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ABSTRACT

In Sri Lanka grid-based electrification is possible up to maximum 95% of the population and 
balance 5% of the electrification has to be mainly depending on off-grid technologies such as 
solar PV, wind, biomass and micro hydro [2].Mostly these off grid Hybrid Energy systems 
are used to provide electricity in rural areas which are located far away from the grid 
connection.

In this research, general power management algorithm has built up for standalone hybrid 
energy system. It controls the sharing of generated power and optimizes the hybrid 
operation, maximizes the use of energy produced by renewable sources and minimizes the 
cost of the energy produced by the system.

The simulation model of stand-alone system is developed from mathematical models of 
solar photovoltaic system, wind turbines, battery and diesel generators. The model of 
solar photovoltaic energy conversion system is constructed with maximum power point 
tracking control to extract maximum power from the solar photovoltaic system.

In order to validate the proposed strategy under real situations, optimized hybrid energy 
system was designed for Delft Island by considering the future demand. The effect of the 
capital cost, operation & maintenance cost, life time of the components, load pattern, 
available renewable resources level has been considered in the optimization. “HOMER” 
optimization tool was selected for optimization and optimized capacities of each component 
considered for power management strategy simulation in “MATLAB” simulation tool. The 
developed firmware permits to determination of diesel consumption and Load Loss 
probability of different kind of energy systems.

Results obtained from the simulation are presented to validate the control algorithms 
developed in this work and in order to examine the economic viability of the proposed 
system, the total net present cost has been calculated for 20 years of systemic lifetime.

Keywords: Off grid Hybrid Energy system, Optimization, Power Management, Rural 
electrification, Wind/Solar PV/battery/diesel generator

IV ; V.-)

■: -Mss



TABLE OF CONTENT

DECLARATION... n
ACKNOWLEDGEMENTS ra
ABSTRACT IV

TABLE OF CONTENT V

LIST OF FIGURES IX

LIST OF ABBREVIATIONS xn
LIST OF APPENDICES xm
1 INTRODUCTION 1

1.1 Background..........
1.3 Topic of Research....

1.3.1 Research Motivation

1
2

2

1.3.2 Problem Statement 3

1.4 Objective of the study ->

1.5 Contributions 4

1.6 Organization 4

2 LITERATURE REVIEW 6

62.1 Background

62.2 Technical papers reviewed

112.3 Research Gap

123 RESEARCH METHODOLOGY

123.1 Introduction.............................................
3.2 Identification of research gap.................

3.3 Current demand survey...........................

3.4 Demographic Data Analysis.....................

3.5 Data Analysis of Renewable resource ....

3.6 Optimum generation capacities selection

12

12

12

13

13

v



3.7 Mathematically modeling

3.8 Proposed

RESULTS COMPARISON................

3.9 Economic Analysis for proposed hybrid energy system..............

4 DATA COLLECTION............................................

4.1 Introduction........................

4.1.1 Existing Site Condition................................................................

4.1.2 Existing Gen Sets........................................................................

4.1.3 Grid Infrastructure......................................................................

4.2 Demographic Data...........................................................................

4.2.1 Year Vs Population and Number of Families................................ .

4.2.2 Consumer mix Vs Year, Purpose and the Connection type..............
4.3 Energy Sales Data..........................................................................

4.4 Power Demand..................................................................................

4.5 Renewable Resources Data Analysis.............................................
4.5.1 Solar radiation Data.....................................................................

4.5.2 Wind Speed Data........................................................................

4.5.3 Correlation analysis.....................................................................

4.5.3.1 Correlation ship between solar and wind speed in Delft Island 27

13
POWER MANAGEMENT ALGORITHM, SIMULATED IN MATLAB &

13
13

14

14
15
15
15
15
15
17
19
20
22
22
23
25

5 HYBRID SYSTEM COMPONENTS 28

285.1 Introduction..............................

5.1.1 DC coupled hybrid system.....

5.1.2 DC/AC coupled hybrid system

5.1.3 AC coupled Hybrid system....

5.2 WrND Turbine..............................
5.2.1 Modeling of Wind Turbines...

5.3 Photovoltaic System.................

5.3.1 Power output of a PV Module .

5.3.2 Perturb and Observe method....

5.4 Diesel Generator.......................

29

30

30

31

32

33

35

35

36

vi



5.5 Storage Battery,

6 OPTIMIZATION....

36

38
6.1 Optimization Software Comparison

6.1 Input Data.....................

6.1.1 Power Demand.........................

6.1.2 Solar Resource........................

6.1.3 Wind Resource..........................

Solar Photovoltaic Technology.....
6.1.5 Wind Turbine..............................

6.1.6 Diesel Generator.........................

6.1.7 Battery Storage system................
6.1.8 Converter....................................

6.2 Search Space....................................

38
39
39
40
41

6.1.4 42
42
43
43
44
44

7 POWER MANAGEMENT 45

7.1 Introduction 45
7.2 Power Management Algorithm 45

7.3 Simulation 48

8 RESULTS 50

508.1 HOMER Implementation...................................

8.2 Optimization Results for the Present Demand

8.2.1 Monthly Average Electric Production............

8.2.2 Cash Flow summary.....................................

8.3 MATLAB Simulation Results...........................

50

52

53

53

8.3.1 MATLAB Simulation Results- scenario 1.........
Standalone Wind PV Battery Diesel System

53

548.3.1.1
8.3.1.2 Standalone PV Battery Diesel System

8.3.1.3 Standalone Wind Battery Diesel System

56

57

598.3.1.4 Diesel System. 

8.3.3 Different Scenarios 61

639 ECONOMIC ANALYSIS

VII



9.1 Net Present Value.........

9.2 Economic Viability..

10 DISCUSSION...........................

11 CONCLUSIONS AND RECOMMENDATIONS

11.1 Conclusions.........................

11.2 Recommen dations....................

11.3 Future Work....................................

REFERENCES................ .

63

63

64

68

68

68

69

70

APPENDIX A 72

APPENDIX B 80

APPENDIX C 81

APPENDIX D 82

viii



LIST OF FIGURES

Page
Figure 1.1: Hybrid Energy Syst

Figure 2.1: Hybrid energy generation system............. .

Figure 4.1: Map of the Delft Island............................

Figure 4.2: Number of Families & Population Vs Year

Figure 4.3: Number of Consumers Vs Year...............

Figure 4.4: Existing Consumer Mix Vs Purpose.........

Figure 4.5: Energy Sales Data in 2015.......................

Figure 4.6: Maximum Daily Load curves...................

Figure 4.7: Maximum Daily Load

Figure 4.8: Wind resource map of Sri Lanka.....................

Figure 4.9: Average daily wind speed profiles..................

Figure 5.1: Hybrid System Configuration........................

Figure 5.2: DC coupled hybrid system.............................

Figure 5.3: DC/AC coupled hybrid system........................

Figure 5.4: AC coupled hybrid system.............................

Figure 5.5: Equivalent circuit of a PV module..................

Figure 5.6: Physical model of the battery in charging mode

Figure 6.1: Daily and hourly demand map.......................

Figure 6.2: Scaled Daily Profile.......................................

Figure 6.3: Monthly and hourly solar resource..................

Figure 6.4 generated by HOMER after inserting the 24 hour solar radiation data. ...41

Figure 6.4: Scaled solar resource data daily profile.......

Figure 6.6: Scaled wind speed daily profile..................

Figure 6.7: Power curve of the wind turbine................

Figure 7.1: Power Management Algorithm..................

Figure 8.1: Graphical Interface of Hybrid Power system

Figure 8.2: Overall HOMER optimization results.........

Figure 8.3: Categorized HOMER optimization results...

Figure 8.4: Monthly Average Electric Production.........

Figure 8.5: Cash Flow Summary.................................

em 2
10
14
16
17
18
20
21
22curves
24
25
28
29
30
31
34
36
39
40
40

41
42
43
46
50
51
51
52
53

IX



Figure 8.6: Results of standalone Wind PV Battery Diesel system.....

Figure 8.7: Battery Charge Power, Discharge Power & State of Charg

Figure 8.8: Results of standalone PV Battery Diesel system...............

Figure 8.9. Battery Charge Power, Discharge Power & State of Charge level........57

Figure 8.10: Results of standalone Wind Diesel 
Figure 8.11:

54

e level 55

56

system
Battery Charge Power, Discharge Power & State of Charge level......58

Figure 8.12: Results of standalone Wind Diesel

,58

59system.
Figure 8.13: Battery Charge Power, Discharge Power & State of Charge level......60

Figure 8.14: Results for Cloudy climate condition 61
Figure 8.15. Results for day with less renewable resource availability 62

x



LIST OF TABLES

Page
Table 4.1: Number of Families & Population Vs Year.
Table 4.2: Number of Consumers Vs year..................
Table 4.3:

16

17
Number of Consumers Vs purpose 

Table 4.4: Energy Sales Data......... .
18

19
Table 4.5: Solar Radiation Data......................

Table 6.1: Optimization Tool comparison..............

Table 6.2: Input data of Diesel Generator...............

Table 6.3: Input data of Converter......................

Table 6.4: HOMER Search Space..........................

Table 8.1: Optimum Hybrid system configuration... 

Table 8.2: Diesel consumption & Battery discharge 

Table 8.3: Result Comparison...............................

23

38
43

44

44

52

55

60

xi



LIST OF ABBREVIATIONS

Abbreviation Description

CEB Ceylon Electricity Board
Diesel Generator

Hybrid Renewable Energy system

Maximum Power Point Tracking
Net Present Value

Operation & Maintenance

Proportional Integral

Particle Swarm Optimization
Perturb and Observe

Photovoltaic

State of Charge

DG

HRES

MPPT

NPV

O&M

PI

PSO

P&O

PV

soc

xii



LIST OF APPENDICES

Appendix Description Page

Appendix - A 

Appendix - B 

Appendix - C 

Appendix - D

MATLAB Program 

Input Data for MATLAB Progr 

Economic Analysis 

HOMER Software Input Summary

60

68am

69

70

xiu



1 INTRODUCTION

1.1 Background

Electrical energy demand is increasing day by day and conventional sources which 

used for energy generation creates a lot of greenhouse gases. More than 60 % of 

the world’s electricity is generated by means of fossil fuels and from

are

an estimation it
has been calculated that the coal will last for another 30 to 50 years[10].The main 

two problems of using these fossil fuels as energy sources are, they will be depleted 

over time and greenhouse effect caused by C02 emission. It can lead several

problems as climate changes and melting glaciers resulting in the rise of sea-water 

levels. As a solution for these problems, attention to the renewable energy resources 

has been increased. Renewables include solar, wind, hydro and bio-energy as well as 

geothermal energy and tidal power. Many countries widely used solar and wind 

energy for electricity generation.

Developed renewable energy electricity production systems have been used for small 

community electrification in remote rural areas. There are many remote communities 

all over the world without electricity in many developed countries as well as 

developing ones [1-4].Unavailability of national grid access is the major reason and 

it takes higher cost to extend the transmitting and distributing infrastructure to these 

remote areas. When compared to the cost involved in grid extension, renewable 

energy systems have now become a cost-effective solution for supplying remote 

communities with electric power. Photovoltaic (PV) systems and small wind turbines 

widely used renewable energy systems and PV systems applications higher due 

to sunlight is sufficiently available.

are

The application of renewable energies in off-grid systems however is challenging 

due to the nature of intermittence of the sources, the dependence on geographical and 

weather conditions. Further the initial cost of investment in solar and wind systems is 

still relatively high in comparison to fossil fuel-based electricity. Integration of
with conventional energy sources has been identified as a 

reliable and cost effective systems. Hybrid power 

or more electricity generation methods, like diesel engines and

renewable energy sources 

solution for this and it creates more 

systems combine two

1



solar panels into a 

illustrates a typical hybrid
P ant to reduce long term generation costs. Figure 1.1
system. It uses a wind turbine and a PV system as a 

p„T energy sources and . fce] gemrate „ .
a battery bank is used as an energy storage medium.

i.,—nat—
1 ^ md Chuge Controller

^ iud Generator

Die:el Generator

*j»

Solar Charge controller Bi-directional InserterPV array

AC Load

Figure 1.1: Hybrid Energy System

It is very important to select the hybrid energy system component capacities and 

proper power management algorithm to cater the energy demand. And also it affects 

to both lifetime of the system and its affordability to the end users. For this selection 

detailed technical and economic analysis of the possible hybrid system 

configurations for selected site location is required. For that availability of the 

renewable energy resources throughout the year is also considered.

