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Abstract

As the attention around finding sustainable solutions to meet the future power demand has
increased together with the requirement for increased power system reliability, implementing
microgrids has shown to be a promising solution. This drives the need to evaluate the contribu-

tion of microgrids to system reliability.

This thesis presents a foundation for understanding the reliability evaluation procedure of dis-
tribution systems, where both analytical and simulation methods are considered for the ade-
quacy part of reliability. Emphasis is placed on presenting the methods in a transparent and
detailed manner. The overall objective of the thesis is to evaluate the contribution of a micro-

grid to the reliability of distribution systems.

A time-sequential Monte Carlo Simulation program for evaluating the reliability of passive dis-
tribution systems is developed and verified for Buses 2, 5 and 6 of the Roy Billinton Test System
(RBTS). The program is further extended to consider variable loads to account for more realistic
scenarios. Furthermore, utilising available Distributed Energy Resources (DER) in the distribu-
tion system is assessed to enable microgrid operation. The modelled Distributed Generation

(DG) units are based the Renewable Energy Resources (RES) such as wind and solar.

The evaluation of the contribution of incorporating microgrid to the reliability of distribution
systems is accomplished by utilising Bus 6, Feeder 4 of the RBTS, where the microgrid is de-
signed in Sub-Feeder 2. The operation strategy of the microgrid is proposed based on a combi-
nation of available literature and suggestions tailored to the specific system design. The ability
to prioritise loads within the microgrid to enhance the reliability in island mode operation is
given due consideration. The impact of intermittent behaviour of the RES is dealt with by con-
sidering facilities of an Energy Storage System (ESS), where a Battery Energy Storage System

(BESS) is modelled and incorporated in the evaluation.

The main results of the reliability assessment reveal that the load points of the defined micro-
grid experienced a significant reliability improvement. However, as the microgrid evaluated in
the case study only serves 13.27% of the total customers, the impact on the distribution sys-

tem customer-oriented reliability indices were significantly smaller. Further, by considering the
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ability to prioritise load points inside the microgrid, the high priority loads were found to ex-
perience a significant reliability improvement, which was reflected in the microgrid reliability
indices. Moreover, the implementation of a BESS with the considered DGs showed to have a
positive impact on the entire microgrid, where the charging/discharging capacity of the battery
is significant. The DER localisation within the microgrid does also impact the analysis, where
the optimal placing of the DER facilities was found to be in the feeder end from a conducted

sensitivity analysis.

Keywords— Distribution System Reliability, Microgrid, Distributed Energy Resources, Monte

Carlo Simulation
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Sammendrag

Det elektriske kraftsystemet gjennomgdr en kontinuerlig endring. Ettersporselen etter baerekraftig
og palitelig elektrisitet oker i takt med den pagaende elektrifiseringen, samtidig som store deler
av eksisterende nettkonstruksjoner er i ferd med a bli utdatert. Dette har fort til et okt fokus
pa hvilke teknologiske lgsninger det skal satses pd i fremtiden. En aktuell oppfatning er im-
plementering av mikronett, som bestér av desentralisert kraftproduksjon i kombinasjon med
smarte kontrollenheter i distribusjonssystemet. For & rettferdiggjore satsning pad mikronett, mé

blant annet palitelighetsbidraget til distribusjonssystemet evalueres.

Denne masteravhandlingen presenterer grunnlaget for a forstd og mestre prosedyrene for palite-
lighetsevaluering av distribusjonssystemer, der bade analytiske- og simuleringsmetoder er benyt-
tet. Det er lagt vekt pd en pedagogisk og detaljert beskrivelse av metodene. Hovedformalet med
avhandlingen er 4 belyse pavirkningen et mikronett har pa paliteligheten til et distribusjonssys-

tem.

Et tidssekvensielt Monte Carlo-simuleringsprogram for evaluering av paliteligheten til passive
distribusjonssystemer er utviklet og verifisert for “Bus 2”, “Bus 5” og “Bus 6” i “Roy Billinton
Test System” (RBTS). Programmet er videreutviklet til & omfatte variabel last for & oppnad mer
realistiske scenarioer. De fornybare energiressursene vind og sol er modellert og inkludert i

analysen som distribuerte energikilder, som muliggjor mikronettdrift.

Evalueringen av palitelighetsbidraget til mikronettdrift i distribusjonssystemer er oppnadd ved
a benytte “Bus 6, Feeder 4” av RBTS, der mikronettet er designet i “Sub-feeder 2”. Driftsstrate-
gien til mikronettet er definert basert pd en kombinasjon av tilgjengelig litteratur og forslag
skreddersydd til system-designet. Resultatet av 4 prioritere lastene innad i mikronettet er stud-
ert som en tilleggsstrategi hos mikronettet for 8 oppna mer tilfredsstillende oy-drift. Variasjonene
i produksjonen fra de fornybare energikildene er forsekt stabilisert ved hjelp av et batterisystem

som er modellert og inkludert i analysen.

Hovedresultatene fra analysen viser at lastpunktene til det definerte mikronettet opplever en
betydelig palitelighetsforbedring. Ettersom mikronettet som ble evaluert i casestudien kun bet-

jente 13,27% av de totale kundene, var palitelighetseffekten hos distribusjonssystemet betydelig
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mindre. Ved & innfore prioritering av lastpunktene innad i mikronettet, opplevde de prioriterte
lastpunktene en betydelig forbedring, noe som ble reflektert i pélitelighetsindeksene innad i
mikronettet. Implementering av batterisystemer viste seg 4 ha en positiv innvirkning pa hele
mikronettet, der batteriets kapasitet for opplading/utlading har stor innvirkning pa resultatet.
Lokaliseringene av energikildene i mikronettet pavirket ogsd analysen. Ved & gjennomfore en

sensitivitetsanalyse, ble den optimale plasseringen funnet til 4 veere i enden av “feederen”.
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Chapter 1

Introduction

1.1 Background

UNDP’s Sustainable Development Goal 7 aims to supply affordable and clean energy to the
global population by 2030; today, one out of seven still lacks access to electricity, most con-
cerning people living in rural areas in the developing world [1]. Possible solutions are being in-
vestigated for such areas, where researchers claim that building affordable microgrid structures
are convenient options contributing to reaching the goal [2, 3]. Another key driver for micro-
grids is related to the liberalisation of today’s electricity sector. For increased security of supply,
it is becoming more common to include distributed generation and energy storage system at

the customer levels.

As the ongoing digitalisation and electrification of several sectors are speeding up, so is the need
for reliable power systems. New digital technologies are affecting the way people live and work.
Consequently, society is depending on a reliable power supply to operate functionally [4]. The
electrification of large sectors increases the need for adequate and secure power. Constructing
large, centralised power plants to serve this need, requires an expansion of the existing trans-
mission grid, which in total accounts for a large investment cost for the society. Implementing
small scale decentralised power station constructed as microgrids on a distribution level has

shown to be an adequate alternative [5, 6].

Microgrids can provide flexible resources to distribution systems. As a microgrid can operate
periodically without being connected to the main system, it can contribute and provide benefits

in several aspects [6].

The electric power system operates in an uncertain environment as random outages of gener-
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ators, transmission lines and other power devices occur. Reliability analysis has been studied
widely for both generation and transmission facilities, however, the focus on addressing relia-
bility analysis of distribution systems until recently has received considerably less attention. A
general statement is that approximately 80% of all customer interruptions occur due to failures
in the distribution system [7], which justifies the ongoing interest of studying the performance

of distribution system reliability.

1.2 Scope of the Project

This thesis is a contribution to the repository of computational tools in the ongoing project of
building a comprehensive framework for conducting power system reliability assessment, at
the Department of Electric Power Engineering at NTNU. The objectives of this thesis are sum-

marised in the following problem statements:

e Develop in-house software tools (MATLAB-based) as part of the development of a com-
prehensive framework for conducting adequacy studies for distribution system using the

time-sequential Monte Carlo Simulation (MCS) method.
 Evaluate the reliability impact of microgrid operation in distribution systems.

A significant part of the project has been to develop satisfying MATLAB scripts addressing distri-
bution system adequacy studies including Distributed Energy Resources (DERs). To do so, this
thesis carries out a procedure of adding elements to the study step by step to illustrate the ef-
fect of the different elements which are necessary for pedagogical clarity and for the underlying
goal of understanding how implementing microgrids impacts the distribution system reliabil-
ity. This procedure is illustrated and described by the flow chart in Figure 1.1, which serves as a

summarising of the approach conducted in this thesis.

As a basis for comparison, a reliability analysis utilising an analytical method is conducted along
with a comprehensive literature review on the state-of-the-art within reliability evaluation of
future distribution systems. Further, a time-sequential MCS is developed and verified, through
comparison with analytical results, for reliability investigation on the well-established bench-

mark Roy Billinton Test System (RBTS), specifically on the Buses 2, 5 and 6.
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Reliability analysis of passive distribution Model Wind generation
system utilising analytical method. through state sampling
Analyse the effect of protection equipment. MCS where the wind is
Verify Analysis. assumed to follow a
v Weibull distribution.

Model PV generation
through state sampling
MCS where the solar
radiation is following a
normal distribution.

Model BESS
by simulating the
state of charge
and discharge.

Reliability analysis of passive
distribution System.
Develop and verify a time-sequential MCS
algorithm of passive radial distribution

Ve

system in Matlab (read from/to excel file).
v

Include the DER in the
time sequential MCS to
determine the operation

histories.

Change the simulation to include
deterministic variable load.

Utilising time sequential MCS through four case

studies on the modified RBTS bus 6 Feeder 4 <
system with variable load, where the
microgrid is designed in Sub-Feeder 2.
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Analyse and evaluate the reliability effect of
implementing microgrid in a distribution system.

\ Define
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Case 2:
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with microgrid (PV and Wind).

Case 3:
Active distribution system
with microgrid (PV and Wind)
and prioritised loads.

Case 4:
Active distribution system
with microgrid (PV, Wind and

BESS).

Sensitivity analysis:

Figure 1.1: Flow chart illustrating the conducted procedure of this thesis.

To include microgrid in the reliability analysis in an appropriate manner, an operation strategy is
proposed. The reliability contribution of the microgrid is evaluated in island mode and limited
to benefit only local load points inside the microgrid. The operation of the incorporated DERs is
modelled based on their respective probability distributions, while their up and down cycles are
simulated in the time-sequential MCS program with the other components of the system. Four

case studies, presented in Figure 1.1, are defined to address the problem statement by evaluating

a variety of load point-, distribution system- and microgrid reliability indices.

The analysis conducted in this thesis is concentrated on power system reliability analysis of
distribution systems and does not include cost-related analysis, nor optimal design/operation

considerations of distribution systems and microgrids. The scope of the thesis does not include

the implementation of distribution system power flow analysis.
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1.3 Thesis Contribution

 This thesis, in combination with the specialisation project [8], presents the foundation
in the field of power system reliability analysis of distribution systems, where the theory

enhances pedagogical dissemination.

* A software program for evaluation of power system reliability of passive distribution sys-
tem through time-sequential MCS is developed, verified and released for further internal

education and research use at the Department of Electric Power Engineering at NTNU.

* A test system for reliability analysis of distribution system including microgrid is con-
structed through modification of Feeder 4 of the Bus 6 defined in the RBTS. Reliability

and system parameters are provided for further research.

* A software program for modelling DERs (Wind, PV and battery) and reliability evaluation

of distribution system including microgrid through time-sequential MCS is developed.

* The reliability effect of incorporating microgrid with DGs based on RES in a distribution
system is evaluated. In addition, the effects of prioritised loads and BESS are considered

in the evaluation.

1.4 Structure of the Report

Chapter 1 - Introduction, outlines the background, scope and contributions of this thesis.

Chapter 2 - Literature Review and Conceptual Background, gives the essential theory and con-
cepts of microgrids and reliability analysis of distribution systems. In addition, the modelling
concepts of considered DERs and a literature review of reliability evaluation of distribution sys-

tems are also presented.

Chapter 3 - Methodological Approach, provides the proposed methodology addressing the prob-

lem statement.

Chapter 4 - Verification and Description of Simulation Program, provides a description of the

process for verifying the created and applied methodology through comparison of analytical
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and simulation approach for systems of the RBTS.

Chapter 5 - Case Studies and Results, presents and discusses the results obtained by applying
the proposed methodological approaches for reliability evaluation to four cases: (1) passive dis-
tribution system; (2) active distribution system with incorporated microgrid by DGs; (3) active
distribution system with incorporated microgrid by DGs and prioritised loads, and; (4) active

distribution system with incorporated microgrid by DGs and ESS.

Chapter 6 - Conclusions and Future Work, presents a summary of the work, results from the
main findings from Chapter 5 and remarks on the work conducted in this thesis. Additionally,

suggestions for further work are given.

1.4.1 Relation with the Specialisation Project

This thesis is an extension of the Specialisation Project, undertaken during the Autumn of 2020
[8], where the main focus was on achieving a conceptual understanding of the theoretical and
algorithmic aspects of power system reliability assessment and the application of MCS in power
system adequacy assessment. The significance of distribution system analysis was emphasised,
where the effect of protection equipment (disconnectors, fuses, additional supply) on the relia-

bility evaluation was comprehensive studied.

For this thesis to be a complete and independent unit in and of itself, suitable theory and litera-
ture studies presented in Chapter 2 overlap with what is presented in the specialisation project;

however, all detailed examples are originals from this thesis work.



Chapter 2

Literature Review and Conceptual

Background

This chapter presents a review of distribution systems and microgrids, as well as an introduction
to the basic concepts of power system reliability studies, with emphasised focus on distribution
system reliability. Definitions and classifications of distribution system reliability are provided,
along with a clarification of reliability indices. Two methods for performing reliability evaluation
on distribution system are described - analytical method and simulation with Monte Carlo. The
modelling of DERs are explained in detail for the RES wind and solar and for battery systems in
terms of energy storage. Finally, the chapter is completed with a literature review addressing a

state-of-the-art within the field of distribution system reliability and microgrid reliability.

2.1 Introduction to Modern Distribution Systems

In a traditional power system, the electricity is produced and delivered to customers through
three levels: (i) generation facilities responsible for producing the required power to meet the
demand; (ii) transmission facilities responsible for transporting bulk power over long distances
and; (iii) distribution facilities which are responsible for delivering electricity to the end-users.
However, in modern power systems, it is becoming more common to include distributed gener-
ation, energy storage systems and microgrids in distribution systems, allowing a bi-directional
power flow at the distribution level. Consequently, distribution systems are evolving from pas-
sive to active networks by implementing generation units to support voltage, reduce losses, pro-

vide ancillary services or defer upgrading of the transmission lines [9].
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Incorporating microgrids into distribution systems can contribute and provide benefits in sev-
eral aspects. Economic potential benefits may be the reduction of transmission and distribution
costs and energy losses, higher energy efficiency and the impact of low capital cost into a com-
petitive market as it can potentially enable low-cost entry [6]. Furthermore, the advantages of
improved reliability of distribution systems are essential aspects, and are in this thesis, assessed

further.

2.2 Review of Microgrids

A microgrid is defined by IEEE 2030-2011 [10] as “a group of interconnected loads and distributed
energy resources with clearly defined electrical boundaries that act as a single controllable entity
with respect to the grid and can connect and disconnect from the grid to enable it to operate in
both grid-connected or island modes.” Accordingly, microgrids should not be confused with the
backup generation, which has existed for ages to prevent power cuts of important loads in an
area. Microgrids provide a wider range of benefits regarding reliability, resiliency and power
quality [5]. A typical microgrid as illustrated in Figure 2.1, is composed of several components
such as loads, Distributed Energy Resources (DERs), controls, smart switches, protective de-

vices, communication, and automation systemes.

Load point Load point  Load point  Load point Load point

BESS ] |
Al
Wind @_/_ ? Distribution
System
PV @—’ —

Figure 2.1: Schematic illustration of Microgrid structure.

When designing and planning a microgrid, it has to be tailored to the specific location and op-
eration objective. As such, economic benefit, system reliability and environmental impact are
to be considered. In [11] from 2019, IEEE recommends how to proceed when planning and

designing a microgrid.
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2.2.1 Distributed Energy Resources

DERs are defined as small scale energy resources consisting of both Distributed Generation (DG)
and Energy Storage System (ESS). These are constructed and developed within a time frame sig-
nificantly shorter than large power plants and transmission systems [5]. Research states that
the largest increase in penetration of DER will be of renewable sources and battery storage
[12], which is often integrated together to ensure stable and reliable power delivered to the cus-

tomers.

There is no complete agreement on the definition of DG [13]. However, by considering the dif-
ferent proposals, the main features of DGs are locally generation in the distribution system,
generally small scale, i.e., a low installed capacity related to conventional power plants, and

connected at substations, distribution feeders or the customer load levels.

In theory, DGs can be sourced from many forms of primary energy. Generally, these can be
grouped into two main types: intermittent energy sources (e.g. wind, solar), and dispatchable
energy sources (e.g. hydro, gas, diesel). The latter type can be modelled using conventional
generation approached as either available or unavailable, while the former is more challenging

to model as they operate in derated states depending on the available source.

Due to the increased focus on reducing and minimising emissions, DG units based on Renew-
able Energy Sources (RES) are emphasised. The resources solar and wind are the most fre-

quently implemented RES in microgrids [5], at which is emphasised.

2.2.2 Microgrid Control System

To be able to provide the benefiting aspects of a microgrid, the system needs to be controlled
in an optimal manner for each operation mode concerning the characteristics such as the bi-
directional power transfer, presence of DGs, Demand-Side Management (DSM) and the consid-

erable presence of power electronics [5].

A microgrid control system is defined by IEEE 2020-2011 [10] as “a system that includes the con-
trol functions that define the microgrid as a system that can manage itself, operate autonomously,

and connect to and disconnect from the main distribution grid for the exchange of power and the
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supply of ancillary services; it includes the functions of the microgrid Energy Management Sys-
tem; it is the microgrid controller if implemented in the form of a centralised system.”. Hence,
the microgrid controller must be able to handle the control in island mode and the transition to

island mode.

When controlling a microgrid, the control is structured in three different layers [14]: (i) primary
control consisting of frequency and voltage control; (ii) secondary control compensating for
deviations in steady-state voltage and frequency due to the primary control; (iii) tertiary control
which considers the economic aspect when deciding the power flow between the microgrid and
the utility grid. The control architecture is designed as either centralised or decentralised. A
centralised architecture obeys a standardised procedure which makes it easy to implement. By
using a decentralised architecture, the number of messages transferred between the assets is

decreased, and the tasks are divided into sub-problems and solved locally [15].

2.2.3 Different Types of Distributed Resource Island Systems

A microgrid can appear in different sizes and structures. The motivation for this section is to
present an overview of different occurrences of microgrids in the distribution network. There
are seven main island configurations in an Electrical Power System (EPS) [16], these are shortly

described below and illustrated in Figure 2.2.

Facility Island

In a local EPS island also known as facility island, there is only one Point of Common Coupling
(PCCQ) (i.e., the connection between the microgrid and the utility grid). The island is normally
served within the customer facility which explains the name. The island system operates with a
DG to serve the local loads in case of failure in the upstream EPS. The aim is for the distributed
resource island system to parallel the EPS, without the need to shut down the DG. This benefit is
achieved by the use of a “tie-breaker” (i.e., a circuit breaker) to isolate the system from the utility
grid. The method of operation for paralleling the intentional island and the required interlocks

need to be discussed by the EPS and the local EPS operators.
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Figure 2.2: Distributed Island Systems, as adapted from [16].

Secondary Island

In the case of multiple loads and one or more DGs connected to the secondary side of a distribu-
tion transformer, and the system being able to disconnect from the external grid through PCC, it
is known as a secondary island. Several secondary islands may be connected to the same lateral

distribution.

Lateral Island

Lateral islanding is when the entire lateral can be disconnected from the external grid and oper-
ate in island mode. This is performed by opening the lateral switching device. Note which side

of the transformer the island is conducted.

Circuit Island

A circuit island is created when a single distribution circuit is able to disconnect itself from the

external grid and operate with its own DGs to serve its loads. A circuit island may contain possi-
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bilities to divide into smaller islands such as the three mentioned above.

Substation Bus Island

A substation bus island is created by disconnecting a part of a bus within the substation. When

operating in island mode, the system is disconnected from the substation.

Substation Island

In a substation island, the entire network below a substation is disconnected to operate in island
mode. This is beneficial if there occurs a failure in the distribution substation or in one of the

transformers.

Adjacent Circuit Island

For this type of island operation, the island portion of the circuit serves the adjacent load.

2.2.4 Functionality of the Distributed Island System

A Microgrid system can operate in four different modes as stated in [16]: (i) normal parallel
operation with the area EPS; (ii) the transition to island mode; (iii) island mode and; (iv) recon-

necting mode.

When the planned island system is operating in grid-connected mode, every DER should be
operating in accordance with IEEE 1547-2003 [16]. The monitoring, information exchange, and
control equipment needed for island operation are further required to be operating during the
parallel mode. This is for the system to be prepared with the necessary information available
for a smooth transition to island mode. Following this, the system needs information about the

generation and load levels, the protective device status and the system voltages.

During scheduled or unscheduled events, the mode is changed from grid-connected mode to
transition-to-island mode. The system is required to react fast due to the protection equipment,
and thereby, automatically sectionalise from the EPS system, which is where the knowledge of
the prior conditions comes into place. This information will facilitate a smooth transfer. To

assist the system voltage and frequency during the transition-to-island mode, available support
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from sufficient DERs or additional equipment needs to be available. This needs to be accounted
for the entire transition time, which relies on the island interconnection device and the protec-
tive relays. It is of importance that the system is sufficiently equipped to dampen any transients
produced to avoid tripping off protection relays of the DERs when operating in this mode. If
the system is not provided with sufficient DER, then the system needs to be provided with black
start capability. Black start is the process of restoring the operation after a total or partly shut

down, without the facility from the external electric power transmission network.

