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Abstract

Utility scale photovoltaic (PV) power plants are generally feasible in geographic areas
exposed to greater than 3 kWh/m?/day of sun irradiance. Jamaica is suited to capitalise
on this natural resource, with a reported solar exposure yield of 5-7 kWh/m?/day and
available lands for the development of a utility-scale PV system to supply the island
state’s existing grid. Currently, the challenges faced in Jamaica are grid management
issues such as difficulties managing frequency and determining the reserve margin. These
issues are deterrents to increasing the penetration of utility scale renewable generation.
This research aims to combat these and other technical challenges through micro-grid
simulations on a country scale. This thesis presents a comparison between the technical
outcomes of the conventional network configuration and the technical outcomes when
conventional sources are replaced with PV integration. Three different model simulations
were conducted using technically accepted parameters to assess system performance,
feasibility of network integration and abnormal system responses. From the results
obtained, a quantitative assessment was compiled to project technical recommendations.
The outcome of phase one shows the optimum performance with 1-axis tracking. Results
from phases two and three indicate that the insertion of utility-scale PV into the network
corresponds with technical tolerance values that presently exist under the conventional
system. The data suggest that the incorporation of grid reinforcement options will
mitigate any congestion concerns due to reactive power compensation, as well as
strengthen fault mitigation schemes. The major implication of this study is to offer
technical guidance in the process of increasing the penetration of utility-scale PV
installations in Jamaica. This study is the first of its kind to incorporate these three

assessment components to assess the integration of a utility-scale PV system.

Keywords: Photovoltaic (PV); Solar Irradiance; Grid Reinforcement



i
Attestation of Authorship

| hereby declare that this submission is my own work and that, to the best of my
knowledge and belief, it contains no material previously published or written by another
person (except where explicitly defined in the acknowledgements), nor material which to
a substantial extent has been submitted for the award of any other degree or diploma of a

university or other institution of higher learning.

O’Neil J Nelson



Acknowledgments

Firstly, I would like to sincerely show my appreciation and gratitude to the government
and citizens of New Zealand and the New Zealand Development Scholarships Committee
of the Ministry of Foreign Affairs and Trade, who are responsible for facilitating and
funding my New Zealand Aid Development Scholarship 2017-2018. This opportunity
ensured that, as a student from a developing country, I could train in the New Zealand
engineering education system. In addition, I would like to thank Sacha Pointon, Margaret
Leniston and the other members of the NZ Aid Scholarship Team at Auckland University

of Technology. You were extraordinary pillars of strength and support.

| thank my supervisors Dr Adam Taylor, my primary supervisor, and Professor Tek-Tjing
Lie, my secondary supervisor, for your excellent guidance and support throughout my
research process. The ability to have evolved as an engineering researcher is duly noted
and appreciated and this will prove invaluable as I continue my engineering journey.
Adam always afforded me the time for face-to-face meetings to assess the structure of the
research and to provide high quality feedback. In addition, Professor Tek has been a

source of encouragement and motivation during challenging periods.

I acknowledge the Auckland University of Technology and the Electrical and Electronic
Engineering Department for providing me access to world-class research resources. The
Library services and Employability and Careers who have been efficient and indeed
invaluable. | was fortunate to have been able to participate in numerous academic and
career development workshops, seminars, webinars, lecture series and the AUT Edge

Award to find the self-confidence to express my professional opinion.



%
| also acknowledge freelance proofreader David Parker, who efficiently proofread the
final version of my thesis in keeping with the Auckland University of Technology

guidelines for proofreading of Postgraduate Theses and Dissertations.

Finally, I express heartfelt appreciation to my family, friends, colleagues and everyone

who has supported me throughout the life-changing and exciting journey. | thank you all.



Vi

Contents

ADSTFACT ... bbbt b b i
Attestation of AUTNOISNIP .......eiii e ii
ACKNOWIBAGMENTS ...ttt bbb 1\
(000 01 1=] 01 1 PRSPPI Vi
LISE OF FIQUIES ...ttt bbbttt viii
LISE OF TaDIES.....eeee ettt sr e e e X
List of Symbols, Abbreviations and ACrONYMS .........cccecvvieiieereiiie e Xii
Chapter 1 INErOTUCTION .....c.veiiiiiieiiciee e 1
00 R | 1o L1 T 4 o) o PSSRSO 1
1.2 BaCKOrOUNG ....c.ooiiiiiiieeee et 2
00 T L o S PSUSRTITPSN 3
1.4 ReSEArch QUESLIONS ......ccceiieieiiieiieeiesee e e s ee e e e e e teenee e e resneesreeseeeneesseenee s 3
1.5  Specific Research ODJECHIVES ........c.coiiiiiiiicec e 4
1.6 Research Project TIMEINE......ccoiiiiiiiieieee e 4
L7 SCOPE et 5
1.8 SHrUCLUIE OF THESIS. .ecviiieiieie ettt sne e 6
Chapter 2 LIterature STUAY........cccooviiieie et 8
2.1 LITErature REVIBW .....c.ociiieiieie ettt 8
2.1 1 INTrOQUCTION ...ttt 8
2.1.2  Photovoltaic (PV) Technology.........ccccceiiiiiiiieiiece e 9
2.1.3 Integrating a Photovoltaic Power Plant into a Power Grid ....................... 11
2.1.4 PV System Site Selection in JAMAICA.........cccoeereririninieee e 15

2.2 A Generic PhotovoltaiC Cell..........cooviiiiiiiie e 16
2.3 SOl POWET ...ttt ettt nte e sreenneenee s 22
2.4 ShOrt-CirCUuIt ANAIYSIS .......ooviiiiieiiiiieieee e 26
2.5 SUMMANY ..ottt bttt ettt e b e b e e nneene s 27
Chapter 3 RESEAICH DESION....cueeiiiciiiiecie et 29
3.1 INEPOTUCTION L.ttt st ens 29
3.2 Research MethodolOogy .........ccviieiieiiiiciiecie e 30
3.3 Data Collection INStrUMENTS........ccceeiiiiiiiiieee et 31
3.3.1  Computer MOGEIING ......ccoiuieiiiiiiccie e 31
3.3.2  SIMUIAION STUAY ....ccvviiiiiiiic s 31
3.3.3  SUMIMAIY .ieiieiiiee ettt et e et e e st e e snb e e e ssbeeennbeeannneeans 32

3.4 Data COIIECLION PrOCESS. ......ceiuiiiieiiieiieiee sttt st ee s 33
3.4.1 PV Plant Dynamic Modelling .......cccoiviiiieiiiesie e 33
3.4.2  Load-FIOW ANAIYSIS ....cc.viiiieiiieie et 34
3.4.3  ShOrt-CirCUit STUAY ......ccceoiuieiiiiieecie e 35

3.5  Data Analysis PrOCEAUIES.........cciuiiiieiie ittt 35

3.5.1 PV Plant Dynamic Modelling .......ccccooviiiieiiieiiicic e 36



3.5.2  L0Ad-FIOW ANAIYSIS .....ccuiiiiiiieieeie e 36
3.5.3  ShOrt-CirCUIt STUAY .....covviiiiiieieee e 37

3.6 SUMIMAIY ittt bttt e e bt et e et et e e nan e 40
Chapter 4 Simulation Results and ANalySiS.........ccooveiieriiieiieic e 41
R 1 01 (oo U o{ o] ST PT PP 41
4.2 PV Plant Dynamic Modelling .........ccccooviiiiiiiii e 41
4.2.1  General Description of a Solar PV System ...........ccccevveviiiinvieve s 41
4.2.2  System PerfOrmMancCe..........cccooveiieieiie e 43

4.3 L0oad-FIOW ANAIYSIS ......ccvieieiiieiie ettt 55
4.3.1  Modelling of Transmission NetWOrK ...........ccccoveveiiieiiieresie e 56
4.3.2  Load-FIow CalCulation...........ccoouiiiiiiiiiie e 60
4.3.3  ContingenCy ANAIYSIS .......ccveiiiiiieieiieie e sra e 62

4.4 ShOrt-CirCUIt STUAY........coieiiiicce et 63
4.4.1 Building the 20% Scale Model Transmission Network..............c.cccccveue.. 63
4.4.2  Fault Current Calculation ..........ccocuoviiiiiiiiinee e 67
Chapter 5  Discussion and IMpliCatioNS ............cooviieieieiiniiieseee e 78
5.1  System Performance IMpliCationS..........ccccooiiiiiiininiiireeee s 78
511 SIE ANAIYSIS ..c.oeiiiiiiiiieee s 79
5.1.2 Implications of the Results of Single Site..........ccccooiiiiiiiiie 80
5.1.3 Implications of the Results from Four Distributed Sites ..............ccoeveneee. 81

5.2  Implications of Technical ANalYSIS ........ccooeiiriiiiiniiinieeee s 83
5.2.1  Grid Infrastructure IMProvemMEeNt .........cceiveriirieieniresieeee e 84
5.2.2  Technically Feasible Grid Reinforcement for Jamaica............cccccceruveneee. 84
5.2.3  Technically Infeasible Grid Reinforcement for Jamaica .............c..c....... 86
5.2.4  Establish a Cap on PV Penetration ...........ccocoeeveninininieieie e 87

5.3 SUMMANY ..ottt bbbt ne s 88
Chapter 6  Conclusions and Recommendations ............cccceoveevierieieieesesiie e 91
6.1 CONCIUSIONS ...ttt ettt bbb ens 91
6.1.1  Limitations of the StUdY........c.ccceeiiiieii i 92

6.2  ReCOMMENTALIONS ....c.veiiiieiecie e 93
=T = ] Ao 94
AppendiX A PV PIaNt Data.........ccoceeiiiiieiic e 102
APPENdiX B Grid DAla......ccoeiiiiieieiiesie s 106

Appendix C  Short-Circuit Fault Data...........cccooveviiiiiece e 118



viii

List of Figures

Figure 2.1: Electricity prices for residential consumers, 2011 [1]......cccccooiiiiiiriineneneieieieeeens 9
Figure 2.2 Yearly average solar irradiance for top 5 performing countries for solar energy and
=TT Lo W SRS USRORN 11
Figure 2.3: PV cell equivalent CIircUit [20].........coveieiiiiiniieseeeees e 17
Figure 2.4: Characteristic curve of a PV Cell [21] ..vooviiieiii e 18
Figure 2.5: Maximum Power for and I-V SWeep [21]......ccccovvieiiiiiiie e 19
Figure 2.6: Maximum Power Operating POINt [21] ........ccocoiiiiieriiiicisesese e 19
Figure 2.7: Effect of irradiance on the 1-V characteristic at constant cell temperature [21]....... 20
Figure 2.8: Effect of temperature on the |-V characteristic at constant irradiance [21].............. 20
Figure 2.9: Module supplying power to vary the operating point [21] .........c.ccocvvvvreriieiinnnnnnn 21
Figure 2.10: PV Cell 0peration [22] .........ccceieieieieiiiseses e 22
Figure 2.11: Assembly of PV field [22]......ccooieiiiee e 24
Figure 2.12: Principle diagram of a grid-connected PV plant [22].........ccccoevevieeieieiicieieeee, 25
Figure 4.1: IV and PV characteristics of parallel connected strings at 1000 W/m? at T = 46.2 °C
.................................................................................................................................................... 43
Figure 4.2: Hourly average plane of array total irradiance for Montego Bay site ............c......... 44
Figure 4.3: Hourly average power generation output of a fixed mounted system located at
MONEEGO BAY ... ettt sr e b bR e n e nr e nr e 45
Figure 4.4: Average hourly ambient temperature for Montego Bay.........ccccccoevevvevieiicvcseenee. 46
Figure 4.5: Average hourly wind speed for Montego Bay...........ccccovvveiriiiinininenencee 47
Figure 4.6: Plane of array irradiance for tracking SYStemS ..........cccooeivriniiniiinineneceeee 48
Figure 4.7: 120MW PV power plant power generation output for tracking systems ................. 49
Figure 4.8: Plane of array irradiance data for distributed SiteS ..........cccovvrvvevieiiiciciicccc e, 51
Figure 4.9: 120MW PV power generation output from distributed Sites...........cccccoeveiiiinnnnnn 52
Figure 4.10: Combination daily load profile for Jamaica ...........c.ccocoeeviiieiiicccc e, 54
Figure 4.11: Net daily 10ad profile.........ccoiiiiieiiiecce e 54
Figure 4.12: Section of the Jamaican transmission NEtWOIK..............cccueeireiiieininiirsceeae 58
Figure 4.13: Section of the Jamaican transmission network with integrated PV system............ 59
Figure 4.14: Scaled network model for short circuit analysis.........c..cccoovevveveieciciiisiecce e, 65
Figure 4.15: Scaled network model for short-circuit analysis with integrated PV system ......... 66
Figure 4.16: Symmetrical fault analysis of 3-phase bolted fault at Region 5..........cccccevennnn 68
Figure 4.17: Asymmetrical fault analysis of three-phase bolted fault at Region 5..................... 69
Figure 4.18: Symmetrical fault analysis of double-line-to-ground fault at Region 5 ................. 70
Figure 4.19: Asymmetrical fault analysis of double-line-to-ground fault at Region 5............... 71
Figure 4.20: Symmetrical fault analysis of line-to-line fault at Region 5..........ccccooeviiiiiennnn 73
Figure 4.21: Asymmetrical fault analysis of line-to-line fault at Region 5............cccocovevvevieenen. 74

Figure 4.22: Symmetrical fault analysis of single-line-to-ground fault at Region 5................... 75



Figure 4.23: Asymmetrical fault analysis of single-line-to-ground fault at Region 5 ................ 76
Figure AL MATLAB COUB......coi ittt sttt araenne s 104



List of Tables

Table 1.1: Thesis research project timeline ..o 5
Table 2.1: Daily average solar irradiance for top 5 performing countries for solar energy and
=T UTox: U SR PSRSSORN 10
Table 2.2: Comparison of PV facilities in sun-belt COUNtries.........ccovvvvievencene e 14
Table 2.3: Types 0f PV MOCUIES [22] ....cvooiiieieieee st 23
Table 4.1: Annual system output of 1220MW PV power plant located at Montego Bay ............ 46
Table 4.2: Annual system output of 1220MW PV power plant for tracking systems .................. 50
Table 4.3: Combined annual output of distributed SIteS ...........cocviiriiiiiiiii e 53
Table 4.4: Comparison of congested transmission line data............c.ccceevvvevenievc e 61
Table 4.5: Comparison of congested transformer data ............c.ccocevereeiniinienn e 61
Table 4.6: Comparison of three-phase bolted fault currents at Region 5..........cccccovevevvivivennnne 67
Table 4.7: Comparison of double-line-to-ground fault currents at Region 5...........ccccceevvvennene. 70
Table 4.8: Comparison of line-to-line fault currents at Region 5.........ccccocevviveve i cicnc e, 72
Table 4.9: Comparison of single-line-to-ground fault currents at Region 5...........ccccccevevvvennene. 75
Table A.1: Electrical characteristics of SUNARRAY-S6B3613-300T ........ccocvvvrvrinienenennenn 102
Table A.2: Temperature characteristics of SUNARRAY-S6B3613-300T .......c.cccccvvevvervvennenne. 102
Table A.3: Datasheet Information for FS1000CU [CEC 2016].......ccccoevviirerenereieieeeeeinne 103
Table A.4: Net Output Jamaica Daily Load with 120MW Power Plant...........c.ccccoovevvivinenne. 105
Table B.1 Grid upgrade options available to Jamaica for Utility-Scale PV integration ........... 106
Table B.2: TransmisSion LiNE Data ........cccccviieviieeie ettt nnas 109
Table.B.3: Load TranSformMer Data.........cccccviveviieeieseeiese e st ste e sae s neas 110
Table.B.4: Generating Unit Transformer Data ............cccceviiieiiieicic et 111
Table.B.5: Generation Plant Data..........ccccuviiiieieieieiscce e 112
Table.B.6: Transmission Line Data — Solar System Network ............cccoovvirinienenenenciennns 113
Table.B.7: Load Transformer Data — Solar System Network..........cccoceevveveiieeiienicvecie e 114
Table.B.8: Generating Unit Transformer Data — Solar System Network ...........c.ccocevvivennee. 116
Table.B.9: Generation Plant Data — Solar System Network ... 117
Table C.1: Generator Data for 3-Phase Bolted Fault.............ccccooeiiiiiiiiiecc 118
Table C.2: Transformer Data for 3-Phase Bolted Fault..............ocooiiiieii i, 119
Table C.3: Generator Data for 3-Phase Bolted Fault with Solar Farm .............cccccooevviiine. 120
Table C.4: Transformer Data for 3-Phase Bolted Fault with Solar Farm .............c..ccocvvvenne. 121
Table C.5: Generator Data for Double-Line-to-Ground Fault.............ccoceiiviiiiiiniiiiinnieeee. 122
Table C.6: Transformer Data for Double-Line-to-Ground Fault............cccccoooveiiiiiienieiee. 123
Table C.7: Generator Data for Double-Line-to-Ground Fault with Solar Farm........................ 124
Table C.8: Transformer Data for Double-Line-to-Ground Fault with Solar Farm.................... 125
Table C.9: Generator Data for Line-to-Line Fault............cccooiiiiiii e 126

Table C.10: Transformer Data for Line-t0-Ling FaUlt...........oooooiueeiveeee e 127



Table C.11: Generator Data for Line-to-Line Fault with Solar Farm...........cc.ccocvvviiiinnnn 128
Table C.12: Transformer Data for Line-to-Line Fault with Solar Farm...........c.ccccoevvviinnnnnn 129
Table C.13: Generator Data for Single-Line-to-Ground Fault..............ccccooviiiiiinincicicen 130
Table C.14: Transformer Data for Single-Line-to-Ground Fault...............ccccooviiiiieicicinnnn 131
Table C.15: Generator Data for Single-Line-to-Ground Fault with Solar Farm...................... 132

Table C.16: Transformer Data for Single-Line-to-Ground Fault with Solar Farm................... 133



Xii

List of Symbols, Abbreviations and Acronyms

AC Alternating Current

CARICOM Caribbean Community

CF Capacity Factor

DC Direct Current

FACTS Flexible AC Transmission Systems
GHI Global Horizontal Irradiance
JPSCo Jamaica Public Service Company
MPP Maximum Power Point

MPPT Maximum Power Point Tracking
NEP National Energy Policy

NOCT Nominal Operating Cell Temperature
P Real power

POA Plane of Area

PCC Point of Common Coupling

PR Performance Ratio

PV Photovoltaic

Q Reactive power

SIDS Small Island Developing States
STATCOM Static Synchronous Compensator

STC Standard Test Conditions



Chapter 1 Introduction

1.1 Introduction

Jamaica is endowed with a variety of renewable energy resources which provide a viable
and attractive alternative to fossil fuel imports. Globally, as the number of facilities
deployed rises and manufacturing costs fall, the economic equation increasingly favours
the installation of solar photovoltaic (PV) power generation. This is particularly true for
Jamaica, which needs to take significant steps to alleviate its dependence on imported
fossil fuels that involve the volatile global market as well as the high cost of local energy
distribution. With this potential increase in PV deployment, researchers have become
acutely interested in accurate representations of solar PV plant studies in island

conditions.

Large-scale solar PV power plants connected to transmission systems are spread over a
significant area consisting of multiple small sources of power interfaced with the
alternating current (AC) system — a single interconnection point to the grid. The effect of
a utility-scale PV power plant on the stability and security of Jamaica’s power system
must, therefore, be carefully considered. Consequently, modelling the PV plant is
essential in order to obtain realistic simulations of the power variations during continuous
operation of the PV facility. Additionally, load-flow analysis is an essential analysis tool
for power engineers to investigate an electric power system under steady-state operation

as well as during abnormal conditions with or without PV integration.

This chapter introduces the background to the technical feasibility of integrating a
120MW solar PV power plant into the existing electricity grid in Jamaica. It describes the
aims, research questions and objectives, and scope of this study of utility-scale PV power

integration. It also introduces the structure of the thesis report.



1.2 Background

Jamaica is a Small Island Developing State (SIDS), located 18° 15’ N latitude, 77° 30’ W
longitude. Jamaica has an area of 10,990 km? (4,243 sq mi). The country has an installed
electricity capacity of 925.2MW, with its peak demand being 627.5MW. The energy
supply mix in Jamaica is approximately 95% fuelled by imported oil, and the escalating
cost of oil has resulted in consumers paying US$ 0.40 per kWh, which is among the
highest in the Caribbean Community (CARICOM) [1]. This creates an unsustainable
position for Jamaica’s national development goals and global competitiveness, and to
address this issue the Government of Jamaica has issued a National Energy Policy (NEP)
2009-2030. The mandate of this policy calls for “affordable and accessible energy
supplies with long-term energy security” and requires the development of renewable
energy in the energy sector [2]. A fundamental priority of the NEP is a goal of 20%
renewable energy in the country’s energy matrix by 2030.

Photovoltaic (PV) systems are a viable option for Jamaica, as the high global horizontal
irradiance (GHI) of 5-7 kWh/m?/day provides better opportunities for the deployment of
PV systems as a potential energy source. With this potential installation, Jamaica would
be joining a global growth trend. The adoption of solar power has been moving at a steady
pace, with the generation capacity increasing by approximately 40% per year since 2000.
At present, the world is generating 97 times more energy from solar than in 2004, and the
cost of energy from a solar module per watt has fallen from US$ 96 in the mid-1970s to
US$ 0.36 per watt in 2016 [3-5]. This is due to technological advances in PV module
production and improved quality materials.

This work investigates the optimal site selection and performance of a 120MW PV power
plant to address the need to alleviate Jamaica’s dependence on fossil fuel, as outlined

above. As part of this process, it is essential to examine the performance of the model of
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Jamaica’s transmission network. The network is explored under nominal conditions and
an analysis of the response to short-circuit faults in the system conducted. Plant
performance is investigated for fixed-tilt mounted systems, 1-axis, and 2-axis tracking
configurations, and comparative load-flow investigations guide proposed grid

reinforcement possibilities and fault mitigation strategies.

1.3 Aim

The aim of the thesis is to investigate the technical feasibility of integrating a utility-scale
120MW PV power plant into the existing electricity network in Jamaica. This
investigation employs a computer-aided algorithm to: assess the optimal performance of
the 120MW PV power plant; identify the optimised site location; and conduct a
comparative analysis of an approximate simulation model of Jamaica’s transmission
network with the PV system integrated, this model being benchmarked against the current

network configuration.

1.4 Research Questions

The research seeks to answer the following questions:

1. s it technically feasible for PV generation to be integrated in Jamaica’s power
grid?

2. How well does the integrated PV system perform in relation to the current
configuration of the grid?

3. What are the obstacles to increasing PV utility-scale penetration into the Jamaican
grid?

4. What are the possible solutions to these problems?



1.5 Specific Research Objectives
In order to answer the research questions in Section 1.4, this study has the following

objectives:

1. Assess the use of fixed-tilt mounted systems, and 1-axis, and 2-axis tracking
configurations, to determine the optimal performance of a 1220MW PV power
plant given the GHI.

2. Analyse the technical performance of a utility-scale 120MW PV power plant
integrated into Jamaica’s transmission network.

3. Identify obstacles to increasing utility-scale PV penetration into the Jamaican grid

and propose feasible solutions to these problems.

