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Abstract

Cost based reliability enhancement in a power aysga critical and complex combinatorial
optimization problem. This enhancement is much s&mg when deregulated business
environment is developing very fast particularly rmcrogrid sector. Actually these business
domains these days may be very small in size styimange of a few megawatts or in moderate
form in the range of a few tens of megawatts. Watsr be the size the reliability of a power
system especially of a microgrid type radial dmsition system can be enhanced by
incorporating distributed generators and applyihgn$ capacitors at suitable locations as line
losses will be substantially reduced by such incmafon. Reliability can also be improved by
performing network reconfiguration. Obviously thesgivities have economical implications.
Here in this work reliability has been found toibereased economically by incorporating shunt
capacitors and distributed generators at the prdpeations in a microgrid type radial
distribution system. Appropriate planning has bgenformed for selecting proper value and
location for capacitor as well as distributed gatien (DG). Distributed generations have been
incorporated considering these are catering 10% aBd 20% of the total active power load.
Study has also been performed considering DG iategr at 50% of total real power load
keeping a futuristic plan in mind. Standard thiftyir bus and sixty nine bus microgrid type
radial distribution systems have been chosen fowlsition. On the other hand, reliability
indices’ studies have been performed consideringg d@ammon reinforcement schemes. One is
applying only disconnects or isolator between twsds and the other one is based on in-
troducing lateral protection with disconnects. Thesinforcement schemes have been chosen to
make the microgrid radial distribution system r&t&ti Furthermore, those schemes have been
considered to study any kind of contingencies legdo failure of distribution line. It is well
known that failure of electric line can be redudeg decreasing the real power loss of it.
Distributed generator integration reduces the pealer loss by decreasing the loading effect of
electric line thereby improving reliability. On tlether hand, reactive power compensation by
shunt capacitor has the objective of reducing peaver loss. This also helps to reduce failure
rate of electric line improving reliability. Herestribution system reliability indices vizystem
average interruption frequency indgSAIFI), system average interruption duration index
(SAIDI), customer average interruption duration indgxAIDI), average system unavailability/
availability index(ASUI/ASAI), average energy not suppligdENS) and a newly developed
cost based reliability indeXCBRI) have been thoroughly investigated in comioecto the
microgrid radial distributed system. To performiability improvement vis. a vis. cost
minimization, single objective optimization studyash been exercised. Additionally a few
important reliability indices viz. SAIFI, SAIDI anENS have been found to be improved while
performing minimization. The total cost, loss, SAISAIDI and AENS are generally conflicting
objectives. It is also observed that single obyectbptimization can’t always give the clear
picture of the problem under question. Therefoeedtated five conflicting objectives have been
studied in multi-objective environment having eith&o or five objectives competing with each
other. The selection of the appropriate solutios @en done providing equal importance to five
conflicting objectives for thirty four bus microdritype radial distribution system. On the other
hand, for sixty nine bus microgrid type radial dimition system unequal weightage values for
objectives have been considered for different custs to observe variance in solutions between
these two microgrid based radial systems. The tataiber of customers has been selected based
on realistic distribution system data for sixty enibus microgrid type radial distribution system.
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On the other hand, for 34 bus microgrid type sysiemp sum values of loads has been assigned
to buses for selection of number of customer. Abtufte number of customers is related to
different reliability indices. Justification for obsing different weight values for various
customers viz. rural, urban, hospital, office/binty industrial, commercial etc has been
provided. Load enhancement has been exercised in 69 busgncnype radial distribution
system to have a reflection of futuristic load gtlewStudies related to cost reduction, energy
loss minimization and improvements of SAIFI, SAlBid AENS have been performed in this
enhanced load model considering the deregulatethdsss environment. In the soft computing
front, two novel algorithms have been mathematycadlveloped. This is the significant thing of
this research work.

To have the optimal solution for single objective vaell as multi-objective environment soft
computing methods especially novel evolutionarhiegues have been developed inspired from
natural phenomena. Fish’s electro location phen@mdras been considered to be taken as the
concept for algorithm. Elephant nose fi€@mathonemusgetersii and shark fish’s active and
passive electro location have been mathematicalyicked as fish electrolocation optimization
(FEO) as novel evolutionary technique. On the otreerd, a well established algorithm called
cultural algorithm has been effectively modified &pply in this cost based reliability
enhancement problem. The said modification to pabicultural algorithm evolved as a
modified cultural algorithm which has given the ided strength and potential to solve the
mentioned critical and complex combinatorial opaation problem. The interesting thing in this
work is to study the competitiveness amongst thelyneleveloped and chosen evolutionary
techniques for achieving the highest cost baseadbibty enhancement. Comparative studies
have been performed amongst particle swarm opttroizg§PSO), real coded genetic algorithm
(rcGA), fish electrolocation optimization (FEO) amtbdified cultural algorithm (MCA). It has
been observed that total cost has been reducedtsanitial value i.e. without DG and capacitor
connectivity after suitably placing capacitors atidtributed generators by the application of
rcGA, PSO, MCA and FEO techniques in 34 bus miedotype radial distribution system. The
best total cost values have been achieved by FEl@itgue at a maximum of 10% and 20% DG
penetration considering reinforcement scheme a®dmects with lateral protection. Reliability
improvements have been conceived by the applicatiofiour considered algorithms after
performing minimization of SAIFI, SAIDI and AENS hE& SAIFI value has been observed to be
reduced from 5.240010 interruption/customer yr 1852301 interruption/customer yr by the
implementation of FEO technique after suitably plgd>G and capacitor at a maximum of 10%
DG penetration in 34 bus microgrid type distribatisystem. The least AENS value has been
obtained by FEO technique at 1.956178 kWh/custoyneamongst all the chosen algorithms
considering DG penetration up to 20% in 34 bus ogadd type distribution system. The best
outcomes related to real power loss minimizatiatalt cost reduction and improvement of
SAIDI and AENS have been achieved by MCA technigomsidering a maximum of 50% DG
penetration in 34 bus microgrid type system. Fineé eleven pareto-optimal solutions have been
obtained by the implementation of MCA and FEO teghes after performing multi-objective
optimization in 34 bus microgrid type system coesing five conflicting objectives and a
maximum of 50% DG penetration. On the other haiftteih and twenty one non-dominated
solutions have been achieved by the applicatioRE® and MCA techniques after performing
multi-objective optimization in 69 bus microgridpiy distribution system considering five
conflicting objectives and DG penetration up to 5Binally total cost, energy loss, SAIFI,
SAIDI and AENS have been observed to be reduced fntial values i.e. without placing DG
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and capacitor by the application of rcGA, PSO, M&#l FEO techniques in enhanced load 69
bus microgrid type system considering a maximur2@ DG penetration. The results showed
that reliability improvement as well as cost reduttand loss minimization have been

successfully achieved by appropriate planning aw®isig optimal capacitor allocations and DG

integrations for present and futuristic situations.
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Chapter 1

Introduction

Now-a-days electricity is an essential commodite lifood, shelter and clothing. Electrical
power is mainly generated in power plants. This rbaygenerated from non-renewable or
renewable energy sources. Non-renewable energgemare fossil fuel based such as coal, oil
and gas. Renewable energy sources are wind, hydiar, biomass, geothermal, tidal etc based
systems. However, in most of the cases after ggaerBiom power plant the electrical power is
transmitted through transmission lines and tramséps. Transmission system therefore comes
after generating stations. Transmission and suis#ngssion substations work as voltage
modifier before distribution system. Sometimeshase stations the voltage is stepped down for
supply power to the large and industrial consumagtfter feeding power to those big consumers
the voltage is again stepped down in distributigatem. Office, shopping mall, commercial
buildings, government institution and residentiaildings fall mainly under the distribution
system. Adequate power supply with standard voltage frequency is necessary in this regard
to these customers. Every consumer, whether largenall, requires electrical power for twenty
four hours which has to be safe and secure. RBtiabf power system especially in distribution
system is important in this case. Faults in distidn system for lines and cables carrying excess
current may lead to overheating of these equipméris may cause breakdown and reduce
reliability of supply. This can be improved by pmrhing optimal capacitor allocation,
distributed generation integration, proper protattequipment and switch selection, network
reconfiguration etc. Customer behaviour, fault eocmuce and also social and political
phenomena can influence the nature of load chamgée distribution system where mainly
domestic customer resides. The newly developedudsted power scenario is important to be
understood in this regard.

1.1 Restructured power scenario

Deregulation is prevailing in the electrical powedustry. Previously the power system was
regulated by single authority such as governmeahe@tion, transmission and distribution were
connected to the end users through monopolistitness. Earlier there was no evidence of
multiple generation, transmission and distribut@mpanies in the power system network.
Now-a-days the system has been changed. Thereaeethan one generation, transmission and
distribution companies. Reliable and economic pawenust for sustainable business purpose as
the business has become competitive. Most of timswoers reside in distribution network as
end utility users. They want not only uninterrupgexver but also crave for standard voltage and
frequency. Sag or dip in the voltage of the ovedhe® or underground cable causes damage of
electrical appliances. Power electronics basedageltcontrol can improve the voltage profile.
FACTS devices are significant for that purpose. tB& other hand high voltage transmission
reduces the real power loss and enhances the ggitafile. HVDC transmission is important to
study in that regard. Power producing and distrdsutompanies should therefore consider all
the technical aspects i.e. power, voltage, frequetc available in standard value for business
sustainability. Cost is now connected to all thesdnical aspects in totality.

It is quite obvious fact that fossil fuel will b&lgusted in near future. The non-conventional or
renewable energy sources are therefore the in tlinghe present scenario. Integration of
distributed energy sources (DER) considering sodand, biomass, tidal, geothermal etc are



therefore important to understand as the systemovg becoming hybrid interconnected one.
These stated renewable sources can be utilizedotade electrical power in the competitive

environment. On the other hand, distributed gereraiDG) integration to the interconnected

power system or grid for loss minimization has néecoming important for business

sustainability. Before going to that detail, intemoected power system or the conventional grid
has to be revisited once again quickly for propaception.

1.1.1 Interconnected power system or grid

An electrical power system is comprised of genegatsystem, transmission system, sub-
transmission system, and distribution system. Taeegation and transmission structure are
considered as bulk power supply providing systehe Jub-transmission and distribution system
are the ultimate means to feed electrical powdneaconsumers [1].

Reliable electric power systems provide unintedgiower to the consumer. Generation system
must generate sufficient power to meet customeragemTransmission system must transmit
large amount of power over extensive distancesowitloverheating or endangering the stability
of the system. Distribution system must deliverceleal energy according to each consumer’'s
demand. Electric power system consists of sevetdlsystems. These are Generation
subsystems, Transmission subsystems and Distnbuwidosystems. Generation subsystems
include generation plants and generation substti@eneration plants generate electrical
energy from another form of energy such as fossls, nuclear fuels, or hydro power. In a
turbo-generator set, prime mover turns the gener#tat produces voltage. Generation
substations connect generation plants to transomssibles through a step-up transformer which
increments voltage up to transmission level. Trassion systems transmit electricity over
extensive distances from generation substationraosinission or distribution substation.
Transmission switching stations works as nodes ransimission systems which permit
transmission line connection to be reconfiguredansmission substations are transmission
switching stations with suitable transformers whitbp down voltage level to sub-transmission
levels. Sub-transmission systems transmit elettqcaver from transmission substation to
distribution substations. Distribution substatiaare nodes for ending and reconfiguring sub-
transmission line plus transformers which step dowsttage to primary distribution levels.
Primary distribution systems deliver electrical govrom distribution substations to distribution
transformers. Distribution transformers step dowimary distribution voltage to utilization
voltage. Secondary distribution systems transdedtecal power from distribution transformers
to consumer service points. These days apart fronvemtional fossil fuel based generation
system, renewable based generation systems arengampi very fast. Many a times, these
renewable based systems got connected to the domvalnsystems producing hybrid generation
systems.

1.1.1.1 Generation system

Typical generation plants comprises of one or ngeeerating units which convert mainly
mechanical energy into electrical energy by mowingrime mover coupled to an alternator.
Prime movers are mainly driven by steam generatedhoiler fired by coal, oil, natural gas, or
nuclear fuel. Others may be driven by non-therreaburces e.g., hydro electric dams and wind
farms. Apart from conventional generation DER bagmguheration are also available for
providing electrical power to the load.



The ability of generation units to provide all bktelectrical power demanded by consumers is
referred to as system adequacy. Three conditiorst beisatisfied to ensure system adequacy.
First, available generation capacity must be graaem demanded load plus system losses. The
system must be able to transmit demanded elecpimakr to consumers without overloading
equipment. Finally the consumers must be servellim@n acceptable voltage range.

System adequacy estimation is probabilistic in rat&Each generator can have three kind of
probability [1]. The first one is a probability bking available. The next one is a probability of
being available with a decreased capacity. Thelthire is a probability of being unavailable.
This permits the probability of all generators stabmbinations to be enumerated. To carry out
an adequacy evaluation, each generation state oatidn is compared to hourly system loads
for a whole yearlf available generation cannot provide demandedl loa constraints are
violated, the system is considered as inadequatdarenload must be restrainétendencies are
also noticed now-a-days to generate electricityy vddose to the load centre by distributed
generators of small and medium size. Generatorsjetional or renewable based are connected
to generator substations. Generation substatioms 8p voltage to transmission levels by
transformers

1.1.1.2 Transmission system

Transmission systems transmit electrical power ¢meg distances from bulk power generation
system to sub-transmission or distribution substatiMainly transmission lines are overhead
There is also a growing trend to use undergrouadstnission cable (oil-filled, $Hilled,
extruded dielectric and possibly superconductidgy) [

Transmission lines are interconnected at transamisswitching stations and transmission sub-
stations to increase flexibility and improve relld. It improves overall performance, but
makes the system susceptible to cascading failures

1.1.1.3 Distribution system

Distribution systems deliver electric power fromlkypower systems i.e. generation and
transmission system to utility customeBstribution substations receive electrical powemnt
sub-transmission line# then steps down voltages with power transforméhngse transformers
provide electric power to primary distribution st which is made up of many distribution
feedersFeeders are consisted of a main 3 phase trunkagepdéind single phase laterals, feeder
interconnections, and distribution transformers Mgdltage is stepped down to utility levels by
distribution transformers which supply secondarymsar service drops.

However the conventional distribution system staith distribution substation. A distribution
substation is consisted of many different typesntérconnecting components. These are high
voltage disconnect switches, high voltage bus-rigmhductor, high voltage circuit breaker
switches, circuit switchers, voltage and curreransformers, power transformers, auto
transformers, medium voltage switchgear, protectielays etc. Apart from these, there is
SCADA (supervisory control and data acquisitionksteyn in distribution substation. This
actually is concerned with the substation automat®enerally, substation automation allows
circuit breakers, transformers and feeders to heotely operated. The closing and opening of
circuit breakers are remotely performed by thisteays This system works also as
communication links to automated equipments sitlatefeeders.

There is also gas insulated substation availaldsetidays in distribution system. Gas insulated
substation (GIS) includes high voltage bus, swisched breakers [1]. The specialty is that the



breakers are in containers filled withg3fas. It reduces the substation space requireetso
protects equipments from failure. These are soldadular unit.

Again mobile substation is also another kind ofssation in this regard. When there is a loss of
multiple power transformers, then these substatayesused to replace permanent substations.
Multiple substations are supported by a mobile s&iims.

Primary distribution systems supply electrical po¥vem distribution substations to distribution
transformer. It is consisted of feeders. There isreaker at the starting position of a feeder
coming out of distribution substation. A concretgctdbank or feeder gate-away is utilized to
allow exit of many feeders [1]. They terminate elgsnear a pole. There after underground
cable is moved to an over head three phase maik.tfine main trunk is connected to the feeder
service territory. It may be utilized for connectito other feeders through normally open tie
points. Underground main trunks are costly. It @nmon in urban areas. It is costlier than
overhead construction. Feeder’s service territgrymostly covered with the lateral taps off.
Single phase, two phase or three phase conneerercommon provisions of lateral taps. Fuses,
reclosers or automatic sectionalizers are utilimmdprotection of laterals. These laterals are
generally connected directly to the main trunk. Fadunt and pole-mounted distribution
transformers are utilized to serve customers byrgrdund and overhead lateral respectively.
Many types of components are available in the feeddhose components play an
interconnected role for distribution system. Oveardheequipment is economical and easy to
commission. Its maintenance is also easy. Butdpisn to ambient and exposed to weather. Its
aesthetic characteristic is poor. Poles, overh&ags,l sectionalizing switches, fuse cutouts,
reclosers, sectionalizers, capacitors, voltage latgns and pole-mounted transformers are the
components related to overhead equipment [1].

Underground system has now been considered asasiegly popular with the decrease of cost
difference between overhead and underground sysf@sthetic has become an important
criteria to public. They prefer underground syst&tatutes and laws regarding this underground
system are becoming more familiar. Riser pole,&almhderground residential distribution cable,
cable termination, cable splice, load break elbod pad mounted distribution transformer are
the components concerning to underground distobutiystem [1].

Customer service entrances are connected to distibtransformers by secondary systems.
Secondary systems can be complex like a seconéamnprk. Secondary mains, service drop and
secondary network are part of secondary system.

Apart from all the above discussed descriptionsamdigg conventional power system, new
concepts having inherent strength of automatioh siscsmart grid, microgrid etc. are coming up
very fast in the power system’s conceptual framévaaraling mainly with the distribution side.

1.1.2 Distribution automation

Feeder automation is considered controlled by SCADA supervisory control and data
acquisition systemlIt also incorporates locally controlled devices teeders Automatic
reconfiguration, capacitor control, automatic meeading, intelligent electronic devices, remote
terminal units, faulted circuit indicators and mantkier functions are there in feeder automation.
Distribution automation can significantly reduce thutage time by using sophisticated control
unit. This improves distribution system reliabilitpn the other hand, distribution system
reliability can be enhanced by incorporating dmited generation in the grid near the load
centre.



1.1.3 Distributed generation integration

Distributed generation helps to cut the excess ihgadckffect of electric lines or cables.
Distributed generation integration helps in redgciie line current carrying capacity and
indirectly reduces the real power loss and imprahesvoltage profile of the electric lines and
cables. This also helps to improve power systerabidity by reducing the failure rate of electric
line. It has been emphasized later in Chapter 4. dtergy resources of distributed generation
are solar, wind, biomass, geothermal, tidal etee €hergy supply issue with renewable as a
source has a significant impact on power systeraliéity as the energy resources are
intermittent in nature. Solar energy works in tlag ime especially when the sky is clear and the
temperature is high. Wind energy is also fluctugimnature as the wind speed is not consistent
with time. Sometime it's more and sometimes it'sslavhich causes the mismatch with the
power grid frequency. So, some technical probleradlzere that develop with the integration of
distributed generation. But the engineers, scientiad researchers are working on this topic to
integrate distributed generation to the conventignia or infinite bus or hybrid grid. However,
reactive power compensation is an engineering sehehich indirectly reduces the real power
loss and improves reliability.

1.1.4 Reactive power compensation

Reactive power compensating devices such as capagcts reactive power to the grid and
improves the voltage profile. With this real pov@ss decreases as the voltage profile improves.
This helps to improve the system reliability. Capmccan be of many types according to its
installation and control. It can be series capacgbunt capacitor on the basis of its installation
It can be of thyristor controlled series capacifb€SC) etc on the basis of power electronics
based control. Thyristor controlled reactor is aeottype of the reactive power compensating
devices. So far we have discussed those compegshguices which inject reactive power to the
grid. There can be other reactive power compergatavices which can both withdraw and
inject imaginary power to the grid. Static var cangator, static synchronous compensator,
dynamic var compensator, unified power flow con@molare some of the examples of such
issues. So, reactive power compensation helps poowe voltage profile as it is known to all
that ‘Q and V' are closely coupled. It has a great impact on grosystem reliability. Apart
from this reactive power compensation, new concepés coming in the restructured power
scenario as discussed earlier in this chapter.eragssmart grid, microgrid etc.

1.1.5 Smart grid

Smart grid is the assimilation of a communicaticgtwork, an electric grid, hardware and
software to control, monitor and supervise theritiistion, creation, storage and consumption of
electrical energy [2]. The smartgrid of future Wk interactive, self-healing; distributed and be
in touch with every device. However, this smartgrath increase grid reliability by integrating
utility infrastructure, electric vehicles, distritea generation, homes, buildings, energy storage
and smart devices. It can also increase energygiaaftiy by the incorporation of renewable
sources. This smartgrid has also the capabiligatdy customer while decreasing the operating
and capital costs. On the other hand, smart grid &lso be represented as the use of
computational ability, sensors and communicatiomssome form to augment the overall
functionality of the electric power delivery syst¢8). This allows several functions in a power



system to minimize energy usage, ensure reliapii@giuce cost, mitigate environmental impact
and manage assets. Nevertheless, there can belaneation of distributed energy resources,
conventional grid run by thermal power plant or leac power plant and plug-in-vehicle or
hybrid vehicle in a smartgrid. On the other haig, éxcess amount of energy coming out from
the conventional plant can be pushed back to tingppd storage plant during the off peak hour
such that in time of scarcity of power supply tekictrical energy can be utilized. This can be
accomplished by smart operation. Again in the deetor peak hours it is possible to have
power electronics based switching for smart anelligent control of solar electrical energy. Say
for example at the day time solar roof top paney e ample electrical energy so that the
electricity supply can be cut from the main gricdiahe household or building or complex can
have electric supply from solar roof top panel. &ssolar power can be stored in battery which
can also be utilized when the conventional powerocgurs. Biomass, geothermal, tidal, small
hydro and wind are other sources of energy whiah lma integrated to the conventional grid
intelligently as regard operation is concernedls the whole system can be considered as a
smart grid. However, microgrid is also an upcomaagcept not yet implemented in a larger
scale in different countries for efficient and ablie power supply.

1.1.6 Microgrid

Microgrid is a small scale low voltage supply netikvf!]. This is developed to provide electrical
power for a small community such as a suburbanlitgcar a housing estate. This can even
supply electric loads for a district, an industs#ée or a municipal region. The microgrids are
active distribution network as bidirectional povikws in this system due to the incorporation
of distributed generations (DG). The distributesh@@ators may be of conventional in nature or
renewable or non-conventional distributed energyrses based integrated together to provide
electricity supply at distribution voltage levelh& generators or microsources are connected
with power electronic interface and controllergtovide the required flexibility for autonomous
system as well as linked with the main grid. Tisisiso required to maintain a specified power
quality and energy output from operational poinvigiw. This control flexibility also allows the
microgrid to become a single controlled unit to thain utility power system for satisfying the
reliability and security needs.There are some wiffees between conventional power network
and microgrid. Microsources or distributed genasatire of smaller capacity in comparison to
the large generators in the conventional powertmannected to main grid. There is no need of
transformer to step down voltage level in the ngcidh Power developed at distribution voltage
level by the DG unit can be directly fed to thdittidistribution network. These DG units are
commissioned very near to the electrical loadhericrogrid such that power can be supplied
with standard voltage and frequency profile and algh negligible line loss. The microgrid can
be very effective for providing power to remote aevhere main grid fails to supply power
either due to unavailability for topological issuasfrequent disruption due to severe weather
conditions and man made disturbances. The majoarddge of a microgrid is that it can be
operated for a single aggregated load and can &sepired as a controlled entity within the
power system. Its easy controllability and confaymwith the grid rules and maintaining a
certain level of reliability and security are aldee eminent characteristics of microgrid. The
microgrid is also beneficial from the customer panfi view. It can satify the customers by
locally meeting their electrical loads. These migrds can also enhance the local reliability,
decrease the real power loss of electric line amyige uninterruptible power with standard
voltage and frequency. Microgrids are also benafitom the environmental point of view as it



can reduce global warming by decreasing carbonseomghrough utrilization of solar, wind etc
as DG sources. There are some limitations whictoaveenergy content of fuel such as biomass,
intermittent and climate dependent nature of disted energy sources and lack of standards for
operating the microgrid in synchronism with convenal power system. But this microgrid has
to be designed and developed for better futurecémh energy and also to enhance reliability.
In this regard, whatever is the size of the gridublity the power supply must be reliable to
satisfy customers.

1.2 Reliable power supply

Reliable power supply means uninterruptible powsgpsy with standard voltage and frequency.
In recent scenario, the power system has beerucasted. It runs in deregulated mode. There
are plenty of power companies in the market. Theeyhaving competition with each other to
provide economic and reliable power to the consamiglainly in the distribution sector, the
utility companies are getting enormous challengessupply reliable power. Disruption or
stoppage of supply occurs due to failure of powestesn equipment and lines or cables. This
causes less reliable power supply to the custoieisecure reliable power supply the power
engineers, scientists and researchers are perfgrragearch investigations. They are trying to
perform better than the earlier conditions. Ondtieer hand, the power companies should supply
reliable power as per the Electricity Act prevaglim different countries. Voltage and frequency
should be maintained as per that said electricdynm This is due to the fact that utility
appliances have been manufactured consideringnthrat as standard. On the other hand, the
fossil fuel will be exhausted in near future. Nameentional energy resources such as wind,
solar, biomass, geothermal etc. are the in thinthis situation. But power quality issues are
there. The solar energy source is intermittent ggnsource. It generates for twelve hours in a
sunny day. Wind source is also dispersed. Biomsssiuch localized. These are unreliable
energy sources. We can’t compromise with the stahdaltage and frequency. But we have to
accommodate this distributed generation into tredthe grid for our better future. Engineers and
scientists are performing examination to augmest performance of the non-conventional
energy resources. They are doing it to make thosegg sources reliable. It's now a challenge in
this competitive energy market to supply reliabdevpr economically.

1.3Novelty and contribution of the thesis

Simultaneous optimal capacitor allocations andrithisted generation integrations have been
performed here to observe the reliability improveimas well as cost and loss reduction in
microgrid type radial distribution systems. Appriape planning schemes have been designed in
single as well as multi objective situations. Cestuction has been performed considering two
operational policies in a 34 bus microgrid typeiahdlistribution system. One reinforcement
scheme by applying only disconnects or isolatowbeh two buses has been considered. The
other one is incorporating fuse gear protectiodassral protection at the ‘T’ junction point
between lateral and main feeder. These two reiafoent schemes have been observed as
common practice therefore considered for makingdiséribution system realistic. These two
segregated studies related to reliability are lyafmlind in the literature. A new reliability index
named CBRI has been developed in this work. Thiked with the power interruption cost or
reliability worth. If this index value is high thdhsignifies that the power interruption cost is
low. The newly developed index has been assessedingle objective environments.
Furthermore, this reliability index has been stddrgth other reliability indices and also with



total cost and loss in multi-objective environmer@gst incorporated customer based capacitor
allocations and DG integrations have been perfordoedrural, industrial, urban, hospital,
commercial and office customers. This has beeropadd considering realistic customer chart
in 69 bus microgrid type radial distribution systefrhaving about 4 MW total active load. This
small scale system has been enhanced to near 4bddW considering futuristic load growth
and suitable capacitor and DG placements have lex@ncised for cost reduction, loss
minimization and reliability improvements.

In the evolutionary computation front, two novej@ithms named modified cultural algorithm
(MCA) and fish electrolocation optimization (FEOave been developed from nature inspired
phenomena. Modified cultural algorithm is a modifieersion of original cultural algorithm
(CA). Pouplation space and belief space are thentaim ingredients of CA with communication
protocol. These have been newly designed for ptipulavaluation in MCA. On the other hand,
situation knowledge and history knowledge have bemmsidered amongst all the knowledge
sources of belief space in the modified CA. Founlgedeveloped mathematical operators have
been incorporated in the situation knowledge infiee which are addition, replacement,
unchanged and multiplication. Furthermore, a néam pr concept has been developed for the
history knowledge effect for population upgradatidmodified cultural algorithm mimics the
progression of civilization whereas fish electraton optimization conceptualizes the active
and passive electro location phenomena of elephasé fish and shark, respectively. Fish
electrolocation optimization is mathematically deped on the basis of a conceptual electro fish
which toggles between active and passive electratilon governed by several probability and
ranges. Randomization and localization have be@sidered in FEO to reach near the global
optima considering electrical capacitance valuthefprojected electric image in the fish’s body.
However, these techniques have been newly develtapédplement as optimization tool for
optimal DG integrations and capacitor allocatiamsnicrogrid type radial distribution systems.
Comparative studies have been executed amongseléstrolocation optimization, modified
cultural algorithm, real coded genetic algorithnd goarticle swarm optimization for cost based
reliability enhancement in microgrid type radiasttibution systems.

1.4 Outline of the thesis

The whole work has been illustrated in eight chapt€hapter 1 mainly deals with the
introduction section. Here, conventional grid, mestured power scenario and distribution
automation have been briefly stated. Concept absaittive power compensation, smart grid,
microgrid, distributed generation integration aetlable power supply has also been addressed
with the illustration of novelty and contributiofi the thesis.

Chapter 2 explicitly states about the literaturee® considered for the determining the rationale
of the whole work. The contribution of several @®hers performed especially for the power
distribution system reliability issues have beescdssed thoroughly. At last concluding
comments have been made on the basis of studee@#d by different groups after analyzing
the extensive literature review.

Power distribution system reliability and economiarth of reliability is the topic of Chapter 3.
Mathematical expression concerning to the basiabiity has been described. Discussions on
power distribution reliability assessment procedufeave been made. Distribution system
reliability indices have been considered here wiite newly developed cost based reliability
index. Economic implications related to reliabilisgues have been stated with the illustration of
customer damge function.



Chapter 4 discusses the objective function fornmrapart of the work. Distributed generation
integrations to the microgrid type distribution &ya and capacitor placements to the load buses
have been considered as the engineering schemesniatation studies related to cost and
reliability. Mathematical expression of cost fordwvidual capacitor placement has been
developed. Multi-objective optimization has als@beonsidered here choosing five conflicting
objectives. Decision making part has also beestilited. Especially implementation of TOPSIS
method has been discussed. Microgrid type radittidution system studies considering two
reinforcement schemes have been considered.

The necessity of soft computing technique’s impletagon especially the evolutionary
computation techniques are the prime issues of €hdp In this chapter a brief about the
important evolutionary techniques has been illtsttaFinally the literature review concerning
to the application of evolutionary techniques oitical and complex optimization problem
related to power system has been presented. Lgsthposed and developed evolutionary
techniques are defined in this chapter.

Chapter 6 mainly deals with the newly developed ifrexl cultural algorithm (MCA) and fish
electrolocation optimization (FEO). On the othendhaapplication procedures of real coded
genetic algorithm (rcGA) and particle swarm optiatian (PSO) have been illustrated for
optimal capacitor allocations and DG integrationsobserve cost reduction and reliability
improvements. However, modified cultural algoritivas been mathematically generated from
the original cultural algorithm. Inherent paramstend implementation procedure of this
algorithm has been discussed. Flowcharts have keeeloped for both single and multi
objective optimization problems. Fish electrologatioptimization has also been illustrated
theoretically and mathematically in this chapteheTtechnique has been developed by
mimicking the active and passive electrolocatioergimena of elephant nose fish and shark.
The implementation procedure of FEO for simultarseD(& integration and capacitor placement
to observe cost based reliability enhancement lsasb@en discussed.

Chapter 7 tells about the simulation work perfornhnede. Analysis of the obtained results for
cost based reliability enhancement in differeniagions has been discussed in this chapter. The
effectiveness of the proposed FEO and MCA has lodeserved here in comparison to the
considered real coded genetic algorithm (rcGA) paudicle swarm optimization (PSO) in single
objective situations. That's why multi-objective topizations considering two and five
conflicting objectives have been performed by MCAd aFEO. Cost incorporated customer
based capacitor allocations and DG integrationse heen exercised for rural, urban,
commercial, industrial, office and hospital custone addition, enhanced load type microgrid
distribution system has been designed considerirtgristic load growth and appropriate
capacitor and DG placements to observe cost reduatid reliability improvements.

Finally Chapter 8 concludes the whole work. Whatfao has been developed, studied and
simulated has been briefly notified. Further stadyscope for future work has also been stated
depicting the assumptions and considerations optégent work.

Lastly a list of references considered for the @nésvork has been written with an appendix
section.

However, reliability related state of the art issaee needed to be considered before going into
the details of objective function formulation. Ths due to the reason that these reliability
studies are necessary for problem identificatiorppse. These have been illustrated in the next
chapter.






Chapter 2

Trends of reliability based power system analysis

Several research works have been analyzed to cbenmtehe reliability of a power system from
different aspects. Reliability planning has als@rbénvestigated in a power system network.
Economic implications of power system reliabilizealso analysed for business sustainability.
Shunt capacitor placement, distributed generatnegration, switch allocation etc are mainly
considered as the schemes to improve the relplmfipower distribution system network. In
this chapter these above mentioned issues havedmmarssed such that the audience can have a
clear view of the previously researched topicsria go.

2.1 Reliability assessments of power system

Reliability assessment methods and programs handlie vital issues for both power systems
planning and testingThe evaluation methods can be suitable for findiepk points in the
reliability appraisalThe computation time is one of the major burdethefdeveloped methods
particularly from the simulation view point. Thisne is required to solve a large number of
credible contingencies or outage states. Religbditudy along with reliability evaluation on
conventional system especially on distribution eysis important to understand studies related
to reliability enhancement on microgrid type radiatribution systems.

2.1.1 Distribution system

Most of the utility customers such as rural, urbaommercial, hospital, industrial etc are
available in the distribution system. Reliable powepply is significant to these customers in
distribution system. Several methods have beenidemrsl by different groups to assess
reliability of power distribution system.

2.1.1.1Analytical methods for finding distribution system reliability

Reliability evaluation is utmost necessary wheredalation is prevailing in the power market.
An analytical method had been proposed by Bond. & &nd out distribution system reliability
[5]. The work of Bono et al. established the rule of lryipng the breakdown modes and effects
of fault tree analysis methods based on the IEEHK ®wok. The investigation provided a
foundation for knowledgeable resolutions when thesen systems planned to enhance system
availability. The systematic methods were demonstrated utilizimgeasy distribution schemes.

It showed how the methods might be employed tcesystwhich were more intricate. In another
work, Kjolle et al. proposed an analytical appro&mhdistribution system reliability assessment
[6]. Here, the considered approach developed ahiéty model which connected component
failures to load point outages. On the other handanalytical technique was proposed by Bae et
al. to evaluate the reliability of the distributi@ystem with distributed generation [7]. Here,
explicit expressions were presented to analyzerdhability of distributed generation. The
proposed technique incorporated the standby maebkipg mode and mix operation modes. In
that attempt, the reliability indices were companeth Monte Carlo simulations (MCS) utilizing
the hourly load model. It was found that the pragbsechnique is almost comparable to MCS
and more accurate than the method utilizing peall lImodel. The proposed technique showed
the DG’s characteristic properly though investigatapproaches require special knowledge for
reliability assessment purpose.
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2.1.1.2Investigative approaches for reliability estimation

Reliability assessment can be performed utiliziajdation technique. In this regard, Brown et
al. studied distribution system reliability withfdalt data method [8]. This distribution system
reliability evaluation was useful to foretell thésmiption profile of a utility based on system
topology and component reliability data. Unluckihymerous distribution systems did not have
adequate historical reliability data to carry outts an evaluatiorBrown et al. were not certain
that other sources of data could be made reprasentd the exacting systers a result, these
utilities did not integrate distribution systemiadlility evaluation into their design procedure and
sacrifice its noteworthy advantages. A way of adnig comprehensive knowledge in a
reliability model was presented by Brown et al. hwihe development of a corroboration
technique.This technique involuntarily found out suitable éga component of reliability data
which would envisage reliability indices having a@lence to some historical data valu€ke
result was an authenticated base case from whierrental design improvements could be
investigated. Nevertheless, characteristic funchased approach is very useful for reliability
assessment of distribution system like the disalssdidation technique. Carpaneto et al.
performed evaluation of the probability density dtions of distribution system reliability
indices with a characteristic function based apgmof®]. Here, characteristic function based
approach was proposed to handle the random evkatthe occurrence of a fault. The proposed
method provided a fast and simple computation obability distributions. It also provided
moments for local and global reliability indiceshel study was performed for large real urban
distribution system. However, quantitative religbilstudy is also another approach which had
been investigated in distribution system. In thegard, Rigler et al. executed quantitative
reliability analysis of distribution systems [1®ere, the effect of repair times was studied on
the action of the distribution network in an iselhtrural community utilizing a strategy tool.
This was developed purposely to aid in the econ@nat strategic assessment of capital savings
and technical improvements in distribution netwoRigler et al. on the other hand inspected the
effect on system availability caused by changirng rigpair times. The sensitivity of the results
was estimated for a variety of networks with vargdhracteristics and changeable reliability
data. Nevertheless, fuzzy logic and algorithmicrapphes can be very effective for reliability
estimation.

2.1.1.3Fuzzy logic and algorithmic approach for reliability appraisal

Soft computing based fuzzy logic technique can rbplemented for reliability assessment.
Reliability evaluation of distribution system wasrformed by Jaipradidtham for pricing services
in bilateral contract electricity markets applyifgzy logic method [11]. Here, a method was
proposed to assess the reliability of reorganizsttildution systemThe sufficiency evaluation
of a deregulated power system was performed bygusime sequential Monte Carlo simulation.
This was done to evaluate customer load pointlidilia in bilateral treaty electricity markets.
The agreements amid market players were establisheedinancial power market. The example
of such thing was the reliability network equivatenf deregulated power system. Its work was
to find out the reliability at each load point fargiven time period. Fuzzy logic number was
applied to form all apprehensive uncertainties.sT¢onsisted of the load demand and reserves
necessitated in each market and prices clearedary enarket. Load flow computation was
utilized to assess the amount of load servEte idea of non-uniform reliability was also
proposed here. This was sensitive to system sgctrthermore, long term investment of the
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distribution system by considering both systemat®lity enhancement and reliability worth in
term of benefit to cost ratio were also investigatéhe reliability assessment algorithm can be
appropriate for assessing reasonably complex medialtage radial electrical distribution
networks (EDNs) with multiple sub-feeders. In thiegard, Xie et al. proposed reliability
assessment technique for complex medium voltageriel@ distribution systems on the basis of
shortest path [12]. Here, a forward-search techmigas implemented to identify the feeder
section controlled by a breaker. Techniques forckwag for the shortest paths from any node to
the energy source and between any two nodes weedoged by employing graph theory and
taking into account the structural characteristitshe EDNSs. It was easy to imply a detached
section based on the descriptions of feeder teimnmode (FTN) and the shortest path from a
stoppage element to FTNs. A classification of tbdes was achieved following the mentioned
incident. The reliability indices of the feedersisbs and system were enumerated based on the
nodal categorizatiorilhe developed algorithm had been studied on nurseesi systems. The
results illustrated the efficiency and applicakilif the technique. Again reliability evaluation of
distribution system was performed by Goswami e{Z8]. In that attempt, reliability analysis
algorithm had been presented for radially operaedtrical distribution systems. However,
distribution network based concept was considecedssess reliability of power distribution
system.

2.1.1.4Distribution network based reliability assessments

Reliability assessment with an enhanced distrilbutitoodel can be very effective in the
restructured power scenario. Anbalagan et al. studin enhanced distribution model for
reliability evaluation of power distribution systgi¥]. The most important factor in designing
and planning of distribution systems was reliapiissessment. The distribution systems should
be operated in an economic manner with minimakinfgion of customer loadslere, the main
aim was development of interoperable services fowegy distribution systems reliability
evaluation. This was performed by using simple ctigecess protocol (SOAP) communication.
In this communication the reliability data wereaatied within the SOAP messadeower
system reliability service provider and reliabilggrvice requester were the two components of
the proposed XML based SOAP with attachment md8&ndards such as HTTP, XML and
Simple Object Access Protocol (SOAP) were the bfasishe enhancement of interoperability
regarding the power system reliability servic&«tensible markup language (XML) was
considered for representation of the data relatgootver systems reliability analysiBhis was
executed for exchanging the reliability data amahg users and service provideBOAP
messages were considered for configuration of #ikng sequences of reliability evaluation
services along with required datdexible loosely coupled as well as high-efficiémiegration
architecture was presented by the proposed moddidtribution system reliability evaluation in
the deregulating and competitive electric marketdd inbuilt features such as scalable and
reliable environment for power systems reliabilapalysis. Reliability network equivalent
approach is also important for the reliability exation of power distribution network. Reliability
network equivalent approach was presented by Billiret al. for distribution system reliability
evaluation [15]. Here, a common feeder was defaratian uncomplicated set of equations were
used.The fundamental general feeder equations and tiabilty network equivalent approach
offered a realistic method for weighing up theabhiiity of intricate radial distribution systems.
The process was demonstrated by applying it téedively straightforward but realistic system.
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The reliability assessment of distribution systeaswliscussed so far by various approaches and
techniques. However, distributed energy resouroes fthe basis of distributed generations
which eventually helps to develop a microgrid systReliability evaluation in microgrid system

is important to study as this small type of systaan be a prototype system from the business
perspective.

2.1.2Microgrid system

The concept of microgrid has come as an importagineering scheme. The paradigm shift
from the conventional power system to microgrid besurred due to the loss of fossil fuel and
cravings for clean and green energy. In this regautgio et al. did reliability studies of a novel
integrated configuration for microgrids [16]. Thecnogrid was consisted of photovoltaic plant,
wind plant and a storage system. Here, the aim taaanhance reliability of load supply by
investigating network congestion adapting the abe@®d micro grid configuration. The
reliability enhancement study was performed consgidethe randomness of renewable sources
namely sun and wind. Furthermore, the randomnesiseopower required by the load was also
taken to be considered. The reliability estimatiwas performed in terms of the number of
critical load interruptions. This estimation waemised by Monte Carlo simulation method over
a certain period of time. However, reliability evation of consumers in a microgrid is important
to be understood as this microgrid type systenery gignificant from the deregulated business
perspective. Bae et al. performed reliability easibn of customers in a microgrid [17]. An
analytical technique was proposed to assess tiabifey of customers in a microgrid including
distributed generations (DG<Spperators of the microgrid were in charge for daldé energy
supply to their customers. The reinstallation pduces of DGs were reordered when system
outages occurd he earlier study had presented the analytical otetb assess the reliability of
customers in the distribution system where oneaipeowned all DGs. The proposed technique
incorporated fuses and photovoltaic (PV) systemscoficept impact factor was introduced
which was adjusted to acquire the interruption .cBguations were also simplified to consider
more than one component in a bus section havingsac@nnection. Case studies in Billinton
Test System Bus 4 confirmed the accuracy of thegmted method which was analogous to that
of Monte Carlo Simulation. The pattern of systenswivided into several micro grids. This
altered the protection scheme and reliability cftomers in the micro grids.

Protection system is an inevitable part of the posystem network. The reliability study related
to protection scheme of a power distribution netwsralso important as regards this research
work is concerned. This is due to the reason thigral protection with disconnects has been
considered as a reinforcement scheme in microgpd tadial distribution systems discussed in
later chapters.

2.1.3Schemes related to protection and reliability

It is known from recent studies that the protectiegices’ hidden failures have a great impact on
the power distribution system reliability. In thisgard, Wang et al. studied optimal locations for
protection system enhancement to evaluate the ingmagower system reliability [18]. Here, the
definitions of vulnerability and reliability of ptection system were provided. This was
performed to numerically characterize the said ichjpa reliability. A random search algorithm
based on system heuristic was developed for fasta@ent simulation of consecutive relaying
malfunctions in bulk power distribution systems. économical system upgrading strategy was
also proposed here. This system could best imptbgeprotection system reliability under
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limited financial budgetlt was also evidenced thatang et al. studied effects of protection
system hidden failures on bulk power system rdiitgbj19]. Here, a breaker oriented bulk
power system network model had been developed dorporate detailed system substation
configurations. On the other hand, significanceaafomatic control system on the distribution
system reliability is also important to be undeost@s regard as reliable service is concerned.
Impacts of automatic control system of loop restorascheme were studied by Kazemi et al. on
the distribution system reliability [20]. The loopstoration scheme was discussed as special
feeder automation scheme to enhance distributiatesy reliability. Two common types of
automatic control system (ACS) of loop restorascheme (LRS) were proposed and utilized. It
was noticed that fruitful operation of automatimtrol system was dependent on the protection
and automatic control functions of switching desic#f loop restoration scheme. Automatic
control functions of switching devices, fuse ofela distributors on reliability indices and the
impacts of failure protection were also illustrat€uantitative evaluation of the impacts of two
common types of ACS of LRS was performed on thé&ribdigion system reliability [20]. Like
automatic control system consideration, switch @taent impact for reliability improvement is
also important to be comprehended as regard ablelpower supply is concerned. Switches
such as recloser, sectionalizers etc have to beeghlauitably in a power distribution system
network for technical reasons and also to havalriiy benefits. Mao et al. again performed
switch placement to improve system reliability fadial distribution system with distributed
generation [21]. Switch placement schemes wereqgseg along with the distributed generator
under fault condition to enhance the system rditgbHere, customer priority was also given
importance. Graph based algorithms had been dexltplocate switches for multi-objective
non differentiable optimization problem. The propdsalgorithms could be implemented for
unbalance distribution network. However, simulatizased study was performed on 394 bus
distribution system incorporating priority customeand single or multiple distributed
generators.

It is quite obvious that performance of the equiptmweill decay after its useful life period.
Conventional power distribution system is comprisgdseveral equipments such as electric
lines, cables, breakers, transformers etc. Reliaglesices will be achieved if the health
conditions of these equipments are taken care thftive progress of time.

2.1.4Importance of maintenance on reliability

Maintenance is important for healthy operation @fvpr system equipments. It is due to the fact
that the power companies want utility system to miran uninterruptible mode. But sudden
failure or short circuit may occur anywhere in thetwork which is the cause of decrease in
service reliability. To have reliable power supggwer engineers must do maintenance of
power equipments viz. transformer, circuit breakags, fuse gear, cables etc as stated earlier on
regular basis. In this regard, retirement of agguipgnent draws special attention for reliability
consideration.

2.1.4.1Retirement of aged equipment

Aged equipment retirement decision is vital for powystem reliability. The early retirement of
aged equipment and buying of new equipment doesewascapital cost. On the other hand,
delay in retirement does fatal error and might eaae/ere damage to the system. In that case it
is detrimental also and the damage cost is mormgda was concerned more about the system
with much aged equipments [22]. Here, the trangomsand distribution system planning was
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studied to increase system reliability and powalitypy On the other hand, Li et al. proposed a
probabilistic approach to determine the retirenwrdged equipment [23]. Here, the basic idea
was to compare the capital saving and expected giawm@st due to delay in retirement of aged
equipment. In that attempt, weibull distributionsmased to model the unavailability due to the
ending of life failure of aged equipment. This aggoh did evaluation of the expected damage
cost caused by the ending of life failure. Heregneanic comparison analysis was performed
between the system risk cost and capital savinger@eveather condition is also another type of
contingency which has major impact on service bdlig.

2.1.5Impact of weather conditions

There are many causes of faults and outages itrielpower system. These lead to poor system
reliability. One of the major and significant casisef poor system reliability is lightning or
severe weather condition.

2.1.5.1Lightning storms

Two major contributing factors important for theliability evaluation are momentary
interruptions and storms. Lightning storms can bgy\wdangerous to uproot power apparatuses
which have major impact to service reliability. Disution system reliability assessment was
performed by Balijepalli et al. due to lightningpsts [24]. Predictive evaluation of distribution
reliability indices was utilized to identify pooelrability areas. This had been done so that
suitable changes in system design could be impleedetiere, a Monte Carlo simulation for
assessing distribution system reliability undertigng storm condition was proposed. The
simulation results from a practical distributionsegm showed the significance of detailed
modeling of storm characteristic. Furthermore, dation of the system response in evaluating
distribution system reliability during lightningastms was also performed. On the other hand,
Brown et al. performed distribution system religpibssessment for momentary interruptions
and storms [25]. Here, Monte Carlo simulation mdthwere proposed to determine the impact
of every stated phenomenon. Reliability of an éxgsutility distribution system was evaluated
by the said methods. Furthermore, these methods utdized to explore the reliability impact
of distribution automation.

2.1.5.2Weather based reliability evaluation

Weather based issues are very crucial in respeetiability assessment. In this regard, Billinton
et al. performed weather based distribution systelmbility evaluation [26]. It was discussed
that the weather environment could severely impaetperformance of an overhead distribution
system. Electric utility’s operational ability watso mentioned. Billinton et al. identified thaeth
likelihood of system failure had increased due tbasmcement of line failure rates during bad
weather periods. Here, an approach was proposesdaoate distribution system reliability in
different weather conditions. The weather condgiovere normal, adverse and extreme. These
were demonstrated utilizing a practical distribatgystem. Reliability indices were assessed in
three different weather states. A series of setfisitstudies were also proposed. Application of
adverse and extreme adverse weather for modelitrgmsmission and distribution system was
studied for reliability evaluation [27]. Billintoet al. discussed about the significant impact of
physical environment on the resulting reliability the transmission and distribution system
network. Weather conditions in the reliability aysat were included for transmission and
distribution system. A series of weather models praposed with the idea of implementation to
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realistic system. The traditional approach to pre reliability evaluation utilizing single and
two state weather models was briefly demonstraidtiree state weather model was proposed to
include failures occurring in major adverse weattmnditions. It was observed from the study
that the weather effects needed to be incorporatedthe reliability analysis. Otherwise the
results achieved without incorporating the weath#ects could be quite misleading and
optimistic. Time varying weather conditions andtoestion resources had been incorporated by
Wang et al. for performing reliability cost/wortsssessment of distribution system [28]. Here, a
time sequential simulation technique was proposedntorporate the effects of weather
conditions. This was also proposed to incorpordte éffects of restoration resources in
reliability cost/worth evaluation of distributiorysgem. Time varying weight factors (TVWF)
were established for illustration of the impactsedtoration times of weather, component failure
rates and available refurbishment resources. Tiarging failure rate (TVFR) was created for
each component. Time varying restoration time (TYR@&s also developed in this regard. It was
observed from the test distribution systems thaER\and TVRT had significant impact on the
interruption costs of frequency-sensitive custonaed indices for all customers, respectively.
These are significant as deregulation has chargegdlan of reliability management of a power
distribution system.

2.1.6 Other approaches of power distribution system reliaility evaluation

Restructured power scenario is creating pressurengsh the power companies to supply
economic and reliable power to the customers. Heeligbility assessment of a power system
especially on a distribution system is necessampwB et al. assessed the reliability of
distribution systems [29]. This evaluation had bperformed for financial success and customer
satisfaction. Hierarchical Markov modeling had baesed by Brown et al. for distribution
system reliability assessment [30]. Here, hirarahMarkov modeling method was proposed to
perform predictive distribution system reliabiligvaluation. In another study, Gilligan et al.
proposed a method for estimating the reliability tbé distribution circuit [31]. Here, the
expected reliability performance was discussedpfamary distribution circuits. This could be
estimated by a direct evaluation of the configaratand exposure of the circuit. On the other
hand, Koner et al. developed distribution voltagg and reliability assessment tool [32]. Here, a
user friendly sag and reliability assessment t8&®1AT) had been presented. This was developed
on the basis of existing impedance data, protectibaracteristics and a model of failure
probability. The said tool was applied to an Ausdra distribution network to illustrate the
application of this model. In another work, Zhangle proposed a boundary analysis method for
reliability and economic assessment of distribusgatem [33]. The presented method had been
implemented to real life distribution reinforcemepttojects. Bulk power system reliability
assessment was performed by Yang et al. consideroigction system hidden failures [34].
Here, a systematic methodology had been proposetieobasis of a breaker oriented system
network model.

Reliability assessment and study related to digtioin system, protection scheme and microgrid
system have been discussed so far. Further discusan be done on each system and scheme
especially for distribution system. But impact acent technologies on reliability is very
important to be understood as regard as disrugticrustomer load is concerned. This has been
briefly described in the next section.
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2.2 Impact of recent technologies on reliability

Service reliability is an important issue for dission when deregulation is prevailing in the
power market. Several approaches such as reaaiverpcompensation, distributed generation
integration etc affect power system reliability ahdse have grave impact on it.

2.2.1 Effect of reactive power compensation

Failures concerning to reactive power sources sscbynchronous condenser and compensator
has major impact on system reliability. Reliabiliéyaluation of reactive power sources is
important in this regard. Reliability assessmentpofver system was executed considering
reactive power sources by Wang et al. [35]. Hettechnique had been proposed to evaluate the
system and load point reliability indices. This Hagken exercised considering reactive power
shortages caused by failures of reactive powercgsuin this attempt, the reliability indices due
to real power shortage had been separated frone tbbseactive power shortage. Here, two
reliability indices were presented on the basiseaictive power shortage. These indices were
implemented on the modified IEEE 30 bus system. fidwes with low voltage were chosen as
the reactive power injection point. The calculat@fireactive power shortage was performed at
those points of injection. The results had provideghificant information for system planners
and operators for reactive power management. Tioeniation was regarding optimal locations
for installation of new reactive power sources #me procedures to nullify voltage violations.
Reactive power plays an important role in poweteswsreliability. The reactive power limits of
generator had been considered as the fixed maxi@wenminimum values in conventional
power system reliability evaluation. But considemas of failures of reactive power sources are
hardly found in the literature. Qin et al. studredctive power aspects in reliability assessment
of power systems [36]. New reliability indices wgymposed in this attempt to represent the
effect of reactive power shortage. TReQ curve was studied for determination of reactive
power limits. Reactive power injection techniqueswaroposed to resolve reactive power
shortage and location. Reactive power compensaaonalso be performed by installing shunt
capacitors. Capacitor allocation at suitable paositindirectly reduces real power loss and
improves voltage profile which in turn does relldgpienhancement. Sallam et al. studied shunt
capacitor effect on electrical distribution systerhability [37]. Here, shunt capacitors were used
as compensators. Security and reliability of adnaission line as well as power flow can be
improved by the usage of shunt capacitor. The slwap&acitor improves the load carrying
capability by controlling the reactive power floere state space method was used to evaluate
the reliability indices by the application of shwaipacitor. Reliability indices were found for the
compensated and uncompensated system with diffewgtess criteria. The importance of
using shunt capacitor incorporation was illustratbdough numerical example. This was
exercised on the basis of Markov process. It wasdahat with the usage of shunt capacitor as
compensator the reliability was improved.

Reliability can also be improved by integrating tdimited generation considering non-
conventional energy sources such as sun, windh&gdhe grid.

2.2.2 Impacts of distributed generation (DG) as non-conu&ional energy sources

Reliability study after incorporating non-convema energy sources as DG units into the grid is
necessary as fossil fuels are depleting day byMag-conventional energy sources such as solar
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photovoltaic, wind, biomass, etc can be integrated the grid. This incorporation has the
capability to provide clean and green energy.

2.2.2.1Wind energy related issues

Special attention has been drawn to the wind bakstibuted generation. It is due to the
controlling of harmful emission substances fromriim@ power plants. Wind energy as
distributed generation source can be integratemltimt conventional power system network for
reliability reasons. Caralis et al. studied theuealof wind energy on the reliability of
autonomous power systems [38]. This was studi¢kddarGreek islands. The islands’ autonomous
power systems were based on expensive oil. It expegd high variation of demand during the
time period between summer and winter. Wind energgs an additional source of
nonconventional energy to the autonomous poweesystWind energy had not been utilized
solely due to the technical reasons to the automsnpower system. But this wind energy had
been utilized with pumped storage plant to cater [ted demand. This combined usage of
energy resources viz. combined wind hydro pumperhge (WHPS) had been considered as a
mean to utilize the abundant wind potential. THeafof wind energy had been studied on the
reliability of autonomous power system. The combinend hydro pumped storage (WHPS) had
been assessed for reliability improvement of thetesy. The results showed that the wind hydro
pumped storage system contributed effectively tadwtapacity credit. This was found out
instead of the required large wind installed cajyad trend has been seen where limiting the
cost of energy of conventional power producers andouraging the independent power
producers are done. Quantitative assessment oflvaadd DG on distribution system reliability
is important to be understood as regard as gridatipae is concerned. In this regard, Atwa et al.
performed reliability evaluation with renewable tdisuted generation for distribution system
[39]. Here, a probabilistic technique was presembegstimate the distribution system reliability.
The reliability assessment was performed with segati®n concept and a novel constrained
grey predictor technique. The later one was utllize evaluate wind speed profile. A
comparative study of the wind speed profile hasnbeerformed amongst proposed technique
and common weibull probability density function.igihad been executed to check the validity
of the proposed technique. A probabilistic techeitpad been utilized to correlate the stochastic
behavior of the load and DG’'s power output. Thigl Heeen exercised to enumerate the
probability of generation to satisfy the load dgrirslanding mode of operation. Reliability
modeling is necessary when intermittent and noarmittent energy sources are considered for
integration into the conventional grid. Andradeaktdiscussed about the modeling of reliability
aspects of distributed generation connected tailiston system [40]. Here, three different
models were presented. The first model is basednatytical method and is implementable to
DG units of non-intermittent energy sources. Theosd model was created considering the
uncertainty of generation connected to wind ger@railhis model was created on the basis of
Markov process. The last model chose some asptti said models and did aggregation of
load variation curve in a sequential Monte Carlawdation method. The said three models give
a good representation of the power supplied byQi@eunits mainly for sources which are of
intermittent in nature such as wind.

Solar photovoltaic plant can also provide eledyidike wind generator. This distributed
generation considering solar energy is only avélaoring day time in sunny weather. Though
the solar power is intermittent and only availableen the sky is clear but this has to be
accommodated into the grid for clean energy antkbtiture.
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2.2.2.2Reliability improvements using photovoltaic inverte

Solar photovoltaic cell develops DC power. This tabe converted into AC for use in a power
system network through inverter system. Solar phataic system can be an effective energy
source for reliability benefits in industrial ensimment where power consumption is huge in
comparison to other types of customers. Geibelistudhultifunctional photovoltaic inverter
system for power quality and reliability improverhem industrial environment [41]. With the
improvement of power quality and reliability, a feéachnical benefits had also been achieved.
These were peak shaving, reactive power compensatio provision of ancillary services. This
multifunctional photovoltaic system was considetedbe economical or less expensive in
several countries. Distributed energy system hagh bsonsidered to study improvement of
power quality and reliability with multifunctiong@hotovoltaic (PV) inverters [42]. Here, several
approaches were proposed regarding multifunctiowvarter system. These approaches included
not only power quality and reliability improvememnit also reactive power compensation, peak
shaving etc. This additional benefit was offeredtlhy distributed energy resources as surplus
value to the customer. Reliability improvement astdbution system was performed by
Sritakaew et al. using photo voltaic (PV) grid ceated system [43]. Experiments were
conducted to check the output characteristics @fptioto voltaic system. Investigation was done
to conceptualize the effect of the PV grid conneédgstem with the usage of experimentally
measured data. This was done to improve the atatppower system reliability. It was observed
from the simulated results that the action of thestvitch, loading level of tie switch and system
losses could be decremented with suitable instatiaif the photo voltaic system. On the other
hand, Marinopoulos et al. performed installatiorpbbtovoltaic systems in Greece and studied
their contribution in the reliability of the didtution network [44]. Here, incorporation of
photovoltaic (PV) system was performed with the &menhance the power system reliability.
The estimated power production of that PV systers w@mpared to the data related to load
shedding. The reliability of the distribution systevas improved with the assumption that some
portion of unsupplied power could be provided by #tcessed power generation of PV units.
Distribution system reliability indices such as teys average interruption duration index
(SAIDI), system average interruption frequency mdéESAIFI) and customer average
interruption duration index (CAIDI) were studiedin&lly the improvement was expressed as
financial terms with the reduction of disruptionste There are also other approaches involving
DG which had been considered to assess reliabiliypower system network.

2.2.2.30ther approaches involving distributed generation

Incorporation of distributed generation in the dlsition system converts the system from
passive to active mode. It not only decreaseslbading but also improves service reliability.
Chowdhury et al. performed reliability modeling distributed generation for conventional
distribution system planning and analysis [45]. édea reliability model was presented for
determining the DG equivalence to a distributioaility in the new competitive environment.
On the other hand, Greatbanks et al. presentednigation with distributed generation for
reliability and security of power system [46]. Hegenetic algorithm was employed to solve for
optimal recloser positions when distributed gergsatvere placed in a securely optimal manner.
In another work, Popovic et al. [47] studied plaeainof distributed generator and recloser for
distribution network security and reliability. lh&t attempt, optimal allocations of distributed
generators and reclosers were determined by setysénalysis of the power flow equations. On
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the other hand, reliability impact of distributedngration was analyzed by Brown et al. [48].
Here, both positive and negative impacts of DG @rability were analyzed using predictive
reliability assessment tool. In another attempt,sééan et al. studied reliability benefits of
distributed generation as back up source [49]. Haeevalue of distributed generation as a back
up source was quantified for reliability improverhef a residential distribution network. The
reliability improvement was measured by reliabilitgdices viz. SAIDI, CAIDI and ENS.

Like distributed generation integration into thédgioutages and major events have to accounted
for reliability reasons.

2.2.3 Outages and major event impacts

Reliability can be enhanced in a power system netwoconcerns are raised for outages and
major events. Burke used outage data to improvabikty [50]. Here, sophisticated outage
management systems had been utilized to improversygerformance by establishing accurate
failure rates and outage times. Identification vedso performed for specific areas which
developed poor system reliability indices. On thbeo hand, Christie performed statistical
classification of major event days in distribut®ystem reliability [51]. Here, major event day in
distribution reliability had been defined in terntd average frequency of occurrence.
Nontechnical people like regulators could easilydenstand the definition. This was fair to
employ on system of any size. In that attempt, pessible methods of applying the definition
were illustrated. This was discussed utilizing lstrajp method, an example of real utility data
and fitting a probability distribution. Several ptigal issues had also been illustrated and
resolved. These were calculating normal annuadlvgiiy with major event days removed, how
to handle zero outage days and types of probabdisgribution connected to the events.
However, outage of power system apparatuses isss&tly performed when a maintenance
work has been scheduled. This type of problem typacal power system is considered as the
outage planning of the power system network. Irs ttagard, Kawahara et al. proposed a
supporting expert system for outage planning oftale power facilities retaining high power
supply reliability [52]. The outage planning pramlebelonged to a class of combinatorial
problem. In that attempt, a supporting expert syster the outage planning had been proposed.
This retained high power supply reliability. Sonssues of the outage planning were presented
here. Three security indices had also been intrediuc

Electricity price is very important as regard assibass is concerned. Customer wants
uninterruptible power supply with standard voltagel frequency considering economic factors.
Deregulation is also creating pressure to provicenemic power with utmost reliability. But
reliability improvements can be achieved after mtaneinvestments. On the other hand, power
interruption cost or reliability worth is also ahet factor which consideres several issues for
reliability evaluation.

2.3 Financial aspects of power system reliability

2.3.1 Reliability worth estimation

Power interruption cost or reliability worth hastie considered for economic reasons. Goel et
al. performed prediction of customer load pointveer reliability worth estimates in an electric
power system [53]. Here, three different methods dssessing system customer load point
reliability worth factors were presented. The inipted energy assessment rates (IEAR) was
designated as the load point reliability worth ¢ast The developed IEAR could be used for
several purposes. A reliability test system wadizetd for illustration of customer damage
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function in association with customer reliabilitydices. Again, Goel et al. studied nodal price
volatility reduction and reliability enhancement odstructured power systems considering
demand price elasticity [54]. Here, demand andepciarrelations were represented utilizing the
demand-price elasticity matrix. It consisted off/sebss elasticity coefficients. Simulation based
study was performed on the IEEE reliability tesiteyn to illustrate the developed techniques. It
was observed from the simulation results that teenahd price elasticity decreased the nodal
price volatility. Furthermore, it had been notidbdt the demand price elasticity improved both
the system reliability and nodal reliabilities @structured power systems. On the other hand,
overall distribution system reliability worth wassessed by Ou et al. using Monte Carlo
simulation technique [55]. Here, a series of simioka studying the impacts of various
probability distributions was presented. Load poadxpected cost (ECOST) and interrupted
energy assessment rate (IEAR) were studied on dkes lof restoration time. The impacts of
different radial system had been analyzed. Thalalistribution systems operation philosophies
were also included. Different kinds of failures hiagen studied. Electric power utilities and
planners could have good references from theselaion studies. The planners could have it
for decision making. In another work, artificiatetligence had been considered by Bouhouras et
al. for performing cost/worth assessment of relilgbimprovement in distribution networks
[56]. Here, the implementation of an artificial elligence system was performed in an urban
distribution network. The network was capable toate an isolated short circuit fault in the
feeder. This could accomplish the quick restoratbrelectric supply to the customers. This
work illustrated the benefits of the project. Thésmefits were supply reliability improvement
and distribution network loss reduction via netweoeconfiguration. Dispersed customer cost
data had been considered to find out reliabilityrttvaof distribution system after performing
network reinforcement [57]. Two cost models werepmsed. These models could be utilized in
reliability cost analysis. These were an averagaggregate model and a probability distribution
model. lllustration had been provided for a timgusntial simulation technique for distribution
system reliability cost/worth evaluation. The ewian had been performed utilizing the two
developed cost models and incorporating time vagryimads. The method was utilized to
evaluate the reliability worth of installing disemct switches, lateral fuses and alternate
supplies in a test distribution system. Howevenuianeous consideration of reliability and cost
is necessary for appropriate planning.

2.3.2 Power system reliability and associated costs

Power system reliability and financial issues stdog simultaneously considered for making
profit in deregulated power market. In this reggoiht analysis of power system reliability and
market price was performed by Chongqging et al. iclemsg the uncertainties of load forecasts
[58]. Here, a novel model and algorithm for joiniaéysis of power system reliability and market
price were proposed. This was performed considettiguncertainties of load forecast. The
market simulation and reliability assessment reshklped to analyze the system reliability
indices and probability distribution function ofige. A stochastic load model was chosen to
illustrate the uncertainty of the future systemdlo&n that attempt, units’ uncertain bids and
output were included with the probability of foretiag load in the algorithm. Two numerical
samples were investigated here in details to shmneffectiveness of the proposed model and
algorithm. A simple system containing four units swaxamined thoroughly. The system
reliability indices had also been illustrated. Tdn@gere demonstrated considering uncertain load
forecasting. On the other hand, an IEEE reliabitiégt system consisting of 32 units was
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considered for simulation of real electricity mark&€he expectant unit output and its income
were studied in this regard. Some instructive aasiohs were yielded. The study results showed
that the model was effective. In another work, Bmoet al. studied automated primary
distribution system design for reliability and cogttimization [59]. An economic criterion was
proposed for the design stage. Comparison hadd»esnised amongst several automated design
methods. Brown et al. identified the best suitegbathm for distribution system reliability and
cost optimization. Electricity price is a very sifigant factor for the rural customers. On the
other hand, reliability in several situations isopan rural distribution system. In this regard,
Wang et al. studied time sequential simulation negpine for rural distribution system reliability
cost/worth evaluation including wind generationadternative supply [60]. A time sequential
simulation technique was proposed for the religbiiost worth assessment of a distribution
system including wind turbine generator. Variablendvspeed and forced outage rate were
considered in presenting a three state model ahd trbine generator. A test rural distribution
system had been considered for illustration purmdshe proposed method. However, there are
other financial issues related to reliability whiahe always of major concern for business
sustainability.

2.3.3 Other economical aspects of reliability

Reliability cost is a crucial part which should &ecounted for performing appropriate power
system planning. Kjolle et al. studied economiceaspof reliability in distribution system
planning [61]. Here, reliability had been considkes an integrated part of cost minimization
problem. It was studied that the economic evalmatib reliability was of great importance in
distribution system automation and design. On tinerohand, Lin et al. performed distribution
system planning with evolutionary programming armhsidered the cost of reliability [62].
Reliability cost for optimal distribution systemapining was considered here. The cost model
was developed as a linear function of line flows #&ssessing the outages. Evolutionary
programming was implemented to solve the very carafdd problem. Again, Lin et al. have
done distribution system reliability worth analysigh the customer cost model based on radial
basis function neural network [63]. Here, two ini@tion cost models were proposed. These
cost models included an average or aggregated n{d@é) and a probabilistic distribution
model (PDM). These models were proposed by utdizime radial basis function (RBF) neural
network with orthogonal least squares (OLS) leagmrethod. It had been observed that the two
cost models resulted in very different interruptawsts. It was noticed that PDM might be more
practical in modeling the system. In another wadkya et al. studied long term marginal cost of
reliability and inter zone reliability transfer power system [64]. Here, the topological problem
was solved by using radial sub networks to consilderpresence of loops in the grid. On the
other hand, supply reliability cost allocation wzexrformed by Niioka et al. under deregulated
generation market [65]. Expected unserved ener@gPlBEnvas applied in the proposed method.
This EUP was implemented to assess the systemysugmbility and reliability cost for the
system. A test system was utilized to show thectffeness of the proposed method. In another
study, Hui et al. implemented power system secuaityl reliability considering risk under
environment of electricity market [66]. Two apprbas were proposed here. This was presented
to implement system security and reliability. Tivstfapproach was based on the maximization
of social effect. The other approach was basechenmtaximization of power grid companies’
economic benefit. The benefit was under the presgquof ensuring the economic benefit of
power grid company’s users. It was discussed tatpresented two techniques provided new
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thinking under market environment. On the otherdhaullivan et al. estimated the value of
service reliability improvements [67]. The work thiat research group showed how the use of
crude interruption cost estimation techniques caudstantially impact the estimated value of
service improvements.