Topic of Research1.3

1.3.1 Research Motivation

When I was about to embark on my research for my Master’s degree, I have found
that there was a problem of energy dispatching of hybrid energy system which 

installed at Eluvathivu island. Preliminary investigation revealed to me that the main 

for this being that the power management has not properly designed for the
considering the maximize use of the available

was

reason
system at the designed stage

2



renewable 

interested to build 

energy systems.

resources and minimizing the energy generating cost. Therefore I have 

general power dispatching algorithm for standalone hybrid

1.3.2 Problem Statement

By the end of December, 2014, approximately 98% of the total population had access 

icity from the national electricity grid [ll].To achieve 100% electrification 

important to electrify remaining rural areas.Some Isolated Islands such as 

Delft, Nainathvu, Analathivu, and Erunathivu are located far away from main land in 

Jaffna Peninsula and it is not economical to connect these islands to national grid

through submarine cable. Therefore it is not possible to extend the national grid to 

these islands.

To supply current demand diesel generators are used and normally these generators 

operate throughout the day. The average electricity generating cost is (only diesel 

and lub oil cost) Rs. 75.53 per kWh and the average selling price is Rs. 14.70 per 

kWh in these Islands [17]. Hence electricity supply to isolated locations using diesel 

solutions is very expensive. Further high wind potential and solar potential is 

available throughout the year and financial assistance from ADB is available to 

improve the socio economic background of the villagers.

Since high cost is bared by utility to supply electricity to above mentioned islands, it 

is required to supply electricity in these areas with low cost. Further these islands 

enrich with the renewable resources throughout the year. Therefore it is important to 

model, optimize a hybrid energy system and select a proper power management

strategy.

Objective of the study1.4

The main objective of this thesis is to optimize stand-alone hybrid energy system
which can provide affordable and reliablewith power management strategy 

electricity for a rural community in Sri Lanka.

3



The specific objectives

the optimum capacity of Solar, wind, Diesel generator & Battery by 

cons.dermg the demand, industrial expansion and future growth.

2. Model and Simulate Wind-Solar-Diesel B

3. Find out the

summarized as follows,

attery Hybrid system in HOMER.

optimum power dispatching algorithm.

fy the suitability of the proposed algorithm by using simulation analysis 

economic Analysis.

1.5 Contributions

Hybrid energy system is novel concept to Sri Lanka and it is a challenge to design 

hybrid energy system with power management strategy for a particular site location.

Therefore the results of this research will help the decision makers of the energy 

sector of Sri Lanka to minimize the electricity generation cost and to maximize the 

use of renewable energy resources. Further the developed software can be used to 

different kinds of hybrid energy systems to measure the load loss probability.

and

1.6 Organization

Rest of this dissertation is organized as follows.

• Section 2 summarizes the literature survey.

• Section 3 explains the research methodology.

• Section 4 presents the collected data and analysed results which are needed 

for thesis.
• Section 5 explains the hybrid energy system components and mathematical 

equations.
. Section 6 preparing & optimizing the hybrid model of the study.

. Section 7 gives the proposed power management algorithm.

• Section 8 verify the results
. Section 9 discusses the economic analysis

4



• Sections 10 Presents all the
important of the research from previously completed 

• Sections 11 di

the research.

assumptions made and discuss the difference & 

researches.
usses on the conclusions, recommendation and future work of

5



literature review

2.1 Background

An optimum power management 

power quality of the 

importance with the i 

in remote area

strategy is required to improve the reliability and 

energy system. It has become of great 
ncrease in usage of hybrid renewable energy systems, specially

trification. There have been number of researches carried out in 

this regard over the last few decades.

standalone hybrid

significant research papers are discussed in the following section to identify 

research already carried out and to identify research gap.

Technical papers reviewed2.2

H.P.Hemantha Kumara [1], in his Master of Science in Electrical Engineering 

dissertation in 2011 on “Analysis on Wind Solar Hybrid System for Stand-Alone 

power Generation in Sri Lanka” has developed a Solar Photovoltaic system 

combined with Wind power generation.

A case study was carried out at a place called Nikavaratiya in the Kurunagala district, 

Sri Lanka. Four units of 100W wind turbines have been installed in Nikavaratiya 

area as wind home systems. After commissioning the wind turbines, the generated 

power was found to be insufficient in fulfilling the electricity requirements of the 

houses. Therefore in this analysis, it is suggested to develop separate dynamic 

models for wind and photovoltaic systems with a storage battery system as a mean of 

enhance the system capacity.

The hybrid system used for this simulation consisted of a 100W wind turbine, 150W 

solar array and a 70Ah lead acid battery. A Fuzzy Logic Maximum Power Point 

Tracker (MPPT) controller was applied to the variable-speed, fixed-pitch small scale 

wind turbine while maximum power point tracking (MPPT) method based on Perturb 

(P&O) searching algorithm was applied to the stand-alone solar& Observation 

photovoltaic system.

6



MATLAB Simulink 7.2 / Si 

out the simulation
impower system software environment was used to carry 

dividual wind and PV dynamic models of the hybrid system
MER software was used in optimizing the hybrid system. The simulation 

result shows the efficiency of 96.2% for the P & 0 algorithm and the proposed fuzzy 

controller performs better than a conventional controller and 47% 

controller.

study is limited to wind solar battery energy system and mainly focus 

to enhance the output power from

Maximum Power Point Tracking control

photovoltaic system. Through this research dispatch concept was not considered.

more energy can
be generated by the system with a Fuzzy

renewable energy resources by introducing 

mechanism for wind turbines and

Rathneswaran K.,Samarakoon [2]”,in his Master of Science in in 2011 on “Hybrid 

Power System for Eluvaithivu Island Sri Lanka” has studied a demand side

management for an isolated island power system of a small island in Sri Lanka. In 

this research a Wind Diesel Battery based power system was selected as more 

economical optimum solution by using HOMER optimization tool.

D.T.D.Dissanayake [3], in his Master of Science in Electrical Engineering 

dissertation in 2011 on “Wind-Solar-Diesel hybrid model for telecommunication 

base station” has designed a Wind Solar Diesel hybrid energy system for 

Telecommunication Base stations with 100% availability. In his study, he 

investigates the feasibility of establishing wind-solar-diesel hybrid energy system at 

remote telecommunication base station.

A case study was carried out for Debbokkawa site, Sri Lanka. HOMER optimization 

tool was selected for modeling and Probabilistic approach was taken to determine the 

technically and economically optimal hybrid energy system.

However, his study is limited to 200W to 250W typical energy consumption which is 

telecommunication base station. In fact HOMER optimization tool has 

and battery life time calculations are not performed using
required for 
limited dispatch strategies

detailed algorithm.

7



Mohan Kolhe, K.M.Iromi Udumba 

has investigated an 

supply electricity to 

optimization software 

simulations have done for

ra Ranaweera, A. G. B. Sisara Gunawardana [4] 
ptimum combination of different energy systems which can

a rural community in Sri Lanka. For that “HOMER” 

and Cycle charging dispatch strategy is used. HOMER

several hybrid system configurations, which are the 
combination of PV/wind/Battery/Diesel Generator system with different capacities. It 

reveals that hybrid systems with diesel generators are more economical than the 
systems with only renewable energy resources or diesel powered micro grids.

Cai Guanglin, Chen Rouyi, Lin Yong, Zhang Yongjun [5] have designed and 

simulated operating model for Wind-Solar-Diesel-Battery system using PSCAD 

simulation software. The control system of micro-grid is Master Slave Control mode. 

Each operation mode has only one generation as the main control power, the rest are 

slave power supply. There are two control modes as Diesel generator control mode 

and Energy storage master control mode. In Diesel generator master control mode, if 

diesel engine is running the energy storage and wind, PV act as a slave power supply. 

In Energy storage master control mode, If no diesel generators are running, the 

centralized storage is choose as the master control power and wind, PV act as slave 

power supply. PSCAD simulation carried out to verify the validity of the model. The 

simulation analysis proved the usability of the model and the effectiveness of the 

control strategy.

According to the proposed strategy Diesel Generator or Battery always act as master 

power source and wind and PV generated power has taken for only battery charging 

purpose. In this study minimization of the cycles of charging and discharging of the 

battery and battery state of charge level are not taking in to account. Also the Wind 

and PV generated power not directly supply to the system.

B.Kanaga Sakthivel and Dr. D.Devaraj [6] have published a paper on hybrid energy 

variable speed wind generation, photovoltaic system with power 

under stand-alone mode. The proposed hybrid energy system 

and Induction generator-driven Wind energy conversion

system with 

electronic interface

consists of a PV array

8



system meeting a 

between the source and load.
mmon load and batter}' system is used to maintain the balance

The wind and solar systems are inter-connected with individual DC-DC converters 

•nd connected to the stage battety. The output of DC-DC 

external H-Bridge inverter to supply 

used to simulate the

converters is sent to an 

ac power to load. MA TLAB/SIMULINK is 

system and to evaluate its performance of the system.

Power Control Mechanism of PV System is Maximum Power Point Tracking 

(MPPT).The Performance of the hybrid

speeds and various irradiation levels. Simulated results show that DC-DC boost 

converter is a most efficient topology which ensures good efficiency along with low 

cost.

system is evaluated under various wind

Dan Shen, Afshin Izadian, Ping Liao [7] have discussed a research paper on control 

strategy for standalone distributed hybrid power system which consists of solar 

power, wind power, battery storage and the load. Figure 2.1 depicts the proposed 

topology of combined power sources consisting of solar, wind and battery with two 

stage DC-DC converters to interface the load. There are two main branches in the 

system, thus two new energy sources can compensate each other to some extent 

under different climates. The first stage converters are controlled by MPPT controller 

and capture the maximum power from wind and solar respectively. The second stage 

converters are controlled by local controller as a constant voltage sources (CV). The 

control action as voltage source is determined by the supervisory controller. Each 

power system branch runs a maximum-power-point tracking (MPPT) algorithm and 

receives the voltage and current references from the supervisory controller.

controller was built in Matlab/Simulink and control strategy wasSupervisory
proposed to generate the maximum power from these renewable energy sources and 

battery. The perturb and observe (P&O) method is used on both the solar and wind

power sources.

accurate operation and applicability of theresults demonstrated anSimulation 

proposed method.

9



Ujj;

''n*n!n DC Bus
A.

"V.V U(«|
(wUillis

•V..

3I-. #t: 1 litfi
• n: :sr rml

V

T* *u»iGuLliuih.5 1*

A
V

!•!»; PT! • V i t-x -i i»!«i t i?«l 
<»i«iiUii

1 r*v Mc»i.u ( - - - 
! P»VU

(
i * *-V*;< I

a«u«ir
:

i fe»w»» $

^win
i I KH♦

f «v*n < t«;-j

Figure 2.1: Hybrid energy generation system

S.M. Mousavi, S.H. Fathi,G.H. Rialiy [8] have focused on linear short term 

prediction of wind and solar with energy management of wind/PV hybrid system 

with battery storage system. To achieve this goal first, each subsystem of this hybrid 

system was modeled in MATLAB-Simulink. Then system control strategy with 

consideration of memory effect was modeled. The recommended system in this study 

embraces a wind turbine, PV arrays and a backup battery which are standalone and 

far away from the power network. In this system Wind and Solar energy are the 

primary resources of producing power and battery is the backup storage system. Two 

quadrant chopper is used to store the extra power of Wind turbine and PV in battery 

and to discharge battery banks in the situation of lacking energy in producing of load 

power. Fast charge and discharge strategy is applied to avoid the memory effect in 

batteries. PSO algorithm is used for economical optimization. The results illustrated 

that by using proposed control strategy the reliability of system 

However, in this research only PV and wind system is considered and no emergency 

power source is used and dispatch technologies were not considered.

can be enhanced.

