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ABSTRACT

For rural electrification, the use of effid hybrid energy systems based on renewable energy has
become an intelligent solution for regions where electricity fronmtaa electricity grid is not
profitableor impractical. A hybrid distributionsystem usesitherone or more renewabj@wer
generationtechnologies athe main sourceof energy andasa backupsource the conventional
dieselgenerators used

Thereforethis kind of system reducethe necessity on an energy source, causifigrdableand
reliableelectricity for ruralusersSince hybriddistributionsystems ussomeenergy technologies,
selecting the appropriate technologies and optimally determining the size designated
components igssentiato lessenthe total cost aml increase the availabiligndreliability of the

supply

Theaim of the study was to find thieasibility of constructing hybrid distribution system that

can provide electricity to the rural monunity living Eluvaithivuwhich is a remote island in én
Jaffna District Also, once the hybrid system is established this study will continue to analyze the
output of the system to check if the quality is up to the general standdidsremote island
contains about 110 housasdthe daily power demanaf 255 kWhanda nighttime peak of 30

kW. Similar inverter based hybrid power generation systas) beingnodekd using the load
profile and renewable resource data at the site

Simulation results shows that the grouping of PV systems, wind turbines,gbasehtor and Li

ion battery bank gives a hybrid system with following rated capacities will match the load
requirement of the island, Simulation results shows the optimal combinatich9kW solar
modules, 8kW wind turbines, 26 kWh battery bank and23kW diesel generator.

This studyanalyze the system by measuring the voltagerrent, utility frequency angower
factor of the generated output of the system. And from #malysis it was found that those
parameters mentioned abaverevarying within acceptable tolerance levels define in engineering
standards. Also, from the wind power generation analysis it was found that during April wind
energy harvesting becomes comparatively low and in June it becomes comparatively high.

Due to the high ratef electrification; in future the demand may increase significantly. To face
this situation provisions have been kept increasing the battery bank capacity when necessary.
Otherwise the system will not capable of handling the night time load and may causethe
generator more often during night time peak.



ACKNOWLEDGEMENTS

First, | would like to thank my thesis advisbr Jayathu G. Samarawickrarfthe Department
of Electronic & Telecommunication Engineeringaculty of Engineeringt the University of

Moratuwafor giving me great motivation, concepts, comments and endless sdppogproject
completion.

I am al so heartily t hamsWPfofedsor Roban Mynasimghe forehiss 6 ¢
preciousadviceon various technical and nontedtal topics throughout the research and the MSc
programmeAlso, Dr Chamira U.S. Edussooriyar his support and dedicated work as the current
coordinator of the cours&ubsequently, | want to express my sincere gratituddrt®amith

Kandage; course cadinator of the Masters Programme in Electronics and Automation for playing

a leading role on

| would also like to acknowledge dhe staff members of thBepartment of Electronic &
Telecommunication EngineerihGaculty of Engineeringt the University of Moratuwawho has
supportedne numerouyg to completethis thesis.

Finally, | must express my very profound gratitude to my parents and wafenfor providing me

with unfailing support and continuous encouragement throughout my years of study agt throu
the process of researching and writing this thesis. This accomplishment would not have been
possible without them.

Thank you.

Iman Ashly

University of Moratuwa

September 2018



TABLE OF CONTENTS

Title page
Declaration of the candidate & Supervisor
Abstract
Acknowledgements
Table of content
List of Figures
List of Tables
List of abbreviations
List of Appendices
1.Introduction
1.1 Motivation
1.2 Badkground
1.3Problem Statement
1.4 Objectives and Gal
1.5Methodof Research
1.6 Limitations and Assumptions
1.7 Necessities
1.8 Outline of the Thesis
2 Literature Review
3. Prior Data Collection
3.10verview
3.2Load Curve
3.3 Solar Photovoltaic Source
3.3.1 Yearly Variation of Solar Energy
3.3.2 Ideal Placement for Photovoltaic Panels
3.3.3 Solar Ray Incident on an Inclined PV Array
3.4Wind Energy Source
3.4.1 Variation of AnnuaWind Speed
3.4.2 The Wind Speed Variation with Distance from Ground Level
3.4.3 Distribution of WindSpeed
3.4.4 Site Wind Power Density
4. Technologiesand Modeling oHybrid Distribution Systems
4.1 Background
4.2 Hybrid systems with DC coupled technology
4.3 Hybrid systems with AC coupled technology
4.4 Hybrid systems with D&C coupled technology
4.5Multi-clusterTechnology
4.6 Modeling and simulating mini grid using Homer

\Y

NN 0101 W

10

13
14
16
16
20
23
25
25
27
28
29

33
33
34
35
37
38



5. Hybrid distribution System Design

5.1Preliminary Calculation
5.2Wind Generation
5.3Solar Generation

5.4 Solar Inverter

5.5 Multi-clusterBox

5.6 Sunny Island Inverter
5.7 Battery Storage

5.8 Remote monitoring software
5.9 Diesel Generator
5.10Distribution Grid
5.11The final design

6. Result Analysis

6.1location of constructing theowerhouse
6.2 Performance of the Hybrid System
6.2.1 Operational overall Test Results
6.2.2 Generation of the Energy requirement
6.2.3 The sngle-phasevoltage variation of the system
6.2.4 Utility Frequency variation range of the system
6.2.5 Power factor variation of the system
6.3 Analysis of generatioparameter variations during a day
6.4 Analysis of annual wind resource arfea

7 . ConclusionsaindDiscussion
8. Bibliography
9. Appendix

Vi

43

50
53
56
58
60
61
61
62
62

66
66
66
68
70
72
73
78
79
82
84



LIST OF FIGURES

Figure 1.1: Rnewableenergybasechybrid distribution system

Figure3.1: Location of the Eluvaithivu Island

Figure3.2: Average Mlage Load Profile

Figure3.3: Yearly global horizontal radiation in Sri Lanka (kwh/m2/day)
Figure3.4: Yearly Direct Normal SotaRadiation for Sri Lanka (kwh/m2/day)
Figure3.5: annual daily average insolation incident on a horizontal surface
Figure3.6 declination angle of the sun

Figure3.7: variation of the solar declination angle for a year

Figure3.8: Ideal incline angle of a PV panel placed in northern hemispher
Figure3.9: Solar energy on an inclined PV array

Figure3.10: Sri Lankan Wind resource map

Figure3.11: variation of averaged wirgpeed with elevation

Page

2
14
15
17
18
19
20
21
22
23
27
28

Figure3.12: wind speed probability distribution for dissimilar Weibull parameter k values29

Figure3.13: wind power density variation #tesite, with elevation

Figure3.14:the RMC wind speed variation e site, with elevation

Figure4.1: Block Diagam of Hybrid System Which Uses DC Coupled Technology
Figure4.2: Block Diagram of Hybrid System Which Uses DC Coupled Technology
Figure4.3: Block Diagram of Hybrid System Which Uses DC Coupled Technology
Figure 4.4: input the geographical location of the site to Homer software
Figure 4.5: Model of the village load profile in Homer Software

Figure 4.6: Scaled data varmati plots generated by the homer software
Figure 4.7: Solar Data at site location loaded to the homer software

Figure 4.8: Wind resource data at site location loaded to the homer software
Figure 4.9: Schematic diagram of the Homer model

Figure 4.10Simulation test results in Homer

vii

32
33
34
35
36
39
39
40
40
41

42

41



Figureb.1: Average Estimated Village Load Profile Used for Planning
Figure5.2: power curve comparison faindspotl.5 andwindspot3.5

Figureb.3: technical specification for windspbts and windspot 3.5

Figure5.4: Body part list for windspot wind turbine

Figure5.5: general on grid connection electrical diagramefeindspotwind turbine.
Figure5.6: Flowchartof the operationof the wind turbine irthe Hybrid system.
Figure5.7: Base of a wind turbine and two wind turbines operatirigestite.
Figureb.8: Specification for Hareon Solar 4BBHROP dual glass solar module
Figureb.9: fixing solar modulesn top of the powerhous@perating athesite
Figure5.10: solar module arrangemeéntpowerhouseand storage shed thesite
Figure5.11: Technical specification of SMA Sunny Boy solar inverters
Figureb5.12: Solar inverters operating at it