1.6 Research Project Timeline

The Master of Engineering research project is a creative and scientific venture which
requires careful planning, execution, monitoring and control of scope, as well as
managing schedules, risk, and quality. The tasks of the research study have evolved to

follow the research project timeline shown in Table 1.1:



Table 1.1: Thesis research project timeline

Month September (2017) October November December
- Meet with supervisor to - Draft literature review - Refine the research - Plan thesis structure
outline research scope around research scope and thesis timeline.  and layout.
and timeline. questions. -Familiarisation with the - Initial iteration of
- Intensive literature - Establish model various engineering algorithm generation.
Task review to cover the simulation parameters. software tools. - Implement the collected
asks breadth and depth of the - Data gathering sequence  data typical of thatin
study area. of data typical of that in Jamaica.
- Formulate resea.rch. Jamaica. - Draft Chapter 2
questions and objectives. (Literature study).
Month January (2018) February March April
- Develop the final form - Design the approximate - Execute the iterative - Execute the iterative
of the PV power plant network model of process to simulate the process to simulate the
algorithm. Jamaica’s grid. load flow across the 20% scale model without
- Execute the PV power - Implement the ap.)proximatfa netwo.rk PV integration.
plant algorithm. simulation parameters without PV integration. - Execute the iterative
Tasks - Record and organise the into the approximate - Execute the iterative process to simulate the
output of the algorithm. network model. process to simulate the PV integrated 20% scale
load flow across the PV model.
integrated approximate
network.
Month May June July August (2018)
- Draft Chapter 3 - Draft Chapter 4 - Draft Chapter 5 - Final review of AUT
(Research Design). (Results). (Discussion). School of Engineering
- Collect and organize all - Draft tables and figures. - Draft Chapter 1 gui.dglines fo.r formatting
data results. - Draft references and (Research Objectives). a digital thesis.
Tasks - Review, edit and

- Analyse the results.

Thesis submission date:

1.7 Scope

appendices.

- Draft Chapter 6
(Conclusion).

08/09/2018

produce printed copies.

- Submit 1x copy to the
Engineering Faculty
Office.

The thesis covers the optimal performance of a 120MW PV system given the high GHI

for Jamaica. In addition, the thesis presents a study of the impacts that the integration of

the system can have on the existing network configuration in Jamaica. The PV system

modelling process will involve algorithm generation and simulation with MATLAB and

System Advisor Model (SAM) software environments, and environmental data from

Meteonorm.
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The integration of the utility-scale PV system is benchmarked against an approximated
simulation model of the current configuration of the Jamaican transmission network. The
integration process of the 120MW PV system within this scope involved literature studies
and the approximate modelling of Jamaica’s transmission network in the Xendee cloud
computing platform developed by Electric Power Research Institute (EPRI). The Xendee
engineering cloud platform integrates EPRI OpenDSS smart grid analytics. The system
load-flow is analysed within the Xendee software platform and the integrated PV system
load-flow investigated by comparison. This is to ascertain the impacts of the integration
and to propose any mitigation solutions where required. The fault response capability of

the network is scrutinised to benchmark the fault response for the integrated PV system.

1.8 Structure of Thesis

The thesis is organised in a conventional manner. The first chapter gives the background,
aim, research questions, specific objectives, tasks and the scope of the execution of the
research. The second chapter provides the review of literature and the theoretical
background to the research topic. It further explains the technical concepts required in
understanding the problem and some of the expected outcomes of utility-scale PV power

plants.

The third chapter describes and justifies the methodology and research method chosen to
determine the algorithm to assess the optimal performance PV system and the simulation
analysis of the approximate network. This chapter also describes the instruments and
mechanisms for collection of the output data of the modelling and simulation study. This
chapter also outlines the rigorous evaluation and interpretation process of the data post-

collection.
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The fourth chapter presents the results of the algorithm for the three conditions under
investigation, these being fixed-tilt mounted, 1-axis and 2-axis tracking systems. Further,
this chapter presents the results of the simulation studies for the approximate current
network configuration and for the network with the 120MW PV system integrated. The
impacts in terms of the results of fault analyses of a 20% scale model of the current

configuration as well as the scenario with solar PV system integration are also presented.

The fifth chapter outlines a discussion of the implications resulting from the outcome of
the optimal investigation given the GHI concentration. This chapter further proposes
possible solutions to mitigate the potential problems arising from the integration of a
120MW PV power plant with existing network parameters. Finally, fault condition values
will be analysed to decide the necessary protection mitigation schemes for the integration

of a 120MW PV system.

The sixth and last chapter presents the final conclusions of the study and makes
recommendations on the topic addressed here. It is the aim of this study that the
recommendations provide a template to help mitigate the technical challenges that could

be faced by integrating a utility-scale PV power plant into Jamaica’s electricity grid.



Chapter 2 Literature Study

This chapter provides a review of relevant bodies of knowledge within the scope of the
research. Section 2.1 examines PV technology in Section 2.1.2, integrating a PV system
in Section 2.1.3 and system site selection in Section 2.1.4. Section 2.2 introduces the PV
cell, Section 2.3 discusses solar power, Section 2.4 expands on short-circuit fault analysis,

and Section 2.5 summarises the chapter.

2.1 Literature Review

2.1.1 Introduction

The public supply of electricity in Jamaica is solely controlled by Jamaica Public Service
Company (JPSCo). Jamaica’s electricity production is not globally competitive and
cannot sustainably meet the country’s national development goals. As of 2011, 15% of
the nation’s gross domestic product (GDP) (US$ 2.2 billion) was spent on imported fuel.
Jamaican consumers pay nearly US$ 0.40 per kWh, which is amongst the highest
electricity costs in the Americas. For comparison, neighbouring island states, Trinidad
and Tobago consumers pay US$ 0.05-0.06 per kWh [1]. The drastic disparity between
the prices paid in other countries and that paid in Jamaica is that these other countries
have successfully harnessed their natural resources, whether it be oil, as in the case of
Trinidad and Tobago, or solar, as in the case of Germany which has nearly half of the
world’s installed solar PV capacity. Despite having an average GHI of just 2.9 kWh/m?
per day, Germany has efficiently converted sunlight into energy. Figure 2.1 below shows
the comparison of electricity prices of consumers in the region and around the world and

confirms the relatively high price paid by Jamaicans for electricity.
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Figure 2.1: Electricity prices for residential consumers, 2011 [1]

Imported oil represents approximately 91% of Jamaica’s electricity generation fuel
source. However, Germany may be used as a blueprint. While not having the highest GHI,
Germany has an abundance of PV installations. Jamaica, given its geographical location,
should be able to harness a natural resource — sunlight — to utilise solar-based generation

as a viable addition to the nation’s energy mix.

2.1.2 Photovoltaic (PV) Technology

Globally, there is an increased focus on the consumption of electricity from PV, which
has been increasing at approximately 40% per year since 2000 [6]. At present, the world
is currently generating 97 times more energy from solar than it was in 2004 [5]. Although
this still only represents 1.05% of global energy production, the rate of increase of PV
generation is encouraging. In 2014 the International Energy Agency projected that solar
power could supply 27% of global electricity generation by 2050 [7]. The equatorial
position of Jamaica means it has the relative sun position to relate to other top performing
countries for PV installations. As shown in Table 2.1 below, the country is well positioned

to capitalise on the high concentration of solar irradiance [1, 6].
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Table 2.1: Daily average solar irradiance for top 5 performing countries for solar energy and Jamaica

(6]

Solar Irradiance

Country (KWh/m?/day)

China (Shanghai) 3.81
Germany (Berlin) 2.73
Japan (Tokyo) 3.80
USA (Phoenix, AZ) 5.34
Italy (Florence) 3.91

Jamaica 5.60

Jamaica boasts consistently high GHI levels, signalling the possibility of supporting solar
PV generation at any scale. Solar generation is viable as observed by comparison with
these nations and should be central in investigations into diversifying the country’s energy

mix.

Figure 2.2 below illustrates solar irradiance data for Jamaica and the top 5 performing
countries employing solar energy [6]. Jamaica has consistently high values of solar
irradiance throughout the year with a maximum of 6.55 kWh/m? per day and a minimum

of 4.24 kWh/m? per day.
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Figure 2.2 Yearly average solar irradiance for top 5 performing countries for solar energy and Jamaica

(6]

Only two other countries have similar irradiance values of Jamaica: the USA (Phoenix,
Arizona) and Italy (Florence). However, this is only around the time of the summer
solstice and is attributed to geographical situation of the selected locations in the two
countries at that point in the year. Germany has the lowest annual value and yet has been
able to successfully implement PV technology, representing a significant component in
its energy sector. Jamaica’s geographical position allows greater consistency of solar
insolation and this, as well as other technical parameters, represents the possibility of for

large-scale PV generation as compared to these other countries.

2.1.3 Integrating a Photovoltaic Power Plant into a Power Grid

The primary focus when integrating a PV power plant into an existing grid is to ensure
the smooth transition of power being generated from the generating source to the end
user. Research has shown that while the cost associated with implementing utility-scale

PV power plants has significantly decreased, the operational challenges involve the
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clustering of distributed generation. However, integrating a plant is more feasible than
small distributed sites as evidenced in an extensive simulation [8]. This study concluded
that incorporating an active power filter with multi-functional capability improved the
power quality at the point of common coupling (PCC) by introducing a compensation
current and balanced load current harmonics, as well as managing load reactive power
demand and the load neutral current. An optimal combination of this technology improves
the reliability of the integration of utility-scale PV systems and allows the network to

operate efficiently [8].

Jamaica has an issue pertaining to the standard of power delivery via the transmission
network. Transmission and distribution losses on the Jamaican grid totalled 22.3% in
2011 [1], which indicates the constraints in terms of grid readiness for the deployment for
renewable sources. Grid codes and tolerance values reviewed highlighted the technical
requirements of both PV systems and grid side requirements [9]. To support the utilisation
of utility-scale PV generation, there must be a focus on system losses, low and high
frequency harmonics, DC offset, unintended islanding, under/over voltages, or power
fluctuations [9]. Similarly, the adoption of a steady-state voltage operation deviation of

+5% has been recommended as a grid standard, to protect against network faults [10].

Additionally, there is a push for an increased adherence to the requirements of increased
grid performance with the increase a power generation from utility-scale PV power plants.
The development of grid codes with respect to PV system integration has been assessed
in Germany, the USA, Puerto Rico, Romania, China, and South Africa; with
consideration for fault ride through capability, frequency and voltage regulation and
active and reactive power support [11]. Further considerations, such as the use of static
synchronous compensators (STATCOMS) and capacitor banks as well as energy storage

units, diesel generators or flywheels and ultra-capacitors, would support reactive power
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fluctuations and comply with power curtailment and power reverse and ramp rate

requirements [9].

The redesign or reconfiguration of an electrical network is a complex process due to the
multi-variable characteristics of the existing configuration and the requirement that the
system continues to satisfy the daily energy demand. Hence, software tools have been
designed to produce the models necessary to optimise the usage of the network, such as
a numerical analysis model in MATLAB which simulates the power loss analysis of grid-
connection PV systems [12]. The parameters presented are considered fundamental for
the deployment of a utility-scale PV power plant. The model analyses the power loss of
both single-stage and two-stage grid-connected systems. A single-stage connection has
the PV array output power directly injected into the electricity network through an
inverter; however, the two-stage configuration has a boost converter functioning as a
Maximum Power Point Tracking (MPPT) method. Critical to the analysis were factors
such as non-uniform solar cell characteristics, loss factors of double line frequency
voltage ripple and fast irradiance variation. Therefore, these factors can be incorporated
into the recommended technical equipment and improved grid standards to find optimum

solutions for the power system in a Jamaican context.

In contrast to the earlier focus on technical factors, it has been recommended that non-
technical issues such as the Net Present Value (NPV) and Life-Cycle Costing (LCC) must
also be considered for the optimised integration of a utility-scale PV system [13, 14]. The
study in [14] assessed a 20MW utility-scale PV power plant and concluded the cost per
kWh of PV generation is very competitive in comparison to gas turbines operation after
six years and given the overall life-cycle reduction of approximately 541,798 tonnes of
CO.. This aligns with Jamaica’s sustainability goals regarding renewable energy and the

nation’s investment to mitigate the effects of climate change [15]. The authors in [16]
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identified a daily solar insolation index estimated at 5-6 kWh/m? per day which led to the
installation of a LMWp system. This is comparable to conditions in Jamaica ranging from
5-7 kWh/m? per day. However, the analysis of energy production has been adversely
affected by non-technical factors such as ambient temperature, prevailing wind, shading,
and low solar irradiance which are categorised as environmental factors and site
conditions. Therefore, it must be understood that technical factors respond to non-
technical factors; technical factors result from the interaction between the output of the
PV system and the transmission network, whereas non-technical factors influence the
balance of the system and the overall efficiency of all the components of the plant.
Consequently, these indicators prove relevant to study to determine the feasibility of

utility-scale PV systems in Jamaica.

PV technology has proven to be a valuable type of renewable energy resource due to its
zero emissions, zero noise, and reliability for sunny locations. Table 2.2 below represents
solar developments with a sun-belt topography and electricity infrastructure comparable

to that of Jamaica.

Table 2.2: Comparison of PV facilities in sun-belt countries

Locations Size of plant Irradiance Reference
Bali, Indonesia 1 MWp 5to6 [16]
Adam City, Oman 1MW 7.4 [17]
Bisha, Saudi Arabia 10 MW 35t07 [18]
Sahab, Jordan 20 MW 3.8to08 [14]

The reports referenced in Table 2.2 outlined the performance of each design and
incorporated several of the technical standards recommended for safety and power
quality. A techno-economic evaluation with various numerical simulations developed in

different power system analysis software tools was used to determine the feasibility of
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each system [14, 16-18]. This canvasses a wide range of procedures to identify optimal
site location as well as the technical specifications of the installation of a PV system.
These measures align with the NEP goal of expanding Jamaica’s renewable generation
contributing to the nation’s international competitiveness. To accurately estimate the
energy produced by a PV power plant, information is needed on the solar resource and
temperature conditions of the site, in addition to the layout and technical specifications
of the plant components. Hence, selecting a suitable site is a crucial component of the
development of a viable PV project, and equally important as technical standards to such

a project.

2.1.4 PV System Site Selection in Jamaica

A factor that must be taken into consideration is the best location to access the highest
GHI, which, being at very high levels, favours PV electricity generation in Jamaica.
Optimal location in the form of shading factor must be considered, and this is coupled
with the overall footprint of the utility-scale PV system. Optimisation means taking the
entire PV plant as a whole, not just the majority of panels at the cluster centre. In a study
conducted by 3TIER it was stated that a significant hurdle for Jamaica is in fact that, “As
in most countries, the primary factors limiting the use of solar power in Jamaica are not
meteorological, but infrastructure related. The access to transmission capacity as well as
availability of land are the primary impediments to solar development.” [1] [3TIER p.12].
This demonstrates that solar irradiance is not the only factor to be considered and
highlights the need for optimum site selection, ideally with more than 75% sunlight
exposure [19]. It has been evidenced that Jamaica more than satisfies the minimum
hypothetical requirements. Thus, minimising shade is an important criterion in project
optimisation. Another criterion outlined for suitable site selection is the gradient of the

terrain, with the important consideration being for flat surfaces and rocky sites only being
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used in unavoidable situations [19]. Considering the need for ideal site locations, Jamaica
may be examined for these required conditions for the optimum site selection for a utility-
scale PV facility. Given the country’s topography, it is paramount to consider potential
changes in the landscape that may alter the longevity of the project, and ultimately affect

the project’s success for the next 25 years.

The need for an assessment of land market value following basic economic principles,
serves as the foundation of the valuation process for PV site selection. The goal is to
estimate the market value of all land sites as well as specify all related land attributes.
This is done by collecting the relevant data and verifying and analysing the data against
market estimates. This can be generated using the land-use formula for Jamaica listed in

Equation 2.1 below.

LV,, =[ (Rate,; xLand, ) +(Ratey, xLand, ) |x INF 2.1
where LV = Land value
Rateur = Special utility rate for land sold to utility entities
Ratescr = The demand rate (scarcity) of the land plots surrounding

the projected location
Landa The land area that is sized to accommodate the PV plant

INF = The country’s economic inflation

This assessment will ensure the land procurement specific to immediate deployment of a

PV plant as well as future site selection.

2.2 A Generic Photovoltaic Cell
The equivalent circuit model for a PV cell is shown in Figure 2.3 below and is defined by

Equation 2.2 below [20]:
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Figure 2.3: PV cell equivalent circuit [20]
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where I = Output current [A]
lev = Short-circuit current [A]
Io = Diode current [A]
Ish = Shunt current [A]
lo = Saturation current [A]
Vey = Terminal voltage [V]
n = Ideality factor
= Boltzmann’s constant
q = Electron charge [C]
T = Junction temperature [K]
Rs = Series resistance [Q]
RsHunT= Shunt resistance [Q]

The two important components which determine the output of each PV cell are Ipv and
Vpv. The operating characteristic curve of a typical PV cell at a certain solar irradiance

and temperature is shown in Figure 2.4 below.
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Figure 2.4: Characteristic curve of a PV cell [21]

The short-circuit current (Ipv) is equal to the light-generated current and, at this operating
point, the series resistance (Rs) is neglected [21]. Therefore, the output must be equal the

magnitude of Ipyv; this can be represented by Equation 2.3:

I =1, 2.3
Ipv occurs at the beginning of the forward-bias sweep and is the maximum current value
in the power quadrant. For an ideal cell, this maximum current value is the total current

produced in the solar cell by photon excitation:

le= T =1, 2.4

Conversely, if the PV cell is operating at Vpy this establishes the open circuit condition.
Under this open circuit condition, the leads are left open forming the open circuit voltage
(Voc) and the shunt current (IsH) is neglected [21]. When the leads are left open, | = 0,

therefore Voc can be represented by the equation shown in 2.5 below:

I =1, —|{e(qu$j—1}

|
V,, = k—Tln[ﬂ +1J 25
q Iy

The load characteristic of a PV cell can be determined by the product of the current and

voltage. The product at Isc and Voc will be zero; however, the maximum power point



19

corresponds with Ve and Ive as shown in Figure 2.5 below. This is the power that can

be delivered to the external circuit.

lsc

~

I MR- T T IS *

> V

>V
Ve Voc

Figure 2.5: Maximum Power for and I-V sweep [21]

Under constant irradiance and cell temperature, the operating point of a PV cell is
determined by the intersection of the I-V characteristic curve and the load characteristic
curve as shown in Figure 2.6 below. At this point, the area under the I-V characteristic
curve, which is equivalent to the output power is maximum. This point is referred to as

the maximum power point (MPP) and is the optimal operation point of the PV cell.

Isc — —— +- Pma

IMp $ecccccccccacccccnccncccccnccccasConacs ;

i
Power

P-V curve

Vmp Voc
Voltage

Figure 2.6: Maximum Power Operating Point [21]

The effect of solar irradiance and cell temperature on Isc and Voc is shown in the I-V
curves in Figure 2.7 and Figure 2.8, respectively, below. As irradiance reduces, the short-
circuit current decreases in direct proportion as well as the maximum power. There is also

a logarithmic decrease in Voc which contributes to the decrease in the power output.



20

Maximum power increases with increasing irradiance
Maximum power voltage changes little with irradiance

Current increases with
1000 W/m? A constant resistance

750 W/m?

Current

500 W/m?

250 W/m?

Voc changes little
with irradiance

Constant
Voltage Temperature

Figure 2.7: Effect of irradiance on the 1-V characteristic at constant cell temperature [21]
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Figure 2.8: Effect of temperature on the I-V characteristic at constant irradiance [21]

As can be seen in Figure 2.8, as cell temperature increases, Voc has a sharp decrease
while Isc has a slight increase. The overall change results in a direct proportion decrease

in output power. This indicates that photovoltaics would perform better on cold clear days

rather than hot days.

The load characteristic of the PV array is shown in Figure 2.9 below, in the case where

the array supplies power to a resistive load. The load characteristic is represented by a

straight line with the slope :%. The operating point moves along the 1-V curve as the

load resistance increases from 0 to .
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Figure 2.9: Module supplying power to vary the operating point [21]

The maximum power delivered occurs when R =R =V% at the MPP. At this point,

the area under the characteristic curve, which is equivalent to the output power, is at a

maximum.

In terms of efficiency, most commercial PV cells have an efficiency of 14-20% which
means a large area would be needed for high power output values [21]. Furthermore, the
PV array output power varies with irradiance and operating temperature of the cell. As a
result, the MPP varies through the operation of the array. With this variation it is not
possible to assign a fixed voltage, fixed current or fixed resistive load, and therefore it is
not possible to extract the maximum power out of the array. Within the power
conditioning devices in solar PV systems, the DC-DC converter incorporates a maximum
power point tracking (MPPT) system. The MPPT always ensures that the solar cell is
operating at the MPP. There are several MPPT methods, each of these require an
algorithm to specify the location of the operating point with respect to the calculated MPP.
An optimum MPPT technique should produce high efficiency at a low cost due to PV

systems being mass produced.
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2.3 Solar Power

In a solar PV system, the elementary component is a solar cell, which converts the sun’s
photon energy into electrical energy [21]. Figure 2.10 below represents the process of

conversion from solar irradiance to direct current (DC) power.

Load

Luminous
radiation

Electric current
-

N-type silicon
P-N junction

A P-type silicon

Electron
Photons | flow

Figure 2.10: PV cell operation [22]

The material used in this solar cell is doped silicon. This is semi-conductive in nature and,
given the reaction with photons, produces an electric current which provides useable
output power. Table 2.3 below represents the various technologies employed in PV

modules, module efficiency, and representative surface area required per kWp.



Table 2.3: Types of PV modules [22]

CELL MATERIAL MODULE EFFICIENCY
Monocrystalline silicon 14-20%
Polycrystalline silicon N-15%
Micromorphous tandem cell (3-5i/ pc-5i) 8105

Thin-film — copper-indiumJ/gallium-

sulfur/diselenide (CI/GS/Se) e
Thin-film — cadmium telluride (CdTa) 0-1%
Amorphous silicon {3-5i) 5—8%
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SURFACE AREA NEED FOR 1 KWP

L]

] /]
L[]/
L)

In comparison with crystalline silicon modules, thin film modules show a lower

dependence of efficiency on operating temperature and a good response also when the

diffused light component is greater, for example, on cloudy days. Similar to thin film

modules, amorphous silicon modules have reduced the influence of temperature and

diffused light on high power output but require larger dimensions than crystalline silicon

modules.

The electrical values (current and voltage) from a single cell are very small and it is

impractical to use a single cell on its own. Therefore, for useable power values, the cells

are connected in series to increase the output voltage and then arranged in parallel to

increase the output current.
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Figure 2.11: Assembly of PV field [22]
A combination of cells constructs a solar module and, a combination of modules results
in a solar array or string. As seen in Figure 2.11 above, to achieve the required power

values for large-scale generation, arrays are connected in parallel.

Since the generated output of the PV system is direct current power, it can be used in
either of two ways. The first way is to have a grid of DC loads that can utilise the
generated DC power. The second way is to connect power conditioning devices (power
electronics converters) to transform generated DC power to AC power. This is because
most of the electrical loads today operate with AC power. Figure 2.12 below shows a
complete arrangement of a solar PV array with power conditioning devices for conversion

to alternating current output power and the electrical grid coupling.
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o PV generator
9 PV combiner boxes on DC side
e DC/AC static converter (inverter)
o Switchboard on AC side ——— DC connections

e Distributor network = AC connections

Figure 2.12: Principle diagram of a grid-connected PV plant [22]

The DC output of the PV system varies directly in proportion to the solar irradiance
received by the array and temperature fluctuations. The DC-DC converter ensures the DC
signal to the DC/AC inverter is stable. The static converter inverts DC to three-phase AC,
matching the requirements of the electrical grid. For the integration to a power grid, there
are other components, such as filter circuits and transformers, and relevant cables are

added at the output of the switchboard.

The operational performance of the PV plant may be quantified by the performance ratio
(PR) as well as the specific yield and the capacity factor of the facility. The PR is the
parameter commonly used to quantify PV plant performance and provides a benchmark
to compare the relationship between actual and theoretical energy outputs. It may be

expressed by Equation 2.6 below:

AC, 0 (kWh)Xl(k\%z)

PR =
iation | KWh
(kWp)x PIaneofArrayIrradlatlon( A] 2)

x100% 26

DC

InstalledCapacity

The PR quantifies the overall effect of system losses on the rated capacity, including

losses caused by modules, temperature, low-light efficiency reduction, inverters, cabling,
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shading, and soiling. The specific yield is the total annual energy generated per kWp
installed. The specific yield of a plant depends on the total annual irradiation falling on
the collector plane, as well as the performance of the module and system losses, including
inverter downtime. The capacity factor (CF) of a PV plant is the ratio of the actual output
over one year and its output if it had operated at nominal power the entire year. The CF

is described by Equation 2.7 below:

EnergyGeneratedperAnnum (kWh)

CF =
8760(h0ur%mnum)x InstalledCapacity (KWp)

2.7

The CF is affected by the requirement of daylight from the sun that is unobstructed by

clouds, smoke, smog, or shade from trees or building structures.

