser
coordination has also great effect on ENS compared with case A, since ENS 38.15
MWhr/yr.

Figure 5.7 shows the comparison of AENS. Using fuse can be reduced amount
of AENS 0.1212 to 0.0229 MWhr/yr for each customer by comparing case A and
case B. If fuse and disconnecting switches are used as in case C, AENS can be
reduced to 0.0198 MWhr/yr. For consideration of fuse-recloser coordination, the
amount of AENS can be reduced to 0.0216 MWht/yr.

Using some protective devices such as fuseé , disconnecting switchs or isolators
and recloser ,the customer.indices and energy-oriented indices can be improved. It can
be known that using proteetive device on distribution system is an important role to
improve its reliability.

5.3 Impact of voltage dip©n power system reliability

In figure 5.8, Feeder I of RBTS bus 2 comprises a number of buses and load
points. In this case wes€onsider only Feeder 1 of RBTS bus2 for calculation of voltage
during fault. Disconnecting §witches are'not considered since it takes long time to
operate itself, which is‘beyondthe time frame of voltage dip. Voltages levels of each
load point when bolted fault gecurs at lateral feeder 5 are shown for example in figure
5.9. Regarding fault calculation,-the base- power and the base voltage for this test
system are assumed as 25SMV A and 11kV respectively. The base current is calculated
to be 2272.7 A. Assume that impedance of transformer is 22.1j and impedance of line
is 0.472+0.366j per kilo meter [43]. -

breaker section
| ! L
Fateral '1 2 13 4 5_ 6
LP LP EP LP LP LP LP
1 2 374 5 6 7

Figure 5-8 Feeder 1 of RBTS bus 2 system

To analyse the impact of voltage on system reliability, it can be divided into two
cases. The first one is focused on system with using fuses and the last is to focus on
system with fuse-recloser coordination.
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Figure 5-9 Comparison Veltage fevels of eiﬁéh&oad point when fault occurs at lateral 5
3 F"
d # -y :IJ‘—I
5.3.1 Voltage dip impact on system using fuses

"B

a | ' % b | c | d |

fuse \ \ \
1 a9 2 3 | 4 ol 6 7__
LP1 LEP2 LP3 ‘P4  LP5 LP6 1LP7

Figure 5-10  Test system with only fuses

Figure 5.10 shows the test system with considering only a fuse on each lateral.
For an example analysis, it is assumed that a fault occurs at the middle of lateral 5.
During fault, the voltage level of each load point will drop to an individual value.
Figure 5.11 shows the characteristic curve of voltage dip on LP 1. In this case, the
fault current of 2.6569 pu, and the voltage level at LP1 will decrease to 0.7541 pu. For
base current is 2272.7 A, the total fault current will be 6.03 kA. According to the fault
current and current-time characteristic shown in figure 3.1, the total clearing time is
0.08 s. After the fuse has tripped out the fault, the voltage will be back to 1 pu. It can
be known clearly that fuses play an important role on voltage dip of the system. The
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characteristic of voltage dip cure is similar for all other load points. However, the
amount of dip and total clearing of fuses is different.

Voltage during fault
‘ i
I pu —
0.7541 ——— | ‘
E | 0.08s |
.E | |
g !
=
(]
&g
S
>
Figure 5-11 of voltage dip on Load point 1 when fault occurs

on lateral 5

According to [ 4 A . nd it’s duraton of each load
point can be seen. Aft 1 \ ‘ ~ e dij - on system reliability can be

obtained.
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Table 5-13 Impact of voltage dip on load point 1
Without voltage dip impact With voltage dip impact
Faulted A r(hr/yr) H Total Dip Vtg dip A
location (failure/ Hr/failure Fault Crt | time (yes/no) | (failure/
Yr) A (s) Yr)
section a 0.0488 5 0.2440 24556 - - The old
section b 0.0488 5 0.2440 12278 - - indices
section ¢ 0.0488 5 0.2440 185.2 - - is the
section d 0.0390 5 0.1950 - - same
with
lateral 1 0.0390 5 0.03 - new
LT 0.015 200 - - ones.
lateral 2 0 0.035 No
LT 0 No
lateral 3 0 0.05 No
LT 0 No
lateral 4 0 = 61389 | 0.04 No
LT 0 ] ' 2114 I 47341 | 0 No
da 5045.7
lateral 5 0 : ~ 0.08 No
i o ﬂum% mﬂ e | w
lateral 6 0 0.7500' 2,708 W 0.075 No
LY 0 : 0 N
ammnm, yopR Y| e QEe | N
lateral 7 0 0.9873 2.2201 0.1 No
LT 0 0.9873 0.2060 0 No
Total 0.2394 17.218. 1 4.122
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Table 5-14 Impact of voltage dip on load point 2