10



2.3 Research Gap

Having done a review of published literature on power management of hybrid energy 

system and , gap in the |iterature in published rBea[ch ^

Although several studies 

most

researches limited their

carried out for hybrid energy system control strategies,
research has been done for specified systems and for specified sites. Some

scope for wind solar battery energy system and mainly focus
to enhance the output power from renewable energy resources. Further the dispatch 

in some researches and limited to low power 
consumption. Therefore it is important to build a general power management 

algorithm for standalone hybrid energy system.

technology was not considered i

The research has targeted to fill the above research gap and propose a general power 

management strategy which can provide affordable and reliable electricity for a rural 

community in Sri Lanka. Computer programme also built for proposed power 

management. For power management strategy, increase the battery life time, 

maximum energy extraction from renewable resources will be considered.

11



3 RESEARCH methodology

Introduction3.1

This research 

management algorithm for
P J systematically fills the research gap of build a general power

standalone hybrid energy system. This Chapter presents 
the methodology used in this project to fill the research gap.

The various stages of this methodology are detailed in the following sections.

3.2 Identification of research gap

Firstly a broad topic of research was identified, namely that of develop a power 
management algorithm, based on the requirement of the planning division of 

Distribution Division 1.

A detailed literature review was carried out in order to identify a research gap and 

significant work has been given in the Literature Review chapter. Further, the literature 

survey was concentrated on finding work done on two main areas. Firstly, determination 

of optimized hybrid energy system for the selected location and secondly presently used 

power management strategies for hybrid energy system.

3.3 Current demand survey

Detail survey was carried out to Collect the data of existing power system such as 

Capacity, Distribution system arrangement and cost, power demand, daily load 

profiles & load factor of the selected community. An Excel model was used to 

predict the future load profile.

3.4 Demographic Data Analysis

Under the demographic data analysis population, number of families, number of 

, Industrial growth, Population growth and Demand growth has analysed.consumers

12



3.5 Data Analysis ofRenewable resource

Renewable resource data such
as solar radiation, temperature, sun shine hours, and 

wind data were collected from various sources and analyzed.

Optimum generation capacities selection3.6

Available renewable based equipment data 

replacement cost was gathered. Technology options 

data and renewable 

software was 

configuration.

as specifications, prices, O&M cost and 

were analyzed using actual cost 
resource data. “HOMER” hybrid power system optimization 

used for the analytical purpose to find out the optimal power system

3.7 Mathematically modeling

Find out the mathematical expressions for the generated power from each component 

and modeled a hybrid system in MATLAB program.

3.8 Proposed power management algorithm, simulated in MATLAB & 

results comparison

Power management algorithm was derived and programmed in MATLAB using 

commands. This proposed strategy was simulated for different scenarios and results 

were compared.

3.9 Economic Analysis for proposed hybrid energy system

Detail analysis was conducted to check and verify the Economic viability of the 

proposed system.
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4 DATA COLLECTION

Load profile data of the Delft Island and available 

required fo, ,he design and op,imi2a,ion of , hyb[jd
described the estimation of village load 

resources.

renewable resources data are 

energy system. This chapter is 

profile and the assessment of renewable

4.1 Introduction

Delft is the largest island iin Sri Lanka(see Figure 4.1)which is located 10 km away 
from the Jaffna Peninsula, Sri Lanka and the Coordination as WGS84, 931’0”N, 79 

is approximately 11 km long with an approximate surface of 50 

The population in 2015 is 4,540 inhabitants (1308 families). There is a growing
tourism in the island due to different attractions such as Dutch history, its temples 

and wild horses.

41’0”E. The island i
km2.

The fishery industry is major income of the people. Unavailability of basic facilities 

and the low income level have badly affected on the living standards and the 

education of the children. Therefore, in order to improve the living standards, health, 
education and local economy of the people in the rural areas of islands, it is very 

important to provide basic facilities including electricity for them. The Average 

Electricity Consumptions is about 70,376 kWh /Month. During the Christmas & New 

Year time, expect to have a 30% of load increase [19].

Figure 4.1: Map of the Delft Island
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In order to model

discover the demography dam, poBn.ial of renew>ble d<ta in me

selected are, and load demand date of the selected

Existing Site Condition

hybrid renewable energy system for supplying electricity, first

community is required.
4.1.1

In Delft, the output of the diesel generators are stepped up using 400V/llkV 

transformers and transmitted through medium voltage lines with a total length of 

7.5 km. The low voltage distribution lines are 15.6 km long in total [19].

4.1.2 Existing Gen Sets

Three diesel generators with a rated capacity of 250 kVA

which forces them to work at low loading levels during most of the day, thus having 

an overall bad efficiency [19].

are currently in the island,

4.1.3 Grid Infrastructure

Generators are connected to a 3-phase bus bar at low voltage (230/400V). Main 

distribution is carried out in 3-phase power lines. Measures performed on the current 

in each phase during one day show that the 3 phases are highly unbalanced. This is 

one of the causes of the very low efficiency of this electric power system.

4.2 Demographic Data

4.2.1 Year Vs Population and Number of Families

The population of this island increases in exponentially growth by year to year and 

the population in 2016 is approximately 4750 (1500 families).By using past few 

record the future population is predicted and these results has takenyears
consideration when designing the optimum capacities of machines. The population 

and number of families are shown in Table 4.1 and graphically show in Figure 4.2.

15



Table 4.1: Number of Famili
ies & Population Vs Year

Number of 
Families

Year
Population

2008 944 28322009 992 29762010 1004 30122011 1014 30422012 1,033 35002013 1,057 37502014 1,086 40002015 1,308 45402016 1,500 4750
Predicted Data

2017 1552 50952018 1670 54242019 1789 5753
2020 1907 6082

Source: Data from CEB -Jaffna Area Office

7000

o No of Families
V = 2509.4poq691x6000

■ Population

——Expon. (No of 
Families)

Cfl

.2 5000 -nsa
£ 4000

©

& 3000
pS

a
3 2000z

■&-_y.=.809-66e0.0629X------1000

0

Year

Figure 4.2: Number of Families & Population Vs Year
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4.2.2 Consumer mix Vs Yea

Currently, the electricity is 

island using a Diesel Ge 

available from 4.30 am to 6.30 

versus year is shown in Table 4.2

Table 4.2: Number of Consumers Vs year

r, Purpose and the Connection type

provided to 846 houses and 1080 of population in the 

nerator set (DG set) of capacity 250 kVA. Electricity is made 

and 6.00 pm to 10.30 pm. Number of consumers 

and graphically illustrates in Figure 4.3.

am

Year Number of Consumers
2008 295
2009 310
2010 324
2011 338
2012 355
2013 405
2014 630
2015 930
2016 1080

Source: Data from CEB -Jaffna Area Office

11200

i1000

uo
I 800

I 600
o
uo>

■s 400 -mulla
£

200 -

° 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

Figure 4.3: Number of Consumers Vs Year
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Total energy generation i

P°ndS t0 311 8'5/0 mcrement- Annual electricity consumption in year 2015 

719,737 kWh and it is 170/ ■
0 ncrement. Usage of electricity within this region is

most y residential. By considering past records, it has been expected that the amount 

o consumers will increase rapidly in this region in future. Table 4.3 and Figure 4.4 

g’ umber of consumers according to the connection type and purpose.

Table 4.3: Number of Consumers Vs purpose

ln 2013 was 388,340 kWh and 427,470 kWh in 2014. This

was

Connection Type No. of Consumers 
Year 2015

Purpose
1*30 A Domestic 845

Industrial Purpose 3
General Purpose 60
Religious/Charitable 17

3* 30 A Industrial Purpose 1
General Purpose 2
Religious/Charitable 1

3* 60 A Domestic 1
General Purpose 2

Total 933

Source: Data from CEB -Jaffna Area Office

fc 800 

5 600
a
a
©

400
O
S3 200

Purpose

Figure 4.4: Existing Consumer Mix Vs Purpose
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4.3 Energy Sales Data

The cost incurred by CEB in 

DG set operating in the 

fact that the DG set is

running the power plant is comparatively high. The old 

power plant consumes excessive amounts of diesel and the 

. always partly loaded also contributes to the inefficiency. As
epicte in Table 4.4, the electricity generation cost in the island (on average) is 

above 61 Rs/kWh (US$ 0.41), while CEB charging a tariff of only US$0.038/kWh. 

Average Energy Deliver /month is 59,978 kWh and CEB incurs severe financial

loss about Rs.3.34 million. Therefore, Hybrid energy system is needed to reduce 

Energy generation cost.

Table 4.4: Energy Sales Data

a
s
©£ *3 £X1 § fc '£

<y cw> S cs s u 2 © a 
> o 
< U

i o
-CtS /~Nat

w S'!lu
1 S'a ■g S' o X3 •-J & <z>

I? S' 
£ &

<2X5 3
§ 3 cAc oII 3gS gOs <y

C*

Jan 57590 0.409 47.41 21.45 68.86 3,965,647.40

3,193,736.76

3.786.365.35

3.573.481.50 

3,782,539.20

3.568.392.50 

3,747,745.45

3.943.992.36

3.748.183.04

3.770.128.04 

3,527,936.72 

3,569,198.79

302,590.20

322.286.45

340.043.90 

320,958.65

329.597.85 

346,347.80 

313,402.10

306.617.85 

427,680.05

398.826.45 

408,973.50

308.391.90

3,663,057.20

2,871,450.31
3,446,321.45

3,252,522.85

3.452.941.35 

3,222,044.70

3.434.343.35 
3,637,374.51 

3,320,502.99 

3,371,301.59 

3,118,963.22 

3,260,806.89

Feb 50646 0.359 41.61 21.45 63.06

0.376 43.60 65.05Mar 58207 21.45

62.550.354 41.10 21.4557130Apr
62.4841.03 21.450.35460540May
62.3321.4540.880.35357250Jun
60.6521.4539.700.33861793Jul
59.0121.4537.560.32466836

63658

63868

60286

61933

Aug
58.8821.4537.430.323Sep
59.0321.4537.580.324Oct
58.5221.4537.070.319Nov
57.6321.4536.180.312Dec

4,125,716.7044,177,347.11 40,051,630.41
Total

Source: Data from CEB -Jaffna Area Office
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figure 4.5 graphically illustrates the monthl 
and total loss bared by supplier.

y power generation cost, monthly income

Figure 4.5: Energy Sales Data in 2015

In order to model a hybrid renewable energy system for supplying electricity, 
initially it is required to discover the potential of renewable energy resources in the 

selected area and the demand for the electricity of the selected community.

Power Demand4.4

Estimation of electricity demand is very much important to design a power system to 

Delft Island. Probable Energy Demand can be forecast by studying the present
energy supplied by Diesel Generators. Power demand was measured during the
period in 30 minute intervals. The measured peak demand profiles for each month as

electricity consumption is about 70,376 kWh/shown in Figure 4.6.The average
Maximum Daily Peak load is 100 kW and load factor is 0.75.month,

20



Figure 4.6: Maximum Daily Load curves 

Source: Data from CEB -Jaffna Area Office

For the optimization of capacities, maximum demand is considered and according to 

the future growth of population it is assumed that the power demand will be 

increased in 20 %.
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Figure 4.7: Maximum Daily Load curves 

Source: Data from CEB -Jaffna Area Office

Renewable Resources Data Analysis

The general climate prevailing in the island is very much similar to the overall 

climatic condition of the northern part of Sri Lanka.

4.5.1 Solar radiation Data

The region receives rains mainly during the period from October to December. 
Rainfall during this period accounts for about 70% of the annual total, 
an equatorial climate with high humidity and average temperatures ranging between 

29° and 13° C all year. Average daily radiation value obtained is 5.681 kWh/m2/day

and solar intensity varies from

4.5

The island has

3.416 -6.646 kWh/m2/d.
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Table 4.5: Solar Radiation Data

Month (2015) Daily Radiation(kW/m2/d)
January
February
March

5.875
5.457
6.646April 6.086May 6.207June 5.950July 6.539

August 6.632
September
October

5.915
5.109

November
December

4.340
3.416

Source: Data from Department of Metrology -Colombo

Hours of sunlight per day do not vary much during the year due to the moderate 

9° 39' latitude in which Delft is located, the difference in average profile is mainly 

due to the average cloudiness in each month. Average Sun shine hours are 7 hrs.

4.5.2 Wind Speed Data

Several coastal areas in Sri Lanka, including the northern region, experience strong 

winds during the period of the South-West (SW) monsoon (May to October), and 

moderate winds during the North-East (NE) monsoon (December - February). As 

could be seen in Figure 4.7, this wind pattern persists along the entire northern 

coastal belt from Mannar to Kankesanthurai.