2.4 Short-Circuit Analysis

Power system faults which occur on any transmission line are categorised as balanced
faults and unbalanced faults, which are referred to as symmetrical and asymmetrical
faults. The majority of the faults that occur on power systems are not balanced three-
phase faults, but unbalanced faults. In the analysis of a power system under abnormal
conditions, it is necessary to make the distinction between the types of faults to ensure

the best results possible in the analysis.

The detection and study of these faults are necessary to ensure that the reliability and
stability of the power system will not be reduced because of a critical event. The task here
is to be able to calculate the fault conditions and to provide the requisite protective
equipment designed to isolate the faulted zone from the remainder of the network in the
appropriate time. In the analysis of power systems under fault conditions, it is necessary
to distinguish between the types of faults to ensure the best mitigation strategy in the

analysis. However, in this study, only shunt faults are analysed. Shunt faults are the most
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commonly occurring faults in the field. They involve power conductors to ground or short

circuits between conductors. Shunt faults are classified in the following four types [23]:

Short-circuit faults on a power system are divided into three-phase balanced faults and
unbalanced faults. Different types of unbalanced faults are single line-to-ground faults,
line-to-line faults and double line-to-ground faults. 70% of all transmission lines faults
are classified as single line-to-ground faults. This type of fault exists when one phase of
the set of transmission lines establishes contact with the ground. 15% of all transmission
lines fault are classified as line-to-line faults. This type of fault is due to one phase
contacting another phase. 10% of all transmission lines fault are classified as double line-
to-ground faults. This type of fault occurs where two phases come in contact with the
ground. Balanced or symmetrical three-phase faults are the least likely to happen with an
occurrence share of 5% of all transmission lines faults. This type of fault occurs where

all three phases are contacting each other.

2.5 Summary

This literature study has identified some of the important technical considerations which
must be considered in order to be able to deploy the most effective and optimal PV system
for Jamaica. This chapter has outlined the technical and operational building blocks of
the PV system. The current trends in global PV systems regarding cost and technology,
coupled with other national policies and other incentives, are tested in this research study.
The empirical field reports and actual deployment of PV systems on a global scale provide
strong indicators of Jamaica being able to reap positive benefits. Furthermore, the
instances of PV systems in the Caribbean and other tropical countries have redoubled to
the benefit of the nation’s energy security and the country’s economic outlook. Not only
will the installation of PV systems augment the current power system in Jamaica by

making it more efficient and cost-effective, it will also reduce Jamaica’s carbon footprint
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on the worldwide scale. Sustainable development and achievement of parts of Jamaica’s
Vision 2030 to reduce energy cost will be realised through the implementation of

alternative PV systems.
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Chapter 3 Research Design

3.1 Introduction

This chapter presents the quantitative methodology used in this investigation and justifies
its use on the ground to determine the optimal solar energy capacity subject to the system
reliability requirements for electricity network integration. Due to the stochastic
characteristic of solar irradiation, the reliability performance of a power system with PV
generation is quite different from networks with only conventional generation and will be
factored into this methodology. Modern power systems are complex and large in nature,
containing thousands of PCCs. Analysing such systems in real-time is beyond human
capacity, and therefore highly sophisticated computer programmes have been developed
to analyse, design, and operate current power systems. The increased global energy
demand and sustainable environment requirements necessitate the integration of
renewable energy resources into these existing electricity networks, adding to their
complexity. Moreover, the deployment of these non-conventional energy resources such
as solar, wind, hydro and other renewables introduces technical challenges of stable and
reliable operation due to the intermittent nature of the sources as well as the increased

distributed nature of energy generation [11].

It is essential to simulate the real-world example of Jamaica, and the impact of the
transmission network, and analyse the potential problems of integrating a 120 MW PV
power plant to find optimum solutions before it is physically realised. Understanding and
finding optimal solutions within the framework of this scenario require simulations of
what may occur, and then the solution that best suits the specific situation will be applied.

Section 3.2 proposes the research methodology, Section 3.3 discusses the data collection
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instruments used during the data collection process which is examined in Section 3.4, and

the data analysis procedures are presented in Section 3.5.

3.2 Research Methodology

The effective assessment of the technical feasibility of integrating a 120MW PV power
plant into the electrical transmission network in Jamaica demanded the collection of
relevant data and a rigorous method for analysing them. This research utilised a
quantitative approach involving computer modelling and simulation because it aligned
with previous studies and best enabled the attainment of my research objectives. This
research used computer-based models to optimise the performance of the PV power plant
and to create a simulation which was analysed for potential technical problems at the
utility—to—customer interface. In summary, these quantitative approaches enabled the
systematic collection and analysis of data that increased the robustness of the research

process and the conclusions derived.

As a strategic quantitative approach, simulation broadly involves the construction of an
artificial and controlled environment enabling data generation, observation of system or
sub-system dynamic behaviour, and test runs using defined parameters and exogenous
variables. In view of this, simulation is ideal for testing an electricity grid — a large-scale
man-made system that facilitates commercial generation and transmission of electric
power. These power systems comprise generation plants, electrical loads, and other
interconnected dynamic components that are digitalised. As such, they require complex
analysis, which falls outside the capacity of analog methods. Furthermore, it is necessary
to understand the nonlinear dynamics of the grid to provide technical solutions concerning
power quality and system stability. Simulation addresses these considerations and
provides a safe way to test and explore different operating conditions within power

networks and forecast system problems. For these reasons, practitioners and academics
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use simulation widely to analyse power systems and build models for understanding

future conditions [24].

3.3 Data Collection Instruments

This section discusses the computer modelling of the 120MW PV system in Section 3.3.1
and outlines the components of the simulation study in Section 3.3.2. Data collection
involved a three-stage process comprising PV plant modelling, load-flow analysis, and
short-circuit study. Phase one of this process involved the use of a computer model
algorithm developed in MATLAB to calculate the net energy savings. As well as SAM
was used for the designing, sizing, and simulation of the solar system using the
mathematical equation of a PV cell to study the behaviour of the PV system. Phase two,
comprised a simulation of an approximate three-phase single line diagram. Finally, phase
three involved building and analysing a 20% scale model of the system used in phase two
of the Jamaica electricity grid, developed using the computer-aided engineering tool on a

cloud computing platform.

3.3.1 Computer Modelling

In order to analyse the performance of the PV power plant, a model was developed in
SAM in addition to calculating the net energy savings in MATLAB of the 120MW rating
of the system. The sun position per hour was assigned a multiplying factor to act as a
variable and, with a derating factor of 0.85 of the PV system rating, the output power was
calculated [25, 26]. The aim of this was to calculate output power for fixed-tilt mounted,

1-axis and 2-axis tracking systems for environmental conditions experienced in Jamaica.

3.3.2 Simulation Study

The aim of the grid model was to generate load-flows to benchmark the approximate

operating real-time data of the electricity network with all elements currently installed.
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With the benchmark model complete, this then could be edited to replace 1220MW of
fossil fuel generating units with the PV system. The networks were designed by means of
power system objects categorised within the software interface. The components were
assembled with the typical parameters from the library of data found within the cloud
platform. This was done to determine how the grid operates and to itemize the prediction
of its working condition [27]. The fundamental function of the grid models was to perform
a load-flow studies to analyse the steady state operating condition of the practical
network. A similar process was carried out to create two smaller scale models for the

analysis of short circuit faults for the respective installation conditions.

3.3.3 Summary

The decision to use load-flow and short-circuit fault techniques is in line with the aims of
this project which are to analyse the technical feasibility of integrating utility-scale PV
generation into the Jamaican transmission network. The appropriateness of the decision
is further evident with the scale of this project and the areas it would affect. Simulations
can be animated, which allows for the concepts and ideas to be more easily verified,
communicated, and understood. This also provides increased accuracy and greater

precision in forecasting.

An advantage of using this approach is that the virtual environment of a computer-based
model is less expensive and utilises less time than the initiation of real-world assets. Now,
unlike spreadsheets or solver-based analytics, simulation modelling allows for the
observation of system behaviour over time, at any level of detail. This reduces the
uncertainty of the system operating conditions, leading to greater risk mitigation and

allowing more robust solutions to be found.
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3.4 Data Collection Process

When integrating a utility-scale PV power plant into an existing power system, a primary
concern is the potential security problem of the system performance. Considering the
power transfer capacity and stability limits of the system, the failure of a single
component in the system could have severe consequences for system operation [23]. Data
collection involves the monitoring of the output reports of each phase of the simulation.
This section presents the PV power system model used in the optimisation model which
will be discussed in Section 3.4.1, with the load-flow analysis simulation model
procedure explained in Section 3.4.2 and the short-circuit fault analysis presented in

Section 3.4.3.

3.4.1 PV Plant Dynamic Modelling

A computer algorithm, as well as a simulation model, was designed to show a large utility-
scale PV power plant for environmental conditions typically found in Jamaica. When
viewed from a fixed power production standpoint, it is the most basic overall system
configuration. Meteonorm is a meteorological database containing climatological data for
solar engineering applications [28]. It takes data for Jamaica that was collected from
1991-2010, to provide hourly average irradiance figures. This data was used to generate
an algorithm code that was used for the optimisation of PV power plant and the efficient

use of the selected land space.

This presents a careful evaluation of the most efficient method to harness solar energy in
the form of solar irradiance at a given location in Jamaica. These models were
implemented in SAM and MATLAB/Simulink using most common MPPT techniques,
to undertake meaningful comparisons with respect to the amount of energy from a fixed-
tilt PV panel arrangement and compared against 1-axis and 2-axis tracking panel

arrangements.
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3.4.2 Load-Flow Analysis

The simulation model was designed as a dedicated electrical power system with
generation and load data from [1] to give an approximate model of the current situation
in Jamaica. The approximation is done to provide the required line, generator and
harmonic data for all the equipment within the power system. Within this environment,
the execution of the requisite power simulation functions were conducted, such as load-
flow and short-circuit calculations. The computer tool allowed for the creation of a single
line diagram to accommodate the topology approximately matching the condition under
investigation. In this way, the power system database and its single line graphic were built
together, and the component information was also accessible in report form. A load-flow
calculation was performed to determine the operating state of the system with all loads
connected. The load-flow solving algorithm for the whole system was set out in a separate
area to afford the analysis of the output components, e.g. voltage and phase angle, real

and reactive power, and line losses [29].

The Xendee engineering cloud platform was used to analyse and validate a theoretical PV
power plant integrated into the Jamaican transmission network and results were compared
against a benchmarked approximation of the current conventional transmission network
in Jamaica. Mathematical representations of various load-flow components were given as
necessary and were incorporated within the software tool. Then, the underlined
theoretical foundations were analysed and validated through the simulation process and
the results recorded. Finally, the simulated results were compared with each other and
used to select suitable technical solutions to overcome the added complexity of

integrating such renewable energy resources.
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3.4.3 Short-Circuit Study

It is important to study a power system under fault conditions to provide system protection
equipment rating and response time, as well as to recommend relevant mitigation
schemes. The Xendee software tool provided ANSI C37/IEEE, and Classical calculation
to model transmission networks and perform short-circuit simulations on interconnected,

meshed balanced and unbalanced topologies [29].

The calculation method employed the use of peak, momentary (Y2 cycle, 1 cycle and 12—
4 cycle), interrupting (8 cycle and 30 cycle) faults at three-phase, two-phase and single-
phase locations within the transmission network. Granular reporting was made on current
flows at both terminals and for all equipment, power values, angles and voltages. The
flexibility to simulate virtually any fault scenario offered the extensibility to benchmark
conventional electricity network fault mitigation technology which was then compared
against fault values of the non-conventional systems. This made it possible to assess
whether the technology already employed would be applicable and, if not, to provide the

scope for recommended technical options.

3.5 Data Analysis Procedures

The evaluation of the performance of a power system is essential to its nominal operation.
Regarding the stability requirements of an electric power system, voltage and load flow
are two significant factors in monitoring system performance [23]. There were rigorous
examinations of the recorded reports and data comparisons to assess the security of the
system performance with the integrated PV system. This section examines the output of
optimisation model of the PV power system model in Section 3.5.1, with the load-flow
analysis simulation model comparison discussed in Section 3.5.2, and the short-circuit

fault analysis outcome examined in Section 3.5.3.
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3.5.1 PV Plant Dynamic Modelling

The report of the simulation provided data that made it possible to recommend the land
use associated with the utility-scale ground-mounted PV facility. This quantified the
requirements of the capacity of the power plant and generation potential in a year for a
given location. Capacity-based results are useful for estimating land area and costs for
such a project. The generation basis provides a more consistent comparison between
technologies that differ in capacity factor and enables evaluation of land-use impacts that

vary from solar resource differences, tracking configurations, and technology.

3.5.2 Load-Flow Analysis

Load-flow simulations are an important part of a transmission network analysis as they
are necessary for planning, economic scheduling, and controlling an existing system or
its future expansion. The analysis involved determining the magnitudes and phase angles
of voltages at each PCC and the real and reactive power in each line. The network was
represented as a nonlinear system because the power flow into load impedances is a
function of the square of the applied voltages. There are several different methods of
solving the resulting nonlinear systems, but the most efficient and practical is a Newton-
Raphson method [23] which is the referenced option included in the computer
engineering tool. The method is initiated by estimating all unknown variables. The next
stage involves the formulation of a Taylor series with the higher order terms ignored, for
each of the power balance equations involved in the system of equations. In short form,

it can be written as:

)= L) .

where AP and AQ are the mismatch discrepancy formulae:
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and J, - the Jacobian, is a matrix of the partial derivatives:
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The linearised system of equations is solved to determine the next guess (m+1) of

voltage magnitude and angles based on:

O™ =0" + AO 35
V™ ="+ ANV 36
The procedure is an iterative process and after a certain standard of convergence is

achieved for residual values of the real power and reactive power, the load-flow

calculation is successfully completed.

3.5.3 Short-Circuit Study

The analysis of symmetrical faults is incorporated within the operating framework of the
software tool like that of load flow. The method generates some assumptions. First, all
generators are in phase and are operating at the nominal voltage of the system. Also,
electric motors are considered to be generators due to the fact that, when a fault occurs,
they usually supply rather than draw power [23]. The voltages and currents are then

calculated for the base representation:
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Next, the location of the fault is supplied with a negative voltage source, equal to the

voltage at that location in the base case, while all other sources are set to zero:

IActual = Ibase X I pu 3.9
To obtain a more accurate result, these calculations are performed separately for three
time ranges: a sub-transient period, lasting only for the first few cycles (¥, 1%-4
seconds), which is associated with the largest currents; a transient period, covering a

relatively longer time, the period between the sub-transient and the steady-state; and,

finally, a steady-state period, which occurs after all the transients have had time to settle.

The magnitudes of the currents during unsymmetrical faults are resolved without the use
of assumptions as the load is symmetrical on all phases. However, the approach of the
one-line diagram simplifies the solution of balanced three-phase systems, and this method
resolves the solution of the unbalanced system into three balanced circuits. The three
symmetrical components are positive, negative, and zero sequences. The other pertinent
information involves identifying the per-unit positive, negative and zero sequence

impedances of the transmission lines, generators, and transformers involved.

The analysis of these resolved elements forms three separate circuits which are linked in
a specific sequence, depending on the kind of fault encountered. Once the sequenced
circuits are properly connected, the network can then be analysed using classical circuit
techniques. The resulting system of solutions for voltages and currents exists as
symmetrical components, which must be transformed into phase values with use of the

A-matrix.
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Consider the 3-phase unbalanced currents la, Ib, and I, we seek to find the three

symmetrical components such that:

_q0 1 2
=1+, +1;
_ 0 1 2
=1, +1,+1; 3.10
_q0 1 2
=1, +1+1;

Rewriting all the terms of o components:

0
I, 1 1 111
L, =1 & all] 3.11
lc| |1 a ol
Rewriting the above equation in matrix notation as:
Iabc — AI;)lZ 312

Where the A matrix defines a phasor rotation operator o, which rotates a phasor vector

2 .
counter clockwise by 120°: ¢ = e3"

1 1 1
A=|1 a&® «a |-Amatrix 3.13
1 a af

Solving for the symmetrical components of currents:

|22 = AT 3.14

Where the inverse of the A matrix is given by:

1 1 1
A'=l1 a o 3.15
1 & «

Therefore, the symmetrical components are:
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With the similar expressions for voltages, the symmetrical components for unbalanced

voltages being:

VARS %(Va +V, +V,)
Vi= %(Va +aV, +a’V,) 3.17

V2= %(v +a’V, +av, )

3.6 Summary

This chapter is the backbone of the research as it ensures that the research data presented
is reliable and valid. In addition, this chapter provides insight into why the research has
been undertaken and why the hypothesis has been formulated. The research methodology
has demonstrated the use of a systematic approach to answer the research questions that
have guided the study. It has formulated the various steps that have been adopted in
studying the research objectives and rigorously assessed the logic behind them. In this
section, all instruments and techniques relevant to data collection and data analysis have

been outlined and evaluated.
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Chapter 4 Simulation Results and Analysis

4.1 Introduction

The subject of this chapter is the development of an algorithm to simulate the response of
a 120MW PV plant to changes in irradiance as well as the response of the PV plant
integrated to nominal conditions and with incidents of disturbances. The results presented
in this chapter follow the rigorous methodological process outlined in Chapter 3. The
electrical generation performance of the 1220MW PV system is presented in Section 4.2,
with the load-flow analysis of an approximate model of Jamaica’s transmission network
outlined in Section 4.3. Finally, Section 4.4 presents the results from the simulation of the

power system operating during abnormal conditions due to short-circuit faults.

4.2 PV Plant Dynamic Modelling

This section assesses the electrical generation performance of the 120MW PV system
with environmental conditions typically seen in Jamaica. In addition to this, the optimum
performance and land use requirements of the various tracking systems are presented, as
well as an analysis of the performance impact of a single site compared to 4 distributed
sites. Section 4.2.1 provides a general description of a PV system. It will outline the
detailed electrical characteristics of the PV model, the inverter and the environmental
conditions. Section 4.2.2 outlines the system performance of 120MW PV power plant in
a single site configuration, and contrasts this with a similar 1220MW PV plant distributed

across four selected sites as well as outlining the net savings of the PV system.

4.2.1 General Description of a Solar PV System

In the present study, the main system design is undertaken based on a 120MW PV system.
For the intended system, a large variety of PV panel options were studied in terms of

power, efficiency and module area. The California Electrical Commission (CEC)
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Sunarray SUNARRAY-S6B3613-300T was selected and adopted for the study.
S6B3613-300T is a robust solar module and can be used for grid-connected applications
of solar PV facilities. The nominal efficiency of 15.93% for the module was selected to
form a baseline performance matrix for the study, as it is deemed a commercially
acceptable value. Detailed electrical characteristics of the module were measured under
standard test conditions (STC) and are shown in Appendix A Table A.l. At STC
irradiance is 1000 W/m?, air mass of 1.5 solar spectrum and an effective cell temperature
of 25°C. Detailed temperature characteristics of the module are shown in Appendix A
Table A.2. The module temperature correction is designed for a nominal operating cell
temperature (NOCT) at 46.2°C. An essential part of a grid-connected PV system is the
means of converting the DC output of the PV array into an AC power supply to the utility
network. Inverters are used to perform this conversion task. No single inverter is ideal for
all situations; taking the local conditions of Jamaica into account and matching the
specifications of the adopted module, the Power Electronics: FS1000CU [CEC 2016]
inverter was adopted. The inverter datasheet is listed in Appendix A Table A.3 and is

standardised by EN 50524:20009.

DC-AC conversion efficiency directly affects the annual revenue of a solar PV facility
and varies according to a number of factors, including DC input voltage and load. Other
factors that should be considered for the selection of an inverter includes site temperature,
product reliability, maintainability, serviceability, and cost. For the test case considered
in the study, the I-V and P-V characteristics shown in Figure 4.1 below demonstrate a
constant irradiation intensity of 1000 W/m? is assumed for all modules with 17 modules
per string or solar array. The simulations were run with a temperature correction equal to

NOCT (46.2°C).
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Figure 4.1: 1V and PV characteristics of parallel connected strings at 1000 W/m? at T = 46.2 °C

It can be seen from the above I-V curve that, as the solar insolation changes from 1 kW/m?
to 0.1 kW/m?, the operation point is reduced. This corresponds to a similar decrease in
the output power of the module from a maximum of 300W to 25W, as highlighted in the

P-V curve.

4.2.2 System Performance

The aim of this simulation study was to conduct performance analysis of a 120MW PV
system with the input of environmental conditions encountered in Jamaica. The
performance analysis was conducted in time steps with SAM software tool developed by
National Renewable Energy Laboratory (NREL). It used the Meteonorm meteorological
database to obtain irradiation data for the test location. This allowed a detailed simulation
of the efficiency with which the plant converts solar irradiance into AC power and the
losses in the conversion. It is necessary as well to clarify the net daily energy demand

after the inclusion of the 1220MW PV system [25, 30].



4.2.2.1 Concentrated System Facility

Figure 4.2 below shows the hourly plane of area (POA) irradiance data for a fixed-tilt
mounted system for the selected site at Montego Bay across three separate months to

represent the sample irradiance coverage for the year. Sunlight hours are measured

between sunrise at 6 am and sunset at 6 pm on average for the region.
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Figure 4.2: Hourly average plane of array total irradiance for Montego Bay site

The data shows that in January there is a higher concentration of solar irradiance between

11:30 am and 2:00 pm. September shows the second highest concentration followed by

May.
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Figure 4.3 below reflects the hourly power generation output of the fixed-tilt mounted
120MW PV plant for the selected site at Montego Bay across three separate months to

represent the sample hourly generation across the entire year.
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Figure 4.3: Hourly average power generation output of a fixed mounted system located at Montego Bay

The data illustrates that January has the highest generation performance peaking at 56 MW
at 11:30 am. This followed by May showing the second highest generation of 43MW at

10:30 am, whereas September peaked at 40MW at 2:30 pm.
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Table 4.1 below outlines the overall annual output for the fixed-tilt mounted 120MW PV

system located at Montego Bay after 8,760 hours of operation.

Table 4.1: Annual system output of 120MW PV power plant located at Montego Bay

Metric Value
Annual energy (year 1) (kWh) 136,005,520
Capacity factor (year 1) (%) 12.9
Energy yield (year 1) (kWh/kwW) 1,133
Performance ratio (year 1) 0.58

The table reflects the annual energy transmitted to the electricity network, the capacity
factor and performance ratio of the facility and the energy yield relative to the installed

size of the system.

Figure 4.4 below presents the average hourly ambient temperature at the Montego Bay
location across three separate months, January, May and September. This represents the

sample for the entire year.
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Figure 4.4: Average hourly ambient temperature for Montego Bay
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May displayed the overall highest temperature profile, with September having almost
identical values. January had temperatures consistently below the two other months.

Temperature across the three months peaked between 12:30 pm and 4:00 pm.

Figure 4.5 below display the average hourly prevailing wind conditions at the selected
distribution site located in Montego Bay for three separate months of January, May, and

September representing a sample of the yearlong wind conditions.
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Figure 4.5: Average hourly wind speed for Montego Bay

The highest wind speeds are recorded in January, with May having the second highest
values. During the period between 9:30 am and 11:30 am, May has prevailing winds
which closely approximate to values recorded in January during that period. September

has consistently recorded the lowest wind speeds.
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4.2.2.2 Tracking System Performance Comparison
Figure 4.6 below shows the average annual hourly plane of area irradiance data for the
selected site at Montego Bay with mounted and tracking systems. The recorded data spans
fixed-tilt mounting systems, 1-axis and 2-axis tracking technology to identify the optimal

performance of the PV modules of the 120MW PV power plant.
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Figure 4.6: Plane of array irradiance for tracking systems

The 1-axis tracker yields a 24% increase in the annual solar irradiation energy capture in
comparison to fixed-tilt. There is a 31% increase for the 2-axis tracker as opposed to the

fixed-tilt configuration.