Figureb.13: Operating principle of the FSPC

Figureb.14: Technical specification of multicluster Box

Figure5.15: Inside the Multicluster Box36 operating at ite

Figure5.16: Sunny Island inverters operating atshe

Figure5.18: Technical Specification for Multicluster System

Figure5.19: operation of Multicluster System at site

Figure5.20: technical specification for storage DC battery

Figure5.21: Battery backup system connected tantioéti-clustersystem.
Figure5.22: block diagram showing how components are arranged in Hybrid System
Figure6.1: thepowerhousef the Hybrid distribution system at thie

Figure6.2: Geographical location of the propogeniverhouse

Figure6.3: functional test results of the Hybrid distribution system asitiee
Figure6.4: power generation summary for year 09/2016 to 09/2017

Figure6.5: Energy generation summary for year 09/2016 to 09/2017

Figure6.6: Average of théhreephasé/oltage generation for year 09/2016 to 09/2017
Figure6.7: Phase 1 Voltage generation summary for year 09/2016 to 09/2017
Figure6.8: Phase 2 Voltage generation summary for year 09/2009/2017
Figure6.9: Phase 3Voltage generation summary for year 09/2016 to 09/2017

viii

43
45
46
47

49
50
51
52
52
53

55
56
57
57
59
60
61
62
63

65
66
67
67

69
69
70



Figure6.10: utility frequency variation for 19/07/2016 to 04/08/2017 71

Figure6.11: utility frequency variation results imrandomday 71
Figure6.12: power factor variation of the Hybrid System 73
Figure6.13: Active, reactive and apparent power variations duringatidomday 74
Figure6.14: Current variation of the Hybrid System duringugadomday 75
Figure6.15: Voltage variation of the Hybrid System duringppadomday 75
Figure6.16: Power Factor variation of the Hybrid System duringrelomday 76

LIST OF TABLES
Page

Table 1:Electrificaion details of thesubrislandsin Sri Lanka, March 2016

Table 2 Typical weather records in Eluvaithivu region

Table 3: Jaffna District Sun Shine hourly Data year (2014/2015)

Table4: Clearness index aridonthly averagelirect normalradiation

Table5: Average nonthly declination,ideal tilt angleand pointed direction for Psrray
Table6: 15m and ®m abovdrom groundlevel aszeragemonthly wind speed data

16
18
19
22
27



LIST OF ABBREVIATIONS

CEB - Ceylon Electricity Board

MCB - Miniature Circuit Breaker
RMC- Root Mean Cube

MCCB - Molded Case (cuit Breaker
NPC- Net present cost

O & M - Operation& Maintenance
PSO Particle Swarm Optimization
PV1 PhoteVoltaic

PF1 Power Factor

FSPCi Frequency Shift Power Control



LIST OF APPENDICES

1. Schematidrawing of the system

Xi



Chapterl

INTRODUCTION

The integration of technologieslated torenewable energgourcedor the supply of electrity

has beemgrowingworldwide in recent year$till, because ofhe high volatilitydueto seasonal

changes in these sources and the unusual nature of renewable energy sources, their use is somewhat
uncertain; In addition, there is sometimegquiremenfor durablepowerstorage, which is very
expensive. Thereforeff-grid hybrid distributionsystems havstepedin to provideeconomical
andconsistentlectricity forisolatedareas that supply electricity difficult.

1.1 Motivation

More than 80% othe world's electricity is generated by fossil fuels. Much of this is generated by
the use of coal, while natural gasd oilalso make a major contribution to the production of
electricity. The twamainglitchesof consumingossil fuels as energgsoure are,

1) Pollutant gases have bedischargd to the atmosphenghen burningossil fuels.
2) Fossilfuels areafinite resourceover timeeventuallywill be depleted.

The pollutants N@ CO, NO, N0 is harmful toplants creaturesandcause health confipations

in humans. In fact, C&£2andN2O emissions have created a "greenhouse effect" by increasing the
temperature of the earth, leading to a variety of problems such as melting of glaciers that cause
rising sea water levelnd changes aflimateand wether patterndn the difficulty of finding an

answer to thesisues the world'sscientistswere looking for renewable energy sourcesutél

the energy needddydropower bioenergy, geothermal, tidand solamand windhave been very
popular enewale energy resources around the woAd anexamplefor electricity generatiom

Sri Lanka, hydropower, windnd solar powearemajorly used.

The development of renewable electricity generation systems has been very useful for the
electrification of smih communities in remote rural areas where the main grid supply is not
possible. There are marmgolatedsocietiesaround the globwithout electricity. The main reason

for not having electricity in suajroupsis the lack of a national network due to gensiveness

of expanding the transmission and distribution infrastructure in these remote regions. In some
countries, rural residents produce their own electricity using diesel generators. However, the cost
of kWh generated by such a generator is sigaiftly greater than the cost of electricity from the
public grid.Because of the high cost of expanding the national network, it steffectivefor
electricity servicdirms to extend the network &uchisolatedareadike remote islands or village

in hill country as an exampl€ompared to the cost of network expansion, renewable energy
systems have become an affordable solution for providing electricity to remote communities.



Commonly used renewable enegpneratiorsystems are photovoltaic\{lPsolar paneland wind
turbines.Also, bioenergy and mirnydropower plantsre also used. Photovoltaic systems can be
fixed almost everywhere becauselar energycan be used in mamggions across the globe
However, othepower generatiotechnologie can only baisefulwhere r@ewablesources are
available.For instancea mini hydropower planheedsa waterfall withadequateflow and a
bioenergy planheedsbhiomass planting in sufficient quantities. For this reason, an appropriate
energy system shtiibe selected in a given geographical region, taking into account the number
of events; oneut of themis throughout the yeaheseresourceshould be available

Renewable energy sourcesich are very irregular in naturedo not provide a reliable and
uninterrupted supply of electriciue to its common periodic and seasonal chafiges again
the initialcostof investment in wingoowerand solapowersystemsarestill comparativelyhigher
thanelectricity based on fossil fuelRemarkably the useof multiple renewable energy sources
makes moreeliableelectricity outputhandepending on one renewable energy resoasebeen
recognizedas one of the solutiors for this issue By combiningrenewableenergy source with
conventionaknergyresourcesthe systenturns out to be more reliablend economicaBlends of
such diverse but matching energy generation systems based on renewable or mixed energy (backup
fossil fuelgeneratomwith renewable energy resourfese known as aybrid renewable enegg
system The network created by this system is known as the roifrgrid because of its size
compared to théargescalemain electrical grid Figure 1.1 shows a typical hybrid distribution
system. ltcombinesa photovoltaic systerwith a wind turbineas its main renewableenergy
resource ana Li-ion battery bank as an energy storingt. In addition,a diesel generator is used
as a standby energgsource

Wind

Solar - Energy Systemn

Y

Loads

&

¥
Generator
Battery

Figure 1.1:Renewablenergybasedhybrid distribution system




The power generatioof a hybrid distribution systenias a great influence othe combination of
therenewablesourcesandselected component8oth durationof the system and the affordability
for end userglepend on thisTo increase theroductivity of the system andnake it more
ecaomical it is very important to measure the size of the system correctly. Thesigioicant
partis identifying the suitableenergy resources. Astatedabove, renewablpower generation
technologiesmay use in various types in a hybrid distribution ssgm such as windsolar,
bioenergyand micrehydra.

In ahybrid systemBattely storage systenend generators based ondib$uel arealso doing very
significant job Theenergy production from the renewable energy sources is diig fulfilling

the demandhe excessnergy needs to be storfat later usevhenthe energy production from
the renewable energy sourdescome lowerThefossil fuel generator isessentiako guarantee
service quality when the output of othenewablgechnologies isow, or the demandoecomes
high. In addition, there must laitomatednanagement technology integrated into the system to
safeguardvital modulesfrom gettingdamage, such adatteres being completely drained out
during operation]].

The overallNPC of the hybrid energy system throughout its technicattiife fixes the energy
cost. Italsodepends on theapacityof the production systems and the type of energy sources used.
For this reason, in order to make the systeosteffective and efficient, it isvery important to
select the appropriatdendof energyresources and thegroper gaugin@f each production system
according to thdéoad profile of the siteThis combinationrequires ahorougheconomic, social

and technical analysis of thepractical corfigurations of the hybrid systems that can be
implemented in the sitecationprovided in accordance with the availability of renewable energy
resourcesluringall over the year.

