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ABSTRACT

This thesis describes research conducted III the area of electric power

distribution system adequacy assessment. The objectives of this research work were to
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probability distributions for feeders, individual networks and the overall distribution
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c�������i��-_�:..��.:..J The potential utility financial risks in a PBR regime are

evaluated incorporating the reliability index probability distributions in a

reward/penalty structure. An imposed reward/penalty structure can have a major impact
on the selection of suitable projects for reliability improvement. Some of the basic

concepts associated with the development of procedures to generate a reasonable

reward/penalty policy are introduced and examined. An examination of the risks in a

performance based regime using historical performance data from the CEA Service

Continuity Reports is presented. The research work described in this thesis clearly
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development andapplication in a PBR regime.
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CHAPTER!

INTRODUCTION

1.1 Electrical Power Systems and Reliability Concerns

The basic function of an electric power system is to supply its consumers with

electrical energy as economically as possible and with a reasonable degree of continuity
and quality. While satisfying this function, the power system must also remain within a

prescribed set of operational constraints. Design, planning and operating criteria and

techniques have been developed over many decades in an attempt to resolve and satisfy
the dilemma between the economic, reliability and operational constraints. The criteria

and techniques first used in practical applications were all deterministically based, and

many of these criteria and techniques are still in use today [1]. The essential weakness

of deterministic criteria is that they do not response to nor do they reflect the

probabilistic or stochastic nature of system behaviour, of customer load demand or of

component failures. Probabilistic techniques have been developed [1-9] which

recognize, not only the severity of a state or an event and its impact on system

behaviour and operation, but also the likelihood or probability of its occurrence.

Deterministic techniques do not include this latter aspect and therefore cannot

objectively recognize the inherent stochastic variability of the system. Today,
enhancements in computing facilities, improvements in evaluation techniques and the

availability of suitable reliability data have resulted in the development of a wide range

of probabilistic methodologies for power system reliability evaluation [1].

Power system reliability evaluation, both deterministic and probabilistic, can be

divided into the two basic aspects of system adequacy and system security [2] as shown

in Figure 1.1.
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System Security

System Reliability

Figure 1.1 Subdivision of system reliability

System adequacy relates to the existence of sufficient facilities within the

system to satisfy the customer load demand or system operational constraints. These

adequate facilities include the necessary generation facilities and the associated

transmission and distribution facilities required to transport the energy to the actual

consumer load points. Adequacy is therefore associated with static conditions in the

system.

System security relates to the ability of the system to respond to disturbances

arising within that system without triggering uncontrolled and widespread cascading
events. Security is therefore associated with the response of the system to whatever

perturbations it is subjected to. This includes the conditions associated with both local

and widespread disturbances and the loss of major generation and transmission

facilities.

Most of the probabilistic techniques presently used for reliability evaluation are

in the domain of adequacy assessment [4-8]. The ability to assess security is limited due

to the complexities associated with modelling the system in the security domain.

The basic techniques for reliability assessment can be categorized in terms of

their application to segments of a complete power system. These segments are shown in

Figure 1.2 and can be defined as the functional zones of generation, transmission and

distribution. Adequacy evaluation study can be conducted in each of these functional

zones or at appropriate hierarchical levels [2].
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Figure 1.2 Basic power system hierarchical levels

Reliability assessment at hierarchical level I (HU) is concerned only with the

generation facilities. In an HU study, the system generation is examined to determine

its adequacy to meet the total system load requirement, considering random failures and

protective maintenance of the generating units. The transmission and distribution

systems required to move the generated energy to the consumer load points are not

included in this analysis.

Hierarchical level II (HLII) assessment includes both generation and

transmission facilities. HLII studies can be used to assess the adequacy of a system,

including the impact of. various reinforcement alternatives, at both the generation and

transmission levels. These effects can be assessed by evaluating two sets of indices:

individual load point and overall system indices. There are many complications in HLII

analysis such as overload effects, redispatch of generation, and the recognition and

consideration of independent, dependent, common-cause and station-associated outages.

Hierarchical level III (HUll) evaluation includes all three functional zones. A

practical power system is very complex and therefore it is very difficult to evaluate the

entire system as a single entity using a completely realistic and exhaustive technique.

3



1.2 Electric Power Industry Deregulation and Performance Based Regulation

HUll studies are, therefore, not usually done directly. Detailed analysis is usually

performed in the distribution functional zone and HLII load point indices are used as

input values to the zone.

Customer load interruptions caused by generation and bulk transmission system

failures normally constitute only about twenty percent of the total interruptions. The

remaining eighty percent of the customer interruptions occur within the distribution

system [19]. Reliability evaluation is often conducted entirely within the distribution

functional zone to provide quantitative adequacy indices at the customer load points.
These indices reflect the topology of the distribution network, the components used and

the system operating philosophy. The research work described in this thesis deals with

adequacy assessment within the distribution functional zone.

The electric power industry in North America and indeed throughout the world

is undergoing deregulation in regard to its structure, operation and governance [10]. The

traditional vertically integrated utility structure consisting of generation, transmission

and distribution functional zones has in many cases been decomposed into separate and

distinct entities, each of which performs a single function in the overall electrical energy

delivery system. In the new environment, generation companies are separately owned.

They compete to sell energy to customers, and cannot be controlled by the same entities

that operate the transmission system. Transmission companies move the required

energy over high voltage lines. Distribution companies provide the required energy at

the retail levels and customers are being given the opportunity to choose their service

providers.

Deregulation of the electric utility industry provides opportunities for utility

competition and customer choice. Electricity customers, however, are usually connected

to a unique distribution system that largely determines system reliability. These

customers are captive, and cannot switch distribution systems if their reliability

4



becomes unacceptable. Regulatory authorities are movmg to performance based

regulation (PBR) to provide an appropriate balance between reliability and cost [11].

Performance based regulation is being adopted as the rate regulation scheme for

electricity distribution utilities in Ontario, Canada. PBR decouples the price that a utility

charges for its service from its cost, and is intended to provide the electricity
distribution utilities with incentives for economic efficiency gains [12]. Distribution

utilities could theoretically reduce costs by increasing their efficiency. They could also

reduce operating cost by deferring capital projects, reducing in-house expertise, and

increasing maintenance intervals. In order to discourage utilities from sacrificing
service quality while pursuing economic incentives, performance measures of system

reliability and other service qualities are integrated in a PBR plan. The Ontario first

generation PBR plan utilizes utility historic performance as its specified service

reliability standards, and requires that utilities that have at least three years of data on

the reliability indices should at minimum remain within the range of their historic

performance. In those situations where a utility has not monitored service reliability in

the past, it is required to initiate monitoring and reporting the stated indices [11].

The Ontario Energy Board did not state what would happen in the first

generation PBR if utility reliability indices are out of the expected range. After

sufficient data are collected, a reward/penalty structure (RPS) could be introduced into

the PBR plan to encourage electric distribution utilities to maintain appropriate

reliability levels in the new regime. In this case, PBR provides the electricity
distribution utilities with incentives to operate efficiently and to innovate, and also

introduces a potential financial risk due to the uncertainty associated with future system

performance [11].

1.3 Distribution System Reliability Evaluation

Distribution systems have received considerably less attention regarding

reliability evaluation compared to that focused on generation and transmission systems
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over the past few decades. The main reasons for this are that distribution systems are

less capital intensive, and failures in this portion of the power system tend to have

localized effects [2].

Customer service failure statistics compiled by most utilities, however, show

that the maximum contribution to the unavailability of energy supply to an individual

customer is due to the distribution system. Customer load points connected to a highly
reliable generation and transmission system could still have inadequate energy supply
because of unreliable distribution system facilities. It is, therefore, necessary to establish

a balance between generation, transmission and distribution system investment and

reliability.

The move towards deregulation in the electric power industry has created a new

climate of utility competition and customer choice. As described previously, there are

many challenges and potential risks for regulatory agencies and power utilities in the

new regime. Distribution system reliability evaluation can provide valuable information

for the regulatory authorities and also assist the utility industry to reduce the financial

risks associated with operation in the new regime.

Reliability assessment of a distribution system is concerned with the system

performance at the customer load points. Quantitative assessment techniques in this area

originated in 1964 {13]. The paper by D. P. Gaver, F. E. Montmeat and A. D. Patton

introduced the concept of failure bunching in parallel facilities due to storm associated

failures and outages as a result of component overloading in parallel systems. A major
contribution was the introduction of procedures for calculating failure frequency

(approximated as failure rate) and average outage duration in addition to the probability
of failure. R. Billinton and M.S. Grover extended this work and presented a consistent

set of equations for series/parallel system reduction including adverse weather and

permanent, temporary, maintenance and overload outage modes [14,15]. The concept of

utilizing minimal cuts in complex configurations was illustrated in Reference 14.

6



The basic parameters used to evaluate the reliability of a distribution system can

be categorized as load point reliability indices and system reliability indices [2]. The

basic load point indices are the load point failure rate, the average outage time and the

average annual outage time. The basic set of system reliability indices includes the

System Average Interruption Frequency Index (SAIFI), the System Average

Interruption Duration Index (SAIDI), the Customer Average Interruption Frequency
Index (CAIFI), the Customer Average Interruption Duration Index (CAIDI), the

Average Service Availability Index (ASAI), and selected load or energy oriented

indices such as the Energy Not Supplied (ENS) and Average Energy Not Supplied

(AENS). The system reliability indices can be obtained by using the three basic load

point indices and information on the number of customers connected to each load poim .; __

in the system. The load point and the system reliability indices form a complete set of

parameters that describes the reliability of a distribution system and serve as basic__

service quality indices.,__

The load point...aruLsystem reliability indices are normally established on an

annual basis. Because of the stochastic nature of the power system, the indices for any

particular year are random values as they are functions of the component failures, repair
times, and restoration times within the year. A complete representation of any of these

indices involves knowledge of the underlying probability distributions. Average or

expected values of the reliability indices are sufficient in most applications. It is

relatively easy to compute these average values as the associated analytical techniques
are highly developed for both radial and meshed distribution systems. Certain other

applications such as performance based regulation studies, and reliability cost/worth

studies may require the development of the distributions associated with the annual

reliability indices [2].

1.4 Research Objectives and Outline of the Thesis

The basic objective of this research is to examine the utilization of reliability
index probability distributions in electric power distribution system analysis and

decision making. Earlier research in this area conducted at the University of
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Saskatchewan [16, 17, 18] mainly focussed on load point and feeder reliability index

analysis. These studies have been extended in this research and the concepts applied toL---- .�

PBR. The objectives of the research work reported in this thesis are:

• To examine the utilization of the Monte Carlo simulation method in the

development of reliability index probability distributions for feeders, buses and total

distribution systems.

• To examine the effect on the probability distributions of various changes in

system configuration.

• To incorporate the probability distributions in performance based regulation,
and to examine the financial implications of changing the reward/penalty structures and

the system configurations.

• To assess potential system risks in the PBR regime using actual reliability data

from CEA service continuity reports.

This thesis is structured in eight chapters. This chapter briefly introduces some

general concepts of power system reliability evaluation, power system deregulation,

performance based regulation, and presents the research objectives and the thesis

structure.

Chapter 2 introduces some basic electric power distribution system concepts,

including load point reliability indices and system reliability indices. This chapter also

introduces the test systems used in this research.

Chapter 3 describes the analytical evaluation method and the Monte Carlo

simulation approach used to evaluate the reliability of a distribution system, and

illustrates and compares their applications to a simple configuration.
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Chapter 4 illustrates the application of the Monte Carlo simulation method to

develop reliability indices and their distributions for the feeders, main supply points

(buses), and the total distribution system in the test system.

Chapter 5 briefly introduces the concepts of SAIFI and SAIDI sensitivity

analysis due to sy�ar@lele� and then extends these concepts by

considering system configuration changes.
��

Chapter 6 examines the incorporation of probability distributions in a

reward/penalty structure (RPS). This chapter presents some sensitivity analysis on RPS

payments by changing the reward/penalty structure and modifying the system

configuration. A method to create a reasonable reward/penalty policy is presented in

this chapter.

Chapter 7 introduces some actual reliability data from the Canadian Electricity
Association (CEA) Service Continuity Reports and develops probability distributions

using the actual data. The data are used to evaluate the potential financial risks in a PBR

regime by incorporating actual reliability index probability distributions.

Chapter 8 presents a summary of the research work reported in this thesis

together with some concluding remarks.

1.5 Summary

This chapter provides a brief review of some basic concepts on power system

reliability evaluation, electric power industry deregulation, and performance based

regulation. The significance of distribution system reliability evaluation and the basic

indices used in this area are introduced. The research objectives and an overview of the

organization of this thesis are presented.

The next chapter presents some general descriptions of typical power

distribution systems, their components, reliability indices, and the evaluation techniques



used in this area. The distribution segments of Roy Billinton Test System (RBTS) have

been utilized as the test configurations in the research. Chapter 2 introduces the RBTS

and focuses on the distribution segments. The system data are provided in Appendix B.
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CHAPTER 2

DISTRIBUTION SYSTEM RELIABILITY EVALATION

2.1 Introduction

As noted in Chapter l, Canadian customer service continuity statistics compiled

by utilities show that distribution system failures result in approximately 80% of the

total customer interruptions [2]. Distribution system reliability evaluation is, therefore,

an important factor in the maintenance of appropriate system reliability levels.

Distribution system reliability evaluation can provide effective information in the

deregulated environment for regulatory agencies responsible for setting benchmarks and

to reduce the potential risks for power utilities entering the new regime.

The available assessment techniques can be categorized into two approaches of

analytical methods and Monte Carlo simulation methods. The analytical methods are

generally based on the minimal-cut-set method or failure modes analysis in conjunction
with sets of analytical equations that can incorporate all the realistic failure and

restoration processes. A distribution system can be represented by mathematical

models, and the expected values of the load points and system reliability indices can be

obtained. The bulk of the actual applications conducted in practical utility situations are

performed using analytical techniques [2] in which the required outputs are the expected
values of the load point and system reliability indices. A Monte Carlo simulation

approach can be used to produce these indices and also to obtain distributional

parameters that can not be easily obtained by analytical analysis.

This chapter presents some basic concepts on electric power distribution and on

the typical devices used in such systems. The basic load point reliability indices and

11



system reliability indices together with the approaches used for distribution system

reliability evaluation are introduced. The test systems used in the research described in

this thesis are taken from the Roy Billinton Test system (RBTS) [22-25], and are

introduced in this chapter.

2.2 Power Distribution Systems

As noted in Chapter 1, a complete electric power system can be separated into

the three functional zones of generation, transmission and distribution. A pictorial

representation of such a system is shown in Figure 2.1.

Poal!il Fue1ed Water POWIBred TranafornLlBr I

GiBneratinq P1anta

--------------------------------------------�----------------1-
I

TranafornLlBr TranafornLlBr

Figure 2.1 A typical power system comprising diagram

The generation and transmission portions form the bulk electricity system in

which faults or disturbances can have a significant adverse impact on both the local and

external areas. It should be noted that different systems may use different transmission

and distribution voltage levels from those in Figure 2.1. The transmission system

12



voltages are usually in the _!l.Q:_�kV range while the distribution system voltages are

usually lower than 11 OkV.
,...____

fA distribution system is that portion of an electric power system which links the
C I ; c.J.M. c1; /ll}

bulk electricity system or sources with the customer's facilities. Subtransmission lines,

distribution substations, primary feeders, distribution transformers, secondaries and

customer's services all form different parts of what can generally be called distribution

systems [19]. Subtransmission lines are used to transport electrical energy from the bulk

electricity system to the distribution substations serving different load areas. Each

distribution substation normally has many primary feeders, and each primary feeder can

supply subfeeders and load points through distribution transformers. The secondaries

and customer's services include the facilities from the secondary terminals of a

distribution transformer and the metering devices.

{(Figure 2.2 [20] shows a typical urban distribution system. The system is fed

from a distribution substation with the busbar split by a breaker or a disconnect into two

sections. Each primary feeder on one section of the busbar feeds, via an 11kV cable

network, many secondary distribution circuits designated as laterals.
. �X- �_ _§E_ _r_�--x--r �

��--r-----\----.-t
l)t-t5 � 'V 1

Distri bution
Substation

llkV

Primary Feeders

Normally
OpenPoini

i

Figure 2.2 An urban distribution system
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({The ring circuit shown in Figure 2.2 can be connected to a feeder on the adjacent
busbar at the substation. A ring circuit usually contains a normally open disconnect, the

purpose of which is to minimize the number of customers affected by a fault on the ring
circuit. Once the faulted circuit has been located, it can be isolated. The normally open

point can be closed to serve the maximum possible number of customers'[The primary
feeders are separated into many sections using disconnects, most of which are manually

operated. Fault location and customer load re-energisation can be a time consuming

activity. 11

((Figure 2.3 [20] shows a typical rural distribution system. The system shown in

Figure 2.3 is also supplied from a distribution substation with the busbar split into two

sections. The number of feeders in a rural system tends to be less than those in an urban

network. ».

Transformer Disconnect

llkV

Pole Mounted Recl oser /�rimary Feeders Subfeeders

Distri bution
Substation

Figure 2.3 A rural distribution system

Most rural networks contain overhead line distribution circuits. The overhead

lines are generally radial in form, although in some densely populated rural areas,

interconnection from radial circuits may be achieved to effectively produce a ring
circuit. Radial circuits usually have laterals and subfeeders supplying small local loads.

The primary feeder can be separated into several sections using suitable devices to

minimize the areas affected by a fault.

14



Urban and rural distribution systems usually have quite different characteristics

as their load and spatial densities are very different. Urban systems usually have higher

reliability levels [19].

2.3 Elements in a Distribution System

As described in the last section, a distribution system includes many electric

components such as feeders, sub feeders, circuit breakers, reclosers, fuses, disconnects,

and transformers. These elements are briefly introduced in the following.

A feeder in a distribution system is generally defined as a circuit which carries

electricity from a distribution substation to distribution transformers. A feeder usually
contains a circuit breaker and its associated protection devices, disconnects or isolators,
fuses and distribution lines. A pole mounted recloser is sometimes used to sectionalize a

feeder into several subfeeders.

A circuit breaker is designed to interrupt fault currents and can be used to break

and close/reclose a circuit automatically under faulted or normal operating conditions

within its rated values via its operating mechanism and suitable protection relays. It can

also be used to manually open or close a circuit when required. Breakers are considered

to be relatively expensive items and are used sparingly. Circuit breakers are usually
installed in distribution substations.

Disconnects (isolators) are used to connect or disconnect segments of the circuit.

Disconnects are not intended to interrupt circuit currents but may be required to

interrupt small capacitive currents associate with either open circuit breakers or adjacent
live circuits.

A fuse or a fused cutout is a one-shot device capable of carrying its rated

current, of carrying defined circuit overloads for predetermined times, of clearing
overloads in excess of predetermined times and of clearing short-circuit current caused
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by system faults. Fuses are much cheaper than circuit breakers. but once a fuse operates

its fuse-link must be replaced in order to put the circuit back in operation.

An automatic circuit recloser is a device capable of automatic tripping and

reclosing a preset number of times to clear transient faults or to isolate permanent faults.

It is a simplified circuit breaker which can be mounted on a distribution pole. Pole

mounted reclosers can be solenoid operated, and receive their closing energy from the

feeding primary circuit. They are often located approximately halfway along an

overhead line feeder in a rural distribution system to minimize the number of customers

experiencing a temporary loss of supply [20]. An automatic circuit recloser is therefore

less expensive than a circuit breaker, but more expensive than a fused cutout or

disconnect.

Distribution transformers are used to reduce pnmary system voltages to

utilization voltages. They usually have very low average failure rates, but require a long

repair time. In order to reduce interruption durations, faulted distribution transformers

are usually replaced on site, and then transferred to a maintenance center for repair.

This research is focused on reliability issues associated with permanent system

faults, and does not include momentary interruptions due to temporary faults. The effect

on the system reliability of the reclosing function of breakers or reclosers, therefore, is

not considered.

«2.4 Distribution System Reliability Indices

The reliability of a distribution system can be described using two sets of

reliability parameters. These are the individual load point reliability indices and the

overall system reliability indices [2]. D
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((Three basic load point reliability indices can be used to characterize the

continuity of power supply to an individual load point. They are the load point failure

rate (A), the average outage time (r) and the annual unavailability or the average annual

outage time (U). ))

(( 2.4.1 Load Point Reliability indices

The load point failure rate indicates the number of failures that a load point will

experience during a period of time, generally a year. The average outage time is the

average outage duration at a load point due to a load point failure. The average annual

outage time at a load point can be estimated from the product of the failure rate and

average outage time. This is the total duration in a year that power supply to the load

point is unavailable. It should be noted, however, that these three annual indices are not

deterministic values but are expected values of underlying probability distributions and

therefore represent long-run average values.