During operating in island mode, the system is required to provide enough of both active and
reactive power and thus actively regulate voltage and frequency within the ranges, specified in
ANSI/NEMA (C84.1-2006 [17], for DER island systems including the area EPS. To ensure voltage
and frequency stability, some participating DER must operate outside the IEEE 1547-2003 [18]
voltage requirements. Additionally, there should be a reserve margin to assure the reliability
requirements of the loads. Compared with normal parallel operating, the system now needs ad-
ditional requirements such as providing a dynamic response from the DER. There exist various
techniques to balance the load and generation in an islanded system, such as load shedding
and load managing. When the system is operating in island mode, it should be able to maintain
transient stability for DER unit outages, island failure and load steps. This is assured by having

sufficient protective devices which are maintained in both EPS-connected- and island-mode.

Furthermore, when reconnecting the islanded system to the EPS, monitoring makes sure that
the voltage, frequency and phase angles of the two systems are within acceptable limits to initi-
ate a re-connection as specified in IEEE 1547-2003 [18]. The system can be reconnected to the
EPS in three different ways: (i) active synchronisation; (ii) passive synchronisation; (iii) open-
transition transfer of the island system to the area EPS. As the system is successfully connected
to the EPS, it returns to operate in parallel connected mode and returns to the IEEE 1547 com-

pliance within area EPS time requirements [16].



CHAPTER 2. LITERATURE REVIEW AND CONCEPTUAL BACKGROUND 13

2.3 Distribution System Reliability

Since the 1930s, there has been a recognised need for evaluation of behaviour and performance
of power systems [19]. Power systems can be described with the function to satisfy the load
requirements economically with a guarantee of continuity and quality. Power system reliability
can be employed to evaluate the ability of the power system to maintain its function of supplying

its consumers.

Traditionally, power system reliability studies are divided into two aspects: system adequacy
and system security [20]. System adequacy is related to the presence of sufficient facilities in
the system to fulfil the demand for a consumer at any given time. Thus, it is related to the static
conditions, not including system disturbances. On the other hand, system security is related
to the potential to respond to disturbances occurring and is accordingly, associated with the
system'’s response [19]. In this thesis work, only adequacy aspects of power system reliability

studies are evaluated.

2.3.1 Functional Zones and Hierarchical Levels

Power system reliability studies differ with respect to what segment of the power system it is
addressing. The power system is divided into three functional zones, each concerning its hier-
archical level as shown in Figure 2.3. The levels are assembled in such a way that HLI consists of
the Generation zone, HLII consists of both HLI and the Transmission facilities, and finally, HLIII

consists of the HLII combined with the Distribution facilities.

As the HLIII evaluation begins at the generation station and terminates at the individual load
points, the assessment of the overall problem becomes complex. The distribution zone is usu-
ally evaluated separately as a separate entity to avoid this complexity issue. However, the HLIII
evaluation can be more manageable by using the HLII load-point indices as input values of the

evaluation of the distribution zone [7].

Today’s defined boundaries of the hierarchical levels HLIII and HLII are challenged by modern
distribution systems, as explained in Section 2.1, which introduces DERs allowing bi-directional

power flow and decentralised control operators.
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Figure 2.3: Hierarchical levels of a power system, adopted from [19].

The HLIII indices reflect the individual customer adequacy on behalf of the overall system. The
HLI and HLII indices have a solid severity as failures in these zones would affect large sections of
the power system. The outcome of failures in these levels could have widespread consequences,

whereas failures in the distribution system have localised effects.

2.3.2 Distribution Facilities

Concerning reliability modelling and evaluation, distribution systems have received consider-
ably less attention than generating and transmission systems, mainly due to the capital inten-
siveness of power plants [20, 21]. Another reason is the challenge in terms of large-scale models

at the distribution level.

Asreported by IEEE 1366-2012 [22], a distribution system is defined as “that portion of an electric
system that delivers electric energy from transformation points on the transmission system to the
customer”. The contribution of the distribution functional zone is of primary importance for the
overall customer reliability. In fact, the distribution system may be considered as a crucial link
between the bulk power system and its customers. The main components of a distribution sys-
tem are submission circuits, distribution substations, primary and lateral feeders, distribution

transformers and consumer connections.
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The distribution system is mainly structured with a radial, meshed or weakly-meshed config-
uration. As such, different system configurations require specified techniques to analyse the
reliability [20]. The reliability evaluation for meshed configurations is conceptually the same
as for composite systems, while for radial systems, the technique is based generally on Fail-
ure Modes and Effect Analysis (FMEA) [7]. The latter technique involves consideration of the
restoration and failure process of each component. This thesis concerns distribution networks
of radial behaviour which allows the use of basic evaluation techniques based on FMEA [20],

which is addressed further in the following chapters.

Compared to generation and transmission levels that are system-oriented, the application of
reliability concepts to distribution level is more customer load point-oriented. A customer is
defined by IEEE 1366-2012 [22] as ‘a metered electrical service point for which an active bill ac-

count is established at a specific location.”.

Radial distribution systems can be designed and constructed as a combination of single radial
feeder systems, at which the components are connected in series on the single feeder. These
components are generally the main feeder breaker (i.e., circuit breaker), lines or cables, discon-
nectors, busbars, fuses, transformers and, finally, load points/customers. In practice, the failure
rate of lines and cables are dependent on voltage level and normally found approximately pro-

portional to their length [20].

Protection equipment is frequently used in distribution systems, to reconfigure the system in
case of a failure or similar. The most common devices in distribution systems are circuit break-
ers, disconnectors and fuse gears. These are assumed located as illustrated in Figure 2.4, based
on the description presented in “Chapter 7” in [20] which is essential for the evaluation con-

ducted in this thesis.

Fuse-gears are installed at the tee-point in the lateral distributor as lateral protection. If a failure
occurs downstream of the fuse (i.e., on the lateral line or the local transformer), the fuse is op-
erated to immediately trip creating a disconnection of its load point until the failure is cleared.
Since the fuse is located at the tee-point in the lateral distributor, it would not affect the other

load points.
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Figure 2.4: Schematic design of section, lateral and load point including disconnector, fuse and
transformer in a distribution system; inspired by [20].

In addition to the installation of fuses in the lateral distributors, disconnector switches are nor-
mally installed at judicious points along the main feeder. A failure along the main feeder will
cause the main breaker to operate by isolating the feeder from the bus. Then, when the failure
is located, the appropriate disconnectors will open to isolate the failure and, as such, allowing
the main breaker to re-close. The motivation for investing in disconnectors is to restore and re-
energise the load points between the supply and the isolated part of the system before the repair

process is completed and, thereby, decrease the outage time for the respective load points.

Furthermore, a single radial feeder can be constructed as a weakly meshed system but operated
as a radial system by including a switch called “normally open point” (noted as NO in Figure
2.4), offering an additional supply and contributing to bi-directional power flow. This incor-
poration may contribute to reducing the amount of equipment exposed to a failure; done by
closing the NO switch when the failure on the main feeder is isolated, which further minimise
the amount and duration of unsupplied load points [20]. The back-feed is implemented com-
bined with the disconnectors, as it would be of no interest without the ability to isolate failed

parts of the system.

An essential step in improving reliability is by defining what measure to optimise, as the possible

solutions change with the goal. For this, system reliability parameters need to be defined.
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2.4 Reliability Indices

Reliability indices are used for quantifying the reliability of a system. This section describes
some of the most common indices used to evaluate the reliability of distribution systems. It

should be noted that these indices only represent average values in the long run.

2.4.1 Basic Reliability Parameters

In the context of reliability, the basic parameters are defined as the failure rate A, the outage du-
ration (i.e., unavailability) U and the repair time r [20]. Depending on the system of interest, the
techniques on how to calculate the basic system reliability parameters depends on the struc-
ture, i.e., if the system consists of series or parallel connections. For systems of radial structure,
the basic reliability parameters are developed based on the principle of series connections as

explained below and discussed in [20].

The average failure rate of a single radial feeder A consisting of k components can be calculated
as the sum of the individual failure rates of load points i, shown in Equation 2.1. The annual
outage time of the system Uy is defined as the sum of the individual failure rates multiplied
by the individual outage duration of load points i, expressed in Equation 2.2. Following, the
average repair time of the system r; is given by the average annual outage duration divided by

the average failure rate of the system, as given by Equation 2.3.

k
As=Y_ A [flyr] (2.1)
i=1
k
Us=)Y Ai-r; [hiyr] (2.2)
i=1
_Us
=L [h] (2.3)

These basic parameters do not present a sufficient evaluation of the system reliability. However,

the indices play a crucial role in calculating more specified reliability indices such as customer-
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oriented and load- and energy-oriented indices as addressed in the following sections.

2.4.2 Customer-Oriented Indices

The performance of system reliability at the distribution level is assessed by indices describ-
ing the interruption statistics of customers, usually based on a well-defined average [23]. The
customer-oriented indices are calculated based on the three basic indices, as described in 2.4.1,
combined with the number of customers connected to each load, to give an appreciation of the
system performance [7]. In this thesis, the definitions of the reliability indices represented by

IEEE 1366-2012 [22] and by [23] are employed.

System Average Interruption Frequency Index (SAIFI) is defined as the ratio between the to-
tal interruptions of the customer and the total served customers, as expressed in Equation 2.4,
where N; is the number of interrupted customers during the reported period. More simply,
SAIFI represents the average number of interruptions a system of customer experiences during

a set period.

Total number of customers interrupted Y A; N;

SAIFI = [int/cust] (2.4)

Total number of customers served Y. N;

Additionally, the Mean Time Between Failure (MTBF), known as the reciprocal value of the fail-

ure rate, can be used to measure SAIFI [24].

System Average Interruption Duration Index (SAIDI) includes the duration of the interruptions
in the calculations, as presented in Equation 2.5. SAIDI is an indication of the total duration of

interruption experienced by the average customer during a specified period.

Total customer hours of interruptions 3} U; N;

SAIDI = [h/cust] (2.5)

Total number of customers served Y. N;

Customer Average Interruption Duration Index (CAIDI) is a measure of the utility response time

to the system contingencies and measures how long an average interruption lasts, i.e., the aver-
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age required time for the service to restore. CAIDI is calculated as expressed by Equation 2.6.

CAIDI Total customer hours of interruptions Y U; N;

= h/int 2.6
Total customers interruptions Y AiN; [ ] =0

Alternatively, CAIDI can be calculated as the ratio between SAIDI and SAIFI.

There are several more indices presented in the literature [22, 23], such as ASAI, ASUI, CTAIDI,
CAIFI, CEMI, NIEPI, ASIDI, AID, AIF and so on. However, the ones presented and addressed in
this thesis are the most popular among utilised, according to a survey IEEE conducted in 1996

[25].

Example for Calculating Customer-Oriented Indices

To illustrate the calculation and measurements of the different presented indices, an example
of a system is adopted from [24]. The example consists of four outage incidents for a system of

10,000 customers, with the information given in Table 2.1.

Table 2.1: Support data for example calculation of reliability indices

Outage identification Number of customers Duration [min] Customer-hours [h]

1 10 30 5.00
2 100 10 16.67
3 1 75 1.25
4 2 60 2.00
Total 113 24.92

SAIFI is calculated as the sum of the number of customers experiencing outage divided by the

sum of the number of customers in the system, as follows:

SAIFI = =0.0113

10,000

This result implies that the customers at this system had a probability of 0.0113 (1.13%) of ex-
periencing a power outage. During the first outage, 10 customers were affected for 30 min.

The customer-hours are obtained by multiplying these: 10 customers - 0.5 hours equal to 5
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customer-hours, as seen in Table 2.1. The sum of the customers-hours for all the outages are

calculated to be 24h 55min. Further on, the calculation of SAIDI is simple:

24.92
10,000

SAIDI = =0.002492 hours = 8.97 sec

This implies that the average customer was out for approximately 9 sec. Following, CAIDI can

be calculated as the ratio between SAIFI and SAIDI:

0.002492 )
CAIDI = ——— =0.2053 hours = 13 min 13.8sec
0.0113

On average, any customer who experienced an outage was out of service for 13 min 13.8 sec.

2.4.3 Load- and Energy-Oriented Indices

In addition to the customer-oriented indices, the load- and energy-orientated indices are essen-
tial in the evaluation at the distribution level. The Expected Energy Not Supplied (EENS) index
is similar to the customer-oriented indices defined by the basic load point reliability indices.
Equation 2.7 presents the EENS, where L,; is the average load connected to the load point i

[23].

EENS = Total energy not supplied = Z L,iU; 2.7)

Following, the Average Energy Not Supplied (AENS) can be calculated by Equation 2.8.

Total energy not supplied B Y L, U;

AENS = =
Total number of customers served Y N;

(2.8)

2.4.4 Additional Microgrid Reliability Indices

As there does not exist a standard for evaluating the reliability of a microgrid or a system includ-

ing microgrids, a sample of indices suggested in the literature [11, 26, 27] are presented in this
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thesis.

In [26], the failure rate (A¢) and outage duration (U,) for a customer C connected to any main

feeder f and lateral feeder y of a microgrid network, are given by:

Ac=)Y_ Ai+ ) AP+ AupPy (2.9)
ief iey
Uc=) Airi+ Y AiPLTa+UypPuT, (2.10)
ief iey

These load point reliability indices take into account the probability of unsuccessful isolation
Py, the probability of a shut-down due to a failure in the LV feeder P; and the average time to
restore the microgrids 7,. According to [26], the isolation process of a microgrid from the MV
upstream network is assumed to have a high success rate. Thus, in the event of a failure occur-
ring outside a microgrid, the process of isolating a microgrid from the MV upstream network is

assumed to have a high probability of success so the microgrid may remain energised [28, 29].

Specified microgrid reliability indices are presented in [11, 27]. Microgrid Average Interruption
Frequency Index (MAIFI), Microgrid Average Interruption Duration Index (MAIDI) and Micro-
grid Customer Average Interruption Duration Index (MCAIDI) refers to the average interruption
frequency and duration experiences by a customer on each year within the microgrid. MAIFI,
MAIDI and MCAIDI are calculated in the same way as for SAIFI, SAIDI and CAIDI, respectively,

as given in Equations 2.4 to 2.6, wherein this case, i denotes the load points inside the microgrid.

The Island Operation Successful Rate (IOSR) is defined as the probability of switching success-
fully from grid-connected mode to island mode operation. This index is mathematically ex-

pressed as in Equation 2.11.

Total number of forming island successfully
IOSR =

2.11
Total numbers of outages on PCC (pul ( )
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Island Loss of Load Probability (ILOLP) is defined as the fraction of time the load demand is

unsatisfied during island mode, as expressed in Equation 2.12.

ILOLP Islanded hours with demand unsatisfied oul 2.12)
- Total microgrid islanded hours P '

The Microgrid Islanded Operation Probability (MIOP) is defined as the probability of the Micro-

grid to operate in island mode as described in Equation 2.13.

Microgrid hours in island mode
MIQOP = - - - [pul (2.13)
Total microgrid operation hours

2.5 Analytical Approach

Distribution system reliability can be assessed by several analytical methods, where the most
used tools include FMEA, state-space diagrams, event trees, minimal cut sets, and fault trees
[30]. These analytical approaches all evaluate the reliability indices based on mathematical
equations, which are suggested for reliability analysis of basic systems, when average values
of the system indices are sufficient [31]. One of the main advantages of utilising an analytical
approach is the fast and accurate computation time compared to simulation-based methods
[31]. Further, the use of analytical methods on a simplified distribution system is an often-used

procedure to compare and evaluate simulation algorithms [7, 31].

In this thesis work, techniques based on an inductive (i.e., what if) analysis are considered
to identify the failure mode of the components and the load points in the system. The well-
established classical technique is based on FMEA that systematically evaluates component-by-
component and how their failures affect the load points. The FMEA technique is suited for sim-
ple radial networks, as complex systems will result in a wide range of failure modes and, thereby,

increase the length of the failure events which makes the FMEA evaluation difficult [31].

In [32], an approach called RELRAD (RELiability in RADial systems) is presented as a specific
analytical simulation method for reliability calculation in a radially operated distribution sys-

tem. The procedure of the RELRAD approach is illustrated in Figure 2.5b. Compared to the
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Supply Load
point L1

Components 1 N R e N e m

N

Load points L1 L2 F----1{  b---- L,

(b) RELRAD approach

Figure 2.5: Analytical techniques for radial distribution systems, adopted from [32].

well-established classical technique which uses the minimal cut set to assess the individual load
point reliability as illustrated in Figure 2.5a, RELRAD identifies which load points will have an
outage caused by the failure of a particular component through a topology-based analysis. In
other words, RELRAD focuses on analysing the individual components of the network contri-
bution to the load points reliability, while the minimum cut set considering which component

gives outage at the respective load point.

2.5.1 Example of Utilising Analytical Approach

To illustrate the main features of the analytical approach RELRAD, two examples are presented.
In the first example, the system is simplified where all components are series-connected with-
out the ability to isolate any failures, while the second example evaluates a system containing
disconnectors and fuses in the main sections and laterals, respectively. Due to the operating
policy assumed, the first example is not very realistic in today’s distribution systems; the second
example is included to illustrate the impact of additional protection in a more realistic system.
It is of great importance to understand how the different protection equipment affects the anal-
ysis and, thus, the load point reliability indices. Note that the protection devices are located as

discussed in Section 2.3.2 and illustrated by Figure 2.4.

In these examples, Feeder 1 of Bus 5 of the benchmark RBTS is used [33]. This is a feeder com-

posed of four sections, seven laterals, seven transformers and seven load points. The reliability
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and system data for RBTS Bus 5 are listed in Appendix C, where all the relevant data for this

respective example is extracted and listed in the Tables 2.2 and 2.3.

The upstream network, bus, circuit breaker and protection equipment are assumed fully reli-
able. The supply is assumed re-energised to the possible load points by using appropriate dis-
connectors and back-feed supply if available, with the same switching time for the NO switch as
for the other section components. The capacity of the individual lines is not considered in this
example. Furthermore, the capacity of the alternative supply is assumed sufficiently large. It is

assumed that any failure, single-phase or otherwise, will trip all three phases.

Table 2.2: Reliability and system parameters for Feeder 1 of Bus 5 [34].

Failure rate, A Repair time, r  Switching time, r;

Component [f/yr] (h] (h]
Section 0.04 /km 30 3
Lateral 0.04 /km 20 3

Transformer 0.015 200 3

Table 2.3: Line parameters for Feeder 1 of Bus 5 [33].

Length Feeder section number
[km ]
0.50 1,6,9
0.65 4,7,8
0.80 2,3,5,10,11

Example 1: Simplified system

When operating a radial system in its most basic mode and least capital intensive with no pro-
tective equipment, it is fairly simplified [20]. Since all the components are short-circuited, a
customer connected to any load point requires all components to operate to be supplied. The

single line representation of such distribution feeder is illustrated in Figure 2.6.

The load point reliability indices are calculated straight forward by applying the Equations 2.1,
2.3 and 2.2. The failure rate, outage duration, and annual outage duration for load points LP1,
LP5 and LP7 are listed in Table 2.4. A failure located anywhere in the system will trip the main

feeder breaker and disconnect the supply until the failure is cleared.
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F1
Supply Line 1 Line 4 Line 7 Line 10

line2 | Lline3 Line5| Line6 Lines| Line9 Line11

1 w2 LP3  LP4 LPS  LP6 LP7

Figure 2.6: Single distribution of Feeder 1, Simplified.

Since there are no occasions where a failure can be isolated, all failures will affect all load points
in the feeder and, thus, the failed component must be repaired before the main breaker can be

re-closed. This results in identical reliability indices of all customer load points.

Table 2.4: Load point reliability indices of Feeder 1, without any protection devices.

Components Load Point 1 Load Point 5 Load Point 7
Alffyr]l  r(hl Ufh/yr] | Alf/yr] r[h] Uflh/yr] | Alf/yr] r[h] U [h/yr]
L1 0.020 30 0.60 0.020 30 0.60 0.020 30 0.60
. L4 0.026 30 0.78 0.026 30 0.78 0.026 30 0.78
Sections

L7 0.026 30 0.78 0.026 30 0.78 0.026 30 0.78
L10 | 0.032 30 0.96 0.032 30 0.96 0.032 30 0.96
T1 0.015 200 3.00 0.015 200 3.00 0.015 200 3.00
T2 0.015 200 3.00 0.015 200 3.00 0.015 200 3.00
T3 0.015 200 3.00 0.015 200 3.00 0.015 200 3.00
Transformers T4 0.015 200 3.00 0.015 200 3.00 0.015 200 3.00
T5 0.015 200 3.00 0.015 200 3.00 0.015 200 3.00
T6 0.015 200 3.00 0.015 200 3.00 0.015 200 3.00
T7 0.015 200 3.00 0.015 200 3.00 0.015 200 3.00
L2 0.032 30 0.96 0.032 30 0.96 0.032 30 0.96
L3 0.032 30 0.96 0.032 30 0.96 0.032 30 0.96
L5 0.032 30 0.96 0.032 30 0.96 0.032 30 0.96
Laterals L6 0.020 30 0.60 0.020 30 0.60 0.020 30 0.60
L8 0.026 30 0.78 0.026 30 0.78 0.026 30 0.78
L9 0.020 30 0.60 0.020 30 0.60 0.020 30 0.60
L11 | 0.032 30 0.96 0.032 30 0.96 0.032 30 0.96
Total 0.403 74.29 29.94 0.403 7429 29.94 0.403 74.29 29.94
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Example 2: Protection equipment: disconnectors, fuses and alternative supply

Additional facilities are installed to improve the load point reliability and, thereby, the system
reliability indices. Subsequently, the single-line diagram is modified by incorporating discon-

nectors, fuses and alternative supply as illustrated in Figure 2.7.