In the literature a number of approaches have been discussdiohd the approximatelyideal
configuration of hybrid systems. In addition, several organizations have developed a set of
software to analyze hybrid energy systems (e.g. PVapst$iOMER [2]. Furthermore, business
organizationsrelated to renewable energy hagevdoped their own technologies (exnulti-
clusterbasedhybrid distribution system introduced by SMA solar technology compahty).
present, these too#nd technologieare widely used in many countries ®zing,analyzingand
implementinghybrid systemsStudyof hybrid systems for rural electrification is experiendiasf
evolutionin Sri Lankanrenewable energy sectin recent years herefore as apilot project the
first hybrid power plantas beertonstructedfor Remote Island in Jaffna calléguvaithiu and
based on the results of this first projebt governments keen orexpandinghis kind of hybrid
systems foother rural areas wheseipplying electricity is difficult from the main grid.

1.2Background

In Sri Lanka there are several isothislands situated away from th@&inisland, due to the sea
water between two islands, constructing tower lines are not practically convenient. Each island has
a considerable amount of population, inhabitants whose incoaiely dependson fishery
activities. There are many fishing villages in these islands without continuous electricity which are
located far fromown centesin thedistrict



Table 1:Electrification details of theubislandsin Sri Lanka, March 2016

Baththalangunduwji Deilft Eluvaithivu Nainathivu
Island Island Island

Total Population(Families) | 1250 1,392 185 881
Total houses 650 1,181 110 833
Electrified houses (SH{ 152 214 73 520
,genset)
Rate of electrification 72% 85% 59% 95%
Existing diesel generatq 250kVA 250kVA | 100kVA 2x250kVA
system
Average monthly deman| 7,069 16,198 | 3,455 29,222
kWh
Average Consumptionby | 47 76 a7 56
Home kWh/Month

According to Ceylon Electricity Board, the power demand of these islands is maintained by
running diesel generators 24 hours, whichansethe cost per generated power unit is very high
compared to the generation cost per unit in main grid, since the unitasibeen fixed to the

whole country CEB has to charge the same rate even though the generation cost is very high. Also
transportiiy diesel is also not easy to these remote islands. Since these generators are not sufficient

to generate powdor the whole village a significantamount of these villages remains without
electricity. More threateningly, not only does kerosene fuel coesainig portiono f a f ami | y
regularincome,but usingkerosene lamps alsrauseghe threatof fire accidentgo increasgnot

to mention thatonsumingboth kerosenanddieselis risky to both the environmergandp e o p | e 6 s
healt.

Modern days, lectrical energyhasturn out to beamuch more necessary teankindto continue

their dayto daylife, and for this reason, every human being in these isolated areas must have the
privilege ofconsuming electricity foareasonabl@rize; because it helps peopteimprove their

lives. Furthermorein terms of improving medical care and education as wéledscaleconomic
growthof those pople in rural areamajorly depends on the availability of electricijow, this

is made possible by the implementatidrttee renewable energy systerknowledgegathered

from all around the worltias shown that renewable energy systems can easily provide the power
needs of isolated remasecieties

Instead of supplying electricity by operating-@dur diesel generatord;, will be more cost
effectiveand reliable tawonstructa microgrid that can provide all tilkemandor electricity. This
micro-network can be powered by a hybrid system basesborces ofenewable energy, where
a number ofenewable energy technologiean becombined In addition, typeof dispatchable
conventionaklectricity generatiotechnologyis possible to beelectedo improve thecontinuous
availability and qualityof the generated electricity outpuHowever, appropriate technologies

4



should becarefully selected because tiogal cost of the system should be minimized as much as
possible toguarantedhat the system is economically feasible. In addition,pitiees of system
components must be measured appropriately to reduce costs. Fora#us, rihe selection of
electricity generation sources and the component measurement process require a detailed analysis
of the potential of the renewable energy souatethese sites geographical locatiotie daily

load profile possible technologiess well aspossible costand gerational technical features of

system components.

1.3Problem Statement

In some developing countries, several rural electrification projects based on hybrid systems are
being implemented. In additiongsearchego study the feasibility of usingoff-grid hybrid
distribution systeméor rural electrification in various geographical regions around the world are
constantly increasingpr this reason, attention has been paid toctrestructionof micro-grids

based on hybrid systnsfor supply electricity to the community igolated islandstHence this

study addresses travailability of renewable resources and tkasibility of using a off-grid

hybrid systemto supply electricity to the Eluvaithivslandin Jaffna as a pilgbroject.

Once completedhis studyalsocontinues to analyze the operation of this first hybrid system in

Sri Lanka along with the regional weat her <con
data, to propose the necessary enhancements, paqaesnization techniques antbsscheckthe
assumptions made during the first project which wauddp in designing the future hybrid
distribution systems which planned to establish for electrification in other isolated islands in Sri
Lanka.

1.4 Objectives and Goals

The main purpose of th&tudy is to check the availability of renewable energy resources, study

on load profile of the selected site and design argid hybrid distribution system as a pilot

project that can provide economical and reliaddiectricity for a rural community living in an

isolated island in Northern Sri Lanka. Furthermdsg,collectingand analyzing t s 6 f uncti on
datawith the demangdthis study would be able tcheck the quality of the electricity output ,
proposethe recessary enhancements, process optimization techridqsesl on wind resource
variations which would applicable to existing system and as well as for the future hybrid
distribution system projecta the region

The following objectivescan beachievedoy fulfilling thesegoak:

1 Estimating andeaviewingthe village daily load profile

1 Analyzing thepotentialof renewable resources in treggion

1 Model a mini grid system using a simulation software using the data gathered during data
collection

1 Evaluatirg performance of the hybrid distribution system based oautmitparameters



1.5. Method of Research

The researcprocesss basicallygatheringhedata about renewabémergyresourcesgstimating
the load profileof the areaobservingthe propeties and costs of thequipment proposingthe
configurations of the hybrid systems, construction of the hybrid systenanahging the output
of the system and by usitige resultevaluate th@erformance of the systef@y measuring and
gatheringthe daa related tdhe power generated from wind recourse each maatpet an idea
about the wind resource variations in the region.

In the beginning, the daily load profile of the village needs tedianated The averageoad
profile and peak demanareto be consideredEstimationof the villageload profilecan be done
by analyzing the energy production capacity of the small diesel productionnplehit was used
to supply electricity to the village

Before setting up a hybrid plant, is important toidentify the appropriate renewabénergy
resourceghat can beeasilyintegrated into thesite location For that the annualariationsof
renewable sourcdsave to becollectedduring thepastyearsin orderto investigatethe potential

of eachrenewab¢ resourcest selected geographical locatioRenewable resource data can be
obtainedreferring tothe Internebr requesting frontocal weather stations. There are a variety of
databases on internets, renewable sources, including meteorologiogdtiatadfrom different
geographical locationall around the worldSuchasNASA's website for renewable energy and
surface and solar meteorological resourcegieatreference for thikind of work

Usingthesedata,a similar module has been modeledaisimulation software called Homer. By
simulating this model, it can be identified the optimal combination of each power source.

After constructing theactual off-grid distribution system which combines both renewable and
conventional energy sourcde different types obutput parameter@x: power, voltage, utility
frequency,power factor, etc.were measuredduring theselectedtime. The amount of power
generation by wind resource of each month throughout a year (2016/2017) was g¥titariis

data, we can analyze the wind patterns with seasonal variations of the northern region. Since, there
are several other isolated islands in the region, when implemehtspybrid systenon those

islands the more accurate wind resource variation data caombglered.