(2.4.2 System Reliability Indices

The three primary load point indices are fundamentally important. They can be

extended to provid�, an overall indication of system behavior and response. In order to

reflect the adequacy of system supply, additional reliability indices can be and are

freqU�uated. The ::WitieQal indice�s that are most commonly used are defined

as follows [2].

(1) System Average Interruption Frequency Index (SAIFI)

This index is defined as the average number of interruptions per customer served

per year.

SAIFI=
Total of Numberof InterruptiJns

=
L(A. * Ni)

Total Numberof Customers LM
(2.1 )

where Ai is the failure rate and N is the number of customers at load points i.
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This index is defined as the average interruption duration per customer served

per year.

SAIDI =
Total of CustomerHours of Interruptbns

=
L(U * N,)

Total Number of Customers LNi
(2.2)

(2) System Average Interruption Duration Index (SAIDI)

where U, is the annual outage time and N, is the number of customers at load

points i.

(3) Customer Average Interruption Duration Index (CAIDI)

This index IS defined as the customer average interruption duration for

customers interrupted during a year.

CAIDI =
Total of CustomerHours of Interruptions

=
L(U, * N,)

(2.3)
TotaI lYumbe':f!L!1}tf!t!:.1lJ2tlQl1s_-.·-·"' "' "kfJL�_l!!1_

where Ai is the failure rate, U, is the annual outage time and N, is the number of

customers at load points i.

(4) Index ofReliability (lOR) or Average Service Available Index (ASAI)

lOR = ASAI =
8,760Hours I year - SAlDI

_. . .

... �_._.'§_;l§_QHQ.ljr_s.lyear.
(2.4)

(5) Average Service Unavailability Index (ASUI)

ASUI = 1- ASAI = I-lOR =__ SA_I_D_I__
8,760Hours I year

(2.5)

(6) Expected Energy not supJ?lied index (EENS)
""----,-.._,-_.__._.- .,,,-""

'
_',-.... ' "_",'- - ",'.�,,,,, ""' ... ""'-""""." .. ,.._.... ,,� "'"".",

(2.6)
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Total Energy Not Supplied I.LU
AENS= =

Total Number of Customers Served ))
(2.7)

« where L, and Ui are the average load connected and the average annual outage

time at load point i.

(7) Average Energy not supplied index (AENS)

where L, U, and N, are the average load connected, the average annual outage

time and the number of customers at load point i.

The first five indices are customer-oriented indices and the last two are load

and energy-oriented indices. These indices are used not only to assess the past

performance of a distribution system but also to predict the future performance of the

system.

Table 2.1 shows overall Canadian distribution system performance indices for

1999 and 2000. Reference 19 also contains reliability data for urban utilities and

integrated utilities consisting of urban and rural systems. These data for 2000 are shown

in Table 2.2.

Table 2.1. Overall Canadian system performance reliability indices in 1999 and 2000

Index 1999 2000
SAIFI (interr. /yr) 2.59 2.26
SAIDI (br/yr) 4.31 3.23
CAIDI (br/interr.) 1.67 1.43

lOR (ASAI) 0.999508 0.999631
ASUI 0.000492 0.000369

Table 2.2. Reliability data of urban utilities and integrated utilities in 2000

Index Urban Utility Integrated Utility Canada

SAIFI (interr. /yr) 1.92 2.47 2.26
SAIDI (br/yr) 1.67 3.84 3.23
CAIDI (br/interr.) 0.87 1.55 1.43
lOR 0.999809 0.999562 0.999631
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2.5 Distribution System Reliability Assessment Techniques

As in the case of reliability evaluation at HLI and HLIt the reliability
assessment techniques applied in distribution systems can be divided into the two

categories of analytical and Monte Carlo simulation methods.

«2.5.1 Analytical Method

Analytical techniques represent a system by a mathematical model and evaluate

the reliability indices from this model using direct mathematical solutions, and are

usually based on failure mode and effect analysis [2]. Most of the reliability indices

obtained using analytical techniques are average or expected values.

Continuity in a radial distribution system requires that all components such as

circuit breakers, distribution lines, disconnects and transformers located between the

power supply point and the customer end be available. A direct analytical approach can

be used to obtain the average reliability indices at the different load points and for the

overall distribution system.

The three basic load point reliability indices i.e. the failure rate, the average

outage time and the average annual outage time can be obtained as follows. The

procedures used to obtain these indices are described in detail in Reference 2.

AI = LA! (2.8)
j

Vi=IA,I*n (2.9)

V,
(2.10)n=-

AI

where Aj and rj are the failure rate and repair time of the eventj respectively,
and Ai, r, and U: are the average failure rate, repair time and unavailability at load point
1. ))
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The system reliability indices shown in Equations (2.1) to (2.7) can be obtained

using the three load point reliability indices defined in Equations (2.8) to (2.10).

(( 2.5.2 Monte Carlo Simulation Method

(LA simulation is an imitation of the operation of an actual system over a period of

time [9]. Monte Carlo simulation is the designation for a well-known stochastic

simulation process, and is generally applied in one of two ways: state sampling or

sequential sampling T2-;-9l))The��has been utilized in the studies,
described in the thesis. The sequential approach simulates the basic system behaviour in

chronological order and provides more information than can be obtained using the state
�

sampling technique. .,

"'--..._'-..---- ..

---.-.�---�--- I

� In the sequential approach, a chronological history of the up and down times of

the system elements is generated using random number generators and the probability
distributions of the element failure and restoration processes. A sequence of system�"",",...,-....,.._......---" .....-.---

operating-repair cycles is obtained from the generated component histories using the
.--.....____.,,---

__._,_'"_._,,_.,.--''4.--------
.. -�-'........ '-""''' �_...- ..._.... , .·.·._�·�·� ... ""

"·"""..._.. _",,"'·ft;"'......,=.\..""'_"_"'__ ''''__�.. ;" .. "',"""" ........... "" .. _ .. "�.,..

.,____-.....-

relationships between the element states _@�tEstem states. The system reliability
��� ... _ ..

_" .. ,

_'"

_._.A
. �_ ...

_

indices and their distributions are then obtained from the generated system history".�
The sequential Monte Carlo simulation method has been used extensively to

perform distribution system reliability analysis [21], and can be used to obtain a wide

range of reliability indices. This technique is discussed in detail in Chapter 3.

2.6 Performance and Prediction

Quantitative reliability evaluation in distribution systems involves both past

system performance assessment and predictive reliability evaluation.

Past performance assessment involves observing, recording and analyzing
historical component failures, repair and restoration times, load point interruptions and

their durations, number of customers affected, etc. [2]. The resulting information is used
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to improve the performance of existing systems by changing the maintenance schedules,

modifying network configurations or protection schemes, providing spares or improving

component quality, etc.

All the major power utilities in Canada collect past performance indices using
the Canadian Electricity Association (CEA) reporting system. Annual reports on past

system performance are published by the CEA each year. The Annual Service

Continuity Report on Distribution System Performance in Electrical Utilities published

by the CEA is a very useful and informative indicator of customer service reliability

[19].

Predictive reliability evaluation provides relevant information associated with

future system operation and is normally performed during the system planning stage.

Predictive indices reflect the ability of the system to perform its intended function.

The information obtained from both past performance and predictive reliability
studies is useful to utilities, regulars and customers. The reliability indices of existing

systems can be used as reference indicators in the selection of appropriate values in the

reliability assessment of a proposed system. In a PBR regime, this information can also

prove valuable to reduce the potential financial risk to the distribution utility.

2.7 Roy Billinton Test System (RBTS)

The RBTS was developed at the University of Saskatchewan in 1989 as a

teaching and research vehicle for power system reliability evaluation. The basic data

and results for the test system are published in References 22 and 23. These papers

provide data and results for the generation and transmission system, but do not include

any information relating to distribution. The RBTS was extended to include distribution

systems at Bus 2 and Bus 4 in 1991 [24], at Bus 3, 5 and 6 in 1996 [25].
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The RBTS is a 6 bus test system with five load buses (Bus 2-Bus 6). It contains

11 generators and 9 transmission lines. The installed capacity is 240 MW and the

system peak load is 185 MW. The single line diagram is shown in Figure 2.4, in which

the transmission voltage is 230 kV.

Bus 3

----------� Bus6

85MW

Bus 5

20MW

Figure 2.4 Single line diagram of the RBTS

Distribution systems are connected to Buses 2, 3, 4, 5 and 6. These distribution

systems have different radial network configurations with a wide range of components

and disconnect locations. A variety of customer load types such as residential,

commercial, small industry, farm, large users, government and institutions, etc. are

represented. The single line diagrams are shown in Figures 2.5 to 2.9. The complete
RBTS system network is shown in Appendix A, and data relating to feeder type, feeder

length, feeder loading, customers and reliability are given in Appendix B.

23

The design of the RBTS distribution networks follows general utility principles
and practices regarding topology, component ratings and loading levels. The following
comments relate to these designs:

a) Customer loads are usually metered on the low voltage side. The

transformer is utility property and is included in the analysis. Some

loads are, however, metered on the high voltage side. In these cases, the

transformer is customer property and is not included in the analysis.
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Figure 2.5 Bus 2 distribution system network
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Figure 2.6 Bus 3 distribution system network
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Figure 2.8 Bus 5 distribution system network
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Figure 2.9 Bus 6 distribution system network

b) The feeders are operated as radial feeders but are in most cases

connected as a mesh through normally open sectionalizing points.

Following a fault on a feeder, the ring structure permits the

sectionalizing point to be changed and some customers to be served

from alternative supply points.

c) The single line diagrams show all the breakers but some isolating
devices are not shown.

d) All the 11 kV feeders and laterals are considered to be either overhead

lines or cables.

It can be seen from the diagrams that the distribution systems at Buses 2, 3, 4

and 5 can be designated as urban distribution systems because of their topology and
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load density. The distribution system at Bus 6 constitutes an urban/rural mix. The total

distribution system in the RBTS can be considered to be urban-dominant.

I
12.8 Summary

This chapter presents a brief introduction to electric power distribution system

concepts, typical distribution system schemes and various devices. The basic reliability
.

indices, system reliability indices and their evaluation approaches in this area are

I presented. The distribution systems from the RBTS are introduced.

The following chapter illustrates the utilization of analytical techniques and the

!simulation method to evaluate the reliability of an example distribution system. The

[principles and procedures used are presented in detail.
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CHAPTER 3

DISTRIBUTION SYSTEM RELIABILITY

EVALUATION TECHNIQUES

3.1 Introduction

As noted in Chapter 2, distribution system reliability evaluation techniques can

I
be categorized into the two approaches of analytical methods and Monte Carlo

simulation. Analytical techniques represent a system by a mathematical model and

evaluate the reliability indices from their models using direct mathematical solutions,

and are usually based on failure mode and effect analysis (FMEA) [2]. Most of the

�eliability indices obtained using analytical techniques are average or expected values.

Distribution system reliability index probability distributions can also be

developed using analytical techniques. References 26 and 27 illustrate an analytical

�pproach to develop the probability distributions associated with the basic reliability
indices. This technique is useful for evaluating approximate probability distributions.

The application of this technique, however, has many limitations [18]. When the system

is very complicated and the probability distributions of the component parameters are

widely spread, it is difficult to use an analytical approach and the results obtained may

have large errors.

Monte Carlo simulation can be used to model any system and component

�tochastic characteristics that can be recognized. The sequential Monte Carlo simulation
I

approach can be used in distribution system reliability evaluation to develop a wide
I

range of reliability indices and their distributions. In the simulation, a chronological

liistory of the up and down times of the system elements is generated using random
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3.2 Analytical Method

number generators and the probability distributions of the element failure and

I restoration processes. A sequence of system operating-repair cycles is obtained from the

generated component histories using the relationships between the element states and

system states. The system reliability indices and their distributions are then obtained

I from the generated system history.

This chapter illustrates the utilization of both the analytical approach and Monte

Carlo simulation to assess the reliability of a simple distribution system. The example
illustrates that sequential Monte Carlo simulation can be used to create a wide range of

I

'reliability indices and their distributions. The concepts associated with random

;variables, basic standard distributions and random number generators are introduced.

As noted previously, analytical techniques represent a distribution system by
mathematical models and the expected values of the load point and system reliability

indices can be obtained using basic failure mode and effect analysis (FMEA). Supply at

any load point of a system consisting of a set of series components including lines,

cables, circuit breakers, isolators, transformers, etc, requires that all components

between the load point and the source are operating [1, 2]. The three basic load point

teliability indices, the average failure rate, the average outage time and the average

annual outage time, can be calculated using Equations (2.8-2.10), and the system

ieliability indices can be developed using Equations (2.1-2.7).

The following example presents the basic principles of FMEA and the procedure
used for obtaining the associated reliability indices [9,16]. Figure 3.l shows a simple
radial distribution system. In this configuration, all isolators other than the one

I

90nnected to the alternate supply are normally closed and fully reliable. The circuit

breaker (CB) on the main feeder and fuses (FI, F2 and F3) on the lateral sections are
I

also assumed to be fully reliable. The switching time of any isolator is 0.5 hour, and the

alternative supply is unavailable.
I
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Figure 3.1 An example radial distribution system

The network data and reliability parameters for the various components are

shown in Table 3.1, and the load point reliability indices are calculated and shown in.
Table 3.2. The load point reliability information and the system reliability indices are

shown in Table 3.3.

Table 3.1. Reliability data for the example system shown in Figure 3.1

Component Length (km) A' (Failure/km/yr) r (hour)
,

1 2 0.10 3.0

2 3 0.10 3.0

3 1 0.10 3.0

a 3 0.25 1.0

b 2 0.25 1.0

c I 0.25 1.0
I

Table 3.2. Procedure of load point reliability evaluation for the example system

Component Load point A Load point B Load point C

A r U A r U A r U

(f/yr) (hr/f) (hr/yr) (f/yr) (hr/f) (hr/yr) (f/yr) (hr/f) (hr/yr)
1 0.2 3.0 0.60 0.2 3.0 0.60 0.2 3.0 0.60

2 0.3 0.5 0.15 0.3 3.0 0.90 0.3 3.0 0.90

3 0.1 0.5 0.05 0.1 0.5 0.05 0.1 3.0 0.30
,

a 0.75 1.0 0.75 -- -- -- -- -- --

b -- -- -- 0.50 1.0 0.50 -- -- --

I

C -- -- -- -- -- -- 0.25 1.0 0.25

Overall 1.35 1.15 1.55 1.10 1.86 2.05 0.85 2.41 2.05
I
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Table 3.3. Load point and system reliability information for the example system

Load point A B C

Number of customers 250 100 50

Average failure rate (f/yr) 1.35 1.10 0.85

Average repair time (hr/t) 1.15 1.86 2.41

Average annual outage time (hr/yr) 1.55 2.05 2.05

SAIFI=I(Ai*Ni) / INi (interr.zyr) 1.23

SAIDI=I(Ui*Ni) / INi (hr.zyr) 1.74

CAIDI=SAIDI/ SAIFI (hr/interr.) 1.42

IOR=ASAI=l- SAIDI / 8760 0.999802

ASUI=I-ASAI 0.000198

Most of the reliability indices obtained from an analytical method are expected
or average values. The expected values are extremely important, and are the primary
indices of distribution system adequacy. An expected value, however, cannot provide

any information on the variation of the value about the mean. The probability
distribution of a reliability index presents a pictorial representation of the manner in

which the parameter varies. It includes important information on significant events

which could occur occasionally but could have serious system effects.

The annual failure rate distribution can be obtained analytically using the

Poisson distribution (3.13), as shown later in Table 3.7. The approximate probability
distributions of the other indices can also be developed analytically for such a simple

system, but the procedure is quite complicated. References 26, 27 illustrate the required

approach in considerable detail.

The simple example outlined above illustrates the basic principles ofFMEA and

the procedure for assessing load point and system reliability indices using the direct

analytical method. Analytical techniques can also be used to evaluate complicated

systems using other methods such as the network reliability equivalent technique [26,

27].
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3.3 Sequential Monte Carlo simulation

3.3.1 Introduction

ED.
As described earlier'eequential Monte Carlo simulation can be used to generate

a chronological history of the up and down times of the system elements using random

number generators and the probability distributions of the element failure and

restoration processes. A sequence of system operating-repair cycles is obtained from

the generated component histories using the relationships between the element states

and system states. The system reliability indices and their distributions are then

obtained from the generated system history. The principles of sequential simulation are

illustrated using the simple series-parallel repairable system shown in Figure 3.2 [16].

Component #3

Figure 3.2 A simple series-parallel repairable system

Input
Component #2

Output

Component # 1

The system state depends on the states of all the components and the network

configuration. A component can either be in an operating state (Up) or in a failure state

(Down)-l{}erated-medes are not considered--in--th-is-iUustratiOn)Table 3.4 shows the

relationships between the component states and the system states.

Table 3.4. Relationships between the component states and the system states

Component # 1 Component #2 Component #3 System

Up Up Up Up

Up Up Down Up

Up Down Up Up

Down Up Up Down

Down Down Up Down
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In the sequential method, a sequence of operating-repair cycles is simulated for

each component to provide an artificial history for this component. A sequence of

operating-failure cycles of the whole system can be obtained from the generated
individual component histories based on the relationship between the component states

and the system state. The simulation process is shown pictorially in Figure 3.3.

Down Up Down Down

Up Down Down Down

Down Down Down Down

Simulation time

Figure 3.3 Operating-repair cycles for the simple system shown in Figure 3.2

The process must be repeated or extended for a large number of simulations or a

long time period to obtain satisfactory results. Figure 3.3 shows the system only fails

four times although each component fails three times. Based on the above artificial

histories, the three basic system reliability indices of system annual failure frequency f,
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I Tdown

U =

Total System Outage Time
= --'-__

Total simulation Time (years) T\lmulallon
(3.3) .

system average outage time r and system average annual outage time U can be

calculated as follows [9, 28]:

If,
f =

Total Number of System Failures
= _

Total simulation Time (years) T"mulallon
(3.1)

Total System Outage Time
r= =---

Total Number of System Failures I.fi
(3.2)

The number of years m(k) in which the load point outage frequency equals k is

required in order to determine the probability distributions of the load point failure

frequency. The probability distribution p(k) of the load point failure frequency can be

calculated as following:

p(k) =
m(k)
M

k=O, 1,2,. .. (3.4)

Where M is the total sample years.

The number of occurrences n(i) with annual unavailability within the interval i is

used to calculate the probability distribution of annual unavailability. The probability
distribution p(i) is given by:

(.)
n(i)

pl=-
M

i=l , 2,3, ... (3.5)

Where M is the total sample years.

The number of occurrences l(j) with outage durations within the interval j is

used to calculate the outage duration probability distribution. The probability
distribution p(j) is given by

p(j) = l(j)
N

j=l , 2, 3, ... (3.6)

Where N is the total number of failures in the sample years.
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3.3.2 Random variables

The system indices can be calculated from the primary load point indices, as the

system indices are basically weighted averages of the individual load point values.

Distributions of the system indices therefore can also be obtained from the period load

point indices. The procedures are illustrated later in Table 3.8.

A random variable randomly varies in time and/or space. It can be represented

by the probability distribution associated with the values that the random variable can

take. This is normally done using a probability mass function for a discrete random
_.--------_

.. --,,,._, .. --...__ .. -_
.. -"""

'-----_,_----- '_

variable and a�1YdeE.§i1Y-funcJi®jn the case of a�!andom variable.

The annual load point failure frequency is a discrete random variable, and the

load point unavailability and outage duration are continuous random variables. A

discrete random variable is one that can have only �_E_��!_�_��!!1Q�!: __�L�tates or a

countable number of values such as the number of component failures in a given period.
� "'.,,--.-,-�".-.----.---"".'

... -.-.----'�."-.-.-."'�--� '-'''''''�-'-'-''' """_"._,-,,, .-
.. , ---" •.. -"- .. , ..."---��---

A continuous random variable can have an infinite number of values in one or more

given ranges such as t��__ !Q __I_�ll(!k_�mp_��!__ and the, til1l�:!.9:::r"es12!_�_P.?��
__
�12ply_n,,_l(;iJ .

Electric power systems are basically repairable systems. If a component in the

system fails, it is usually repaired and put back into operation. In some cases, the failed

component is replaced by a spare component. If the failure of a component causes an
___- .. �-_ ...._"��,--""_"'M-'

interruption at the load point(s), attempts are made to restore the power supply to these
----......

--�-"' ........-,-

points by the appropriate means of restoration available in the system. In those cases

where it is not possible to restore service either by switching operations or by alternate

arrangements, the load points remain out of service until the failed component is

repaired or replaced. The load point indices can then be considered as random variables,

together with the system reliability indices.
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(3.7)

3.3.3 Standard probability distributions

As described earlier, one of the functions of a simulation technique is to imitate

the behaviour of the system components using appropriate random variables. The

random variables can be represented by the probability distribution associated with the

values that the random variable can take. The following standard probability
distributions are often associated with component reliability parameters and distribution

system reliability indices [1, 2].