Figure 4.7 below shows the average annual hourly power generation output data for the

selected site, Montego Bay, with mounted and tracking systems. The data measures the
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generation output from fixed-tilt mounting systems, 1-axis, and 2-axis tracking

technology for the 120MW PV power plant.
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Figure 4.7: 120MW PV power plant power generation output for tracking systems

The 1-axis tracker yields 22% increase in the performance of annual power generation
output in comparison to fixed-tilt. In contrast, there is a 26% increase for the 2-axis tracker

as opposed to the fixed-tilt configuration.
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Table 4.2 below outlines the overall annual output for the 1220MW PV system after 8,760
hours of operation located at Montego Bay for fixed-tilt mounting systems, 1-axis, and 2-

axis tracking systems.

Table 4.2: Annual system output of 1220MW PV power plant for tracking systems

Metric Value
Fixed Single Axis Double Axis
Annual energy (year 1) (kWh) 136,005,520 165,390,688 170,750,256
Capacity factor (year 1) (%) 12.9 15.7 16.2
Energy yield (year 1) (kWh/kW) 1,133 1,378 1,423
Increase in Energy yield (%) — 21.6 25.6
Performance ratio (year 1) 0.58 0.57 0.56

The table reflects the annual energy transmitted to the electricity network, the capacity
factor and performance ratio of the facility across the three system configurations. The
table characterises energy yield relative to the installed size of the system and
demonstrates the increase in performance of the tracking systems relative to the fixed-tilt

arrangement.

4.2.2.3 Distributed Facility Systems

Figure 4.8 below reflects the hourly power generation output of the fixed-tilt mounted
120MW PV plant distributed across four sites: Montego Bay, Mandeville, Spanish Town
and Kingston. The plots itemise three separate months to represent the sample hourly

generation across the entire year for each location.
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Figure 4.8: Plane of array irradiance data for distributed sites

January

P N B N B S R
NM T N O 00 OC N

1.5

Time (hr)
w— Montego POA (kW) e Spanish POA (kW)

w— Mandeville POA (kW) Kingston POA (kW)

May

1 23 4567 8 9101112131415161718192021222324

Time (hr)

e Montego POA (kW) === Spanish POA (kW)

Kingston POA (kW) === Mandeville POA (kW)

September

1234567 8 9101112131415161718192021222324
Time (hr)

s NMONTERO POA (KW) s Spanish POA (kW)

Kingston POA (kW) === Mandeville POA (kW)

51

The data above shows January and September have consistently high irradiance values,

with the Montego Bay site having the highest POA capture in January. May displays

longer sun hour periods but has lower irradiance concentration across all four sites.
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Figure 4.9: 120MW PV power generation output from distributed sites
Figure 4.9 expresses the hourly power generation output of the fixed-tilt mounted

120MW PV plant distributed across four sites: Montego Bay, Mandeville, Spanish Town
and Kingston. The three selected months represent the sample hourly generation across

the entire year. The data illustrates that January has the highest generation performance
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across the four locations, with May being the next best performing month. September
consistently had the lowest generation output across all four sites with Montego Bay

recording a peak of 10MW at 2:30 pm.

Table 4.3 below outlines the overall annual output for the fixed-tilt mounted 120MW PV
system after 8,760 hours of operation distributed across four sites: Montego Bay,

Mandeville, Spanish Town and Kingston.

Table 4.3: Combined annual output of distributed sites

Metric Values
Montego Bay  Spanish Town Kingston Mandeville
Annual energy (year 1) (kWh) 33,997,884 32,130,006 31,696,562 34,687,932
Capacity factor (year 1) (%) 12.9 12.2 12.1 13.2
Energy yield (year 1) (kWh/kW) 1,133 1,071 1,057 1,156
Performance ratio (year 1) 0.58 0.60 0.60 0.65

The table reflects the annual energy transmitted to the electricity network by each system,
the capacity factor and performance ratio of each facility and the energy yield relative to

the installed size of the system at each location.

4.2.2.4 Net Energy Savings
The installed electricity capacity of Jamaica is 925.2MW, with a peak demand of
627.5MW, Figure 4.10 below provides a snapshot of the daily load profile. The figure

also shows the energy output of the 1220MW PV power plant simulated in SAM by NREL.
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Figure 4.10: Combination daily load profile for Jamaica
The evening peak is the highest, but there is a consistent daytime demand of
approximately 550MW. The plot lists an approximate annual daily average, and this has
an error of +3 standard deviations to account for error and possible increases in energy

consumption since 2015.

The combination of the daily demand and the daily PV output results in the net impact on

the thermal output delivered by conventional units, which is shown in Figure 4.11 below.
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This figure demonstrates a decrease in the daytime load demand which could translate
into oil savings per day. MATLAB code was used to accept the daily input from an Excel
file then and compare the output of the 1220MW PV system and calculate the daily net
energy saved from thermal generation. This is only a skeleton of code to provide the
quantified output of the integrated PV system. This code could be expanded to provide
more detailed calculations and could be incorporated into a real-time algorithm. The code

can be seen in Appendix A Figure A.1 with the output results of the system comparison.

Given the annual energy output of the 120MW PV system in Table 4.1 above and the

energy equivalent of one barrel of oil [31], the annual saving in barrels is:

AnnualEnergy (kWh) 136005520
Energyy. (KWh) 1700

OilSavings = =80003.24

The resulting saving of approximately 80,000 barrels represent a 3.3% reduction in

imported petroleum and will have a positive impact on the nation’s GDP.

4.3 Load-Flow Analysis

This section introduces the load-flow analysis of an approximate model of Jamaica’s
transmission network. Technically, given the load demanded at consumption buses and
the power supplied by generators, this analysis solves all bus voltages and, all real and
reactive power injections on each bus of the system. The simulation presented in this
section involved a load-flow of the current configuration of the transmission network
being benchmarked against a load flow of the transmission network with the 1220MW PV
system integrated. The section describes the software used and provides a brief overview
of the data processing for the networks that were analysed. The simulation models of the

networks were built and analysed in the Xendee cloud computing platform.



56

4.3.1 Modelling of Transmission Network

The aim of this grid assessment is to benchmark the consistency of the approximated
system model, inclusive of the characteristics of all the equipment and elements within
the networks. The load-flow analysis was executed with the cloud computing platform
software Xendee by EPRI (see section 1.7). The load-flow calculation is a quantitative
analysis of the flow of electrical power throughout the electrical network. The load-flow
calculation is done to analyse the power system in its steady-state operation. This provides
the best sequence of power operation and information for planning for future expansion.
Another critical function of a load-flow calculation is to calculate the voltage magnitude
and angle for each bus, the P and Q power carried by each line, and the losses of each line
and the whole system. The load-flow output report presents real-time data of a possible
snapshot of the operating condition of the current Jamaican electricity grid versus the

system with the theoretical 120MW PV system integrated to the electricity grid.

The models for the Jamaica Transmission network were built in the Xendee cloud
computing software environment. The first model represented the approximate network
as currently configured; a section is shown in Figure 4.12 below. The template for the
network construction was laid out in the Jamaica all-island electricity grid provided by
Jamaica Public Service Company Limited (JPSCo) [32]. Due to the private and
confidential nature of the information required to represent the network accurately, the
researcher was unable to gain access to that data. As such, operating element data were
selected from the catalogue of the Xendee software tool to create an approximate network.
This was conducted in an iterative process to provide a stable benchmark for the current
network configuration. If this system data had been available, it would have improved the
process, and this would have provided more precise and accurate output reports to match

Jamaica’s electricity network.
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The second model is a near replication of the first model, with the exception that 120MW
of fossil fuel generating units are replaced with 1220MW of PV generation; a section is
shown in Figure 4.13 below. The size of the PV generation system at 120MW was
identified as this represents approximately 20% of Jamaica’s peak demand, which
averages 617.7MW [1], and this would meet the goal of 20% renewable generation by
2030 as stated in the NEP [33]. In addition, 20% PV penetration level is below high

penetration level to prevent excessive short-circuit fault current values [9].

The existing Jamaican transmission network model consists of 34 sources, 170
branches/transmission lines, 55 loads, 63 bus bars, 97 transformers, and 3 cables. This is
a large network model, as displayed in the software. Figure 4.12 below presents a
snapshot of a small section of the network, to represent a few generators, transformers
and a bus bar to indicate what the model looks like. This was used to generate the load-
flow output report and associated data in Appendix B (note this is just raw data, which is

then analysed, interpreted and synthesised).
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Figure 4.12: Section of the Jamaican transmission network
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Figure 4.13: Section of the Jamaican transmission network with integrated PV system
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Figure 4.12 and Figure 4.13 above are approximations of the existing Jamaican
transmission network, with the necessary system specifications from the Xendee
catalogue for real-world applications. Figure 4.13 has 120MW of fossil fuel energy
replaced by a 120MW PV power plant. These two models will now form the basis of a
comparison. The first step is to see how the present conventional network will work by
assessing the load-flow of the network. This will then be compared to the load-flow of

the transmission network with the 120MW PV system integrated into the grid.

4.3.2 Load-Flow Calculation

Information listed in the tables in Appendix B was gathered from a load-flow simulation
of the two models, the conventional network, and the network with the 120MW PV
system integrated. The data in the tables give an overall representation of all the various
aspects of AC power parameters, such as real power (P), reactive power (Q), percentage
loading for each element and equipment in the construct of the model simulation. The
data demonstrates a clear contrast between the conventional system and the system with

the theoretical 120MW PV network connection.

The report provides estimated losses, voltages, voltage angles, current flows, and other
information for the total network and for each component. The report outlines the
estimated output of all generating units; the also estimated active and reactive power flow
through all transmission lines, generating unit step-up transformers, 138/69 kV

transformers, and 69/24 transformers; and all estimated active and reactive loads.

The percentage loading in Table 4.4 below describes the operating parameters and the
maximum tolerances of each piece of equipment as they are operating under load, which
is moving electricity from the generating unit to the load elements that will be using the

electricity. The percentage loading is quite critical to identifying the operating tolerance
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of each element and what is optimal, which should be between 85 and 100%, at which

point an element is classified as fully-loaded.

Table 4.4: Comparison of congested transmission line data

- - Solar -
Name P (kW) Q (KVAR) S‘::f'vrv) P S(‘)I('CLR;I %loaded -
04 29,4470  18,672.8 31,0042 21,032.0 96.5 104.5
07  16,449.3 42583  19,619.4 8,618.2 83.2 106.7
08 525239  84323.0 483674 1292263 83.9 120.0
11 85752  34190.7  10,224.9 64,650.3 96.3 193.7
37 31,061.3 34,4759 24,9934 42,7573 96.2 112.6

Table 4.5: Comparison of congested transformer data

i i Solar - Solar - p Q Solar - Solar - Solar -
Pinput  Qinput X X %
Name (kw) (kw) P input Qinput output  output  poutput Qoutput - . . %
(kW) (kW) (kw) (kw) (kw) (kw) loaded
T12 19,874.1 9,898.8 48,654.2 138,864.6 19,830.9 -8,744.1 48,367.4 129,226.3 83.7 126.8

Given the large number of elements, 170 branches, 51 loads, 97 transformers and the
comparative analysis between the conventional network and the PV integrated network,
there were only six elements that were overloaded or negatively affected as it pertains to
the theoretical PV system. This was in part due to the fact that the PV system does not
contribute any reactive power to the overall network. This is needed to allow all elements
to be in synchronisation, given the fact that there are so many reactive elements
throughout the network that would be required to balance and be compensated by other
conventional units within the network. Since the PV system will only contribute real
power (P), there are other elements that would require reactive power values and will be
compensated by other conventional generating units. Hence, the lines that are closer to a
large cluster of generating units connected to the MoBay_01 Bus are now under excessive
strain because the entire network is drawing reactive power from these conventional units

and the line ratings for the network under the conventional measurement are significantly
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excessive. This leads to these five transmission lines becoming overloaded and one
transformer being overloaded by 126.8% because of where it is positioned. The
overloading occurs as the network and the accompanying network elements are trying to
balance themselves by absorbing the requisite reactive power to allow the network to
stabilise. This data is all captured from the load-flow information from both conventional
and theoretical PV integrated network and is reflected in the tables in Appendix B. The
elements are shown, and their load values are compared to show how they would work
under the conventional network, as well as the new values as the network is trying to
compensate and balance for the absence of the reactive power from the solar generating

system.

4.3.3 Contingency Analysis

Given the comparison data between the load-flow simulations that is presented Table 4.4
and Table 4.5 above, which outline the specifics of the six parameters across such a large
network, Appendix B Table B.1 outlines some technically feasible solutions for grid
reinforcement. These recommendations will attempt to fill the gap by discussing the
technical, economic and environmental aspects of various power transmission
improvement technologies that can play an important role in Jamaica’s transmission grid

of the future.

The outcome of the simulation study highlights the requirement for infrastructure
upgrades to make the electrical network compatible with a large utility-scale solar power
plant. With the increasing availability of technologies and the rising environmental
challenges, the options in Appendix B Table B.1 aid in the selection of the most
appropriate technology for a given scenario. They can all be used in theory, but they have
varying degrees of applicability to Jamaica, as indicated by their global advantages and

disadvantages. It is also important to state that these solutions are presented in order of
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their technical merit, that is, from what is most feasible and practical/efficient/effective
to that which would not be deemed technically/economically feasible at Jamaica’s present
electrical infrastructure level. It is impossible to indicate an overall best solution for
network reinforcement, but these possibilities frame not only short- to medium-term
solutions but also long-term solutions as well. The choice for a particular technology
strongly depends on contingencies but, clearly, research is needed in order to make

economic efficient use of technologies in a wider range of situations.

4.4 Short-Circuit Study

This section presents a study of the power system operation during abnormal conditions
due to faults occurring within the system. The results are obtained from the fault analysis
study of a 20% scale model of Jamaica’s transmission network. The fault analysis of the
approximate current network configuration is the point of comparison for the fault
analysis of the PV integrated system. This section describes the software used and
provides a brief overview of the data processing for the networks that were analysed. The
simulation models of the networks were built and analysed on the Xendee cloud

computing platform.

4.4.1 Building the 20% Scale Model Transmission Network

Load-flow studies are conducted to assess the steady-state behaviour of a power network
during normal operating states. In this operating condition, a network will be exposed to
interruptions; as such, this behaviour is assessed during and after a short-circuit
occurrence. In very broad terms, a fault is characterised as a flow of substantial current
through a low resistive path created by the fault. These current surges through an improper
path could cause enormous equipment damage which will lead to the interruption of

power, personal injury or death. In addition, there could be fluctuations in the voltage
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level, which will influence equipment insulation in the case of over-voltage; or could

cause a failure in the start-up of equipment in the condition of under-voltage [9].

The existing transmission network as described in Section 4.3.1 is a very large network
and is outside the calculation scope of the Xendee software tool. With a simulation model
of the same size as that described in Figure 4.12 above, the output under fault conditions
reported an error. Then several iterations were carried out to establish a smaller
configuration to achieve a viable output. A viable output was reported after the system
was approximately 21% of the model in Figure 4.12 above. Given the limitations of the
Xendee software tool, the researcher then constructed a 20% model to provide a whole
number multiplying factor of five to approximate across the existing transmission

network.

The scale models for the short-circuit analysis were built in the Xendee cloud computing
software environment. Figure 4.14 below represents the current configuration without PV
integration into Jamaica’s electricity network. Figure 4.15 below represents the second
scenario with the PV system integrated into the near replica of Figure 4.14. The
components of the 20% scale model are 5 sources, 12 branches/transmission lines, 5

loads, 3 bus bars, and 10 transformers.

This model was used to determine the magnitudes of fault currents, to design fault
mitigation schemes as well as to recommend the application of equipment for overcurrent
protection to isolate these faults. This was done to choose suitable power system
management, with reference to the configuration of the transmission or distribution
network, and the determination point of the required load and short-circuit ratings of the

power system plant.
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Figure 4.15: Scaled network model for short-circuit analysis with integrated PV system
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4.4.2 Fault Current Calculation

In this section, the Xendee software tool fault analysis calculations, carried out using the
symmetrical components method, are discussed. The fault analysis calculations were
done at the Region 5 load location connected to Bus 3 for three-phase, line-to-line,
double-line-to-ground and single-line-to-ground faults using pre-determined functions

and parameters within the Xendee cloud platform.

4.4.2.1 Bolted Three-Phase Fault

The results of the three-phase bolted fault analysis are given in Table 4.6 below which
lists the comparison of symmetrical and asymmetrical fault currents recorded within the
conventional generation system and the PV integrated system. The faulted location is the

load labelled Region 5 connected to Bus 3; all data are provided in Appendix C.

Table 4.6: Comparison of three-phase bolted fault currents at Region 5

Conventional Solar
Fault
Cycle Symmetrical Fault Asymmetrical Fault Symmetrical Fault Asymmetrical Fault
(kA) (kA) (kA) (kA)
1.5817 2.7339 1.6101 1.6108
1/2 1.5145 2.6177 1.5413 1.5420
1.5285 2.6419 1.5560 1.5567
1% 1.5817 2.7056 1.6101 1.6101
- 1.5145 2.5906 1.5413 1.5413
4 1.5285 2.6145 1.5560 1.5560
1.6506 1.6506 1.6046 1.6046
8 1.5864 1.5864 1.5362 1.5362
1.5963 1.5963 1.5511 1.5511
1.5881 1.5881 1.5796 1.5796
30 1.5208 1.5208 1.5130 1.5130
1.5345 1.5345 1.5287 1.5287

Figure 4.16 shows the plot of the time response of the three-phase bolted symmetrical

fault analysis of the conventional generation system versus the PV integrated system. The
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symmetrical fault values of the PV integrated configuration are approximately 1.8%
higher during the sub-transient period across the three phases of the network. During the
transient period, the PV integrated configuration has approximately 3% lower fault

currents across all 3 phases.
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Figure 4.16: Symmetrical fault analysis of 3-phase bolted fault at Region 5

The fault currents settle at approximately 0.5% difference between the two configurations
during the steady-state period, with the PV integrated configuration having the lower fault

values across all three phases.

Figure 4.17 shows the plot of the time response of the three-phase bolted asymmetrical
fault analysis of the conventional generation system versus the PV integrated system. In
an asymmetrical assessment across all three phases, the fault current values of the sub-
transient period of the PV integrated system are approximately 69% lower than the

network without PV.
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Figure 4.17: Asymmetrical fault analysis of three-phase bolted fault at Region 5

During the transient period, as the ride through of the fault is occurring, there are
approximately 3% lower recorded fault currents in the PV integrated system.
Subsequently, during the steady-state period, the fault currents showed a similar pattern
to that of the symmetrical analysis to settle at approximately 0.5% difference with the PV

integrated configuration having the lower fault values across all three phases.

4.4.2.2 Double-Line-to-Ground Fault

The results of the double-line-to-ground fault analysis are given in Table 4.7 below which
lists the comparison of symmetrical and asymmetrical fault currents recorded within the
conventional generation system and the PV integrated system. The faulted location is the

load labelled Region 5 connected to Bus 3; all data are provided in Appendix C.



Table 4.7: Comparison of double-line-to-ground fault currents at Region 5
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Conventional Solar

Fault

Cycle Symmetrical Fault ~ Asymmetrical Fault =~ Symmetrical Fault =~ Asymmetrical Fault
(kA) (kA) (kA) (kA)

2.2236 3.8433 2.2562 2.2572
1/2 2.5756 4.4517 2.6322 2.6334
0.0000 0.0000 0.0000 0.0000
1% 2.2236 3.8035 2.2562 2.2562
- 2.5756 4.4056 2.6322 2.6322
4 0.0000 0.0000 0.0000 0.0000
2.3078 2.3078 2.2498 2.2498
8 2.6931 2.6931 2.6230 2.6230
0.0000 0.0000 0.0000 0.0000
2.2312 2.2312 2.2205 2.2205
30 2.5865 2.5865 2.5800 2.5800
0.0000 0.0000 0.0000 0.0000

Figure 4.18 shows the plot of the time response of the double-line-to-ground symmetrical

fault analysis of the conventional generation system set against the PV integrated system.

The double-line-to-ground fault is executed on Phase B and Phase C, and the faulted

current is flowing through both phases only.
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Figure 4.18: Symmetrical fault analysis of double-line-to-ground fault at Region 5
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During the symmetrical fault, the PV integrated configuration has fault current values
1.5% higher on Phase B and 2.2% higher on Phase C during the sub-transient period.
During the transient period, the PV integrated configuration has fault currents of 2.6%
and 2.7% lower on Phase B and Phase C respectively. In the steady-state period, the fault
currents settle to within 0.48% difference between the two configurations on Phase B and
0.25% difference between the two configurations on Phase C, with the PV integrated

configuration having the lower fault current values.

Figure 4.19 shows the plot of the time response of the double-line-to-ground
asymmetrical fault analysis of the conventional generation system set against the PV
integrated system. In the asymmetrical assessment, the fault current values of the sub-
transient period of the PV integrated system are approximately 69% lower than the

network without PV across Phase B and Phase C.
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Figure 4.19: Asymmetrical fault analysis of double-line-to-ground fault at Region 5

During the transient period, the ride through stage Phase B and Phase C has 2.6% and
2.7% lower recorded fault currents within the PV integrated system respectively.

Subsequently, during the steady-state period, the fault currents demonstrate a similar
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pattern to that of the symmetrical analysis to settle at 0.48% difference between the two
configurations on Phase B and 0.25% difference between the two configurations on Phase

C, with the PV integrated configuration having the lower fault values.

4.4.2.3 Line-to-Line Fault

The results of the line-to-line fault analysis are given in Table 4.8 below which lists the
comparison of symmetrical and asymmetrical fault currents recorded within the
conventional generation system and the PV integrated system. The faulted location is the

load labelled Region 5 connected to Bus 3; all data are provided in Appendix C.

Table 4.8: Comparison of line-to-line fault currents at Region 5

Conventional Solar

Fault

Cycle Symmetrical Fault ~ Asymmetrical Fault =~ Symmetrical Fault ~ Asymmetrical Fault
(kA) (kA) (kA) (kA)

1.3234 2.2875 1.3479 1.3485
1/2 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
1% 1.3234 2.2638 1.3479 1.3479
- 0.0000 0.0000 0.0000 0.0000
4 0.0000 0.0000 0.0000 0.0000
1.3861 1.3861 1.3436 1.3436
8 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
1.3292 1.3292 1.3225 1.3225
30 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000

Figure 4.20 shows the plot of the time response of the line-to-line symmetrical fault
analysis of the conventional generation system set against the PV integrated system.
Throughout the line-to-line-phase fault, Phase B and Phase C are in contact, which has
the voltages at both phases equal. The fault current is passing from Phase B to Phase C,

and in Phase A the current is equal to 0 compared to the fault current.
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Figure 4.20: Symmetrical fault analysis of line-to-line fault at Region 5

The symmetrical fault current of the PV integrated configuration is 1.85% higher during
the sub-transient period. During the transient period, the PV integrated configuration has
the fault current 3.2% lower than the configuration without PV. While in the steady-state
period, the fault currents settle to at approximately 0.5% difference between the two

configurations, with the PV integrated configuration having a lower fault current.

Figure 4.21 shows the plot of the time response of the line-to-line asymmetrical fault

analysis of the conventional generation system set against the PV integrated system.
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Figure 4.21: Asymmetrical fault analysis of line-to-line fault at Region 5

In the asymmetrical assessment, the fault current of the sub-transient period of the PV
integrated system is 70% lower than the network without PV. During the transient period,
the fault current is 3.2% lower within the PV integrated system. Subsequently, during the
steady-state period, the fault currents settle at 0.5%, difference between the two

configurations with the PV integrated configuration having the lower fault current.

4.4.2.4 Single-Line-to-Ground Fault

The results of the single-line-to-ground fault analysis are given in Table 4.9 below which
lists the comparison of symmetrical and asymmetrical fault currents recorded within the
conventional generation system and the PV integrated system. The faulted location is the

load labelled Region 5 connected to Bus 3; all data are provided in Appendix C.



