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ABSTRACT

Growing concerns about energy security, the sky rocketing prices of fossil fuels and greenhouse
gas emission control have heightened interest in the harnessing of renewable energy resources in
response to these critical issues. However, the integration of high shares of renewable energy
such as Solar Photovoltaic into the electrical transmission grid brings with it a host of technical
challenges. The lack of understanding and technical know-how to resolve these challenges has

preempted the development of renewable energy in many countries, especially in Africa.

The inherently intermittent nature of renewable energy sources poses operational, efficiency and
reliability challenges to current power systems due to temporal fluctuations, geographical
dispersion of renewable energy sources and inadequacy of the existing power grid. This research
focused on the technical challenges and impact associated with the integration of high scale Solar
PV on the Ghanaian transmission grid and provides systemic solutions and standards necessary
for the successful integration of large share Solar PV systems. The research undertook the
modeling and simulation of 2.0 MWp PV of the Volta River Authority’s Renewable Energy
Development. The simulated results at various penetration levels for voltage, power losses and

total harmonic distortion are presented and analyzed.

It can be concluded from the simulated results and analysis that the injection of high penetration
solar PV causes a voltage rise, which is directly proportional to the penetration level. Further,
there is a decrease in total power losses and an increase in total harmonic distortion at all

penetration levels.

Key-words: Technical challenges, Solar PV, Penetration level, Integration
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CHAPTER ONE
1.0 INTRODUCTION

1.1 Background

In 2011, global investment in the renewable energy sector hit a record of $257 billion which was
17% up from the 2010 figure. This was a six fold increase on the 2004 figure and 93% higher
than the total in 2007, the year before the world financial crisis. The use of renewable energy
sources to generate electricity expands significantly in all three scenarios modeled by the World
Energy Outlook. In the New Policies Scenario, renewable-based electricity generation worldwide
almost triples, from 3 900 TWh in 2009 to 11 100 TWh in 2035. This expansion is driven largely
by government policies, including subsidies, and represents 44% of the growth in total electricity
generation over the period. [1][2]

More specifically, solar PV electricity generation increases substantially over the Outlook
period, from 20 TWh in 2009 to 740 TWh in 2035 in the New Policies Scenario, growing at an
average rate of 15% per year. The European Union accounted for three-quarters of global solar
PV generation in 2010. This has been driven by strong government programs, particularly in
Germany where there has been rapid growth in recent years. Over the early years of the Outlook
period, Europe continues to exhibit very strong growth in solar PV generation but, between 2020
and 2035, the increase in solar PV generation in each of China, the United States and India is

larger than that in the European Union. [2]

Given the growing concerns about energy security, sky rocketing price of fossil fuel and
greenhouse gas emission control, an initiative to get a cleaner and uninterrupted power supply to
augment the existing Ghanaian capacity could not be more timely. Current literature has clearly
established the relationship between energy consumption and economic growth: it will be
difficult to attain the better Ghana agenda with poor energy production and delivery. It is in
recognition of this challenge that the overall national renewable energy policy target is to attain
10% Renewable Energy in the national energy mix by 2020. [3]

The institutional framework has already been setup for the development of renewable energy
resources in Ghana. The Parliament of the Republic of Ghana passed the Renewable Energy Bill

1



into Law, thus Renewable Energy Act 2011 (Act 832) which has a feed-in tariff component and
a provision for the establishment of a renewable energy fund. The law also grants Independent
Power Producers the privilege to integrate their large share renewable energy generation on the
national grid system.

According to the Law 30 (1), “An operator of a transmission or distribution system shall connect
a generator of electricity from renewable energy sources within the coverage of the transmission
or distribution system where a generator of electricity from renewable energy sources so
requests.” This opportunity has heightened the interest of both national and international
investors in Ghana’s renewable energy sector, with Mere Power Nzema Limited taking the lead
by building Africa’s largest solar PV power plant (155MW) at Aiwiaso in the East Nzema
district of Ghana. [4]

1.2 Problem Statement

Ghana is endowed with enormous solar energy resources spread across the entire country. Daily
solar irradiation levels range from 4kWh/m2 to 6kWh/m2. As earlier noted, the necessary
institutional framework for the development of renewable energy in the country has already been
established. However, high penetration of solar PV is bound to have a significant impact on the
transmission grid; a lack of widespread understanding of the technical implications of solar PV
integration is stunting the development of renewable energy projects in many countries,
including Ghana. Moreover, there hasn’t been any similar research work on the technical
challenges and impact of the integration of high penetration of Photovoltaic (PV) systems into

the Ghanaian transmission grid.

1.3 Justification

The intermittent nature of Solar PV sources poses operational efficiency and reliability
challenges to power systems due to temporal fluctuations, geographical dispersion of renewable
energy sources and inadequacy of the existing power grid. The successful connection of
equipment to the electrical grid requires that basic power quality requirements be met for
harmonics, voltage, and frequency. Renewable energy generators, with their associated power
electronics, generate harmonics and have electrical characteristics under voltage and frequency
excursions that may make it difficult to meet those requirements. Furthermore, the variability of

renewable resources, due to characteristic weather fluctuations, introduces uncertainty in
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generation output on the scale of seconds, hours and days. Concerns about power system
reliability thus limit the amount of renewable energy that power utilities and transmission system

operators allow to be connected to the grid. [5]

Large-scale PV systems integration presents a spectrum of technical challenges arising mostly
from the expanding application of power electronic devices at high power ratings. The
connection of renewables at the distribution levels also requires significant modification of the
distribution design to accommodate bidirectional power flow. The amount of Solar PV
penetration has a significant impact on the transmission systems and some cases require a huge
investment in transmission expansion because of capacity. Facilitating the integration of
distributed energy resources requires innovations in micro-grid and energy management systems

that transparently provide control and regulation. [5]

To seamlessly integrate solar PV in the grid, research and development must intelligently address
challenges that solar PV penetration levels will have on power system planning and operation.
Understanding the impact and various technical challenges that large share Solar PV integration
will have on the Ghanaian transmission grid will give utility and generation companies the

confidence to invest in this sector.