Economic benefits are necessary for business sabiaty but appropriate planning is must to
achieve financial gain. Reliability planning thuscbmes a coveted approach in a power system
network to satisfy customer as well as to makeipfaf company.

2.4 Reliability studies related with planning issue

Monopolistic business has been changed to deregulppbwer busness. Power engineers,
researchers and scientists are striving to findebe&ngineering option to provide reliable and
economic power to the customers. Appropriate plammihich will enhance reliability as well as
reduce cost is very significant for business suoatality. Here, a few planning approaches
related to power system reliability have been dised to understand the matter in a better way.

2.4.1 Planning related to costs for reliability analysis

Reliability estimation for power system planning iimportant as regard as economy is
concerned. Bhowmik et al. performed a new powetridigion system planning through
reliability evaluation technique [68]. Here, a clstction was minimized by an algorithm. This
algorithm was developed to find an optimal solutiona large scale radial distribution system.
Three stage iterative solutions considering sulostabptimization, feeder optimization and
outage cost optimization were presented in thaigit. On the other hand, power distribution
system planning was studied with reliability modgliand optimization [69]. Here, a new
approach was proposed for the systemized optimizaii power distribution system. Outage
costs and costs of switching devices along withrtbelinear cost of investment, maintenance
and energy losses of both the substations andrieeae incorporated in the objective function.
Optimization had been performed by the planningvsae for a power distribution system of a
developing city. In another work, deregulated povsgstem planning was performed by
Billinton et al. using a reliability network equiemt technique [70]. Here, a technique was
developed on the basis of reliability cost-wortimsiderations. The technique could be utilized to
make utility planning. Operating decisions couldoabe made. Generation and transmission
facilities were represented with the introductidrttee concept of a service provider. Reliability
equivalence method was utilized to find out a repn¢ative service provider. This method was
also utilized to create equivalent elements. Intlaeroattempt, reliability worth was determined
for distribution system planning [71]. Here, conmtemwere raised for the evaluation of the
reliability worth index which could be utilized toake decisions in distribution system planning
and design. Interrupted energy assessment rateR()IEvas chosen as reliability worth index.
Three fundamentally different methods were studlecbvaluating distribution system reliability
indices. These methods were tested on a smalldmpiehensive test system. However, value
based reliability planning is also necessary faper economic assessment.

2.4.2 Procedures involving value based reliability

Reliability planning considering customer valuesignificant when deregulation is prevailing in
the power market. Chowdhury et al. dealt with coirrpractices and customer value based
distribution system reliability planning [72]. Hera brief overview had been illustrated related
to current deterministic planning practices initytitlistribution system. A probabilistic customer
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value based approach was also described here.appi®ach was attained for alternating feed
requirements planning for overhead distributiontesys In another attempt, Chowdhury et al.
again performed value based distribution systembity planning [73]. Concerns were raised
here with the value based evaluation of proposedlifinations to an existing industrial
distribution network. The assessment was perfortaedinimize the cost of interruption to both
the utility and its industrial customers. A sergdscase studies of an actual industrial load area
were presented. This load area was supplied by feeder circuits. These circuits were
originated from two alternate substations. Variaimceeliability performance indices and their
impact on the cost of load point interruptions weiscussed in detail. On the other hand, Longo
et al. performed evaluation of distribution systemhancements using value based reliability
planning procedures [74]. The application of vahased reliability planning (VBRP) method
was illustrated here. This method was applied éopitoblem of distribution substation capacity
enhancement. Operating cost of various alternaswekrelative investment were considered in
the traditional approach. The VBRP did enhancenwnthe traditional approach with the
addition of reliability valuation. Transformer fares and accelerated aging from increased stress
on remaining transformers were given importanddis regard.

Reliability improvement is necessary like reliayiliplanning in the deregulated business
environment. Reliability enhancement can be achidwe suitable incorporation of distributed
generation, capacitor etc into the power systemwaorkt

2.5 Reliability enhancements of a power system network

2.5.1 Incorporating capacitor

Service reliability can be enhanced by proper ciégaallocation in a power system network.
Capacitor installation indirectly reduces the nealver loss of the system. As the real power loss
reduces it decreases the heating effect of eldatec In this way the failure rate also decreases.
This in turn improves service reliability. Reactpewer compensation by capacitor is significant
in transmission system where disruption in powg@pgucan cause wide area blackout. Billinton
et al. studied thyristor controlled series capadqi@CSC) installation for reliability enhancement
[75]. Here, TCSC had been employed to adjust theralapower sharing of two different
parallel transmission lines. It enabled the maximtmansmission capacity for utilization.
Comparative studies had been performed to showirtipact of reliability indices by the
application of TCSC. In that attempt, a reliabilityodel of multi-module had been formulated
and included in the transmission system. To measimeeimpact of TCSC incorporation,
reliability indices such as LOLE, LOEE, UPM and Siére used. The incremental peak load
factor had been shown for different load factoreisTwas shown as a penalty in the load
carrying capability when TCSC was not employed.ei¢éhe worth of incorporation of TCSC
had been shown as incremental customer interrugiieh However this should be compared
with capital, operating and maintenance costs wheéBC had been employed in the decision
making process. Reliability enhancement had alsm performed in sub transmission system
using a thyristor controlled series capacitor [#¢re, TCSC was incorporated in a system to
adjust the transmission infeed impedances. Thigiin did increment in transmission system
capacity without the increment of the system fauitrent level. In that attempt, a multi module
reliability model had been developed and incorgamtahat into the transmission system. Two
kinds of performance indices were also presentedviestigate the impact of TCSC on the sub-
transmission system reliability. The results showat delivery point and system indices had
been improved significantly after incorporationT®€SC. On the other hand, distribution system
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reliability enhancement was optimally performed &Wocating capacitor [77]. Here, two
objective functions were proposed for reliabilithancement. The first one had been considered
as the sum of reliability worth and capacitor iflateon cost. The later one had been chosen as
the addition of real power loss cost to the finse.oParticle Swarm Optimization technique was
used to find out the optimal solution in capaciitacement problem. A nine section feeder had
been taken for implementation of the soft computeghnique. Considerable savings had been
found out in annual cost due to the increase ialygity. It had also been observed that with the
incorporation of additional capacitors, the reli@piworth reduces. This reduction also pushed
the solution point away from the optimal solutiazirg.

Like capacitor allocation, distributed generatiotegration is also another approach which can
be opted to achieve reliability benefits in a powgstem network.

2.5.2 Integrating distributed generation in power network

Distributed generation incorporation in the digitibn circuit can improve reliability of a power
system network. Reliability enhancement was peréanby optimal placement of DGs in
distribution system with time varying load usingn@dc Algorithm [78]. Here, annual load
duration curve had been considered with four loagkls having different weighting factor.
Customer oriented reliability indices SAIDI, SAIRZAIDI, ASUI and load and energy oriented
reliability index ENS had been considered separatelobjective function for Genetic Algorithm
implementation. It was observed that individual Placement and network reconfiguration did
reliability improvement. But utilizing both the smime reliability had been observed to be
improved significantly. On the other hand, Borges a¢ performed optimal distributed
generation allocation for voltage, loss and relipbimprovement [79]. Here, a methodology
had been proposed for optimal sitting of distribugenerators. In another study, Dezaki et al.
performed optimized allocation of DGs based on ilegdeffect to improve system reliability
[80]. Here, a novel method was presented to opérthie allocation of DGs based on decreasing
failure due to the enhancement of loading effeRigiability enhancement by DG penetration
was studied by Hlatshwayo et al. [81]. In that g reliability improvement had been
compared with analytical and Monte Carlo simulatiechniques for DG placement at different
load points. On the other hand, reliability improwent and loss reduction both were studied by
Hosseinzadeh et al. [82Here, a multi-objective formulation for optimal pement of DG
sources was presented to minimize the cost ofdndsenergy not suppliethtentional islanding

of distributed generation had also been studiedréiability enhancement [83]. Here, the
coordination requirements for intentional islandiwgre investigated to augment DG/utility
reliability in providing uninterruptible power tohé¢ connected loads. In another attempt,
Okuyama et al. performed reliability improvementibformation exchange between dispersed
generations [84]. Here, reliability improvement wstadied considering online information in
distribution system which was isolated from the empgystem. However, distributed generation
can be of various types such as solar, biomassl &tm In this regard wind power generation as
DG source had been considered for reliability augateon by several research groups [85-86].
Rohrig et al. studied improvement of the power eysteliability by prediction of wind power
generation [85]. Prediction of wind power genematiwas necessary for the utilization and
control of electric power system. The concept afidvfarm cluster was introduced here. It was
assumed that the wind farm cluster manager woldstathe transmission system operator. This
would be done according to the requirements ofelleetrical power transmission system. In
another study, Litipu et al. performed optimal edlton of wind power generation to improve
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the reliability and environment of power system][8&ere, wind electric generation was utilized
as an accessory of power service resources. Thigexercised to improve the reliability index in
energy supply of existing power system. The tofalneal capacity of wind power turbine was
determined on the basis of the characteristich®fwind condition. The optimal wind capacity
of each target bus was determined to manage th@ystgdiability of the existing power system.
Wind electric energy with existing units provided acceptable level of reliability index.
Decision for selection of the target sites for atistion was taken from two criteria. One was
probabilistic security index obtained from the geer outage probability and the other one was
operation characteristic of wind power turbine.

It has been evidenced here that individual DG irstiégn can be beneficial in terms of reliability
benefits. Reliability augmentation can also be ewkil by performing proper capacitor
placement. The effect of both DG and capacitorcalion studied by several research groups
have been illustrated in the next section.

2.5.3 DG penetration involving capacitors

Simultaneous suitable capacitor allocation and Bi&gration in a power system network can be
more effective than individual capacitor or DG @aent. In this regard, Baghipour et al.
studied both DG and capacitor placement for voltagxdile, loss, and reliability enhancement
using Binary Particle Swarm Optimization [87]. Heile multi-objective function had been
optimized. The objective function incorporated agk profile index, DG’s and capacitor's
investment cost index, active power loss index aeliability index. In that attempt, a
comparative study was performed to check the eWieess of the proposed method on 10 and
33 bus distribution systems. In another work, a mesthod was proposed considering DG and
capacitor placement for line loss and reliabilitgprovement [88]. The proposed objective
function included the investment cost of DGs anglac#ors and cost equivalent of line loss and
reliability. The bus voltage and line current wexnsidered as the limiting function. Hybrid
Particle Swarm Optimization method had been usegéoforming the simulation study. The
proposed technique was tested on IEEE 69 busystns. The results showed that lowest cost
planning could be gained by performing both DG eapacitor allocation.

There are also other approaches available in teeature which had been considered for
reliability augmentation of a power distributionsggm network. These have been discussed in
the following sections.

2.5.4 Other approaches concerning to reliability augmentton

2.5.4.1Use of soft computing techniques for reliability ehancement

Soft computing based techniques can be effectiirajylemented for performing engineering
optimization concerning to reliability improvemenfrya et al. performed reliability
enhancement of a radial distribution system usowydinated aggregation based particle swarm
optimization (CAPSO) considering customer and epdéased indices [89]. Here, an algorithm
was implemented for best possible alterations #olufe rate and repair time for a radial
electrical distribution systemlhe changes were with connection to a penalty @asttion
minimization. The price function had been decreasedgect to the energy based and customer
oriented indices, i.e. AENS, SAIFI, SAIDI and CAIDIhe algorithm has been employed on a
model radial distribution systenThe results achieved had been weighed against tibke
attained employing PSO. On the other hand, Fardl.eapplied self adaptive modified bat
algorithm (SAMBA) to enhance reliability of the thgution system [90]. Here, the reliability
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indices viz. system average interruption frequemuyex (SAIFI) and average energy not
supplied (AENS) were investigated as objective fismc Furthermore total active power losses
and the total network cost were also examined gacte function. Wind power source had
been considered as the renewable energy sourdeeti the effect on reliability of the power
system. In another work, Genetic algorithm (GA) Hmeen implemented by Gupta et al. for
power quality and reliability improvement in diswition system [91]. Here, two new objective
functions were constructed to check power qualitg aeliability issues. A single objective
function was formulated on the basis of feeder poless, system’s node voltage deviation,
system’s average interruption frequency index, esy& average interruption unavailability
index and energy not supplied. The objective funrcivas solved by the GA based method. In
another attempt, an improved genetic algorithm (J@as employed for reliability enhancement
in distribution system [92]. Here, the reliabilitpst/worth model of distribution system and the
assessment technique were introduced. In that ptfeenmathematical model had also been
constructed concerning to that said cost modek TBA technique searched the global optimal
solution for the expected customer interruptiont cmsnimization problem. The simulation
results for IEEE Roy Billinton Test system bus 2l lshown the effectiveness and feasibility of
the chosen IGA technique. Shareef et al. used guafitefly algorithm (QFA) for power quality
and reliability improvement in distribution systef®3]. Here, the QFA technique was
implemented to a system in a specified period tluce the number of propagated voltage sags
and other reliability indexes. The other relialyilindexes were average system interruption
frequency index, sustained average interruptiomuieacy index and momentary average
interruption frequency index. The quantum inspib&uary firefly algorithm’s performance was
compared with the firefly algorithm and the gratrdaal search. A new multi-objective
improved shuffled frog leaping algorithm (ISFLA) svalso applied to enhance reliability in
distribution system [94]. Here, the total activemeo loss was considered as objective function.
The reliability indices namely system average migtion frequency index (SAIFI), system
average interruption duration index (SAIDI) and ragge energy not supplied (AENS) were also
considered as objective functions. The proposednigoe namely ISFLA found a set of non-
dominated optimal solutions. A standard test systess considered for investigation of the
proposed technique. It was found that the propdasetinique was feasible and effective.
Skoonpong et al. implemented simulated annealing) (®r reliability enhancement in
distribution systems [95]. Here, the importance lh&&n given to improve the reliability of
electric power supply such that the customer iofgion cost is minimized. This was subjected
to the system operational cost. The SA techniquk been tested with a distribution system
connected at bus 2 of Roy Billinton test systeme Simulation results showed that the suitable
on/off status of switches could decrease the custamterruption cost.

Cultural algorithm (CA) is also a potential softngouting based technique like the above
discussed algorithms but it has not been obsevée implemented for reliability enhancement
in distribution system. Though this CA techniques hbeen applied for power system
optimization problem but it sometimes fails to tedo the global optima when the system is
large and the situation is complex. That's why aifed CA (MCA) can be employed here for
performing simultaneous optimal capacitor alloaagicand DG integrations to observe cost
reduction as well as reliability improvement. Irdéobn it has been observed that nature inspired
phenomena has been conceptualized for developiomtenary algorithms which have been
applied for reliability improvement in distributiosystem. In this regard, active and passive
electro location phenomena of elephant nose fishsaark can also be thought of to develop the
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concept of an optimization technique. Fish eleotation optimization (FEO) algorithm can be
developed from these physiological processes tiefisfor performing simultaneous optimal
capacitor and DG placement to observe further loaséd reliability enhancement in comparison
to the MCA technique. But application of these teghes deserves special attention when they
are applied to the State of the Art technologies.

2.5.4.2Reliability enhancements using power electronics ls&d system

A key necessity in the function of FACTS devicespiower systems is to build up methods
which allow system planners to handle the ambiglirityed with these device&iruzabad et al.
performed power system reliability enhancement gisinified power flow controllers [96].
Here, a technique was proposed to assess transmsgtem reliability while implementing a
Unified Power Flow Controller (UPFCYhe work provided a scaffold within which the risk
connected with managing and the progress of thesimgsion network can be measured.
Reliability indices such as the Loss of Energy Etagon (LOEE), Loss of Load Expectation
(LOLE), the Loss of Load Probability (LOLP) and tBgstem Minutes (SM) were used to study
the impact of UPFC on the transmission systembidiia. The method was demonstrated by
appliance to a theoretical system. In another giterRimjaipong et al. studied blackout
prevention plan for the stability, security andiakility enhancement in Thailand power grid
[97]. Blackout prevention plan was presented foaildmd system. Special protection schemes
and FACTS devices were implemented to enhance ¢heeipsystem stability, reliability and
security of the power system in Thailand. The aggpion of blackout prevention plan would be
beneficial to the Thailand power grid as a wholewr conditioning system is another
inevitable part of the power electronics basedesydior energy conversion purpose. Reliability
issues connecting to this type of system shouldgiben importance for healthy operation.
Casadei et al. studied power quality and religbisupply improvement using a power
conditioning system with energy storage capab[®§]. This power conditioning system with
energy storage capacity had been analyzed as &idevsolution for reliability improvement.
Several tasks could be performed with that qualitgl reliability improvement. Reactive power
compensation, smoothing of pulsating loads andeatirharmonic reduction had drawn the
special attention. Furthermore, the power condiignsystem could be operated as an
uninterruptible power supply at the short time iindption of the grid. The prescribed system had
a flexible structure. It could be operated with esa¥ energy storage devices like batteries,
flywheels, superconducting magnetic energy storage supercapacitors etc. However, it is
necessary to study the reliability aspects conogrid the demand responses for business
purposes.

2.5.4.3Demand response considerations

Electrical demand of connected loads in a powetegyshanges very frequently with respect to
time. Goel et al. did reliability enhancement armdlad price volatility reduction of restructured
power systems with stochastic demand side load [§8]. Here, a methodology was developed
to determine demand side load shift. This was éés@loped to enhance reliability and to reduce
nodal price volatility of restructured power sysgeniThe simulation results showed that
stochastic demand side load shift is an efficiedl to reduce modal price volatility. The
stochastic demand side load shift also enhancegmyand nodal reliability of restructured
power systems. Again, Goel et al. studied religbimprovement of restructured power system
with diversified demand side load shift [100]. Heam evaluation technique was presented to
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include the impact of diversified demand side Iahift on the system reliability and nodal
reliabilities of deregulated power systems. It ikreown fact that with the advancement of
deregulated power system, electricity prices arehamged by spot prices. In another work,
reliability enhancement of deregulated power systead been studied considering demand
response [101]. Here, demand responses and thedlatoon were presented utilizing the matrix
of demand price elasticity. It was observed thahaled response could improve the system and
nodal reliability. However, high voltage direct cemt (HVDC) transmission is also another
approach which enhances power system reliability.

2.5.4.4Reliability enhancements considering HVDC

High voltage direct current transmission can bedtife as regard as power system reliability is
concerned. Sheng et al. performed reliability ewkament of HVDC transmission by
standardization of thyristor valve and valve tegtifl02]. In that attempt, bulk power
transmission was discussed by means of HVDC tlyrigalves. It was stated that standard
thyristor valve design had been accepted in seWWV&IC projects for reliability improvement
in recent years. Zhang et al. again studied transdpacity enhancement and power system
reliability considering VSC-HVDC. Here, several angsting features of VSC-HVDC were
demonstrated [103]. It was observed that theseifestcould greatly enhance the reliability and
transfer capability of power systems. It was mergw that VSC-HVDC was able to provide
reactive power to the grid independent of its a&ctpower transmission. However, a few
approaches had also been considered to enharaailigliof a power system network apart from
the earlier discussed methods.

2.5.4.5Reliability improvements by other methods

Reliability augmentation in a power system netwigrknecessary as both customer satisfaction
and company profit is crucial for business sustalitg. Gauthier et al. discussed planned
islanding as a distribution operation tool for alility enhancement [104]. Here, the procedure
of planned islanding was considered for the esalestieps that needed to be taken so as to make
it a booming project. This scheme needed strongweak between the Distribution and
Transmission engineers to accomplish the relighilévelopment for the distribution customers
when an intended outage is necessitated on thentiasion line. The results of the studies were
examined thoroughly. The current position of theesoe had also been discussed. On the other
hand, Cleveland studied for enhancing the religbiland security of the information
infrastructure used to manage the power system].[10#&as discussed that security measures
should be built into every system from the momdmytwere conceived. In another work,
Bishop et al. performed distribution system reli@pimprovements justified by increased oil
production [106]. Here, reliability improvement o¥erhead distribution feeders was discussed
for serving oil-pumping facilities. In another attpt, Castro et al. studied reliability
improvements of the Guri hydroelectric power plH7]. Here, computer control system of a
large hydroelectric power plant and the reliabilaygmentation incurred to the automatic
generation control and automatic voltage controbgpams were discussed. Reliability
improvement of power systems were exercised withenagcurate grounding system resistance
estimates [108]. Here, the degree of error was tifiexhfor computing grid resistance, touch
voltages and step voltages as a function of maxirmpumspacing. In another study, Svensson et
al. did cost saving and reliability improvement using innovative technique for refurbishment
of a substation [109]. Here, an innovative solutiath disconnecting circuit breakers was found
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better with regard to power flow than a traditiosabstation configuration with conventional
equipment. On the other hand, power system stalsliwere effectively used for enhancement
of power system reliability [110]. Here, an accoahthe measures and procedures was provided
for the effective application of power system diabrs to ensure functional reliability. In
another work, Miyata et al. studied the basic @ufhy and improvement on reliability of
electric power system in Japan [111]. Here, anrsite study had been performed on system
reliability from the viewpoint of equipment and @alf operation. Customer reliability
improvement on the other hand was exercised withaDyc Voltage Restorer (DVR) and a
Dynamic Uninterruptible Power Supply (DUPS) [11R].that attempt, control and protection
concepts of DVR and DUPS were presented to destirdbeystem performance achievable with
these power devices. In another study, Sahay giresented super-capacitor energy storage
system for power quality and reliability improvendta13]. Here, a critical view had been
provided chronologically to improve quality of poweith the help of supercapacitors energy
storage systems. On the other hand, a value ba$ability enhancement scheme was studied
for bulk transmission system planning [114]. Hereynique value based reliability enhancement
method was described for bulk transmission systiamning. A dollar value quantification of the
level of reliability was also proposed. This enablealculation of benefit of to cost ratios.
However, it is a known fact that the modern powestesm is controlled mainly by SCADA. But

it is not suitable for fast system process. In thgard, Kilter et al. performed integration of wid
area monitoring technology and enhancement of pey&em reliability in Baltic power system
[115]. Here, more advanced technology was discussedhance power system reliability. Wide
area monitoring system (WAMS) and possible solgimere used to enhance system reliability.
On the other hand, Hosseini et al. studied reltghbinprovement of distribution system using
static series voltage regulator [116]. A relialyiléssessment algorithm was presented utilizing a
static series voltage regulator in distributiontegss. This algorithm considered the effects of
distributed generation units, system reconfigurgtialternative sources and load shedding
distribution system reliability indices. Customardaenergy oriented reliability indices were
evaluated for reliability assessment. It was obsgrthat the proposed algorithm was effective
for large scale distribution systems. Reliabilitygrovement had been performed by Nesrullah et
al. in distribution system employing a voltage saitjgation method using binary gravitational
search algorithm [117]. A method for enhancing léneel of reliability of distribution system
was proposed here. An integrated voltage sag midigamethod comprising of two stage
strategy was employed. This strategy was distioutnetwork reconfiguration followed by
DSTATCOM placement. It was observed from the sirmomaresults that the proposed method
was effective and feasible for enhancing the le¥veslystem reliability.

2.6 Concluding remarks

It is observed from above discussions that cosiatah as well as reliability improvement by
simultaneous optimal capacitor allocations andritisted generation integrations performed by
soft computing techniques may be attempted as @oriant research topic in microgrid type
radial distribution systems. Several studies rdlatereliability had been performed especially in
distribution system wherprolonged outages and failures occur. On the otfaed, the real
power loss is an important phenomenon which hasnaexction to failure of the electrical line.
This causes poor service reliability in distributisystem where most of the customers such as
rural, urban, office, hospital, commercial, indigdtetc are available. Cost incorporated customer
specific reliability improvement in distribution sgm is observed to be sparse. Reliability
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evaluation was however envisaged by analytical odthMonte Carlo simulation and a few
algorithms. In this regard, nature inspired evolndry technique can be approached for
reliability assessment. Distributed generatioregnétion and reactive power compensations
impact on service reliability had been studied wdlially by many research groups. The
combination of the above engineering schemes caretyeeffective for reliability enhancement
as well as loss reduction and cost minimization.ligRéity improvement considering
reinforcement schemes such &splying only disconnectandimplementing lateral protection
plus disconnectsan be performed in radial distribution systeme Efffect of these two schemes
on reliability is hardly found in the literature. ekability optimization and reliability
enhancement considering economic issues had befmrped by several approaches. But novel
technique especially developed from nature insppkrenomena may be another approach for
performing optimization in connection to reliabjlitMost of the reliability indices which had
been studied are customer and load based. Cost basbility index which directly reflects the
reliability worth is hardly found in the literature

From the above attempts of different research gg@agme points may be noted down. Studies
on cost based reliability enhancement may be atwanponsidering simultaneous optimal
distributed generation integrations and capacifocations in microgrid type radial distribution
systems. Appropriate planning may be exercisedifagle as well as multi objective situations
by suitably choosing DG and capacitor size andtiondor standard microgrid type distribution
systems. Distributed generation penetration aecfit levels may also be attempted for the total
active power load of the microgrid type distributisystems. Distributed generation integration
can also be performed considering a maximum of &S0 penetration keeping the futuristic
plan in mind.The cost minimization may be exercisgdtwo specific reinforcement schemes
viz. applying only disconnec@ndimplementing disconnects and lateral protecti@uost based
reliability index may be formulated consideringiability worth and real power loss. Customer
and the load oriented reliability index viz. SAIFBAIDI, AENS etc along with a newly
developed cost based reliability index (CBRI) carstudied for reliability analysis for microgrid
type radial distribution systems. Two newly develdpsoft computation schemes namely
modified cultural algorithm and fish electrolocatioptimization can be applied for performing
optimal allocation of DG and capacitor to obserestaeduction and reliability improvement.
Modified cultural algorithm can be formulated byrfoeming modification of cultural algorithm.
On the other hand, fish electrolocation optimizatican be mathematically developed
considering active and passive electrolocation phmma of elephant nose fish and shark,
respectively. Comparative studies may be attemgteohgst four soft computing techniques viz.
real coded genetic algorithm (rcGA), particle swaoptimization (PSO), modified cultural
algorithm (MCA) and fish electrolocation optimizai (FEO) for achieving better cost, loss and
reliability.

Reliability enhancements as well as total cost cedns have been presented later in Chapter 7
after suitable capacitor allocations and DG integns. Reliability cost and reliability worth
have been considered as total cost here. Reliabit is connected with the investment cost to
achieve a certain level of reliability whereas abllity worth is something which has been
evaluated by assessing customer interruption éasthermore, quantification of reliability is
also necessary to estimate reliability improvemdiiese economic implications of reliability
and distribution system reliability indices haveebeconsidered in the next chapter with basic
reliability mathematics to comprehend the concefat planned method.
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Chapter 3

Economical reliability analysis of a distribution s/stem

In the previous chapter, the reliability issuesremted to power systems have been analyzed
from several literatures. This reliability is reddt with the failure rate of power system
equipments. Equipment will fail eventually if it is service for a long period in a system. The
failure rate of electric line and AC cable has obgen considered for reliability evaluation in
this work. This has been performed considering rofh@ver apparatuses as reliable. Cost
reduction as well as reliability improvement hasmepproached performing simultaneous
optimal capacitor and DG placements in microgrigetyadial distribution systems. Hence it is
necessary to consider the basic reliability relatgathematics and economic implications of
reliability due to power interruption. This has hekustrated here with a few distribution system
reliability indices for better understanding of tiediability issues.

3.1Basic mathematics related to reliability

Mathematical formulations of failure rate and o@dagne are necessary to develop reliability
indices. Life of an electric line, cable or equipthand concept of reliability are also significant
to understand the basic principle underlying satigfry operation of apparatuses.

3.1.1 Failure rate, outage time and annual outage time

The number of expected failures in a certain timerval is defined as failure rate. However, it
is considered as an expected value. In any giveea imnterval, the actual number of failures may
differ. For example, an electrical line with a tm# rate of 24 failures per year does not
necessarily have two failures every month. The @sgon of failure rate is as follows;

_ total number of failures (3.2)

Mt
total given time

In this work, the interest is focused on powerrdsition system especially microgrid type radial
distribution system. A radial distribution systesncomprised of a set of series components. The
series components incorporate lines, cables, dmsaxia or isolators, busbars etc. A consumer
wants all components connected between load ansuihyely to operate properly. Line, cable or
equipment outages and customer interruptions aneapty related with distribution reliability.
The basic parameters related with reliability average failure rateaverage outage timand
average annual outage tim€hese are expressed as follows;

3.2
’1£1lig = Zﬂ'i ( )
i

Angyg = Z Aity (3.3)
:
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_Angyy N Am (3.4)
Tavg =TT YA

avg

The above three equations represent the systenagevdailure rate, system average annual
outage time and system average outage time regplgctirhe stated three primary reliability
indices have been consideredature rate annual outage timandoutage timen this research
work. These three primary factors have been coreidbere to calculate reliability indices for
every load bus of the microgrid type radial digitibn systems under consideration. However,
line, cable or equipment will eventually lead tduee after a certain useful life.

3.1.2 Life of line, cable or equipment

Three major distinguishable periods take placéni, Icable or equipment’s life. These are infant
mortality period, useful life period and wear-owdripd [118]. The failure rate is high in the
infant mortality period. This is high due to theistgnce of weak spots from the manufacturing
process. That may be due to poor workmanship, antdatd components, and so on. The failure
rate is improved i.e. it is decreased as the wesdaseare manifested one by one by the stress of
operation. The failure rate is decreased upto aclowstant level. After this period, the line, cable
or equipment enters into the useful life periodthis period, the failure occurs at random times
by chance. Failures occur irregularly at unpredietanoments. The failure is not dependent on
the age of line, cable or equipment in this uskfielperiod. Ultimately this period ends with the
starting of wear-out of the line, cable or equipméime failure rate increases very rapidly due to
deterioration when the line, cable or equipmeneeninto the zone of wear-out period. Though
chance failures occur but the wear-out process wiaies the failure rate. It is like a bathtub
shape curve if the failure rate of line, cable @uipment is plotted against time.

3.1.3 Reliability from the first principle

The probability of not failing for a given time arival is defined as the reliability. The reliakilit
is considered according to population of line, eatnl equipment in this approach. The reliability
is the ratio between population that survives amgiral population [118]. Say for example, the
original population igV,. The N; population fails after a certain tinbeThe surviving population
is Ng. Then the reliability at timewill be as:

N, (t) _ N, — Nf(t) (3.5)

R(t) =
(®) N, N,

3.1.4 Reliability model

The reliability modeling can be of different typ®rin the reliability of population discussed in
the previous paragraph. The relationship betweeastaat failure rate and reliability can be very
simple. For example, the population at the begigihthe observation b&,. The failure rate is
considered asl/!. After a certain time interval, some units willlifand others will still be
operating. The above stated two populations ar@tddnasN; and N;, respectively. In usual
course Ny decreases with time ad increases with time. The differential 8f with respect to
time is the number of expected failures per umiteti That is for the present population at the
instant. This time rate of increase is equal tofthieire rate times the number of units in the
present population [118]. This is expressed as;
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(3.6)

whereN; andN, change with time. However, they always sum ugheoinitial populationv,,. It
is expressed as;
Ns +Ns =N, (3.7)

As discussed in the previous section, reliabilgythe ratio between surviving units and initial
population. It is expressed as;
(3.8)

R() = Ny
=

Combining the above three expressions, one can get
Ny (3.9)

dt N, dt

InR(t) = Mt
R(t) = e 't

Reliability has been expressed here in a genedahzay. This has been considered as the
exponential decaying over time. The decay is gaarhy the failure rate of line, cable or
equipment. Distribution system reliability is ndtictly assessed by the stated way. However,
failure rate is connected to the evaluation procedxf reliability indices. At the same time
number of customer plays an important role in deteing the reliability indices. In this regard,
discussion related to the evaluation proceduresladbility indices is necessary to grasp the idea
of reliability indices.

3.2Reliability evaluation of distribution systems

Reliable and economical electrical supply to cusiams the basic operational function of a
distribution system. After the year 1965, the rie&rest for power system reliability evaluation
started to grow [118]. This was most notably inflced by New York City black out. The

technique changes in operations and configuratiohsdistribution system have been

accommodated by the constantly evolving reliabititgthematics. Now, photovoltaic system and
wind as renewable energy sources have significapact on operation of distribution system.
Deregulation is giving challenges to electric tigs. Consumer/customer is looking for good
service i.e. value added service from any utilitstrtbution company. If the customers are not
satisfied then they will start shopping. The greamber of business failures in numerous
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industries is due to failure in recognition of @mer needs. The characteristics related to
business such as focus, strengths, weaknessestratehies are assessed in the competitive
electricity market. This is forcefully done as avament of the electric industries. Challenge for
electric utilities lies in increasing the marketuea of the reliable power supply they provide.
This challenge also lies in lowering the customesictric cost by decreasing the cost of
operation, maintenance, and construction. Thesaraoagst the major challenges. The optimum
reliability, for any power system supplying a cartanix of consumers, results in lowest
combined cost. In the following section mainly dimition system reliability assessment has
been studied as reliability improvement of micrdgype distribution system as is considered in
this work.

3.2.1 Assessment of distribution system reliability

It is vital to note that the distribution systemascrucial connection between the bulk power
system and its customeils. many cases, these connections are radial iractear That makes
them susceptible to customer disruptions due tingles outage event. A radial distribution
circuit normally utilizes main feeders and latedatributors to provide customer energy needs.
In the past, the distribution sector of a poweneaysreceived noticeably less consideration in
terms of reliability planning contrast to generat@nd transmission segmeni$ie fundamental
cause behind this is the fact that generation amadsmission sectors are very capital
concentratedFurthermore, outages in these sectors can origile wpread disastrous financial
penalty for society.

It has been seen in the literature that more tl@ga 8f all customer disruptions take place due to
stoppages in the distribution system [1I8]e distribution sector has been the feeble cororect
between the source of supply and the customer fw@dts. A single distribution system
operational policy is relatively reasonably priceampared to a generation or a transmission
development schem@n electric utility usually pays out a large sumcafpital and maintenance
budget jointly on an enormous number of distribotipgrading projects.

At present, in many electric utilities, satisfagtdevels of service continuity are found out by
comparing the real disruption frequency and duratiodices with capricious target&or
example, monthly reports on service continuityistias developed by many utilities consist of
the subjective targets of system reliability indider performance comparison intentiolishas
long been documented particularly in the deregdlatarket environment that rules of thumb
and implied criteria cannot be employed in a rédamanner. This can’'t be employed to the
outsized number of capital and maintenance ventuig also applicable for operating decisions
that are routinely mad&ome reliability programmes with restricted captibg are accessible.
But until very recent times, virtually no utilitieid distribution system extension investigations
utilizing probabilistic models. Distribution utilgs are necessary only to provide historical
distribution system performance indices to reguiatmrganizations. However, the situation is
changing very fast due to deregulation.

There are plenty of chances for distribution uéitto sensibly devote resources in distribution
sector development activitiehis is to convene the future load augmentatiorutiyzing the
probabilistic reliability techniquedt would eradicate the danger of over/under savimgthe
system while supplying the optimum service relidp#t the accurate cost. The unwillingness of
electric utilities to utilize the reliability techques in planning and designing distribution sextor
is due to an existing misconception. The perceps8dhat it needs classy probabilistic computer

35



tools and expert engineers in distribution systehalpility engineering and planninglowever,
due to competition the situation is changing vest f

3.3 Quantification of distribution system reliability a s reliability indices

In this work distribution system reliability imprement has been given importance. Here only a
few distribution system reliability indices haveebeillustrated for evaluation purpose [119]. The

distribution system reliability indices are desedbbelow which have been considered useful
and therefore studied thoroughly.

3.3.1 System average interruption frequency index§AIFI)

System average interruption frequency index is a&atoroer oriented distribution system
reliability index. This is defined in equation (B8)1 It is the ratio between total number of
customer disruptions and total number of custormére have consumed electricity from the
same feeder. Total number of customer disruptionbmz enumerated by taking summation of
the individual product of failure rate and customamber of a load point On the other hand,
total number of customer can be calculated by tpkire summation of individual consumer

number of each load pointin the distribution network. The terméland Nf*$ in (3.11)are the
failure rate and number of customer of any loachipaiespectively. It is represented as

Total number of customer disruptions .
SAIFI = f P (3.10)

Total number of customers who have consumed electricity

l
SAIFI = Tid AN 51

nl cus
ilei

3.3.2 System average interruption duration index §AIDI)

System average interruption duration index is aseustomer oriented distribution system
reliability index like the SAIFI. This is denoted equation (3.12). It is the ratio between total
time durations related to customer interruptionsl aotal number of customers who have
consumed electricity from the same grid. Total tidueations related to customer interruptions
can be calculated by taking the summation of imbligl product of annual outage time and
number of customer for a load pointOn the other hand, total number of customers lman
easily enumerated like the expression given in #gug3.11). In expression (3.13) the term
Anf"tandNf**are the annual outage time and number of custoofiensy load point.

SAID] — Total time durations related to customer interruptions (3.12)

Total number of customers who have consumed electricity

nl out cus

i=1 Ang . N;
nl cus
ilei

SAIDI = (3.13)
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3.3.3 Customer average interruption duration index (CAIDI)

Customer average interruption duration index islarocustomer oriented reliability index. This
is defined in expression (3.14). This can be exqm@sas the ratio between total time durations
related to customer interruptions and total numbfecustomer disruptions. How total time
durations related to customer interruptions andltaumber of customer disruptions can be
calculated that has been shown and expressediifdiliey index SAIDI and SAIFI in the above
sections. It is the ratio ofA/DI andSAIFI as shown in expression (3.15).

CAIDI = Total time durations related to customer interruptions (3.14)

Total number of customer disruptions

nl out pjcus

1L Anftt, N (3.15)

_ 4i=1 i i
1= [ 4

3.3.4 Average service unavailability/availability index ASUI/ASAI)

Average service unavailability/availability index a dimensionless customer oriented reliability
index. The value of average service unavailabititlex (ASUI) is calculated as stated below and
given in equation (3.16). The reliability indesu! is the ratio between customer hours service
unavailability and customer hours service deman@aetomer hours service unavailability can
be enumerated by taking the summation of indiviguatluct of annual outage time and number
of customer for a load point On the other hand, customer hours service dencandbe
calculated by taking the summation of individuabgwct of customer number for a load paint
and hours in a year. Here, 8760 is the number ofshim a calendar year. The notations used in
defining ASUI in expression (3.17) can be easily understoodt dsas samilarity with the
expression of reliability indexsAIDI. The average service availability indexS4r) is also
another reliability index which deals with the dahble service hours. This can be expressed as
the ratio between customer hours of available seraind customer hours service demand as
shown in (3.18). This reliability indeASAI is considered as the subtractiondsUI from unity

as observable in (3.19).

Customer hours service unavailability (3.16)
ASUI = -

Customer hours service demand

S AngE NG (3.17)
ASUI = nl cus
= Ni*.8760
Customer hours of available service

ASA] = f (3.18)

Customers hours service demand

ASAI = 1 — ASUI (3.19)
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3.3.5 Average energy not supplied4ENS)

The last load oriented reliability index i.e. avggaenergy not suppliedlgNS) is calculated in
equation (3.20). This can be expressed as thelvatiween total amounts of energy not provided
and total number of customers who have consumetrieiey from the same feeder. The total
amounts of energy not provided can be enumeratethking the summation of individual
product of load and annual outage time connectddait bus. On the other hand, total number
of customers who have consumed electricity can dleutated by taking the summation of
individual customer number for every load pointin the expression (3.21)a;is the load
connected to load point Other notations in equation (3.21) have same imgaas considered in
the above sections.

Total amounts of energy not provided (3.20)

AENS =
Total number of customers who have consumed electricity

Y™ La;. Anf* (3.21)

nl cus
i=1 Ni

AENS =

3.3.6 Cost based reliability index CBRI)

The newly developed reliability indeXBRI is a cost based reliability index. TA8RI term is
expressed in equation (3.22). The term is a ratibwo items. The numerator of that ratio
denotes the subtraction of two terms multipliednwitss™. These two terms are connected to
power interruption cost RIC). Power interruption cost or reliability worth igvaluated
considering cost of interruption, connected load &ilure rate. The cost of interruption has
been considered later as customer disruption etese, PIC™ andPIC are two terms derived
from PIC wherePIC™ value has been considered as the initial reltgbilorth value i.e. without
capacitor and DG placement. TREC value is denoted as reliability worth value aftapacitor
and DG placement at certain iteration. Thes™ denotes the initial loss value without DG
integration and capacitor allocation. The denonanaf the ratio in equation (3.22) defines the
multiplication of two terms i.€loss'* andcostt. The termioss® defines the loss value at certain
iteration after performing capacitor allocation a6 integration. Another termost® of the
denominator of the R.H.S of expression (3.22) dfithe cost due to loss at certain iteration.

(PIC™ — PIC™). loss™ (3.22)

CBRI = - .
losstt. costit

This index is a reflection of reduction in poweteirruption cost after capacitor allocation and
DG integration. The value of this reliability indexzero when there is no capacitor allocation or
DG integration into the distribution system netwofke improvement of this reliability index is
achieved while performing maximization not minintiza. So it defines that higher CBRI value
means improved situation. However, this newly depetl reliability index has a connection
with reliability worth. There is a difference betere reliability cost and reliability worth.
Reliability cost is the investment necessary toieah certain level of reliability whereas
reliability worth is the benefit incurred by thecsety and customer. Appropriate planning has
been performed in this work considering optimalaajor and DG placements to observe cost
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reduction as well as reliability improvements. Hewiscussion of economic issues connected to
reliability is important to understand the situatia a better way.

3.4Economic worth of reliability in connection to distibution system

As discussed in the earlier section, reliabilitynist an abstract academic concept. It can be
guantified as an index. However, the necessarydfak electric distribution system is to satisfy
the energy requirements and system load as ecoaltyn@s possible and with a sensible
assurance of continuity and quality. The two feedusf comparatively low cost electrical energy
at a high level of reliability are frequently inrelct variancePresent power system managers,
planners, and operators deal with an extensiveerahtpugh problems due to this issk&ctric
power utilities are also considering increasingrzmtivity to the economic, political, societal,
and environmental limitations under which they fiime and plan their upcoming systems. This
has produced growing necessities for widespreatheapon of new amenities and augmented
importance on the optimization of system reliapiind costs. An essential part in the general
difficulty of assigning operating resources anditzps the evaluation of reliability worth and
reliability cost [119]. The capability to evaluate the costs related tativarthy service is
sensibly well ascertained and acknowleddedlisparity, the capability to evaluate the waoth
providing reliable service is not well ascertain&ignificant effort will be necessitated before
these methods can be well thought-out to be entseitable for reliability worth assessment in
distribution systemAscertaining the worth of service reliability iscamplicated and one-sided
job. It is due to the fact that straight assessment doesome out to be possible at this moment.
A realistic substitute is to assess the influentealisruption and understanding the financial
losses acquired by clients owing to electric posgpply stoppage. Customer disruption costs
give an important substitute for the real wortlelactric power distribution supply reliability.

3.4.1 Inherent/precise assessment of reliability worth

The common arrangement difficulty in an electriaveo system consists conventionally of a
judgment between diverse choices for system gr@ngpared on the basis of system cost [119].
The system cost can be approached in two basic. E&drical energy consumers in developed
countries enjoy the first approach. Here an inhesesioeconomic cost is connected with the
choice of the reliability normThe deterministic or probabilistic condition acagpby a utility
are therefore supposed to be supported on an tnefgpublic requirementlt has also been
formed by monetary and/or dogmatic forces to uttenicorporate acknowledgment of the
socioeconomic cost€onsumption of such measures should thereforecegplithe best trade-
offs between the benefits accessed by people amdcdbt of accomplishing the necessary
reliability. The explicit cost technique is recopmil as the second approach. It includes
reliability in the costing procedure by evaluatitige overall costs. This also incorporates the
societal costs of unreliabilityfhese costs are acquired by the utility in evergrya& the time
duration thought in both methods. Those are congpaseng present worth studgubjective and
objective measures of customer monetary lossesa@reidered by the explicit cost approach.
Those measures arise from electric energy supplycteon. The unit cost of losses owing to
energy not provided is a combined constraint. lidéveloped from the diverse classes of
customers influenced by a given disruption.

The fundamental concepts linked with the explicibstc approach to the reliability-
cost/reliability—worth assessment are comparatigéigightforward. These can be illustrated by
the cost/reliability curves shown in Figure 3.191.1
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Figure 3.1: Cost curves related with system rdiigil 19]

These curves demonstrate that the investment sostlly augments with higher reliabilit2n

the other hand, the customer costs linked withufag diminish as the reliability amplifieSo,

the entire costs are the summation of these twiwithahl costslt displays a least amousb that

a desired level of reliability is reached. Thisqaption is reasonably suitable. However, cost of
interruption or customer disruption cost evaluai®necessary for reliability worth assessment.

3.4.2 Customer disruption cost estimation

Customer impacts have been evaluated by the utdizaf various methods due to interruptions.
These methods can be clustered into three extensategories on the basis of the
methodological approachThose categories are diverse indirect methodicalesssnents,
customer reviews, and case studies of blackout9][11tilities emerge to support customer
reviews as the ways to resolve exact informatiortteir uses. It is performed when a particular
approach has not been commonly accepted.

An essential preliminary step to determine intetinrpcosts is an appreciative of the nature and
diversity of customer impacts ensuing from elecseevice disruptionsThe difference between
long-term and short-term impacts relates to theineaof the disruptionSpecially, long-term
impacts are frequently recognized as adaptive itrectonceived to evade upcoming disruption
costs. This also incorporates voltage regulation equipmengeneration, and installation of
protective switchgear.

The cost of a stoppage from the customer’s vieworsnected to the nature of the degree to
which the actions disrupted are reliant on eleatrsupply.This reliance is a consequence of
both disruption and customer characteristiisruption attributes are comprised of a few things
It incorporates frequency, duration and time of gapng of disruptions. It also includes the
completeness or partiality of disruption, prior ttan about the stoppage or duration information
regarding disruption and the type of area impabtethe stoppageCustomer attributes comprise
nature of the customer’s actions, type of custorsze of operation, additional demographic
data, requirement, energy demands, energy relameefunction of time of day, etc. Finally, the
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impact of a disruption is somewhat reliant on tppraach and awareness of custométss
consecutively is connected to on hand reliabikyels.

3.4.2.1Notional basis regarding interruption cost

System expansion/upgrading or major rate revisientlae specific objectives to be considered
for costs of interruptionJrban residential, industrial, commercial, rurat. ere typically chosen
as the appropriate major customer categories ¢orse€Category-specific inspection instruments
can be exercised for that purpose. The standatgindl classification (SIC) system of customer
recognition is usually undertaken due to its alipmse approval by government and industry
[119]. Frequently it has been accepted by thetytibr other grounds. A chief and significant
step in this approach is the improvement of ingpaatquipments for every customer sectors. A
perceptive of representative sample assortment,-regponse bias, questionnaire bias,
negotiating questionnaire substance with extegurantee suitable reply rates, etc are required
for questionnaire research and the assistant regjgwoaches. In addition, a sound notional
basis and an understandable statement of intensbnsld be reflected by the nature and
approach of the inspection appliance.

3.4.2.2Cost inference techniques

Cost of interruption can be evaluated by askingstjols to the customers in various ways [119].
Though there is no unique concept related to quesdire design but it is the only way to
estimate the cost of disruption. Asking direct dues to consumers concerning to the
interruption losses can be a useful way for costmasion when the losses are substantial and
identifiable [119]. The industrial, commercial, amdbst large users are the implementation
ground of this approach. Office buildings and laiggditutions have also been considered for the
application of this approach. The major demeritstto$ technique emerge when impacts of
interruption tend to be less substantial and thanitial loss is not directly recognized.

Another approach can be the estimation of costskyng customers about what amount of cash
they are willing to pay to avoid power cut. The sfien can also be to the customers like what
amount of money they are willing to accept to eigrere the interruption.

Indirect worth assessment is considered as thirthadelogy. Customer-selected choices or
replies to indirect approach queries can be utlliedevelop a value. This may be utilized when
thorough estimation is not feasible. It can agarabcomplished by inquiring the customers. The
customers can relate those queries in the perspedtitheir knowledge. However, customer
disruption cost has been considered as a majofgractistomer damage function which leads to
the estimation of reliability worth. This customdamage function has been assessed as
composite customer damage function as there atieugatypes of customers such as urban,
commercial, hospital, rural, industrial etc avaléaim a distribution system.

3.4.3 Functions concerning to customer damage

3.4.3.1Mathematical development of damage function

Customer disruption costs can be presented inaitme 6f customer damage functions (CDF) in
an expedient wayThe CDF can be decided for a known customer cayedbrcan also be
combined to create sector customer damage funct®@BF) for diverse types of customers in
the systemA composite customer damage function (CCDF) camldeloped at any specific
load point in the system by the collection of tleeter CDF and sector peak load or energy
percentage value at that load point [119]. Thid®weCDF, sector peak and energy percentage
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values differ from customer to customer. The peadioih in this approach is that all load
restrictions will be dispersed fairly across ak ttustomer region3.he per-unit energy for each
sector is usually considered for the weighting usecreate a CCDFON the other hand, the per-
unit peak demand for every region is occasiondilizad for small disruption periods.

In this work reliability worth assessment has bperformed in distribution functional zone i.e.
in microgrid type radial distribution systems. Thmad point CCDF value considered for
enumeration purpose here is tabulated below.

Table 3.1: Load point composite customer damagetiium (CCDF) for radial distribution system [119]

Duration US$/kW
1 min 0.1530
20 min 1.2434
1 hour 3.7100
4 hours 15.4752
8 hours 42.6172

Reliability worth has been primarily consideredpasver interruption costP(C) as stated earlier.
The expression of power interruption cost is shawequation (3.23) as

nl (3.23)
PIC = ZLai.Ci.A{l

=1

The termLa; is considered as active load connectedthobus in (3.23). Another terrG; is
chosen as composite customer damage functiath dfus in the R.H.S of (3.23). The last term

/1{1 in the R.H.S of (3.23) is considered as failutte & ith bus.The power interruption cost is a
sub part of total cost. Here power interruptiont@eng with cost due to line loss, operation &
maintenance cost and investment or installationt cifs DG and capacitor have been
simultaneously considered as total cost in the deapter.

It is a known fact that most of the customers ata@lable in distribution systems. Distribution
system can be of various types according to topolmgt radial distribution system is very
common and standard in different countries arotnedworld. Microgrid power system network
is like a sub system of a macro grid or convenifiahstribution system network. Now-a-days
several utility companies are coming to do business microgrid power system network.
Sustainability in the business is a vital issuedasegulation is prevailing these days. In this
restructured power scenario customer can choodéditg company on the basis of electricity
price and reliability. So the utility companies Miily to provide economic power with utmost
reliability. This reliability issue is also importaiin a microgrid radial distribution system as
there is a chance of incorporation of renewablegnsources. So cost based reliability study in
a microgrid radial distribution system having a fevega watts or a few tens of mega watts of
active load is important from the business perspecthis study is also crucial as this microgrid
radial distribution system will be enhanced in extpof load growth in future. That's why here
a microgrid radial distribution system is considkefer simulation purpose. The mathematical
formulations related to cost based reliability adial distribution system such as a microgrid has
been illustrated in the next chapter.
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Chapter 4

Cost based reliability in a microgrid type radial distribution

system

Power distribution system reliability issues haeem briefly illustrated in the previous chapter.
Quantification of distribution system reliabilitjomg with description of economic worth of

reliability has also been presented. Reliabilityagfower system network denotes uninterruptible
supply with standard voltage and frequency. Rediabhd economic power supply is an
important criterion in deregulated power businddsre in this chapter cost factor based
reliability issues have been mathematically addr@s®r microgrid based radial distribution

system.

4.1 Economical reliability improvement in a microgrid type power system

Cost based reliability enhancement in a power idigion system can be performed by many
means. In this work, reliability improvement hagbestudied by installing shunt capacitor and
integrating Distributed Generation (DG) suitably wadial distribution system resembling
microgrid for economic purposes. The first objeetfunction has been formulated on the basis
of only reactive power compensation accomplishihgn$ capacitor installation. The second
objective function has been formulated considetwth DG penetration and shunt capacitor
installation. Appropriate capacitor allocation ireditly reduces real power loss. This decreases
the heating or melting effect of electric line theslucing the failure rate. On the other hand,
distributed generator penetration reduces the hgpdi electric lines at particular segments. This
decreases the amperage flow in the electric limeraduces the heating effect which reduces the
failure rate effectively. Reliability improves withe decrement of failure rate. The mathematical
expressions of those objective functions have likestrated for better understanding.

4.1.1 Capacitor placement

Reactive power compensation can improve the failate of the electric lines by reducing the
heat loss caused due to real power loss. Thisddsteases the power interruption cost linked
with failure rate. Thus cost can be minimized bstatling shunt capacitor suitably at load buses.
This has been performed in 69 bus radial distrilbusystem like microgrid to observe the cost,
reliability worth and various distribution systemliability indices. The objective of this optimal
capacitor allocation problem is shown in (4.1) as

Minimize S,y (4.1)

The expression of combined cost is shown in exped%.2). The combined cost,,; is the
summation of cost associated with power interrupii@. PIC, cost due to energy loss and
capacitor installation cost in sixty nine bus mgnid radial distribution system.

nb (4.2)
Scost = (PIC + Kp. Eloss). Tyifetime + Z K. Q;
j=1
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The reliability worth value i.ePIC is calculated using expression written earlieCimapter 3.
Here the tenure of this capacitor placement projeat been considered for twelve years.
However, failure rate modification after capacippacement is important to understand for this
simulation based study.

4.1.1.1Failure rate adjustment after capacitor allocation

The failure rate of electric line will change dwedapacitor allocation. This has been discussed
earlier. The current flowing in the line gets maetif after reactive power compensation by
capacitor installation [73]. The current ratiphas been defined in equation (4.3) as

B Inew! (4.3)
%= Toldl

It is the ratio of reactive component of currerteafind before capacitor allocation, respectively.
The termInew’ andlold' are defined as the reactive power component aeotiafter and
before compensation, respectively bfth branch. The value of new failure rate after
compensation has been enumerated in expressigra&.4

Jnew — ai(Auncomp _ Acomp) + )comp (4_4)

The terms AW, AWcomp gnd A°™P are denoted as new failure rate, failure rate at
uncompensated state and failure rate after totahpemsation respectively. The value of
Af°™MPhas been chosen as a percentage vala€'6f"*?. The value of the“°™? is less than the
value ofA#ncomp,

Cost reduction has also been studied by instalilngnt capacitor for the reinforcement scheme
i.e. applying disconnects between buses with Iagmatection for 69 bus radial distribution
system resembling microgrid. The same optimal dégaallocation data has been considered
for the other reinforcement scheme i.e. applyinly disconnects between buses to observe cost
minimization. Microgrid type distribution systemliedility indices have been evaluated for two
reinforcement schemes after optimal capacitor atlon. On the other hand, voltage and
maximum capacitor value restrictions have beeniegypthile performing the simulation study.
Capacitor allocation can improve the reliability afmicrogrid radial distribution system. But
distributed generation integration along with cajmcplacement can further enhance the
distribution system reliability. It has also thetgmtial of further total cost minimization.
Simultaneous capacitor allocation and DG integrati® necessary for further clarification
regarding reliability improvement of a microgridvper system.

4.1.2 Distributed generation integration and shunt capador installation

Reliability can be improved by installing shunt aajior as stated earlier. It can also be enhanced
by performing distributed generation (DG) integwati Here, both DG integration and shunt
capacitor allocation have been performed to asesseliability of a microgrid power system
economically. Simultaneous capacitor allocation Bx@lintegration have been performed on 34
bus and 69 bus radial distribution system resembticrogrid. Distributed generator source has
been considered as bio mass power plant in botlhu34and 69 bus microgrid type radial
distribution system. Solar photovoltaic plant h&és deen considered as DG source in 69 bus
microgrid based radial distribution system. Singlgective and multi-objective optimization
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situations have been considered in thirty four simty nine bus radial distribution systems. Five
conflicting objectives viz. loss minimization, tbtast minimizationSAIFI improvementSAIDI
improvement andAENS improvement have been considered here for obgecfiinction
formulation.

4.1.2.1L.oss minimization

The first single objective considered in this waskthe loss minimization of the microgrid
system. Loss has been considered here as real pmsgeand energy loss in 34 and 69 bus radial
distribution system similar to microgrid, respeetix Four evolutionary techniques have been
applied to get the comparable values from the maigvalue obtained by normal load flow
analysis. The objective function is expressed iB)(ds

Minimize E,loss (4.5)

4.1.2.2Total cost minimization

The second singular objective considered hereeisdtal cost minimization given in (4.6). Total
cost is comprised of power interruption cagid), cost due to loss, shunt capacitor installation
cost and DG capital cost. The expression of tatat bas been shown in equation (4.7). Power
interruption cost is actually the reliability wontvhich has been elaborated in Chapter 3.

Minimize T,Cost (4.6)

e 9 4.7)
T,Cost = (PIC + Kp.E, 10s5). Tjifetime t+ 2 K;.Cap; + 2 K;.DG;
j=1 i=1

4.1.2.3SAIFI improvement

The third objective is to improve the customer wieel reliability index SAIFI (system average

interruption frequency index). The four evolutiopartomputation techniques have also been
implemented to get improved SAIFI value by intedigly placing DG and shunt capacitor in the
chosen microgrid power system. The objective fuumctan be written in (4.8) as

Minimize SAIFI (4.8)

4.1.2.4SAIDI improvement

The fourth objective is to improve the SAIDI (systeverage interruption duration index) by
minimization. This customer-oriented reliabilitydex has been reduced from the original
configuration value by suitably allocating DG anHust capacitor in the chosen radial
distribution system resembling microgrid. The objexfunction is expressed in (4.9) as

Minimize SAIDI (4.9)

4.1.2.5AENS improvement

The only load or energy—oriented reliability indewnsidered for improvement is AENS
(average energy not supplied). This reliability erdhas been improved by performing
minimization from the original configuration vallsg doing optimal placement of DG and shunt
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capacitor in the microgrid power network. The objex function has been shown in equation
(4.10) as

Minimize AENS (4.10)

The considered five objectives have been found avgxt after suitable placement of distributed
generators and shunt capacitors at the load busasnaicrogrid power distribution system.
Reliability is an important issue in a microgridwer system network. Here this reliability has
only been considered to be connected with AC cablelectric line failure assuming other
connected apparatuses to the microgrid radialibligion system as trustworthy. That's why the
study related to the modification of line failurate after capacitor and DG placement requires
special attention.

4.1.2.6Change of failure rate by DG integration and capador placement

The reliability improvement is connected with tladdre rate of overhead line and underground
cable in a microgrid radial distribution systemeTimderground cable has a maximum operating
temperature. If the temperature exceeds that \takreinsulation will gradually deteriorate. This
would increase the probability of cable failure J[7Burthermore, the life period of insulating
material decreases exponentially with the incresiendf operating temperature
[120]. Temperature rise due to heating effect cagsagsin the overhead line. This will decrease
the ground clearance and enhance the probabiligjeatric failure [121]. However, the change
in branch current of the feeder is linked with Wagiance of resistive losses which is the cause of
heat. Any engineering option that would decreasebtfanch current magnitude will reduce the
heating effect and also the chance of electricftilare.

Distributed generation integration and capacitéwcaltion reduce the current magnitude of the
electric line. In this way, simultaneous DG andamior placement decreases the probability of
cable failure. Here, the ratio of old and new branarrent before and after DG and capacitor
allocation has been considered for new failure dateelopment in equation (4.11). This ratio has
been enumerated in equation (4.12).

fl fl fl .
ﬂ.ﬂ — a(ﬂ'i—line - Ai—min) + Ai—min lf a>0.5 (4-11)
mew Wt if <05
Inew
a= (4.12)
Iold

4.1.3 Constraints concerning DG and capacitor placement

A few constraints have been chosen for this simandtased study. These limitations have been
selected for performing both single and multi-objex optimizations. The voltage of each bus

has been restricted within the range of minimum @asgtimum p.u. voltage value. This has been
expressed as
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Vmin < IVil < ymax (4'13:

On the other hand, the installed shunt capacithrevatj™ bus should be less than equal to the
total reactive power load of the distribution systd his can be written as

nl
L
j=1

Like the capacitor installation limit of each lobdds, the total allocated distributed generator
value has been limited to a prespecified margims ks been expressed in (4.15) as

(4.14)

ng
Z DGL < DGlimit (415)

i=1

Like single objective situations considered earlmaulti-objective capacitor allocation and DG
penetration has also been performed for 34 andu§9bcrogrid radial distribution system. The
mathematical formulations regarding multi-objectsiiation is important to understand.

4.1.4 Multi-objective capacitor allocation and DG integration

Multi-objective optimization has been completeceafperforming single objective optimization
as depicted in the earlier subsections. Four ewolaty computation techniques have been
applied on objective function for the simulationsed study while performing single objective
optimization. Two new algorithms have been seleat@dngst the four techniques to study their
effectiveness to perform multi-objective optimipati This has been discussed in the later
section. However, the formulation of multi-objeeioptimization has been illustrated in (4.16).
The five conflicting objectives have been considesenultaneously. The conflicting objectives
are real power loss, total cost, SAIFI, SAIDI anBMS, respectively for thirty four bus radial
distribution system resembling microgrid. Only rpalver loss has been changed to energy loss
in the case of single and multi-objective situasidar sixty nine bus radial distribution system
like microgrid. Electricity price deals with eleictal energy consumption of customer. In this
regard, energy loss is vital for enumeration oft chee to loss. That's why energy loss has been
considered in for 69 bus microgrid radial distribatsystem for more clear view. The decision
variables considered for both single objective andti-objective optimization are real power
value of the distributed generator and reactive ggowalue of the shunt capacitor. The
mathematical expression for multi-objective sitoatconsidering five conflicting objectives has
been written as

Minimize  F(x)
FGO = G o0, f5GO, (0, f5 (0] (4.16)
fi(x) = E,loss
fo(x) =T,Cost
fu(x) = SAIFI
£.(x) = SAIDI
f5(x) = AENS
x = [DGy, DGy, ... ... ... ,Capy, Capy, e e o |



Modified cultural algorithm (MCA) and fish electaation optimization (FEO) have been
applied here for performing multi-objective DG igtation and capacitor allocation. However,
both the developed algorithms work on best candidatiution. This actually means these
techniques perform on the basis of best found ieolutn this regard weighted sum method is
easier and trustworthy for finding pareto optimalusons for multi-objective optimization
[122]. This is due to the fact that weighted suohteque develops one expression comprising of
all the considered objectives. Finally it becomesilar to the single objective optimization
method. In this work, influence of weighted sumht@que has been drawn to the developed
MCA and FEO technique discussed later in Chapt&u6the scaling factor for each conflicting
objective in multi objective situation is very sifycant for obtaining good quality solutions.
Here scaling factorw(; ,w,, ws, w,, wg) of 0.2 has been considered for all the five cotifii
objectives. To elaborate the cause of choosingfd@.2each objective it will be prudent to
understand the basic problem. Distribution systefrability indices viz. SAIFI, SAIDI and
AENS are connected with the failure rate. Thosece®lget improved due to the decrement in
failure rate. Furthermore, change in failure ratdinked with the modification of current flow
after DG integration and capacitor placement. Ga dther hand, change in current flow is
connected with the increment or decrement of endogy. Finally total cost has also have
connection with change in current flow as it is sisted of power interruption cost, loss cost,
capacitor installation cost and DG cost. Lastlhas been observed after several trial runs that
considering 0.2 scaling factor for each conflictiolgjective gives good quality solution. The
expression for weighted sum value regarding mudjective optimization problem has been
shown in (4.17) as

MO = w;.E,loss + w,.T, Cost + w3.SAIFI + w,.SAIDI + ws. AENS (4.17)

Multi-objective situations have also been develomshsidering two different conflicting
objectives in sixty nine bus microgrid radial distition system. But the mathematical
formulation regarding this has not been illustratesie as it's easy to understand from the
expressions of equation (4.16). However, decisi@king is very crucial to understand after
performing multi-objective optimization.

4.1.5 Decision making techniques

The true pareto-optimal front is unknown in anyetygf real world multi-objective optimization.

In this regard, all the non-dominated solutions Mot satisfy the desired target. That's why
there is a necessity to focus on one particulantmm which will satisfy the desired criteria.
Decision making is a subject of operation reseamtiich helps to find out an appropriate
solution amongst a set of solutions. Here, a coaptiecision making techniques have been used
for getting feasible and appropriate solution afterforming multi-objective capacitor allocation
and DG integration in a microgrid radial distritmrtisystem.

4.1.5.1Newly developed technique

A decision making technique has been developedyn&wlimplementing it in thirty four bus
radial distribution system resembling microgrid.the first attempt, equal importance has been
provided to all the selected conflicting objectivfes having an appropriate solution in 34 bus
microgrid radial distribution system. To reach thmdrspective pseudo weights have been
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calculated for every conflicting objective concegito each non-dominated solution after
performing multi-objective capacitor allocation ad& integration. The pseudo weight has been
enumerated according to equation (4.18) [122] as

max max __
W. f}
l max mln max __ an
j=17J

The summation of the desired or chosen weightsalfathe conflicting objectives is equated to
one as shown in (4.19). The chosen weights amalidered as equal. The reason behind this is
that equal importance has been given to all thesamaveights. These weights are selected as
equal considering the urban type of customer whotsvaninterruptible power supply, reduced
electricity price and improved power quality alttue.

M
Z Wtjchosen =1
Jj=1

The deviation value has been calculated betweerhbsen weight and the enumerated pseudo
weight available from (4.20). The deviation valoe éach conflicting objective is shown as

(4.18)

(4.19)

dev(j) = Wtfh"se"~Wi (4.20)

The total deviation value has also been calcultdeiihd out a specific solution for this multi-
objective optimization problem. This is expressed a

M
eptotal = 2 dev())
=1

The appropriate solution’s weight value for eachflicting objective will be very close to the
chosen weight value i.ertjC""S@". So the total deviation value i.g@evt°*® of a proper solution
will be least amongst all the non-dominated sohgiat hand. This theory has been considered in
this newly developed decision making techniqudifating an appropriate solution.

The decision making procedure has been implemartssidering equal significance for all the
conflicting objectives in thirty four bus radialstliibution system resembling microgrid. But
critical situation arises when conflicting obje&$s/can have various importances. In the second
attempt, sixty nine bus microgrid type radial diition system has been considered. This
system is more complex than the thirty four busragad type radial distribution system. On the
other hand, appropriate solution for different oost¢rs like rural, urban, commercial,
office/building, hospital, industrial etc cannot dletained considering equal significance to each
conflicting objective. The suitable solution inglsituation can be achieved by considering the
standard TOPSIS method.

(4.21)

4.1.5.2Implementation of TOPSIS method
The TOPSIS method is a procedure which is goveilmedhe order preference considering
resemblance to best solution [123]. This was deesldoy Hwang and Yoon in 1981. TOPSIS
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method has been implemented considering the seitalgight for selection of appropriate
planning scheme of DG integration and capacitarcalion. This method works through a few
steps. These are as follows:

» Step 1: Construction of normalized decision matrix

First of all decision matrix has been formulateklirig the obtained solutions by the chosen
algorithm. Here for decision making, non-dominasedutions achieved after MCA and FEO

implementation have been considered separatelys f&s been discussed later in Chapter 8.
However, the results obtained by any of the dewetlogigorithms are non-dominated solutions
related to five criteria. The decision matrix hagefcolumns for each set of results. But the
number of rows is different as the number of pamgithmal solutions found by each developed
algorithm is not same. The decision matrix Y hasnbghown in (4.22).

Y11 Y12 Y13 Y14 V15 (4.22)

Yo1 Yoo Yo3 Y24 VY25

IYNT YN2 - YN5]|

The five attributes are energy loss, total costFBASAIDI and AENS. They have various units.
They are made dimensionless. Finally the decisicstrism becomes non-dimensional or
normalized decision matrix. Each element of thatmadized decision matrix has been calculated
using equation (4.23) as

Yij (4.23)

/ N .2
i=1Yij

The non-dimensional decision matrix has no useawiththe influence of weight factor which
has been chosen justifiably later in Chapter 7. Triflience of weight factor for different
customer has been illustrated in the next step.

xij =

» Step 2: Making of weighted normalized decision matr
Five weights have been assigned for five differeriteria as discussed earlier. Weighted
normalized decision matrix has been generated Hyiptying each element of the matrix with
weight factor. This has been shown in (4.24) as

WiXor WoXps WaXps WX, WoXps
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The weighted normalized decision matrix is différér various customers. This is due to the
reason that the weight factors chosen for diffecemsumer are dissimilar. In the next step ideal
and negative ideal solution from this weighted nalreed decision matrix has been evaluated.
This is done because it is an inherent proceggiidtes the selection methodology of finding an
appropriate solution closer to an ideal solution.