Without voltage dip impact

With voltage dip impact

Faulted A v H A r H
location | (failure/yr) | (hr/yr) | (hr/failure) (failure | (hr/yr) | (hr/failure)
fyr)
section a | 0.0488 5 0.2440 0.0488 5 0.2440
section b 0.0488 5 0.2440 0.0488 5 0.2440
section ¢ 0.0488 5 - 0.2440 0.0488 5 0.2440
section d | 0.0390 5 0.1950 0.0390 5 0.1950
lateral 1 0 0 0 0.0390 5 0.1950
LT 0 0 0 0 - -
lateral 2 0.0520 5 0.2600 0.0520 5 0.2600
LT 0.0150 200 3 0.0150 200 3
lateral 3 0 0 - -
LE 0 0 - -
lateral 4 0 0 - -
LT 0 0 - -
lateral 5 0 0.7541e| 2.6569 fs 5045 7 0 - -
SR AUBpBmINeNg | ¢ | - |
lateral 6| 0 W 07500 | 27011 % o, 0
Ayt AN Top -
FRINNFUHRIINY TR
lateral 7 0 q 0.7945 2.2201 No 0
5 g 0 0.9873 0.2060 No 0
Total 0.2524 16.5888 | 4.1870 0.2914 15.0378 | 4.382
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Table 5-15

Impact of voltage dip on load point 3

Without voltage dip impact | With voltage dip impact
Faulted A r H Voltage |Total Faul Vtg dip A r H
location (failure/yr) | (hr/yr) | (hr/ Level(pu) [ ( (yes/no) | (failure/yr) | (hr/yr) (hr/yr)
Failure)

section a | 0.0488 5 0.2440 0.0000 - 0.0488 5 0.2440
section b | 0.0488 5 0.2440 0.0000 - 0.0488 5 0.2440
section ¢ | 0.0488 5 0.2440 0.333 - 0.0488 5 0.2440
section d | 0.0390 5 0.1950 0.4737 - 0.0390 5 0.1950
lateral 1 |0 0 0 0.4444 Yes 0.0390 5 0.1950
LT 0 0 0 0.9875 No 0 0
lateral 2 |0 0 0 0.5161 No 0 0 0

LT 0 0 0 0.9875 No 0 0 0
lateral 3 | 0.0520 0 0 0.3478 0.05 Yes 0.0520 5 0.260
LT 0.015 0 0 0. 9753 No 0.015 0 0
lateral 4 |0 5 0.195 - 0.0390 5 0.1950
LT 0" 200 3 - 0 200 3
lateral 5 |0 0 ; : s ) No 0 0 0

: o gmERmENIRIAR I P |
lateral 6 |0 0 (%OOO 2.7011 ¢ 6138.9 | 0.075 Noy 0 0 0
Y " ARTANSRI AN taY 0 |°

AW TN a6l ARk

lateral 7 0 0 | 0.5890 2.2201 5045.7 | 0.1 No 0 0 0

LT 0 0.9749 0.2060 468.18 |0 No 0 0 0
Total 0.2394 17218 - | 4.122 0.3304 13.8529 | 4.577
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Table 5-16 Impact of voltage dip on load point 4

Without voltage dip impact 20N\ With voltage dip impact
Faulted | A r J7 Voltage |1 :E‘ t Vigdip | A r 7
location | (failure/yr) | (hr/yr) | (hr/failure) | Level " Current 2 (yes/no) (hr/yr) | (hr/yr)

(pu) W)

section a | 0.0488 5 0.2440 0.0000 - 0.0488 |5 0.2440
section b | 0.0488 3 0.2440 0.0000 - 0.0488 |5 0.2440
section ¢ | 0.0488 5 0.2440 0.3333 - 0.0488 |5 0.2440
section d | 0.0390 5 0.1950 0.4737 - 0.0390 |5 0.1950
lateral 1 |0 0 0 0.4444 Yes 0.0390 |5 0.1950
LT 0 0 0 0.9875 No 0 0 0
lateral 2 |0 0 0 0.5161 No 0 0 0

0 0 0 0.9875 No 0 0 0
lateral 3 |0 0 0 0.3478 0.05 Yes 0.0520 |5 0.260

0 0 0 0.9751 No 0 0 0
lateral 4 | 0.0390 5 0.195 - 0.0390 |5 0.1950

0.015 200 3 E 0.015 |200 3
lateral 5 |0 0 : J ! No 0 0 0

) Y Wi S
lateral 6 |0 0 0.5000 2. 0.075 0 0 0 0

0 0 0.9750 0.2083 " 473.41= 0 No&/ |0 0 0
ST o YWAIINTMLEMUMLINYNAY, | |,

0 0.9749 0.2060 468.18 |0 No 0 0 0

Total 0.2394 17.218 | 4.122 0.3304 | 13.8529 | 4.577
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Table 5-17 Impact of voltage dip on Load Point 5