Furthermore, the output parameteansre gathered (ex: power, voltage, utility frequency, power
factor etc.) for givetimewe can save the data and use for analyBggeferring to these different
data collection results, it is possible toeck the quality and reliability of suchhgbrid system.
Moreover, after eferring to the data collection results, it will be possibleatmlyze the
performanceof thecurrentsystem.

performanceof the currentsystem as well as propose some of the &iorplementation and
modifications which can enhance the efficiency of the system



1.6 Limitations and Assumptions

This study is limited to analyzing of the feasibility of renewable energy resources and
determination of component capacity in a hyldistributionsystem that cameet theelectricity
demand of certainvillage in northernSri Lanka In addition, there will be a monitoring process
of the output of this system to gia@erformanceeviewon different aspectsf thisoff-grid hybrid
distribution system. Theropose arrangementhas the followingestrictions

1 The hybridsystemformation is locatiorspecific and will not havanideal formation for
another sitavhere the potential for renewable energy is not the same abhdbenarea
but the load profileouldbevery similar

1 Due to the lack of availability of other renewable source data in the nominated site, only
solar and wind energy will be selected flois study. For instancethis means the number
of biofuels available throughothe year that can be used to generate electricity through
thermochemical conversiandtidal flow ratedataof the sea wavesround the island.

The study of the off-grid hybrid-distribution system wascompletedwith the assumptions
mentioned below

1 NASA meteorology and solar energy datajuired viasatelliteare practically precise for
gaugingwind system&ndphotovoltaic solar systenfsr OFFGrid hybrid systems.

1 The similar yearly variations of solamnd windresource variationbappenduring the
lifetime of the project.

1 Villagerslive every day according to the daily routine that ltssa the same load profile

1 Homer simulation softwars accurate enough for this study.

1.7. Necessities

System requirements can be separated into two:fMactional and functional requirements. A
functional requirement specifies a function that should be able to perform a system or component,
but how a system behavas mentioned undea nonrfunctional requirement. The hybrid
distribution systemobservedn this studyhas norfunctional and functional requiremenisted

below.

Nonfunctional Requirement
1. Availability i 99.8 %

Without the breakstriggeredby the systemfailures due tanevitable reasons €x: natural
disastersandprearrangedghutdownses®ntial for maintenance. There should deninimum
value for theacceptablgearlyoutage hoursccurreddue toabsences the power generation
This value must be approximatdl§ hours which results in 99.8 % of the service availability,
theaimis redugng the cosbylettingthehybridsystem tdunctionwith aminimumpercentage

of capacitydeficiency



2. SystenOperating Reserve

The increased working capacity that the system can respond to in the event of a sudden increase

in electrical load or audden drop in renewable energy production is knovanagerational

reserve. In general, an energy system almagsan operating reseraeansweifor unexpected
fluctuationsin loadas well aghe generatiorof power This is true in energy systenvghere

it is crucialto sustaimng significantoperating reserves teep thesupplyto theload so that
regularshutdownslue to thainpredictabléehaviar of the renewable sourceso u |l dno6t o cct
Thefollowing indicators are defining the terms of #&setial operating reserve afsystem.

T Wind energy production percentage:
Wind turbine energy productionis proportional to thecube of thewind-speed.
Therefore a sudden drop in winspeed causes huge drop in turbineenergy
production For this reasongs generatecutput we consideonly 15% of the total
capacity of wind turbines.

1 Solar energy productioRercentage
Approximatelyl6.6%is the point plant load factor for soldt is not necessary have
a higherpercentagasof wind turbinesbecausef the probability of sudden variation
of solar resources quite lowcompared to wind resource

1 Future growth:
When considerinthefuture power demand growth of the sttee systenmustprovide
the capacityto handleanadditional15% of theload.

3. Protection

Safety features must be included to protect the installations from overcurrent caused by high
energy demand and possible network errors. Current limiting devices, such as miniature circuit
breakers (MCB) and fuses with appropriate ratings,trhesnstalled on both the generation

side and the consumer side to guard against overcurrent.

Also, if thereare underground cabling certain safety and protection methods like usage of
warning tapes and protective concrete slabs is important. The Hadtgrysystem should be
maintained within given temperature ranges. Therefdies temperatureontrolled
environment must provide to store batteries.

Since wind turbines ara tall metallic device which needs proper grounding and surge
protection to proteahis equipmenfrom lighting. Furthermore, there should be a mechanism
to protect the wind turbine and internal circuitry during heavy wind loads.

The solar panels shoulthve mounted n a pl ace that they woul dn
sounding objects fra the environmentEX: coconut trees are there in these islarehs)

Also, when storing diesel for diesel generator there must be a separate storage since those fuels
are highly flammable. Firefighting equipmestneededand the staff should be traing to
handle the fuel properly.



Functional Requirements

1. EstimatedDemand’ maximum deman@9 kW, 255 kWh/dayaveragedaily load

The system should be able to provide sufficient energy uninterruptedly accordinguddiea
demand within the instaldeavailability requirement. As a result, tb#-grid powerstation
should be accuratelgaugedio meet the maximum pabte load that rises at any tim&€he
selected community listed i@hapter2.2 has a derived daily profile, a maximum load of 29
kW, anda daily averagedemand of 255 kWh / day. The system must be able to provide this
power requirement continuously.

2. EnergyManagement

If the gapbetween the maximuranergydemandand average daily power demaisduite

higher, the system cost will incesse because the system capacity should be extendexvéb a
which hasthe ability to providehe maximum loadjn suchscenario arenergy management
strategy should be deployed to reduce the maximum load. As a Microgrid is not extended to a
large area, dvancedenergy managementechanisms will not be necessagyen theusage

of modest strategies will lesséme cost of the system

3. Diversity Factor

The nominalcapadty of a hybrid distributionsystemmustnot becalculatedthroughsimply
referringthe loadprofile sincethe extracapacity tcanswelifor sudderfluctuationsin the load
is a constanhecessityAdditionally, the renewablenergysourcessometimes/ary critically
with time. Sa accordingly the equipmentmust be gauged so that ttotal system carulfil
thepower requiremenalthoughdue tothefluctuatingnatureof renewablesourceghe energy
productionfrom someapparatusedrops.In thiscase 10 %diversity factor was considered.

4. System Cost

To consumershe suppliedserviceought tobe affordablejn the meantimethroughout the
project lifetime, the system shoulduaranteesustainable operation. Components must be
carefullychoserby considering theiprice, reliability andproductivity. Less reliableandless
efficient componentswill decreasehe initial investmentnevertheless throughoatlifetime,
choosing such tdbgavisgchoieent woul dno



1.8. Outline of the Thesis

This thesis deals with the contarlated to feasibility, desigoutputanalysis, angropose future
improvements tcan oftgrid hybrid distribution system fosupplyng electricity toa remote
community who lives in armsolatedisland inSri Lanka. Thee are seven sections containing in
thesis and thee sectionbave beemrganizedas follows.

Firstchapteiintroduces the importance and the necessity of renewable dnesggl hybrid energy
systems for electrification in rural areas. Moreowdrapterone also discusses the research
methodology, important assumptions, system requirementsli@aitdtions related to hybrid
distribution systems.

Second chapteunder the literature review debates various approaches for optimizing hybrid
systems.Next, in third chapter discuss thdata essential foplanning the off-grid hybrid
distributionsystem As weather data of theegion estimatedvillage loadcurves availability and

data related twind and solar resource

The fourthchapteris to descrik the key mechanisms used in the hybrid system. It defines the
important features of the system compntsin generalsuch as electrical characteristics, costs,

and operation and maintenance iss#dso, in this chapter, a similar system has been modeled
using Homer and based on the simulation results optimal sizing of each capacities have been
identified.

Existing cesign and cmponents selection dfie hybriddistributionsystem inEluvaithivu island
Sri Lankais discussed more deeply with characteristics of selected compamémd&ifth chapter

The data collecteffom the actual invertebased pwer generation systersanalyzedn thesixth
chapter The valueof the output parameters like generated power, voltpgever factor, utility
frequencyand power generation from wind turbines have been collected for sufficient time periods
for analysis.By analyzing the figures, theerformanceof the system halseen discusseith the

same chapter

To concludethe seventhchapterdeliversthe overalldiscussion anthe conclusionincluding the
proposedutureimplementatiorof the off-grid hybrid distrbution system
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Chapter2

Literature Review

The design of the hybrid system in terms of reliability and cost has been one of the priorities to
consider, especially in the electrification of remote areas, with the increase in the use of hybrid
renevable energy systems. In recent years, a series of re$eaioben conducted in this regard.