(1) Uniform distribution

The uniform distribution or the rectangular distribution is the simplest

probability distribution. Random variables that f�ther kindo�on��

gen�_on_tb..e uniform_Qi§trihution. The robability density function (p. d. f.)
of a uniform distribution is

{
b - a

f(t) =

0

a s t s b

Otherwise

where a and b determine the range of 1.

(2) Exponential distribution

The probability density function of an exponential distribution is

A -AI

f(l) = te
0< t-c 00

(3.8)

Otherwise

where A is the failure rate.

Components operating within their useful life period have an exponentially
distributed failure density function.
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ft(t) = (3.9)

(3) Lognormal distribution

The probability density function of a lognormal distribution is:

);-, exp[ _

(In / - J.1)
2

]
(J/ 2(J2

0< t< 00

o Otherwise

Repair and other component restoration activity duratiQ�.are often described by .

""' ..... "--".,' .. --,
..... , ....-- .... � ........�-.---

-�

the lognormal distribution.

(4) Gamma distribution

The gamma distribution is a two-parameter distribution having a shape

parameter and a scale parameter. A wide range of experimental data can be fitted or

approximated by changing these parameters. The probability density function of a

Gamma distribution is:

t/)-I (-.!..._)

{---*e
a

f(t) =
a

:
r (PI

o ::s; t< ex)

(3.10)

Otherwise

where a and p are the scale and shape parameters of the Gamma distribution.

It has been suggested that if the component restoration times are exponentially

distributed, the load point outage durations can be approximately represented by a

gamma distribution [29].

(5) Weibull Distribution
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(3.11 )

The Weibull distribution has similar properties to those of the Gamma

distribution, that is, it is a two parameter distribution having a shape parameter and a

scale parameter. The probability density function of aWeibull distribution is defined as:

j3*tfl-1

{
afl

J(I) =

0

o ::; t-: 00

Otherwise

where a and � are the scale and shape parameters of the Weibull distribution.

The Weibull distribution can be made to fit, or approximate to, a number of

distributions. It represents a decreasing hazard rate or the debugging period when �<1; a

constant hazard rate or the normal life period when �= 1; and an increasing hazard rate

or the wearout period when �> 1 [1].

(6) Normal distribution

The normal distribution is also referred to as the Gaussian distribution. It has the

following probability density function:

1 _(I-Ill'
!(t) = e

20"

(Y.J2;"
where J.l. and (32 are the mean and the variance of the normal distribution.

(3.12)

Load forecast uncertainty is often modeled using a normal distribution.

(7) Poisson distribution

The probability density function for the Poisson distribution is as follows:

Px(t) =
(Aff e-2t

x!
x = 0, 1, 2, 3, 4 , A > ° (3.13)

where A is the failure rate, more than zero.

The load point failure rate in a radial system follows a Poisson distribution [29].
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(3.14)

3.3.4 Generation of random numbers

A random number generator can be used to produce a sequence of uniformly
distributed random numbers, which are essential in all simulation techniques. A random

number is a variable having values uniformly distributed in the interval [0, 1]. These

numbers are then used to create a sequence of random variables with the appropriate

probability distribution. Three basic transformation methods, the inverse transform, the

composition and the acceptance-rejection techniques, are discussed in detail in

References 1, 9, 28. The following example shows how to convert a uniform

distribution of random numbers into an exponential distribution of failure times using
the inverse transform method.

The cumulative probability distribution function for the exponential distribution

(3.8) is:

where U is a uniformly distributed random variable over the interval (0, I).

Solving for T:
1

T = -

T In( 1 - U )

Since (I-U) is distributed in the same way as U, then:

1
T = --lnU

A-

U is uniformly distributed and T is exponentially distributed.

(3.15)

(3.16)

3.3.5 Application of the Monte Carlo simulation technique

There are a number of softwares commercially available to perform distribution

system reliability evaluation using sequential Monte Carlo simulation techniques. One

of such programs named�was developed at the University of Saskatchewan for

reliability and cost/worth evaluation of radial distribution systems. This research
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(a main section) (a lateral section)

utilized this program to determine the test system reliability indices and their

distributions.

(General distribution systems are shown in Figures 2.2 and 2.3. A general feeder

includes breakers, distribution lines, isolators, fuses. transformers and alternate supply

elements.j &he availability of a breaker, a fuse and an alternate supply can be

represented using uniformly distributed numbers) Isolators are assumed to be fully
reliable in the program. The transformers and distribution lines follow the two-state

failure-repair model [1]. Distribution lines consist of many segments including main

feeder sections and lateral sections. Figure 3.4 shows the general line segments. The

inclusion of the fuse F, transformer T, isolators Sl and S2 depend on the function of the

segment.

Line
--'�--------�/--
Sl F T

Line
I· E3 CID----1-

Figure 3.4 General segments

The program SMdisrel can generate the following distribution system reliability
indices and their distributions.

(1) Load point indices:

Average failure rate------------------------------------A (occ/yr)

Average outage duration------------------------------r (hr/occ)
Average annual unavailability------------------------U (hr/yr)

Expected Energy not supplied-----------------------EENS (MWh/yr)

(2) System indices:

System average interruption frequency index-----SAIFI (int/cus yr)

System average interruption duration index-------SAIDI (hr/cus yr)
Customer interruption duration index--------------CAIDI (hr/cus int)

40



Average system availability index------------------ASAI

Average system unavailability index---------------ASUI

Expected Energy not supplied-----------------------EENS (MWh/yr)

Table 3.2 illustrates the calculation of the relevant reliability indices using the

analytical approach for the system shown in Figure 3.1. The indices are presented in

Tables 3.2 and 3.3. The system reliability can also be evaluated using the simulation

technique. Tables 3.5 and 3.6 present the average values of the reliability indices

obtained by both the analytical and the simulation methods.(rhe simulation time is

30,000 years) Reference 16 indicates that good convergence of these indices occurs in

less than 5,000 years. Table 3.7 and Figure 3.5 show the probability distribution of the

failure rate at load point A using both analytical and simulation methods.l'Ihe annual

failure rate distribution can be obtained analytically using the Poisson distribution

(3.13). )

Table 3.5. Load point reliability indices for the sample system

Load A (f/yr) r (hr/f) U (hr/yr)

point Analytical Simulation Analytical Simulation Analytical Simulation

A 1.35 1.35467 1.15 1.12909 1.55 1.54942

B 1.10 1.10097 1.86 1.84999 2.05 2.03639

C 0.85 0.84770 2.41 2.41001 2.05 2.02993

Table 3.6. System reliability indices for the sample system

Indices SAIFI SAIDI CAIDI lOR

Analytical 1.23 1.74 1.42 0.999802

Simulation 1.22787 1.73123 1.40994 0.999802

Table 3.7. Probability distribution of the failure rate at load point A

Failure rate Probability

(failures/year) Analytical Simulation

0 0.259240 0.25930

1 0.349974 0.34818
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2 0.236233 0.23593

3 0.106305 0.10748

4 0.035878 0.03607

5 0.009687 0.01053

6 0.002180 0.00213

7 0.000420 0.00033

8 7.09E-05 0.00003

9 1.06E-05 0.00000

Figure 3.5 Failure rate distribution at load point A in the example system

It can be seen from Tables 3.5-3.7 and Figure 3.5 that the results obtained using
simulation are very close to those obtained with the analytical method.

Unlike the analytical method, sequential Monte Carlo simulation can easily be

used to develop the probability distributions associated with the reliability indices.

Figures 3.6 and 3.7 show the SAIFI, SAIDI, CAIDI and lOR probability distributions

for the example system.

0.4 ....
,

----------------.

g 0.3
:0

� 0.2
e
n, 0.1

O������������--��-�

Mean=1.35 0 Simulation

• Analytical

o 2 3 4 5 6 7 8 9

Failure Rate (f/yr)

It should be noted that the first interval in the lOR distribution includes the

cumulative probability of lower outcomes. In other three distributions, the last interval

contains the cumulative probability of higher outcomes. The zero value in SAIFI,

SAIDI or CAIDI distribution stands for a single point rather than an interval since the

zero point has particular importance. The indicated values on the abscissa in the

histograms are the upper bounds of the corresponding intervals.
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Mean=1.7312

S.0.=2.1592

4 6

SAlOl

8 10 12

Figure 3.6 SAIFI and SAIDI histograms for the example system

Mean=1.1373

S.0.=1.4239

o 2 4 6 8 10 12

CAIDI

Mean=0.999802
S.D.=0.042693

ASAlor lOR

Figure 3.7 CAIDI histograms for the example system

The SAIFI, SAIDI and lOR mean values in Figures 3.6 and 3.7 are equal to the

average values shown in Table 3.6. The CAIDI distribution mean does not equal the

average value of 1.41 shown in Table 3.6. This is discussed in the following section.

3.4 Exploration ofCAIDI Probability Distributions

Table 3.8 shows a short simulated data sequence for the example system. The

total simulation time is M=50 years. The number of customers in the system is N=400.

The first column in Table 3.8 is the sampled year, the second is the sequence of failure

rates multiplied by the customers interrupted, the fourth is the sequence of outage

durations multiplied by customers interrupted, and the third, fifth and sixth are the

values respectively associated with SAIFI, SAIDI and CAIDI for the sampled year.

In the calculation shown in Table 3.8, i is the sample year number, Aj is the

failure rate in the year i, N is the number of customers interrupted in the year i, and

SFIj, SDIj and SDIj are the SAIFI, SAIDI and CAIDI in the year i respectively.
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Table 3.8. A short sequence of reliability indices for the example system

SAIFI SAlOl
Year sri- sui,- If A*N*O.

Aj*Nj
Aj *Nj IN

OJ *Nj Dj*NjlN cni-sm, /SFlj
I 0 0 0 0 N/A

2 0 0 0 0 N/A
,., 0 0 0 0 N/A.)

4 0 0 0 0 N/A

5 0 0 0 0 N/A

6 0 0 0 0 N/A

7 0 0 0 0 N/A

8 250 0.625 270.4976 0.676244 1.08199

9 250 0.625 179.0823 0.447706 0.716329

10 350 0.875 105.6771 0.264193 0.301935

11 100 0.25 440.7157 1.101789 4.407157

12 700 1.75 303.062 0.757655 0.432946

13 0 0 0 0 N/A

14 0 0 0 0 N/A

15 500 1.25 395.5854 0.988964 0.791171

16 600 1.5 758.9576 1.897394 1.264929

17 250 0.625 38.13741 0.095344 0.15255

18 250 0.625 3.272947 0.008182 0.013092

19 0 0 0 0 N/A

20 700 1.75 1149.615 2.874038 1.642307

21 650 1.625 730.7269 1.826817 1.124195

22 200 0.5 61.22853 0.153071 0.306143

23 1000 2.5 1531.544 3.82886 1.531544

24 650 1.625 116.2587 0.290647 0.17886

25 650 1.625 563.1029 1.407757 0.866312

26 650 1.625 1160.47 2.901175 1.785338

27 1000 2.5 1460.244 3.65061 1.460244

28 900 2.25 1770.558 4.426395 1.967287

29 400 I 826.7388 2.066847 2.066847

30 800 2 510.8542 1.277136 0.638568

31 100 0.25 7.315649 0.018289 0.073156

32 500 1.25 1137.734 2.844335 2.275468

33 550 1.375 1047.737 2.619343 1.904976

34 0 0 0 0 N/A

35 300 0.75 12.17076 0.030427 0.040569

36 500 1.25 656.8094 1.642024 1.313619

37 0 0 0 0 N/A

38 300 0.75 111.1819 0.277955 0.370606

39 250 0.625 363.2473 0.908118 1.452989

40 50 0.125 2.64964 0.006624 0.052993

41 350 0.875 311.0917 0.777729 0.888833
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42 250 0.625 52.15805 0.130395 0.208632

43 1050 2.625 726.0328 1.815082 0.69146

44 600 1.5 682.3141 1.705785 1.13719

45 1100 2.75 2231.057 5.577643 2.028234

46 500 1.25 282.1694 0.705424 0.564339

47 300 0.75 16.4008 0.041002 0.054669

48 650 1.625 553.6409 1.384102 0.851755

49 500 1.25 1219.196 3.04799 2.438392

50 500 1.25 113.2173 0.283043 0.226435

Sum 19200 48 21902.453 54.756132 39.304059

Mean=Sum/M 0.96 1.0951226 0.7860812

Ave.=SumINlM 0.96 1.0951226
CAIDI=

1.140753
SAIDI/SAIFI

It can be seen from Table 3.8 that the SAIFI and SAIDI distribution means are

identical to the overall average value while the CAIDI mean is different from the

overall average value. This is examined further in the following discussion.

The overall average indices (A_SAIFI etc.) for the entire simulation period can

be expressed as:

A SAIFI=L(A'i*Ni) / (M* N)

A_SAIDI=L(Di*Ni) I (M* N)
A

_

CAIDI=A
_

SAIDIIA
_

SAIFI=L(Di*Ni) II(Ai*Ni)

(3.17)

(3.18)

(3.19)

where M is the total simulation time, N is the total number of customers, and Ai,

D, and N, are the failure frequency, the interruption duration and the number of

interrupted customers in year i.

The mean values of the indices (M_

SAIFI etc.) obtained from the distributions

can be expressed as:

M_SAIFI= L(SF1i)/M= L((Ai*Ni)/N)/M

M_SAIDI = L(SD1i)/M = L((Di*Ni)/N)/M

M_CAIDI = L(CDli)/M = (L (Di*Ni /Ai*Ni)) 1M

(3.20)

(3.21)

(3.22)
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al+a2+"'+an

b: + b i + ... + b, (A)

where SFIj, SDIj, and CDIj are the SAIFI, SAIDI, and CAIDI values in year i.

Equations (3.17) and (3.18) are the same as Equations (3.20) and (3.21)

respectively. This is not the case with Equations (3.19) and (3.22). The lOR index

behaves in the same manner as the SAIFI and SAIDI indices.

The CAIDI calculations can be conducted in two ways. Expression (A) is a

generalization of the procedure used in Equation (3.19). Expression (B) has the same

form as Equation (3.22).

al a i an

(-+ -+ ... + -)/n
bl b z s,

(ifbi:;t:O, i=1,2, ... , n) (B)

Expressions (A) and (B) would provide the same value only in special cases.

The values would be similar if a/bj are close to being a constant. In the other words, if

the CAIDI distributions are congregated and not very dispersed, the overall average

CAID I value will be close to the distribution mean.

As shown in Chapter 4, larger distribution systems tend to have more compact

probability distributions while feeder probability distributions are usually dispersed.

Therefore, for a large distribution system, these two values are usually similar, but they

might not be for a feeder.

It should be noted that SAIFI, SAIDI and lOR are parameters that indicate the

average number of customer interruptions, interruption durations and availability on an

annual basis. The CAIDI represents the average duration of an interruption when a

failure event occurs. The distribution characteristics of CAIDI are, therefore, different

from those of SAIFI, SAIDI and lOR. The research described in this thesis is mainly
focused on analyses of the SAIFI and SAIDI probability distributions.
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The following chapter illustrates the utilization of the sequential Monte Carlo

simulation technique to evaluate the reliability indices and their distributions for the

RBTS configurations.

3.5 Summary

This chapter presents an introduction to the basic concepts associated with

analytical evaluation and sequential Monte Carlo simulation. Both techniques are

utilized in a simple example to create reliability indices and their associated

distributions. The results obtained from the simulation are comparable with those

obtained by the analytical method if sufficient simulation time is applied.

This chapter also presents some discussion on the overall average CAIDI and

the CAIDI mean value arising from the distribution generated during a simulation. The

two values could be quite close for a large distribution system but could be quite
different for a single feeder.
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CHAPTER 4

UTILIZING SEQUENTIAL MONTE CARLO

SIMULATION TO DEVELOP RELIABILITY INDICES

AND THEIR DISTRIBUTIONS

4.1 Introduction

As described in Chapter 2, the RBTS is a 6-bus test system with five major load

buses. The distribution systems are connected at Buses 2, 3, 4, 5 and 6, as shown in

Figure 2.4. The distribution systems at these buses are shown in Figures 2.5-2.9. The

associated system data are given in Appendix B.

The distribution network at Bus 2 represents a typical urban distribution network

with a peak load of 20 MW serving residence, government and institution, and

commercial customers. The distribution networks at Buses 4 and 5 are also urban

networks with peak loads of 40 MW and 20 MW respectively, serving similar

customers to those at Bus 2. The distribution network at Bus 3 represents a typical
industrial and large user distribution system with a peak load of 85 MW, serving
industrial large user, institution, residence and commercial customers. The distribution

network at Bus 6 is an urban/rural mix with agricultural, small industrial, commercial

and residential customers, and its peak load is 20MW.

Reference 16 presents a load point reliability study for the Bus 6 distribution

system using sequential Monte Carlo simulation. This chapter extends this work by

developing reliability indices and their probability distributions for the feeders, the

individual distribution systems, and the overall distribution system in the RBTS. This

research described in this chapter is largely focussed on the Bus 6 distribution system.
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4.2 Reliability Indices and Their Distributions for the Bus 6 Distribution System

As noted earlier, the distribution network at Bus 6 is a relatively complicated

configuration compared with the other systems in the RBTS. In this distribution system,

Feeders 1 and 2 are short feeders connected through normally open sectionalizing

equipment, and serve residential customers. Feeder 3 is also a short feeder serving some

commercial and small industrial customers. Feeder 4 is a relatively long feeder with 3

subfeeders serving residential and farm customers.

It was assumed in the studies that the individual component failure rates are

constant, the repair or replacement times are lognormally distributed, and that

transformers are replaced rather than repaired. The repair time for both the main and

lateral segments is 5.0 hours and switching time is 1.0 hour. The replacement time for a

transformer is 10.0 hours. The standard deviations of the repair times are half of the

repair times. The simulation time is 30,000 sample years. These studies do not include

failures in the composite system and in the substations. Temporary failure events in the

system were not considered, and therefore this research did not involve the effects of

reclosing after faults.

Table 4.1 shows the load point reliability indices for the Bus 6 distribution

system. In the table, FI, F2, F3 and F4 stand for the feeders 1,2,3 and 4. The reliability
index probability distributions for the load points were also generated in Reference 16.

Table 4.1. Load point reliability indices for the Bus 6 distribution system

Load point Failure Rate Unavailability Ave. Repair Time

(i) (Occ./yr) (hr/yr) (hr/Occ.)

Fl 1 0.32843 0.79601 2.42368

2 0.34490 0.85829 2.48852

.., 0.33977 0.86126 2.53483-'

4 0.32867 0.81469 2.47875

5 0.33930 0.82880 2.44268
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6 0.32990 0.82389 2.49739

7 0.37207 0.86501 2.32486

8 0.37250 0.89212 2.39495

9 0.37187 0.85072 2.28768

10 0.36127 0.81687 2.26111

F2 11 0.37373 0.92925 2.48642

12 0.36107 0.84209 2.33221

13 0.37147 0.86256 2.32202

14 0.23707 0.70523 2.97478

15 0.23287 0.82623 3.54803

F3 16 0.23660 0.99900 4.22232

17 0.23987 1.27624 5.32055

18 1.76853 5.67824 3.21071

19 1.76920 5.69213 3.21735

20 1.76910 5.69308 3.21807

21 1.76850 5.68675 3.21558

22 1.76823 5.68376 3.21438

23 1.80750 5.87560 3.25068

24 1.81750 5.93026 3.26287

25 1.76920 8.92471 5.04449

26 1.80820 9.11384 5.04028

27 1.76927 8.93441 5.04977

28 2.29843 11.56063 5.02979

29 2.29833 11.55013 5.02544

30 2.29913 11.55598 5.02624

31 2.59910 9.81547 3.77649

32 2.65293 10.08694 3.80219
F4

..,.., 2.60040 9.81619 3.77488.).)

34 2.60000 9.81638 3.77553

35 2.59987 9.81783 3.77628

36 2.57523 12.94296 5.02594

37 2.62233 13.18717 5.02880

38 2.57503 12.94249 5.02615

39 2.57620 12.95806 5.02991

40 2.57537 12.94747 5.02742
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It can be seen from Table 4.1 that load points 1-17 have relatively few failure

events during a year as they are located on the short feeders 1, 2 and 3. Load points 1-13

also have relatively short annual outage times while load points 14-17 have longer

average repair times due to the fact that an alternative power supply is not available

[16]. Load points 18-40 have much worse reliability levels than the other load points as

they are supplied by a relatively long feeder without an alternative power supply. The

indices tend to increase for load points closer to the end of the feeder.