Supply F1 line1 Line 4 Line 7 Line 10 | NOQ,

> Rals Sl e
:

Line 2% Line% Linesé Line% Line% Line% Line 11

LP1 LP2 LP3 LP4 LP5 LP6 LP7

Figure 2.7: Single distribution of Feeder 1 with protection equipment.

The effect of installing fuse-gears in the laterals are shown in Table 2.5. As aresult, the failure rate
and outage duration become zero for the transformers and lateral feeders not directly connected

to the respective load point.

By considering disconnectors, the outage duration of the components located further away
on the main feeder through the disconnector of the respective load point will be equal to the
switching time of the individual disconnector. The decrease in outage duration (from repair
time to switching time) has an impact on the annual outage duration due to the definition de-

scribed by Equation 2.2.

An additional supply (i.e., back-feed) is suggested by closing the NO-switches which makes the
system operate as a meshed system. The additional supply aims to serve load points that other-

wise would have been left disconnected from the supply during the fault clearing time.
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If a failure occurs on a section between two disconnectors, the outage duration of the compo-
nents in the failed section experiences an outage duration equal to its respective repair time,
while the remaining parts of the system experience an outage duration equal to the time to
isolate the failed component (i.e., switching time of the disconnector). The resulting outage

duration is listed in column r in Table 2.5.

The load point reliability indices have experienced a remarkable improvement when comparing

the failure rate, outage time and annual outage time listed in the Tables 2.4 and 2.5.

Table 2.5: Load point reliability indices of Feeder 1 with protection equipment.

Components Load Point 1 Load Point 5 Load Point 7
Alf/fyrl  r[h]  Ufh/yr] | Alf/fyr]  r[h] U [h/yr] | A [f/y1] r [h] U [h/yr]
L1 0.020 30 0.600 0.020 3 0.060 0.020 3 0.060
Sections 14 0.026 3 0.078 0.026 3 0.078 0.026 3 0.078
L7 0.026 3 0.078 0.026 30 0.780 0.026 3 0.078
L10 | 0.032 3 0.096 0.032 3 0.096 0.032 30 0.960
T1 0.015 200 3.000 0 0 0 0 0 0
T2 0 0 0 0 0 0 0 0 0
T3 0 0 0 0 0 0 0 0 0
Transformers T4 0 0 0 0 0 0 0 0 0
T5 0 0 0 0.015 200 3.000 0 0 0
T6 0 0 0 0 0 0 0 0 0
T7 0 0 0 0 0 0 0.015 200 3.000
L2 0.032 30 0.960 0 0 0 0 0 0
L3 0 0 0 0 0 0 0 0 0
L5 0 0 0 0 0 0 0 0 0
Laterals L6 0 0 0 0 0 0 0 0 0
L8 0 0 0 0.026 30 0.780 0 0 0
L9 0 0 0 0 0 0 0 0 0
L11 0 0 0 0 0 0 0.032 30 0.960
Total 0.151 31.867 4.812 0.145 33.062 4.794 0.151 34.0132 5.136




CHAPTER 2. LITERATURE REVIEW AND CONCEPTUAL BACKGROUND 28

2.6 Monte Carlo Simulation Basics

For a high number of system states and re-configurable systems, MCS is a necessary method
for reliability analysis as analytical approaches become impractical for such complex systems.
While analytical techniques representing the system by a mathematical model may be infeasible
and time-consuming for complex systems, simulation techniques overcome these limitations

and have the capability of achieving a closer adherence to reality [7].

MCS may be defined as a process for obtaining estimates (numeric values) for a given system,
guided by a prescribed set of goals, by means of random numbers from a probability distribu-
tion. The random numbers are used to classify the state of the components in the system, and
the transition to other states. The system state is given by the combination of the individual
components’ states. Thus, a system state can be expressed by a state vector, S, where each com-

ponent is represented by a state value, S;, as follows:

S={§ S .. S§i} (2.14)

The available MCS methods are mainly divided into two classifications depending on the time:
non-sequential and sequential methods. Whereas the first method samples the system states
randomly, the latter method obtains a sequence of the system states depending on the previous

state [20].

In MCS, it is important to define stopping criteria. This is normally either a predefined number
of trials or a defined maximum error [7]. In many cases, where the desired result is the expected
value, a set number of trials are performed until the mean of all results converges to a stable
value. This number is dependently on the rareness of the events, as the number of simulations
should be large enough to give the rare event a high probability of occurring. For example, if a
component is expected to fail once per 100 years, 5,000 simulations will have a high probability

of simulating several failures while 50 simulations will not.
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2.6.1 Sequential Monte Carlo Simulation

Sequential MCS attempts to model system behaviours precisely as it occurs in reality - as a se-
quence of random events that build upon each other as the system progresses through time. In
reality, some system contingencies can randomly occur at any point, while other contingencies
depend upon prior events and the present state of the system [7]. By taking this into considera-
tion and by implementing the probabilistic model with a high level of detail, a sequential MCS

can produce a highly realistic simulation, almost comparable to a physical experiment.

In a time-sequential simulation, the essential requirement is to generate realistic artificial histo-
ries showing the state sequence of the components. To do so, random number generation and
the respective probability distribution of the component failure and restoration parameter are
used. These artificial histories depend on the system states and the reliability parameters of the
components. In distribution systems, basic transmission equipment such as main and lateral

lines and transformers can generally be represented by the two-state model shown in Figure 2.8.

Failure process
p -

Up Down

Restoration process

Figure 2.8: State space diagram of component, as adopted from [35].

In this context, “Up” implies the state when the component is operating and “Down” implies the
state when the component is inoperable due to a failure. The time duration of the component in
up state is referred to as Time To Failure (TTF), while Time To Repair (TTR) is referred to as the
time duration of the component in the down state. Further, “failure process” is the designation
for the process of transiting from the up to the down state and the “restoration process” is the
designation for the opposite transition. Figure 2.9 shows the simulated operating/restoration

history of a component.
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Time

Figure 2.9: Simulated history of an artificial load point.

The parameters TTF and TTR are random and depend on the probability distribution of the
component. The most useful distributions in distribution system reliability evaluation are expo-
nential, gamma, normal, lognormal and Poisson distributions. According to [31], many studies
indicate that the TTF is reasonably described by an exponential distribution at which is applied

in this thesis work; its probability density function is given in Equation 2.15.

le M for0<t<oo
fr(n) = (2.15)

0, otherwise

The cumulative probability distribution function for the exponential distribution is given in

Equation 2.16, where U is a uniformly distribution random number in the range [0,1].

U=F()=1-e M (2.16)

By solving this equation with respect to the time ¢, the following expression may be obtained:

T:—%ln(l—U) (2.17)

Accordingly, as U is a uniformly distributed random variable, (1 — U) is distributed in the same
way as U. By recognising this, and that the time T is exponentially distributed, the expression

given in Equation 2.18 can be used to describe the transition time based on the exponential
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distribution and the inverse transform method.

T= —%ln(U) (2.18)

In reliability assessment of distribution systems, the Time to Transition (T) is calculated for all
components i in the system using Equation 2.18. Further, the time to transition of the system
Ts can then be calculated using Equation 2.19, which states that the time to transition of the

system equal the smallest T of all the components.

Ts=min{T) T, ... T} (2.19)

As such, Ty is evaluated as long as it is within the respective year or, in some cases, the defined
simulation period. Accordingly, in distribution system reliability, the procedure is performed
for the number of simulations to evaluate reliability indices. To do so, analytical methods are
usually applied in this part of the simulation to evaluate and locate which load point(s) will
be affected by a component failure. This procedure depends on the system configuration, the

system protection and the maintenance philosophy [31].

2.6.2 Non-sequential Monte Carlo Simulation

The non-sequential MCS assumes that the contingencies occurring in a system are mutually
exclusive and that the system behaviours does not depend on past events [7]. A non-sequential
MCS determines all contingencies that will occur prior to the simulation start. Contingencies
are randomly selected from a pool of possible contingencies based on contingency probability.
The selected contingencies are then simulated in any order, assuming that all the contingencies

are mutually exclusive.
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2.7 Modelling of Distributed Generation

There are different methodologies presented in the literature on how to evaluate DG units. For
conventional generating units, a two-state model has been suitable. However, to represent inter-
mittent energy sources such as Wind Turbine (WT) generation and PhotoVoltaics (PV) modules,
a two-state model is not sufficient to describe the operating model as the stochastic variables

cannot be maintained at a specified stable level.

In general, wind and solar modelling depend on the available historical data for each site. The
stochastic nature of the renewable resource and its influence on the reliability of the system can
be modelled and studied by the adequacy transition rate. To develop an adequacy model, three

factors need to be considered [36]:

1. The random nature of the site resource. For WT, this is the wind speed at a certain height
depending on the tower length. For PV, this is the solar radiation at a certain orientation
depending on the angle and tilt of the PV module. These variables must be included in an

appropriate model to reflect the characteristics of the source.

2. The relationship between the power output and the site resource. The site resource and
output power correlation are applied to determine the ability of the generating units.
Thus, to consider several output levels, the power curve of the generating unit and the

variable site resource is combined.

3. The unavailability of the generation unit. In this thesis, both the WT and PV system are

modelled with a failure rate and a repair time, as described in Section 2.4.1.

2.7.1 Wind Turbine Generation

The available power output of a WT is given in Equation 2.20, where p is the density of air, A
the swept area, V the wind speed, Cj, the rotor power coefficient and 7 the drive train efficiency

(generation power/rotor power) [37].

1
Pwr=3 pAVCyn (2.20)
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As shown in the expression above, the available power produced by a wind turbine is propor-
tional to the cube of the wind speed. In other words, the generation is heavily dependent on
wind speed. Consequently, to estimate the potential of wind energy for a given site, statistical

methods and analysis can be applied for modelling wind speed [37].

In this thesis, the methods for wind speed modelling and WT generation modelling are ad-
dressed for evaluating WT systems. It should be noted that when referring to WT systems, this

thesis considers the system consisting of WT generation, boost converter and inverter.

2.7.1.1 Modelling of Wind Speed

As the wind speed may be categorised as somewhat random, probability theory is commonly
applied to assess its behaviour [38]. A probability distribution is generally characterised by a
cumulative density function or probability density function. By considering the wind speed V
as the stochastic variable, its cumulative distribution function defined in Equation 2.21 states

the probability that the random quantity V' is less or equal to the numeric value of V [37].

F(V)=Pr(V'<V) (2.21)

The probability density function f (V) states the probability of a wind speed occurring between

a lower (V,;) and upper limit (V}), as follows

Vi
Pr(V,=V=V,) :f bf(V)dV (2.22)
Va

As such, the total area under the probability density curve is 1. Hence, if f (V) is known, the mean
wind speed V and the mean available wind power density P/ A can be calculated by applying the

power expression in Equation 2.20 and is calculated as

V:meﬂVMV (2.23)
0
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Whereas the power density is calculated as follows

P

1 [ 1 —
A:Epfo V3f(V)dV:§pV3 (2.24)

Additionally, the probability density function can be defined as the derivative of the cumulative

distribution function such as in Equation 2.25.

d
fv)= WF(V) (2.25)

These probability functions can be defined by different probability distributions. The most
widely used is the Weibull distribution, named after the developer and Swedish professor Waloddi
Weibull (1987-1979) [39]. The Weibull distribution is known for being flexible and is commonly
used in reliability analysis. The literature [37, 40, 41] states that it is reasonable to assume that
the wind speeds obey the two-parameter Weibull distribution and, hence, is assumed in this
thesis. The wind speed is said to be Weibull distributed if the cumulative distribution function

is given by the Equation 2.26 [37, 39].

F(V)=1-ele) (2.26)

The corresponding probability density is as follows

k
f(V)= k(%) vE-1o(€) 2.27)

Where k and ¢ denotes the shape and the scale parameters of Weibull distribution, which are
functions of V and the standard wind speed deviation oy. The average velocity can be deter-
mined by using Equation 2.27, and is given in Equation 2.28. In this expression, /' presents the

Gamma function defined as [ (n) = (n — 1)! for integer n.

V= cF(l + —) (2.28)
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Additionally, for Weibull distribution, it can be shown that the standard deviation for wind speed

is given as

L[ r(1+2
o=V [M—ll 2.29)
+

From this, it is not straightforward on how to obtain ¢ and k in terms of Vandoy. To simplify,
analytical approximations can be used. In [42], the approximation given in Equation 2.30 was

established and is applied in this project.

(2.30)

By utilising this estimation, Equation 2.28 can be used to solve for c. Note that when k =1,
the Weibull distribution is equal to the exponential distribution and when k = 2, the resulting
distribution is known as the Rayleigh distribution [39]. This is also a common distribution used
to model wind speed. However, it only requires one parameter; the mean wind speed. Thus,
as the Weibull distribution is based on two parameters, it can represent a wider variety of wind

regimes [37].

Further, to use the cumulative probability function to determine the wind speed, the inverse
transformation method can be applied. By considering U as a stochastic variable that submits
uniform distribution in [0,1] and setting the cumulative distribution function in Equation 2.26

equal to U, samples of wind speed can be generated as given in Equation 2.31 [43].

V=c-[-In(-U)]F 2.31)

As U submit uniform distribution, the term (1 — U) can be replaced by U. As such, the Weibull

distribution stochastic variable generation can be expressed as

V=c-[-In)* 2.32)
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2.7.1.2 Modelling of WT Generation

A typical power curve of a WT is illustrated in Figure 2.10. From this, is it clear the power output
of the WT is heavily dependent on the wind speed, which can be divided into three different
ranges: (i) the cut-in speed V,;; (ii) the rated speed V;; (iii) the cut-out speed V,, [8]. The WT
starts producing power at V; and reaches its rated production at V;. For the interval between
V, and V,,, the output is maintained constant at the rated electrical output (i.e., non-linear
relationship between the production and wind speed) appropriate black pitch control. At V,,
and beyond, the unit is shut down for safety reasons and to prevent excessive stress and damage.
Due to constant variations in the wind, the power output of the WT lies between zero and rated
value for nearly half of the time or even longer for poor wind regime months [44]. To estimate

the power extracted by the WT, Equation 2.33 is applied in this thesis work [45].

0, for0=V<V,;
(A+B-V+C-V?).P,, forV,;<V<V,
Py (V) =X (2.33)
p,, forV, = V<V,
0, for V="V,

Here, P, is the rated power output and A, B and C are defined by the Equations 2.34, 2.35 and

2.36, respectively. These constants depend only on V;; and V;.

P [V (Vi + V) —4-Vy-V, (VCi+V’ 3] (2.34)
= Vor s Vr)z ci ci r ci*Vr 2V, .
Bo__ ! [4 (Vei + V) (V”'"LVr)s 3.(V, +V)] (2.35)
T (Ve — V)2 SR WY ol T Vr ~
3

1 Vi+ V.
C=|2- (2.36)
Vei = V4) 2V,
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Figure 2.10: A typical power curve of a wind turbine.

2.7.2 PhotoVoltaics Generation

Solar energy is a fast-growing energy source worldwide regarding the installed capacity. The
available power output of the PV modules depends upon several factors, among which the most
dominant ones are solar radiation and temperature [36, 46]. Thus, to be able to estimate the
potential of power production of the PV system, accurate estimates of solar radiation are of
interest. Solar radiation mainly depends on atmospheric conditions, such as the attenuation
effect of clouds and shadowing, and the altitude angle which varies with geographical position,

time of day and time of year [47].

Solar radiation modelling and PV generation modelling are further addressed for evaluating PV
systems. This thesis, when referring to PV systems, it considers the system consisting of a PV

module, converter and inverter.

2.7.2.1 Modelling of Solar Radiation

Solar radiation is heavily dependent on the location of the site. Unlike wind speed, solar radia-
tion varies randomly with location due to the intermittency inherent to sunlight. Thus, several
distribution functions can be used to model radiation, depending on the availability on-site.

The authors in [48] expressed a quadratic function, given Equation 2.37, to represent a simpli-



CHAPTER 2. LITERATURE REVIEW AND CONCEPTUAL BACKGROUND 38

fied hourly variation of solar radiation during a typical day. Here, G4 is the maximum sunlight
intensity during a day, which is assumed at midday (12 noon). This expression assumes that the
solar radiation is accessible in the time range 6 am to 6 pm, as illustrated in Figure 2.11. In

reality, this will vary with on-site conditions.

Gmax*(—=5 12 +%-1-3), for6=<1r=<18
Gy=4 s T3 2.37)

0, forO<t<6and18<tr<24

aof

B0

T0f
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50f
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Percentage of solar radiation [%]

2 4 6 8 10 12 14 16 18 20 22 24
Time of day [h]

Figure 2.11: Hourly solar radiation in percentage of total daily radiation.

Additionally, solar radiation can be modelled with a random variable to account for the influ-
ence of clouds, temperature and other meteorological factors. By implementing a prediction
tool to account for these factors, the PV model may become more realistic. According to [49],
studies have proven that the variation of the solar radiation reaching the PV module (AG) fol-
lows a normal distribution. This gives the expression seen in Equation 2.38, where o is the

standard deviation and solar radiation is noted as G.

(2.38)
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By considering this prediction factor, the correlated solar radiation G reaching the PV module at

time t can be expressed as given in Equation 2.39, where G is the predicted solar radiation.

G() =Gga(t) + AG(1) (2.39)

2.7.2.2 Modelling of PV Generation

The power output of the PV modules is considered solely dependent on the variable G. This can

be shown in the calculation of instantaneous power Ppy given by Equation 2.40 [36].

GO’ for0< G(t) <R,

re (Gstd'Rc)’
Ppy(G(1) =4 P, - %, for R. < G(t) < Gyza (2.40)
p,, for G(t) > Ggz4

In the above expression, P, is the equivalent rated capacity of the PV system in W, R, a certain
radiation point usually set as 150 W/m? and Gy, the solar radiation in the standard environ-
ment set usually as 1,000 W/ m? [36]. The relation between the output power of the PV and solar

radiation can be illustrated by a generalised power curve as such in Figure 2.12.

mefn! 777777777777777777777

Output power

|
|
|
Re Solar direct irradiance Gt

Figure 2.12: A generalised power curve of a PV module.
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2.8 Energy Storage Systems

In microgrids, ESS can cope with the intermittent nature of RES. An ESS contributes to ensuring
seamless transfers between grid and island connected mode, as well as enhancing the flexibility
in power generation, delivery and consumption [5]. Saving electrical energy as chemical energy
in batteries is the most common use of ESS. In this thesis work, Battery Energy Storage System
(BESS) is further concentrated on the purpose of serving as an uninterrupted power supply sys-
tem in microgrids operating in parallel with the DG units. It should be noted that, when referring

to BESS, this thesis considers the system consisting of a battery, a controller and an inverter.

2.8.1 Modelling of Battery Energy Storage Systems

In reliability studies, BESS representation requires a particular model due to its operational
characteristic; its State of Charge (SoC) depends on the system operation [50]. However, it is
challenging and complex to include an accurate model for its use in stochastic simulation, as its
performance is assumed to be highly dependent on charge/discharge cycles and due to battery
degradation. This thesis considers the energy storage balance model and operation strategy as

the two main elements in the modelling of BESS, inspired by the work conducted in [51].

The energy storage balance presents the amount of stored energy in the BESS at all times. More-
over, it states the available power to be charged/discharged. In [52], the storage model used is a
linear storage model including charge, discharge and SoC variables, whereas self-discharge and
battery degradation are neglected. These assumptions are adopted in this work. The storage
constraints for the charge/discharge model presented in [52] is shown in Equation 2.41, where
P;’h and Pf"h are the charging and discharging power at time t, respectively, and P°"»"*%* and

pdcelmax are the rated charging and discharging capacity of the BESS, respectively.

0< Pfh < Pch,max
(2.41)
0< P?Ych < Pdch,max
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The amount of energy stored in the BESS at time t (E;' ¢d) can be expressed by the energy

storage balance as given in Equation 2.42, where At is the time increment, usually 1 hour or 1

dch

minute, and 7" and n%°" are the charging and discharging efficiencies [52].

dch

E;tored — Eﬁqred +nch -PtCh CAf— n;Ch AL (2.42)

By assuming ideal charging and discharging efficiencies (n°" = ¢ = 1), the energy storage bal-

ance can be rewritten as follows in Equation 2.43.

Eitored _ E;Etired + -P?h CAf— P?Ch At (2.43)

Further, the energy storage is also constrained to a limit to avoid full charges and discharges
cycles of the battery, as such given in Equation 2.44. Here, E"5®'V® represents the lower limit of

the battery to be discharged and E™® represents the upper limit of the battery to be charged.

Ereserve _ Eitored < pmax (2.44)

In this thesis, BESS is used in the cases of power imbalance within the microgrid during island
mode with the object of improving the system reliability. Based on this operation strategy, the
energy storage balance in Equation 2.43 and the restrictions that are given in Equations 2.41
and 2.44, the available charging and discharging management model of BESS considering MG

operation state is built as given in Equations 2.45 and 2.46, respectively.

Emax_Estored . Emax_Esrored
A; i A; < P?ur < Pch,max
psur ifpch,max < pgur < Emax—AEfmed
t
max _ pystored max _ pystored
P[Ch ={E E[t if pch.max < Pgur and E E; < pch.max (2.45)

pmax £ pch,max sur chymax . EMe—E§tored
if pemat < pjUT and PO < ——ol—
t

0 if PS4 <0 or Estored — gmax
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E;tored_EreserVe . E;‘tared_Ereserve sur dch.max
A, i A, <P <P
psur ifpdch,max < pSur < EfmrEd_Ememe
L= t
stored _ pyreserve stored _ preserve
P?Ch ={E Ab; if pdch,max Pimr and E Ab; < pdch,max (2.46)
pmax if Pdch,max < PSU and Pdch,max < Efmed*Emewe
-t = At
0 lf Psur < 0 or Estored — Ereserl/e

In the above equations, P;*" is the surplus of the microgrid system at time t; for charging op-
erations it presents the difference between the sum of the power generated by the DGs and the
sum of the load demand, while for discharging operations it is the difference between the sum
of the load demand and the sum of the production of the DGs. This model takes into account

the consideration that the battery cannot be simultaneously charged and discharged.