Table 4.9: Comparison of single-line-to-ground fault currents at Region 5
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Conventional Solar

Fault

Cycle Symmetrical Fault ~ Asymmetrical Fault =~ Symmetrical Fault =~ Asymmetrical Fault
(kA) (kA) (kA) (kA)

2.1816 3.7707 2.2230 3.5711
1/2 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
1% 2.1816 3.7317 2.2230 2.7111
- 0.0000 0.0000 0.0000 0.0000
4 0.0000 0.0000 0.0000 0.0000
2.2857 2.3381 2.2158 2.2666
8 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
2.1912 2.3381 2.1813 2.1813
30 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000

Figure 4.22 shows the plot of the time response of the line-to-line symmetrical fault

analysis of the conventional generation system set against the PV integrated system.

During the single-line-to-ground fault, only Phase B has a current since it is the faulted

phase.
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Figure 4.22: Symmetrical fault analysis of single-line-to-ground fault at Region 5

10 15 20
Cycle (T)
—@— Conventional Solar

25

30

35



76
The symmetrical fault current of the PV integrated configuration is 1.9% higher during
the sub-transient period. During the transient period, the PV integrated configuration has
a fault current 3.2% lower than the configuration without PV. Then, during the steady-
state period, the fault currents settle at approximately 0.5% difference between the two

configurations, with the PV integrated configuration having the lower fault current.

Figure 4.23 shows the plot of the time response of the line-to-line asymmetrical fault
analysis of the conventional generation system set against the PV integrated system.
During the asymmetrical assessment, the fault current within the PV integrated system at

the instant of the fault occurrence is 5.6% lower than the network without PV.
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Figure 4.23: Asymmetrical fault analysis of single-line-to-ground fault at Region 5

During the next time period within the sub-transient stage, the fault current displays a
sharp decline to be 38% lower than the configuration without PV. During the transient
period the fault current, starting to settle, is 3.2% lower within the PV integrated system.
Subsequently, during the steady-state period, the fault currents settle at 7.2% difference
between the two configurations, with the PV integrated configuration having the lower

fault current.



77
The above tables and figures present the comparison and evaluation of the conventional
generation system and a PV integrated system in terms of symmetrical and asymmetrical
faults. In the investigation, a 20% scale model of Jamaica’s transmission network was
utilised within a realistic parameter set to compare the fault ride through each

configuration.
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Chapter 5 Discussion and Implications

In the previous four chapters, this study examined the technical implications of
integrating a 120MW PV power plant into the Jamaican electricity grid using a
quantitative algorithm and simulation model. As a foundational study examining the
phenomenon, it established the optimised performance of the 120MW PV system in
environmental conditions typical of Jamaica. Additionally, in analysing the system
performance, a technical analysis was done which highlighted viable infrastructural
improvements. The implications of this study are threefold, and comprise macro-
economic benefits, stimulation of energy competitiveness and spill-over benefits for other

comparable SIDS.

Having obtained the results of the simulation studies for the performance of the PV power
plant and the analysis of the integration of a 1220MW PV power plant into the electrical
transmission network in Jamaica, their implications are discussed in the following
paragraphs. Section 5.1 discusses the implications of the simulated electrical generation
performance of the 120MW PV power plant. The technical implications of integrating
the 120MW PV system into the electricity network of Jamaica is reviewed in Section 5.2.

The chapter concludes with a summary in Section 5.3.

5.1 System Performance Implications

This section outlines the implications of technical feasibility performance considerations
for a 120MW PV power plant in conditions typical of Jamaica. The implications
identified when conducting the appropriate site analysis are detailed in Section 5.1.1,
while the implications of the results from assessing a single site study are discussed in
Section 5.1.2, and in Section 5.1.3 the implications of a four site distributed study are

presented.
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5.1.1 Site Analysis

A simulation model was conducted in Section 4.2 of the daytime peak generation of a
120MW PV power plant, which corresponds to the daytime increase in load demand in
Jamaica. The simulation accounted for the topography and other shading factors to
generate the energy output for a single site system. The point of connection was selected
out of four options, Kingston, Spanish Town, Mandeville, and Montego Bay. All are large
load centres as they have high concentrations of population. Correspondingly, these are
close connection points to the transmission network hence the potential for losses is
significantly reduced. To test the robustness of the simulation model, a sensitivity analysis
was conducted with conservative efficiency levels for the PV modules and inverters. This
analysis sought to identify the connection between model inputs and predictions with a

measured scope of uncertainty.

One of the implications of this simulation is the ideal site location of potentially high-
value land area and its future use as it pertains to selecting a site. Fast forwarding a few
years into the future, the growth, and expansion of a large load centre could have an
impact on such a situation. While the findings strongly imply that the selection of a site
around a load centre is a viable option for the development of a PV system, the
implications attached to the future use of land is something that must also be considered.
As it pertains to site selection implication, not just the future use of the specific land to
serve a high-value purpose but the fact that other projects may have an influence on an
established PV site should also be factored in. This implies that the passage of a highway
or road network could add to or change the topography or the environmental conditions
by creating more dust or other inhibitors to impact on the overall efficient performance
of a PV system. Another factor to consider is a project being constructed in close vicinity

to the PV facility. The landscape could change and alter the original components to
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introduce shading, which was not initially calculated at different points in the day for the
overall performance of a PV system. Hence these factors must be taken into consideration

when identifying and selecting a site.

5.1.2 Implications of the Results of Single Site

The input for any solar system requires sunlight. The input in Figure 4.2 represents the
POA conditions in Montego Bay for three separate months during the course of the year.
The conditions favour January as it has the highest irradiance concentration, with May
being the lowest. However, as it pertains to generation output shown in Figure 4.3,
January correlates with the same trend, but there is a dip in September’s performance.
This may be due to factors that speak to the higher ambient temperature seen in Figure
4.4, as September and May show similar temperature values. Given the efficiency of a
solar module is adversely affected by increasing temperature [21], this accounts for the
underperformance in generation output for September. Results for May are supported by
the wind data in Figure 4.5, as May has higher prevailing winds over the daytime period
in contrast to September. This means the higher prevailing winds cause cooler overall
ambient temperatures. This accounts for the increased performance of the generation
output of May relative to September. This is taking into consideration the environmental
conditions as they affect the overall performance of a single site location PV plant. The
efficiency of PV modules tested in Oman had a 5% decrease with a 10 °C increase in
temperature above STC although the modules were exposed to a high concentration of
solar radiance [17]. Conversely, in an intensive monitoring programme in Germany 100
systems had a PR between 55% and 80% with more than half exceeding 70% as Germany
conditions are cooler, hence solar modules require limited sunlight exposure to provide

good quality and efficient electrical energy output [34].
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In order to optimise the performance of the PV power plant, tracking systems are
categorised as either fixed-tilt mounted, 1-axis tracking or 2-axis tracking, as discussed
in Section 4.2.2.2. Figure 4.6 demonstrates the comparison between the solar irradiance
captured by the modules given the three tracking conditions. The benchmark of the fixed
configuration is outperformed by 24% by the 1-axis tracking and is outperformed by 31%
by the 2-axis tracking. This correlates to 21% and 25% increases in generation
performance respectively, as seen in Figure 4.7. In comparison to fixed-tilt mounted
array, the standard increase for a 1-axis system generation performance is 12-29% [35],
while the 2-axis system has a standard generation performance increase of 30-45% [36].
These performance values indicate that the geographical position of Jamaica is not
heavily influenced or affected by the seasonal movement of the sun. As such, the gap in
performance increase between 1-axis and 2-axis tracking is relatively small. These
findings imply that, for optimisation, it would be more viable to use 1-axis tracking as the
overall increase in investment capital, for 2-axis tracking equipment and maintenance

would not outweigh the increase in performance.

5.1.3 Implications of the Results from Four Distributed sites

A four site distributed configuration simulation model of the daytime peak generation of
a 120MW PV power plant aimed at assessing the impact on the generation capacity on-
line but unloaded was undertaken. This simulation highlights the results of a distributed
configuration PV system across four regions/cities — Kingston, Spanish Town,
Mandeville, and Montego Bay. As indicated previously, they are all large load centres
and have close connection points to the transmission network. Figure 4.8 illustrates the
POA irradiance for each option/location during the course of a year. Montego Bay has
the highest irradiance concentration consistently throughout the measured months, with

January outperforming the other months — similar to the single site system configuration.
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The other three locations record lower irradiance concentrations in comparison, but all
perform above a 120,000 kW radiation concentration except in the month of May. As it
pertains to output generation for the distributed systems, Figure 4.9 demonstrates that
Montego Bay in January records the highest power generation and the trend in September
reveals a drop in power generation among all locations. Factors that contribute to this
drop in September throughout all distributed locations coincide with the conclusion
highlighted in the single site system — underperformance in power generation coincides
with environmental factors such as temperature increase and changes in the wind.
Mandeville produces the highest energy generation overall of the four locations with a
consistent plane of irradiance concentration and the highest energy generation in May and
September. This is due to topography as the Mandeville region is on average 600 m above
sea level which contributes to lower ambient temperatures, whereas by comparison the

Montego Bay site is 120 m above sea level.

Table 4.3 illustrates the breakdown of power generated across the four locations in a
distributed systems configuration. The September output profile highlights a general
decline in performance which corresponds with environmental changes already outlined.
Under the plane of irradiance concentration measurements and the system power
generated from these measurements, Montego Bay and Mandeville generate the highest
energy levels with a total of 26% each and Kingston and Spanish Town produce the

remaining output with 24% each.

It is important to note that the total energy generation created by the distributed systems
configuration using four locations around Jamaica does not produce as much energy as
the single site configuration. As shown in Table 4.1, the single site produces 136GWh per
annum, compared 130GWh per annum from the distributed systems configuration as

shown in Table 4.3. Nevertheless, the data implies, that for optimisation of the PV plant
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array configuration, a distributed systems configuration would be indicated. The overall
environment of this configuration produces less technical strain on the electricity network
and provides an opportunity more efficient dispatch management. An efficient dispatch
management accommodates for losses, limited power flow, and frequency variations. The
utility reserves in Jamaica as of 2015 is 29MW [37], therefore the loss of 120MW could
have disastrous impacts on the electricity network in single site configuration. A
distributed system configuration would mitigate the risk of such impacts occurring on

Jamaica’s utility reserves.

A non-technical implication of these findings that correlates to energy output in
implementing a distributed systems configuration would be the significant difference in
usable land space required to establish such an operation. A distributed systems
configuration only requires the use of 155 usable acres of land per site. Meanwhile, a
single site configuration requires the use of approximately 620 usable acres of land on
one site. The use of such a large area of usable land for a single site configuration would
have a much larger impact on future development in comparison to the usable land

required for the distributed configuration system.

5.2 Implications of Technical Analysis

This section discusses the inferences arising from assessing the performance of a 1220MW
PV system integrated into the electricity network of Jamaica as well as the implications
of possible solutions. The merits of grid reinforcement are outlined in Section 5.2.1, while
the implications of what is technically feasible and infeasible for a SIDS such as Jamaica
are discussed in Sections 5.2.2 and 5.2.3. Finally, the responsibility of establishing a

performance limit on PV penetration into the electricity grid is presented in Section 5.2.4.
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5.2.1 Grid Infrastructure Improvement

Load-flow analysis assesses the electricity network under normal operating conditions. A
load-flow analysis was conducted on an approximate model of Jamaica’s electricity
network without PV integration. Then a similar analysis was done on an almost identical
model with integration of a 120MW PV plant. The output of the first load-flow analysis,
conducted through an iterative process, established a benchmark for the load-flow
analysis with PV integration. The outcome of the load-flow analysis with PV integration
had five transmission lines and one transformer operating beyond their rated parameters,
as seen in Table 4.4 and Table 4.5. This was due to congestion from reactive
compensation throughout the system. This constant strain on the network could further
result in damage to the lines and other equipment and could lead to cascading collapse of

the entire electrical network.

Solutions for situations similar to this imply the need for grid reinforcement. This speaks
of improving the physical electrical grid or improving the monitoring and control of
electrical elements within the electrical grid. Appendix B Table B.1 outlines various
technological solutions for grid reinforcement that incorporate environmental concerns
as well as techno-economic considerations. The implications of these recommended
solutions and their relevant feasibility or infeasibility with respect to Jamaica are

reviewed in Sections 5.2.2 and 5.2.3.

5.2.2 Technically Feasible Grid Reinforcement for Jamaica

The technological solutions identified in the contingency analysis allow for an increase
in the flexibility and reliability, and improvement in the energy efficiency and power
quality of the transmission grid, while integrating renewable sources such as PV power
plants. From the results presented in Table 4.4, it was recognised that the PV integrated

network introduced power quality issues onto the power grid. To help mitigate these
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issues, control-technology-based power quality improvements are recommended in the
form of power conditioning devices and phase shift transformers. Capacitors or other
reactive sources will be required in the PV plant as they work in conjunction with the
inverters to meet reactive power capability and requirements at the PCC. Inverters have
a low short-circuit current contribution, high bandwidth controls and lack mechanical
inertia. Therefore, PV power plants do not have inherent inertial or frequency response
capabilities to react to system fluctuations. At low penetration levels (17-23%) [38], the
power quality issue is on the renewable side and at the local grid level, and the solution
is usually device specific. During the load-flow analysis, as the PV injects current on the
utility line, the utility’s voltage regulation devices will continue to operate normally to
maintain nominal voltage levels at 88-110% under IEEE standard 929-2000 [39]. Voltage
variation is related to reactive power flow while frequency variation is determined by the
rate of change in real power flow. The smoothing out of voltage and frequency
fluctuations can, therefore, be achieved by controlling reactive power and real power
respectively. Reactive power compensation is one method for voltage control based on
the addition of advanced power electronic technologies to improve capacity and stability.
Power control devices such as flexible AC transmission systems (FACTS), thyristor-
controlled series compensators, STATCOMs or controllable shunt reactors increase
dampening and mitigate system oscillations [40]. The combination of these methods has
significant future potential to maintain nominal voltage levels with the PV current

injection into the system for overall stability.

The traditional approach for network reinforcement is the construction and addition of
new transmission lines. As listed in Appendix B Table B.1, to ease the congestion on the
conventional network, adding new lines will provide redundancy paths and create the

ability to increase ampacity without increasing the weight. Investing in new transmission
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lines technology or replacing transmission lines better utilises the current transmission
network infrastructure and minimises environmental scarring. This is an extremely cost-
effective approach because of the reutilization of network infrastructure resources. There
are no current alternative technologies that can economically compete with overhead
transmission lines, especially in rural areas. However, due to the relatively low
technological impact of transmission lines, the present case for conventional network
reinforcement faces tough opposition. In other word, this method of upgrade could
become obsolete and could be unable to mitigate potential challenges as PV penetration

level increase.

The results from the above analysis would, therefore, imply the implementation of a
planned mitigation scheme that incorporates more technologically advanced elements
listed in the power control devices discussion combined with the economic advantage of

utilizing new transmission lines technology.

5.2.3 Technically Infeasible Grid Reinforcement for Jamaica

The SIDS are small island countries that share similar challenges such as vulnerability to
external shocks, extensive dependence on international trade and little to no opportunity
to create economies of scale [41]. Jamaica is listed in the group of SIDS and is afflicted
by these conditions, and growth and developmental challenges. Given the economic
constraints of such a country, some of the technological solutions presented in Appendix
B Table B.1 would face extreme challenges to their implementation. High-temperature
superconductors, line commutated converter high voltage direct current (LCC HVDC)
conductors, voltage sourced converter high voltage direct current (VSC HVDC)
conductors and gas insulated lines all require large amounts of investment capital and
large capacity installations that create would tremendous complexity in Jamaica’s present

technological and economic condition. These options, therefore, rank lowest in solution
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recommendations and instead would be considered in an environment where there is

greater growth and development.

5.2.4 Establish a Cap on PV Penetration

The short-circuit calculation is the analysis of a power system electrical network under
fault conditions, with particular reference to the effects of these conditions on power
system current and voltages. Combined with other aspects of the network analysis, fault
calculation forms an indispensable component of the whole process of power system
design. Correct mitigation schemes depend essentially on a full understanding of system
behaviour and the ability to predict the complete range of possible system conditions. The
analysis of these conditions and their effects on the power system is of particular
relevance to the following conditions: firstly, the choice of suitable power system
management, with particular reference to the configuration of the transmission network;
secondly, the determination of the required load and short-circuit ratings of the power
system plant; and finally, the design and description of the application of equipment for

the control and protection of the power system.

According to several European grid codes, a PV power plant must be able to ride through
specific disturbances without disconnection [39]. As was stated previously, at low
penetration levels the power quality issue is at the device and local level while at high
penetration levels, grid-level technologies and strategies are needed. With the integration
of PV systems, short-circuit currents at the PCC are increased, as reflected by the results
in Tables 4.6-4.9. If the penetration level becomes high, the short-circuit capacity
increases across the entire transmission network. These increased fault values could reach
significant levels which could exceed the rupturing capacity of overcurrent circuit
breakers at the customers’ end [42]. These excess values could also lead to

miscoordination of overcurrent relays and circuit breakers [43]. In the study of fault
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analysis here, overcapacity is unlikely to occur due to the fact that it is sized to be 20%
of the peak capacity of Jamaica. The results imply that a threshold on PV penetration
should be establishing to safeguard the network against potential excessive short-circuit
fault values. Hence the short-circuit fault values should be the same as or lower than the
rating of overcurrent protective devices; and therefore, should be capable of clearing

system faults.

5.3 Summary

The research aimed to discover if whether is technically feasible for PV generation to be
integrated into Jamaican grid. The outcome of the data analysis implies that the standard
performance expectation of a PV system with 1-axis tracking under Jamaican conditions,
is on par with international standards with a CF of 12.9% as well as a PR of 58%.
Additionally, such a system could perform equally consistently across the country given

its environmental conditions.

The findings also imply that, given the existing conditions of the Jamaican electricity
grid, integrating a PV system would result in a network failure under the exact
configuration at present. The data from the simulation identified the overloading of six
crucial elements, as discussed in chapter four. However, there are possible improvements
that could be made to streamline an efficient integration of a PV system. The simulations
highlighted certain inadequacies in the system and led to the suggestion potential
improvements such as physical grid reinforcement by improving transmission lines, as
well as adding power conditioning devices to offset reactive power compensation. This
combination would be capable of being conformed to operate within the country’s

infrastructure.
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The findings from the review of literature and previous studies implied two key obstacles
to increasing PV utility-scale penetration into the Jamaican grid. Firstly, there is a lack of
technological integration for such intermittent levels of power generation. Secondly, the
country is not equipped with the monitoring or the control that would allow for
compensation on such a system if a utility-scale PV system was integrated. However, to
minimise the effect of intermittence, the use of weather prediction models would be vital
in the deployment of such a facility. Additionally, grid modernisation activities to
incorporate smart technology would establish greater communication between generating
units and elements within the transmission network to quickly respond to any signal

fluctuation.

These systems and technical analyses shed light on the important yet neglected issues of
energy generation and diversification. They provide a basis for comprehensive
examination of these energy considerations in Jamaica and similarly uncompetitive
countries. The International Renewable Energy Agency (IRENA) works closely with
island countries to accelerate their shift to renewables and help ensure a sustainable
energy future [44]. These studies have prompted policymakers to adopt more progressive
approaches to energy analysis and diversification. Grid studies completed in Antigua and
Barbuda, Cook Islands, Samoa, and Palau have formed the basis of sound technical policy
and viable recommendations for infrastructure changes [45]. This lends itself to a new era

of energy security, economic development, social progress, and environmental integrity.

Additionally, from the implications of the study, an unintended non-technical benefit was
noted. From the utilisation of solar energy as a renewable source, thereby replacing
approximately 80,000 barrels or 3.3% of the country’s oil usage per annum, a potential
reduction in the nation’s oil bill would be realized. There are wider implications for the

Jamaican economy, of which energy competitiveness is a major consideration. This could
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improve Jamaica’s current ranking from having the highest cost in the region [1] to
becoming more competitive in terms of price per kWh for electricity. One spill-over
benefit could be an improvement in the current level of foreign direct investment through

global competitiveness which could stimulate further job creation and GDP growth.

These findings may be of interest to other small island states with the duality of similar
environmental conditions and limited energy diversification. In that regard, this study
provides the basis for particular small island states to conduct further research on the

implications of system performance and technical analysis of utility-scale PV integration.
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Chapter 6 Conclusions and Recommendations

The first five chapters of this thesis have presented a study of the technical feasibility of
integrating a 120MW PV power plant, as well as the obstacles to increasing utility-scale
PV penetration into the electricity grid in Jamaica. This chapter highlights the viable

conclusions of the study and summarises ideas for future research work.

6.1 Conclusions

91% of Jamaica’s energy is generated by imported fuel oil which creates an unsustainable
environment for the nation’s development goals. The Government of Jamaica created a
national development policy for 2009—-2030 which requires 20% renewable energy mix
for energy diversification and energy security. The purpose of this research was to assess
the feasibility of this renewable source being solar PV generation by integrating a 120MW
PV power plant into Jamaica’s electricity grid. From the simulation study carried out with
environmental conditions typical of Jamaica, across four potential sites the CF ranged
from 12.9-13.9% and PR was 58%. This falls within the global standard for PV facility
CF which ranges from of 12-15% and the PR which ranges from of 55-80%. Given
environmental conditions such as sunlight, irradiance, wind and ambient temperature, a

120MW PV power plant is projected to perform well in Jamaica.

After assessing how the system performed under environmental conditions, the next step
was to assess how the PV power plant interacts with the power delivery system, in other
words, the transmission network. For a PV power plant at a single site, due to reactive
power compensation by the other conventional units, 6 out of 321 elements were
operating well outside of their nominal operating parameters. This situation created weak
points in the system that could potentially lead to catastrophic failure of the entire

Jamaican electricity network. Given a four site PV power plant assessment, the reactive
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power compensation was less overall, hence the network parameters were able to operate
closer to their nominal values. Furthermore, from assessing the system under abnormal
conditions, it was seen that the fault response values were generally lower with 20% PV

integration compared to conventional generation network.

The integration of a PV power plant as a renewable source would benefit Jamaica by
reducing the 91% proportion of the thermal dependent generating units and this by
extension reduces the importation in the quantity of oil, thus reducing the CO2 emissions
as well as contributing to the energy diversity and security for the country. To curb the
congestion impacts and increase the hosting capacity for reactive power compensation,
line feeder upgrades, distributed/optimal location of utility PV facilities and grid voltage
control solutions should be implemented. These involve the use of reactors, on-load tap-
changers, inverter control, transmission line upgrade, static VAr compensation,
STATCOM, and the virtual synchronous machine method. Based on evidence presented
in the study, it is technically feasible for PV generation to be integrated in Jamaica’s

power grid with four sites.

6.1.1 Limitations of the Study

Throughout this research, there was a lack of information provided officially from
Jamaica. The information from JPSCo was deemed sensitive and could not be shared for
the completion of this thesis given the monopoly status of the utility company. The
models used in this study were created based on an approximation and built from the data
library within the software tool. An iterative process was used to establish the benchmark
network parameters for the Jamaican network in its current configuration to develop

definitive data for Jamaica.
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Recommendations

Considering the research study and conclusions, it is recommended that the study can be

repeated to get specified data if real-time parameters are provided from JPSCo, and

additional recommendations for further exploration are as follows:

Energy storage options: To further effectively utilise renewable energy, energy
storage options provide the ability to store energy when supply exceeds demand.
This storage will be useful to minimise the effect of the intermittent nature of
renewables and therefore energy will be available at times when needed. The
study can be further extended to incorporate the various available storage options
to further the overall stability of energy delivery in Jamaica through the electricity
grid.