1.4 Aim and Objectives
The main objective of this study is to investigate technical challenges and impact associated with

large scale Solar PV integration into Ghanaian transmission grid.
The specific objectives of the study are to:

a) ldentify the challenges that exist when integrating utility-scale Renewable Energy into

transmission network system.

b) Model and simulate by means of suitable software the 2.0MWp PV of the Volta River
Authority’s Renewable Energy Development Project (REDP) at Navrongo at various

penetration levels.

c) Make recommendations for the integration of Solar PV into the Ghanaian transmission

grid.



1.5 Scope and Limitation of Study

The research study considered and reviewed literature regarding the integration of large share
Solar PV into the transmission grid system. It will present the various technical challenges
associated with integrating large share solar PV into the grid, based on modeling and simulation
of 2.0MWp solar PV of the Volta River Authority’s Renewable Energy Development Project at
Nanvrogo, which would be used as a case study. The outcomes of this research are based on the

limited data and information that were available.

1.6 Structure of the Thesis

The thesis is divided into seven chapters. The first chapter, the introduction outlines, the
background, problem statement, justification, objectives, scope and limitation of the research
study. The second chapter reviews materials relevant to the research. Chapter three outlines the
technical challenges associated with integrating utility-scale Solar PV into the transmission
network and development of renewable energy. Chapter four looks at Solar PV systems and grid
integration theory of the research while chapter five outlines the methodology and
implementation. Simulation results are analyzed in chapter six. The final chapter sums up the

recommendations and conclusions of the research.



CHAPTER TWO

2.0 LITERATURE REVIEW

This chapter will focus on reviewing works relevant to this research project. Much research has
been conducted on the integration of solar PV into the transmission grid. Small-scale solar PV
generators have a capacity ranging from zero to 20 MW, while that of large-scale solar PV
generators ranges between 100 MW and 200 MW [6] [7].

The impact of a grid-connected PV system on the steady-state operation of a Malaysian grid is
presented in [8]. The main object of the research was to investigate the voltage profile and power
losses of a grid connected solar PV system for residential, commercial and industrial load pattern
categories at Peninsular Malaysia. After data collection, the study modeled the photovoltaic
generator as a negative load connected to the distribution generation bus. The single line diagram
voltages were 132 kV/11 kV. For commercial load category (> 1MW) it was discovered that the
voltage increases from 6:00am to 6:00pm, but the voltage rise did not cause over-voltage when
compared with the standard permissible voltage of 1.05 p.u. in Malaysia. The study also
concluded that there was some substantial reduction in power losses when the solar PV was

injected into the grid.

Modeling of a large grid-integrated PV station and analysis of its impact on grid voltage is
reported in [9]. The paper used DIgSILENT/ Power Factory to model and simulate grid
integrated solar PV. In the simulation, a 100 MW grid-connected solar PV station is connected to
the grid via 500 kV line through a node, while a PV station is paralleled at another node where
the voltage level is 110 kV. The power generated from the PV array is fluxed to a 10 kV bus and
the voltage is boosted to 110 kV transformer whose capacity is 1Z20MVA.

From the simulation results, it was discovered that the output of the PV station changes with the
variation of temperature and irradiance in one day. Additionally, there is always a power drop for
the loss about 5% in the inverter. With reference to nominal voltage, the total voltage variation

range is about 0.024 p.u.

Characterization of the solar power impact in the grid was analyzed in [10] to predict the
response at various penetration levels on the grid. For a more realistic approach, existing

installation (1.06 MWp) was used for the studies to create new modules for solar power series.
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The study used Markov Matrices to simulate series. Three penetration scenarios were carried out
in this study, namely 5MWp, 10MWp and 15MWp for different seasons and during day and
night. The studies concluded that additional injection of solar PV into the grid affects voltage at
all the buses. For 15 MWp penetration in the month of August, which could be the most critical
case, the network was able to accommodate the penetration, hence the conclusion that the
Belgian grid is able to accommodate solar PV power until 15 MWop at least. Studies for higher

penetration levels were recommended.

In Europe, the High Penetration of very large scale PV Systems into the European Electric
Network was reported in [11]. In EU 2020 projected power generation mix of 87 GW of PV
installed capacity (25 GW installation in North Africa imported in the EU grid and 50 GW of
installed capacity distributed among the EU countries). Using Matpower v4.0 (a suite of
MATLAB) simulation was done to investigate the effect of increased PV power generation in the
European high voltage transmission network. Cross-border parallel-interconnected nodes were
assumed to be 380 kV

The study reported that distributed grid operators are faced with technical challenges such as
voltage rises, reactive power control, and islanding from high penetration LV/MV levels. Again,
both scenarios (first 25 GW installation in North Africa and second 50 GW among the EU
Countries) require a revision and an upgrade of the transmission grid in order to avoid
congestion. The study concluded that the second scenario ends up being less critical than the

first one.