Since the on-site wind speed measurements in Delft were not available, wind atlas of 

Sri Lanka published by the National Renewable Energy Laboratory in 2003 has been 

considered [20]. An annual average wind speed at a 50 meters height of 7.5 m/s 

Weibull shape factor k=2 has been considered. The map of Sri Lanka’sbased on a
wind speeds is shown in the Figure 4.7 and the wind resource is described as

excellent.
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Sri Lanka Wind Resource Map
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Figure 4.8: Wind resource map of Sri Lanka 

Source: NREL Wind Energy Resource Atlas of Sri Lanka and the Maldives

higher in May, June and July, according toThe average monthly wind speeds are 
NASA data available from the software HOMER pro. The Figure 4.8 shows the

50 meters height for each month that haveaverage daily wind speed profiles at 

been used in simulations.

a
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Figure 4.9: Average daily wind speed profiles

4.5.3 Correlation analysis

Correlation analysis is a method of statistical evaluation used to study the strength of
two, numerically measured, continuous variables. If there isrelationship betweena
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correlation found, 

either positive or negative.
P nding upon the numerical values measured, this can be

• Positive correlation exists if one 

other, i.e. the high 

numerical values of the other.
• Negative correlation exists if 

i.e. the high numerical values of 

values of the other.

variable increases simultaneously with the
numerical values of one variable relate to the high

one variable decreases when the other increases, 

one variable relate to the low numerical

Pearson s product-moment coefficient is the measurement of correlation and 

(depending on the correlation) between +1 and -1. +1 indicates the strongest positive 

correlation possible and -1 indicates the strongest negative correlation possible. 

Therefore the closer the coefficient to either of these numbers the stronger the 

correlation of the data it represents. On this scale 0 indicates no correlation, hence 

values closer to zero highlight weaker/poorer correlation than those closer to +1/-1.

ranges

X and y are two parameters and represent wind and solar radiation respectively. Then 

r represents the product-moment coefficient of correlation between them. The 

formula for the sample correlation coefficient [18] is

_ Cov(x,y) 
r_

Where
£(X-X)(Y-Y)

Cov(x,y) is the covariance of x and y defined as Cov(x, y) — n-i

n - Number of data

X and ? be the arithmetic means of the elements in X and Y respectively. 

sx2 and sY2 be the standard deviations of X and Y respectively and defined as

£(y- ?)2
c2 = ft* and Sy -

71-1
71-1
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4.5.3.1 Correlation ship betw
een solar and wind speed in Delft Island 

r_Cov(Xly)

r = -1.89/V347.08 * 3.55 = -0.025

Pearson’s Correlation Coefficient 

increases other variable decrease
(r) is Negative; Indicates that one variable
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5 hybrid system components

In this chapter, we will discuss the characteristics, operation, maintenance, and the 

relevant costs of the hybrid system components. First the basic technological 
configurations of hybrid system are discussed and then the characteristic of the

ponents as wind turbine, PV panel, Battery bank and the inverters are discussed.com

5.1 Introduction

Hybrid renewable energy systems (HRES) are becoming popular as stand-alone 

power systems for providing electricity in remote areas due to advances in renewable 

energy technologies and subsequent rise in prices of petroleum products. A hybrid 

energy system or hybrid power, usually consists of two or more renewable energy 

sources used together (see figure 5.1) to provide increased system efficiency as well 
as greater balance in energy supply.

The potential of solar and wind resources are relatively high in Delft island, thus they 

be used for developing a renewable energy based electricity supply system. In 

addition to these resources, a diesel generator and a battery bank have been selected 

for the hybrid system.

can

/}
wind turbine

Consumers

v Battery
Converter

Bidirectional con

Figure 5.1: Hybrid System Configuration
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According to the type of voltage and the type of bus that 
component together, hybrid systems can be classified as follows [10],

• AC coupled hybrid system

will link the different

• DC coupled Hybrid system

• DC/AC coupled hybrid system 

DC coupled hybrid system5.1.1

DC BUS

T
3'SsJi

VTind Charge controller
VTmd Generator Rectifier

Diesel Generator

m
Solar Charge ControllerPV arrav

Battery Bank

Figure 5.2: DC coupled hybrid system

In the direct current combination all the energy conversion systems are connected to 

the main DC bus before connected to the AC load side. All AC power sources are 

converted into DC power sources then connected to the AC load consumer using a 

relevant converter (see figure 5.2). Therefore DC generating systems are equipped 

with charging controllers and AC generating systems with rectifiers. In this 

configuration the power generated by the diesel generator is first rectified and then 

converted back to AC which reduces the efficiency of energy conversion due to 

several power processing stages. In addition the inverter cannot be operated in 

parallel with the diesel generator. Therefore, inverter must be sized to supply the
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peak demand Also inverter failure causes power iniemrpdou, unless the load can be 

supplred directly from fc diesel genemor f„, emergency conditions.

5.1.2 DC/AC coupled hybrid system

In DC/AC coupled hybrid 

connected to either DC 

system uses a

system, electricity generating components can be 

or AC bus depending their generating voltage. This 
bidirectional inverter to link the DC bus and the AC bus (see figure 

5.3). In this configuration the inverter can be operated in parallel with the diesel 
generator, hence inverter may not be sized to meet the peak demand. The capability 

to operate the inverter in parallel with the diesel generator allows generator 
flexibility to optimize the operation of the system. Also the efficiency of the

on

generator can be maximized.

DC BUS AC BUS

I <

iBSf—:

I Wind Charge Controller

Wind Generator

D:esel Generate!

imI •
Bi-direchonal InverterSolar Charge controller

PV arrav

AC Load

Batterv Bank

Figure 5.3: DC/AC coupled hybrid system

5.1.3 AC coupled Hybrid system

In such topology all the energy generating components or units and the energy 

storage technologies are connected to the AC bus in line with the load or directly to 

the load (see figure 5.4). The DC generating systems are connected to the AC bus via
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erters and AC generating components can be directly connected to the AC bus or 
may need an AC/AC converter to enable stable coupling.

In this system the energy supply for the battery bank 

inverter. AC coupled systems
is controlled by a bidirectional 

are easily expandable and this system is easy to 
connect the grid if the grid extends to the remote area in the future. Therefore, 
of the hybrid systems are using AC coupled hybrid configuration.

most

AC BUS
\

* *

AC/AC converter

Wind Generator
Diesel Generator

i
_

Solar InverterPV array

-<• -> ■* *

Bi-directional InverterBattery Bank

Figure 5.4: AC coupled hybrid system

In this study I have selected the AC/DC coupled hybrid configuration, because, it 
provides higher flexibility of generator to optimize the operation of the system.

5.2 Wind Turbine

Wind turbines are machines that generate electricity by using power from wind. The 

wind kinetic energy from the swept area of the turbine blades is extracted from the 

wind energy conversion machines. The pressure differences across the blade initiate 

Ute electrical generator to generate electricity. The wind turbine includes components 

like; tower, rotor, nacelle, and the turbine rotor control structure or yawing

mechanism.
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Wind turbines start to generate power when the 

wind speed (cut-in speed). The wind turbine 

until it reaches the rated speed where it prod 

not produce power beyond the cut-off wind

wind speed flow passes the minimum 

power increases with the wind speed

uces maximum power. The turbine does

speed due to assembly of safety
mechanisms that could stop turbi 
used in

from producing power. The larger wind turbinesme
utility scale applications and smaller wind turbines used in residential and

commercial applications as grid connected or off grid.

Horizontal axis turbines with three blades are the most popular ones for electricity 
generation due to its low cut-in wind speed, high power coefficient, easy curling and 

its stability. Turbines with number of blades have stability problems because 
when the uppermost blade twists back, the lowermost one passes into the wind shade

even

at the front of tower. Wind turbines with more than 20 blades are applied for water 

pumping purposes and are not applicable for electricity generation due to higher 
aerodynamic losses [10].

5.2.1 Modeling of Wind Turbines

The wind turbine’s output energy depends on the amount of wind power that hits the 

blades of the wind turbine. Wind is made up of moving molecules that have mass; 

therefore, the wind energy is in terms of the molecules kinetic energy and it is given 

by equation 1 [7 , pp. 3].

= pSV3Pwind (1)

Pwind -Wind energy

P - Air density (kg/ m3)

S - The area swept by the blades (m2)

V - Wind speed (m/s)

However, just a part of this wind energy is captured by the wind generator and wind 

Energy captured by the wind generator (Pr) is expressed as equation 2.

Where
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~ 2 ^p(Pj^) PSV3
(2)

Where Cp - Performance coefficient of the turbine 

P - blade pitch angle (deg)

- Tip speed ratio of the rotor blade tip speed to wind speed

Performance coefficient (Cp) is a non-linear function depends on pitch angle 0 and 

the speed X. This power coefficient of the turbine is given by equation 3.

Cp(PA) = 0.5176 - 0.4 p -5) 0.5 e~16-5/\-
Aj l (3)

A* is expressed as equation 4.

1 1 0.035
(4)A t A+0.089/? p3 + l

x = 
V̂

Where A -Tip speed ratio

-The frequency of distributionco

R -Rotor radius [m]

-wind speed [m/s]V

5.3 Photovoltaic System

The Photovoltaic system converts radiant energy of the sun to the direct electrical 

current using semiconductor cells. The complex physics of a PV cell can be 

represented by the equivalent electrical circuit as shown in Figure 5.5 [3].
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Rsvwv 1

I i
yr id i*

Rsh V

Figure 5.5: Equivalent circuit of a PV module 

The current generated by a photovoltaic cell is described in equation 5.

q^cell+IRs

I= !ph ~ IoiexP —
) vcell+IRsRsh

-1}- (5)AkT Rsh

Where I : Load Current (A)

Vceii : Cell Output Voltage (V) 

: Photo Current (A)

T : PV cell operating temperature (K) 

k : Boltzmann’s constant (1.38*10-23 j/K)

q : Electron charge (1.66 xl 0-16)

A : Ideality factor of the n-p junction

: PV cell intrinsic series resistance (£2)

: Diode reverse Saturation current (A)

The behaviour of solar PV cell directly depends on these parameters. Output of a PV 

module varies as a function of solar irradiance which can be obtained from the 

equation 6.

Rs

h

B (6)— PSc + ^ref ^ i000Iph
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Here Isc is the short circuit 

temperature co-efficient of short circuit 

is the PV cell operating temperature (K) and B is the solar

current (A), T is the cell temperature, kt is the 

is the reference temperature, T 

irradiation in W/m2.

current, Tref

5.3.1 Power output of a PV Module

power output of a PV module is a function of the solar irradiance and the cell 
temperature and can be calculated using the equation 7[9, pp.5].

Ppv = Ypvfpv( Gt [ 1 + a? (Tc TcSTC)] (7)GT.stc

Where Power output of the PV module

Rated capacity of the PV module

PV derating factor

Solar radiation striking the PV array (kW/m2) 

Incident Radiation at standard test condition

Gt

GT,STC ’

PV cell Temperature (C)

Temperature Coefficient (%/°C)

Cell temperature under standard test conditions (25°C)

Y*pv •

Tc ■

Tc,stc '■

5.3.2 Perturb and Observe method

In this study Perturb &Observe (P&O) algorithm is used as Maximum Power Point 
Tracking (MPPT) mechanism. It is very popular and is the most frequently used 

algorithm in practice due to its simplicity and the ease of implementation [11, pp.8].

If the AP value is positive, then it is considered that it has moved the operating point 

closer to the MPP. Thus, further module voltage perturbations in the same direction 

should move the operating point towards the MPP. If the AP value is negative, the
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5.4 Diesel Generator

Diesel generators are used as a backup 

there is no
energy source in hybrid power systems. When 

PV panel, wind turbine and the battery bank has 

energy within its allowable depth, the diesel generator will

output power from the 

discharged all the stored
start working.

The hourly energy generated (Edeg) by a diesel generator with rated power 

(Pdeg ) is defined by equation 8[9],
output

EdegOO = PdegOOX fiDEG
(8)

Where Edeg (t) - Hourly Energy Generated 

PdegQ) - Rated Power Output

- Diesel Generator EfficiencyVdeg

5.5 Storage Battery

If the applied voltage is greater than the battery’s voltage, Kbat, the current, /bat, will 
flow in the battery as a charging current. Meanwhile, if the applied voltage is less 

than the battery’s voltage battery, the current will flow out from the battery as a 

discharging current. Physical model of the charging mode is as Figure 5.6.