Virtual inertia: Renewable energy sources with inverter-based generation do not
provide any mechanical inertia response, which compromises frequency stability.
Therefore, it can be shown that, fundamentally, the objective of virtual inertia is
to provide dynamic frequency response to an electrical network. The study could
be expanded to include virtual inertia topologies and investigate how they would
enhance the dynamics and overall stability of the Jamaican electricity grid.
Dismantle time: SIDS are more vulnerable to shocks in the environment which
are worsened by climate change. Renewable energy resource mechanics would
require protection during any potential catastrophic events caused by climate
anomalies. Expanding on this study and conducting research on the
implementation and execution of dismantling procedures in emergency situations

would help give insight into the durability of solar PV energy systems.
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Appendix A

Table A.1: Electrical characteristics of SUNARRAY-S6B3613-300T

PV Plant Data
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Standard Test Conditions

S6B3613-300T

Optimum operating Voltage (Vimp)

Optimum operating Current (Imp)

Open Circuit Voltage (Voc)

Short Circuit Current (lsc)

Maximum power at STC (Pmp)

Module efficiency

Operating Module Temperature

Type

37.8 Vdc
8.2 Adc
45.4 Vdc
8.7 Adc
310.716 Wdc
15.9342 %
-40°C ~ +85°C

Mono Crystalline

Table A.2: Temperature characteristics of SUNARRAY-S6B3613-300T

Nominal Operating Cell Temperature

S$6B3613-300T

Temperature Coefficient of Pmp

Temperature Coefficient of Vo

Temperature Coefficient of Iy

-0.457 %/°C
-0.344 %/°C
0.055 %/°C




Table A.3: Datasheet Information for FS1000CU [CEC 2016]
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Inverter Model

Power Electronics: FS1000CU [CEC 2016]

Inputs
Maximum DC Power 1150 kW
MPP Voltage Range 642 - 800 Vdc
Maximum Input Voltage 800 Vdc
Maximum Input Current 1437.5 Adc
Number of MPP Trackers 2
Outputs
Rated AC Power at 25°C 1110 kW
Maximum AC Output Current 1608.7 Aac
Rated AC Voltage 690 Vac
AC Grid Frequency 50 Hz
Efficiency
Maximum Efficiency 96.9430 %
Euro Efficiency 96.7280 %
Standby Consumption 281 Wac
Operation Consumption 4572.9 Wdc
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2/09/18 9:23 PM H:“\Data“Ressarch Thesis‘data.m 1 of 1

% Ruthor: O0°'Heil Nelson Date: 1,/05/2018

% This i3 a skelton code that takes as the input data associated with daily snergy
% demand of Jamsica in an Excel form. This is compared against a theoretical

% 120MW PV power plant to estimate the spproximate energy savings and project oid
savings

% This calls and loads the output data of the PV plant
DAT2="Deily DATAE =xlax';
A=xlsread (DATR);

% Variable to accept Daily Demand Data

daily load=R{3:end, 3};

% Variable to represent Time in hrs

time=1:24;

hour=time"';

% Ouput of the PV System

% A{3:end,4) represents original PV_put

% R{3:end,5) represents the output of the software.
DV _cut=A{3:end, E);

% Ouput of the PV System with System Base Load
DV_out_350=DV_put+3S0;

% PV _out soft=R(3:end, 5i;

% PV _out soft 3530=PV_cut_soft+330;

% Variable to represent the Energy consumed
area diff=absidaily lecad-PV_out_330)+330;

% Polyfit fits an & order polynomial to the data given in daily load depending
% on the nature of the data, one can fit a lesser ordered polynomial if reguired
% =2gn gives the symbolic representation of the 8th order polynomial

[p, 8, mul=polyiit (hour,daily load, 8};

egn=poly2symip);

% Evaluates the polynomial to give the best fit to the data

% f+3*mu(2), £-3*mu(2) gives the line of plus/minus 3 standard dewviations

£ = polyval (p,hour, []1,mua};

% Plot of hourly daily load, polynemial esitmate with plus/minus three

% standard deviations and BV output with base load

figure (1]

plot (hour,daily load,”-ko',hour, f,'r--', hour, £+3*mui2) 'k’ , hour, £-3*mu (2] ,'t", hour, ¥
DV _cut_350,"'g-o')

legend ("Daily load’, "Estimate’, "+3%mu", "-3%mu", "BV COutput with Base load?)

% Plot of net result of PV integrated to the system.
figure (2]

plot (hour, area diff,"-*")

legend ("Net Load Profile")

actual = trapzi(daily load)
estimate=trapz(f]

upr_est = trapz(f+3*mui2}]
lwr_est= trapz(f-3*mu(2)}

Energy consumed per day
Energy consumed by best fit
Tpper limit of ensergy consumed
Lower limit of ensergy consumed

o of WP o WP

energy_diff=trapzlarea diff) Het energy consumed

Figure A.1: MATLAB Code
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Table A.4: Net Output Jamaica Daily Load with 1220MW Power Plant

Daily Energy Forecast Energy Consumed (MWh)
Daily Energy Consumed 11305
Estimate Daily avg 11302
Upper Estimate Daily avg 11790
Lower Estimate daily avg 10814

Net Conventional Energy 10969




Appendix B

Grid Data

Table B.1 Grid upgrade options available to Jamaica for Utility-Scale PV integration

Technology Advantage Disadvantage Applicability to Jamaica Current Implementations in References
Jamaica
New AC Low cost Long permit process (ranging Increases the efficient Current electrification rate [46]
Transmission Line Simple technology from 3 to 15 years) evaluating utilization of the network. 98%
socioeconomic before Control the power flow of Network voltages are 69kV
constructing new overhead existing lines. and 138kV.
lines Improves the monitoring of
voltage level per section of
line for given distances.
Adding or replacing Increases capacity with Need for transmission tower For maintenance of Existing facilities are aging [47]
conductors minimal environmental modifications to support conductors as some with a commission range
impact increased forces due to conductors may have passed from 1973 to 2006.
Light weight additional weight useful service. Significant transmission and
Cost-effective Adding conductors enables distribution losses.
more current to be carried,
hence more power to be
delivered.
New Conductor Offers up to double the Significantly higher cost New line constructed with the No technology data on life- [47]
types ampacity in comparison to Increases in losses due to use of ACSR would allow cycle deployment.
traditional Aluminium higher operating temperature. less and shorter transmission
conductor steel-reinforced towers.
cable (ACSR)
Power Conditioning Help to reduce the flows in Forces the power to follow Introduce controllable No remote monitoring of [48]

Devices

heavily loaded lines, resulting
in an increased load ability.
Low system losses improve
grid stability and reliability.
Provide a raised transient
stability limit.

Limited short-circuit current.
Improved power oscillation
damping (POD).

Switchable technology
enables full control of the

injected voltages and currents.

certain paths results in the
occurrence of higher losses in
that part of the network.
Injection of harmonics at high
power levels, requiring the
introduction of expensive
filter devices

Limited experience with
thyristor-based FACTS at the
transmission level

High investment cost

reactive power to maintain
high power factor.

Maintain voltage stability for
the overall system.

Produce less transmission
losses.

voltage regulators and
capacitor banks
Low voltage power quality

(PQ) is investigated manually.
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Technology

Advantage

Disadvantage

Applicability to Jamaica

Current Implementations in
Jamaica

References

Phase Shifting
Transformer (PST)

Underground
Cables

Gas Insulated Lines
(GIL)

High Temperature
Superconductors
(HTS)

Line Commutated
Converter High-
Voltage Direct
Current (LCC HVDC)

Voltage Sourced
Converters HVDC
(VSC HVDC)

Possible to control both active
and reactive power.

Limited cost and lower losses
favour the use of PST over
FACTS devices.
Aesthetically and
environmentally appealing
faster permit process

Less right-of-way space
needed.

Reduced health risks of
electromagnetic fields

Lower operating and
maintenance cost.

The mean tie between failures
is also considerably lower,
especially at lower voltages.
Better insulation

Operates at voltages up to
550kV.

The capacity is smaller than
ordinary underground cables.
Load current is much lower.

HTS cables are relatively safe.

Environmentally friendly.
Carries three to five times
more power without
increasing voltages.

Lower cost of overhead lines
or cables, right-of-way,
operating and maintenance.
Advantageous over longer
distance of transmission.

Voltage controlled turn-on
and turn-off capability offers
black start capability

PSTs are not flexible .
Have longer reaction times

than FACTS

Higher capital cost .
Higher detection and repair

cost

Failure can take longer to

repair.

limited to distances of a few

kilometres

More complex placement .
Environmental impact

pressurized gas which is

poisonous.

Significantly more expensive. .
Capital cost of cryogenic

equipment is pricey.

Power is needed for cooling. .
Losses are higher if utilization

is below 33%.

Higher investment cost for .
converter stations

The losses in the converters .
are higher
DC line faults are critical.

Regulate voltage phase angle .
by control active power flow.

Suited for where is if difficult .
to use overhead lines.

GIL can be cost-effective for .
bulk power transmission
systems, (3000 — 4000 MW)

Running powerful .
superconducting

electromagnets.

Apt for fast digital circuits in .
Superconducting Quantum

Interface Devices.

Submarine and underground .
cable transmission.

Asynchronous link between

AC systems.

Long distance bulk power

transmission using overhead

lines.

Supply electric power from .
shore to offshore installations

No technology data on life-
cycle deployment.

Electrical network is
essentially exclusively
serviced by overhead
transmission lines.

925.2 MW of installed
capacity, this applies for long-
term forecasting.

Limited communication
support and lack of
technology integration.
Network constraints in the
form of lack of capacity and
lack of redundant feeder
paths.

925.2 MW of installed
capacity, this applies for long-
term forecasting.

No large offshore installations
but will be via if future
exploration projects are
investigated.

[49]

[46]

[50]

[51-53]

[54, 55]

[47, 56]
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Technology

Advantage

Disadvantage

Applicability to Jamaica

Current Implementations in
Jamaica

References

Eliminate flicker and reduce
harmonics in the AC systems.
Reactive power control
independent of the active
power flow.

DC line faults require the
opening of AC circuit breaker
at both ends.

Overall cost of converter
stations is higher
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Table B.2: Transmission Line Data
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:\"';e FromBus  ToBus X(':/'t_afs L‘;:f)th P(kW)  Q(kVAR) Am(z:;'ty LoaO/;e g
01 MoBay 01  Orange Bay 69 28,000 46,995.3  36,479.1 0.725 69.7
02  Orange Bay Paradise 69 30,670 24,5541 19,7845 0.360 83.5
03  Paradise Maggoty 69 47,550 2,368.2 5,468.8 0.140 50.5
04  MoBay_01 QueenDr 69 5,440 29,447.0 18,672.8 0.305 96.5
05  MoBay_02 QueenDr 69 7,360  23,768.0  14,090.5 0.285 82.0
06  QueenDr Rosehall 69 8,350 24,516.3  10,102.3 0.285 81.3
07  Rosehall GrnWood 69 11,390  16,449.3 4,258.3 0.185 83.2
08  Kendal_M Kendal_D 138 40,880 52,5239  84,323.0 0.525 83.9
09 GmWood  MarthaBrae 69 12,800 7,988.6 795.7 0.140 55.4
10 MarthaBrae Duncans 69 9,100 838.9 -1,731.0 0.140 13.8
11 Kendal_D Kendall138 138 48,430 8,575.2  34,190.7 0.185 96.3
12 Kendalll38  Ken_138_2 138 17,000 -1,060.3 4,347.3 0.140 17.5
13 Ken_138_2 Ken_138_3 138 36,000 526.0 -2,652.3 0.140 10.5
14  Maggoty Old_SpurT 69 36,860 -5,838.0 -94.7 0.140 53.5
15  Kendall_69  New_SpurT 69 10,670 -92.2 3,123.4 0.140 24.3
16 Porus Toll Gate 69 15,600 5,120.0 2,562.4 0.140 44.5
17  Paranassus  MonyMusk 69 18,000 6,361.4 6,230.5 0.140 68.5
18 OldHarbour  Tredegarl3 138 28,300 52,2634  26,693.6 0.330 96.7
19  OldHarbour Duhaney 138 38,100 47,889.5  68,739.6 0.640 71.8
20  Tredegarl3 Duhaney 138 11,900  24,545.0 9,804.4 0.185 85.1
21  MarthaBrae Duncans 69 9,100 838.9 -1,731.0 0.140 13.8
22 Duncans Rio Bueno 69 12,000 3,456.6 345.5 0.140 249
23 RioBueno CardiffHal 69 15,540 6,419.0 2,666.7 0.140 50.8
24 CardiffHal RoarRiver 69 20,270 6,036.6 2,650.0 0.140 51.1
25 RoarRiver Ocho Rios 69 8,500 8,140.6 4,526.9 0.140 78.5
26  Ocho Rios LWR SS 69 5,120 -3,800.5 -3,295.3 0.140 44.9
27  Bellevue69  Oracabessa 69 12,800  16,669.3 12,980.6 0.330 79.5
28 LWR SS Bellevue69 69 12,800 846.2 187.8 0.140 7.7
29 Oracabessa  AnnottoBay 69 22,300 5,989.6 4,716.5 0.140 73.2
30 AnnottoBay HighGate 69 13,400 -2,885.7 -1,784.5 0.140 37.8
31 AnnottoBay  PortAntoni 69 45,500 2,737.2 1,882.6 0.140 37.2
32 Bellevue69 BlackStone 69 13,500 -7,007.4 -4,423.1 0.140 87.5
33 Ewarton Michelton 69 10,720  11,496.6  11,348.2 0.245 82.0
34 Ewarton Michelton 69 2,400 -2,012.9 2,903.5 0.140 33.9
35 Michelton Tredegar69 69 18,000 -5,523.8 584.4 0.140 52.7
36 Tredegarl3  Bellevuel3 138 40,100 3,019.1 -5,880.3 0.140 28.5
37 Kendal_D Bellevuel3 138 56,800  31,061.3 34,475.9 0.240 96.2
38  Tredegar69  Bushy Park 69 19,500 -7,806.1 2,003.1 0.140 69.8
39 Bushy Park JABoilers 69 3,300 13,6484  11,209.2 0.285 68.4
40  BushyPark  RhodesPen 69 5,900 -22,365.0 -9,396.9 0.285 94.1
41 New_Twick Duhaney69 69 8,200 5,869.2 1,880.0 0.140 53.9
42 MonyMusk  OldHarb_69 69 24,600 -6,550.1 -3,870.8 0.140 63.9
43 OldHarb_69  RhodesPen 69 7,700  28,909.9 14,119.0 0.640 52.4
44 Dpyhaney69  NaggosHead 69 10,900  28,225.9 25,454.4 1.815 26.5
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';\'"")e FromBus  ToBus X::/"_al_gs "e(:f)th P(kw)  Q(KVAR) A";E:;'ty Lo:/;e §
45 Duhaney69 New Port 69 9,100 913.6 920.6 0.140 12.1
46 Duhaney69 HuntsBay 69 5,000 1,611.3 1,684.9 0.140 21.9
47 HuntsBay GreenwishR 69 400  18,331.2 15,823.8 0.570 54.3
48  GreenwishR Rockfort 69 7,700 2,879.2 2,396.8 0.140 34.7
49 Rockfort UpParkCamp 69 4,700  15,660.5 8,588.0 0.285 81.8
50 upParkCamp  WKingsHous 69 4,800 3,841.0 -887.3 0.140 38.9
51  wkingsHous  Wash_Boul 69 5,100 -9,673.2  -13,265.7 0.245 92.5
52 wash_Boul  ThreeMiles 69 4,800 -11,474.7 -1,026.5 0.245 62.9
53 HuntdBay ThreeMiles 69 2,500  15,314.0 3,744.0 0.280 72.5
54 puhaney69 Wash_Boul 69 5,500 25,895.3 26,518.3 0.535 88.1
55 Rockfort CaneRiver 69 8,200  13,815.4 9,537.1 0.285 77.1
56 CaneRiver OldHopeRd 69 13,500 -77.9 -8,664.0 0.140 8.9
57  WkingsHous  OldHopeRd 69 5,100 13,449 12,377.2 0.285 87.8
58 CaneRiver GoodYear 69 36,700 4,884.0 2,766.7 0.140 55.2
59  GoodYear Lyssons 69 5,600 2,043.2 1,044.2 0.140 28.0

Table.B.3: Load Transformer Data
Name ?“a;lt\llr;g) P(:(n‘zl;t Q(;:“z;jt From Bus P T;‘;Zm Q &l:lt\ll:;m To Bus Io;ﬁe d

T02 60 40,053.6 21,173.6 MoBay 01  -40,000.0 -19,382.9 MoBay 76.0

T12 30 19,8741  9,898.8 oOrangeBay -19,830.9  -8,744.1 OrgBay Loa 83.7

T13 24 9,360.9 5,327.0 Paradise -9,334.9 -4,521.1 Paradise_1 60.9

T14 24 9,360.9 5,327.0 Paradise -9,334.9 -4,521.1  Paradise_2 60.9

T18 30 10,647.2 7,796.6 Maggoty -10,619.4 -7,053.3  Magg_Load 67.3

T19 15 7,990.9 5,852.2 QueensDr -7,965.9 -5,290.9 HalfMoon 68.5

T20 30 19,348.0 15,711.8 QueensDr -19,301.7 -14,476.3 Ironshore 86.2

T21 10  7,388.7 5,333.2  Rosehall -7,360.3  -4,561.5  Rhall_Load 97.7

T22 10 7,600.6 3,154.9 GrnWood -7,550.7 -2,481.8 GrnWood_L 934

T25 10  5,496.0 2,923.6 Kendall 69  -5,475.6  -2,414.4  Kendall L 80.4

T31 24 11,386.6 8,881.8 oldspurT -11,343.1  -7,534.0 old_Spur_L 78.2

T32 10  4,601.2 3,922.1 Porus -4,581.7  -3,436.3 Porus_L 78.6

T33 10  4,8233  2,561.8  TollGate -4,805.6  -2,118.9  ToliGate L 75.1

T38 10  5947.4  4,242.6 MarthaBrae  -5,904.2  -3,659.1  MarthaBr_L 87.0

T39 10  6,355.7 3,686.8  Duncans -6,333.0  -3,067.2  Duncans_L 87.6

T42 30 11,4429  7,700.0  oOchoRios -11,413.9  -6,923.4  Ocho_Load 68.6

T45 15  2,131.4  1,803.4  PortAntoni -2,121.9  -1,591.5  PortAn_Loa 42.4

T 46 24 5,013.4 4,325.0  AnnottoBay -4,994.7 -3,746.0  Annotto_Lo 51.5

T50 30 9,626.5 7,172.8  Orcaabessa -9,601.4 -6,502.2  Oraca_Loada 63.9

T51 15 5,010.1 3,442.8  Blackstone -4,988.6 -2,960.1  Blkstone_L 63.9

T52 15  3,941.6  2,624.4  HighGate -3,925.1  -2,256.0 HGate_Load 55.8

T54 24 8,580.5 7,448.9  Tredegar69 -8,547.0 -6,410.2  Trede_Load 68.8

T55 24 34857  2,321.8  Michelton -3,480.4  -2,157.0  MicHel_Loa 27.4

T56 30 13,457.6 11,062.8  JaBoilers  -13,420.3 -10,065.2 JA_Boil 77.7
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Name :;t\';;g) P(:(nv’:;;t Q(;:‘]Ic;‘t From Bus P ?':‘Vt\f)m Q ((::lt\lr;m To Bus Ioaofl)e d
T60 10 5,532.4 3,204.5  RhodesPen -5,512.7 -2,669.9  Rhodes_Lea 81.5
T62 30 12,1014 9,941.4 Monymusk  -12,068.0 -9,051.0  monyMusk_L 73.4
T63 24 8,580.3 7,448.7  New_Twick -8,546.8 -6,410.1  NewTwick_L 68.8
T67 45 14,000.6 11,424.6 NaggosHead -13,972.4 -10,479.3  Naggos_01 64.0
T68 45 14,000.6 11,424.6 NaggosHead -13,972.4 -10,479.3  Naggos_02 64.0
T69 60 21,426.7 15,781.7 New Port -21,384.7 -14,370.6  NewPort_1 67.6
T70 60 21,426.7 15,781.7 New Port -21,384.7 -14,370.6  NewPort_2 67.6
T76 24 7,747.7 6,718.6 HuntsBay -7,717.6 -5,788.2 HB_T1 65.1
T77 10 3,436.9 2,625.9 HuntsBay -3,412.2 -2,293.0 HB_T1.13_8 65.9
T78 10 3,436.9 2,625.9 HuntsBay -3,412.2 -2,293.0 HB_T2_13_8 65.9
T79 24 7,716.3 6,691.1  GreenwichR -7,686.4 -5,764.8 GR_T1 65.0
T80 24 7,716.3 6,691.1  GreenwichR -7,686.4 -5,764.8 GR_T2 65.0
T83 24 8,181.2 6,008.6 Rockfort -8,150.3 -5,051.1  cementCo 66.1
T84 24 8,513.6 5,016.6 Rockfort -8,484.3 -4,109.1 Rockfort_L 64.3
T 85 24 11,430.1 9,152.3  uppParkcamp  -11,362.1 -7,041.6  JDF Camp 98.2
T 86 10 3,433.2 2,436.9  ThreeMiles -3,409.2 -2,112.8 3Miles 65.1
T87 24 7,890.5 6,843.8  Constants -7,859.9 -5,894.9 C Spring 65.8
T 88 24 9,143.8 5,393.4  Duhaney69 -9,112.1 -4,413.2  Duhaney_T3 66.9
T89 15 4,204.4 3,570.3 CanRiver -4,185.1 -3,138.9  canRiverl 60.4
T90 15 4,204.4 3,570.3 CanRiver -4,185.1 -3,138.9 CanRiver2 60.4
T91 24 6,678.8 5,782.1  OldHopeRd -6,653.2 -4,989.9 OHR_01 60.2
T92 24 6,678.8 5,782.1  0OldHopeRd -6,653.2 -4,989.9 OHR_02 60.2
T93 24 8,832.4 4,171.2  wash_Boul -8,803.2 -3,267.6 WB_T1 64.2
T94 24 8,832.4 4,171.2  wash_Boul -8,803.2 -3,267.6 WB_T2 64.2
T95 24 8,832.4 4,171.2  wash_Boul -8,803.2 -3,267.6 WB_T3 64.2
T96 10 1,771.9 1,489.6 GoodYear -1,759.3 -1,319.5  Good_Year 47.2
T97 10 2,001.6 1,045.3 Lyssons -1,989.1 -877.1 Lyssons_L 47.0

Table.B.4: Generating Unit Transformer Data

R i
T47 30 302.8 227.1 Alcan -302.8 2264  Ewarton 2
T15 2.5 1,194.1 895.6 MAGGOTYO01 -1,178.3 -781.4 Maggoty 86.7
T16 2.5 1,194.1 895.6  MAGGOTYO2  -1,178.3 -781.4  Maggoty 86.7
T17 2.5 1,194.1 895.6 MAGGOTY03 -1,178.3 -781.4 Maggoty 86.7
T40 45 3,033.5 2,277.1 RioBueno -3,032.8 -2,250.7  Rio Bueno 10.2
T41 30 2,611.8 1,958.9 RR_Hydro -2,610.4 -1,920.6  RoarRiver 15.2
T43 30 2,840.3 2,130.2 LWR -2,838.5 -2,081.5 WR Tie 17.2
T44 30 1,906.5 1,429.9 UWR -1,905.7 -1,407.8 WR Tie 11.6
TO1 450 5,501.2 50,912.6 Swing Bus -5,492.1 -50,668.0  MoBay_01 11.6
TO03 5 3,360.0 2,520.0 BOGUE GT03 -3,333.4 -2,280.6  MoBay 01 81.7
T04 24 15,000.0 11,250.0 BOGUE GT06 -14,959.3 -9,989.1  MoBay_01 75.8
TO05 24 15,000.0 11,250.0 BOGUE GT07 -14,959.3 -9,989.1  MoBay_01 75.8
T06 24 16,500.0 12,375.0 BOGUE GT11 -16,451.2 -10,860.7  MoBay_01 83.0
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T07 30 24,000.0 18,000.0 BOGUE GT08 -23,940.8  -16,419.3  MoBay 01 97.9
T08 30 24,000.0 18,000.0 BOGUE GT09 -23,940.8 -16,419.3  MoBay_01 97.9
T09 45 30,000.0 22,500.0 BOGUE GT12 -29,953.5  -20,938.1  MoBay_02 82.2
T10 45 30,000.0 22,500.0 BOGUE GT13 -29,953.5  -20,938.1  MoBay_02 82.2
T11 45 30,000.0 22,500.0 BOGUE ST14 -29,953.5  -20,938.1  MoBay_02 82.2
T71 24 8,985.3 6,739.0 HUNTSB GT4 -8,953.0 -5,738.5 HuntsBay 67.7
T73 24 8,985.3 6,739.0 HUNTSB GT5 -8,953.0 -5,738.5  HuntsBay 67.7
T74 45 18,899.1 14,174.3 WESTK_01 -18,858.0  -12,795.2  westKgn 77.4
T75 45 18,899.1 14,174.3 WESTK_02 -18,858.0  -12,795.2  westKgn 77.4
T64 75 47,538.8 35,654.1 Old_H_o1 -47,434.8  -32,158.7  oOldHarb_69 95.0
T66 120 43,313.6 32,485.2 Old_H_03 -43,254.3  -30,494.6  oOldharbour 56.6
T65 120 43,313.6 32,485.2 Old_H_02 -43,254.3  -30,494.6  Oldharbour 56.6
T72 120 53,601.8 40,201.3 HUNTSB B6 -53,478.5  -36,058.6  HuntsBay 82.1
T81 24 11,813.3 8,859.9 ROCDiesell -11,756.7 -7,106.2 Rockfort 89.6
T82 24 11,813.3 8,859.9 ROCDiesel2 -11,756.7 -7,106.2 Rockfort 89.6
T27 15 9,188.0 2,302.7 Wigon01 -9,153.6 -1,531.9  New_spurT 80.5
T28 15 9,188.0 2,302.7 Wigon02 -9,153.6 -1,531.9  New_SpurT 80.5
T29 15 9,188.0 2,302.7 Wigon03 -9,153.6 -1,531.9  New_spurT 80.5
T30 5 2,286.9 573.1 BMR -2,272.4 -442.7  New_SpurT 60.2
T36 24 8,970.2 6,727.6 Jamalco -8,946.5 -5,995.2  Parnassus 57.7