Additionally, a study on the impacts of large-scale photovoltaic power station on power grid
voltage Profile, [12], used a simple but accurate method based on power system analysis
principle to investigate the effects of large-scale photovoltaic energy integration on the
transmission line. Three different power stations were selected for comparison with 100 MVA as
base power and the rated voltage as the base voltage. Additionally, an inverter of 400 V was
selected with the voltage level of HV transmission line being 110 kV. Two transformers were
selected to prompt voltage level from 400 V to 10 kV and 10 kV to 110 kV respectively. The
penetration scenarios were 200 kWp, 2 MWp and 10 MWp.



From the results the study concluded the bus voltage presents a parabolic trend with the PV
power output increasing; there is a maximum voltage point on each Voltage-Power curve, with
the corresponding PV power output determined by the impedances. The bus voltage sensitivity is

also a nonlinear function of PV power output.

The anticipated effect of Solar Resource Variability on the Future Florida Transmission and
Distribution System was reported in [13]. Using llyears historical weather data, the study
developed a tool to simulate the photovoltaic energy system in several scenarios. A simulation
model tool known as Solar Anywhere standard resolution was used to evaluate the high
penetration of PV scenarios using an industry-standard of performance model.

For a good PV output variability examination, PV systems with different tilt and orientations
were selected along with varying solar irradiance across Florida. Using three different
penetration scenarios (a. 1.0 kW PV system in each 10x10 km grid 1800 orientation of true
south, b. different, random direction facing generally south and between 900 east and 2700 west,
c. the statewide grid was model with distributed generation roughly located with and
proportional to population density) variability and high penetration PV were investigated.

The study reported that in all the scenarios, the variability was consistent, not only from hour to
hour, but also between months. The results depicted an average hourly change in PV output as a
changing percentage of the system's rated capacity. The study further concluded that variability
was verified to be greater for smaller systems. Additionally, developing solar variability can

quantify daily variability and ramp rates for different PV system layouts.

The influence of large-scale PV on voltage stability of sub-transmission systems has been
reported in [14]. The study used the IEEE-14 bus test system to report the result of static voltage
stability with large-scale PV penetrations on sub-transmission system for realistic load
composition.. The performances of SVC and STATCOM were studied and compared to

determine their impact on voltage stability.

The results of the study show that with constant power factor (0.95 leads-lags) and voltage
control mode operations of PV, there are significant differences in the voltage value. Integration
of PV to the system with constant power factor operation reduces the systems with constant

stability from 2.6855 to 1.5706. However, the results show a significant difference when the

7



same integration is operated in voltage control mode. With this mode, the degree of system
stability rather improves from 2.6855 to 3.6155.

The paper also shows the effect of concentrated PV penetration on the degree of system stability.
It was reported that for all the buses, increased PV penetration has a negative impact on system
stability. The manner of PV integration (whether concentrated or dispersed), location and size all
have a direct impact on system static voltage stability. It was also discovered during the study
that voltage stability deteriorates with the integration of power factor operated PV, whereas in
some instances voltage stability improves with the integration of voltage control mode operated
PV.

Additionally, it was shown in that the placement of STATCOM based on short term-VAr helps
to mitigate the low voltage ride through problem, and further provides higher system loading as
compared to STATCOM placement at the weakest bus and at PV generator buses. STATCOM
provides a better option for enhancing the static voltage stability margin of the system with
large-scale PVs, and Placement of SVCs in PV generator buses is found to be more effective in
enhancing voltage stability margin, rather than the weakest bus placement or placement based on

short term dynamic VVAr support.

When a significant amount of Solar PV is integrated into the grid, it alters the stability and
operation of the power system. A study on the impact of Large Scale and High Voltage Level
Photovoltaic Penetration on the Security and Stability of Power Systems, [15], discussed new
requirements that might be brought to network simulation and calculation technology by grid-
connected photovoltaic systems. The technical ramifications of the grid integration of large scale
solar PV were reported to be effects on electricity quality, power flow control, new requirements
for simulation technologies and power system test environment, voltage and frequency stability,

codes and standards revising or supplementing of grid operation and dispatching.

Furthermore, the study suggested some research fields worth looking into to meet the practical
and research requirements of solar PV integration. Among these were: 1) modeling methods of
PV systems; 2) dynamic characteristics of power grid with PV systems connected; 3) power

systems analyzing and calculating technology with PV systems contained,;



4) control technology of grid-connected PV systems; and 5) revising and supplementing of the

existing power systems rules and codes.

In one of the largest regional solar and wind integration and transmission studies conducted by
NREL with GE [16], an attempt was made to investigate the operational impact of up to 35%
energy penetration of wind, photovoltaic and concentrating solar power (CSP) on the power

network operated by the WestConnect group.

With the use of a multidimensional scenario-based study approach, WWSIS evaluated different
penetration levels (10% wind and 1% solar, 20% wind and 3% solar and 30% wind and 5%
solar) for wind and solar power in different geographic locations. The project performance was
evaluated through a combination of statistical analysis, hourly production simulation analysis,

sub-hourly analysis using minute-to-minute simulations, and resource adequacy analysis.

One of the principal conclusions of the study was that forecasting solar or wind energy sources
are critically essential for the reduction of short falls. Perfect forecasts will reduce the annual
costs of renewable energy for the Western Electricity Coordinating Council by a projected
$500million. With full utilization of existing transmission capacity, up to 20% of renewable
energy penetration could be achieved with little or no new long distance, interstate and
transmission additions. Finally, the study showed that it is operationally feasible to accommodate
30% wind and 5% solar energy penetration, on the condition that the some changes to current

practice are made over time.