Table 4.2 shows the expected reliability indices for the feeders and the overall

system at Bus 6. It can be seen that feeders 1, 2 and 3 have relatively low SAIFI due to

the short feeder lengths. Feeders 1 and 2 have relatively low SAIDI due to the

alternative power supply available between Feeder 1 and 2. Feeder 3 has the lowest

SAIFI as it is the shortest feeder and small industrial customer transformers are not

included. Its CAIDI is higher since there is no alternative power supply available.

Feeder 4 is a relatively long feeder without an alternative power supply provision. Its

reliability indices are, therefore, much worse than those of the other feeders. The

reliability indices for the Bus 6 distribution system are a combination of the feeder

contributions.

Table 4.2. The expected reliability indices for the feeders and the system at Bus 6

Feeder SAIFI SAIDI CAIDI

I 0.33513 0.83049 2.47813

2 0.36909 0.86465 2.34266

3 0.22982 0.80020 3.48194

4 2.06058 8.42603 4.08916

System 1.04010 3.89915 3.74882

Figures 4.1-4.4 show the SAIFI and SAIDI distributions for Feeders 1-4 on Bus

6. It can be seen that Feeders 1-3 have a relatively high probability associated with a

zero value for SAIFI and SAIDI, and the dispersions are relatively narrow. The

distributions can be considered to be exponential in form. Feeder 4 has a low
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probability of having a SAIFI and SAIDI of zero, and its distributions are more

dispersed.

Figure 4.1 SAIFI and SAIDI histograms for Feeder 1 at Bus 6
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Figure 4.2 SAIFI and SAIDI histograms for Feeder 2 at Bus 6
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Figure 4.3 SAIFI and SAIDI histograms for Feeder 3 at Bus 6
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Figure 4.4 SAIFI and SAIDI histograms for Feeder 4 at Bus 6

In the histograms, the indicated values on the abscissa are the upper bounds of'

the intervals, as noted earlier. The last intervals include the cumulative probability of

higher intervals.

Figure 4.5 shows the SAIFI and SAIDI histograms for the overall distribution

system at Bus 6. The probability distributions for Bus 6 include all the feeder

contributions, and tend to be more normal in form but with long tails-The probabilities
of SAIFI and SAIDI at zero are relatively low compared to the feeder values, and the

distributions are less dispersed.

Figure 4.5 SAIFI and SAIDI histograms for Bus 6

4.3 SAIFI and SAIDI Distributions for the Overall RBTS
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Table 4.3 shows the system reliability indices for the individual distribution

systems in the RBTS, and for the overall distribution system. Buses 2- 5 contain typical
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urban distribution networks and have relatively high reliability. The distribution system

at Bus 6 is an urban/rural network with much lower reliability. The reliability indices of

the overall RBTS distribution system include all the bus contributions.

Table 4.3. System reliability indices for the overall RBTS distribution system

Bus SAIFI SAIDI CAIDI

2 0.24951 0.75740 3.03557

.., 0.30158 0.62604 2.07586.)

4 0.29990 0.62137 2.07194

5 0.22942 0.69307 3.02097

6 1.04010 3.89915 3.74882

Overall RBTS 0.40323 1.17544 3.00088

The overall RBTS indices are a little worse than those of Buses 2,3,4 and 5, but

are much better than those of Bus 6. The overall RBTS distribution system is an urban

dominant distribution system, and its overall reliability characteristics are close to those

of an urban distribution system.

Figures 4.6-4.9 show the SAIFI and SAIDI distributions for Buses 2- 5. It can be

seen from the histograms that these urban networks have quite different reliability
distributions from those of the Bus 6 distribution system, and their dispersions are

relatively narrow.

o 0.4 0.8 1.2 1.6 2 2.4
o 2 3

SAlOl

4 5 6

SAIFI

Figure 4.6 SAIFI and SAIDI histograms for Bus 2
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Figure 4.7 SAIFI and SAIDI histograms for Bus 3
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Figure 4.8 SAIFI and SAIDI histograms for Bus 4
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Figure 4.9 SAIFI and SAIDI histograms for Bus 5

The SAIFI and SAIDI distributions for the overall RBTS distribution system are

shown in Figure 4.10. These two distributions are different from those of the feeders

and the individual bus systems. The distributions tend to be normal in form with

narrower dispersions. The probability associated with a zero value of SAIFI and SAIDI

is very small.
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Figure 4.10 SAIFI and SAIDI histograms for the overall RBTS system

The studies conducted indicate that in general the feeder index probability
distributions tend to be highly dispersed, the bus index distributions tend to be less

dispersed, and the overall system index distributions are the most compact.

4.4 Summary

This chapter illustrates the utilization of the sequential Monte Carlo simulation

approach to calculate reliability indices for the load points and the feeders at Bus 6. The

SAIFI and SAIDI indices and their distributions for the feeders, the individual

distribution systems, and the overall RBTS distribution system are presented.

Buses 2, 3, 4 and 5 are typical urban distribution systems with relatively high

reliability and compact index distributions. Bus 6 is an urban/rural distribution system,

and its reliability is much lower than that of other configurations. Its distributions are

relatively more dispersed. The overall RBTS distribution system is urban-dominant, and

its reliability characteristics are close to those of an urban system. In general, the feeder
--....__

index probability distributions tend to be highly dispersed, the bus index distributions

tend to be less dispersed, and the overall distributions indices are the most compact .

.

... _ _ .•. _.-

The following chapter illustrates the impact on both the expected reliability
indices and their distributions by modifications to the basic system topology.
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CHAPTERS

SYSTEM RELIABILITY IMPROVEMENTS

5.1 Introduction

Chapter 4 illustrates the utilization of the sequential Monte Carlo simulation

technique to develop reliability indices and their probability distributions for the

feeders, the individual distribution systems and the overall RBTS network. As described

in Chapter 4, the distribution networks at Buses 2, 3, 4 and 5 are all typical urban

configurations with relatively high system reliability while that at Bus 6 is much lower

as it is an urban/rural distribution system. The overall RBTS distribution system is

urban-dominant, and its overall reliability characteristics are close to those of the urban

distribution system segments.

Sensitivity analysis of the system reliability indices can provide valuable

information in order to upgrade system reliability levels and to determine the most

appropriate improvements. Feeders 1, 2 and 3 at Bus 6 are all short feeders and have

high reliability while Feeder 4 is relatively long and has much lower reliability levels.

The performance of Feeder 4 also lowers the reliability of the system at Bus 6 and of

the overall RBTS. Reference 16 includes a system reliability sensitivity study for Bus 6

involving the element parameters, and concludes that changes in failure rates and repair
times of main section elements have considerable effect on the reliability indices and

their distributions for the load points, feeders and the bus.

This chapter presents a system reliability sensitivity study which involves

changing the topology of Feeder 4. The reliability indices and their distributions for the

different configurations are presented. The effects of the circuit modifications on the
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reliability indices and their distributions for the Bus 6 distribution system and the overall

RBTS are also illustrated. These results are used in the reward/penalty analysis
described in Chapter 6.

5.2 Different Case Descriptions

The base case is the original RBTS configuration shown in Figure 2.9, and is

designated as Case 1. Figure 2.9 is repeated in Figure 5.1 for convenience in comparing

----,...'J�-, LP40 l // i

NO

Figure 5.1 The base case network

In Case 2, the main section of feeder F4 is separated into many sections using
disconnects. Case 3 extends the change in Case 2 with an alternative supply from

another source connected to the end of F4 main section through a normally open

disconnect. Case 4 extends Case 3 with the main sections of the two subfeeders on

feeder F4 connected through a normally open disconnect to provide an alternative power

supply through a ring arrangement. These modified schemes are shown in Figure 5.2.
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Figure 5.2 Case 2,3 and 4 networks

Case 4

The feeder F4 is divided into two segments in Case 5. A new feeder F5 is built to

supply the remote customers on the original feeder F4. The feeder F4 in Case 5 is much

shorter than the original feeder in Case 1. The new feeder F5 has the same failure and

restoration characteristics as the original in Case 1. The combined performance of

feeders F4 and F5 can be compared with that of feeder F4 in the other cases noted

earlier. Case 6 extends Case 5 by adding a normally open disconnect to connect the ends

of the F4 and F5 main sections to provide an alternative power supply through a ring

arrangement. Isolators are also added to the F4 and F5 main sections. The configurations
for Cases 5 and 6 are shown in Figure 5.3.

The base case topology is modified in Case 7 where the main section of F4 is

separated using a recloser rather than an isolator. As noted in Chapter 2, the reclosing
effect is not considered in the research described in this thesis. This recloser works just
like a fuse. Failures on the line segment after the recloser will have no impact on the

customers in front of the recloser, if the recloser is fully reliable. In this case, the

segment after the recloser becomes a subfeeder of F4, and supplies the other two

subfeeders. Case 8 extends Case 7 with an alternative supply from another source

59



F5

connected to the end of the F4 main section through a normally open disconnect. The

Case 7 and 8 networks are shown in Figure 5.4.

Bus 6 33kV

F5

Case 5

Figure 5.3 Case 5 and 6 networks

Case 6

Case 7

Bus 6 t 33kV

llkV

Figure 5.4 Case 7 and 8 networks

Case 8

60



Table 5.1. Reliability indices for Bus 6 and its feeders in the base case

5.3 The Reliability Indices and Their Distributions for Each Case

The system reliability indices for the feeders and Bus 6 for the base case are

shown in Table 5.1. The feeders FI, F2 and F3 are unchanged by the modifications

considered in feeder F4. The reliability levels on the three feeders therefore are the same

in all the cases. Table 5.2 shows the reliability indices for F4 and Bus 6 for the eight
cases.

SAIFI SAIDI CAIDI

F1 0.33513 0.83049 2.47813

F2 0.36909 0.86465 2.34266

F3 0.22982 0.80020 3.48194

F4 2.06058 8.42603 4.08916

Bus 6 1.04010 3.89915 3.74882

Table 5.2. Reliability indices for F4 and Bus 6 in Cases 1-8

F4 Bus 6
Cases

SAIFI SAIDI CAIDI SAlFI SAIDI CAIDI

1 2.06058 8.42603 4.08916 1.04010 3.89915 3.74882

2 2.06058 7.35476 3.56927 1.04010 3.46804 3.33433

3 2.06058 4.01278 1.94740 1.04010 2.12322 2.04136

4 2.06058 3.39623 1.64819 1.04010 1.87483 1.80255

5 1.60223 8.09980 5.07690 0.85512 3.76612 4.40419

6 1.60223 3.75920 2.57419 0.85512 2.01970 2.36189

7 1.62900 8.21984 5.04595 0.86523 3.82155 4.41682

8 1.62900 4.36120 2.67722 0.86523 2.26569 2.61861

*The feeder data for Cases 5 and 6 are for F4 and F5 combined.

It can be seen from Table 5.2 that the SAIFI values for F4 and for Bus 6 are the

same in Cases 1- 4, as the exposure to failure remains the same in these cases. The

SAIDI values are different due to the different restoration processes.
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Figure 5.5 shows the SAIFI and SAIDI distributions for Feeder 4 in Case 1. In

the diagram, Ave. and S.D. stand for the mean value and the standard deviation of each

distribution respectively. As noted earlier, Feeder 4 is a relatively long feeder and its

reliability indices are relatively high and their distributions are quite dispersed.
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Figure 5.5 SAIFI and SAIDI histograms for Feeder 4 in Case 1

Case 2 separates the main section into several segments using disconnects. A

failed element in the main section can be isolated from the healthy segment through the

corresponding disconnect. The healthy segment close to the supply source can be

reenergized after a relevant switching time. The isolated segment will remain

deenergized until the repair or replacement activity is complete. The feeder SAIDI in

• this case is lower than that in Case 1, and the distribution shown in Figure 5.6 is less

dispersed.
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Figure 5.6 SAIDI histograms for Feeder 4 in Case 2

Case 3 has an alternative power supply to the main section of the feeder F4. A

failed element in the main section can be separated from the healthy elements after

deenergized. The healthy segments before and after the failed element respectively can
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be reenergized from the original source and from the alternative source by closing the

normally open disconnect. The SAIDI (4.0123) for Feeder 4 in this case is 47.6% of that

(8.4260) in the base case. The SAIDI distribution is shown in Figure 5.7 and is much

more compact than that in Case 1.
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Figure 5.7 SAIDI histograms for Feeder 4 in Cases 3 and 4

Case 4 separates the main sections of the two subfeeders on Feeder 4 into many

segments and connects both subfeeders through a normally open disconnect so that both

subfeeders have an alternative power supply in the form of a ring arrangement. In this

case, the SAIDI for the feeder is 84.6% of that in Case 3 respectively. The SAIDI

distribution for this case shown in Figure 5.7 is more compact than that in Case 3.

In Case 5, two separate feeders F4 and F5 are used to replace the original feeder

4 in Case 1. Feeder 4 in this case has a shorter service length. The customers on Feeder 5

do not see much change in their reliability since the new Feeder 5 has the same service

length and failure/restoration characteristics as the original feeder. In this case, the

composite SAIFI, SAIDI for Feeders 4 and 5 and the distributions shown in Figure 5.8

can be compared with those for Feeder 4 in Case 1, as shown in Table 5.2 and Figure
5.5. The composite SAIFI for F4 and F5 in this case is 80% of that of Feeder 4 in Case

1, but the composite SAIDI has only minor improvement.

Case 6 permits the separation of the main sections of F4 and F5 into segments

using disconnects, and has a normally open disconnect to connect the F4 and F5 main
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sections to provide an alternative supply. The SAIFI in this case is the same as that in

Case 5. The composite SAIDI for F4 and F5 is 46.4% of that in Case 5, and 44.6% of the

F4 SAIDI in Case 1. The composite SAIFI and SAIDI distributions for F4 and F5 in

Case 6 are given in Figures 5.8 and 5.9, respectively.
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Figure 5.8 Composite SAIFI and SAIDI histograms for F4 and F5 in Case 5
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Figure 5.9 Composite SAIDI histograms for F4 and F5 in Case 6

The composite SAIFI and SAIDI distributions in Case 5 are more compact than

those in Case 1. The standard deviation of the SAIDI distribution in Caseo is decreased

further due to the alternative power supply available.

In Case 7, a recloser is added to the Feeder F4 to replace the disconnect in the

main section. The SAIFI in this case is improved considerably, but the SAIDI has only a

minor improvement as there is no change in the feeder restoration process. The SAIFI

and SAIDI distributions in this case are shown in Figure 5.10.
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Figure 5.10 SAIFI and SAIDI histograms for Feeder 4 in Case 7

In Case 8, the main section of Feeder 4 is separated into several segments using

disconnects, and an alternative power supply is connected to the F4 main section. The

SAIFI in this case is the same as that in Case 7, but SAIDI is 53% of that in Case 7. The

SAIDI distribution as shown in Figure 5.11 is more compact.
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Figure 5.11 SAIDI histogram for Feeder 4 in Case 8

It can be seen from the results shown that effectively shortening a feeder main

section by using a recloser is a good approach to improve the feeder SAIFI. Adding
isolators on the main section will also decrease the feeder SAIDI. The provision of an

alternative power supply has a positive effect on the feeder SAIDI and its distribution.

Dividing a long feeder into two separate feeders can also decrease the composite SAIFI

as shown in Case 5. It might not be reasonable to do this, however, and adding a recloser

may provide a more economical alternative. The monetary implications of this are

considered in Chapter 6.

It is not true that reducing the length of a main section will always improve the

feeder SAIFI. The following example demonstrates the fact that there is an appropriate
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Case 7a Case 7b

point for the addition of a recloser to separate a main section. Case 7a has a recloser

right before the first branch. The main section in this case is shorter than that in Case 7.

Case 7b has the recloser farther away than in Case 7. The main section in this case is

longer than that in Case 7. The Case 7a and 7b networks are shown in Figure 5.12.

Figure 5.12 Case 7a and 7b networks

Table 5.3 shows the SAIFI and SAIDI values for Cases 7, 7a and 7b.

Table 5.3. SAIFI and SAIDI for Cases 7, 7a and 7b

F4 Bus 6
Cases

SAIFI SAIDI CAIDI SAIFI SAIDI CAIDI

7 1.62900 8.21984 5.04594 0.86523 3.82155 4.4168

7a 1.71431 8.64690 5.04395 0.89957 3.99335 4.43918

7b 1.90653 9.60820 5.03963 0.97697 4.38046 4.48372

It can be seen from the table that Case 7 has the best reliability levels. Although
the main section in Case 7a is shorter and has a lower failure rate, the higher resulting
failure rate in the segment after the recloser will increase the interruptions at all the load
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points fed through the recloser. A similar analysis can be conducted for Case 7b. Case 7

inserts the recloser right after the first branch on Feeder 4 and is the optimal location for

a recloser.

The SAIFI for the feeder will be improved further ifmore reclosers are added to

the main section. This situation is similar to SAIDI improvement using isolators to

separate the feeder. The application ofmore reclosers in series could result in protection
coordination difficulties. The number of reclosers that can be applied in series on a

specific feeder is, therefore, limited. The recloser locations can be optimized by

reliability sensitivity analysis using the SMdisrel software.

5.4 Effect of the Feeder Reliability Improvements on the System Reliability

The reliability index probability distributions for Bus 6 include all the feeder

contributions, and the overall RBTS index distributions are obtained by combining the

bus contributions. Improvements in F4 reliability therefore have positive impacts on the

individual and overall distribution systems. The SAIFI and SAIDI distributions for Bus

6 and for the overall RBTS for the base case are shown in Figures 4.5 and 4.10, and are

repeated in Figures 5.13 and 5.14 for convenience in comparing with the distributions

for Cases 2-8.
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Figure 5.13 The Bus 6 SAIFI and SAIDI histograms for Case 1
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Figure 5.14 The overall RBTS SAIFI and SAIDI histograms for Case 1

As noted previously, the feeder F4 has the same SAIFI values and distributions

in Cases 1,2, 3 and 4. The Bus 6 and the overall RBTS SAIFI parameters are therefore

identical for the four cases. The SAIDI values and distributions in the four cases are

however, different. Figures 5.15-5.17 show the Bus 6 and the overall RBTS SAIDI

distributions for Cases 2- 4 respectively.

Figure 5.15 The SAIDI histograms for Bus 6 and the overall RBTS for Case 2

It can be seen that the SAIDI distributions for Bus 6 and the overall RBTS in

Case 2 are similar to those in Case 1 since the F4 SAIDI in Case 2 shows only a small

improvement.

In Case 3, the Bus 6 SAIDI is 54.4%, and the overall RBTS SAIDI is 75.7% of

the Case 1 values. The SAIDI distributions for Bus 6 and for the overall RBTS are

shown in Figure 5.16 and are more compact than those in Case 1.
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Figure 5.16 The SAIDI histograms for Bus 6 and the overall RBTS for Case 3

The SAIDI values and their distributions are improved further in Case 4 due to

the alternative power supply available to the two subfeeders. The SAIDI distributions

are shown in Figure 5.17.

Figure 5.17 The SAIDI histograms for Bus 6 and the overall RBTS for Case 4

The new feeder added in Case 5 results in an improvement in the Bus 6 and the

overall RBTS SAIFI. The changes in SAIDI are relatively small. In this case, the Bus 6

SAIFI and the overall RBTS SAIFI are 82.2% and 92.6% respectively of the values in

the cases noted previously. The Case 5 SAIFI and SAIDI distributions for Bus 6 and the

overall RBTS are shown in Figures 5.18 and 5.19.
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Figure 5.18 The Bus 6 SAIFI and SAIDI histograms for Case 5
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Figure 5.19 The overall RBTS SAIFI and SAIDI histograms for Case 5

It can be seen that the SAIFI distributions for Case 5 are more compact than

those of the previous cases, but the SAIDI distributions are basically unchanged.

The SAIFI distribution in Case 6 is the same as that in Case 5, but the SAIDI are

improved since Feeders 4 and 5 have an alternative power supply. The SAIDI

distributions shown in Figure 5.20 are more compact than those in Case 5.

Figure 5.20 The SAIDI histograms for Bus 6 and the overall RBTS for Case 6

In Case 7, the SAIFI for Feeder 4 is decreased due to the effect of the recloser,

but the feeder restoration process is unchanged. The SAIFI for Bus 6 and the overall

RBTS are therefore improved, and their distributions as shown in Figures 5.21 and 5.22

are more compact. The SAIDI and their distributions are similar to those in Case 1.
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Figure 5.21 Bus 6 SAIFI and SAIDI histograms for Case 7
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Figure 5.22 The overall RBTS SAIFI and SAIDI histograms for Case 7

The SAIFI and their distributions in Case 8 are the same as those in Case 7. The

SAIDI and their distributions are improved due to the alternative power supply for

Feeder 4. The SAIDI distributions are shown in Figure 5.23.
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Figure 5.23 Bus 6 and the overall RBTS SAIDI histograms for Case 8

The feeder reliability improvements are reflected in the reliability indices for the

individual and the overall distribution systems. The changes are to varying degrees. For

example in Case 8, the SAIFI for Feeder 4, the Bus 6 system and the overall RBTS are

79.1%,83.1% and 90.6% of those in Case 1, respectively, and the SAIDI are 51.8%,

58.0% and 77.6% of those in Case 1. Feeder reliability improvements can therefore,
have significant effects on the individual system indices, but the effect on the overall

distribution system indices will in general be much smaller.