A>at
R\ <

nNN" o +

r
El T-I

o -
Figure 5.6: Physical model of the battery in charging mode
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Normally, the battery capacity changes can be expressed by using the temperat 
coefficient 6C as equation 9 [1, pp.9].

Cbat = Cbat (l+8c(Tbat. 298.15))

- Temperature Co-efficient (0.006)

ure

(9)

Where

Cbat - Rated capacity of the battery (Ah)

State of Charge is the percentage from the maximum possible charge that i
is present

inside the battery. The state of charge of the battery depends on energy production by 

the solar photovoltaic, wind speed, and the required load. SOC at any hour t is 

depending on the battery current, the charge or discharge time and the previous SOC. 

In hybrid system Battery State of Charge level maintain between its minimum and 

maximum values. (SOC min< SOC < SOC raax)
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6 OPTIMIZATION

In this chapter we win discussabouuhe 

grid optimization software “HOMER” 

that describe the technical 

when modelling the system in HOMER.

modelling of hybrid system using the micro 

Preceding sections explain the relevant inputs 

specifications, resource data and costs which are required

6.1 Optimization Software Comparison

A hybrid renewable energy system incorporates two or more electricity generation 

options based on renewable energy or fossil fuel unit. Due to multiple generation 

systems, hybrid system analysis is quite complex and requires to be analysed 

thoroughly. This requires software tools for the design, analysis, optimization, and 

economic viability of the systems. There are several optimization tools as HOMER, 

Hybrid2, RETScreen, HOGA, INSEL, TRNSYS, RAPS1M, SOMES, SOLSTOR, 

HySim, HybSim, 1PSYS, HySys, Dymola/Modelica, ARES, SOLSIM. Before 

choosing the one among those 1 have analyzed most commonly used software as 

HOGA, RET Screen, HOMER, Hybrid2 and TRNSYS and comparison as below.

Table 6.1: Optimization Tool comparison

Economic
Analysis

HES
Software

optimizationAccuracyAvailabilityManufacturer

University of
Zaragoza

HOGA YesYesLowFree

NaturalRET NoYesLowFreeResources
Canada

screen

Some free
and some 
commercial

HOMER YesYesHighNREL, USA

YesRERL,
University of 
Massachusetts 
University of 
Wisconsin, 
Madison, US_

Hybrid2 YesHighFree

No
TRASYS YesHighCommercial

38



By considenng the availability, high Accuracy HOMER optimization tool is used for 

the model the hybrid energy system.

Input Data

Input data for power demand and 

from the available 

available sources.

6.1

solar resource has been introduced in HOMER 

sources trying to be as close to reality as possible given the

6.1.1 Power Demand

For an effective design of an electrical system, it is desirable to perform 

analysis of the electricity demand to be covered. The energy demand characteristics 

play a decisive role in the definition of the technology to be used and in the final 

power generation and storage system size needed to meet the demand.

To characterize Delft’s electrical demand, the data provided on energy consumption 

described in the “Power Demand” section has been used. Available demand 

measurements correspond to the each month. Due to the regular climate of Delft, no 

significant seasonal variations have been considered.

an accurate

The Figure 6.1 shows a map of the baseline power demand time series used in 

simulations. The vertical axis represents the hour of the day while the days of the 

year are represented in the horizontal axis.

kWScaled data
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Figure 6.1: Daily and hourly demand map
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umal variation of the primary load profile of the community is depicted in 

Ftgure 6.2 generated by HOMER after inserting the 24 hour load data.
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Figure 6.2: Scaled Daily Profile

6.1.2 Solar Resource

Solar radiation data from Metrological department is considered for the analysis. A 

map with the solar radiation value in kW/m2 for each hour of the year used for 

simulations is shown in the Figure 6.3.

kW/m2Scaled data
PT1,20
= -0.96 

-■0.72
Ti -■0.48m i

FSI I-0.24a 1
0.00

Jul Aug Sep Oct Ncv Dec
Day of Year

Figure 6.3: Monthly and hourly solar resource
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gure 6.4 generated by HOMER after inserting the 24 hour solar radiation data.
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Figure 6.4: Scaled solar resource data daily profile

6.1.3 Wind Resource

Hourly values of wind speed for every hour of the day are generated by the software 

HOMER pro from the data described in the Meteorology point of this document. A 

map with the wind speed at a 50m height for each hour of the year used for 

simulations is shown in the Figure 6.5. Each pixel shows the average wind speed for 

each hour of the year varying from 30 m/s (red) to 0 m/s (black). To compute the 

power generated by wind turbines, this wind speed is adapted to the height of the 

turbine using the logarithmic wind profile with an average roughness coefficient of 

O.Olm, which corresponds to terrains with few trees and other obstacles around.
rrv's

27.0
-■21.6 
— 16.2 
= -10.8

11

W
i

G

a5.4
)a

0.0o
I 6

0 Jul AugApr May JunJan Feb Mar Day of Year 
Figure 6.5: Hourly Wind speed
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Figure 6.6 generated by HOMER after i
inserting the 24 hour wind speed data.
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Figure 6.6: Scaled wind speed daily profile

6.1.4 Solar Photovoltaic Technology

Based on recent similar projects, the cost of kWp of PV panels (including the 

necessary structures) is estimated at $l,000/kWp while the cost of the necessary 

inverters, wirings and protections for these panels is estimated at $250/kW. 

Operation and maintenance costs are estimated to be SlO/kWp. PV modules are 

expected to last for 25 years, although it can be longer with proper maintenance. The 

average de-rating factor of PV installation used for simulations is 80% which 

accoimts for losses in conversion, dust and temperature effect.

6.1.5 Wind Turbine

A Windspot 3.5 kW wind turbine has been used for simulations. The height of the 

turbine’s hub is assumed to be 20 meters. The cost of each 3.5 kW turbine is

estimated at $35,000 and replacement cost $15,000. Operation and Maintenance 

costs have been estimated at $500 per turbine and year. Lifetime is assumed to be 20
of the generic model used inThe Figure 6.7 shows the power curveyears, 

simulations.
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Power Curve
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Figure 6.7: Power curve of the wind turbine

6.1.6 Diesel Generator

The generators should operate in parallel with the PV, wind turbines, and battery 

inverters. For new generators the capital cost, Operation and maintenance cost & 

Replacement cost as follows. These data (see Table 6.2) has taken from Hayleys 

Industry. The average price of diesel used in simulations is $0.9/liter.

Table 6.2: Input data of Diesel Generator

0& M Cost (S/hr)Generator Cost($) Replacement Cost(S)Size/kW
0.168,965 8,27516
0.4813,24114,48348

6.1.7 Battery Storage system

The size of the storage system is a key parameter for the operation of the electrical 

system. It will set the capacity to provide management support to the diesel generator 
sets and regulate variation ramps of photovoltaic and wind turbine generation. It is 

important to emphasize the need to provide a storage system large enough for the 

primary control system. Li-ion type batteries 

span.

are used due to its efficiency and life
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Initial investment eost of lOOkWhr Li-ion bate, alone has been estimated .0 be 

3> 450. Operation and Maintenance 

replacement cost is 440$[14],

6.1.8 Converter

Average efficiency of battery

operation (inverter) and 90% for AC/DC (rectifier).The 

converters as Table 6.3.

Table 6.3: Input data of Converter

costs are estimated to be 10 S/year and the

converters is considered to be 85% for DC/AC

cost of the necessary

Size/kW Capital ($) Replacement(S) O&M Cost(S/yr)
6.4 3,600 3,600 108
30 8,037 6,818 241
200 40,000 30,000 1,200

6.2 Search Space

Several combinations of different capacities of hybrid system components have been 

considered to find the optimal system. Table 6.4 specifies the capacities of the 

system components that I have chosen for the simulation.

Table 6.4: HOMER Search Space

ConverterWind Turbine 
3.5kW (Quantity)

Generator BatteryPV array
(kW)(kW)(kW)

3004000
460116
5801040
101260

1580
120
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7 P0WER management 

7.1 Introduction

T^j6 ^SRibUted Power generation system based 

solar PV, wind turbines is

availability of wind

conditions, the hybrid

on renewable energy sources such as

. Since the 

geographic location and meteorological 

one system can improves the reliability

periencing a rapid growth around the world 

solar depends onand

operation of stand-al 
and power quality in remote locations.

In this chapter the Power M 

which aims
anagement Algorithm is derived for proposed system 

to satisfy the load demand regardless the variation in the production of 

renewable energy and load. In order to iincrease the system lifetime, the management
algorithm must optimally 

diesel generator which must be solicited as little as possible.
the renewable generators and the batteries and theuse

7.2 Power Management Algorithm

The main objectives of Power Management Strategy are

• Maximize use of the energy produced by renewable sources

• Minimize the cost of the energy produced by the system

• Meet the energy needs of the load

• Minimize the cycles of charging and discharging of the battery

• Avoid excessive charges or discharges of the battery

The strategy of the management algorithm is summarized in the diagram illustrated 

In this strategy, the photovoltaic system and wind turbines
Whenever the principle sources can’t satisfy load 

of charge (SOC) is in the minimum level, the 

(diesel engine) will be enabled to meet load demand.

arein the Figure 7.1 

considered as the principle sources

demand and the battery state

conventional source

45



.PLandSOC

\f

el - (Ppv + Pw) _ PL

N(el<0)
el >0

el = SOC<SOCmin
Y

NN
\f v

Supply Load
EDieseKEBalance Power EDischarge= el

> f

YSupply Load
& > t \ t

NSOC< SOCmax Dificit
array

Discharge 
the batteryN\ *

Y Excess
Energy\f

Charge
battery v

Run DG and supply 
load and obtain Batt.

N
\f

Y
SOC<SOCmax

N ' f
> f Charge battery with 

Surplus PowerExcess Energy

Figure 7.1: Power Management Algorithm

level of Solar and wind energy sources have taken into

consideration and calculate the power produced b, the PV away (P„) Wind
erated fay the wind turbine and the PV array in parallel,

Firstly received power

turbine (Pw).The power is gen
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and this power is used to 

the resultant
SUpp,y ‘he loads (AC or

DC) and charge the battery. ThenPower is calculated as

el=(PPv + Pw)-PL
where Pl - required load

PPv = power produced by the PV
array

Pw = power generated by the wind turbi
ine

el - resulted 

power and the load.
power represents the difference between generated

At this point, there are three scenarios:

Case I (el=0)

The first case is when the generated power by the PV array (PPV) and the wind 

turbines are equal to the load (PL) (el = 0. (Ppv + Pw) = PL). In this case, the load 

demand is totally fulfilled by the generated power of PV array and wind turbines and 

there is no power drawn neither by the diesel generator (DG) nor the battery. 

Moreover, there is no deficit and excess energy in this case.

Case II (el>0)

The second case is when the generated power by the PV array (PpV) and the wind 

turbines are more than the load requirement (el >0, (Ppv + PW) > Pl)- In this case, 

the load demand is fulfilled by the PV array and wind turbines generated power,

while an excess amount of power is resulted. Here, if the battery is fully charged 

(SOC > SOCmax), all of the excess energy will be dumped and consequently there is 

no current drawn by Diesel Generator and battery. There is no energy shortage in this 

case. Otherwise, if the battery is not fully charged (SOC < SOCmax), the battery will

SOC is calculated.be charged and the new battery

47



Case III (el<0)

The final case is when the 

less than the load 

there are two main sub

generated power by the PV array (Ppv) and the wind
requirement (el < 0, (Ppv + Pw) < Pl). In this case,

turbines are

cases:

1. If the SOC is higher th 

battery will provide the required p 

fill the load requirement.

battery SOC is less than the minimum SOC (SOC 

this case the Diesel Generator must provide power and there

(i) The first scenario is 
less than the maximum Diesel Ge

the Diesel Generator will run, supply the load demand, & charge battery with 

surplus power until the battery SOC is equal or less than the SOC

(ii) The second scenario is when the maximum Diesel Generator 

generated power is less than the required balance load demand. Here, the 

Diesel Generator is not able to cover the load demand and it is not able to 

charge the battery.

an the minimum SOC (SOC > SOC min), then the 

ower together with Wind & PV generation to full

< SOC min), In 

are two scenarios.

when the balance required power demand is 

nerator generated power. In this scenario,

max.