» Step 3: Finding the ideal and negative ideal sotuti

Ideal and negative ideal solutions have been foandby selecting minimum and maximum
values for each attributes. The attributes areggnieiss, total cost, SAIFI, SAIDI and AENS as
stated earlier. The value of each criterion will cmnsidered as best when it is the minimum
amongst all the available alternatives. That's whg minimum value of each attribute
concerning to the obtained weighted normalized sieci matrix has been chosen as ideal
solution. On the other hand the maximum value hesnbconsidered for the negative ideal
solution. The ideal and negative ideal solutiongehldeen calculated as expressed in (4.25) and
(4.26) respectively.

B* = {(minS;;)} = {51, 53,53,5:,553 (4.25)
B~ = {(maxS;)} = {51,55,53,55,55} (4.26)

The most preferable and least preferable alter@adtas been enumerated in this step. They are
utilized to find out the separation measure inrtagt step.

» Step 4: Enumeration of the separation measure
The distance of every solution from the ideal aedative ideal solution has been calculated in
this step. The separation of each solution fromdbkal solution has been enumerated as given in
(4.27). On the other hand, separation of eachisalditom the negative ideal solution has been
calculated using equation (4.28).

2 (4.27)
S) J

‘jz]llz (4.28)

Finally, the separation measures concerning tartbst preferable and least preferable solution
are considered to find out the relative closenedbéd ideal solution. That relative closeness has
been enumerated in the next step.

» Step 5: Calculating the relative closeness todkalisolution
The relative closeness of a solution with respedrt ideal solution has been calculated in this
step. That relative closeness is expressed inY49
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D™ (4.29)
S —

T % -
Di+Di

The value ofﬁ for solutioni defines the above stated relative closenessslbbhan termed as

the rank value for every solution. If a solutionciese to the ideal solution then its rank value
will be higher in comparison to the other solutio®® the other hand, if that rank value is lower
in comparison to other solution then it signifieattthe chosen solution is close to the negative
ideal solution. However that rank value has be¢fosehe available solutions in the next step.

» Step 6: Set the rank value for the available sohgti
The best alternative or solution has been found lyutthoosing the maximum rank value
amongst all the solutions. The best solution waltbat one which is closer or have the shortest
distance to the ideal solution. The rank valueli®en determined in such a fashion in this work
that highest rank value will be the closest tortiast preferable solution. All the rank values for
achieved solutions by any algorithm for any typecofisumer have been shown in bar chart to
have a clear view. The reader can easily find et lighest rank value by seeing the bar
diagram in Chapter 7.
All the simulation based studies have been perfdriome microgrid radial distribution system
considering two reinforcement schemes. The failka® and outage time considering two
reinforcement schemes have been exercised beforaezating any reliability index or cost.
How the microgrid radial distribution system is kode considering the reinforcement schemes
is needed to be addressed. In addition, the caicalaf basic parameter such as outage time is
important to understand.

4.2 Microgrid type radial distribution system considering two schemes for reliability
evaluation

A sample microgrid type radial distribution systbas been considered for case study purpose as

shown in Figure 4.1. This is done as pictorial espntation of a bigger bus system is difficult in

a limited space. The radial distribution systene likicrogrid has nine bus and two laterals. Two

schemes viz. scheme | and scheme Il have beendeoedi in this study. Applying only

disconnects is considered as the first scheme. H@nother hand, disconnects with lateral

protection is selected as scheme Il. These twaonsebdnave been considered in this work as they

are very common and standard [119]. The microgodgy system network has eight branches.

There is a main feeder breaker at bus 1. Therdiscennects or isolator between two buses.
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O —Disconnect
x. — Breaker
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Figure 4.1. Typical microgrid type radial distribut system with disconnects

The first scheme (Scheme 1) has been considerdd amity disconnects i.e. there is no lateral
protection. So for a fault anywhere in the line thain feeder breaker operates. Suppose there is
a fault between bus 4 and 5. To isolate the faptition from the healthy system, the main
feeder breaker operates. Current will be interdi@eevery load point in the microgrid radial
distribution system due to that breaker operatiisconnect or isolator between bus 4 and 5 has
been opened after that short circuit failure. Tinegin feeder breaker recloses the circuit and
again current flows. Here failure rate of each ewdry load point is connected with all branch
failure rates but the interruption time is differehe outage time map will be formulated by
considering the repair time and isolation time @rizhes. For bus 3, the outage map will include
the repair time of branch 1 and 2 and isolatioretion switching time for other buses. Outage
time map for scheme | has been shown in (4.30)idensg repair time of main feeder and
lateral as 4hr and 2hr respectively and isolatiowe s considered as 0.5hr.

(4 4 4 4 4 4 4 47 (4.30)
05 4 4 4 4 4 05 05
05 05 4 4 05 05 05 05
05 05 05 4 05 05 05 05

outagemap =
g FB 05 05 05 05 2 2 05 05

05 05 05 05 05 2 05 05
05 05 05 05 05 05 2 2
05 05 05 05 05 05 05 2
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Figure 4.2. Typical microgrid type radial distrimut system with disconnects and lateral protection

In Figure 4.2 there is a fuse protection at theauficfion point of lateral and main feeder. The
Scheme Il has been considered here taking additfasa protection or lateral protection with
disconnects. Suppose there is a short circuit ltvoeis 2 and 8. Then fuse at that junction point
will melt to isolate the faulted portion from thessem. The rest of the microgrid radial
distribution system apart from the lateral will leakiealthy supply of electrical power. In this
case the calculation of failure rate will be litde different from that mentioned in scheme I. The
failure rate of buses at lateral feeder will be #delition of failure rate of main feeder and that
particular lateral feeder. The outage time caloohatvill be similar as failure rate. The outage
time map for scheme Il has been shown in (4.31)idening the similar repair time and
isolation time as discussed for scheme | earlier.

(4 4 4 4 4 4 4 4
05 4 4 4 4 4 05 05 (4.31)
05 05 4 4 05 05 05 05

| |05 05 05 4 05 05 05 05

outagema;!) =

0O 0 0 0 2 2 0 O
0O 0 0 0 05 2 0 O
0O 0 0 0 0 0 2 2
|0 0 0 0 0O 0 05 2|

Here thirty four and sixty nine bus microgrid typadial distribution systems have been
considered for performing single and multi-objeetaapacitor allocation and DG integration to
study the cost based reliability improvements. Biea making is important for multi-objective

situations as have been evidenced. But beforeotihas to take care of the optimization tools
for obtaining multiple good quality pareto optimsdlutions. Strong searching tools are also
necessary for finding excellent solutions in singlgective domain also. In this thesis, single
objective and multi-objective optimizations havesbeperformed considering soft computing
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tools. Minor details of these tools are necessamynderstand how they are utilized for different
types of optimization.
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Chapter 5

Soft computing techniques

Mathematical tool is necessary for searching féassiolutions for any kind of engineering
optimization problem. However, in this regard sodimputing techniques are drawing special
attentions these days.

5.1 Beginning of the soft computing methods

Soft computing is a special domain of computerrsme In the early 1990s, this had originated
as a branch of computer science. Soft computingiteludes neural network, support vector
machine, fuzzy logic, and evolutionary computatidévolutionary computation includes
evolutionary algorithms and meta-heuristic and swantelligence. Evolutionary algorithm
mainly consists of genetic algorithm and differah@volution. On the other hand, meta-heuristic
and swarm intelligence contains algorithm like amlony optimization, particle swarm
optimization, firefly algorithm and cuckoo searchc.e Here, evolutionary computation
techniques have been considered as optimizatidridooost based reliability enhancement of a
microgrid radial distribution system by suitablepaeitor allocation and DG integration
discussed earlier in Chapter 4.

Several natural procedures were mimicked as safipabing based optimization tools. A few
soft computing techniques especially evolutionaghhiques have been discussed in this chapter
to have a clear concept about the well establised normally considered methods for
engineering optimization problem.

5.2 Brief ideas about well established evolutionary tdmiques

5.2.1 Genetic algorithm

The genetic algorithm (GA) was proposed by Johnlafadl and his collaborators in the 1960s
and 1970s. In the earlier 70’s Holland adoptedittea of Charles Darwin’s theory of natural
selection [124] to formulate genetic algorithm. dratGoldberg studied that elaborately for
making it fit for optimization and machine learnifi25]. It is a mathematical model of natural
fruition based on the Charles Darwin’s hypothesis natural selection.Crossover and
recombination, mutation, and selection were fitdized by Holland in the study of adaptive and
artificial systemsThese genetic operators shape the necessary ghe génetic algorithm as an
analytical strategySince then, many variants of genetic algorithmsehaeen developed. They
have been implemented to a wide range of optinamagiroblems. These are graph coloring,
pattern recognition, travelling salesman problerfficient design of airfoil in airspace
engineering, financial market and multi-objectivemeering optimization.

The importance of genetic algorithms engages tleeding of an optimization function as arrays
of bits or character strings. It is done to repnédke chromosomes. Furthermore, the handling
process of strings by genetic operators, and thersent according to their fitness with the plan
to find a solution to the problem concerned are akpresented by that encoding. This is
frequently performed by the subsequent procedure:

* Encoding the optimization functions or objectives;
» Defining a selection criterion or fithess function;
» Set a population of individuals;
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» Assessing the fitness of all the individuals in plogulation;

* Developing a new population by executing crossowaufation, fithess proportionate
reproduction etc;

* Evolving the population awaiting certain terminaticondition is met;

» Decoding the outcomes to attain the solution tqptiodlem

Chromosomal representation as arrays of binary euansbconsidered for population formation
in binary coded genetic algorithm. The binary teid®l conversion is time consuming. Real
value coding for population formulation requiresder time in comparison to the binary coding.
Here real coded genetic algorithm (rcGA) has bemsidered for discrete or combinatorial real
world optimization situation like the discussed aefor allocation and DG integration. This
rcGA technique has been selected for comparisopogerwith the newly developed MCA and
FEO techniques discussed later in Chapter 6. Cvesssmd mutation operations for real coded
genetic algorithm (rcGA) are unlike those of binayded genetic algorithm. The crossover
operation of real coded genetic algorithm is takem the reference [126]. Mutation operation
has also been developed taking influence from éineesliterature [126]. The mutation operation
has been formulated for chosen capacitor and D@eplant problem. The expression of
mutation operation is written in (5.1) as [126]

if rand > pmut (5.1)
k = floor(rand X pop) + 1
m= randperm(length(X))
nem
x* = X(n)
end

Here real coded genetic algorithm (rcGA) has begriemented in this work for single objective
situations considering capacitor allocation and Df&egration. The obtained results after
implementing rcGA technique has been compared WHO, MCA and FEO algorithms in
Chapter 7.

Like crossover and mutation phenomena of genegordhm, annealing procedure is another
natural practice which had been considered for fbatmg simulated annealing algorithm.

5.2.2 Simulated annealing

Simulated annealing (SA) is a soft computing teghaifor global optimization problems. It
mathematically mimics the annealing procedure iteni& processing. The procedure is dictated
below. With the minimum energy and larger crystalesa metal cools and freezes into a
crystalline stateThis occurs to minimize the imperfections in métadtructures. The annealing
procedure incorporates the watchful control of oaplrate and temperature, frequently called
annealing schedule.

The implementation of simulated annealing into mation problems was proposed by
Kirckpatrik, Gelatt and Vecchi in 198Researchers and scientists have been performidgestu
about that issue since 1983. Kirkpatrick et al.aleped simulated annealing considering the
metal’s annealing process [127]. The process betmadilgorithm includes the metal’'s cooling
and freezing phenomena into crystalline state Vaitger crystal size and minimum energy.is

not like the gradient-based methods and other mdtestic search methods. These techniques
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have the shortcoming of being rapt into local miainihe major benefit of the simulated

annealing is its ability to evade being rapt indlominima.ln fact, it has been established that the
simulated annealing will congregate to its glolgaimality if sufficient randomness is utilized in

combination with extremely sluggish coolinGimulated annealing algorithm is a search
technique utilizing a Markov chain. This congregatender suitable conditions regarding its
conversion probability. On the other hand, foodradgag method of ant guided by ant's

pheromone secretion had also been imitated forldewg various ant algorithms.

5.2.3 Ant algorithms

Earlier discussions on genetic algorithm helpetbusnderstand that one can improve the search
efficiency by using randomness. It will also auginéire variety of the solutions so as to keep
away from being trapped in local optinhe assortment of the best individuals is alsoealik
utilizing memory In fact, there are other types of selection e.gizing chemical messenger
(pheromone). That is generally utilized by antspdyobees, and many other insects. Foraging
behaviour of ants especially built on chemical reeger pheromone was studied by Dorigo
[128]. Dorigo et al. presented that meta-heurigtahnique as ant colony optimization [129].
Artificial bee colony algorithm was proposed by Klaoga et al. [130]. Bee colony optimization
was also developed in this regard [131]. Nakranaletproposed honey bee algorithm [132].
Later Yang proposed virtual bee algorithm for inmpéatation in engineering optimization [133].
Pham et al. studied the concept of honey bee’svimhand developed bee algorithm [134].
Here, nature inspired ant colony optimization aseda-heuristic method is briefly discussed.

5.2.3.1Ant colony optimization

Ants use pheromone for foraging purpose. An antosbs a certain path for food searching
purpose based on pheromone concentration and liégrreof that route. Some former
experience about the path for example the distadeequently used for selection of shorter
route. This is also governed by the ant’'s shontavelling time which is due to the higher
pheromone concentrations on a certain path. Adriheling time is shorter, less amount of
pheromone gets evaporated during this short pefldws pheromone concentration can be
changed over the passage of time due to evapordiloa has a beneficial effect of being not
trapped into local optima. On the other hand, @réhis no evaporation of pheromone in a path
selected randomly by first ants then that routeldessn chosen as the preffered path by the other
ants due to attraction of pheromone hormone. Thhysiplogical principle has been
mathematically mimicked to develop ant colony ojmtion. Scientists have formulated a
number of influential ant colony algorithms withgsificant development made in recent years
based on characteristics of ant behavior [128-1PRjwever, bee algorithms formulate an
additional set of algorithms which are stronglyatet! to the ant colony optimization.

5.2.3.2Bee algorithms

Bee algorithms have been mathematically developethe basis of the foraging activities of
honey beesThere are numerous alternatives of bee algorithuet s honey bee algorithm
(HBA), virtual bee algorithm (VBA), artificial beeolony (ABC) optimization, honey bee
mating algorithm (HBMA) and others.The communicatar broad casting ability of a bee to
some neighborhood bees is the essence of the pestltain. The communication ability of the
bees helps them to know and follow a bee to thédmsce, locations or routes to complete the
optimization task. The explicit application wouldepkend on the actual algorithms. The
implementation procedure may differ slightly andyvaith different variants.
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Like foraging of bees, fish or bird schooling pherema had been considered for developing
meta-heuristic technique called particle swarmrogation.

5.2.4 Particle swarm optimization

Kennedy and Eberhat formulated particle swarm apttron (PSO) in 1995 [136]. This was
mathematically developed on the basis of swarm wehauch as fish and bird schooling in
nature. The behavior of the so called swarm imgfetice is utilized by numerous algorithms such
as ant colony algorithms and virtual ant algorith®Particle swarm optimization may have some
alikeness with genetic algorithm and ant algoritfiscussed earlier. But it is much simpler. The
reason is that it does not utilize mutation/crogsamperators or pheromone. It utilizes the real-
number randomness and the global communication gstdhe swarm particles. There is no
encoding or decoding of the parameters into bisaggs like binary coded genetic algorithm. It
is also easier to apply in that sense.

The space of an objective function is searchechisyalgorithm by adjusting the trajectories of
individual agents. Those agents are called pasticlehe so called trajectories developed
piecewise paths in a quasi-stochastic manner. Tovement of a swarming particle is consisted
of two major components. Those are a stochasticpooent and a deterministic component.
Each agent has a tendency to move randomly. Asdhee time it is moved by attraction toward
the position of the current global begt and its own best location in history. The particle
updates it as the new current best for agenihen that particle explores a location which is
better than any previously found locations. A cotrbest is considered to be there for rall
particles at any time during iterations. The motive is to fetch the glbbest amongst all the
current best solutions. This is done until the cliye no longer shows betterment or after a
specific number of iterations. Here particle swayptimization technique has been considered
like the earlier discussed rcGA technique for doased reliability enhancement performing
capacitor allocation and DG integration in a micidgype radial distribution system. The
expression of particle evolvement is written ir2jsas

XY =x; +axrand X (x; —x;) + B Xrand X (g — x;) (5.2)

Particle swarm optimization has been applied forglsi objective situations in this thesis.
Comparative studies have been performed with rd@B8A and FEO techniques to observe cost
based reliability improvement discussed later imthr 7.

Like fish or bird schooling, harmony of music is@la nature inspired process which had been
chosen for developing another technique called baynsearch algorithm.

5.2.5 Harmony search

Z. W. Geem et al. first formulated the harmony eegHS) in 2001. This is a relatively new
heuristic optimization algorithm. Since 2001, thi& algorithm has been implemented to solve
numerous optimization problems. Geem et al. prapdsegmony search algorithm inspired by
harmony of music [137]. Later this technique waspliggl for continuous engineering
optimization problem [138]. Combination possibilityetween harmony search and other
algorithms such as particle swarm optimization (PB& also been investigated.

Harmony search was mathematically developed assacrmspired meta-heuristic optimization
algorithm. The aim of music is to fetch for a petfstate of harmony. This harmony in music is
considered as analogous to find the optimal satutioan optimization problem. The fetching
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process in optimization can be taken for comparisih the musician’s improvisation process.
Audio aesthetic standard is considered for deteatitn of that perfectly pleasing harmony.
Pitch/frequency, timbre/ sound quality and ampkflmudness are the criteria for essential
determination of aesthetic quality of a musicakrimsient. Sound quality is largely determined
by the harmony content. Determination of harmonwteot is done by the waveforms or
modulations of the sound signal. However, the ectdtarmonies would largely depend on the
frequency range or pitch of the particular instrame

The improvisation process by a musician can beidered for detail explanation of harmony
search. A musician has three possible choices vileéshe is improvising. The first possible
choice is he/she can play any famous piece of mesactly from his/her memory. That is
considered as a series of pitches in harmony. €tersl choice may be that he/she can play
something similar to a known piece. This would lmnsidered as adjustment of the pitch
slightly. The last choice may be that he/she campmse new or random notes. Usage of
harmony memory, pitch adjustment and randomizatiom the three components regarding
optimization analyzed just above as three choices.

Similar to harmony of music, flashing charactecstof fireflies had also been the research
context for developing a nature inspired meta-fstigrtechnique named firefly algorithm.

5.2.6 Firefly algorithm

Some of the flashing characteristics of firefli@gde conceptualized to develop firefly-inspired
algorithm. Xin She Yang at Cambridge University eleped new firefly algorithm in 2007
[139]. This has been formulated by the three ruldee first rule states that all fireflies are
unisex. That means regardless of sex, one fireillybs attracted to other fireflies. The second
rule states that attractiveness is proportionah&r brightness. That's why the less bright one
will move towards the brighter one. On the othendyaboth the attractiveness and brightness
decrease as the distance increases. However, ificsfiegfly will move randomly if there is no
brighter one. The last rule states that the larmmsa# the objective function determines the
brightness of a firefly.

There are other techniques available in the liteeatvhich also draws special attention of the
reader.

5.3 Other meta-heuristic techniques

Meta-heuristic techniques had mostly been generated genetic theory, swarm intelligence
and bee colony behavior. In this regard, Moscatt éstablished mimetic algorithm derived
from genetic algorithm and martial art [140]. Reldso proposed cultural algorithm (CA)
considering belief space and population spaceasattb main ingredients [141]. This technique
has been elaborately described in Chapter 6 asfied@A has been newly developed for cost
based reliability enhancement in this thesis. Om éther hand, Storn proposed differential
evolution as a useful tool for function optimizatig142]. Later Storn et al. applied this
technique for global optimization over continuousases [143]. Another method called
Biogeography based optimization technique was dgeel by Simon [144]. Cuckoo’s breeding
procedure had also got the attention of researtthdiuild a meta-heuristic technique [145].
Foraging behavior of few animals was also matherablyi studied as optimization method.
Passino et al. developed bacterial foraging algariconceptualizing survival mechanism of
EschereciaColi in changing environment [146]. Monkey Search athar was formulated
imitating the behavior of monkey climbing treesit® search for food [147]. Bioluminescence
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[148-149] had also been selected for developinghdrigevel searching tool. Not only the
animal’'s behavior was imitated but also the plagtewth [150] and its photosynthesis process
[151] was also considered for this kind of techeiglevelopment. Cai et al. developed plant
growth optimization on the basis of leaf growtharrhing, phototropism and spatial occupancy
[152]. It has also been evidenced that above algus were sometimes modified and also
hybridized to have better soft computing tool [1E34]. Prey searching technique had become
an encouraging research context for developing 4metgistic technique. Group hunting of
animals such as lions, wolves, and dolphins wadietuas a soft computing technique named
hunting search algorithm [155]. On the other haxudlective animal [156] and animal searching
behavior [157] were also chosen to formulate omation algorithm. Furthermore, bat’s
echolocation [158-159] had also been considereddéwelop meta-heuristic technique
conceptualizing prey catching phenomena of it.

It is a known fact that the available algorithme ant abstract academic concept. These have
practical implications on real world situations.sDibuted generator integration and capacitor
allocation has been considered in this thesis ést based reliability enhancement in a radial
distribution system resembling microgrid. In thégard, strong searching tools are necessary for
finding excellent solutions.

5.4Reasons behind developing and implementing optimitan algorithms

Soft computing techniques had been applied for ragengineering optimization tasks. Power
system optimization has been the broad subject afedne work considered here. So far
optimization techniques had been implemented fgireering schemes like DG integration,
capacitor allocation, network reconfiguration, powgstem planning etc.

5.4.1 Involving DG integration

Simulated annealing (SA) was utilized for perforgimulti-objective optimal distributed
generator placement [160]. Here, the results shdivadSA could find the optimal location and
size with less computing time than genetic algaonitiind tabu search. An application of firefly
algorithm was proposed to determine the optimaation and size of distributed generator in
distribution power network [161]. In that attemphe effectiveness of firefly algorithm was
shown on an IEEE 69 bus distribution test systemgtSet al. implemented genetic algorithm
for performing multi-objective optimization for D@lanning with different load models [162].
Here, index based size and location determinatfodistributed generation was performed in
distribution systems. Genetic algorithm was chobgnShukla et al. for optimal sizing of
distributed generation placed on radial distributisystems [163]. Here, the multi-location
distributed generation placement problem aimedettuce the total real power loss of radial
distribution networks. Genetic algorithm was agaiplemented for optimal sitting and sizing of
distributed generations in radial and networkedesys [164]. In that attempt, the objective was
to minimize the power loss. Harmony search algorithith differential operator was presented
to install multiple DG units optimally in distribioh system [165]. Improvement of voltage
profile and minimization of active power loss wetee objectives of that paper. Improved
reinitialized social structures particle swarm opgation was presented for optimal multiple
distributed generation placement in microgrid sys{é66]. Here, the purpose of this approach
was to minimize the real power loss within real agactive power generation limits and voltage
restrictions. Modified artificial bee colony alghmm was applied for optimal distributed
generation sizing and allocation in distributionsteyns [167]. Here, a modification in the
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neighboring search of the artificial bee colonyoaithm was performed to minimize the total
system real power loss. Artificial bee colony algon was applied for optimal distributed
generation allocation and sizing in distributiorsteyns [168]. Here, the aim of the work was to
reduce the total system real power loss. Partigkems intelligence was considered for optimum
capacity allocation of DG units based on unbalanttede-phase optimal power flow [169].
Genetic algorithm was chosen for optimal distributgeneration placement with voltage sag
effect minimization [170]. In that attempt, hybricbmbinations of technical factors were
considered along with economical factors. Genelgoradhm was considered as simulation
technique for multi-objective DG planning with @ifent load models by Singh et al. [171].
Genetic based tabu search algorithm was considerexgbtimal distributed generator integration
in distribution systems by Gandomkar et al. [17EEre, DG units were optimally placed to find
out the amount of reduction related to resistine liosses. Binary particle swarm optimization-
based method was introduced to find out optimabtion of biomass-fuelled systems for
distributed power generation [173]. Here, the syppka for the biomass plant was provided
taking technical constraints into consideration. n@e algorithm and particle swarm
optimization were coupled for optimal DG locationdasizing in distribution systems [174].
Here, the objectives were to reduce network powss,|better voltage regulation and improve
the voltage stability within the framework of syst@peration and security constraints. On the
other hand, network real power loss can also beicesti by performing reactive power
compensation considering capacitor placement.ighrdgard, strong searching tool is necessary
for performing optimal capacitor placement.

5.4.2 Considering capacitor placement

A new optimization method using genetic algorithraswpresented to determine the optimal
selection of capacitors [175]. Here, novel desigctit had been considered to determine the
type, location, size, and number of capacitorseionistalled on a radial distribution network. A
novel approach based on particle swarm optimizati@s proposed to determine optimal
location and size of capacitors on radial distitnusystems [176]. In that attempt, the capacitor
placement and sizing were performed by loss seitgifiactors implementing PSO to enhance
the voltage profile and reduce the active powes.l&@enetic algorithm was chosen for optimal
capacitor allocation in a distribution system cdesing operation costs by Park et al. [177].
Here, reduction of installation costs and minimmatof loss related to electrical energy were
performed incorporating the device lifetimes in thathematical formulation. Particle swarm
optimization was utilized for optimal capacitor gdanent and sizing in unbalanced distribution
systems with harmonics consideration [178]. Heiggrdte version of PSO had been combined
with a radial distribution power flow algorithm formulate hybrid PSO algorithm. Simulated
annealing with heuristic search technique was egofor optimal capacitor placement in
distribution system [179]. Here, the effects of gymarmonics, network and load unbalances,
and load non-linearity had been studied. Genegiorahm was utilized for solving capacitor
placement problems in distribution system [180]tHat attempt, a new composition of genetic
string was presented for the coding of capacittocation problem. Plant growth simulation
algorithm was utilized for optimal capacitor placamin a radial distribution system by Rao et
al. [181]. Here, the objective was to improve tloétage profile and minimization of power loss.
Network reconfiguration is another engineering aptvhich also has the capability to reduce
real power loss. Proper network reconfiguration barachieved by considering meta-heuristic
techniques.
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5.4.3 Opting network reconfiguration

Zhu did optimal reconfiguration of electrical dibtition network using the refined genetic
algorithm [182]. The objective of that work wasronimize system power loss. On the other
hand, Tabu Search algorithm is an efficient metaibBc searching algorithm. An improved
Tabu Search algorithm was applied by Zhang etoalldss minimum reconfiguration in large-
scale distribution system [183]. A binary partid&arm optimization search was adopted to
determine distribution feeder scheduling considgviariable load profile and outage costs [184].
Here, results of a multi-objective feeder operatigptimization problem were presented.
Switching and reliability cost and balancing of wetk efficiency were incorporated in the
mathematical formulation part. Evolutionary prograing (EP) algorithm was applied for
optimal reconfiguration of radial distribution sgst to maximize loadability [185]. Here,
adaptation of fuzzy technique to the EP algorithas wccomplished due to the discrete nature of
the solution space. Harmony search algorithm wasegmted to perform optimal network
reconfiguration of large scale distribution systgi86]. Here, the objective was to get optimal
switching combination in the network that wouldukesninimum loss. A novel method based on
fuzzy mutated genetic algorithm was presented frfopming optimal distribution system
reconfiguration [187]. Here, the proposed methaired the issue related to the discrete nature
of the reconfiguration problem and also attempted continuous multi-objective optimization.
Particle swarm optimization was applied for disitibn feeder reconfiguration considering
distributed generators [188]. The effectivenesshef proposed algorithm had been compared
with genetic algorithm, tabu search and differdné@olution on a realistic distribution test
system. Self-adaptive particle swarm optimizatiod anodified shuffled frog leaping algorithm
were integrated for performing distribution feedeconfiguration by Niknam et al. [189]. The
hybridization had been accomplished to utilize #u®pted techniques’ advantages and avoid
their demerits. An efficient multi-objective moditi shuffled frog leaping algorithm was
implemented for distribution feeder reconfiguratid®0]. The main focus of that work was to
reduce the real power loss, deviation of the nodedfages and the number of switching
operations. Discrete particle swarm optimizatiod &oney bee mating optimization algorithm
were integrated for multi-objective distributionetier reconfiguration [191]. Discrete particle
swarm optimization, ant colony optimization andzymulti-objective approach were integrated
together for multi-objective distribution feedercoafiguration [192]. The objectives of that
approach were reduction of real power loss, deviatif nodes voltage, the number of switching
operations, and the balancing of the loads on ¢eddrs. Particle swarm optimization and ant
colony optimization were hybridized for distributideeder reconfiguration (DFR) [193]. The
presented DFR problem was a multi-objective and-ditiarentiable optimization problem
where the objectives were minimization of real poless, deviation of the nodes’ voltage, the
number of switching operations, and to balancddhds on the feeders. Tribe modified shuffled
frog leaping algorithm was implemented for multietiive distribution feeder reconfiguration
considering distributed generator units [194]. Tinain aim of that study were to minimize the
real power loss, deviation of the nodes’ voltageission produced by DG units and distribution
companies, and total cost of the active power gaadrby DG units and distribution companies.
Modified simulated annealing technique and theonstrained method were considered for
optimal network reconfigurations in distributionssgms [195]. Here, the main focus was both
loss reduction and load balancing considering locadstraints and operation constraints.
Modified honey bee mating optimization algorithmsaghosen for multi-objective distribution
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feeder reconfiguration considering distributed getws [196]. Here, the main objective of the
reconfiguration problem was to minimize the realvpoloss and deviation of the nodes’ voltage.
Refined genetic algorithm was applied for distribntfeeder reconfiguration to minimize losses
[197]. In that attempt, the problem was optimizedaistochastic searching manner alike to that
of the conventional GA. A meta-heuristic harmonyarsd algorithm was proposed for
performing optimal distribution system reconfiguwat and DG allocation in an efficient way
[198]. The objective of this simultaneous reconfggion and DG placement was to minimize
power loss. Like optimal network reconfiguratiorpegpriate power system planning is another
domain of research which requires soft computird for finding excellent solution.

5.4.4 Performing power system planning

Genetic algorithm was implemented to find the optisolution related to improved distribution
system planning [199]. A design optimization franoekv named design by expectation was
developed. Modified differential evolutionary (DBJgorithm was applied for power system
planning [200]. Here, detailed numerical studiesemgerformed to present the characterization
of the performance of several DE mutation methodh and without fithess sharing scheme.
Differential evolution algorithm was implementedatitly to the DC power flow model to solve
the problems of static and multistage transmissigansion planning (TEP) with efficacy [201].
Here, the aim of TEP was to minimize the transraissnvestment cost associated with technical
operation and economical limitations. A new methaded on bacterial foraging technique was
presented for optimal feeder routing in radial mhsition system planning [202]. Here, the
efficacy of the bacterial foraging technique wagonted for solving combinatorial optimization
problems with faster convergence and enhanced pildpdo achieve a global optimum solution
of the distribution planning problem. Improved gemnealgorithm was applied for optimal
planning in large distribution networks [203]. Imat attempt, optimal sizing and locating of the
high and medium voltage substations were performigal the routing of the medium voltage
feeders utilizing their corresponding fixed and i@hle costs. Differential evolution based
method was utilized for power system planning [2B#8re, a comparative study was carried out
amongst genetic algorithm, evolutionary strategyl dive different DE schemes on two
benchmark power systems. Particle swarm optimiaatias applied for multi-objective planning
of electrical distribution systems [205]. Here, tlobjectives were minimization of total
installation cost and total fault cost. Ant colosystem (ACS) algorithm was chosen for the
planning of primary distribution circuits [206]. that attempt, the ACS methodology had been
combined with a conventional distribution systeraddflow algorithm to solve the primary
distribution system planning problem. Rao et allizatd harmony search algorithm with a
differential operator to solve the optimal condudize selection problem in distribution systems
[207]. The purpose of this network planning apploaas to minimize real power loss and
enhancement of voltage profile. However, thereatiner engineering problems related to power
system which can be efficiently solved by optimi@attechnique.

5.4.5 Related other schemes

Genetic algorithm was utilized to achieve optimakgral gains in fuzzy based active power-
frequency control of non-reheat and reheat thergemlerating systems [208]. Here, optimal
transient responses had been resolved by utilgingno fuzzy logic technique with GA based
optimal gains. Adaptive hybrid genetic algorithmsaaroposed for technical loss reduction in
distribution networks under variable demands [2G8re, the new optimization approach was
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capable to deal with energy flows instead of omigtantaneous power flows. Simulated
annealing and fuzzy technique based dynamic pragiagh was proposed for the unit
commitment problem by Patra et al. [210]. Here, dbstacle of dimensionality of the dynamic
programming method was eradicated by reducing tineber of prospective solution paths to be
stored at each stage of the search procedure r&itfal evolution algorithm was considered for
solving unit commitment with ramp constraints [21HEre, both binary and integer code had
been developed to implement the proposed algoritSBmmulated annealing algorithm was
utilized for performing optimization of electricdistribution feeders [212]. The aim of that paper
was to minimize both the investment cost for feesledl substations, and the power loss cost.
Simulated annealing algorithm was proposed fornogtiswitching device placement in radial
distribution systems [213]. Here, the optimizatimcthnique was presented to determine the
number of sectionalizing switches and the locati@isthe switches. Gray-based genetic
algorithm was utilized with probabilistic load floter optimal VAR control considering wind
farms [214]. Here, a method was presented usingl wanerator voltages, static compensators,
and transformer taps as controllers to adjust tieage profile. Parallel simulated annealing was
introduced for power system decomposition [215]rei¢he objective was to equally separate
the subsystems in terms of the number of nodescanttol variables. Plant growth simulation
algorithm was presented to perform reactive powinozation [216]. Here, the objective was
to minimize the system active power loss. Plantmgnosimulation algorithm was chosen for
integrated optimization of the construction/expanstapacity of high voltage/medium voltage
substations and the configuration of the mediuntaga radial distribution network [217]. In that
attempt, fixed cost and variable cost were consuaiemder the constraints of branch capacity,
substation capacity and bus voltage. Again, plaoivth simulation algorithm was presented for
optimal conductor selection in radial distributigystem [218]. Here, the objective was to reduce
the overall cost of annual energy losses and dgti@t on the cost of conductors. Further, plant
growth simulation algorithm was utilized for faldication of distribution network [219]. In that
attempt, a way was presented to transform the misr@ switches and equipments into integer
variables to set up a model for fault location.

It can be said from the above discussion thatfigriand of power system optimization where a
huge number of solutions are there in the feasiblaain, optimization technique is necessary to
find the appropriate one. Both distributed generapenetration and shunt capacitor allocation
are the chosen engineering schemes in this worka#t been evidenced from the earlier
paragraphs that several well established algorithatsbeen attempted to study DG integration
and capacitor placement individually. It has alserb evidenced in Chapter two that both the
stated options had been chosen for reliability wtitbwever, distributed generator capacity has
been considered as of fixed value such as 50 k\W,kW@ etc in this work. This has not been
considered as continuous variable value. On therotfand, capacitor value has also been
selected as of discrete nature for shunt capaasitocation. So, the engineering problem is a
critical and complex combinatorial optimization plem. Scientists, researchers and power
engineers are still searching for better optimaatool to find optimal solution for such kind of
technical problem. They are searching for bettetinopation technique due to some
shortcomings of the available evolutionary algangh

5.4.6 Shortcomings of available evolutionary techniques

The available searching techniques sometimesHalit $n finding the optimal solution when the
situation is critical and complex. The tendency geftting trapped into local optima while
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performing optimization has also been evidencedstandard methods for some intricate
situations. Genetic algorithm (GA) and particle swaoptimization (PSO) are standard
techniques available in the literature. Most of tehniques already discussed in earlier sections
are more or less modification of the GA or PSO. Trirer parameters of the stated algorithms
have to be tuned for each and every optimizatitrason. To find the exact values of the inner
parameters for a specific combinatorial optimizagwoblem is very difficult. On the other hand,
several evolutionary techniques have multiple inp@rameters for performing randomization
and localization tasks. This sometimes inducesn@iogy in finding the global optimal solution.
That’s why special meta-heuristic techniques amesgary as searching tools.

Recently it has been observed that cultural algoriis coming as a strong meta-heuristic
technique in the domain of engineering optimizatibhis cultural algorithm has been described
later in Chapter 6. Belief space and populationcepare two inherent parameters of this
algorithm. But this technique sometimes falls shorfinding global optimal value when the
solution domain is large and the optimization peoblis combinatorial. Appropriate capacitor
allocation and DG penetration in a microgrid powgstem network has been considered as the
engineering scheme in this thesis. This is a afitemd combinatorial optimization problem
which also deals with a huge set of solutions.his tegard, modification has been done to this
cultural algorithm for having good quality solutemperforming capacitor allocation and DG
integration. The development and implementationc@dore of this new technique named
modified cultural algorithm (MCA) has been descdlye Chapter 6.

It has been observed from the simulation resulisudised in Chapter 7 that modified cultural
algorithm is efficient in comparison to the weltasished genetic algorithm and particle swarm
optimization. But there is always a chance of ggtbetter solution in a real world combinatorial
optimization problem. Search for a more efficieav@l evolutionary technique has been started
with the hope of having even better solution thadiited cultural algorithm.

Nature inspired phenomenon which is analogous geaaching process has the potential to be
considered as plan for developing an efficient mpation technique. This concept has been
coming up now-a-days. In this regard, active argbpa electro location phenomena of elephant
nose fish and shark is interesting and significanta searching process. This physiological
process has been considered in this thesis fola@ag a novel evolutionary technique named
fish electrolocation optimization (FEO) illustratéater also in Chapter 6. However, a note
regarding this newly developed MCA and FEO techesqis necessary before understanding
these in details.

5.5Evolutionary techniques applied in this thesis

Evolutionary techniques have been considered amiption tools for combinatorial capacitor
allocation and DG integration in a radial distribatsystem resembling microgrid in this thesis.
Real coded genetic algorithm and particle swarnminopation have been coded for stated
combinatorial optimization problem. Modifiealtural algorithm (MCA) and fish electrolocation
optimization (FEO) have been newly developed angllemented here. Modified cultural
algorithm is an optimization tool created from thwéginal cultural algorithm. This algorithm
mathematically imitates the evolution of societyotigh certain beliefs or knowledge sources.
Population space and belief space are the two rators of this technique. There is a
communication protocol between the two stated spald@s communication channel performs a
few functions such as update, accept, modify aradvev The stated functions mainly perform
changes in knowledge sources viz. Situation knoggetiistory knowledge, domain knowledge,
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topographical knowledge and normative knowledge.diffied cultural algorithm has been
developed considering two knowledge sources oebspace which are situation knowledge and
history knowledge. Four new mathematical operaklage been incorporated in the Situation
Knowledge influence for MCA. History knowledge inéince has been performed considering a
few plans. The influence work of both situation dmstory knowledge has been mathematically
formulated in MCA technique for specifically implemting the algorithm on combinatorial
optimization problem. The cost based reliabilithancement objective discussed in Chapter 4 is
a complex combinatorial optimization problem. Maelif cultural algorithm works effectively
for DG integration and capacitor allocation projéztreduce cost and also to improve a few
reliability indices discussed in Chapter 3. On d¢iieer hand, fish electrolocation optimization is
a novel algorithm mathematically developed for botintinuous and discrete optimization
problem. The theoretical concept behind this tempimiis active and passive electrolocation
phenomena of elephant nose fish and shark. Thensaildod is mathematically analogous to a
conceptual electro fish who can not only detectgbality of the targeted food object but also
measure the distance from that object by the sehsetive electro location. The conceptual
electro fish mimics the nature of elephant node fiis this purpose. It does that intelligently by
verifying the electrical capacitance value analgzthe projected electric image on the fish’'s
body. In addition, the conceptual electro fish @msess the space between the wanted food
source and itself judging the feeble electric pudgehe sense of passive electro location. This
time it imitates the shark which can sense the mrealgctric pulse originated from the muscle
twitching behavior of small living beings. The ceptual electro fish toggles between active and
passive electro location depending on the situatbnthe optimization problem at hand.
Nevertheless, randomization and localization haenlperformed in a well manner considering
three probabilities in FEO technique. The prob#bgiare probability of divergence, probability
of range and probability of selection, respectivéycrogrid radial distribution system reliability
has been improved with monetary factors implemegntiis FEO technique considering DG
integration and capacitor placement in this thesis.

The above discussion is not sufficient to undestidie execution procedure and mathematical
formulations of rcGA, PSO, MCA and FEO techniquksis pretty essential to discuss the
methods individually in details. The next chaptdaberates all these techniques as an
optimization tool for DG integration and capaci@iocation in a microgrid power system
network.
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Chapter 6

Developed soft computing techniques for cost based

reliability improvement

Soft computing tools especially evolutionary tecju@s have been applied here to reduce cost
and also to improve reliability. Modified culturalgorithm (MCA) and fish electrolocation
optimization (FEO) have been newly developed is thiesis for the above stated work. Real
coded genetic algorithm (rcGA) and particle swartiroization (PSO) have also been
implemented here to observe cost based relialgifiyancement.

6.1Implementation of real coded genetic algorithm

Real coded genetic algorithm (rcGA) has been appfer DG integration and capacitor
allocation project in microgrid type radial diswiibn system at hand. Crossover and mutation
operations are the two main factors in geneticrélyom. These stated two operations help real
coded genetic algorithm to converge near the optsolaition. A brief about real coded genetic
algorithm has been illustrated earlier in Chaptd8& how this technique has been implemented
for capacitor allocation in 69 bus and both DG aagacitor placement in 34 bus and 69 bus
microgrid based radial distribution system has loe¢n described earlier. The implementation
procedure of rcGA technique is important to underdt The processes related to capacitor
allocation and both DG and capacitor placementiaree or less similar. The reader can easily
have the idea of the procedure concerning to cepagiacement from the application steps of
rcGA for simultaneous DG integration and capaciitwcation. That's why algorithmic steps of
rcGA have been discussed here for simultaneoumaptiapacitor and DG incorporation.

Step 1 Initialize the maximum generation number (heresitonsidered as the maximum load
flow solution number), set crossover probabilityl anutation probability.

Step 2 Formulate population randomly for simultaneousiropl DG integration and capacitor
allocation. Set fitness value.

Step 3 Perform crossover if random number if greatentheossover probability and evaluate
total cost, line loss, distribution system religlilndices respectively.

Step 4 Check fitness value (objective function value)ewvter it is better than the old value or
not. If it is better than the old value then repldhat old value with the new one. Choose that
population individual connected to that betterd#a value for the next iteration.

Step 5 Perform mutation operation if random number isager than the mutation probability
value.

Step 6 Enumerate the total cost, line loss and distidousystem reliability indices.

Step 7 Change the better fitness value related populatidividual for simultaneous optimal
DG and capacitor placement.

Step 8 Store all the population individual's objectiwenttion values. Find out the best objective
function value amongst all the population individuand connected DG and capacitor values for
that iteration.

Step 9 Check whether the termination condition embeddetie algorithm is satisfied or not. If

it is satisfied then stop the simulation and ptive best individual’s objective function value, and
connected DG and capacitor values. Otherwise gteo 3.
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Particle swarm optimization has also been implesghdr cost reduction as well as reliability
improvement like real coded genetic algorithm. Tdygplication procedure regarding this
technique is necessary to understand.

6.2 Application of particle swarm optimization

Particle swarm optimization (PSO) has been empldgedsimultaneous DG integration and
capacitor allocation in 34 bus and 69 bus microgadial distribution system. This technique has
been applied to observe cost reduction, loss maatitn and reliability improvement of the
microgrid type distribution system at hand. Mathgoa formulation and working principle of
this algorithm has already been discussed in Ch&pt&he implementation procedure of PSO
technique for both capacitor and DG placement lesbren described earlier. This has been
stated here through some algorithmic steps.

Step 1 Initialize maximum iteration number (here it hbsen considered as the maximum
powerflow number). Setr and f values as shown in equation (5.2) for particle rewa
optimization. Initialize individual current bestdglobal best related to distributed generator and
capacitor for simultaneous optimal DG and capacitimcation.

Step 2 Develop population individuals concerning to aadfa and distributed generator by
randomly choosing capacitor and distributed geoenatlues.

Step 3 Evaluate the objective function value for evergividual of population.

Step 4 Get the current best location and value for euwedjvidual of population.

Step 5 Find the global best location and value for hé# individuals of population for DG and
capacitor placement.

Step 6 Check whether the powerflow or load flow solutioamber has reached the maximum
limit or not. If it reaches to the maximum valuerihgo to step 8 otherwise go to step 7.

Step 7 After finding the current best and global bestueafor DG and capacitor allocation
problem, formulate new population individuals guldey those obtained current best and global
best column vectors and go to step 3.

Step 8 Print the global best objective function valuel @onnected DG and capacitor values for
simultaneous optimal DG and capacitor placementsémy the simulation procedure.

Particle swarm optimization and real coded geragorithm are standard techniques available
in the literature. These techniques sometimes dhbrt in finding the optimal solution in
combinatorial optimization problem like the DG igtation and capacitor allocation.
Furthermore, convergence to the global optimal tswluis not always achieved by these
techniques when the situation is critical and camplin this regard, cultural algorithm (CA) has
proved its potential in critical and complex condiorial optimization situation. But this CA
technique sometimes also entrapped in local mimimen the system topology is complex and
the size of the system is bigger. That's why trehteque has been modified to apply here for
cost based reliability enhancement. This modified @amed MCA is a newly developed
technique in this thesis. The working procedure alsd the implementation steps of this MCA
are important to understand.

6.3 Modified cultural algorithm

Robert G. Reynolds first proposed cultural algont{CA). It has been considered as an
evolutionary algorithm. Evolution of culture, insaciety, has been described as an idea in this
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technique. Several classes of people live insid@aety. Each class of people has their own
rules and regulations. The high or elite class [geape considered as the best individual amongst
all the classes. Selection of that particular claas usually been performed based on their
knowledge and wealth. Gradually, the concept oasdef those elite class people becomes the
governing factor of the society. The other classiepeople more or less obey those rules and
regulations of the elite class. They not only olidyut also circulate those ideas to their children
In this fashion, the culture or knowledge progressem one generation to the next generation
making them more up to date and fit for the surviva

The above stated idea has simply been mathemgtiogblemented in cultural algorithm (CA).
Performance function or objective function is aild to select the best individual. That is here
the elite class people. Belief space is the knogdedr concept. Communication protocol is
nothing but the circulation of that concept fronrgrd to children. There are two functions in
communication protocol. These aeceptfunctionsandinfluencefunctions Thebelief spacas
updated by thexccept functionOn the other hand, the population is guidedth®y influence
functiontaking knowledge from the belief space. The diagiéustrating the concept of cultural
algorithm is depicted below.

F Belief Space i
/ . modify
lIII 'I.I I ‘llll.l

| Aeecept Influence
Funcrion Function

—_ / Jl.

Pupuhnuu “.-p*u:e\ /
10[19
BN

Figure 6.1: Conceptual diagram of cultural algarith

6.3.1 Overview of cultural algorithm

Cultural Algorithm has been described as a duarnitdnce system. As stated earlopulation
spaceandbelief spacere two main componentsfluence functiorandaccept functiorare two
significant functions. First of all, the evaluatiovork regarding each and every individual is
performed. After that the best individual in thepptation space is determined to impact the
belief space The best individual amongst thgopulation spacehas been considered as
globalbest. The beliefs or knowledge is updated by the w@tilan of update function using the
experience of elite class individuals. In the nebelp, thebelief spaceknowledge is utilized to
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modify the population space. New population is geteel from old population under the
influence ofbelief spacelndividual of the new population has been termedfg&spring. The

of fspring is developed fronparent which is the individual of old populatioccept function
and influence functionare treated as two feedback functions. These imxtmake the total
procedure a dual inheritance systenpapulation spacandbelief space

Cultural algorithm has been studied as knowledgeedasystem by Jin [220]. A hierarchical
architecture has been formulated in this algorithon guide the search of evolutionary
computation.Belief spacewhich is a main part of this soft computing teciug has been
illustrated as a tree like hierarchical structurasisting of belief cells. Each and every cell has
few characteristics. Capability of storing knowledgf corresponding region is possessed by
every cell. However, regional knowledge has belstilated in the research work of Jin [220].
This knowledge includes two sub knowledg€snstraint knowledgandnormative knowledge
are two sub knowledges. The above discussed cellgidged on the basis of count of different
types of individuals to update tlwenstraint knowledgeThese are feasible, infeasible and semi-
feasible types of individuals. Eminent or ordinacglls are chosen to update normative
knowledge Influence functioriakes idea from normative and constraint knowlemgefluence
the population in population space. The searchgaee which is selected in Jin's research
work is based on some basic rules. The individsailgted at the intersection of eminent and
non-infeasible cells have been considered as varyl gells. Children are created from them just
doing little manipulation of their values. On théher hand, the next category of individuals
belongs to the infeasible cells. That category mved to the class of non-infeasible cells.
However, the last category of individuals belongghte class of ordinary cells. These cells are
guided to the category of eminent cells. Selectbrells has been done by the application of
Roulette Wheel Selection Method. Every cell is vagégl before selection. Feasibility of cell is
the basis of defining the weight of each cell. lakes the selection method simpler. The
offspring has a higher probability to appear in #minent cell for a specific condition. The
condition is that the parent should be inside atinairy cell. Offspringis obtained fronparent

by the utilization of normative knowledge. An emmibeell is utilized to attract the individuals.
That eminent cell is chosen randomly from a setroinent cells.

6.3.2 About knowledge sources of cultural algorithm

Cultural algorithm has five knowledge sources. Ehese situation knowledge, normative
knowledge, topographical knowledge, domain knowdedgd history knowledge. A guideline is
formed from knowledge sources to update the indiaidof the population space. These
knowledge sources give a set of variable rangegusfdent of individuals amongst population
can be done within this variable range. A set ehldtases is considered as situation knowledge.
Individual gets help from situation knowledge t@ck those ideal ones. The next knowledge
source is normative knowledge which helps the idgdial to move to the good zone. On the
other hand, spatial characteristic is the bastsdgraphical knowledge. Region based schemata
or plans are kept in it. The population is guidgdthe domain knowledge with the usage of its
domain knowledge. Episodic memory is kept insidstdrical knowledge. During iterations,
important events are recorded in it. It is callethporal knowledge. Influence work is done to
the population space by these above mentioned lenim®l sources. The belief space knowledge
is updated by the best individual of populationcgpaA special tool calledommunication
protocol performs the above discussed influence and ugmtatedure. The main components of
this communicationprotocol are accept function and influence function Selection of best
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individual's experiences is performed agcept functionlt also updates thenowledgeof belief
spaceduring iteration. The experience of the top indbals is actually taken by the accept
function. The above discussed knowledge sourcesmomtate with each other. Furthermore,
they update their knowledge by taking experiencesnfthe top class individuals. Five
knowledge sources are briefly described here wimtthence the population.

» Situation Knowledge:
A set of ideal individuals from the population isntained in situation knowledge. The value of
fitness and the value of parameters are contamedch best individual or the ideal one.

* Normative knowledge:

Normative knowledge has been presented in the fofnmtervals. A range for acceptable
variables is contained in it. Data structure isduse store lower and upper limits of each
individual and the performance value. Normative Wiealge is generally updated by shifting
those ranges and modifying performance values.

» Topographical Knowledge:

Like normative knowledge, topographical knowledgeaiso presented in the form of data
structure. It is termed as the regional schemalt® Vialue of lower and upper limit for each

variable is stored in each cell in the data stmgctiihe sampling of solution in every cell and a
list of best cells are contained in the initial iwiedge structure. The update or modification
procedure is considered when an individual valueusid better than the value of the cell best.
The update procedure is also considered if thedgnvalue is increased with a change of an
event.

* Domain knowledge:

This knowledge source keeps domain ranges andsitkation knowledge it stores exemplars
from population space. It is utilized to predice thradient of incline or decline for locating the
resources in the dynamic environment.

» History knowledge:

History knowledge archives global features. Theirmiation of shifts in distance and direction
of the optimum value are stored in it. It has ars@gic memory. In this regard it can be termed
as temporal knowledge. A more global view than dtieer knowledge is provided by this
knowledge source. The average change in the pagaweues and shift in the direction of the
optimum from its previous position are determingdtlbe usage of history knowledge. Every
event change updates this knowledge. Modificatibhigtory list and moving averages for each
parameter is done with the change of this knowlestgece. Implementation of this knowledge
is done as a list of a certain temporal points. Jésrch path contains those episodic points.
Cultural algorithm is a potential optimization teafue but this algorithm sometimes falls short
in finding global optimal solution when the situmtiis critical and intricate. There is also a
chance of getting trapped into the local optima nvttee solution domain is large. Tuning and
modification of this technique is a good way to elep a better technique. This has been
performed to cultural algorithm for having excetlsolutions related to combinatorial capacitor
allocation and DG penetration in a microgrid posgstem network.
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6.3.3 Development of modified cultural algorithm (MCA)

Modified cultural algorithm (MCA) has been develdgeom original Cultural Algorithm (CA).

In MCA, offspring is formulated on the basis of the valuegéébalbest andparent but the
creation procedure aiffspring is different from that approach of CA. In additiparent
individual is developed throughopulation poal The concept opopulation pool(PP) has also
been newly incorporated in MCA to formulate tR€ and also for the satisfactory operation of
SK During iteration, th&Sis updated taking the values from the best indimidAmong all the
Knowledgesources of CA, onlgituation knowledgéSK) andhistory knowledgéHK) have been
considered for the formation of MCA [221]. In MCAgddition, Multiplication, Replacemerand
Unchangedoperators and, . are newly introduced for the influence work®K Best selected
global individual's information, developed I§K is taken for the influence work ¢iK in
MCA. This particular information is manipulated ftire progress of searching and to find the
optimum solution.

It is necessary and also significant to understaeddetail application procedure of this newly
proposed technigue MCA on DG penetration and cémacallocation problem. The
implementation procedure of MCA has been discussétk next section.

6.3.4 Proposed MCA implementation on single and multi obgctive optimization involving
capacitor and DG
The implementation logic of MCA on single and multijective optimization problem is more or
less straightforward. Optimal capacitor placemess been exercised by MCA technique on
sixty nine bus radial distribution system similard subsystem or microgrid. The aim of that
single objective optimization is total cost mini@ion. On the other hand, simultaneous DG
penetration and capacitor allocation have beenopedd on both 34 and 69 bus radial
distribution system like microgrid. The plans oétlsimultaneous DG and capacitor placement
are both single as well as multi objective. Singjdgective cases are loss minimization, total cost
minimization, SAIFI improvement, SAIDI improvemeand AENS improvement. The multi
objective approach considers all the stated fivdlimbing objectives. Whatever be the objective,
the MCA algorithm chooses capacitor value and mosiénd both DG and capacitor magnitude
and location suitably for capacitor placement antufaneous DG and capacitor allocation. The
implementation procedure of MCA on optimal capacfitacement can be easily understood by
comprehending the MCA approach on simultaneous D@ eapacitor value and location
selection for any optimization situation. That's ywinere the MCA technique has been
elaborately described for simultaneous DG integratand capacitor allocation in a radial
distribution system resembling microgrid. The fotations of internal parameters of MCA like
PSandBSand influence work dtnowledgesources oBSrequire special attention.

6.3.4.1Formulation of population space PS)

The population spaceé”§ is generated from the population poBPj which has been newly
thought in MCA development process. The MCA basetikation study related to distributed
generation penetration and capacitor allocatiamadhal distribution system requires two PSs and
PPs. ThePSlandPSIl are developed for simultaneous DG integration eaqohcitor placement
purpose, respectively. Initially a combination 6f and ‘1’ is created randomly to form tiR®I
and PPII. Initial PPI and PPII are shown in Figure 6.1 and Figure 6.2 for capagtacement
and DG integration, respectively. Capacitor valekeis defined, ag€apval in (6.1). It is assumed

that there areml rows and plcolumns in botiPPIl andPPII. The total number of rows denotes
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the total number of buses of the feeder. Each colsignifies each individual of thePI and
PPIIl. The binary digits ‘1’ and ‘0’ is denoted as cajparc'on’ and ‘off’ condition i.e. capacitor
placed and not placed, respectively in PPI. It heasn observed from Figure 6.2 that the first

column ofthePPIis[l 011..0 l]T. It defines that at the bus number 1, 3, 4 amd the

capacitor is to be installed. TH&PI individual defines the selected locations for tagacitor
allocation. On the other hand, it has been notfcech Figure 6.3 that the first column of the

PPIlisfo 1 0 1. . 0 1]T. It describes that at the bus number 2, 4 emidthe DG is to be
allocated. ThePPIl individual defines the selected locations for B® penetration. Randomly
created combinations of capacitor values, takem fitthe existing capacitor value set are

multiplied with each individual oPPI to form thePSl Population Space I's individual defines
both the selected buses and the capacitor valuashware shown in Figure 6.2. For example,

random vector constructed by choosimg capacitor values iff k r t . . h s]T. After

multiplication the first individual of thé&SI becomes[f Ort..O s]T. It means that at

bus number 1, 3, 4 andiil capacitor value off kVAR, r kVAR, t kVAR and skVAR are

placed respectively. Randomly created combinatadni3G values, taken from the existing DG
value set are multiplied with each individual BPIl to form thePSIl. Population Space II's
individual defines both the selected buses andievalues, which is shown in Figure 6.2. For

example, random vector constructed by choosmgDG values i f; k rn t . . K sl]T.

After multiplication the first individual of th@SIl becomeq o k 0 t, . . 0 sl]T. It means

that at bus number 2, 4 andl DG value ofk, kW, t;, kW and s, kW are placed respectively.
Finally, each individual's value and position comgeg to PSI and PSII are simultaneously
incorporated into the chosen radial distributioategn resembling microgrid. Load flow analysis
has been exercised to calculate the loss and ¢heslculate the total cost from Chapter 4 taking
the corresponding cost of capacitor from the cdpacbst setapcost, shown as (6.2).

capval ={a,b,c, ..., h, ....,w,x,y, 2} (6.1)
capcost = {al,bl,cl, ..., h1,...,wl, x1,y1,21} (6.2)
DGval = {ay,by,Cqy eevey Ryy e, Wi, X1, V1, 21 } (6.3)
DGcost = {a},bi,ci,....,hi, ....,wi, xi,yi, 213 (6.4)
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Figure 6.2: Development &Slfrom PPI for capacitor allocation
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Figure 6.3: Formulation d®Sll from PPII for DG integration

6.3.4.2Development of belief spaceBS)

Belief Space(BS is the plan or theory, which helps to speed wdbarch procedure. During
iteration the best individual is selected for tlpeguadation of th&S Knowledge or idea is kept
in theBS Initially Knowledge and Blfbestare set to zero. At initial stagg&fbestl and Blfbestll

concerning to capacitor and DG allocation are show(®.5) and (6.6), respectively. Initially no
capacitor and DG are placed at any bus. So eanteateof Blfbestis considered zero.

Blfbesti=[0 0 0 0 . . O o]T (6.5)

Blfbestll=[0 0 0 0 . . O 0]T (6.6)

Now SKandHK are adopted to develop tB&knowledge. During iteratio®Kis formulated by
viewing the best individual @S It is shown in Table 6.1 and Table 6.2.

Table. 6.1 Situational Knowledge $KI) for capacitor allocation
Best capacitor position and value

1 2 4 . oml-1 mil

fFlmliw]| . |. y €
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Table. 6.2 Situational Knowledge I5KII) for DG integration
Best DG location and value

2 | 4 . T m-1 | m
fr | w . : Y1 €

It is observed that after certain number of iterati the best individuals are
[f mOw. .y e]Tand [0 f, 0w ..y el]Tconcerning to capacitor and DG

placement. Then th8KI and SKIllwill store the bus locations and values of capa@nd DG of
the best individuals and will eventually influenitee PSIand PSllin the next iteration for those
bus locations.

Table. 6.3 History Knowledge HKI) for capacitor placement

Total selected Best Best capacitor
locations locations values
5 2,6,7,11, t.d,w,g.k
20

Table. 6.4 History Knowledge IHKII) for DG integration

Total selected Best Best DG values
locations positions
4 5,8, 13, 18 t, N, PV

If there is no significant improvement in the olijee function value, the®Ks best locations,
values and total number of locations concerningapacitor and DG placement are kept in the
HKI andHKIIl as observablen Table 6.3 and Table 6.4, respectively. For eXamgs shown in
Table 6.3 at this condition, the bus locations2aré, 7, 11 and 20 respectivelyhtKl. Capacitor
values at these selected locations ale/AR, d kVAR , w kVAR , g kVAR and kkVAR
respectively. On the other hand, the bus locatawas, 8, 13 and 18 respectivelyHKII shown

in Table 6.4. Distributed generator values at theskected locations arg,n,, p,andv, KW
respectively. The selected bus locations and vadfiempacitor and DG are stored in tHKI
and HKII respectively History knowledgeis used for refined search. Thaguation andhistory
knowledgenfluence is performed under the communicatioriquol.

6.3.4.3Communication protocol
Accept functionand Influence functionare the two functions of th€ommunicationProtocol

which are very important to understand.

6.3.4.3.1 Accept function

Accept functionis applied to update or change 88 knowledge. The best individual amongst
the population is selected according to performahtere only that best individual does the
improvement work in th8Sand replaces th8lfbest

6.3.4.3.2 Influence function
Influence functioron the other hand is used to modify R and also thé®’S Here the idea
which is considered to influence tR&by theBSs Knowledgesources is discussed below.
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6.3.4.3.2.1nfluence work of situation knowledge 6K)

The optimal locations for the capacitor allocateme either exactly like the stored locations in
theBSor it may be greater or lesser than that storedbau. This concept has been utilized for
the SKs influence work. The selected bus locations frin@SK are taken to influence thHeS
The selected buses and the other bus locationsateselected ones &K are considered as ‘1’
and ‘0’ respectively to formulate the column vecfgy,. As PPl and PPIlonly contains the
capacitor and DG locations, these are first modiifieth the £, to update thé?Sland PSIL.
Modified PPI and PPII are shown in Figure 6.4 and Figure 6.5 respegtivebr example, the
stored locations in th8Kl andSKll are 1, 2, 4, 7 and 9 and 2, 4, 7 and 9 for a Ydeer and
the total number of individuals is 12 in every plgton pool. So, thefl. ., and fIl ., are

definedad1 1 010 0 1 0 1]T and[0 1010010 1]Trespectively. In this thesis

half of the every generatggbpulation poolis left unchanged through iterations. This hambee
performed to introduce randomization in the seagluf optimal solution such that the proposed
MCA does not get entrapped into the local minimamany optimization situation. The rest half
of everypopulation poolis manipulated with the,..r. The 7 and &' individual's each row

element is multiplied with the; 's column element. The™individual is totally replaced by the

forr- The 16, 11" and 12 individual's each row element is added with ealement off, ;.
Multiplication operation is just like binary multiplicatioAddition operation is also similar like
binary addition but when boti.;, and paren is ‘1’ then offspring is considered as ‘1.
Sometimes this operation is performed considerimgenselected bus positions than g
This manipulation with the other half of tip@pulation poolis exercised to search around the
highest fitness value achieved solution in evemration. TheUnchanged Replacement
Multiplication andAdditioncan be expressed like this:

Unchanged
of fspring = parent
Replacement
Of fSpTing = fory
Multiplication
of fspring = parent X foss
Addition
of fspring = parent + f.ss

77



Multiplication
|

T .01 0001 o 1f1]1 11
0.1 10110 o ffr 1111 1 1
1.111000 1 /|0 Of0]|O0O O O
0O 011011 o fjo 1111 1 1
0.00100O01 |:> 0o .|[0o 0JOf0 0 1
1 .001001 1 .[jo OfO0]|O0 O 1
0.1 00100 o |t oj1f1 1 1
0. 100010 0o .|[o ojofo 1 O
1 .111101 I Jfj1 1{1]|1 1 1

I / I

Unchanged Addition
BS’s f1 .z
prPpPJ Modified PP I
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Figure 6.5: Construction &Pl after the influence work @&KII

Capacitor and DG values are randomly chosen frot) @d (6.3) for each individual &Pl
andPPIl to formPSlandPSllrespectively. After certain number of iterationgogset condition
the role of influence work is reversed fraituation knowledg#o history knowledgand it takes
the charge to search the global optimal value.

6.3.4.3.2.2nfluence work of history knowledge HK)

The optimal locations for this capacitor and DGtallation may be the same as stored in the
history knowledge(HK) of BS but the DG and capacitor values for those locatioan be
different. On the other hand, the optimal capaaitad DG values may be found similar as in the
HKI and HKII, respectively but the bus positions are differentd& and capacitor. It can also
be like that the total number of optimal bus lomasi is same but both locations and values of
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DG and capacitor are different. Keeping the aboestioned idea in mind, theSis modified
for the next iteration. Here, modifideiSI andPSII after theHKI andHKII influence are shown
in Figure 6.6 and Figure 6.7, respectively. Fomegie, the selected capacitor and DG values in
HKI and HKII for 9 bus distribution system with 12 nipen of individuals irPSlandPSllaret
kVAR, r kVAR, u kVAR andf kVAR; and t; kW, r;, kW, u; kW andf, kW, respectively.
The total number of bus locations is four and lmcations are 2, 4, 7 and 9 respectively. It is
shown in Figure 6.6 and Figure 6.7 that one thirthe PSland PSII individual’s locations are
kept same i.e. from®ito 4" column but the capacitor and DG values are rangseiected from
the available capacitor and DG value set. That'g thie values are different. It is also shown in
Figure 6.6 and Figure 6.7 that the next four colsiioe from column 8to 8" have the capacitor
and DG values as kVAR , r kVAR, u kVAR and f kVAR; andt, kW, r, kW, u; kW and

f,kW which are exactly same as the capacitor and BIGeg stored itHKI and HKII but the

bus locations are selected randomly. Finally tis¢ fiaur columns, in Figure 6.6 and Figure 6.7,
have total four capacitors and DGs ‘on’ locationg the bus locations and capacitor and DG
values are both chosen randomly.

Capacitor value same

o . offo . ol[0o .0
e .m0 . t||lp . ¥
0 .0lflr . fllc .0
h efft . Of|n .0
0 . 0]0 ul10 . 0
0 .0 f .00 .1t
h . v||0 . 7|0 2
O . O0jfju . Ofv u
m . h{] 0 010 0

! |
Location same  Different capacitor value and

location

Figure. 6.6 Creation d?Slafter the influence work diKI
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DG value same
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Figure. 6.7: Development &SIl after the influence work dfKlI

In this way history knowledge influences the popala after the completion of situation
knowledge influence work. The entire procedure réiggg MCA technique has been described
considering both DG penetration and capacitor atioa. That's why the inherent parameters
such asPP, PS SK andHK etc have been developed in two formats. One forsnebnstructed
for capacitor allocation and the other for DG imtgmn. When the MCA has only been applied
for capacitor placement problem then only one fdrofahe said inherent parameters has been
utilized. However, Modified Cultural Algorithm woskin the stated fashion for single objective
optimization cases considered in this work. Corelgrsmulti-objective optimization which
seeks more attention has also been effectivelyoagped by MCA technique described in later
section.

The approach of MCA on multi-objective optimizatiemmore or less similar with the single
objective optimization procedure. The multi-objeeti MCA has been developed taking
inspiration from weighted sum method. Performangection or the objective function inside
MCA has been created on the basis of weighted sethad for multi-objective optimization.
This is discussed with the choice of scaling faxiarChapter four. Nevertheless, a memory has
also been newly incorporated to store the non-datadhsolutions through iterations. However,
the multi-objective MCA approach has not been elatsal here like single objective
optimization approach. Only the flowchart of the ltmobjective MCA technique has been
shown here for understanding the whole issue. masbeen depicted in Figure 6.8 for multi-
objective DG penetration and capacitor allocatioybfem.
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h 4

Set iteration number, it = 0; line and load data and customer number at
each load bus of distribution system are taken as input;
Initialize maximum iteration number, itermax
Initialize the memory for storing non-dominated solutions

A

Formulate PS, Bifbest and Belief Space knowledge sources SK and HK

!

it=ir+l

F Yy

h 4

Evaluate the multi-objective weighted sum value for every individual of PS; analyze all the solutions by checking energy loss,
total cost, SATFI, SATIDI and AENS values to find out pareto optimal solutions; store the pareto optimal solutions in the

memory; update the memory if iteration count it is greater than one

A 4

Update BS’s knowledge sources and Blfbest according

to the performance

Modify PS according to
SK influence

Update PS according to HK
influence

Print the achieved pareto optimal solutions® values and DG
integration and capacitor placement data

h i

' Stop '

Figure 6.8: Flowchart of MCA technique applied fowlti-objective DG integration and capacitor plaesin
problem

6.4 Search for a novel algorithm for cost based reliality enhancement

Cost based reliability improvement is the objectiwehis work. It has already been illustrated in
chapter four. The technique MCA has been appligdtdtal cost minimization considering
reliability worth discussed earlier in Chapter durthermore, it has been implemented for
reliability index SAIFI, SAIDI and AENS improvemerithe algorithm has also been applied for
real power loss and energy loss minimization inb84$ and 69 bus radial distribution system
resembling microgrid, respectively. The above statptimization approaches considers mainly
simultaneous DG penetration and capacitor allona@#s engineering schemes. Capacitor
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placement has only been considered for total castrmzation in 69 bus radial distribution
system by MCA algorithm. The simulation results amdlysis has been discussed later. It has
been observed in Chapter 7 that MCA technique lesfomed efficiently. But all considered
optimization problems deal with discrete values guditions of distributed generation and
capacitor. The solution space is obviously huge.dtmammoth task to find out the optimal and
pareto optimal solution for single and multi-objeetoptimization problem. Nobody can assure
that further improvement is impossible in termgefting a better solution than the achieved one
at termination condition embedded in any meta-lséigrialgorithm. That's why another
optimization algorithm has been searched. Thiscbaay has been performed to have even better
result than modified cultural algorithm. In thisgeed, genetic algorithm (GA) and particle
swarm optimization (PSO) technique have already lmeasidered for comparison purpose with
MCA technique. Most of the well-established popolatbased meta-heuristic techniques in the
available literature are more or less similar vitA or PSO technique. On the other hand, it has
been observed that evolutionary techniques devdltgdeng inspiration from nature have been
coming as effective optimization tool for criticabmbinatorial optimization problems. So, a
novel optimization technique has been developedhemadtically analogous to electro location
phenomena of fish.