The determination of load point and system indices due to changes in distribution

system topology and operating philosophies is a relatively conventional procedure. The

determination of the distributions associated with their indices is, however, a novel
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approach. The distributions provide considerable additional information on the possible
variation in the indices on an annual basis.

5.5 Summary

This chapter presents the SAIFI and SAIDI values and their distributions for

different feeder 4 configurations. The results show the reliability impact of topological

changes to the feeder. The ability to develop the distributions associated with the

conventional indices adds considerable information to the analyses.

The results show that a short feeder usually has high reliability and compact

index distributions. Effectively reducing the main section of a feeder by using a recloser

is a good approach to improve the feeder SAIFI. The SAIDI can be improved by adding
disconnects to divide the feeder to assist the restoration processes. The provision of an

alternative power supply to a feeder can result in significant improvements in the feeder

SAIDI and its distribution.

Splitting a long feeder into two feeders can decrease the composite SAIFI, but

may not be economically acceptable. Shortening a feeder main section by using a

recloser is a more practical way to improve a feeder SAIFI and its distribution.

Feeder reliability improvements are reflected in the reliability indices for the

individual system and the overall configuration, but to different degrees. Feeder

reliability improvements can have significant effects in the individual system, but the

effect on the overall distribution system will in general be much smaller.

Chapter 6 introduces the concepts of reward/penalty structures in performance
based regulation. The configuration sensitivity analysis conducted in Chapter 5 is

extended in Chapter 6 by application to reward/penalty structure analysis. The effects of

changing a reward/penalty structure are also considered and a method to create a

reasonable reward/penalty policy is introduced.
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CHAPTER 6

REWARD/PENALTY STRUCTURES

AND PAYMENTS

6.1 Introduction

As noted in Chapter 1, performance based regulation decouples the price that a

utility charges for its service from its cost, and is intended to provide electricity
distribution utilities with incentives for economic efficiency gains. In order to

discourage utilities from sacrificing service quality in the pursuit of economic

incentives, performance measures of system reliability and service quality are included

in a PBR plan. The Ontario first generation PBR plan utilizes historic utility

performance as its specified service reliability standard. A ������!t_�tructure
(RPS) may be introduced into a subsequent PBR plan to encourage electric distribution

utilities to maintain appropriate reliability levelsin the new regime. A PBR _�cheme) :f{"
provides electricity distribution utilities with incentives to operate efficiently and to

innovate, but also introduces potential financial risks due to the uncertainties associated

with future system performance [11].

As described in Chapter 2, system reliability performance is measured and

predicted using a range of annual indices. These indices are random variables and can

be represented by their probability distributions. This chapter utilizes these distributions

in conjunction with reward/penalty structures to assess the utility system financial risks.

The SAIFI, SAIDI and CAIDI parameters are accepted utility indices and are used

extensively. The SAIFI and SAIDI are primary parameters and CAIDI is normally
obtained by dividing the annual SAIDI by the annual SAIFI, as described in Chapter 2.

Both SAIFI and SAIDI are required to provide an overall appreciation of customer
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service reliability as they reflect different customer impacts.

SAIFI illustrates the average number of interruptions per customers served per

year, and mainly depends on the failure rates of the elements in the system; SAIDI

illustrates the average interruption duration per customer served per year, and is mainly
influenced by the restoration times of the elements. Both SAIFI and SAIDI have been

applied in PBR. The CAIDI describes the average outage duration per customer
"\ /,_/"",-,

interrupted during a year and as previously noted is the ratio of SAIDI to SAIFI. It is a

useful indicator of customer irritation but has not been used to any degree in PBR. In
,r-----' .. �._...._

the research work presented in this thesis, reward/penalty structures are applied to

SAIFI and SAIDI separately. The two components can be added to provide an overall

reward/penalty. This is discussed further in this chapter.

In a PBR regime, a utility may be able to negotiate an initial reward/penalty

structure (RPS) which is easy for it to meet(,-accordilig-io its own operating situation .

.-----.___��----7- ".--------------.-------.---------.- .

The utility can also adjust its reliability performance strategy based on its position in the
�.---------.,--.��-

RPS. The utility should also have some appreciation of the effect on potential payments
of the expected variability in the annual indices.

This chapter introduces the concepts associated with reward/penalty structures

and the calculation model for RPS payments. This chapter also illustrates the effect of

system reliability improvements on expected reward/penalty payments, and presents

how applied reward/penalty structures can be used to decide the suitable projects for

reliability improvement. A suggested procedure to create a reasonable reward/penalty

policy is presented in this chapter.

6.2 The Reward/Penalty Structure and Payment Models

Reward/penalty structures integrated in a PBR plan work like a contract between

a utility and its regulatory agency. The PBR rewards the utility for providing good
service reliability and penalizes it for providing poor reliability. A common method of

implementing a RPS is shown in Figure 6.1. This structure has a "dead zone" where
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o a b Reliability Index

neither a penalty nor a reward is assessed. If the reliability is lower than the dead zone

boundary, a penalty is assessed. The penalty increases as the performance degrades and

is frozen at a maximum penalty value. If the reliability is better than the dead zone

boundary, a bonus is given. The rewards increase as the performance improves and is

frozen when the maximum bonus value is reached [30, 31].

c

M$

Figure 6.1 A general reward/penalty structure

The representation shown in Figure 6.1 is the most popular reward/penalty
,

.

structure. The structure can also take the form shown in Figure 6.b where cr, sr and wr
� ---

stand for the capped reward value, the slope and the end point values in the reward zone

respectively, and wp, sp and cp are the starting point, the slope and the capped penalty
values in the penalty zone respectively. The diagram is from a utility risk point of view

with a positive value given to a penalty and a negative value to a reward.

M$

o

cp

Reliability index

cr

Figure 6.2 Mathematical reward/penalty structure
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ERP = "IRPi * Pi (6.2)

The mathematical model can be formulated in terms of SAIFI as:

cr SAIFI � wr + cr / sr cr s 0, sr � °

(SAIFI - wr) * sr SAIFI E (wr + cr / sr, wr) cr s 0, sr � °

RPS = ° SAIFI E [wr, wp] (6.1 )
(SAIFI - wp) * sp SAIFI E (wp, wp + cp / sp) cp � 0, sr � °

cp
.. SAIFI � wp + cp / sp cp � 0, sr � °

The SAIFI can be modeled by its probability distribution. The �xp��ed reward/

penalty payments (ERP) are calculated using Equation 6.2. The SAIDI models can be

formulated in the same way.

where RPi is the reward/penalty payment based on SAIFIj or SAIDIj .

Pi is the probability of SAIFIj or SAIDIj.

As noted in Chapter 3, SAIFI and SAIDI are continuous random variables. Their
�

probability distributions can only be represented approximately due to the fact that a
-----

d���ret�lass._i_t:�erval is utilized in the sampling process. The class intervals selected

have a small effect on the distributions, and therefore on the expected reward/penalty

payments as shown later.

The class intervals of the probability distributions shown in the previous

chapters are designated by the upper bound values, not the mid values of the intervals.

The reliability distributions should be represented using the mid interval values in

Equation (6.2).
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6.3 The Calculation of ERP Payments

The following analysis is focused on the ERP payments for Bus 6 in the RBTS.

The SAIFI probability distribution shown in Figure 4.5 using the mid values is shown in

Figure 6.3. This is the base case condition. It should be noted that SAIFI=O is a point,
unlike the other outcomes which represent intervals, as noted in Chapter 3. The SAIFI

distribution mean is 1.0410, and the standard deviation (S.D.) is 0.5850.

Figure 6.3 The SAlFI histogram for Bus 6

The basic RPS models are shown in Figures 6.1, 6.2 and Equation 6.1. Figure
6.4 shows the combination of the SAIFI distribution and the RSP model. The RSP

model is shown in the form given in Figure 6.1 to better illustrate the superimposition of

the SAIFI distribution.

M$

ERP= +$52,968

0.5 1.0 1.5 2.0 2.5 3.0 3.5 SAIF

Figure 6.4 Combination of the Bus 6 SAIFI distribution with a RPS

In Figure 6.4, cr= -lM$, sr=2.5M$/SAIFI, wr=O.4occ.lyr, wp=Loocc.zyr,

sp=2.5M$/SAIFI and cp=lM$. The SAIFI mean resides in the center of the dead zone,
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and the dead zone width is based on the (Mean - S.D.) and the (Mean + S.D.). The

expected utility payment for Bus 6 calculated using Equation 6.2 is $52,968. The

distribution utility should expect to pay this amount (on average). In this case, the utility
receives a penalty rather than a reward due to the long tail of the SAIFI distribution in

the penalty zone.

The mean and standard deviation for the SAIDI distribution are 3.90 and 2.52

respectively. A RPS based on SAIDI can be created in a similar manner. Figure 6.5

shows a structure in which cr= -IM$, sr=1.0M$/SAIDI, wr=Lsocc.zyr, wp=6.4occ.lyr,

sp=0.5M$/SAIDI and cp=IM$. The ERP payment for SAIDI in the base case is

$20,438. The distribution utility could expect to pay this amount in addition to the

SAIFI penalty. The total ERP payment is therefore $73,406.

M$

ERP= +$20,438

2.0 4.0 6.0 8.0 10.0 12.0 SAIDI

Figure 6.5 The combination of Bus 6 SAIDI distribution with a RPS

As noted earlier, the SAIFI and SAIDI probability distributions are based on the

selected class interval indices and so are the payments. Figures 6.6, 6.7 and 6.8 show

three SAIFI histograms for Bus 6 based on different class intervals.

Figure 6.6 Histogram 2 of SAIFI for Bus 6
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Figure 6.7 Histogram 3 of SAIFI for Bus 6
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Figure 6.8 Histogram 4 of SAIFI for Bus 6

These three histograms have interval widths of 0.05, 0.1 and 0.4 respectively.
The interval width in Figure 6.3 is 0.2. In these representations, SAIFI =0.6 in Figure

//
6.8 stands for the interval of (0.4, 0.8] or O.4<SAIFI 0.8. SAIFI=0.6 is the mid value of

the interval. Table 6.1 shows the ERP payment using the distribution shown in Figures
6.3, 6.6, 6.7 and 6.8. The order shown in Table 6.1 is based on increasing interval

widths. The results from the first three cases shown in Table 6.1 are very close, but the

last one is quite different.

Table 6.1. The ERP payments for four different Bus 6 SAIFI distributions

Distributions Interval Widths EPR ($)

Figure 6.6 0.05 54,498

Figure 6.7 0.10 54,181

Figure 6.3 0.20 52,968

Figure 6.8 0.40 65,640
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9 9

I (SAIFI i
* Pi) / I Pi = 0.1926 (6.3)

The index values in the SAIFI and SAIDI distributions are the mid values in

each interval. The average value in an interval can be estimated using the distribution in

the interval. For example, in Figure 6.8, the average value in the interval (0, 0.4] can be

obtained using the distribution in Figure 6.6 as follows:

i=2 i=2

The average value in the interval is different from the mid value of 0.20. This

interval coincides, in this case, with the reward slope area and therefore could make a.

difference in the utility payment. A similar calculation can be done in the interval (1.6,

2.0] which intersects with the penalty slope. The average value in the interval is 1.7647,

which is different from the mid point value of 1.8. The calculation substituting these

two values for the mid values is shown in Table 6.2. The modified payment for the

distribution in Figure 6.8 is $54,473, which is quite close to the values obtained for the

other three distributions.

Table 6.2. The error analysis of the ERP payment

SAIFI Probability RSP Payments (M$)
0.0 0.00273 -1 -0.00273

0.1926 0.10477 -0.5184 -0.05431

0.6 0.25267 0 0

1.0 0.2712 0 0

IA 0.19557 0 0

1.7647 0.10463 OAI17 0.043076

2.2 0.04617 1 0.04617

2.6 0.0163 I 0.0163

3.0 0.0045 I 0.0045

3A 0.0012 I 0.0012

3.8 0.0002 I 0.0002

4.2 0.00007 I 0.00007

4.6 0 I 0

L=$54,473
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A similar situation occurs in all the other intervals in Table 6.2, but the ERP

payment contributions in those intervals are not sensitive to the differences, and

therefore have minimal effect on the results. The calculation errors due to the

distribution interval width only impact the ERP contributions from the slope sections. '7
---�.--.-----.--

.
-

)

In some cases, a slope end might sit inside an interval, not reside on the

boundary between two intervals. The interval might cover different payment zones, but

the mid value is just a single point. The payment calculation based on the mid value,

therefore, ignores the data in another zone separated by the slope end. In this situation,

the interval could be split according to the end position in the interval, and the

calculations conducted based on the different zone.

Table 6.1 shows that there are only small differences in the ERP payments for

the distributions shown in Figures 6.3, 6.6 and 6.7. The results shown in the following
sections are obtained using an interval width of 0.2 for the SAIFI distributions and an

interval width of 0.5 for the SAIDI distributions.

6.4 The Effect of System Reliability Improvements on the ERP Payments

If the reward/penalty structure under which a utility must operate is established,

the utility can adjust its reliability strategies to maximize its financial return and

minimise its risk. For instance, a utility could invest in reliability improvements to

increase the rewards, or simply retain its original position in the reward/penalty

structure, or payoff any reliability penalties. A reward/penalty policy, however, is

intended to provide economic incentives to a utility to improve its service reliability
levels.

As noted in Chapter 5, the reliability levels at Bus 6 in the RBTS can be

improved in different ways. These modifications will result in different ERP payments.

The change in payment can be designated as the expected improvement return (�RP). In

this situation, a decrease in the penalty or an increase in the reward is shown as a

positive value. Following Equation 6.2, the �RP can be expressed as follows:
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I1RP = ERP b - ERP k = I RPi * (P» - Pkl) (6.4)

where ERPb and ERPk are the expected reward/penalty payments in the base

case and the modified case respectively.

Table 6.3 shows the effects on the ERP payments of the reliability

improvements obtained in the different cases presented in Chapter 5. The SAIFI and

SAIDI payments have been added together to produce the aggregate values shown in

the column headed "Sum" in Table 6.3. The SAIFI and SAIDI reward/penalty structures

used in constructing Table 6.3 are shown in Table 6.4. These structures are also used in

Figures 6.4 and 6.5. The structure shown in Table 6.4 is designated as RPPI

Table 6.3. The ERP payments for the different cases

Cases SAIFI SAIDI Sum llRP

Mean ERP ($) Mean ERP ($) ($) ($)
1 1.0401 52,968 3.8992 20,438 73,406 0

2 1.0401 52,968 3A680 -26,031 26,937 46,469

Q) 1.0401 52,968 2.1232 -143,5,82 -90,614 164,020
��,--� ""'-------�-. ,

4 1.0401 52,968 1.8748 -199,480 -146,512 219,918

5 0.8551 -22,008 3.7661 9,566 -12,442 85,848

(,6) 0.8551 -22,008 2.0197 -124,248 -146,256 219,662
��

7 0.8652 -27,843 3.8216 11,943 -15,900 89,306

8 0.8652 -27,843 2.2657 -124,876 -152,719 226,125

Table 6.4. The parameters of the original reward/penalty policy (RPPI)
SAIFI SAIDI

Reward Zone Penalty Zone Reward Zone Penalty Zone

Capped values -IM$ IM$ -IM$, IM$.

Slope 2.5M$/SAIFI 2.5M$ ISAIFI 1.OM$/SAIDI 0.5M$/SAIDI

Border point oAocc.lyr 1.6occ.lyr 1 Aocc'/yr 6Aocc'/yr

Conventional ERP payments are normally based on a single point or an average

value. Table 6.3 shows that the lowest mean SAIFI or SAIDI value does not always
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conform to the maximum ERP payment. Cases 5 and 6 have the lowest SAIFI, but cases

7 or 8 have the highest rewards. This is due to the interaction between the ERP structure

and the index distributions. Utilization of the average index values does not always lead

to the same conclusions as those obtained using a more complete representation

involving the index distributions.

Table 6.3 indicates that all the considered improvements will result in increased

economic returns. These increases are substantial for Cases 3, 4, 6 and 8. The

investment and operating costs associated with each case should also be included in the

evaluation.

6.S Reliability Improvement Economic Analysis

The previous section illustrates that different reliability improvement projects
have different potential economic returns. These improvement and the resulting
economic returns have costs associated with them. It is not mandatory that a project
with a high ERP payment return has a high priority to proceed. Crhe decision to proceed
will depend on the difference between the ERP payment returns and reliability

,....___

improvement costs (RIC).)

Each capital project will require an injection of funds and also involve increased

operating expenses. After the project is complete, the utility could expect to receive an

ERP benefit on an annual basis. The present worth of the series of annual benefits can

be compared with the present value associated with the project costs to decide if the

modifications are worth making.
The present worth of the reward/penalty payment is designated as PRP and is

given by Equation 6.5 [32].

1-2(1+a)n
PRP = PWF * !lRP =

1 + i * !lRP
i+a

(6.5)

Where PWF is the present worth factor, a and i are the inflation rate and the

interest rate respectively, and n is number of years considered.
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IB PRP - RIC (6.6)

What is a reasonable project IS dependant on the improvement benefit

associated with PRP and RIC. Equation 6.6 can be used to determine whether a project
should be considered.

If IB;:::O, the project should be considered.

If IB<O but close to zero, the project could be considered further as it might have.
additional benefits besides the reliability improvement considered.

If IB is much less than zero, the project IS not a reasonable reliability

improvement option.

The calculation of RIC for the reliability improvement projects considered in

Chapter 5 is shown in Table 6.5. The project useful life is 20 years. The interest rate and

inflation rate are 8% and 3% respectively. The operation and maintenance cost is 2% of

the device cost, and is also a uniform series of annual payments. The present worth

factor is 12.25. The present worth of the operation and maintenance cost (OMPW) is

the device cost multiplied by 12.25*2%=0.245. The associated cost data are shown in

Appendix C [33].

Table 6.5. Calculation of RIC for the different projects
Cases Project Descriptions Fixed Cost OMPW RIC

1 The base case N/A N/A N/A

2 Adding 10 Disconnects Disconnects: $47,000 $11,515 $58,515

3 Adding 10 Disconnects, and 6 km Disconnects: $47,000 $11,515

overhead lines for the alternate Overhead lines:

power supply $240,000 $58,800 $357,315

4 Adding 19 Disconnects, and 9 km Disconnects: $89,300 $21,878

overhead lines for the alternate Overhead lines:

power supplies $360,000 $88,200 $559,379
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5 Building 11.6 km overhead lines for Overhead lines:

the new feeder to supply the remote $464,000 $113,680 $577,680

customers

6 Building 22.7 km overhead lines for Disconnects: $47,000 $11,515

the new feeder and alternate supply, Overhead lines:

adding 10 disconnects on F4 and F5 $908,000 $222,460 $1,188,975

7 Adding a recJoser on F4 to substitute Recloser:

for the disconnect on the main feeder $4,970 $1,217 $6,187

8 Adding a recloser on F4 and 10 RecJoser: $4,970 $1,217

disconnects, building 6 km overhead Disconnects: $47,000 $11,515

lines for the alternate power supply Overhead lines: $240,000 $58,800 $363,502"

Table 6.6 shows the ERP payments, ARP, PRP, RIC and IB for the different

cases. The inflation and interest rate in the PRP calculation are the same as those in

Table 6.5. The number of years used in the calculation is 3 years as most utilities are

presently unwilling to look very far into the future in regard to making financial

decisions. This is an important factor in the decision making process. In this case, the

present worth factor is 2.65.

Table 6.6. Calculation of the improvement benefit (IB)
Cases ERP ($) Sum ARP PRP RIC IB

SAIFI SAIDI ($) ($) ($) ($) ($)
1 52,968 20,438 73,406 0 0 N/A N/A

2 52,968 -26,031 26,937 46,469 123,143 58,515 64,628

3 52,968 -143,582 -90,614 164,020 434,653 357,315 77,338

4 52,968 -199,480 -146,512 219,918 582,783 559,379 23,404

5 -22,008 9,566 -12,442 85,848 227,497 577,680 -350,183

6 -22,008 -124,248 -146,256 219,662 582,104 1,188,975 -606,871

7 -27,843 11,943 -15,900 89,306 236,661 6,187 230,474

8 -27,843 -124,876 -152,719 226,125 599,231 363,502. 235,729

The present worth (PRP) of the ERP payment return (ARP) can be compared
with the reliability improvement cost (RIC) to determine the improvement benefit (IB).
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If IB is negative in Table 6.6, the particular project should not proceed. Cases 5 and 6

fall into this category. Although the Case 5 and 6 projects can significantly improve the

reliability levels, they are not reasonable as they are not expected to bring any economic

benefit to the utility.