\ ‘ r : With voltage dip impact

Without Voltage dip impact :
Faulted A r H Voltage ¥ al. Di Vtgdip | A r H
location | (failure | (hr/yr) | (hr/failure) | Level : fime (yes/no) | New (hr/yr) | (hr/

/yr) (pu) A : failure)
section a | 0.0488 |5 0.2440 0.0000 0.0488 |5 0.2440
section b | 0.0488 | 5 0.2440 0.0000 0.0488 |5 0.2440
section ¢ | 0.0488 |5 0.2440 0.0000 0.0488 |5 0.2440
section d | 0.0390 |5 0.1950 0.2105 4 164 - 0.0390 |5 0.1950
lateral 1 |0 0 0 0.4444 L TEI8642% | M Yes 0.0390 |5 0.1950
[ P4 ¥ 0 0 0 0.9875 1 1= 486 AN 0 0 0
lateral 2 | 0 0 0 0.5161 0 0 0

0 0 0 0.9875 0 0 0
lateral 3 |0 0 0 0.3478 5237 73 | o. Yes 0.0520 |5 0.2600

0 0 0 0.9751 0 0 0
lateral 4 | 0 0 0 0.2857 | = —1 STl {;l es 0.0390 |5 0.1950

0 0 0 09752 " ' : 0 0 0
lateral 5 | 0.0520 | 5 0.2600 0.0000 0.0520 |5 0.2600

0.0150 | 200 3 0. ME £ -i 0.0150 | 200 3

0 :
lateral 6 | 0 0. 3 es 0.0488 |5 0.2440
LT 0.9628 ¢ 02083 ¢ |473.41 [0 No @/ |0 0 0

: Ao AN gAY
lateral 7 |0 {q‘.‘ 03;1 . N\ 22 m 0 ’;.] m e a E 0390 |5 0.1950
LY ' 0.9627 0.2060 468.18 | 0 No 0 0 0
Total 0.2524 | 16.5888 | 4.1870 04702 |[11.221 | 5.276

LS



Table 5-18 Impact of voltage dip on load point 6

Without voltage dip impact O / With voltage dip impact
Faulted A r H Voltage otal Faul | Totd 'Di Vtgdip | A r H
location | (failure | (hr/yr) | (hr/ Level gent— | Faults me | (yes/no) | (failure | (hr/yr) | (hr/
/yr) Failure) | (pu) /yr) Failure)
section a | 0.0488 |5 0.2440 | 0.0000 0.0488 |5 0.2440
section b | 0.0488 |5 0.2440 | 0.0000 0.0488 |5 0.2440
section ¢ | 0.0488 |5 0.2440 | 0.0000 0.0488 |5 0.2440
section d | 0.0390 |5 0.1950 | 0.2105 0.0390 |5 0.1950
lateral 1 |0 0 0 0.4444 0.0390 |5 0.1950
P § 0 0 0 0.9875 0 0 0
lateral 2 | 0 0 0 0.5161 0 0 0
LT 0 0 0 0.9875 0 0 0
lateral 3 |0 0 0 0.3478 0.0520 |5 0.26
LT 0 0 0 0.9751 ; 0 0 0
lateral 4 |0 0 0 0.2857 04 0.0390 |5 0.1950
LT 0 0 0 0.9752 0 0 0
lateral 5 |0 0 0 0.2623 2.6569 60384 | 0.08 0.0520 |5 0.26
LT 0 0 0.9 10.208 1 A472:05711 @ 0 0 0
UBINYWINTID
lateral 6 | 0.0488 |5 0.244 0.0000 27011 | 61389 |0.075 |- Y 0.0488 |5 0.244
LT 0.015 200 3 q Woﬂfa .. | ‘T}T)-] ]3 1 .015 200 3
NTTatU] NP8 g

lateral 7 |0 ' 9] 0.3836 22201 50457 |0.1 | Yes 0.0390 |5 0.1950
LT 0 0.9627 0.2060 468.18 |0 No 0 0 0

Total | 0.2492 | 16.74 4.171 0.5612 [9.4 5.276
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Table 5-19 Impact of voltage dip on Load point 7