The new technique named fish electrolocation opition (FEO) has been implemented for
reliability enhancement considering monetary fector microgrid radial distribution system.
Though a short note about this novel technique beesn written in Chapter 5 but it is very
important to understand the FEO algorithm in dstfat effective application.

6.5 Fish electrolocation optimization

The electric fishGnathonemusPetersii possesses electric discharge organ [222-226¢
electric wave generated from that organ hits sumdmg objects in wateAn electrical image is
created on the surface of the fish’s body due ¢odifference in sensing the electrical field with
and without objectsMinute analysis of that image is performed theexafthe fish evaluates
electrical capacitance value of any object depapdimimage parameterBhe capacitance value
of food particles is already known to fish. If &€is that the targeted object is within the rarfge o
known capacitance then proceeds towards it caloglahe distance from the targeted object.
Otherwise it generates electric wave of new amgéiti/Vhen it finds out the desired object then
stops its electric organ discharge.

On the other hand, like active electrolocation,spas electrolocation is used by shark fish
ScyliorhinusCanicula for food catching purpose [227-228]. Shark doet generate electric
wave like elephant nose fish. But it can senseléeelectric pulse generated from the muscle
contraction of other living beings in the waterthe shark finds out that kind of electric pulse
then it quickly targets towards that direction frevhich the electrical wave is coming. This food
searching technique of the above said electriefistan be useful as optimization technique.
The active electrolocation of elephant nose fist baen studied on robotic sensor technology
[229]. Algorithm inspired from the electrolocatiobehavior of electric fish has been
implemented in autonomous robot. Artificial sensoray was developed by mimicking this
special biological phenomenon [230]. This could viide electro sensory capabilities to a
submarine robotic explorer. Robotic sensing syst®as also designed to locate objects
underwater [231-232]. This was done through aatmeement of an electric field emitter and
sensor apparatus. Echolocation and electrolocatiere both biologically studied as sensory
acquisition in active sensing system [233]. Regetmmari et al. proposed a complex
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conductivity model for the quantitative analysisetéctro location phenomenon [234]. However,
concept of electro location as an optimization radthas been hardly found in the literature.
Passive electro location of shark has also not lmesceptualized as searching tool hitherto.
Here a soft computing based meta-heuristic methalbd fish electrolocation optimization

(FEO) is developed by mixing both active and passiectro location procedure of two fish viz.
elephant nose fish and shark, respectively. Thepqeed algorithm’s theoretical background
requires minute attention.

6.5.1 Concept behind fish electrolocation optimization (EO)

Fish electrolocation optimization (FEO) has beeautght on the context of electro sensory
perception of electric fish. Nocturnal animal gealigrrely on other senses instead of vision for
object localization and prey catching. Weakly aiecfish strongly depends on its electro
sensory organs which are more or less situatedighiaut its whole body [235]. Electrolocation
is an adopted navigational approach for findingdfoem. Elephant nose fisBnathonemus
Petersiiadopts this navigational procedure in dark andl$ubfasic need. It does electric organ
discharge in water. It generates electrical wave @iertain voltage amplitude and waveform
from its tail electric organ. This is shown in Fig6.9.

Figure 6.9 Active electrolocation phenomena of etayi nose fish

It is depicted in Figure 6.9 that the circular Brfencing the electric fish are electric field Bne
After the electrical discharge in water, electntages of peripheral items are developed on the
skin of that fish. The black circular spots showrFigure 6.9, on fish’s body, are denoted as the
electric image of food and other non food partidcfessde water. The electric image is formed on
the basis of change in electrical voltage amplitadé waveform distortion with and without the
object in the surrounding water. The fish seardtsefood depending on that image slope, image
width; distance from the object, resistance andci#gnce value. Food objects, which are either
water plant or larvae, have specific impedancesgpect of electrical characteristics. And more
to it, food objects have a certain range of capaci value. The fish’s electro sensory organs are
sensitive within that particular interval of capgacice value. Beyond that limit whether it is in
the lower or upper boundary area, the fish is isg®ee i.e. it can’t sense any more. Depending
on this analyzed capacitance value and distance fhe targeted object, it approaches towards
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the wanted prey. Interestingly, the resistance evalepends on the voltage or electrical wave
amplitude but capacitance value depends on the veanedistortion. On the other hand, image
slope is considered as transition from rim to eeanea of image and it's necessary to obtain the
distance from the prey. Distance is consideredhasratio of image slope and voltage peak
amplitude. Depending on both targeted object degtdrom fish’s body and quality and quantity
of that object, the fish generates electric putsd groceeds towards it. Finally it catches the prey
without using any vision but using active electrodtion intelligently [236].

Unlike active electro location, shark uses its sevfspassive electro location for detecting small
fishes inside water [237-238]. A glimpse of passlectro location by shark is shown in Figure
6.10. Dotted circular lines surrounding small fishavailable in Figure 6.10 show the low
voltage signals. The shark has so much strongreleensory organ that it can sense fish dug in
sand sensing muscular organism of that fish. b alses passive electro location for navigation
purpose analyzing ocean current and earth’s magfeitl.

In this work, a conceptual electro-fish is imaginéal develop the fish electrolocation
optimization (FEO). The fish has both the sensaative and passive electro location like the
previously discussed elephant nose fish and sleagectively. It can not only generate electrical
wave and analyze the electric image on the bas&eatrical characteristics but also can sense
feeble electric pulse from other fishes. How itedt$ and localizes an object has to be
mathematically formulated as an algorithm for olterancept development.

6.5.2 Development of FEO through mathematical expressions

Fish electrolocation optimization (FEO) has beenhmmatically developed through logical
expression related to the conceptual electro fidte fish searches its wanted food item by
sensing feeble electric wave and also analyzingepted electric image. It simultaneously
emanates electric pulse and senses feeble eléactrinee. Feeble electrical wave is sensed in
narrow range whereas projected electric image gikesvision of surrounding environment.
Sometimes it acts like elephant nose fish and samestit acts like shark. It toggles between
active and passive electrolocation. This role reafkeis linked with the capacitance and distance
value owing to toggle switch judgment. Resistanagkei®, discussed in the previous section as a
judgmental issue of elephant nose fish, has not b@een into consideration. This is done to

84



restrict the list of parameters of this developedhhique. However, FEO algorithm works
through range discrimination/development, electpiglse calculation from slope analysis,
distance calculation from wanted prey object; cdapace detection from waveform distortion
value, toggle switch judgment through capacitangaluation and finally electric organ
discharge with tuned voltage amplitude. How themeehbeen mathematically developed that is
described below sequentially.

6.5.2.1Construction of search space

The imagined electro fish uses electro locationdilng their search domain in a few zones.
These zones have certain solution values with aniteefdifference between two consecutive
values inside two limiting margins. Three kinds rahges have been formulated based on
difference between variable’s maximum and minimuralug i.e. diff and different
multiplication factors. Thedif f value is shown in (6.7).

diff = xmax _ xmin (67)
The termlongrange is defined as the constant long search domai.8).(
longrange = {dif f X p1;:dif f X p2;:dif f X p3;} (6.8)

Constant terme1;, p2; and p3; are multiplied with thedif fvalue for defining the lower
margin, gap value and higher margin, respectivEhe domain is consisted of solution points
between higher range i.diff x p1; and lower range i.elif f X p3; with interval ofdif f x
p2; between any two consecutive values. Similasljortrange is also restricted between
diff x pls; anddif f x p3;with a gap oldif f X p2, between two consecutive values in (6.9).

shortrange = {dif f X pls:diff X p25:dif f X p3} (6.9)

The last solution domain which is used by the cphed electro fish is theshortrange
mimicking the feeble electric pulse sensation @rkhThis range is constricted With’fﬁ; and

max

dif f

with an interval gap ofs between two consecutive values shown in (6.10) as

xmin' 'xmax (6.10)

vshortrange = {

6.5.2.2Generation of electric pulse wave analyzinfongrange and slope

The electric pulse i.eelec?***¢ is calculated depending on projected image slogedaveloped
longrange. Theslope of the projected image is considered as the atesdifference between
the best and worst found individual value amonggiation at iterationin (6.11) as

slope = |xl§est - x\fvorstl (6.11)
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The value ofelec*¢ is important for formation of electric organ dische by the conceptual
electro fish discussed later. However #iec”*!*¢ is mathematically developed as a product of
two terms given in (6.12) as

slope (6.12)
[(slopeconst x rand) + x} ;]
nes
S = randperm{length(longrange)}

elecP¥s¢ = longrange(n) x

The first term is chosen by taking a random vatoeenflongrange. Another term is considered
as the ratio oklope and addition of two terms. However, the distarroenfthe targeted object
by the conceptual electro fish is needed to be donutt just like calculation oflecP*'s¢. This
has been developed below.

6.5.2.3Assessing the distance from desired food source

The obtained minimum and maximum objective functatue for all the individuals amongst
population is considered a1 andch?2 at first iteration shown in (6.13) as

chl = min{f(x;)} i=1,......,n (6.13)
ch2 = max{f(x;)} i=1,......,n

The nearness value towards targeted prey or fopgttols conditionally evaluated in (6.14) as

( g1 (6.14)
. t .
if x =chl
, 1+ g2|chl — ch2| f Xoest
Distance =
gl .
. otherwise
1+ gzlxbest - Ch1|

After calculation of Distance value, the conceptual electro fish tries to find the capacitance
value of the targeted object.

6.5.2.4Estimation of electrical capacitance from waveforndistortion value

Running capacitor value i.eap™" is found by taking the standard deviation valueagst all
the objective function values generated from evedividual of population. The waveform
distortion value is considered as the standardatievi value shown in (6.15).

cap™" = o{f (x1), f (x2), vv vee o, f (0} (6.15)

Capacitor upper limit, for judging whether the aljés a food particle or not, is selected as
capint andcaphover for first and next iterations respectively. Thesshown in (6.16).

capint  if iter = 1} (6.16)

capu = ,
p {ca'phover otherwise

Conceptual electro fish reaches to the decisiomd&bion part when it gets the capacitance value.
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6.5.2.5Action of toggle switch evaluating electrical capatance

Toggle switch acts like changeover switch for tbaaeptual electro fish’s action. It is made ‘1’
when running capacitor value is within the upped &ower limit and Distance value is less than
setdist It is made ‘0’ if the above condition is not séed. This is shown in (6.17).

if capl < cap™" < capu and Distance < setdist} (6.17)

1
t le =
0gg:e {O otherwise

The setdist value works like a variable throughout the itemas guiding theDistance i.e.
nearness from the targeted object. This is manipdlas represented in (6.18).

setdist = Distance if capl < cap™" < capu and Distance < setdist (6.18)

After the decision formation conceptual electrdnfgears up its electric organ for emanation of
next electrical wave.

6.5.2.6New electric wave generation
The conceptual electro fish generates new eleetace asxnew consideringtoggle switch
operation in (6.19).

xnew = xt o + elecPS¢ x randn  if toggle =1 (6.19)

If toggle switch shows ‘1’ thexnew is generated incorporatirgec?*!s¢ got earlier by doing
slope analysis. When thenggle switch shows ‘0’ then electrical wave is generadedlyzing
three kinds of probabilities. The three probalatti are probs®!, prob%¥and prob™9
respectively. Probability of selection i.eprob®®! selects either randomization/diversification
operation or localization operation. Randomizataperation is taken place when the random
variable rand is greater thaprobs¢'. Apart from the above condition the conceptuattetefish
does localization. This is shown in (6.20).

if rand > prob®¢ (6.20)
do:randomization/diversification
else
do: localization
end

6.5.2.6.1 Operation on the basis of randomness principle

Divergence operation helps to create new electsgle governed by therob%. The new
electrical wave is generated randomly by the con@pelectro fish in the whole search region.
This is nothing but the randomization concept dbsdrin (6.21).

x™" + diff x rand; if rand > probdi”} (6.21)

xnew = . ) i )
x™" + dif f X rand; otherwise
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6.5.2.6.2 Operation concentrating on best found individual

Under the localization operation the imagined etefish emanates electric wave around the best
found individual i.e.x},., at iterationt. It does that with the influence @frob™9. The two
terms c2 and c3 are taken randomly from the set ohortrange and vshortrange
respectively. How those terms have been chosédroisrsin (6.22) and (6.23), respectively.

m1 = randperm(length(shortrange)) (6.22)
hl e ml
c2 = shortrange(hl)
m2 = randperm(length(vshortrange)) (6.23)
h2 € m2

c3 = vshortrange(h2)

When the random variableand is greater thamrob™9 then new electrical wavenew is
formulated in vicinity ofc2 andc3 shown in (6.24).

xnew (6.24)
[ x?est—02+2x02><rand for j=2,.... .;POP—l if rand >pmbrng]
= | Xpest T €3 for j=1,pop
[ xlt;est + elec?"** X randn  for j =2, ... v POP ! otherwise J
Xpest €3 for j=1,pop

It is also shown in (7.18) that if the random vhalgerand is not greater thaprob™9 then new
electrical wave is generated around #jg., taking elec?*’¢ andc3 into consideration. How
this newly developed Fish Electrolocation Optimizat (FEO) works as a meta-heuristic
algorithm is described as generalized algorithtiénext section.

6.5.3 Generalized algorithmic steps of fish electrolocatin optimization

Step 1Initialize longrange, shortrange andvshortrange

Step 2 Setcapint, caphover, capl andsetdist

Step 3 Select three probabilities vizmrob®”, prob™9 andprobse

Step 4 Generate electrical wave randomly in the totafse domain

Step 5 Analyze the objective function values to calceldbpe, cap”™" andx},,,andx!,q, .

Step 6 Determine thelec?*s¢ value andDistance or nearness value from the targeted object.
Step 7Dotoggle switch judgment and evaluatetdist value

Step 8 If toggle switch shows ‘1’ then dolongrange operation otherwise consider
shortrange andvshortrange for doing diversification and localization opeaati based on
three mentioned probabilities to generate eledtricae.

Step 9 Repeat steps 5 to 8 until the convergence aritdd met or maximum iteration number is
reached. Otherwise stop iteration process.

6.5.4 Implementation of FEO for combinatorial DG and capeacitor placement
Fish Electrolocation Optimization has been applfed combinatorial DG penetration and
capacitor allocation problem. This has been peréatrfor various single objective situations.
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Single objective optimizations include minimizatioof total cost, loss reduction and
improvement of reliability indices viz. SAIFI, SAIand AENS. The evolutionary technique has
been applied here through a few steps involvoogulation formation capacitance value
determinationand toggle switch judgmeniongrange and shortrange selection andelectric
organ discharge The generalized expressions about the statedltimhathods/approaches of
FEO have already been shown and explained in eadaions. But how these approaches act on
any type of discrete single objective situation stdaring simultaneous capacitor and DG
placement is important to understand.

6.5.4.1Population formation

First of all population is formulated for capacit@ltocation and DG integration problem. Two
population matrices consisted mfnumber of column vectors have been developed dernsg
the well known theory of real coded genetic aldont(rcGA). One population matrix has been
formed for capacitor allocation and the other ome bheen formulated for DG integration.
Randomly choosing DG and capacitor value from theilable DG and capacitor set both the
population matrices have been constructed.

6.5.4.2Capacitance value determination and toggle switchuggment

The conceptual electro fish searches food objeguthging the capacitance value of the electric
image. Mathematically the capacitance value has limerated by checking the standard
deviation value of the objective function of allgadation individuals. Distance from the wanted
prey i.e. distance from the solution is calculatéthen the distance and capacitance value are
less than certain values and within the range diairevalues then toggle switch is in ‘ON’
condition. Otherwise it is made ‘OFF'. The distanadue is calculated according to equations
(6.13) and (6.14). The conceptual electro fishrdfi@ing the values of electrical capacitance
and distance, it does electric organ discharge wiled voltage amplitude. Before doing that it
doeslongrange andshortrange selection.

6.5.4.3longrange andshortrange selection

longrange is a set of variable values in the upper rangertrange is another set of variable
values in the lower range. In the case of capaatwt DG placement problem half of the
available capacitor and DG value in the lower raisgeonsidered as thsortrange. The other
half of available capacitor and DG value is consdeto be in thdongrange. However, this
longrange and shortrange idea is very primitive i.e. inborn in the concegdtwelectro fish.
Having that idea, it toggles between thegrange andshortrange and sometimes mixes both
the ranges. It does this phenomenon with the digehaf electric pulse from its tail electric
organ. How this has been mathematically done mudied in the next section.

6.5.4.4Electric organ discharge

The imagined electric fish generates new electagewvconsidering the toggle switch status. The
electric fish generates electric wave near aboat whlue of best found individual through
iterations. Here for capacitor allocation and Déngtration problem, these are two column
vectors i.e. the best found individual value ataiariteration amongst the population matrix.
This is taken from equation (6.19). Heteygle = 1 means that the toggle switch is in ‘ON’
condition. The expression fetec?*s¢ is developed from (6.12). In case of capacitavcation
and DG penetration, thiengrange is formulated for individual capacitor placemenidaDG
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penetration cases. When the toggle switch is ilF'Giatus, two probabilities are considered for
new electric wave creation. The two probabilitiee probability of selection i.eProbs¢ and
probability of range i.eProb™9. The probability of selection does its action adarg to
equation (6.20). The diversification or randomiaatis done selecting capacitor and DG value
from the capacitor and DG set respectively. Thalleation work is done according to equation
(6.24). Theshortrange is formulated by taking the lower range of capacaind DG value from
the capacitor and DG value set respectively.

Convergence to the optimal solution for considesguks of single objective situations depends
on appropriate evolvement of population. This hasnbperformed here via the above discussed
inherent approaches of FEO. Although the optimhltsm finding mechanism of FEO for single
objective DG and capacitor placement problem iseustdndable from the above discussions still
the algorithmic steps will be more helpful for leetunderstanding. This has been illustrated in
the next section.

6.5.4.5Algorithmic steps of FEO for single objective DG phcement and capacitor
allocation problem

The algorithmic steps of FEO related to any sirggective situation stated earlier have been

denoted here for simultaneous capacitor allocatmhDG integration.

Step 1 Initialize longrange andshortrange for DG integration and capacitor allocation. St t
value of probability of selection, probability ofvdrgence and probability of range.

Step 2 Formulate the electrolocation population for Di@l &apacitor placement. Set maximum
iteration number and electrical capacitance rang@ifey (solution) detection.

Step 3 Evaluate total cost value, real power loss arstribution system reliability indices for
every individual of population maintaining the ctragits as shown in ‘objective function
formulation’ section.

Step 4 Find the best capacitor and DG value for thatutepon. Also, find out the worst DG and
capacitor value for that population.

Step 5 Calculate the electrical capacitance value frowm standard deviation of the objective
function values for that population.

Step 6 Enumerate the electrical image slope projectethenconceptual electro fish. Calculate
the distance value from thengrange andshortrange and also from the electrical image slope
value.

Step 7 Checking the electrical capacitance value togglich judgment is done i.e. when it will
act as elephant nose fish for active electro locadind also as shark for passive electro location.
Step 8 Formulate new population by utilizing probabily selection, probability of divergence
and probability of range.

Step 9 Check whether the iteration count has reachednideamum iteration number or not. If it
reaches the maximum iteration number, then gogjo 30 otherwise go to step 3.

Step 10 Print the best individual's total cost, real powess, distribution system reliability
indices and the DG and capacitor’s values and mdgci

Fish electrolocation optimization technique hasoaleen implemented for crucial multi-

objective situation considering multiple confligimbjectives in this work. This draws special
attention of reader and has been described ingkesection.
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6.5.5 Application of FEO for multi-objective capacitor allocation and DG integration
problem
Multi-objective capacitor allocation and DG intetjpa has been performed here implementing
FEO algorithm for various cases discussed in thd nkapter. Multi-objective optimization
approach of FEO is more or less alike the singleative optimization procedure of it. Few
modifications have been incorporated in this moiftjective FEO algorithm. Performance
function has been enumerated inspired by weightedreethod stated in Chapter 4. In addition,
a memory has been developed to store the paretmalpsolutions through iterations. Other
inbuilt steps of multi-objective FEO apart from sleeabove stated modifications have already
been discussed in the earlier sections for singective cases. In this regard, a pictorial
representation of this multi-objective FEO in tloenfi of a flow chart will be quite helpful to
understand the technique. This has been executedrha flow chart form for a multi-objective
situation considering energy loss, total cost asttidution system reliability indices viz. SAIFI,
SAIDI and AENS.
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A 4

Initialize iteration count it = 0y take line, load and customer data for the
chosen distribution system as input; Set maximum iteration number
itermax; initialize the memory for storing non-dominated solutions

v

Formulate longrange and shortrange; Set the 7°° , P and P ;
Formulate the clectrolocation population: Choosc clectrieal eapacitance
range for prey (solution) detection

ift=ir+1

h 4

Evaluate the multi-objective weighted sum value for every individual of population; analyze all the solutions
by checking energy loss, total cost, SATFI, SATDI and AENS values to find out parete optimal solutions; store

the pareto optimal solutions in the memory: update the memory if iteration count it is greater than one

A

Enumerate the electric image slope:
calculate the dfsrance value from the
longrange and shortrange

L

Calculatc the cleetrical eapacitance valuc from the standard
deviation of the weighted sum values for that population

v

Perform roggle switch judgment checking the electrical
capacitance value is within the range or not

b 4

Formulate new population using P* |
PV and pE

if it < frermax

Print the achieved pareto optimal solutions® and DG and capacitor placement values

Figure 6.11: Flowchart of FEO algorithm implementfed multi-objective DG penetration and capacitbo@ation
problem
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The Fish Electrolocation Optimization (FEO) hasrbemplemented on 34 and 69 bus microgrid
type radial distribution system for simultaneougamtor allocation and DG penetration.
Appropriate planning has been developed considesingle and multi objective situations for
placing DG and capacitor at suitable bus locatidims has helped to provide economic power
with appropriate reliability. Total cost, loss adidtribution system reliability indices have been
enumerated for both single and multi objective saséhe simulation results achieved after
applying FEO has been compared with rcGA, PSO a@ANechniques as discussed earlier.
The findings after performing all the considerethdiation based studies are promising and
encouraging. However, proper analysis is requicgdte simulated data before they are applied
in the real world scenario.
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Chapter 7

Simulation results and discussion

Single and multi objective optimizations have bgmmformed considering simultaneous DG
integration and capacitor placement in thirty fand sixty nine bus microgrid type radial
distribution systems. Again single objective optiation employing only capacitor at suitable
load buses has been exercised in sixty nine bual @dtribution system resembling microgrid.
The codes of these simulation based studies haea beveloped on technical software
MATLAB ™ [239] using personal computer. The configuratidrpersonal computer is Intel
Core 15, 3 GHz processor with 4GB RAM. Reliabililydices have been studied for two
reinforcement schemes. One is applying only diseotsnbetween buses. Another is applying
disconnects with fuse-gear protection. Comparastuglies have been performed amongst fish
electrolocation optimization (FEO), particle swamptimization (PSO), real coded genetic
algorithm (rcGA) and modified cultural algorithm @A). This said studies have been
performed choosing population number as 30 fortladl optimization tools. The population
number has been selected after several trial ransidering the best outcome [240-241]. The
termination condition embedded in all the considalkgorithms has been constrained as 30,000
objective function evaluations for 34 bus and 5,00f=ctive function evaluations for 69 bus,
respectively [240-241]. The termination conditiomb®edded in the considered algorithms has
also been fixed after several trial runs. Simulatgiudies considering DG integration and
capacitor allocation have been performed seledi@gpenetration levels up to 10%, 15%, 20%
and 50% of total active power load of the microgiyge distribution system at hand. These
selected DG penetration levels have been considemethe basis of different scenarios and
futuristic situation. Distributed generator souh@es been considered as bio mass power plant in
both 34 bus and 69 bus microgrid type radial distion system as stated earlier in Chapter 4.
Solar photovoltaic plant has also been consideseD@ source in 69 bus microgrid type radial
distribution system mentioned in Chapter 4. Both @nsidered as DG sources because of their
relative availability in this part of the globe. i$hs the reason behind selection of bio mass and
solar photovoltaic power plants as DG sources here.

7.1Cost based reliability in 34 bus microgrid type radal distribution system

Reliability studies have been performed considedosf in thirty four bus microgrid type radial
distribution system. Single line diagram of thistdbution system has been shown in Figure Al
in Appendix. All the line and bus data for the 34shmicrogrid type radial distribution system
are taken from elsewhere [242]. These bus andlt@ have been shown in Table A1l and Table
A2 in Appendix. The minimum failure rate of electtine has been considered here as 85% of
the original failure rate [77]. Maximum and minimuwoltage limit for all buses have been
considered as 1.1 p.u and 0.9 p.u respectively443]. Distributed generator unit size has been
selected as 100 kW and 200 kW considering the padidrn of the 34 bus microgrid type radial
distribution system [244]. Capacitor values andt ¢@e been selected from elsewhere [242].
This is shown in Table A3 in Appendix section. Talar constanK, value has been chosen as
US$ 525.6/kW as annual basis [245]. The DG and aitpaplacement project has been
considered for 25 years. The distributed generatiost is actually the biomass power plant
capital plus operation and maintenance cost. THjawvalue has been considered as US$
418.84/kW [244]. All the enumeration regarding diad rate and outage time concerning to the
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reinforcement scheme has been developed from etseWh19]. The failure rate of every line
has been calculated linearly by fixing the highast lowest impedance value as 0.5/yr and
0.1/yr, respectively [77]. The number of consumas been considered as 1000 for maximum
load in the considered microgrid type radial disition system [119]. The number of customer
for other load buses apart from zero load bus leas lzalculated considering the load valdie
the value of load is zero then the number of custasiconsidered as zero. The repair times for
main feeder and lateral has been considered as d@nldr2 hrs, respectively [119]. The switching
time is selected as 0.5 hr [119]. The value of eatinal damage for 4 hrs power interruption is
taken to be considered as US$ 15.4752/kW [119].sHmee financial damage value for 2 hrs and
0.5 hr power interruption are chosen as US$7.63¥7dkd US$1.8600/kW respectively [119].
The real power loss for the original configuratice without DG and capacitor placement has
been obtained as 221.50 kW. On the other handdigtebution system reliability indices viz.
SAIFI, SAIDI, CAIDI, ASUIl, ASAI and AENS have beenfound as 9.5032
interruptions/customer yr, 11.3358 hours/customer 1928 hours/customer interruption,
0.001294, 0.998705 and 4.0372 kWh/customer yr mtisedy without any DG and capacitor
placement considering only disconnects betweensbusgain the distribution system reliability
indices viz. SAIFI, SAIDI, CAIDI, ASUI, ASAI and AES have been found as 5.2400
interruptions/customer yr, 9.1871 hours/customey ¥17532 hours/customer interruption,
0.001048, 0.998951 and 2.0749 kWh/customer yr mtisedy without any DG and capacitor
placement considering lateral protection with ismlaThe more common distribution system
reliability indices viz. SAIFIl, SAIDI and AENS havdeen considered for reliability
improvement purpose apart from total cost minimaraiand real power loss reduction. Here
total cost minimization has been studied for batmforcement schemes. But it has been
discussed above that the considered distributistesy reliability indices viz. SAIFI, SAIDI and
AENS have been found more improved choosing reteiment scheme as ‘disconnects with
lateral protection’ in comparison to ‘applying ondysconnects’. That’s why reliability index
SAIFI, SAIDI and AENS improvement have been asskssensidering the reinforcement
scheme ‘disconnects with lateral protection’ [119].

7.1.1 Total cost minimization after capacitor allocationand DG integration

Simultaneous capacitor allocation and DG integratiave been performed to minimize the total
cost from its initial value i.e. without capacitand DG placement. The minimization of total
cost has been conceived for three types of DG petieet level. These considered DG
penetration levels are up to 10%, 15% and 20% tad &ctive power load. These penetration
levels have been considered for simulation studspgee here as DG penetration levels in
different scenarios have been found more or leas toethose levels. The total cost is comprised
of power interruption cost, cost due to loss, DGt@nd capacitor installation cost. The analysis
of simulation results for the earlier stated twmiecement schemes has been discussed in the
following sections.

7.1.1.1Applying disconnects between buses with fuse geargbection

Reduction of total cost has been achieved by sanalius DG integration and capacitor
placement considering the reinforcement schemepplying disconnects between buses with
fuse gear protection. With the DG penetration leateh maximum of 10%, it can be observed
from Table 7.1 that total cost value has been foredliced from US$ 6997480.91 to US$
5921622.20 with the implementation of rcGA. Thedsgduction in total cost value has been
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caused due to simultaneous DG and capacitor plateghéus position 10 and 20 for DG and 3,
4, 5, 24, 29, 32 and 33 for capacitor respectivBigtributed generation and capacitor values
selected for those bus locations are 200 kW andk¥@@r DG and 150 kVAR, 300 kVAR, 150
kVAR, 1050 kVAR, 300 kVAR, 300 kVAR and 150 kVARoIf capacitor respectively. It has
been noticed from Table 7.1 that total cost valag lbeen found reduced from US$ 6997480.91
to US$ 5887841.61 with the implementation of PS@tributed generation integration has been
performed at bus position 5, 12 and 22 with DG gatf 100 kW, 100 kW and 200 kW,
respectively. Shunt capacitor has been placed @anbmber 6, 10, 18 and 24. Capacitor values
obtained by PSO at those selected locations arek¥3®R, 600 kVAR, 600 kVAR and 900
kVAR as shown in Table 7.1. The total cost value bhaen observed to be reduced from US$
6997480.91 to US$ 5851526.37 by the applicatiorFBO shown in Table 7.1. The stated
reduction in total cost value has been occurredtdube DG placement at bus location 25 and
28 with DG value of 200 kW in these two locatio&hunt capacitor allocation has also been
performed at bus number 2, 12, 18 and 26 with liasien of 600 kVAR, 600 kVAR, 1200
kVAR, 600 kVAR, respectively. The total cost valugs been observed to be reduced from US$
6997480.91 to US$ 5863962.14 by the applicatioMGfA. Distributed generation integration
has been performed at bus number 21 and 27 withvBIGe of 200 kW at these two bus
locations. Shunt capacitor allocation has also keeatuted at bus position 8, 20 and 32 with
installed capacitor value of 900 kVAR, 1350 kVARdatb0 kVAR, respectively. It can be said
from the above discussion that evolutionary tech@i§EO has found the least total cost value
amongst all the chosen meta-heuristic algorithntse $econd position is held by the soft
computing technique MCA in finding the better totalst value. The study related to the next
DG penetration level i.e. up to 15% of the totahacpower load has been described in the next
paragraph.

Table 7.1: Capacitor allocation and DG integrafiontotal cost minimization considering disconneaith lateral
protection and up to 10% DG penetration in 34 biggagrid type radial distribution system

Methods Total Cost| DG value DG Capacitor Capacitor
(US$) (kW) placement | value (kVAR) | placement
rcGA 5921622.20 200, 200 10, 20 150, 300, 3,4,5, 24,
150,1050 29, 32, 33
300, 300, 150
PSO 5887841.61 100, 100, 5,12, 22 450, 600, | 6,10, 18,24
200 600, 900
FEO 5851526.37 200, 200 25, 28 600, 600, 2,12, 18, 26
1200, 600
MCA 5863962.14 200, 200 21, 27 900, 1350, 8, 20, 32
150
Without 6997480.91 -
capacitor and
DG placement

Like the above discussed paragraph, the totalvase has been observed to be reduced from its
initial value by the suitable placement of DG aagacitor at the load buses shown in Table 7.2.
This time the maximum DG penetration level has beereased by 5% to observe reduction in
total cost value. It can be noticed from Table that total cost value has been found reduced
from US$ 6997480.91 to US$ 5982423.42 with the emm@ntation of rcGA. Distributed
generation integration has been exercised at bsisigges 14, 24 and 34 with DG value of 200
kW in every selected location. Capacitors are @lsaed at bus number 14, 21 and 27 with
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installed capacitor value of 150 kVAR, 1050 kVARJalD50 kVAR, respectively. The total cost
value has been observed to be reduced from US$48991 to US$ 6054013.09 by the
utilization of PSO as observable in Table 7.2. Lbad number 2 and 23 have been chosen by
PSO for allocating 200 kW of DG at every selectchtion. Shunt capacitors have been placed
at bus positions 10, 17 and 21 with installed capagalue of 600 kVAR, 900 kVAR and 900
kVAR, respectively shown in Table 7.2. Finally eahbeen observed from Table 7.2 that total
cost value has been found reduced from US$ 6999480.US$ 5875178.74 by the utilization
of FEO. Distributed generator incorporation hasnbgerformed at bus position 9, 14, 23 and 29.
The DG value has been chosen as 200 kW, 100 kWk®a0@nd 100 kW, respectively at those
selected locations. Shunt capacitor allocation been executed at bus number 14, 18 and 21
with installed capacitor value of 150 kVAR, 450 kRRAand 1500 kVAR, respectively available
in Table 7.2. It has been noticed from Table 7& total cost value has been found reduced
from US$ 6997480.91 to US$ 5756486.90 with the anm@ntation of MCA. This time the total
cost value achieved by MCA shown in Table 7.2 $sé¢ in magnitude from the total cost value
observed in Table 7.1 by MCA. This further improwwm has been caused due to the DG
penetration at bus number 24, 26 and 30 with 200G value at every selected location.
Capacitor placement has also been performed ahtnber 18 and 25 with installed capacitor
value of 1350 kVAR and 750 kVAR, respectively olvsdrie in Table 7.2. It can be said from
the above discussion that the total cost valueddynMCA is the least amongst all the obtained
total cost values by other algorithmslowever, further 5% increment in maximum DG
penetration level has been exercised to observdatiement in total cost value shown in Table
7.3.

Table 7.2: DG integration and capacitor placementdtal cost minimization considering disconnesuipported by
fuse gear and a maximum of 15% DG penetration ibiBImicrogrid type radial distribution system

Methods Total Cost| DG value DG Capacitor value Capacitor
(US$) (kw) placement (kVAR) placement
rcGA 5982423.42 200, 200, 200 14, 24, 34 150, 10660 14, 21, 27
PSO 6054013.09 200, 200 2,23 600, 900, 900 1@u7v,
FEO 5875178.74 200,100, 200,9, 14, 23, 29 150, 450, 1500 14,18, 21
100
MCA 5756486.90, 200, 200, 200 24, 26, 3( 1350, 750 8, 25
Without capacitor] 6997480.91 - - - -
and DG
placement

It can be noticed from Table 7.3 that total coslugahas been found reduced from US$
6997480.91 to US$ 5681893.92 with the implememntated rcGA. Distributed generator

integrations have been performed at bus positign227 24, 27 and 34. The DG values have
been chosen as 200 kw, 200 kw, 200 kW, 100 kW &udK®V, respectively at those selected
locations. Shunt capacitor allocations have be@atwed at bus number 9 and 25 with installed
capacitor values of 1650 kVAR and 750 kVAR, respety. It can be noticed from Table 7.3

that total cost value has been found reduced fr@f 68997480.91 to US$ 5872604.98 with the
implementation of PSO. This time the total cosueahchieved by PSO observable in Table 7.3
is lesser in magnitude from the total cost valuaioled by PSO shown in Table 7.2. This further
reduction has been caused due to the DG integsaibbus number 5, 8, 9, 15 and 33 with 100
kw, 100 kW, 200 kw, 200 kW and 200 kW of DG valudtese selected locations. Capacitor
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placements have also been performed at bus numir B and 24 with installed capacitor
values of 900 kVAR, 450 kVAR, 300 kVAR and 900 kVARespectively. Finally it has been
observed from Table 7.3 that total cost value reentfound reduced from US$ 6997480.91 to
US$ 5499326.40 by the utilization of FEO. The tatakt value obtained by FEO has been
further reduced as shown in Table 7.3 from thel todat value found by FEO observable in
Table 7.2 due to the 5% increment in maximum DGepation level. Distributed generation
integrations have been exercised at bus position22, 24, 25 and 31 with DG values of 200
kw, 200 kW, 200 kw, 200 kW and 100 kW at those ele locations. Capacitors are also
placed at bus number 4, 7, 20, 27 and 31 with liestacapacitor values of 450 kVAR, 150
kVAR, 1200 kVAR, 300 kVAR and 600 kVAR, respectiyelThe total cost value has been
observed to be reduced from US$ 6997480.91 to UEBH59.11 by the utilization of MCA
shown in Table 7.3. In this case the total cost@dbund by MCA available in Table 7.3 has
been found reduced from the total cost values aeldidy MCA as observable in Table 7.1 and
Table 7.2. Load bus position 6, 15, 18, 24, 27 2&dhave been chosen by MCA for allocating
100 kW, 100 kW, 200 kW, 200 kW, 200 kW and 100 k¥WDds. Shunt capacitors have been
placed at bus positions 5, 8, 15 and 24 with itexlatapacitor values of 2100 kVAR, 300 kVAR,
150 kVAR and 750 kVAR, respectively shown in Tabl8.

Table 7.3: Capacitor placement and DG allocatiantdtal cost minimization considering disconnecithvateral
protection at a maximum of 20% DG penetration irb88 microgrid type radial distribution system

Methods | Total Costf DG value DG Capacitor Capacitor
(US$) (kW) placement | value (kVAR)| placement
rcGA 5681893.92 200, 200,200,17, 22, 24, 27| 1650, 750 9,25
100, 200 34
PSO 5872604.98 100, 100, 2Q05, 8, 9, 15, 33| 900, 450, 300, 6, 9, 18, 24
200, 200 900
FEO 5499326.40 200, 200, 20020, 21, 24, 25| 450, 150, 4,7, 20, 27,
200, 100 31 1200, 300, 31
600
MCA 5628769.11| 100, 100, 200, 6, 15, 18, 24,| 2100, 300, 5, 8,15, 24
200, 200, 100 27,29 150, 750
Without | 6997480.91 - - -
capacitor
and DG
placement

It can be said from the above discussion that ¢h& tost value found by FEO is the least
amongst all the total cost values obtained by otigorithms shown in Table 7.3. The DG
integration and capacitor placement data selecgdeB® algorithm for obtaining the least total
cost value at US$ 5499326.40 has been again atitzstudy the current magnitude variation as
shown in Table 7.4. Both DG integration and capaatlocation reduces resitive line loss. This
helps to reduce the failure rate of electric limecable which in turn enhances reliability. The
total cost has a part which is power interruptiost@and this is connected to failure rate. Failure
rate gets modified due to the change in current.flib has been observed from Table 7.4 that
current magnitudes in branches 19-20, 20-21 and2thave been found reduced from 0.1979
p.u to 0.0982 p.u, from 0.1721 p.u to 0.1055 p.d arl462 p.u to 0.0962 p.u after DG
integration of 200 kW at bus location 20 and 21eSérreductions in current magnitude help to
decrease line loss and improves failure rate asveedine loss is proportional to the square of
current magnitude. Again it has been observed fiitable 7.4 that current magnitudes in
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branches 23-24, 24-25 and 25-26 have been fouhaed from 0.0942 p.u to 0.0453 p.u, from
0.0680 p.u to 0.0383 p.u and from 0.0417 p.u t8@®10p.u, respectively after DG value of 200
kW has been placed at bus number 24 and 25. Itbeanoticed from Table 7.4 that current
magnitude in the branch 26-27 has been found iseck&rom 0.0154 p.u to 0.0239 p.u. This is
not a favorable development as this will incredmefailure rate of that particular branch. This is
shown in bold in Table 7.4. However, this curreragmitude represents the absolute value of
current. This has an active and a reactive padartbe observed from Table 7.3 that capacitor
value of 300 kVAR has been placed at bus positibnThis augment of current magnitude in
branch 26-27 is due that capacitor placement. Tihdbg increment in current flow increases
failure rate of that particular branch but systene lloss decreases due to the effect of that
capacitor placement. It has been observed fromeTaldl that system line loss has been found
reduced from 221.5 kW to 92.07 kW. This in turnueek the failure rates of other lines. On the
other hand, it has been observed from Table 7 #ctivaent magnitude has been found reduced
in branch 31-32 from 0.0192 p.u to 0.0189 p.u whefg integration of 100 kW has been
performed at bus number 31. The current magnitnd&anches 1-2, 7-28 and 11-12 have also
been found reduced from 0.5193 p.u to 0.3524 pam f0.0253 p.u to 0.0249 p.u and from
0.0151 p.u to 0.0149 p.u due to the combined etiecapacitor allocations and DG integrations
by FEO technique as observable in Table 7.3 anteTah.

Table 7.4: Study of current magnitude for totaltaménimization by applying FEO technique in 34 buirogrid
type radial distribution system considering DG geatén up to 20%

Branch Current Current Loss Loss after DG DG value
magnitude magnitude after| without DG and | placement] (kW)
before DG and DG and DG and | capacitor | chosen by| selected
capacitor capacitor capacitor | placement FEO by FEO
placement placement placement (kW) technique| algorithm
(p.u) (p.u) (kW)
19-20 0.1979 0.0982 2215 92.07 20, 21,200, 200,
20-21 0.1721 0.1055 24, 25, 31| 200, 200,
21-22 0.1462 0.0960 100
23-24 0.0942 0.0453
24-25 0.0680 0.0383
25-26 0.0417 0.0354
26-27 0.0154 0.0239
31-32 0.0192 0.0189
1-2 0.5193 0.3524
7-28 0.0253 0.0249
11-12 0.0151 0.0149

As discussed in this section total cost value lenldound reduced from its initial value due to
suitable capacitor allocation and DG integratiohe Techniques MCA and FEO have come out
as the effective algorithms in this comparativedgtuNevertheless there is always a chance of
further decrement in total cost value with the @ase in DG penetration level. This has been
studied later for a maximum of 50% DG penetratievel considering futuristic plan. On the
other hand, it is evident that the other considgracameters apart from total cost will be
modified due to the capacitor allocations and Dtegrations considered in Table 7.1, Table 7.2
and Table 7.3. This has been pictorially depicted lariefly illustrated in the next section.
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7.1.1.1.1 Reliability indices and real power loss modificatio

Simultaneous capacitor allocation and DG integratiave been performed to minimize the total
cost. This capacitor and DG placement has alsogdthother reliability and loss parameters
from its initial value.

It has been shown in Figure 7.1 that the customent®d distribution system reliability index
SAIFI has been found reduced from its initial valyethe utilization of four algorithms. It has
been observed from Figure 7.1 that the SAIFI vaduseduced with the increase in maximum
DG penetration level with one exception in the calsBSO. The SAIFI value obtained by PSO
has been found increased with the increase in mari@G penetration level from 10% to 15%
in Figure 7.1. This may be due to the reason tl@ptimary aim is to minimize the total cost not
the SAIFI value. This is a single objective optiatian. So, with the increment in DG
penetration level the SAIFI value may be increa3dt other reason can be the entrapment of
PSO algorithm in local minima. However, it can b®iced in Figure 7.1 that the least SAIFI
value has been achieved by MCA technique consigdi@ penetration up to 20%. On the other
hand, FEO algorithm has found the second best Sih#fle available in Figure 7.1 at a
maximum of 20% DG penetration.

Comparative study of SAIFI value for total cost imization after FEO, PSO, rcGA and MCA implemeiotat
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Figure 7.1: Change in SAIFI value due to capacé#bocation and DG integration for total cost minaation
considering disconnects with lateral protectio®4nbus microgrid type radial distribution system

Another customer-oriented distribution system teliy index SAIDI has been observed to be
improved from its initial value as shown in Figut€. The reason behind the reduction in SAIDI
value is capacitor allocation and DG integration timtal cost minimization. The SAIDI value
has been found increased with the increment of mamxi DG penetration level from 10% to
15% by the application of PSO technique which carobserved in Figure 7.2. But the SAIDI
value has been observed to be reduced from otleevdues concerning to DG penetrations up
to 10% and 15% by the usage of PSO algorithm atgimum of 20% DG integration. The
primary cause behind this variance is that theatiye is to minimize total cost not to reduce the
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SAIDI value. Entrapment of PSO algorithm into tleedl minima is another reason concerning
to this issue. The SAIDI value has been found imedowith the increase in maximum DG
penetration level from 10% to 15% by the applicatad rcGA technique. But the SAIDI value
achieved by rcGA has been increased instead ottieduvith another 5% increase in maximum
DG penetration level. The reason behind this vagas similar to the case of PSO algorithm
discussed above. On the other hand, the chang&ldl 8alue by the usage of FEO technique is
similar to the modification in SAIDI value with thenplementation of rcGA technique.
Interestingly, the SAIDI value has been observedgomproved with the increase in maximum
DG penetration level from 10% to 15% and from 1592®% in the case of MCA technique. It
has also been observed that the least SAIDI vahg been found by MCA method at a
maximum of 20% DG penetration shown in Figure 7.2.

Obtained SAIDI values for total cost minimizatioftea FEO, PSO, rcGA and MCA implementation
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Figure 7.2: Modification in SAIDI value due to D@dicapacitor placements for total cost minimizatonsidering
disconnects supported by fuse gear in 34 bus miickdgpe radial distribution system

Customer average interruption duration index (CAlBlalso a customer-oriented distribution
system reliability index. This index is the ratibreviously discussed SAIDI and SAIFI. The
CAIDI value has been observed to be changed freninitial value as shown in Figure 7.3.
Unlike the changes of SAIFI and SAIDI, CAIDI valbas been observed to be increased from
its initial value i.e. without capacitor and DG omwctivity by the implementations of FEO and
MCA. The soft computing techniques rcGA and PSOehimund reducing CAIDI values from
its initial value as observable in Figure 7.3. @a bther hand, the pattern of change in CAIDI
value is also random for all the considered evohdry techniques which can be observed in
Figure 7.3. The reason behind this variance is ttatprimary objective is to reduce the total
cost. Total cost has a major part which is poweéermption cost or reliability worth. Power
interruption cost is connected with the failureeraf electric line. So, there is always a chance of
improvement in SAIFI and SAIDI value. But CAIDI the ratio between SAIDI and SAIFI as
stated in Chapter 3. That's why the change in CAlBIue lacks any specific pattern shown in
Figure 7.3.
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Simulated CAIDI values for total cost minimizatiafter four techniques application
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Figure 7.3: Alteration in CAIDI value due to capaciand DG allocations for total cost minimizatioansidering
disconnects with lateral protection in 34 bus migid type radial distribution system

Average service unavailability index (ASUI) valuashbeen observed to be changed from its
initial value due to capacitor allocation and D@egration for total cost minimization as shown
in Figure 7.4. It can be noticed from Figure 7.dttASUI value has been found reduced from its
initial value at different DG penetration levels the application of four techniques. The ASUI
value has been found increased with the incrermentaximum DG penetration level from 10%
to 15% by the usage of PSO algorithm in Figure THe ASUI value achieved by PSO
technique has been observed to be decreased atimunaof 20% DG penetration from earlier
values considering DG penetrations up to 10% artd.16n the other hand, ASUI value has
been found reduced while implementing FEO, rcGA BI@A algorithms with the increment of
maximum DG penetration level from 10% to 15% aseoksble in Figure 7.4. The least ASUI
value has been obtained by MCA technique amongttelkhosen algorithms at a maximum of
20% DG penetration shown in Figure 7.4.
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ASUI

Achieved ASUI values for total cost minimizationeaffour algorithms application
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Figure 7.4: Modification in ASUI value due to DGdaoapacitor placements for total cost minimizatomsidering
disconnects with fuse gear protection in 34 bugagidd type radial distribution system

Average service availability index (ASAIl) has beamserved to be increased from its initial
value due to capacitor allocation and DG integrafior total cost minimization as shown in
Figure 7.5. The pictorial diagram of Figure 7.5hs reverse reflection of the previous discussed
Figure 7.4. This is due to the reason that ASAugatan be obtained by performing subtraction
of ASUI value from one [119].

ASAI

Obtained ASAI values for total cost minimizationeaffour evolutionary techniques application
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Figure 7.5: Change in ASAI value due to capacitod &G allocations for total cost minimization cadesiing
disconnects with lateral protection in 34 bus migid type radial distribution system

The load oriented distribution system reliabilindex AENS has been observed to be reduced
from its initial value after performing capacitoliogation and DG integration for total cost
minimization as observable in Figure 7.6. It hasrbebserved from Figure 7.6 that AENS value
has been reduced implementing rcGA, FEO and MCh uhe increment of maximum DG
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penetration level from 10% to 15%. On the otherdha&ENS value has been found increased
applying PSO with the increase of maximum DG pextietn level from 10% to 15%. The AENS
value has been observed to be increased utilizit@ &nd rcGA techniques with the increment
of maximum DG penetration level from 15% to 20%cdin be noticed from Figure 7.6 that
AENS value has been found reduced implementing R88® MCA with the increase of
maximum DG penetration level from 15% to 20%. Téast AENS value has been achieved by
MCA technique shown in Figure 7.6.

Achieved AENS values for total cost minimizationeafFEO, PSO, rcGA and MCA implementation
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Figure 7.6: Reduction in AENS value due to DG angacitor allocations for total cost minimizationnsadering
disconnects with fuse gear protection in 34 busogicd type radial distribution system

It is well known that cost is an integral part efiability in deregulated scenario. The cost based
reliability index (CBRI) has been observed to ber@ased from its initial value due to DG
integration and capacitor placement for total enstimization which can be observed in Figure
7.7. It can be noticed from Figure 7.7 that CBRUeahas been found improved applying FEO,
rcGA and MCA techniques with the increment of maximDG penetration level from 10% to
15% and from 15% to 20%. The CBRI value has beesemied to be reduced after
implementing PSO technique with the increment okimam DG penetration level from 10% to
15%. On the other hand, it has been observed frigoré-7.7 that CBRI value has been found
improved after utilizing PSO algorithm with the rease of maximum DG penetration level from
15% to 20%. The CBRI values found by MCA and FEEhteques are nearly equal with each
other at a maximum of 20% DG penetration showniguie 7.7.
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Obtained CBRI values for total cost minimizatioteaffour evolutionary techniques implementation
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Figure 7.7: Improvement in CBRI value due to capachllocation and DG integration for total costnimiization
considering disconnects supported by fuse gead inu3 microgrid type radial distribution system

Real power loss has been observed to be reduceditisanitial value after performing capacitor
allocation and DG integration for total cost mirmaiion considering reinforcement scheme
applying disconnects with lateral protection shownFigure 7.8. It has been observed from
Figure 7.8 that real power loss values are neaiyesat a maximum of 10% and 15% DG
penetrations for FEO and rcGA techniques, respelgtivihe real power loss value has been
observed to be increased implementing PSO algorithiin the increment of maximum DG
penetration level from 10% to 15%. It can be natitem Figure 7.8 that real power loss values
have been found reduced applying all the techniquils the increase of maximum DG
penetration level from 15% to 20%. The least realgr loss value has been obtained by FEO
technique amongst all the considered algorithma aaximum of 20% DG penetration as
observable in Figure 7.8.
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Achieved real power losses for total cost mininiizagfter four techniques implementation
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Figure 7.8: Real power loss reduction due to DG eaqohcitor placements for total cost minimizatiemsidering
disconnects with lateral protection in 34 bus migid type radial distribution system

Total cost minimization considering disconnectshwiateral protection has been discussed
above. In this regard, reduction of total cost aweg only disconnects between buses is also
important to understand.

7.1.1.2Cost minimization considering only disconnects beteen buses for 34 bus system
Simultaneous capacitor and DG placements have Ipeeformed for total cost reduction
considering reinforcement scheme viz. applying ahsects between two buses. The
minimization of total cost has been studied for axmimum of 10% and 50% DG penetration
levels shown in Table 7.5 and Table 7.6, respdgtivihe first DG penetration level has been
selected considering a common and standard pepatiatvel in different scenarios. On the
other hand, the second DG penetration level has selected considering the futuristic situation
as stated earlier. The total cost value has beeareéd to be reduced from US$ 7919162.52 to
US$ 6819698.05 by the application of PSO as obb&ia Table 7.5. The stated reduction in
total cost value has been occurred due to the R@epient at bus location 7 and 23 with DG
value of 100 kW and 200 kW, respectively. Shuntac#ipr allocation has also been performed
at bus number 4, 12, 19, 22, 24 and 30 with iredtal of 450 kVAR, 450 kVAR, 450 kVAR,
750 kVAR, 450 kVAR and 150 kVAR, respectively. Hrcbe noticed from Table 7.5 that total
cost value has been found reduced from US$ 791892686 US$ 6802093.73 with the
implementation of rcGA. Distributed generation grion has been performed at bus position
27 and 34 with DG value of 200 kW at every seledtedtion. Shunt capacitor has been placed
at bus number 5, 11, 20, 22 and 30. Capacitor sadetected at those bus locations are 300
kVAR, 150 kVAR, 600 kVAR, 1350 kVAR and 150 kVAR @Wwn in Table 7.5. Finally it has
been observed from Table 7.5 that total cost vahe been reduced from US$ 7919162.52 to
US$ 6620059.49 with the implementation of FEO. FBha@ reduction in total cost value has
been caused due to simultaneous DG and capac#oerqpkent at bus position 24 and 25; and 3,
8, 10, 13, 17, 21, 23, 24 and 27, respectivelytrbisted generation and capacitor values
selected for those bus locations are 200 kW andk®¥@@or DG placement and 300 kVAR, 300
kVAR, 450 kVAR, 150 kVAR, 450 kVAR, 450 kVAR, 150MAR, 450 kVAR and 150 kVAR
for capacitor allocation, respectively. The totasitvalue has been observed to be reduced from
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US$ 7919162.52 to US$ 6771349.39 by the utilizatmfin MCA. Distributed generation
integration has been performed at bus number 220834 with DG value of 200 kW, 100 kW
and 100 kW, respectively. Shunt capacitor allocatias also been executed at bus position 8, 19
and 26 with installed capacitor value of 750 kVAR50 kVAR and 750 kVAR, respectively. It
can be said from the above discussion that evaolatiptechnique FEO has found the least total
cost value amongst all the chosen meta-heuriggiaridhms. The next better position is held by
the soft computing technique MCA in finding thealotost value. The study related to the next
DG penetration level i.e. at a maximum of 50% @f tbtal active power load has been described
in the next paragraph.

Table 7.5: Total cost minimization applying onlysdbnnects at a maximum of 10% DG penetration irh34

microgrid type radial distribution system
Methods Total Cost DG DG value Capacitor Capacitor
(US$) placement (kw) placement Value
(kVAR)
PSO 6819698.05 7,23 100, 200 4,12, 19, 22| 450, 450, 450
24, 30 750, 450, 150
rcGA 6802093.73 27,34 200, 200 5, 11, 20, 22} 300, 150, 600
30 1350, 150
FEO 6620059.49 24,25 200, 200 3, 8,10, 13,| 300, 300, 450
17, 21, 23, 24| 150, 450, 450
27 150, 450, 150
MCA 6771349.39 22, 33,34 | 200, 100, 100 8, 19, 26 750, 1050,
750
Without DG 7919162.52 -
and capacitor
placement

With a maximum of 50% DG penetration level it canrmticed from Table 7.6 that total cost
value has been found reduced from US$ 7919162.52U8% 6437648.12 with the
implementation of PSO. The total cost value obtiing PSO has been found further reduced as
shown in Table 7.6 from the total cost value folaydPSO shown in Table 7.5 due to the 40%
increment in maximum DG penetration level. Disttddl generation integration has been
exercised at bus positions 4, 8, 14, 17, 18, 19223&nd 29 with DG value of 200 kW, 100 kW,
200 kW, 100 kw, 200 kw, 200 kW, 200 kW, 200 kw &@D kW, respectively. Capacitors
have also been placed at bus number 2, 6, 20, @2@rwith installed capacitor value of 300
kVAR, 1200 kVAR, 750 kVAR, 450 kVAR and 150 kVARespectively. The total cost value
has been observed to be reduced from US$ 791916283% 6292065.24 by the utilization of
rcGA available in Table 7.6. In this case the tetdt value found by rcGA shown in Table 7.6
has been found reduced from the total cost valohgeaed by rcGA observable in Table 7.5.
The reason behind the reduction of cost is theeam® in maximum DG penetration level from
10% to 50%. Load bus position 4, 5, 8, 17, 18,2119,22, 24, 26, 27, 28, 29, 30, 32 and 34 have
been chosen by rcGA for allocating 100 kW of D@&wary selected location. On the other hand,
shunt capacitors have been allocated at bus poesifp5, 8, 11, 13, 14, 17, 20, 23, 25, 27, 28,
30, 31 and 33 with installed capacitor value of XMAR, 150 kVAR, 150 kVAR, 150 kVAR,
150 kVAR, 150 kVAR, 1200 kVAR, 150 kVAR, 150 kVARL50 kVAR, 150 kVAR, 150
kVAR, 150 kVAR, 300 kVAR and 150 kVAR, respectiveshown in Table 7.6. It can be
noticed from Table 7.6 that total cost value hasnbfound reduced from US$ 7919162.52 to
US$ 6160322.09 with the implementation of FEO. Tdtal cost value achieved by FEO shown
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in Table 7.6 is lesser in magnitude from the totat value obtained by FEO available in Table
7.5. This further reduction has been caused dtieet®G integrations at bus number 11, 21, 24,
25, 27 and 30 with 200 kW of DG value at every celg location. On the other hand, capacitor
placement has also been performed at bus numt&rl®, 17, 21, 22, 25 and 28 with installed
capacitor values of 300 kVAR, 150 kVAR, 450 kVARJ®BkVAR, 300 kVAR, 450 kVAR, 450
kVAR and 150 kVAR, respectively which can be obsenin Table 7.5. Finally it can be
concluded from Table 7.6 that total cost value been found reduced from US$ 7919162.52 to
US$ 5943928.97 by the utilization of MCA. Distriledt generator integration has been
performed at bus position 4, 5, 6, 10, 18, 22,253,26, 27, 30 and 32. The DG values have been
selected as 100 kW, 100 kW, 200 kW, 200 kw, 200 R0Q kW, 200 kW, 200 kW, 200 kW,
200 kW, 100 kW and 200 kW, respectively at those lbgations. Shunt capacitor allocation has
been executed at bus number 7, 19 and 24 withlleteapacitor value of 1350 kVAR, 750
kVAR and 750 kVAR, respectively as observable ibl€a7.6. In this case, the total cost value
achieved by MCA technique available in Table 7.&sser than the total cost value obtained by
MCA shown in Table 7.5. This is due to the incremamaximum DG penetration level from
10% to 50%. In addition, it can be said from thewabdiscussion that the total cost value found
by MCA is the least amongst all the obtained totedt values by other algorithms which can be
observed in Table 7.6.

Table 7.6: Minimization of total cost applying onfljsconnects at a maximum of 50% DG penetratioB4irbus
microgrid type radial distribution system

Methods Total Cost DG DG value Capacitor Capacitor
(US$) placement (kw) placement Value
(kVAR)
PSO 6437648.12 4, 8, 14, 17, 200, 100, 200| 2, 6, 20, 24, 300, 1200,
18, 19, 23, 24| 100, 200, 200 29 750, 450, 150
29 200, 200, 200
rcGA 6292065.24 | 4,5, 8, 17, 18100, 100, 100 2, 5, 8, 11, 13| 150, 150, 150
19, 21, 22, 24| 100, 200, 100 14, 17, 20, 23| 150, 150, 150
26, 27, 28, 29| 100, 100, 100{ 25, 27, 28, 1200, 150,
30, 32,34 | 100,100, 100{ 30,31,33 | 150, 150, 150
100, 100, 100 150, 150, 300
100 150
FEO 6160322.09| 11, 21, 24, 25200, 200, 200{ 2, 3, 10, 17, | 300, 150, 450
27, 30 200, 200, 200| 21, 22, 25, 28| 600, 300, 450
450, 150
MCA 5943928.97 | 4,5, 6, 10, 18,100, 100, 200 7,19, 24 1350, 750,
22, 23, 25, 26] 200, 200, 200 750
27,30, 32 | 200, 200, 200
200, 100, 200
Without DG 7919162.52 - -
and capacitor
placement

As discussed in this section total cost value hesnlbreduced from its initial value with the
increase in maximum DG penetration level. The tepies MCA and FEO have come out as the
effective algorithms in this comparative study. e other hand, it is evident that the other
considered reliability and loss parameters apamnfitotal cost will be modified due to the
capacitor allocations and DG integrations considi@neTable 7.5 and Table 7.6. This has been
pictorially depicted by bar diagram and brieflygtrated in the next section.
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7.1.1.2.1 Effect of total cost minimization on real power los and reliability indices

The considered reliability and loss parameters Has@n changed from their initial values as
stated in the beginning of this chapter due to ciépaallocations and DG integrations for total
cost minimization considering reinforcement scheapplying only disconnects’.

Customer oriented distribution system reliabilindéx SAIFI value has been observed to be
reduced from its initial value applying four metewdinistic techniques for total cost minimization
shown in Figure 7.9. The SAIFI value found by rc@Aesser than that value obtained by PSO
at a maximum of 10% DG penetration. On the othedh#éhe SAIFI value achieved by FEO is
lower than that value found by rcGA technique. dsbeen observed from Figure 7.9 that the
SAIFI values obtained by rcGA and MCA techniques aimost same. The SAIFI value has
been found improved with the increase in maximum f@@etration level from 10% to 50% for
all the considered algorithms. The least SAIFI eahas been found by MCA technique at a
maximum of 50% DG penetration. It can be noticexinfriFigure 7.9 that the next better position
has been achieved by FEO algorithm at a maximuB0®& DG penetration in finding the better
SAIFI value.

Change in SAIFI value due to capacitor and DG pleerg for total cost minimization
L

I @ 10% DG penetration
I © 50% DG penetration

I I \ithout capacitor and DG placement

SAIFI (interruptions/customer yr)

8.5
PSO rcGA FEO MCA Initial Value

Figure 7.9: Comparative study of SAIFI value maghfion amongst four techniques with the objecti/éotal cost
minimization considering only disconnects in 34 Imisrogrid type radial distribution system

Customer oriented distribution system reliabilibdéx SAIDI has also been found improved
from its initial value due to DG integrations argpecitor allocations for total cost minimization
shown in Figure 7.10. It has been observed fromr€ig.10 that the SAIDI value found by FEO
algorithm is the least amongst all the chosen tigclas at a maximum of 10% DG penetration.
On the other hand, MCA technique has obtained #sestl SAIDI value amongst all the
considered algorithms at a maximum of 50% DG patietr. The next better position has been
achieved by FEO algorithm in finding the better BAlalue at a maximum of 50% DG
penetration which can be observed in Figure 7.10.
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Modification in SAIDI value due to DG and capacitdiocation for total cost minimization
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Figure 7.10: SAIDI value reduction by the usagefair algorithms for total cost minimization applgironly
disconnects in 34 bus microgrid type radial disttitn system

Another customer oriented reliability index calladerage service unavailability index (ASUI)
has been observed to be reduced from its inititlevafter DG integrations and capacitor
allocations which can be found in Figure 7.11.ds¢ lbeen observed from Figure 7.11 that ASUI
value has been decreased with the increase in maxiDG penetration level from 10% to 50%.
The FEO algorithm has found the least ASUI valuea ahaximum of 10% DG penetration
amongst all the considered techniques. On the didwed, MCA technique secures best position
in finding better ASUI value at a maximum of 50% [P@netration amongst all the selected
algorithms. Consequently another reliability indealled average service availability index
(ASAI) value can be obtained by performing subtoacbf ASUI from unity as stated in Chapter
3in (3.14). The comparative study of ASAI valuearid for total cost minimization is one type
of reverse reflection of the Figure 7.11. That'syiis study has not been performed here.

Change in ASUI value due to capacitor and DG plaarerfor total cost minimization
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Figure 7.11: Reduction in ASUI value by the usafjéoar techniques for total cost minimization catesiing only
disconnects in 34 bus microgrid type radial disttilnn system
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The load-oriented distribution system reliabilibdex AENS has been improved from its initial
value after DG and capacitor allocations for t@@a$t minimization shown in Figure 7.12. All
the AENS values achieved by four techniques arghnhemual at a maximum of 10% DG
penetration. That value of AENS at a maximum of 10% penetration is close to 2.5
kWh/customer yr for all the considered techniguesas been observed from Figure 7.12 that
the least AENS value has been found by MCA techmigmongst all the chosen algorithms
considering DG penetration up to 50%. On the offaexd, AENS values obtained by rcGA, PSO
and FEO techniques are nearly same at a maximu®s0@f DG penetration which can be
observed in Figure 7.12.

Change in AENS value due to capacitor and DG dilmedor total cost minimization
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Figure 7.12: Improvement of AENS with the implenaidn of four techniques for total cost minimizatiapplying
only disconnects in 34 bus microgrid type radiatrbution system

As discussed in Chapter 3, CBRI is the novel rdlighndex developed in this thesis. The CBRI
has been observed to be increased from its iniible due to capacitor allocations and DG
integrations for total cost minimization as obserue Figure 7.13. The CBRI values obtained by
four algorithms are more or less same consideri@gpenetration up to 10%. The CBRI value
found by rcGA technique is better than the valubwioed by PSO and FEO algorithms at a
maximum of 50% DG penetration. But CBRI value foundrcGA technique is lesser than the
CBRI value achieved by MCA technique considering péhetration up to 50%. The FEO
technique is observed to be in the third positionfinding the improved CBRI value at a
maximum of 50% DG penetration whereas it securesiéxt better position in finding the better
total cost value as discussed earlier. This is tduthe reason that CBRI is a dimension less
guantity and has a cost part and a loss part.
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Change in CBRI value due to capacitor and DG plagerfor total cost minimization
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Figure 7.13: Increment in CBRI value by the applaa of four algorithms for total cost minimizati@onsidering
only disconnects in 34 bus microgrid type radiatrlbution system

Real power loss is very important as regard rdlighis concerned. Real power loss has been
reduced from the initial value after capacitor editons and DG integrations for total cost
minimization shown in Figure 7.14. It has been obsgé from Figure 7.14 that with the
increment of maximum DG penetration level from 108450% the real power loss has been
decreased utilizing rcGA, PSO, FEO and MCA. Thd psaver loss found by FEO technique
due to capacitor and DG placements is more thanvilae found by rcGA technique at 50%
DG penetration for total cost minimization. Thedeeeal power loss has been found by MCA
technique amongst all the considered algorithnassraaximum of 50% DG penetration shown in
Figure 7.14.

Real power loss reduction due to DG and capaclmmement for total cost minimization
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Figure 7.14: Reduction of real power loss by thagesof four techniques for total cost minimizatapplying only
disconnects in 34 bus microgrid type radial disttilnn system

112



Minimization of total cost has been the topic adalission so far considering two reinforcement
schemes. Reliability improvement of microgrid tyyslial distribution system is very crucial
like cost reduction. Improvement of reliability ids have been performed considering
reinforcement scheme viz. disconnects with latpratection as stated earlier. In this regard,
customer-oriented distribution system reliabilibndéx SAIFI improvement has been considered
and discussed in the next section.

7.1.2 Improvement of customer-oriented distribution systen reliability index SAIFI
Simultaneous capacitor allocations and DG integnatihave been performed suitably in 34 bus
microgrid type radial distribution system to obserhange in SAIFI values. This has been
studied by implementing four meta-heuristic techesg on different DG penetration levels. The
considered DG penetration levels are up to 10%, 46%20% of the total real power load of
microgrid type radial distribution system at hafthese penetration levels have been selected
considering different scenarios around the worldtated earlier.