It can be seen that Cases 7 and 8 have similar improvement benefits (IB). The

Case 7 project has a slightly lower IB than that of Case 8, but is easier to execute. The

Case 2, 3, 4 and 8 projects should also be considered as potential reliability

improvement activity under the reward/penalty policy. Table 6.6 shows that there are

good opportunities for the utility to invest in improved reliability levels and that it

should give the first priority to the Case 7 project.

As noted earlier, the IB is an indicator of project suitability in regard to

reliability improvement. The project costs are independent of the policy, but the EPR,

�RP and PRP are directly related to the regulated reward/penalty structures. Different

reward/penalty structures will result in different ERP payments and different

improvement benefits (IB), and therefore dictate different reasonable projects.

For example, Case 7 in Table 6.6 shows a significant improvement in SAIFI

while SAIDI is relatively unchanged. The improvement does not help the remote

customers as this project only improves the service reliability for the customers located

in front of the automatic recloser. A reward/penalty policy in the new environment

should encourage the utility to improve both SAIFI and SAID!. The policy should be

carefully designed to benefit both the customer, through the office of the regulator, and

the utility serving those customers.

The impact on the possible improvement priorities of modifying the

reward/penalty policy is illustrated using the modified structures shown in Figure 6.9.

The policy is labelled RPP2. In the new policy, the reward and penalty capped values in

the SAIFI structure decrease to -O.6M$ and O.6M$ respectively. In the SAIDI structure,

the reward slope increases to 2M$/SAIDI, and the penalty capped value changes to
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l.4M$. The other parameters are the same as those shown in Table 6.4. Table 6.7

shows the calculation of the improvement benefit in the modified reward/penalty policy.
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Figure 6.9 The reward/penalty policy (RPP2)

Table 6.7. Calculation of the improvement benefit for RPP2

Cases ERP ($) Sum L\RP PRP RIC IB

SAIFI SAIDI ($) ($) ($) ($) ($)
1 30,498 6,411 36,909 0 0 N/A N/A

2 30,498 -52,942 -22,444 59,353 157,286 58,515 98,771

3 30,498 -209,797 -179,300 216,209 572,953 357,315 215,638

4 30,498 -282,816 -252,318 289,227 766,452 559,379 207,073

5 -22,143 -5,539 -27,682 64,591 171,165 577,680 -406,515

6 -22,143 -188,507 -210,649 247,558 656,029 1,188,975 -532,946

7 -30,020 -5,188 -35,208 72,117 191,110 6,187 184,923

8 -30,020 -183,693 -213,713 250,622 664,147 363,502 300,645

It can be seen from the above table that the project priority order of projects is

now Case 8, 3, 4, 7 and 2. Cases 7 and 8 now have quite different IB factors. The

applied reward/penalty policy has considerable influence on the selection of reasonable

projects for customer reliability improvement.

6.6 Considerations in Setting RewardlPenalty Structures

The average system reliability index should reside in the dead zone of the

reward/penalty structure. It is reasonable to suppose that the average value should

reside at the centre of the dead zone. Under this condition, the EPR payment (penalty)
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will increase by widening the dead zone as the related probability distribution is usually

positively skewed. In the studies described in this thesis, the dead zone width is centred

on the average value of the index and the width is twice the standard deviation.

It can be seen from Table 6.3 that the utility in Case 1, expects to pay an annual

penalty of $73,406 under RPPI. This penalty provides some pressure to push the utility
to improve the service reliability. The initial state could contain either pressure from a

penalty or an incentive from a reward. In contrast to the penalty pressure, an initial

reward indicates praise to the utility for good performance.

The initial state could also be neutral, in the sense that the ERP payment is very

small. This is illustrated by the following example. The capped values in the RPP 1

penalty zones for SAIFI and SAIDI are reduced to 0.41M$ and 0.7M$ respectively. The

other parameters in Table 6.4 are unchanged. The expected reward/penalty payments

for Bus 6 are now $310 for SAIFI and -$75 for SAIDI, and the total ERP payment is a

$234 penalty. This is shown in Table 6.8 together with the values for Cases 1-8. In this

situation, the initial state can be designated as being neutral.

Table 6.8. Calculation of the improvement benefit for RPP3

Cases ERP ($) !ixfA:c):tJj perlw{Sum �RP PRP RIC IB
P4'j�wt-

SAIFI SAIDI ($) ($) ($) ($) ($)
1 310 -75 234 0 0 N/A N/A

2 310 -36,389 -36,079 37,005 98,063 58,515 39,548

3 310 -143,588 -143,279 144,205 382,142 357,315 24,827

4 310 -199,480 -199,170 200,096 530,254 559,379 -29,125

5 -29,982 1,683 -28,299 29,225 77,447 577,680 -500,233

6 -29,982 -124,248 -154,230 155,156 411,162 1,188,975 -777,813

7 -49,802 -7,746 -57,548 58,474 154,956 6,187 148,769

8 -49,802 -125,015 -174,817 175,743 465,718 363,502 102,216

A reward/penalty policy with a neutral initial situation may encourage a utility
to sustain its original position. There are, however, economic gains which can be
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realized by reward increases. Table 6.8 shows that the different projects have possible
investment returns under the policy. For example in the 3 years, the Case 7 project
could bring a return of $148,769 to the utility while that in Case 6 could result in a

$777,813 deficit. In this situation, the utility should invest the $6,187 required for the

Case 7 project and receive the potential reward.

As shown in Tables 6.6-6.8, the ERP payment benefits (�RP) are the aggregate

of the positive contributions from the reward zone, and the negative contributions from

the penalty zone. These contribution change as the reliability improvements shown in

Cases 2-8 are considered. The effect of these improvements can be seen by examining
the changes in the index probability distributions within the reward and penalty zones.

The incremental change in the probability within an interval i is used in Equation 6.4 to

calculate the �RP. This is shown pictorially in Figure 6.10 for the Case 4 project. Figure
6.10 shows the incremental change in the SAIDI interval probabilities for Case 4 from

those of the base case. The positive bars indicate that the probability is increasing and

the negative bars indicate the probability is decreasing.

SAlOl

Figure 6.10 SAIDI interval probability difference diagram for Case 4

Figure 6.11 shows the combination of Figure 6.10 and a possible reward/penalty
structure. The interval probability difference diagram shown in Figure 6.11 provides
considerable insight into the effect on the �RP of changes in the reward/penalty
structure. The positive bars in the reward zone in Figure 6.11 indicate an increasing
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reward and the negative bars in the penalty zone indicate a decreasing penalty due to the

reliability improvements associated with the project.

o

Figure 6.11 Combined SAIDI interval probability difference diagram and a RPS

The regulator can design an RPS which will encourage the utility to improve
both the SAIFI and SAID!. The improvement made in the Case 8 project satisfies this

requirement. The effect of changing the RPS to obtain this is shown in the following

example.

In order to start from an initial neutral condition similar to that shown in Table

6.8, both the reward and penalty zones were adjusted to create a neutral situation. The

dead zones for SAIFI and SAIDI are the same as those in the previous structures. The

modified structure (RPP4) is shown in Figure 6.12 together with that ofRPPl. In RPP4,

the SAIFI reward slope and penalty capped values are 3M$/SAIFI and 0.53M$

respectively, and the SAIDI reward slope and the penalty capped values are 2M$/SAIDI

and l.2M$ respectively. The other parameters are the same as those in Table 6.4.

Table 6.9 shows the calculation of the improvement benefit in this situation. It

should be noted that the Sum values for Case 1 are not identical in Tables 6.8 and 6.9.

This difference, however, is extremely small and both tables indicate a neutral starting
condition.
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Figure 6.12 Modified reward/penalty policy for RPP4

Table 6.9. Calculation of the improvement benefit for RPP4

Cases ERP ($) Sum �RP PRP RIC IB

SAIFI SAIDI ($) ($) ($) ($) ($)

1 382 -199 183 0 0 N/A N/A

2 382 -55,317 -54,935 55,118 146,063 58,515 87,548

3 382 -209,797 -209,415 209,598 555,435 357,315 198,120

4 382 -282,816 -282,434 282,617 748,934 559,379 189,555

5 -36,821 -6,697 -43,517 43,700 115,806 577,680 -461,874

6 -36,821 -188,507 -225,327 225,510 597,602 1,188,975 -591,373

7 -59,892 -11,650 -71,543 71,726 190,073 6,187 183,886

8 -59,892 -183,670 -243,562 243,745 645,924 363,502 282,422

The results shown in Table 6.9 indicate that the reward/penalty policy (RPP4)
creates a climate in which the Case 8 project is the most financially advantageous for

the utility followed by the projects in Cases 3, 4, 7 and 2. This reward/penalty policy

provides strong incentives for a utility to improve both reliability indices.

The capped values and the slopes in an imposed reward/penalty policy should be

related to the relevant reliability improvement costs. A capital project could

significantly improve the reliability levels in a small distribution system such as that at

Bus 6, but might only result in a small change for a larger system such as the entire

RBTS, as noted in Chapter 5. In other words, a large system must invest more to

improve its reliability, and the incentives from an imposed reward/penalty policy should

be big enough to encourage these changes.

91



92

As noted earlier in this chapter, the number of years used in the improvement
benefit calculation has a large effect on the project priority order. The selection of the

number of years will be influenced by the policy stability created by the regulator and

the general financial attitude of the utility. For example, if only a single year is used, the

comparison will be between dRP and RIC, rather than between PRP and RIC. In this

situation, the Case 7 project is the only financially advantageous case, as shown in

Table 6.9. Regulatory agencies should have relatively stable reliability policies, and an

imposed reward/penalty scheme should be active for a long period to encourage a

distribution utility to maintain and improve its reliability levels.

6.7 Summary

Performance based regulation is intended to provide distribution utilities with

economic incentives to operate efficiently and to innovate. A reward/penalty policy may
be introduced into a PBR plan as a mechanism to encourage distribution utilities to

maintain appropriate reliability levels in the pursuit of such incentives. Distribution

utilities will therefore, face potential financial risks due to the uncertainties associated

with future system performance.

System reliability performance is measured and predicted using a range of

annual indices. These indices are random variables and can be represented by their

probability distributions. The SAIFI and SAIDI probability distributions can be used in

conjunction with reward/penalty structures to estimate the potential financial risk that a

utility may face.

This chapter introduces the basic concepts associated with reliability based

reward/penalty structures. A calculation model for RPS payments is presented. This

chapter also illustrates the effect of system reliability improvements on the expected

reward/penalty payments, and clearly shows that an imposed reward/penalty structure

has a major impact on the selection of suitable projects for reliability improvement.



(1) The historic system average reliability index should lie within the RPS dead

zone and preferably at the dead zone centre. The width of the dead zone in the

research was taken to be equal to two standard deviations of the index

distribution.

The establishment of a particular reward/penalty policy should be based on the

historical system performance of the utility. It should also influence the utility to move

in the specific directions desired by the regulator. Some of the basic concepts associated

with the development of procedures to generate a reasonable reward/penalty policy are

introduced and examined in this chapter. The main points illustrated are as follows:

(2) The expected reward/penalty payments in the original system are designated as

the initial state of a RPS. The initial state can be manipulated by adjusting the

reward and penalty zones to create an expected financial condition for the

utility. This could be a reward condition, a penalty condition or a financially
neutral position. The different initial states will create different pressures on the

utility to take action on reliability improvements.

(3) The capped and slope values in the RPS can be selected to provide ERP benefits

associated with suitable projects for improving the system reliability, without

effecting the initial state.

The following chapter introduces some actual reliability data from the Canadian

Electricity Association (CEA) Service Continuity Reports. These historical data are also

used to create reliability index probability distributions. The potential financial risks in

a PBR regime estimated by incorporating actual reliability index probability
distributions with RPS are presented.
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CHAPTER 7

DISTRIBUTION SYSTEM RISK ASSESSMENT

USING ACTUAL RELIABILITY DATA

7.1 Introduction

As noted in Chapter 1, performance based regulation (PBR) is being adopted as

the rate regulation scheme for distribution utilities in Ontario, Canada. PBR is intended

to provide electric distribution utilities with incentives for economic efficiency gains.
Performance measures of system reliability and other service quality indicators are

integrated in a PBR plan to discourage utilities from sacrificing service quality in

pursuing economic incentives. The first generation PBR plan in Ontario uses historic

utility performance as the specified service reliability standard, and requires that utilities

that have at least 3 years of reliability data should at minimum remain within the range

of their historic performance. In those situations where a utility has not monitored

service reliability in the past, it is required to initiate monitoring and to report the stated

indices.

Historic reliability data are therefore, extremely important for distribution

system risk assessment in this new regime. This chapter introduces actual reliability
data taken from the CEA Service Continuity Reports [19]. Reliability index probability
distributions are developed using the actual reliability data. The major contributions to

the service continuity indices from the CEA cause code categories are analyzed and

illustrated. The service reliability standards in a first generation PBR plan are discussed.

The concepts developed in Chapter 6 are extended by application to real systems using
actual historic data. This work should prove useful for those utilities facing the
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emerging application of PBR and for regulators responsible for setting initial PBR

procedures.

7.2 Actual Reliability Data

The CEA maintains a comprehensive database of component and system outage

data on behalf of the reporting utilities. The Service Continuity Report on Distribution

System Performance in Electrical Utilities is published annually. This report presents

the annual reliability indices such as SAIFI, SAIDI, CAIDI and lOR together with the

interruption cause contributions for the participatingutilities and for Canada as a whole.

Table 7.1 shows the Canadian annual reliability indices (designated as Canada), and

those of two urban utilities (U-1 and U-2) and two integrated utilities (1-1 and 1-2) over

the last 10 years. These data are shown pictorially in Figure 7.1. The contributions to

those indices from the designated interruption causes are shown in Appendix D.

Table 7.1. Annual Reliability Data

Year Canada U-l U-2 I-I 1-2

SAIFI SAID! SAIFI SAID! SAIFI SAID! SAIFI SAID! SAIFI SAID!

1991 3.55 4.24 1.32 1.79 2.08 1.92 2.66 4.02 2.52 3.82

1992 3.06 3.34 0.50 0.53 1.25 1.14 2.06 3.36 2.35 4.61

1993 2.97 3.36 0.62 0.29 1.34 1.17 3.48 4.04 2.35 4.08

1994 2.55 3.39 3.12 1.76 1.31 0.98 3.49 5.39 1.90 3.09

1995 2.80 3.06 2.64 1.09 1.37 0.73 4.83 8.94 1.77 3.24

1996 2.39 2.86 0.90 1.11 1.01 0.66 4.05 7.48 1.77 3.14

1997 2.35 3.70 0.40 0.33 0.84 0.53 3.16 4.96 2.14 3.62

1998 3.58 30.31 1.69 1.36 0.74 0.49 3.81 14.04 1.85 3.57

2.40* 3.32*

1999 2.59 4.31 1.81 1.67 0.94 0.54 2.80 4.39 1.65 2.90

2000 2.26 3.23 0.61 0.41 0.59 0.38 3.31 8.31 1.68 3.03

*Comment: the data with an asterisk exclude the effect of "Ice Storm 98".

The number of the customers represented in the Canada system in 2000 is

approximately 11 million. Not all utilities participate at this time. The service area is

approximately 2.7 million km", and the peak load is approximately 68,000MW. The
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underground and overhead circuit lengths are approximately 103,000 km and 669,000

km respectively. The circuit ratio of overhead to underground is approximately 6.50,

and the load density is approximately 25'kW/km2.

U-l is a small urban utility with a relatively high circuit ratio and relatively low

load density, U-2 is a large urban utility with a relatively low circuit ratio and relatively

high load density; I-I is an integrated utility with a relatively high load density, and 1-2

is an integrated utility with a relatively low load density. Their identities are not known

due to CEA confidentiality rules.

It can be seen from Figure 7.1 that U-l and I-I have considerable variation in

their annual reliability indices while U-2 and 1-2 have only small changes. Eastern

Canada experienced a major ice storm in January 1998, which had a significant impact
on the reliability of the affected systems. This storm was considered to be the worst

weather phenomena in a century. The Canada data shown in Figure 7.1 excludes the

effects of this adverse weather event.

7.3 Actual Reliability Index Probability Distributions

Table 7.2 shows the average values of SAIFI and SAIDI and their standard

deviations for each utility system based on the ten year historical data. The annual

histories shown in Figure 7.1 can be represented by the histograms shown in Figure 7.2.

These histograms illustrate the annual variability of the indices.

Table 7.2. The average SAIFI and SAIDI values and the standard deviations

Systems SAIFI SAIDI

Ave S.D. Ave S.D.

Canada 2.692 0.404 3.481 0.472

U-l 1.361 0.945 1.034 0.607

U-2 1.147 0.425 0.854 0.465

1-1 3.365 0.775 6.493 3.286

1-2 1.998 0.316 3.510 0.541
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K = 1 + 3.3 * log ION N is total number of samples (7.1)

There are only ten observations of each index in this analysis. It was assumed

that each system remains relatively constant over the period in regard to design and

operational changes. This is a relatively broad assumption. These histograms therefore

provide approximate probability distributions of the indices.

The number of class intervals K and the class interval width W in the histograms

shown in Figure 7.2 were determined using Equations 7.1 and 7.2 [34].

W =

max sample value - min sample value
K

(7.2)

The histograms developed using actual historical data contain many dements

which make them conceptually different from the distributions developed by simulation

and shown earlier in this thesis. The histograms contain influences from topological

changes, maintenance practices and operational policies. The historical data however,

contain valuable information on the variation in the annual service continuity indices of

SAIFI and SAIDI, and provide an appreciation of the variation that can be expected in

the future.

7.4 Consideration of the System Risks Using Actual Reliability Data

The Ontario first generation PBR plan requires that those utilities that have at

least 3 years of reliability data should at minimum remain within the range of their

historic performance. Some utilities have collected data for many years while others

have virtually no data. Those with long periods of record will undoubtedly have some

bad performance years in their records, which will significantly increase the index

ranges. These performance levels may not be acceptable in the new regime.

The Ontario Energy Board did not state what will happen if system reliability
indices of a utility are out of the expected range in the new regime. As noted in

Reference 12, performance measures in the first generation PBR plan are intended to

minimize bad outcomes in the future. After enough reliability data are collected and
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Table 7.3. The dead zones for the five representative utilities

experience is accumulated, a new scheme involving reward/penalty policies may be

introduced in the second generation PBR plan.

In the reward/penalty policy applications described in Chapter 6, the average

reliability index values are located in the centre of the dead zone, and the dead zone

width is twice the index distribution standard deviation. This process was used to create

the dead zones shown in Table 7.3 using the ten year historical data for the five

representative utility systems.

Dead Zones
System

SAIFI SAIDI

Canada 2.288 3.096 3.009 3.953

U-1 0.416 2.306 0.427 1.641

U-2 0.722 1.572 0.389 1.319

I-I 2.590 4.140 3.207 9.779

1-2 1.682 2.314 2.969 4.051

Figure 7.3 shows the combination of the historical data for the Canada system

and two hypothetical reward/penalty structures. There is an infinity of possible RPS.

The attention in this case is focused on the location of the dead zone rather than on the

calculation of ERP payments.

M$ M$

0.6

0.4

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 SAIFI
----+-���--��--�����
20 2.5 3.0 3.5 4.0 4.5 5.0 SAIDI

Figure 7.3 Combination of the SAIFI and SAIDI histograms and hypothetical

reward/penalty structures (Canada)
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In Figure 7.3, there is a 10% probability that the system SAIFI will lie in the

penalty zone. The system SAIDI has 10% and 20% probabilities of residing in the

reward and penalty zones respectively. The utility should expect some future penalty

payments according to the historic performance. It can be seen from Figure 7.3 that the

most probable outcomes are close to the reward boundaries. The utility could probably
make improvements which would move its performance towards the reward zone and

receive financial remuneration from the regulator.

The Ontario first generation PBR plan only requires that the utility performance
be not worse than that previously experienced. The SAIFI and SAIDI ranges in the last

ten years for the Canada data are [2.26, 3.58] and [2.86, 30.31] respectively. This

includes the effects of IceStorm 98. If these data are excluded, the SAIFI and SAIDI

ranges are [2.26,3.55] and [2.86,4.24] respectively. The regulator will have to decide if

events of this magnitude are to be included in the assessment of system performance.

The methodology used to establish the dead zone values shown in Table 7.3

provides a consistent approach to create the maximum and minimum bounds based on

the utility past performance. The discussion to use ± I standard deviation is arbitrary
and should be considered by the regulator. This approach was used in examining the

effect of dead zone location on the remaining four utility systems.

