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Abstract

Due to the rapighrogresgsowardthe implementation amart grid technologieglectric power distribution
systems araindergoingprofound structurabnd operationalchanges. Climate concerre,reduction in
dependency on fossil fuel as a paign generation source, artie enhancement axisting networks
constitutethe key factorsn the shifttoward smart grid application, a shiftat has in fact, alreadyled
power industry stakeholders to promote more efficient network technologies araticeglihe resultof
these advanceare encouragingvith regard tothe deployment and integration of smsdlle power
generation units, known as distributed generation units (DGs), within distribution netwdksare
capable of contributing tthe poweing of the grid from distribution or even swudistribution systems
providing both a positive effect aretworkperformanceandthe least adverse impact on #mvironment.
Smart grid deployment haslso facilitated the integration of a variety of investor assets into power
distribution systemsyith aconsequent necessity for positive and active interaction between those investors

and local distribution companies (LDCs).

This thesisproposes a novel incentibmsed distribution systeplanning (ID$) model that enables an

LDC andDG investors to work collaboratilye for their mutual benefit. Using the proposed model, the
LDC would establish a busise incentive program (BWIP) based tongterm contracts, which would
encourage DG investors to integrate their projectheaspecific system buses that would benefit both
parties. The model guarantees that the LDC will incur minimum expansion and operation costs while
concurrentlyensunig t he f easi bi |l it yTheopfopobe@ modelsoerevideshedd®C pr oj e c
with the opportunity to identify the leasbst solutionamonga combination of the proposed BWIP and
traditional expansion options (i.e., upgrading or constructing sudgtations, upgrading or constructing
new lines, antbr reconfiguring the systemin this way the modefacilitatesthe effectivecoordinaton of

future LDC expansion projects with DG investofrs. derive appropriate incentives for each project, the
mocel enforcesa number oeconomic metricincluding the internal rate of return, the preéfivestment

ratio, and the discounted payback perigdl.investment plans committed to by the LDC and the DG
investors for the full extent of the planning period #ren coordinated accordingly. The intermittent nature

of both system demand and wingnd P\tbased DG output power is handled probabilistically, and a
number of DG technologies are taken into accdBeveral linearization approaches are appheatderto

convert the proposed modeto a mixed integer linear programmi(igILP) mode| which is solved using

a CPLEX solver.

Reliability of service iraderegulated power environment is considexethjor factorin theevaluaion of
the performance dfervice providerby consumers and system regulatémdhering toimposed obligations

related to thenhanement ofoverall system reliabilitplaces a substantial burden the planning engineer



with respecto investigaing multiple alternatives and euahing eachoptionfrom both atechnicalandan
economial perspective This thesisalso proposes valuebased reinforcement planning moder
improving system reliabilitywhile maintairing reliability metrics within allowable limitsThe @timal
allocaton of tie lines and normally open switchedgeterminedy this planning modeklong withrequired
capacity upgrades for substations and lines. Two hierarchical levels for system operation under
contingenciesnamely, the restoration process and islagdiased modesre appliedin the model A
probabilistic analytical model is propostal compuing distribution system reliability indicelsased on
consideration othese two hierarchical operaip levels and taking into account variatios in system
demand, DG output power, atite uncertaintyassociated witlsystem componentBue to the nature and
complexity of thkese kinds of problems,a metaheuristic techniquigased on genetic algorithm(GA) is

implementedor solving this model.

This thesis alsoproposes a nelterative planning model for smart distribution systems in which system
reliability is considered a primary component in the setting of incentive prices for DG owners. A new
concept, called generation sufficiency for dynamic viraaales, is introduced in the model as a means of
enhancing reliability in areas that are subject to reliability is§ieeavoid any contravention of operational
security boundaries, DG capacity is represented by two components: normal DG operating aagacit
reserve DG capacity. The MILP planning moidetonstructedn a GAMS environment and solved with

the use of a CPLEX solver.
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Chapter 1
Introduction

1.1 Motivation

Everexpanding population growth and industrial market competition have been accompanied by a
simultaneous increase in power consumption and electrical energy deiMadlwide electricityneeds
areexpected to increase significantly over the next few dedddleBrom 2011 untilie end of 2040, the
electric energy required expected to grow by 28, from 3,839 billion kWh in 2011 to 4,930 billion kwh

in 2040[1]. The fundamental purpose of power distribution system planning is to satisfy the forecasted
growth in power demand for ¢hplanning horizon period in the timeliestost economical, ananost
reliable way Distribution system companies are solely respongdsleneeting any anticipated increase in
demandwhich requires largscale investmentthusmaking plans fotheexpansiorof distribution system

assets an essential top priority for planning engin@grd hebottom line is that the high cost of the vast
investments involved in distribution networks dictatery careful planning and operatiofhesetasks
necessitate comprehensive economic planning tools thdaciitate theselecion of a feasible solutio

from a variety of available alternatives and resources in order to ensure reliable, affordable, sustainable

power delivery to customers.

The electric power industry iurrently also undergoing a profounad¢hangedriven by numerous
requirementsndreguhtions andy the implementatioof new technologies. There is an imperative need

for greaterenergy efficiencyenhancednvironmental and regulatory compliance, amake constructive
customer roles in the energy worldterest in utilizing renewabknegy sourcesn power system networks

has increasedramatically.Recent years (2013 to 2017) have witnessed a continual trend of 8 % to 9 %
annual growth in global renewable generation capd8]tyBy the end of 2017, the worldwide renewable
energy capacity had reached 2,179 GW, an increase of 167 GW, which represents an almost 8.3 % yearly
growth in total renewable generation capacity. At 85 %, wind and solar systems combined répeesent

| argest share of | ast yeards growth in renewabl e
capacities at 514 GW and 397 GW, respectivEhe increased interesh installing renewable energy

due to the clean and sustaiteabhatue of these resources, as welltaghe ability of these resources to

support the existing grid with the help of energy storage and other technologies.

Renewablébasedgeneration sourcesncluding wind andsolar systems have garneredthe greatest
attentionfrom governments and energy regulatongth the resultthat numerousprograms have been

initiated for deploying these technologies througit the grid. As an example the promoion and



developnent ofthese renewablbased technolagsis an important goal ifanadaywheremanyprograms

have been initiatetbr facilitating investment in this arelay both corporateinvestos and individuals. In
particular, in 2005the province of Ontarioas represented bghe Ontario Power Authority OPA),
submitted recommendations to the Ministry of Energy that would increase the share of renewable sources
in Ontariobs supply mix, mai nt ai n throhgdinseasesiie of n uc
share of ga$ired generation and newable resources as integcaimponents of theower supply plan.

The target of this initiative was to increase the installed capacity of renewable resources to 15,700 MW by

the end of 2025oughly 37% o f i n s [d]aTb &ckiale tigedangetgadthe i on ¢ a

Ontario Power Authority and Ontario Energy Board (OEB) develgmeralincentive programs and

Ont ari ob6s

agreements to encourage and promote reneviised technologies. For example, 268% the launch of
the Feedin Tariff (FIT) program wherebya guaranteed pricing structufer renewable electricity
productionis appliedto projeds with capacities of more than 1WK5]. In the same year, the micro Feed
in Tariff (microFIT) program was launched as well to serve projects with capaufitlé®skW or lesg[6].
Contracted capacity under the FIT Program grew from 13 MW in March 2018a8MW by the end of
the first quarter of2018 [7]. Table 1-1 showsthe total contracted renewable capacity throtig
Independent Electricity System Operator (IESO) urtdeFIT programup tothe end of Marct2018 [7].

At 58.9% and37.5 %, respectivelywind and solar systems each represent a significant share of these
contracted capacitie€ontracts for microFIT projects are offered only after the projects have béen b
and are ready to be implemented into commercial operatiermajority of projects are related to solar
systemsTotal contracted capacity undée microFIT program for solar and wind systems 248.4MW
and 20 kW, respectivelyAll microFIT contrats are either grounchounted or rooftogmounted solar

mounted projects.

Tablel-1 Contracted Capacitynder theFIT Prograni7]

Catedories Contracted Capacity (MW) ' .
J Small FIT Large FIT2 TOta(',\f\f\‘f)’ac'ty CaEZC'ty
Fuel Category ubp? | coP uD co

Bio-energy 10.5 11.2 0 35.5 57.2 1.19
Hydroelectricity 4 0.5 42.7 63.5 110.7 2.3

Solar 382.7 | 504.1 0 917.2 1804 37.55

wind 0.6 1 693.5 2,136.5 2831.6 58.94
Total 397.8 | 516.8 736.2 3152.7 4803.5 100

UD2 Under development.
COP: Commercial operation.

Small FIT®: Projects less than or equal to 0.5 MW.
Large FIT2 Projects greater than 0.5 MW



As a result of the rapid movement towdine implementation oD n t asstiiategic supply mix plans and
the provision oftlean generation resources, April 15, 2014the Ontario government announced that the
provincewas officially coalfree with the last coalfired power plantthe Thunder Bay Generating Station,
having burnt off itsfinal supply of coalHowever, after several years of implementatithvg FIT and
microFIT programs are no longer accepting further applicatfimma distributed generationnits OGs).
December 2016 marked the end of the FIT program in Ontario, and the microFIT pfogshed in
December 20118]. These regulatory changes tmexessitate innovatiy@anningmodelsto enable local
distribution companies (LDCsjo facilitate the integration of DGs into the grid ithe absence of
government subsidie® demandalso existdor planning models that can respond to independent private

investment in powegeneration and distribution systems unither deregulation framework3].

Its close proximity to consumers aiid lower operating voltagemake apower distribution systera
favorableplacefor integraing renewablebasedDGs:the costs associatedth DG integration at the point
of common coupling arthereforereasonable comparedth those for aransmission systenmtegrating
DGsinto distribution networkeffers a number of advantagéseyprovideabase load operating in parallel
with the distribution networkheyprovide energy during peak lasitheysupport the distribution netwark
they improve power supply qualifythus eliminating fluctuationsthey serve as backup to ensuae
uninterruptel supply of electricity, and they areselfsupplying through the use afenewable eneyg
Currently, electric energy can be injected by-endtomers, electrical industries, or third parties; thus, the
required distribution system demand can be partialtpilly met by DGs from the customer side of the
sub-distribution and distribution nodéels Ontarig as of June2018, the total contracted capacity connected
to the distribution systems for wirlthsed systesin commercial operation wa&90.5MW while 19 MW
remained under developmefdy a total capacity 0609.5MW. On the other hand, the total contracted
capacity connected to distribution systems for sbémed systesin commercial operation was057.3
MW, with 424.5MW remairing under developmentor a total capacity o2,481.9MW [7].

Distribution system utilities are eager to provi deé
technologies and suitkboptions while bearing in mind the goal of capturing ap&mal benefitfor the

business. Indeedjue to theparticular characteristics and radial structafea distribution systemthe

majority of interruptionsexperiencedy customers take place tiat kevel [2]. Severalobligatiors for

utilities have been introduced by regulatas a means ohaintairing an acceptablievel of reliability [10].

In October 201 2for example, the OEB outlined a Renewed Regulatory Framework for Electricity5jRRF

in which system reliability performance plays a critical rdl&]. The Government of Ontario has also

directed the IE® to coordinate standards development activities with the North American Electric
Corporation (NERC) and the Northeast Power Coordinating Council (NPCC) thitheg®ntario
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Reliability Compliance Program (ORCH)e result of measures is thech utilitymustreport two major

reliability indices asystem average interruption frequency index (SAIFl)asystem average interruption

duration index (SAIDI).The OEB, as a regulator, assesses the performance of each power distribution

utility through a scoreardthatincludesthesesystem reliability indicefL1]. According to the performance

and costof the utility, as described in its rate applicatitheOEB s et s fij ust datd r eas
utilities may collect from ratepayers for the servipesvided.Any proposal from utilitiegshat wishto

increase their rates and pricing schemesrder toseek a higher rate of return mtis¢refore be justified.

This process means thdistribution system uities, which are in fact working hardo survive in the

competitive electricity marketmust devotesubstantialeffort to findng costeffective expansion and

reinforcement plans for future investments whkiid adhering to the imposed regulatidag].

In additionto providng numerous technical and environmental advantdg€aunits are expected to play

a pivotal role in addressing problems associated with distribution system expansion planning [IE3EP).

have aso been proven to enhance overall system reliability by serving loads affected by unplanned outages.
However, a look at current distribution utility practices reveals that most LDCs are unwilling to invest in
DG technologies because of two primary obstwdrst, distribution utilities, whichas mentionedare
struggling tokeep afloain the competitive electricity market, have been subject to massivewtisg
measures that have drasticakygluced their capital budggis]. This shortage of funds plus the high initial

costs of DGs deter LDCs from investing in these f#$ Second, from a regulatory perspective, in many
countries an unbundling rule for electricity market participants requires LDCs to be legally separate from
generation facilities, thus in effect preventing LDCs from owning [®§ [16]. The reslt is that, in the
majority of cases and as a dominant practice, DGs are owned and operated by private investors. The ultimate
goal of these parties is to capturepbsibleprofit from ther business, regardless of whether the locations

of their projets are beneficial for the grid, for exampleith respect to deferring upgrading decisions
enhancing system reliabilitgr reducing losses. The key question is therefore how distribution utilities can
take advantage of such DG projects and direct th&ggration to specific locations that will benefit the
system.This thesis presents innovatipanningmodek that provide answelito thesequestiors and help

LDCs overcome the above obstacles.

A further factor is thatvhendistribution networks accommoianon-dispatchable DGghey must also
dealwith the high degree of uncertaingssociated with this type of generatidime stochastic nature of
wind speed and solar irradiance may lead to technical concerns such as frequency deigiatiengrse
powe flow, and bus voltage violation. Theissuescouldalsoextend taaffectingthe economic sidef the
investments as well with respect to determining costs and revEauehis reasondistribution system

utilities requireprobabilisticmodelsthat can handle the uncertainty that arises from the intermittent nature
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of system demand, wind speed, and solar radiation.

1.2 Research Objectives

Thefollowing were themain objectives of theesearch presented in this thesis

1 Develop a new expansiotapning model that will enable smart distribution systems to identify in
the timeliest ananosteconomicaimanner the optimal investments required in ordesatisfy the
forecasted growth in demand foetperiod of the planning horizomhe developed mad needed
to include consideration of the following:

0 Because DGs are investowned, LDCs must determine the optimal DG capaaitd
location, and the appropriate incentive prices to be offered in order to ensure the
profitability os the investorsd project

0 The developed model must include provision tloe LDC to have the opportunity to
identify the least colt solution froma variety of planning alternatives.g, installing
DGs, upgrading or constructing new substations, upgrading or constructindimesy
andor reconfiguring the system).

0 Theintermittent nature of wind speehlar irradianceand system demamaust be treated
probabilistically and incorporated into the model so that uncertainty can be taken into
account.

1 Develop an analyticainodel for ealuaing the reliability of power distribution systems in the
presence ofontrollable andenewablebased DGsThe model must take into account restoration
analysis and the possibility of islanded mode of operation. It should also includidecatisn of
the uncertainty caused by variations in the demand and in wind and PV output power.

1 Develop aeinforcement planning model for enhancing overall distribution system reliability and
maintaining reliability measures within applicable regulatstandards in the presence of DGs.
The developed planning model should be able to identify the optimal allocation of tie lines and
normally open (NO) switches as well as the required upgrade capacities of feeders and substations.
The model also includes wo proposed hierarchical levels for system operation under
contingencies

91 Develop a generic distribution planning model for minimizing the total planning cost while
achieving an acceptable level of system reliability. The concept of generation suffitdency
dynamic virtual zones is introduced as a means of tackling system reliability issues. The model

should include consideration of the fact that DGs are owned by private investors, and that the



incentive prices offered to those investors should therefaredistributed based on their

contributions to reliability enhancement and the deferment of upgrade decisions.

1.3 Thesis Outline

The remainder of thithesisis organized as follows:

Chapter 2 reviews basic backgrounohformation aboutpower distribution systemsincluding the
definition of DG and explanations @find- and P\based technologie$raditional and modern distribution
system planning fundamentals amskociatediterature surveys aralsopresented in this chaptewrhich
concludes by addressing the evaluatidmpower distribution systemeliability.

Chapter 3 introduces lie proposedncentivebased multistage expansion planning model for smart
distribution systems. The chapter begins with a descriptidtheomodéng of the uncertainty associated
with the load and with DG componentheproblem formulation fothe proposed model is then explained,
following which, thelinearization methods used in tmeodel are highlighted The rumerical results
obtainedfor the case stlies conductedre reported, and the last secttsmmarizes theesearchpresents
conclusions, and reiterates the primary contributaditie research.

Chapter 4 presents the distribution system reinforcement planning model for improving systentifyeliabi

The probabilistic operating scenarios for the system are first described, followed duytlane of the
methodologyfor evaluatng distribution system reliabilityn the presence of renewaldased DGsThe

problem formulation for theeinforcement janning modeis introduced, along with the proposed reliability
evaluation approach. Case studies and numerical results are then reported, and the final section offers

concluding remarks.

Chapter 5 details the proposeaéentivebaseddistribution systemplanningthat incorporateseliability
and includes consideration génerationsufficiency for dynamicvirtual systemzones Descriptions are
provided for he proposed general planning framewoike planningproblem formulation and the
reliability evaluation approach. Tlwasestudyandits results arghen reported, andhé chapteendswith

concluding remarks.