The Impacts on the Transmission Grid for Integrations of Renewable Energy in Taiwan was
discussed in [17]. In addition to reviewing Taiwan’s renewable energy policy and recent
developments on the integration of renewable energy in the transmission grid, the paper reported
the impacts of integrating renewable energy on the transmission grid. Limited transmission
capacity has caused the Taiwan Government to approve Taipower’s seventh transmission and
substation plan from 2010 through 2015, which will add another 2,370ckt-km transmission line
and total substation capacity of 23560 MWA to the grid by 2015, with SVC, STATCOM and

SPS included, thus ensuring system stability and power quality.



A study conducted by California ISO (CAISO) assessed different types of solar PV generator
interconnections [18].The study analyzed and reported several transient stability and voltage
phenomena related to solar PV generator interconnections. The queue-base methodology, which
requires generation developers to submit interconnected requests, was used in the research. It
was reported that the interaction between the solar PV generators and the system amplifies the
oscillation and causes unstable conditions. The research concluded that Solar PV generator
interconnection may cause oscillation problems following faults, high voltage problems in sub-
transmission and distribution systems under normal conditions, and the transient over-voltage

problem in the grid following faults.

The study recommended that in order to maintain reliability with extensive interconnection of
solar PV into the system, at both transmission and distribution levels, the accuracy of the solar

PV generator modeling be verified, and the technology improved.

In all studies and cases thus considered, it is evident that the integration of large-scale solar PV
into the transmission grid presents a unique set of technical challenges that demand to be
addressed.
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CHAPTERS THREE

3.0 RE DEVELOPMENT AND SOLAR PV INTEGRATION CHALLENGES

Globally, RE industries are in the midst of a tremendous change. All RE indicators project
significant growth in development of this sector. Access to reliable energy supply, climate
change and the high price of fossil fuel have all underpinned the need for the development and
generation of renewable energy, [19][20]. The challenge of ensuring energy availability while
preserving the environment has caused governmental action at the international, national and
local levels to create a wide variety of laws and policies promoting RE development. This
chapter will discuss the drivers of RE generation and development, present and future projects

and technical challenges associated with integrating them into transmission grid.

3.1 Drivers of RE Development and Generation

Stabilizing climate impact from fossil fuel use, meeting the energy demand of a growing
population, bringing electricity to people without access, ensuring stable and secure energy
access for all nations and transporting electricity long distances from where it is generated to
where it is used are some of the reasons for the unprecedented statistics of RE development and
generation. RE is a growing component of electricity grids around the world due to its
contributions to energy system decarbonization, long-term energy security, and expansion of

energy access to new energy consumers in the developing world. [5][14]

3.1.1 Decarbonization
Climate change has been identified as one of the gravest threats to all nations, governments,

businesses and the globe at large. The MSB EEE Report notes that CO2 emissions related to
energy use account for 70 % of total GHG emissions, and those emissions related to electricity
generation approach half of that. [21] Consequently, governments have enacted policies to curb
GHG emissions from the power sector. Because electricity generated from RE produces no GHG
emissions, increasing penetrations of RE onto the electrical grid contribute to a decarbonization
of the electricity system: a reduction in GHGs emitted per unit of energy produced. Energy
system decarbonization in turn slows the increase in concentrations of GHGs in the atmosphere
and thereby mitigates the resultant radiactive forcing of the climate system [5]. Since the

implications of climate change have a direct effect on both human and natural systems thereby
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leading to significant changes in resources and economic activities, it is plausible to seek to

develop the renewable energy sector to mitigate GHG emission.

3.1.2 Energy Security

The world demand for energy is ever increasing and the growing concern of sustainable energy
development has raised a red flag on the world’s dependence of fossil fuels for a large
percentage of electricity production. Because fossil fuel supplies are both unevenly distributed
and ultimately exhaustible, many countries have identified a long-term energy security
proposition in gradually decreasing dependence on them in the production of electricity. In
comparison to fossil resources, renewable resources are better distributed throughout the world
and do not diminish as they are used. A country’s investment in RE results in a zero-fuel cost
generation resource that is domestically located. Thus, even countries with substantial fossil fuel
resources, such as China, have set aggressive wind power targets. And despite a recent boom in
natural gas production in the USA, states have made no indication of any intent to remove RE
goals. [5][22]

3.1.3 Expansion of Energy Access

The United Nations Millennium Development Goals, which aim to eradicate extreme poverty,
can only be possible by providing reliable and affordable energy for all. In addition to the needs
outlined in the previous subsections for cleaner and more secure energy, the world simply needs
more energy as more people in the developing world gain access to it. As global energy demand
increases, RE provides one means among many of adding energy assets to the system alongside
growth of other resources. IEA’s New Policies Scenario projects a near tripling of global use of
RE, from 3 900 TWh in 2009 to 11 100 TWh in 2035, and growth in renewables accounts for
nearly half of the total increase in generation by 2035. Indeed, under this scenario, a full third of

global electricity generation will be supplied by RE (including hydroelectricity) by 2035. [5]

3.2 Renewable Energy Generation: Present and Future Projections

The use of renewable energy sources to generate electricity expands significantly in all three
scenarios projected by the World Energy Outlook. In the New Policies Scenario, renewables-
based electricity generation worldwide almost triples, from 3 900 TWh in 2009 to 11 100 TWh
in 2035. This expansion is primarily driven by government policies, including subsidies, and

represents 44% of the growth in total electricity generation through the course of the Outlook
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Figure 2.1, Incremental global renewables-based electricity generation relative to 2009 by
technology in the New Policies Scenario International Energy Agency [2]