Figure 7.4 shows the combination of the SAIFI and SAIDI distributions and the

hypothetical RPS for U-l. In Figure 7.4, there is a 20% probability of a system SAIFI in

the penalty zone, and 40% probability of a SAIFI in the reward slope area. There are

30% probabilities for a SAIDI in both the reward zone and the penalty zone. The system

could possible earn rewards by making improvements. The variability in this case

indicates that the utility could expect some financial penalties in the future unless

improvements are made. The system faces financial risks in the new regime due to the

considerable variation associated with its past performance.
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Figure 7.4 Combination of the SAIFI and SAIDI histograms and hypothetical

reward/penalty structures (U-1 )

Figure 7.5 shows the combination of the SAIFI and SAIDI distributions and the

hypothetical RPS for U-2. There is a 20% probability that the SAIFI lies in the reward

slope area and a 10% probability of the SAIFI in the penalty zone. There is a 10%

probability that the SAIDI is in the penalty zone and a 40% probability that the SAIDI

is close to the reward boundary. This system could expect to receive a reward from

successful reliability improvement activities.

M$ M$

Figure 7.5 Combination of the SAIFI and SAID I histograms and

hypothetical reward/penalty structures (U-2)

Figure 7.6 shows the combination of the SAIFI and SAIDI distributions and the

hypothetical RPS for 1-1. The SAIFI distribution is symmetrical in this case. There is a

10% probability of SAIFI being in either the reward zone or the penalty zone. There is a

10% probability of SAIDI being in the penalty zone, and a 40% probability of being just
in the reward zone. This system could therefore expect to reduce its potential financial

risk by making appropriate system improvements.

102



1.2 1.4 1.6 1.8 2.02.2 2.4 2.6 SArFr
2.4 2.8 3.2 3.6 4.04.4 4.8 5.2 SA tm

M$

0.4

2.0 2.4 2.8 3.2 3.64.0 4.4 4.8 SArFI 2.04.06.08.0 10 12 14 16 SAIni

Figure 7.6 Combination of the SAIFI and SAIDI histograms and

hypothetical reward/penalty structures (1-1)

Figure 7.7 shows the combination of the SAIFI and SAIDI distributions and the

hypothetical RPS for 1-2. There is a 20% probability of SAIFI being in the reward zone

and a 40% probability of it being close to the reward boundary. There is also a 10%

probability that the SAIFI will be in the penalty zone and a 20% probability that it will

be close to the penalty boundary. For the SAIDI distribution, there are 30% and 20%

probabilities associated with the reward and the penalty zones respectively. This system

could expect to earn rewards, and could earn more through system reliability

improvements.

M$

0.4

Figure 7.7 Combination of the SAIFI and SAIDI histograms and

hypothetical reward/penalty structures (1-2)

It is difficult to contemplate the application of a RPS for those utilities who have

not compiled a history of their reliability performance. The statistics for the first year of

record provide a starting point but provides no indication of a reasonable dead zone. A

single point dead zone is shown in Figure 7.8.
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Figure 7.8 The reward/penalty structure without dead zone

Under the scheme shown in Figure 7.8, a system with a short operating history.
would face relatively high financial risks due to the fact that there is no prescribed dead

zone. It is obvious that in these cases, additional data are required to create a reasonable

dead zone.

It can be seen from the above discussions that considerable care is required to

establish appropriate dead zone boundaries for both SAIFI and SAID!. These

boundaries should not unduly penalize a utility and should provide appropriate
incentives for a utility to improve its reliability performance. A RPS based on the

distributions associated with historical utility performance could permit the examination

of the potential financial risk to a utility and provide a consistent and progressive

approach to performance based regulation.

7.5 Analysis of Interruption Causes

The system reliability characteristics of individual utilities differ due to the

diversities in service areas, load densities, system topologies, weather environments and

service standards, etc. Urban systems usually have short supply feeders, underground

circuits, and alternate power supplies. Their reliability indices are therefore generally
better than those in rural systems.

An examination of the contributions to the service continuity indices from

various system factors provides considerable insight into how the performance can be

improved. The Canadian Electricity Association reporting system divides the customer
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outages into the following codes: Unknown, Scheduled Outage, Loss of Supply, Tree

Contact, Lightning, Defective Equipment, Adverse Weather, Adverse Environment,

Human Element, and Foreign Interference. A complete description is provided in

Reference 1 9.

The major contributions to the service continuity indices can come from quite

different causes in urban and rural systems. For example, in an urban system, Tree

Contact might make a relatively low contribution to the total reliability indices, but

Foreign Interference could occur more frequently and therefore make a higher
contribution. An integrated utility contains both urban and rural elements and its

reliability characteristics are therefore an aggregate of the two general types.

This section presents the major interruption contributions for the Canada system

over the last ten years and those for the other four systems over the last five years.

Interruptions from Loss of Supply are due to problems in the bulk electricity supply

system such as underfrequency load shedding, transmis.�iO_.l1_,s.y�t�!_l)._!�l!!!§j�_�_�Lor:_�Y.�IE
"'----._---_ .. '-.,', ... -.,. __ ._-_ ..... �-.,<-- .. , .....- ... -.--,.�.'�--.�.--

Xr.e..9��J:l.�X"excursions. These interruptions are generally out of the control of distribution

utilities, and it has been suggested that they should be removed from the general
statistics used in PBR. This is still a matter of considerable debate.

The Canada aggregation represents a huge integrated system. The major

contributions to SAIFI are shown in Figure 7.9. The curves designated as Total, 'J-Loss,

D+S and Remaining stand for the annual index, the annual index excluding the

contribution from Loss of Supply, the contribution from Defective Equipment and

Scheduled Maintenance, and the contribution from the remaining causes. It can he seen

that Loss of Supply makes a significant contribution to SAIFI. The D+S and Remaining

profiles have been relatively constant over the ten year period.
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Figure 7.9 Contributions to SAIFI (Canada)

Figure 7.10 shows the major contributions to SAIDI for the Canada system. The

W+T designation stands for the contribution from Adverse Weather and Tree Contact.

It can be seen that Loss of Supply has a smaller contributions to SAIDI than it had to

SAIFI. The W+T cause code contributions create the fluctuations in SAIDI seen over

the last five years.
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«
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o�--------�--�--�--------------�--�

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

Year

Figure 7.10 Contributions to SAIDI (Canada)

U-1 is a small urban utility with a relatively high circuit ratio and low load

density. Selected cause code contributions to SAIFI and SAIDI are shown in Figures
7.11 and 7.12, in which D+W+F stands for the contribution from Defective Equipment,
Adverse Weather and Foreign Interference. It can be seen that in some years Loss of

Supply has major contributions to both SAIFI and SAIDI. The D+W+F contribution to
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SAIFI is generally similar in magnitude to that of the Remaining six codes. Their

contribution to SAIDI is generally higher.
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Figure 7.11 Contributions to SAIFI (U-I)
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U-2 is a large urban utility with a low circuit ratio and high load density, and its

reliability indices tend to be better during the 10 years. The contributions to SAIFI and

SAIDI are shown in Figures 7.13 and 7.14, in which D+F stands for the contribution

from Defective Equipment and Foreign Interference. It can be seen that Loss of Supply
has a minimal contribution to SAIFI or SAID!. The D+F categories have a major impact
on the overall indices.
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Figure 7.12 Contributions to SAIDI (U-l)
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Figure 7.14 Contributions to SAIDI (U-2)

1-1 is an integrated utility with a relatively high load density. The major
contributions to SAIFI and SAIDI are shown in Figures 7.15 and 7.16, in which W+T

stands for the contribution from Adverse Weather and Tree Contact. It can be seen that

in this system, Loss of Supply has a significant contribution to SAIFI, and much lower

contribution to SAID!. The impact of IceStorm 98 can clearly be seen in the total

indices and in the W+T contribution.
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1-2 is an integrated utility with a relatively low load density. The major
contributions to SAIFI are shown in Figure 7.17, in which T+D+Li stands for the

contribution of Tree Contact, Defective Equipment and Lightning. The contributions to

SAIDI are shown in Figure 7.18. It can be seen that Loss of Supply has minimal

contribution to SAIFI or SAIDI in this .system, and the overall indices and the cause

code contribution are relatively constant over the period of record.
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Figure 7.15 Contributions to SAIFI (1-1)
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Figure 7.16 Contributions to SAIDI (1-1)
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It can be seen from the above that the Loss of Supply category has a significant
effect on the annual indices for the Canada, U-l and 1-1 systems, and much smaller

contributions for the U-2 and 1-2 systems. Loss of Supply has a larger impact on SAIFI
than on SAIDI; Adverse Weather usually has a larger contribution to SAIDI than to

SAIFI. The CAIDI due to Adverse Weather is relatively high, especially in rural

systems; Foreign Interference provides relatively high contributions to SAIFI and

SAIDI in urban systems while Tree Contact has significant contributions in rural

systems.
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Figure 7.17 Contributions to SAIFI (1-2)
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Figure 7.18 Contributions to SAIDI (1-2)
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7.6 Summary

The reliability data provided in the CEA Service Continuity Reports indicates

the historical performance of the participating Canadian utility systems. These data

provide a valuable appraisal of past system performance and are extremely useful in

predicting future system risks. The Ontario Energy Board has declared its intention to

utilize utility historic performance as a major factor in its specified service reliability
standards in the first generation PBR plan.

The amount of actual reliability data varies from utility to utility and in general
is quite limited. In using the actual data to create index distributions, it is assumed that

the system is basically the same from year to year, and that the variations are caused by
random events. The number of observations has therefore been limited to those noted in

the last ten years. Data should not be disregarded lightly but events such as Ice Storm

98 can create significant outliers.

The reliability standards used in the Ontario first generation PBR plan are

intended to minimize bad outcomes in the future. After enough data are collected and

experience accumulated, a new scheme involving reward/penalty policies may be

introduced in the second generation PBR plan. In a reward/penalty policy, the dead

zone determined by the average value and the standard deviation of a probability
distribution can be applied to evaluate the system risks using actual reliability data from

the CEA Service Continuity Reports. The systems that have not monitored service

reliability in the past will face relatively high financial risks due to the fact that there is

no observable dead zone. It is obvious that in these cases, additional data are required to

create reasonable dead zones.

Analyses of interruption causes and their contributions are useful for system risk

assessment and remedial work. The Loss of Supply category has a significant effect on

the annual indices for the Canada, U-l and 1-1 systems, and much smaller contributions

for the U-2 and 1-2 systems. Loss of Supply has a larger impact on SAIFI than on
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SAIDI; Adverse Weather usually has a larger contribution to SAIDI than to SAIFI. The

CAIDI due to Adverse Weather is relatively high, especially in rural systems; Foreign
Interference provides relatively high contributions to SAIFI and SAIDI in urban

systems while Tree Contact has significant contributions in rural systems.

The material in this chapter is in sharp contrast with that in previous chapters.
The index distributions created from the historical performance data are based on a

relatively small number of actual observations. These are the data that utilities and

regulators will be using to make important social and financial decisions. This includes

both the overall indices and the cause code contributions. The concept of utilizing index

distributions in addition to the average annual values is an important tool in assessing
financial risk and creating appropriate reward/penalty structures in a PBR regime.

The following chapter provides a summary and some conclusions relating to this

research.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

This thesis describes research conducted in the area of electric power

distribution system adequacy assessment. A distribution reliability evaluation tool

designated as SMdisrel based on the sequential Monte Carlo simulation method was

used in the research work. The objectives of this research work were to examine the

utilization of reliability index probability distributions in electric power distribution

system analysis and decision making.

This thesis illustrates the utilization of the software SMdisrel to generate

reliability index probability distributions and the application of these distributions in

performance based regulation (PBR). The effects on the probability distributions of

various changes in system configuration are illustrated. The potential utility financial

risks in a PBR regime are evaluated incorporating the reliability index probability
distributions in a reward/penalty structure. Improvements in system reliability can be

assessed in terms of the expected indices and the associated index distributions. These

parameters are essential elements in reducing the potential financial risk. An imposed

reward/penalty structure can have a major impact on the selection of suitable projects
for reliability improvement. Some of the basic concepts associated with the

development of procedures to generate a reasonable reward/penalty policy are

introduced and examined. An examination of the risks in a performance based regime

using historical performance data from the CEA Service Continuity· Reports is

presented. The research work described in this thesis clearly indicates that there is

considerable potential for reliability index probability distribution development and

application in a PBR regime.
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Chapter 1 presents a brief review of selected power system reliability concepts.

Power system reliability evaluation is introduced in terms of the basic power system

functional zones and hierarchical levels. The significance of distribution system

reliability evaluation is underlined and the general available indices described. Basic

concepts related to electricity industry deregulation and performance based regulation
are also briefly introduced in this chapter. The research objectives and an overview of

the organization of the thesis are presented.

Quantitative assessment of distribution system reliability is an integral part of

this research work. Past information analysis and future performance prediction are two

major aspects of distribution system reliability evaluation and are described in Chapter
2. Distribution system reliability evaluation can be conducted using analytical or

simulation techniques. The basic indices for the individual load points and the overall

system can be obtained using either technique. The load point failure rate, the average

outage time and the average annual outage time, are used to characterize the continuity
of power supply to an individual load point. The system reliability indices of SAIFI,

SAIDI, CAIDI and lOR, are used to assess the overall system performance. These load

point and system reliability indices are not deterministic values but are expected values

of underlying probability distributions and therefore represent long-run average

performance. Chapter 2 also presents some typical distribution system schemes and

basic elements such as urban networks, rural networks, feeders, subfeeders, breakers,

reclosers, fuses, isolators, and transformers. The distribution systems used in this

research are introduced in this chapter.

Chapter 3 provides a brief introduction to the analytical and simulation

approaches to distribution system reliability evaluation. A distribution system is

represented by mathematical models in the analytical approach. The most widely used

analytical method is based on Failure Mode and Effect Analysis (FMEA). In this

approach, analysis is performed on a component basis for all the possible failure modes,

and the resulting effects of the outage events on the system and on the load points are

recorded. The basic FMEA procedure is presented in this chapter using a simple
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distribution system example, and the reliability indices at the load points and for the

overall system are generated.

Most of the reliability indices obtained from the analytical method are expected
or average values. The expected values are extremely important and are the primary

system adequacy indices in distribution system reliability evaluation. An expected

value, however, cannot provide any information on the variation of the index. A

reliability index probability distribution presents a pictorial representation of the manner

in which the parameter varies. It includes important information on significant events

which may occur occasionally, but could have serious system effects. Chapter 3

illustrates how sequential Monte Carlo simulation can be used to develop the required

reliability indices and their distributions.

Chapter 3 briefly introduces the concepts associated with Monte Carlo

simulation. In the sequential Monte Carlo simulation approach, a chronological history
of the up and down times of the system elements is generated using random number

generators and the probability distributions of the element failure and restoration

processes. A sequence of system operating-repair cycles is obtained from the generated

component histories using the relationships between the element states and system

states. The system reliability indices and their distributions are then obtained from the

generated system history. The simple example used shows that the results obtained from

the simulation method are comparable with those obtained by the analytical method

given that sufficient simulation time is used. This chapter also presents some discussion

on the overall average CAIDI and the CAIDI mean value arising from the distribution

generated during a simulation. The two values could be quite close for a large
distribution system but could be quite different for a single feeder.

The utilization of the sequential Monte Carlo simulation method for

performance assessment is presented in Chapter 4. It is noted that short feeders usually
have high reliability and compact index distributions. In general, feeder index

probability distributions tend to be highly dispersed, bus index distributions tend to be



less dispersed, and the overall system distributions are the most compact. Buses 2, 3, 4

and 5 in the RBTS are typical urban distribution systems with relatively high reliability
and compact index distributions. Bus 6 is an urban/rural distribution system, and its

reliability is much lower than that of other configurations and its distributions are

relatively more dispersed. The overall RBTS distribution system is urban-dominant, and

its reliability characteristics are close to those of an urban system.

Chapter 5 presents the SAIFI and SAIDI values and their distributions for

selected changes in the topology of feeder 4 at Bus 6. The analysis shows that

effectively reducing the main section of a feeder by using a recloser is a good approach
to improve the feeder SAIFI. The SAIDI can be improved by adding disconnects to

divide the feeder to assist the restoration processes. The provision of an alternative

power supply to a feeder can result in significant improvements in the feeder SAIDI and

its distribution. Splitting a long feeder into two feeders can decrease the composite

SAIFI, but may not be economically acceptable. Shortening a feeder main section by

using a recloser is a more practical way to improve a feeder SAIFI and its distribution.

Feeder reliability improvements are reflected in the reliability indices for the individual

system and the overall configuration, but to different degrees. Feeder reliability

improvements can have significant effects in the individual system, but the effects on

the overall distribution system will in general be much smaller.

Chapter 6 introduces the basic concepts associated with reliability based

reward/penalty structures and a calculation model for RPS payments is presented. This

chapter also illustrates the effect of the selected system reliability improvements on the

expected reward/penalty payments, and clearly shows that an imposed reward/penalty
structure' has a major impact on the selection of suitable reliability improvement

projects.

The establishment of a particular reward/penalty policy should be based on the

historical system performance of the utility. It should also influence the utility to move

in the specific directions desired by the regulator. Some of the basic concepts associated
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with the development of procedures to generate a reasonable reward/penalty policy are

introduced and examined in this chapter. The main points associated with this research

are as follows:

(1) The historic system average reliability index should lie within the RPS dead

zone and preferably at the dead zone centre. The width of the dead zone in this

research was taken to be two standard deviation of the index distribution. This

was an arbitrary decision and should be examined in future research.

(2) The expected reward/penalty payments in the original system are designated
as the initial state of a RPS. The initial state can be manipulated by adjusting
the reward and penalty zones to create an expected financial condition for the

utility. This could be a reward condition, a penalty condition or a financial

neutral position. The different initial states will create different pressures on

the utility to take action on reliability improvements.

(3) The capped and slope values in the RPS can be selected to provide ERP

benefits associated with suitable projects for improving the system reliability,
without effecting the initial state.

Chapter 7 introduces actual reliability data from the CEA Service Continuity

Reports. These data provide a valuable appraisal of past system performance and are

extremely useful in predicting future system risks. The reliability standards used in the

Ontario first generation PBR plan are intended to minimize bad outcomes in the future.

After enough data are collected and experience accumulated, a new scheme involving

reward/penalty policies may be introduced in the second generation PBR plan.

In a reward/penalty policy, the dead zone determined by the average value and

the standard deviation of a probability distribution can be applied to evaluate the system

risks using actual reliability data from the CEA Service Continuity Reports. Utility

systems can expect to reduce their potential financial risks by making appropriate



system improvements. The systems that have not monitored service reliability in the

past will face relatively high financial risks due to the fact that there is no observable

dead zone. It is obvious that in these cases, additional data are required to create

reasonable dead zones. The major contributions to the service continuity indices from

the CEA cause code categories are analyzed and illustrated. These analyses are useful

for system risk assessment and remedial work. This is also a potentially fruitful area of

further research.

As noted in the first paragraph of this chapter, the basic objectives of the

research work were to investigate the ability to develop reliability index probability
distributions and their potential utilization in distribution system decision making. The

research work described in this thesis clearly indicates that there is considerable

potential for reliability index probability distribution development and application in a

PBRregime.
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APPENDIX

A. The Complete Roy Billinton Test System [22,23,24,25]
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Feeder Length
type . (km) Feeder section numbers

B. RBTS Data

Table B-1. Peak loads and average loads in the RBTS [24]

Bus 2 Bus 3 Bus 4 Bus 5 Bus 6

Customer t�[!e Peak Ave. Peak Ave. Peak Ave. Peak . Ave. Peak Ave.