Chapter 6 summarizes theresearch presented in thikesis and provides conclusiongrimary

contributions, anghossibledirections forfuture work.



Chapter 2

Background and Literature Survey

2.1 Introduction

There is no doubt that electric energy has become an imperative need in our daily life. In fact, electric
energy is considered the main foundation of present day civilization ardbétedopment of countries.
Electric energy has been given pride of place among other energy types with the most auspicious
innovations in technology aiming to transform electric energy into a desired form. This high importance of
electric energy has led tetakeholders and policymakers in power system sectors to unbundle the regulated
monopoly structure of the power system into a deregulated competitive market in order to maximize the
overall system efficiency. One of the essential components in powemsgstecture is the distribution

system.

The structure of power system includes three major components of generation, transmission, and
distribution. Of these components, the distribution system has been characterized as the second most
expansive part in #hgrid[17]. Its related costs constitute a significant percentage of the total investment

costs following the costs associated with generation. Over the past two decades, investments by investor
owned utility in the distribution level in the United States have inexk#s reach almost $19 billion by

2013, which is more than the investments of the late 1990s and early 2000s by nearly[18.2%

Moreover, it is estimated that the investments in the electricity grids in Europeamniewill require

0600 billion by 2020, and 75% of t h[@% messemoedhet ment s
vast investments involved in distribution networks are costly thaereby dictate very careful planning and

operation.

The primary function of distribution system plann
demand can be met adequately and economically. In the past, planning in the power distebeitioas

not been given much consideration as generation and transmission g\iStermdswever, with the rapid

growth of system demand, the deregulated competitive market, and the new era of smart grid notion, the
task of distribution system planner has become increasingly complex. Indeed, this tasktateses
comprehensive economanning tools that provide a feasible solution among a variety of available
alternatives and resources in order to deliver the ptavihe ultimate customers in a reliable, affordable,

and sustainable way. Distribution system in general should be addressed with much care due to its close
proximity to the customer s, its responsfifaults i ty fc

interruptions, and its high investment cost.



This thesisexplores a new aspect of distribution system planning in the context of smart grid. A brief
summary of distribution systembés def $entédinisection conf |
2.2. Section 2.3 provides a general idea of distributed generations (DGs) definition, types, and benefits to

the grid. A comprehensive description and survey for traditional and modern distribution planning are
presented in section 2.4e@&ion 2.5and section 2.6 outlinde distribution system's reliability analysisd

the models proposed in the literature to evaluate the system reliability in the presence $&&ea 2/

summarizes this chapter.

2.2 Power Distribution Systems

The bulk of electric power is traditionally generated from power plants located far away from the load
centers and delivered to the customers through transmission lines. Due to techniesloaoihic
considerations, the bulk power is transmitted at highage levels typically 230kV or higher at
transmission systems and ranging between 69kV and 138kV alrasigmission systems. Power
distribution systems classically begin from the substations that are served from transmission or sub
transmission lines. Btribution systems primarily consist of two main parts, namely distribution substations

and feeders.

The primary role of distribution substation is to stigvn the voltage of transmitted power to lower levels.

The most common standard voltage ratingdistribution systems are 34.5 kV, 23.9 kv, 14.4 kV, 13.2 kV,
12.47 kV, and 4.16 kV for old systerfZ0]. Each substation contains protective switch systems for both
high and low voltage sides, voltage transforsnegoltage regulation system, and metering systems. Power
transformers should be protected against the occurrence of short circuits, and this protection is attained by
using a variety of protection devices and schemes. Voltage transformers are sotaigibésgor step

down voltage transformation, and each substation may typically have two or morpttasegransformers.
Voltage regulation system is utilized to maintain the voltage at the lower side of the transformer with the
variation of the load witin an acceptable limit. Load tap changing transformer usually performs this
function by adjusting the taps on the lewitage windings of the transformer. Moreover, most transformers

are also equipped with fixed taps at the primary side to respond tmhage variation from the source.

In addition, distribution substations have metering systems comprised of either digital or analog devices to
measure, record, and monitor different quantities including voltages, currents, active and reactive power,

and sibstation power factor.

Primary distribution system feeders convey the power ft@substation to each load point in the primary
distribution systensuch asndustrial loads or to the secondary distribution systems through distributed

transformers anthterals. Each substation maywka@ne or multiple outgoing primary feeders. kg 21



shows a simple distribution system feeder with all major components. The main components in distribution

feedes may include the followinfR0]:

1- Threephase primary main feeders and secondary systems.

2- Threephase, twephase, and singlghase laterals.

3- Voltage regulators and shunt capacitor banks.

4- In-line and distributed transformers.

5- Threephase, twephase, and singlghasdoads.
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these Radial configuratior{fas shown irFigure 21), where the power flows from substation towards the

loads in one path, is the most used design in practice due to its simplicity, lower associated costs, and ease

in operating and maintaining the system. However, this configuration suffers from low syladititye

and service continuity. In contrast, loop configuration provides higher service reliability than the radial

system. Its associated costs are relatively higher than the costs of the radial systems since loop configuration

requires a considerabledrease in system equipment capacities and more additional components. Network

configuration yields the highest service reliability because in this configuration, each loop is supplied from

different bulk sources. The cost of this design is definitelydsghamong all system configurations since it

requires costly power flow control and complicated protection schemes. The research presented in this

thesisis concerned with the primary distribution system with radial configuration.



2.3 Distributed Generation

In a centralized power system, electrical power essentially flows in one direction from the central power
plants throughout the transmission systerasd endingip at the distribution control centers to reach the

end usersHowever, with deregulation, sithacale generating unitscalled distributed generators (DGS)

can be located in the distribution levels and even at the customer sides to feed their own demand or their
neighboringloads.D Gs ar e dhefinstallaiah ared ®perdtion of electriower generation units
connected directly to the distribution network or connected to the network on the customer site of the meter
[21]. However, the types of DGs as well as the owners of these D@sergarded in the aforementioned
definition. Nevertheless, many researchers suggest that each utility should have its own definition which
depends on the conditions of the netwdFkble 21 illustrates a suggested classificatiam fifferent

capacitieof DGs[21].

Table2-1 Various DG Capacitie1]

Class Capacity
Micro DGs 1W<5kW
Small DGs 5 kW <5 MW

Medium DGs 5 MW <50 MW
Large DGs 50 MW < 300 MW

2.3.1 Distributed Generation Benefits
Distributed generation is able to provide numerous benefits to the ggkmmdeed, these benefits could
be clustered into three categories of technical, economic, and environmental advantages. When the
distributed generation units are properly located and sized in the distribution systems according to adequacy
and security regulations, these devices are expdot@rovide a positive credit to the overall network.
These technical advantages involve reducing power losses, improving system reliability, improving voltage
levels, enhancing network security, alleviation of congestion at substations and condudtionpraving
the system's overall efficiency and quality. Economic benefits gained from installing DGs play a crucial
role in reducing power system expenses for either long term or short term planning horizons. Thus, power
system utilities are attempting poovide electricity to all consumers at low cost. The economic benefits of
DGs include deferring the investments for system upgrades or expansions, reducing operating costs,
minimizing the consumption of fossil fuel that leads to decreases in energy, pnceminimizing the cost
of maintenance and spinning reserve requirements. Another strong motivation behind employing DGs in
power networks lies in their environmental benefits. According to a report illustrd24],inarbon dioxide

emissions have dramatically decreased by 30% in only ayeageperiod in the Danish power systdue

10



to the wide spread use of renewabésed DGs in the countrifurthermore, wind turbines, PV modules,

and hydro turbines are nguolluting and have a high degree of sustainability.

2.3.2 Distributed Generation Technologies
Depending on the type of primary fuel source for the distributed generation, these technologies are
classified into four categori¢®3]. The first category is called conventional technologies. Diesel generators,
an excellent example of conventional technologies, are usually located in remote areas. Advanced fossil
technologies form the second category of these technologlganded fossils contain fuel cells which are
mainly fueled by hydrogen in electrochemical power conversion. In addition to fuel cells;torigirees,
which are fed by natural gas, are another form of advanced fossil technologies that is based orscyclic ga
processing. Renewable technologies play a key role among these technologies since they are natural,
sustainable, and conservative for the environment. These technologies include wind turbines, hydro
turbines, photovoltaic modules, tidal systems, geothetachnologies, and solar thermal systems. The
degree of uncertainty in these forms of energy is relatively high. Some technologies that are able to increase
the systembs overall efficiency such as ehbhergy st
considered eitient technologies. Since the research in this thesisncerned with renewablased DGs,

a brief introduction of wind and photovoltaiased solar energy is presented.

2.3.2.1 Wind Power
Wind, which is generated by heat differences betweehd er ent ar eas of the earth
as a source of energy for many years. The availability and usage of wind energy differs from location to
location throughout the world. Recently, the kinetic energy of the wind has drawn global atssngon
natural source to generate electricity. For this use, wind farms are scattered throughout the world to convert
the wind that drives turbine blades into mechanical energy. The movement in the blades results in shaft
rotation which drives a generatand this generator converts the mechanical energy into electrical energy

through an electromechanical conversion process.

Weibull probability distributionfunction(PDF) is one of theorobabilitydistributionsthat areable to model
the complicatedontinuously varying variablelt is commonly and exteively used to model many events
includingwind speed. Weibull PDFis driven by two parameters which are shape indaxd scale index
sc. The mathematical model fWwWeibull PDFis defined by(2.1),as in[24], [25].
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Ovu T % i A@‘D
I W I W

0
= 2.1)

)

11



The parameters &Feibull PDFarecalculatedusing the mean and standard deviatian of wind speed
data.Theshape indeXQand scale indek @f Weibull distribution can be obtained usirgy3) and @.3).
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Theactive power generated from wind turbies0 as a function of wind speedcan be obtained using
(2.5), asin [24], [25].
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whereb ,0 ,0 are the cuin speed, rated speed, and-offtspeed of the wind turbine, respectively

2.3.2.2 Photovoltaic Power
Photovoltaic(PV) power conversion is a process whereby sunlight (solar irradiance) is captured by
semiconductor material and converted into electrical charges (current) via solar cells. More than 80% of
photovoltaic cells in the world are made from silicon as a relialildary term provider of servicg26].
The production is still ongoing to produce efficient cells at low production cost. Generating power from
photovoltaic modules has many advantages such as low operation and angiateosts, zero noise due to
stationaryand static parts, light weight, high reliability, long lifetime operation, and short lead times for
installation. Technically, PV modules are composite solar cells which are connected in series to increase
the voltaye, or in parallel to increase the current and therefore the output power. PV modules are the basic
units of photovoltaic systems. A photovoltaic panel is composed of multiple wired modules, and it is the
basic unit of a photovoltaic array. These arragsthen connected to power conditioning units to convert
the DC output into AC output in order to match these units with tldesggtem.

Beta PDF is utilized in a wide range of applications. It has been usdtie literatureto model the

randomness of sat irradianceBeta PDHs driven by two parameters as well. The mathematical model for
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Beta PDHs defined by2.6), as if25]:
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where™Oi is the BetaPDF of solar irradiancé , i represents solar irradianae kw/m? ,and| i are

parameters of the BeRDF.i H are the mean and standard deviationadérirradiance, respectively.

The active power generated from PV modules i as a function of solar irradiantés given in .9)-
(2.13, as in[24], [25].

Yo Yo —— (2.9

Ty
@ 0 0 Yi qu (2.10
Oi & 0V (2.11)
00 u (2.12
w (@]
0 i 0 000 Wi (2.13

where"Y i is the cell temperature, in °@t solar irradiancs; “Y is the ambient temperature, in °&; is
the voltage temperature coefficient VAT;is the current temperature coefficient AIC; is the nominal
operating temperature of the cell, in °O@s the fill factor;0 is the number of module¥) is the short
circuit current, in A is the open circuit voltage, in M@ s the current at maximum power point, in

A; @ s the voltage at maximum power point, in V

2.4 Power Distribution System Planning

With ever growing population rates and industrial market competition, power consumption and demand for
the electric energy has simultaneously increased. This has placed considerable pressure on system designers
to evaluate and address a suitable numbexpénsiomplanningalternatives in detail to cope with these

changes. Thus, the prime key function of distribution system planning is to ensure that the expected growth
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in power demand can be met in a timely manner by adopting certain additions to the agtétjuate,

reliable, and economical ways. Once system planners forecast the demand for their location of interest for
a specified period of time (typically-20 years), then they perform load flow and short circuit analyses to
ensur e t ha bmpankerts wil gpsratewildinstheic thermal capacity and capability limits as well

as to ensure satisfaction of system operating standards such as voltage operatingf theggserating
standards have not been pteen the planners dictate when andewehthe expansion and reinforcement

plans should be placed. The planners usually select from a variety of available alternatives based on least
cost criterion using different mathematical formulation and solution techniques. The optimal alternative
selecton is achieved after constructing a cost function that includes the presghtvalue of investment

costs for the proposed alternatives and their operation and maintenance cost as well as the operation cost of
the system which may involve system lossed eeliability associated costSo, distribution planning
processnainly comprises five main staggk/]. After determining the nature of the problem in stage 1, the
planner should clearly identiyre primary and s®ndary goals of the planninBrimary goals are mainly
concerning the economic side while the secondary goals are targeting the technical constraints. Stage 3 and
stage 4 involve the determination of the available and suitable planning alternativeslaatireythese

options technically and economically. The best alternatives are selected in the last stage sudeghat the

cost solution is achieve&igure 2-2 illustrates the process of distribution system planning and all stages
involved.Mor e i mportantly, pl anners must adhere to thi

customers in thelgnning process.

4 \
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Figure2-2 Distribution system planning stagds]

2.4.1 Factors Affecting Distribution System Planning
Distribution system planning is affected by many factors, both direct and indivécf27]. Direct factors
are those factors that the planners have influence over; conversely, the factbrthetptanners cannot
control are defined as indirect factors. Direct factors include but are not limited to load forecasting, planning
horizon, available alternatives, system configuration, substation expansion, substation site selection, size

of availabk equipment, and types of feeders required along with their routes and total cost. Indirect factors
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are either difficult to predict or out of control; nevertheless, responsible planning engineers must take these
into account. These factors involve equipteand labor costs, frequency and duration of interruptions,
fluctuations in fuel markets, environmental and economic issues, weather variations, and social behaviors.
Indeedthis wide range of explicit and implicit factors which the designer must comsalershe problem

of planning somewhat complex.

2.4.2 Distribution System Planning Models
Several techniques and mathematical moklale beerintroduced in the literature to handle the problem
of distribution system planning. These methodologies and modelsnamplicity, accuracy, applicability
to large systems, and computational burden. Linear andimear modeling for objective funcins, which
aremainly comprisd of fixed and variable costs for such facilities, and system constraints are introduced
and solved using linear, ndimear, mixedinteger, and mixed integer nlarear programmindgechniques
[28]. To deal with discretization in the model, modrish abranchandbound as well as branaxchange
have beeimtroduced29], [30]. Metaheuristic appwaches like genetic algorithf81], simulated annealing
[32], tabu searclB3], ant colony{34], andsome evaluative algorithnase utilized in DSP. Most of these
approaches depengon tuning parameters and generating a large population whighead toa huge
number of unfeasible solutionthereby increasinghe execution. Heuristic techniquiave also been
introduced to expétk the process of solution and handlivfga large system as well as ensuring system
radial topology. The problem of DSP can be static, where the planning isezbfar a single period of

time; or dynamic where a series of planning horizons are coesider

2.4.3 Traditional Distribution System Planning
Traditional distribution system plannitgjcharacterized by identifying the proper placement and sizing of
substations and feedefihe distribution system planner somewhat has a limited number of alternatives in
this category to meet the expected demand grdSubstation upgrade capacity, feeder upgrade capacity,
and system reconfiguration are comprising the main planning deciditims toaditional planningrigure
2-3 presents the general planning framework for traditional CES®loring the planning models and
methodologieghat havebeenaddressed in the literatuig essentiaktep for the planner. Therefore, this
sectiondiscuses the previous work that has been devoted for solving the traditional distrigygiem

planningproblem
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Figure2-3 Traditional DSRmodel

The authors if35] proposed a mixed integer linear programmingdelin order to optimally design the
subtransmission systems (substations capacities) and select the best conductor sizes ara layout f
voltage networks. Braneandbound technique with fixed cost tramsmtion modehas beenutilized to

solve the problem while incorporating both security constraints and a linearized cost function for system
losses. Moreover, the best timing for such investment is deternmiihedproblem ofdistribution system
planningis solvedn two stage [36]. In the first stagdyy using mixed integer programming, the decision

of optimal capacity and timing of expanding a substation are obtained. Load transfer is optimized in the
second stag using a transportation model to manage the excess substation capacity obtained from stage
one. Total substation expansion cost and load transfer costhgelelast cost expansion plan[37], the
authorsusedthe concept of minimum feasible distar{dé~D) between each substation and potential load

at each sector as an input for a transportation model. The masi@sed to minimize the total construction

cost by defining the optimal location and capacity tdystations as well as their operating boundatfibs.

work presented if38l opti mi zed the substationsdé sites and
transportation model. The transportation modatsolved at eachode of brand and bound tree. To handle

the complexity of such a large problem, a pmsiimization analysisvascarried out to ensure radiality and

the inclusion of all fixed route# large number of associated costseincorporated in the model as Wel

Substation size, feeder size, and loading limits determined ifi39] using a compromised model for
different cost factors. The auttsoextended their work ii#0] to optimize the position, capacity, and timing

of distribution substation as well determinethe optimal layout of the feeders using a quadratic mixed
integer programming. The problem is sadvthrough two phases, whehe first phase fixed the substat

size, and theecondphase determinkthe best feeder elements and routéhe research presented[29]

used branctandbound and fixed charge linear transshipment model (FCNP) to find the optimal capacity,

location and configuration for substations. Shortest path mdthsdeentilized to obtain the lower bound

16



of the results, and the minimal incremental cost for power Hags/beernthe usedd determine the upper
bound.The authors irf41] used an iteationbased method to solve the tipbkased planning problem
incorporating a concave fixed cost model for substation and large feeders and linear cost model for the rest
of the elements. The suggested algoritlvas solved ulizing branchandbound technique as well as a
transshipment modeAn improved branciexchange algorithnis used in[30] to optimally design the
configurationof a greerfield low voltage system. A heuristic Euclidean Steiner trees algohtmsrbeen

adopted in the methodology to minimittes total cost oinvestment, losses, and supplyality.