Table.B.5: Generation Plant Data

Name Rated Power (MW) Measured MW Measured MVAR
BOGUE GTO3 3.36 3.36 2.52
BOGUE GTO6 15.00 15.00 11.25
BOGUE GTO7 15.00 15.00 11.25
BOGUE GT08 24.00 24.00 18.00
BOGUE GT09 24.00 24.00 18.00
BOGUE GT11 16.50 16.50 12.38
BOGUE GT12 30.00 30.00 22.50
BOGUE GT13 30.00 30.00 22.50
BOGUE ST14 30.00 30.00 22.50
MAGGOTTYO01 2.00 1.19 0.89
MAGGOTTYO02 2.00 1.19 0.89
MAGOTTYO03 2.00 1.19 0.89
JAMALCO 11.00 8.97 6.73
RIOBUENO A 2.50 2.11 1.58
RIOBUENO B 1.10 0.93 0.70
RR_HYDRO 4.10 2.61 1.96
LWR 4.80 2.84 2.13
UWR 3.24 1.91 1.43
ALCAN 0.60 0.30 0.23
OLD_H_01 55.00 47.54 35.65

OLD_H_02 55.00 43.31 32.49
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Name Rated Power (MW) Measured MW Measured MVAR
OLD_H_03 55.00 43.31 32.49
HUNTSB B6 92.50 53.60 40.20
HUNTSB GT4 15.00 8.99 6.74
HUNTSB GT5 15.00 8.99 6.74
WESTK_01 32.75 18.90 14.17
WESTK_02 32.75 18.90 14.17
ROCDIESEL 1 20.00 11.81 8.86
ROCDIESEL 2 20.00 11.81 8.86
WIGTON 01 12.00 9.19 2.30
WIGTON 02 12.00 9.19 2.30
WIGTON 03 12.00 9.19 2.30
BMR 3.00 2.29 0.57

Table.B.6: Transmission Line Data — Solar System Network

erllr;e From Bus  To Bus (\ll:\)/ltafs Le(::‘;)t " P (kw) (ch:\R) Ar';::;lty LoaO/;ed
01  MoBay_01 Orange Bay 69 28,000 47,143.5 39,099.6 0.725 72.2
02  Orange Bay Paradise 69 30,670 25,132.4 22,173.7 0.360 90.1
03 Paradise Maggoty 69 47,550 3,745.1 7,985.9 0.140 75.9
04  MoBay 01 QueenDr 69 5,440 31,004.2 21,032.0 0.305 104.5
05  MoBay_02 QueenDr 69 7,360 25,051.0 15,909.9 0.285 88.8
06 QueenDr Rosehall 69 8,350 27,696.2 14,517.6 0.285 96.8
07 Rosehall GrnWood 69 11,390 19,619.4 8,618.2 0.185 106.7
08  Kendal_M Kendal_D 138 40,880 48,367.4 129,226.3 0.525 120.0
09  GrnWood MarthaBrae 69 12,800 11,182.0 5,122.5 0.140 87.8
10 MarthaBrae Duncans 69 9,100 2,576.2 634.1 0.140 20.8
11 Kendal_D Kendall138 138 48,430 10,2249 64,650.3 0.185 193.7
12 Kendall138 Ken_138_2 138 17,000 -669.8 1,578.6 0.140 7.9
13 Ken_138_2 Ken_138_3 138 36,000 3219 -1,194.9 0.140 5.6
14 Maggoty old_SpurT 69 36,860 -4,351.4 3,087.2 0.140 55.3
15  Kendall_69 New_SpurT 69 10,670 -371.1 1,440.2 0.140 13.5
16 Porus Toll Gate 69 15,600 3,765.2 1,876.2 0.140 37.9
17  Paranassus MonyMusk 69 18,000 5,004.9 4,208.8 0.140 58.6
18 OldHarbour  Tredegarl3 138 28,300 41,158.0 10,921.0 0.330 81.4
19  OldHarbour Duhaney 138 38,100 37,115.0 43,650.8 0.640 57.3
20  Tredegarl3 Duhaney 138 11,900 15,428.7 10,551.5 0.185 68.4
21  MarthaBrae Duncans 69 9,100 2,576.2 634.1 0.140 20.8
22 Duncans Rio Bueno 69 12,000 3,281.9 1,476.8 0.140 28.2
23 RioBueno CardiffHal 69 15,540 5,723.3 3,404.2 0.140 533
24  CardiffHal RoarRiver 69 20,270 5,302.3 3,355.3 0.140 53.7
25 RoarRiver Ocho Rios 69 8,500 6,843.1 4,814.9 0.140 78.8
26 Ocho Rios LWR SS 69 5,120 -2,595.6 -1,320.4 0.140 29.3
27 Bellevue69  Oracabessa 69 12,800  12,719.8 10,123.0 0.330 69.6

28 LWR S5 Bellevue69 69 12,800 1,108.4 1,441.5 0.140 18.2
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e Fromous Tomus (OFEOEY (AT
29 Oracabessa  AnnottoBay 69 22,300 4,637.1 3,878.6 0.140 66.0
30 AnnottoBay  HighGate 69 13,400 -2,235.7 -1,132.9 0.140 31.9
31 AnnottoBay  PortAntoni 69 45,500 2,109.1 1,450.6 0.140 32.6
32 Bellevue69  BlackStone 69 13,500 -5,341.3 -3,118.0 0.140 74.6
33 Ewarton Michelton 69 10,720 7,950.6 11,962.1 0.245 82.9
34 Ewarton Michelton 69 2,400 -2,446.2 5,701.6 0.140 67.8
35  Michelton  Tredegar69 69 18,000 -5,146.5 3,947.9 0.140 70.8
36  Tredegarl3  Bellevuel3 138 40,100 5,645.8  -15,270.2 0.140 79.2
37 Kendal_D Bellevue13 138 56,800 24,993.4 42,757.3 0.240 112.6
38  Tredegar69  Bushy Park 69 19,500 -4,913.4 2,142.3 0.140 53.3
39 Bushy Park JABoilers 69 3,300 9,778.7 8,013.4 0.285 57.4
40  BushyPark  RhodesPen 69 5,900 -15,220.8 -5,962.3 0.285 74.5
41 New_Twick  Duhaney69 69 8,200 3,707.1 2,867.4 0.140 46.8
42 MonyMusk  OldHarb_69 69 24,600 -4,312.2 -3,060.7 0.140 51.9
43 OldHarb_69  RhodesPen 69 7,700 19,796.7 9,180.2 0.640 42.0
44 pyhaney69  NaggosHead 69 10,900 21,217.5 19,050.9 1.815 22.8
45 Duhaney69 New Port 69 9,100 205.9 472.8 0.140 5.7
46 Duhaney69 HuntsBay 69 5,000 335.3 867.9 0.140 10.4
47 HuntsBay  GreenwishR 69 400 13,923.0 11,989.7 0.570 46.8
48  GreenwishR Rockfort 69 7,700 2,182.0 1,820.2 0.140 29.9
49 Rockfort  UpParkCamp 69 4,700 12,110.5 6,694.4 0.285 71.9
50  UpParkCamp  WkKingsHous 69 4,800 3,116.6 -475.7 0.140 35.1
51  WkingsHous ~ Wash_Boul 69 5,100 -7,063.0 -9,755.9 0.245 77.1
52 wash_Boul  ThreeMiles 69 4,800 -9,162.9 -1,441.8 0.245 57.6
53 HuntdBay  ThreeMiles 69 2,500 12,103.6 3,519.1 0.280 65.7
54 Duhaney69  Wash_Boul 69 5,500 18,719.3 18,897.8 0.535 72.4
55 Rockfort CaneRiver 69 8,200 10,648.1 7,350.2 0.285 67.5
56 caneRiver  OldHopeRd 69 13,500 2.9 -587.1 0.140 6.9
57 WkKingsHous  OldHopeRd 69 5,100 10,125.7 9,278.2 0.285 75.0
58  CaneRiver GoodYear 69 36,700 3,797.1 2,150.8 0.140 48.7
59  GoodYear Lyssons 69 5,600 1,588.5 811.8 0.140 24.7

Table.B.7: Load Transformer Data — Solar System Network
Name :\:t\ll;g) P(iknvr:;;t Q(;(rw;;t From Bus P ?':‘J\zm Q (oktw;ut To Bus Ioaoil)e d

T02 60 40,0544  21,200.7 moBay01  -40,000.0 -19,372.9 MoBay 76.6

T12 30 48,654.2 138,864.6  Orange Bay -48,367.4 -129,226.3 OrgBay_Loa 126.8

T13 24 8,677.7 49343  paradise -8,653.7 -4,191.2  paradise_1 58.6

T14 24 8,677.7 4,934.3  paradise -8,653.7 -4,191.2  paradise_2 58.6

T18 30 8,415.3 6,151.1  Maggoty -8,393.8 -5,575.1  Magg_Load 59.4

T19 15 7,823.9 5,729.3  Queensdr -7,799.3 -5,180.3  HalfMoon 67.7

T20 30 18,943.4 153819  queensor  -18,898.1  -14,173.6  ironshore 85.2

T21 10 7,114.2 5,133.5 Rosehall -7,086.9 -4,392.1  Rhall_Load 95.8
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Name ?“:t\';;g) P(:(nv’:;;t Q(;:‘]Ic;‘t From Bus P ?;\:\f)m Q Fklw;m To Bus Ioaofl)e d
T22 10 7,018.9 2,910.6  Grnwood -6,973.1 -2,291.9  Grnwood_L 89.7
T25 10 4,001.0 2,120.1  Kendall_69 -3,986.5 -1,757.8  Kendall_L 68.2
T31 24 83782 65137 odsput  -8,346.9  -5544.0 odspurt  66.7
T32 10 3,385.0 2,877.8 Porus -3,371.0 -2,528.3 Porus_L 67.0
T33 10 3,551.8 1,879.1  ToliGate -3,539.0 -1,560.5  ToliGate_L 64.0
T38 10 5,107.7 3,639.0  MarthaBrae -5,071.0 -3,142.7  Marthabr_L 80.4
T39 10 5,306.8 3,072.5 Duncans -5,288.0 -2,561.1 Duncans_L 79.8
T42 30 8,938.9 6,003.2  ocho Rios -8,916.6 -5,408.7  ocho_Load 60.1
T45 15 1,642.4 1,389.6  Pportantoni -1,635.1 -1,226.3  PportAn_Loa 37.2
T46 24 3,849.2 3,318.9  AnnottoBay -3,834.9 -2,876.2  annotto_Lo 45.0
T50 30 7,276.2 5,409.5  orcaabessa -7,257.7 -4,915.0  oraca_Loada 54.9
T51 15 3,742.1 2,562.5  Blackstone -3,726.4 -2,211.1 Blkstone_L 54.5
T52 15 2,978.0 1,977.9 HighGate -2,965.8 -1,704.6  HGate_Load 48.1
T54 24 6,418.6 5,554.2  Tredegar69 -6,394.2 -4,795.6  Trede_Load 58.9
T55 24 2,598.6 1,727.9  Michelton -2,594.8 -1,608.1  MicHel_Loa 234
T56 30 9,645.3 7,911.8 JABoilers -9,619.1 -7,214.4 JA_Boil 65.3
T60 10 3,943.2 2,275.1  RhodesPen -3,929.6 -1,903.2  Rhodes_Lea 68.3
T62 30 8,728.8 7,155.0  monyMusk -8,705.4 -6,529.0  MonyMusk_L 61.8
T63 24 6,418.5 5,554.1  New_Twick -6,394.0 -4,795.5  NewTwick_L 58.9
T67 45 10,5264  8,572.4 Naggostead -10,505.7  -7,879.3  naggos o1 55.0
T68 45 10,5264  8,572.4 naggosHead -10,505.7  -7,879.3  naggos02  55.0
T69 60 16,269.1 11,958.9 New Port -16,238.0 -10,912.0 NewPort_1 58.3
T70 60 16,269.1 11,958.9 New Port -16,238.0 10,912.0  Newport 2 58.3
T76 24 5,886.8 5,088.8 HuntsBay -5,864.6 -4,398.4 HB_T1 56.2
T77 10 2,610.5 1,989.0  HuntsBay -2,592.2 -1,742.0 4B 11138 56.9
T78 10 2,610.5  1,989.0  Hunssay  -2,592.2  -1,742.0 ret213s  56.9
T79 24 5,863.2 5,068.1  Greenwichr -5,841.1 -4,380.8 GR_T1 56.1
T80 24 5,863.2 5,068.1  Greenwichr -5,841.1 -4,380.8 GR_T2 56.1
T83 24 6,219.7 4,551.0 Rockfort -6,196.8 -3,840.4 CementCo 57.0
T84 24 6,471.0 3,797.0 Rockfort -6,449.3 -3,123.5 Rockfort_L 55.5
T85 24 8,693.1 6,920.6  upParkcamp -8,642.6 -5,356.2 JDF Camp 84.7
T 86 10 2,602.7 1,841.9  ThreeMiles -2,584.9 -1,602.0 3Miles 56.1
T87 24 5,927.8 5,124.6  constants -5,905.4 -4,429.0 C Spring 56.4
T88 24 6,867.4 4,033.4  Dpuhaney69 -6,844.2 -3,314.8  Duhaney T3 57.3
T89 15 3,194.5 2,704.7 CanRiver -3,182.2 -2,385.2 CanRiver1 52.1
T90 15 3,194.5 2,704.7 CanRiver -3,180.2 -2,385.2 CanRiver2 52.1
T91 24 5,060.1 4,365.8  oldHopeRd -5,041.2 -3,780.9 OHR_01 51.8
T92 24 5,060.1 4,365.8  0OldHopeRd -5,041.2 -3,780.9 OHR_02 51.8
T93 24 6,667.7 3,132.5  wash_Boul -6,646.2 -2,467.0 WB_T1 55.2
T94 24 6,667.7 3,132.5  wash_Boul -6,646.2 -2,467.0 WB_T2 55.2
T95 24 6,667.7 3,132.5  wash_Boul -6,646.2 -2,467.0 WB_T3 55.2
T96 10 1,377.6 1,158.1  Goodyear -1,367.8 -1,025.8  Good_Year 41.7
T97 10 1,556.2 812.7  iyssons -1,546.5 -681.9  Lyssons L 415




Table.B.8: Generating Unit Transformer Data — Solar System Network
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T47 30 231.6 173.7 Alcan -231.5 -173.1 Ewarton 1.7
T15 2.5 961.2 720.9 MAGGOTYOL -948.5 -629.0 Maggoty 78.0
T16 2.5 961.2 720.9  MAGGOTY02 -948.5 -629.0 Maggoty 78.0
T17 2.5 961.2 720.9 MAGGOTY03 -948.5 -629.0 Maggoty 78.0
T40 45 2,532.2 1,899.1 RioBueno -2,531.6 -1,878.8  Rio Bueno 9.4
T41 30 2,100.5 1,575.4 RR_Hydro -2,099.4 -1,544.6 RoarRiver 13.7
T43 30 2,242.2 1,681.6 LWR -2,240.7 -1,643.2 WR Tie 15.3
T44 30 1,505.0 1,128.8 UWR -1,504.4 -1,111.3 WR Tie 10.3
TO1 450 4,518.2 108,880.2 Swing Bus -4,477.3 -107,505.4  moBay 01 24.5
T03 5 3,360.0 2,520.0 BOGUE GT03 -3,333.0 2,277.4  moBay_01 82.3
TO04 24 15,000.0 11,250.0  BOGUE GTo6 -14,958.8 -9,972.2  MmoBay_o01 76.4
T05 24 15,000.0 11,250.0  BOGUE GTo7 -14,958.8 -9,972.2  MmoBay_01 76.4
TO06 24 16,500.0 12,375.0 BOGUEGT11 -16,450.5 -10,840.6 MoBay_01 83.6
T07 30 24,000.0 18,000.0  BOGUE GTo8 -23,940.0 -16,397.8  moBay_01 98.7
T08 30 24,000.0 18,000.0  BOGUE GT09 -23,940.0 -16,397.8  moBay_01 98.7
T09 45 30,000.0 22,500.0 BOGUEGT12 -29,952.9 -20,916.6  moBay_02 83.0
T10 45 30,000.0 22,500.0 BoOGUEGT13 -29,952.9 -20,916.6 MoBay_02 83.0
T11 45 30,000.0 22,500.0  BOGUESsT14 -29,952.9 -20,916.6  moBay_02 83.0
T71 24 6,972.0 5,229.0  HunTsBGT4 -6,946.9 -4,452.7 HuntsBay 59.8
T73 24 6,972.0 5,229.0  HUNTSBGTS -6,946.9 -4,452.7 HuntsBay 59.8
T74 45 14,664.4 10,998.3 WESTK_01 -14,632.6 -9,928.2 West Kgn 68.4
T75 45 14,664.4 10,9983  wesTk 02 14,632.6 9,928.2 West Kgn 68.4
T64 75 27,858.9  20,894.2 Old_H_01 -27,809.0 -19,218.2  oidHarb_69 66.0
T66 120 42,475.2 0.0 solarFarm1 -42,418.4 1,910.6  oidharbour 52.6
T65 120 42,475.2 0.0 SolarFarm2 -42,418.4 1,910.6  oldharbour 52.6
T72 120 41,591.4 31,193.5 HUNTSB B6 -41,495.7 -27,979.0 HuntsBay 72.6
T81 24 9,176.8 6,882.6  RoCDiesel1 -9,132.8 -5,520.2 Rockfort 79.2
T82 24 9,176.8 6,882.6  ROCDiesel2 -9,132.8 -5,520.2 Rockfort 79.3
T27 15 6,897.0 1,728.6 Wigon01 -6,871.2 -1,150.0  New_spurT 70.0
T28 15 6,897.0 1,728.6 Wigon02 -6,871.2 -1,150.0  New_spurT 70.0
T29 15 6,897.0 1,728.6 Wigon03 -6,871.2 -1,150.0  New_spurT 70.0
T30 5 1,716.7 430.2 BMR -1,705.8 -332.3  New_spurT 52.4
T36 24 6,658.5 4,993.8 Jamalco -6,640.9 -4,450.2 Parnassus 49.9




Table.B.9: Generation Plant Data — Solar System Network
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Name Rated Power (MW) Measured MW Measured MVAR

BOGUE GTO3 3.36 3.36 2.52
BOGUE GT06 15.00 15.00 11.25
BOGUE GTO7 15.00 15.00 11.25
BOGUE GTO08 24.00 24.00 18.00
BOGUE GT09 24.00 24.00 18.00
BOGUE GT11 16.50 16.50 12.38
BOGUE GT12 30.00 30.00 22.50
BOGUE GT13 30.00 30.00 22.50
BOGUE ST14 30.00 30.00 22.50
MAGGOTTYO01 2.00 0.96 0.72
MAGGOTTYO02 2.00 0.96 0.72
MAGGOTTYO03 2.00 0.96 0.72
JAMALCO 11.00 6.66 4.99
RIOBUENO A 2.50 1.76 1.32
RIOBUENO B 1.10 0.77 0.58
RR_HYDRO 4.10 2.10 1.58
LWR 4.80 2.24 1.68
UWR 3.24 1.51 1.13
ALCAN 0.60 0.23 0.17
OLD_H_01 55.00 27.86 20.89
Solar plant 1 60.00 42.47 0.00
Solar plant 2 60.00 42.47 0.00
HUNTSB B6 92.50 41.59 31.19
HUNTSB GT4 15.00 6.97 5.23
HUNTSB GT5 15.00 6.97 5.23
WESTK_01 32.75 14.66 11.00
WESTK_02 32.75 14.66 11.00
ROCDIESEL 1 20.00 9.18 6.88
ROCDIESEL 2 20.00 9.18 6.88
WIGTON 01 12.00 6.90 1.73
WIGTON 02 12.00 6.90 1.73
WIGTON 03 12.00 6.90 1.73
BMR 3.00 1.72 0.43




Appendix C

Short-Circuit Fault Data

Table C.1: Generator Data for 3-Phase Bolted Fault
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Fault Cycle Name R“:t\i':g R;It(i)rlitga?keV) P (MW) Q (MVAR)
SWINGBUS  UTILITY 01 4000 13.8

GEN 01 11.8 -0.024 -0.018

2 GEN 02 11.8 -0.015 -0.011
GEN 03 11.8 -0.024 -0.018

WINDFARM 01 20.0 0.018 0.005

GEN 01 11.8 -0.024 -0.018

1/ GEN 02 11.8 -0.015 -0.011

4 GEN 03 11.8 -0.024 -0.018
WINDFARM 01 20.0 0.018 0.005

GEN 01 11.8 -6.497 -4.123

o GEN 02 11.8 -3.238 2.173
GEN 03 11.8 -6.937 -4.428

WINDFARM 01 20.0 6.814 -6.689

GEN 01 11.8 -1.042 -0.637

20 GEN 02 11.8 -0.636 -0.393
GEN 03 11.8 1,125 -0.688

WINDFARM 01 20.0 -0.349 -0.358




Table C.2: Transformer Data for 3-Phase Bolted Fault
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INPUT OUTPUT
Fault MVA Voltage
Cycle Name Rating  Rating(kV) p(MwW) Q(MVAR) P(MW) Q(MVAR)
TO1 60 13.8/69 48.211 40.424  -48.107 -36.913
T02 45 11.8/69 0.024 0.018 -0.024 -0.018
TO03 60  69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
12 T05 24 11.8/69 0.015 0.011 -0.015 -0.011
TO06 45 11.8/69 0.024 0.018 -0.024 -0.018
T07 24 69/24 0.000 0.000 0.000 0.000
TO08 24 69/24 0.000 0.000 0.000 0.000
T 09 30 69/24 0.285 7.608 0.000 0.000
T10 150  20/69 -0.018 -0.005 0.018 0.005
TO1 60 13.8/69 48.211 40.425 48.107 36.913
T02 45 11.8/69 0.024 0.018 -0.024 -0.018
T03 60  69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
1j/z TO5 24 11.8/69 0.015 0.011 -0.015 -0.011
4 T06 45 11.8/69 0.024 0.018 -0.024 -0.018
T07 24 69/24 0.000 0.000 0.000 0.000
TO08 24 69/24 0.000 0.000 0.000 0.000
T 09 30 69/24 0.285 7.608 0.000 0.000
T10 150  20/69 -0.018 -0.005 0.018 0.005
TO1 60 13.8/69 28.218 21.755  -28.185 -20.640
T02 45 11.8/69 6.497 4.123 -6.495 -4.051
T03 60  69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
g TO5 24 11.8/69 3.238 2.173 3.236 2.112
T06 45 11.8/69 6.937 4.428 -6.935 -4.347
T07 24 69/24 0.000 0.000 0.000 0.000
T08 24 69/24 0.000 0.000 0.000 0.000
T 09 30 69/24 0.311 8.309 0.000 0.000
T10 150  20/69 6.814 6.689 -6.813 -6.646
TO1 60 13.8/69 45.428 38.154  -45.335 -35.036
T02 45 11.8/69 1.042 0.637 -1.042 -0.635
TO03 60  69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
30 T05 24 11.8/69 0.636 0.393 -0.636 -0.390
T06 45 11.8/69 1.125 0.688 -1.125 -0.685
TO07 24 69/24 0.000 0.000 0.000 0.000
T08 24 69/24 0.000 0.000 0.000 0.000
T09 30 69/24 0.287 7.669 0.000 0.000
T10 150  20/69 0.349 0.358 -0.349 -0.358