7.1.2 1lllustration of DG penetration and capacitor allocdion

Distributed generation integrations have been execat three levels with the installation of
capacitor. The improvement of distribution systeatiability index SAIFI has been studied at a
maximum of 10%, 15% and 20% DG penetration levslsteown in Table 7.7, Table 7.8 and
Table 7.9, respectively. The SAIFI value has bebseoved to be improved from 5.240010
interruptions/customer yr to 5.112085 interruptionstomer yr by the application of rcGA
observable in Table 7.7. The stated reduction ilFS®alue has been occurred due to the DG
placement at bus location 12 and 23 with DG value00 kW and 200 kW, respectively. On the
other hand, shunt capacitor allocations have atsm lperformed at bus number 3, 6, 8, 10, 22,
26 and 27 with installation of 1200 kVAR, 600 kVAR50 kVAR, 150 kVAR, 300 kVAR, 300
kVAR and 300 kVAR, respectively. It can be notideain Table 7.7 that SAIFI value has been
found reduced from 5.240010 interruptions/custogreto 5.098797 interruptions/customer yr
with the implementation of PSO. Distributed generaintegrations have been performed at bus
position 12, 20 and 24 with DG value of 100 kW, 200 and 100 kW, respectively. Shunt
capacitors have been placed at bus number 4, 2212nd 24. Capacitor values selected at those
bus locations are 600 kVAR, 450 kVAR, 300 kVAR, #0AR and 450 kVAR. Finally it has
been observed from Table 7.7 that SAIFI value hasnbfound improved from 5.240010
interruptions/customer yr to 5.052301 interrupticastomer yr with the implementation of
FEO. The said reduction in SAIFI value has beersedulue to DG placements at bus position 9
and 15 and capacitor allocations at bus number, 26,410, 14, 18, 20, 24, 26 and 28,
respectively. Distributed generation and capaciadues selected for those stated locations are
200 kw and 100 kW for DG and 300 kVAR, 450 kVAR,03kVAR, 600 kVAR, 150 kVAR,
150 kVAR, 900 kVAR, 450 kVAR, 450 kVAR and 300 kVARr capacitors, respectively. The
SAIFI value has been observed to be improved froB#@10 interruptions/customer yr to
5.098118 interruptions/customer yr by the applaratiof MCA. Distributed generation
integrations have been performed at bus numbem@128 with DG value of 200 kW at every
selected location. On the other hand, shunt capaaifocations have also been executed at bus
position 6, 7 and 24 with installed capacitor vabi®00 kVAR at every selected location. It can
be said from the above discussion that evolutionechnique FEO has found the least SAIFI
value amongst all the chosen meta-heuristic alymst The next better position is held by MCA
in finding the better SAIFI value. The study rethte SAIFI value improvement at the next DG
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penetration level i.e. at a maximum of 15% of tb&lt active power load is also important to
understand. This is to ascertain the effect of B#sement of maximum DG penetration on
SAIFI value.

Table 7.7: DG integrations and capacitor placemiamSAIFI improvement at a maximum of 10% DG peagon
in 34 bus microgrid type radial distribution system

Methods SAIFI DG value DG Capacitor Capacitor
interruptions/customey (kW) placement value placement
yr (kVAR)
rcGA 5.112085 100, 200 12,23 1200, 604q, 3, 6, 8, 10, 22
150, 150, 300 26, 27
300, 300
PSO 5.098797 100, 200, 190 12, 20, 24 600, 45Q, (309, 9, 12, 22,
750, 450 24
FEO 5.052301 200, 100 9,15 300, 450, 309, 4, 6, 10, 14
600, 150, 150/ 18, 20, 24, 26
900, 450, 450 28
300
MCA 5.098118 200, 200 21,26 | 900, 900, 900 6,7,24
Without DG 5.240010 - -
and capacitor
placement

Like the previous paragraph, the SAIFI has beermiesl to be improved from its initial value
by the suitable placements of DG and capacitoh@idad buses shown in Table 7.8. This time
the maximum DG penetration level has been increbgef% to observe the improvement in
SAIFI value. It can be noticed from Table 7.8 t&&IFI value has been found reduced from
5.240010 interruptions/customer yr to 5.091683 rm&ions/customer yr with the
implementation of rcGA. The SAIFI value obtainedreBA has been found further reduced as
observable in Table 7.8 from the SAIFI value fouoydrcGA as shown in Table 7.7 due to the
5% increment in maximum DG penetration level. Digtred generation integrations have been
exercised at bus positions 6, 12, 21, 22, 26 andi##8 DG value of 100 kW in every selected
location. On the other hand, capacitors have adsm Iplaced at bus number 18, 25 and 27 with
installed capacitor values of 1650 kVAR, 150kVARdaB00 kVAR, respectively. Again the
SAIFI value has been observed to be improved froB#@10 interruptions/customer yr to
5.127165 interruptions/customer yr by the utiliaatof PSO. In this case the SAIFI value found
by PSO available in Table 7.8 has not been fouddaed from the SAIFI value achieved by
PSO shown in Table 7.7. It is due to the reasonttieevolutionary algorithm PSO has been
trapped into the local minima while searching toe better SAIFI value. Only load bus number
30 has been selected by PSO for allocating 200 kK®G On the other hand, shunt capacitors
have been placed at bus positions 2, 3, 5, 10n&738 with installed capacitor values of 300
kVAR, 750 kVAR, 300 kVAR, 450 kVAR, 450 kVAR and @kVAR, respectively in Table 7.8.
Finally it can be noticed from Table 7.7 that SAldlue has been improved from 5.240010
interruptions/customer yr to 5.051077 interruptionstomer yr with the implementation of
FEO. This time the SAIFI value obtained by FEO klde in Table 7.8 is lesser in magnitude
from the SAIFI value achieved by FEO observabl@able 7.7. This further improvement has
been caused due to the DG integrations at bus numia3 and 24 with 200 kW of DG value at
every selected location. On the other hand, capagihicements have also been performed at bus
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number 2, 9, 17, 19, 22, 25 and 28 with installegacitor values of 1500 kVAR, 600 kVAR,
300 kVAR, 300 kVAR, 450 kVAR, 450 kVAR and 150 kVARespectively as shown in Table
7.8. Lastly it has been observed from Table 7.8 ®@lFI value has been improved from
5.240010 interruptions/customer yr to 5.014295riafgions/customer yr by the utilization of
MCA. Distributed generator integrations have beeriggmed at bus position 15, 22, 23, 27 and
32. The DG values have been selected as 100 kWkW0100 kW, 200 kW and 100 kW,
respectively at those bus locations. On the otlardhshunt capacitor allocations have been
executed at bus number 5, 14 and 24 with instaliguhcitor values of 1800 kVAR, 150 kVAR
and 900 kVAR, respectively shown in Table 7.8.His tase, the SAIFI value achieved by MCA
available in Table 7.8 is lesser than the SAIFueabbtained by MCA shown in Table 7.7. This
improvement in SAIFI value is due to the increasenaximum DG penetration level from 10%
to 15%. Furthermore, it can be said from the abdigeussion that the SAIFI value found by
MCA is the least amongst all the obtained SAIFlueal by other algorithms. However, further
5% increment in maximum DG penetration level hasnbexercised to observe the improvement
in SAIFI value as shown in Table 7.9.

Table 7.8: Capacitor placements and DG integrationSAIFI improvement at a maximum of 15% DG peagbn
in 34 bus microgrid type radial distribution system

Methods SAIFI DG value DG Capacitor Capacitor
interruptions/ (kW) placement value placement
customer yr (kVAR)
rcGA 5.091683 100, 100, 100, 6, 12, 21, 22,| 1650, 150, 18, 25, 27
100, 100, 100 26, 28 600
PSO 5.127165 200 30 300, 750, 30@, 3, 5,10, 27,
450, 450, 150 33
FEO 5.051077 200, 200, 200 7,23, 24 1500, 600, 2, 9, 17, 19,
300, 300, 450 22, 25, 28
450, 150
MCA 5.014295 100, 100, 100,15, 22, 23, 27| 1800, 150, 5, 14,24
200, 100 32 900
Without DG 5.240010 - - -
and capacitor
placement

It can be noticed from Table 7.9 that SAIFI valuashbeen found reduced from 5.240010
interruptions/customer yr to 5.035698 interruptionstomer yr with the implementation of
rcGA. The SAIFI value obtained by rcGA has beerthieir reduced as shown in Table 7.9 from
the SAIFI value found by rcGA available in Tabl® due to the 5% increment in maximum DG
penetration level. Distributed generation integnasi have been exercised at bus positions 4, 7,
12, 14, 25, 27, 30 and 34 with DG value of 100 ki/¢very selected location. On the other hand,
capacitors have also been placed at bus numbei8226 and 29 with installed capacitor values
of 600 kVAR, 1950 kVAR, 150 kVAR, 750 kVAR and 3MVAR, respectively. Again the
SAIFI value has been observed to be improved froB@10 interruptions/customer yr to
5.048160 interruptions/customer yr by the applaratf PSO. In this case the SAIFI value found
by PSO shown in Table 7.9 has been found reduced fine SAIFI values achieved by PSO as
observable in Table 7.7 and Table 7.8 due to thee@se in maximum DG penetration level.
Load bus position 3, 5, 11, 24, 29 and 34 have Betsctted by PSO for allocating 200 kW, 100
kw, 100 kw, 200 kW, 200 kW and 100 kW of DG. On thiteer hand, shunt capacitors have
been placed at bus positions 11 and 24 with iestatbpacitor values of 900 kVAR and 1200
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kVAR, respectively as shown in Table 7.9. Finatlgan be noticed from Table 7.9 that SAIFI
value has been found improved from 5.240010 houstdmer yr to 4.971100 hours/customer yr
with the implementation of FEO. The SAIFI valueahed by FEO shown in Table 7.9 is lesser
in magnitude from the SAIFI value achieved by FEOohaservable in Table 7.8. This further
improvement has been caused due to the DG integsatt bus number 3, 11, 30, 32 and 34
with DG values of 100 kW, 200 kw, 200 kW, 200 kWda200 kW at those selected locations.
On the other hand, capacitor placements have a&kso performed at bus number 3, 5, 9, 11, 12,
18, 19, 21, 23, 24 and 28 with installed capacrues of 300 kVAR, 300 kVAR, 300 kVAR,
300 kVAR, 150 kVAR, 150 kVAR, 1650 kVAR, 600 kVAR,50 kVAR, 150 kVAR and 150
kVAR, respectively. Finally it has been observednir Table 7.9 that SAIFI value has been
found improved from 5.240010 interruptions/customreto 4.951034 interruptions/customer yr
by the utilization of MCA. Distributed generatortegrations have been performed at bus
position 10, 12, 14, 22, 29 and 30. The DG valuegehbeen selected as 100 kw, 200 kw, 100
kw, 200 kW, 200 kW and 100 kW, respectively at thbsis locations. On the other hand, shunt
capacitor allocations have been executed at buveuf) 22, 28 and 31 with installed capacitor
values of 750 kVAR, 1050 kVAR, 150 kVAR and 750 kRArespectively. In this case, the
SAIFI value achieved by MCA shown in Table 7.9asder than the SAIFI value obtained by
MCA observable in Table 7.8 due to increment in imasn DG penetration level.

Table 7.9: DG integrations and capacitor placemfmtSAIFI improvement at a maximum of 20% DG peaton
in 34 bus microgrid type radial distribution system

Methods SAIFI DG value DG Capacitor Capacitor
interruptions/ (kW) placement value placement
customer yr (kVAR)
rcGA 5.035698 100, 100, 100, 4, 7, 12, 14, 600, 1950, | 2,6, 8, 25, 29
100, 25, 27,30, 34| 150, 750,
100, 100, 300
100, 100
PSO 5.048160 200, 100, 100, 3, 5, 11, 24, 900, 1200 11,24
200, 200, 100 29, 34
FEO 4.971100 100, 200, 20p,3, 11, 30, 32,| 300, 300, 300 3,5, 9, 11, 12
200, 200 34 300, 150, 150{ 18,19, 21,
1650, 600, 23, 24, 28
150, 150, 150
MCA 4.951034 100, 200, 100,10, 12, 14, 22| 750, 1050, | 6, 22,28, 31
200, 200, 100 29, 30 150, 750
Without DG 5.240010 - - -
and capacitor
placement

In addition, it can be said from the above disausshat the SAIFI value found by MCA is the
least amongst all the obtained SAIFI values by o#hgorithms as observable in Table 7.9. It has
been already discussed that capacitor allocatichx® integration reduces resistive line loss.
This in turn reduces failure rate and improves tékability index SAIFI. The failure rate
modification and resitive line loss is connectedhwihe current magnitude flowing in the
branches of feeder. This current magnitude vanatias been studied in Table 7.10 for mostly
DG connected branches to understand the reliakitihancement phenomena properly. It can be
noticed from Table 7.10 that DG value of 100 kWQ 2@V, 100 kw, 200 kW, 200 kW and 100
kW have been placed at bus number 10, 12, 14, 223n2l 30 by the application of MCA
technique. Capacitors have also been placed by KChAnique as observable in Table 7.9. The
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current magnitude in branches 10-11, 11-12, 13+dl 21-22, have been found reduced from
0.0409 p.u to 0.0262 p.u, from 0.0151 p.u to 0.0098 from 0.0171 p.u to 0.0103 p.u and from
0.1462 p.u to 0.1066 p.u, respectively as shownaiple 7.10. It has been observed from Table
7.10 that current magnitudes in brances 9-10, 22839 and 29-30 have been found reduced
from 0.0670 p.u to 0.0463 p.u, from 0.1202 p.u.tlB82 p.u, from 0.0168 p.u to 0.0164 p.u and
from 0.0083 p.u to 0.0050 p.u, respectively. Theskiction in current magnitude is due to the
fact that distributed generator locally cater tha&d which in turn reduces the current flow in line.
It can be noticed from Table 7.10 that current galu branch 10-31 has been found increased
from 0.0256 p.u to 0.0612 p.u. This is not a delspeenomenon. This will enhance the failure
rate. This increment in current magnitude has lmersed due the capacitor allocation of 750
kVAR at bus location 31 as observable in Table THbugh this reactive power compensation
by capacitor increases failure rate of that paldicline but system resitive line loss decreades. |
can be noticed that system line loss has been foeoheted from 221.5 kW to 110.05 kW. This
in turn helps to reduce the failure rates of otheanches in feeder. It has also been observed
from Table 7.10 that current magnitudes in branch@sand 18-19 have been found reduced
from 0.5193 p.u to 0.3541 p.u and from 0.2237 P.WO1L697 p.u due to the effect of DG
integrations and capacitor allocations.

Table 7.10: Study of current magnitude for SAIFIphovement by implementing MCA technique in 34 bus
microgrid type radial distribution system at a nmasim of 20% DG penetration

Branch Currentin p.4y Currentin p.u| Loss in kW Loss in kW DG DG value in
without DG | after DG and| without DG | after DG and| placement kW selected
and capacitor|  capacitor and capacitor|  capacitor chosen by by MCA

placement placement allocation allocation MCA technique
technique
1-2 0.5193 0.3541 2215 110.05 10, 12, 14,|2200, 200, 100
9-10 0.0670 0.0463 29, 30 200, 200, 100

10-11 0.0409 0.0262

10-31 0.0256 0.0612

11-12 0.0151 0.0098

13-14 0.0171 0.0103

21-22 0.1462 0.1066

22-23 0.1202 0.1182

28-29 0.0168 0.0164

29-30 0.0083 0.0050

18-19 0.2237 0.1697

As discussed in this section SAIFI value has beeproved from its initial value with the
increase in maximum DG penetration level. The tepes MCA and FEO have come out as the
effective algorithms in this comparative study. Betkieless there is always a chance of further
improvement in SAIFI value with the increase in [P@netration level. This has been studied
later for a maximum of 50% DG penetration levelsidering futuristic plan. On the other hand,
it is evident that the other considered reliabjlitgst and loss parameters apart from SAIFI will
be modified due to the capacitor allocations andiBt&grations considered in Table 7.7, Table
7.8 and Table 7.9. This has been briefly illusttatethe next section.
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7.1.2.2Consequence of SAIFI improvement on total cost, o#r reliability indices and real
power loss
Suitable capacitor and DG positions and values Haasen selected by four meta-heuristic
techniques for performing SAIFI improvement. Thigshbeen discussed in previous section.
However, the other considered reliability indicggmm from SAIFI did also change from its
initial value due to the placements of DG and capacThe total cost and real power loss have
also been reduced from its initial values due thel sllocations of capacitor and DG. This
modification or changes in the stated reliabildgst and loss parameters apart from SAIFI have
been illustrated in the following section.
Total cost has been found reduced from initial gakfter capacitor allocations and DG
integrations for SAIFI improvement as shown in Fegii.15. It has been observed from Figure
7.15 that total cost values are close to each aher maximum of 10%, 15% and 20% DG
penetrations implementing rcGA and MCA techniqudswever, the total cost value has been
found increased with the increase of maximum DGepation level from 10% to 15% utilizing
PSO. It can be noticed from Figure 7.15 that totat values achieved by PSO technique are
very close to each other at a maximum of 10% ar®d P@ penetrations. On the other hand, it
has been observed that total cost value has beead fdecreased with the increase in maximum
DG penetration level from 10% to 15% upon applyifieO technique. On the other hand, the
total cost value has been increased with the iseréa maximum DG penetration level from
15% to 20% after implementing FEO technique.

Achieved total cost values due to capacitor allocaand DG penetration for SAIFI improvement
7,500,00

@ @ 10% DG penetration

g&; 7,000,00 HE @ 15% DG penetration
=) @ 20% DG penetration
§ 6.500,00 I Without DG and capacitor placement
[ [
¥ 6,000,00 P o

|| <] ®

. =
5,500,00 : : : ‘ y
rcGA PSO FEO MCA Initial Value

Figure 7.15: Comparative study amongst four tealsgrelated to total cost values for SAIFI improeginin 34
bus microgrid type radial distribution system

Customer oriented distribution system reliabiliydéx SAIDI has also been observed to be
reduced from its initial value due to capacitoroaditions and DG integrations for SAIFI
improvement as can be observed in Figure 7.16.\ltsible from Figure 7.16 that SAIDI value
has been found reduced by the application of rc€Ahrique with the increase of maximum DG
penetration level from 10% to 15% and from 15% @%62 But the SAIDI value has been
observed to be increased applying PSO algorithmh white increment of maximum DG
penetration level from 10% to 15%. This is due lie teason that the main objective of the
optimization is to improve the SAIFI not the SAID&imilarly, the SAIDI value has been
observed to be increased implementing FEO technigtle the increment of maximum DG
penetration level from 10% to 15%. It can also b&ced from Figure 7.16 that SAIDI values
found by MCA technique are almost same at a maximntii5% and 20% DG penetration level.
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It has also been observed from Figure 7.16 thaS#i®I| values found by FEO technique at a
maximum of 10% and 20% DG penetrations are almggéle The least SAIDI value has been
achieved by MCA technique amongst all the consatiatgorithms.

Achieved SAIDI values after DG penetration and cépa allocation for SAIFI improvement
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0187138 - —B— @. 10% DG pe_netration 77777777777777
I \Without capacitor and DG placeme

9 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

8.5 ------JN - - - - R - - - S - - - - I - - - S - - - - - - -

SAIDI (hours/customer yr)
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Figure 7.16: Modification in SAIDI value due to @gitor and DG placements for SAIFI improvement ii&is
microgrid type radial distribution system

Interruption duration is important as regard raligb is concerned. Customer average
interruption duration index (CAIDI) value has besyserved to be changed from its initial value
after capacitor and DG placements for SAIFI improeat shown in Figure 7.17. It can be
noticed from Figure 7.17 that CAIDI values foundroBA and PSO techniques remain more or
less equal to initial values at a maximum of 10%%land 20% DG penetration levels. The
CAIDI value has been observed to be reduced fronalivalue implementing FEO algorithm at
a maximum of 10% DG penetration. With the incren@nnhaximum DG penetration level from
10% to 15% and from 15% to 20%, the CAIDI valuesenbeen observed to be increased after
applying FEO algorithm. On the other hand, the CIAIBIue has been observed to be decreased
implementing MCA technique with the increase of maxn DG penetration level from 10% to
15%. Furthermore the CAIDI value has been foundeased utilizing MCA technique with the
increment of maximum DG penetration level from 16%20%.
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Achieved CAIDI values after capacitor and DG plaeatfor SAIFI enhancement
18- m -t oo
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i e

—6— @ 10% DG penetration
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165 - —%— @ 20% DG penetraton |
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Figure 7.17: Change in CAIDI value as outcome of &t capacitor allocations for SAIFI improvemenBih bus
microgrid type radial distribution system

As regard deregulation is concerned, service avisitlais an important issue. The reliability
index ASUI is connected to this issue. The ASUlueahas been found reduced from its initial
value due to capacitor allocation and DG integrafiar SAIFI improvement shown in Figure
7.18. It can be observed from Figure 7.18 that ASHdlue has been found reduced after
implementing rcGA technique with the increment aiximum DG penetration level from 10%
to 15% and from 15% to 20%. The ASUI value on thieep hand has been observed to be
increased applying PSO algorithm with the increasenaximum DG penetration level from
10% to 15%. It can be noticed from Figure 7.18 th&UI value has been decreased applying
PSO technique with the increment of maximum DG patien level from 15% to 20%. The
ASUI value has been observed to be increasedingliEEO technique with the increase of
maximum DG penetration level from 10% to 15%. I li@en again observed from Figure 7.18
that ASUI values found by FEO technique are neeglyal at a maximum of 15% and 20% DG
penetrations. The ASUI value has been observee teettuced upon applying MCA technique
with the increase of maximum DG penetration levehf 10% to 15%. It can be noticed from
Figure 7.18 that ASUI value has been found incrd@agey insignificantly after implementing
MCA technique with the increase of maximum DG peatein level from 15% to 20%.
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Achieved ASUI values after capacitor and DG placenfier SAIFI improvement
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Figure 7.18: Change in ASUI value due to capactat DG allocations for SAIFI improvement in 34 ogrogrid
type radial distribution system

Uninterrupted energy supply is crucial as regardbtsiness continuity. The load oriented
distribution system reliability index AENS has bdeand reduced from its initial value after DG
integrations and capacitor allocations while SAHRprovement was manifested. It is shown in
Figure 7.19. It can be noticed from Figure 7.1a thBNS value has been found reduced upon
implementing rcGA technique with the increment aiximum DG penetration level from 10%
to 15% and from 15% to 20%. The AENS value has bksen observed to be increased after
applying PSO and FEO algorithms with the incredsemaximum DG penetration from 10% to
15%. On the other hand, with further 5% increasmaximum DG penetration level from 15%,
the AENS value has been found decreased and imcteater utilizing PSO and FEO
techniques, respectively. It has been observed frogmre 7.19 that AENS value has been
reduced after implementing MCA technique with thereéase of maximum DG penetration level
from 10% to 15%. It can also be noticed from FigarE9 that the AENS value has been found
more or less same at a maximum of 15% and 20% Dt@tpion levels implementing MCA
technique. This AENS value obtained by MCA techeidgithe least amongst all the considered
soft computing techniques.

121



Achieved AENS values after capacitor allocation &Bx@ penetration for SAIFI improvement
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Figure 7.19: Modification in AENS value as a resfltapacitor and DG placements for SAIFI improvetria 34
bus microgrid type radial distribution system

The cost based reliability index (CBRI) has beersenbed to be increased from its initial value
due to DG integration and capacitor placement egdior SAIFI improvement shown in Figure
7.20. It has been observed from Figure 7.20 thaRICBlue has been found increased and
decreased upon implementing rcGA and PSO algorithmespectively with the increase of
maximum DG penetration level from 10% to 15%. Withther 5% increase of maximum DG
penetration from 15% DG penetration level, the CB&Ue has been observed to be decreased
and increased after applying rcGA and PSO techsigaspectively. On the other hand, it can be
noticed from Figure 7.20 that CBRI value has bemmd increased utilizing FEO and MCA
techniques with the increase of maximum DG peretrdevel from 10% to 15%. But it has
been observed from Figure 7.20 that CBRI value e found reduced after applying MCA
and FEO algorithms with further 5% increase of mmaxn DG penetration from 15% DG
penetration level.
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Achieved CBRI values after capacitor allocation & penetration for SAIFI improvement
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Figure 7.20: CBRI value change due to DG and capaeilocation for SAIFI improvement in 34 bus nugrid
type radial distribution system

Reliability has a significant interconnection witkal power loss. The real power loss has been
observed to be reduced from its initial value afperforming capacitor allocation and DG
integration for SAIFI improvement shown in FigurZ. It can be noticed from Figure 7.21 that
real power loss has been found reduced after imgiéing rcGA technique with the increase of
maximum DG penetration level from 10% to 15% arairl5% to 20%. Real power loss has
been observed to be increased applying PSO teahmidgihh the increment of maximum DG
penetration level from 10% to 15%. In additionc#n be noticed from Figure 7.21 that real
power loss has been found reduced after implemgr®80O algorithm with the increase of
maximum DG penetration level from 15% to 20%. Oa ¢ther hand, it has been observed from
Figure 7.21 that real power loss has been foundedsed applying FEO and MCA technique
with the increase of maximum DG penetration levehf 10% to 15%. It can be noticed from
Figure 7.21 that real power loss has been increasddiecreased upon implementing FEO and
MCA techniques, respectively with the increase akimum DG penetration level from 15% to
20%.
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Achieved real power loss values after DG and capaallocation for SAIFI improvement
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Figure 7.21: Real power loss reduction due to dégaend DG placements for SAIFI improvement in I3ds
microgrid type radial distribution system

Appropriate simultaneous DG and capacitor placesmean also improve another customer
oriented distribution system reliability index @l SAIDI. The study related to the improvement
of SAIDI also draws special attention like the abatated reliability enhancement performed by
SAIFI minimization.

7.1.3 Customer-oriented distribution system reliability index SAIDI improvement
Simultaneous DG integrations and capacitor allocatihave been executed suitably in 34 bus
microgrid type radial distribution system for impgeomnent of SAIDI value. This has been studied
by implementing four evolutionary techniques orfatént DG penetration levels. The stated DG
penetrations are up to 10%, 15% and 20% of thd tet power load concerning to the
microgrid type radial distribution system at hamtiese penetration levels have been considered
assessing different situations as stated earlier.

7.1.3.1Description of capacitor placement and DG integratn

Distributed generation integrations have been pero at three levels along with the
installation of capacitors. The improvement of dgttion system reliability index SAIDI has
been studied at a maximum of 10%, 15% and 20% Dt&tpation levels shown in Table 7.11,
Table 7.12 and Table 7.13, respectively. The SAIBIue has been observed to be improved
from 9.187138 hours/customer yr to 8.783708 houstéener yr by the application of rcGA as
observable in Table 7.11. The stated reductionAlDSvalue has been occurred due to the DG
placements at bus location 11, 14, 17 and 25 with alue of 100 kW at every selected
location. On the other hand, shunt capacitor allona have also been performed at bus number
2,3,4,5,9,12, 15, 17, 19, 21, 23, 24, 28 a@havith installation of 900 kVAR, 750 kVAR, 300
kVAR, 300 kVAR, 300 kVAR, 150 kVAR, 150 kVAR, 300MAR, 150 kVAR, 300 kVAR, 150
kVAR, 600 kVAR, 300 kVAR and 150 kVAR, respectively can be noticed from Table 7.11
that SAIDI value has been found reduced from 9.B87hours/customer yr to 8.959402
hours/customer yr with the implementation of PSGQstiibuted generation integrations have
been performed at bus position 4 and 25 with DG@evaf 200 kW at every selected position.
Shunt capacitors have been placed at bus numbér 22, 17, 22 and 26. Capacitor values
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selected at those bus locations are 600 kVAR, 608R¢ 300 kVAR, 300 kVAR, 450 kVAR
and 600 kVAR. Finally it has been observed from [€aB.11 that SAIDI value has been
improved from 9.187138 hours/customer yr to 8.7477/Gours/customer yr with the
implementation of FEO. The said reduction in SAlMlue has been caused due to DG
allocations at bus position 10, 15 and 27 and d¢apgulacements at bus number 6, 14, 17, 20,
21, 31 and 32, respectively. Distributed generatind capacitor values selected for those bus
locations are 100 kw, 100 kW and 200 kw and 150 RyA50 kVAR, 300 kVAR, 150 kVAR,
2100 kVAR, 150 kVAR and 300 kVAR, respectively. &ty the SAIDI value has been
observed to be improved from 9.187138 hours/custgmi 8.767885 hours/customer yr by the
application of MCA. Distributed generation integoats have been performed at bus number 15,
20 and 27 with DG values of 100 kW, 100 kW and R@. On the other hand, shunt capacitor
allocations have also been executed at bus posidori8 and 21 with installed values of 150
kVAR, 1350 kVAR and 900 kVAR. It can be said frohetabove discussion that evolutionary
techniqgue MCA has found the least SAIDI value ansbngll the chosen meta-heuristic
algorithms. The next position is held by the saftnputing technique FEO in finding the better
SAIDI value. The study related to the next maximbD@ penetration level i.e. 15% of the total
active power load has been described in the neagpaph.

Table 7.11: DG integrations and capacitor placemdnt SAIDI improvement at a maximum of 10% DG
penetration in 34 bus microgrid type radial disitibn system

Methods SAIDI DG value DG Capacitor value Capacitor
hours/customer yr (kW) placement (kVAR) placement
rcGA 8.783708 100, 100,| 11,14,17,| 900,750,300, | 2,3,4,5,9,
100, 100 25 300, 300, 150, 12, 15, 17,

150, 300, 150, 19, 21, 23,
300, 150, 600, 24, 28, 33

300, 150
PSO 8.959402 200, 200 4,25 600, 600, 300, | 2,7,12,17,
300, 450, 600 22,26
FEO 8.777764 100, 100,| 10, 15,27 150, 150, 300,| 6, 14, 17, 20,
200 150, 2100,150, 21,31, 32
300
MCA 8.767885 100, 100, | 15, 20, 27 150, 1350, 900 14,18, 21
200
Without DG 9.187138 -
and
capacitor
placement

Like the above discussed paragraph, the SAIDI vhagebeen observed to be improved from its
initial value by the suitable placements of DG aagbacitor at the load buses shown in Table
7.12. This time the maximum DG penetration leved baen increased by 5% to observe the
change in SAIDI value. It can be noticed from TaBlé2 that SAIDI value has been found
reduced from 9.187138 hours/customer yr to 8.8252&furs/customer yr with the
implementation of rcGA. The SAIDI value obtainedroGA has been further increased in Table
7.12 from the SAIDI value found by rcGA shown inbl@7.9. Though there is 5% increment in
DG penetration level, the meta-heuristic technigc®A has been trapped in local minima.
That's why the value of SAIDI obtained by rcGA asservable in Table 7.12 has not been
improved from the SAIDI value achieved by rcGA simoiw Table 7.11. Distributed generation
integrations have been exercised at bus positidnd4 and 28 with DG values of 200 kW, 100
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kw and 200 kW, respectively. On the other hand,acaprs have also been placed at bus
number 14, 17 and 26 with installed capacitor &lole150 kVAR, 300 kVAR and 300 kVAR,
respectively. Again the SAIDI value has been obsgérto be improved from 9.187138
hours/customer yr to 8.986909 hours/customer ytheyapplication of PSO. In this case the
SAIDI value found by PSO as observable in Tabl& has not been found reduced from the
SAIDI value achieved by PSO available in Table 7.1tlis due to the reason that the
evolutionary algorithm PSO is trapped into the locanima while searching for the better
SAIDI value. Only load bus number 8 has been seteby PSO technique for allocating 200 kW
of DG. On the other hand, shunt capacitors hava pkeed at bus position 4, 20, 23, 26, 30 and
31 with installed capacitor values of 450 kVAR, 480AR, 300 kVAR, 600 kVAR, 150 kVAR
and 600 kVAR, respectively. Finally it can be neticfrom Table 7.12 that SAIDI value has
been found improved from 9.187138 hours/customeo W.760713 hours/customer yr with the
implementation of FEO. This time the SAIDI valuetamhed by FEO shown in Table 7.12 is
lesser in magnitude from the SAIDI value achievgdHEO as observable in Table 7.11. This
further improvement has been caused due to theridégriations at bus number 15, 20 and 30
with 200 kW of DG value at every selected locati@m the other hand, capacitor placements
have also been performed at bus number 2, 4, 8, 8, 14, 21, 24, 25 and 32 with installed
capacitor values of 2250 kVAR, 150 kVAR, 1500 kVARR0 kVAR, 300 kVAR, 150 kVAR,
150 kVAR, 300 kVAR, 150 kVAR, 300 kVAR and 150 kVARespectively. Finally it has been
observed from Table 7.12 that SAIDI value has béeand improved from 9.187138
hours/customer yr to 8.756572 hours/customer yrthey application of MCA. Distributed
generator integrations have been performed at bagign 12, 15, 31 and 34. The DG values
have been selected as 200 kW, 100 kW, 200 kW a@&\n\) respectively at those bus locations.
Shunt capacitor allocations have also been exeaitdilis number 14 and 23 with installed
capacitor values of 150 kVAR and 1350 kVAR, respety. In this case, the SAIDI value
achieved by MCA shown in Table 7.12 is lesser thi@a SAIDI value obtained by MCA
observable in Table 7.11. In addition, it can biel $aom the above discussion that the SAIDI
value found by MCA is the least amongst all theaot#d SAIDI values by other algorithms.
However, further 5% increment in maximum DG pertairalevel has been exercised to observe
the improvement in SAIDI value as shown in TablE37.

Table 7.12: Capacitor allocations and DG integretidor SAIDI improvement at a maximum of 15% DG
penetration in 34 bus microgrid type radial digitibn system

Methods SAIDI DG value DG Capacitor Capacitor
hours/custome (kW) placement value placement
yr (kVAR)
rcGA 8.825259 200, 100, 200 11, 14, 28 150, 300, 3d4, 17, 26
PSO 8.986909 200 8 450, 450, 300} 4, 20, 23, 26
600, 150, 600| 30, 31
FEO 8.760713 200, 200, 200 15, 20, 30 2250, 150,2,4,5,6,8,9
1500, 150, 14, 21, 24, 25
300, 150, 150 32
300, 150, 300
150
MCA 8.756572 200, 100, 200,12, 15, 31, 34| 150,1350 | 14,23
100
Without DG 9.187138 -
and capacitor
placement
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It can be noticed from Table 7.13 that SAIDI val&s been found reduced from 9.187138
hours/customer yr to 8.853253 hours/customer yn wie implementation of rcGA. The SAIDI
value obtained by rcGA has been further increasedaa be observed in Table 7.13 from the
SAIDI value found by rcGA shown in Table 7.12. Thssdue to the entrapment of rcGA
algorithm in local minima. Distributed generationtdgrations have been exercised at bus
position 7, 10, 13 and 24 with DG values of 200 kiMvery selected location. Capacitors have
also been placed at bus number 11 and 21 withlledteapacitor values of 1050 kVAR and 750
kVAR, respectively. The SAIDI value has been obsdnto be improved from 9.187138
hours/customer yr to 8.824094 hours/customer ythieyapplication of PSO technique. In this
case the SAIDI value found by PSO as shown in T@ll& has been reduced from the SAIDI
values achieved by PSO available in Table 7.11 &@able 7.12 due to increase in DG
penetration level. Load bus position 15 and 21 hbhgen selected by PSO algorithm for
allocating 100 kW and 200 kW of DG. On the othendhashunt capacitors have been placed at
bus position 2, 11, 14 and 22 with installed cajpacialues of 150 kVAR, 1650 kVAR, 150
kVAR and 600 kVAR, respectively. Finally it can heticed from Table 7.13 that SAIDI value
has been improved from 9.187138 hours/customep \8.624611 hours/customer yr with the
implementation of FEO. This time the SAIDI valuetambhed by FEO shown in Table 7.13 is
lesser in magnitude from the SAIDI value achievgd=EO which can be found in Table 7.10.
This further improvement has been caused due t®@eéntegrations at bus number 15, 18, 21,
25 and 30 with DG values of 100 kW, 200 kw, 200 K20 kw and 200 kW at those selected
locations. On the other hand, capacitor placenieais also been performed at bus number 5, 7,
14, 19, 21, 25 and 31 with installed capacitor galof 300 kVAR, 150 kVAR, 150 KVAR, 150
kVAR, 750 kVAR, 750 kVAR and 300 kVAR, respectivelyinally it has been observed from
Table 7.13 that SAIDI value has been found improfredn 9.187138 hours/customer yr to
8.739185 hours/customer yr by the application of ADistributed generator integrations have
been performed at bus position 9, 10, 12, 15 andr@@ DG values have been selected as 200
kw, 200 kw, 200 kW, 100 kW and 200 kW, respectivatythose bus locations. On the other
hand, shunt capacitor allocations have been exgattdous number 10 and 18 with installed
capacitor values of 600 kVAR and 1950 kVAR, respety. In this case, the SAIDI value
achieved by MCA shown in Table 7.13 is lesser ttten SAIDI value obtained by MCA as
observable in Table 7.12. In addition, it can biel $&om the above discussion that the SAIDI
value found by FEO is the least amongst all thaiaktd SAIDI values by other algorithms.
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Table 7.13: DG integrations and capacitor placemdnt SAIDI improvement at a maximum of 20% DG
penetration in 34 bus microgrid based radial distion system

Methods SAIDI DG value DG Capacitor Capacitor
hours/custome (kW) placement value placement
yr (kVAR)
rcGA 8.853253 200, 200, 200, 7, 10, 13, 24 1050, 750 11,21
200
PSO 8.824094 100, 200 15,21 150, 1650, | 2,11,14,22
150, 600
FEO 8.624611 100, 200, 20015, 18, 21, 25/ 300, 150, 150 5, 7, 14, 19,
200, 200 30 150, 750, 750 21, 25, 31
300
MCA 8.739185 200, 200, 200, 9, 10, 12, 15,| 600, 1950 10, 18
100, 200 22
Without DG 9.187138 - - - -
and capacitor
placement

The evolutionary technigues FEO and MCA have comé as the effective techniques
noticeable in Table 7.11, Table 7.12 and Table 7ri3comparison to other algorithms
considered here. The improvement patterns of SAlplthe application of FEO and MCA
techniques have been shown in Figure 7.22 and &ig@3, respectively.

SAIDI improvement through powerflows implementing® technique
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Figure 7.22: Improvement of SAIDI through power vitd due to capacitor allocation and DG integration
implementing FEO technique in 34 bus microgrid typaial distribution system
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SAIDI improvement through powerflows applying MCéchnique

9.5

9.4

9.3f

9.2

— @ 10% DG penetration
9.1 — @ 15% DG penetration
9 — @ 20% DG penetration

8.9 \

8.8- R

SAIDI (hours/customer yr)

—

87 | | | | | |
0 5,000 10,000 15,000 20,000 25,000 30,000

Number of powerflows

Figure 7.23: Improvement of SAIDI through powervito after DG integration and capacitor placementyapgp
MCA technique in 34 bus microgrid type radial disfition system

As discussed in this section SAIDI value has beemd improved from its initial value with the
increase in maximum DG penetration level. The tepes MCA and FEO have also come out
as the effective algorithms in this comparativedgtuNevertheless there is always a chance of
further improvement in SAIDI value with the increas maximum DG penetration level. This
has been studied later for a maximum of 50% DG tpatien level considering futuristic plan.
On the other hand, it is evident that the othersmered reliability, cost and loss parameters
apart from SAIDI will be modified due to the capaci allocations and DG integrations
considered in Table 7.11, Table 7.12 and Table. 7Th& has been briefly illustrated in the next
section.

7.1.3.2Effect of SAIDI improvement on total cost, reliabilty indices and real power loss
Suitable DG and capacitor positions and values Hasen selected by four evolutionary
techniques for performing SAIDI improvement. Thiashbeen discussed in earlier section.
Although, the other considered reliability indicgsart from SAIDI has been changed from its
initial value due to the placements of DG and capacThe total cost and real power loss have
also been found reduced from its initial values theesaid allocations of DG and capacitor. This
modification or change in the stated reliabilitpst and loss parameters apart from SAIDI has
been discussed in the following section.

Total cost has been found reduced from initial galfter performing DG integrations and
capacitor allocations for SAIDI improvement shownHigure 7.24. It has been observed from
Figure 7.24 that total cost has been found incee@splementing rcGA and PSO techniques
with the increase of maximum DG penetration leveht 10% to 15%. The total cost values
found by FEO algorithm at a maximum of 10% and 15& penetrations are very close to each
other. It can be noticed from Figure 7.24 that ltatast has been increased applying MCA
technique with the increase of maximum DG penetmalevel from 10% to 15%. The total cost
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value has been observed to be reduced applying ,r¢&&® and MCA techniques with the
increase of maximum DG penetration level from 15920%. On the other hand, it can be
noticed from Figure 7.24 that total cost value haen increased utilizing PSO technique with
the increase of maximum DG penetration level frd#olto 20%.

Achieved total cost values after capacitor and D¥8gment for SAIDI improvement
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Figure 7.24: Total cost reduction due to capadthmcations and DG penetrations for SAIDI improvetia 34 bus
microgrid type radial distribution system

The customer oriented distribution system religdpiindex SAIFI has been observed to be
reduced from its initial value after DG integratiaand capacitor placement for SAIDI

improvement shown in Figure 7.25. It can be notiitech Figure 7.25 that SAIFI value has been
increased after implementing rcGA technique with thcrease of maximum DG penetration
level from 10% to 15% and from 15% to 20%. It hl® deen observed from Figure 7.25 that
SAIFI value has been increased and decreased agpB&5O technique with the increase of
maximum DG penetration level from 10% to 15% araifrl5% to 20%, respectively. Unlike

the SAIFI value change by the application of rcG&hnique, the SAIFI value has been
observed to be reduced upon implementing FEO andh NEChniques separately with the

increase of maximum DG penetration level from 1@%%% and from 15% to 20%.
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Obtained SAIFI values after capacitor allocatiod &G penetration for SAIDI improvement
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Figure 7.25: Change in SAIFI value due to capacénd DG placements for SAIDI improvement in 34 bus
microgrid type radial distribution system

The customer oriented distribution system relipiindex CAIDI has been observed to be
changed from its initial value due to capacitorcplaent and DG integration for SAIDI
improvement shown in Figure 7.26. Random changes lbacurred after capacitor allocation
and DG integration for SAIFI improvement. Figur€&.shows a comparative study amongst
rcGA, PSO, FEO and MCA techniques concerning tofAalue modification. However, the
cause behind this random change is that the maattle is to reduce the SAIDI value. On the
other hand, CAIDI is the ratio of SAIDI and SAIFThe reliability index CAIDI is therefore
dependent on the stated two parameters.

Achieved CAIDI values after DG integration and cafma placement for SAIDI improvement
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Figure 7.26: Modification in CAIDI value due to aaptor and DG allocations for SAIDI improvement3d bus
microgrid type radial distribution system

The distribution system reliability index ASUI haeen observed to be reduced from its initial
value due to DG integration and capacitor allocafiar SAIDI improvement shown in Figure
7.27. It has been observed from Figure 7.27 thatlA&lue has been found increased after
implementing rcGA and PSO techniques with the imaet of maximum DG penetration level
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from 10% to 15%. It can also be noticed from Figut@7 that the ASUI value has been
increased and decreased applying rcGA and PSOitges) respectively with the increase of
maximum DG penetration level from 15% to 20%. Oa ¢ther hand, it has been observed from
Figure 7.27 that ASUI value has also been foundiced after implementing FEO and MCA
techniques with the increment of maximum DG petietnalevel from 10% to 15% and from
15% to 20%. The least ASUI value has been foundFBY algorithm amongst all of the
considered techniques.

Achieved ASUI values after capacitor and DG placenfier SAIDI improvement
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Figure 7.27: Change in ASUI value due to DG andacépr placements for SAIDI improvement in 34 bus
microgrid type radial distribution system

The load oriented distribution system reliabilindex AENS has been observed to be reduced
from its initial value due to DG integration andpeaitor placement for SAIDI improvement
shown in Figure 7.28. It has been observed fronur€iy.28 that AENS value has been found
increased after implementing rcGA technique witl tincrement of maximum DG penetration
level from 10% to 15% and from 15% to 20%. The AEMSue has been observed to be
increased and decreased applying PSO algorithmthétlincrease of maximum DG penetration
level from 10% to 15% and from 15% to 20%, respetyi It can be noticed from Figure 7.28
that AENS value has been found reduced applying BEOMCA techniques with the increment
of maximum DG penetration level from 10% to 15% &mon 15% to 20%. The AENS values
found by FEO technique at a maximum of 10% and IB%%Gpenetrations are very close to each
other. On the other hand, it has been observed Fignre 7.28 that AENS values achieved by
MCA technique at a maximum of 10%, 15% and 20% [RGetrations are close to each other.
The least AENS value has been obtained by FEO idigoramongst all the considered
techniques.
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Obtained AENS values after capacitor and DG placerfee SAIDI improvement
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Figure 7.28: Modification in AENS value due to D@dacapacitor allocations for SAIDI improvement 4 Bus
microgrid type radial distribution system

The cost based reliability index (CBRI) has beersenbed to be increased from its initial value
after capacitor placement and DG integration follHAmprovement shown in Figure 7.29. It
can be noticed from Figure 7.29 that CBRI value besn reduced after implementing rcGA
technique with the increment of maximum DG pengairakevel from 10% to 15%. Like the case
of rcGA technique, PSO algorithm has also foundeksed CBRI value with the increment of
maximum DG penetration level from 10% to 15%. THBRC value has been observed to be
improved after applying FEO algorithm with the ieerent of maximum DG penetration level
from 10% to 15% and from 15% to 20%. On the othawdy the CBRI values found by MCA
technique are nearly same at a maximum of 10% &6l DG penetrations. The same scenario
has been observed in the case of rcGA techniquke ithding the CBRI values at a maximum
of 10% and 20% DG penetrations. The highest CBRuievdoas been found applying FEO
technique amongst all the chosen algorithms atxaman of 20% DG penetration.
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Achieved CBRI values after DG and capacitor allmrafor SAIDI improvement
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Figure 7.29: Change in CBRI value due to capacind DG placements for SAIDI improvement in 34 bus
microgrid type radial distribution system

Real power loss values have been observed to heeddrom initial value after capacitor
allocation and DG integration for SAIDI improvemesihown in Figure 7.30. It has been
observed from Figure 7.30 that real power losse&lobave been reduced upon applying FEO
with the increment of maximum DG penetration leivem 10% to 15% and from 15% to 20%.
On the other hand, real power loss value has bbsereed to be increased implementing PSO
with the increment of maximum DG penetration leivem 10% to 15% and from 15% to 20%.
This is due to the reason that the main objecsvi® improve SAIDI value not the reduction of
real power loss. Again, the real power loss valwes lbeen observed to be increased
implementing rcGA technique with the increment aiximum DG penetration level from 10%
to 15%. On the other hand, the real power loss esmalhave been found nearly same
implementing MCA technique at a maximum of 10% 4880 DG penetrations. The least real
power loss value has been achieved by FEO algomtmaongst all the considered techniques at a
maximum of 20% DG penetration.
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Real power loss value after DG and capacitor placerfor SAIDI improvement
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Figure 7.30: Real power loss reduction due to démaend DG allocations for SAIDI improvement in s
microgrid type radial distribution system

Improvement of load oriented distribution systeriat®lity index called average energy not
supply (AENS) is also significant for study purpdge the earlier discussed reliability indices’
improvements. The simulation studies concerningthts load-oriented reliability index
improvement. These have been discussed in theseetion.

7.1.4 Improvement of load-oriented distribution system rdiability index AENS

Simultaneous capacitor placements and DG integratimve been executed suitably in 34 bus
radial distribution system resembling microgrid improvement of AENS value. This has been
studied by implementing four evolutionary technigjue different DG penetration levels. The
DG penetrations are up to 10%, 15% and 20% ofdhked &active power load of the microgrid
type radial distribution system at hand. These fatien levels have been selected considering
different scenarios around the domain businesd.leve

7.1.4.1Discussion of DG integration and capacitor allocatin

Distributed generation integrations have been pewo at three levels along with the
installation of capacitors. The improvement of wisttion system load-oriented reliability index
AENS has been studied at DG penetration level® u®%, 15% and 20% shown in Table 7.14,
Table 7.15 and Table 7.16, respectively. The AENMfier has been observed to be improved
from 2.074900 kWh/customer yr to 2.008326 kWh/costp yr by the application of rcGA in
Table 7.14. The stated reduction in AENS valueliesen occurred due to the DG placements at
bus location 15 and 23 with DG values of 200 kW 06 kW. Shunt capacitor allocation has
also been performed at bus number 4, 14, 23 anditBSnstallation of 150 kVAR, 150 kVAR,
1200 kVAR and 1050 kVAR, respectively. It can baiced from Table 7.14 that AENS value
has been found reduced from 2.074900 kWh/customigr 8.019738 kWh/customer yr with the
implementation of PSO. Distributed generation ireégns have been performed at bus position
18 and 21 with DG value of 200 kW at every seledbedtion. Shunt capacitors have also been
placed at bus number 3, 13, 19, 25 and 32. Capaataes selected at those bus locations are
300 kVAR, 150 kVAR, 900 kVAR, 600 kVAR and 900 kVARinally it has been observed
from Table 7.14 that AENS value has been found awpd from 2.074900 kWh/customer yr to
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1.981444 kWh/customer yr with the implementatiorF&O. The said reduction in AENS value
has been caused due to simultaneous DG and capgleit@ment at bus position 15 and 26; and
2, 3,5, 8, 11, 14, 17, 22, 24 and 25, respectivielgtributed generation and capacitor values
chosen for those selected locations are 200 kWw2&ddkW; and 450 kVAR, 450 kVAR, 300
kVAR, 300 kVAR, 600 kVAR, 150 kVAR, 300 kVAR, 300MAR, 300 kVAR and 300 kVAR,
respectively. The AENS value has been observee tionproved from 2.074900 kWh/customer
yr to 1.991726 kWh/customer yr by the utilizationMCA. Distributed generation integration
has been performed at bus number 14 and 31 withvBIGe of 200 kW at every selected
location. Shunt capacitor allocation has also b@escuted at bus position 12, 13 and 22 with
installed capacitor value of 750 kVAR, 150 kVAR ah8b0 kVAR, respectively. It can be said
from the above discussion that evolutionary techaiéfEO has found the least AENS value
amongst all the chosen meta-heuristic algorithnige fext better position is held by the soft
computing technique MCA in finding the better AEN&ue. The study related to the next DG
penetration level i.e. up to 15% of the total aetpower load is also necessary to observe the
improvement in AENS value.

Table 7.14: Capacitor installations and DG incogptions for AENS improvement at a maximum of 10% DG
penetration in 34 bus microgrid type radial disitibn system

Methods AENS DG value DG Capacitor Capacitor
kWh/customer| (kW) placement value placement
yr (kVAR)
rcGA 2.008326 200, 100 15, 23 150, 150, | 4, 14,23,25
1200, 1050
PSO 2.019738 200, 200 18,21 300, 150, 900, 3, 13, 19, 25,
600, 900 32
FEO 1.981444 200, 200 15, 26 450, 450, 30@, 3,5, 8, 11,
300, 600, 150/ 14, 17, 22, 24
300, 300, 300 25
300
MCA 1.991726 200, 200 14, 31 750,150, 1350 12, 13, 22
Without DG 2.074900 - -
and capacitor
placement

Like the above discussed paragraph, the AENS Jadsdbeen observed to be improved from its
initial value by the suitable placement of DG aragacitor at the load buses shown in Table
7.15. This time the maximum DG penetration leved baen increased by 5% to observe the
improvement in AENS value. It can be noticed fromble 7.15 that AENS value has been
reduced from 2.074900 kWh/customer yr to 1.987 Mhicustomer yr with the implementation
of rcGA. The AENS value obtained by rcGA has beamher reduced as shown in Table 7.15
from the AENS value found by rcGA which can be oted in Table 7.14 due to the 5%
increment in maximum DG penetration level. Disttdmll generation integration has been
exercised at bus positions 13, 19 and 22 with Dlevaf 200 kW in every selected location.
Capacitors are also placed at bus number 2, 920,423, 28 and 33 with installed capacitor
value of 300 kVAR, 450 kVAR, 150 kVAR, 600 kVAR, @%VAR, 300 kVAR and 600 kVAR,
respectively. The AENS value has been observea tionproved from 2.074900 kWh/customer
yr to 2.016453 kWh/customer yr by the utilizatidnRSO shown in Table 7.15. In this case the
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AENS value found by PSO observable in Table 7.1% dao been found reduced from the
AENS value achieved by PSO available in Table 7Lbad bus number 10 and 30 have been
chosen by PSO for allocating 200 kW of DG in ealgt®. Shunt capacitors have been placed at
bus positions 6, 13, 26 and 31 with installed capawalue of 600 kVAR, 150 kVAR, 600
kVAR and 900 kVAR, respectively. It can be notideain Table 7.15 that AENS value has been
improved from 2.074900 kWh/customer yr to 1.97078%h/customer yr with the
implementation of FEO. This time the AENS valueantéd by FEO shown in Table 7.15 is
lesser in magnitude from the AENS value achievedrB® which can be found in Table 7.14.
This further improvement has been caused due t®telacements at bus number 8, 15, 23
and 28 with 100 kW, 100 kW, 200 kW and 200 kW of D&ue. Capacitor placement has also
been performed at bus number 4, 7, 13, 20 and 28imstalled capacitor value of 1800 kVAR,
450 kVAR, 150 kVAR, 300 kVAR and 750 kVAR, respeely. Finally it has been observed
from Table 7.15 that AENS value has been found awpd from 2.074900 kWh/customer yr to
1.980875 kWh/customer yr by the utilization of MCistributed generator integration has been
performed at bus position 15, 31 and 34. The D@erabs been chosen as 100 kw, 200 kW and
200 kW, respectively at those selected locatiohsnScapacitor allocation has been executed at
bus number 2, 14 and 22 with installed capacitduer@f 1050 kVAR, 150 kVAR and 1500
kVAR, respectively. In this case, the AENS valudiaged by MCA shown in Table 7.15 is
lesser than the AENS value obtained by MCA notiteabTable 7.14. In addition, it can be said
from the above discussion that the AENS value fobgdFEO is the least amongst all the
obtained AENS values by other algorithms. HoweWarther 5% increment in maximum DG
penetration level has been exercised to observertpwvement in AENS value which can be
observed in Table 7.16.

Table 7.15: DG integrations and capacitor allocetidor AENS improvement at a maximum of 15% DG
penetration in 34 bus microgrid based radial distion system

Methods AENS DG value DG Capacitor Capacitor
kWh/customer| (kW) placement value placement
yr (kVAR)
rcGA 1.987160 200, 200, 20p 13,19, 22 300, 450, 150, 2, 9, 14, 20,
600, 750, 300, 23, 28, 33
600
PSO 2.016453 200, 200 10, 30 600, 150, 600, 6, 13, 26, 31
900
FEO 1.970762 100, 100, 200, 8, 15, 23, 28 1800, 450,| 4,7, 13, 20,
200 150, 300, 750 23
MCA 1.980875 100, 200, 200 15, 31, 34 1050, 150, 2, 14,22
1500
Without DG 2.074900 - -
and capacitor
placement

It can be noticed from Table 7.16 that AENS valaes lbeen found reduced from 2.074900
kWh/customer yr to 1.960456 kWh/customer yr witk tmplementation of rcGA. The AENS
value obtained by rcGA has been further found redua Table 7.16 from the AENS value
found by rcGA in Table 7.15 due to the 5% incremenimaximum DG penetration level.
Distributed generation integration has been exedcad bus positions 8, 14, 21, 22, 24, 28 and 33
with DG value of 100 kW in every selected locati@apacitors are also placed at bus number 3,
4,5, 6, 7, 11, 14, 18, 21, 22, 25, 30 and 33 wiitalled capacitor value of 750 kVAR, 150
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kVAR, 600 kVAR, 1050 kVAR, 300 kVAR, 150 kVAR, 15kVAR, 450 kVAR, 150 kVAR,
450 kVAR, 150 kVAR, 150 kVAR and 300 kVAR, respeetly.

Table 7.16: Capacitor placements and DG incorpamatifor AENS improvement at a maximum of 20% DG
penetration in 34 bus microgrid type radial digitibn system

Methods AENS DG value DG Capacitor Capacitor
kWh/customer| (kW) placement value placement
yr (kKVAR)
rcGA 1.960456 100, 100, 100, 8, 14, 21, 22,| 750, 150, 600, 3,4,5,6, 7,
100, 100, 100 24, 28, 33 1050, 300, 11, 14, 18,
100 150, 150, 450 21, 22, 25,
150, 450, 150 30, 33
150, 300
PSO 1.983312 200, 100, 20014, 17, 19, 27) 600, 1050, | 4, 18, 21, 25,
200, 200 34 150, 600, 450 34
FEO 1.956178 200, 200, 20,7, 8,11,15, 27| 450, 150, 150, 5, 9, 15, 18,
100, 100 300, 1050, 21,31
900
MCA 1.958514 200, 200, 100,10, 14, 15, 30{ 1050, 150, | 9, 14,22,25
200, 200 31 750, 900
Without DG 2.074900 - -
and capacitor
placement

The AENS value has been observed to be improveoh 20074900 kWh/customer yr to
1.983312 kWh/customer yr by the utilization of P&®this case the AENS value found by PSO
shown in Table 7.16 has been found reduced froMAENS values achieved by PSO observable
in Table 7.14 and Table 7.15. Load bus position1¥4,19, 27 and 34 have been chosen by PSO
for allocating 200 kw, 100 kW, 200 kW, 200 kW an@do2kw of DG. Shunt capacitors have
been placed at bus positions 4, 18, 21, 25 andiB#imstalled capacitor value of 600 kVAR,
1050 kVAR, 150 kVAR, 600 kVAR and 450 kVAR, respeety. It can be noticed from Table
7.16 that AENS value has been found improved fro@Y£2900 kWh/customer yr to 1.956178
kWh/customer yr with the implementation of FEO. §time the AENS value obtained by FEO
which can be found in Table 7.16 is lesser in miagie from the AENS value achieved by FEO
as observable in Table 7.15. This further improvaeimeas been caused due to the DG
integrations at bus number 7, 8, 11, 15 and 27 20t kW, 200 kW, 200 kW, 100 kw and 100
kW of DG value at those selected locations. Capagpiacement has also been performed at bus
number 5, 9, 15, 18, 21 and 31 with installed capawalue of 450 kVAR, 150 kVAR, 150
kVAR, 300 kVAR, 1050 kVAR and 900 kVAR, respectiyeFinally it has been observed from
Table 7.16 that AENS value has been found improvech 2.074900 kWh/customer yr to
1.958514 kWh/customer yr by the utilization of MCistributed generator integration has been
performed at bus position 10, 14, 15, 30 and 3& D& value has been chosen as 200 kw, 200
kw, 100 kW, 200 kW and 200 kW, respectively at theelected locations. Shunt capacitor
allocation has been executed at bus number 9,24n8 25 with installed capacitor value of
1050 kVAR, 150 kVAR, 750 kVAR and 900 kVAR, respegety. In this case, the AENS value
achieved by MCA available in Table 7.16 is lesdantthe AENS value obtained by MCA
shown in Table 7.15. In addition, it can be saahfrthe above discussion that the AENS value
found by FEO is the least amongst all the obtakENS values by other algorithms.
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AENS improvement through powerflows implementing AM@chnique
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Figure 7.31: Improvement of AENS through power ftoafter capacitor allocations and DG integratiopglyng
MCA technique in 34 bus microgrid type radial disfition system

As discussed in this section AENS value has beendomproved from its initial value with the
increase in maximum DG penetration level. The tepes MCA and FEO have come out as the
effective algorithms in this comparative study. Tingprovement pattern of AENS through
power flows (iterations) implementing MCA technigimas been depicted in Figure 7.31.
Nevertheless there is always a chance of furtheromement in AENS value with the increase
in DG penetration level. This has been studied fatea maximum of 50% DG penetration level
considering futuristic plan. On the other handjsitevident that the other considered cost,
reliability and loss parameters apart from AENS i modified due to the capacitor allocations
and DG integrations considered in Table 7.14, T@hl® and Table 7.16. This has been briefly
illustrated in the next section.

7.1.4.2 Modification in total cost, reliability indices and real power loss due to AENS
improvement
Suitable DG and capacitor positions and values Hasen selected by four evolutionary
techniques for performing AENS improvement. Thiss H@een discussed in earlier section.
Although, the other considered reliability indiagsart from AENS has been found changed from
its initial value due to the placements of DG amagacitor. The total cost and real power loss
have also been reduced from its initial values ttheesaid allocations of DG and capacitor. This
modification or change in the stated reliabilitpst and loss parameters apart from AENS has
been discussed in the following section.
Total cost has been found reduced from initial gaddter performing capacitor allocations and
DG integrations for AENS improvement. The reductidriotal cost due to the mentioned AENS
improvement implementing four meta-heuristic tegueis has been depicted in Figure 7.32. It
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has been observed from Figure 7.32 that total caktes obtained by rcGA, PSO, FEO and
MCA are comparatively lesser in magnitude at a maxn of 20% DG penetration from other
total cost values considering DG penetrations upQ# and 15%, respectively. The total cost
value obtained by rcGA at a maximum of 10% DG petiein is the highest amongst all the
obtained total cost values. On the other hand@ntl®e noticed from Figure 7.32 that the achieved
total cost values applying rcGA are almost same domaximum of 15% and 20% DG
penetrations. Similarly, in the case of MCA techua¢he total cost values are nearly same in
magnitude for a maximum of 10% and 15% DG penetnatilt can also be noticed from Figure
7.32 that all the three total cost values at a mara of 10%, 15% and 20% DG penetrations are
close to each other for the case of FEO algoritBanprisingly, the total cost value is higher at a
maximum of 15% DG penetration in comparison to D&bedration up to 10% for the case of
PSO technique. This is due to the reason that ineapy aim is to reduce the AENS value and
not the total cost value. Nevertheless, the leastl tcost value has been obtained by PSO
algorithm at a maximum of 20% DG penetration amoralisthe considered techniques for
AENS improvement.

Obtained total cost values after capacitor allecasind DG penetration for AENS improvement
7,500,000 -~~~ - - - - s s s oo o oo oo

—6— @ 10% DG penetration
69974809 - - -----------—1 —H8— @ 15% DG penetraton |-~~~
—&%— @ 20% DG penetration
I Without DG and capacitor placement

6,500,00

6,000,00

Total Cost (US$)

5,500,00

5,000,00 ‘ ‘ \ ! -
rcGA PSO FEO MCA Initial Value

Figure 7.32: Total cost reduction due to capaditwd DG allocations for AENS improvement in 34 busrogrid
type radial distribution system

Distribution system reliability index SAIFI valueat been observed to be improved from initial
value due to capacitor and DG placements for AEMBrovement in Figure 7.33. The least
SAIFI values have been found by FEO technique ahaximum of 10% and 15% DG
penetrations amongst all the chosen algorithms.ti@nother hand, the rcGA technique has
obtained the least SAIFI value amongst all the idmned techniques at a maximum of 20% DG
penetration. It can be noticed from Figure 7.33 tha SAIFI values found implementing FEO
and MCA techniques are close to each other at anmam of 20% DG penetration. The PSO
algorithm performs poorly in finding better SAIFales at a maximum of 15% and 20% DG
penetrations amongst all the considered technigsefiown in Figure 7.33.
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Achieved SAIFI values after capacitor allocationl &G integration for AENS improvement
I e
—B— @ 10% DG penetration
S | I @ 15% DG penetraton |- - - -~
I @ 20% DG penetration

I I I without DG and capacitor placement [N

51

SAIFI (interruptions/customer yr)

4.9

4.8

rcGA PSO FEO MCA Initial Value

Figure 7.33: Change in SAIFI value due to capactud DG placement for AENS minimization in 34 busnwogrid
type radial distribution system

Customer oriented distribution system reliabilitgléex SAIDI has been observed to be reduced
from its initial value due to capacitor allocatiamd DG integration for AENS improvement
shown in Figure 7.34. It has been observed fromir€ig.34 that SAIDI values have been found
decreased with the increment of maximum DG penetrdevel from 10% to 15% and from
15% to 20% for all the considered techniques. Hastl SAIDI value has been obtained by FEO
techniqgue amongst all the chosen techniques at x@mmuen of 10%, 15% and 20% DG
penetrations. The next better position is secuseMBA technique in finding the better SAIDI
value at all the three DG penetration levels. & haen observed from Figure 7.34 that the worst
SAIDI values have been found by PSO algorithm lahal three DG penetration levels.

Obtained SAIDI values after DG penetration and cépaplacement for AENS improvement

3
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Figure 7.34: Moadification in SAIDI value due to D&d capacitor allocation for AENS improvement in 134
microgrid type radial distribution system
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Customer average interruption duration index (CAlidlue has been observed to be changed
after DG integration and capacitor placement folN&Eimprovement as observable in Figure
7.35. A random change has occurred in CAIDI valaplementing all the four algorithms. This
is due to the reason that the main objective isnfmrove the AENS value not the CAIDI value.
On the other hand, CAIDI value is the ratio of SAEhd SAIFI. So, it is dependent on the
change of SAIDI and SAIFI.

Achieved CAIDI values for AENS improvement usingrionary techniques
4 s

1.76

1.74

1.72

—©— @ 10% DG penetration
—#%— @ 15% DG penetration
1.7F------------ —B— @ 20% DG penetration |- -------- BN - - - - - - - -
I \Without capacitor and DG placement

CAIDI (hours/customer interruption)

1.68 | | |
rcGA PSO FEO MCA Initial Value

Figure 7.35: Change in CAIDI value due to DG anghazator placement for AENS minimization in 34 bus
microgrid type radial distribution system

The ASUI values found by rcGA, PSO, FEO and MCAhteques have been found reduced
from initial value due to capacitor allocation ab@ penetration for AENS improvement shown
in Figure 7.36. It has been observed from Figui@b that ASUI values obtained by four
algorithms have been decreased with the increnfenmegimum DG penetration level from 10%
to 15% and from 15% to 20%. The least ASUI values anaximum of 10% and 15% DG
penetrations have been achieved by FEO technigoagshall the chosen algorithms. It can be
noticed from Figure 7.36 that ASUI values obtaigdrcGA, FEO and MCA techniques are
nearly same at a maximum of 20% DG penetration.y@né ASUI value found by PSO
technique is higher than that value obtained bgrotiree algorithms. The ASAI values have not
been enumerated here as it can easily be foundyostibtracting the ASUI values from unity as
stated earlier.
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Achieved ASUI values after capacitor allocation &M@ penetration for AENS improvement

L Bl © 10% DG penetraton | "o
I @ 15% DG penetration
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I without DG and capacitor placeme
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rcGA PSO FEO MCA Initial Value

Figure 7.36: Modification in ASUI value due to cajtar and DG allocation for AENS improvement in Bds
microgrid type radial distribution system

The newly developed reliability index CBRI has als®en observed to be increased from its
initial value after DG penetration and capacitdo@tion for AENS improvement as shown in
Figure 7.37. The CBRI values have been found isa@aipon applying rcGA, FEO and MCA
with the increment of maximum DG penetration leivem 10% to 15% and from 15% to 20%.
It can be noticed from Figure 7.37 that the CBRuga found by PSO technique are close to
each other at a maximum of 10% and 15% DG penetistiThe highest CBRI value has been
achieved by FEO technique at a maximum of 20% Dd&{pation.

Achieved CBRI values for AENS improvement usingletionary techniques

Ottt
—6— @ 20% DG penetration
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Figure 7.37: Change in CBRI value due to capactat DG allocation for AENS improvement in 34 busmgrid
type radial distribution system

Real power loss has been observed to be reduceditsanitial value after capacitor allocation
and DG integration for AENS improvement shown igufe 7.38. It can be noticed from Figure
7.38 that real power loss value found by rcGA tegiva has been reduced with the increment of
maximum DG penetration level from 10% to 15%. Blé treal power loss obtained after
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implementing rcGA at a maximum of 20% DG penetrai®close to the value at a maximum of
15% DG penetration noticeable in Figure 7.38. Gndther hand, it can be noticed from Figure
7.38 that real power loss value has been increagplying PSO with the increase in maximum
DG penetration level from 10% to 15%. This is dadhte reason that the main objective is to
improve AENS not the real power loss. The least peaver loss value has been achieved by
PSO algorithm at a maximum of 20% DG penetratiomragst all the chosen techniques. The
real power loss values found by FEO and MCA tedmesgat a maximum of 10% and 15% DG
penetrations are nearly same. In addition, the pealer loss values have been found reduced
after implementing MCA and FEO algorithms with timerease in maximum DG penetration
level from 15% to 20%.

Achieved real power loss values after capacitor B@dplacement for AENS improvement
250~

2215 - ————————————— @ 20% DG penetraton - ---

200k -« oo —HB— @ 15% DG penetration
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rcGA PSO FEO MCA Initial Value

Figure 7.38: Real power loss reduction due to damaand DG placement for AENS improvement in 34s bu
microgrid type radial distribution system

Total cost minimization and improvement of threepartant distribution system reliability

indices viz. SAIFI, SAIDI and AENS have been dise so far. All the considered situations
are single objective. Nevertheless, multi-objectiypgimization is crucial for distribution system

planning purpose. This is due to the reason thasideration of multiple conflicting objectives

will provide a choice for the decision makers ttesea particular solution. The multi-objective
optimizations leading to appropriate planning héwesen performed after single objective
optimizations considering a maximum of 50% DG pmat&in for futuristic scenario in the next

section.