Without voltage dip impact With voltage dip impact
Faulted A r H Voltage Vitgdip | A < H
location | (failure/ | (hr) (hr/failure) | Level (yes/no) | (failure/ | (hr/yr) | (hr/

yr) (pw) yr) failure)
section a | 0.0488 |5 0.2440 0.0000 BO467/ / 12455 - 0.0488 |5 0.2440
section b | 0.0488 |5 0.2440 0.0000 1023 12048 - - 0.0488 |5 0.2440
section ¢ | 0.0488 |5 0.2440 0.0000 1" 3.6 181852 : - 0.0488 |5 0.2440
section d | 0.0390 |5 0.1950 0.0000 3433/ | 6462 - 0.0390 |5 0.1950
lateral 1 |0 : 0 0.4444" | 6.00° 3 | Yes 0.0390 |5 0.1950
LE 0 - 0 0.9875 No 0 - -
lateral 2 | 0 - 0 0.5161 No 0 -
LT 0 - 0 0.9875 No 0 - -
lateral 3 |0 - 0 0.3478 Yes 0.0520 |5 0.2600
LT 0 - 0 No 0 - -
lateral 4 | 0 i 0 ~[38588 | 8770 04 | |Yes 0039 |5 0.1950
LT 0 - 0 p j ' No 0 - -
lateral 5 | 0 - 0 0.2623 4 2.6569 6038.4 0.08 Yes 0.0520 |5 0.2600
Sl MYYANENINENng 0 | |
lateral 6 | 0 - 0 “25(‘)07 2.701l1 ¢ 6138.9 0.075 Yes 0.0488 |5 0.2440
LT 0 - 0 O.gS . 0.38 4&4}] iy % w Nél 0 - -
lateral 7 |0.0520 |5 o.2eaw '& bﬂ fl. oiu us 7 ’3 : E] l E] 0.0520 |5 0.2600
LT 0.0150 | 200 3 9 0.0000 | 0.2060 468.18 0 0.0150 | 200 3
Total 0.2524 16.589 | 4.1870 0.4832 | 11.0534 | 5.341
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Table 5-20 New basic load point indices due to voltage dip impact

Load point Failure rate Repair rate Outage time
1 0.2394 17.218 4.122
2 0.2914 15.0378 4.382
3 0.3304 13.8529 4.577
4 0.3304 13.8529 4.577
5 0.4702 11.221 5.276
6 0.5612 9.4 5.276
7 0.4832 11.0534 5.341

Table 5.20 shows new basic load point indices of test system dude to voltage
dip impact. Using these indices and evaluation techniques, the followings indices can
be calculated. And then, system indices and‘caergy oriented indices can compare for
three cases as follows.

Case A : system.without using protective deviees.

Case B : system with" fuses on laterals .

Case C: system with fuses on laterals with consideration of voltage dip
impact. The comparison'of #€liability indices for these three cases is shown in Table
5.21. '

Table 5-21 Comparison of reliability indices

Indices Case A Case B Case C

SAIFI (failure/yr) 0.6260 0.2481 0.3866

SAIDI (hr/yr) 236020 4.1654 4.793

CAIDI (hr/yr) 37.7029 16.7973 12.398

ENS (MWh/yr) 86.0293 15.1827 17.47

AENS (kWh/yr) 131.9 23.3 26.8
0.7

system average interruption frequency index fail/yr

1 2 3
case A case B case C

Figure 5-12  Comparison of SAIFI




61

amount of energy not supply MWhr/yr

Case A case B case C

Figurg 5-13 Comparison of ENS

According to the results of case Biithe system reliability is improved if fuses
are applied to lateral. In case B, we did not consider impact of voltage dip, and it is
assumed the fuses will immediately, trip out the fault. In case C, the impat of voltage
dip is also considered. According to figure 5,10, if the fuse is used in the system,
system average interruption frequency index will decrease 0.626 to 0.2481 fail/yr. But
if the impact of voltage dip.is considered, the index will increase from 0.2487 to
0.3866 fail/yr . Figure 5.11 shows the comparison of ENS. Using fuse on laterals, the
value of ENS will redice-86:0293-to-15:1827 MWhr/yr=tlowever, when the impact of
voltage dip is considered, ENS will increases from 15.1827to 17.47MWh/yr.

5.3.2 Impact of voltage dip on system reliability with fuse-recloser coordination

recloser fault
a | - £ | c /} | d ? |
T‘ \RJ‘ r
fuse 7\ \ \
1 1 2 3 1 4 5 Xt 6 7_ |
LP1 LP2 LP3 LP4 LPS LP6 LP7

Figure 5-14  Test system with consideration of fuse and recloser

Figure 5.14 shows Test system with consideration of fuse and recloser.
Suppose that a permanent fault occurs at lateral 5 with the current 6.03 kA, impact of
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recloser and fuse on voltage dip can be seen in figure 15. The result shows that the
recloser will firstly operate with its fast curve having operating time of 0.015 sec.
However, he fault still remains, and the fuse will trip out the fault. After that, the
voltage will be back to 1 per unit.