7.3 Simulation

A simulation is performed to study the behavior of the power management for solar 

wind-diesel stand-alone hybrid energy model. Simulation results were compared by 

using MATLAB program. For the simulation we used the profiles of irradiation, 

temperature and wind speed data which are taken from the metrological department 

and optimized system specification from the HOMER optimization tool, 

is carried out for different scenarios.

Simulation
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Scenario I

The hybrid energy

using these previous profiles 

radiation and a

system is simulated for 24 hours using the previous profiles. By
vera t 8 values for load demand, wind speed and solar
verage temperature variation are calculated.

Simulation carried out fnr q+q-j i
System, Standalone Wind Syste &^ ^ SM°ne PV
compared 3nd DleseI System and final results will be

Scenario II

Simulated fordifferent scenarios for a Cloudy day and Rainy day.
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8 RESULTS

8.1 HOMER Implementation

The optimum hybrid svctPm 
HOMPR • , 7 comP°nents capacities

,mP ementation. The optimum hybrid 

electricity at the lowest price 

lowest total net

be determined by usingcan

system is the one which can supply
or in other words, the system which is having the

required level f^Tu ValU6’ * ^ ^ time SUppiyin§ the electricity at the 
required level of availability. Above mentioned data

software (see Figure 8.1) and obtained the 

system.

were provided to the HOMER 

optimized solution for hybrid energy

Equipment to consider Add/Remove... 1

M-*
PVwinds pot 3.5kW Primary Load 1 

1,056 kWh/d 
100 kW peak

M—►
Converter 100 Li-ionGenerator 1

AC DC
Resources Other

&© Solar Resource 

Wind Resource 

^ Diesel

Economics

M System Control

n Emissions

Constraints

Figure 8.1: Graphical Interface of Hybrid Power system 

8.2 Optimization Results for the Present Demand

Part of the overall optimization results 

Net Present

are as shown below. According to the 

Cost of the project, it displays the list of systemincreasing 

configurations.
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The Categorized optimize 

effective configuration of e
0n resuIts as shown Figure 

ach system type.
8.2 and it displays most cost
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Figure 8.2: Overall HOMER optimization results

The Categorized optimization results as shown Figure 8.3 and it displays 

effective configuration of each system type.
most cost
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Figure 8.3: Categorized HOMER optimization results

According to the HOMER simulation results, the optimum system type is 

PV/wind/diesel generator/battery system and this system can supply the electricity at

0.361 $/kWh.
The system configuration is given in Table 8.1.
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Table 8.1: Optimum Hybrid system

IHliipisg
■ Batter\TbanV ------ -------- -

Converter

configuration

40 kW 
10 Nos. 
80 kW 
140 kWh 
30 kWcapacit'

8.2.1 Monthly Average Electric Production

Monthly average electric 

hybrid system is shown in Figure 8 4
power production from each of the system components in the

System Aichitecture 40 kW FV 4 100 kWhr Li-ion Cycle Chaiging10 windSpot 3.5kW 
80 KW Generalot 1

itfaiKPC $ 1.777.834 
Levekjed CGE: 10.261 /kWh 
Operating Cost J1G5.60?/>*

30 KW Inverter 
30 KW Rectifier

Cos. | Cosh Row Be^ | Pv | Wn* | UM | 8*e, | | 6,^ | Trw s-. |
Production KWh/yt * Consumption 

AC ptmary load
kWh/j* n

385.467 100
385.467 100

Quantity
Excer: electricity 
Unmet electric toad 
Capacity shortage

Quart-ty
Renewable fraction 
Max. renew, penetration

kWh/p
45573 104
0.00114 0 0

000 0 0

FV array 
Wind turbines 
Generator 1 
Total

59.487 14
132.635 30
244.823 56
436.945 100

Total

Value
0.365
292 *:

Monthly Average Electnc Production
*vi -—- rf-t •

lillBlMlli
Figure 8.4: Monthly Average Electric Production

tliat the largest percentage of the power is generated by the wind turbines.
the wind turbines is considerably higher, 

ted from the wind turbines and the PV system is

According to
From May to September the generated power from

On the other hand the average power genera
ly smU during the period of Mrnh to April. Therefore, the diesel generator hes to 

ine March to April than the other month. As can be seen in 

from the renewable systems is considerably high during

relative
produce much more energy during 

tite Figure 8.4, energy generation
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May to September. But still there i 
that the diesel generator is still re is a contributi °n from Ac diesel generator.

PPfy the peak demand during this period.
That impliessquired to su

8.2.2 Cash Flo\v summary

According to the cash flow 

0.361 $/kWli and it
summary (see Fi 

costs less than the diesel
igure 8.5) Levelled Cost of Energy is 

only system.
System Architecture. 40kWPV ‘—

10 vflndSpol 3.5kW 
80 kW Generator 1

Cost Summary j Cash Row | Eedneal j PV 
Cost type:

Net present
r* Annualized 
fv Reverse sign

A lOOkV/hrUton 
80 kW Inverter 
80 KW Rectifier

| Wmds j Labe! j Batey | Converter

Cycle Charging
Total HPC J 1.777.894 
Levefeed COE: SO. 361/kWh 
Operating Coy S1C5.607/yr

j Emssions | Tne Senes j
C03h Floy/ Summary1.200.000

PV
— wrdScct 3.SLW
— Ger.eratsr 1
— 120 LVftir Even
— Cof.er.er
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3r s
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System
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-3.1 S31.028.566

1.800 511 0 -363
8.037 2.845 3.081 0 -530

427.887 201.615 135.537 1.028.566 •15.710

Figure 8.5: Cash Flow Summary

8.3 MATLAB Simulation Results

8.3.1 MATLAB Simulation Results- scenario 1

Simulation earned out for Standalone Wind PV Diesel System, Standalone PV 

System, Standalone Wind System and Diesel System and final results will be

compared.
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8.3.1,1 Standalone Wind py 3
a«ery Diesel System

In standalone Wind PV Di 
PV renewable

1CSel System= tlie load d 
sources. If these renewabl emand is supplied by both wind & 

6 ener8ies are insufficient Diesel Gwill operate. Load demand, 
Generator generated

enerator 
system, Diesel 

ge power illustrated in Figure 8.6.

Generated 

Power and Battery dischar
power from wind & py

250
i

i
i c

Load
200 PV

Wind
Battery
Diesel150

* 100
%
o

Q.

r-50 \ N/
■

0

-50
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Time(hr)

Figure 8.6: Results of standalone Wind PV Battery Diesel system

Battery power, Battery discharge power, Battery charge power and Battery state of 

charge level as Figure 8.7.
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igure 8.7. Battery Charge Power, Discharge Power & State of Charge level

Further the developed MATLAB program gives outputs for diesel consumption and 

battery discharge amount. The obtained results show in Table 8.2.

Table 8.2: Diesel consumption & Battery discharge

Diesel_consumption 239.378 Litres

732.460 kWhBattery_Discharge

According to the output graph the average power generated by solar PV is 

approximately 310 kW. Wind energy generates up to 40 kW depending on 

demand. Diesel consumption to run this system for 24 hrs is 239.378 Litres and

battery discharge amount is 732.460 kWh.
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8.3.1.2 Standalone py g
atte^ Diesel System 

lesel System,
eneigy is insufficient Diesel cv 

<*»«* from wind & pv , ,' G'“*' 

Battery discharge power itlustrated in FigT’ ^ °

In standalone PV Di 
renewable 

Generated

the load demand is
supplied by PV only. If this 

operate. Load demand, 
enerator generated power and

re 8.8.
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Figure 8.8: Results of standalone PV Battery Diesel system 

Diesel consumption, battery discharge amount and excess energy amount as Figure
8.9.
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Figure 8.9: Battery Charge Power, Discharge Power & State of Charge level
The result shows that diesel generator and battery are provided power because PV 

system operates in only few hours. At that tune the required energy obtained from 

battery and the Diesel generator. Diesel consumption to run this system for 24 hrs is 

322.76 Litres and Battery discharge amount is 1018.7 kWh.

8.3.1.3 Standalone Wind Battery Diesel System

The proposed algorithm has simulated for standalone wind diesel system also. 
Generated Power from wind system, Load Demand and Diesel Power and as Figure 

8.10.Further Diesel consumption, batteiy discharge amount and excess energy 

amount are shown in Figure 8.11.
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Required power is 

consumption to run this 

amount is 581.76 kWh.

8ajned by the

astern for 24 hrs is
Wjnd, Diesel and battery systems. Diesel 

439.90 Litres and battery discharge

8.3.1.4 Diesel System

According to the Figure 8.12 th 

battery. Diesel e total demand is generated by Diesel system and 

stem is 576.42 Litres and
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Figure 8.12: Results of standalone Wind Diesel system

Diesel consumption, battery discharge amount and excess energy amount of Diesel 

Battery System are shown in Figure 8.13.
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8.3.2 Result comparison

Proposed algonthm has simulated for various types of hybrid energy system and 

obtained results are summarized as Table 8.3.

Table 8.3: Result Comparison

of Charge level

Wind-
Diesel-
Battery
System

PV-Wind-
PV-Diesel-
Battery
System

Diesel-
Battery
System

Diesel Only

Diesel_consumption
(Litres)_________
BatteryJDischarge

239.37439.90322.76576.42

732.46581.761108.71472.3
(kWh)

is 576.42 litres battery dischargeDiesel consumption for a Diesel generating system

is nearly 812 kWh and for 

calculated as 239.37 ltrs and batteiy discharge

PV Wind Diesel Batteiy system diesel consumption isa
is 732.46.According to the results
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»ZLTICImZl T7is les for PV'Wind D“ sya»"^
rural areas. tter so utlon t0 provide electricity to

for differ Ir T”^"" Pt°P°Sed P0W" management algorithm can be applied 
for different ktnda of standa,™ hybrid energy systems.

8.3.3 Different Scenarios

Proposed algorithm can be applied for different scenarios also. As shown

obtained for cloudy day. A little amount of energy generated 

by PV system and other sources contribute to supply power demand. Battery charged 

by diesel generator and when the power is not sufficient it will discharge rapidly.

in Figure
8.14, the results were
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Figure 8.14: Results for Cloudy climate condition
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This proposed 

renewable energy levels
power management algorithm i 

As previous
generator and battery as Figure 8.15.

is applied for a day which has poor 

case the demand is catered by the diesel
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Figure 8.15: Results for day with less renewable resource availability'

Therefore it proves that the proposed algorithm can be applied for different actual 

scenarios also. According to the situation the supply and demand is balanced by the 

proposed power management strategy with minimize operation cost and by 

enhancing the system life time.
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9 ECONOMIC ANALYSIS

projects irj„icr,nr!r,nrr'ysis is w teign ™d ^,he
energy system is , „ew technology S"“ ^

this proposed system i economic viability for
ls very much important.

9.1 Net Present Value

The Net Present Value (NPV) of the system i 

it is calculated by taking the difference betw 

over the life time of the

present value of the costs that will make n year later can be calculated by

is a measurement of the profitability and

een present values of all the costs occurs 

project and all the revenue earns over its lifetime. The

N

Z/l+
t=0

NPVftN) =

Where
t - Time of the cash flow

i - The discount rate

Rr The net cash flow (Cash inflow - Cash out flow, at time t)

NPV > 0; Project is economical viable 

NPV < 0; Project is economically not viable

9.2 Economic Viability

Development of a rural electrification scheme based on renewable hybrid power 
system in Delft Island entails an initial investment of approximately S 342000. 

Presently bigger amount of money spend for money. By using this kind of renewable 

the fuel saving per year is approximately $l99,OOO.Operating and

Maintenance cos. per year is approximately S10.000.As pe, the analysis ,«er the
energy system

starting of the project CEB can make profit.
four year time from the
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10 DISCUSSION

There is a challenge to supply electricity to the 

economic constraints.
rural population due to their 

Electrifying these remote areas by 

is very labour and time intensive.

geographical locations and 

extending transmi■ssion lines from the utility grid i
Hybrid renewable energy systems are the possible means of electricity generating for 

energy resources and
rural remote areas. Due to i

intermittent nature of renewable
large fluctuations, using them alone is

unreliable and expensive. Therefore, hybrid 
y s have considered as best solution for providing electricity with reliability, 

sustainability and environment protections.