3.2.1 Solar

The growth trend of Solar Photovoltaic (PV) electricity generation in 2011 was very remarkable.
The grid integration for 2011 was 29.7 GW as compare to 16.8 GW in 2010 making it the third
most important renewable energy source in terms of global installation capacity. Europe
dominated with about 75% of new capacity in 2011 with Italy topping the market with 9.3 GW
connected followed by Germany with 7.5 GW. [23]

Solar PV electricity generation increases substantially over the Outlook period, from 20 TWh in
2009 to 740 TWh in 2035 in the New Policies Scenario, growing at an average rate of 15% per
year. The European Union accounted for three-quarters of global solar PV generation in 2010.
This has been driven by strong government programmes, particularly in Germany where there
has been rapid growth in recent years. Over the early years of the Outlook period, Europe
continues to exhibit very strong growth in solar PV but, between 2020 and 2035, the increase in
solar PV generation in each of China, the United States and India is larger than that in the

European Union. [2]
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Figure 2.2, Solar PV and wind power capacity by region in the New Policies Scenario by
International Energy Agency

3.3SOLAR PV INTEGRATION CHALLENGES

On the normal system level, RE power plants generate electricity like any other power plants.
But RE has unique characteristics in generation, transmission and operational technology.
Understanding these distinctive characteristics is the basis for the integration of large-capacity
RE power in the grid. [5] The following are some of the challenges that can exist when

integrating large share Renewable Energy into current electrical power systems:

3.3.1 Voltage Rise

Voltage rise is caused by high penetration of solar PV into the utility grid. It is when there is an
increase in voltage at the inverter side relative to the utility voltage When solar PV is connected
to the grid via the inverter, the impedance from the grid and inverter output-circuit conductors
causes the rise in voltage which is negative voltage drop on the circuit between the inverter and

the point of common coupling (PCC). [24]

Current Utility grids do not anticipate this condition and can cause overvoltage tripping at the
inverter and this will affect the overall performance of the grid. Neutral voltage rise can also
occur when there is an imbalance of loads and high PV generation on three phase power system
hence determination of an acceptance penetration level that a power system can accommodate is
inevitable in solar PV integration. Voltage rise is controlled by a power conditioner for PV
systems designed and used in Japan, to ensure that the limit is not exceeded. This technology can
prevent over-voltage but the PV system efficiency is affected because the PV power output is
dumped to control the voltage. [25]
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3.3.2 Voltage Stability

Voltage stability is defined as a phenomenon where a power system maintains steady voltages at
all buses in the system after being subjected to a disturbance from a given initial operating
condition. Voltage stability depends on the ability to maintain or restore equilibrium between
load demand and load supply of a power system. When the need for reactive power in a power

network system is met, voltage stability can be achieved. [26]

Inverters are responsible for keeping the power factor of the PV system at unity. When the power
factor is at unity there is no exchange of reactive power between the inverter and the grid. This
becomes problematic when solar PV is connected to a weak grid and the capacity is large, static

voltage instability problems will occur since the PV system will draw reactive power [27]

3.3.3 Harmonics

Current produced by a solar PV system is a direct current. The inverter interface between the
Solar PV and the grid works by converting DC current to AC current through a
semiconductor switching circuit, but the AC wave obtained from the devices will not be a perfect
sinusoidal wave. The introduce harmonics into the power network. In countries like Australia
and Greece, the total harmonic distortion should not exceed 5%. This figure is different in
Germany, which gives a harmonic distortion allowance of up to 8% for inverter current up to the
50th harmonic. [28][29]

3.3.4 Islanding
Unintended islanding is an electrical phenomenon where an on-grid solar PV system continues to
supply power to the grid even when the utility side is disconnected. This energizes the utility

feeders, posing a danger to personnel working on the feeders. [30]

3.3.5 Power Quality

Solar PV generation output depends hugely on temperature and irradiance. Change in climate
conditions such us cloud cover may cause voltage flickers. In the case of high penetration level
of the PV systems, the impact is higher and it can affect the quality of power supply to the grid.
[31]
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3.3.6 Technical Expertise:

Development of large-scale renewable energy resources requires skilled labor and capacity
building to implement, operate and maintain. According to International Renewable Energy
Agency [32], there are a limited number of skilled personnel working in the renewable energy
sector worldwide. Installation or construction of plants and operation, as well as the maintenance
and decommissioning of RE plants require a number of skilled engineers and technicians.
Without these personnel and a clear understanding of renewable energy grid integration, sector
development, especially in Africa, has been stunted. [33]

3.3.7 Location Dependency

The best wind and solar resources are location dependent and cannot be transported to optimal
sites like coal, oil or gas. Therefore, renewable energy generated needs to be transported over
considerable distances to load centers where the power will ultimately be used. In most
situations, additional transmission infrastructures are required to connect RE resources into the
rest of the grid and this increases connection costs and thereby reduces the competitiveness of

these projects. [5]

This challenge is very evident in China where their windy regions are often far from the
population and load centers. There is also a wide distance between Scotland's tidal current
resources and where significant of the population live. Midwest regions of US have high quality

of wind resources while many Americans live in coastal regions. [34]

3.3.8 Non-controllable variability
Solar and wind output varies in many ways that make it extremely difficult for generation

operators to control. This is because the speed of the wind and available sunlight varies moment
by moment, thus affecting moment by moment power output. The fluctuation makes it more
difficult and challenging to strike the balance between supply and demand on the grid in more
ways than one. This fluctuation affects ancillary services such as frequency and voltage.
[5]Frequency and demand response stands as one of the biggest challenge of renewable energy

large-scale grid integration.
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3.3.9 Partial unpredictability

Wind turbines depend largely on the blowing wind for electricity production and solar PV
systems need sunlight for operation, but the wind and sunlight availability is partially
unpredictable. [5] Consequently, solar PV electricity generation companies are at the mercy of

the inherent unpredictability of sunlight.
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CHAPTER FOUR

4.0 SOLAR PV SYSTEMS AND GRID INTEGRATION

This chapter will give a general overview of generation, transmission and distribution segments
in Ghana. It will outline progressive development of Renewable energy in Ghana. Lastly the
theory of solar PV grid-connected system integration and electrical characteristics of solar PV

will be discussed.