Owing to advances in computer technologies and storageabdities, the authors in[42] modeled the
problem of distribution planning using mixéateger programming and solvéite problenusing MPSX
package. The design variables include substation locations, transformer sizes fosubsiztion,
incremental capacity of existing transformers, load transfer among substations and load centers, and feeder
routes. By using cost linearization models and some logical constraints, the present worth of the total costs
involved is minimizedThe authors theextended the proposed model tadme amulti-stage model in

[43], [44] whichincludesthe timing for such investments while assuming that the network will be expanded
from the resultof base year throdgthe terminal planning yealhe work presented if#5] used an
advanced sparsilgased mixed integer linear progmaing model and a heuristic partitioning method for
optimal substations and primafgeders planning including year of commissioning after studying the
planning period as a single g&a The model gave more detait limited sized problem and approximated
analysis for large systems. Thedel explicitly includes timelependent fixed andariable costs as well

as a stepwise approximation for feeder losses costs.

The problem of large scale distribution system expanisiGolved in[46] through two phases using the

concept of long range horizon planning and intermediate year expansion pattimfidst phase, the

planning problem is solved for the terminal year in order to encountdithé# components reqeid during

the planningperiod. Thisisent i t 1l ed f@Ahori zon ylate secrdphasecthedopd i ma l
growth is explicitly considered, and the required systems in each of the intermediate years are exclusively
selected from phase one resultfbob u c c e s s i tee@ single year ape miaon s o . FCNP mod
branchandbound are incorporated to solve the problem with fixed and variable cost modeling of
components. This methadasextendedin [47], where the voltagerdp constraints are csitdered andin

[48] where accurate representation for #lioear phnning costs are incorporatethe authors irf49]

applied a heuristic methaztbmprised ofive phases to solve the dynamic planning problem. Backward and
Forward methodsnspired by horizon year static optimal systproposedn [46], are used in phase one

and two, respectively in order to findetlmptimal set of required projects and the optimal timinge&mh

project. Phase three is ajgul to reduce the costs resultiingm stage two by postponing different projects.
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Dealing with radiality and taking the exact loss function are used in pfmseand five, respectively.

The integration of geographic information syst€@1S) with a stochastic load forecastimgodule is
introducel in [50] to facilitate these technologies in distribution sysiekmng and shortange planning.
Moreover, the effect of secondary systems on overall system primarymgdaiddresseid [51], and an
integral primarysecondary distribution system planning isadincedThe work presented {2] proposed
an optimal singleperiod horizoryear design encompassing all distribution design requirements for primary
and secondary systems for the objective of minimization total cost per customer. The modekredresi
substation serving a circulaector of a round area througieelink feeders and lateral3he authors in
[53] approximately solvedhe distribution system planning problem using braesichange method and
pivot operation after introducing simplex tabledixed Integer Pogramming MIP) model is converted
to a set of linear equations at each branch exchange opefaitimned bypivot operation to determine the
most sensitive branch t@omize the objectie function A heuristic forward/backward algorithm alongside
the branchexchange methot proposed irf54] for the sake of solving mulifear distribution system
expansion problem. Although the proposed methradides an approximate resal well agrappingthe
algorithm in a local minimum, the outcomes of the method are obtginielly. In order to enhance the
efficiency of the algorithm, thauthors also proposed [B5] a multistage branclexchangewheremore
accurate solution is obtained.

A powerdistribution systenis designed ifi56] throughatwo-stage proces3hefirst stage dealt with load

growth forecasting where the decposition method is applied after clustering the service area into small

zones to investigate different load patterNext, a multiyear expansionwvas carried out in stage two

utilizing the method proposed j46]. The work presentedn [57] proposed a generalized framework for

large distribution system planning using an improved genetic algorithm. The problem is split into two
phases. Phase one optimizes the capacity and localidvi sfibstations based on loss characteristic matrix

while in phase two, the HV substationdaieeder routes are attainédconstructive heuristic technique is

usedin [58] to design the configuration of the distribution system. A concept of relaxed binary variables to
convert the MBNLP model into NLP as well as subst
form the heuristic method. A branching technique alsg a local improvement technique are utilized to

enhance the algorithm.

Based on directed graph theory and the concept of principdetohality, the authors if59] found the
optimal feeder routing from substati® to load centers. The authors first determined the locations and
capacities of substations and all possible paths that energibea load center, atlidenthe optimal path

for each nodevasattained based on minimum cost criterid he downsides of thimethodncludethe
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high computational burden falarge systemvhich requires determining terminal nodésitmay not lead

to a global optimum solution.

2.4.4 Distribution System Planning in the Smart Grid Paradigm
The notion of modern distribution systeactually arose following the advent of deregulation and
privatization in power system sectors. In vertically integrated traditional power systems, there was one
entity that planned for the entire system including generation, transmission, and distriystiems.
However, these plans are no longer acceptable with deregulation employment where each entity is
responsible for planning its territory or area of control to maximize its profit. Therefore, local distribution
companies engaged in bilateral contsagith other participants in the market so as to efficiently meet their
local demand while the uncertainty the electricity market couldffect the planning outcomes. LBG

deregulation environmemiould alsobuy excess power from their neighboring LB.C

Recently, power distribution systems are hosting and accommotiagimgenetration level aknewable
baseddistributed generationsThe active integration ofrenewable energy sourcestorage systems,
electrical vehicles, customer participation im@md response programs and willingness to pay based on
system performance, smart meters, and communication and automation $stehifted thetraditional

and modermlistributionsystemdowards what is callesinart grid Figure 24 presents the genealbnning
framework for DSRn smart grid paradignberegulation and smart grid transition complicate the planning
process and put much effort on system planteraddress the various arising issuasd therefore
achievingreliable and economic plan®istributed generations are characterized as one of the main
components of smart gridind system planning in the presence of DGs necessitates innovative planning
models and powerful toal¥hefact that there are several key players in distribution syssiiectuding DGs
investors should btakeninto considerationBesides, lie bidirectional of power flow and the uncertainty

of DGsoutputpower and system demanthy lkead to inappropriate solutions; therefa@hust planning
models have become more essdnéind mandatory for such plans to be implementéw imposed
regulations towards reducing greenhouse emissions and enhancing system reliability should be adhered and

taken into account throughout the planning process in smart grid era.
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Figure2-4 DSPin smartgrid paradigm

2.4.5 The Inclusion of System Reliability in Distribution System Planning
System reliability, in simple words, nieeablgofconti n
power delivery system to make continuously available sufficient voltage, of satisfactory quality, to meet the
c 0st ume o[60F In theslated 8 century and early fcentury, the interruption in power sem@was
viewed as a loss of revenue where the cost of energywaddeduced. However, this viewpoint has
changed startingn the 20" centuryand onward. With the advent of system automation and installing
SCADA components, it became easy to gather aathtain detailed records on system performance
including system interruption data, and this led to explicit numerical tracking for system reliability indices.
Distribution system reliability came to be seen as wa ddaligation and priorityof utility to its own
customers, and the regulatory ageneseda set of standard metrics to be fulfilled by utilities. The main

four reasons for deploying reliability standards in distribution sysianming areasfollows [60]:

1- The increasing sensitivity of ciasner loads to poor reliability
2- The importance of distribution system to customer reliabilitthadinal link to the customer
3- The large costs asdated with distribution systems

4- Regulatory implementeon of performane-based rates

For the aforementioned reasons together with the awareness of customers, regulators, and utilities to
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the service interruptionthe power industry moved toward setting reliability targets, planrdorgthe

fulfill ment ofthese targets, mdoring the progress, and taking corrective actions. Distribution system
reliability is a competitive advantage for utilities in the deregulation environments, and the system
performance indices are frequently reported to the system regulators. Thugrit csucial to plan and

design the distribution system reliably and economically, with regard to cost.

2.4.6 Planning Models for Smart Distribution Systems
As reportedn the literature, the joint DS problem, in which DGs are incorporated as key atares in
addition to conventional options, has been addressed through the introduction of a number of techniques
and mathematical models. Most of the research conducted in this regard has assigned the ownership of DGs
to LDCs. For example, in the work aefbed in[61], the distribution system was expanded by means of
DG integration, system reconfiguration, switch installation, and rewiring. The possibility of performing
dynamic planning based on mseudedynamic procedure that included consideration of DGs as an
alternative for LDCs was assessed3d]. The authors of12] and[62] explared several reinforcement
techniques, such as dispatchable DGs, etossiection feeders, and line and substation upgrades. Based
on the assumed LDC ownership of the DGs, the objective was to minimize investment, operation, and
reliability costs. The dynaim problem was solved using modified discrete particle swarm optimization: a
significant reduction in transformer investment costs was observed. Similar work employing a genetic

algorithm was reported %3], with DGs, lines, and transformers considered as possible alternatives.

The same assumption derlies the study presented[6#], which involved the introduction of a heuristic
method for distribution system expansion thétizes dispatchable DGs, lines, and transformers. The
required upgrade components and commissioning year were detdrivised on a benefiit-costratio
concept. Other researchers[@®] achieved twedevel hierarcical distribution system planning that takes

into account specific factors in a deregulated environment including regulatory policies, market prices,
environmental considerations, and taxes. A joint expansion plan for distribution system networks and DG
units was investigated if66], and the planning model has been extendel@hto incorporate system
reliability and DG uncertaintyThe authors if68] proposed a multistage expansion planning model for
smart distribution systems taking into account the reliability of the sysdgebraic expressions are
utilized ingead of using the simulatichased modeldo calculate the expected energy not served
Multistage longterm planning utilizing multiple alternatives such as voltage regulators, capacitor banks,

and DGs was reported j69].

In referencd70], the authors proposed a distribution system planning model in which all of the planning

decisions in the primary and secondary distribution networks are coordinated. The use of low voltage
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feeders/substations, edium voltage feeders/substations, and medium voltage DGs represent planning
alternatives for the gredield network. The authors 1] expanded the distribution networks by means

of DGs 6 i nteedgerrastéi orne iannfdo rfcee ment . The mul tiyear pl a
operation, and emission costs over the planning period. The deployment of reAeasdileDGs was
investigated iff72] as an option to reinfoe the grid considering the reactive power capability for these
DGs. A riskbased optimization method was proposeld 8] to implement DGs as flexible real options for
the purpose of | a rdgferment.eAt nwiltiobjé&ctivé distrileution planmirtg snédel was
proposed iff74] to minimize the investment, operation, and emission costs incurred by LDCs. A heuristic
based technique was used to obtain the DGnptgndecisions and evaluate all system savings due to
deferment of investment®areto front solutions are constructed and the decision making is left for LDC
preference.

The authors irf75] introduced a heistic method to redesign the distribution network for the sake of
maximal DG insertion. The proposed method is basically dependent on balancing the multiplication of
feeder length and feeder flow for a set of feeders that connects each substation.avidrauigbmatic
switches are installed to define the balanced boundaries. The method is applicable for meshed networks.
The authors irf76] used a method called seeker optimization algorithm to optimize distributsbensy

feeder routes with simultaneous placement of automatic reclosers considering weighted aggregation of total
system economic cost, overall system reliability, system power losses and voltage deviation as an objective
function. Static and dynamic disttibon system planning with a multbjective function comprised of

total investment costs and total reliability cost is introducedh The problem is solved using genetic
algorithm and Paretfyont optimal solution sets. The authors[i#8] examined the effect of individual

guality standards, maximum frequency, and duration of individual imtéoru on distribution system
planning. Obeying individual reliability standards rather than using only sysased indices leads to

|l owering optimum system reliability. Maxi mal trad

indices and systemeliability is required.

The problem of installing sectionalizing switches simultaneously with network expansion is solved using
Multi-Objective Reactive Tabu Search and Pareto optimal solutig88]Jito reach dradeoff solution for
investmeat costs and reliability costs.h& authors in31] solved the problem of distribution system
planning consideing short circuit capacity and short circuit ratio in the analysis. The auihdi79]
intended to maximize the integration of distributed generators by enabling system reconfiguration, demand
response, generation curtailment, and active reactive control. The effect of active DG integratitenon sys

upgrade, losses, and interruption costs are then stutied authors inf80] developed an integrated
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planning model considering the energy hub operation and installation of automation resourcesealongsid

system alternatives to minimize investment costs and maximize system reliability.

Besides the lack of a proper inclusion of the relevant planning aspects (i.e. absence of uncertainty inclusion,
static planning, heuristibased solution, and deficiency of diverse planning options), all previous
researches reviewed so far were in commasel on the assumption that LDC is solely responsible for

purchasing and operating the DGs which is impractical as it is stated earlier.

Some researchersave addressed the problem of ®®y assuming that DG units belong to private
investors. However, these models have been based on the assumptions that DG capacities, geographical
locations, and capacity factors are known a priori (i.e. DGs are sized and allocated by investors initially),
that the LDC has no control over such decisions which may lead tecomomical upgrade projects
incurred by the LDC. Moreover, the-laiteral financial agreements between DG investors as energy sellers
and LDC as energy buyer are not considered, antdlib& and DG investor interaction is therefore
nonexistent. For example, the authord8a] determined the optimal sizes, quantities, and locations of
distributed transformers and lines considering a tpresgower loss cost model in the objective function.
However, the static model, which is solved heuristically, assumes DG locations arekigtegially in

the grid and there is no financial interaction between LDC and DG investors.

The same assumptiorad shortcomings underlie the research implementd82hwhich solves the
distribution planning problem by combining modified load flow with graph theory based on a minimum
spanning treelnvestment, losses, angeration costs are minimized. The concept of weighted edges
obtained from multiplying edge investment, interruption, and losses costs and power flow is emifileyed.
authors 0f32] used an MILP model solved by simtdd annealing in order to design a distribution system
through a decomposition processPlanning model for active distribution systeimpresentedh [83] and
solved using a hybrid genetigorithimi nonlinear programming approach. DGs are assumed to be privet
investmentsandit can provideancillaryservicedor the grid Total installation and operation expenditures

are minimized while the satisfaction of system constraints is encompassed.

Another example in which LDC has no control over DG planning decisions, is the work presdg@tdd in
which involved the coordination of multiple alternatives, including line/substation upgrades andocapaci
bank/voltage regulator allocation. To carry out optimum multistage distribution system planning with DGs
owned by investors, the authors[856] extended the formal application of a linear disjunctive approach

their mathematical programming; however, the interaction between LDC and DG investors has not been

considered. Based on the same previous assumptions and with a hbassticsolution technique, the
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impact of microgrids (a group of renewable and-nemewable DGs as well as energy storages) on the

planning of primary distribution networks is assessg86i

The optimal time for feeder upgrades in addition to the optimal site, size, and time for renewable and
dispatchable DG investments are obtaine[Bij. A tri-level decomposition approach comprising primal

and dual cuts is proposed to solve the problem. Polyhedral uncertainty sets are used to model the
uncertainty, and Kneans clusterinfpased method is utilized to obtain the statistical correlatiomeof t

uncertain parameterg\ multistage expansion planning model for distribution systems is preseri8s] in

in which optimal substation, feeder, and DG investments are determined. A Distributionally robust chance
constrained model is proposed to handle system uncertainty-oBjditive planning model for system
expansion is proposed [89]i n whi ch microgrid aggregators and cc
been &ken into consideration. A hybrid solution method gravitational search algorithm and-guiahal

interior point is used to solve the problem.

A multi-stage distribution system expansion plandiaged reliability is employed [2]. The problem is
converted to a MILP problem utilizing piecewise linearization method to obtain the optimal planning
configuration as well as feeder and substation capacitig®0], a two-stage stochastic mixed integer
secondorder conic programming model is utilized to solve the problem of distribution system expansion

in which the optimal sizes of substations, feeders, and capacitors are determined. The model incorporates
chanceconstréned based models to handle the stochastic nature of the system, and it used the bender

decomposition method to address the computational challenge associated with the problem.