2.9 Literature Review of Reliability Assessment of Future Power
Distribution Systems

To address the reliability performance of a distribution system, an appropriate test system with
sufficient reliability parameters must be present. Literature provides suitable benchmark test
systems for performing reliability analysis of distribution systems; the most commonly used in
the research are the Roy Billinton Test System (RBTS) [26, 48, 50, 53, 54, 55, 56, 57, 58, 59] and
the different IEEE Reliability Test Systems (IEEE RTS) [41, 44, 60, 61, 62].

In the field of networked microgrids, most researchers have used already defined benchmark
systems, by implementing modifications for the construction of networked microgrids [63].
These modifications have mainly been to either implement DERs at different locations and,
hence, divide the existing defined distribution system into multiple microgrids, or by adding
microgrids to the existing system. However, a newly proposed test system from 2020 [63], ar-
gues that these modified systems are not suited to represent real networked microgrid systems.
As such, the authors in [63] have presented a system that is designed based on a growing urgent

of a suitable benchmark test system and is defined with respect to the requirements stated in the
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IEEE Standard 1547-2018 [64]. The system consists of four independent microgrid-structures at

which are interconnected to both each other and to the utility grid.

In both distribution and microgrid system reliability analysis, protection devices such as fuses,
circuit breakers, sectionaliser, interconnection protection, re-closer and different relays play an
important role in the performance. The study in [65] addresses the impact of protection devices
on the reliability of a microgrid. In this work, a stochastic model was developed to simulate
existing challenges in the current protection scheme during various operating conditions. Fur-
thermore, an evaluation strategy, combined with simulation and load restoration is presented

as a solution tool.

Another aspect is the operational strategy. In microgrid systems, the control strategy affects the
interruption duration and frequency of the load points and, hence, is directly influencing the
system reliability. The study in [53] proposes a method to evaluate the impact of various con-
trol strategies in the microgrid on the reliability of the distribution system. The paper addresses
comparison of system reliability indices such as SAIFI, SAIDI and EENS for cases with and with-

out island mode, whereas the former case resulted in the best performance.

Distributed generation of both dispatchable and non-dispatchable behaviours are evaluated in
several papers. As mentioned before, established test systems are usually modified in a specific
way to bring out the features of implementing DG. In order to evaluate the impact in system
reliability of including DG in a distribution system, a strategy for the operation of the DG is
needed. The research in [66] points out two aspects to include in terms of reliability evaluation
and the impact of DG in system operating characteristics: (1) The model of the DG operation

and the purpose of its connection; (2) The primary energy source the DG unit is based on.

In [67], the inclusion of DG in the distribution network is considered in two operation modes:
dependently and independently of the utility supply. Furthermore, the DG location is consid-
ered. The DG is placed at the end of the feeder and, consequently, is studied without consider-
ing the alternative back-supply connections to bring out the features of installing DG. The paper
also addresses the challenges occurring when DG operating independently of the utility supply,
featuring several protections and coordination challenges due to multiple sources and, hence,

bi-directional power flow.
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In [54], the RBTS is modified to include DGs based on RES to validate the reliability impact.
From a reliability perspective, the incorporation of DGs will highly benefit the reliability indices
if the downstream network of a failed location would be able to make use of the already available

DG unit’s restore supply by operating in island mode as a microgrid.

In the distribution reliability evaluation of the presence of DG addressed in [68], it is considered
that the DG can supply all or parts of the load in case of main source unavailability and that the
occurrence of a failure causes the disconnection of both the main supply and the DG from the
system. However, after the isolation of the failure, the DG is re-connected to the system and in
this way, may be able to supply load point(s) while the failed component being repaired; as a re-
sult, there will be a reduction in the duration-related indices. However, the resulting frequency-

related indices are not modified in the presence of DG.

To bring out the features of ESS in the reliability assessment of microgrids, ESS is usually com-
bined with renewable DG to improve the reliability. In [59], a study of the impact of including
PV and ESS to a microgrid, where the assessed distribution system is modelled by an analytical
approach combined with the Markov method. The findings in this research were that the overall
reliability increased. It was experienced that the outage duration decreased; however, the failure
frequency increased, due to the implementation of the possibility of a failure of the PV system

and ESS.

The most frequently used ESS in microgrids are batteries. However, two-way charging of elec-
tric vehicle technology is emerging as a suitable alternative [60]. For example, the study in [61]
includes mobile battery energy storage systems to realise islanded operation at which has a pos-

itive effect on the reliability.

In the study presented in [56], an evaluation of the reliability of a microgrid containing priori-
tised loads and distributed RES such as solar and wind is carried out. The presented strategy of
the RES is that the combined output of all RES is compared with the load. In this case, where RES
cannot supply all of the loads, then the load with the highest priority is supplied first followed
by the next load in the priority list and so on. The analysis resulted in a remarkable increase in

the reliability of the most sensitive loads in the system.
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Power Electronic Systems plays a crucial part in microgrids and subsystems. There are few stud-
ies evaluating the impact of power electronic systems on the microgrid’s reliability [69, 70, 71].
Renewable-based DGs such as PV and wind are equipped with inverters and step-up transform-
ers with failure rates. The research in [69] states that the inverter is the most critical component
of large-scale PV systems; whereas research done in [70] has further located the capacitors to
be the most critical elements of the inverters. Findings such as those in [69, 70] underline the
importance of including power electronic systems when evaluating the reliability of microgrids.
Accordingly, [71] concludes that the reliability of microgrids is greatly affected by the application

of large-scale power electronic devices.

In the above-addressed literature, there is no common definition of how to include microgrid
operation in the reliability evaluation of distribution systems. Many papers evaluate the impact
of including DGs or ESS on distribution system reliability, but few evaluate the implementation
of microgrids. As the overall objective of this thesis is to investigate the impact of microgrids on
the distribution systems from a reliability perspective and since there is no common definition
for doing so, several proposed techniques are applied to the comprehensive assessment. In this
way, the identified research gaps provide motivation for the creation of synthesised algorithmic
approaches in this thesis for quantifying the impact of microgrids on the reliability of power

systems, based on the diverse features of select-few methods proposed in the literature.



Chapter 3

Methodological Approach

As stated in the introduction, this thesis aims to improve the pedagogical dissemination for the
evaluation of (i) distribution system without DERs (i.e., passive distribution system), and (ii)
distribution system with DERs in the form of a microgrid (i.e., active distribution system). Ac-
cordingly, first, a hybrid methodology based on a combination of simulation and analytical ap-
proaches is proposed for the reliability analysis of passive distribution systems, motivated by the
methods described in [31, 35]. The determination of load point failures used in the simulation

algorithm is inspired by the analytical RELRAD approach described in [72].

Additionally, variable load with an hourly resolution is considered in the analysis with the aim of
studying a more realistic system, which is more appropriate when considering the integration

of RES.

An extension of the developed hybrid methodology is then performed by adding DERs to form
a microgrid for assessing the reliability of the active distribution system. As such, suitable in-
tegration of wind, solar and battery systems are assessed, inspired by the work presented in
[43, 48, 51], respectively. The synthesised method is described in this chapter, where the algo-

rithm is inspired by the published research in [48, 57].

Based on the research presented in [50, 73], an operation strategy for the uniquely designed

microgrid for the purpose of reliability assessment, is presented in this chapter.

46
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3.1 Proposed Simulation Algorithm

Time sequential MCS is chosen as the simulation method to obtain the history of all compo-
nents in the system, and subsequently, obtain load point- and system reliability indices (ex-
pected values and probability distributions). As mentioned, the methodology utilised for per-

forming the MCS is based on [31, 35] as well as on the theory presented in Section 2.6.

The proposed procedure for the sequential MCS of passive distribution systems is described by
the flow chart in Figure 3.1. At the beginning of each simulation, the Time To Failure (TTF) of
all components is generated; as such, a defined year is simulated N times. The simplification
of simulating a year several times rather than many years in a row is considered as a valid as-
sumption due to the deterministic reliability data parameters. If the simulation was to run over
decades, most components would experience a change in reliability parameters such as failure

rate, due to degradation and so on.

In the proposed procedure, first, TTF for each component is determined based on a random
number and the respective failure distribution of each component (Equation 2.18). The compo-
nent with minimum TTF (Equation 2.19) is used to represent the transition time of the system.
Then, the location of the corresponding component is found and analysed with respect to the
affected load point(s). To account for the restoration duration, a Time To Repair (TTR) is gener-
ated for the component according to its repair distribution and additionally, a Time To Switch
(TTS) is generated if the component is designed with such equipment. In this way, the entire
interruption duration of the respective load point(s) is considered. To account for the possibil-
ity that the component may experience more than one failure during the simulated year, a new

TTF is generated and added to the transition time of the failed component.

For as long as the minimum TTF is less than one year, the analysis of the next failure event
continues. If the transition time of the system is greater than one year, the number and duration
of failures for each load point for the respective year are calculated. At the end of the simulation,
i.e., when the simulation exceeds the specified number of simulations N, the average value of
failure rates and outage duration is calculated as well as the system reliability indices such as

SAIFI, SAIDI, CAIDI and EENS.
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Figure 3.1: Algorithm used to evaluate Passive Distribution networks.
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In the conducted analysis, only permanent failures are considered. The analysis is simplified by
the assumption that any failure, single-phase or otherwise, will trip all three phases. Further, all
failures are assumed independent of each other, and it is assumed that each failure is repaired

before the next failure occurs based on [20].

Additionally, the protection equipment such as circuit breakers, disconnectors and fuses are
assumed fully reliable and to perfectly isolate all failures. Similar, the upstream network is as-

sumed fully reliable.

3.1.1 Determination of Load Point Failures

To determine the affected load point(s) due to a component’s failure, the analytical approach
RELRAD [72] and the procedure described in [31] are utilised to algorithmically determine how a
component failure affects the system load points. The choice of applying the RELRAD technique
is based on the decision of solely assessing radial distribution systems and the desire for low

computations.

For the process of locating the load points and identifying their outage duration, upon the occur-
rence of failure of a component, knowledge of the following are crucial: network configuration,
system protection and maintenance philosophy. Based on the supposition that this knowledge
is in place, a procedure is developed by dividing the load points affected by the failed feeder in

two lists: 1) “failed load points” and 2) “restored load points”.

Under the assumption that the system can be divided into the combination of the main feeder
and sub-feeders, the direct search procedure for determining the failed load points and their
operation-restoration duration, based on the pre-defined input parameters, is described by the
illustration in Figure 3.2. It should be noted that the protection devices (if any) are located and

operated as described in Section 2.3.2 by Figure 2.4.
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Figure 3.2: Evaluation of component failure and affected load points based on available protec-

tion equipment.
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3.2 Variable Load Model

The load profile during a year varies with the seasons, the weather conditions and the type of
day, e.g., whether it is a weekday or weekend. To account for this behaviour, a generalised hourly
time-varying load model (i.e., hourly peak loads) representing the pattern during normal con-

ditions is applied from [74] and illustrated in Figure 3.3.

In detail, the load profiles are constructed of three weighted factors: weekly variations (52 weeks
during one year), daily variations (7 days during one week) and hourly variations (24 hours dur-
ing one day). It should be noted that, in total, this contributes to 8736 load values per year (52
weeks/year x 7 days/week x 24 hours/day). The predicted load Py, for load point i at time ¢ is

calculated as shown in Equation 3.1.

Pri(t) = Wy (w) - Wy(d) - Wy (h) - PLi peak 3.1)

Here, W, (w) is the weekly weight factor at week w, W;(d) is the daily weight factor at day d and
Wi, (h) is the hourly weight factor at hour A.
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(a) Yearly load profile (b) Daily load profile for each season.

Figure 3.3: The generalised time varying load profile for a year.



CHAPTER 3. METHODOLOGICAL APPROACH 52

3.3 Prioritised Loads Strategy

In this thesis, the procedure of load prioritisation is inspired by [73] to determine which load
point is of higher and lower priority and, thus, supply accordingly. This is treated in the event
that the microgrid is in island mode due to insufficient generation. The loads are prioritised to
avoid that the entire microgrid is experiencing an outage. By including load prioritising, sen-
sitive loads may remain connected and supplied while less sensitive loads can be subjected to

curtailment.

To implement a reasonable strategy in the reliability judgement, a prioritisation matrix P is de-
fined for the load points within the microgrid (in the range of [0,1]), indicating its priority as

follows:

P=[LPy,...,LPy]l-| : (3.2)

1/n

In the above matrix, 1 implies the highest priority and accordingly 1/n implies the lowest priority
(0 signifies no priority at all). In the algorithm, a for-loop is constructed to go through all the load
points within the microgrid in the case of island mode. By starting with the load point with the
highest priority, its hourly load value is compared with the production at that specific time slot.
If the production is higher or equal, the load point is supplied and the remaining production
(remaining production = production - load of highest priority) is then compared with the next
load point according to its priority order. This is performed for all the load points within the
microgrid. If the production is less than the load, the respective load point and the remaining

load points of lower priority remain unsupplied.
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3.4 Incorporation of Distributed Generation

In this thesis, the complexity due to the effects of the random variables inherent in RES and their
interaction has been resolved by simulating the atmospheric conditions and the corresponding
system operations. As WT and PV systems are energy limited, intermittent and sporadic in na-

ture, MCS is utilised to account for their stochastic characteristics.

To incorporate the possibility of failures of the considered DGs, reliability parameters of the DGs
are treated the same as for the other component data of the distribution system. Additionally,
the available outputs of the DGs are estimated and measured against the corresponding load
to evaluate the possibility of restoring load points during an outage of the main supply. The

proposed procedure of implementing DGs of intermittent behaviour is illustrated in Figure 3.4.

3.4.1 Wind System Model

To account for the intermittent behaviour of wind energy, a stochastic wind speed model is
utilised to simulate the outputs of the WT system. This stochastic model is based on a simu-
lation technique to describe the non-deterministic behaviour and the randomness of the wind
speed, as presented in Section 2.7.1.1. The probability of occurrence of a particular wind speed
is assumed as described by the two-parameter Weibull distribution. Further, a non-sequential
MCS technique is utilised to generate random numbers which are converted to wind speed val-

ues which are then converted to output power, as described in Section 2.7.1.2.
Step by Step Approach to model WT Generation:

Step 1: Classify the Weibull parameters ¢ and k, based on the average and standard deviation

of wind speed.
Step 2: Generate a random number U following uniform distribution in the range [0, 1].
Step 3: Calculate the wind speed V; by the use of Equation 2.32.

Step 4: Calculate the output power of the system by the use of the power characteristics of the

WT given in Equation 2.33.



CHAPTER 3. METHODOLOGICAL APPROACH 54

Check the individual DG status in this spesific timeslot.

Wind Solar.

Wind Turbine
Operating?

PV System
Operating?

No No
Yes Yes
v \ 4
§wm
= 20
Calculate the . Calculate the 2w
wind speed % solar radiation .S
through state S based on the : “
sampling MCS, = spesific time-slot £ "
where the wind :; and avariation % “ /
follow a Weibull & generated W /
distibution g through state 2 /
’ A 0 + 20 /
sampling MCS. g /
g 10 /
\‘ e l ) ‘\1 j O-‘ ¢ 2 4 6’ 8 10 12 14 16 18 20 22 24
Vind speed [m/s] Time of day [h]

v v

Calculate the output
power Pywing by use
of the Wind power

characteristics.

Calculate the output
power Ppy by use of
the PV power
characteristics.

Output power
Output power

Wind speed Solar direct irradiance

e —

.| No contribution. R Calculate Output Power: P No contribution.|

Pwing =0 PpG = Pwind + Ppv Pev=0

Figure 3.4: Procedure for evaluating the available output power of the considered DGs.

3.4.2 PV System Model

To model the production of the PV system, the hourly variation of solar radiation is simulated,
based on the literature [36, 48, 49]. To account for the influence of cloud, temperature and other
meteorological factors, which affect the amount of solar radiation accessed by the modules, a
prediction error of the solar radiation is simulated following a normal distribution with zero

expectation and constant variance, as described in Section 2.7.2.2.
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Step by Step Approach to model PV Generation:
Step 1: Classify the month (1-12) and hour of day (1-24) for time t [1, 8736].

Step 2: Based on the month and hour of day, calculate the estimated solar radiation G, by the

use of Equation 2.37.

Step 3: Generate a random number representing attenuation AG following normal distribu-

tion.
Step 4: Calculate the total solar radiation G as the sum of G; and AG, as in Equation 2.39

Step 5: Calculate the output power of the system by the use of the power characteristics of the

PV module given in Equation 2.40.

3.5 Battery Energy Storage System Model

To smoothen the fluctuation of the output of the WT and PV systems, a BESS is implemented
within the microgrid to improve the power quality and supply reliability, motivated by [51, 52].
By assuming a rather simple strategy, as presented in Equations 2.45 and 2.46, a battery is in-
cluded to either release or restore the excessive energy when the microgrid is operating in island
mode. Thus, when DGs’ output is greater than the local load, residual power is stored in the bat-
tery; when DGs’ output is less than load, the stored energy is released to supply the remaining

load.

In this thesis, a generic battery storage system is developed, which serves the main purpose of
this study. The system is considered charged by the main grid during interconnected mode and,

thus, assumed to be fully charged when the microgrid goes into island mode.

Furthermore, in this thesis, it is assumed that if the production of the DGs plus the BESS dis-
charging capacity is not sufficient to cover all the loads within the microgrid, then all the load
points within the microgrid are considered unsupplied and the BESS is not discharged. This as-

sumption differs from the operation shown in Equation 2.46. Hence, Equation 3.3 is presented
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for the applied strategy of discharging the BESS in the microgrid.

Estored _ Ereserve
r

ie pdch,
psur jf pdc max<pi§ur < -
A (3.3)

Pf()h -

0 else

To account for the unavailability of the BESS in the simulations of the system, similar to the DG

units, a failure rate and a repair time are modelled for the BESS.

3.6 Proposed Operating Strategy for Microgrids

A realistic, yet simple strategy for the operation of the microgrid is suggested and employed in
this thesis. The managing strategy is tailored to fit distribution systems of radial structure, where
the DERs are located in a sub-feeder. Therefore, the microgrid is modelled as a sub-feeder that
can be isolated from the upstream network and operated in island mode independently during

an emergency to supply its local load points.

For evaluating the reliability impact of adding a microgrid to the distribution system, operation-
related questions need to be acknowledged. As there does not exist a defined strategy in the
literature, this thesis suggests answers based on well-established assumptions and inspirations
from [26, 57]. The strategy is essential for the thesis as it lays the foundation for the reliability

evaluation of a distribution system with a microgrid.

The operation strategy is explained by Table 3.1 and Table 3.2, where the microgrid is isolated
because of a failure on either a section on the main feeder or the sub-feeder. The operation of
the DERs will only influence the load points within the microgrid during island mode operation,
based on the assumption that the main supply is 100% reliable. Further, the constraints of the
line capacities are neglected by the assumption of sufficient capacity for all scenarios. The DER
units are assumed connected in series with fuses, which will immediately trip in the event of a
failure of a DER unit. Accordingly, the failure of a DER unit will only impact the system if the
failure occurs during island operation. The isolation process of the microgrid is assumed 100%

reliable.
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The entire distribution system including the microgrid is assumed equipped with disconnectors
and fuses located in the sections and laterals, respectively. The disconnectors are set to oper-
ate with a switching time, while the fuses trip immediately in case of a failure of the respective
component. Both the main feeders and sub feeders are equipped with a circuit breaker between
themselves and the upstream network. The circuit breaker reacts instantly in case of a failure on

the respective feeder. All the protection equipment is assumed 100% reliable.

Additional supply is assumed unavailable as it is common to model DER in a similar way as
back-feed and, hence, it would overlook the impact of the DER. Based on these circumstances,
the option for additional supply is not considered in this thesis. This may be recognised as
a reasonable assumption, as microgrids are often suggested to be implemented in rural areas

where the grid is weak.

Table 3.1: System components with time sequential simulated operation histories.

. . Failure of system Protection device . . .
Location of failure . Microgrid operation
component operation
. Section Disconnects Island mode
Main .
Lateral Fuse trips Interconnected mode
feeder .
Transformer Fuse trips Interconnected mode
Sub-section Disconnects Island mode
Microgrid Sub-lateral Fuse trips Interconnected mode
Sub-feeder Transformer Fuse trips Interconnected mode
DER Fuse trips Only evaluated in island mode
Table 3.2: Strategy of microgrid operating in island mode.
Operation . . - .
of the DER Failure of a Section Failure of a Sub-section

After the failed part of the system is isolated,
load points located upstream of the failure are reconnected
with the main feeder while load points located downstream
of the failure are supplied by the DERs if production = load.
The DERs are operated as additional supply.

The load points within the microgrid

Up are served if production = load.

The load points within the microgrid are
Down experiencing an outage duration equal
the remaining operation in island mode.

The part supplied by the DERs are disconnected for the
remaining repair time of the failed component.
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During operating in island mode, the microgrid follows the strategy as explained in Table 3.2.
In this case, the DER units are assumed placed at the end of the sub-feeder. This allows it to
be evaluated as an additional supply when the production is sufficient to cover the local load

points.

For a failure on the main feeder section, the location of the failure is relevant for the island
process of the microgrid. If the failure occurs downstream of the microgrid connection on the
main feeder, the microgrid is isolated until the failure is isolated (i.e., the switching time of the
disconnector) and then reconnected to the main feeder. However, for a failure located upstream
of the microgrid connection, the microgrid is isolated for the entire repair time of the failed
section. As such, the microgrid is modelled similarly as a single load point from the perspective

of the distribution system.