4.1 OVERVIEW OF POWER GENERATION, TRANSMISSION AND DISTRIBUTION
SEGMENTS IN GHANA

Electricity is the dominant modern form of energy used in the industrial and service sectors,
accounting for 69% of modern energy used in the two sectors of the national economy. The
generation and supply of electricity provides employment for a significant number of Ghanaian
professionals. It is also an important source of foreign exchange earnings in the country as Ghana
exports power to neighboring countries, including Togo, Benin, and Burkina Faso. The Ghana
electricity supply industry is unbundled with separate jurisdictions and entities regarding
activities of electricity generation, transmission and distribution. [35]

4.1.1 Generations
Volta River Authority is a state-owned company mandated to generate electricity to meet the

domestic demand of Ghana and export opportunities. It operates the Akosombo Hydro Power
Station, Kpong Hydro Power Station and the Takoradi Thermal Power Plant at Aboadze. VRA is
also a minority joint partner with TAQA, a private sector company which owns and operates the
Takoradi International Power Company thermal power plant also located at Aboadze.

Bui Power Authority (BPA), another state-owned entity, is charged with the implementation of
the Bui Hydroelectric Power Project. In addition, Independent Power Producers have been
licensed to build, own and operate power plants. The IPP projects are at various stages of

development. [35]

4.1.2 Transmission
GRIDCo was established in accordance with the Energy Commission Act, 1997 (Act 51) and
Volta River Development (Amendment) Act, 2005 Act 692, which provides for the

establishment and exclusive operation of the National Interconnected Transmission Systems by
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an independent utility and separation from the transmission function of the VRA from its other

activities within the framework of the power sector reform.

GRIDCo is mandated to undertake the economic dispatch and transmission of electricity from
the whole supplier (generating companies) to the bulk customers (distributing companies).
GRIDCo was commissioned to carry out transmission systems planning and also provide fair and

non-discriminatory transmission services to all power market participants. [36]

Table 4.1 Summary of Ghana National Transmission Grid facts [36]

Fact Sheet on Transmission Network - Transmission Line Length - 4,315.5 km
330 kV 219.5 km
161 kV 3888.1 km
225 kV 73.4 km
69 kV 132.8 km
No of Transformers(Including spares) 100
Transformer Capacity 2915 MW
No of Transformer and Switching 83
Substations
Largest switching Substations is Volta Tema
Substation
Transformer Substations 330/161 kV, 161/69 kV, 161/34.5 kV,
161/11.5 kV
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4.1.3 Distribution
The distribution of electricity in Ghana is dominated by two companies, the state-owned

Electricity Company of Ghana, and the Northern Electricity Distribution Company (NEDCo), a
subsidiary of VRA.

4.1.3.1 Electricity Company of Ghana

Electricity Company of Ghana is a limited liability company wholly owned by the Government
of Ghana and operating under the Ministry of Energy. The company was incorporated under the
Companies Code, 1963 in February 1997. It began as the Electricity Department on 1st April
1947 and later became the Electricity Division in 1962. It was subsequently converted into the
Electricity Corporation of Ghana by NLC Decree 125 in 1967 [37]

The company is charged with the responsibilities to transmit, supply and distribute electricity all
its customers in the southern part of Ghana (Ashanti, Central, Greater Accra, Eastern and Volta
Regions of Ghana). The company purchases electricity energy in bulk (from the Volta River
Authority) or any other supplier for distribution. They also construct, reconstruct, install,
assemble, repair, maintain, operate or remove sub-transmission stations, electrical appliances,

fittings and installations to enhance an effective supply of electricity to customers. [37]

4.1.3.2 Northern Electricity Distribution Company
This subsidiary of VRA is given a similar mandate as ECG to transmit, supply and distribute
electricity all its customers in the Northern part of Ghana (Brong-Ahafo, Northern, Upper East

and Upper West Regions).

4.2 RENEWABLE ENERGY POTENTIAL AND DEVELOPMENT IN GHANA

Under the National Energy Policy, the vision for the energy sector is to develop an “Energy
Economy” that would ensure secure and reliable supply of high quality energy services for all
(both urban and rural) Ghanaian homes, businesses, industries and the transport sector while

making significant contribution to the export earnings of the country. [35]

The policy objective for the power sector is to increase installed generation capacity from
1986MW to 5000MW by 2020. The overall national renewable energy policy target is to attain
10% (500MW) Renewable Energy (excluding large hydro) in the national energy mix by 2020.
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4.2.1 Renewable Energy Directorate

With government’s commitment to the development of the renewable energy sector, the
Renewable Energy Unit at the Ministry of Energy has been upgraded to a full Directorate similar
to the Petroleum and Power Directorates. This Directorate was established in December 2010 to
focus on the development and promotion of renewable energy for increasing access to

sustainable energy services.