2.5 Distribution System Reliability Analysis

Distribution system reliability is of keen interest for distribution system planners, operators, and regulators

since it measures the level of service quality provided tatiséomersThe most populaapproachfor

evaluating the reliability of any systésthefailure mode antheeffect analysis (FMEA)FMEA is defined

as fAan inductive approach t halycompoeentedass,tall possiblé y det
failure modes and identif i e g91l]tNtlecontingangyanalyisis isang e f f ¢
popular form oFMEA, and itstipulates that the system should be able to operate and fully meet the required

demand and service quality when at least one component in the system goes out of service (i.e., down state).

In this sectionN-1 contingencybasednalytical methodology feevaluating distribution system reliability
is presented92]. Most power distribution systems are radially configured by a set of series components
These components include lines, busbars, switches, cables, and mensure supply continuity at each

load point in the system, all of the components in the path between the supply and the load point must be
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functioning (i.e, in up-state). As a result of radial typology, the failure rate of each load point is equal to

the summation of failure rate of each component in the series path between the source and the load point as
well as the failure rate of each component which is in the protection zone of the corresponding load point.
The main three basic reliability parammstéhat have been utilized to evaluate system reliability indices are
average failure rate , average outage time or repair timgand average annual outage or unavailability
time"Y. The relationships between these parameters are demonstrateaiiong2.14)(2.16)

_ _ (2.14)

Y _i (2.15)
;Y Bl 216
- (2.16)

Where_ andi represent the failure rate and repair time of companghich is located in the series path

between the source and load paor which is located in the protection zone of leatkspectively.

i=i+1

Usi=axi Usi=0

All contingenci€
analyze®@

Os=X Osi
Us=x W

Figure2-5 N-1 approach foevaluating load point reliability parameters

Figure 25 presents the flowchart that illustrates biasic concepaf N-1 approactior evaluating load point

reliability parametersThe flowchartshowsthat any possible failure or malfunction of such component in
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the system is recognized and, in the meanwhile, analyzed so as to identify its impact on each load point in
the network. This results in a list of contingewx orresponding to each load pailext, these failure
events are formed to assess the three basic load point reliability parameters, namely average failure rate,

repair time, and annual unavailability time.

Even though the three basic load point reliability parameters are fundamémiadistant, they do not
provide a systemwise reliability behavioralrepresentation in which an tage could affect the system
overall. Therefore, additional indices, which basically rely on the three primary parameters, are identified.

These indiceare diided into two categories: custorratiented indiceand energyoriented indice$92].

Customer-oriented indices

® System average interruption frequency index, SAIFI
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where_ is the failure rate and is the numbeof customers at load point i.

(i) Systemaverage interruption duration index, SAIDI
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Where'Y is the annual outage time atids the umber of customers at load point i.

(i) Customer average interruption duration index, CAIDI
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where_ is the failure rate’Y is the annual outage time, aids the number of customers at load point i.

(iv) Average service availability (unavailability) index, ASAI (ASUI)
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where_ is the failure rateY is the annual outage timé, is the number of customers at load point i, and

8760 is the number of hours in a calendar year.
Energy-oriented indices

(1) Energy not supplied index, ENS
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whered s the average load connected to load point i.
(i) Average energy not supplied index, AENS
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Both customepriented and energgriented reliability indices are very useful for assessing overall system
reliability and therebyplay a pivotal role in distribution system plannifidnese indices actually provide
insightinto how the systerhas beenvell-established to respord such a failureThus wise investments

will result in lowering these indices.

2.6 Distribution System Reliability Models in the Presence of DGs

DGs contribute to the enhancement of system reliability mainly through their ability to feed all or part of
the loads in the islands formed (i.e., islanding operation) or through their ability to mitigate the violation of
the system operational securitynstraints when the restoration process takes place. Until now, islanding
operation during an outage is still not permitted by distribution utilities, and this is mainly attributed to the
fact that the control and protection systems in the grid are dedigr@dommodate only a unidirectional
power flow from the substations to the load centers. DG interconnection requirements are basically set by
utilities to mitigate the negative impact of these DGs on the existingpmentsHowever, motivated by

the emeging of smart grid paradigm and the advancements in the communication, control, and protection
technologies, most of theecentresearch work focuses on facilitating the islanded operation during
contingencies. This strategy provides a promising soldtdomnhancing system reliability and reducing

the outage duration for the customers.
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When a fault occurs in a section in the distribution system, the affected area is isolated and configured for
the islanded mode of operation. What follows is the detetitin of the ability of the DG units to
continuously match the demand in the created island during the outage period. This is called the generation
adequacy assessment, and one of the main factors affecting supply adequacy evaluation is the intermittent
behavior ofthe system @mand and DG output power. Analytical and simulabbased models have been

presented in the literature to evaluate the generation adequacy undiarttiedmode ofoperation.

Monte Carlo simulation (MCS) has been recognized adffantive method to capture the variability of the

power generated from renewaliilea s ed DGs and the system demand anc
failure events. It is more flexible and accurate compared to other analytical approaches and provides
probablity distributions for the reliability indices; however, MCS approach has high computational burden

so that its incorporation in the planning models became more difficult. The autlf@$ imvestigated the
benefitsof adding wind turbine generators (WTGSs) in the distribution system for enhancing system
reliability. A time sequentialbased MCS simulation approach is presented, and the WTGs are modeled
using a threestate model (i.e., up, down, andidged). Wind sped is represented using augressive

and moving average (ARMA) time series model, and the variation of the load is disregarded and represented
by the average value. The system adequacy is evaluated, and the model proved the effectiveness of WTGs
in improving the reliability indices. Random and sequertieded MCS approaches are deployg@4ito

assess distribution system reliability in smart grids considering the intentional islanded operation mode.
Using the probability outage table (POT), probabilistic analytical models for system reliability assessment
with conventional and renewablimsed DGs have been implementefPBl, [96]. These models corusr

the fluctuation of system demand and DGs output power and incorporate them in the POT to calculate the
reliability indices. The work presented [85] considers load shedding (user load disconnection) and
curtailment(user load reduction) policies during the contingency. However, the policy presef@&] in

states that if the generation sources inside the island did not match the island demand and losses, then all

the generatin units must be disconnected from the grid, and this is for safety and protection considerations.

Some of the reseeh work hasnvestigated the variability of the generated power from DGs anbtbéu

during the repair timeHowever, the complexity of the analytical formulation increases wimee
dependentiuctuations of load and generation are incorporated. To overcome this problem in the analytical
formulation, the hourly load profiles over the year are representedsas & representative clusters.
Generation adequacy of an island and the probability of hourly successful islanding process are evaluated
and calculated analytically using houbiased representative pmats for generation and load[@7], [98].

Although the use of clusters of representative hourly periods made the calculation of reliability indices

analytically possible, this way of treatment does not capture the whole spectrum of the hourly load and
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generation over the year. [@9], the hourly load and generation profiles are incorporated in the sequential
MCS to assess the overall system reliability and include the load and generation variation duritagyéhe ou

To evaluate the generation adequacy duringsla@dedmode of operation, the authors[i00] modeled

the fluctuations of load and DGs by means of Markov chains and incorporate them in the reliability
assasment. As long as the number of transitions and the levels of system demand and DGs output increase,
the complexity of the model increases. Some of the research work[H31in [102] has impemented
reductionbased techniques to reduce the number of demand and DG power levels in order to evaluate the

system reliability analytically.

Even though most of the research work thagluatesistribution system reliability in the presence of DGs

has been devoted to thelandedmode of operation, there are few research papers that address the system
reliability while DGs are in gricconnected mode during eontingency In grid-connected mode or
restoration process mode, DGs also contribute to thare@ment of system reliability by reducing and
alleviating the equipment thermal loading created when the affected loads of the feeder experiencing an
outage are transferred to another feeder. Power transfer restrictions should be appligadicameected

mode to avoid the violation of network constraints during the restoration prid€&s The authors in

[104] presented a reliability evaluation model for radial rifisttion systems considering restoration
sequence and network constraints; however, DGs are not considered in the proposed analytical model. A
Sequential Monte Carlo Simulation (SMCS) model is introduc§tDi] to evaluate the distribution system
reliability and enable chronologicaiodelingof system demand and the output power from wiaded

DG. The model utilized ARMAbased time series model to mimic the fluctuations of wind speeds, and
dynamic system recoigiuration for the sake of maximizing the baeleding capacity margin during the
contingency was applied. With the help of power flow calculations, the impact of dispatchable DGs on the
restoration capability of the distribution system and hence imprayetem reliability was assessed in

[106], taking into account that DGs can be operated in islanded and interconnected mode. However, the
stochastic nature of the DG output power and the sydtamand was not included in the assessment. To
reduce the computational time when power flow calculations are incorporated in simbhbg@shmodels,

the authorg107] proposed a method based on a commmnabf analytical techniques (csets) and
chronological MCS. Using a set of load levels, the allowable amount of power capacity that can be
transferred to adjacent feeder during the contingency is determined, and these capacities are incorporated

in MCSto calculate the reliability indices.

Based on the above discussion, it can be observed that most of the studies explored the distribution system
reliability in the presence of DGs considerimgly the islanded mode of operation, and few studies have

beentargetedthe inclusion of DGs in gridonnected mode. There is a need for developing analytical
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distribution system reliability models that can address the dual operation modes of DGs during the
contingency. Moreover, the intermittent nature of DGs ouppwer and load profiles should beodeled

properly and incorporated in the models.

2.7 Summary

The fundamentals of power distribution systems have been reviewed in this chapter including definitions,
voltage standards, major components, and system configurations. The definitions of distributed generation
and their power scales have been addressethdfrmore, an overview of wind and PV power has been
presented. In this chapter, the purpose of power distribution planning and the factors affecting the planning
results have been examined, followed by a comparison between the traditional and moudleatiatist
system planning. This chapter also reviewed the models and techniques of the distribution planning problem
that have been addressed in the literature. Finally, the cheptercluded by describing tié-1 approach

for evaluating systemeliability and the proposed models in the literature for distribution system reliability
with DGs In the next chapter, th@st objective of theresearchproposed in this thesis presentedo

developa new expansion planning modet distribution sgtem.
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Chapter 3

An Incentive-Based Multistage Planning Model for Smart
Distribution Systems

3.1 Introduction

Theimplementatiorof smart grids has facilitated the integration of a variety of investor assets into power
distribution systems, giving rise to the consequent necessity for positive and active interaction between
those investors andDCs. In line with the smart grid trenand inspired by its philosophy of different key
players collaborating to achieve wivin solutions thischaptempresents a novel loAgrm mnultistage IDSP

model of the D® problem thaenables the LDC to establish bugse incentive prices for DG investors

and to determine upgrade decisionssome of the distribution system assets. The new model invites and
encourages DG investors to participate effectively and play a key roleforceiment and expansion plans.

The proposed active interaction between the LDC and DG investors is represented through lorg or mid
term contracts in which the DG investors are committed to install and operate their DG projects at specific
locations and cageities determined by the LDC, whereas the LDC is committed to buy all of the energy
generated by these projects at guaranteed prices (incentives) for the full periods of the contracts. Therefore,
both parties benefit from this practice with the LDC exgrring substantial savings due to reduced
operating and running costs as well as the elimination or deferment of massive infrastructure upgrade plans,
and the DG investors investing in such projects wherein their profitability and returns are guatanteed.
other words, the total savings the LDC will realize through the implementation of DG projects will be
managed wisely since a portion will be used for incentivizing DG owners and the rest will go into LDC
coffers. The major player in this strategy is ttieC, while the DG investors are considered active
followers. The proposed model also allows the LDC to identify the least cost solution obtainable from a
combination of traditional upgrade alternatives and the proposed BWIP undertaken with the DGs. An
addtional feature is comprehensiwacertainty modeling that addresses the stochastic nature of system
demand and of the output power produced by renewsdsded DGgrigure3-1illustrates tle flowchart of

the proposed IDS model.

The primary contributions of the work presented in thiapterare fourfold:

1) The proposed incentivieased DSP (IDB) model will help an LDC define necessary expenditusbde

also implementing a BWIP to encourage the integration of DG projects at specific buses that will benefit
the system. The following are the key featwtthe proposed IDS model:

a) It determines the time, location, capacity, technology, and incentive price for each DG investment.
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Figure3-1 Flowchart of the proposed IIPSmodel

b) It determines theommissioning year and capacity for the requidistribution component upgrade

plans to be undertaken by the LDC. This may include upgrading existing substations, constructing

new substations, upgrading existing lines, building new lines pdlifging thenetwork topology.

c) The buswise incentive program is more efficient than most regulations whose provisions apply

identical ncentive prices for all buses.

d) As a FIT program is phased out, as in Ontario, this model can function as a replacement that allows

LDCs to determine incentive prices and appropriate DG locations based on their requirements and

system needs.
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2) A comprehensive methodology is presdrfer modeling the intermittent behavior of both fluctuating
demand and the power generated from wind andb&3éd DGs.

3) Profitability for DG investors is ensured through the assessment and consideration of a variety of
economic indices. The model inporates the most popular finanek@sed indicators for DG investors
including internal rate of return, profit investment ratio, and discounted payback period.

4) Several linearization techniques are presenté@naform the proposed IPSmodelfrom MINLP into

MILP model in which the convergence to optimality is guaranteed. These linearization methods can be

applied to any plaming and operation problems.

The remainder of thehapteris organized as faws: Section 3.8escribes the modeling of the uncertainty
associated with the load and with DG components. The proposklm formulation for the IDS model

is introduced in SectioB.3. Subsectior3.34 presents the linearization methods used irthisis Section
34 reports the numerical results for the case studies conducted, and Sgesommarizes the study,

presents conclusions, and reiterates the primary contributions.

3.2 Modeling of the Uncertainty Associated with Demand and DG Output Power

The intermittent nre of wind and photovoltaic PV generation introduces several obstacles for both the

operation and planning of distribution systems, and these challenges must be mEmagednstructing

a suitable model that can capture the intermittent behaviotingsfitbm the stochastic nature of wirathd

PV-based DG output power and of fluctuations in the demand has become imperative. This factor was a

primary consideration in the developmentlud proposed probabilistic IPSmodel. The study presented

in this chapterinvolved the generation of a multenariebased model in which renewable DG output

power and power demand are treated probabilistically. The uncertainty modeling entailed the following

steps:

1) Five successive years of historical wind speed, so&diance, and system demand data are collected.

2) For each data type, several probability distribution functions are examined in order to determine the
best distribution that fits each data type. Based on the methods commonly reported in the literature fo
modeling the uncertainty of wind speed, solar irradiance, and power demand, five distribution fametions
tested: Weibull, Normal, Rayleigh, Gamma, and Lognoift@2]. KolmogorovSmirnov algorithm (KS)
is goplied to find the best fit for each data tyj82], [108] The methodology of this method consists of the
following steps:

a) The parameters of the probability density functions are defined using themeard standard
deviationd of the data. For example, the shape in@end scale indek ©f the Weibull distribution can

be obtained using3(1) and 8.2), as in[24], [25]:
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5 (3.1)

.o Y
Lo —0F (3:2)
b) The cumulative distribution function (CDF) for each distribution is constructed using the

parameters obtained in step a. For example, the Weibull distribution CDF is giBe3)in (

600 p Q (3.3)
The empirical cumulative distribution fation (ECDF) of the data is then constructed.

c) The mean absolute error (MAE) is next computed for each probability distribution. The value of
each MAE is equal to the summation of the differences between the data points on the ECDF and on the
CDF over the total number of data poifitéhas definedn (34):

B 00 0O 0i0s

7T (34)

D00

The distribution function that has the minimum MAE for each data type is ultimately chosen as representing
that type. Three distribution functions are thus selected for modeling wind and PV output power plus system

demand.

3) Once the probability distribution functions for wind speed, solar radiation, and system demand are
defined, these PDFs must be divided into many states for incorporation into the calculaoselection

of these states is very crucial since it is decdf between the accuracy of the results and the complexity in
the analysisDepending on the maximum value and how many intervals are required, the PDFs are divided
into multiple equal intervals. The size of each state is dependent on the numbewefsmeguired) |,

the meand , and the standard deviatiovi The value of each state is represented by the midpoint of each

interval0 6 1 , asindicated in equatioB.6) wherei is an index for the interva[802]:
114
va P00 mo N Qo e
006 i v (35)
~ W .
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For example, for 5 states model, the mid pointsiarec™ Yo Yot "“WAT & oY
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It is worthwhile tostate that wind speeds with values lower than théncspeed of wind turbine and higher
than the cubut speed are treated as one single state with a value equaling zero. Moreover, wind speeds
with values higher than the rated speed of wind turbine@merlthan the cubut speed are treated as one

state with a value equal to rated power.

The probability for each state can be obtained using the integral equaipn (
LW W ® Q& w (3.6)
wherew AT & are the starting and ending variables for statespectively, antw is the probability

density function of the selected distribution.

4) The per unit values of the output power produced from wamdi P\Vbased DGs are then computed
using the applidale equations from3(7)-(3.12). In the case of wind power, per unit output power for each

state is calculated using the following equafi4, [25]:

T m 0 v h 0

v 5 ; 5 v l") “ “ \

Du v .U ECE—— V) V] ] (3.7)
I'p O 0
r 0 0 0 0

where0 , 0,0 are the cuin speed, rated speed, and-offtspeed of the wind turbine, respectively;

00 U isthe output power during state y; and is the average speed of state y.

The PV per unit output power for each state is calculated using theifail@guation$25], [102]:

. w . U G T
Y Y | T (3.8)
O i 0O 0Y ¢u (3.9)
w ® 0y (3.10)
"0'0 u (3.11)
w (@]
00 i 0 000 (3.12)

where’Y is the cell temperature, in °C, during statéYyis the ambient temperature, in C;is the voltage
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temperature coefficient V/Q) is the current temperature coefficient AKC; is the nominal operating
temperature of the cell, in °GY"Gs the fill factor;0 is the number of module¥) is the short circuit
current, in A; is the open circuit voltage, in W@ s the current at maximum power point, ind,;

is the voltage at maximum power point, ind/p i is the per unit output power during state y; and

is the average irradiance of state y.