L Reddy Lella et al [3has stated thatlectric utilities makes a growing needrehewable energy

and it has also laid the foundation foriacreased penetian of distributed generatorEhe impact

of penetrating Diesel, Solar and wind distributed generators has being analyzed on their study and
has identified that there are improved power quality, improved power system reliability, improved
fault-ride throudp capability, voltage support, reduced losses and transmission and distribution in
such hybrid systemsDIgSILENT Power Factorysoftware has being used for model and
analyzation of the system.

Garvita Upadhyay et §1] has stated that simpMewton Raphse method and the sizing has been
attempted through Genetic Algorithior unit sizing and cost analysis of hybrid solar, wind and
solar photovoltaic independent power systems. The algorithm produces random vector component
sizes. For the relevant analysisly the scaling vectors that can compensate the load during the
relevant time period are used. Toi@imal locations and the sizes of the capacitors in order to save
the energy loss as well as the annual cost of the power generation .Skisitemethod des not
consider the charging status of the battery bank, which is a crucial factor in determining the battery
life. Mohsen and Javed [5] also explain the hybrid wind system with solar PV and PSO based
battery optimization. They use data wind speed and sadation data gathered for 32 years to
obtain the functions of the probability distribution. In addition, they took into account the varying
nature of solar and wind energy.

Abid El-Shaify [6] has come up with a simple idea of a mathematical calcuyléioa hybrid

system optimal sizing with solar PV system and diesel generator. The diesel generator assumes to
be run only to meet the maximum demand. Referring to the particular load profile, the size of the
diesel generator is set somewhat higher tim@nmaximum load. The total cost of the system,
excluding the cost of fuel, was selected as the most reduatigetsince the cost of fuel for each
combination of PV and battery size is fixed. Setting the generator size to a fixed value greatly
simplifies calculations compared to the methods discussed in other papers, but this will not yield

a correct outcome.

To optimize the wind / PV hybrid system, S. Farahat [7] have proposed-a#&@ multipurpose
algorithm called MOPSO and the results were veritigdthe nordominant genetic sorting
algorithm (NAGAI). The coefficienof Inequality (ClI), correlation coefficient and annual capital
cost (ACC) are used as objective functions for optimization. This algorithm can assess only 32
dissimilar patterns of gitovoltaic and wind equipment.

Using the Homer Software Ester Hamatwi e{&|]l hassimulated and optimized a hybrid solarPV
and wind, with energy storage and a bapkdiesel generatoilheir study on economic and
environmental analysis indicated thaisitmore advisable to electrify remote settlements using a
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DC nanegrid based on hybrid systems with multiple renewable sources as they have lower
operating costs and more environmental friendly due to the reduced dependence on diesel
generating unitsUsing the DIRECT algorithmOividing RECTangleswas usedor modelling

and optimization studies by L. Zhang et al. [9] for hybrid systems with solar, wind and diesel.

H.Yang [10] suggested the best gauging based on genetic algorithm to a hybrid Aygteatic

algorithm has the capability to reach spherical optimizations with a sufficient amount of
computational simplicity. In their work, the photovoltaic module selects the slope angle and the
height of the wind turbine as optimization variables outsideptm&ovoltaic modules, wind
turbine, and aumberof bottles. [11], [12], [13] discussed similar optimization methods for hybrid
systems. In all of the research studies mentioned above, the most appropriate design was found by
reducing the total cost funoh to the lowest, meeting certain constraints such as loss of demand
probability and battery status. The precision of the final optimal design and the number of possible
combinations for analysis are dependent on the method used to derive the mosedbjedtiion.

One of the main weaknesses of these methods is that they do not take into account the effects of
possible changes in future fuel prices. For this reason, sensitivity analysis is also very important
for choosing the optimum design. Another thiis that none of these studies can calculate the
emission of CO2 into the environment and calculate CO2 incentives and carbon tax I&ineéts.

hybrid systems also use diesel backup generators, the CO2 emission is also an important issue to
consider.

Kolhe, Mohan, [2] has dortechneeconomicanalysis for Hybrid distribution systems and found
that, using diesel generators appear to be-effstctive in terms of initial capital investment, but
due to the high cost of O & M for fuel, maintenance and reph&nts the lifetime cost analysis
reveals generators cost more inliveg run. Therefore, ilong-termwise renewable energy based
hybrid distribution systems are more ceffiective than fossil fuel based miegoids due to not
having any significant ammt of fuel cost or regular maintenance cost.
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Chapter3

Data Collectionand Analysis

The design and optimization of the hybrid systequireassessment of the villagédad profile
and theavailability of renewable sources in the area. In g@stion, the estimation of the village
load curveand the evaluation @fvailable renewablsources, windnd solar resourcés thesite
will be discussed. This secti@isoconcerns thelata andcalculationrelated tosolar radiation in
a sloped photoutaic panel througlandthe practically idealocation of the photovoltaic arrag
the site horizontal radiatiomlata,wind energydensityand winddistributioncurves.

3.1 Overview

Eluvaithivu, is aremote island in Jaffna District, Sri Lanka. In thésearchrenewable hybrid

energy systerfor supplying electricityo this islandhas beeselected fothestudy This is a small

island located on the western side of the Jaffna. The island is oriented in-sowdhidirection

and covers an area of 1.iR. A largepart of the island is covered by dense vegetation comprising

Pal myra and Coconut palm trees. |l sl andds wes
whereas the eastern side is sandy. Almost the entire Island is underlain with limdsfombe[
Eluvaithivu Islandmap isshownin Figure 2.1. Asfor the problem statementpon this island
containssome fishingcommunitiesvith anoverall population of245 whichlives in110 house

By theseentirehouseholdsonly 73 families have electricitponnectiorreferredto a survey done

in the village.

Majority of the vil |l ag e rfishing. e iack ofowticcormadeves our c e
and basic facilitiehave seriously affected the standardy of | | #wgsamdshéeducation of

kids in this remote island. For this reasat,leastproviding the basic facilitiesare veryvital

together withelectricity, to uplift the living standards, healtlgcal economyand educationof

people in EluvaithivuOnly during the night time, the village walectrified by two sets of diesel
generators. Which cost a lot of money for fuel and also the burning of fuel caused air pollution.
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Figure 2.1: Location of the Eluvaithivu Island

Source: https://www.google.com/maps/@9.6929469,79.820435,6228m/data3m

To designa hybrid renewablpower generation plamior electricity supply, it was first necessary
to determinethe availability of renewable sourceshich can be used to harness endrgyhe
selected region and the electricity demand oftiecte village.

3.2 Load Curve

The plannedhybrid distribution system isfor electrifyinga communitywith approximatelyl10

housesWith the intentiorof estimaing theload profiles of people who have notgsiously been
electrified it is necessary teoealize the living environmentsf the people in theselected site
Fundamentallytheearningsof ahouseholdnfluencetheloadprofile of a home.

In addition to the incomegspectsuch as thelaily routine of thevillagers the size of the house
andthe degie to buy householdlectrical equipmenwill affect thefamily load profile. Thdoad
demandf thevillageis mainlyinfluencedby the type of public services and commercial buildings
andthe number of houses in thi#lage. Also, if there is electricitynew commercidiacilities that

may arise in the future should bensidered durinthe load profileestimation proces3o collect

all these data properanalysisof the village will benecessaryGiven the fact that there is no real
surveydata, thdoad profile of the village was derived from the following assumptions and load
profiles available on the Internet for different electrification projects in rural avedeseloping
countries [15] [16], [17]. In general,not like in urbancommunitiesthe electricity demand in
remotecommunitiess comparatively low
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1 The villagehasa communitycente, church,nursery schoglsmall hospitaltwo shops,
street lighting andhavy base and 110 hous&som the existing diesel generator plant
generationrecord it was found that this village iconsumingan average of
approximatelyaround20&Wh / day.The asumptiorwas made that this will not change
during the project period.

1 There will be very lowdaily powerdemand needed féamilieswith low income These
peoplewill use electrial energyto meetheirbasicneed such as lightindisten toradio,
watchtelevision, and perhaps to iron clothes amdasionallyfor water heating The
families have very small houses this socialclass So, the lighting bads will be very
small.

1 Because the village does not hamanypublic service and trade industries that create
more demand throughout the day, the village's load profile will have a low hill level in
the early hours of the morning and a high night pedke lower flat days. Summit early
in the morning.