4.2.2 Renewable Energy Law (Act 832)
The Renewable Energy Bill was passed by Parliament, has received Presidential assent, and has

since been gazetted - The Renewable Energy Act 2011 (Act 832). The Act is aimed at providing
the fiscal incentives and the regulatory framework to encourage private sector investment into

the sector. Among the key provisions in the act are:

e Feed-in-Tariff Scheme, under which electricity generated from renewable energy sources
will be offered a guarantee price.

e Renewable Energy Purchase Obligations, under which power distribution utilities and
bulk electricity consumers will be obliged to purchase certain percentage of their energy
requirement from electricity generated from renewable energy sources.

e Licensing regime for Commercial Renewable Energy Service Providers, among others, to
ensure transparency of operations in the renewable energy industry.

e The establishment of the Renewable Energy Fund to provide incentives for the

promotion, development and utilization of renewable energy resources.

4.2.3 Solar Potential in Ghana

Ghana is endowed with enormous solar energy resource spread across the entire country. Daily
solar irradiation level ranges from 4 kWh/m2 to 6 kWh/m2. Areas of highest irradiation levels
are spread across the entire northern belt which represents over 60% of the total national land
mass. The annual sunshine duration ranges between 1800 to 3000 hours offering very high
potential for grid connected and off-grid applications. Over 6,000 solar systems with an installed
capacity of 3.2 MW have been installed in the country mainly for off-grid applications. [38]
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4.3 PHOTOVOLTAIC POWER GENERATION AND CHARACTERISTICS

4.3.1 Solar Cell

A solar cell is an electrical device that converts the energy of light into Direct Current (DC)
electricity. Groups of PV cells can be used to charge batteries, operate motors and to power any
number of electrical loads. With right power conversion equipment, PV systems can produce
alternating current (AC) compatible with any conventional appliances, and can operate in
parallel with, and interconnected to, the utility grid. A solar cell is in a form of photoelectric cells
whose electrical characteristics vary when it is exposed to light and can generate and support an
electric current without any external voltage source. [39]

4.3.2 How Solar PV Cells Works

A photovoltaic cell is composed of a thin wafer consisting of an ultra-thin layer of phosphorus
doped (N-type) silicon on top of a thicker layer of boron-doped (P-type) silicon. At the p-n
junction near the top surface of the cell an electrical field is created. When sunlight strikes the
surface of a PV cell, this electrical field provides momentum and direction to light-stimulated
electrons, resulting in a flow of current when the solar cell is connected to an electrical load. A
typical silicon PV cell produces about 0.5 - 0.6 volt DC under open-circuit, no-load conditions.
The current (and power) output of a PV cell depends on its efficiency and size (surface area), and
is proportional to the intensity of sunlight striking the surface of the cell. The internally
generated photocurrent in a solar cell is proportional to the irradiance. [40][41]

Solar radiation

\ / Metallic gridline

Silicon N type vpvl Load

Silicon P type lpy N I
—————

\ +
Metallic gridline

Figure 4.1: Elementary photocell structure, [41]
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Figure 4.2 Electrical model of real photocell [41]

I'= Ipp— Iq—Ig, (1)
Where:
L)
Iph = Ige (M) (2)
V+rgl
la= 1o [z ®
V+rl
o *)

Considering the equivalents of I,,,, I and I, the mathematical model of the real photocell is the

following:
- D - q(V+ rSI) _ Vgl
I'= T (1000) I ( eVi—1 Tsh (5)
Where:
nkT
V= — 6
T p (6)

I,;, = Photocurrent

P

I; = Diode’s current
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I, = Current diverted by the shunt resistance Rsh

I, = Dark current (Reverse saturation current of the diode),

q = charge of electron, 1.60 x 1071°C

Kk = Boltzmann's constant, 1.38 x 10_23]/K
v = Voltage output (V)

I;c = Short circuit current (A)

® = Irradiation (W/m?)

4.3.3 Standard Test Conditions
Standard test conditions (STC) for terrestrial solar power modules is used to compare the

performance of different solar power modules uniform operating data. These conditions define
performance at incident sunlight of 1000 W/m2, a cell temperature of 25°C (77°F) and an Air
Mass of 1.5. [42]

Figure 4.3: Air mass [41]
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4.3.4 Solar Irradiance and Temperature Effects

Solar irradiance and temperature have a direct effect of the characteristics of solar PV and hence
its generation and efficiency. Solar irradiation is the measure incident of total amount of solar
radiation transmitted to the surface of the Earth’s atmosphere in a given unit of time. It is time
integral of the irradiance extended over a given period of time, therefore radiation units are units
of energy (J/m2/day, kWh/mz2/day or kWh/m#/month. [43]

The MPP varies during the day and that is the main reason why the MPP must constantly be
tracked and ensure that the maximum available power is obtained from the panel. The effect of
the irradiance on the voltage-current (V-1) and voltage-power (V-P) characteristics is depicted in
Figure 4.4, where the curves are shown in per unit, i.e. the voltage and current are normalized
using the Voc and the Isc respectively, in order to illustrate better the effects of the irradiance on
the V-1 and V-P curves [44].
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Figure 4.4: V-l and V-P curves at constant temperature (250C) and three different insolation

values

The open circuit voltage is linearly dependent on the temperature, as shown in the equation

below:
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K,,
Vo (T) = VSTC + —2% (T — 273.15)
100
The effect of the temperature on Voc is negative, because Kv,% is negative, i.e., when the
temperature rises, the voltage decreases. The current increases with the temperature but very

little and it does not compensate the decrease in the voltage caused by a given temperature rise.
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Figure 4.5: V-l and V-P curves at constant irradiation (1 KW/m2) and three different

temperatures

4.3.4 Peak Sun Hour
The number of peak sun hours for the day is the number of hours for which energy at the rate
of1IkW/m2 would give an equivalent amount of energy to the total energy for that day. It is

equivalent number of hours per day when solar irradiance averages 1000 w/m2. [45][41]