Further, the microgrid is assumed unable to perform black start. This implies that the DER
units themselves are not able to restore the operation of the microgrid after a failure of the DERs

without assistance from the utility grid.

The flow chart in Figure 3.5 is presented as a summary of the described operation strategy above
in accordance with the procedure of the practised time-sequential MCS for evaluating distribu-

tion system reliability with an incorporated microgrid.
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Figure 3.5: Algorithm used to evaluate the reliability of distribution system with microgrid.
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Chapter 4

Description of the Simulation Program for
Reliability Analysis of Passive Distribution

Systems

This chapter contains a detailed description of the validation process conducted for passive
distribution system reliability evaluation with the methodology as described in Section 3.1. The
validation aspect is presented only for passive distribution systems as there are limited param-

eters given in the literature making it difficult to validate the work on systems with DERs.

Additionally, a description of how the input parameters are arranged in the developed MATLAB
scripts are presented; this is applicable for the evaluation of both passive and active distribution
system reliability. Finally, the effect of variable load consideration is represented through an

illustrative example.

In the process of developing a suitable program, the focus was first on constructing a program
suited for systems of simple structures and then on adding complexities. The program is de-
veloped to deal with reliability analysis of distribution systems with the structure of multiple
single radial feeders. Subsequently, distribution systems of composite structure (such as the
ones including sub-feeders) were studied. Thus, the developed program was modified to in-
clude sub-feeders and distinguish protection equipment. Suitable extensions have been made
for studying the subsequent effect of adding a microgrid to the distribution system and detailed

case studies conducted; these case studies are presented in the next chapter.
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4.1 Classification of Input Variables

The MATLAB scripts are created with the objective of reading the required input parameters
from an Excel sheet. Accordingly, the inputs are arranged in a simple structure in Microsoft
Office Excel to include the parameters of the components as well as the system configuration.
The system configuration is assumed pre-defined in the input data, as presented in Tables 4.1
to 4.6, with an aim to minimise the computation time. Depending on the structure of the system
and the included gear (i.e., protection devices) in the analysis, the input parameters need to be
modified. The reading to/from an Excel file minimises the work of changing the systems of
interest due to the generalised code structure. Additionally, the procedure and results of the
analytical analysis for each system are organised in the same Excel sheet thoroughly to establish

a basis for comparison.

As mentioned before, the scripts are primarily developed to consider reliability analysis of dis-
tribution systems of multiple single radial feeders, such as Bus 2 (illustrated in Figure 4.2) and
Bus 5 of RBTS. However, for studying the subsequent effect of adding a microgrid to the dis-
tribution system, Bus 6 of RBTS has been found to be more appropriate, as it includes several
sub-feeders, which are suited for more complex analysis. As such, the Scripts are modified to in-
clude sub-feeders. Consequently, for distribution networks with defined sub-feeders (e.g., Bus

6), additional input variables needed to be defined as shown in Tables 4.3 and 4.5.

Table 4.1: Input data of the transformers.

Transformer number | Load point number
T1 LP;
T2 LPr,
Tn LPr,

Furthermore, parameters such as failure rates, repair times, switching time and the number
of simulations need to be defined. In MCS, it is important to define a stopping criterion. In
this work, the number of simulations has been carefully chosen such that the convergence is

achieved and yields the desired level of accuracy [7, 31, 35].



CHAPTER 4. RELIABILITY ANALYSIS OF PASSIVE DISTRIBUTION SYSTEMS 62

Table 4.2: Input data of the laterals.

Lateral number | Length of lateral line [km] | Load point number
L1 171 LPp,
L2 1 12 LP L2
ILn 1 Ln LPLn

Table 4.3: Input data of the sub-laterals.

Sub-lateral number | Length of sub-lateral line [km] | Sub-feeder number | Load point number
SL1 Isia SFss1 LPs1,
SL2 Iszo SFss2 LPsr2
SLn Isin SFssn LPgrn

Table 4.4: Input data of the sections.

Section number | Length of section line [km] | Feeder number
S1 Isy Fs1
S2 Iso Fso
Sn lSn Fsn

Table 4.5: Input data of the sub-sections.

Sub-section number | Length of Sub-section line [km] | Feeder number | Sub-feeder number
SS1 Iss1 Fgs1 SEss1
S§§2 Iss2 Fgso SFss2
SSn Lssn Fgsn SFssn

Table 4.6: Input data of the load points.

Load point | From To Feeder | Sub-feeder From To Average load | Peakload | Number of

number | Section | Section | number | number | Sub-section | Sub-section [MW] [MW] customers
LP1 SFLP1 Strp1 Frp1 SFrp1 SSkLp1 SSrrp1 Prp1,avg Prp1,peak Crp1
Lp2 SrLp2 | SrLp2 Frp2 SFLp2 SSpLp2 SSrrp2 Prp2,avg Prp2 peak Crp2

LPn SeLpn | StLPn Frpn SFrpn SSpLPn SStrpn Prpn,avg Prpn,peak Crpn
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4.2 Validation with Benchmark Test Systems

To verify and validate the methods applied in this thesis work, both the analytical method and
the time-sequential Monte Carlo method are utilised for the reliability evaluation of benchmark
passive distribution systems. The analytical method was comprehensively studied in the spe-
cialisation project [8], which is applied in this thesis by replicating the results presented in [34]
for Bus 2, in [33] for Bus 5 and in [31] for Bus 6 of the RBTS, for the respective system configura-

tions.

The time-sequential MCS algorithm as described by the flow chart in Figure 3.1 constructs a fic-
tive history of all the sections, laterals and transformers based on defined reliability data for the
respective components and according to the probability distribution of the component param-
eters. These simulated histories are used to evaluate the number and duration of failures used

to assess load point and system reliability indices.

1 1 T T T T T T T
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Figure 4.1: The converge process of the EENS index plotted together with the average value.

The convergence process of the indices is illustrated by visualising the index EENS throughout
the simulations of the RBTS Bus 2, as illustrated in Figure 4.1. This figure presents the conver-

gence process of the EENS for a simulation of 7,500 runs, where the index is converging after
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approx. 6,000 simulation runs. Since some of the indices require a higher number of simula-
tions to converge and the developed simulation program is not directly restricted by simulation
time which is relatively low (< 10sec), a simulation run of 15,000 is further selected in this thesis

work. This is also in agreement with a similar example presented in [31].

To optimise the algorithm, the line numbering of the original benchmark test systems were
changed as illustrated in Figure 4.2 for Bus 2. The motivation was to construct appropriate input
parameters to easily understand the system configurations, where all sections were numbered
first, followed by the laterals. A similar rearrangement of the numbering is performed on the

Bus 5 and Bus 6 systems.
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(a) Replicate of RBTS Bus 2 as in [34]. (b) RBTS Bus 2 with updated notation.

Figure 4.2: System configuration of Bus 2 of the RBTS.

The developed program is verified by comparing the average values of the load point and sys-
tem reliability indices estimated by simulation with those obtained by utilising the analytical
approach. As Bus 2 and Bus 5 are of similar structure (multiple single radial feeders), only the
result of Bus 2 and 6 are presented in this section, whereas the result of Bus 5 is listed in Appendix

C.2.
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A selection of the results is presented in the following sections, whereas the entire analysis is
given in Appendix. The load point indices presented in the following sections align with those

of what is given in [34] and [31] for Buses 2 and 6, accordingly.

4.2.1 RBTSBus2

The distribution system for Bus 2 of RBTS is of radial structure and is supplied by two 33/11 kV
transformers. The system includes 4 feeders, 14 sections, 22 laterals, 20 transformers and 22
load points supplying various kinds of customers. In this analysis, the system is configured to
include circuit breakers in each feeder, a disconnector in each section, a fuse in each lateral and
additional supply through back feeders as illustrated in the single line diagram in Figure 4.2b,

which aligns the configuration in one of the cases (respectively Case E) presented in [34].

Representative average load point and system reliability indices are presented in Table 4.7 and
Table 4.8 respectively, as a result of using both the analytical approach and the developed simu-
lation program. The complete result of the load point indices for Bus 2 is presented in Appendix
B.2. From this it can be observed that the results of the analytical and simulation techniques are
quite close; the highest difference between the load point indices is 3.2712% for Load Point 18,
and as regards the system reliability indices the maximum difference is 1.8877 % for SAIFI. Both
errors are within an acceptable range, by comparing and validating with the simulation errors

presented in [31] and [75].

Table 4.7: Comparison of selected load point indices for Bus 2.

Load Point | Average failure rate [f/yr] Average outage duration [h/yr]

no. Analytical Simulated  Difference [%] | Analytical Simulated Difference [%]

1 0.2393 0.2378 0.6061 0.7253 0.7371 -1.6285

0.2393 0.2369 0.9962 0.7253 0.7209 0.6072

8 0.1398 0.1424 -1.8962 0.5428 0.5493 -1.2134

12 0.2555 0.2511 1.7352 0.8065 0.8072 -0.0805

16 0.2523 0.2497 1.0241 0.7903 0.8102 -2.5263

18 0.2425 0.2371 2.2405 0.7285 0.7047 3.2712

20 0.2555 0.2481 2.8832 0.7935 0.7838 1.2293
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Table 4.8: Comparison of the system reliability indices for Bus 2.

Indices Analytical Simulated Difference [%]
SAIFI [int/yr- customer] 0.2482 0.2435 1.8877
SAIDI [h/yr- customer] 0.7656 0.7602 0.7033
CAIDI [h/int- yr] 3.0843 3.0557 0.9273
EENS [MWh/yr] 8.8438 8.8172 0.3013

4,2.2 RBTS Bus6

Bus 6 of RBTS is a radial distribution system with four feeders, three sub-feeders, 29 sections,
13 sub-sections, 20 laterals, two sub-laterals, 36 transformers and 40 load points; resulting in
100 components that can theoretically fail during operation. This system, analysed in both [31]
and [75], contains very specified configurations as illustrated in Figure 4.3. Whereas not all load
points are connected through laterals, the location of disconnectors vary in the different feeders;
only two feeders have additional supply and the analysis of Feeder 4 uses reliability data for the
wrong voltage level when referring to the parameters listed in [34]. All these specialities, which
are not clearly stated in the original analysis presented in [31], made the reproduction of the
results utilising the analytical approach demanding. Hence, the simulation program utilised for
these configurations became less general than the program obtained for RBTS Bus 2. Figure 4.3

matches the analysis of the configurations performed in [31].

Representative average load point and system reliability indices are represented in Table 4.9
and Table 4.10 respectively. The complete result of the load point indices for Bus 6 is presented
in Appendix D.2. The maximum difference between reliability indices calculated based on the
analytical approach and simulation approach is observed in the outage duration of Load Point
13 with a difference of 4.1354%. In terms of the system reliability indices, SAIFI is observed with
the highest difference of 0.2394%. As with the evaluation of Bus 2 and Bus 5, these differences

are within an acceptable range, which is deemed as a validation of the created MATLAB scripts.
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Figure 4.3: System configuration of RBTS Bus 6, as analysed in [31].

Table 4.9: Comparison of selected load point reliability indices for Bus 6.

Load Point | Average failure rate [f/yr] Average outage duration [h/yr]
no. Analytical Simulated  Difference [%] | Analytical Simulated Difference [%]
1 0.3303 0.3365 -1.9026 0.8163 0.8347 -2.2590
0.3400 0.3429 -0.8628 0.8260 0.8388 -1.5431
10 0.3595 0.3618 -0.6398 0.8065 0.8160 -1.1782
15 0.2373 0.2314 2.4658 0.8353 0.8189 1.9608
20 1.6725 1.6743 -0.1056 5.5515 5.5741 -0.4064
25 1.6725 1.6726 -0.0060 8.4375 8.4384 -0.0106
30 2.2250 2.2220 0.1348 11.200 11.2170 -0.1521
35 2.5370 2.5502 -0.5203 9.8740 9.9894 -1.1683
40 2.5110 2.5094 0.0637 12.6300 12.6450 -0.1172
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Table 4.10: Comparison of the system reliability indices for Bus 6.

Indices Analytical Simulated Difference [%]
SAIFI [int/yr- customer] 1.0065 1.0090 -0.2394
SAIDI [h/yr- customer] 3.8197 3.8280 -0.2167
CAIDI [h/int- yr] 3.7950 3.7939 0.0290
EENS [MWh/yr] 49.2040 49.3060 -0.2071

The main motivation of analysing Bus 6 is to construct a simulation program that includes sub-
feeders. As the special configurations of RBTS Bus 6 used in [31] are of little importance when
studying the problem statement of this thesis, the system is modified by aligning the configura-
tions to generalise the code after validating the simulation for the respective configurations. A

detailed description of the modification conducted is presented in Appendix D.3.

4.2.3 Ilustrative Example of Variable Load Model

To present the impact of including variable load on the reliability indices, a comparative study
on the modified Bus 6 system is carried out using the simulation approach. For this, the load
values in [31] used for the verification are replaced with the load variables from [74], which
accommodate both average, peak and variable load values. Note that the average load values
in [74] differ from the presented values in [31]. A complete description of the modifications

conducted and the system can be found in Appendix D.3.

The difference between the studies with constant and variable load is reflected in the system in-
dex EENS. Equation 4.1 shows the calculation of EENS where fixed average load values are used,
while Equation 4.2 shows the calculation of EENS with variable load values based on Equation

3.1 where Ty indicates the outage time of load point i.

EENS=)" Py avg- Ui (4.1)
i

EENS=Y" " Wy (w)- Wa(d) - Wy(h) - Pri peak =Y Y Pri(To) (4.2)
i T, i T,
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It is important to note that there are different ways to calculate EENS using average peak loads
in the simulation approach. One way is to use the analytical technique and calculate EENS
by using the simulated average unavailability as shown in Equation 4.1. In fact, this is quite
adequate if only the average values of the system indices are required. On the other hand, when
dealing with variable loads, the respective time t (see Equation 3.1) has to be considered. This
is accounted for in the approach summarising the load at time t over the whole outage duration
as shown in Equation 4.2, for variable load values. Because of the need to round the simulated
time t to whole hours, some errors will arise for the latter technique. Therefore, there will always

be a difference when comparing the calculated EENS of the two approaches.

To illustrate this and the impact of including variable load in the reliability analysis, Table 4.11
shows the results for EENS with average loads using the two techniques and the result for EENS
with variable loads for Bus 6 with load data as presented in Appendix E. In this table, (T1) repre-
sents the first technique that uses the analytical method with average values to calculate EENS
and (T2) represents the latter technique that summarises the load during the outage duration of
the load points. Consequently, the reliability characteristics of a system may change throughout

the days of the year.

Table 4.11: Comparison of system index EENS of Bus 6.

Average peakload Average peakload _. Variable peak load
(T1) (T2) Difference [%] (T2)
EENS [MWh/yr] 76.3490 78.9677 -3.4299 67.8878




Chapter 5

Case Studies

Suitable extensions have been made to the programs described in Chapter 4 for studying the
subsequent effect of adding a microgrid to the distribution system. Detailed case studies have

been conducted and presented in this chapter. The following four cases are studied:
Case 1: Passive distribution system (referred to as “Base case”).
Case 2: Active distribution system including a microgrid with DG (PV and WTG).

Case 3: Active distribution system including a microgrid with DG (PV and WTG) and prioritised

loads.

Case 4: Active distribution system including a microgrid with DG (PV and WTG) and ESS (bat-

tery).

All four case studies are performed on the same test system: a modified Bus 6 system of the
RBTS, where DERs are added into the existing system to create a defined microgrid configura-
tion. To identify the characteristics of the different cases, load point-, distribution system- and
microgrid system reliability indices are assessed and analysed. In addition, a sensitivity analysis
of Case 4 is performed to observe the effect of DER (DG + BESS) placement and BESS sizing in

the defined microgrid.

The estimates of the reliability indices are obtained by calculating the average values through

15,000 simulation runs. The specifications and observations of the study are stated below.

70
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5.1 Description of Test System

The study is performed on the RBTS Bus 6 [33]. Since the radial main feeders in a distribution
system are analysed individually (due to the installed circuit breakers), the impact of adding
a microgrid in one radial feeder would not affect the neighbour feeders when the possibility
of re-configuration is neglected. Hence, to concentrate the study, evaluation of only Feeder
4 of the Bus 6 system is highlighted. Additionally, the test system is modified from its original
configurations, illustrated in Figure 4.3, to a more generalised configuration by adding sufficient
protection devices as described in Section 2.3.2. Accordingly, the analysed system consists of
one main feeder, 12 main sections, 10 laterals, three sub-feeders, 13 sub-sections, 13 sub-laterals
and 23 low voltage transformers connected to 23 load points as illustrated in Figure 5.1. The
system consists of a total of 1183 customers sharing a peak load of 10.9284 MW. A complete

description of the modifications conducted and the system can be found in Appendix D.3.
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Figure 5.1: System configuration of modified Feeder 4, Bus 6 of the RBTS.

5.1.1 Loaddata

The required load data used in this case study is presented in Appendix E. Here, average load
values and peak load values are listed; where the latter is used in the variable load model as
presented in Section 3.2. The applied load parameters for creating a variable load model are

sourced from [74], as [33] does not provide a variable load model.
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Thus, in this thesis, it is assumed a deterministic behaviour of the varying load during the year
following a chronological load model. Moreover, it is assumed that all load points of the distri-
bution network follow the same profile, with different defined annual peak loads collected from

[33].

5.1.2 Distributed Energy Resources

In order to evaluate the reliability impact of including DERs in the distribution system, the pro-
posed strategy of the operation of the DERs given in Section 3.4 is used. In this thesis work, the
DER units are modelled similar to a back-feed with transfer restriction equal to the DER unit
capacity and located at the end of the feeder. The DER units are integrated through a fuse as

illustrated in Figure 2.1.

As there are no definite parameters for failure rates and repair times of DG based on RES and
BESS presented in the literature, a proposal of somewhat realistic values are presented in this
thesis, based on mainly values presented in [54] with support from [48, 57, 58]. The applied
reliability indices of the studied DER systems are given in Table 5.1, where the PV system is
assumed consisting of PV, converter and inverter; WT system is assumed consisting of WT, boost

converter and inverter; BESS is assumed consisting of a battery, battery controller/charger and

inverter.
Table 5.1: Reliability indices of components of the DER systems [54].
Description Failure rate Repair time
[f/y1] [h/f)
WT 0.0500 20.00
PV 0.0200 18.25
Battery 0.0312 51.96
Battery controller/charger 0.1250 45.21
Inverter 0.1430 52.14
Boost converter 0.0657 62.50
Converter AC/DC 0.1520 55.23
PV System (PV + converter + inverter) ~ 0.25 ~ 41
WT System (WT + boost converter + inverter) ~ 0.35 ~ 43

BESS (Battery + controller + inverter) =~ 0.30 =49
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The maximum output power of the WT and PV systems are 3 MW and 2 MW, respectively. These
ratings are selected considering that the capacity factors of DGs based on RES are quite low.
Hence, the combined rated power of all DGs is higher than the total peak load in the micro-
grid (i.e., “sF2”), which is approximately 2.4 MW at its highest. The BESS is considered with an
installed capacity of 1 MW, a storage volume of 5 MWh and a minimum reserve of 20% of the

storage volume (i.e., 1 MWh), based on the work conducted in [51].

Wind Turbine Generation Specifications

In general, wind generation unit modelling depends on the available historical data for a speci-
fied site. However, the objective of this project is not to evaluate the on-site reliability but to con-
sider the algorithm used to model the reliability contribution of the intermittent DGs. Hence,
somewhat generalised wind parameters are applied in this thesis, extracted from [56, 76]. These
are presented in Table 5.2. The output generation of the wind system is modelled as presented
in Section 2.7.1 under the assumption that the wind speed obeys a Weibull distribution and that
the wind system is simulated as a single wind power unit with an installed capacity equal to the

total wind farm capacity.

Table 5.2: Wind speed and wind turbine parameters; extracted from [56, 76].

Average wind speed Standard deviation Cut-inspeed Rated speed Cut-outspeed
(Vapg) [m/s] of wind speed (o) [m/s] (v¢i) Im/s] (v,) [m/s] (Veo) [m/s]
7.5 2.6 3 12 25

PV Generation Specifications

Similar to wind generation, the generation of PV modules depends on location. Distribution of
average largest received solar radiation data for each month based on [48] is applied in this work

as given in Table 5.3.

Table 5.3: Percentage of solar radiation distribution in every month.

Jan [%] Feb [%] Mar[%] Apr(%] May[%] Jun([%] Jul[%] Aug[%] Sep[%] Oct[%] Nov[%] Dec[%]
51.8 62.7 76.9 89.6 97.3 100.0 98.3 91.9 80.7 66.5 54.0 48.3




CHAPTER 5. CASE STUDIES 74

By utilising these solar radiation parameters and Equation 2.37, an estimate of the hourly solar
radiation received by the PV modules for the different months are illustrated in Figure 5.2. The
output generation of the PV system is modelled as presented in Section 2.7.2 under the assump-
tion that the solar farm is simulated as a single PV unit with an installed capacity equal to the

total solar farm capacity.
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Figure 5.2: Hourly estimate of solar radiation of each month.
BESS Specifications

To reduce the power outage time and increase the efficiency of the microgrid system, an ESS
can be implemented. In Case 4, a generic BESS is implemented for the RES to act more flexible,
based on the strategy described in Section 3.5. In this thesis, the charge and discharge capaci-
ties are assumed equal to the installed capacity, and it is assumed that the BESS is completely

charged at the start of each island mode operation.
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5.1.3 Prioritised Loads

Load prioritisation is considered for the load points within the defined microgrid when operat-

ing in island mode. The procedure of prioritising loads is described in Section 3.3.