Residential 7.25 4.06 19.90 11.14 19.00 10.64 8.90 4.98 7.85 4.39
Small User 3.50 2.92 3.05 2.54 16.30 13.58
GovernmentJInst. 5.55 3.12 5.55 3.12
Commercial 3.70 2.04 4.70 2.60 4.70 2.60 3.70 2.04 1.70 0.94

Large Users 55.50 35.21
Office Buildings 1.85 1.14 1.85 1.14
Industrial 3.05 2.54

Farm 7.40 2.84

Total (MW) 20.00 12.14 85.00 52.63 40.00 26.82 20.00 11.29 20.00 10.72

Table B-2. Feeder types and lengths [23,24]

�
1 0.6
2 0.75
3 0.8
Bus 3

1 0.6
2 0.8
3 0.9
B.YU

1 0.6
2 0.75
3 0.8
Bus 5

1 0.5
2 0.65
3 0.8
Bus 6

1 0.6
2 0.75
3 0.8
4 0.9
5 1.6
6 2.5
7 2.8
8 3.2
9 3.5

2,6, 10, 14, 17,21,25,28,30,34
1,4,7,9, 12, 16, 19,22,24,27,29,32,35
3,5,8, II, 13, 15, 18,20,23,26,31,33,36

1,2,3,7, II, 12, 15,21,22,29,30,31,36,40,42,43,48,49,50,56, 58, 61,64,67,70,72,76
4,8,9,13, 16, 19,20,25,26,32,35,37,41,46,47,51,53,57,60,62,65,68,71
5,6,10, 14, 17, 18,23,24,27,28,33,34,38,39,44,45,52, 54, 55,59,63,66,69,73,74

2,6,10, 14, 17,21,25,28,30,34,38,41,43,46,49,51,55,58,61,64,67
1,4,7,9,12, 16, 19,22,24,27,29,32,35,37,40,42,45,48,50,53,56,60,63,65
3,5,8, II, 13, 15, 18,20,23,26,31,33,36,39,44,47,52,54,57,59,62,66

1,6,9, q, 14, 18,21,25,27,31,35,36,39,42
4,7,8, 12, 15, 16,19,22,26,28,30,33,37,40
2,3,5, Id, II, 17,20,23,24,29,32,34,38,41,43

,

I

2,3,8,9,112, 13,17, 19,20,24,25,28,31,34,41,47

1,5,6,7,'110,14,15,22,23,26,27,30,33,43,61
4,11,16'118,21,29,32,5538,44
37,39,42,49,54,62
36,40,52,57,60
35,46,50,56,59,64
4551,53,58,63
48
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Table B-3. Loading data [24]
Feeder load, MW

Feeder number Load points Peak Average Number of Customers
Bus 2
Fl 1·7 5.9304 3.3147 652
F2 8·9 3.5000 2.9166 2
F3 10·15 5.0527 2.8287 632
F4 16-22 urn 3.0835 622

Total 20.00 12.14 1908
Bus 3
Fl 1·7 5.4806 3.0643 1455
F2 8·10 3.0500 2.5416 3
F3 11-17 5.2944 3.0064 681
F4 18·24 5.5556 3.1062 1495
F5 25·31 4.8917 2.7772 656
F6 32·38 5.2278 2.9190 1280
F7 3941 25.4167 16.1269 3
F8 4244 lQ..Qlli 19.0879 1:QQQQ

T()tal 85.00 52.63 5806
RYU
Fl 1-7 5.7041 3.1835 1100
F2 8-10 5.7050 4.7540 3
F3 11-17 5.6309 3.1425 1080
F4 18-25 6.5178 3.6390 1300
F5 26-28 4.8900 4.0748 3
F6 29-31 5.7050 4.7540 3
F7 32-38 � � U2Q
Total 40.00 26.82 4779
�
Fl 1-7 5.9750 3.3461 917
F2 8·13 4.0227 2.2886 782
F3 14-19 4.5683 2.6169 273
F4 20-26 � � _w
Total 20.00 11.29 2858
Bus 6
Fl 1-6 2.05285 3.3461 917
F2 7-13 4.0227 2.2886 782
F3 14·17 4.5683 2.6169 273
F4 18-40 � � _w

Total 20.00 10.72 2938
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Table B-4. Customer data [24, 25]

Number of Customer Load level �r load Eoint. MW Number of
load E2ints Load E2ints t� Peak Averase customers

Bus 2
5 1-3. 10. I I Residential 0.8668 0.4852 210
4 12. 17-19 Residential 0.7291 0.4082 200

8 Small Users 1.6279 1.3565
1 9 Small Users 1.8721 1.5600
6 4.5. 13. 14.20.21 Govt/lnst. 0.9250 0.5206 1

5 6. 7. 15. 16.22 Commercial 0.7400 0.4089 10.000
Total 20.00 12.14 1908
Bus 3

15 1.4-7.20-24.32-36 Residential 0.8367 0.4684 250
5 11.12.13.18.25 Residential 0.8500 0.4758 230
4 2.15.26.30 Residential 0.7750 0.4339 190
3 39.40.44 Large Users 6.9167 4.3886 1
3 41-43 Large Users 11.5833 7.3496 I
3 8.9.10 Small Users 1.0167 0.8472 1
9 3.16. 17. 19 Commercial 0.5222 0.2886 15
2 14.27 Office Buildings 0.9250 0.5680 .LQQQ

Total 85.00 52.63 5805
Bus 4

15 1-4. 11-13. 18-21,32-35 Residential 0.8869 0.4965 220
7 5.14.15,22.23,36,37 Residential 0.8137 0.4555 200
7 8. 10,26-32 Small Users 1.6300 1.3583 1
2 9.31 Small Users 2.4450 2.0374 1
7 6,7.16,17,24.25,38 Commercial 0.§714 0.3710 lQ.QQQ

Total 39.9992 26.8158 4779
�

4 1-2,20.21 Residential 0.7625 0.4269 210
4 4.6.15.25 Residential 0.7450 0.4171 240
5 26.9-11,13 Residential 0.5740 0.3213 195
5 3.5,8. 17.23 Govt./lnst 1.1100 0.6247 I
5 7.14.18.22.24 Couunercial 0.7400 0.4089 15
3 12.16.19 Office Buildings Q.ill1 2.m§ !.:QOO

Total 20.00 11.29 2858
Bus 6

3 1.3,9 Residential 0.3171 0.1775 138
4 2,4,11.19 Residential 0.3229 0.1808 126
2 5.6 Residential 0.3864 0.2163 118
5 7.8. 10. 18.23 Residential 0.2964 0.1659 147
3 12.13,22 Residential 0.3698 0.2070 132
4 25.28.31.36 Residential 0.2776 0.1554 79
4 27,29,33.39 Residential 0.2831 0.1585 76
2 14, n Commercial 0.8500 0.4697 10
I 15 Small Users 1.9670 1.6391
1 16 Small Users 1.0830 0.9025
2 32.37 Farm 0.5025 0.1929
3 20.30.34 Farm 0.6517 0.2501 1

2 21.35 Farm 0.6860 0.2633 I
2 24,40 Farm 0.7965 0.3057 1
2 26.38 Farm 0.7�75 0.2831 l...QQQ

Total 20.0000 10.7155 2938
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Table B-S. Reliability and system data [24]
Component Ap AA AT A" r rp r" r, S

transformers
138/33 0.0100 0.0100 0.050 0.5 15 168 0.083 1.0
33111 0.0150 0.0150 0.050 1.0 15 120 0.083 1.0
1110.415 0.0150 0.0150 200 10 1.0 ("line" system)

3.0 ("cable" system)
breakers
138 0.0058 0.0035 0.050 0.2 8 108 0.083 1.0
33 0.0020 0.0015 0.020 0.5 4 96 0.083 1.0
11 0.0060 0.0040 0.060 1.0 4 72 0.083 1.0

busbars
33 0.0010 0.0010 0.010 0.5 2 8 0.083 1.0
11 0.0010 0.0010 0.010 1.0 2 8 0.083 1.0

lines (single weather state)
33 0.0460 0.0460 0.060 0.5 8 8 0.083 2.0
11 0.0650 0.0650 5 1.0

lines (two weather states)
.

33 (normal) 0.0139 0.0139 O.ot8 0.5 8 8 0.083 2.0

(adverse) 5.860 5.860 7.60 )
cables
11 0.0400 0.0400 30 3.0

weather data: average duration of normal weather = 72 hr, average duration of adverse weather = 4 hr
33kv line lengths: SPl-SP2 and SP2-SP3 = 10lan, SPl-SP3 = 15lan
transformer ratings: SPl(Bus 4), SP(Bus 2) = 16MVA each; SP2 and SP3 (Bus 4) = 10MVA each

Where: A
p
= permanent (total) failure rate (f/yr) [ for lines/cables (f/yr.lan) ]

A. A = active failure rate (f/yr) [ for lines/cables (flyr.km) ]
AT = temporary failure rate (flyr) [for lines/cables (f/yr.km) ]
A. N = maintenance outage rate (outlyr)
r = repair time (hr)
rp = replacement time by a spare (hr)
r" = maintenance outage time (hr)
rc = reclosure time (hr)
s = switching time (hr)

and : single weather state - rates are annual averages
two weather states - rates are per year of appropriate weather condition
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C. Distribution System Cost Data [33]

C.l. Typical Costs of Distribution System Components

1. llleV feeder position based on metal clad circuit breaker and protection -

$50000.

2. A three-phase feeder:
a. Urban overhead - 11leV three-phase 336 AL - cost $250001km,
rating 560 amp at 40° C ambient

b. Urban 'overhead - 33leV three-phase 336 AL - cost $40DOO/km,
rating 560 amp at 40° C ambient.

3. Fused Cutouts:
a. Single-phase - $120

h. Three-phase - $610

4. Three-phase gang operated isolation switch:

a. Three-phase, pad-mounted switch - $20337

b. Three-phase. pole-top, gang operated isolation switch - $4700

5. Three-phase transfonners:

a. Three-phase 33/O.415leV and 111O.415leV transformer installation
(OIn..):

500 leVA - $18064
750 leVA - $20242

b. Three-phase 33/O.415kV and ll/O.415leV transformer installation
(UGC):
5ooleVA-$17475
750 leVA - $20276

c. Single-phase 20/O.415kV transformer installation (OIn..):
10 leVA- $849
15 kVA - $1270
25 leVA - $1448

d. Single-phase 2O/O.415leV transfonner installation (UGC):
25 leVA - $5133



6. 33kV pole-top, 25 ampere recloser (rural construction):
a. Single-phase - $1795

b. Three-phase - $4970

C.2. Data Used in Cest-Beneftt Analysis

• Planning period - 20 years
• Interest rate - 8%

• Inflation rate - 3%

• Present Worth Factor - 12.25

The present wonh (P) of a uniform annual inflation series is :

p=A.[I-[(l +a)/(l +i)]"
i-a

where:

A = cost in the first year,

a = inflation rate, per unit,

t = interest rate, per unit, and

n = planning period, years.
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D. Interruption Causes

Table D-1. Interruption cause contributions of SAIFI in Canada

Utility: Canada SAIFI
Causes 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 Ave.

Unknown 0.37 0.29 0.26 0.21 0.25 0.23 0.21 0.22 0.24 0.17 0.245
Scheduled Outage 0.63 0.48 0.43 0.34 0.31 0.25 0.26 0.26 0.37 0.35 0.368
Loss of Supply 0.87 0.82 0.86 0.66 0.95 0.65 0.65 0.71 0.66 0.48 0.731
Tree Contact 0.25 0.19 0.19 0.2 0.24 0.24 0.18 0.24 0.27 0.18 0.218

Lightning 0.24 0.17 0.25 0.25 0.16 0.19 0.13 0.19 0.15 0.13 0.186

Defective Equipment 0.63 0.54 0.52 0.45 0.43 0.41 0.37 0.37 0.45 0.47 0.464
Adverse Weather 0.24 0.25 0.17 0.17 0.19 0.19 0.33 0.19 0.19 0.19 0.211
Adverse Environment 0.03 0.02 0.03 0.04 0.04 0.03 0.03 0.03 0.05 0.05 0.035
Human Element 0.10 0.11 0.08 0.07 0.07 0.06 0.04 0.04 0.04 0.04 0.065

Foreign Interference 0.19 0.19 0.17 0.17 0.17 0.15 0.15 0.15 0.17 0.20 0.171

*1.36
Sum 3.55 3.06 2.96 2.56 2.81 2.40 2.35 2.40 2.59 2.26 2.694

*3.57
Actual total values 3.55 3.06 2.97 2.55 2.8 2.39 2.35 2.40 2.59 2.26 2.692

*3.58

Table D-2. Interruption cause contributions of SAIDI in Canada

Utility: Canada SAIDI
Causes 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 Ave.
Unknown 0.2 0.18 0.17 0.16 0.17 0.16 0.17 0.2 0.23 0.16 0.18
Scheduled Outage 0.51 0.44 0.43 0.36 0.3 0.27 0.28 0.29 0.35 0.47 0.37
Loss of Supply 0.72 0.57 0.73 0.63 0.55 0.47 0.49 0.5 0.51 0.4 0.557
Tree Contact 0.53 0.36 0.39 0.4 0.56 0.57 0.45 0.67 0.89 0.43 0.525

Lightning 0.36 0.18 0.29 0.44 0.17 0.22 0.16 0.25 0.37 0.21 0.265
Defective Equipment 0.77 0.67 0.65 0.6 0.52 0.5 0.52 0.5 0.66 0.67 0.606
Adverse Weather 0.8 0.64 0.41 0.48 0.49 0.42 1.37 0.64 0.96 0.52 0.673
Adverse Environment 0.06 0.03 0.05 0.05 0.05 0.04 0.04 0.06 0.08 0.07 0.053
Human Element 0.06 0.05 0.04 0.05 0.06 0.03 0.03 0.03 0.03 0.03 0.041

Foreign Interference 0.22 0.22 0.2 0.22 0.18 0.19 0.17 0.18 0.23 0.26 0.207

*27.63
Sum 4.23 3.34 3.36 3.39 3.05 2.87 3.68 3.32 4.31 3.22 3.477

*30.31
Actual total values 4.24 3.34 3.36 3.39 3.06 2.86 3.7 3.32 4.31 3.23 3.481

*30.31
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Table D-3. Interruption cause contributions in U-l

Utility: U -1 SAIFI SAIDI
Causes 1995 1996 1997 1998 1999 2000 Ave. 1995 1996 1997 1998 19992000 Ave.

Unknown o 0.07 0.02 0 0 00.015 00.02 0.02 0 0 00.007

Scheduled Out. 0.02 0.21 0.02 0.05 0.07 0.03 0.067 0.04 0.09 0.04 0.07 0.05 0.030.053

Loss of Supply 1.28 0 o 0.72 1.05 00.508 0.22 0 00.28 0.87 00.228

Tree Contact 0.05 0.04 o 0.08 0.18 0.11 0.077 0.04 0.05 0 0.1 0.23 0.080.083

Lightning 0.12 0.04 0.1 0.31 0.06 0.03 0.11 0.08 0.05 0.07 0.18 0.04 0.01 0.072

Defective Equip. 0.84 0.09 0.13 0.31 0.26 0.13 0.293 0.6 0.11 0.14 0.43 0.35 0.13 0.293

Adverse Weather 0.03 0.22 0 o 0.02 0.01 0.047 0.03 0.68 00.01 0.02 0.01 0.125

Adverse Environ. 00.02 0.01 0 0 00.005 00.03 0.02 0 0 00.008

Human Element 0.25 0.06 0.11 o 0.08 0.17 0.112 0.06 0.03 0.05 0 00.04 0.03

Foreign Interfer. 0.05 0.14 0.01 0.22 0.09 0.13 0.107 0.03 0.05 00.29 0.12 0.12 0.102

Sum 2.64 0.89 0.4 1.69 1.81 0.61 1.34 1.1 1.11 0.34 1.36 1.68 0.42 1.002

Actual total values 2.64 0.9 0.4 1.69 1.81 0.61 1.34 1.11 0.33 1.36 1.67 0.41

Table D-4. Interruption cause contributions in U-2

Utility: u- 2 SAIFI SAIDI
Causes 1995 1996 1997 1998 19992000 Ave. 1995 1996 1997 1998 1999 2000 Ave.

Unknown 0.12 0.04 0.02 0.1 0.05 0.02 0.058 0.01 o 0.01 0.01 0.01 0.01 0.008

Scheduled Out. 0.06 0.03 0.02 0.02 00.01 0.023 0.09 0.03 0.05 0.02 0.01 0.020.037

Loss of Supply 0.11 00.03 0.01 0.05 0.07 0.045 0.05 0 0 00.02 0.020.015

Tree Contact 0.02 0.02 0.01 0.01 0.01 C 0.012 0.02 0.02 0.01 0.02 0.01 00.013

Lightning 0.01 0.02 0.04 0.03 0.01 C 0.018 0.01 o 0.01 0.02 0.01 0.01 0.01

Defective Equip. 0.59 0.51 0.35 0.28 0.45 0.29 0.412 0.37 0.43 0.29 0.24 0.33 0.21 0.312

Adverse Weather 0.14 0.03 0.03 0.05 0.04 0.02 0.052 0.03 0.02 0.01 0.08 0.05 0.020.035

Adverse Environ. 0.03 0.12 0.03 0.01 0.08 0.060.055 00.01 0.03 00.03 0.030.017

Human Element 0.04 0.09 0.09 0.03 0.11 0.03 0.065 0.01 0.01 0.02 0.01 0.02 00.012

Foreign Interfer. 0.23 0.15 0.22 0.19 0.14 0.07 0.167 0.12 0.14 0.1 0.1 0.06 0.050.095

Sum 1.35 1.01 0.84 0.73 0.94 0.57 0.907 0.71 0.66 0.53 0.5 0.55 0.370.553

Total values 1.37 1.01 0.84 0.74 0.94 0.59 0.71 0.66 0.53 0.49 0.54 0.38
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Table D-S. Interruption cause contributions in 1-1

Utility: U - 2 SAIFI SAIDI
Causes 1995 1996 1997 1998 1999 2000 Ave. 1995 1996 1997 1998 19992000 Ave.

Unknown 0.11 0.09 0.11 0.09 0.06 0.12 0.097 0.19 0.22 0.13 0.13 0.09 0.250.168

Scheduled Out. 0.3 0.28 0.24 0.3 0.25 0.3 0.278 0.56 0.43 0.31 0.51 0.49 0.630.488

Loss of Supply 2.16 1.83 1.4 1.22 1.13 1.21 1.492 1.52 1.32 1.1 0.87 1.09 0.91 1.135

Tree Contact 1.12 1.01 0.44 0.86 0.41 0.23 0.678 3.91 3.7 1.53 3.29 0.93 0.832.365

Lightning 0.09 0.09 0.07 0.08 0.09 o.oe 0.08 0.17 0.25 0.13 0.18 0.18 0.130.173

Defective Equip. 0.49 0.41 0.45 0.42 0.52 0.3� 0.447 0.84 0.79 0.8 0.81 1.03 0.8 0.845

Adverse Weather 0.28 0.14 0.17 0.63 0.08 0.7..:1 0.34 1.34 0.5 0.59 7.92 0.17 4.322.473

Adverse Environ. 0.01 0.01 0.01 0.01 0.02 0.01 0.012 0.01 0.02 0.03 0.02 0.02 0.02 0.02

Human Element 0.09 0.06 0.12 0.08 0.11 0.05 0.085 0.13 0.06 0.1 0.07 0.13 0.08 0.095

Foreign Interfer. 0.16 0.14 0.15 0.14 0.16 0.19 0.157 0.27 0.19 0.25 0.25 0.26 0.330.258

Sum . 4.81 4.06 3.16 3.83 2.83 3.3 3.665 8.94 7.48 4.97 14.05 4.39 8.38.022

Total values 4.83 4.05 3.16 3.81 2.8 3.31 8.94 7.48 4.96 14.04 4.39 8.31

Table D-6. Interruption cause contributions in 1-2

Utility: u- 2 SAIFI SAIDI
Causes 1995 1996 1997 1998 1999 2000 Ave. 1995 1996 1997 1998 19992000 Ave.

Unknown 0.17 0.19 0.23 0.24 0.24 0.15 0.203 0.26 0.29 0.3 0.39 0.29 0.240.295

Scheduled Out. 0.5 0.33 0.39 0.43 0.42 0.48 0.425 1.06 0.62 0.64 0.76 0.91 1.060.842

Loss of Supply 0.03 0.04 0.05 0.04 0.01 0.02 0.032 0.02 0.05 0.03 0.04 0.01 0.01 0.027

Tree Contact 0.08 0.12 0.16 0.1 0.09 0.07 0.103 0.17 0.28 0.28 0.31 0.16 0.15 0.225

Lightning 0.13 0.22 0.36 0.2 0.15 0.28 0.223 0.26 0.41 0.58 0.43 0.27 0.470.403

Defective Equip. 0.41 0.44 0.49 0.42 0.4 0.350.418 0.7 0.77 0.93 0.69 0.58 0.61 0.713

Adverse Weather 0.18 0.19 0.15 0.21 0.09 0.07 0.148 0.38 0.39 0.46 0.43 0.18 0.15 0.332

Adverse Environ. 0.04 0.01 0.04 0.03 0.05 0.02 0.032 0.07 0.04 0.05 0.22 0.2 0.030.102

Human Element 0.04 0.01 0.04 0.01 00.01 0.018 0.01 0.01 0.01 0.01 00.01 0.008

Foreign Interfer. 0.19 0.23 0.25 0.16 0.21 0.23 0.212 0.3 0.27 0.34 0.28 0.3 0.3 0.298

Sum 1.77 1.78 2.16 1.84 1.66 1.68 1.815 3.23 3.13 3.62 3.56 2.9 3.033.245

Total values 1.77 1.77 2.14 1.85 1.65 1.68 3.24 3.14 3.62 3.57 2.9 3.03
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