7.2 Appropriate futuristic planning considering capacitor allocation and DG integration

Single objective optimizations have been perforroedthirty four bus microgrid type radial
distribution system incorporating capacitor andtribated generation (DG) considering DG
penetration up to 50%. The DG penetration levelliesen selected up to 50% of the total active
power load keeping the futuristic situation in mifidhe 50% DG penetration by simulation has
been performed to analyze the corresponding rétyalgnhancement, loss reduction and total
cost minimization individually and simultaneouskatling to appropriate planning. The DG
values have been selected as 100 kW and 200 k\peatdgely as discussed earlier [244]. The
DG sizes have been selected considering the lod&des/aof the microgrid based radial
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distribution system at hand. The reinforcement sehdor the distribution network has been
considered as lateral protection supported by disects as this is standard and common. All the
bus and line data and capacitor value and costecoimg to the chosen distribution system have
been taken from elsewhere as stated earlier [242].

7.2.1 Real power loss minimization after enhanced (50%) O integration

Real power loss has been reduced by performing DtBgiation and reactive power
compensation by shunt capacitor. The DGs and stap#citors have been suitably selected and
placed in the considered microgrid type radial rthstion system by the four evolutionary
computation techniques. The comparative study leas lshown in Figure 7.39 and Table 7.17,
respectively. It has been observed from Figure @89 Table 7.17 that real power loss has been
found reduced from 221.5 kW to 68.42 kW after pigcDG at bus locations 4, 12, 13, 16, 20,
22, 23, 27, 31 and 34, respectively by the softmaimg technique PSO. The DG values chosen
at those particular bus positions are 200 kW, 100 R00 kw, 100 kw, 100 kW, 200 kW, 200
kw, 200 kw, 200 kW and 200 kW, respectively. Reactpower compensations by shunt
capacitor at bus locations 11, 17, 18 and 25 h#se lzeen performed by PSO. The capacitor
values selected at those bus positions are 600 kISR kVAR, 750 kVAR and 600 kVAR,
respectively. It can be noticed from Figure 7.3&t tleal power loss has been found diminished
from 221.5 kW to 59.95 kW by the implementationroGA. Distributed generator integration
has been performed at bus location 3, 5, 6, 74818, 19, 20, 21, 22, 23, 25, 26, 29, 30 and 32,
respectively shown in Table 7.17. The DG value ehdsy rcGA for those selected locations are
100 kw, 100 kW, 100 kw, 200 kw, 100 kw, 100 kw, 100, 100 kw, 100 kw, 200 kw, 100
kw, 200 kW, 100 kw, 200 kW, 100 kw, 200 kW and 200, respectively. Shunt capacitor
value chosen by rcGA at bus number 15, 16, 2122%nd 29 are 300 kVAR, 750 kVAR, 300
kVAR, 750 kVAR, 750 kVAR and 450 kVAR, respectivelinally it has been observed from
Figure 7.39 that real power loss has been foundcextl from 221.5 kW to 57.41 kW by the
application of FEO. The distributed generators hiagen placed at bus number 2, 4, 5, 12, 19,
22, 25, 26, 28, 29 and 32 shown in Table 7.17. DGevalue chosen at those bus locations are
200 kW, 100 kW, 200 kw, 200 kw, 200 kw, 200 kw, 200, 200 kW, 200 kw, 200 kw and
200 kW, respectively. Shunt capacitor values seteet bus locations 9, 14, 21 and 27 are 450
kVAR, 1200 kVAR, 900 kVAR and 450 kVAR, respectiyelLastly it has been observed from
Figure 7.39 that real power loss has been foundedsed from 221.5 kW to 41.98 kW by the
implementation of MCA. The DG values have beenceteby MCA. The bus numbers are 6, 8,
9,13, 17, 18, 19, 20, 21, 24, 27, 29, 31 and 38 walues 100 kW, 200 kW, 200 kW, 100 kw,
200 kW, 100 kW, 200 kw, 200 kw, 200 kw, 200 kw, 200, 200 kW, 100 kw and 100 kW,
respectively. This can be observed in Table 7.hénScapacitor values chosen at bus number 8,
21, 27 and 28 are 750 kVAR, 600 kVAR, 900 kVAR & kVAR, respectively. It can be said
from the above discussion that soft computing teplenMCA has generated the least real power
loss value amongst all the considered evolutioteskniques. Cost due to real power loss has an
influence on total cost. The study of total coshimization is very important to understand as it
is connected with reliability worth [119].
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Comparative study amongst four techniques for oioigireal power loss
250~
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Figure 7.39: Comparison of real power loss valwegHirty four bus microgrid type radial distriboti system at a

maximum of 50% DG penetration

Table 7.17: Simulation results of DG integration aapacitor placement for real power loss mininii@ain 34 bus

rcGA

57.41 kW

FEO

___41.98kw

MCA

Initial Value

microgrid type radial distribution system considgra maximum of 50% DG penetration

Methods DG placement DG value| Capacitor | Capacitor
(kW) placement value
(kVAR)
PSO 4,12, 13, 16, 20,200, 100, 200, 11, 17,18,| 600, 450,
22,23, 27,31, | 100, 100, 200, 25 750, 600
34 200, 200, 200,
200
rcGA 3,5,6,7,8,14,| 100, 100, 100, 15,16, 21,| 300, 750,
15, 19, 20, 21, | 200, 100, 100, 25, 27,29 | 300, 750,
22,23, 25, 26, | 100, 100, 100, 750, 450
29, 30, 32 200, 100, 200,
100, 200, 100,
200, 200
FEO 2,4,5,12,19,| 200, 100, 200, 9, 14, 21, | 450, 1200,
22, 25, 26, 28, | 200, 200, 200, 27 900, 450
29, 32 200, 200, 200,
200, 200
MCA 6, 8, 9,13, 17, | 100, 200, 200, 8, 21,27, | 750, 600,
18, 19, 20, 21, | 100, 200, 100, 28 900, 450
24,27, 29, 31, | 200, 200, 200,
32 200, 200, 200,
100, 100

7.2.2 Simulation results for total cost minimization for a maximum of 50% DG
integration

Like the previously discussed section of singleeotiye simulation dealing with real power loss,

the total cost in this case has been found redérosd its original value i.e. without DG and

capacitor connectivity by the application of thdested four soft computing techniques. The
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simulation result for this specific study is showriTable 7.18. It has been observed from Table
7.18 that total cost has been found reduced frors 887480.91 to US$ 5468756.17 by the
implementation of PSO. The DG values chosen by BiSts locations 9, 20, 23, 24, 26 and 31
are 100 kw, 200 kw, 100 kw, 200 kw, 200 kW and 200, respectively. Reactive power
compensation has also been performed by allocatingt capacitors by PSO at bus positions 4,
10, 20, 22 and 28. The capacitor values selectatiose bus locations are 600 kVAR, 600
kVAR, 150 kVAR, 1200 kVAR and 150 kVAR, respectiyelt can be noticed from Table 7.18
that the total cost has been found reduced from B8 480.91 to US$ 5355163.65 by the
application of rcGA. The DG integration has beerfgrened by rcGA at bus number 6, 9, 10,
12, 13, 19, 21, 22, 25, 26, 27, 29, 32 and 33. D@evalue selected by rcGA for every bus
position is 100 kW. Shunt capacitors have beercated at bus number 3, 4, 7, 8, 10, 13, 17, 19,
20, 22, 23, 24, 25, 26, 30, 32, 33 and 34. Capavitues chosen by rcGA at those stated
locations are 300 kVAR, 150 kVAR, 150 kVAR, 300 kRA 150 kVAR, 150 kVAR, 450
kVAR, 150 kVAR, 150 kVAR, 300 kVAR, 150 kVAR, 150MAR, 150 kVAR, 150 kVAR, 150
kVAR, 150 kVAR, 150 kVAR and 150 kVAR, respectivelyinally it has been observed from
Table 7.18 that total cost has been found reduced JS$ 6997480.91 to US$ 5349990.64 by
the implementation of FEO. Distributed generatasehbeen placed at bus locations 5, 10, 12,
18, 21, 24, 25, 27 and 34. The DG value chosehastet mentioned bus positions are 200 kW,
100 kw, 100 kW, 200 kW, 200 kW, 200 kw, 200 kw, 2@ and 200 kW, respectively.
Furthermore, shunt capacitors have been sitedeabuils number 5, 9 and 25. Capacitor values
selected by FEO at those bus positions are 150 kAR kVAR and 1350 kVAR, respectively.
Lastly it has been noticed from Table 7.18 thatttital cost has been found diminished from
US$ 6997480.91 to US$ 5101151.83 with the impleatéort of MCA. Distributed generators
have been placed at bus position 5, 7, 9, 11,952Q, 23, 24, 27 and 29. The DG values chosen
at those selected locations are 100 kw, 200 kW,K0200 kW, 100 kw, 200 kw, 200 kW,
200 kw, 200 kw, 200 kW and 200 kW, respectivelya&se power compensation has also
been performed by sitting shunt capacitor at baatlon 12, 19 and 22. Capacitor values chosen
at those selected bus positions are 750 kVAR, 808Rcand 1050 kVAR, respectively.

147



Table 7.18: Comparative study amongst PSO, rcGA Bad MCA for total cost minimization in 34 bus maigrid
type radial distribution system considering a maximof 50% DG penetration

Methods Total cost DG placement DG value Capacitor Capacitor value
(US$) (kW) placement (kVAR)
PSO 5468756.17 9, 20, 23, 24, 100, 200, 100, | 4, 10, 20, 22,28 600, 600, 150,
26, 31 200, 200, 200 1200, 150

rcGA 5355163.65 6,9,10,12, 13, 100, 100, 100, | 3,4,7, 8,10, 13| 300, 150, 150,

19, 21, 22,25, | 100, 100,100, | 17,19,20,22,| 300,150, 150,

26, 27,29, 32, | 100,100, 100, | 23,24, 25,26, | 450, 150, 150,

33 100, 100, 100, | 30, 32,33,34 | 300, 150, 150,

100, 100 150, 150, 150,

150, 150, 150

FEO 5349990.64 5, 10, 12, 18, 21, 200, 100, 100, 5,9, 25 150, 750, 1350
24,25,27,34 | 200, 200, 200,
200, 200, 200

MCA 5101151.83 5,7,9,11,15, 100, 200, 200, 12, 19, 22 750, 600, 1050
19, 20, 23, 24, | 200, 100, 200,
27,29 200, 200, 200,

200, 200
Without any DG 6997480.91 - - - -
and capacitor
placement

It can be concluded from the above discussion M@A has outperformed other algorithms in
finding the least total cost value as observabl€ahle 7.18. Total cost has a part termed power
interruption cost as stated earlier. Power intdrompcost is connected with the failure rate of
load point. This cost reduces as the failure raehses in line. Failure rate is reduced with the
reduction of resitive line loss as this has hea#ind melting effect on electric line. It is a known
fact that resitive line loss is proportional to tequare of current magnitude. So with the
reduction of current magnitude in branches faihate improves and this in turn reduces the cost.
The study of current magnitude variation after D@ aapacitor placements has been shown in
Table 7.19. It has been observed from Table 7.48dlrrent magnitudes in branches 4-5, 5-6, 6-
7 and 8-9 have been found reduced from 0.44420p0u1938 p.u, from 0.4189 p.u to 0.1820 p.u,
from 0.1438 p.u to 0.0468 p.u and from 0.0926 p.0.0468 p.u, respectively. This reduction in
current magnitude has been caused due to the 2Grations of 100 kW, 200 kW and 200 kW
at bus location 5, 7 and 9 as observable in Taldl®. Distributed generation integration locally
caters the load and reduces the circuit currertiast also been observed from Table 7.18 and
Table 7.19 that distributed generator has beereglat bus number 11, 15, 19, 20, 23, 24, 27
and 29. It can be noticed from Table 7.19 thatentrwvalues in branches 14-15, 18-19, 19-20,
22-23, 23-24 and 28-29 have been found reduced fronal values i.e. without DG and
capacitor connectivity. It has been observed frabld 7.19 that current magnitudes in branches
10-11 and 11-12 have been found increased from00.p4 to 0.0509 p.u and from 0.0151 p.u
to 0.0628 p.u, respectively. This is not a desegiitenomenon. It is shown in bold format in
Table 7.19. Though DG value of 200 kW has beeneplad bus number 11 by MCA technique
as observable in Table 7.19 but capacitor valu&g5 kVAR has been selected by MCA
technique at bus location 12. This capacitor atiooaincreases the reactive component of
current. This in turn increases the current magleitwhich is a combination of active and
reactive component. Though increase in current magdg augments the failure rate and resitive
line loss for those branches but system line losisfailure rates of other lines get reduced due to
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the effect of capacitor allocation and DG integmatilt has been observed from Table 7.19 that
resistive line loss has been found reduced from32RW to 49.73 kW. The current values in
other branches such as 1-2, 2-3 and 3-13 havefbeed reduced from 0.5193 p.u to 0.2518 p.u,
from 0.4945 p.u to 0.2290 p.u and from 0.0249 p.0.1.938 p.u, respectively. These reductions
in current magnitudes in most of the branches helpeduce failure rates and eventually
decrease the total cost.

Table 7.19: Study of current magnitude for totadtaminimization by applying MCA technique in 34 bmgcrogrid
type radial distribution system considering DG geatén up to 50%

Branch Currentin p.4y Currentin p.u| Loss in kW Loss in kW DG DG value
without DG | after DG and| without DG | after DG and| placement in kW
and capacitor|  capacitor and capacitor|  capacitor chosen by selected by

allocation allocation placement placement MCA MCA

technique technique

1-2 0.5193 0.2518 2215 49.73 5,7,9, 11,1500, 200, 200

2-3 0.4945 0.2290 19, 20, 23, 24| 200, 100, 200

3-13 0.0249 0.0176 27,29 200, 200, 200

4-5 0.4442 0.1938 200, 200

5-6 0.4189 0.1820

6-7 0.1438 0.0465

8-9 0.0926 0.0468

10-11 0.0409 0.0509

11-12 0.0151 0.0628

14-15 0.0092 0.0049

18-19 0.2237 0.1003

19-20 0.1979 0.0893

22-23 0.1202 0.0746

23-24 0.0942 0.0624

24-25 0.0680 0.0508

26-27 0.0154 0.0099

28-29 0.0168 0.0099

29-30 0.0083 0.0081

Reliability enhancement by performing minimizatiai reliability indices has also been
considered here. In this regard, a comparativeysteglarding customer oriented reliability index
SAIFI improvement is important to understand.

7.2.3 Discussion of results related to SAIFI improvementor enhanced DG integration

For futuristic situations effect of enhanced DGegration on customer oriented reliability index
SAIFI (system average interruption frequency index$ to be understood thoroughly. It can be
observed from Figure 7.40 and Table 7.20 that SAHY been found improved from the initial
value i.e. without DG and capacitor integrationislis achieved after optimal implementation of
four evolutionary computation techniques. It hagrbebserved from Figure 7.40 that SAIFI
value has been found improved from 5.240010 inpdiwas/customer yr to 5.012375
interruptions/customer yr by the application of PS@e distributed generators have been placed
at bus number 6, 15, 27, 29 and 31 shown in TaBl@ The DG values selected by PSO at those
mentioned bus positions are 200 kW, 100 kW, 200 RO kW and 100 kW, respectively.
Shunt capacitors have been allocated by PSO dbbasons 5, 11, 20 and 27. Capacitor values
chosen at those mentioned bus positions are 600R\6A0 kVAR, 1050 kVAR and 450 kVAR,
respectively. It can be noticed from Figure 7.48tt8AIFI value has been found reduced from
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5.240010 interruptions/customer yr to 4.790627 rm&ions/customer yr with the
implementation of rcGA. The distributed generatoase been allocated after applying rcGA at
bus number 9, 12, 14, 20, 21, 23, 24, 25, 26, 27 3&shown in Table 7.20. The chosen DG
values for those selected bus positions are 100 200,kW, 100 kw, 100 KW, 200 kW, 100
kw, 200 kw, 100 kw, 200 kW, 200 kW and 200 kW. Reacpower compensation has also
been performed by rcGA placing shunt capacitorisuast number 2, 6, 9, 21 and 27. Capacitor
values selected at those stated bus locationsS&&WVAR, 1950 kVAR, 600 kVAR, 150 kVAR
and 600 kVAR, respectively. Finally it has beenaylied from Figure 7.40 that SAIFI value has
been found improved from 5.240010 interruptiondfmoer yr to 4.733468
interruptions/customer yr by the application of FEEH®e DG integrations have been performed
by utilizing FEO at bus locations 5, 6, 7, 9, 10, 14, 21, 27, 28 and 30. The chosen DG values
at those selected locations are 200 kw, 200 kW,K0200 kW, 200 kw, 200 kw, 200 kw,
200 kW, 200 kW, 200 kW and 100 kW, respectivelya&se power compensations have been
performed by FEO placing shunt capacitors at baations 2, 4, 12, 19, 20, 21, 23, 26, 30 and
32. Capacitor values have been chosen for thosé¢ioned bus numbers are 150 kVAR, 150
kVAR, 450 kVAR, 300 kVAR, 300 kVAR, 300 kVAR, 600MAR, 450 kVAR, 150 kVAR and
450 kVAR, respectively. Lastly it can be noticednr Figure 7.40 that customer oriented
reliability index SAIFI value has been found reddi¢em 5.240010 interruptions/customer yr to
4.754224 interruptions/customer yr with the impletagon of MCA. Distributed generators
have been placed after applying MCA at bus location8, 15, 21, 23, 24, 26, 27, 28 and 30
shown in Table 7.20. The DG values chosen by MC#hase selected positions are 200 kW,
200 kw, 100 kw, 200 kw, 200 kw, 200 kw, 200 kw, 2R@/, 200 kW and 200 kW,
respectively. Shunt capacitors have been allodagddCA at bus locations 3, 20, 22, 27 and 32.
Capacitor values have been chosen for those gtatstons are 900 kVAR, 300 kVAR, 1200
kVAR, 450 kVAR and 600 kVAR, respectively.

Reliability index SAIFI improvement after suitalil&s penetration and capacitor placement
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Figure 7.40: Comparative study amongst four algarg for SAIFI improvement in 34 bus microgrid tyrslial
distribution system at a maximum of 50% DG penéatrat
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Table 7.20: Simulation results of DG integrationdatapacitor allocation for SAIFI improvement in s

microgrid type radial distribution system at a nmaim of 50% DG penetration

Methods DG placement DG value (kW) Capacitor| Capacitor value
placement (kVAR)
PSO 6, 15, 27,29,31 200, 100, 200, 5, 11, 20, 27 600, 600, 1050,
200, 100 450
rcGA 9, 12, 14, 20, | 100, 200, 100,| 2,6,9,21,27 | 750, 1950, 600,
21, 23, 24, 25,| 100, 200, 100, 150, 600
26, 27, 34 200, 100, 200,
200, 200
FEO 5,6,7,9,10,| 200, 200,200, 2,4,12,19,20,| 150, 150, 450,
11, 14, 21, 27,| 200, 200, 200,| 21, 23, 26, 30,| 300, 300, 300,
28, 30 200, 200, 200, 32 600, 450, 150,
200, 100 450
MCA 7,8,15,21, 23| 200, 200, 100,| 3, 20, 22, 27,32 900, 300, 120D,
24, 26, 27, 28,| 200, 200, 200, 450, 600
30 200, 200, 200,
200

It can be said from the above discussion that@wfiputing technique FEO has outperformed all
the selected algorithms in finding the best SAl&lue as observable in Figure 7.40. Reliability
index SAIFI is dependent on the failure rate otkle line which has been expressed in Chapter
3. The failure rate of electric line gets modifiaffer capacitor allocation and DG integration.
This is due to the reason that capacitor allocatidirectly reduces the resitive line loss and DG
integration also decreases real power loss by lfocatering the load demand as stated in
Chapter 4. Heating or melting effect which causes failure of electric line or cable reduces
with the decrement of real power loss. This powsslis proportional with the square of current
flowing through the branches. So, reduction in eatrrmagnitude will improve the failure rate
which in turn improves the reliability index SAIFThe study of current magnitude variation
before and after capacitor allocations and DG matikgns has been shown in Table 7.21 in
mostly DG connected branches. It has been obsdreed Table 7.21 that current values in
branches 5-6, 6-7, 7-8, 8-9 and 9-10 have beendfoeduced from 0.4189 p.u to 0.2025 p.u,
from 0.1438 p.u to 0.0308 p.u, from 0.1182 p.u.tO5 p.u, from 0.0926 p.u to 0.0429 p.u and
from 0.0670 p.u to 0.0534 p.u, respectively. It edso be noticed from Table 7.21 that current
magnitudes in branches 7-28, 10-11, 13-14, 20-B1272and 28-29 have been found reduced
from initial values i.e. without DG and capacitdagement. Surprisingly it has been observed
that current value in branch 29-30 has been fonarkased from 0.0083 p.u to 0.0096 p.u. This
is not a favorable development. It is shown in bolanat in Table 7.21. Though there is a DG
placement of 100 kW at bus location 30 but theralss a capacitor allocation of 150 kVAR at
the same bus position as observable in Table T20Table 7.21. This capacitor allocation
augments the reactive component of current flowmghat particular branch which in turn
increases the absolute value of current magnitlidis. augmentation in current value increases
the failure rate and real power loss of that paldic branch but system real power loss and
failure rates of other branches reduces due todh®ined effect of capacitor allocation and DG
integration. It has been observed from Table 7t system real power loss has been found
reduced from 221.5 kW to 64 kW. Current valuestimeo branches where DG is not connected
such as 1-2 and 17-18 have been found reducedGrdt®3 p.u to 0.2435 p.u and from 0.2494
p.u to 0.1783 p.u, respectively as shown in Tak?d.7These reductions in current values have
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helped to reduce the failure rates of electricdinad improved the reliability index SAIFI from
initial value i.e. without capacitor and DG conneity.

Table 7.21: Study of current magnitude for SAlIFIlpnovement by the application of FEO algorithm in I3ds
microgrid type radial distribution system at a nmaim of 50% DG penetration

Branch Current in p.y Currentin p.u| Loss in kW Loss in kKW DG DG value
without DG | after DG and| without DG | after DG and| placement in kW
and capacitor|  capacitor and capacitor|  capacitor chosen by selected by

allocation allocation placement placement FEO FEO

technique technique

1-2 0.5193 0.2435 221.5 64 5,6,7,9, 1200, 200, 200

4-5 0.4442 0.2016 11, 14, 21, 27} 200, 200, 200

5-6 0.4189 0.2025 28, 30 200, 200, 200

6-7 0.1438 0.0308 200, 100

7-8 0.1182 0.0495

8-9 0.0926 0.0429

9-10 0.0670 0.0534

10-11 0.0409 0.0258

13-14 0.0171 0.0095

20-21 0.1721 0.1121

26-27 0.0154 0.0100

7-28 0.0253 0.0067

28-29 0.0168 0.0068

29-30 0.0083 0.0096

17-18 0.2494 0.1783

In the next section, another customer orientedbdity index SAIDI has been considered to
observe reliability enhancement.

7.2.4 lllustration of enumerated values for SAIDI improvement at a maximum of 50%

DG incorporation
System interruption duration is very important fmymmercial purposes. Customer oriented
reliability index SAIDI (system average interrupti@uration index) has been minimized by
opting DG and capacitor placement considering aimam of 50% DG penetration. Likewise
the study for SAIFI improvement, four evolutionaagorithms have been considered for this
purpose shown in Figure 7.41 and Table 7.22. Itbess observed from Figure 7.41 that SAIDI
value has been found improved from 9.187138 houssdmer yr to 8.725616 hours/customer yr
by the application of PSO. Distributed generatacpments have been performed by PSO at bus
locations 4, 5, 11, 12, 15 and 34 shown in Tak?2.7The DG value chosen for every selected
bus is 200 kW. Shunt capacitors have been allocatelous locations 2, 4, 11, 19 and 22.
Capacitor values chosen for those buses are 15QRk\LBO kVAR, 600 kVAR, 1350 kVAR and
600 kVAR, respectively. It can be noticed from Fgd.41 that reliability index SAIDI has been
found improved from 9.187138 hours/customer yr t468286 hours/customer yr with the
implementation of rcGA. The DG placements have hmsiformed by rcGA at bus number 3, 4,
5, 8, 10, 12, 15, 17, 20, 21, 23, 26, 3land 3Qeessely. The DG values chosen at those
selected bus positions are 200 kW, 200 kw, 200 RO, kW, 100 kw, 100 kw, 100 kw, 100
kw, 200 kW, 100 kw, 100 kW, 100 kw, 200 kW and 200, respectively. Reactive power
compensations have been exercised by allocatingt glapacitors at bus location 5, 23 and 29.
Capacitor values selected for those three bused%ekVAR, 1800 kVAR and 450 kVAR,
respectively. Finally it has been observed fromukeg7.41 that SAIDI value has been found
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improved from 9.187138 hours/customer yr to 8.227A&urs/customer yr by the application of
FEO. Distributed generation integrations have begemormed by FEO at bus location 7, 9, 11,
12, 14, 18, 19, 21, 22, 24, 27, 30 and 34 showrainle 7.22. The selected DG values for those
bus positions are 200 kw, 200 kW, 200 kW, 200 kw0 kW, 100 kw, 200 kW, 100 kw, 200
kw, 200 kw, 200 kW, 200 kW and 100 kW. Shunt cajmasihave been allocated at bus number
3, 4, 14, 24, 25 and 26. Chosen capacitor valuethéise mentioned buses are 2400 kVAR, 600
kVAR, 150 kVAR, 450 kVAR, 450 kVAR and 300 kVAR,gpectively. Lastly it can be noticed
from Figure 7.41 that SAIDI value has been founduced from 9.187138 hours/customer yr to
8.138697 hours/customer yr with the implementabdbtMCA. The DG placements have been
performed by MCA at bus location 3, 7, 8, 9, 11, 19, 21, 23, 25, 26 and 29. The chosen DG
values for those stated buses are 100 kW, 200 k& kv, 200 kW, 200 kW, 200 kw, 200 kW,
100 kw, 200 kw, 200 kw, 200 kW and 100 kW, respetyi. Reactive power compensations
have been executed by allocating shunt capacitotsus number 3, 6, 27 and 34. Chosen
capacitor values at those bus positions are 150800 kVAR, 1050 kVAR and 450 kVAR,

respectively.

Reliability index SAIDI improvement after suitalil®s and capacitor placement
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Figure 7.41 Comparative study amongst four techesgior SAIDI improvement in 34 bus microgrid typedial
distribution system at a maximum of 50% DG penéatrat
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Table 7.22: Capacitor placement and DG integrafmm SAIDI improvement in 34 bus microgrid type radi
distribution system considering DG penetrationap@%

Methods DG placement DG value Capacitor Capacitor value
(kW) placement (kVAR)
PSO 4,5,11,12,15] 200, 200, 200, | 2,4, 11,19, 22 150, 150, 600
34 200, 200, 200 1350, 600
rcGA 3,4,5,8,10, 12, 200, 200, 200, 5,23, 29 150, 1800, 450

15, 17, 20, 21, | 200, 100, 100,
23, 26, 31,32 | 100, 100, 200,

100, 100, 100,
200, 200
FEO 7,9,11, 12, 14,| 200, 200, 200, | 3, 4, 14, 24, 25,| 2400, 600, 150,
18, 19, 21, 22, | 200, 100, 100, 26 450, 450, 300
24,27,30,34 | 200, 100, 200,
200, 200, 200,
100
MCA 3,7,8,9,11, 14] 100, 200, 200, 3,6,27,34 150, 1800, 1050
19, 21, 23, 25, | 200, 200, 200, 450
26, 29 200, 100, 200,
200, 200, 100

It can be concluded from the above discussion thattechniqgue MCA has outperformed
amongst all the selected soft computing technigudisiding the least SAIDI value as shown in
Figure 7.41. The reliability index SAIDI is depeamd on annual outage time and number of
customer. The number of customer is a fixed paranaet it is connected to the load demand. On
the other hand, annual outage time is dependefdilome rate and repair time. Failure rate gets
modified with the change in current flow in thectiit. This is due to the reason that resistive
line loss causes heating or melting effect of lmel augments failure rate as discussed earlier.
So study of current magnitude after DG integratesmd capacitor allocation is important to
observe to understand the improvement in relighiilex SAIDI. This has been shown in Table
7.23. The study of current varation before andrdd® and capacitor placement has been shown
in mostly DG connected branches. This is to obsehee current reduction as distributed
generator locally cater the load and reduces tiee durrent. It can be noticed from Table 7.23
that current magnitudes in branches 2-3, 6-7, ReB&9 have been found reduced from 0.4945
p.u to 0.2282 p.u, 0.1438 p.u to 0.0481 p.u, 0.14.82to 0.0469 p.u and 0.0962 p.u to 0.0409
p.u, respectively. Distributed generator of 100 k%0 kW, 200 kW and 200 kW have been
placed at bus location 3, 7, 8 and 9, respectiiglMCA technique as shown in Table 7.22 and
Table 7.23. It has also been observed that cumeghitudes in branches 9-10, 10-11, 13-14, 18-
19, 20-21, 22-23, 24-25 and 28-29 have been foeddaed from the initial values i.e. without
DG and capacitor connectivity. Distributed genersttave been placed in one of the node point
of those stated branches as observable in Tablé. BArprisingly current magnitudes in
branches 25-26, 26-27 and 32-33 have been foumeased from 0.0417 p.u to 0.0783 p.u, from
0.0154 p.u to 0.0907 p.u and from 0.0127 p.u t@&BMp.u, respectively. This is not a desirable
phenomenon. It is shown in bold format in Table37.2hese augmentations in current values
increase the failure rates and resistive line lwsgdhoses branches. Though DG integration of
200 kW has been performed at bus location 25 anblu@apacitor values of 1050 kVAR and
450 kVAR have been allocated at bus number 27 dnas3observable in Table 7.22 and Table
7.23. The capacitor allocation increases the reacomponent of current in line which in turn
agments the current magnitude. It is quite evidiat that these increments in current
magnitudes will increase failure rate but the cambon of the stated capacitor allocation and
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DG integration has beneficial effect on systematglity. This improves the failure rates of other
branches and decreases the real power loss of4theu8 microgrid type radial distribution

system. It can be noticed from Table 7.23 that pealer loss has been found reduced from
221.5 kW to 55.36 kW. It has been observed froml&@ah23 that current values of other
branches where DG is not connected such as 1-21@fB have been found reduced from
0.5193 p.u to 0.2453 p.u and from 0.2494 p.u t@&B1p.u, respectively. These reductions in
current values have helped to improve the relighiidex SAIDI.

Table 7.23: Study of current magnitude for SAIDIpmavement by implementing MCA technique in 34 bus
microgrid type radial distribution system considgrDG penetration up to 50%

Branch Currentin p.y Currentin p.u| Loss in kW Loss in kKW DG DG value
without DG | after DG and| without DG | after DG and| placement in KW
and capacitor|  capacitor and capacitor|  capacitor chosen by selected by

allocation allocation placement placement MCA MCA
technique technique

1-2 0.5193 0.2453 221.5 55.36 3,7,8,9, 11,00, 200, 200
2-3 0.4945 0.2282 14, 19, 21, 23] 200, 200, 200
6-7 0.1438 0.0481 25, 26,29 | 200, 100, 200
7-8 0.1182 0.0469 200, 200, 100
8-9 0.0962 0.0409

9-10 0.0670 0.0386

10-11 0.0409 0.0260

13-14 0.0171 0.0095

18-19 0.2237 0.1027

20-21 0.1721 0.0779

22-23 0.1202 0.0571

24-25 0.0680 0.0662

25-26 0.0417 0.0783

26-27 0.0154 0.0907

28-29 0.0168 0.0099

29-30 0.0083 0.0081

17-18 0.2494 0.1263

32-33 0.0127 0.0368

However, the simulation study concerning to thedloariented reliability index AENS
improvement is also important to understand rdlitghssues.

7.2.5 Simulation results for AENS improvement after enhared DG connectivity

Energy and load oriented reliability index AENS deage energy not supplied) has been
improved from the initial value i.e. without cap@aciand DG connectivity after proper selection
and placement of DG and shunt capacitor. The comtpar study amongst the four soft
computing techniques has been performed consideringaximum of 50% DG penetration. It
has been observed from Figure 7.42 that AENS Viaagebeen found improved from 2.074900
kWh/customer yr to 1.969807 kWh/customer yr witk tmplementation of PSO. On the other
hand, it can be noticed from Figure 7.42 that bdlity index AENS value has been found
reduced from 2.074900 kWh/customer yr to 1.93898/icustomer yr by the application of
rcGA. Finally it has been observed from Figure A& AENS value has been found improved
from 2.074900 kWh/customer yr to 1.879504 kWh/comtoyr with the implementation of FEO.
Lastly it can be noticed from Figure 7.42 that AEN&ue has been found reduced from
2.074900 kWh/customer yr to 1.836213 kWh/customerby the application of MCA.
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Simultaneous DG and capacitor placement have bedormed by four evolutionary techniques
as stated earlier. The DG sitting and sizing farr fiechniques has been depicted in Figure 7.43.
On the other hand, capacitor value selection alettation has been illustrated for PSO, rcGA,

FEO and MCA, respectively and shown in Figure 7.44.

Comparative study of AENS values after DG and ciapaallocation using four evolutionary techniques

22 e
= == AENS value @ 50% DG penetration
; 2.074900-----------—1 I AENS value without DG and capacitor placemer
IS
o
%]
3 1.969807 - e
S 1.938987 - < - - - TERMRL
= e
= "~
%) 1-87950 777777777777777777777777777777 E’*T.i_:.:.: 77777777777
B 1836213 — -~~~ - TTImeg
<

17 o G o L

PSO rcGA FEO MCA Initial Value

Figure 7.42: Comparative study for AENS improvemeitér suitable DG integration and capacitor plaeenin 34
bus microgrid type radial distribution system cadlesing DG penetration up to 50%

DG value and placement suitably chosen by fourutieolary techniques for AENS improvement
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Figure 7.43: DG value and placement data selectedobr algorithms for AENS improvement in 34 bus
microgrid type radial distribution system at a rmaxim of 50% DG penetration
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Capacitor sitting and sizing for AENS improvementfbur evolutionary techniques
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Figure 7.44: Capacitor sitting and sizing data elmdsy four techniques for AENS improvement in 34 microgrid
type radial distribution system

It can be said from the above discussion that Mé€nique has achieved the least load oriented
reliability index AENS value amongst the all chossgorithm. This MCA technique has also
achieved the least real power loss, total cost@hkDI values. This has already been illustrated
earlier. The FEO technique has obtained the leaBtISalue. But the considered objectives are
conflicting objectives. These conflicting objectsvehould be taken care of simultaneously for
the multi-objective situations.

7.2.6 Cost based multi-objective capacitor allocation andDG integration for decision
making
Multi-objective optimization has been performed sidering real power loss, total cost, SAIFI,
SAIDI and AENS. The multi-objective optimizationhbeen exercised considering a maximum
of 50% DG penetration keeping the futuristic sitiain mind. Soft computing techniques MCA
and FEO have been implemented to study the papgtoral solutions. Non-dominated solutions
achieved after MCA application are shown in Tah47 It has been observed from Table 7.24
that five pareto-optimal solutions have been olat@ihy the implementation of MCA. The bold
solutions are notified as the least values. THe#&&olutions are the worst solutions as shown in
Table 7.19. It has been observed from Table 7.24 ldast real power loss value obtained by
MCA is 43.27 kW. It has also been observed froml@dh24 that least total cost, SAIFI, SAIDI
and AENS values achieved by MCA technique are US354868.18, 4.646906
interruptions/customer yr, 8.054546 hours/custonyer and 1.818457 kWh/customer yr,
respectively. The worst total cost, SAIFI, SAIDIGRAENS values obtained by MCA are US$
5226544.67, 4.723650 interruptions/customer yr4@7Z4 hours/customer yr and 1.861264
kWh/customer yr respectively. On the other hand, ghreto-optimal solutions obtained by fish
electrolocation optimization are shown in Tables7.2
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Table 7.24: Pareto optimal solution after modiftedtural algorithm implementation considering fiobjectives
Sl. Parameters
No. Real Total cost SAIFI SAIDI AENS
power (US$) interruptions/ hours/customer kWh/customer|
loss customer yr yr yr
(kW)
1 49.99 | 5162889.8] 4.661606 8.152207 1.840671
2 43.27 | 5156874.31 4.691568 8.240774 1.861264
3 52.32 | 5226544.67 4.646906 8.131539 1.836164
4 48.32 | 5054468.18 4.665226 8.054546 1.818457
5 45.86 | 5134930.02 4.723650 8.212367 1.854323

It has been observed from Table 7.25 that elevendooninated solutions have been achieved
after implementing fish electrolocation optimizatid' he least real power loss, total cost, SAIFI,
SAIDI and AENS values are 59.45 kW, US$ 54043714/886962 interruptions/customer yr,
8.536557 hours/customer yr and 1.927632 kWh/custgmeespectively shown in Table 7.20.
The worst real power loss, total cost, SAIFI, SAl@id AENS values obtained by FEO are
88.52 kW, US$ 5765936.68, 5.184810 interruptiorsttmmer yr, 9.111578 hours/customer yr
and 2.060789 kWh/customer yr respectively in ThBb. It has been observed from Table 7.24,
Table 7.25 that solutions achieved by MCA are camaipeely better than the solutions obtained
by FEO. It can be noticed from Table 7.24 that tacfenon-dominated solutions obtained by
MCA are nearer to the real power loss and totat satue of 40 kW and US$ 5,000,000,
respectively. On the other hand, the non-dominatdgtions obtained by FEO in Table 7.20 are
at the farthest corner from the mentioned valuagalf power loss and total cost. It has also been
observed from Table 7.24 that non-dominated saistiobtained by MCA are nearer to the
SAIFI, SAIDI and AENS values of 4.6 interruptionsétomer yr, 8.5 hours/customer yr and 1.8
kWh/customer yr respectively. Interestingly thegtaroptimal solutions obtained by FEO are
mostly at the farthest corner from those mentioveddes of SAIFI, SAIDI and AENS shown in
Table 7.25. From the above discussion it can beladad that MCA has outperformed soft
computing techniqgue FEO. That's why non-dominatelditeons obtained by MCA have been
chosen for decision making purpose.

Table 7.25: Non-dominated solutions after fish ®t@ocation optimization implementation considerifige
objectives

Sl. Parameters
No. Real Total cost SAIFI SAIDI AENS
power (US$) interruptions| hours/customer| kWh/customer
loss /customer yr yr yr
(kW)
1 59.45 | 5676468.65| 5.184810 9.111578 2.060789
2 80.88 | 5404371.75| 4.911715 8.536557 1.927632
3 79.81 | 5443032.61 4.928997 8.560544 1.93316%
4 71.99 | 5461585.93 4.950567 8.644270 1.952108
5 77.27 | 5493791.17 4.946936 8.653504 1.954359
6 71.44 | 5501256.03 4.993239 8.748258 1.975823
7 77.86 | 5579484.62 4.894622 8.544816 1.930131
8 88.52 | 5765936.68 4.886962 8.645633 1.953201
9 76.49 | 5645904.33 4.929661 8.639977 1.951398
10 78.96 | 5678396.14 4.892926 8.637992 1.951371
11 77.62 | 5626648.2( 4.933604 8.564707 1.934840
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The decision making has been done by giving pseweights to all the obtained non-dominated
solutions by MCA technique. There are five coniigt objectives in the multi-objective
optimization problem. Therefore, five pseudo wesghtz. Wy, Ws, Ws, W, andWs are considered
for every solution. This is shown in Table 7.26.eTigher pseudo weight value signifies the
minimum or reduced parameter value. But the mininparameter value based solution is not
the chosen solution by the decision maker. In thgearch work, the decision maker chooses
such solution which provides equal importance & power loss, total cost, SAIFI, SAIDI and
AENS as stated earlier. This equal importance pimemon has been conceptualized for urban
type of customer who wants uninterruptible poweppdy, reduced electricity price and
improved power quality. That's why a specific wdighalue is selected for providing equal
importance to all the five conflicting objectiveBae specific weight value is 0.2 as summation
of all the weights is equal to one as a thumb rlikes has also been discussed earlier in Chapter
4. The deviation of calculated pseudo weight frone tspecific weight value gives the
deterioration value from the wanted solution by theision maker. In this regard, the least
deviation value will give the wanted solution byettecision maker. The deviation values viz.
dev(1), dev(2), dev(3), dev(4) and dev)the five solutions are depicted in Figure 7a&5bar
chart. It has been observed from Figure 7.45 tblattisn number 2, 3 and 5 are competitive to
each other. But one amongst the solutions is th&.l& hat is depicted in Figure 7.46. It can be
noticed from Figure 7.46 that the solution numberudperforms the solution 1 in competition.
The tower height of solution 4 is lowest amongsttla five non-dominated solutions. That'’s
why the solution 4 is chosen as the wanted solutiotihis simulation study related to multi-
objective optimization. The real power loss, totalst, SAIFI, SAIDI and AENS values
concerning to solution 4 are 48.32 kW, US$ 505448384.665226 interruptions/customer yr,
8.054546 hours/customer yr and 1.818457 kWh/custgmeespectively. Distributed generators
have been placed at bus locations 5, 6, 10, 1522023, 24, 26, 27, 32 and 34 to achieve that
particular solution. The DG values chosen for thwse positions are 200 kW, 200 kw, 100 kW,
100 kw, 200 kw, 100 kw, 200 kw, 100 kw, 200 kw, 2rR®@/, 200 kW and 200 kW,
respectively. Reactive power compensation has &sen performed by allocating shunt
capacitors at bus locations 3, 6, 8, 14, 17 and B&.shunt capacitor values selected at those bus
positions are 600 kVAR, 300 kVAR, 900 kVAR, 150 kRA 450 kVAR and 750 kVAR,
respectively.

Table 7.26: Pseudo weight of non-dominated solstmtained by MCA

Solution Pseudo Weights
No. W, W, Ws W, Ws
1 0.1076 0.1546 0.3379 0.1987 0.2010
2 0.5485 0.2221 0.2293 0 0
3 0 0 0.4602 0.2699 0.2698
4 0.1051 0.2379 0.1811 0.2379 0.2379
5 0.4573 0.3410 0 0.0977 0.1038
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Bar plot of deviation value for the obtained saog by MCA
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Figure 7.45: Bar plot of the five deviation valdes obtained pareto-optimal solutions by MCA

Bar plot of the total deviation value for the ob&d solutions by MCA
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Figure 7.46: Bar plot of total deviation value fbe decision making

A straightforward and simple decision making applohas been considered here. This leads to
a suitable planning to provide reliable and ecomopower. However, the above mentioned
simulation based study has been performed on tforty bus microgrid type radial distribution
system. This is a small microgrid type distribut®ystem with simple topological structure. A
bigger microgrid type radial distribution systemthlwicomplex topological structure will be
interesting to study for single as well as multjemtive situations. A sixty nine bus microgrid
type radial distribution system has been considaerd to observe the reliability improvement
as well as cost reduction in various single andtinebjective situations.
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7.3 Cost based reliability enhancement in 69 bus micragl type radial distribution system

Sixty nine bus microgrid type radial distributiogsteem has been considered to study various
reliability issues. The bus and line data of th&ribution system have been shown in Table A4
and Table A6 in Appendix. Single line diagram ofstimicrogrid type distribution system has
been shown in Figure A2 in Appendix. Total cost imization, energy loss reduction,
improvement of SAIFI, SAIDI and AENS are the objees considered in this work. Capacitor
placement has been performed optimally in the fats¢mpt to study total cost minimization
applying disconnects between buses with lateraeption. In the next attempt, DG integration
and capacitor allocation have been performed fdh single and multi objective situations
considering reinforcement scheme ‘applying discotsavith lateral protection’. These stated
studies are important to understand different oéltg issues.

7.3.1 Reliability linked cost minimization by optimal capacitor placement

Modified cultural algorithm and real coded geneaigorithm have been applied to find the
optimal capacitor position to minimize the relidyilcost as well as the combined cost.
Customer and load oriented reliability indices sashSAIDI, SAIFI, CAIDI, ASUI, ASAI and
AENS have also been calculated. The algorithm parartolfac and maxiter for MCA are set

for this study at 0.001 and 30, respectively [241]e dollar conversion constant of energy loss
has been considered as 525.6 US$/KWh as annua [2&%]. The dollar conversion constant
for capacitor placement has been chosen at US$SMR245]. The smallest and highest unit of
installed capacitor value is considered at 200 k\&xid 1200 kVAR, respectively [245]. The life
time of this capacitor installation project hasioeensidered as twelve years. The failure rate for
maximum impedance and minimum impedance of lina tias been considered as 0.5 and 0.1
respectively [77]. The other failure rates havenbeaumerated between the two mentioned
impedance limits linearly with the rest impedan@ue. The value of failure rate after full
compensation has been chosen as 85% of the unceatpdrfailure rate as denoted earlier [77].
The repair time of main feeder is chosen as 4 he. i$olation or switching time is chosen as 0.5
hr. The repair time of the lateral feeder is coesd as 2 hr. The number of customer at each
load point has been calculated on the basis oicastomer per kilowatt load value. If the value
of load is zero then the number of customer is aég0. The value of economical damage for 4
hr is US$ 15.4752/kW [119]. The same financial dgen@alue for 2hr and 0.5 hr are considered
as US$7.6317/kW and US$1.8600/kW respectively [1T8f comparative study amongst the
selected soft computing techniques has been pestbreonsidering population size and
maximum iteration numbeitérmax as 30 and 5000, respectively [241]. Without pigcany
capacitor in the microgrid type radial distributiepstem energy loss has been found to be 225
kWh. The capacitor allocation has been studiedtdar reinforcement schemes as mentioned
earlier. Scheme | has been considered as applyitygdesconnects between buses. On the other
hand, disconnects with lateral protection has lwesisidered as scheme Il. Reliability worth and
combined cost has been calculated for two scheB&seMme | & Scheme Il). Reliability worth
and combined cost concerning to original configorahas been found as US$ 1957632.84 and
US$ 3376752.84 respectively for scheme |I. The sagtiability worth and combined cost has
been found without placing any capacitor as US$%358.44 and US$ 2584474.44 respectively
for scheme II. On the other hand it has been shiowable 7.27 that with the implementation of
real coded genetic algorithm (rcGA) the energy luas been found as 170.68 kWh. It has been
observed from Table 7.27 that reliability worth acmimbined cost after applying rcGA have
been found as US$ 1872901.08 and US$ 2949413.péatdsely for scheme I. These values
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have been found by placing twelve capacitors e&d@90 kVAR value at bus position 3, 16, 23,
29, 36, 37, 39, 47, 49, 57, 58 and 62 respectivfer shunt capacitor allocation at those bus
positions reliability worth and combined cost faheme |l has been found as US$ 1084311.24
and US$ 2160824.13 respectively. The differencevden reliability worth and combined cost is
the summation of energy loss cost and capacitéallagon cost. It has also been observed from
Table 7.27 that reliability worth and combined sost scheme Il are less than that for scheme I.
It signifies that applying fuse gear protectionhmitisconnects to the radial distribution system
the reliability has been enhanced economically.y@igconnects implementation to the radial
distribution system do not give the economical fieme respect of reliability. This reliability
enhancement phenomenon has been discussed ldtghwitelp of reliability indices. However,
the reliability worth and combined cost for bothetschemes has been found lesser after
implying modified cultural algorithm (MCA) as safbmputing technique. It has been observed
from Table 7.27 that energy loss after implemeatabf MCA has been found at 145.18 kWh.
The capacitor placement after embedded terminaboulition has been observed at bus position
2, 4, 15, 18, 37, 50 and 61 with capacitor values@d kVAR, 800 kVAR, 200 kVAR, 200
kVAR, 600 kVAR, 800 kVAR and 1200 kVAR respectivelihe reliability worth and combined
cost for scheme | have been found at US$ 181687h@8JS$ 2750155.37 respectively. Those
values of reliability worth and combined cost feaheme Il have been found as US$ 1044509.52
and US$ 1977780.81, respectively. It can be sas#ming Table 7.27 that the technique MCA
has found out lesser value of combined cost andbibty worth for both the schemes in
comparison to rcGA. The soft computing technique M@as also outperformed rcGA in
achieving lesser value of energy loss.

Table 7.27: Comparative study after performing mgli capacitor allocation in 69 bus microgrid typsdial
distribution system

Methods Reliability | Reliability Combined | Combined | Energy| Capacitor Capacitor
worth (US$) | worth (US$) | cost (US$) | cost (USS$)| loss allocated value
(Scheme l) | (Scheme Il) | (Scheme 1)| (Scheme II)| (kwWh) (bus (kVAR)

position)

rcGA 1872901.08| 1084311.24 294941397 2160824.130.687, 3,16,23,29,3 200,

6,37,39,47,4| 200,200,200,
9,57,58,62 200,
200,200,200,
200,
200,200,200
MCA 1816876.08| 1044509.52 2750155.37 1977780.81 .184p 2,4,15,18,3,/ 600,800,
50,61 200,200,600,
800,1200

Without 1957632.84| 1165354.44 3376752.84 2584474.44 225.00 - -

capacitor

placement

The study of reliability indices has also been donethe standard 69 bus radial distribution
system considering only disconnects (Scheme l)disabnnects with lateral protection (Scheme
II).The achieved value of reliability indices hateen shown in Table 7.28 and Table 7.29
respectively. In those Table 7.28 and Table 7.2&maparative simulation study has also been
shown between modified cultural algorithm (MCA) arehl coded genetic algorithm (rcGA).

Without reactive power compensation, the enumerai@de of SAIDI has been found at

11.6313 hours/customer yr by applying only discat®@s shown in Table 7.28. On the other
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hand, the value of SAIDI by applying lateral prdies with disconnects has been found at
6.8334 hours/customer yr available in Table 7.28e Bystem average interruption duration
index (SAIDI) depends on the annual outage timeramdber of customer. Annual outage time
depends on outage map and failure rate. Outage rmaeix is formed by repair time and
switching or isolation time. The outage matrix df in two schemes i.e. applying only
disconnects and lateral protection with disconneadts only the outage map matrix differs but
also the failure rate of individual load point e@if§ for the mentioned two schemes. That's why
the value of SAIDI is not same in both the mentobsehemes. However it has been observed
from Table 7.28 and Table 7.29 that developed tigcienMCA is competitive than other soft
computing technique rcGA in achieving lesser vabiecustomer oriented reliability index
SAIDI. It has been shown in Table 7.28 that rcGAs Haund SAIDI value at 11.1355
hours/customer yr which is lesser than the valuerigfinal configuration. But MCA has found
SAIDI value at 10.8032 hours/customer yr as showiTable 7.28. On the other hand, if we
analyze that value of SAIDI in Table 7.29, we olsercGA has found SAIDI value at 6.360
hours/customer yr. That reliability index SAIDI val has been achieved at 6.126 hours/customer
yr after implementation of MCA. The cause of havlagser value of SAIDI than the original
configuration is due to the new failure rate afteactive power compensation. Otherwise the
outage map matrix is same for independent schemeth® other hand, the value of system
average interruption frequency index (SAIFI) depead failure rate and number of customer of
different load points. As discussed earlier théufai rates of individual load point for the two
schemes are not same. That rate is lesser in Yatugcheme Il i.e. disconnects with lateral
protection in comparison to scheme |I. It has bemsew/ed from Table 7.28 and Table 7.29 that
the values of SAIFI for original configuration at@.7554 interruptions/customer yr and 6.3414
interruptions/customer yr respectively. The propozhnique MCA has achieved SAIFI value
as 12.2542 interruptions/customer yr whereas rc@# found the same index value at 12.5572
interruptions/customer yr in Table 7.28. The canfskeaving less value in case of MCA is due to
the development of new failure rate after optintaird capacitor installation. On the other hand
the value of SAIFI achieved by MCA and rcGA for sote Il are 5.9007 interruptions/customer
yr and 6.0912 interruptions/customer yr respedgiwtiown in Table 7.29. The cause of having
less value in case of MCA is similar as discusdsal/a. The other customer oriented reliability
index in the list is customer average interruptiomation index (CAIDI). It is the ratio of SAIDI
and SAIFI. The value of CAIDI for the original cegdiration in scheme | and Scheme Il are
0.9119 hours/customer interruption and 1.0775 Houssomer interruption respectively. In this
case the value of reliability index is less foresete I. It is due to the higher value of SAIFI in
comparison to SAIDI available in Table 7.28. On tther hand, the value of SAIDI is more
than SAIFI as shown in Table 7.28. This anomalglus to the topological structure of chosen
radial distribution system. However the value of IDAfor rcGA and MCA in scheme | are
0.8868 hours/customer interruption and 0.8816 Houssomer interruption respectively which
can be observed from Table 7.28. It has been obddrom Table 7.29 that value of CAIDI for
rcGA and MCA are 1.0441 hours/customer interrupiad 1.0381 hours/customer interruption
respectively. The cause of having lesser valueAIDCis due to the development of new failure
rate after optimal reactive power compensation iasudsed earlier. The rest two customer
oriented reliability indices are average servicauailability index (ASUI) and average service
availability index (ASAI). These two indices have uanits. The value of ASUI for the original
configuration is more in scheme | in comparisors¢beme IlIt has been observed from Table
7.28 and Table 7.29 that values of ASUI without pemsation are 0.001327 and 0.000780
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respectively. On the other hand the values of ABUICGA are 0.001271 and 0.000726 shown
in Table 7.28 and Table 7.29 respectively. The seahge of ASUI after capacitor installation by
MCA has been found at 0.001233 and 0.000699 whigchle observed from Table 7.28 and
Table 7.29 respectivelythe value of ASAI without capacitor placement hasrbenumerated as
0.998672 and 0.999219 shown in Table 7.28 and TaBR respectivelyThe value of ASAI is
the difference between one and ASUI. It can be mksefrom Table 7.28 and Table 7.29 that
applying lateral protection with disconnects averagystem unavailability decreases and
availability increasesHowever, the competition between rcGA and MCA beesmmarginal
when it come the case of ASUI or ASAI. It has bebserved from Table 7.28 that the value of
ASAI for rcGA and MCA are 0.998728 and 0.998766extively.Whereas that value of ASAI
for rcGA and MCA in scheme Il are 0.999273 and 03 respectively shown in Table 7.24.
On the other hand, the only load or energy orienmtdhbility index is average energy not
supplied (AENS) available in the Table 7.28 and l@ab.29. The values of AENS for the
original configuration of scheme | and scheme lle at1.6314kWh/customeryr and
6.8346kWh/customeryr respectively which are shawmable 7.28 and Table 7.ZBhe value of
AENS is dependent on kilo Watt hour, number of costr and annual outage time of individual
load point. As discussed earlier annual outage tsnkesser in scheme Il in comparison to
scheme I. That's why values of AENS are highersiclieme | (only disconnects) and lower for
scheme 1l (lateral protection with disconnects)wdwer the soft computing technigue MCA
again wins in achieving lower value of AENS. It Heeen observed from Table 7.28 that rcGA
and MCA has found AENS value as 11.1357kWh/custgmand 10.8034kWh/customeryr
respectively. On the other hand it has been obdefreen Table 7.29 that MCA and rcGA has
found AENS values at 6.1271kWh/customeryr and 6LR&h/customeryr respectively. From
the above discussion it can be said that applyaigrdl protection to disconnect not only
benefited the system economically but also it haproved the reliability of the radial
distribution system. Furthermore capacitor instalfa at suitable bus position with optimal
values has helped in reliability enhancement. & &lao improved the utility system technically
and economically.

Table 7.28Reliability indices study by applying only discomt® (Scheme 1) after optimal capacitor placement fo
cost minimization in 69 bus microgrid type radiédtdbution system

Reliability SAIDI SAIFI CAIDI ASUI ASAI AENS
indices (hours/ (interruptions/ | (hours/customer (kwh/
customer yr) customer yr) interruption) customer yr)
rcGA 11.1355 12.5572 0.8868 0.001271 0.998728 Br.13
MCA 10.8032 12.2542 0.8816 0.001283 0.9987p6 1803
Without 11.6313 12.7554 0.9119 0.0013R7  0.9986[72 11.631
compensation

Table 7.29:Reliability indices study by applying disconnect&hwlateral protection (Scheme Il) after optimal
capacitor allocation for cost minimization in 69shmicrogrid type radial distribution system

Reliability SAIDI SAIFI CAIDI ASUI ASAI AENS
indices (hours/ (interruptions/ (hours/custome (kwh/
customer yr) customer yr) interruption) customer yr)
rcGA 6.3600 6.0912 1.0441 0.000726 0.999273 6.3611
MCA 6.1260 5.9007 1.0381 0.000699 0.999300 6.1271
Without 6.8334 6.3414 1.0775 0.000780 0.999219 6.834¢
compensation
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As stated earlier the simulation study for costimination has been performed considering one
customer per one kilowatt load in sixty nine busnogrid type radial distribution system. In
addition, only capacitor allocation has been cogrgd to reduce cost of a microgrid type power
system network. Simultaneous DG integration andaciéqr allocation can further improve
reliability of a microgrid type radial distributiosystem as discussed earlier. In the next section,
reliability enhancement has been studied along widbkt minimization considering realistic
customer data in time of performing simultaneousd@ capacitor placement.

7.3.2 Special study considering simultaneous DG integrain and capacitor allocation
with realistic customer data
Distributed generator integration and shunt capa@tlocation have been performed applying
four evolutionary computation techniques viz. rcG250, FEO and MCA on sixty nine bus
microgrid type radial distribution system. Practicad data has been considered for considering
consumer numbers at the load buses of sixty nisentiarogrid type radial distribution system
shown in Table 7.30. This has been considered toereake the system more realistic. Four
types of consumers have been considered on the dasieir electrical demand. They are ‘high
tension bulk’, ‘low tension bulk’, ‘low tension’ @n‘domestic’ customers. The demand of ‘high
tension bulk’ customer is greater than 125 kVA. @a other hand, demand of ‘low tension
bulk’ customer is between 50 kVA and 125 kVA. Fertiore, it has been observed from Table
7.30 that demand of ‘low tension’ customer is I 50 kVA. Finally the domestic customer’s
demand is less than equal to 6 kW. Customer démxrifor different ranges of demand has also
been shown in Table 7.30. High tension bulk consaraee mostly industrial type. Low tension
bulk consumer can be of several types. Multiplexy shopping mall, hospital, small scale
industry etc are included as low tension bulk comsu The consumers like hospital, nursing
home, office/building, commercial establishment]Jdcstorage etc are incorporated as low
tension customer. It has been observed from TaBl@ that the last type consumer is domestic
consumer. This type of customers is mostly ruraidagfural and urban residential consumers.
The power factor considered for enumeration purpe$e85. The data available in Table 7.30
has helped to count the customer number at eadhblesof the distribution system at hand. The
detail customer description related to specifidléar each load bus and customer type is shown
in Appendix in Table A7. It can be observed fronblEaA7 that the total consumer number has
also been calculated for each load bus. Finallyhlais helped to enumerate the reliability indices
viz. SAIFI, SAIDI and AENS as customer number hasoais impact on reliability indices.

Table 7.30: Data used for counting consumer number

Customer type High Tension| Low Tension Low Tension Domestic
Bulk Bulk
Demand >125 kVA 50 kVA — 125 <50 kVA <6 kW
kVA
Customer Industrial Multiplex, big | Hospital, nursing| Rural/agricultural,
Description shopping mall, home, urban residential
hospital, small office/building,
scale industry commercial
establishment,
cold storage

Single objective situations such as total cost mipation, energy loss reduction and
improvement of SAIFI, SAIDI and AENS have been paried considering DG penetrations up
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to 20% and 50% of total real power load. The DGepextion level has been fixed considering
the present and futuristic scenario. The statedjlesirobjective optimizations have been
performed selecting bio mass power plant as DGcgodihe size of bio mass power plants have
been selected as 50 kW and 100 kW consideringote dlemand of the 69 bus microgrid type
radial distribution system. The cost of bio mass&g@oplant has been selected as discussed for 34
bus microgrid system [244]. The capacitor sizesiarultaneous capacitor and DG allocation has
been considered similar as selected for only camagiacement cases discussed earlier. The cost
of the capacitor and bus and line data for 69 bigsagrid type radial distribution system have
been considered from elsewhere [245].

7.3.2.1Total cost minimization

Total cost has been found reduced from the iniédlie performing capacitor allocation and DG
integration using four evolutionary techniques. Thduction of total cost has been shown in
Figure 7.47 for DG penetrations made up to 20% %0%b load level. The capacitor allocation
and DG integration data concerning to that redachiave been shown in Table 7.31 and Table
7.32 for 20% and 50% DG penetrations, respectivelyas been observed from Figure 7.47 that
total cost has been found reduced from US$ 538825 US$ 4228383.31 and from US$
5384155.54 to US$ 4233258.75 by the implementatfortGA considering DG penetration up
to 20% and 50%, respectively. The reason behindirtbeease in total cost value with the
increase of maximum DG penetration level from 2@760% is entrapment of rcGA technique
into the local minima while searching for bettetatacost value. However, the DG value chosen
by rcGA at bus location 3, 15, 22, 33, 47, 60 aBds650 kW for every selected position shown
in Table 7.31. Reactive power compensation has la@emplished implementing rcGA by
allocating shunt capacitors at bus position 432351, 58, 61 and 62 in the 69 bus system.

Total cost minimization after capacitor allocatemd DG penetration using evolutionary techniques

6,000,000~ — —— — -~ - e T T T
e A Bl @ 20% DG penetraton |9
@ 5,000,000~~~ ———————— [ ] @. 50% DG penetratioq 77777777777777
0 I Without DG and capacitor placement
8 4500000
<
°
F  4,000,000-------- e .
T B IIII 7777777777777
3,000,00

rcGA PSO FEO MCA Initial Value

Figure 7.47: Comparative study amongst four evohaiy techniques for total cost minimization in Bfs
microgrid type radial distribution system

The capacitor values selected at those bus losatmn 400 kVAR, 400 kVAR, 200 kVAR, 200

kVAR, 400 kVAR, 200 kVAR and 400 kVAR, respectivelyhich can be observed in Table
7.31. Distributed generation integration has besfiopmed applying rcGA at bus location 3, 12,
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13, 14, 16, 17, 21, 23, 27, 28, 33, 36, 38, 4344655, 59, 60, 62, 63, 66 and 67 with DG value
of 50 kW at every selected position shown in Tab&2. Two hundred kilo var of capacitor has
been installed by the application of rcGA at busmber 4, 5, 18, 20, 22, 28, 32, 35, 36, 38, 39,
44, 47, 51, 53, 54, 59, 60, 62, 63 and 65. Capacdtue of 400 kVAR has been placed at bus
location 64 as shown in Table 7.32. It can be eotitom Figure 7.47 that total cost has been
found reduced from US$ 5384155.54 to US$ 4050514r8b from US$ 5384155.54 to US$
3897052.35 by the application of PSO consideringaaimum of 20% and 50% DG penetration,
respectively. The DG integration has been perforimgalementing PSO at bus number 23, 59
and 63 shown in Table 7.31. The DG value seleaede¥ery bus position is 100 kW. Shunt
capacitors have been allocated utilizing PSO atrwmsber 49, 59, 62 and 68 shown in Table
7.31. Capacitor values chosen at those stateddasaére 600 kVAR, 1200 kVAR, 200 kVAR
and 400 kVAR, respectively. Distributed generatiortegrations have been performed
implementing PSO at bus location 5, 22, 24, 62a6d 69 with DG value of 100 kW at every
selected location shown in Table 7.32. Capacitargetbeen placed utilizing PSO algorithm at
bus number 10, 15, 49, 50 and 62 with installabbd400 kVAR, 200 kVAR, 400 kVAR, 200
kVAR and 1200 kVAR. Finally it has been observeanirFigure 7.47 that total cost has been
found reduced from US$ 5384155.54 to US$ 398477&82 from US$ 5384155.54 to US$
3877579.70 by the implementation of FEO consideidg penetration up to 20% and 50%,
respectively. Distributed generators have beeneplacnplementing FEO technique at bus
location 61, 62 and 63 shown in Table 7.31. The e chosen for every mentioned bus
position is 100 kW. Furthermore, shunt capacitcagsehbeen allocated utilizing FEO at bus
number 59 and 67 which can be observed from TaBlke Capacitor values selected at those bus
positions are 1200 kVAR and 600 kVAR, respectivéystributed generation integration has
been performed applying FEO at bus number 9, 1321655, 59, 65 and 69 with DG value of
50 kw, 100 kw, 100 kw, 100 kW, 100 kW, 100 kW, 10& and 50 kW shown in Table 7.32.
Again, shunt capacitors have been placed utili&R® technique at bus position 7, 18, 47, 48
and 62 with installation of 400 kVAR, 400 kVAR, 12&VAR, 400 kVAR and 1200 kVAR
which can be observed from Table 7.32. Lastly it ba noticed from Figure 7.47 that total cost
has been decreased from US$ 5384155.54 to US$ 894BDand from US$ 5384155.54 to US$
3813972.71 with the implementation of MCA considgria maximum of 20% and 50% DG
penetrations, respectively. Distributed generatbesre been placed implementing MCA
technique at bus position 27, 52, 54, 58, 59, &4 @& shown in Table 7.31. The DG values
chosen at those selected locations are 100 kWkW0®GO0 kW, 100 kw, 100 kW, 100 kW and
100 kW, respectively. Reactive power compensatias &lso been performed utilizing MCA
technique by allocating shunt capacitors at buation 7, 17, 23, 32, 36, 47, 58 and 59 which
can be observed from Table 7.31. Capacitor valbesan at those selected bus positions are 200
kVAR, 200 kVAR, 200 kVAR, 1000 kVAR, 200 kVAR, 6(WWAR, 400 kVAR and 800 kVAR,
respectively. Distributed generation integratios baen performed applying MCA technique at
bus number 3, 8, 15, 20, 21, 23, 26, 28, 31, 3458852, 55, 58, 59, 60, 64 and 65 with DG
value of 100 kW, 100 kW, 100 kw, 100 kW, 50 kw, I8, 50 kW, 100 kw, 50 kW, 50 kW,
100 kW, 100 kw, 100 kw, 100 kw, 100 kw, 100 kw, 108, 100 kW, 100 kW, respectively
shown in Table 7.32. Capacitors have been pladgkring MCA technique at bus location 7, 39,
53, 63 and 66 with installation of 400 kVAR, 800 AR, 400 kVAR, 1000 kVAR and 600
kVAR, respectively. It can be said from the aboisdssion that MCA has outperformed other
algorithms in finding the least cost value. Enel@gs reduction is another important criteria like
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total cost minimization for reliability based costduction. A comparative study regarding
energy loss minimization has been discussed iméesection.

Table 7.31: DG integration and capacitor placenfenttotal cost minimization at a maximum of 20% DG
penetration in 69 bus microgrid type radial disitibn system

Methods DG value DG Capacitor Capacitor

(kW) placement | value (kVAR)| placement
rcGA 50, 50, 50, 50} 3, 15, 22, 33,| 400, 400, 200 4, 23, 30, 51,

50, 50, 50 47, 60, 63 | 200, 400, 200] 58, 61, 62

400
PSO 100, 100, 10( 23, 59, 63 600, 1200,49, 59, 62, 68
200, 400
FEO 100, 100, 10d 61, 62, 63 1200, 600 59, 67
MCA 100, 100, 50,| 27, 52, 54, 58] 200, 200, 200 7, 17, 23, 32,
100, 100, 100 59, 61, 64 1000, 200, | 36, 47,58, 59
100 600, 400, 800

Table 7.32: Capacitor allocation and DG integratfon total cost minimization at a maximum of 50% DG
penetration in 69 bus microgrid type radial disitibn system

Methods DG placement DG value Capacitor Capacitor value
(kW) placement (KVAR)
rcGA 3,12, 13, 14, 16, 50, 50, 50, 50, | 4,5, 18, 20, 22,| 200, 200, 200,
17,21, 23,27, | 50,50, 50,50, | 28, 32,35,36,| 200,200, 200,
28, 33, 36, 38, | 50,50, 50,50, | 38,39,44,47,| 200,200, 200,
43, 46, 47,55, | 50, 50, 50, 50, | 51, 53,54,59, | 200, 200, 200,
59, 60, 62, 63, | 50, 50, 50, 50, | 60, 62, 63, 64, | 200, 200, 200,
66, 67 50, 50, 50 65 200, 200, 200,
200, 200, 400,
200
PSO 5,22, 24, 62,63, 100, 100, 100, | 10, 15, 49,50, | 400, 200, 400,
69 100, 100, 100 62 200, 1200
FEO 9, 13,16, 21,55, 50, 100, 100, | 7,18, 47,48, 62 400, 400, 1200,
59, 65, 69 100, 100, 100, 400, 1200
100, 50
MCA 3, 8,15, 20,21, 100,100, 100, | 7, 39,53, 63,66 400, 800, 400,
23, 26, 28, 31, | 100, 50, 50, 50, 1000, 600
34, 38, 50, 52, | 100, 50, 50, 100
55, 58, 59, 60, | 100, 100, 100,
64, 65 100, 100, 100,
100, 100

7.3.2.2Energy loss minimization for simultaneous capacitoand a maximum of 50% DG
integration in 69 bus radial system

Like the previously discussed cost minimizatioruessenergy loskas also been observed to be

reduced after performing DG integration and re&cfpower compensation by shunt capacitor.