5) After all states for wind power, solar power, and system load are defined, -@ohrggmatrix that

includes all possible combinations (scenarios) of the states is created, in which column 1 represents the
wind-based DG output power states (p.u.), column 2 represents the solar DG output power states (p.u.), and
column 3 represents the diffatdoad states or levels (p.u.). This mugtienario matrix has rows equal to

the total number of overall scenarios, which is equal to the multiplication of wind, solar, and load states.
The probability of each scenario is equal to the product of thestée probability, solar state probability,

and load state probability for that corresponding scenario, wherein wind speed, solar irradiance, and load

are assumed to be independent events.

3.3 IDSP Model Problem Formulation
This section preses the proposethultistage ID® model, which includes consideration of the payments
made by the LDC to encourage DG connection at the specific buses that will ensure the financial justification
of the DG projects. Also considered are all investment and operation castsvfand existing alternatives.
The overall objective is thus to identify the minimum overall planning costs by taking into account all of the
above components; establishing the BWIP prices for different types of DGs; and determining the optimal
sites, sies, times, and technologies for any additions, both new generation and upgrades to existing assets.
The scope of the work presented in thiesisis concerning the primary distribution systems with

high/medium substations and medium voltage feeders.

3.3.1 The Objective Function
The objective function is comprised of all investment and operation costs incurred by the LDC. The
components of the objective function are the substation investment (IS), the line investment (IL), the
substation operation cost (OS), ttwst of energy loss (EL), the energy purchased from the market (PSP),
and the energy purchased from the DG investors (PPDG). The mathematical formulation of the objective

function is as follows:

CA
CA
O
S

... 0% O 0™ 000 0°Y® O
L Qe 5T (3.13)

N

The mathematical formulations for the components of the objective function are sh@d}{(3.19).
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The function"Qth) ——  is called the present value of annuity function, which calculates the

present value of a series of future constant annualized payments at a given time.

3.3.2 Power Conservation Constraints

In each node in the distribution system, active and reactive gfomemust be balanced as i8.20) and
(3.21). The parameter ——  in (3.21) is used for calculating the DG reactive power as a

function of the DG active power using the DG power faaoi(). Equations §.22) and 8.23) represent
the active and reactive power flows associated withijliae a function of nodal voltages and nodal voltage
angles. They are represented as nonlinear functions multiplied by the feeder utilization binary variable so

that, if the feeder is on séce or needs to be built, the binary variable equals one. Otherwise, this binary
value will be zero.
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3.3.3 Other Constraints
This section itemizes other planning constraints.
1) Active and Reactive Power Losses:
O Orp ®R'O Wrp Ork  CORRORRATIONR 1 fp QWL FQv L) RN Y (3.24)
0 0rp  ®@r0 Wpp Wpp CORRWARATIONR 1 rr 1 'QQUIFQN LI PO Y (325)

2) Substation Capacitonstraints: Equation 8.26) ensures that the square of the apparent power drawn

from the existing substation must be lower than or equal teghare ofxisting substation capacity plus

the substation upgrade decision. If there is no need to upgradehstation, the second term on the right

side of 3.26) must be zero. EquatioB.27) represents the limit on the power drawn from the candidate
substation and basically defines the required capacity of the new candidate substation. The square of the
appa ent power drawn from the substation as a funct
shown in 8.28).

YooY Yo Rk Lol Ry L) Fon Y (326)
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3) Feeder Flow and ThermaCapacity Limits:Equation 8.29) ensures that the current flow in the feeder
is within the thermal capacity of the feeder. If upgrading this feeder is essential, the second term on the
right side of 8.29) covers that contingency by replacing thefeletler with the new one. Equatidh30)

is responsible for decisions related to the construction of any new candidate feeders. The square of the

apparent power flowing infeedgras a function in the feederdés acti
(3.32).
Yin Y p I R Y T kn QL h
N N
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4) Bus Voltage ConstraintThe voltage magnitude in each system bus must be kept within permissible
voltage limits, as set out i13.32):

[ R o I Rov L) PN Y (332)

5) LDC Investment Decision Constraint&€quations 8.33)(3.36) ensure that any upgrade decision for a
feeder/substation and any construction decision for a feeder/substation must be executed once over the

planning horizon.

W Rh P a1 (3.33)
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6) System Radiality Constraintviost existing distribution systems have a radial configuration due to the
simplicity of operation and the coordination of radial topology protection. Maintaining this topology during
planning and operation processes is therefore crucial. EQuUaiB") & used for preventing any loop in the
network and for maintaining the radial topology, based on the definition of the graph tr¢&C#§.in
wip 0 0 Ohh b oN Y (3.37)
N NEE N

7) DG Investment and Utilization Constraint§.o direct DG investors to integrate their DGs at specific
locations, the LDC should provide busse incentives that guarantee profitability for the DG investors.
Due to the high investment cofts such DG projects and different economic perspectives for the investors,

it is necessary to analyze and addresar&ety of economic indicators for that kind of investments. For
example, if the DG owners are more interested in the amount of valdedcpest unit of investment, they

may use the profit investment ratio to quantify that. Some investors are concerned about the money liquidity
and when the project pays off its costs to utilize that money for starting other projects. In this case,
discounté payback period is the best way to assist DG owners for that matter. Furthermore, if the investors
are interested in the percentage rate earned on each dollar spent along the project period, they may use
internal rate of returbased indicator. Therefora,number of economic indices, namely IRR, PIR, and
DPP, are considered in order to ensure the feasibility of an investment with respect to investment and

operation costs as well as overall benefit for the DG.

For each bus in the system, equatid38) and 8.39) determine the total DG investment and operation

costs, and equatioB.40) calculates the total benefit accruing to the DG investors when they sell the energy

produced at the incentive price. As explained earlier, the fund@y "Y;h) —h in
h

(3.39) and B8.40) is used for determining the present annuity value. The incentive cost is formulated in

(3.41) as a multiplication of DG power and buise incentive price (BWIP).
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Equations 8.42)-(3.44) compute the present values of Gtallation and operation costs as well as the
DG benefit at each bus in the network. These values will be used to calculate the economic metrics of the

DG projects.

0000k 00 0§ p OY'Y% Q@ Ho L (342)
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a) Internal rate of return and minimum acceptable rate of retu¥idely used for assessing the
attractiveness of a project, the internal rate of return (IRR) is a metric that basically represents the interest
rate at which the net present value (NPV) of all cash flows from a project becomes zero. This metric is
usuallycompared with the hurdle rate, or minimum acceptable rate of return (MARR) initially specified by
the investor. If the IRR is greater than or equal to the MARR, then the project is considered profitable, and
the investor would therefore accept the proj&muation 8.45) ensures that the NPV of all cash flows
equals zero, taking into consideration that the IRR of each project is equal to the MARR of that

corresponding project.
D06 DWOOP dDwOOY Q@ Ll R L (345)
b) Profit investment ratioThe second economic metric used in this work is the profit investment ratio

(PIR), or the profitability index (PI). This index measures the ratio between the present value of the gain or

benefit to be derived from an investment and the present value obst of the investment. If the Pl is
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greater than one, the NPV of the project is positive, and the project will thus be accepted. A DG investor

may also state an acceptable PI, which should be constrained in the planning, as expi@d€d in (

060 0OY w0l 0wiHOP Q@ LI R Ll (346)

c) Discounted payback periodhe payback period defines the length of time (typically in years) at the
end of which the project will recoup or recover the cost of the investment. The discounted payback period
(DPP) incorporates a discount rate for taking into account the time Valneney. The DPP metric is not
normally used for evaluating project feasibility since it ignores all incoming cash flows that follow the
breakeven point. In the work presentadhis thesis DPP is calculated after the planning outcomes are
obtained so tht it is not included in the optimization. Equati@x(/) calculates the DPP of the DG projects
at each bus:

000

000 O 1'Q"® ROy (347)
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where® is the year in which the last negative value of the cumulative discounted cash flow occurs,
0 0 "O is the last negative value of the cumulative discounted cash flow, an® s the first positive

value of the cumulative discounted casiw]

8) DG Penetration ConstraintsThe maximum DG capacity that can be connected to any bus in the
network is constrained as iB.48), a limit based on technical studies conducted by the IH9Qation
(3.49) ensures that the penetration level of eachwabke-based DG in the last stage of planning conforms

with environmental regulation requirements.
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9) DG Dynamic ConstraintThe dynamic constraint denoted $:150) governs cumulative DG capacities
between planning stages:

0 0 T Q@ LI A LI ,0N Y (3.50)

10) DG Discretization ConstraintsDGs aretypically sized in a discretevay to represent the available

capacities in the markdEquation 8.51) ensures that the power generated from the DG is lower than the
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DG capacity.Equation 8.52) defines the [ capacity as a multiplication of an integer variable with
available DG sizes. It is assumed ttiat available ratings of the DG unitan be found in steps of 0.1 MW
1'Q@ L1 v LI RO L) , 0N 7Y (3.51)
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Where¢ 5 is an integer variable.

11) Incentive Prices Constraintincentive prices should be constrained with respect to minimum and

maximum values3.53:

R Q@ L HY L) (3.53)
12) Binary Variables Constraints:
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3.3.4 Linearization of the IDSP Model
The mathemiical model of the proposed IPSis described by3(13)(3.58). However, this model is

MINLP due to thenonlinearity of some constraints and expressions, gguations 3.22)-(3.25), 3.28),
(3.31), and 8.41)). In order to obtain a robust and efficient model, thelim@ar expressions are linearized
in this section; thus, the IPmodel is converted fro MINLP to MILP.

3.3.4.1 Linearization of Equations3(22) and 8.23)
The power flow equations explained i8.42) and 8.23) are approximated by considering two valid
practical assumptions. The first assumption is that the voltage magnitude at each budase¢oylcp.u.;
thus, the bus voltages can be rewritten as a sum of 1 p.u. and small voltage debiationd Yo i)

The second assumption is that the angle difference across a line is very small so that the approximations
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A 1 #r can be applied. Therefore, equatioB22)
and B.23) can be approximated as follows:
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The full approximation steps can be foundid0]. However, equations3(69) and 8.60 are still non
linear due to the bilinear product of the feeder utilization binary and voltage and angle variables.-This non

linearity can be avoided by using the digformulationas follows:
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3.3.4.2 Linearization of Equations3(24) and 8.25)
By following the same two assumptions above and neglecting the higher order terms, the active and reactive

power losses can be rewritten as follows:
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Researchers are referred to referddd] for the full derivation of equation8.66) and 8.67). Equations
(3.66 and B.67) are still nonlinear due to the presence of bilinear product. This issue is avoided by using

the bigM method as follows:

O

Wi poO Oir Y Y p QD I QL Ay LI N Y (3.69
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3.3.4.3 Linearization of Equation3.28)
The quadratic expressions of the right member of equaB@8)(can be linearized by using piecewise
linearization with sufficient linear segments or blocks Y a$6®]. Therefore, equationr328) can be
rewritten as:
Y..e co pY YO .. ¢ pY VO o QL RN PNTY (372
The active and reactive powers drawn from the substations are expressed as a sum of a series of linear

segment$/d .. and¥0 ..., respectively, as shown i8.{3) and @.74). The discretization variables

for the active and reactive power are constrained, &78)(@nd 8.76), while equation3.77) defines the

value used for discretization.

o Y0 .. il v Ry 3.73
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¥ 3.77
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3.3.4.4 Linearization of Equation3.31)
The linearization process in this section is similar to the method applied previossistion3.3.4.3 By

using the piecewise linearization, equati8r3{) can be approximated as follows:
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The active and reactive power flows in the feeder are expressed usinggetive auxiliary variables to
obtain their absolute values as $179) and @.80. Also, the active and reactive power flows in fedger
are expressed as a sum of a series of linear seghfientgy, andY0 i, , respectively, as shown i8.81)
and @.82. The discretization variables are constrained &3.88(and 8.84), while equation3.85) defines
the value used for discretization.
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3.3.4.5 Linearization of Equation341)
The nonlinearity in equatior3@1) occurs due to the product of two continuous variables. This can be easily

linearized by using the binary expansion approach Hsl®j. Since the BWIP ranges betwéeand’™ as

in (3.53), the BWIP carbe approximated discretely as follows:

Ry ¢ 0Rp lQeu o (3.86)

wherev  f is a binary variabley —=, and® ¢ for some nomegative integer value H. By

multiplying both sides witld ki €gquation 8.86) can be rewritten as follows:
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whereQp . U 0 Hi The bilinear product can be transformed ininaar expression using

the bigM approach as follows:
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3.3.4.6 MILP Modelfor the Proposed IDS
The MINLP formulation of the proposed IBSmodel is transformed to MILP considering the linearization
technigues applied in secti@3.4 Therefore, the fuMILP model for the proposed IBmodel is defined
as follows

IDSP Model

Objective: Min (3.13)

Constraints:  J14)}(321), B.26)-(3.27), (3.29)-(3.30), (3.33}-(3.40), 3.42)-(3.46), (3.48)-(3.52),
(354)-(358), (3.61)-(3.69), (3.69-(3.85), and 8.87)-(3.89)

3.4 Case Studies and Numerical Results

3.4.1 Distribution System Under Study

The proposed IDB model was tested using a primaryristle distribution system, whose full data can be
found in[113]. The system operating voltage 15 kV, and it has 50 existing feeders, 11 new candidate
feeders, three existing substations, and one new candidate substation. The expansion of the existing
substation was achieved by inserting two alternative transformers with capacities of 13.3 MA.An

MVA and associated costs of 8¥10S$ and 10x 10US$, respectively. Constructing a new substation

also involved two alternatives, with capacities of 16.7 MVA and 22.2 MVA and associated total costs of
14x10 US$ and 20x10US$, respectively114]. The capacity of the existing substations is 16.7 MVA.

The studies entailed three alternative feeders with thermal capacities of 250 A, 450 A, and 900 A and
installation costs of 35xf@S$/km, 46x10US$/km, and 92x10JS$/km[115], respectively. The thermal

capacities and lengths of the system feeders can be obtainefd #8}xiThe planning horizon is assumed
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to be 15 yars with 3 % annual load growth. The planning horizon is divided into three stages, each of
which has a fiveyear period (K).The cost of energy losses is 50 US$/MWh, and the substation operation
costis15 37A- 6! E [109] The interest rate is assumed talBé&s, and the system power factor is
0.9.After analyzing Hourly Ontario Energy Prices (HOERE tosts of purchasing power from the market
corresponding to the offeak, midpeak, and orpeak load state®23.6 US$/MWh, 28.2 US$/MWh, and
32.5US$/MWh, respectiveljl16]. Investment ad operation costs for each y¢pe ardisted in Table3-1.

The maximum DG capacity at each bus is equal to 10 MW, and the penetration level for rehasetle
DGs ‘ atlaststagds assumed to 5%, with7.5% for each type. Historical wind speed, solar irradiance,

and system demand data were obtained {iik6]-[118].

Table3-1 DG Investment and Operation Cof5], [119], [120]

CDG WDG PVDG
Investment costL0® US$/MW) 0.825 1.3 1.5
Operation costUS$/MWh) 30 0 0

3.4.2 Uncertainty Modeling Results

The historical data used in thésudy are analyzed based on the procedures described in s8@idrhe

results revealed that the Normal distribution was found to be the best distribution for mimicking fluctuations
in system demand, while the Weibull distribution was best fit for modelgvthd speed variations. The

Beta distribution is the best fit to model the solar irradiances. The parameters of thel fiéetare listed

in Table3-2.

Table3-2 Best Fitting Probability Distribution Results

Best Fitted PDF Distribution Parameters

System demand (p.u.) Normal Mean = 0.69Stdev. = 0.1
Wind speed (m/s) Weibull Shape =1.9, Scale = 6.07

Solar irradiance (KW/R) Beta Alpha = 0.27, Beta =1.3

3.4.3 Case Studies and Results

To validate the proposed IIPSmodel, two casstudies were conducted: 1) IBSvith corrollable DGs
(CDG), and?) IDSP with controllable, wind, and PWased DGs. For the work described in daise study

the proposed IDB was designed based on the IRR of the DG investments only, and the MARR for each
DG type was assumed to be 10 %. The results of these cass anedie@mmarized ifable3-3, Table3-4,
andTable3-5. Table3-3 presents the net present values (NPV) of the planning costs incurred by the LDC,

with a breakdown of costs for each catable 3-4 shows the NPV of the DG project benefits and the
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optimal BWIP price that guarantees the financial feasibility of eaclin&stment at each bubable3-5

lists the planning decisions committed to by the LDC and DG investors.