A
1 pu >
0.7541 |- —-—-
09135 > 0.08 s |
voltage vl j
Recloser fast Recloser Total clearing
switching time ~opening time time of fuse
0 ) >
Time (s)

Figure 5-15  Characteuistic.of voltage dip on LP1 when fault occurs at lateral 5

In another casgy'a fault occurs lat section d with the current 6.46 kA, the
characteristic of voltage dip gan be scen in figure 5.16. The recloser will finally trip
out clearly the fault after 21.165 'seconds: Then the voltage will come back to 1 per
unit. If recloser is not used, the bieaker Will’ have to disconnect the fault line. It will
take long time to get baek the normal conditions and it ean make other load points cut
off from the system. With this kind of analysis, we will be able to prepare and set up
proper coordination between the customer’s protection system and the utility’s to
avoid permanent trip from the yoltage dip. Whether the voltage dip has impact or not
on the system can be decided using voltage dip level and dip time as shown in figure
A-1to A-7. According to Table 5.22 to 5.28,_-the detail calculation can be seen.

A
—»
1 pu
0.7368- — — —- ' ' 15s
0.015 s 5s 0.15 s | I's
- R - R I—
voltage i 1 4] < -
ok I8 | L) e
swiighing ime - Opening switching time OPening time

Time (S)

Figure 5-16  Characteristic of voltage dip on LP1 when fault occurs at section d



Table 5-22 Impact of voltage on load pont 1(fuse-recloser coord1 4‘

Without voltage dip impact With voltage dip impact
Faulted A r H A r H
location | (failure | (hr/yr) | (hr/ (failure | (hr/yr) (hr/

/yr) failure) /yr) failure)
section a | 0.0488 |5 0.2440 0.0488 |5 0.2440
section b | 0.0488 |5 0.2440 0.0488 |5 0.2440
section ¢ |0 - 0.0488 |5 0.2440
section d | 0 - - 0.0390 |5 0.1950
lateral 1 | 0.0390 |5 0.195 0.0390 |5 0.195
| 0.015 | 200 3 0.015 200 3
lateral 2 | 0 0 -

0 0 -
lateral 3 |0

0
lateral 4 |0

0
lateral 5 |0

0
lateral 6 |0

0

198 5 AR
lateral 7 |0 0.7945 2.2201 5045.7 |0.1 No
0.9873 0.2060 468.18 |0 no

Total 0.1516 | 25.61 3.883 02394 |17.218 |4.122

€9
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Without voltage dip impact With voltage dip impact
Faulted A r H Voltage Vtgdip | A r H
location | (failure | (hr/yr) | (hr/ (yes/no) | (failure | (hr/yr) | (hr/

/yr) failure) /yr) failure)
section a | 0.0488 & 0.2440 0.0488 |5 0.2440
section b | 0.0488 5 0.2440 0.0488 |5 0.2440
section ¢ |0 0 0 yes 0.0488 |5 0.2440
section d | 0 0 0 yes 0.0390 |5 0.1950
lateral 1 |0 0 0 Yes 0.0390 |5 0.1950
LT 0 0 0 0 - -
lateral 2 | 0.0520 |5 0.2600 0.0520 |5 0.2600
LT 0.0150 | 200 3 0.0150 | 200 3
lateral 3 |0 0 - -
LT 0 0 - -
lateral 4 |0 0 - -
LT 0 0 - -
lateral 5 |0 ﬁ?} rﬁg 0 - -
LT 0 i ‘ 0 - -

Y ¢ 3

lateral 6 |0 7 0& ﬁg# 6138.9 %(% J?] ﬁ
£ Q Jow) 2wl 4 [0 71 4N
lateral 7 |0 0.7945 2.2201 5045.7 (0.1 No 0
LT 0 0.9873 0.2060 468.18 | 0 No 0
Total 0.165 22.72 3.748 0.2914 | 15.0378 | 4.382

¥9
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Table 5-24 Impact of voltage on load pont 3 (fuse-recloser coordinatio

Without voltage dip impact N\ With voltage dip impact
Faulted A r Voltage Vtgdip | A r H
location (failure | (hr/yr) | (hr/ Level (yes/no) | (failure | (hr/yr) (hr/

/yr) failure) | (pu) /yr) failure)
ection a |[0.0488 |5 0.2440 | 0.0000 - 0.0488 |5 0.2440
section b |0.0488 |5 0.2440 | 0.0000 - 0.0488 |5 0.2440
section ¢ |0 0 0 0.3333 yes 0.0488 |5 0.2440
section d |0 0 0.4737 yes 0.0390 |5 0.1950
lateral 1 |0 0 0 0.4444 Yes 0.0390 |5 0.1950
Et 0 0 0 0.9875 No 0 0 0
lateral 2 |0 0 0 0.5161 No 0 0 0
LT 0 0 0 0.9875 No 0 0 0
lateral 3 |0.0520 |5 0.2600 | 0.0000 - 0.0520 |5 0.2600
LT 0.0150 | 200 3 0.0000 - 0.0150 | 200 3
lateral 4 |0 02857“’?:x :' 770 +0.U5  Yes 0.0390 |5 0.1950
ET 0 0.9752 . No 0 0 0