An optimal combination of 

management
renewable energy system and optimum power 

is also needed to improve the reliability and power quality of the 

standalone hybrid energy system.

The main objective of this thesis is to model and optimize stand-alone hybrid energy 

system with power management strategy which can provide affordable and reliable 

electricity for a rural community in Sri Lanka. The work was started by studying the 

daily load profiles of the selected community and at the same time potential of 

renewable energy resources in the selected area has been identified by analyzing past 

data on the annual variations of solar radiation and wind speed. Due to intermittent

nature of the renewable resources, a battery bank has been added to the hybrid 

system and a diesel generator has also been included in order to ensure the continuity 

of the supply.

Further, while various component configurations for the hybrid system have been 

AC/DC coupled hybrid configuration has been selected mainly due to 

of the diesel generator. After selecting the appropriate 

their characteristics, the optimum capacity of Solar, wind

studied, 

maximized efficiency

components and studying
Battery has been decided by considering the demand, industrial& Diesel generator,

i„„ and fntnria gmwth. Fnrta Wind-Sota-Dted Batten Hybrid a,stem baa
HOMER. Finally general power dispatching

expansion 

been
algorithm for hybrid systems

modelled and simulated in
has been built and simulated in MATLAB. Developed
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MATLAB Program has been applied for diffi 
Finally economic analysis erent cases and results were compared, 

carried out to check the viability of the system.

As selected area Delft Island 

provide electricity for these i
taken because nowadays CEB has focused to

energy system, 
comprised in year 2016.Usage 

region is mostly residential and in 2015 the lo 30 A

was

islands by using standalone hybrid 
Approximately 4750 population (1500 families) 

of electricity within this reei
was

consumed number of 

consumers
consumers amount was approximately 845. Further 8 

used 3<|> 30 A and 3(j> 60 A. The average electricity consumption is 70,376 

kWh/ month, Daily Peak load is 100 kW and load factor is 0.75.This 

an abundance of solar radiation with
region receives

an annual average of 5.681 kWh/m2/day and
the annual average wind speed of this region is 8.6 km/h.

However, the demographic data analysis has also been performed by assuming that 

the demand, population of this island has exponentially growth.Probable energy
demand was forecasted by studying the present energy supplied by CEB’s diesel

generators and it has been assumed that the total energy requirement of this selected 

area is fulfilled by CEB’s diesel generators. And also the peak load profile for each 

month was assumed by considering the past records and the general climate 

prevailing in the island is assumed as very much similar to the overall climatic 

condition of the northern part of Sri Lanka. The seasonal variations and the day

length does not considered because Sri Lanka is located close to the equator. On-site
not available. Therefore NASA datawind speed measurements in Delft were 

available from the software HOMER pro is used.In economic analysis it has been

assumed that the interest rate as 15% and the tax as 38%.

initial capital investment it seems diesel generated system is more
based hybrid systems because diesel

small capital investment when compared to 

But diesel generated system has the higher 

M cost for fuels, generator maintenance and 

hybrid systems entail a large capital investment, but lower

Based on
economical than the renewable energy

generated system require a very 

renewable energy based hybrid systems.
due to its large O &lifetime cost 

replacements. In contrast,

O & M cost.
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The decision concerning the final selection of the
optimum configuration has been 

optimum configuration derived here is dependent on the 

ge and the potential of renewable 
is on'y valid for this site

made using HOMER. The

load profile of the villa 

this result i resources on the site, thus
anc* should not be extrapolated to other 

“T1""'"5' A“°r<iin8 10 Simu“” »«*■. the following hybrid
configuration is found to be the optimized solution.

system

PV system capacity 

Number of 3.5 kW Wind turbines 

Generator capacity 

Battery bank 

Converter capacity

40 kW

10 Nos.
60 kW

140 kWh
30 kW

All the equations which used for the mathematical modeling in this thesis is 

standard equations and they are taken from the books and previous researches.There

are

are many researches have been carried out to find an optimal combination of 

renewable energy resources in rural electrification and most of them are only for 

Solar wind Battery hybrid power system. And also power management of the system 

does not considered. In some researches minimization of the cycles of charging and

discharging of the battery is not considered and battery state of charge level is also 

not taking in to account for the power management. In addition to that some 

researches develop power management algorithm only for a specify system and not a 

generalized one.

In this research develop a general power management strategy has been considered
maximize use of theas the main objective. The proposed algorithm is targeted to 

energy produced by renewable sources, minimize the cost of the energy produced by 

and minimize the cycles of charging and discharging of the battery. In 

enhance the performance and lifetime of the system. Proposed
the system 

shortly it helps to
management stretegy is a generalized one and it can be applied fo, Afferent

power
types of standalone power systems.

coded for proposed management system and it was 

scenarios.Simulation results clearly shown that proposed
wasMATLAB program 

simulated for different
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for ^**——- 

nergy 8enerated cost. Further it maintains the high 
power reliability throughout the day by using battery storage system.

roduction
By using such power management
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11 CONCLUSIONS AND RECOMMENDATIONS

11.1 Conclusions

The Wind PV Diesel Battery hybrid
energy systems have identified as the most 

economical solution to provide electricity in rural areas which cannot access the 

national grid. Delft Island has been considered as the sample area for the research and it 

has been found that the cost of energy be significantly reduced by using hybridcan
energy system.

Having identified that there is a considerable effect of power management to the hybrid 

energy system, a general power management algorithm has been developed to maximize 

the use of renewable energy resources, minimize the cost of the energy produced by the 

system and minimize the rate battery discharging. Further it helps to enhance the 

performance and lifetime of the system.Software has been also developed for derived 

power management algorithm and it can be used to calculate the diesel consumption and 

battery discharge amount for a given demand, renewable energy levels. This software 

has been validated by applying for different hybrid energy systems and for a different 

climate conditions. Results show that the Diesel consumption and energy discharge 

amount is lower in Wind PV Diesel Battery system than the others while enhancing the 

availability of supply. And also results prove that the proposed algorithm is a general 

one.

From economic analysis, it reveals that by implementing this kind of rural 

electrification projects CEB can make profit after 3 or 4 year time. Further as a 

solution of inaccessibility of national grid, standalone hybrid energy systems can be

used.

11.2 Recommendations

nvironment friendly solution for rural electrificationRenewable energy systems are e 

since it does 

to interconnect renewable energy system 

enhances the system reliability.

not release any pollutant gas in to the environment. It is more advantage

with diesel and battery system due to it
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Further hybrid power system i 

electrifying the selected rural
is more economically attractive than diesel system for 
community in Sri Lanka under the condition that the 

p r management of the system is properly configured in accordance with the 

renewable resource potential and load condition in the village.

11.3 Future Work

There are several possible directions for further ier improvements as

Proposing a suitable operation and maintenance scheme which can ensure the 

sustainable operation of the system.

Addressing the possibility of replacing the diesel generator in the hybrid 

system by locally generated biofuels.

• This system has not been delegated a hydro resource as a component in the 

hybrid system due to the unavailability of hydro resource potential data. 

Therefore, future analysis may be made by including the hydro resource in 

the hybrid system.
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APPENDIX A

MATLAB Program 

PV Module Configurations

function la = PVmodule (Va, S Tan 
S- xlsread('inputdata.xlsx'' 
radiation data 
TaC=42.6;
Va = 31; 
k = 1.38e-23; 
q = 1.60e-19;
A = 2;
crystalline, <2 for
Vg = 1.12;
?1.75 for amorphous Si.
Ns = 3;
T1 = 273 + 25;
Voc_Tl =38.2 /Ns;

’sheet?’, B3:350'); ’ Solar

a PV voltage 
% Boltzmann’s const 
3 charge on an electro::
% "diode quality" factor, =2 foramorphous
% band gap voltage, 1.12eV for xtal Si,

-5 numt>er of series connected cells (diodes) 

•s open cct voltage per cell at temperatureT1
Isc_Tl = 9.00;
T2 = 273 + 20; 
Voc_T2 =35.7 /Ns;

% short cct current per cell at temp 71 

■a open cct voltage per cell at temperature
T2
Isc_T2 = 7.29; 
TaK = 273 + TaC; 
TrK = 273 + 25;

% short cct current per cell at temp 72 
% array working temp 
% reference temp
% when Va = 0, light generated current 

Iph_Tl = array short cct current
% constant "a" can be determined from Isc

vs T
Iph_Tl = Isc_Tl * S;
a = (Isc_T2 - Isc_T 1) /1sc_T 1 * 1/(T2 - Tl) ; 
coefficient calculation 
Iph = Iph_Tl * (1 + a*(TaK - Tl) ) ;
Vt_Tl = k * Tl / q;
Ir_Tl = Isc_Tl / (exp(Voc_Tl/(A*Vt_Tl))-1);
current
Ir T2 = Isc_T2 / (exp(Voc_T2/(A*Vt_Tl))-1) ;
b = Vg * q/(A*k); ,
Ir = Ir Tl * (TaK/Tl) . A (3/A) .* exp (-b. * (1./TaK - 1/T1)); taiode
saturationn current

= Ir Tl/(A*Vt Tl) * exp (Voc_Tl/(A*Vt_Tl)) ;
“ % dV/dl at Voc per cell from

vtemperature

s = A * kT/q 
vreverse saturation

X2v
dVdI_Voc = - 1.15/Ns / 2; 
manufacturers graph

- dVdI_Voc - 1/X2v;
= A * 1.38e-23

5 series resistance per cell
Rs =
Vt_Ta 
Vc = Va/Ns

* TaK / 1.60e-19; = A * kT/q
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Perturb & Observe method for PV panels

pertubetest(T,s,TaC)
function E PV =

% define 
S= xlsread('inputdata 
Tl= xlsread Cinputdata 
TaC =

constants
Xlsx', 
xlsx*,

jcell temperature 
>;;step size 
V;PV voltage

PVmodule(Va,S,TaC);
la.*Va;

'sheet2',
'sheet2',

’63:350*);
'A3:A50*);25;

C 0.5;=
Va 31;
la =
Pa 3 PV output power

Va+C; ’new reference voltage
= [] ;

Vref_new 
Va_array 
E PV = [];
Ia= PVmodule(Va,S,TaC) ;

1:200; .xi
interpl (Tl, S, xi, ■ cubic'); ^cubic^cfrpol aUon01*^

%read solar radiation value 
•■take new measurement

yi =
for i=l 
S=yi(i);
Va_new=Vref_new;
Ia_new= PVmodule(Va,S,TaC) 
Pa_new=Va_new*la new; 
deltaPa=Pa_new-Pa; 
if deltaPa>0; 
if Va_new>Va;
Vref_new 
else
Vref_new 
end
elseif deltaPa<0 
if Va_new>Va 
Vref_new 
else
Vref new

;

=Va new+C; "increase ref

=Va new-C; -decrease ref

=Va new-C;

=Va new+C;
end
else
V_ref
end

= Va new;

=Va_new;
=Pa_new;
= [Va_array Va] 
= [E_PV Pa]

Va
Pa
Va_array
E_PV
end
end
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Main Program

clear all; 
clc
close all
£s>.Data sources

s = xlsread('inputdata. 
radiation data y.ls/.', sheet?', ’83:550'); S< ^ r

T xlsread('inputdata. 
Ancient Temperature

L = xlsread('inputdata 
WS =

xlsx', ’sheet?', •C3:C50');
xlsz', 
y.lsx',

'sheet7', 
'sheet?',

’D3:D50'); 
'E3:E50');xlsread('inputdata. •: Load 

WindSpeed data

Simulation of the 
%% Specification

PV system

Pv_eff=0.16;
■: Efficiency of the PVmodule

PV_Wp=40; 
array(kWatt)

Alpha=0.055;
coefficient of the PV module

Wire_eff=0.98;
Inv_eff=0.85;
NOCT=43.6;

Temperature
D1 = 0.6;
T2=0.081451;

consumption curve
TaC=25; %cell temperature

The capacity of the PV

Temperature
power

5 Wire Efficiency 
i Inverter Efficiency 
■- Nominal Operating Cell

v Derating factor 
$ Cceficier.t of the fuel

E_PV = pertubetest(T,S,TaC)
^Simulation of the Wind Turbine 

Specification
’ R=2.025;
Air_Density=l.22521; 
gen_eff=0.96;
E_w= ( (Air_Density*3.14* (R.A2) *0.5*0.59* (WS. A3)) *0.85) *10/1000