Table3-3 NPV for Planning Costs to be Incurred by the LDC, irP(IS8)
Basecase Casel Case?2

Substation investment (2) 22.0 0.00 6.17
Substation operation (4) 221 0.985 0.892
Feeder investment (3) 7.6 0.552 1.641
Cost of energy losses (5) 1.53 0.39 0.35
Cost of energy purchased from the market (6) 74.7 41.45 39.68
Cost of energy purchased from CDG (7) 0.00 46.05 42.95
Cost of energy purchased from WDG (7) 0.00 0.00 5.992
Cost of energy purchased from PVDG (7) 0.00 0.00 7.064
Total NPV of planning costs 108.03 89.4 104.74
NPV of the net savings for LDC 0.00 18.63 3.29

1) IDSP with Controllable DGs (CDG)n this case, which deals only with controllable DGs, the results
revealed that the NPV of the planning costs incurred by the LBZ.4x 1¢° US$. AImost 4.3 % of these
costs represent the cost of purchasing energy from the market, whereés & the costs represent the
cost of purchasing energy generated by controllable DGs, as shdvabl#3-3. A comparison of these
numbers with the base case results when DGs are not considered reveals that the savings the LDC can gain
from inserting DGs i$4.6x 10° US$. However, the LDC should spe#.05x 1¢° US$ as incentives for
DG investors, making the net LDC savint8.63x 1 US$. The DG investor plans are indicated in
Table3-5. 15 locations are identified as optimal for integrating the Dédsl the cumulative DG capacity
at each location for each planning stage is showhaisle 3-5. Table 3-4 displays the BWIP longerm
contract price committed to for each DG and the NPV for the DG benEfigsBWIP prices vary from
425 US$/MWh t048.7 US$/MWh, depending on the capacity of each DG at each stage and the required
MARR. These prices guarantee that the project is financially feasible at each bus where the IRRs equal 10
%. For this scenario, there was no need for either a substation upgrade arctionspians since the
anticipated growth in energy consumption for each stage is met by the contracte@hB@®C must

upgradeone feedemn stagel andtwo feedesin stage 3, as noted irable3-5.
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Table3-4 Optimal DG BWIP Prices and Incomes

Bus No. BWIP price ($/MWh) NPV of DG income (Benefit) (FUS$)

6 47.9 1.03

8 45.2 3.37

10 48.7 5.73

16 45.6 2.97

17 46.3 1.47

23 43.7 3.52

25 441 2.01

Case 1 CDG 26 42.6 3.26
28 43.1 1.21

34 425 7.42

36 44.6 1.26

37 48.3 1.56

38 45.2 5.42

48 42.5 3.83

50 45.6 1.97

6 445 0.57

8 429 2.53

10 43.1 5.29

16 45.6 2.58

17 45.6 1.47

23 44 3.07

25 43.8 2.17

CDG 26 429 3.53
28 43.6 1.12

34 42.6 7.08

36 42.7 1.40

37 45.9 0.89

Case 2 38 44.1 4.61
48 43.8 4.20

50 42.9 2.30

3 67.4 0.13

13 67.4 0.91

WDG 19 67.4 1.30
31 67.4 2.47

42 67.4 0.39

6 87.5 3.01

22 87.5 0.90

PVDG 32 87.5 1.80
40 87.5 1.20

44 87.5 0.15
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Feeder 3813 is upgraded in stage 1 utilizing alternative Al, and Feedet® B8d 181 are upgraded in

final stage usinglternatives Al and A2, respectiveln interesting finding is that the avera@®G
incentive price is equal #5 $/MWh, higher than the average price of purchasingggneom the market,

which wouldcost27 $/MWh. However, if the LDC decided tpurchase all the energy from the market

with this price (i.e., 27 $/MWh), the total planning cost will be 108.03 M$ as can be seen in the base case
results in Table 3. This high planning cost is attributed to the need for high number of substation and
feeder upgrade plans and high energy losses and system operation costs.iJ husre economical for

the LDC to purchassome of the energy forthe DG owners since the presence of the DGs enables the
deferment of most of the feeder upgrade decisionsice=dthe cost of energy losses, and eliminates the
need for substation upgrade decisidfigure3-2illustrates the network topology for case 1.

m Existing Substation Feeder in use Controllable DG
Upgraded Substation = ------------ Unused feeder

73 Uninstalled Substation (Aa, S) Feeder upgraded or constructed
— using alternativa at stagen

Figure3-2 Network topology for case 1 with investments

[t}
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2) IDSP with CDGs, WDGs, and PVDG$he NPV of the total planning costs in the case in which all DG
types are included in the modelli84.74 106 US$As can be seein Table3-3, the LDC can save almost
59.3x 106 US$ by introducing these DGs into the grid. However, the LDC must 4@etk 106 USS$,
5.992x 106 US$, and.06x 106 USS$ to incentivize CDG, WDG, an¥PG owners, respectively, with

the incentives being distributed so as to ensure the feasibility of the DG projects. The total net savings with
this scenario are therefoBe29x 106 US$However, this net saving can be considerably increased when
the emismn costs are incorporated in the mod¥E investments are located at a total Bs§stem buses,

as evident in stage 3. The penetration level of renewable DGs%g almost7.5% for each renewable
based DG. Since the IRRs equal the 10 %, as deterrhinélge investors, the contracted BWIP prices
shown inTable3-4 guarantee that the DG projects are financially fea$dslall defined busedor all DG
types. The WDG contract priée 67.4 US$/MWh while the PVDG contract price is 87.5 US$/MWh
interesting observation here is thlg incentiveprice for a given bus is different for every DG type. For
examplethe incentiveprices abus 6for all DG types aras follows CDG = 44.5 $/MWhWDG = Q and
PVDG = 87.5 $/MWhas can be seen ifiable 3-4. This means thahe only DG types that should be
connected to bus &e CDGs and PVDG3his shows the selectivity of the DG typaseach bus in the
proposed modekigure 33 illustrates the network topology for case 2. The planned network topology in
this case remains the same as in casechn be observed that most LDC investment plans are deferred
and that the feedamgrade investment costs in this case are higher than the costs obtained inTbase 1
need for more feeder upgrade plans and higher feeder capacities compared te Gtiblited to the
uncertainty caused by the renewabésed DG output power fluctuation. The possibility thatethie no
powergenerated from renewablmsed DGs aeveralhours made the feeder upgrade plans essential to
accommodate the high power flowg in the circuits. 8bstation upgrade decisi®wereproduced for
substatiom101 and substation n10& the third stage using the substation upgrade alternafireotith of

them Table3-5 lists the planning decisions committed to by the LDC and DG investors.
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n102 @

m Existing Substation Feeder in use @Controllable DG
Upgraded Substation ... Unused feeder T Wind-based DG

\

1" Uninstalled Substation—A2-80. Feeder upgraded or construct g b\, 3564 pg
- using alternativa at stagen '

Figure3-3 Network topology for case ®ith investment

3.4.4 Incentive Design Based on the Profitability Index
The previous sectiorSgction3.4.3 dealt with an ID® design based on the specified MARR of the DG
investors. However, it is more appropriate and convenient for DG investors to applyeconomic
measures to ensure the profitability of their projettis section discusses an IB8esign based on the
Pl, addressing the results for both case 1 and case 2. For case 1, in which only CDGs are céingiglered,
3-4 shows the variations in the NPV of the LDC costs and total incentive costs, along with the changes in
the PI. As long as the Pl increases, the NPV of the LDC costs increases, and the Q€ destiease. It
can also be seen that when the Pl reaches 1.5, LDC costs are almost equal to the base case cost for LDC
expansion plans with no DGs, and consequently the net savings are equal to zero. The LDC should therefore
avoid designing the systemtlvia Pl above 1.3t is important to mention that this number is only valid for

the system under study and it may be different for different systems.
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Table3-5 Investment Plans Committed to by the LDC and DG Investors for Each Stage

Casel Case 2
0 LDC LDC WDG PVDG
& CDG Owner Plang CDG Owner Plans  Owner Owner Plans
Q Plans Plans Plans =
1 [3043(A2) 8(0.7),10(1.5, | 3043 (A3 6 (0.1),8 (0.8, 3(0.1) 6 (2.0
16(0.4), 17 (0.1), | 37-43(A2) 10(1.5, 16 (0.4), 13(1.3) 22(0.6)
23(0.9), 25 (0.7), 17(0.1, 23 (0.8), 19(1.0 32(1.2
26(1.1), 28 (0.4), 25(0.7), 26 (1.1), 31(1.9 40 (0.8)
34(2.6), 36 (0.4), 28(0.3), 34 (2.4), 42(0.3) 44(0.1)
37(0.3), 38 (0.9), 36(0.5), 37 (0.1),
48(1.3), 50 (0.4) 38(1), 48 (0.9),
50 (0.8)
2 NA 6 (0.5),8 (1.4, NA 6 (0.3),8 (1), 3(0.1) 6 (2.0
10(1.9), 16 (1.3), 10(2.1), 16 (1.1), 13(1L.3) 22(0.69
17(0.7), 23(1.4), 17(0.89),23 (1.1), 19(1.0 32(1.2
25(0.7), 26 (1.2), 25(0.9, 26 (1.4), 31(1.9 40 (0.8)
28(0.5), 34 (2.6), 28(0.5, 34 (2.5), 42(0.3) 44 (0.1)
36(0.5), 37 (0.6), 36(0.5), 37 (0.3),
38(2.2), 48 (1.4), 38(2.2), 48 (19),
50 (0.7) 50 (08)
3 [1819(A1) 6(0.9),8(1.9, n101(U1) 6 (0.3),8 (1), 3(0.1) 6 (2.0
1821(A2) 10(2.5,16(2), | n102(U1) 10(2.3,16 (1.7), 13(1L.3) 22(0.6)
17(1.1), 23 (1.7), |n10%:1 (A3) 17(1), 23 (1.6), 19(1.0 32(1.2
25(0.8), 26 (1.2), |n101:3 (A3) 25(0.9), 26 (1.4), 31(1.9) 40 (0.8)
28(0.5), 34 (2.7), | 1819 (A2) 28(0.5, 34 (2.7), 42(0.3) 44 (0.1)
36(0.5, 37 (1.2), [ 1821 (A3) 36(0.5, 37 (1.2),
38(3.5), 48 (1.4), 38(2.3), 48 (2.1),
50 (1.3) 50 (0.9)

For LDC plans, (U) represents a substation upgrade alternative, (C) represents a substation co
alternative, and (A)apresents a feeder alternatizer DG investor plans, the first number represent:
bus number and the number in parentheses represents the cumulative DG capacity in MW.

It can be observed that although the incentive prices are higher than the guechgsing price from the
market,the proposed model found that it is more economical for the LDC to form contracts with the DG
investors since the defined locations and capacities of the DGs will eliminate the upgrade investments of
the substations, reduce the line investmentsnainimize the losses and operation costs. The average prices
for the BWIP and the average DPP for CDG projects can bears&ggure 35.
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Figure3-4 Variations in planning costs with different Pls for case 1 (CDGs only)
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Figure3-5 Variations in theaverage BWIP prices and the DPP with different Pls for case 1 (CDGs only)

For case 2, in wh

BWIP prices and

ich all types of DGs are considered, the results also reveal that when the Pl increases, the
the total LDC costs increase as well, as shdvigure 36 andFigure 37. From another

perspective, as long as the PI increases, the net LDC savings decrease until a threshold point is reached,

which is almost 21, the point at which the LDC cost is equal to Hese case cost. The LDC should

therefore not design the system with a Pl abo24. 1t is important to mention that this number is only

valid for the system under study and it may be different for different systestmuld be noted that the

incentivecosts for WDGs and PVDGs increase along with the rising PI. This increase would be expected
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regardless of a BWIP price that is higher than the average market price in order to satisfy the constraint
imposed orenewablebased DG penetratioAs expected, lthough the average BWIP price for CDGs is
higher than the average market pridghe design point (i.e. Pl = 1.21)is still more economical for the

LDC to purchase power at that price to avoid or defer substation upgrade costs, as indikigtae 36.

The average BWIP price for each DG type and the average payback period are drigurei?.

140
120 _ ]|
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100 |
it |
© 80 | Base case cost |
2 || =108.03M$ || —X
= X——
= _—K
40 o= >K*| —>
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1.1 1.2 1.3 1.4 15
Profitability Index Pl
=== |ncentive cost for CDG === |ncentive cost for WDG
=== |ncentive cost for PVDG = =Total NPV of the LDC costs

=X==Energy purchased from the market

Figure3-6 Variations in planning costs with different Pls for case 2
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Figure3-7 Variations in average BWIP prices abD&Ps with different Pls for case 2

56



3.4.5 Effect of Uncertainty on Planning Results
To examine the results of the proposed model from the uncertainty perspective (i.e. uncertainty of system
demand, wind and PYased DG output power, and energy prices), a Monte Carlo Simulation (MCS)
coupled with power flow analysid21] has been executed for a large number of iterations (i.e. 10,000

iterations).

1) Planning costs and profitability indices
The effect of uncertainty upon planning costs and profitability indices is studied in this section. It can be
observed that, at different profitability indices, the total planning costs obtained from the proposed model
are very close to those obtained using MCS. Moreover, the differences between the designed Pls and the
evaluated Pls using MCS are very small, ashmseen imable3-6. These results provide evidence that

the uncertainty model captures the system randomness efficiently.

Table3-6 Comparison Betweetlhe Proposed Model and MCS Results

Proposed Model Results MCS Results
PI Total Cost (M$) Pl Total Cost (M$)
1.1 105.30 1.122 104.91
1.2 107.82 1.1%A9 107.37
1.3 111.52 1.288 110.76
1.4 116.2 1.412 115.96
15 120.36 1.508 119.85

2) Planned networkopology robustness
The robustness of the network planned topology can be assessed through the use-bEs&CS
probabilistic power flow. With a 95% confidence level, it can be observEdjure 38 that the voltages
at each bus in the system are within the permissible limit (.851.05 p.u.). Moreover, with a 95%
confidence level, in can be observed-igure 39 that the feeder currents are within the designed thermal
capacities of the lines taking into account the new capacities of the upgraders febtained from the
model outcomes. These two assessments provide a very good indication that the planned topology is robust
with respect to the uncertainty caused by the fluctuations of system demand and rebasedlBGs

output power.

57



1.04 95% Confidence Interval

—e— Avg. Bus Voltage

Voltage (p.u.)
= I =
o o o
[ N w

[N

0.99

0.98

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49
System Buses

Figure3-8 Avg. system buses voltages and their 95% confidence intervals

900

95% Confidence Interval
800

—@— Avg. Line Current
700

600
500

400

Line Current (A)

300

200

100

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
System Lines

Figure3-9 Avg. system lines currents and their 95% confidence intervals

3.4.6 Comparing Multistage and Single Stage Models
The proposed IDB model is a dynamic model (i.e. multistamgesed model) in which the planning
decisions take place at different time stages in the planning horizon based on the system needs, following
the loal growth at each stage. Thus, to present the advantages of the multistage model over a single stage
model, the planning model is solved using a single stagea(il&year planning period) where the planning
investments occur at the beginning of the plag period (i.e.year 1) considering the demand in the last

stage. The single stage results showed that the total planning cost for case 1 and &ds87ancd 10.4x
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10° US$, respectively. These results are higher than the multistage resultsibtaihe proposed model.

The multistage model allows for efficient utilization of the investments over the entire planning period.

3.4.7 Computational Aspects
The mixed integer linear programming (MILP) optimization model was solved by utilizing the CPLEX
solverwith programming and execution in GAMS environmgt2] using a desktop computer with an
Il ntel E CoreE i7 3.60 GHz processor and 1-Base@B o f
algorithm to solve the proposed model with an optimality gap set to 1%. For Case 1 with only CDG, the
elapsed time is 12.3 mites, and for Case 2 with all DG types, the solver takes 722 minutes to reach the
optimal solution. Considering that the planning studies are basically offline problems, the computational
effort is not a primary concern. This, combined with the fact thatejuations and the variables of the
proposed model can accommodate any increase in the system size without causing model breakdown, the

proposed model is applicable for large scale distribution systems.

3.5 Summary
This chapterhas presented a noM&ISP model that incorporates the active participation of DG investors

in theplanningproblem. The proposed model establishes a BWIP and determines the incentives that should
be offered by the LDC to DG investors. The proposed model enables the LDEdiotloér connection of

DG projects to specific buses that will benefit the overall system and that will ensure the profitability of the
investments of the corresponding investors based on the BWIP prices oftee¢DSP model takes into
account DG installation and operation by the investor and analyzes several economic indices: the MARR,
P1, and DPP of the DG projects. At the same time, the LDC has the opportunity to identify the least cost
solution from a combination dfie proposed BWIP and traditional expanganningoptions. In this way

the model allows the LDC to coordinate its future expansion projects effectively with DG investors. Three
types of DGs are considered: controllable, wiraded, and PX¥ased. The umtainty associated with the
intermittent nature of wind spegsblar irradiance, and system demand is treated probabilistically, and all
possible operating scenarios are created. A number of linearization methods are used to convert the MINLP
model into aMILP model. The results of the case studies presented demonstrate the effectiveness of the
proposed model, which will encourage DG investors to play a crucial role in the distriplaioring
process, increase LDC savings, guarantee the profitabilGobrojects, and consequently minimize total

planning costs.
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Chapter 4

Reinforcement Planning Model for Distribution System Reliability
Enhancement

4.1 Introduction

The previous chapter dealt with expansion planning for distribution systems that would enabie them
address load growth economically without taking system reliability into consideration. However, in a
deregulated power environment, service reliability is considered a major factor that consumers and system
regulators take into account when evaluathng performance of service providers. As stated in chapters 1
and 2, it is therefore crucial that, during the planning process, system planners maintain reliability indices
within the permissible limits stipulated by regulators. The obligations imposhdheitgoal of enhancing
overall system reliability require substantial effort on the part of the planning engineer to investigate a
number of alternatives and assess them from both a technical and economic pefdg¢cthehieving a

high level of system reliability results in costly expenditures by the utilities, and aiming for such a goal
might lead to unnecessary plans and overestimated costs. The notion dfasddeeliability planning has

thus emergeds a means of exploring the most esi§ective solutions for improving system reliability.