* d

lateral 5 |0 0.5082 | 2.6569 6038.4 00 No 0 0
LT 0 0.9750 02081 47295 No 0 0
lateral 6 |0 %u Q)m EI n1§ w 0 0’1r ﬁ 0 0
L 0 0.9 0.2083 473.41 No Y 0 0
lteral 7|0 o) Jassbar) mfu 0487 | JO-‘H EINbEN B o 0
[ 0 q 0 9749 0.2060 | 468.18 0 No 0 0
Total 0.1646 | 22.77 3.748 0.3304 | 13.8529 |4.577

S9
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Table 5-25  Impact of voltage on load point 4 (fuse-recloser coordination;

Without voltage dip impact With voltage dip impact
Faulted | A r H Voltage Vigdip | A r H
location | (failure | (hr/yr) | (hr/ Level (yes/no) | (failure | (hr/yr) (hr/

/yr) failure) | (pu) /yr) failure)
section a | 0.0488 |5 0.2440 | 0.0000 0.0488 |5 0.2440
section b | 0.0488 |5 0.2440 | 0.0000 0.0488 |5 0.2440
section ¢ | 0 0 0 0.3333 0.0488 |5 0.2440
section d | 0 0 0 0.4737 0.0390 |5 0.1950
lateral 1 |0 0 0 0.4444 0.0390 |5 0.1950
LT 0 0 0 0.9875 0 0 0
lateral 2 |0 0 0 0.5161 0 0 0
LT 0 0 0 0.9875 0 0 0
lateral 3 [0 0 0 0.3478 0.0520 |5 0.260
LT 0 0 0 09751 0 0 0
lateral 4 | 0.0390 |5 0.195 0.0000 0.0390 |5 0.1950
LT 0.015 200 3 0.0000 0.015 200 3
lateral 5 |0 0 0.5082 0 0 0
1 0 0 O.9ﬂ) 0 0 0
lateral 6 |0 0 0.5000 0 0 0
LT 0 0 Q ﬁ;i 7 p] é—"i 0 0
lateral 7 |0 0 g/ 0.5890 0 0
£y 0 0.9749 0 0 0
Total 0.1516 |24.29 3.683 0.3304 | 13.8529 |4.577

99
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Table 5-26 _Impact of voltage on load point 5 (fuse-recloser coordinati !

Without voltage dip impact | [With voltage dip impact
Faulted | A r H Voltage | Tota Vtg dip A r H
location | (failure (hr/yr) | (hr/ Level icil : i e (yes/no) | (failure (hr/yr) | (hr/

/yr) failure) | (pu) A (A (8 /yr) failure)
section a | 0.0488 5 0.2440 | 0.0000 0.0488 5 0.2440
section b | 0.0488 5 0.2440 | 0.0000 0.0488 5 0.2440
section ¢ | 0 0 0 0.0000 0.0488 5 0.2440
section d | 0 0 0 0.2105 0.0390 5 0.1950
lateral 1 |0 0 0 0.4444 0.0390 5 0.1950
LT 0 0 0 0.9875 0 0 0
lateral 2 | 0 0 0 0.5161 0 0 0
LT 0 0 0 0.9875 0 0 0
lateral 3 | 0 0 0 0.3478 3 5232 =480 _ 0.0520 5 0.2600
LT 0 0 0 0.9751 \ 02107 | 478.86 ‘ 0 0 0
lateral 4 | 0 0 0 0.2857 58 0.0390 5 0.1950
LT 0 0 0 0.9752 114 0 0 0
lateral 5 | 0.0520 5 0.2600 | 0.0 4. - 0.0520 5 0.2600
LT 00150 |200 |3 (ﬁ @ﬁ Yl %sﬁ W}EJ 17179 looso 200 |3
lateral 6 | 0 0 0 0. 2500 2.7011 6138.9 J 0.025 | Yes éﬁ .0488 5 0.2440
LT 0 0 0 m 173 .4 f 0 0

3 IRTHEMITRARNINYT{E

lateral 7 | 0 0 0 9103836 |2.2201 5045.7 |0.1 Yes 0.0390 5 0.1950
LT 0 0 0 0.9627 | 0.2060 468.18 |0 No 0 0 0
Total 0.1646 22.17 3.748 0.4702 11.221 | 5.276