The DG and shunt capacitor have been suitably teeleand placed in the considered 69 bus

microgrid type radial distribution system by theifevolutionary computation techniques. The

comparative study has been shown in Figure 7.48.
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Comparative study amongst evolutionary techniqoesfergy loss reduction
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Figure 7.48: Comparative study after capacitorcatimn and DG integration for energy loss minimimatin 69 bus
microgrid type radial distribution system

It has been observed from Figure 7.48 and Tabl@ that energy loss has been reduced from
225 kWh to 105.67 kWh after placing DG at bus lmra®, 19, 26, 33, 47, 48, 58, 60 and 69 by
PSO. The DG value chosen is 100 kW for those sslebtis positions shown in Table 7.33.
Reactive power compensation by shunt capacitocatlon has also been performed by PSO at
bus location 4, 6, 25, 63 and 69 which can be esefrom Table 7.28. The capacitor values
selected at those bus positions are 800 kVAR, 20AR 200 kVAR, 1200 kVAR and 400
kVAR, respectively shown in Table 7.33. It can lmticed from Figure 7.48 that energy loss has
been found decreased from 225 kWh to 112.18 kWihéymplementation of rcGA. Distributed
generator integration has been performed implemgmtGA at bus location 7, 9, 10, 12, 17, 18,
20, 22, 23, 24, 32, 33, 34, 38, 39, 49, 55, 5868063 and 65, respectively shown in Table 7.33.
The DG value chosen for every selected locatiobOikW. Shunt capacitors have been placed
applying rcGA at bus number 3, 5, 7, 8, 9, 13,27,27, 28, 30, 33, 38, 39, 40, 41, 42, 43, 47,
49, 53, 54, 55, 57, 59, 61, 62, 64 and 66 with RGBR for every selected locatiofkinally it

has been observed from Figure 7.48 that energynasseen found reduced from 225 kWh to
94.85 kWh by the application of FEO algorithm. Tdhstributed generators have been placed
applying FEO at bus number 7, 19, 22, 23, 34, B7ar&l 64 shown in Table 7.33. The DG value
chosen at every mentioned bus location is 100 kWung& capacitors have been allocated
implementing FEO technique at bus location 4, 9,36and 62 with 800 kVAR, 1000 kVAR,
200 kVAR, 600 kVAR and 1000 kVAR values which candbserved from Table 7.33. Lastly it
has been observed from Figure 7.48 that energynasseen found reduced from 225 kWh to
93.14 kWh by the implementation of MCA. The DG \edlhas been selected at bus number 11,
12, 14, 18, 19, 22, 23, 27, 31, 46, 56, 58, 63 &Mhavith values 50 kw, 100 kw, 100 kW, 100
kw, 50 kw, 100 kw, 50 kW, 50 kW, 50 kw, 100 kw, 1k®/, 100 kW, 100 kW and 100 kW,
respectively by the application of MCA shown in T&aly.28. Capacitors have been placed
implementing MCA at bus number 5, 6, 9, 30, 38, 33, 61, 65, 69 with installation of 800
kVAR, 600 kVAR, 400 kVAR, 200 kVAR, 1000 kVAR, 40kVAR, 200 kVAR, 800 kVAR,
200 kVAR and 400 kVAR values. It can be said frdra aibove discussion that soft computing
technigue MCA has achieved the least energy loksevamongst all the chosen evolutionary
techniques. Reliability enhancement is also imputrike energy loss reduction. Customer and
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load oriented distribution system reliability ind&c have been considered in the following
sections for simulation study purpose.

Table 7.33: DG penetration and capacitor placenfmmenergy loss reduction considering DG penetratip to
50% in 69 bus microgrid type radial distributiorssgm

Methods DG placement DG value Capacitor Capacitor value
(kW) placement (kVAR)
PSO 7,19, 26, 33, 41, 100, 100, 100, | 4,6, 25, 63, 69 800, 200, 200
48, 58, 60,69 | 100, 100, 100, 1200, 400
100, 100, 100
rcGA 7,9, 10,12,17,| 50,50,50,50,| 3,5,7,8,9,13,| 200, 200, 200,
18, 20, 22, 23, | 50,50, 50, 50, | 17,22,27,28,| 200,200, 200,
24,32,33,34,| 50,50,50,50,| 30,33,38,39,| 200,200, 200,
38, 39, 49, 55, | 50,50, 50, 50, | 40, 41, 42, 43,| 200, 200, 200,
58, 60, 62, 63, | 50, 50, 50, 50, | 47, 49, 53,54, | 200, 200, 200,
65 50, 50 55, 57,59, 61, | 200, 200, 200,
62, 64, 66 200, 200, 200,
200, 200, 200,
200, 200, 200,
200, 200
FEO 7,19, 22, 23, 34, 100, 100, 100, | 4,9, 26, 30, 62 800, 1000, 200,
57, 63, 64 100, 100, 100, 600, 1000
100, 100
MCA 11,12, 14, 18, 50, 100, 100, 5,6,9, 30,38, 800,600, 400,
19, 22, 23, 27, | 100, 50, 100, 50| 49, 53, 61, 65, | 200, 1000, 400,
31, 46, 56, 58, | 50, 50, 100, 100 69 200, 800, 200,
63, 69 100, 100, 100 400

7.3.2.3SAIFI improvement

Customer oriented reliability index SAIFI (systemeeage interruption frequency index) has
been found improved from the initial value i.e. haitit capacitor and DG connectivity after
appropriately simultaneous placement of DG and @#gaby the four evolutionary computation
techniques. It has been observed from Figure Hhd® $AIFI value has been found improved
from 5.859207 interruptions/customer yr to 5.5765RBrruptions/customer yr and from
5.859207 interruptions/customer yr to 5.485340rim&ions/customer yr by the application of
rcGA considering DG penetration up to 20% and 588pectively. The distributed generators
have been placed implementing rcGA at bus numbéy 24, 16, 24, 34 and 40 with DG value of
50 kW at every selected location shown in Table4.7Shunt capacitors have been placed
utilizing rcGA at bus location 4, 5, 8, 13, 20, 28, 40, 50, 54, 55, 56, 58 and 61 which can be
observed from Table 7.34. Capacitor values chosg¢hase mentioned bus positions are 400
kVAR, 200 kVAR, 200 kVAR, 200 kVAR, 200 kVAR, 200MAR, 200 kVAR, 200 kVAR, 200
kVAR, 400 kVAR, 200 kVAR, 400 kVAR, 200 kVAR and 8kVAR, respectively. Distributed
generation integration has been performed impleimgmtGA at bus number 9, 10, 14, 22, 25,
31, 38, 47, 56 and 68 with DG value of 50 kW atrgwselected position shown in Table 7.35.
Capacitors have been allocated applying rcGA atideetion 2, 4, 6, 11, 12, 19, 36, 49, 50, 51,
58, 59, 60 and 61 with installed capacitor value200 kVAR, 200 kVAR, 200 kVAR, 200
kVAR, 200 kVAR, 200 kVAR, 200 kVAR, 200 kVAR, 200MAR, 200 kVAR, 400 kVAR, 200
kVAR, 200 kVAR and 200 kVAR as shown in Table 7.35.
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Comparative study after DG penetration and capaalocation for SAIFI improvement
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Figure 7.49: Comparative study amongst four evohdry techniques for SAIFI improvement in 69 busnaogrid
type radial distribution system

It can be noticed from Figure 7.49 that SAIFI vah&s been found reduced from 5.859207
interruptions/customer yr to 5.567214 interruptionstomer yr and from 5.859207
interruptions/customer yr to 5.519951 interrupticaostomer yr with the implementation of PSO
considering DG penetration up to 20% and 50%, smdy. The distributed generators have
been allocated implementing PSO at bus number 2042 and 48 shown in Table 7.34. The
chosen DG values for those selected bus positiomd @ kw, 50 kW, 100 kW and 100 kW.
Reactive power compensation has been performediag@PSO by placing shunt capacitor at
bus number 2, 5, 16, 29, 53, 62 and 66 which casberved from Table 7.34. Capacitor values
selected at those stated bus locations are 800 KMA&BO kVAR, 200 kVAR, 600 kVAR, 600
kVAR, 800 kVAR and 200 kVAR, respectively shown Trable 7.34. On the other hand,
distributed generation integration has been peréarunrtilizing PSO at bus location 4, 10, 18, 20,
25, 34, 41 and 54 with DG value of 100 kw, 100 KMQ kW, 100 kw, 50 kW, 50 kW, 100 kwW
and 100 kW, respectively shown in Table 7.35. Sltaptacitors have been placed implementing
PSO at bus number 14 and 62 with installed capacdatue of 400 kVAR and 1200 kVAR
which can be observed from Table 7.35. Finallyat tbeen observed from Figure 7.49 that
SAIFI value has been found improved from 5.85920férruptions/customer yr to 5.525628
interruptions/customer yr and from 5.859207 intptians/customer yr to 5.452151
interruptions/customer yr by the application of FE@nsidering DG penetration up to 20% and
50%, respectively. The DG integration has beenoperéd implementing FEO at bus location
17, 22, 50 and 62 shown in Table 7.34. The chogerv@lues at those selected locations are 100
kW, 100 kw, 50 kW and 50 kW, respectively. Reacpwesver compensation has been performed
applying FEO placing shunt capacitor at bus locati®, 51, 55 and 64 shown in Table 7.34.
Capacitor values have been chosen for those metioas positions are 200 kVAR, 600 kVAR,
400 kVAR and 400 kVAR, respectively. Distributedngeation integration has been performed
utilizing FEO at bus location 11, 16, 18, 25, 30, 43, 51, 58, 62 and 63 with DG value of 100
kw, 100 kw, 50 kw, 50 kw, 100 kw, 100 kw, 50 kw, b/, 100 kW, 100 kW and 100 kwW
shown in Table 7.35. Capacitors have been allocatgtementing FEO at bus location 8, 18,
28, 36, 54, 56, 62, 64 and 68 with installation1600 kVAR, 200 kVAR, 1000 kVAR, 600
kVAR, 600 kVAR, 1000 kVAR, 800 kVAR, 200 kVAR andd@ kVAR values which can be
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observed from Table 7.35. Lastly it can be notiéesn Figure 7.49 that customer oriented
reliability index SAIFI value has been found reddi¢em 5.859207 interruptions/customer yr to
5.524487 interruptions/customer yr and from 5.859#fierruptions/customer yr to 5.446219
interruptions/customer yr with the implementationMCA considering DG penetration up to
20% and 50%, respectively. Distributed generat@gehbeen placed applying MCA at bus
location 7, 14, 20 and 48 shown in Table 7.34. Devalues chosen at those selected positions
are 50 kw, 100 kW, 100 kW and 100 kW, respectiv8llgunt capacitors have been allocated
utilizing MCA at bus position 14, 19, 44, 56 andg&wn in Table 7.34. Capacitor values have
been chosen for those stated positions are 200 k\2AR kVAR, 200 kVAR, 1200 kVAR and
600 kVAR, respectively. Distributed generation gregion has been performed implementing
MCA algorithm at bus number 2, 7, 16, 20, 24, 3,8, 46, 58 and 66 with DG value of 100
kw, 50 kw, 100 kw, 50 kw, 50 kw, 50 kw, 100 kw, 1R®@/, 100 kW, 50 kW and 100 kW
shown in Table 7.30. Shunt capacitors have beaeglatilizing MCA technique at bus location
22, 37, 53, 61, 62 and 66 with installation of 200AR, 800 kVAR, 400 kVAR, 1200 kVAR,
200 kVAR and 200 kVAR values which can be obserrech Table 7.35. It can be said from
the above discussion that soft computing technisi@A has outperformed all the selected
algorithms in finding the least SAIFI value. Impeswent study of another customer oriented
reliability index SAIDI is also important to undéaad from the reliability perspectives.

Table 7.34: Capacitor installation and DG incorpiora for SAIFI improvement at a maximum of 20% DG
penetration in 69 bus microgrid type radial digitibn system

Methods DG value DG Capacitor Capacitor
(kW) placement | value (kVAR)| placement
rcGA 50, 50, 50, 50, 2, 6,14,16, | 400, 200, 200, 4,5, 8, 13,

50, 50, 50 24,34,40 | 200, 200, 200/ 20, 29, 36, 40
200, 200, 200, 50, 54, 55, 56
400, 200, 400 58, 61

200, 400
PSO 100, 50, 100{ 20, 25, 42, 48 800, 1200,| 2,5, 16, 29,
100 200, 600, 600 53, 62, 66
800, 200
FEO 100, 100, 50, 17, 22, 50, 62| 200, 600, 400,19, 51, 55, 64
50 400
MCA 50, 100, 100, 7,14, 20,48 | 200, 200, 200, 14, 19, 44,
100 1200, 600 56, 58
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Table 7.35: DG integration and capacitor allocafienSAIFI improvement considering DG penetratignto 50%
in 69 bus microgrid type radial distribution system

Methods DG placement DG value Capacitor Capacitor value
(kW) placement (KVAR)
rcGA 9, 10, 14,22, | 50, 50, 50, 50,| 2,4,6,11,12,| 200, 200, 200,
25, 31, 38, 47, | 50, 50, 50, 50,| 19, 36, 49, 50, | 200, 200, 200,
56, 68 50, 50 51, 58, 59, 60, | 200, 200, 200,
61 200, 400, 200,
200, 200
PSO 4,10, 18, 20, | 100, 100, 100, 14, 62 400, 1200
25, 34,41, 54 100, 50, 50,
100, 100
FEO 11, 16, 18, 25, 100, 100, 50, 8, 18, 28, 36, 1000, 200,
30, 41, 43,51, | 50, 100, 100, | 54,56, 62, 64, | 1000, 600, 600,
58, 62, 63 50, 50, 100, 68 1000, 800, 200,
100, 100 200
MCA 2,7,16, 20,24, 100,50, 100, | 22,37,53,61,| 200, 800, 400,
34, 39, 42, 46, | 50, 50, 50, 100, 62, 66 1200, 200, 200
58, 66 100, 100, 50,
100

7.3.2.4SAIDI improvement

Customer oriented reliability index SAIDI (systemesage interruption duration index) has been
found improved by opting DG and capacitor placemdnke the said study for SAIFI
improvement, four evolutionary algorithms have beensidered for SAIDI improvement shown
in Figure 7.50. It has been observed from Figus® That SAIDI value has been found improved
from 7.152889 hours/customer yr to 6.758197 housdomer yr and from 7.152889
hours/customer yr to 6.859626 hours/customer ythigyapplication of rcGA considering DG
penetration up to 20% and 50%, respectively. ThiDERalue has not been found reduced with
the increment of DG penetration level from 20% 08&bby the application of rcGA. It is due to
the reason that rcGA technique has been trappedhatlocal minima while searching for better
SAIDI value. Distributed generator placing has bperformed utilizing rcGA at bus locations 6,
14, 16, 21, 24, 28, 31, 41, 46, 52, 56, 59 andhéiva in Table 7.36. The DG value chosen for
those selected buses are 50 kW, 50 kW, 50 kw, 5030/&W, 50 kw, 100 kW, 50 kW, 50 kW,
50 kW, 50 kw, 50 kw and 50 kW. Shunt capacitorsehagen allocated implementing rcGA at
bus locations 5, 23, 36, 59, 60 and 64 which caodserved from Table 7.36. Capacitor values
chosen for those selected buses are 200 kVAR, 28Rk 400 kVAR, 200 kVAR, 800 kVAR
and 600 kVAR, respectively. Distributed generatiotegration has been performed at bus
location 8, 11, 13, 22, 25, 27, 36, 42, 45 and 48 WG value of 50 kW connected at every
selected position shown in Table 7.32. Capacitaxetbeen placed utilizing rcGA at bus number
3,4,9,11, 12, 13, 19, 46, 47, 50, 53, 55, 56587 61, 64 and 69 with installation of 200 kVAR
values at every selected position. It can be ndtioem Figure 7.50 that reliability index SAIDI
has been found reduced from 7.152889 hours/custymier 6.841658 hours/customer yr and
from 7.152889 hours/customer yr to 6.876333 housstener yr with the implementation of
PSO considering a maximum of 20% and 50% DG peinmtsa respectively.
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Figure 7.50: Study of SAIDI improvement amongst PE&IBA, FEO and MCA after capacitor allocation dD@
integration in 69 bus microgrid type radial distriion system

Again the SAIDI value has not been found reduceth whe increase in maximum DG
penetration level from 20% to 50% in the case o®DP¥his is due to the entrapment of PSO
algorithm in the local minima while searching faetter SAIDI value. The DG placement has
been performed utilizing PSO at bus number 1533562 and 66, respectively shown in Table
7.36. The DG value chosen at those selected butsgpnssare 100 kW, 100 kW, 50 kW, 100 kW
and 100 kW, respectively. Reactive power compensdtas been performed implementing PSO
by allocating shunt capacitor at bus location 2,488 51 and 57 shown in Table 7.36. Capacitor
values selected for those buses are 400 kVAR, 408RK 800 kVAR, 1000 kVAR and 400
kVAR, respectively. Distributed generation integrathas been performed applying PSO at bus
location 8, 39, 49, 51, 54, 58, 59 and 65 with D&bue of 100 kW positioned at every selected
position as shown in Table 7.37. Shunt capacitarge been placed implementing PSO at bus
number 3, 10, 22, 60 and 62 with installed capacredue of 1000 kVAR, 400 kVAR, 200
kVAR, 800 kVAR and 400 kVAR, respectively which cba observed from Table 7.37. Finally
it has been observed from Figure 7.50 that SAlDledas been found improved from 7.152889
hours/customer yr to 6.727007 hours/customer yr faach 7.152889 hours/customer yr to
6.630760 hours/customer yr by the application cOFREonsidering DG penetration up to 20%
and 50%, respectively. Distributed generator irdegn has been performed utilizing FEO at bus
location 18, 20, 27, 59, 61, 66 and 68 in shownl§ a&B86. The selected DG values for those bus
positions are 100 kW, 100 kW, 50 kw, 100 kW, 100,KMYO kW and 100 kW. Shunt capacitors
have been allocated implementing FEO at bus nudpb24, 53 and 57 which can be observed
from Table 7.36. Chosen capacitor values for thosmtioned buses are 1200 kVAR, 200
kVAR, 600 kVAR and 200 kVAR, respectively. Distritead generation integration has been
performed utilizing FEO at bus position 3, 5, 14, 26, 47, 55, 62 and 68 with DG value of 100
kw, 100 kw, 100 kw, 100 kw, 100 kw, 100 kW, 50 k0 kW and 100 kW, respectively
shown in Table 7.37. Capacitors have been placplyiag FEO at bus number 11, 20, 53 and
61 with installed capacitor value of 200 kVAR, 200AR, 600 kVAR and 800 kVAR shown in
Table 7.37. Lastly it can be noticed from FigurB07that SAIDI value has been found reduced
from 7.152889 hours/customer yr to 6.690881 housd@omer yr and from 7.152889
hours/customer yr to 6.553716 hours/customer yn wie implementation of MCA considering
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DG penetration up to 20% and 50%, respectively. Ti& placement has been performed
applying MCA at bus location 6, 12, 14, 26, 40, 85,and 68 shown in Table 7.36. The chosen
DG values for those stated buses are 50 kW, 1002104 kW, 100 kW, 100 kW, 100 kw, 100
kw and 50 kW, respectively. Reactive power compegmseahas been performed implementing
MCA by allocating shunt capacitor at bus numbed®, 22, 58 and 69 shown in Table 7.36.
Chosen capacitor values at those bus positiongl@dekVAR, 200 kVAR, 200 kVAR, 1200
kVAR and 200 kVAR, respectively. Distributed gerteya integration has been performed
utilizing MCA at bus location 5, 12, 14, 15, 16, 23, 27, 33, 35, 39, 40, 51, 53, 54, 59, 62, 63,
64, 65, 66 and 69 with DG value of 100 kW, 100 KW0 kW, 100 kW, 100 kw, 50 kw, 50
kW, 50 kW, 50 kW, 50 kW, 50 kw, 100 kw, 50 kW, 5vk50 kw, 100 kw, 100 kW, 100 kw,
100 kW, 50 kw, 100 kW and 50 kW as shown in Tah&/7 Capacitors have been allocated
utilizing MCA at bus number 2, 10, 55 and 64 whistalled capacitor value of 600 kVAR, 800
kVAR, 1000 kVAR, 400 kVAR which can be observednr@able 7.37. It can be said from the
above discussion that the technique MCA has oudpedd all the selected soft computing
techniques in finding the least SAIDI value. Thenglation study concerning to the energy
oriented reliability index AENS improvement is aisgportant to understand reliability issues.

Table 7.36: Capacitor placement and DG integraorSAIDI improvement at a maximum of 20% DG peagétn
in 69 bus microgrid type radial distribution system

Methods DG value DG Capacitor Capacitor
(kW) placement value placement
(KVAR)
rcGA 50, 50, 50, 50} 6, 14, 16, 21,| 200, 200, 400, 5, 23, 36, 59,
50, 50, 100, | 24, 28, 31, 41} 200, 800, 600 60, 64
50, 50, 50, 50| 46, 52, 56, 59
50, 50 65
PSO 100, 100, 50] 15, 25, 33, 62| 400, 400, 800, 2,13, 48, 51,
100, 100 66 1000, 400 57
FEO 100, 100, 50, 18, 20, 27,59, 1200, 200, | 6, 24, 53,57
100, 100, 100 61, 66, 68 600, 200
100
MCA 50, 100, 100,| 6, 12, 14, 26,| 400, 200, 200{ 9, 12, 22, 58,
100, 100, 100 40, 45, 65, 68/ 1200, 200 69
100, 50
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Table 7.37: DG integration and capacitor allocafmmSAIDI improvement at a maximum of 50% DG peagbn

in 69 bus microgrid type radial distribution system
Methods DG placement DG value (kW) Capacitor | Capacitor value
placement (KVAR)
rcGA 8, 11, 13, 22, 25, 50, 50, 50,50, | 3,4,9,11,12,| 200, 200, 200,
27,36, 42,45, | 50,50,50,50, | 13,19,46,47,| 200,200, 200,
48 50, 50 50, 53, 55, 56, | 200, 200, 200,
57,58, 61, 64, | 200, 200, 200,
69 200, 200, 200,
200, 200, 200
PSO 8, 39, 49, 51, 54, 100, 100, 100, 3, 10, 22,60, | 1000, 400, 200,
58, 59, 65 100, 100, 100, 62 800, 400
100, 100
FEO 3,5,17, 24,46, 100,100,100, | 11, 20,53, 61 200, 200, 600
47,55, 62,68 | 100, 100, 100, 800
50, 100, 100
MCA 5, 12, 14, 15, 100, 100, 100, 2,10,55,64 | 600, 800, 1000,
16, 23, 24, 27, | 100, 100, 50, 50 400
33, 35, 3940, 50, 50, 50, 50,
51, 53, 54,59, | 100, 50, 50, 50,
62, 63, 64, 65, | 100, 100, 100,
66, 69 100, 50, 100, 50

7.3.2.5AENS improvement

Energy and load oriented reliability index AENS €eage energy not supplied) has been found
improved from the initial value by proper selectiand placement of DG and shunt capacitor.
The comparative study amongst the four soft comguechniques has been illustrated in Figure
7.51. Distributed generation integration and cdpadllocation data considering 20% and 50%
DG penetrations have been shown in Table 7.38 auleT7.39, respectively. It has been
observed from Figure 7.51 that AENS value has bfemd improved from 38.313253
kWh/customer yr to 36.940309 kWh/customer yr amumfr38.313253 kWh/customer yr to
36.422217 kWh/customer yr with the implementatibmc&GA considering DG penetration up to
20% and 50%, respectively. The DG integration hasnbperformed utilizing rcGA at bus
locations 4, 6, 13, 17, 22 and 46 considering aimam of 20% DG integration shown in Table
7.33. The chosen DG value is 100 kW at every stitedtion. On the other hand, shunt
capacitors have been placed implementing rcGA atrtwmber 2, 14, 30, 50, 64 and 66 which
can be observed from Table 7.38. Selected capacdtimes for those bus positions are 200
kVAR, 200 kVAR, 200 kVAR, 600 kVAR, 1200 kVAR and06 kVAR, respectively.
Distributed generation integration has been peréat@pplying rcGA at bus locations 13, 16, 21,
22, 24, 36, 38, 52, 57, 59, 64 and 66 consideringgaimum of 50% DG integration shown in
Table 7.39. The selected DG value is 50 kW at egéated location. Capacitor placement has
also been performed at bus number 3, 4, 5, 6, ¥1,823, 36, 39, 41, 42, 49, 51, 55, 57, 59, 61,
62, 64 and 66 with installed value of 200 kVAR a¢&y selected location. It can be noticed from
Figure 7.51 that reliability index AENS value haseh found improved from 38.313253
kWh/customer yr to 36.805919 kWh/customer yr amumfr38.313253 kWh/customer yr to
35.786702 kWh/customer yr by the application of R®@sidering DG penetration up to 20%
and 50%, respectively. Distributed generators Hmeaen placed utilizing PSO at bus location 16,
26, 48 and 60 shown in Table 7.38. The DG valuesehdor every stated location is 100 kW.
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On the other hand, reactive power compensationalss been performed by placing shunt
capacitor at bus number 10, 12, 38, 49, 60 andlddhacan be observed from Table 7.38. The
capacitor values selected implementing PSO foreHmsses are 200 kVAR, 400 kVAR, 200
kVAR, 600 kVAR, 800 kVAR and 400 kVAR, respectivelyhich is shown in Table 7.38.
Distributed generation integration has been peréairnmplementing PSO at 8, 12, 13, 22, 24,
30, 32, 41, 43, 44, 50, 53, 62, 65 and 69 with Bd0of DG value connected at every selected
location shown in Table 7.39.

AENS improvement after DG integration and capadarcation using evolutionary algorithms
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Figure 7.51: Comparative study amongst four evohary techniques for AENS improvement in 69 busragdd
type radial distribution system

Capacitors have been allocated utilizing PSO at dmsstion 9, 11, 38, 58, 63 and 68 with
installed capacitor value of 600 kVAR, 200 kVAR,2kVAR, 400 kVAR, 600 kVAR and 200
kVAR, respectively as can be observed from TabB9.7Finally it has been observed from
Figure 7.51 that AENS value has been found imprdvech 38.313253 kWh/customer yr to
36.616879 kWh/customer yr and from 38.313253 kW&tammer yr to 35.171439 kWh/customer
yr with the implementation of FEO for DG penetratiop to 20% and 50%, respectively. The
DG placement has been performed utilizing FEO &t twmber 6, 12, 15, 24, 56, 61 and 69
shown in Table 7.38. The DG value is 100 kW forsthanentioned buses. Shunt capacitor has
been allocated implementing FEO at bus location586,64 and 69 with installed value of 200
kVAR, 600 kVAR, 800 kVAR and 600 kVAR shown in Tablr.38. Distributed generation
integration has been exercised utilizing FEO atlbaoation 10, 12, 13, 18, 30, 48, 52, 56, 58, 62,
65, 67 and 68 with DG value of 100 kW, 100 kW, 109, 100 kw, 100 kW, 100 kW, 50 kw,
100 kw, 100 kw, 100 kW, 100 kw, 100 kW, 100 kW, pestively shown in Table 7.39.
Capacitors have been placed applying FEO at buseurdil, 20, 37, 38, 52, 53 and 63 with
installed capacitor value of 400 kVAR, 200 kVAR,4RVAR, 600 kVAR, 200 kVAR, 400
kVAR and 400 kVAR, respectively shown in Table 7.3%@stly it has been observed from
Figure 7.51 that AENS value has been found imprdvech 38.313253 kWh/customer yr to
36.569646 kWh/customer yr and from 38.313253 kW&tammer yr to 34.940375 kWh/customer
yr by the application of MCA considering DG pengtra up to 20% and 50%, respectively. The
DG integration has been performed applying MCAw locations 19, 22, 23, 26, 41, 42, 53, 62
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and 66 with DG value of 100 kw, 100 kW, 100 kW, B, 50 kw, 50 kw, 100 kw, 100 kW
and 50 kW, respectively shown in Table 7.38. Reagbower compensation has been exercised
by allocating shunt capacitors implementing MCAuas number 3, 8, 47, 57, 61, 62 and 66 with
installation of 200 kVAR, 200 kVAR, 400 kVAR, 200/KRR, 1000 kVAR, 400 kVAR and 400
kVAR, respectively which can be observed from Tab&8. Distributed generator of 50 kW has
been placed at bus number 12, 14, 16, 19, 22,23} 55, 57 and 62 as shown in Table 7.39.
Hundred kilo watt of DG value has been installetbu position 6, 7, 11, 17, 34, 38, 43, 51, 53,
61, 63 and 65Capacitor placements have also been performedsgtdmition 5, 9, 31, 32, 49, 66
with installed capacitor values of 400 kVAR, 800AR, 200 kVAR, 200 kVAR, 600 kVAR and
800 kVAR, respectively which can be observed inl@ah34.

Table 7.38: Capacitor placement and DG integratiorAENS improvement considering DG penetrationa20%
in 69 bus microgrid type radial distribution system

Methods DG value DG Capacitor Capacitor
(kW) placement | value (kVAR) | placement
rcGA 100, 100, 100} 4, 6, 13,17, | 200, 200, 200{ 2, 14, 30, 50
100, 100, 100 22, 46 600, 1200, 64, 66
600
PSO 100, 100, 1040, 16, 26, 48, 60| 200, 400, 200,10, 12, 38, 49
100 600, 800, 400 60, 64
FEO 100,100, 100{ 6, 12,15, 24, | 200, 600, 800, 36, 50, 64, 69
100, 100, 100, 56, 61, 69 600
100
MCA 100, 100, 100, 19, 22, 23, 26, 200, 200, 400; 3, 8, 47, 57,
50, 50, 50, | 41, 42,53, 62| 200, 1000, 61, 62, 66
100, 100, 50 66 400, 400
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Table 7.39: DG incorporation and capacitor allamatifor AENS improvement at a maximum of 50% DG

penetration in 69 bus microgrid type radial disitibn system

Methods DG placement DG value Capacitor Capacitor value
(kW) placement (KVAR)
rcGA 13, 16, 21, 22, | 50, 50, 50,50, | 3,4,5,6,7,8,| 200, 200, 200,
24, 36, 38,52, | 50,50, 50,50, | 11, 23, 36,39, | 200, 200, 200,
57,59, 64, 66 50, 50, 50,50 | 41, 42,49,51, | 200, 200, 200,
55, 57,59, 61, | 200, 200, 200,
62, 64, 66 200, 200, 200,
200, 200, 200,
200, 200, 200
PSO 8, 12, 13, 22,24, 100, 100, 100, | 9, 11, 38,58, 63| 600, 200, 200,
30, 32,41, 43, | 100, 100, 100, 68 400, 600, 200
44,50, 53, 62, | 100, 100, 100,
65, 69 100, 100, 100,
100, 100, 100
FEO 10,12, 13, 18,| 100,100, 100, | 11,20, 37,38, | 400, 200, 400,
30, 48, 52, 56, | 100, 100, 100, 52, 53, 63 600, 200, 400,
58, 62, 65, 67, 50, 100, 100, 400
68 100, 100, 100,
100
MCA 6,7,11,12,14,| 100,100, 100, | 5, 9, 31, 32, 49| 400, 800, 200
16,17, 19, 22, | 50, 50, 50, 100,| 66 200, 600, 800
23,27,34,38,| 50,50,50, 50,
43, 49, 51,53, | 100, 100, 100,
55, 57, 61, 62, | 50, 100, 100, 50
63, 65 50, 100, 50, 100
100

It can be said from the above discussion that FE@OMCA techniques have come out as the
effective algorithms in the comparative studiesfqrened for total cost minimization, energy
loss reduction, SAIFI, SAIDI and AENS improvemerisit single objective optimization does
not give the clear picture for appropriate planniatated to a specific customer such as urban,
industrial etc. On the other hand, this can ndimath specific planning when any two criteria
amongst power interruption duration, interruptioaguency, loss and electricity price are of
major concern. That's why multi-objective optimimais considering capacitor allocation and
DG integration choosing two conflicting objectiviesve been performed here to understand the
situation in a better way. Two effective techniqguezs MCA and FEO have been opted for these
crucial multi-objective optimizations. This has heaccomplished considering a maximum of
50% DG integration level.

7.3.3 Multi-objective optimization

Appropriate planning has been conceived in sixtyenbus microgrid type radial distribution
system considering two different conflicting objees. As discussed in earlier sections,
modified cultural algorithm and fish electrolocati@ptimization have come out as effective
evolutionary algorithms for single objective sioats. That's why these two algorithms have
been chosen for multi objective optimizations cdasng various conflicting objectives. Total
cost, energy loss, SAIFI, SAIDI, AENS and CBRI dhe selected conflicting objectives.
Suitable capacitor allocation and DG integratiomehbeen performed utilizing these MCA and
FEO techniques considering a maximum of 50% DG fpatien of total real power load. The
DG penetration level has been fixed consideringftheristic scenario. Nine pairs have been
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formed for simulation study where each pair is cosgal of two conflicting objectives. The
reason behind selection of only nine pairs is tuat reduction is an important issue which has
been approached here with enerly loss reductionrarability improvements of SAIFI, SAIDI
and AENS. On the other hand, the newly developkabibty index CBRI improvement is also
significant to study with improvements of othenasbllity indices viz. SAIFI, SAIDI and AENS,
reduction of energy loss and total cost minimizatidhese are illustrated one by one in the
following sections.

7.3.3.1Considering total cost and energy loss

Energy loss and total cost have been considerégasonflicting objectives for the first multi
objective situation. The objective in this caseoiseduce the energy loss and also to minimize
the total cost. The scaling factors are consida®d@d.6 and 0.4 for total cost and energy loss
respectively for the formulation of multi-objectivgeighted sum value. In the deregulated
environment price is an important factor. So higimeportance has been provided to the total
cost by considering higher scaling factor valueisThas been performed considering the
requirement of rural/agricultural, commercial amtban types of customers especially for that
particular feeder where electricity price and pogeality are of major concern. Pareto optimal
solutions implementing FEO and MCA techniques abersing energy loss and total cost have
been has been tabulated in Table 7.40 and Tahle rédpectively. Two and four non-dominated
solutions have been obtained by FEO and MCA teclesighown in Table 7.40 and Table 7.41,
respectively. The least total cost value considebnoth the Table 7.40 and Table 7.41 is US$
3998202.87. This has been achieved by MCA techniQuethe other hand, the least energy loss
value considering the above mentioned Tables i208Wh. It has been obtained by FEO
algorithm. It can be said by observing the non-dwted solutions obtained implementing MCA
and FEO techniques available in Table 7.40 anderabfil that it is hard to choose one
particular solution. The decision maker can sefgcific solution from the solution sets of
Table 7.40 and Table 7.41 considering weightag®ifdor each conflicting objective.

Table 7.40: Non-dominated solutions achieved aftgementation of FEO algorithm for total cost akrgy loss
reduction in 69 bus microgrid type radial distribatsystem

SI No. | Total Cost (US$ Energy loss
(kwh)
1 4113218.31 105.86
2 4211793.16 93.26

Table 7.41: Pareto optimal solutions obtainedazitity MCA technique for total cost and energy lasduction in 69
bus microgrid type radial distribution system

S| No. Total Cost Energy loss
(US$) (kWh)
1 3998202.87 100.22
2 4054605.65 95.32
3 4053719.62 96.65
4 4009112.72 97.60

Like energy loss reduction and total cost minimaat load-oriented reliability index AENS
improvement has also been considered with totdl reaiction for multi-objective optimization
applying FEO and MCA technique. This pair of AEN&l&aotal cost has been considered for
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multi-objective optimization as energy supply andcegicity price are important for some
feeders.

7.3.3.2Choosing AENS and Total cost

In the second attempt, total cost and load-orieulisttibution system reliability index AENS
have been chosen as two conflicting objectivesrfolti-objective situation. The objective in this
case is to minimize the total cost and also to ewprthe AENS by reducing its value from
original configuration i.e. without capacitor andsxonnectivity. The planning approach opted
here is suitable for that particular feeder whéegtecity price and energy supply are significant
factors. The scaling factors considered for totdtand AENS are 0.6 and 0.4, respectively.
More importance has been given to the total cagbfeby providing higher scaling factor value
in comparison to AENS. The simulation results afterforming multi-objective DG penetration
and capacitor allocation applying FEO and MCA teghas have been shown in Table 7.42 and
Table 7.43. Five and three non-dominated solutioage been achieved by FEO and MCA
techniques which can be observed from Table 7.42Tale 7.43, respectively. The least total
cost value shown in Table 7.24 is US$ 3998099.1e dorresponding AENS value to the least
total cost is the highest as shown in Table 7.42th@ other hand, the least AENS value in Table
7.42 is 36.117234 kWh/customer yr. The total cedtie related to the least AENS is the highest.
So, a compromise has to be done in choosing apkatisolution from the solution set of Table
7.42 considering the two conflicting objectives.uiatal cost and AENS. Like the case of FEO
algorithm, the solution set obtained by MCA teclhuggafter performing multi-objective
optimization reflects the same scenario. The smiugichieving least AENS value obtains highest
total cost and vice versa as shown in Table 7.4&idlon maker has to consider weightage
factor to select a particular solution from thegtaroptimal solutions of Table 7.43. This is due
to the reason that decision making method suchO#8SIS discussed earlier in Chapter 4 assigns
a few weight values to reach a suitable solution.

Table 7.42: Non-dominated solutions achieved afgrlying FEO algorithm for total cost reduction aRENS
improvement in 69 bus microgrid type radial digitibn system

SI No. Total Cost (US$) AENS
kWh/customer yr
1 3998099.17 36.763628
2 4004750.34 36.745312
3 4106839.22 36.133167
4 4343583.30 36.124110
5 4619909.04 36.117234

Table 7.43: Pareto optimal solutions obtained impeting MCA technique for total cost reduction ahBEINS
improvement in 69 bus microgrid type radial disitibn system

Sl No. Total Cost (US$) AENS
kWh/customer yr
1 4215021.17 36.605098
2 4747422.87 36.537952
3 4200474.58 37.338514

Customer oriented distribution system reliabilindéx SAIDI has been considered with total
cost for performing multi-objective optimization.hiE has been done to accomplish SAIDI
improvement vis. a vis. cost reduction implementiiD and MCA techniques.
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7.3.3.3Total cost and SAIDI as conflicting objectives

Customer oriented distribution system reliabilibndéx SAIDI and total cost have been chosen
for multi-objective optimization. The final solutioapproached here is appropriate for that
particular type of customer who is concerned abaattricity price and power interruption

duration. Like the previous sections, capacitoioadtion and DG integration have been
performed considering the stated two conflictingieobves at a maximum of 50% DG

penetration. Scaling factor values for performingiltirobjective optimization have been

considered as 0.6 and 0.4 for total cost and SAE3pectively. More importance has been given
to total cost in comparison to SAIDI by providingte scaling factor value. Three non-

dominated solutions have been achieved implemekiit(@ algorithm shown in Table 7.44.

Table 7.44: Pareto optimal solutions achieved zitif FEO algorithm for total cost reduction and BAI
improvement in 69 bus microgrid type radial disitibn system

Sl No. Total Cost (US$) SAIDI
1 3885660.58 6.874034
2 3929524.74 6.751510
3 3968247.03 6.697302

On the other hand, MCA technique has found threetpaptimal solutions performing multi-
objective optimization shown in Table 7.45. Theskrstotal cost and SAIDI values are better for
system improvement.

Table 7.45: Non-dominated solutions obtained im@eting MCA technique for total cost reduction andli3l
improvement in 69 bus microgrid type radial disfitibn system

Sl No. Total Cost (US$) SAIDI
1 4089147.25 6.704575
2 4043435.04 6.765307
3 3985421.68 6.830675

It can be said by observing the non-dominated swistobtained by FEO and MCA techniques
available in Table 7.44 and Table 7.45 that bothtgms are competitive to each other. So the
decision maker has to select the suitable soluiyoproviding some weightage factors to these
conflicting objectives. However, reliability indeXAlF1 dealing with interruption frequency and
total cost signifying electricity price can be cumesed for reliability purpose.

7.3.3.4SAIFI and the Total cost

In this case, total cost reduction and customeented distribution system reliability index

SAIFI have been selected for performing multi-objex optimization. This planning scheme is
suitable for that particular feeder where eledlyigrice and power interruption frequency are of
major concern. The scatter plot of the non-domphatelutions obtained by MCA and FEO

techniques has been shown in Figure 7.52.
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Non-dominated solutions achieved considering Totalt and SAIFI after MCA and FEO implementation
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Figure 7.52:Scatter plot of pareto optimal solusidor total cost reduction and SAIFI improvement6@ bus

microgrid type radial distribution system

Six and five pareto-optimal solutions have beenieadd implementing MCA and FEO
techniques which can be observed from Table 7.4l6Table 7.47, respectively. The lesser total
cost and SAIFI values are better for cost basadhiéty enhancement. In this regard, the non-
dominated solutions achieved by FEO and MCA tedmsgare comparative to each other as
shown in Figure 7.52.

Table 7.46: Non-dominated solutions achieved imgletimg MCA technique for total cost reduction andiS
improvement in 69 bus microgrid type radial digitibn system

Sl No. Total Cost (US$) SAIFI
1 4158650.15 5.629965
2 4130968.05 5.654806
3 4068029.35 5.696760
4 4074188.11 5.669800
5 4919780.90 5.559359
6 4060784.19 5.769173

Table 7.47: Pareto optimal solutions obtained bplypg FEO algorithm for total cost reduction andlIBI
improvement in 69 bus microgrid type radial disitibn system

Sl No. Total Cost (US$) SAIFI
1 3764423.57 5.676244
2 3846986.41 5.675912
3 3852732.21 5.667714
4 4003024.56 5.449310
5 3904438.20 5.667233

Novel reliability index CBRI dealing with reliabili worth and total cost representing reliability
cost can be considered to assess reliability besaedi investment cost to achieve certain level of
reliability.
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7.3.3.5Considering Total cost and CBRI

Multi objective capacitor allocation and DG intetjpa have been performed considering CBRI
improvement and total cost reduction in sixty nmes microgrid type radial distribution system.
This planning approach is appropriate for that éeedhere electricity price and power
interruption cost is of major concern. The scaliagtors for multi objective optimization have
been considered as 0.4 and 0.6 for CBRI and totst cespectively. More importance has been
given to total cost in comparison to CBRI in thigempt by providing extra scaling factor value.
The evolutionary techniques MCA and FEO have obkthih and 2 non-dominated solutions in
connection to CBRI improvement and total cost réidacin Table 7.48 and Table 7.49,
respectively. The lesser total cost value is bdtiethe system. On the other hand, the higher
CBRI value means improvement. It can be seen ftuenTiable 7.43 that least total cost value
achieved by MCA technique is US$ 4034181.25. Orother hand, the best CBRI value shown
in Table 7.48 is 0.231614. But the connected CB&ue to the least cost and connected total
cost value to the best CBRI are the worst which lmambserved from Table 7.48. On the other
hand, the least cost value obtained by FEO alguriis observable in Table 7.49 is US$
3875002.98. The best CBRI value achieved by FE@nigae is 0.195972 as shown in Table
7.49. It can be said from the above discussion ttiatleast total cost value achieved by FEO
algorithm is better than that value obtained by M@&&hnique. But the highest CBRI value
achieved by MCA technique is better than that vadbéined by FEO algorithm. Both the
pareto-optimal solution sets shown in Table 7.48 &able 7.49 are comparative to each other.
The decision maker has to do compromise while satgthe appropriate solution from these
solution sets.

Table 7.48: Non-dominated solutions achieved aff€¥A application considering total cost reductiorda@BRI
improvement in 69 bus microgrid type radial disitibn system

S| No. Total cost (US$) CBRI
1 4330673.50 0.231614
2 4034181.25 0.101539
3 4040081.90 0.103626
4 4043967.36 0.110114

Table 7.49: Pareto optimal solutions obtained afeO implementation considering total cost minirticca and
CBRI improvement in 69 bus microgrid type distriloatsystem

SI No. Total cost (US$) CBRI
1 3875002.98 0.180415
2 4015211.80 0.195972

Power quality and power interruption costs are méotors for sustainable business purpose.
This business sustainability can be achieved byidening developed reliability index CBRI
and energy loss.

7.3.3.60pting CBRI and energy loss

Multi objective capacitor allocation and DG intefypa have been performed considering CBRI
improvement and energy loss reduction in sixty nimes microgrid type radial distribution
system. This planning scheme is suitable for teatiér where power interruption cost and power
quality are of major concern. The scaling factars multi objective optimization have been
considered as 0.5 and 0.5 for CBRI and energy lespectively. Eqaul importance has been
given to energy loss reduction and CBRI improvemienthis attempt. The pareo-optimal
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solutions achieved by the application of MCA andOFEechniques are shown in Table 7.50 and
Table 7.51, respectively. The lesser energy loksevia better for the system. On the other hand,
the higher CBRI value means reliability improvemdnhican be observed from Table 7.51 that
least energy loss value obtained by MCA technigugi07 kwh. On the other hand, the highest
CBRI value achieved by MCA technique is 0.441528vah in Table 7.50. But the connected
energy loss value to the best CBRI and connecteldI@Blue to the best energy loss are not the
best. It can be noticed from Table 7.51 that tm@®-dominated solutions have been achieved by
FEO algorithm. The least energy loss value achidwed-EO technique is 88.56 kWh. The
highest CBRI value obtained by FEO algorithm is98296. It can be noticed from Table 7.50
and Table 7.51 that the pareto-optimal solutionaskieved by MCA technique shown in Table
7.50 is comparatively better than the non-dominatgdtions obtained by FEO algorithm shown
in Table 7.51. The decision maker can finally setee appropriate solution from the pareto-
optimal solutions achieved by MCA technique as ghawTable 7.50.

Table 7.50: Non-dominated solutions achieved af&A application considering energy loss reduction £BRI
improvement in 69 bus microgrid type distributioystem

S| No. Energy loss (kWh) CBRI
1 79.07 0.372759
2 79.49 0.402020
3 78.08 0.345672
4 80.15 0.441528

Table 7.51: Pareto optimal solutions achieved &fte®© application considering energy loss reductiod CBRI
improvement in 69 bus microgrid type radial disfitibn system

SI No. Energy loss (kWh) CBRI
1 88.80 0.296196
2 88.73 0.290455
3 88.56 0.282092

Reliability index AENS dealing with energy suppssue and CBRI signifying reliability worth
should be considered for economic reasons.

7.3.3.7Selecting AENS and CBRI

Multi objective capacitor allocation and DG intetjpa have been performed considering
improvements of AENS and CBRI in sixty nine bus mogrid type radial distribution system.
The final solution approached here is appropriatehat particular feeder where energy supply
and power interruption costs are major issues. $haling factors for multi objective
optimization have been considered as 0.4 and 0.€CBRI and AENS, respectively. More
importance has been given to AENS in compariso@B®&I in this attempt by providing extra
scaling factor value. Three and two pareto-optis@ltions have been achieved by MCA and
FEO techniques which can be observed from Tabl2 &6l Table 7.53. The lesser AENS value
is better and assures reliability improvement. @& dther hand, the higher CBRI value means
betterment of power interruption cost. It can béiaeal from Table 7.52 that best AENS value
obtained by MCA technique is 34.794827 kWh/custoymexs shown in Table 7.52. On the other
hand, the highest CBRI value achieved by MCA teghaiis 0.689536. But the connected CBRI
value to the least AENS and connected AENS valudeadighest CBRI are not the best. It has
been observed from Table 7.53 that the best AENISCBRI values obtained by FEO algorithm
are 35.096761 kWh/customer yr and 0.477429. Bgetivalues are not connected to each other.
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This means both the values have been achieved iigrmméng different DG integrations and
capacitor allocations in 69 bus microgrid type ahdiistribution system. It can be said by
analyzing the non-dominated solutions of Table 7282 Table 7.53 that the pareto-optimal
solutions achieved by MCA technique shown in Tahl2 are comparatively better than the
solutions obtained by FEO algorithm which can beeoked from Table 7.53. So the decision
maker will finally select the appropriate solutiytom the pareto-optimal solutions achieved by
MCA technigue shown in Table 7.52.

Table 7.52: Non-dominated solutions achieved aft€A application considering AENS and CBRI improverhan
69 bus microgrid type radial distribution system

S| No. AENS CBRI
kWh/customer yr
1 35.085028 0.689536
2 34.794827 0.619777
3 34.878856 0.661183

Table 7.53: Pareto optimal solutions achieved &fte® application considering AENS and CBRI improeenin
69 bus microgrid type distribution system

SI No. AENS CBRI
kWh/customer yr
1 35.297621 0.477429
2 35.096761 0.468538

Power interruption duration and reliability wortlave major impact on customer. This can be
taken care of by considering SAIDI and CBRI simuodtausly.

7.3.3.8Involving SAIDI and CBRI

Multi objective capacitor allocation and DG intetjipa have been performed considering
improvements of CBRI and SAIDI in sixty nine buscnoigrid type radial distribution system.
The planning scheme attained here is suitablehfair feeder where power interruption duration
and cost due to power interruption are of majorceom. The scaling factors for multi objective
optimization have been considered as 0.4 and (0.6€CBRI and SAIDI, respectively. More
importance has been given to SAIDI in compariso€BRI in this attempt by providing extra
scaling factor value. Six and three pareto-optis@ltions have been obtained by MCA and
FEO techniques after performing simultaneous caépacillocations and DG integrations as
shown in Table 7.54 and Table 7.55. The decreaSAIDI value means improvement. On the
other hand, the increase in CBRI value means Ipe¢tetr. It has been observed from Table 7.54
that the best SAIDI value achieved by MCA technigsi€5.800543 hours/customer yr. The
highest CBRI value obtained by MCA technique is46.480. But the least SAIDI value and
highest CBRI value are not connected to each offtes. signifies that these values correspond
to different solutions. On the other hand, it cannoticed from Table 7.55 that the least SAIDI
value achieved by FEO algorithm is 6.483182 houst@mer yr. The best CBRI value obtained
by FEO algorithm is 0.647697. It can be said bylgittg the non-dominated solutions of Table
7.54 and Table 7.55 that the pareto-optimal sahstiachieved by FEO algorithm are
comparatively better than the solutions obtainedMiA technique. Finally the decision maker
will choose the suitable solution from the pareptimal solutions achieved by FEO technique as
observable in Table 7.55.

186



Table 7.54: Non-dominated optimal solutions obtdiadter MCA implementation considering SAIDI and RIB
improvement in 69 bus microgrid type radial disfitibn system

S| No. SAIDI CBRI
hours/customer yr
1 6.819240 0.104297
2 6.817454 0.091441
3 6.962203 0.146780
4 6.800543 0.086512
5 6.956268 0.111782
6 6.837226 0.105956

Table 7.55: Pareto optimal solutions obtained &®0 implementation considering SAIDI and CBRI ilmpement
in 69 bus microgrid type distribution system

S| No. SAIDI CBRI
hours/customer yr
1 6.492506 0.639718
2 6.536401 0.647697
3 6.483182 0.599489

Like reliability index SAIDI, another customer omied distribution system reliability index
SAIFI can be considered with novel reliability ixdEBRI to assess interruption frequency and
power interruption cost.

7.3.3.9Effect of CBRI and SAIFI

Multi objective capacitor allocation and DG intetjpa have been performed considering
improvements of CBRI and SAIFI in sixty nine buscrogrid type radial distribution system.
The planning scheme attained here is appropriatetiHat particular feeder where power
interruption cost and interruption frequency arevajor concern. The scaling factors for multi
objective optimization have been considered asa@d 0.4 for CBRI and SAIFI, respectively.
More importance has been given to CBRI in comparigoSAIFI in this attempt by providing
extra scaling factor value. Three and five non-d@ted solutions considering SAIFI and CBRI
have been obtained by MCA and FEO techniques awrshio Table 7.56 and Table 7.57,
respectively. The lesser SAIFI value signifies imment in power interruption frequency. On
the other hand the higher CBRI value means reitgl@inhancement in terms of reduction in
power interruption cost. It can be noticed from [€ab.56 that the best SAIFI value obtained by
MCA technique is 5.497321 interruptions/customer §ne highest CBRI value achieved by
MCA technique is 0.517837 as observable in TalBé.7These said SAIFI and CBRI values are
not connected to each other. These values corrddpatifferent solutions. It has been observed
from Table 7.57 that the best SAIFI value obtainegd FEO technique is 5.499879
interruptions/customer yr. On the other hand, thghdst CBRI value achieved by FEO
algorithm is 0.371539 as observable in Table 7t53an be said by analyzing the pareto-optimal
solutions of Table 7.56 and Table 7.57 that CBRI 8AIFI values achieved by MCA technique
are comparatively better than those values obtanye8EO algorithm. So the decision maker
can finally select the proper solution from the +gmminated solutions achieved by MCA
technique as observable in Table 7.56.
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Table 7.56: Pareto optimal solutions achievedr Mt€A application considering SAIFI and CBRI impewent in
69 bus microgrid type radial distribution system

S| No. SAIFI CBRI
interruptions/customer yr
1 5.508704 0.483801
2 6.073456 0.517837
3 5.497321 0.465691

Table 7.57: Non-dominated optimal solutions achieafter FEO application considering SAIFI and CBRI
improvement in 69 bus microgrid type distributiostem

S| No. SAIFI CBRI
interruptions/customer yr
1 5.517121 0.247162
2 5.862846 0.371539
3 5.520529 0.250889
4 5.513341 0.239776
5 5.499879 0.176554

Multi-objective capacitor allocation and DG integipa have been performed considering two
conflicting objectives so far. But consideration erfergy loss, total cost, SAIFI, SAIDI and
AENS simultaneously will give the real scenario fopre specific customer based planning
purpose. In the next section, the stated five adnfy objectives have been considered
simultaneously for performing multi-objective DGdaoapacitor placement for various types of
customers such as rural, urban, commercial, hdspitiece and industrial. This planning has
been accomplished considering a maximum of 50% Bx@&{ation.

7.3.4 Customer based DG integration and capacitor allocan in 69 bus microgrid type
radial distribution system
Cost incorporated customer specific simultaneopsdiéor allocation and at a maximum of 50%
DG integration have been performed considering,doss, SAIFI, SAIDI and AENS. Multi-
objective optimization has been exercised withabgctive of cost reduction; loss minimization
and improvement of reliability indices viz. SAIFBAIDI and AENS in 69 bus microgrid type
system. Effective evolutionary techniques i.e. rfiedi cultural algorithm (MCA) and fish
electrolocation optimization (FEO) have been com®d for this multi-objective situation.
Modified cultural algorithm and fish electrolocatioptimization have obtained twenty one and
fifteen pareto optimal solutions as shown in Tahk8 and Table 7.59 respectively. The best and
worst solutions concerning to each conflicting chjee have been notified in bold and italics
format respectively which can be observed from &&bb8 and Table 7.59.
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Table 7.58: Pareto optimal solutions found by M@ahnique considering five conflicting objectivesaanaximum
of 50% DG penetration in 69 bus microgrid type ahdistribution system

Sl Cost Energy loss SAIFI SAIDI AENS
no. (US$) (kWh) interruptions/customef hours/customer yr| kWh/customer yr
yr
1 4076572.64 99.30 5.871508 7.162449 37.07780Q
2 4434182.35 121.64 5.869317 7.076868 36.86882¢4
3 4007649.41 96.40 5.950844 7.212201 37.596272
4 4406590.19 113.22 5.899648 7.259620 36.804675
5 4623398.29 149.54 5.624780 6.937963 37.028414
6 4049051.89 106.69 5.854470 7.046482 36.91313p
7 4102298.24 98.91 5.918328 7.175757 37.59017y
8 4381367.74 124.50 5.601637 6.915938 37.04965p
9 4283644.57 123.23 5.670479 6.888438 36.86635P
10 4025271.12 101.10 5.879920 7.126850 37.285386
11 4507866.42 125.05 5.698076 6.877434 36.736941
12 4078046.28 107.57 5.800625 7.026831 36.870735
13 4104253.30 123.23 5.800641 6.998877 37.122474
14 4101317.76 125.17 5.712755 6.931400 37.02841p
15 4505386.15 138.19 5.719114 6.883751 37.0220583
16 4403599.30 132.57 5.626836 6.848133 37.206139
17 4766658.00 158.22 5.597774 6.874460 36.969883
18 4443139.57 128.45 5.733750 6.866574 37.374358
19 4594884.86 144.17 5.681629 6.875919 36.8156583
20 4778076.20 159.39 5.537634 6.799405 36.895780
21 4516074.56 136.96 5.706885 6.862361 37.039869

It has been observed from Table 7.58 that leastggness found is 96.4&@Wh. The worst
solution related to energy loss achieved by MCAS598.39kWh. Other solutions lie inside the
upper and lower range of energy loss. It can be that energy loss has been reduced after DG
integration and capacitor placement from initialueaof 225.00 kwh. On the other hand, total
cost has been decreased from initial value of US#555.54after suitable DG and capacitor
allocation using MCA technique. The least cost wigid in Table 7.58 is US$ 4007649.41. The
worst cost value achieved by MCA algorithm is US%8076.20. The reliability index SAIFI
has been improved from the initial value of 5.85B2&tterruptions/customer yr. The least SAIFI
value obtained in Table 7.58 is 5.53768trruptions/customer yr. It has been observethfro
Table 7.58 that worst SAIFI value obtained is 5&80interruptions/customer yr. It has also
been observed from Table 7.58 that SAIDI value Heeen reduced from 7.152889
hours/customer yr for seventeen cases out of twemgy solutions after appropriate DG
integration and capacitor sitting. The least SAWalue obtained by MCA algorithm available in
Table 7.58 is 6.799405 hours/customer yr. The weAdDI value achieved by MCA technique
shown in Table 7.58 is 7.259620urs/customer yr. Finally it can be noticed fromble 7.58
that after implementation of MCA algorithm loadented reliability index AENS has been
improved from the initial value of 38.313253 kWhgtamer yr. The best AENS value found out
in Table 7.58 is 36.73694&Vh/customer yr. The worst solution regarding tekability index
AENS shown in Table 7.58 is 37.596 Z&A&h/customer yr.

Like the non-dominated solutions obtained by MCArgto optimal solutions have also been
achieved by FEO but in lesser number than the foone. It has been observed from Table 7.59
that best energy loss value obtained by FEO algaris 84.99 kWh. The worst solution related
to energy loss shown in Table 7.59 is 11X®3. The least energy loss value found by FEO
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algorithm is better than that value achieved by M@éhnique available in Table 7.58. It can be
noticed from Table 7.59 that total cost has beeliged from the initial value after appropriate
DG integration and capacitor placement. The least ealue found by FEO algorithm is US$
4028611.8&hownin Table 7.59. On the other hand, the worst satuéwailable in Table 7.59
regarding total cost is US$ 4246939.85. The bastdosolution concerning to the total cost by
FEO technique is higher than the value obtained§A algorithm shown in Table 7.58.
Furthermore, it can be noticed from Table 7.59 best SAIFI value achieved by FEO algorithm
is 5.401679 interruptions/customer yr. The worstutsan regarding SAIFI is 5.784265
interruptions/customer yr. The best SAIFI valueaid by FEO algorithm is lower than that
value achieved by MCA technique available in TahE8. On the other hand, the least SAIDI
value found by FEO technique is 6.6418@rs/customer yr whereas the worst solution relate
to SAIDI is 6.838496 hours/customer yr shown in[€ah59. Again the best value concerning to
SAIDI as observable in Table 7.59 is lower thart tredue achieved by MCA technique shown
in Table 7.53. Finally it can be noticed from TalBl&9 that least AENS value achieved by FEO
technique is 35.611380/Nh/customer yr. The worst AENS value obtained ByORalgorithm is
36.277693 kWh/customer yr shown in Table 7.59. hbégt AENS value available in Table 7.59
is better than that value found by MCA techniquelaservable in Table 7.58.

Table 7.59: Pareto optimal solutions obtained byOF&Egorithm for five conflicting objectives consiitegy DG
penetration up to 50% in 69 bus microgrid type ahdistribution system

Sl. No. Cost Energy loss SAIFI SAIDI AENS
(US$) (kwh) interruptions/customef hours/customer yri  kWh/customer yr
yr

1 4028611.88 98.07 5.784265 6.838496 36.451405
2 4038519.25 112.65 5.404957 6.658174 36.197292
3 4246939.85 106.68 5.608689 6.816690 36.443610
4 4047276.72 111.31 5.590130 6.739670 36.298205
5 4050950.55 110.76 5.401679 6.648410 36.137228
6 4052072.61 110.03 5.589105 6.737127 36.283992
7 4059813.77 84.99 5.707972 6.797090 35.611360
8 4045598.83 110.97 5.591159 6.742858 36.316942
9 4125235.37 113.33 5.401911 6.648353 36.128824
10 4087669.48 109.55 5.588810 6.736175 36.272176
11 4106332.82 109.35 5.589140 6.734466| 36.277693
12 4153777.74 112.01 5.399709 6.641809 36.128246
13 4097124.27 110.27 5.587978 6.735165 36.272222
14 4122119.02 111.26 5.401937 6.646297 36.141047
15 4107957.42 107.94 5.587084 6.730075 36.252739

It can’t be said from the above discussion thatsthlation of one technique is strictly better than
the other method. On the other hand, different austs want different type of service
conditions. Justification regarding selection dfatent weight value is necessary to reach that
perspective via TOPSIS method discussed in Chdpt&his has been briefly discussed in the
next section.

7.3.4.1Justification of choosing different weight value

Six types of customers have been considered hehey Tare rural, urban, hospital,
office/building, industrial and commercial consumafulti-objective optimization has been
performed considering five conflicting objectivda. the essence of customer based decision
making, different weight values have been selefdgethose five conflicting objectives related to
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various customers. The weight values have beereahsreach to the final solution in TOPSIS
method. This has been shown in Table 7.55. It @ndbiced from Table 7.60 that weight values
chosen as 0, 0.85, 0.05, 0.05 and 0.05 for eneogy, Icost, SAIFI, SAIDI and AENS
respectively are connected to rural customer. Tigken importance has been given to the cost
issue for rural customer. This has been considesatiey can't afford to pay the electricity bill if
it's expensive. That's why weight value of 0.85assured to the cost issue. On the other hand,
power quality is not a very big issue to the runadtomer. If the voltage fluctuates within range
then it's acceptable for them. In this regard tbéage has been maintained for every load bus
between 0.9 p.u and 1.1 p.u in this research wgdckimportance has been given to the energy
loss issue for that reason. But ‘uninterruptiblevposupply’ and ‘energy not supplied’ are those
issues which seek more importance than the ‘powality’ issue to the rural customer. That's
why weight value of 0.05 has been given to eaciabidity index SAIFI, SAIDI and AENS.
Furthermore, it has been observed from Table &0 weight value of 0.2 has been given to
each conflicting objective for urban customer. Hqomportance has been given to all the chosen
objectives for urban customer. This has been daenerban customer simultaneously wants
economic good quality power for twenty four hoursnterruptedly. In many cases they use
computers, refrigerator, cooking system, heatingfesy, air conditioning, lighting system, fan
etc to make their life comfortable. In this regamhergy not provided’ issue is also significant
for them. Additionally, it has been noticed frombl& 7.60 that weight values for hospital
customer have been chosen as 0.1, 0, 0.55, 0.36 egldted to energy loss, cost, SAIFI, SAIDI
and AENS respectively. Standard voltage and powaetof are necessary as there are sensible
electrical appliances in operation theatre andritiboy. That's why weight value of 0.05 has
been given to the ‘energy loss’ objective. Butitih@st coveted issue is the uninterruptible power
supply as operation and emergency situation camroacy time in a day inside a hospital.
Furthermore nobody can assure about the duratidhadfcritical situation when life is at stake.
Cost has been given zero weightage here. This éms thone as Government hospital or private
nursing home can afford the cost of electricity. lithergy supply issue is also important as there
is freezing system, air condition etc in the hadpiA weight value of 0.05 has been assured to
AENS.

Table 7.60: Selected weight value for differentetyyd customer

Customer type Weight chosen by decision maker iP3$I3 method
energy loss Cost SAIFI SAIDI AENS
rural 0 0.85 0.05 0.05 0.05
urban 0.2 0.2 0.2 0.2 0.2
hospital 0.05 0 0.55 0.35 0.05
Office/building 0.2 0 0.6 0.15 0.05
Industrial 0.05 0 0 0.05 0.9
Commercial 0.05 0.15 0.15 0.6 0.05

It has also been observed from Table 7.60 thag¢dolr practical solution weight values selected
for office/building customer are 0.2, 0, 0.6, 0dad 0.05 for energy loss, cost, SAIFI, SAIDI

and AENS respectively. Good quality power is neagsdor office/building customer as

computers, printers, fax, xerox machine, air cooddr etc are there. Computer is very much
sensitive to voltage fluctuation and sag issuesqéent interruption also gives detrimental effect
to the computing system. That's why weight valueOd& has been given to the SAIFI index.
Interruption duration is also important as the adfs work is to serve customer uninterruptedly.
A weight of 0.15 has been given to SAIDI index. Eyenot supplied issue is not so much
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important like SAIFI, energy loss and SAIDI for iof/building customer. On the other hand
electricity bill is affordable for this type of ceamer. Finally it has been noticed from Table 7.60
that weight values of 0.05, 0, 0, 0.05 and 0.9 Haeen given to energy loss, cost, SAIFI, SAIDI
and AENS respectively for industrial customer. Tdmaount of energy supply issue is very
significant for industrial customer apart from ather aspects. This is due the fact that various
motors of various capacities are operational inlsetale or large scale industry. Interruption
duration and good quality power are also importantun those motors effectively. Frequent
interruption will cause break in industrial procésg will not cause any damage if that does not
sustain longer. On the other hand, industrial cawgpzan pay electricity bill. So, cost has least
significance to them. Lastly it has been observedhfTable 7.60 that weight values of 0.05,
0.15, 0.15, 0.6 and 0.05 have been chosen for eress, cost, SAIFI, SAIDI and AENS
respectively concerning to commercial customer. @encial customer can be of any category
from small shop owner to multiplex or big shoppimgll. Good quality of power provided
uninterruptedly is essential for their operation.tAe same time they want to make maximum
profit. Cost is therefore an important issue tenth On the other hand, sustained interruption is
detrimental for their business. That's why higheigit has been given to the SAIDI index.
Justification for choosing different weight valuésr various customers has been briefly
elaborated in the above paragraph. It will be @eresting study to observe the decision making
for the stated six types of customers. The muiteda decision making method called TOPSIS
has been utilized here to reach the specific ap@tepsolution. The specific solution is fetched
by observing the rank of pareto optimal solutioasieved by MCA and FEO algorithm.

7.3.4.2Selecting feasible and appropriate solution for rual customer

In this section appropriate solution regarding slaisfaction of rural customer is chosen and
discussed. It has been observed from Figure 7.&Bsthiiution number 3 has been selected for
rural customer amongst the twenty one pareto optmlations obtained using MCA technique.
A few solutions amongst the achieved non-dominatddtions implementing MCA have been
shown in Figure 7.53. This has been done as the values of other solutions are lower than
0.85. The conflicting objectives of energy loss, totakizoSAIFI, SAIDI and AENS values
related to solution number 3 are 96lkd@h, US$ 4007649.41, 5.9508#terruptions/customer
yr, 7.212201 hours/customer yr and 37.596RVh/customer yr respectively. The total cost
value of solution number 3 is the least value arsbtige twenty one solutions obtained by MCA
technique. The cost issue is very much importanthto rural customer apart from all other
chosen conflicting objectives. That's why this abatated solution is feasible for rural customer
but it can’t be said conclusively to be the ultimane without the prior information concerning
the solutions achieved by FEO algorithm.
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Selecting pareto optimal solution for rural custome
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Figure 7.53: Non-dominated solutions obtained by M@&chnique utilized via TOPSIS method for finding
appropriate solution for rural customer considerd@ penetration up to 50% in 69 bus microgrid typdial
distribution system

Likewise the solution obtained via TOPSIS methadti@ rural customer by MCA, Figure 7.54
represents the rank order amongst the solutionsdfday FEO algorithm. It has been shown in
Figure 7.54 that solution number 1 has been seleftte rural customer amongst the fifteen
solutions obtained by FEO algorithm. The energys,ldstal cost, SAIFI, SAIDI and AENS
values of solution number 1 are 9810/Kh, US$ 4028611.88, 5.7842@8erruptions/customer
yr, 6.838496hours/customer yr and 36.4514K@/h/customer yr respectively as observable in
Table 7.59. Significantly the total cost value ofution number 3 available in Table 7.58 is
lesser than that value of solution number 1 as shiowTable 7.59. This is vital. There is no
doubt that the solution number 3 achieved by MCéhteque as observable in Table 7.58 is
appropriate for rural customer. To achieve solutimmber 3 as shown in Table 7.58
simultaneous shunt capacitor placement and DG ratieg have been performed. Shunt
capacitors have been placed at bus number 1791812 38, 47, 48, 56, 60, 65 and 69 in sixty
nine bus microgrid type radial distribution syste@apacitor values selected for those chosen
bus positions are 200 kVAR, 200 kVAR, 1000 kVAR,08kVAR, 400 kVAR, 1000 kVAR,
1200 kVAR, 200 kVAR, 400 kVAR, 600 kVAR and 200 k¥RArespectively. Distributed
generator integration has been performed at buitos 10, 14, 29, 34, 38, 55, 57, 59, 63, 64
and 65. The DG value chosen at those bus locasienS0 kW, 50 kW, 100 kw, 50 kW, 50 kW,
100 kW, 50 kw, 100 kw, 50 kW, 100 kW and 100 k\Wspectively.
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0.3 Selecting pareto optimal solution for rural custome
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Figure 7.54: Pareto optimal solutions achieved BOFalgorithm used through TOPSIS method for obtaini
feasible solution for rural customer at a maximum56% DG penetration in 69 bus microgrid type radia
distribution system

On the contrary urban customer need is not sirtolaural customer. Selection of pareto optimal
solution related to urban customer is also impadtimmnderstand.