To implement a reasonable strategy for this in the reliability judgement, a prioritisation matrix P
is defined for the load points within the microgrid (i.e., load points 14-18), each with a weighted

factor in the range of [0,1] indicating its priority, 1 being the highest priority:

(14 1.0]
15 0.8
P=116 0.6 (5.1)
17 0.4

18 0.2
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5.2 Case 1: Passive Distribution System

This section presents the conducted reliability assessment for the modified Feeder 4 when op-
erating as a passive distribution system, as shown in Figure 5.1. For this case study, the results
obtained with the analytical method and with MCS are presented. As the main objective of this
case is to establish a base case for further comparison with the other cases, the results of the
MCS are compared with the results of the analytical method for validation. Note that the results
of this analysis differ from the results obtained in Chapter 4 due to the modified configurations
described in Section 5.1. Additionally, probability distributions of the reliability indices are pre-

sented in Appendix F.

The estimates of the load point reliability indices such as average failure rate and outage dura-
tion for both methods are listed in Table 5.4. Additionally, the difference between the analytical
and the simulation estimates are given; the maximum difference in the indices is 1.0892% for
Load Point 12. The errors between the methods are within an acceptable range and, therefore,
negligible as discussed in Chapter 4. Based on this, the simulated model of the system is con-

firmed to be correctly implemented with respect to the conceptual model.

The resulting distribution system reliability indices SAIFI, SAIDI, CAIDI and EENS are shown in
Table 5.5 from the analytical method and MCS, along with the percentage difference. Similar to
load point indices, the difference in the system indices is considered negligible. The EENS-index
is calculated for both methods with average load and with variable load, as explained in Section
4.2.3. Whereas the average load is used for comparing the MCS with the analytical method, the

variable load is used in MCS for comparison in the following cases.

As the Sub-feeder 2, noted “sF2” in Figure 5.1, is referred to as a microgrid in the further case
studies, the system reliability indices of Sub-feeder 2, MAIFI, MAIDI, MCAIDI and EENS are
presented in Table 5.6; performed to present a baseline used to explore the effect of defining

this part as a microgrid in the following cases.
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Table 5.4: Load point reliability indices of Base Case.
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Load point Average failure rate [f/yr] Average outage duration [h/yr]
no. Simulation Analytical Difference [%] | Simulation Analytical Difference [%]
1 1.6999 1.7115 0.6797 2.7357 2.7305 -0.1918
2 1.7125 1.7213 0.5103 3.4427 3.4293 -0.3909
3 1.7024 1.7115 0.5317 3.7914 3.7965 0.1352
4 1.7036 1.7115 0.4616 4.0520 4.0305 -0.5344
5 1.7033 1.7115 0.4772 4.4587 4.4465 -0.2744
6 1.7016 1.7115 0.5784 5.1048 5.0965 -0.1637
7 1.7018 1.7115 0.5668 5.4917 5.5125 0.3782
8 1.7009 1.7115 0.6174 6.5123 6.5785 1.0065
9 1.7021 1.7115 0.5512 7.2784 7.3065 0.3841
10 1.7031 1.7115 0.4927 8.1775 8.2165 0.4752
11 2.2533 2.2770 1.0423 9.8778 9.9780 1.0045
12 2.2522 2.2770 1.0892 10.6992 10.8100 1.0251
13 2.2577 2.2770 0.8491 11.3515 11.3950 0.3818
14 2.5891 2.5890 -0.0051 7.5579 7.5080 -0.6647
15 2.5865 2.5890 0.0953 7.9483 7.9240 -0.3072
16 2.5845 2.5890 0.1725 8.6588 8.6520 -0.0788
17 2.5886 2.5890 0.0154 9.3243 9.3020 -0.2393
18 2.5859 2.5890 0.1184 10.1457 10.1340 -0.1155
19 2.5483 2.5630 0.5722 10.1986 10.2640 0.6373
20 2.5449 2.5598 0.5788 10.8629 10.8978 0.3201
21 2.5501 2.5630 0.5046 11.3015 11.3300 0.2512
22 2.5535 2.5630 0.3694 12.1267 12.1620 0.2906
23 2.5490 2.5630 0.5462 12.8344 12.8900 0.4316

Table 5.5: Distribution system indices of Base Case.

System Index

Simulation Analytical

Difference [%]

SAIFI [int/yr - customer]
SAIDI [h/yr - customer]
CAIDI [h/int]

EENS (Average load) [MWh/yr] 66.4914
EENS (Variable load) [MWh/yr] 57.2687

2.0071
6.7466
3.3613

2.0180

6.7658

3.3527
63.7982

0.5402
0.2845
-0.2571
-4.2215

Table 5.6: System reliability indices of Sub-feeder 2 (denoted as future microgrid) of Base Case.

MAIFI MAIDI MCAIDI EENS
[int/yr-customer] [h/yr-customer] [int/yr] [MWh/yr]
2.5869 8.1175 3.1379 13.9830
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5.3 Case 2: Active Distribution System with Microgrid
Including DGs

As it is of interest to study the impact a microgrid has on the distribution system reliability,
a further study is carried out on the modified Feeder 4, where Sub-feeder 2 is modelled as a
microgrid with local DGs based on WT and PV. The new system configuration is illustrated in
Figure 5.3. The operation strategy of the defined microgrid follows the description in Section

3.6.
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Figure 5.3: System configuration of modified Feeder 4, Bus 6 of the RBTS, where Sub-feeder 2 is
defined as a microgrid.

The load point reliability indices for Case 2 are listed in Table 5.7. The estimates of the distri-
bution system reliability indices are presented in Table 5.8 and the microgrid system reliability
indices are given in Table 5.9. Similar to Case 1, the indices MAIFI, MAIDI, MCAIDI and EENS
are evaluated. In addition, island mode-oriented indices such as IOSR, ILOLP and MIOP are
included. Additionally, probability distributions of the reliability indices are presented in Ap-

pendix G.

The impact of implementing a microgrid in the distribution system is discussed in Section 5.6.2,

by comparing Case 2 and Case 1.
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Table 5.7: Load point reliability indices of Case 2.

Load point Average failure rate Average outage duration

no. [f/yr] [(h/yr]
1 1.7202 2.7273
2 1.7265 3.4281
3 1.7216 3.8621
4 1.7187 4.0756
5 1.7183 4.4948
6 1.7181 5.1898
7 1.7190 5.5603
8 1.7197 6.6440
9 1.7152 7.4006
10 1.7208 8.3075
11 2.2858 10.1783
12 2.2819 10.9620
13 2.2850 11.5844
14 2.0703 5.1776
15 2.0652 5.0959
16 2.0666 5.5818
17 2.0682 5.7668
18 2.0689 6.1060
19 2.5697 10.5353
20 2.5728 11.1998
21 2.5723 11.5990
22 2.5729 12.3511
23 2.5738 13.0524

Table 5.8: Distribution system reliability indices of Case 2.

SAIFI

[int/yr - customer]

SAIDI

[h/yr- customer]

CAIDI

[int/yr] [MWh/yr]

EENS

1.9549

6.4852

3.3174 52.7269

Table 5.9: Microgrid system reliability indices of Case 2.
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MAIFI MAIDI MCAIDI EENS IOSR ILOLP MIOP
[int/yr-customer] [h/yr-customer] [int/yr] [MWh/yr] [%] (%] [%]
2.0684 5.3811 2.6015 8.9574 56.35 43.65 0.10




CHAPTER 5. CASE STUDIES 80

5.4 Case 3: Active Distribution System with Microgrid
and Prioritised Loads

The modelled local generations are highly unreliable and cannot supply all of the load points
inside the microgrid continuously when requested. To account for this, an extension of Case 2
is assessed by including the ability to prioritise load points inside the microgrid during island
mode operation. The strategy implemented is as described in Sections 3.3, where the local DGs
are modelled to supply the load with the highest priority first followed by the next load in the
priority list and so on. Table 5.10 presents the load points reliability indices for the case with in-
cluded prioritising of load points. Additionally, probability distributions of the reliability indices

are presented in Appendix H.

As a consequence of the implemented strategy where the load points closest to the circuit breaker
are defined with higher priority, the main effect is also reflected in these load points (14-15).
Thus, when moving downstream on the feeder, the reliability performance decreases as the
DGs are not able to supply all load points inside the microgrid. By reviewing the microgrid
load points 14-18, one may notice a distinct difference in the indices, especially in the outage
duration. Load Point 14 experiences a relatively lower outage duration of 2.7051 h/yr compared
to Load Point 18 with an outage duration of 6.0095 h/yr, which is a direct consequence of defin-
ing load point 14 with the highest priority and load point 18 with the lowest. There is also a
recognisable difference in the failure rates; whereas load point 14 has a failure rate of 1.3469

failures/yr, load point 18 has a failure rate of 2.0525 failures/yr.

The distribution- and microgrid system reliability indices for Case 3 are presented in Table 5.11
and Table 5.12, respectively. The impact of prioritising loads within the microgrid is discussed

in Section 5.6.3, by comparing Case 3 and Case 2.
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Table 5.10: Load point reliability indices of Case 3.

Load point Average failure rate Average outage duration

no. [f/yr] [(h/yr]
1 1.7009 2.7399
2 1.7131 3.4032
3 1.7039 3.8007
4 1.7042 3.9608
5 1.7065 4.4201
6 1.7029 5.0740
7 1.7036 5.5224
8 1.7016 6.5526
9 1.7015 7.2983
10 1.7037 8.1890
11 2.2674 10.0705
12 2.2689 10.8470
13 2.2636 11.4140
14 1.3469 2.7051
15 1.5755 3.0396
16 1.6731 3.7451
17 1.8772 4.7593
18 2.0525 6.0095
19 2.5611 10.4684
20 2.5572 11.0628
21 2.5644 11.5352
22 2.5594 12.2477
23 2.5609 12.9878

Table 5.11: Distribution system reliability indices of Case 3.

SAIFI

[int/yr - customer]

SAIDI

[h/yr- customer]

CAIDI

[int/yr] [MWh/yr]

EENS

1.8678

6.1356

3.2849 50.4531

Table 5.12: Microgrid system reliability indices of Case 3.
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MAIFI MAIDI MCAIDI EENS IOSR ILOLP MIOP
[int/yr-customer] [h/yr-customer] [int/yr] [MWh/yr] [%] (%] [%]
1.5131 3.2414 2.1422 7.0504 56.55 43.45 0.10
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5.5 Case 4: Active Distribution System with Microgrid

Including DGs and ESS

Storage systems are usually configured with intermittent generation such as WT and PV to smooth
the fluctuations of these DERs’ output. Thus, a hybrid system consisting of WT, PV and ESS sys-
tems is proposed to enhance the power supply reliability in microgrid and, hence, in the dis-
tribution system. In other words, an extension of Case 2 is conducted by including a BESS in
the same sub-section as the DGs within the microgrid, based on the strategy described in Sec-
tion 3.5. The load point reliability indices conducted through Case 4, are listed in Table 5.13.

Additionally, probability distributions of the reliability indices are presented in Appendix I.

Table 5.13: Load point reliability indices for Case 4.

Load point Average failure rate Average outage duration

no. [f/yr] [h/yr]
1 1.7095 2.7442
2 1.7184 3.4119
3 1.7052 3.8112
4 1.7067 4.0421
5 1.7043 4.4419
6 1.7097 5.1258
7 1.7091 5.4907
8 1.7041 6.5559
9 1.7111 7.2674
10 1.7081 8.2272
11 2.2662 10.1062
12 2.2701 10.9073
13 2.2663 11.5004
14 1.5404 3.3445
15 1.5403 3.0445
16 1.5400 3.3369
17 1.5443 3.2868
18 1.5373 3.4321
19 2.5585 10.4786
20 2.5520 11.0648
21 2.5561 11.4656
22 2.5599 12.2255
23 2.5588 12.8774
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The distribution- and microgrid system reliability indices for Case 4 are presented in Table 5.14
and Table 5.15, respectively. The impact of supporting the RES with BESS is discussed in Section

5.6.4, by comparing Case 4 and Case 2.

Table 5.14: Distribution system reliability indices of Case 4.

SATFI SAIDI CAIDI EENS
[int/yr-customer] [h/yr-customer] [int/yr] [MWh/yr]
1.8740 6.1671 3.2910 48.8607

Table 5.15: Microgrid system reliability indices of Case 4.

MAIFI MAIDI MCAIDI EENS IOSR ILOLP MIOP

[int/yr-customer] [h/yr-customer] [int/yr] [MWh/yr] [%] [%] [%] [p.u.]
1.5402 3.3391 2.1680 5.5212 84.47 15.53 0.10
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5.6 Comparison and Discussion

This section presents a comparison of the different cases, followed by a discussion of the per-
formed research. Load point-, microgrid- and distribution system reliability indices are pre-

sented to achieve a sufficient analysis of the performed case studies.

Consistently, failure frequency and outage duration probability distribution of Load Point 14 is

highlighted throughout this section to explore the different considerations.

The trends in the load point reliability indices are discussed based on the defined system con-
figuration. The impact of implementing microgrid to the distribution system is discussed by
comparing Case 1 and Case 2. The effect of prioritising loads is addressed by comparing Case 2
and Case 3, while the effect of facilitating the RES with a BESS is discussed by comparing Case 2

and Case 4.

Load Point Reliability Indices

The most significant effect is experienced by comparing the load point reliability indices of the
four cases as illustrated by Figure 5.4, including the failure rate (Figure 5.4a), outage duration

(Figure 5.4b) and EENS (Figure 5.4c) for every load point in the system.
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Microgrid Reliability Indices

The microgrid reliability indices MAIFI, MAIDI, MCAIDI and EENS, for the four cases are com-
pared in Figure 5.5. These indices pertain to Sub-Feeder 2 which is where the cases are distinct.

Hence, the local system indices show variation with a clear pattern between the cases.
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Figure 5.5: Comparison of microgrid system reliability indices.
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System Reliability Indices

An overall comparison of the four cases is presented by comparing the four system reliability
indices; SAIFI, SAIDI, CAIDI and EENS for the distribution system in Figure 5.6. As the microgrid
only serves 13.27% of the total customers, an improvement in the reliability of these customers
has a negligible effect on the overall system reliability. A zoom function is used when displaying

the customer-oriented indices in Figures 5.6a, 5.6b and 5.6c to illustrate the differences among

the cases.
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5.6.1 Simulation Response Due to the System Configuration

The expected trends are shown by studying the variation in failure rates, outage duration and
EENS for the different load points for Case 1 (configuration in Figure 5.1) illustrated in 5.4 are

discussed in this section.

By analysing the variations of failure rates for the different load points illustrated by Figure 5.4a,
it is clear that all load points on the same feeder (or sub-feeder) experience equal failure rate.
The load points 1-10 on Feeder “F4” are dependent on an equal amount of components (with
equal failure rates) to operate successfully, while the load points 11-14 are dependent on ad-
ditionally three sub-sections on Sub-feeder “sF1” which is why their failure rate is higher. The
load points 14-18 in Sub-feeder “sF2” are dependent on five sub-sections in addition to “F4”,
which further increases the failure rate. As the number of sub-sections on “sF3” align with those
of sub-sections on “sF2” (i.e., failure rate and length), the failure rates of the load points 19-23

align with those of the load points 14-18.

The variation in outage duration among the load points illustrated by Figure 5.4b occur as ex-
pected when analysing the system configuration. The outage duration experienced by the load
points when studying Case 1, increases along the feeder due to the effect of disconnectors and
their location along the feeder. As the sub-feeders are equipped with individual circuit break-
ers, a failure on a sub-section will not impact the main feeder. Hence, there is an approximately
linear increase in outage duration for load points 1-13, load points 1-7 — 14-18 and load points

1-10 — 19-23.

The EENS index for the individual load points illustrated in Figure 5.4c shows a larger variation.
The EENS depends directly on the outage duration and the power consumption of the individual
loads, which vary significantly. The difference in the pattern between the outage duration in
Figure 5.4b and EENS in Figure 5.4c is due to the difference in the individual power demand of

the load points.
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5.6.2 Impact of Implementing Microgrid in the Distribution System

The impact of placing DGs on Sub-feeder 2 and allowing this sub-feeder to operate as a micro-
grid is noticeable in the reliability performance of the local load points (i.e., load point 14-18),
while the load points outside the defined microgrid remain unaffected as a consequence of the
applied operation strategy. This is clearly illustrated by comparing the estimated load point re-
liability indices in Figure 5.4 of Case 2 with those of Case 1. As a consequence of implementing
the local generation as a back-feed, the microgrid load points participate in a more even distri-

bution of outage duration, compared to Case 1 as shown in Figure 5.4b.

The reliability improvements are highly reflected through the microgrid reliability indices, by
comparing Case 1 and Case 2 in Figure 5.5. For Case 2, MAIFI is improved (i.e., decreased) ap-
proximately by 20.0%, MAIDI with 33.7% and EENS with 35.9%. As the impact is experienced for
the load points within the microgrid, the overall enhancement experienced by the distribution
system is far less as indicated in Figure 5.6. In this respect, SAIFI has improved approximately

by 2.6%, SAIDI by 3.9% and EENS by 7.9%.
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(a) Failure frequency probability distribution. (b) Outage duration probability distribution.

Figure 5.7: Comparison of probability distribution of Case 1 and Case 2 for reliability indices of
Load Point 14.
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Further, the local improvement of Load Point 14 is clearly seen by studying the probability distri-
bution of failure frequency and outage duration illustrated in Figure 5.7. In both the probability
distributions, the same tendency of a little covariate shift is present between the two cases, im-
plying that the number of interruption occurrences and duration of interruptions per year is
decreased by implementing a microgrid. Placing the microgrid further away from the utility
grid in the main section and allowing the microgrid to supply load points outside the microgrid

would increase the reliability of the distribution system.

5.6.3 Impact of Prioritising Loads Within the Microgrid

The impact of introducing the ability to prioritise loads within the microgrid during island op-
eration is evaluated by comparing Case 2 with Case 3. The high priority load points (load points
14-15) experiences a significant reliability improvement as illustrated by Figure 5.4 compared

with the regular island operation strategy of Case 2.

In terms of the microgrid reliability indices, the MAIFI experiences an approximate improve-
ment of 26.8%; MAIDI an improvement of 39.8%; EENS an improvement of 21.3%. As the effect
is limited to the load points within the microgrid, the overall enhancement experienced by the
distribution system is far less as indicated in Figure 5.6. The SAIFI is enhanced with 4.46%,
SAIDI with 5.39% and EENS with 4.31%, by implementing prioritising of load points inside the

microgrid.

The probability distribution of failure frequency and outage duration for Load Point 14, which
is considered as the highest prioritised load, are displayed in Figure 5.8. By comparing Case
3 with Case 2, an improvement is noticeable by the substantial covariate shift indicating that
the number of interruption occurrences and duration of interruptions per year is significantly
decreased. It is noteworthy that the class interval width (outage duration in hours) in Figure
5.8b is almost reduced by 50% compared to Figure 5.7b of Case 2, which implies that the upper

limit of outage duration is decreased for Load Point 14.
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Figure 5.8: Comparison of probability distribution of Case 2 and Case 3 for reliability indices of
Load Point 14.

5.6.4 Impact of Supporting the RES with BESS

The intermittent DGs are facilitated by adding a BESS to the microgrid, to be able to restore the
load to a greater extent when operating in island mode. The effect of including a BESS is exam-
ined through the comparison of Case 2 and Case 4. The extra generation capacity by the DGs
and BEES during the restoration period, allows the load point demand to be satisfied without
causing disruptions. As a result, the failure rates of the microgrid load points experiencing an
improvement of approximately 25%, as illustrated in Figure 5.4a. Additionally, the same trend is

reflected in the outage duration and EENS shown in Figures 5.4b and 5.4c.

Consequently, the microgrid reliability indices also experience an improvement, illustrated in
Figure 5.5. By introducing the BESS in the microgrid, the indices MAIFI, MAIDI and EENS are
improved approximately 25.5%, 38.0% and 38.4%, respectively. Furthermore, the indices IOSR
and ILOLP experience a significant enhancement of approximately 50% (increased) and 64.42%
(decreased), respectively. As the impact is limited to the load points inside the microgrid, the
impact on the distribution system reliability indices are significantly lower. SAIFI is improved
with approximately 4.14%, SAIDI with 4.91% and EENS with 7.33%, upon comparing the respec-

tive indices for Case 4 and Case 2.



CHAPTER 5. CASE STUDIES 92

0.6

T T T T T T T
[ Casc 2: LP14 [ Case 2: LP14
[ Case 4: LP14 [ Case 4: LP14

0.5

Probability

Probability

o
i

0.1

. L

s . \ .
30 40 50 60 70 80 90
Outage Duration [h]

0 1 2 3 4 5 6 7 8 9 10
Failure frequency

(a) Failure frequency probability distribution. (b) Outage duration probability distribution.

Figure 5.9: Comparison of probability distribution of Case 2 and Case 4 for reliability indices of
Load Point 14.

The local improvement in reliability of Load Point 14 is seen in the probability distribution of
failure frequency and outage duration in Figure 5.9. It may be observed that the distributions
are more shifted to the left for Case 4 compared to Case 2, implying that the respective load point
demands have a higher probability of being met without causing disruptions with the inclusion

of the BESS when compared to the scenario without the BESS.
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5.7 Sensitivity Analysis of Case 4

The sensitivity associated with optimal placement and operation of DG and ESS with a primary
objective of improving the reliability performance of the microgrid is briefly studied in this sec-
tion. The installation of DGs and ESS within a microgrid imposes additional modelling require-
ments. Thus, an extended evaluation of the reliability of the microgrid is considered to study the
effect of DG+BESS placement and BESS sizing. Firstly, a study of the effect of DER placement in
the microgrid is carried by adding the same capacity of DER in different locations. Secondly, a
study of the effect of BESS capacity value in the microgrid is performed by changing the capac-
ity of BESS in the same location. Other characteristics such as voltage levels, transmission loss
and cost aspects should be included in an optimisation analysis of DER. However, these con-
siderations are outside the scope of this thesis, but existing techniques for including them are

available in [62, 77, 78, 79].