Table C.3: Generator Data for 3-Phase Bolted Fault with Solar Farm
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MVA

Voltage Rating

Fault Cycle Name Rating (kv) P (MW) Q (MVAR)
SWING BUS UTILITY 01 4000 13.8

GEN 01 11.8 -8.343 -6.592

1/2 GEN 02 11.8 -3.873 -3.243
GEN 03 11.8 -8.343 -6.592

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 -8.343 -6.592

! %/2 GEN 02 11.8 -3.873 -3.243

4 GEN 03 11.8 -8.343 -6.592
SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 -6.846 -5.269

8 GEN 02 11.8 -3.403 -2.761
GEN 03 11.8 -7.308 -5.656

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 0.989 -0.678

30 GEN 02 11.8 -0.604 -0.417
GEN 03 11.8 -1.067 -0.732

SOLARFARM 11.8 0.000 0.000




Table C.4: Transformer Data for 3-Phase Bolted Fault with Solar Farm
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INPUT OUTPUT
Fault Name MYA V?Itage Q Q
Cycle Rating Rating (kV) P (MW) (MVAR) P (MW) (MVAR)

TO01 60 13.8/69 26.736 24.786 -26.701 -23.617

T02 45 11.8 /69 8.343 6.592 -8.339 -6.455

T03 60 69 /24 0.000 0.000 0.000 0.000

T04 30 69 /24 0.000 0.000 0.000 0.000

12 T05 24 11.8/69 3.873 3.243 -3.870 -3.142
T06 45 11.8/69 8.343 6.592 -8.339 -6.455

T07 24 69 /24 0.000 0.000 0.000 0.000

T08 24 69 /24 0.000 0.000 0.000 0.000

T09 30 69 /24 0.295 7.883 0.000 0.000

T10 30 20/ 69 2.519 1.695 -2.518 1.719

T01 60 13.8/69 26.736 24.786 -26.701 -23.617

T02 45 11.8 /69 8.343 6.592 -8.339 -6.455

T03 60 69 /24 0.000 0.000 0.000 0.000

T04 30 69 /24 0.000 0.000 0.000 0.000

11/2 T05 24 11.8 /69 3.873 3.243 -3.870 -3.142
4 T06 45 11.8/69 8.343 6.592 -8.339 -6.455
T07 24 69 /24 0.000 0.000 0.000 0.000

T08 24 69 /24 0.000 0.000 0.000 0.000

T09 30 69 /24 0.295 7.883 0.000 0.000

T10 150 20/ 69 2.519 -1.695 -2.518 1.719

TO01 60 13.8/69 29.377 27.468 -29.335 -26.044

T02 45 11.8 /69 6.846 5.269 -6.844 -5.178

T03 60 69 /24 0.000 0.000 0.000 0.000

T04 30 69 /24 0.000 0.000 0.000 0.000

8 T05 24 11.8 /69 3.403 2.761 -3.401 -2.684
T06 45 11.8/69 7.308 5.656 -7.305 -5.552

T07 24 69 /24 0.000 0.000 0.000 0.000

T08 24 69 /24 0.000 0.000 0.000 0.000

T09 30 69 /24 0.293 7.831 0.000 0.000

T10 150 20/69 2.558 -1.734 -2.557 1.759

TO01 60 13.8/69 42.659 39.714 -42.569 -36.702

T02 45 11.8/69 0.989 0.678 0.989 -0.676

T03 60 69 /24 0.000 0.000 0.000 0.000

T04 30 69 /24 0.000 0.000 0.000 0.000

30 T05 24 11.8 /69 0.604 0.417 -0.604 -0.415
TO06 45 11.8 /69 1.067 0.732 -1.067 -0.730

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69 /24 0.000 0.000 0.000 0.000

T09 30 69 /24 0.285 7.597 0.000 0.000

T10 150 20/ 69 2.728 -1.937 -2.727 1.967




Table C.5: Generator Data for Double-Line-to-Ground Fault
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Fault Cycle Name R'\:t\i/:g V°'ta'(glfv';ati"g P (MW) Q (MVAR)
SWING BUS UTILITY 01 4000 13.8

GEN 01 11.8 -0.024 -0.018

12 GEN 02 11.8 -0.015 -0.011
GEN 03 11.8 -0.024 -0.018

WINDFARM 01 20.0 0.018 0.005

GEN 01 11.8 -0.024 -0.018

1/ GEN 02 11.8 -0.015 -0.011

4 GEN 03 11.8 -0.024 -0.018
WINDFARM 01 20.0 0.018 0.005

GEN 01 11.8 -5.672 -4.266

g GEN 02 11.8 -2.233 -2.173
GEN 03 11.8 -6.055 -4.579

WINDFARM 01 20.0 -5.708 -6.688

GEN 01 11.8 -0.916 -0.661

30 GEN 02 11.8 -0.559 -0.407
GEN 03 11.8 -0.989 -0.713

WINDFARM 01 20.0 -0.290 -0.359




Table C.6: Transformer Data for Double-Line-to-Ground Fault

123

INPUT OUTPUT
Fault MVA Voltage
Cycle Name Rating  Rating(kV) pP(MW) Q(MVAR) P(MW) Q(MVAR)
TO1 60 13.8/69 41.635 40.000  -41.545 -37.362
T02 45 11.8/69 0.024 0.018 -0.024 -0.018
TO03 60 69/24 0.000 0.000 0.000 0.000
TO04 30 69/24 0.000 0.000 0.000 0.000
12 TO05 24 11.8/69 0.015 0.011 -0.015 -0.011
TO6 45 11.8/69 0.024 0.018 -0.024 -0.018
TO7 24 69/24 0.000 0.000 0.000 0.000
TO8 24 69/24 0.000 0.000 0.000 0.000
T 09 30 69/24 0.463 12.351 0.000 0.000
T10 150 20/69 -0.018 -0.005 0.018 0.005
TO1 60 13.8/69 41.635 40372  -41.546 -37.362
T02 45 11.8/69 0.024 0.018 -0.024 -0.018
TO03 60 69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
1_1/’ TO5 24 11.8/69 0.015 0.011 -0.015 -0.011
4 TO6 45 11.8/69 0.024 0.018 -0.024 -0.018
TO07 24 69/24 0.000 0.000 0.000 0.000
TO8 24 69/24 0.000 0.000 0.000 0.000
T 09 30 69/24 0.463 12.351 0.000 0.000
T10 150 20/69 -0.018 -0.005 0.018 0.005
TO1 60 13.8/69 24.320 21.938  -24.292 -20.986
T02 45 11.8/69 5.672 4.266 -5.670 -4.204
TO03 60 69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
g TO5 24 11.8/69 2.821 2.233 -2.819 -2.181
TO06 45 11.8/69 6.055 4.579 -6.053 -4.509
TO7 24 69/24 0.000 0.000 0.000 0.000
TO8 24 69/24 0.000 0.000 0.000 0.000
T 09 30 69/24 0.503 13.418 0.000 0.000
T10 150 20/69 5.708 6.688 -5.707 -6.651
TO1 60 13.8/69 39.202 38.110  -39.122 -35.438
T02 45 11.8/69 0.916 0.661 -0.916 -0.659
TO03 60 69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
30 TO05 24 11.8/69 0.559 0.407 0.559 -0.405
TO6 45 11.8/69 0.989 0.713 -0.988 -0.711
TO7 24 69/24 0.000 0.000 0.000 0.000
TO8 24 69/24 0.000 0.000 0.000 0.000
T09 30 69/24 0.466 12.447 0.000 0.000
T10 150 20/69 0.290 0.359 -0.290 -0.359




Table C.7: Generator Data for Double-Line-to-Ground Fault with Solar Farm
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Fault Cycle Name R“:t\i':g V°'taﬁfv';ati"g P (MW) Q (MVAR)
SWINGBUS  UTILITY 01 4000 13.8

GEN 01 11.8 7.222 -6.668

2 GEN 02 11.8 13.343 3.262
GEN 03 11.8 7.222 -6.668

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 7.222 -6.668

17 GEN 02 11.8 13.343 3.262

4 GEN 03 11.8 7.222 -6.668
SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 5,936 5,344

. GEN 02 11.8 2,943 -2.785
GEN 03 11.8 6.334 5,734

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 -0.866 -0.696

20 GEN 02 11.8 0.528 -0.428
GEN 03 11.8 -0.934 -0.751

SOLARFARM 11.8 0.000 0.000




Table C.8: Transformer Data for Double-Line-to-Ground Fault with Solar Farm

125

INPUT OUTPUT
Fault Name MYA V?Itage Q Q
Cycle Rating Rating (kV) P (MW) (MVAR) P (MW) (MVAR)

T01 60 13.8/69 22.849 24.619 -22.819 -23.618

T02 45 11.8/69 7.222 6.668 -7.218 -6.551

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

12 TO5 24 11.8/69 3.343 3.262 -3.340 -3.174
T06 45 11.8/69 7.222 6.668 -7.218 -6.551

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.480 12.822 0.000 0.000

T10 30 20/69 2.456 -1.356 -2.455 1.377

T01 60 13.8/69 22.849 24.619 -22.819 -23.618

T02 45 11.8/69 7.222 6.668 -7.218 -6.551

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

1_1/2 T05 24 11.8/69 3.343 3.262 -3.340 -3.174
4 T06 45 11.8/69 7.222 6.668 -7.218 -6.551
T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.480 12.822 0.000 0.000

T10 150 20/69 2.456 -1.356 -2.455 1.377

T01 60 13.8/69 25.108 27.269 -25.072 -26.048

T02 45 11.8/69 5.936 5.344 -5.933 -5.266

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

8 T05 24 11.8/69 2.943 2.785 -2.941 -2.719
T06 45 11.8/69 6.334 5.734 -6.332 -5.644

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.477 12.739 0.000 0.000

T10 150 20/69 2.496 -1.389 -2.495 1.411

T01 60 13.8/69 36.579 39.430 -36.502 -36.843

T02 45 11.8/69 0.866 0.696 -0.866 -0.694

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

30 T05 24 11.8/69 0.528 0.428 -0.528 -0.426
T06 45 11.8/69 0.934 0.751 -0.934 -0.750

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.463 12.361 0.000 0.000

T10 150 20/69 2.673 -1.563 -2.672 1.588




Table C.9: Generator Data for Line-to-Line Fault
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Fault Cycle Name R'\:t\i/:g V°'ta'(glfv';ati"g P (MW) Q (MVAR)
SWINGBUS  UTILITY 01 4000 13.8

GEN 01 11.8 -0.023 -0.017

2 GEN 02 11.8 -0.014 -0.011
GEN 03 11.8 -0.023 -0.017

WINDFARM 20.0 0.019 0.005

GEN 01 11.8 -0.023 -0.017

1 %/ 2 GEN 02 11.8 -0.014 -0.011

4 GEN 03 11.8 -0.023 -0.017
WINDFARM 20.0 0.019 0.005

GEN 01 11.8 -3.195 2.112

. GEN 02 11.8 -1.592 1112
GEN 03 11.8 3.410 2.268

WINDFARM 20.0 3.577 -3.209

GEN 01 11.8 -0.528 -0.330

20 GEN 02 11.8 -0.323 -0.204
GEN 03 11.8 -0.569 -0.356

WINDFARM 20.0 -0.176 -0.169




Table C.10: Transformer Data for Line-to-Line Fault

127

INPUT OUTPUT
Fault MVA Voltage
Cycle Name Rating  Rating(kV) pP(MW) Q(MVAR) P(MW) Q(MVAR)
TO1 60 13.8/69 23.653 19.796  -23.602 -18.072
T02 45 11.8/69 0.023 0.017 -0.023 -0.017
TO03 60 69/24 0.000 0.000 0.000 0.000
TO04 30 69/24 0.000 0.000 0.000 0.000
12 TO05 24 11.8/69 0.014 0.011 -0.014 -0.011
TO6 45 11.8/69 0.023 0.017 -0.023 -0.017
TO7 24 69/24 0.000 0.000 0.000 0.000
TO8 24 69/24 0.000 0.000 0.000 0.000
T 09 30 69/24 0.140 3.737 0.000 0.000
T10 150 20/69 -0.019 -0.005 0.019 0.005
TO1 60 13.8/69 23.653 19.796  -23.602 -18.072
T02 45 11.8/69 0.023 0.017 -0.023 -0.017
TO03 60 69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
1_1/’ TO5 24 11.8/69 0.014 0.011 -0.014 -0.011
4 TO6 45 11.8/69 0.023 0.017 -0.023 -0.017
TO07 24 69/24 0.000 0.000 0.000 0.000
TO8 24 69/24 0.000 0.000 0.000 0.000
T 09 30 69/24 0.140 3.737 0.000 0.000
T10 150 20/69 -0.019 -0.005 0.019 0.005
TO1 60 13.8/69 13.716 10.538  -13.700 -9.995
T02 45 11.8/69 3.195 2.112 -3.194 -2.077
TO03 60 69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
g TO5 24 11.8/69 1.592 1.112 -1.591 -1.083
TO06 45 11.8/69 3.410 2.268 -3.409 -2.228
TO7 24 69/24 0.000 0.000 0.000 0.000
TO8 24 69/24 0.000 0.000 0.000 0.000
T 09 30 69/24 0.154 4.099 0.000 0.000
T10 150 20/69 3.577 3.209 -3.576 -3.186
TO1 60 13.8/69 22.274 18.671  -22.229 -17.141
T02 45 11.8/69 0.528 0.330 -0.528 -0.329
TO03 60 69/24 0.000 0.000 0.000 0.000
T04 30 69/24 0.000 0.000 0.000 0.000
30 TO5 24 11.8/69 0.323 0.204 0.323 -0.203
TO6 45 11.8/69 0.569 0.356 -0.569 -0.355
TO7 24 69/24 0.000 0.000 0.000 0.000
TO8 24 69/24 0.000 0.000 0.000 0.000
T09 30 69/24 0.141 3.770 0.000 0.000
T10 150 20/69 0.176 0.169 -0.176 -0.169




Table C.11: Generator Data for Line-to-Line Fault with Solar Farm
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Fault Cycle Name R“:t\i':g V°'taﬁfv';ati"g P (MW) Q (MVAR)
SWINGBUS  UTILITY 01 4000 13.8

GEN 01 11.8 -4.129 -3.342

2 GEN 02 11.8 -1.916 -1.644
GEN 03 11.8 -4.129 -3.342

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 -4.129 -3.342

1j2.a  GENO2 11.8 -1.916 -1.644
GEN 03 11.8 4.129 3342

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 13.393 2.674

. GEN 02 11.8 -1.686 -1.401
GEN 03 11.8 3.621 -2.870

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 -0.503 -0.352

20 GEN 02 11.8 -0.307 -0.217
GEN 03 11.8 -0.541 -0.379

SOLARFARM 11.8 0.000 0.000




Table C.12: Transformer Data for Line-to-Line Fault with Solar Farm
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INPUT OUTPUT
Fault Name MYA V?Itage Q Q
Cycle Rating Rating (kV) P (MW) (MVAR) P (MW) (MVAR)

TO01 60 13.8/69 13.117 12.008 -13.100 -11.436

T02 45 11.8/69 4.129 3.342 -4.127 -3.275

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

1/2 TO05 24 11.8/69 1.916 1.644 -1.915 -1.594
T06 45 11.8/69 4.129 3.342 -4.127 -3.275

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.145 3.877 0.000 0.000

T10 30 20/69 1.201 -0.932 -1.201 0.944

T01 60 13.8/69 13.117 12.008 -13.100 -11.436

T02 45 11.8/69 4.129 3.342 -4.127 -3.275

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

11/2-4 T05 24 11.8/69 1.916 1.644 -1.915 -1.594
T06 45 11.8/69 4.129 3.342 -4.127 -3.275

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.145 3.877 0.000 0.000

T10 150 20/69 1.201 -0.932 -1.201 0.944

T01 60 13.8/69 14.413 13.360 -14.392 -12.662

T02 45 11.8/69 3.393 2.674 -3.392 -2.629

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

8 T05 24 11.8/69 1.686 1.401 -1.685 -1.363
T06 45 11.8/69 3.621 2.870 -3.620 -2.819

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.144 3.851 0.000 0.000

T10 150 20/69 1.221 -0.951 -1.221 -0.963

T01 60 13.8/69 20.939 19.508 -20.895 -18.031

T02 45 11.8/69 0.503 0.352 -0.503 -0.351

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

30 T05 24 11.8/69 0.307 0.217 -0.307 -0.216
T06 45 11.8/69 0.541 0.379 -0.514 -0.378

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.140 3.732 0.000 0.000

T10 150 20/69 1.307 -1.049 -1.306 1.065




Table C.13: Generator Data for Single-Line-to-Ground Fault
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Fault Cycle Name R'\:t\i/:g V°'ta'(glfv';ati"g P (MW) Q (MVAR)
SWING BUS UTILITY 01 4000 13.8

GEN 01 11.8 -0.024 -0.018

12 GEN 02 11.8 -0.015 -0.011
GEN 03 11.8 -0.024 -0.018

WINDFARM 20.0 0.018 0.005

GEN 01 11.8 -0.024 -0.018

11/2-4 GEN 02 11.8 -0.015 -0.011
GEN 03 11.8 -0.024 -0.018

WINDFARM 20.0 0.018 0.005

GEN 01 11.8 -2.930 -2.142

g GEN 02 11.8 -1.458 -1.123
GEN 03 11.8 -3.127 -2.299

WINDFARM 20.0 -3.172 -3.475

GEN 01 11.8 -0.487 -0.341

30 GEN 02 11.8 -0.297 -0.210
GEN 03 11.8 -0.524 -0.367

WINDFARM 20.0 -0.152 -0.184




Table C.14: Transformer Data for Single-Line-to-Ground Fault
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INPUT OUTPUT
Fault MVA Voltage
Cycle Name Rating  Rating(kV) p(MW) Q(MVAR) P(MW) Q(MVAR)

TO1 60 13.8/69 21.478 19.914  -21.431 -18.354

T02 45 11.8/69 0.024 0.018 -0.024 -0.018

TO03 60 69/24 0.000 0.000 0.000 0.000

TO04 30 69/24 0.000 0.000 0.000 0.000

12 TO05 24 11.8/69 0.015 0.011 -0.015 -0.011
TO6 45 11.8/69 0.024 0.018 -0.024 -0.018

TO7 24 69/24 0.000 0.000 0.000 0.000

TO8 24 69/24 0.000 0.000 0.000 0.000

T 09 30 69/24 0.190 5.077 0.000 0.000

T10 150 20/69 -0.018 -0.005 0.018 0.005

TO1 60 13.8/69 21.478 19.914  -21.431 -18.354

T02 45 11.8/69 0.024 0.018 -0.024 -0.018

TO03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

11/2-4 TO5 24 11.8/69 0.015 0.011 -0.015 -0.011
TO6 45 11.8/69 0.024 0.018 -0.024 -0.018

TO07 24 69/24 0.000 0.000 0.000 0.000

TO8 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.190 5.077 0.000 0.000

T10 150 20/69 -0.018 -0.005 0.018 0.005

TO1 60 13.8/69 12.476 10.518  -12.462 -10.032

T02 45 11.8/69 2.930 2.142 -2.929 -2.111

TO03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

g TO5 24 11.8/69 1.458 1.123 -1.457 -1.097
TO06 45 11.8/69 3.127 2.299 -3.126 -2.263

TO7 24 69/24 0.000 0.000 0.000 0.000

TO8 24 69/24 0.000 0.000 0.000 0.000

T 09 30 69/24 0.209 5.574 0.000 0.000

T10 150 20/69 3.172 3.475 -3.171 -3.454

TO1 60 13.8/69 20.221 18.773  -20.180 -17.390

T02 45 11.8/69 0.487 0.341 -0.487 -0.340

TO03 60 69/24 0.000 0.000 0.000 0.000

TO04 30 69/24 0.000 0.000 0.000 0.000

30 TO5 24 11.8/69 0.297 0.210 -0.297 -0.209
TO6 45 11.8/69 0.524 0.367 -0.524 -0.366

TO7 24 69/24 0.000 0.000 0.000 0.000

TO08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.192 5.122 0.000 0.000

T10 150 20/69 0.152 0.184 -0.152 -0.184




Table C.15: Generator Data for Single-Line-to-Ground Fault with Solar Farm
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Fault Cycle Name R“:t\i':g V°'taﬁfv';ati"g P (MW) Q (MVAR)
SWINGBUS  UTILITY 01 4000 13.8

GEN 01 11.8 3.742 -3.384

2 GEN 02 11.8 1733 -1.658
GEN 03 11.8 3.742 -3.384

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 3.742 -3.384

1j2.a  GENO2 11.8 1733 -1.658
GEN 03 11.8 3.742 -3.384

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 -3.079 2.712

. GEN 02 11.8 -1.528 -1.416
GEN 03 11.8 -3.285 2,910

SOLARFARM 11.8 0.000 0.000

GEN 01 11.8 -0.460 -0.360

20 GEN 02 11.8 -0.281 -0.221
GEN 03 11.8 -0.495 -0.388

SOLARFARM 11.8 0.000 0.000




Table C.16: Transformer Data for Single-Line-to-Ground Fault with Solar Farm
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INPUT OUTPUT
Fault Name MYA V?Itage Q Q
Cycle Rating Rating (kV) P (MW) (MVAR) P (MW) (MVAR)

TO01 60 13.8/69 11.777 12.004 -11.762 -11.487

T02 45 11.8/69 3.742 3.384 -3.740 -3.322

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

12 T05 24 11.8/69 1.733 1.658 -1.732 -1.612
T06 45 11.8/69 3.742 3.384 -3.740 -3.322

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.197 5.272 0.000 0.000

T10 30 20/69 1.271 -0.773 -1.271 0.785

T01 60 13.8/69 11.777 12.004 -11.762 -11.487

T02 45 11.8/69 3.742 3.384 -3.740 -3.322

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

11/2-4 T05 24 11.8/69 1.733 1.658 -1.732 -1.612
T06 45 11.8/69 3.742 3.384 -3.740 -3.322

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.197 5.272 0.000 0.000

T10 150 20/69 1.271 -0.773 -1.271 0.785

T01 60 13.8/69 12.941 13.349 -12.923 -12.718

T02 45 11.8/69 3.079 2.712 -3.078 -2.671

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

8 T05 24 11.8/69 1.528 1.416 -1.526 -1.381
T06 45 11.8/69 3.285 2.910 -3.284 -2.863

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.196 5.238 0.000 0.000

T10 150 20/69 1.291 -0.790 -1.290 0.802

T01 60 13.8/69 18.845 19.488 -18.805 -18.150

T02 45 11.8/69 0.460 0.360 -0.460 -0.359

T03 60 69/24 0.000 0.000 0.000 0.000

T04 30 69/24 0.000 0.000 0.000 0.000

30 T05 24 11.8/69 0.281 0.221 -0.281 -0.220
T06 45 11.8/69 0.495 0.388 -0.495 -0.387

T07 24 69/24 0.000 0.000 0.000 0.000

T08 24 69/24 0.000 0.000 0.000 0.000

T09 30 69/24 0.190 5.076 0.000 0.000

T10 150 20/69 1.375 -0.877 -1.374 0.891
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