L9




Table 5-27 Impact of voltage on load point 6 (fuse-recloser coordination

Without voltage dip 1mpact With voltage dip impact
Faulted A Voltage Vtg dip A r
location (failure (hr/yr) (hr/ Level (ves/no) | (failure | (hr/yr) | (hr/

/yr) failure) (pu) /yr) failure)
section a | 0.0488 |5 0.2440 0.0000 - 0.0488 | 5 0.2440
section b | 0.0488 |5 0.2440 0.0000 - 0.0488 | 5 0.2440
section ¢ |0 0 0 0.0000 - 0.0488 | 5 0.2440
section d |0 0 0 0.2105 - 0.0390 |5 0.1950
lateral 1 |0 0 0 0.4444 Yes 0.0390 |5 0.1950
LT 0 0 0 0.9875 No 0 0 0
lateral 2 |0 0 0 0.5161 No 0 0 0
LT 0 0 0 0.9875 No 0 0 0
lateral 3 |0 0 0 0.3478 0.0520 |5 0.26
LT 0 0 0 0 0 0
lateral 4 |0 0 0 0.0390 |5 0.1950
LT 0 0 0 0 0 0
lateral 5 |0 0 0 0.0520 |5 0.26
LF 0 0 0 0 0
lateral 6 |0.0488 |5 0.244 0.0000 |2.7011 61389 10075 |- o, 00488 |5 0.244
LF 0.015 200 3 q Wﬁ \ﬁeﬁﬁm ﬂlﬁr]aj ﬂ J/']1 a EJ0.0IS 200 3
lateral 7 |0 9 10383 |2.2201 5045.7 | 0.1 Yes 0.0390 |5 0.1950
LT 0 0.9627 | 0.2060 468.18 |0 No 0 0 0
Total 0.1614 | 23.12 3.732 0.5612
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Table 5-28

Impact of voltage on load point 7 (fuse-recloser coordir

Without voltage dip impact | With voltage dip impact
Faulted A H Voltage Vitgdip | A r H
location | (failure (hr/yr) (hr/ Level | Cumesn (yes/no) | (failure | (hr/yr) (hr/

/yr) failure) | (pu) /yr) failure)
section a | 0.0488 |5 0.2440 | 0.0000 0.0488 |5 0.2440
section b | 0.0488 |5 0.2440 | 0.0000 0.0488 |5 0.2440
section ¢ |0 0 0.0000 0.0488 |5 0.2440
section d | 0 - 0 0.0000 0.0390 |5 0.1950
lateral 1 [0 - 0 0.4444 0.0390 |5 0.1950
LT 0 - 0 0.9875 0 - -
lateral 2 |0 - 0 0.5161 0 - -
LT 0 - 0 0.9875 0 - -
lateral 3 |0 - 0 0.3478 0.0520 |5 0.2600
LT 0 - 0 09751 ~ 0 - -
lateral 4 | 0 - 0 0.2857 0.0390 |5 0.1950
LT 0 - 0 0.9752 0 - -
lateral 5 |0 - 0 0.2623 216569 6038.40.» | 0.08 | Yes 0.0520 |5 0.2600
LT 0 - 0 09ﬁ ﬁ : q 0 . -

WEINPIWE TR
lateral 6 |0 - 0 02500 | 2.7011 61389 0,075 | Yes 0488 |5 0.2440
L5 0 - 0 - : 'a 2 5
AT INII NN

lateral 7 | 0.0520 |5 0.2600 9| 0.0000 | 2.2201 5045.7 0.1 0.0520 |5 0.2600
LT 0.0150 | 200 3 0.0000 | 0.2060 468.18 0 0.0150 | 200 3
Total 0.1646 |22.77 |3.748 0.4832 | 11.0534 | 5.341

69
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Table 5-29  Reliability indices of they system with fuse-recloser coordination

Without voltage impact With voltage impact

Load | Failure Repair Outage Failure rate | Repair rate | Outage
point | rate rate time time

1 0.1516 25.61 3.883 0.2394 17.218 4.122
2 0.165 22.72 3.748 0.2914 15.0378 4.382
3 0.1646 22.77 3.748 0.3304 13.8529 4.577
4 0.1516 24.29 3.683 0.3304 13.8529 4.577
5 0.1646 22.77 3.748 0.4702 11.221 5.276
6 0.1614 23.12 3.732 0.47 11.225 5.276
7 0.1646 22.77 3.748 0.4832 11.0534 5.341

5.3.3 Comparison of System Reliability Level

Table 5-30  Comparisginof System and energy-oriented indices

Indices No proteetive Using fuse-recloser Using fuse-recloser
devicg coordination with voltage dip

impact

SAIFI (failure/yr) | 0:6260 0:1605 0.3736

SAIDI (hr/yr) 23,6020 42911 4.7930

CAIDI (hr/yr) 3777029 26.738 12.83

ENS (MWh/yr) 86.0293 15.64 17.47

AENS (kWh/yr) 131.9

24 26.8

0.7

system average interruption frequency index fail/yr

Figure 5-17

Comparison of SAIFI
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Table 5.29 shows the basic indices for two cases: the first one is the system
with using fue-recloser coordination and the rest is this system considering impact of
voltage dip. In this section, there are three cases to analyze the impact of voltage dip
clearly. They are
(a) Case A: system without using protective device.