Indeed, from a reliability perspectiwdistribution system reinforcement plannican be performethrough

two main approached hefirst is to allocatenormally closed and normally open (N®Vitches andie lines

in thedistributionsystemin orderto enhance overall system reliability under contingency conditidns.
approach can also require upgrading some of the system assets, such as substationsrgnthieede
allowing this equipment to accommodate any transferred load without creating contiibnsolate
thermal capacity limits. The second appro&lo increase theapacitiesof the DGs embeddeit the
systemin order to allow the affected aretts operate adequately in islanded mode under contingency
conditions. It is this second approablat was the target of the research investigation discussed in the next

chapter.

This chapter presents a proposed vdlased reinforcement planning model fenhancing system
reliability and maintaining reliability metrics within allowable limits. The research described in this chapter
can be viewed as an extension of the work introduced in the previous chapter, thus forming a general
planning framework that corporates consideration of reliability, as illustrateéigure4-1. The optimal
allocation of tie lines and NO switches is determined based on this planning framework, as are the required
capacity upgrades for substations and lines. Tveralchical levels br system operation under

contingencies are adopted in this model: restoration and islanding. These levels are discussed extensively
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in the following sections.

,—

General Distribution System Planning Framework
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Figure4-1 Proposed gneralplanningframework fordistribution systems

The main contributions of the work presented in this chapter can be summarized as follows:

1 A planning methodology is proposed for determining the optimal allocation of tie lines and NO
switchesso as to improve system reliability and maintain reliability indices within permissible
boundaries. The required upgrade capacities of feeders and substations are also obtained.

9 Two hierarchical levels for system operation under contingemcegpropoed in order to allow
the load points affected by the fault to be restored fedirer restoration paths in the system or
islanded operation mode.

1 A probabilisticanalyticalmodel is proposed for computing distribution system reliability indices
based on ausideration of the two hierarchical operation levels under contingencies and taking into
account variations in system demand, DG output power, and the uncertainty associated with system

components.

In the next sections, the probabilistic system opegaticenarios, the problem formulation with the
proposed reliability evaluation approach, and a case study and its results are discussed. The chapter then

ends with concluding remarks.

4.2 Probabilistic System Operating Scenarios for the Incorporation of
Uncertainty

The intermittent nature of system demand and the primary sources efanth&®\tbased DG power (i.e.,
wind speed and solar irradiancae considered the primary factors that affect planning and reliability
analysis. Since reliability planngnis characterized as a letgyrm application, probabilistic models that
rely on probability density functions (PDFs) are employed because of their suitability fddirttianf
application. The modelg of the power output from DGs and the system demanetthss the building of
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system operating scenarios are discussed extensively in chaptés 3ection provides a brief summary

with references to sectidh2 for more details.

4.2.1 Load Modeling
With respect to determining theest representative PDF foroading system demand, the following
process has been followed. Historical demand data are analyzed and investigated against several PDFs. The
K-S test is applied, with a normal distribution being selected as the best fit for mimicking the historical
data.The normal distribution is next divided into several states, and the probability of each state is then

calculated.

4.2.2 Wind and PV-Based DG Modeling
Historical wind speeds and solar radiation in the system under atadypllected and then analyzéa
order to identify the best distribution density functions to be fitted to those random data. As established
using the KS test, the Weibull distribution and the beta distributioe the best choices for méidg the
randomness of wind speed and sala@diance, respectively. Each distribution is then divided into several
states, and the probability of each state is calculated. The multistate output power frelmaseddGs is
then calculated using a wind turbine power curve, as descriledditinsection 3.2. Thenultistate power
output from the PV modules is calculated using the PV power equations and tdietacteristics of the
PV modules.

4.2.3 Building the Probabilistic Operating Scenarios
After all states for wind power, solar power, agdtem loadaredefined, a matrix is createthat consists
of three columns that include all possiblgerating scenaridsr the wind and solar output power states as
well as the load states (i.e., column 1 represents thelged DG output power, colurinmrepresents the
solar DG output powegndcolumn 3 represents the different load levels). The matrix created has rows
equal to the multiplication of wind, solar, and load states, and the probability of each state is equal to the
product of wind probalily, solar probability, and load probability at that corresponding stateserh

calculations are based on the assumptionvtirat speed, solar irradiance, and load are independent events.

4.3 Proposed Reliability-Based Reinforcement Planning Model

Distribution system reliability planning models are never aimed at achieving the highest level of service
reliability but instead have the goal of maintaining satisfactory service quality through the setting of several
reliability targets and attempts tatdeve those targets at the lowest possible cost. The following sections

provide a thorough discussion of the problem formulation and the methodology for evaluating system

reliability.
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4.3.1 Problem Formulation
This section presents the formulation of the ribstion system reinforcement reliability optimization

problem.The objective function athe planning probleris to minimize the cost dhe energy not served
(CENS), the cost die lines (CTL), the cost ofNO switches (CNDS), and the costs of existinglsstation

and feeder upgrades 6 0),'expressed as follows:

#%. QG #40 #./8 #5006 . .
0 Q& - 0°Q o (4.1)

wherew is a binary variable correspondingrtiability constraintc, ncis the total number afeliability
constraintsandd "G the penalty factor (a very large number if a reliability constraint is not satisfied, and
equal to zero otherwisefhe mathematical formulations for the components of the objective function are

presented in the following equat®n

#%. G 00 YOo (4.2)
440 ) 4@ O (43)
#.10 R (4.4)
#5060 8 ik 5 01 np (4.5
NN NN
where
‘00 P, Energynot served at busat stage;
006 Interruption cost penalty ($/MWhr)
) 4 & Investment cost of tiknesf at stags;
) . e Investment cost of normallypenswitchNO at stage;
0 f: =1 if tie linef is chosen in stageand zero otherwise;
0 = 1 if normallyopenswitchNO is choserin staget and zero otherwise
0 and0 : Respective asts of upgrading existing substations and feetless correspondo
Alternativec for substations and alternatiador feeders
0 g Feeder length (km);

» i p and’  jpidBinary variables that correspond to substation and feeder upgrades, respectively;

N: Set of system buses;
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Tf: Set of candidate tie lines;

NOS Set of normally opened switches;

ES Set of existing substations;

EL: Set of existing feeders;

[ Set of substation upgrade alternatives;
Ll Set of feeder upgrade alternatives.

The CENSfor the whole system is equal to the summation of the energy estes (ENS at each bus
multiplied by the per megawatt hour interruption cost. EN&at each bus can lsalculated using equation
(4.27).

The optimization constraints airedicatedas follows:

YO O '0Y0 '000 (4.6)
006 Y 00"Y (4.7)
YO 'O00 andO0U Y are the targeted system average interruption duration and ENS bused

indices set by the regulator. It is worth mentioning that there are other system operational coinsgttaints t
should be satisfied (i.e., supply demand balance, feeder thermal limits, substation thermal limits, and bus
voltage limits) and that these constraints, which are discussed explicitly in the next sections, should be

maintained for each contingency arsidy

Since reliability optimization is dependent mainly on the system configuratimetaheuristic searching
algorithm is preferable for this kiraf problem A genetic algorithm (GAjs usedfor solvingthereliability-
basedreinforcementplanning problem. Ina GA population, a large number of chromosomes (initial
candidate solutions) are generated. Each string or each chromosome is composed of a number of genes. At
any generation, the fitness functigrevaluated for each string, and these stremgthen ranked based on

their evolutionto the objective functionAn exterior penalty functions usedas a means gienaliing

infeasible solutionsand apenalty functionis added to the objective function in order to handle the

constraints.

Prior © GA processing, the strings should be prepa@dhat they areompatible withthe GA format.
Sincea chromosome represents a candidate solution and the problem is to allod&ditiesand NO
switches and to upgrade some of the feeders and subsi#ie chromosomeés composed of multiple

genesthat representector control variable componentsir{ary variables for tie lines and NO switches,
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binary variables for upgrade decisions, and integer variables for the investmérigese 42 illustrates
the structure of typical chromosome encoding in a planning prolfiggare 4-3 presents the flowchart

outlining the proposedptimization process.

Integer variables for Integer variables for upgrade
installation year (stage year (stage
11011 éé. 1 (2] 3 é é . 11110 éé .. 1] 3] 2 éé.

\ / L J
M

Binary variables for tie line
and NO switch installation

Binary variables for feeder and
substation upgrades for each
alternative

Figure4-2 Structure otypical chromosomesncoding ina planningproblem

Generate random population using GA for
decision variables
{tie ling, NO switch feeder and substation

upgradep
A
Stage=1 Generate new
R population
¢l '
Update load demand with load growthat
this stage Stopping criterion__

reache@

m Perform reliability analysis using the

se proposed methodolog§ig. 4-6)

58

s§< (Penalty factor 0)

Calculate the reliability indices for this
stage

A

(z’epuonoes)

|
|
|
|
|
|
| . . . . .
l [ Panelize the objective functio Maintain the objective functior]
|
|
|
|
|
|

All targeted reliability Yes

indices per stage n#&

Stage= Stage+ 1

No Stage> number of
stages in the
planning perio@

Yes .| Calculate the objective functiop
for the generated population

Figure4-3 Flowchart of the proposed reliabilityased reinforcement planning model using a GA
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4.3.2 Distribution System Reliability Evaluation with DGs

This section explains the-l contingencybased analysis performed for evaluating system reliability. The

N-1 approach stipulates that the system should be able to operate and fully meet the required demand and
service quality when at least onemponent in the system goes out of service (i.e., down state).-The N
analysis includes consideration of the outage of every component in the .siystahe purposes of the

research presented in this thesis, only failures or outages in lines and at substations are taken into account.

The inclusion of dispatchable or renewabtsed DGs in distribution systems in fact pstve enormous
potential of thes generation resourcesth respecto improvng overall system reliabilitf96]. When a
disturbance of this kind occurs in the system, protection devices isolate the faulty parts, thus permitting
healthy operatioffior the rest of the network, and this action results in island formation.cD@sbute to

the enhancement alystem reliability mainly through their ability to feed all or part of the loads in the
islands formed or through their ability to mitigate th@ation of thesystem operational security constraints

when the restoration process takes place.

The proposed reliability evaluation method begins with the definition of three important sets:

1- Sequence path set for each bySR): Thesequence patbetfor eachbusincludes all of the components

in the series path between the substation antukender investigation. The unavailability of edmlsis
depenent primarily on the outage at any compondatated between the source and thes under
investgaion. This means that any failure of a componarthe sequence path between the source and the
bus under studwill require a waiting time (downtimddr therepairof this component. Such a delay results

in aload interruptiomatthatbus

2- Set of affected buses for each contingencfABc): Whena contingency occurs, the protection devices
in the network operate to isolate the faulty part, resulting in a sustained power interruption for loads located
downstream from the faulty equipment. For thissoea only the group of loads that are affected by such a

contingency are considered in this set.

3- Potential restoration for each contingency PRc): Whenan outage takes place, part of the system is
isolated by the protective devices. This action resnlisland formation, and the island formed requires a
waiting time (i.e., repair time) for the problem to be fixed and power from the main doueeestored.
However, if any restoration paths are able to reconnect the customers in the formed islahd wiain

source, the down time for those customers will be reduced from the time needed for repair to the time

needed for switching, thus enabling faster power restoration.
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For a better understanding of the creation of the above sets, an illustrative example for a small distribution
system is presented. Consider theblis system shown Figure4-4. If an outage occurs in line 4, then the
buses affected are B4, B5, and B6, as can be sdeéigure4-5. Two restoration paths can be formed in
order to restore the affected buses: the paths associated with tie 1 aficlile2-1 presents the sequence

path set for each bus, amdble4-2 shows the set of affected buses and the potential restoration set for each

contingency.
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L10 L
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N |
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Fault e 1
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Figure4-5 Islandcreated because of auit inline 4
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Table4-1 Sequence Path and SequeRathSet for Each Bus

Bus (i) SequencePath Sequence Path SdiSR)
B1 S/SY L1 {S/S L1}
B2 SISV L1V L2 {SIS, L1, L2
B3 S/SY L1Y L2Y L3 {SIS, L1, L2, L3
B4 S/SY L1Y L2Y L3Y L4 {S/S, L1, L2, L3, L&
B5 S/SY L1Y L2Y L3Y L4Y L5 {S/S, L1, L2, L3, L4, L%
B6 S/SY L1Y L2Y L3Y L4Y L5Y L6 {SIS, L1, L2, L3, L4, L5, Lp
B7 SISY L1V L7 {SIS, L1, L7}
B8 S/SY L1Y L7V L8 {SIS, L1, L7, L8}
B9 S/ISY L1Y L7Y L8Y L9 {S/S,L1, L7, L8, L9}
B10 S/SY L1Y L2Y L3Y L10 {S/S, L1, L2, L3, L10}
B11 S/SY L1Y L2Y L3Y L10Y L11 {S/S, L1, L2, L3, L10, L11}

Table4-2 Setof AffectedBuses and Potential Restoration SetHach Contingency

Contingency(C) Affected Buses SefABc) Potential RestorationSet(PRc)

SIS {B1,B2,B3,B4,B5,86,87,B8,89,B10,B11 {G}

L1 {B1,B2,B3,B4,B5,B6,B7,88,B9,B10,B11 { @
L2 {B2,B3,B4,B5,B6, B10,B11} {Tie2}
L3 {B3,B4,B5,B6, B10,B11} {Tie2}
L4 {B4,B5,B6} {Tiel, Tie3
L5 {B5,B6} {Tiel}
L6 {B6} {Tiel}
L7 {B7,B8,B9} {TieZ}
L8 {B8,B9} { @
L9 {B9} {#
L10 {B10,B11} {Tiel}
L11 {B11} {Tiel}

After all of the sets have bedetermired for each bus arehch contingencyhe reliability indices for each
buscan be calculatedaking into account the intentional islanding and intentional restoratitven this

kind of contingency occurs, some of the system buses (i.e., buses that are affected dugyemcphBg)
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are isolated by the protection systems, resulting in island formdtitentional restoration will be
successful if and only iftdeast onaestoration patls availablefor the islandthat isout of servicethe
restoration path does not cause an overloadnogxcessive voltage drop along the feedensd the
restoration patldoes not create an overload at the substation to which the disconnected loads will be
transferred If these conditions are not fulfide the intentional restoration will be considered an
unsuccessful restoratiodl of the potential restoration paths for the formed island are addressed and
evaluated. It is worth noting that the system topology is modified as a result of the investijatach
restoration path. Forward/backward sw4beysed load flow analysjg0] is executed for each topology and
system operating scenario so as to obtain the operational system conditions (i.e., feedéowpimes
voltages, and power withdrawn from substations) and talserify whether theseonditions have been
met.

1 Conditions for successful restoratioiisuccess mode 1)

The restoration process will be successfallifive of thefollowing conditionsare satisfied:

1- At least one restoration path exists that once again connedtsrited islandvith the source
2- The restoration path will not cause an overload for the fededehichtheisland s dwil ded
transferred

‘O 0 4.9

3- Therestoration path will not causa overload for theubstatiorto whichtheislandd s dwilla d

be transferred
% ' (4.9

4- The restoration process will noteatean excessive voltage drop along the featat will cause

some buseotoperate ogidethe voltage standard limits
@ W W (4.10)

5- The power conservation condition (i.e., the generadismand balance constraint) must be met: all

generation sources in the system must meet the system demand and losses:

0 0 0 0 T (4.12)
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. . . . 4.12)

0 ¥ 0 0 T
where
0 andd : Active and reactive power generated from the substation, respectively;
0 andd : Active and reactive power generated from the DG, respectively;
0 andd q Active and reactive power demand at hugspectively;
0 and0 . Active and reactive power loss of feeflerespectively;
Y Set ofsubstation buses;
(ON ] Set of DG buses;
0: Set of system demand buses;
YO Set of system feeders.

Once the intentional restoration has failed or no restoratiorepattsfor thebusesout of service, then the
second evaluation level€., intentional islanding)s investigatedintentional islanding will be successful
if and only if the power generated fraheDGs insideheislandis greater than or equiathe total demand

and losse$or the islandIf not, then thententionalislandingis cansidered tde unsuccessful.

1 Condition for successful islandingsuccess mode 2)

The necessary condition for tHessconnected loads be in successful islanded mode is that the total power

generated from the DGs in the island must match the total load anddbsisessland:

0 0 0 (4.13
0 : Total power generated by DGside the formed islang
0 : Total power demand ithe formed island;
0 : Total power losses ithe island, assumed to be% from the statdslandload[96].