Considering the abovassumptionsthe typical load curve for thissite shown in Figure3.2 is

derived. According to thestimatedoadcurve thepeakdemands around 23 kW and the energy
requirements about202 kWhdaily.

AVERAGE HOURLY LOAD CURVE (KW)
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Figure3.2: Average Village Load Profile
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The average monthly temperature of this region given in Table 2.1 varies between 25.5 ° C and
27.7 ° Cduring the year.Temperaturesnay range from 4 ° C to 6 ° @ay and nightFor this
reason, thigegionis notexpose to seriousseasonal changes. In addition, the length of daylight

in Sri Lanka does not change significantly over the ppeaause of thgeographicapositionclose

to the equatorSinceduring theyear, there would e significant changes in the loadofile. For

this reason, aimilar daily load profile isexpectedhroughout the year.

Table 2: Typical weather recordsthreregionnear Eluvaithivu

Latitude | Longitude | Relative | Air Earth Atmospheric Pressur,
9.692 |79.811 Humidity | Temperature| Temperature | (kPa)
(%) °C) °C)
Jan 72.6 25.5 26.3 100
Feb 69.9 26 27.8 100
Mar 69.3 27.1 29.5 100
Apr 78.6 27.4 29.6 100
May 79.6 27.6 29 100
Jun 74.4 27.7 28.5 100
Jul 72.5 27.6 28.4 100
Aug 72.7 27.5 28.4 100
Sep 76.1 27.1 28.3 100
Oct 79.5 26.6 27.9 100
Nov 78.6 26.3 27.1 100
Dec 75 25.9 26.3 100
Annual Average 74.9 26.9 28.1 100

Source: wwweosweb.larc.nasa.goedi-bin/ ssé sse.cgi?rets@nrcan.gc.ca.
3.3 Solar Photovoltaic Source
3.3.1 Yearly Variation of Sola Energy

Geographically Sri Lanka is located neaithe equator, so there is plenty of solar radiatithn
overthe year. Thee is no a significant seasonal variation of solar radiation in the over the gountry
but adrasticchange can baetecteetwea the lowlands and the mountain ranges of the country.

It was estimated as a map of solar resources developed by the National Renewable Energy
Laboratory in the USA. Much of the drgneis getting4 - 4.5 kWh / n?/ day solar radiation, and
mountainous @&as are receiving solar radiation in the range 8% kWh / nt / day. For this

reason, there is considerable potential for the use of solar energy in the dry region of Sri Lanka.
Figure3.3 shows the average daily average radiation in kWH/im2004 andyearlydirect annual
radiation in kWh / rh/ day for Sri Lankas shown in Figur&.4.
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Table 3: Jaffna District Sun Shine hourly Data for year (2014/2015)

Date

—
CEO® a0 W

From July to December 2014

From January to July 2015

Aug Sep Oct Nov
9.7 7.7 5.4 3.6
4.7 10.5 4.0 0.0
8.7 10.0 6.3 0.2
9.3 0.0 4.9 0.0
9.8 10.0 7.3 5.7
8.4 0.0 5.1 5.7
5.6 NA 23 9.4
54 NA 3.1 9.3
6.5 8.9 6.7 8.1
1.7 11.0 6.0 5.1
9.9 10.7 8.1 7.6
10.6 6.7 6.0 0.6
7.1 8.3 2.9 4.6
8.2 8.8 9.3 4.1
8.3 NA 6.8 10.6
10.1 2.3 7.3 7.8
5.0 7.2 1.2 6.4
6.5 0.6 0.0 0.0
7.3 4.5 12 24
11.0 10.2 2.4 7.1
6.0 9.7 0.7 0.0
6.5 6.4 9.7 1.0
NA 8.2 0.0 7.1
8.5 8.8 6.3 0.4
92 5.8 74 0.0
7.7 7.2 7.1 0.1
6.9 4.8 9.1 0.4
6.3 6.0 10.5 0.4
5.1 4.4 8.3 0.0
9.2 4.0 1.5 0.0
10.5 0.0

Apr
8.2
7.6
11.1
6.9
82
11.0

May Jun Jul
8.5 6.2 10.7
10.2 9.3 10.0
10.4 6.9 10.2
7.6 83 10.6
3.8 10.9 10.3
95 5.1 7.2
6.4 11.1 9.1
6.7 10.7 10.5
10.2 11.5 9.3
6.7 10.6 99
2.7 39 5.2
9.6 89 9.7
2.0 11.5 10.5
3.5 11.9 9.8
1.4 11.7 8.1
5.6 4.4 9.6
0.0 1.6 10.0
94 R 8.8
109 5.7 8.2
7.8 6.1 8.3
11.0 11.0 10.0
9.5 10.8 4.9
10.0 10.9 6.4
10.6 10.8 8.5
10.6 113 8.8
8.6 6.9 7.7
9.1 6.6 8.4
9.0 3.7 5.7
9.0 9.6 6.2
7.9 10.3 7.5
5.0 7.3

Source:Sunshine holy data from affna metrological stations
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The selected area marked in Fig@r8 and Figure3.4 is situatedat 9,692N latitude 79,811 E
longitude. In Figure8.3 and 24, it is clearly mentioned thdhe globalannualaverage daily total
radiation and the norahdirect radiation are relatively higi the selecteldcation For this reason,
it would be a better option to use a photovoltaic solar energy for a hybrid energy Stiller.
thoroughstudyshould be conducted to determine if photovoltaic solarggnis sufficient and, if
appropriate, the capacity of the photovoltaic systemst be derivedHence Annual solar
radiation data isssentiafor this. According toTable 3 theaverage daily sunsie hours for Jaffna
region is 7 and also this is idengiti as very good potential to harness solar energy resource.

Due to the inability to find terrestrial measurement data of the solar radiation at the selected site,
NASA renewable energy resource websits been used to gather relevdata Daily average

solar energy datan a horizontal surface obtained from the NASA database are represented in
Figure 25 for one year from January 1 to December 31. In addition, Habi®wsthe clearness

index andaveragemonthlyinsolation incident on a horizontal sack Theclearnessndex is a
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measure of the atmospletransparencyi.e. the portion of solar radiatiordiffusedthroughthe
atmosphere tG&round.

N NN
N 00 ©

Average solar energy(kWh/mz2)
N N N N N N N
o [l N w N ol o)}

Figure3.5: annual @ily average insolation incident on a horizontal surtscsgte
Sourcewww. eosweb.larc.nasa.gov / ciin/ ssekse.cgi?rets@nrcan.gc.ca.

Table4: Clearness index arfdonthly averagelirect normalradiationat site

Month Clearness index Monthly Averaged Direc
Normal Radiation
(kWh/m2/day)

Jan 0.63 54

Feb 0.64 6.55

Mar 0.65 7.13

Apr 0.65 5.99

May 0.63 5.61

Jun 0.62 5.16

Jul 0.62 4.88

Aug 0.62 4.88

Sep 0.63 5.06

Oct 0.62 412

Nov 0.63 3.72

Dec 0.62 4.41

Annual Average 0.63 5.4

Sourcewww. eosweb.larc.nasa.gov / dgin/ ssekse.cgi?rets@nrcan.gc.ca.