5.7.1 Placement of DER

For DG and ESS units to benefit consumers as well as the utilities in the system in an optimal
manner, the units should be installed strategically. Consequently, the locations considered are
close to the load points within the microgrid. The defined microgrid has several nodes allowing

a connection of the DER units. In this thesis, the investigated DER placement is as follows:
Case A: DERlocated in Sub-section 8
Case B: DER located in Sub-section 7
Case C: DER located in Sub-section 6
Case D: DER located in Sub-section 5
Case E: DER located in Sub-section 4

Load point indices such as failure rate, outage duration and EENS are presented for the micro-
grid load points in Figures 5.10a, 5.10b and 5.10c, respectively. By comparing the resulting load
point indices for the studied cases, it can be observed that only the outage duration and EENS

change by moving DER while the failure rate remains unchanged.
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As expected, the best outcome, in terms of outage duration and EENS for the load points, is
obtained for the case where DER is placed at the end of the feeder (Case A) and the worst is
obtained when DER is located at the start of the feeder (Case E). These results are in agreement

with the findings in [67].
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Figure 5.11: Comparison of microgrid system reliability indices.

From Figure 5.11, it is possible to identify the improvement of reliability indices for the stud-
ied microgrid. Although the index MAIFI does not change significantly for the cases, there is a
noticeable improvement in MAIDI and EENS. The outcomes are as expected according to the
load point reliability indices; Case A gives the overall best performance in terms of the duration-

related indices. Thus, by comparing the studied cases, locations closer to the end of the feeder
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give a better performance in terms of reliability. Thus, to maximise the benefits of installed DER
in the microgrid, their location is chosen at the far end of the feeder (i.e., on Sub-section 8) in

the studies of Case 2, Case 3 and Case 4.

5.7.2 Sizing of BESS

The effect of changing the installed charge/discharge capacity of BESS in the microgrid is con-
sidered while keeping the storage duration fixed at 5 hours and the depth of discharge at 80%.
By recognising that the maximum peak load of the microgrid load is 2.4 MW, the capacity value
of BESS is varied between 0 and 4 MW. The microgrid system indices EENS and IOSR are used to
illustrate the effect of varying the capacity from a reliability perspective, as presented in Figures

5.12 and 5.13, accordingly.

10

EENS [MWh /y1]

0 05 1 15 > 25 3 35 4
Installed BESS capacity [MW]

Figure 5.12: The change of EENS with increasingly BESS charge/discharge capacity.

From Figure 5.12, it is possible to observe that EENS converges with the increased capacity of
BESS. For low installed charge/discharge capacity (i.e., approx. <2 MW), the EENS of the mi-
crogrid system decreases as the charge/discharge capacity of BESS increases. As the capacity
reaches and exceeds the peak load (2.4 MW), EENS stabilises towards a value of approx. 3.4
MWh/yr.
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Figure 5.13: The change of IOSR with increasingly BESS charge/discharge capacity.

By considering the success rate of the microgrid operating in island mode, Figure 5.13 demon-
strates the effect the capacity value of BESS has on IOSR. Here, the index IOSR converges towards
a value close to 100% with the increasing capacity of BESS. However, it is important to note that
IOSR will never reach a rate of 100% due to the assumption that the DGs and BESS can fail. By
comparing the scenario of 0 MW with that of 2.5 MW, IOSR increases with a rate of over 40%,

which is considered a substantial improvement.
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Conclusions and Future Work

6.1 Conclusions

The main objective of this thesis was to evaluate how microgrids can contribute to distribution
system reliability. A major part of this thesis work dealt with a pedagogical dissemination of the
conducted research on distribution system reliability; this enabled a transparent and easy-to-
understand implementation of microgrids in the reliability assessment of distribution systems.
As such, analytical and MCS methods have been examined for obtaining distribution system re-
liability (adequacy) indices, with emphasis placed on failure rate, outage duration, SAIFI, SAIDI,
CAIDI and EENS.

As a basis for comparison, MATLAB scripts for time-sequential MCS of passive distribution sys-
tems have been developed, verified, validated, and comprehensively described in Chapter 3 and
4. The scripts were tested on three test systems: Bus 2, Bus 5 and Bus 6 of the RBTS. The reli-
ability indices estimated from the simulations were verified with the result from the analytical
method. The difference between the two methods was considered to be within an acceptable
range, in accordance with other literature [31, 75]. Because of this, the created scripts can serve

as a benchmark for further research.

As a consequence of the lack of test systems serving the purpose of addressing the distribu-
tion system reliability with the presence of microgrids in the literature, a modification to Feeder
4 of Bus 6 from the RBTS has been defined and applied, as described in Section 5.1. In this
thesis, the attention has been on incorporating DGs such as WT and PV systems, BESS and a
proposed operation strategy to assess microgrid reliability. As such, appropriate models of DER

have been presented and addressed. MATLAB scripts for time-sequential MCS of distribution
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system with the presence of microgrid have been created for the purpose of establishing the
impact microgrid has on the distribution system. These scripts have been verified with the ana-
lytical method by assuming constant generation and load, before DGs of intermittent behaviour

and time-varying loads were introduced.

Further, four case studies have been conducted in this work to seek understanding in a trans-
parent manner: two studies to present the impact of implementing microgrid to the reliability
assessment, and two incentives to enhance the microgrid operation (i.e., during island mode
operation). The studies indicated that the integration of microgrid containing intermittent wind
and solar energy sources improves the reliability performance. In particular, the load points
within the defined microgrid experienced a significant reliability improvement. However, as the
microgrid evaluated in the case studies only serve 13.27% of the customers located in the eval-
uated distribution system, the impact on the distribution system reliability indices was rather

small. Hence, the improvement is expected to be higher for larger systems containing DGs.

Through incorporating a prioritisation strategy of the loads within the microgrid, the high pri-
ority loads experienced a significant improvement, which implies that sensitive loads would
benefit greatly from this incentive. On the other hand, facilitating the RES with BESS showed to
have a positive impact on the entire microgrid, where the battery size had a considerable im-
pact on the result. The placement of the DER has been treated; as a result, the optimal placing
of the DER facilities was found to be in the feeder end. Furthermore, the sizing of BESS was
established to be somewhat optimal with a charging/discharging capacity equal to the highest
load peak of the microgrid load. A combination of the two incentives would highly benefit the

microgrid operation.

The overall conclusion of this presented work is that the reliability impact of implementing a
microgrid in a distribution system is positive but profoundly depends on the size of the micro-
grid fraction and the proposed microgrid operation strategy. In addition, optimal placement
and sizing of the DERs have demonstrated to impact reliability and should accordingly be taken

into consideration.
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6.2 Future work

Possible continuation of this thesis work could follow several paths. This section presents some

suggestions that can form the basis for future research.

Operation Strategy: As the microgrid operation strategy sets the direction for the reliability
evaluation, the outcome would differ considerably by modifying the proposed strategy. A sug-
gestion would be to enable the microgrid to support loads outside the defined microgrid to

obtain an increase in reliability.

System Design: An alternative design could be to install disconnectors at the end of each sec-
tion, allowing the sections to be isolated individually. This is perhaps a more realistic design,
but consequently, a more expensive solution as the system would require almost double the
amount of equipment. This would lead to minor changes in the developed reliability evaluation

program, and thereby, be easy to implement in combination with a cost analysis.

Assessing Real Distribution Systems: If one were to evaluate the reliability impact of imple-
menting a microgrid in a practical distribution system, the input data should match the site of
interest. Accordingly, besides the tailored system data, the input data to the respectively DG
units of interest needs to be configured. For example, the applied solar radiation should match
the radiation of the respective site. The shape of the solar radiation used in this thesis assumes
the equal length of day and night throughout the year, which does not fit with the yearly vari-
ations in a country like Norway. However, the developed simulation program would be able to
simulate the reliability parameters of real distribution systems and contribute to the evaluation
of planning integration of a proposed microgrid in the network. Additionally, a more detailed
study could be conducted by incorporating realistic load values and types to generate a better
prioritising process of load points. The same also applies to including more realistic reliability

parameters of the system components.

Power Flow Considerations: Another aspect would be to include consideration of power flow in
the evaluation. As such, an analysis stating if the operation is feasible or not concerning stabil-
ity requirements could be achievable. Power flow analysis of distribution systems was studied

in relation to this thesis, but not included due to lack of suitable references to validate poten-



CHAPTER 6. CONCLUSIONS AND FUTURE WORK 101

tial work, and time constraints. Including power flow in the reliability analysis would signifi-
cantly increase the overall complexity of the analysis, but is highly relevant as the DG introduce
bi-directional power flow which might increase the difficulties of proper control. The forward-
backwards sweep method is considered suitable for the power flow analysis of distribution sys-
tems; Professor Olav B. Fosso at the Department of Electric Power Engineering at NTNU has
proposed and published a fully available algorithm utilising the method for distribution systems
of radial structure in [80], which could be applied. Accordingly, a possible future work could be

to incorporate the available power flow algorithm into the reliability simulation program.

Cost Perspective: The cost-benefit aspect is essential for evaluating if microgrid operation is
preferred as part of future technological developments. As such, reliability analysis can be con-
ducted to (1) determine the cost of reliability or performance at a given cost or (2) determine the

worth of reliability and its impact on cost versus improvements to the system.

If this thesis work were to continue, the most attractive follow up would be to further include
power flow and cost-benefit analysis to evaluate the reliability impact of introducing microgrid

operation in the distribution systems.
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Appendix A

RBTS

The RBTS has 5 load busbars (Bus 2 - Bus 6). Three of these system (Bus 2, Bus 5 and Bus 6) are
selected based on their distribution network design. In this section, the necessary component
parameters for reliability evaluation for all the studied bus systems are presented in the Tables

A.1and A.2. It should be noted that these include the original notation.

Table A.1: Reliability parameters of the components in RBTS [34].

Failure rate, A Repair time, r Replacement time, Tp Switching time, r

Component (f/yr- k] (h] (] (h]
Line (Section) (11kV) 0.065 5 - 1
Line (Lateral) (0.415kV) 0.065 5 - 1
Transformer (11/0.415 kV) 0.015 f/yr 200 10 1
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Table A.2: Feeder type and length for RBTS bus 5 [33].

Feeder Length

Feeder section numbers

type [km]
a) Bus 2
1 0.60 2,6,10, 14,17, 21, 25, 28, 30, 34
2 0.75 1,4,7,9,12, 16, 19, 22, 24, 27, 29, 32, 35
3 0.80 3,5,8,11,13, 15, 18, 20, 23, 26, 31, 33, 36
b) Bus 5
1 0.50 1,6,9,13, 14, 18, 21, 25, 27, 31, 35, 36, 39, 42
2 0.65 4,7,8,12,15,16, 19, 22, 26, 28, 30, 33, 37, 40
3 0.80 2,3,5,10,11, 17, 20, 23, 24, 29, 32, 34, 38, 41, 43
c) Bus 6
1 0.60 2,3,8,9,12,13,17, 19, 20, 24, 25, 28, 31, 34, 41, 47
2 0.75 1,5,6,7,10, 14, 15, 22, 23, 26, 27, 30, 33, 43, 61
3 0.80 4,11,16,18, 21, 29, 32, 35,55
4 090 38,44
5 1.60 37, 39,42, 49, 54, 62
6 2.50 36, 40, 52, 57, 60
7 2.80 35, 46, 50, 56, 59, 64
8 3.20 45,51, 53,58, 63
9 3.50 48
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Bus 2 of the RBTS

B.1 Description of Test System

The benchmark system Bus 2 of RBTS is used in this thesis. This section presents all relevant
parameters needed to perform reliability analysis of Bus 2. The data is gathered from [34] and
modified to fit the notation as illustrated in Figure B.1. Tables B.1 and B.2 gives the parameters
for the section and lateral lines, respectively, while the load point parameters of the network can

be found in Table B.3.

Table B.1: Reliability parameters for sections of Bus 2 of the RBTS.

Section no. Length Failure rate
(New notation) [km] [f/yr]
1 0.75 0.04875
2 0.75 0.04875
3 0.75 0.04875
4 0.60 0.03900
5 0.75 0.04875
6 0.60 0.03900
7 0.75 0.04875
8 0.80 0.05200
9 0.60 0.03900
10 0.75 0.04875
11 0.80 0.05200
12 0.75 0.04875
13 0.75 0.04875

p—
S

0.60 0.03900

I
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Figure B.1: System configuration of Bus 2 of RBTS, with updated notation.
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Table B.2: Reliability parameters for laterals of Bus 2 of the RBTS.

Lateral no. Length Failure rate
(New notation) [km] [f/yr]
15 0.60 0.03900
16 0.80 0.05200
17 0.80 0.05200
18 0.60 0.03900
19 0.80 0.05200
20 0.75 0.04875
21 0.80 0.05200
22 0.80 0.05200
23 0.80 0.05200
24 0.60 0.03900
25 0.75 0.04875
26 0.80 0.05200
27 0.75 0.04875
28 0.80 0.05200
29 0.60 0.03900
30 0.75 0.04875
31 0.60 0.03900
32 0.60 0.03900
33 0.80 0.05200
34 0.80 0.05200
35 0.75 0.04875

36 0.80 0.05200
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Table B.3: Load point parameters of Bus 2 of the RBTS.

Load point Feeder Averageload Peakload No. of
no. no. [MW] [MW] customers
1 1 0.5350 0.8668 210
2 1 0.5350 0.8668 210
3 1 0.5350 0.8668 210
4 1 0.5660 0.9167 1
5 1 0.5660 0.9167 1
6 1 0.4540 0.7500 10
7 1 0.4540 0.7500 10
8 2 1.0000 1.6279 1
9 2 1.1500 1.8721 1
10 3 0.5350 0.8668 210
11 3 0.5350 0.8668 210
12 3 0.4500 0.7291 200
13 3 0.5660 0.9167 1
14 3 0.5660 0.9167 1
15 3 0.4540 0.7500 10
16 4 0.4540 0.7500 10
17 4 0.4500 0.7291 200
18 4 0.4500 0.7291 200
19 4 0.4500 0.7291 200
20 4 0.5660 0.9167 1
21 4 0.5660 0.9167 1
22 4 0.4540 0.7500 10
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B.2 Reliability Evaluation of Bus 2

VII

The estimated load point reliability indices of Bus 2 from both the analytical approach and the

MCS method are presented in Table B.4.

Table B.4: Estimated load point reliability indices of Bus 2 of the RBTS.

Load Point | Average failure rate [f/yr] Average outage duration [h/yr]
no. Analytical ~Simulated Difference [%] | Analytical Simulated Difference [%]
1 0.2393 0.2378 0.6061 0.7253 0.7371 -1.6285
2 0.2523 0.2471 2.0548 0.7903 0.7721 2.2918
3 0.2523 0.2503 0.7863 0.7903 0.7909 -0.0830
4 0.2393 0.2369 0.9962 0.7253 0.7209 0.6072
5 0.2523 0.2488 1.3677 0.7903 0.7799 1.3149
6 0.2490 0.2478 0.4819 0.7740 0.7737 0.03658
7 0.2523 0.2519 0.1255 0.7513 0.7696 -2.4411
8 0.1398 0.1424 -1.8962 0.5428 0.5493 -1.2134
9 0.1398 0.1425 -1.9439 0.5038 0.5090 -1.0470
10 0.2425 0.2367 2.4055 0.7285 0.7210 1.0289
11 0.2523 0.2447 3.0063 0.7903 0.7701 2.5486
12 0.2555 0.2511 1.7352 0.8065 0.8072 -0.0805
13 0.2523 0.2479 1.7377 0.7383 0.7284 1.3336
14 0.2555 0.2497 2.2831 0.7545 0.7621 -1.0018
15 0.2425 0.2376 2.0206 0.7285 0.7085 2.7428
16 0.2523 0.2497 1.0241 0.7903 0.8102 -2.5263
17 0.2425 0.2395 1.2234 0.7415 0.7493 -1.0515
18 0.2425 0.2371 2.2405 0.7285 0.7047 3.2712
19 0.2555 0.2476 3.0920 0.7935 0.7917 0.2278
20 0.2555 0.2481 2.8832 0.7935 0.7838 1.2293
21 0.2523 0.2457 2.5834 0.7383 0.7262 1.6296
22 0.2555 0.2503 2.0222 0.7545 0.7546 -0.0165
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Bus 5 of the RBTS

C.1 Description of Test System

The benchmark system Bus 5 of RBTS is used in this thesis. This section presents all relevant

parameters needed to perform reliability analysis of Bus 5. The data is gathered from [33] which

are in this thesis modified to the configured line notation as illustrated in Figure C.1 and listed in

the Tables C.1 and C.2 gives the parameters for the section and lateral lines, respectively, while

the load point parameters of the network can be found in Table C.3.
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Figure C.1: System configuration of Bus 5 with updated notation.
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Table C.1: Reliability parameters for sections of Bus 5 of the RBTS.

Section no. Length Failure rate
(New notation) [km] [f/yr]
1 0.50 0.03250
2 0.65 0.04225
3 0.65 0.04225
4 0.80 0.05200
5 0.65 0.04225
6 0.50 0.03250
7 0.65 0.04225
8 0.50 0.03250
9 0.80 0.05200
10 0.80 0.05200
11 0.50 0.03250
12 0.65 0.04225
13 0.65 0.04225
14 0.65 0.04225
15 0.50 0.03250
16 0.50 0.03250

[—
~

0.80 0.05200
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Table C.2: Reliability parameters for laterals of Bus 5 of the RBTS.

Lateral no. Length Failure rate
(New notation)  [km] [f/yr]
18 0.80 0.05200
19 0.80 0.05200
20 0.80 0.05200
21 0.50 0.03900
22 0.65 0.04225
23 0.50 0.03250
24 0.80 0.05200
25 0.50 0.03250
26 0.65 0.04225
27 0.80 0.05200
28 0.65 0.04225
29 0.50 0.03250
30 0.65 0.04225
31 0.80 0.05200
32 0.65 0.04225
33 0.50 0.03250
34 0.80 0.05200
35 0.50 0.03250
36 0.80 0.05200
37 0.80 0.05200
38 0.50 0.03250
39 0.65 0.04225
40 0.80 0.05200
41 0.65 0.04225
42 0.50 0.03250

43 0.80 0.05200
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Table C.3: Load point parameters of Bus 5 of the RBTS.

Load point Feeder Averageload Peakload No. of

no. no. [MW] [MW] customers
1 1 0.4269 0.7625 210
2 1 0.4269 0.7625 210
3 1 0.6247 1.1100 1
4 1 0.4171 0.7450 240
5 1 0.6247 1.1100 1
6 1 0.4171 0.7450 240
7 1 0.4089 0.7400 15
8 2 0.6247 1.1100 1
9 2 0.3213 0.5740 195
10 2 0.3213 0.5740 195
11 2 0.3213 0.5740 195
12 2 0.3786 0.6167 1
13 2 0.3213 0.5740 195
14 3 0.4089 0.7400 15
15 3 0.4171 0.7450 240
16 3 0.3786 0.6167 1
17 3 0.6247 1.1100 1
18 3 0.4089 0.7400 15
19 3 0.3786 0.6167 1
20 4 0.4269 0.7625 210
21 4 0.4269 0.7625 210
22 4 0.4089 0.7400 15
23 4 0.6247 1.1100 1
24 4 0.4089 0.7400 15
25 4 0.4171 0.7450 240
26 4 0.3213 0.5740 195
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C.2 Reliability Evaluation of Bus 5

The result of the reliability evaluation of Bus 5 for the analytical and MCS approach are listed
in the Tables C.4 and C.5, presenting the load point reliability indices and the system reliability

indices, respectively.

Table C.4: Estimated load point reliability indices of Bus 5 of the RBTS

Load Point | Average failure rate [f/yr] Average outage duration [h/yr]
no. Analytical Simulated Difference [%] | Analytical Simulated Difference [%]
1 0.2360 0.2363 -0.1130 0.7090 0.6877 3.0091
2 0.2360 0.2373 -0.5650 0.7090 0.6957 1.8690
3 0.2360 0.2347 0.5650 0.7480 0.7262 2.9096
4 0.2165 0.2225 -2.7868 0.6505 0.6664 -2.4433
5 0.2263 0.2295 -1.4217 0.6993 0.7323 -4.7289
6 0.2165 0.2179 -0.6313 0.6505 0.6696 -2.9364
7 0.2360 0.2363 -0.1412 0.7870 0.8034 -2.0834
8 0.2490 0.2444 1.8474 0.6830 0.7092 -3.8307
9 0.2588 0.2523 2.4799 0.6928 0.6940 -0.1764
10 0.2685 0.2629 2.0732 0.7805 0.7815 -0.1231
11 0.2588 0.2519 2.6345 0.6928 0.6791 1.9723
12 0.2490 0.2451 1.5797 0.7220 0.7175 0.6218
13 0.2588 0.2529 2.2738 0.7708 0.7302 5.2553
14 0.2360 0.2325 1.4972 0.7870 0.8107 -3.0052
15 0.2263 0.2259 0.1400 0.6603 0.6465 2.0807
16 0.2165 0.2194 -1.3395 0.6115 0.6039 1.2496
17 0.2360 0.2397 -1.5537 0.7480 0.7513 -0.4351
18 0.2165 0.2173 -0.3849 0.6505 0.6355 2.3106
19 0.2360 0.2415 -2.3446 0.7480 0.7523 -0.5783
20 0.2263 0.2278 -0.6851 0.7383 0.7574 -2.5935
21 0.2068 0.2083 -0.7658 0.6408 0.6659 -3.9178
22 0.2165 0.2155 0.4773 0.6505 0.6605 -1.5296
23 0.2263 0.2211 2.2615 0.6993 0.7293 -4.3032
24 0.2165 0.2134 1.4319 0.6505 0.6260 3.7641
25 0.2068 0.2060 0.3628 0.6798 0.6898 -1.4745
26 0.2263 0.2241 0.9355 0.7773 0.7619 1.9733

Table C.5: Comparison of the system reliability indices for Bus 5 of the RBTS.