%10 no of wind turbines are used

Radius of the blades

Simulation of the Diesel gen 
%%Specification

E_Diesel=120; 
power kW 

A=0.2461;
fuel consumption curve in (1/kwh)

D=le-5;

Diesel Generator rated

t co-efficient of the

%’%Simulation of Battery 
%%Specification

SOCmax=140;
t battery capacity

kWh/day % Voltage of the used
V B=400;

allowed depth exbattery
DOD=0.8;

discharge
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charge_eff=o.8;
£ S OCmi n=S OCma x
t=l;

charging eff*(l-DOD);

SOCi-SOCmax; 
SOCl*l; 
SOC2=SOCl; 
ns=6;
K=0.8;
SOC3=0.3;

battery
n=0;
W=0;

S minimum SOC of the

%Define Metrices
SOCf 
E Loadf

-[]; ^Battery state of Charge 
£Load
^Battery Charging Power 

Damped power 
%Discharged Power 
%Battery Power 
%Deficit 
%Diesel
?Fuel Consumption Cost

= [];
E_chargef 
E_Dampf 
E_Dischargef = [], 
E_Batteryf 
E Deficitf

-[];
= []

= [];
= []/

E_Dieself 
F Cf

= U;
= [];

$Algorithm build process 
% E_net=(E_PV+E_w)-L 

k=length(L); % For the length of the
matrix

for i=l:l:k
E_net (i) = (E_PV (i) +E_w (i)) -L (i);

difference between the PV,Wind power and Load
% represent the

%%%% Case of (E_PV+E_w = L) %%n
if E_net(i)==0

generated power equal to Load
if n==0;

E_Load(i) =E_PV(i)+E_w(i) % Supply the load 
E_Dampi=0;
E_Batteryi=0;
E_Chargei=0;
E_Deficiti=0;
E_Dieseli=0;
E_Dischargei=0;
F_Ci=0; 

if i ==1

1 Case of the ?V,Wind

% Power taken from battery.

% This for the case of the first loop is 
maximum.=L) then the SOC is equal to SOC: (E PV+E_w

CQP i “QQQ 2, 7 ,
elseif W==0 % Case the battery is not discharged at

any previous step, the SOCi is equal to the SOCra
S°?t:^Cwi=l * Case when the battery has discharged

6 of any previous step, the SOCi-SOC(i-l) ;
SOCi=SOCf (i—1); 

end 
end

in the one

of (E_PV+E__W >L)% ?. 1 Case
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elseif E__
from PV and wind

net(i)>o &&
is higher

^E_Loadi=L(i);

n==0
-A~ 9e.oerated currentthan the Load
condition whicnif i==

SOCi=SOCl; 
E_Dampi=E net(i); 

E_net= (E__PV+E_w -L) 
E_Chargei=0; 
E_Dischargei=0 ; 
E_Batteryi=0; 
E_Deficiti=0; 
E_Dieseli=0; 
F_Ci=0; 

elseif i>i

- The darap pov;er is equal to

if W==0 
SOCi=SOCl; 
E_Dampi=E_net(i) - The damp Power;is equal to E_net=(E_PV+E w-L)

else W==l
if SOCf(i-l)>=SOCl 

E_Dampi=E_net(i) ; 
SOCi=SOCf(i—1); 
E_Dischargei=0; 
E_Batteryi=0; 
E_Deficiti=0; 
E_Dieseli=0; 
E_Chargei=0;
F Ci=0;

SOOSOCmax

elseif SOCf(i-l)<SOCl SOC<SOCma>: 
:v ChargeE_Chargei=E_net(i);

the battery by E_net= (E_PV+E_w - L)
E_Dischargei=0;
E_Batteryi=0;
E_Deficiti=0;
E_Dieseli=0;
E_Dampi=0;
F Ci=0

1 Chech the SCCfor t=l;
of the battery by using the following equations (charge mode)

B=SOC2;
Vl= (2+.148*B)*ns; 
Rl=(.758+.1309/(1.06-

B) )*ns/SOCmax;
Rl=double(Rl);
syms v;
ee=

double(int((K*Vl*E_net(i)-D*SOC2*SOCmax),v,0,t),;oci+soCmaxA_iiee;

SOC2=SOC;
end

SOC2=double(SOC); 
SOC(i)=SOCf(i-1)+

SOC of the battery
SOCi=SOC(i);

?,The instantaneousabs((SOCl~SOC2));
end

end
end
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-r '1 Case of (E-pV +E_w <L)
elseif E net(i)<o |i E

power from pV

condition which

of the generated . __net (i) >0 & n>=0
and wind, is less Case

an the 'head powerfor the next and
if W==0 
if n==0

E_Dischargei=L(i)-E PV(i)-
u0 m^t the load ~% discharging the battery 

% Supply the load 

l Power taken from

E_w(i);

« the°Srr(i)+E-W<i,+E-DiSChargei;
®atteryi=E_Dischargei;

from the PV

battery.
E_Chargei=0;
E_Deficiti=0;
E_Dampi=0;
E_Dieseli=0;
F Ci=0;

for t=l;
the following-sCheck the SOC of the battery by using 

equations(dis.mode)
B=SOC2;
Vl=(1.926+.124*B)*ns; 
Rl=(.19+.1037/(B-

.14))*ns/SOCmax;
syms v; 

ee=
double (int( (K*Vl*E_net(i)-D*SOC2*SOCmax) ,v,0,t) );

SOC=SOCl+SOCmaxA-l*ee;
SOC2=SOC;

end
SOC2=double(SOC); 
SOC(i)=SOC2; 
SOCi=SOC(i); 
W=W+1;

end
elseif W==l

if SOCf(i-l)>SOC3 && n==0
E_Dischargei= L(i)-E_PV(i)-E_w(i);

Discharging the battery to met the load.
E Loadi=E PV(i)+E w(i)+E Dischargei;

Supply the load from the PV,wind & the battery.
E_Batteryi=E_Dischargei;

Power taken from battery.
E_Chargei=0;
E_Deficiti=0;
E_Dampi=0;
E_Dieseli=0;
F_Ci=0; 

for t=Ir­
by using the following equations:

•Check

the SOC of the battery 
(((Discharging mode)))

B=SOC2;
Vl=(1.926+.124*B)*ns;
Rl=(.19+.1037/(B-.14))*ns/SOCmax;
syms v;
ee= double(int((K*Vl*E_net(i)-

D*SOC2*SOCmax),v,0,t) ) ;
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S0C=S0Cl+S0CmaxA
S0C2=S0C;

“l*ee;
end

S0C2=double(SOC);
SOC(i)=S0Cf(i-i)_ 
S0Ci=S0C(i) abs((SOC1-SOC2));;

elseif socf(i_i)<_S0C3 (| n>=Q 
E_Diesel>="
E_Loadi=L(i)

E_Dieseli=L(i)-E_PV (i)-E_„(i)+E_Batteryi;

E_Dischargei=0;
E_Deficiti=0;

if SOCf(i-l)<S0C1
E_Chargei=E_Dieseli-L(i)
E_Dampi=0;

L(i)-E_PV(i)-E w(i)
from the diesel ; Supply the load

:s power from diesel

;

for t=l;
battery by using the followinc

B=S0C2;
Vl= (2+.148 *B)*ns;
Rl=(.758+.1309/(1.06-B))*ns/SOCmax; 
Rl=double(Rl); 
syms v;
ee= double(int((K*Vl*E_Chargei-

SOC=SOCl+SOCmaxA-l*ee;
SOC2=SOC;

Check the SOC of the
equations:

D*SOC2*SOCmax),v,0,t));

end
SOC2=double(SOC);
SOC(i)=SOCf(i-l)+ abs ((SOC1-SOC2)); 'The

instantaneous SOC of the battery.
SOCi=SOC(i) 

else
E_Chargei=0;
E_Dampi=E_PV(i)+E_w(i)+E_Dieseli-L(i); 
SOCi=SOCl;

end
F C

= (A* (95* (E_Dieseli/60) ) ) + (T2* (95* (E_Diesel/60))) 
F_Ci=F_C 
n=n+l; 
n=0;

end
end
end

end

SOCf(i)=SOCi;
E Loadf (i) =E__Loadi;
E""chargef (i) =E_Chargei;
E'Dischargef(i)=E_Dischargei;
E Batteryf(i)=E_Batteryi;
E Deficitf(i)=E_Deficiti;
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E_Dampf(i)=E_Daitlpi;
E Di^eifU)^ Dieseii 
F_Cf (i)=F__Ci; 

end

»»»wm55WWiW!nHSWWj
*%*%*%%*%%%*%

DD=SOCf; 
SSS=0; 
DD=SOCf;

[row,col] = size(DD) 
for i = i:i;

for j = 1:1:col 
SOC = DD(i,j); 

if (SOC <0.3) 
SSS=SSS+1;

row

end
end

end
LL=SSS s'S Number of how many time the SCC reach toSOCmin.

Excess_energy=( ( (sum(E_Dampf) /60) *220)) 
Diesel_consumption=(sum(F_Cf) ) 
Enrgy_Deficit= ( (sum(E_Deficitf) /60) *220) 
Enrgy_Discharge= ( (sum(E_Dischargef) /60) *220)

• Litters 
% kWh 
% kWh

Figure
plot(E_Loadf, 'red'); 
hold on
plot(E_PV,'green') ; 
hold on
plot(E_w,'Blue'); 
hold on
plot(E_Batteryf, 'Yellow') 
hold on
plot(E_Dieself, 'black') 
hold on

Figure
plot(E_Dischargef/ 'red'); 
hold on
plot(E_Chargef/ 'green ) 
hold on
plot(SOCf,'black') ;

Figure
plot(E_Deficitf, ' r')
hold on
plot(E_Dampf, 'B')
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appendix b

Input data for MATLAB P
rogram

Fo, the simulation we used the proffc „f iltadiatioll 

given in the following Figure:

Wind Speed Data

temperature and wind speed as

Solar Radiation Data

Temperature

Average Load Demand
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APPENDIX C

Economic Analysis
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APPENDIX D

HOMER software; Input Sum

D. 1 The renewable resou 

follows.

mary

rces inputs that have given the HOMER optimization tool as

Solar Resource

Monthly avareage 

radiation (kWh/m2/d)
solar

Global Horizontal Radiation6

i^5.
E
n
I4 X

1- -J£

! o.e°3- 1 a
£■a

52 ■0.4 &+* oI
Si- 02-“

0
Jan Feb Mar Apr May Jun 

Ds3y Radiation
Jol Aug Sep. Oct Nov Dec 

— Ctea-Tess Index

Wind Resource

Monthly avareage wind speed Wind Resource■(m/s)
5 8
l
■§ «- 
o
w 4 -

: P1& ~ri h*Jill+IT
i j & g

if

II■0

ii 2' BT I I.II____ „ __ . __ ____ ^
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Jan Feb

2Weibull k
1 hr autocorrelation factor 

Diurnal pattern strength 

Hour of peak wind speed

0.85

0.25

15
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D.2.The technical specifications of the 

HOMER optimization tool as follows.

Wind Turbine

components which have given as inputs to the

Model
WindSpot 1.5 kW 

1.5 kW ACRated Power 

Power Output curve 20

i ;i«
\s.
os

oci
:«Wnn SoMOpvtl

Life Time 15 yrs
Hub Height 25 m

PV system

Model 4BB - HR-240 P -18Bbd-HR-270P-18Bbd
Derating Factor(%)

Slope (degrees)

Azimuth

Ground Reflectance 

Lifetime

Nominal operating temperature

80

9.52

0

20%
25

43.6 °C
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4BB - HR-240 P -I8Bbd-HR-270P-18Bbd Data sheet

MECHANICAL PARA METERS
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Battery

Nominal Capacity 

Nominal Voltage 

Lifetime Throughput 

Round trip efficiency 

Min. state of charge 

Max. charge rate

350 Ah 

400 V 

1,000 kWh
80%

40%

3501 A/Ah

Diesel Generator

Life time (Operating Hours) 

Minimum load raio 

Fuel

Fuel Price($/L)

Efficiency Curve

25,000 hr

50%

Diesel

$0.8

Efficiency Curve35

30

— 25
£
>20

£ 151
■io

5

0
60400 20 SO 100

Output {%)

Converter

15Life time 

Efficiency 90%
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?' 22 4UN 201ft
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