Refering to solarradiation figures, the average solar radiation in isolated islands such as
Eluvaithivu in the Jaffna district is relatively high. This will provideskatively goodchance and
opportunity toincludesolar energys akey componentn the hybriddistribution system.
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3.3.2.1deal Placementfor Photovoltaic Panels

To gatherthe maximunmvolumeof solar powerthe PV arraysshould bdocatedfacing the sun.
However, thdocationof the sun in the sky changes throughout the day and year. For this reason,
the baxial solar tracking device can be used to monitor bots faths In general, the cost of
these biaxial monitors is relatively high. For this reagoopmmerciabpplicationsit is notvery
popular In general practiceghe panes affexed onbasewith a constant incline. The fixed inclined
solarpanelsaretypically angledin the direction othe equator anthe inclination angle of the
solar collector isat an anglédenticalto the geographical latitude. This angle degentestimate
for the bestangle to maximize annual collector performance. By setting the slope @rgge-
monthor seasonallya considerablemount ofenergy can bgatheredhan the slope is constant
throughout the year. The angle setting depends on the geographical latidicengle of
declination

The angle between the track of the sun and the equatorial pkatiee declinationangle (). It
ranges from 23,450 t@3,450 in one year. The declination angle for a given day of a year can be
found at an accuracy of 0.50 usimg formula below, known as the Cooper equation. [20]

»
.24 Declination

Figure3.6: declination angle of the sun

Source: google images

] Cc@& UYQE—— (1)

Where,
U - Declinationangle

n- Dayin the year
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Accordingto the above equation in Figusef the variation ofolar declination angle ghownfor
a year

30

Declination

-30

Day of the Year

Figure3.7: variation of the solar declination angle for a year

Ideal tilt angle for the Solar Collector

The direction of the directivity and thaealtilt angle of &V paneldepend on the deviation angle
(Mand the | aTheéudpt ( Qi for a@Vi gphebocaled]at the latitude of the
nort her n h)onithe pthee haad G ©)] is for PV panellocated in the southern
hemisphere. The fronting direction varies by following ways

Al f [, @tthatpoint PV panel positionedtitesoutherrhemispheremustdirect towardsiorth

and PV panes placed inthe northern hemisphere must direct towards the south

APVpanei n the northern hfé¢dii s> h@ rfedirthEpagetpasdibe vi e e )
north facng.

A An adder in the soutfhler n> hG niidsthepmwiseustlieq en e g a
southfacing.
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Solar Collector

W+

Solar Rays

Figure3.8: Ideal inclineangle of a P\panelplaced inthe northernhemisphere

Referringto thesepoints the most appropriate monthdjterationin the slopeangle toa selected
site locatedvherelatitude =9.6920 in Sri Lanka ispecifiedin Table4. Data intable 4shows the
collectors should be directed south for several moatitfor other monthst should be direct
towardsthe north For this reason, there is a monthly tilt angle adjustment systeah is quite
expensive For practical reasw, | consider a photovoltaic system wahimmovable tiltangle
For this site, the best approximate placement is vhetilt angleis 160 ° and collector facing
south directon.

Table5: Average nonthly declinationidealtilt angleand pointed dirg@n for PV array

Month Average Monthly| Tilt Angle Pointed Direction

declination (i) ( Qo

(NASA  Surface

meteorology and

Solar Energy)
January -20.7 -11.008 North
February -12.3 -2.608 North
March -1.8 7.892 South
April 9.71 19.402 South
May 18.8 28.492 South
June 23 32.692 South
July 21.2 30.892 Sauth
August 13.7 23.392 South
September 3.08 12.772 South
October -8.45 1.242 South
November -18.1 -8.408 North
December -22.8 -13.108 North
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3.3.3. Solar Ry Incident on an Inclined PV Array

The ®lar radiatiorstatisticsarenormallyaccessiblén terms of global horizontal radiatiohhen
typically in solarenergyapplicationssolar arraysare notpositionedwith parallelto the ground
For this reasonto find the energyproductionfrom solar arrayghis global horizontal radiation
informationis essential td@e converedinto solar radiation on tilted surfacds.the following, a
calculating method of salaadiation on annclined solar paneby means ofjlobal horizontal
radiation datdnas been discussed

Solar Rays

Figure3.9: Solar energy oaninclined PVarray

The angle of incidence(d) of a direct solar radiation aan inclined PV arrays shown n Figure
3.9, furthermore, byollowing formula(d) can be calculated (2.

WE4+ | QEH QO 0 QE0Eel PEOEN  DETDEY DETIwET

WET Q& "PEOETNDET &l Q& QH Qi 2
Where; Gi s di r ect dand( amettheamgleofdahe RV cdllector declination angle
andlatituderespectively Surfaceazimuth angle of theolarpanelwhich is the deviation of the
projectionon a plane normal to the surface from the local merici@denoted by thparameter
2. Finally, angulardisplacement of the sun to the east or west from the local mekidesmn as
the haranglei s d e n owthiehis ocbuyringgiue tospinof the earth on its axis 46° degrees
per hour.

By using the followingequation, theextraterrestrial radiation lich is theamount of solar
radiationreceivedat theupperpoint of the atmosphere can be calculated;

"0¢ ¢ Of @MBtocAT-6— p (3)
Where;
Gon : extraterrestrial normal radiation (kW/m2)

n :day of the year

Gsc : solar constan®1.367 kW/mz2)
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As shown belowwe can calculate the extraterrestriatirontal radiation ¥ the extaterrestrial
normal radiation.

i T RT Oa @

Then the zenith angl¢ z is the angle between thee of the surand thevertical axisor in other
words angle of incidence of beam radiation on a horizontal surfacaubse a horizontal surface
hasanangleofzeroby set t i ng B2arrequatidn forthe zZmjtl sandian fwe merived
which produces

AT G ©eédQETQET | Qi Qe (5)

Hourly average extraterrestrial horizontal radiatisrgiven byintegratingthe equatiorst overa
periodof one hourWhichis; [21]

0¢ —0¢ ¢ ié i Ok | Qpy ——OBIOET (6)
Where;

¥ 1lat thestartof the time stepthe value of hour angle

¥ 2: at the endf the time stepthe value of hour angle

Another vital parameter is the clearness index. Ex@lanationof the clearness indeis the
avaagevalueover a time stefor global horizontal radiation on the earth's surfacer average
valueover a time stefor extraterrestrial horizontal radiation.

o = (7)

Wherethe averagevalue over a time stefior global horizontal radiation on the earth's surface
givenby O
There aretwo types of radiatios which decides thital radiation on a horizontal surface

i. O -diffuse radiation
ii. "O - direct radiation

‘0 ‘0 O ®)

If solarradiationemittedfrom the surh a v tbeeiltered by the atmosphey¢hen it is known to

be drect radiation anddiffuse radiatioris the solaradiationwhen itscatteed by the atmosphere
and its radiatiorpath has been alteratlie tothat. The diffuse radiationcomponenthas the

following relationshipwith the clearness indeandthe global horizontal diation.[21].
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The rays of thesun striking theangledsurface of thesolar pane("O ) containsof 3 types of
radiations which ardirect radiation 'Oy, ), diffuse radiation"Qy, ) and ground reflected radiation
("Gy, ). Further the ground reflectancé& 8by using the following formuld'O ) canbe calculated
[21].

0O G G Gy (10
o O AT-6 © o "0 O OF TT p AT1O o P ATt O
Y a) P o) P o) p 0 c c c

3.4. Wind Energy Source
3.4.1.Variation of Annual Wind Speed

In SouthAsia, Sri Lankan islands located with significant wind energy sources. The windy climate
is mostly governed by two Asian monsoowsiich aresouthwest and northeast monsoons. The
southwestrn monsoon continues from May until the beginning October, while the north monsoon
continues from December to February. The southwest &ritiegerof the twomonsoonsnd was

felt on the western coast of Sri Lanka, in the inner regions and some moustaegions.
Although the winds in mountainous regions laighly regionspecific,stormyandconfined to the
southwest monsoons. During batifonsoonsthe winds on the flat land in the southeastern and
northwest coastal waters are meteadyand visible [22]

TheSri Lankarwind sourceanapand the windenergyclassification tablare shown in Figurg.10
for largescalewind power projects wind sourcezonesof class 4 andaboveare known as
appropriate Class 2 and abovewind resourcegnight be sufficient for feasiblewind power
expansiornn off-grid renewableapplicationsas itneeds less winslource for aystemo be viable
For this kindof projects [23]. According to the map, this site locatibasgoodwind resources
class4. Thereforefor an offgrid hybrid systenin this location addingvind turbines area good
selection

For this locationat the site, there is not any available@und wind speedata For this reason,
wind speed data is taken frahrewebsite oNASA renewable energy souscén Table 5 he data
gathered byhe NASA website isabularized
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Sri Lanka Wind Resource Map
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Figure3.10: Sri Lankan Wind resource map

SourcedWind Energy Resource Atlas of Sri Lanka and the Maldives,” NREL, 2003
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Table6: 15m and ®m aboverom groundlevel averagemonthly wind speed data

Month Monthly Averaged Wind Spee Monthly Averaged Wind Spee
(m/s) at Bm Open water At 50 m

Jan 5.5 6.5
Feb 4.4 5.2
Mar 3.5 3.94
Apr 3.1 3.71
May 6.6 6.57
Jun 7.6 8.55
Jul 6.1 7.63
Aug 7.2 8.49
Sep 6.3 7.01
Oct 4.8 5.66
Nov 4.4 5.54
Dec 4.9 5.43
AnnualAverage 5.39 6.20

Sourcewww. eosweb.larc.nasa.gov / dgin/ ssekse.cgi?rets@nrcan.gc.ca.
3.4.2.The Wind SpeedVariation with Distance fromGround Level

Table5 showsthewind speedluctuateswith theelevation Mostly, because othe irregularity of
the earth'surface there is aneffecton the wind speettom theheightabove the grountevel.
Following equationcan be used to define this relationsfig).