7.3.4.3Choosing pareto optimal solution for urban customer

Urban residential customers desire to have gooditgud supply uninterruptedly. They also
want to have economic power. Feasible solutionuidran customer has been found out by
TOPSIS method satisfying all the criteria.

Selecting pareto optimal solution for urban custome
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Figure 7.55: Selecting specific solution by TOP®&8thod for urban customer from the achieved nonidatad

solutions using MCA algorithm considering DG peagtm up to 50% in 69 bus microgrid type radialtiilition

system
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It can be noticed from Figure 7.55 that solutiomber 1 has been chosen by TOPSIS method
amongst the obtained twenty one solutions using M@éhnique. This solution has been
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selected considering the weight value for urbartazner shown in Table 7.58. The energy loss,
total cost, SAIFI, SAIDI and AENS values concerntogsolution number 1 are 99.30 kWh, US$
4076572.64, 5.871508 interruptions/customer yr6Z489 hours/customer yr and 37.077801
kWh/customer yr respectively. On the other handufé 7.56 represents the rank order for the
eleven solutions obtained by FEO algorithm. It basn observed from Figure 7.56 that solution
number 7 has been selected by TOPSIS method ambftgeh solutions achieved by FEO
method. The energy loss, total cost, SAIFI, SAIDHaAENS values related to the chosen
solution number 7 are 84.99 kWh, US$ 4059813.770M72 interruptions/customer yr,
6.797090 hours/customer yr and 35.611360 kWh/custogm respectively as shown in Table
7.59. All the conflicting objectives’ values conoirg to solution number 7 availble in Figure
7.56 are lesser than those values related to enlatimber 1 shown in Figure 7.55. It can be said
by doing comparative study that the solution numbes observable in Figure 7.56 and Table
7.59 is better than solution number 1 shown in FEgU55 and Table 7.58. Finally that solution
number 7 as shown in Table 7.59 and Figure 7.56eiscted for urban customer. Solution
number 7 has been achieved using FEO algorithnm péidorming DG integration and shunt
capacitor allocation. Capacitors have been platédsanumber 5, 12, 39, 42, 44, 47, 48, 57, 59,
63 and 64 with 400 kVAR installed capacity at eveejected location. Distributed generators
have been allocated at bus positions 3, 5, 4,830117, 30, 31, 34, 48, 58, 59, 60, 63, 66, 67 and
69. The DG value chosen by FEO algorithm for eatbcted location is 100 kW.

Choosing pareto optimal solution for urban customer
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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Figure 7.56: Choosing feasible solution for urbaistomer by TOPSIS method from the obtained parptomal
solutions using FEO algorithm at a maximum of 50% Penetration in 69 bus microgrid type radial disttion
system

Urban customer and hospital customer sometimes [tavemon interest issues. But the
necessity of hospital customer regarding power iguasues such as voltage, outage etc are
different in comparison to urban customer. The mieitgation of appropriate solution for hospital
customer is therefore important.
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7.3.4.4Selection of proper solution for hospital customer

Hospital customer is a significant end user ofitytisystem. Here non-dominated solutions
obtained by MCA and FEO algorithms have also be#ized to find out the feasible solution by

TOPSIS method. It has been observed from Figure that the rank value of solution number 8
is higher than other solutions obtained by MCA teghe. This solution is selected for hospital
customer as shown in Figure 7.57. The energy tosal, cost, SAIFI, SAIDI and AENS values

concerning to that chosen solution are 12450 kWIS$ 4381367.74, 5.601637

interruptions/customer yr6.915938 hours/customer yr and 37.049655 kWh/custogr

respectively.

Selecting pareto optimal solution for hospital omser
0.8

Chosen Solution

0.75

0.7

0.65

Rank Value

0.6

0.55

0.5
0 2 4 6 8 10 12 14 16 18 20 22

Solution Number
Figure 7.57: Selection of specific solution by T@®Snethod for hospital customer from the obtaineoh-n
dominated solutions using MCA technique consideidg penetration up to 50% in 69 bus microgrid typdial
distribution system

196



Choosing pareto optimal solution for hospital custo
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Figure 7.58: Choosing feasible solution for hodpitesstomer by TOPSIS method from the achieved pawptimal
solutions using FEO algorithm at a maximum of 50% Penetration in 69 bus microgrid type radial dlsttion
system

Rank Value

On the other hand, Figure 7.58 represents the lhart of rank values related to the fifteen
solutions found by FEO algorithm. It can be notid¢exim Figure 7.58 that solution number 12
has been selected for hospital customer. The erlesgy total cost, SAIFI, SAIDI and AENS
values related to that chosen solution are 112.0%h,k US$ 4153777.74, 5.399709
interruptions/customer yr, 6.641809 hours/customgerand 36.128246 kWh/customer yr
respectively. It can be said from the above valined all the conflicting objectives values
concerning to the solution number 12 as shown guié 7.58 is lower in magnitude than the
solution number 8 available in Figure 7.57. So,gbkition number 12 depicted in Figure 7.58 is
better in comparison to the solution number 8 aldd in Figure 7.57. This specific solution has
been finally selected for hospital customer. Thalfisolution for hospital consumer has been
obtained by FEO algorithm after performing simufans DG integration and capacitor
placement. Capacitors have been installed at magiéms 4, 21, 50, 57 and 59. Capacitor values
chosen for those selected bus positions are 10@8RkY200 kVAR, 1000 kVAR, 600 kVAR and
1200 kVAR respectively. Distributed generation gregion has been performed at bus number
8,9, 11, 17, 21, 50, 57, 63 and 69 with DG valti@G® kW only. Office / building customer is
another significant consumer who has variety laad$h as AC, computers etc. The selection of
particular solution for office/building consumer &so important as regards business is
concerned.

7.3.4.5Suitable solution for office/building customer

The suitable solution for office/building custonteas been chosen on the basis of highest rank
value as observable in Figure 7.59. Selected rahkeg of non-dominated solutions achieved by

MCA technique has been shown in Figure 7.59. Thk values have been achieved by TOPSIS

method considering the weight values of office/thmid) customer. Solution number 1 has been

selected as the significant solution for officel@ung customer as available in Figure 7.59. The

energy loss, total cost, SAIFI, SAIDI and AENS \eduelated to that chosen solution are 99.30
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kWh, US$ 4076572.64, 5.871508 interruptions/custogme 7.162449 hours/customer yr and
37.077801 kWh/customer yr respectively.

Selecting pareto optimal solution for office/builgicustomer
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Figure 7.59: Selection of appropriate solution ddfice/building customer by TOPSIS method from tisained
non-dominated solutions after implementation of M&&hnique considering DG penetration up to 50%9rbus
microgrid type radial distribution system

On the other hand, Figure 7.60 represents the vahkes of achieved solutions using FEO
algorithm. The rank values are calculated by pnesip stated TOPSIS method considering the
weight values of office/building consumer. It caa hoticed from Figure 7.60 that solution
number 7 has been chosen for office/building coresuniihe energy loss, total cost, SAIFI,
SAIDI and AENS values related to the chosen satuttmmber 7 are 84.99 kWh, US$

4059813.77, 5.707972 interruptions/customer yrOQBOBO hours/customer yr and 35.611360
kWh/customer yr respectively as observable in TgB8. All the conflicting objectives’ values

of solution number 7 of Figure 7.60 are better thalution number 1 of Figure 7.59. Finally the
solution number 7 of Figure 7.60 has been choseoffice/building consumer in this work.
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Selecting pareto optimal solution for office/buildicustomer
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Figure 7.60: Selection of suitable solution foricgfbuilding customer by TOPSIS method from theaot®d non-
dominated solutions after application of FEO altgon considering DG penetration up to 50% in 69 imisrogrid
type radial distribution system

The final solution selected for office/building cumer is same as the final solution for urban
customer. That's why the DG integration and theacépr allocation details related to this final
solution have not been illustrated here. The in&iiamn can easily be obtained for DG
integration and capacitor placement from the eadig-section discussed for urban customer.
Furthermore, industrial customer is another typeaisumer who prefers uninterrupted power
supply of certain amount of power for a companye @etermination of that specific solution is
therefore important in this regard.

7.3.4.6Decision regarding industrial customer

The industrial customers are considered as higkiderbulk and low tension bulk consumers of
electricity. They consumes bulk amount of powerfded the various motors electrically for
doing industrial processes. The rank values consgl¢he weights for industrial consumer have
been enumerated by TOPSIS method. Figure 7.61semiethe rank values of pareto optimal
solutions achieved by MCA technique. It has beeseoled from Figure 7.61 that solution
number 12 possesses the highest rank value amalhgjs¢ solutions. This specific solution has
been chosen for industrial customer. The energy; logal cost, SAIFI, SAIDI and AENS values
concerning to that selected solution are 107.57 kWIS$ 4078046.28, 5.800625
interruptions/customer yr,7.026831 hours/customer yr and 36.870735 kWh/custogr
respectively. On the other hand, Figure 7.62 re@missthe rank values (calculated by TOPSIS
method) of fifteen non-dominated solutions obtaitgdFEO algorithm. Like the rank values
shown in Figure 7.61, rank values observable inuféig7.62 have also been enumerated
considering the weights for industrial consumecalh be noticed from Figure 7.62 that solution
number 7 has been selected for industrial cust@sehe rank value of that solution is highest.
The energy loss, total cost, SAIFI, SAIDI and AEX8ues concerning to that solution number 7
shown in Figure 7.62 are 84.99 kWh, US$ 40598135/707972 interruptions/customer yr,
6.797090 hours/customer yr and 35.611360 kWh/custgymrespectively.
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Choosing pareto optimal solution for industrial ttuser

Rank Value

12
Solution Number

Figure 7.61: Choosing feasible solution for indastcustomer by TOPSIS method from the obtained-non
dominated solutions using MCA algorithm considerid@ penetration up to 50% in 69 bus microgrid typdial

distribution system

It can be said from the above discussion thathal ¢onflicting objectives’ values related to
solution number 7 available in Figure 7.62 aredes&s magnitude than those values of solution

number 12 observable in Figure 7.66.

Selecting pareto optimal solution for industriastamer
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Rank Value
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Solution Number
Figure 7.62: Selection of appropriate solution ifadustrial customer by TOPSIS method from the magitimal
solutions obtained using FEO technique consideB@) penetration up to 50% in 69 bus microgrid typdial
distribution system
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Again the final solution selected for industriainsamer is same as the final solution for urban
customer. That's why the DG integration and theacépr allocation details related to this final
solution have not been illustrated here.

The last consumer of electricity supply consideiredhis work is commercial customer. The
decision related to suitable DG integration andacépr placement for commercial customer has
been briefly stated in the next section.

7.3.4.70pting appropriate solution concerning to commerciacustomer

Commercial customer can be of several types. Itheaa multiplex, big shopping mall etc. On
the other hand, it can be a small shop. Uninteedipiower supply with lower cost of electricity
is the coveted thing for all types of commerciastomers. The decision regarding selection of
suitable solution has been taken choosing highast value amongst the twenty one pareto
optimal solutions achieved by MCA technique as olsde in Figure 7.63. Rank values have
been enumerated by TOPSIS method considering tightwealues of commercial customer. It
has been observed from Figure 7.63 that the solutionber 9 possesses the highest rank value
amongst all the solutions. The energy loss, totadt,cSAIFI, SAIDI and AENS values
concerning to that chosen solution are 123.23 kWIS$ 4283644.57, 5.670479
interruptions/customer yr, 6.888438 hours/custorgerand 36.866352 kWh/customer yr
respectively.

Selecting pareto optimal solution for commerciadtmmer

Chosen Solution

0.7F--=-=mmmmmmmmme e e

Rank Value

0.65F------------"-~---------— ‘.’ -~~~ -~~~ o

_ P - B N N W—

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Solution Number

Figure 7.63: Selection of specific solution for goercial customer by TOPSIS method from the achieveut

dominated solutions using MCA algorithm considerid@ penetration up to 50% in 69 bus microgrid typdial

distribution system

0.6

On the other hand, fifteen non-dominated solutiaasik values considering the weights for
commercial customer have been shown in Figure 7T6d.fifteen pareto optimal solutions have
been achieved by FEO method. Solution number Heas selected for commercial customer as
its rank value is the highest amongst all the smhgt This feasible solution achieved by FEO
technique has energy loss, total cost, SAIFI, SAdbd AENS values given as 110.76 kWh, US$
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4050950.55, 5.401679 interruptions/customer 6y48410 hours/customer yr and 36.137228
kWh/customer yr respectively. It can be said frdra &bove discussion that all the conflicting
objectives’ values concerning to solution numbeh&wn in Figure 7.64 are better than solution
number 9 available in Figure 7.63. That's why tbison number 5 observable in Figure 7.64
has been finally chosen as the appropriate solitiocommercial customer.

Selecting pareto optimal solution for commerciadtmmer
018~~~

0,07~ === T oo
0.16- -~~~

0.15/ - -----

Rank Value

0.14f -~~~

013~ -~

0.12 :

Solution Number
Figure 7.64: Choosing appropriate solution for careial customer by TOPSIS method from the obtainaekto
optimal solutions using FEO algorithm considerinG Penetration up to 50% in 69 bus microgrid typdiak
distribution system

Final solution for commercial consumer has beeneaell after appropriate simultaneous DG
integration and capacitor placement using FEO dlgor Shunt capacitors have been suitably
placed at bus location 4, 21, 50 and 59 with itedaValues of 1200 kVAR, 200 kVAR, 600
kVAR and 1200 kVAR, respectively. Distributed geaier integration has been performed at
bus number 9, 11, 17, 21, 57, 63 and 69 with D@evaf 100 kW at each selected position.

Cost incorporated customer based capacitor allmtatind DG integrations have been studied in
the earlier sections. These studies have beenrpwtbon a 69 bus microgrid type radial
distribution system having real power load of 3.86%9/. Simulation studies performed in this
microgrid type radial distribution system with ne@dnout four mega watt total load are important
in business perspective as deregulation is prexggaih the distribution system. The larger size
distribution system is one kind of reflection ofisthconsidered small scale microgrid type
distribution system. So appropriate planning evadidor this microgrid type system can be very
useful for conventional large scale distributiosteyn. In this regard a study related to suitable
capacitor and DG placement considering enhancet flrafuturistic demand in this microgrid
type network would be important for deregulateditess purpose.

7.3.5 Capacitor allocation and DG integration consideringenhanced futuristic demand
Simultaneous capacitor allocations and DG integnatihave been performed in enhanced load
sixty nine bus microgrid type radial distributioystem to improve reliability as well as to reduce
total cost. The life time of the components of thisject has been considered for twenty five
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years. Load enhancement has been exercised inrsngybus microgrid type system keeping
line data same as before. This load enhancemenbéms performed considering futuristic
demandThe bus data of this microgrid type distributiosteyn has been shown in Appendix in
Table A5.The total real power load of this newly developedrogrid type distribution system

is 40.6 MW. Customer data for this enhanced loadlehdas been shown in Table A8 in
Appendix section. Solar photovoltaic plants as @@rse of 500 kW and 1000 kW have been
considered as distributed generation source. HeediDG source has been selected considering
the load of the microgrid type radial distributisystem at hand. The cost of those DG units has
been considered from elsewhere [246]. Maximum liofitdistributed generation penetration
level has been restricted to 20% of total activergroload. This limit has been fixed in view of
cost reduction as well as reliability improvement also considering the DG penetration level
in different scenarios. Capacitor values have bmmisidered as 1000 kVAR, 5000 kVAR and
10,000 kVAR here. The capacitor size has also lseectted considering the load values in the
microgrid type system. Failure rate and outage tianee been enumerated considering the same
principle discussed earlier [77, 119]. Four evalnéry techniques viz. rcGA, PSO, FEO and
MCA have been considered here to study energyrihsction, minimization of total cost and
improvement of SAIFI, SAIDI and AENS.

7.3.5.1Reduction of energy loss

Energy loss has been found reduced from its ini@ue i.e. without capacitor and DG
connectivity by appropriate simultaneous capadidtocation and DG integration in sixty nine
bus microgrid type system available in Table 7l6has been observed from Table 7.61 that
energy loss has been found decreased from 228%\é0tk 981.88 kWh by the application of
rcGA. Distributed generation integration has beenfqgmed by implementing rcGA at bus
position 5, 13, 16, 20, 23, 24, 25, 38, 42, 44,58),61, 62, 64 and 69 with 500 kW of solar PV
at every bus as shown in Table 7.61. Reactive poampensation has been performed installing
shunt capacitor at bus location 3, 4, 5, 7, 9,18),20, 23, 24, 25, 26, 27, 28, 32, 35, 38, 39, 44,
46, 47, 50, 51, 55, 58, 59, 60, 61, 62, 63, 64,665,68 and 69 by employing rcGA available in
Table 7.56. Capacitor value of 5000 kVAR has bestailed in bus number 5, 44 and 60. Other
selected bus positions apart from the mentionesktbuses are selected for deployment of 1000
kVAR of capacitor value as observable in Table 7®@ the other hand, energy loss has been
observed to be decreased from 2284.69 kWh to 97HWMB by the implementation of PSO
shown in Table 7.61. Distributed generators hawnh®aced at bus number 2, 10, 15, 48, 58, 60
and 63 with DG value of 1000 kW at each bus. Capechave been allocated by applying PSO
at bus number 10, 19, 26, 36, 39, 50, 52, 58, @Dednwith installed capacitor values of 5000
kVAR, 1000 kVAR, 1000 kVAR, 5000 kVAR, 1000 kVARQD00 kVAR, 10000 kVAR, 5000
kVAR, 1000 kVAR and 5000 kVAR, respectively. Finalt can be noticed that energy loss has
been found reduced from 2284.69 kWh to 952.11 kWlkhk application of FEO as observable
in Table 7.61.
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Table 7.61: Energy loss minimization in enhancetll69 bus microgrid type radial distribution systeomsidering
a maximum of 20% DG penetration

Methods Energy DG value (kW) DG placement Capacitor value Capacitor
loss (kVAR) placement
kWh

rcGA 981.88 500, 500, 500, 5,13, 16, 20, | 1000, 1000, 5000, 1000, 3, 4,5, 7,9, 10,
500, 500, 500, 500, | 23, 24, 25, 38, 1000, 1000,1000, 1000, 15, 20, 23, 24,

500, 500, 42, 44,50, 59,/ 1000, 1000,1000, 1000, 25, 26, 27, 28,

500, 500, 500, 61, 62, 64, 69| 1000, 1000,1000, 1000, 32, 35, 38, 39,

500, 500, 500, 1000, 1000,5000, 1000, 44, 46, 47, 50,

500 1000, 1000,1000, 1000, 51, 55, 58, 59,

1000, 1000,5000, 1000, 60, 61, 62, 63,
1000, 1000,1000, 1000, 64, 65, 66, 68,

1000, 1000,1000 69
PSO 971.40 1000, 1000, 1000,| 2,10, 15, 48, | 5000, 1000, 1000, 5000, 10, 19, 26, 36,
1000, 1000, 1000, 58, 60, 63 1000, 10000, 10000, 39, 50, 52, 58,
1000 5000, 1000, 5000 60, 61
FEO 952.11 500, 500, 500, 1004, 9, 20, 46, 57, | 5000, 1000, 10000, 1000, 6, 9, 36, 44, 51,
1000, 1000, 1000, | 60, 63, 64, 66| 1000, 5000, 5000, 10000, 59, 63, 66, 68
1000 5000
MCA 788.68 500, 1000, 1000, 1000, 5, 13, 23, 24, | 1000, 5000, 5000, 10000, 5, 6, 22, 39,
500, 500, 1000, 35, 58, 61, 64, 1000, 1000, 10000 54,58, 61
1000, 1000, 500 65, 68
Without 2284.69 - -
DG and
capacitor
placement

Bus positions 9, 20, 46, 57, 60, 63, 64 and 66 Hmen selected for DG allocation by FEO.
Distributed generator value of 500 kW has beengaolaat bus number 9, 20 and 46. Thousand
kilo watt of DG value has been placed at other ctetk locations for DG integrations as
observable in Table 7.56. On the other hand, capaplacement has been performed at bus
locations 6, 9, 36, 44, 51, 59, 63, 66 and 68 wiitalled capacitor values of 5000 kVAR, 1000
kVAR, 10000 kVAR, 1000 kVAR, 1000 kVAR, 5000 kVAR000 kVAR, 10000 kVAR and
5000 kVAR, respectively. Lastly it has been obsdrirem Table 7.61 that energy loss value has
been decreased from 2284.69 kWh to 788.68 kWh byittplementation of MCA. Shunt
capacitor values have been selected by MCA as kb@R, 5000 kVAR, 5000 kVAR, 10000
kVAR, 1000 kVAR, 1000 kVAR and 10000 kVAR for buschtions 5, 6, 22, 39, 54, 58 and 61,
respectively. On the other hand, solar PV (DG s®unas been integrated at bus positions 5, 13,
23, 24, 35, 58, 61, 64, 65 and 68. The DG valuesaas been selected for those chosen bus
locations are 500 kW, 1000 kw, 1000 kW, 1000 kWO &V, 500 kW, 1000 kW, 1000 kW,
1000 kW and 500 kW. It can be said from the abaseussion that MCA technique has found
the least energy loss value amongst all the chesirromputing tools.

Energy loss price has an influence in total costtall cost has also other parts like power
interruption cost and installation cost of capac#nd capital cost of DG. This total cost can be
reduced by appropriate simultaneous capacitor atilme and DG integration. The study of total
cost minimization is also important to understamifistic business activities.

7.3.5.2Minimization of total cost
Total cost has been found reduced from the initelle of US$ 56778222.95 with suitable
simultaneous DG integration and capacitor placenasnbbservable in Figure 7.70 and Table
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7.62. It has been observed from Figure 7.70 that twst value has been found decreased from
initial value by applying rcGA, PSO, FEO and MCA.chn be noticed from Figure 7.65 that
FEO algorithm has found the least total cost valugS$ 44040143.29 amongst four considered
algorithms. Distributed generator integration hasrbperformed by FEO at bus location 63 and
64 with DG value of 1000 kW at every selected lmraas shown in Table 7.62.

Cost minimization

58,000,00 US$ 56778222.95

52 000,00 I © 20% DG penetration
Without DG and capacitor placement

Total Cost (US$)
al
o
o
o
o
o
o

US$ 44334339.96 US$ 44358558.%%$ 44040143.20S$ 44266675.35

rcGA PSO FEO MCA Initial Value

Figure 7.65: Minimization of total cost by the irepientation of rcGA, PSO, FEO and MCA considering DG
penetration up to 20% in 69 bus enhanced load wmiitdype radial distribution system

On the other hand, bus locations 4, 43, 62 and &/ tbeen chosen by FEO for installing
capacitor values of 1000 kVAR, 5000 kVAR, 10000 K¥Aand 10000 kVAR, respectively. The
next better position has been achieved by MCA teglenin finding the better total cost value
available in Figure 7.65. It has been observed fFagure 7.65 and Table 7.62 that total cost
value has been found reduced from US$ 56778222008J%$% 44266675.35 with the
simultaneous placement of DG and capacitor at dcetibns 8, 26, 63 and 69; and 6, 12, 20, 40,
44, 53, 54, 62, 66 and 69 by applying MCA. The D&l &apacitor values chosen for those
selected locations are 500 kw, 1000 kW, 500 kw Hp@D kW and 1000 kVAR, 1000 kVAR,
1000 kVAR, 1000 kVAR, 1000 kVAR, 5000 kVAR, 1000 AR, 10000 kVAR, 1000 kVAR
and 5000 kVAR.The third position has been secured by rcGA amowgsisidered four
techniques in finding the lesser total cost valsisl@own in Figure 7.65. Capacitor allocation has
been performed by rcGA at bus positions 4, 1722631, 32, 38, 55, 56, 60, 62, 67 and 68 with
installed values of 5000 kVAR, 1000 kVAR, 1000 kVAROOO kVAR, 1000 kVAR, 1000
kVAR, 1000 kVAR, 1000 kVAR, 1000 kVAR, 5000 kVARPBO kVAR, 5000 kVAR and 5000
kVAR. Solar PV as DG of 500 kW has been selectedckBA at bus number 65. Finally it has
been observed from Figure 7.65 that total costieas found decreased from US$ 56778222.95
to US$ 44358558.23 by applying PSO. This cost redlndhas been achieved by PSO due to DG
integration at bus location 14 with DG value of QOKW. Capacitor allocation has been
performed by PSO at bus positions 7, 17, 39, 56&hdith installed capacitor values of 5000
kVAR, 5000 kVAR, 5000 kVAR, 5000 kVAR and 10000 k¥RArespectively.
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Table 7.62: Capacitor allocations and DG integretior total cost minimization considering a maximof 20%

DG penetration in enhanced load 69 bus microgpe tyadial distribution system

Methods DG value | DG placement Capacitor value Capacitor
(kW) (kVAR) placement
rcGA 500 65 5000, 1000, 1000, 1000, 4, 17, 26, 27,
1000, 1000, 31, 32, 38, 55,
1000, 1000, 1000, 56, 60, 62, 67,
5000, 5000, 5000, 500( 68
PSO 1000 14 5000, 5000, 5000, | 7,17, 39, 56, 62
5000, 10000
FEO 1000, 1000 63, 64 1000, 5000, 10000, 4, 43, 62, 67
10000
MCA 500, 1000, 8, 26, 63, 69 1000, 1000, 1000, | 6, 12, 20, 40, 44
500, 1000 1000, 1000, 5000, 53, 54, 62, 66,
1000, 10000, 1000, 69
5000

Reliability worth or power interruption cost is amegral part of total cost as discussed earlier.
Failure rate is connected with reliability worthi3 failure rate is also linked with the customer
oriented reliability index SAIFIL. Improvement of A can be done by suitable DG integration
and capacitor allocation. This has been studigbdamext section.

7.3.5.3Improvement of SAIFI

System average interruption frequency index (SAH$ been found improved by performing
minimization considering simultaneous capacitooadtion and DG integration in sixty nine bus
microgrid type radial distribution system. It haeeh observed from Table 7.63 that SAIFI value
has been found improved from 5.884177 interrupfmrgomer yr to 5.492566
interruptions/customer yr due to simultaneous cémaand DG placement by the application of
rcGA as shown in Table 7.63. Capacitors have b#ecated by rcGA at bus locations 2, 5, 10,
14, 15, 25, 31, 36, 38, 39, 40, 43, 51, 54, 57,680and 69. Capacitor value of 5000 kVAR has
been chosen for bus number 5. Thousand kilo VAR agacitor has been installed at other
selected locations. On the other hand, DG valug00f kW has been placed at bus locations 8,
12, 16, 22, 24, 30, 31, 34, 42, 45, 58 and 59 BArclt can be noticed from Table 7.58 that
SAIFI value has been found improved from 5.8841fFtérruptions/customer yr to 5.730330
interruptions/customer yr by the implementationrP&O. Distributed generation integration has
been performed at bus location 16 and 49 with Didevaf 1000 kW at every selected location.
On the other hand, reactive power compensatioralsasbeen performed by PSO placing shunt
capacitor at bus number 7, 10, 24, 28, 40 and B wstalled capacitor value of 5000 kVAR,
10000 kVAR, 1000 kVAR, 5000 kVAR, 1000 kVAR and TOGVAR. Finally it has been
observed from Table 7.58 that SAIFI value has béemnd improved from 5.884177
interruptions/customer yr to 5.458275 interruptionstomer yr by performing minimization
using FEO technique. Solar PVs have been placdeEly at bus locations 11, 12, 18, 19, 22, 45
and 48 with 1000 kW of installed DG value at eveglected location. On the other hand, shunt
capacitors have been installed using FEO at busatsril2, 26, 28, 39 and 67. Capacitor values
chosen for those selected locations are 1000 KMAR)D kVAR, 5000 kVAR, 1000 kVAR and
5000 kVAR. Lastly it can be noticed from Table 7t6at SAIFI value has been found improved
from 5.884177 interruptions/customer yr to 5.442iti@rruptions/customer yr by the usage of
MCA technique. Distributed generation integratidmsve been performed by MCA at bus
numbers 9, 16, 17, 24, 33, 34, 56, 58 and 68 with\value of 1000 kW, 1000 kW, 500 kW,
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1000 kw, 500 kw, 500 kW, 500 kw, 1000 kW and 1000, kespectively. On the other hand,
shunt capacitors have been allocated by using M&€Artique at bus positions 11, 14, 18, 19, 26,
58, 66 and 68 with installed capacitor values cdABVAR, 1000 kVAR, 1000 kVAR, 1000
kVAR, 1000 kVAR, 1000 kVAR, 1000 kVAR and 5000 kVARespectively. It can be said from
the above discussion that MCA technique has folnedl¢ast and the most improved SAIFI
value amongst all the considered algorithms asrelbke in Table 7.63.

Table 7.63: Comparative study of SAIFI improvemantongst rcGA, PSO, FEO and MCA at a maximum of 20%

DG penetration in enhanced load 69 bus microgpe tyadial distribution system

Methods SAIFI DG value DG placement Capacitor value Capacitor
interruptions/ (kW) (kVAR) placement
customer yr

rcGA 5.492566 500, 500, 500, 8, 12, 16, 22, 1000, 5000, 1000, | 2,5, 10, 14, 15, 25
500, 500, 500,| 24, 30, 31, 34,/ 1000, 1000, 1000, | 31, 36, 38, 39, 40,
500, 500, 500, 42, 45,58,59| 1000, 1000, 1000, | 43,51, 54, 57, 60,
500, 500, 500 1000, 1000, 1000, 68, 69
1000, 1000, 1000,
1000, 1000, 1000
PSO 5.730330 1000, 1000 16, 49 5000, 10000, 1000, 7, 10, 24, 28, 40,
5000, 1000, 5000 55
FEO 5.458275 1000, 1000, 11,12,18,19, 1000, 1000, 5000, | 12, 26, 28, 39, 67
1000, 1000, 22,45, 48 1000, 5000
1000, 1000,
1000
MCA 5.442109 1000, 1000,| 9, 16, 17, 24, 1000, 1000, 1000, | 11, 14, 18, 19, 26,
500, 1000, | 33, 34,56,58,/ 1000, 1000, 1000, 58, 66, 68
500, 500, 68 1000, 5000
500, 1000,
1000
Without DG and| 5.884177 -
capacitor
placement

Failure rate is also connected with another custamented distribution system reliability index
SAIDI. The improvement of SAIDI is important to wrdtand like the above studied customer
based reliability enhancement.

7.3.5.4Upgrading reliability index SAIDI

System average interruption duration index has leemd improved from the initial value after
suitable DG integration and capacitor placemerghasvn in Figure 7.66 and Table 7.64. It has
been observed from Figure 7.71 that SAIDI valuelteen found improved from initial value of
6.551647 hours/customer yr by applying rcGA, PSBOFand MCA. It can be noticed from
Figure 7.66 that FEO technique has found the I8A$DI value of 6.168688 hours/customer yr
amongst four considered algorithms. Distributedegator integrations have been performed by
using FEO technique at bus location 9, 18, 21,252,322, 40 and 58 with DG values of 1000
kw, 1000 kw, 1000 kw, 1000 kW, 500 kw, 500 kW, 100 and 1000 kW as shown in Table
7.59. On the other hand, bus locations 4, 15, $3ahd 57 have been chosen by FEO for
installing capacitor values of 10000 kVAR, 5000 kWA1000 kVAR, 10000 kVAR and 10000
kVAR, respectively. The second position has bedneaed by MCA technique in finding the
better SAIDI value as available in Figure 7.66hds been observed from Figure 7.66 and Table
7.64 that SAIDI value has been found improved fi®®51647 hours/customer yr to 6.220986
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hours/customer yr with simultaneous placement of &f@ capacitor. Distributed generator of
1000 kW has been selected for bus number 18, 22Z®539 and 58. Five hundred kilo watt of
DG value has been allocated at bus position 2354hBnd 62. Capacitor values of 1000 kVAR,
5000 kVAR, 1000 kVAR, 1000 kVAR, 5000 kVAR, 1000 RR, 5000 kVAR, 1000 kVAR,
1000 kVAR, 10000 kVAR, 1000 kVAR, 5000 kVAR havedpeplaced at bus number 8, 10, 15,
16, 30, 37, 51, 53, 59, 60, 62 and 68 by applyifgAvtechnique. The third position has been
secured by rcGA amongst considered four techniguneSnding the lesser SAIDI value at
6.227614 hours/customer yr as shown in Figure T&acitor allocation has been performed
by rcGA at bus number 4, 6, 7, 8, 12, 15, 16, 87,32, 33, 36, 38, 43, 45, 55, 57, 61, 62 and 63
with installed value of 1000 kVAR. Five thousantbkyar of capacitor has been installed at bus
position 2, 9 and 61 by the implementation of rcGGular PV as DG of 500 kW has been
selected by rcGA at bus locations 13, 17, 19, 8632, 44, 45, 49, 50, 55, 57, 63 and 65. Finally
it has been observed from Figure 7.66 that SAIDS baen found improved from 6.551647
hours/customer yr to 6.324262 hours/customer yamylying PSO. This SAIDI improvement
has been achieved by PSO due to DG integratiomsatdeations 3, 25, 30, 32, 40 and 58 with
DG value of 1000 kw, 1000 kw, 500 kW, 500 kW, 1088, 1000 kW. Capacitor allocation
has been performed by PSO at bus positions 2,,742548 and 68 with installed capacitor
values of 10000 kVAR, 10000 kVAR, 5000 kVAR, 1000AR, 10000 kVAR, 5000 kVAR,
respectively.

SAIDI improvement

6.8

I @ 20% DG penetration
6.6 I without DG and capacitor placement 6.551647
6.4

6.324262

6.227614 6.220986

6.168688

SAIDI (hours/customer yr)

5.8

rcGA PSO FEO MCA Initial Value

Figure 7.66: Comparative study related to improvetnod SAIDI amongst rcGA, PSO, FEO and MCA considgr
DG penetration up to 20% in enhanced load 69 besogiid type radial distribution system
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Table 7.64: Capacitor allocation and DG integration SAIDI improvement in enhanced load 69 bus wougeid
type radial distribution system at a maximum of 2D% penetration

Methods DG value | DG placement Capacitor value Capacitor
(kW) (KVAR) placement
rcGA 500, 500, 13,17, 19, 26,/ 5000, 1000, 1000, | 2,4,6,7,8,9, 12,
500, 500, 28, 31, 44, 45, 1000, 1000, 5000, | 15, 16, 27, 28, 32,
500, 500, 49, 50, 55, 57,/ 1000, 1000, 1000, | 33, 36, 38, 43, 45,
500, 500, 63, 65 1000, 1000, 1000, | 47,55, 57, 58, 61,
500, 500, 1000, 1000, 1000, 62, 63, 66
500, 500, 1000, 1000, 1000,
500, 500 1000, 1000, 1000,
5000, 1000, 1000,
1000
PSO 1000, 1000, | 3,25, 30,32,| 10000, 10000, 5000,| 2,7, 15, 42, 48, 68
500, 500, 40, 58 1000, 10000, 5000
1000, 1000
FEO 1000, 1000, | 9, 18,21,22,| 10000, 5000, 1000, | 4,15, 43, 55, 57
1000, 1000, | 25, 32, 40, 58 10000, 10000
500, 500,
1000, 1000
MCA 1000, 1000, | 18, 22,23,25, 1000, 5000, 1000, 8, 10, 15, 16, 30,
500, 1000, | 30, 39, 41,57,/ 1000, 5000, 1000, | 37,51, 53, 59, 60,
1000, 1000, 58, 62 5000, 1000, 1000, 62, 68
500, 500, 10000, 1000, 5000
1000, 500

Load oriented distribution system reliability index also important as customer oriented
reliability index. Annual outage time is linked tvithe load oriented reliability index AENS like
the above studied reliability index SAIDI. The imgement of this AENS can be exercised by
performing minimization.

7.3.5.5Improvement of AENS

Average energy not supplied (AENS) has been foumgraoved by performing minimization
after simultaneous capacitor allocation and DGgragon in sixty nine bus microgrid type radial
distribution system. It has been observed from &ahb5 that AENS value has been found
improved from 96.751641 kWh/customer yr to 91.8@1R®/h/customer yr due to simultaneous
capacitor and DG placement by the application GA@s shown in Table 7.65. Capacitor value
of 1000 kVAR has been placed at bus position 3,84, 16, 23, 25, 29, 36, 37, 38, 42, 44, 56
and 62 by using rcGA. Five thousand kilo var of a@fr has been allocated by the
implementation of rcGA at bus number 28, 55, 57 @dOn the other hand, DG value of 500
kW has been placed at bus locations 7, 8, 12,22, 27, 47, 51, 68 and 69 by rcGA. It can be
noticed from Table 7.65 that AENS value has beeuondo improved from 96.751641
kWh/customer yr to 93.500735 kWh/customer yr by it@lementation of PSO. Distributed
generation integration has been performed at beegitm 4, 16 and 23 with DG values of 1000
kw, 1000 kW and 500 kW, respectively. On the oth@&nd, reactive power compensation has
also been performed by PSO placing shunt capa@tdsas numbers 3, 6, 11, 21, 49, 56, 57 and
67 with installed capacitor values of 5000 kVAROBkVAR, 5000 kVAR, 1000 kVAR, 5000
kVAR, 5000 kVAR, 1000 kVAR, 5000 kVAR, respectivellginally it has been observed from
Table 7.65 that AENS value has been found imprdvech 96.751641 kWh/customer yr to
91.563161 kWh/customer yr by performing minimizatissing FEO technique. Solar PVs have
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been placed using FEO at bus locations 2, 8, 1318417, 21, 27, 48, 53, 56 and 67 with
installed DG values of 500 kW, 500 kw, 500 kw, 1080, 500 kw, 500 kw, 1000 kw, 500
kw, 500 kW, 500 kw, 1000 kw, 1000 kW, respectiveBn the other hand, shunt capacitors
have been installed using FEO at bus numbers 10,9127, 37, 47, 51 and 55. Capacitor values
chosen for those selected locations are 10000 kVARO kVAR, 1000 kVAR, 1000 kVAR,
5000 kVAR, 1000 kVAR, 5000 kVAR and 5000 kVAR. List can be noticed from Table 7.65
that AENS value has been found improved from 96431kWh/customer yr to 91.779689
kWh/customer yr by the usage of MCA technique. fiisted generation integrations have been
performed by MCA at bus numbers 3, 18, 19, 20,37and 61 with DG values of 1000 kW,
1000 kW, 1000 kW, 500 kw, 500 kw, 1000 kw and 1809, respectively. On the other hand,
shunt capacitor values of 1000 kVAR has been platdulis location 2, 7, 20, 32, 37, 40, 41, 54
and 57.Five thousand kilovar of capacitor has been alletatt bus number 36 and 33CA
technique has also selected 10000 kVAR of capafotaallocating it into bus position 6@.can

be said from the above discussion that FEO teclenigis found the most improved AENS value
amongst all the considered algorithms observabl@abie 7.65.

Table 7.65: Comparative study of AENS improvemenenhanced load 69 bus microgrid type radial distion
system at a maximum of 20% DG penetration

Methods AENS DG value DG placement Capacitor value Capacitor
kWh/customer| (kW) (kVAR) placement
yr
rcGA 91.874053 500, 500, 7,8,12, 17, 1000, 1000, 1000, | 2, 6,9, 14, 16, 23,
500, 500, 20, 21, 27, 47,/ 1000, 1000, 1000, | 25, 28, 29, 36, 37,
500, 500, 51, 68, 69 1000, 5000, 1000, | 38, 39, 42, 44, 49,
500, 500, 1000, 1000, 1000, | 55, 56, 57, 62, 66
500, 500, 5000, 1000, 1000,
500 5000, 5000, 1000,
5000, 1000, 5000
PSO 93.500735 1000, 1000 4,16, 23 5000, 5000, 5000,| 3, 6, 11, 21, 49, 56|,
500 1000, 5000, 5000, 57, 67
1000, 5000
FEO 91.563161 500, 500, | 2, 8,13, 14, 10000, 1000, 1000, | 10, 15, 19, 27, 37,
500, 1000, | 15,17,21,27, 1000, 5000, 1000, 47,51, 55
500, 500, 48, 53, 56, 67 5000, 5000
1000, 500,
500, 500,
1000, 1000
MCA 91.779689 1000, 1000,| 3,18, 19, 20, 1000, 1000, 1000, | 2, 7, 20, 32, 36, 37,
1000, 500, 27,37,61 1000, 5000, 1000, | 40, 41, 53, 54, 57,
500, 1000, 1000, 1000, 5000, 60
1000 1000, 1000, 10000
Without DG and| 96.751641 - -
capacitor
placement

Capacitor allocations and DG integrations have beegrcised so far to observe cost based
reliability enhancement in both 34 bus and 69 busrogrid type radial distribution systems.

Comparative studies have been performed considsrimgie objective situations. On the other
hand, multi-objective optimizations have also berecuted by the application of most effective
MCA and FEO techniques. The overall objective efsthsimulation studies is to reduce the cost
as well as to improve the reliability. This aim hbsen attained by appropriate planning
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discussed in this chapter. But there is alwaysopesof further improvement. With this view
conclusion has been drawn and future scope hadvatsoillustrated in the next chapter.
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Chapter 8

Conclusion and future scope

8.1Conclusion

Simultaneous distributed generation integrationd ahunt capacitor allocations have been
successfully performed for single and multi objeetoptimization situations in thirty four and
sixty nine bus microgrid type radial distributiorysteems. Loss reduction, total cost
minimization; improvements of SAIFI, SAIDI and AENBave been exercised as single
objective optimization cases. Total cost minimiaatihas been performed considering two
reinforcement schemes at different DG penetrat@rels in 34 bus microgrid based radial
distribution system. One is the scheme of discotfisetators with additional fuse gear and the
other is only disconnects between buses. The ingpnewnts of distribution system reliability
indices viz. SAIFI, SAIDI and AENS have been stadensidering the reinforcement scheme
i.e. ‘applying disconnects between buses with #hterotection’ in thirty four bus microgrid
radial distribution system. Changes or modificagiom other parameters apart from the
considered objectives have been analyzed for 16%, dnd 20% DG penetration levels in thirty
four bus microgrid type radial distribution syste@apacitor placement has been executed
optimally to minimize the total cost comprising pawnterruption cost, loss cost and capacitor
installation cost in 69 bus microgrid type radiatdbution system. Studies related to the change
of reliability indices have also been performedp&ator allocation in sixty nine bus microgrid
based radial distribution system has been exercmwsidering disconnects/isolators with
additional fuse gear. The capacitor sitting anthgizlata concerning to the above stated scheme
have been employed for the other reinforcementresehef applying only disconnects between
buses. On the other hand, capacitor allocationsX@&dintegrations have been performed to
observe cost reduction, loss minimization, improgata of SAIFI, SAIDI and AENS
considering 20% and 50% DG penetrations in 69 bigsogrid type radial distribution system.
This study has been done on the basis of commoriugmdstic scenario in different situations
selecting realistic customer data. Comparative istudor cost reduction, loss minimization,
improvements of SAIFI, SAIDI and AENS have beenf@gened amongst real coded genetic
algorithm, particle swarm optimization, modifiedltcwal algorithm and fish electrolocation
optimization. Real coded genetic algorithm and iplrtswarm optimization are available
standard techniques which have been implemented fuer DG integration and capacitor
allocation. But modified cultural algorithm (MCAd fish electrolocation optimization (FEO)
are novel technigues which have been developederbasis of nature inspired phenomena.
Modified cultural algorithm has been developed loa basis of original cultural algorithm. Two
knowledge sources viz. situation knowledge andohysknowledge have been engineered and
developed further for application in this work. Foonathematical operators viz. addition,
multiplication, replacement and unchanged have beewly thought out to perform the
influence work of situation knowledge. Influencetbé history knowledge on population space
has been studied on the context of a plan relaieithé combinatorial optimization which is
optimal DG and capacitor placement or only optioegdacitor allocation. On the other hand, fish
electrolocation optimization has been mathematicaleveloped for both continuous and
combinatorial optimization problems. The concept adtive and passive electrolocation
phenomena of elephant nose fish and shark hasdessidered to develop the optimization tool
named fish electrolocation optimization. The tegue searches the feasible solution from a
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solution pool by performing randomization and lazation like the conceptual electro fish’s
food searching procedure. The conceptual electsh fias both the active and passive
electrolocation property. It switches between the types of electrolocation depending on the
situation that arises through iterations for a ipalar type of optimization problem. The
population in this newly developed stochastic atbar evolves by generating electric wave
providing importance to electrical capacitance galBoth the developed techniques have been
successfully implemented here for combinatorialroj@ation problems in various situations.
Modified cultural algorithm and fish electrolocati@mptimization have come out as effective
evolutionary computation techniques as they hauwpestormed real coded genetic algorithm
and particle swarm optimization. Sometimes fistctetdocation optimization has secured the
first position in competition and for the other easnodified cultural algorithm has obtained the
best results. Multi-objective optimization has begmwformed by the application of MCA and
FEO techniques considering 50% DG penetration irb@¢ microgrid type radial distribution
system. Modified cultural algorithm has been selécas the optimization tool for decision
making in the case of multi-objective optimizatisttuation in thirty four bus microgrid type
system. This decision making has been exercisegiityg equal importance to real power loss
reduction, cost minimization and improvement ofiafality indices. Pareto-optimal solutions
have been formulated inspired by weighted sum nektiModified cultural algorithm has
obtained eight non-dominated solutions whereas éigttrolocation optimization has found
seven pareto-optimal solutions in the multi-obpetenvironment. The lowest deviation value
based non-dominated solution implementing MCA heenbselected as the final solution. On the
other hand, multi-objective optimizations have besxercised implementing the efficient
modified cultural algorithm and fish electrolocatioptimization in 69 bus microgrid type radial
distribution system considering realistic custordata. Various multi-objective situations have
been assessed considering two different confliobibgctives. Customer based decision making
has also been performed. Rural, urban, hospitéitepfcommercial and industrial customers
have been considered for study purpose. Cost, 8841, SAIDI and AENS have been
considered as conflicting objectives for performingulti-objective optimization. Finally
appropriate distributed generation integrations aapacitor allocations have been found out
evaluating TOPSIS method for each type of consttletsstomer. The ultimate decision making
has been executed analyzing the conflicting objestivalues found out by FEO and MCA. Load
enhancement of 69 bus microgrid type radial distidn system has been executed in view of
futuristic load growth. Comparative studies among$A, PSO, MCA and FEO have been
executed for cost reduction, loss minimization angrovements of SAIFI, SAIDI and AENS.
These studies have been performed in the load eadd@®9 bus microgrid system exercising DG
integration and capacitor allocation at 20% DG pextien.

Reliability indices viz. SAIFI, SAIDI and AENS haugeen found improved from their initial
values. On the other hand, cost and loss have l@dso observed to be reduced from their
original configuration values. It has been obsenadter performing capacitor and DG
placements selecting reinforcement scheme ‘applgisgonnects with lateral protection’ that
FEO technique has found the least total cost vahtea maximum of 10% and 20% DG
penetrations amongst all the considered algoritiim84 bus microgrid system. The MCA
technique has found the least total cost at US$43%.90 considering DG penetration up to
15%. The most improved SAIFI values have been aekidy MCA technique at a maximum of
15% and 20% DG penetrations in 34 bus microgri@ tyygstem. The least SAIFI value has been
obtained by FEO algorithm at a maximum of 10% D@egteation. The best SAIDI values have

213



been obtained by MCA technique at a maximum of Hi% 15% DG penetrations in 34 bus
microgrid type radial distribution system. On thieey hand, the most improved SAIDI value has
been found by FEO algorithm at a maximum of 20% [P@netration as 8.624611
hours/customer yiThe effects of cost minimization have been obsewedeliability and loss
parameters. The consequences of improvements oéricyar reliability index on other
reliability indices, loss and cost parameters hals® been observed. Most of the reliability
indices, cost and loss values have been found wmegrdrom initial values after performing
capacitor allocations and DG integratioiitie best energy loss value has been found out as
788.68 kWh by the application of MCA technique fbe enhanced load at 69 bus microgrid
systemOn the other hand, the FEO algorithm has obtaiheddast total cost value considering
DG penetration up to 20%. Furthermore, the least lariented reliability index AENS has been
obtained by FEO technique at 91.563161 kWh/custogreramongst all the considered
algorithms.

8.2 Future scope of research

There is always a scope of further study in angaesh work. The untouched issues and the
assumptions considered here may lead to the fetismded scope of this research work. In this
regard, standardization of ‘alpha’ value regardimg ratio of two currents can be a good option
for new failure rate enumeration. On the other haetability of power quality considering
voltage improvement issue has not been considexedd BDevelopment of a new reliability index
evaluating the power quality and voltage issue aldb be a good move. The consumer number
at each load bus has been considered realistisdligh defines the chosen radial distribution
system as a mixture of several types of custoniersselection of pareto optimal solution for a
specific type of customer has been performed censig the radial distribution system as a
mixture of two types of consumers or simply as &rigpe consumer. This will be a challenging
task to fetch the appropriate solution for therentadial distribution system as a mix of several
types of customers. Hybridization of the newly deped techniques with the available standard
techniques can generate another better evolutionachnique. Evolutionary techniques
developed here can be further tuned by performiagipulations with the inherent parameters.
Future scope of research lies also on the appteppianning scheme. Network reconfiguration
and optimal switch allocation are the two scheméschv can be considered as engineering
option apart from computational processes. Comiginabf network reconfiguration, DG
integration and capacitor allocation could be adgasearch attempt in this regard.
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Table Al: Bus data of 34 bus microgrid type radiatribution system

Substation voltage = 11 kV
Bus No P (kw) Q (kVAR) Number of customer

1 0 0 0

2 230 142.5 1000
3 0 0 0

4 230 142.5 1000
5 230 142.5 1000
6 0 0 0

7 0 0 0

8 230 142.5 1000
9 230 142.5 1000
10 0 0 0
11 230 142.5 1000
12 137 84 613
13 72 45 343
14 72 45 343
15 72 45 343
16 13.5 7.5 100
17 230 142.5 1000
18 230 142.5 1000
19 230 142.5 1000
20 230 142.5 1000
21 230 142.5 1000
22 230 142.5 1000
23 230 142.5 1000
24 230 142.5 1000
25 230 142.5 1000
26 230 142.5 1000
27 137 85 613
28 75 48 356
29 75 48 356
30 75 48 356
31 57 34.5 281
32 57 34.5 281
33 57 34.5 281
34 57 34.5 281
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Table A2: Line data of 34 bus microgrid type radigstribution system

From bus| To bug R X Length | Failure rate
(p.u/km) (p.u/km) (km) (flyr)
1 2 0.195 0.08 0.6 0.2100
2 3 0.195 0.08 0.55 0.1942
3 4 0.299 0.083 0.55 0.2766
4 5 0.299 0.083 0.5 0.2532
5 6 0.299 0.083 0.5 0.2532
6 7 0.524 0.09 0.6 0.5000
7 8 0.524 0.09 0.4 0.3399
8 9 0.524 0.09 0.6 0.5000
9 10 0.524 0.09 0.4 0.3399
10 11 0.524 0.09 0.25 0.2198
11 12 0.524 0.09 0.2 0.1797
13 3 0.524 0.09 0.3 0.2598
14 13 0.524 0.09 0.4 0.3399
15 14 0.524 0.09 0.2 0.1797
16 15 0.524 0.09 0.1 0.1000
17 6 0.299 0.083 0.6 0.3000
18 17 0.299 0.083 0.55 0.2766
19 18 0.278 0.086 0.55 0.2606
20 19 0.378 0.086 0.5 0.3115
21 20 0.378 0.086 0.5 0.3115
22 21 0.524 0.09 0.5 0.4199
23 22 0.524 0.09 0.5 0.4199
24 23 0.524 0.09 0.6 0.5000
25 24 0.524 0.09 0.4 0.3399
26 25 0.524 0.09 0.25 0.2198
27 26 0.524 0.09 0.2 0.1797
28 7 0.524 0.09 0.3 0.2598
29 28 0.524 0.09 0.3 0.2598
30 29 0.524 0.09 0.3 0.2598
31 10 0.524 0.09 0.3 0.2598
32 31 0.524 0.09 0.4 0.3399
33 32 0.524 0.09 0.3 0.2598
34 33 0.524 0.09 0.2 0.1797
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Table A3: Available capacitor size and cost for84 microgrid type radial distribution system

SI No. Capacitor size Cost
(kVAR) (US$/KVAR)

1 150 0.5
2 300 0.35
3 450 0.253
4 600 0.220
5 750 0.276
6 900 0.183
7 1050 0.228
8 1200 0.170
9 1350 0.207
10 1500 0.201
11 1650 0.193
12 1800 0.187
13 1950 0.211
14 2100 0.176
15 2250 0.197
16 2400 0.170
17 2550 0.189
18 2700 0.187
19 2850 0.183
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Figure A2: Microgrid type 69 bus radial distributigystem
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Table A4: Bus data of 69 bus microgrid type radiatribution system

Substation voltage = 12.66 kV
Bus No P (kW) Q (kVAR)

1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 2.6 2.2
7 40.4 30
8 75 54
9 30 22
10 28 19
11 145 104
12 145 104
13 8 5.5
14 8 5.5
15 0 0
16 45.5 30
17 60 35
18 60 35
19 0 0
20 1 0.6
21 114 81
22 5.3 3.5
23 0 0
24 28 20
25 0 0
26 14 10
27 14 10
28 26 18.6
29 26 18.6
30 0 0
31 0 0
32 0 0
33 14 10
34 19.5 14
35 6 4
36 26 18.55
37 26 18.55
38 0 0
39 24 17
40 24 17
41 1.2 1
42 0 0
43 6 4.3
44 0 0
45 39.22 26.3
46 39.22 26.3
47 0 0
48 79 56.4
49 384.7 2745
50 384.7 2745
51 40.5 28.3
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52 3.6 2.7
53 4.35 3.5
54 26.4 19
55 24 17.2
56 0 0
57 0 0
58 0 0
59 100 72
60 0 0
61 1244 888
62 32 23
63 0 0
64 227 162
65 59 42
66 18 13
67 18 13
68 28 20
69 28 20
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Table A5: Bus data of enhanced load 69 bus miatagpe radial distribution system

Substation voltage = 12.66 kV

Bus No P (kW) Q (KVAR)

1 0 0

2 0 0

3 0 0
4 0 0
5 0 0
6 35 29
7 400 350
8 1000 920
9 500 450
10 400 220
11 3000 2100
12 4000 3300
13 96 82
14 100 90
15 0 0
16 600 510
17 800 750
18 900 810
19 0 0
20 15 11
21 200 160
22 100 91
23 0 0
24 400 360
25 0 0
26 300 240
27 200 170
28 400 320
29 500 410
30 0 0
31 0 0
32 0 0
33 200 160
34 250 210
35 70 50
36 270 230
37 250 210
38 0 0
39 230 180
40 260 210
41 15 10
42 0 0
43 70 50
a4 0 0
45 400 320
46 410 340
47 0 0
48 800 750
49 4000 3400
50 4300 3800
51 500 450
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52 50 40
53 60 52
54 300 220
55 250 180
56 0 0
57 0 0
58 0 0
59 1100 910
60 0 0
61 12000 10000
62 400 330
63 0 0
64 300 250
65 60 50
66 20 15
67 20 16
68 30 21
69 40 28
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Table A6: Line data of 69 bus microgrid type radigstribution system

From bus To bus R (p.u) X (p.u) Failure rate (f/yr
1 2 0.005 0.0012 0.1008
2 3 0.005 0.0012 0.1008
3 4 0.0015 0.0036 0.1005
4 5 0.0251 0.0294 0.1082
5 6 0.366 0.1864 0.1910
6 7 0.3811 0.1941 0.1948
7 8 0.0922 0.047 0.1227
8 9 0.0493 0.0251 0.1119
9 10 0.819 0.2707 0.2916
10 11 0.1872 0.0691 0.1440
11 12 0.7114 0.2351 0.2664
12 13 1.03 0.34 0.3410
13 14 1.044 0.345 0.3443
14 15 1.058 0.3496 0.3476
15 16 0.1966 0.065 0.1457
16 17 0.3744 0.1238 0.1874
17 18 0.0047 0.0016 0.1007
18 19 0.3276 0.1083 0.1764
19 20 0.2106 0.0696 0.1490
20 21 0.3416 0.1129 0.1797
21 22 0.014 0.0046 0.1029
22 23 0.1591 0.0526 0.1369
23 24 0.3463 0.1145 0.1808
24 25 0.7488 0.2475 0.2751
25 26 0.3089 0.1021 0.1720
26 27 0.1732 0.0572 0.1402
3 28 0.0044 0.0108 0.1022
28 29 0.064 0.1565 0.1372
29 30 0.3978 0.1315 0.1929
30 31 0.0702 0.0232 0.1161
31 32 0.351 0.116 0.1819
32 33 0.839 0.2816 0.2966
33 34 1.708 0.5646 0.5
34 35 1.474 0.4873 0.4451
3 36 0.0044 0.0108 0.1022
36 37 0.064 0.1565 0.1372
37 38 0.1053 0.123 0.1357
38 39 0.0304 0.0355 0.1100
39 40 0.0018 0.0021 0.1002
40 41 0.7283 0.8509 0.3489
41 42 0.31 0.3623 0.2057
42 43 0.041 0.0478 0.1136
43 44 0.0092 0.0116 0.1029
44 45 0.1089 0.1373 0.1386
45 46 0.0009 0.0012 0.1
4 47 0.0034 0.0084 0.1016
47 48 0.0851 0.2083 0.1497
48 49 0.2898 0.7091 0.2701
49 50 0.0822 0.2011 0.1480
8 51 0.0928 0.0473 0.1228
51 52 0.3319 0.1114 0.1775
9 53 0.174 0.0886 0.1431

236




53 54 0.203 0.1034 0.1503
54 55 0.2842 0.1447 0.1706
55 56 0.2813 0.1433 0.1699
56 57 1.59 0.5337 0.4729
57 58 0.7837 0.263 0.2836
58 59 0.3044 0.1006 0.1709
59 60 0.3861 0.1172 0.1894
60 61 0.5075 0.2585 0.2264
61 62 0.0974 0.0496 0.1239
62 63 0.145 0.0738 0.1358
63 64 0.7105 0.3619 0.2771
64 65 1.041 0.5302 0.3596
11 66 0.2012 0.0611 0.1464
66 67 0.0047 0.0014 0.1007
12 68 0.7394 0.2444 0.2729
68 69 0.0047 0.0016 0.1007
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Table A7: Customer chart for 69 bus radial disttiu system resembling microgrid

Bus Active HT bulk LT bulk LT Domestic Total Customer
No. Power consumer | consumer| consumer | consumer| consumer description
load (kW)
1 0 0 0 0 0 0 -
2 0 0 0 0 0 0 -
3 0 0 0 0 0 0 -
4 0 0 0 0 0 0 -
5 0 0 0 0 0 0 -
6 2.6 0 0 0 4 4 Rural/agricultural,
0.65 kW each
7 40.4 0 0 3 8 11 Shop @10 kW
urban residential
@1.3 kw
8 75 0 1 0 25 26 hospital @50kW,
urban residential
@ 1kw
9 30 0 0 3 0 3 Commercial @
10kw
10 28 0 0 2 8 10 Commercial @
10kW, urban
residential @ 1
kw
11 145 1 0 0 7 8 Industrial @140
kW, rural @0.72
kw
12 145 1 0 0 50 51 Industrial @110
kW, rural @0.7
kw
13 8 0 0 0 8 8 Urban residential
@1 kw
14 8 0 0 0 8 8 Urban residential
@ 1kw
15 0 0 0 0 0 0 -
16 45.5 0 1 0 2 3 Hospital @ 43
kW, urban
residential @ 1.25
kw
17 60 0 1 0 10 11 Multiplex @ 50
kW, urban
residential @
1kw
18 60 0 0 2 20 22 Shop @ 20 kW,
urban residential
@ 1kw
19 0 0 0 0 0 0 -
20 1 0 0 0 1 1 Urban residential
@ 1kw
21 11.4 0 0 1 0 1 Shop @11.4 kW
22 5.3 0 0 0 8 8 Rural @ 0.662%
kw
23 0 0 0 0 0 0 -
24 28 0 0 0 35 35 Rural @ 0.8 kw
25 0 0 0 0 0 0 -
26 14 0 0 0 14 14 Urban residential
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@ 1 kw

=

i

A

1]

27 14 0 0 0 20 20 Rural @ 0.7 kW
28 26 0 0 1 16 17 Commercial @
10kW, urban
residential @
1kw
29 26 0 0 2 6 8 Office @ 10kW
urban residential
@ 1kw
30 0 0 0 0 0 0 -
31 0 0 0 0 0 0 -
32 0 0 0 0 0 0 -
33 14 0 0 0 20 20 Rural/agricultur
@ 0.7 kW
34 19.5 0 0 1 14 15 Institution @ 1
kW, rural @
0.6785 kW
35 6 0 0 0 6 6 Urban residentia
@ 1kw
36 26 0 0 1 18 19 Office @ 8kW,
urban residential
@ 1kw
37 26 0 0 3 2 5 Office/buildings
@ 8kW, urban
residential @1kW,|
38 0 0 0 0 -
39 24 0 14 15 Commercial @
10kW, urban
residential @1kW,
40 24 0 0 1 16 17 Office @ 12kw
rural @ 0.75 kw
41 1.2 0 0 0 1 1 Urban residenti
@ 1.2kw
42 0 0 0 0 0 0 -
43 6 0 0 0 6 6 Urban residentia
@ 1kw
44 0 0 0 0 0 0 -
45 39.22 0 0 3 11 14 Small nursing
home @ 8kW,
commercial
@10kw,
office/building
@10kW, urban
residential @1.02
kw
46 39.22 0 0 2 25 27 Commercial
@10kW, office
@9.22 kW, rural
@0.67 kW, urban
residential @
1kw
47 0 0 0 0 0 0 -
48 79 0 1 3 0 4 Hospital @50
kW, school
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institution @
10kW, office@9
kw

49

384.7

35

38

Industrial @
120kW, rural
@0.7057 kW

50

384.7

Industrial
@180kW, small
scale industry
@24.7 kW

51

40.5

10

13

Commercial
@10kW, urban
residential @1.05

kw

52

3.6

Urban residenti
@1.2kW

53

4.35

o

o

o

»

»

Rural @0.725k

54

26.4

Commercial
@10kW, urban
residential @
1.066 kW

55

24

18

19

Office/building @
12 kw,
rural/agricultural
@ 0.67 kW

56

57

58

o|o|o

59

o|0o|o|o

ololo|o

R[(O|O|O

R|[O|O|O

===}

Hospital @50kV]
office/buildings
@ 40kW, urban

@ 1kw

60

o

o

61

1244

75

Industrial
@120kW, rural
@0.676 kW

62

32

Commercial @1
kW, office
@12kW,
institution
@8kW,
residential
complex @2kwW

A

.

63

o

o

o

64

227

Industrial
@110kW, rural
@0.7kW

65

59

13

14

hospital@ 46kW
urban residential
@1kW

~

66

18

Commercial
@10kW, urban
residential @1kW,|

67

18

13

14

office@ 9kW,

rural @0.692 kW
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68 28 2 10 12 Commercial
@9kW, urban
residential @1kW,|
69 28 1 8 9 Auditorium

@20kW, urban
residential @
1kw
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Table A8: Realistic customer chart considering eckd load in 69 bus microgrid type radial distribotsystem

Bus Active HT bulk LT bulk LT Domestic Total Customer
No. Power consumer | consumer| consumer | consumer| consumer description
load (kW)
1 0 0 0 0 0 0 -
2 0 0 0 0 0 0 -
3 0 0 0 0 0 0 -
4 0 0 0 0 0 0 -
5 0 0 0 0 0 0 -
6 35 0 0 0 21 21 Urban residential (@
3 kW, rural @ 0.67
kw
7 400 0 0 12 20 32 Shop @ 30 kW
urban residential @
2 kW
8 1000 0 17 0 15 32 Hospital @ 90 kW,
Commercial @ 50
kW, urban
residential @ 2 kW
9 500 0 6 0 10 16 Office @ 80 kW,
urban residential @
2 kW
10 400 0 6 0 20 26 Commercial @ 60
kW, urban
residential @ 2 kW
11 3000 7 0 0 250 257 Industrial @ 400
kW, rural @ 0.8
kw
12 4000 8 0 15 120 143 Industrial @ 450
kW, Shop @ 20
kW, rural @ 0.84
kw
13 96 0 0 1 28 29 Shop @ 12 kW,
urban residential @
3 kW
14 100 0 0 1 22 23 Shop @ 12 kW
urban residential @
4 kKW
15 0 0 0 0 0 0 -
16 600 0 2 15 0 17 Nurshing home @
75 kW, shop @ 30
kw
17 800 0 8 0 40 48 Commercial
complex @ 90 kW,
urban residential @
2 kW
18 900 0 10 0 25 35 Office @ 85 kW
urban residential @
2 kW
19 0 0 0 0 0 0 -
20 15 0 0 0 7 7 Urban residential @
2 kW and @ 3 kW
21 200 0 3 0 10 13 Institution @ 60

kW, urban
residential @ 2 kW
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22 100 0 0 1 30 31 Shop @ 10 kW
urban residential @
3 kW
23 0 0 0 0 0 0 -
24 400 0 5 0 25 30 Office @ 70 kW
urban residential @
2 kW
25 0 0 0 0 0 0 -
26 300 0 3 0 75 78 Hospital @ 60 kW,
urban residential @
2 kW, rural @ 0.8
kw
27 200 1 0 0 75 76 Industrial @ 140
kW, rural @ 0.8
kw
28 400 2 0 0 100 102 Industrial @ 150
kW, rural @ 1 kW
29 500 0 6 0 10 16 Office @ 80 kW
urban residential @
2 kW
30 0 0 0 0 0 0 -
31 0 0 0 0 0 0 -
32 0 0 0 0 0 0 -
33 200 0 0 5 0 5 Commercial @ 40
kw
34 250 0 0 1 80 81 Shop @ 10 kW
urban residential @
3 kW
35 70 0 1 0 10 11 Nursing home @ B0
kW, urban
residential @ 2 kW
36 270 0 0 0 90 a0 Urban residential |@
3 kW
37 250 0 0 10 80 90 Commercial @ 9
kW, urban @ 2 kW
38 0 -
39 230 Commercial @ 60
kw, Office @ 50
kw
40 260 0 2 0 30 32 Office @ 70 kW
urban residential @
4 kKW
41 15 0 0 0 20 20 Rural @ 0.75 kW
42 0 0 0 0 0 0 -
43 70 0 0 0 81 81 Shop @ 6 kW, rural
@ 0.8 kW
44 0 0 0 0 0 0 -
45 400 0 0 5 100 105 Commercial @ 40
kW, urban @ 2 kW
46 410 0 0 10 0 10 Commercial @ 41
kw
47 0 0 0 0 0 0 -
48 800 0 10 0 0 10 Office @ 80 kW
49 4000 10 0 0 200 210 Industrial @ 380
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kW, rural @ 1 kW

&)

0

o

50 4300 10 0 0 300 310 Industrial @ 40
kW, rural @ 1 kW

51 500 0 5 0 100 105 Institution @ 60

kW, urban @ 2 kW

52 50 0 0 5 0 5 Shop @ 10 kW

53 60 0 0 3 0 3 Commercial @ 2

kw

54 300 0 3 0 50 53 Institution @ 50

kW, urban @ 3 kW

55 250 0 0 10 0 10 Commercial @ 2

kw

56 0 0 0 0 0 0 -

57 0 0 0 0 0 0 -

58 0 0 0 0 0 0 -

59 1100 0 10 0 200 210 Commercial @ §

kW, urban @ 3 kW

60 0 0 0 0 0 0 -

61 12000 20 35 0 250 305 Industrial @ 50
kW, Office @ 50
kW, rural @ 1 kW

62 400 3 0 0 40 43 Industrial @ 120
kW, rural @ 1 kW

63 0 0 0 0 0 0 0

64 300 0 0 10 0 10 Commercial @ 3

kw

65 60 0 0 0 20 20 Urban @ 3 kW

66 20 0 0 0 10 10 Urban @ 2 kW

67 20 0 0 1 4 5 Shop @ 12 kW,

urban @ 2 kW

68 30 0 0 0 10 10 Urban @ 3 kW

69 40 0 0 1 10 11 Commercial @ 2

kW, urban @ 2 kW
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