The result is two success modes, successful restoration and successful islanding, as well as one failure
mode. For each operating scenario and each contingency, the algorithm should select one of these modes.
Figure4-6 demonstrates the flowchart of the proposed general framework for evaluating distribution system

reliability whenthe system includelGs.
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9 Calculating the reliability indices using the proposed method

Thedowntimeof anyload pointin the system is calculated as follows:
oY _ (4.14)

where

_ d, Failure rate of componewhereC belongs to the set 6%
i d, Repair rate of componefwhereC belongs to the set 6¥ 0
The probability of load poiritto be in isolated mode due to equipment outages in its series path to the main
source can therefore be calculated as follows:

- B . i

= 4.1
=0 (4.19)

whereNH is the number of hours in@alendar yeafi.e., NH = 8760)

The probability of load pointto be in isolated mode due to contingextig calculated as follows:

C
¢

(4.16)

The probability of load pointto be working in a success mode of operation after contingéheg taken

place is dependent mainly on the probability of load pioiatbe in isolated mode due to contingel@y

and the probability of either successful restoration or successful iggindithat contingency. Given that

the probability of the load point being in isolated mode and the probability of a success mode of operation
are independent, the probability of a success mode of operation fordiiesto contingency{ can be

calculatedoy multiplying these two probabilities, as shown in the following equation:
0 A 0 A 0 A (4.17)
where0 ;  is theprobability ofeithersuccessful restoration successfuislanding

The probability ofithersuccessful restoration successfuislandingd is dependenprimarily on the

probability of thescenarioin which renewablebased DG output power and power demand reside.
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Therefore,0 ; is equal to thesummation of theccurrenceprobabilitiesfor the scenariosthat result in

therestoration conditionseingmetor theislanding conditiorbeingsatisfied; otherwise, the probability

consideredo bezero.

0 O

C2
=y

AR O Ri (418

p QI £¢1 G VNGNS
(4.19)

¢
5S¢

nooEER OMi 0

P QO A 6 ECEREKTOHT %
(4.20)

¢
¢

T €8N VIR Q
whereO ;; andO ;; are indices for successful restoration and successful ingndispectivelyd is

the probability of occurrence of scenasjand”Yiis the total number of operating scenarios.

It is important to state that, under any contingency and any scenario, if success mode 1 is dttaipable,
is forced tabe one ant© B is forced to be zero. Likewise, if success mode 2 is attairi'@olﬁ':ﬁ is forced
to be zero and®D B is forced to be one. Otherwis§ B andO L are both forced to be zeros for the

failure mode All three modes are considered to be mutually exclusive, as indicated in the flowchart shown
in Figure4-6.

Now, the unavailability of load poimtcan be calculated using the following equation:

In the above equation, the second pa ( 0 "Qrepresents the improvement in the unavailability of

the annual load pointdue to the successful restoration or successful islanding.

The distributionsystem reliabilityindices arghen calculatedrom the following equations:

B "YU
" 0 ey b 422
YO oo%T (4.22)
BGO 0O BTY0
5 5 G VO (423
0 YO B 0O (VIO
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dYYQ 6°Yd 0 (4.24)

oY 0 Y (4.25)

wherel is the number of customers at load pajrit  is the averageohd connected to load poinand

NH is the nunber of hours in a calendar ye&iH{ = 8760).

The ptal reliability indices for each bus in the system can be calculated usifajidaéng equations:

YO "'00"0 [ 00 (4.26)

N

4.4 Case Studies and Numerical Results

A number of case studies were conducted as a means of verifying the efficacy of the proposed framework.

The studies and their results are detailed below.

4.4.1 Distribution System Under Study

The proposedreliability-based reinforcement planningodel was tested using a primary-fidde
distribution system, whose full data can be founflLitB]. Figure 4-7 illustrates the configuratioaf the
system.The system operating voltage is 15;kWhas 50 existindeedersthree existing substations, and
eight candidate tie lines. Theliability datafor thesystem components are showTable4-3. The targeted
system average interruption duration ind&AIDI) andENS at each stage and each bus ingy&tem are

25 hrslyr and 5 MWhlyr, respective[§23]. Theinterruption cost penalty is assumed to be 2000$/MWhr
[2], and the cost of a NO switch is 4700 UB®4]. The cost of constructing mew tie line is 2x 10°
US$/km Two alternative transformers with capacities of 13.3 MVA and 16.7 MVA and associated
installation costs of 8 x 20US$ and 10 x 10US$, respectively, are considered for upgrading the
substations. The capacity of the existing substations.ENI&¥A. The studies entailed three alternatives
for feeder upgrades with thermal capacities of 250 A, 450 A, and 900 A and installation costs of 35 x 10
US$/km, 46 x 16US$/km, and 92 x FAJS$/km[115], respectivly. The thermal capacities and lengths

of the system feeders can be obtained ffbh3]. The planning horizon is assumed to be 15 years with 3
% annual load growth. The planning horizon is divided into three stages, each of which hagearfive

period. The interest rate is assumed to be 10 %, and the system power factor is 0.9
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Table 4-4 lists the locations and sizes of the DGs in the system, which were obtained from the results

detailed in the previous chapter (Chapter 3).

Table4-3 Reliability Datafor the SystemComponent$96], [125]

Failure rate ( ) Repair timei( )
Feeder 0.12/km 8h
Substation 0.6/100 24 h

Table4-4 Locationsand Size®f DGsin the System
6 (0), 8(0.7), 10(1.5), 16(0.4), 17(0.1), 23(0.9), 25(0.7), 26(1.1),
28(0.4), 34(2.6), 36(0.4), 37(0.3), 38(0.9), 48(1.3), and 5@0.4)

Stage 1

6 (0.5), 8 (1.4), 10 (1.8), 16 (1.3), 17 (0.7), 23 (1.4), 25 (0.7), 25, (1.

Case 1 Stage 2
28(0.5), 34 (2.6), 36 (&), 37 (06), 38 R.2), 48 (14), and 50 (O7)

6 (0.9), 8 (1.9), 10 (2.5), 16 (2), 17 (1.1), 23 (1.7), 28)(@6 (12),

Stage 3
28(05), 34 (27), 36 (05), 37 (L.2), 38 3.5, 48 (14), and 50 1.3
CDG:6 (0.1), 8 (0.8), 10 (1.5), 16 (0.4), 17 (0.1), 23 (0.8), 25 (0.7), 26 (-
28 (0.3), 34 (2.4), 36 (0.5), 37 (0.0), 38 (1.0), 48 (0.9), and 50 (0.8)
Stage 1

WDG: 3 (0.1), 13 (1.3), 191(0), 31 (1.9), and 42 (0.3)
PVDG: 6 (2.0), 22 (0.6), 32 (1.2), 40 (0.8), and 44 (0.1)
CDG: 6 (0.3), 8 (1.0), 10 (2.1), 16 (1.1), 17 (0.8), 23 (1.1), 25 (0.9), 26 (
28 (0.5), 34 (2.5), 36 (0.5), 37 (0.3), 38 (248,(1.9), and 50 (0.8)
WDG: 3 (0.1), 13 (1.3), 19 (1.0), 31 (1.9), and 42 (0.3)
PVDG: 6 (2.0), 22 (0.6), 32 (1.2), 40 (0.8), and 44 (0.1)
CDG: 6 (0.3), 8 (1.0), 10 (2.3), 16 (1.7), 17 (1.0), 23 (1.6), 25 (0.9), 26 (
28 (0.5), 342.7), 36 (0.5), 37 (1.2), 38 (2.3), 48 (2.1), and 50 (0.9)
WDG: 3 (0.1), 13 (1.3), 19 (1.0), 31 (1.9), and 42 (0.3)
PVDG: 6 (2.0), 22 (0.6), 32 (1.2), 40 (0.8), and 44 (0.1)

Case 2 Stage 2

Stage 3

The first number represents the bus numded the number in parenthesedicates the cumulative
DG capacity in MW.
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Figure4-7 Distribution systemconfiguration withcandidatetie lines

4.4.2 Case Studies and Results

To validate the proposeaeliability-based planninghodel, two case studies were conductedeliability
reinforcement planning with consideration of onlycontrollable DGs (CD§, and 2) reliability
reinforcementplanningwith consideration otontrollable, wind, and P¥ased DG. Since the studies
described in this chapter constitute an extension of the predented in Chapter 3, tloeations and sizes

of the DGs presented fable 44 were knowra priori

4.4.2.1 Reliability reinforcement planning considering only controllable DGs (CDG)

In this case study, the uncertainty in the system is caused by variations in degstemd and failures
sustained in system components. CDGs generate fixed power according to their nameplate rated power.
The results show that in order to improve overall system reliability and achieve the targeted SAIDI and
ENS at each bus, the installatiof five tie lines and NO switches is required. Tie lines 3, 4, 5, 7, and 8 are
installed at stage 1, asashn inFigure4-8. Four feeders at the first stage must also be upgraded in order to
enable a successful restoration process during the contingency and to alleviate the feeder congestion created
when the affeted loads are transferred to another feeder. Feedet§,1¥616, and 3339 are upgraded
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using alternative 2 while feeder-#® is upgraded using alterative 1; all of these upgrade plans are required
during the first stagdzigure4-8 shows the system topology after reliability planning is applied for case 1,
andTable4-5 presents all of the installation and upgrade plans required.
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Figure4-8 Systemtopologyfollowing reliability-basedreinforcemenplanningfor case 1

Table4-5 Investment Plans Required for Case Study 1

Tie lines and NO Switches to be Installed System Assets to be Upgraded
Tie 3 Feeder 1415 (A2, S1)
Tie 4
Tie 5 Feeder 1516 (A2, S1)
Tie 7 Feeder 1610 (AL, S1)
Tie 8 Feeder 389 (A2, S1)

Figure4-9 illustrates how the system would react in response to two different contingencies. When a fault
takes place in feeder9d, the affected demand points (i.e., 9, 10, 17, 22, 23, 24, and 2b& castored by
opening the switches at feede® land closing th&lO switch at tie feeder 281. This restoration process

would allow the affected demand point to be reconnected with the main source (i.e., substation n104)
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without causing any bus to beder voltage violation and without creating thermal overloading at any
feeder or substation. The DGs located in the affected area participate positively in the restoration process
by alleviating any thermal congestion that could occur due to the loadetramstess. In addition, when

an outage occurs in feeder-38, the affected demand points (i.e.;33) are totally isolated from the grid
because no restoration path exists that could reconnect these loads with the main sources. However, the
DGs in bus 8 and bus 36 can pick up the load for the affected area, thus permitting successful islanding

since the DG capacities can meet both the required demand and the losses for the affected area.

Tie line

closed

Figure4-9 Optimalrestoratiorprocess fotwo different contingenciesn case 1

Figure4-10andFigure4-11show the SAIDI index for each bus in the network before and after the proposed
reliability reinforcement planning, respectively. As can be seen Fignre 4-10, prior to reinforcement
planning deployment, 27 buses in the system, which represent 54 % of the total network buses, were in
violation of the nodal SAIDbasedeliability constraint. All 27 buses exceeded the nodal SAIDI regulatory

threshold (i.e., & h/yr) at several stages in the planning horizon. However, when the five tie lines are
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placed properly and the required feeder upgrade plans are placed as shable4rs, the SAIDI at each

bus in the system and at each planning stage is substantially reduced and maintained below the regulatory
standard, as indicated Figure4-11. The SAIDIs of the primary feeders are also reduced significantly as

a result of the reductions in the SAIDIs at all system busgare4-12 andFigure4-13 depicts the main

feeder SAIDIs before and after implementation of the reinforcement planning, respectively.
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Figure4-10 SAIDIs for eachbusprior toreliability planning forcase 1
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Figure4-11 SAIDIs for eachbusfollowing reliability planning forcase 1
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Figure4-13 SAIDIs for themainfeederdollowing reliability planning forcase 1

The expected ENS is considerably reduced following the implementation of the proposed planning model.
Figure4-14indicates the expected ENS at each stage both before and after the planning. It can be clearly
observed that the ENS is reduced from 92.5 MWh/yr to 48.9 MWh/yr at stage 1. For stage 2Stise EN
reduced from 103.4 MWh/yr to 54.8 MWh/yr. The ENS is also reduced for stage 3: from 106 MWh/yr to
56 MWh/yr. The planning model achieved almost a 47 % reduction in the total ENS at each stage of the
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planning period. The cost of the ENS dropped as elin 1.5 x 16 US$to 0.739 x10° US$ Figure4-15
andFigure4-16 show the ENS for each bus at each stage before and after the planning, respectively. Prior
to the determination of the planning decisions, three buses were in violation of the constrapedifiats
the maximum ENS allowed at a bus; however, following the planning implementation, these violations are

resolved and most of the ENS values of most of the buses are minimized.
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Figure4-14 Expected ENS at eaclage before and afteeliability planningfor case 1

o N 00

ENS (MWhlyr)
(62}

O B N W b

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
System Buses

ENS (Stagel) ENS (Stage2) ENS (Stage3) = = =ENS Target

Figure4-15 ENS foreachbusprior toreliability planning forcase 1
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Figure4-16 ENS foreachbusfollowing reliability planning forcase 1

The resultsalso revealthat the net present value (NPV) dfie total reinforcementased reliability
investment cost incurred lifie LDC is equal t08.84522x 10° US$ Almost 79 % of the total cosis for
the installation of thée linesthat representk largest share of the total expenditure. Of the total tbst,
% goes toward upgrading some of the system feetieesNPV of thedtal CENSfor the plaming horizon
represents roughl9 % of the total cost. Theost of NO switches is equal to 2%510° US$ Table4-6

presents the NPV of the total planning cost and of all of the costs associated with the reinforcement process.

Table4-6 NPV of the Associated Planning Costs for Case 1

ReinforcementPlanning Costs Breakdown Costin dollars ($)
Cost of energy not served (CENS) 792680
Cost of tie lines (CTL 6,992,000
Cost of normally opeswitches (CNOS) 23,500
Cost of feeder angubstatiorupgradegCUPG) 1,037,040
NPV of total reinforcement planning cost 8,845220

4.4.2.2 Reliability reinforcement planningonsidering controllable, wind, and Phased DGs

This case study deals with reinforcement planning, taking into account the randomness of the power output
from generation sources, fluctuations in system loads, anddaikustained in system equipmértte
results of this study reveal that it is essential to install four tis ind four NO switches, and to upgrade

six feeders so as to enhance system reliability and maintain the reliability indices within theoregulat
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imposed permissible limitg.ie lines 3, 5, 7, and &s well as the NO switchesust benstalledduringthe

first stage of the planningas shown irFigure 4-17. As well, feeders9-10, 31-37, and J-43 must be
upgraded using alternatived®ring the first stagerhile feeder 1640 isto beupgradedduring the second
stageusingthe same alterative. Bders 3843 and n10480 require an upgrade during the first stage using
alternative 3The reason underlying the need for these upgrade plans is to allow these feeders (with the
help of other system feeders) to pick up the loads disconnected due totihgeramy by alleviating the
thermal overloading of the feeder that would occur when the restoration process is applied. A comparison
of this case study with the previous opade 1) reveals that the number of tie lines required is reduced by
one due to ta increased generation sources from the renewables, which enable more successful islanding
modes. Since the CDG at bus 37 is installed during the second stage, as shable #4, feeders n104

30, 3043, 3743, and 3-37 must be upgraded during the first stage so as to accommodate the loads
transferred when an outage occurs at circuit one. These circumstxptais the need for more feeder
upgrades in this case study than in the first daiggire4-17 shows the system topology after reliablity

based reinforcemeptanning is applied for cage andTable4-7 presents albf the installation and upgrade

plans requiredor case 2
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Figure4-17 Systemtopology aftereliability-basedreinforcemenplanning forcase 2
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Table4-7 Investment Plans Required for Case Study 2

Tie lines and NO Switches to be Installed System Assets to be Upgraded
Tie 3 Feede©-10 (A2, S1)
Tie5
Tie 7 Feedei31-37 (A2, S1)
Tie 8 Feedei37-43 (A2, S1)

Feeder B-43(A3, S1)
Feeden10430 (A3, S1)
Feederl6-40 (A2, )

The optimal corrective actions for three different contingencies are depidtigaine4-18. When an outage

occurs in feeder-22, the optimal way to restore the buses affected is to isolate these buses from the grid
and to feed the demand through the generatiarces located inside this area (i.e., CDG at buses 23 and

25 and PVDG at bus 22). If the fault takes place in feedirtile affected load points can be restored by
closing the tie line between bus 27 and bus 28 and by opening the switches at-fettds torrective

action would create a successful restoration mode since none of the operational system security limits would
be violated.
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Figure4-18 Optimalrestoratiorprocess fothreedifferent contingencies irtase 2

Figure4-19 andFigure4-20indicate the SAIDIs for each bus in the network before and after the proposed
reliability reinforcement planning for case 2, respectively. As can be seen, some of the system buses did
not adlere to the reliability restrictions. However, when only four tie lines are placed properly and the
required feeder upgrade plans are placed as showabie4-7, the SAIDI at each bus in the system and at

each planning stage is reduced substantially and maintained below the regulatory standard, as indicated in
Figure 4-20. In addition, the SAIDIs of the primary feeders are reduced significantly as a result of the
reduction in the SAIDIs at all system busEfyure 4-21 illustrates the main feeder SAIDIs following

reinforcement planning.
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Figure4-21 SAIDIs for themainfeederdollowing reliability planning forcase 2

86












































































