60 6'Q — (11)

Wherever

h - Distancefrom ground leveivherethe winds speed to measured
h: - Heightof Anemometer

z - Surfaceroughness

u(hy) T Wind speedn anemometereading

u(h)T Wind speed to bmeasured

By equation 11if the wind measurements atlifferentheight and surface roughness are known,
then thewind speed at any given t@nheightcan becalculated Therefore whenwind speeds at

two dissimilar levels are availableBy these valuesthe surfaceroughness (z) of theekected
locationcan be calculatedlo calculate the roughness value (z), MATLAB has been used, as
equationll has nonlinear characteristidden it was found that z 8.001.This data has been
used to represernthe variation of average annual wind speed with different heights above the
ground level athesitein Figure 2.11.
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Figure3.11:variationof averagd wind-speed withelevation
3.4.3 Distribution of Wind-Speed

By using the Weibull distributioriunction, the fluctuation of wind speedcan be definedat a
selectedocation During a period thelikelihood of diverse mean wind speeds taking placeeaat th
siteis illustrated inWeibull distribution.Following calculationillustratesthe probability density
function 25].

Q0 - -  Qon - (12)

KT Weibull shape factoruhitless
& Weibull scale parameter g%
Ui Wind speed (1g?)

k is a size of the width of the distributiandscale facto( e )correlaedo the mean wind speed.
Between 1.5 t®.5is the normalrangefor Weibull k value.When( § is representinggamma
function Then,the average wind speetd Two Weibull parameterarerelated tathefollowing
equation[25].

0 3- p (13)
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The Weibull k valuetogether with a average wind speethndescribethe Weibull distribution

Four differentWeibull distributionshave listed down in the following grapéach with different
Weibull k valuebut all got thre sames ms1 average wind speedhe broader distributionsire
generatedo lower valuef k according tahe graph.
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Figure3.12: wind speedgrobability distribution for dissimilaweibull parametek values

By the statistical study ajatheredwvind resourcedata at the locatiqgrnrhe Weibull parameter k
can becalculated To get an accurate resu#irgecollectionof hourly wind speed averagese
required for thisIn thisstudy, it was assumed th#te value of 2 for Weibull kince there was no
sufficient amount ofdata availablgo discover theprecisevalue of Weibull k andin general
practice also for island sites X more common

3.4.4. SiteWind Power Density

Wind powerpotential of aselected locationan be identified by referring its wind power density.
It gives the value ahe average wind powgersquare meter (W/m2As shown inthefollowing
equation lhe cube of the wind speesd proportional tavind power densityat the site,

00 -"6 (14)

u - Uninterruptedvind speed (m/s)
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} - Densityof air (kg/m3)
WPD - wind power density (W/m2)

By following formula,we can findthe density of the air.

o= (15)

P Pressuref theair (N/m2)
T - TemperaturéK)
R - Specificgas constant (280 Jkg-1K-1)

In formulal4for wind power ptential theassumptionwas madé¢hat the wind speedis constant
throughout theime. But practically itis fluctuating To geta preciseapproximationas in the
equationl6, the total averagef wind speedalues over time should be measufedthe wnd
power deny calculation

“0 0 — 06 (16)

Wherevey
P, - j" readings of the air density
u; - j™ readings ofvind speed.

n - Thenumberof wind speed readings

On the other hando calculate the wind power density followirigrmula can beappliedif the
wind speed frequency distributiemknownat the sitelocation

®w0 O - 006 "Qo 17)

To describe the probability of different wind speeds occurring at the/gé#ull distributioncan
be appliedtherefore equation 1/has benderivedas;
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w0 O - vo - - Qwn - (18)

Where,
f(u;) - wind speedrequency rate throughcertain time duration

U -wind speel

Anotherpopularparameter foreviewingthe windresourcepotentialat a sitelocation is he Root
Mean Cube (RMCpf wind speed (¥n). The equation below can be applied for calculation of
Vrmc-

@ B Q0 6 (19)

For thefast approximatiorof the wind power densitat a selectetbcation following equation
which derived by(Vmc) can be used

0O -"® (20)

Wind Power Densityand RMC wind speedvariation with Elevation

As mentionedn Chapter.4.2, the wind speed changes with elevation. Foreasonwind power

density andRMC wind speed alsohangewith the elevation levels. If the average annual wind

speed is identified for a given height (h1), the average annualspaetht any elevation can be
calculated byquation 11 andach average wind spe& can be calculatdal assigning respective

| ambda <gteeguatioral3Biye repl acing & values for dissi
by calculations, the wind power density and RMC wind speed varsatiith the heightan be

found

The averagamualwind speed of thareais assumed to besém / s atanelevationof 10 m from
the ground, 0.001s considered as surface roughnasdk is equal to2 as discussed i8.4.3
Substituting these valugthe power densityand RMC wind speed variation cee with the
elevation has beeobtainedfor the given location The Figure 2.13 and Figure 2.14 shows the
obtained graphs.
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Chapted
Technologiesand Modeling of Hybrid Distribution Systems

Throughout thischapter we will be discussinghe current technologies related hybrid
distribution systems which used globally. Deferent technical arrangementeands andons

will be reviewed. Furthermore, using Homer software similar migiid will be modeled by
inputting the actual renewable and load data at site location. By simulating the model the optimal
combination of each component will be analyzed.

4.1.Background

By combining different renewable energy sources, hybrid power syst@inicesAC electricity

output through an invertealso conventional fossil fuel generator carcbebinedin parallelor

alternatively to this systemAs discussedn Chapter2, wind and solarsourcespotential are

comparativelyhigherin the Northernregion,thereforefor establishinga renewabl@owersupply

system forthe selected sitdgoth wind and solar resource can be usaareover, for the hybrid
system, istead of these renewaldeurces a storage battery bar&nddieselgererator sethave

beenincluded Hybrid plants can be classified as follobased orthe bustypethat will connect
dissimilarmodulestogetherand the type voltage which the systeperdes [2§.

Hybrid systems with,

1 AC coupled
1 DC\AC coupled
1 DC coupled

4.2 Hybrid systems with DC coupledtechnology

In a hybrid systerwhich use©C coupled technologyall components that produce electricity are
connected to the DBusbar. For this reasg DC generatiomomponentsvith control deviceso
control chargingand with rectifierghere are AC generation systems as waticording to this
arrangementheenergyproduceddy the diesel generator is first rectifiedforetransformedack

to AC, because otheseseveral steps of the energy conversion procedieegfficiency will
reducedue to power losdn addition, thaliesel generator andvertercannotfunctionatthesame
time. For this reason, the inverter mustdge enouglo meet thenaximum demandhen again
the breakdownof aninverter mayresultin a powercut, if the loadcannotbe provideddirectly
from the diesel generatduring emergency situations
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Figure4.1: Block Diagram ofHybrid SystemWhich UsedDC CoupledTechnoloy

4.3 Hybrid systems with AC coupled technology

In the hybrid system with AC coupled technology, AC bus is linked to all the power generation
components in the hybrid system. TA€ generation apparatuses can be linked directly to the AC
bus bar or may nelean additional AC to AC converter to allow a steadypling FurthertheDC
generation systems are connected to the AC bus through invéntéings arrangementthe bi-
directionalinverter has been used to contitoé power supply for the battery ba®C coupled

hybrid systems are more popular because it is also expandable and provides the benefits of DC/AC
coupling hybrid system, which will discuss later.
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