Analytical Simulated Difference

Indices estimation estimation [%]

SAIFI [int/yr- customer] 0.2325 0.2315 0.4228
SAIDI [h/yr- customer] 0.7012 0.7000 0.1682
CAIDI [h/int- yr] 3.0161 3.0238 -0.2557

EENS [MWh/yr] 7.9534 7.9945 -0.5169
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Bus 6 of the RBTS

D.1 Description of Test System

The benchmark system Bus 6 of RBTS is used in this thesis. This section presents all relevant pa-
rameters needed to perform reliability analysis of Bus 6. The data is gathered from [33]. The no-
tation from the original system is modified as illustrated in Figure D.1, by changing and divided
the numbering of lines with respect to the type (S,sS,L,sL). Tables D.1, D.2, D.3 and D.4 gives the
parameters for the section, sub-section, lateral and sub-lateral lines, respectively, while the load

point parameters of the network can be found in Table D.5.
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Figure D.1: System configuration of Bus 6 with updated notation.
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Table D.1: Reliability parameters for sections of Bus 6 of the RBTS.

Section no. Length Failure rate
(New notation) [km] [f/yr]

1 0.75 0.04875
2 0.60 0.03900
3 0.75 0.04875
4 0.75 0.04875
5 0.60 0.03900
6 0.80 0.05200
7 0.60 0.03900
8 0.75 0.04875
9 0.60 0.03900
10 0.60 0.03900
11 0.80 0.05200
12 0.75 0.04875
13 0.60 0.03900
14 0.75 0.04875
15 0.80 0.05200
16 0.60 0.03900
17 0.75 0.04875
18 2.80 0.18200
19 2.50 0.16250
20 1.60 0.10400
21 0.90 0.05850
22 1.60 0.10400
23 2.50 0.16250
24 1.60 0.10400
25 0.90 0.05850
26 3.20 0.20800
27 2.80 0.18200
28 3.50 0.22750

N
©

1.60 0.10400
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Table D.2: Reliability parameters for sub-sections of Bus 6 of the RBTS.

Sub-section no. Length Failure rate
(New notation)  [km] (f/yr]

1 2.80 0.18200
2 3.20 0.20800
3 2.50 0.16250
4 3.20 0.20800
5 1.60 0.10400
6 2.80 0.18200
7 2.50 0.16250
8 3.20 0.20800
9 2.80 0.18200
10 2.50 0.16250
11 1.60 0.10400
12 3.20 0.20800
13 2.80 0.18200

Table D.3: Reliability parameters for laterals of Bus 6 of the RBTS.

Lateral no. Length Failure rate
(New notation)  [km] [f/yr]
1 0.60 0.03900
2 0.80 0.05200
3 0.75 0.04875
4 0.60 0.03900
5 0.75 0.04875
6 0.60 0.03900
7 0.75 0.04875
8 0.80 0.05200
9 0.80 0.05200
10 0.60 0.03900
11 0.75 0.04875
12 0.60 0.03900
13 0.75 0.04875
14 0.60 0.03900
15 0.75 0.04875
16 0.80 0.05200
17 0.60 0.03900
18 0.60 0.03900
19 0.75 0.04875

[\~
o

0.60 0.03900
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Table D.4: Reliability parameters for sub-laterals of Bus 6 of the RBTS.

Sub-lateral no. Length Failure rate
(New notation) [km] [f/yr]

1 0.80 0.05200

2 0.75 0.04875
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Table D.5: Load point parameters of Bus 6 of the RBTS.

Load point Feeder Sub-feeder Averageload Peakload No. of
no. no. no. (MW] [MW] customers
1 2 - 0.1775 0.3171 138
2 2 - 0.1808 0.3229 126
3 2 - 0.1775 0.3171 138
4 2 - 0.1808 0.3229 126
5 2 - 0.2163 0.3864 118
6 2 - 0.2163 0.3864 118
7 1 - 0.1659 0.2964 147
8 1 - 0.1659 0.2964 147
9 1 - 0.1775 0.3171 138
10 1 - 0.1659 0.2964 147
11 1 - 0.1808 0.3229 126
12 1 - 0.2070 0.3698 132
13 1 - 0.2070 0.3698 132
14 3 - 0.4697 0.8500 10
15 3 - 1.6391 1.9670 1
16 3 - 0.9025 1.0830 1
17 3 - 0.4697 0.8500 10
18 4 - 0.1659 0.2964 147
19 4 - 0.1808 0.3229 126
20 4 - 0.2501 0.6517 1
21 4 - 0.2633 0.6860 1
22 4 - 0.2070 0.3698 132
23 4 - 0.1659 0.2964 147
24 4 - 0.3057 0.7965 1
25 4 - 0.1554 0.2776 79
26 4 - 0.2831 0.7375 1
27 4 - 0.1585 0.2831 76
28 4 1 0.1554 0.2776 79
29 4 1 0.1585 0.2831 76
30 4 1 0.2501 0.6517 1
31 4 2 0.1554 0.2776 79
32 4 2 0.1929 0.5025 1
33 4 2 0.1585 0.2831 76
34 4 2 0.2501 0.6517 1
35 4 2 0.2633 0.6860 1
36 4 3 0.1554 0.2776 79
37 4 3 0.1929 0.5025
38 4 3 0.2831 0.7375
39 4 3 0.1585 0.2831 76
40 4 3 0.3057 0.7965 1
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D.2 Reliability Evaluation of Bus 6

The estimated load point reliability indices of Bus 6 from both the analytical approach and the

MCS method are presented in Table D.6.

D.3 Modification of Bus 6

To incorporate microgrid to the evaluation, Feeder 4 of Bus 6 is found to be appropriate as a test
system in this work. With an aim of creating a realistic and generalised analysis, a modification
of the original test system in [33] is presented in D.2. Particularly, the modification consisted
of introducing circuit breakers at the beginning of each feeder, disconnectors in each section
and fuses in each lateral. Moreover, additional lateral lines are implemented for all load points
by defining their length, and the load points are assumed connected to their individual lateral
through a low voltage transformer. A transformer is added in-between the busbar and the main
feeder, to align the voltage level with the correct reliability parameters from [34] used in [33].
Table D.7 gives the new parameters of the section, sub-section, lateral and sub-laterals, and

Table D.8 presents the used load point parameters.

LP18 LP17 LP16 LP15 LP14

LP19 LP20 LP21 P22 P23
T18 T17 T16 Ti5 T14
sL8 sL7 sL6 sLS sL4
sL10 sL11 sL12 sL13
sS8 sS7 556 sS5 /l

sS10 5511 sS12 _ sS13

sF2 [
Fa sS9| sF3
S1 S2 S3 S4 S5 S6 S7 S8 ¢ S9 S10 S11 S12 ¢ sS3
e Mo ey M o [ | T 1 I [ '_F/ R

sF1
1 12 13 L4 I L6 7 18 19 L10 sL1
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

LP1 LP2 LP3 LP4 LPS LP6 LP7 P8 LP9 LP10 LP11 LP12 LP13

Figure D.2: System configuration of the modified Feeder 4, Bus 6 of the RBTS.
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Table D.6: Estimated load point reliability indices of Bus 6 of the RBTS.

Load Point | Average failure rate [f/yr] Average outage duration [h/yr]
no. Analytical Simulated Difference [%] | Analytical Simulated Difference [%]
1 0.3303 0.3365 -1.9026 0.8163 0.8347 -2.2590
2 0.3433 0.3420 0.3642 0.8423 0.8189 2.7684
3 0.3400 0.3439 -1.1569 0.8650 0.8406 2.8208
4 0.3303 0.3311 -0.2473 0.8163 0.8117 0.5540
5 0.3400 0.3429 -0.8628 0.8260 0.8388 -1.5431
6 0.3303 0.3315 -0.3886 0.8293 0.8302 -0.1114
7 0.3693 0.3739 -1.2683 0.8553 0.8797 -2.8612
8 0.3725 0.3793 -1.8345 0.9105 0.9374 -2.9525
9 0.3725 0.3739 -0.3669 0.8715 0.8486 2.6240
10 0.3595 0.3618 -0.6398 0.8065 0.8160 -1.1782
11 0.3693 0.3725 -0.8711 0.9073 0.8876 2.1699
12 0.3595 0.3630 -1.2146 0.8455 0.8592 -1.6216
13 0.3693 0.3710 -0.4739 0.8553 0.8199 4.1354
14 0.2275 0.2270 0.2198 0.5785 0.5898 -1.9562
15 0.2373 0.2314 2.4658 0.8353 0.8189 1.9608
16 0.2405 0.2392 0.5405 1.0075 0.9987 0.8777
17 0.2275 0.2251 1.0403 1.1375 1.1241 1.1777
18 1.6725 1.6724 0.0060 5.5515 5.5689 -0.3135
19 1.6725 1.6729 -0.0259 5.5515 5.5583 -0.1220
20 1.6725 1.6743 -0.1056 5.5515 5.5741 -0.4064
21 1.6725 1.6722 0.0179 5.5515 5.5400 0.2074
22 1.6725 1.6733 -0.0458 5.5515 5.5553 -0.0680
23 1.7115 1.7141 -0.1500 5.7465 5.7700 -0.4097
24 1.7212 1.7229 -0.0939 5.7953 5.7921 0.0551
25 1.6725 1.6726 -0.0060 8.4375 8.4384 -0.0106
26 1.7115 1.7137 -0.1305 8.6325 8.6485 -0.1858
27 1.6725 1.6717 0.0458 8.4375 8.4321 0.0641
28 2.2250 2.2244 0.0270 11.2000 11.2440 -0.3922
29 2.2250 2.2208 0.1888 11.2000 11.2000 -0.0027
30 2.2250 2.2220 0.1348 11.2000 11.2170 -0.1521
31 2.5370 2.5493 -0.4835 9.8740 9.9528 -0.7985
32 2.5890 2.6045 -0.6000 10.1340 10.2250 -0.8975
33 2.5370 2.5491 -0.4783 9.8740 9.9481 -0.7508
34 2.5370 2.5505 -0.5334 9.8740 9.9774 -1.0472
35 2.5370 2.5502 -0.5203 9.8740 9.9894 -1.1683
36 2.5110 2.5081 0.1142 12.6300 12.6290 0.0088
37 2.5598 2.5579 0.0736 12.8740 12.8730 0.0042
38 2.5110 2.5091 0.0743 12.6300 12.6550 -0.2010
39 2.5110 2.5113 -0.0133 12.6300 12.6820 -0.4107
40 2.5110 2.5094 0.0637 12.6300 12.6450 -0.1172
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Table D.7: System data of the modified Feeder 4, Bus 6 of the RBTS.

Sections (S) Laterals (L) Sub-sections (sS) | Sub-laterals (sL)

Number Length Number Length Number Length Number Length
[km] [km] [km] [km]
1 2.80 1 0.60 1 2.80 1 0.80
2 2.50 2 0.75 2 3.20 2 0.80
3 1.60 3 0.60 3 2.50 3 0.80
4 0.90 4 0.60 4 3.20 4 0.80
5 1.60 5 0.60 5 1.60 5 0.80
6 2.50 6 0.60 6 2.80 6 0.80
7 1.60 7 0.60 7 2.50 7 0.80
8 0.90 8 0.60 8 3.20 8 0.80
9 3.20 9 0.60 9 2.80 9 0.80
10 2.80 10 0.60 10 2.50 10 0.75
11 3.50 11 1.60 11 0.80
12 1.60 12 3.20 12 0.80
13 2.80 13 0.80
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Table D.8: Load point parameters of Feeder 4, Bus 6 of the RBTS.

Load Point Average load [74] Peakload [33] No. of

no. [MW] [MW] customers
1 0.2115 0.2964 147
2 0.2304 0.3229 126
3 0.4649 0.6517 1
4 0.4894 0.6860 1
5 0.2638 0.3698 132
6 0.2115 0.2964 147
7 0.5683 0.7965 1
8 0.1981 0.2776 79
9 0.5262 0.7375 1
10 0.2020 0.2831 76
11 0.1981 0.2776 79
12 0.2020 0.2831 76
13 0.4649 0.6517 1
14 0.1981 0.2776 79
15 0.3585 0.5025 1
16 0.2020 0.2831 76
17 0.4649 0.6517

18 0.4894 0.6860

19 0.1981 0.2776 79
20 0.3585 0.5025

21 0.5262 0.7375

22 0.2020 0.2831 76

[\
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0.5683 0.7965 1
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IEEE Load Data

The variable load data applied in this work are extracted from [74]. The Tables E.1, E.2 and E.3

gives the weekly, daily and hourly peak load weighted factors in percentage, respectively.

Table E.1: Weekly peak load weighted factors in percentage of Annual peak.

Week Peakload Week Peakload

no. (%] no. (%]
1 86.2 27 75.5
2 90.0 28 81.6
3 87.8 29 80.1
4 83.4 30 88.0
5 88.0 31 72.2
6 84.1 32 77.6
7 83.2 33 80.0
8 80.6 34 72.9
9 74.0 35 72.6
10 73.7 36 70.5
11 71.5 37 78.0
12 72.7 38 69.5
13 70.4 39 72.4
14 75.0 40 72.4
15 72.1 41 74.3
16 80.0 42 74.4
17 75.4 43 80.0
18 83.7 44 88.1
19 87.0 45 88.5
20 88.0 46 90.9
21 85.6 47 94.0
22 81.1 48 89.0
23 90.0 49 94.2
24 88.7 50 97.0
25 89.6 51 100.0
26 86.1 52 95.2
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Table E.2: Daily peak load weighted factors in percentage of Weekly peak.

Day of week Name of day Pea[l;ol]o ad
1 Monday 93
2 Tuesday 100
3 Wednesday 98
4 Thursday 96
5 Friday 94
6 Saturday 77
7 Sunday 75

Table E.3: Hourly peak load weighted factors in percentage of Daily peak.

Peak Load [%] for | Peak Load [%] for | Peak Load [%] for
Winter Weeks Summer Weeks | Spring/fall Weeks
1-8 & 44-52 18-30 9-17 & 31-43
H‘(’I‘:I;Of Wkdy Wknd | Wkdy Wknd | Wkdy  Wknd
0-1 67 78 64 74 63 75
1-2 63 72 60 70 62 73
2-3 60 68 58 66 60 69
3-4 59 66 56 65 58 66
4-5 59 64 56 64 59 65
5-6 60 65 58 62 65 65
6-7 74 66 64 62 72 68
7-8 86 70 76 66 85 74
8-9 95 80 87 81 95 83
9-10 96 88 95 86 99 89
10-11 96 90 99 91 100 92
11-12 95 91 100 93 99 94
12-13 95 90 99 93 93 91
13-14 95 88 100 92 92 90
14-15 93 87 100 91 90 90
15-16 94 87 97 91 88 86
16-17 99 91 96 92 90 85
17-18 100 100 96 94 92 88
18-19 100 99 93 95 96 92
19-20 96 97 92 95 98 100
20-21 91 94 92 100 96 97
21-22 83 92 93 93 90 95
22-23 73 87 87 88 80 90
23-24 63 81 72 80 70 85
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Results of Case 1

El1 Probability Distribution of Load Points

The probability distributions of the annual failure frequency and duration for each load point
in the distribution system have been evaluated, along with the distribution of the annual EENS.
Figures Ela, E1b and E1c present the histograms of the failure frequency for Load Point 1, 14 and
23, respectively. The probability distribution of the failure frequency clearly shows the probabil-
ity of having a different number of load point failures in each year for each load point. Figures
E2a, E2b and E2c present the histograms of the outage duration for Load Point 1, 14 and 23,
respectively. Further, Figures E3a, E3b and E3c present the histograms of the EENS for the same

load points.
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Figure E1: Case 1: Probability distribution of failure rate for selected load points.
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Figure E2: Case 1: Probability distribution of outage duration for selected load points.
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Figure E3: Case 1: Probability distribution of the index EENS for selected load points.
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E2 Probability Distribution of Distribution System Indices

The probability distribution of the system reliability indices SAIFI, SAIDI, CAIDI and EENS are

presented in the Figures E4a, E4b, E4c and E4d, respectively.
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Figure E4: Probability distribution of system reliability indices.
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E3 Probability Distribution of Microgrid System Indices

The probability distribution of the microgrid system reliability indices MAIFI, MAIDI, MCAIDI
and EENS are presented in the Figures E5a, E5b, E5c and E5d, respectively.
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Figure E5: Probability distribution of microgrid system reliability indices.



Appendix G

Results of Case 2

G.1 Probability Distribution of Load Points

The probability distributions of the annual failure frequency and duration for each load point
in the distribution system have been evaluated, along with the distribution of the annual EENS.
Figures G.1a, G.1b and G.1c present the histograms of the failure frequency for Load Point 1,
14 and 23, respectively. The probability distribution of the failure frequency clearly shows the
probability of having a different number of load point failures in each year for each load point.
Figures G.2a, G.2b and G.2c present the histograms of the outage duration for Load Point 1, 14
and 23, respectively. Further, Figures G.3a, G.3b and G.3c present the histograms of the EENS

for the same load points.
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Figure G.1: Case 2: Probability distribution of failure rate for selected load points.
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Figure G.2: Case 2: Probability distribution of outage duration for selected load points.



APPENDIX G. RESULTS OF CASE 2 XXXIV

Probability
e o e o e o 9
S & © I = o
: : : ‘

[
o

o

o

Load Point 1
Mean = 0.593|

0 1 2 3 4 9 10 11 12 13

5 6 7 8
EENS [MWh/yr]

(a) Histogram of EENS, Load Point 1.

0.7

0.6 [-

0.5

oS
IS

Probability

0.2

0.1

0.25

0.2

Probability

°

S
©

Load Point 14
Mean = 0.950 | |

0 1 2 3 8 9 10 1

4 5 6 7
EENS [MWh/yr]

(b) Histogram of EENS, Load Point 14.

Load Point 23
Mean = 6.458

0 5 10 15 20 25 30 35 40 45

EENS [MWh/yr]

(c) Histogram of EENS, Load Point 23.

Figure G.3: Case 2: Probability distribution of the index EENS for selected load points.
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G.2 Probability Distribution of Distribution System Indices

The probability distribution of the system reliability indices SAIFI, SAIDI, CAIDI and EENS are

presented in the Figures G.4a, G.4b, G.4c and G.4d, respectively.
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Figure G.4: Probability distribution of system reliability indices.
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G.3 Probability Distribution of Microgrid System Indices

The probability distribution of the microgrid system reliability indices MAIFI, MAIDI, MCAIDI
and EENS are presented in the Figures G.5a, G.5b, G.5c and G.5d, respectively.
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Figure G.5: Probability distribution of microgrid system reliability indices.
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Results of Case 3

H.1 Probability Distribution of Load Points

The probability distributions of the annual failure frequency and duration for each load point
in the distribution system have been evaluated, along with the distribution of the annual EENS.
Figures H.1a, H.1b and H.1c present the histograms of the failure frequency for Load Point 1,
14 and 23, respectively. The probability distribution of the failure frequency clearly shows the
probability of having a different number of load point failures in each year for each load point.
Figures H.2a, H.2b and H.2c present the histograms of the outage duration for Load Point 1, 14
and 23, respectively. Further, Figures H.3a, H.3b and H.3c present the histograms of the EENS

for the same load points.
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Figure H.1: Case 3: Probability distribution of failure rate for selected load points.
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Figure H.2: Case 3: Probability distribution of outage duration for selected load points.
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Figure H.3: Case 3: Probability distribution of the index EENS for selected load points.
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H.2 Probability Distribution of Distribution System Indices

The probability distribution of the system reliability indices SAIFI, SAIDI, CAIDI and EENS are

presented in the Figures H.4a, H.4b, H.4c and H.4d, respectively.
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Figure H.4: Probability distribution of system reliability indices.
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H.3 Probability Distribution of Microgrid System Indices

The probability distribution of the microgrid system reliability indices MAIFI, MAIDI, MCAIDI

and EENS are presented in the Figures H.5a, H.5b, H.5c and H.5d, respectively.
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Figure H.5: Probability distribution of microgrid system reliability indices.



Appendix I

Results of Case 4

I.1 Probability Distribution of Load Points

The probability distributions of the annual failure frequency and duration for each load point
in the distribution system have been evaluated, along with the distribution of the annual EENS.
FiguresI.1a, I.1b and I.1c present the histograms of the failure frequency for Load Point 1, 14 and
23, respectively. The probability distribution of the failure frequency clearly shows the probabil-
ity of having a different number of load point failures in each year for each load point. Figures
I.2a, I.2b and I.2c present the histograms of the outage duration for Load Point 1, 14 and 23,
respectively. Further, Figures 1.3a, 1.3b and 1.3c present the histograms of the EENS for the same

load points.
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Figure I.1: Case 4: Probability distribution of failure rate for selected load points.
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Figure 1.3: Case 4: Probability distribution of the index EENS for selected load points.
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1.2 Probability Distribution of Distribution System Indices

The probability distribution of the system reliability indices SAIFI, SAIDI, CAIDI and EENS are

presented in the Figures 1.4a, 1.4b, I.4c and 1.4d, respectively.
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Figure 1.4: Probability distribution of system reliability indices.
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I.3 Probability Distribution of Microgrid System Indices

The probability distribution of the microgrid system reliability indices MAIFI, MAIDI, MCAIDI
and EENS are presented in the Figures 1.5a, 1.5b, I.5c and 1.5d, respectively.
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Figure 1.5: Probability distribution of microgrid system reliability indices.
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Software Codes

(Restricted Public Access)
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