(b)Case B: system with fuse-recloser coordination.
(c)Case C: system with fuse recloser coordination including consideration of voltage
dips impacts.

According to the results of case B, the system reliability is improved if fuses —
recloser are applied to the system. In case B, we did not consider impact of voltage
dip, and it is assumed the fuses will immediately trip out the fault. In case C, the
impat of voltage dip is also considered. According to figure 5.17, if the fuse-recloser
coodination is used in the system, system avciage interruption frequency index will
decrease 0.626 to 0.1605 fail/yr. But when the impact of voltage dip is considered, the
index will increase from 0.4605 1o 0.3736 fail/yr . Figure 5.18 shows the comparison
of ENS. Using fuse-recloser cootdination, the value of ENS will reduce 86.0293 to
15.64 MWhr/yr. Howeéver, when the impact of voltage dip is considered, ENS will
increases from 15.64 tod7.47MWh/yr:

According test resultsy it'cai be known clearly that the system reliability can
be improved using appropriate protectiverdevices. However, the voltage dip impact
on system reliability worsens the system reliability again. If we do not taken into
account voltage dip impact,the system will not obtained its satisfactory reliability as
expected. It can be known that veltage dip impact is also important for the system
reliability, and it is need t0 protect fhie unsatisfactory voltage dips as a future work.

il



CHAPTER VI

CONCLUSION

The study on impact of voltage dip and protection system operation on electrical
distribution system has been conducted in'this.thesis. Firstly the reliability indices of
the existing system are focused. Moreovet, it is‘¢learly known that with the proper use
of protective devices, the'system rehablhty Can-be 1mproved Generally, the impact
of voltage dip on system reliability is not considered. It is clearly shown that the
voltage dip caused by fault at. encpoint has impact on another. The impact of voltage
dip on system reliabilityhas beenanalyzed in this thesis.

The application ofithe most common types of devices, including line reclosers,
automatic sectionalisers and manual switches are applied and their impact on system
reliability is analysed. Secondly, an analysis to quantify the reliability improvements
with protection coordination 1s conducted?TJhis thesis focus on three cases to evaluate
the impact of protection system on<system reliability. First, the impact of fuse is
analysed if it is used as$ lateéral protection. It can be seen clearly that there is a great
impact of using fuses /on ‘reliability mdlces Second, the effect of fuse and
disconnecting switches on systens rehablhtryare also analysed. According to the test
results, this case provides the best result for system reliability. Amount of energy not
supply to customers is the largest. In the last case, fuse-recloser coordination is
considered on the system and-it has also great impact on reliability improvement.
This case provides the best result of System average interiruption frequency index. In
this case, disconnectifig switches is not considered. Suppose it disconnecting switches
is considered in this case, it is surely that it will be the best for system reliability. This
thesis describes and cempared the system reliability for-different conditions.

Generally, protective devices will trip out the fault. When a fault occurs, the
voltage level of all customers, is decreased. dt isycalledeas wvoltage dip. And if the
customers can’t notsolerate, the voltage dip will cause intermuption. It is considered
that instantaneous power shortage has little effect on they system, equipment and
users in terms_of power_reliability. So_voltagé sags are generally ignored when
considering the contirvity and dependability of the pawetsupply."But with the change
of the load structure in the contemporary procedure require higher quality for power
supply. Voltage sag has made severe influence for a lot of equipment, and is
considered to cause the most badly dynamic power quality problem. It is important to
correctly evaluate the effect of voltage dips should be taken into consideration [14].

In this thesis, the impact of voltage dip on system reliability is also analysed.
The protection scheme of fuse-recloser coordination is used to focus the impact of
voltage dip. After that, the thesis shows the comparison of the reliability indices for
the system with no protective device, system with fuse-recloser coordination, and
system with fuse-recloser coordination with consideration of voltage dip impact.
According to the results, the reliability level of the system is increased by using fuse-
recloser coordination. And then it becomes to decrease when the impact of voltage dip
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is considered. Therefore, it can be known that the voltage dip worsens the system
reliability.

As a future work, how to protect the impact of voltage dip can be considered.
Moreover , the impact of more protective device can also be considered such as
breaker, sectionalizer.
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