26



Irradiance

1kwW/m*

Irradiance varies

during the daV\

Hour of

the day

7.00 am 10.00 am: 2.00 pm 5.30 pm

Figure 4.4: Typical variation of Solar Irradiance [41]

4.3.5 Characteristic Voltage-Current | (V)

The standard representation of the output of a PV device is called the current-voltage curve. I-V
measurement determine the output performance of solar PV, including: open-circuit voltage
(Voc), short-circuit current (Isc), voltage at maximum power (Vmax), current at and current
maximum power (Imax). The letter "I" is usually used to represent electrical current and the “V”

operating voltage range. At high voltage, the relatively level current rapidly falls off past a

"knee" region on the curve.

Figure 4.5 Characteristic | (V) of a module MSX-83 from BP Solar and power curve at STC [41]

I, = Short Cuiruit Current
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V,c = Open Circuit Voltage

Ly, = Current that results in Maximum power under given condition

Vnp = Voltage that results in Maximum power under given condition

Prax = Maximum output power under given condition

4.3.6 Peak Power (kWp) of the Array at STC

This value specifies the output power achieved by a solar module under set Standard Test
Conditions. Peak power is also referred to as *nominal power" by most manufacturers since it is
based on measurements under optimum conditions. The peak power is different from the power

under actual radiation conditions and practically it will be approximately 15-20% lower due to

the considerable heating of the solar cells. [39]
Py = Go x Ax gy (kWp) (7
P, = peak power
G, = 1000 w/m?
A = Available area
N, = efficiency

Number of Modules for a PV generator

Po(Array) = Pmmp X Nm) (8)

Py(array) = peak power of the array
Primp = Normal power

N,, = number of modules

4.4 PHOTOVOLTAIC SYSTEMS
Classification of Photovoltaic systems can be done based on their functional and operational

requirements, their component configurations and how the system is connected to either power
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sources or electrical loads. Based on system connectivity, we have standalone and grid-
connected system. Since the focus of the thesis is grid connected, we will explore the various

connection and components of grid connected.

4.4.1 Grid Connected Solar PV Systems

Grid-connected, also known as utility-interactive PV systems are designed to operate with and
interconnected to electrical utility grid. In grid-connected systems, the inverter is the primary
component. The inverter converts the DC power produced the PV array into AC power
consistent with the voltage and power quality requirements of the utility grid. The inverter stops
the PV array from supplying power when the utility is not energized. This safety feature is
required in all grid-connected PV systems, and ensures that the PV system will not continue to

operate and feed back into the utility grid when the grid is down for service or maintenance. [47]

Figure 4.6: Grid-Connected system [47]

4.4.1.1 Junction Box
Multiple modules are connected through a junction box, to provide surge protection. [47]
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4.4.1.2 DC Switch

Solar generators must be separated from the inverter in order to undertake repairs or general
maintenance work on the systems. This is achieved by a DC switch installed closer to the
inverter. DC switch copes with the short-circuit current as well as the open-circuit voltage as the
modules continue to generate electricity. Some inverter manufacturers’ offer integrated DC
switches. [47]

4.4.1.3 Inverter

In commercial capacity category, 3 phase inverters are the most suitable choice for the PV
systems. The DC power coming from the photovoltaic generator is converted into a utility
frequency alternating current AC by the inverter before feeding it into the electric grid. Solar
inverters have some special features maximum power point tracking and anti-islanding
protection. The Solar PV inverters utilize a Maximum Power Point Tracking (MPPT) to find the
maximum power through adjusting the voltage and current supplied from the PV panel. They can
be categorized into three different types, namely standalone, grid-tier and battery backup

inverters. [48]

4.4.1.3.1 Stand-Alone Inverter

The stand-alone inverters are especially used in isolated systems where the inverter draws DC
energy from batteries that have been charged by the Solar PV panel. The inverters are designed
to be used off grid. They can be run from Solar PV panels and batteries using a charge controller.
The charge controller regulates the input from the Solar PV system and protects the batteries. It

also regulates the battery output and controls the charging of the batteries. [48]

4.4.1.3.2 Grid Tier Inverter
The Grid-Tier inverters contain some special circuitry to precisely match the voltage and

frequency of the electrical grid network. They are designed to be connected to the National Grid,
and are designed to detect the presence of the National Grid and shut down automatically on
occasions when supply is lost. Grid-tier inverters do not provide backup electricity during power
cuts. [48]
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4.4.1.3.3 Battery Backup Inverter

Battery back-up inverters are designed to draw energy from a battery, manage a battery charge
via an on-board charger, and export excess energy to the electric grid. The Battery Backup
Inverters are capable of supplying AC energy to selected loads during a power cut, and are

required to have anti-islanding protection. [48]

4.4.1.4 Transformer

An optional transformer may step up the voltage to very high voltage required by the grid. [47]

4.4.1.5 AC Switch
An AC switch is required by grid operators to ensure safety. It automatically switches off the

grid connection if current errors, changes in frequency or voltage are detected. [47]

4.5 SOLAR PV INTEGRATION CODES AND STANDARDS

Solar PV integration or interconnection can be done on different voltage levels. The
recommendations from the California Independent System Operator Corporation (CAISO)
suggest that due to their higher capacity, large-scale solar PV generators should be
interconnected at the transmission level. Small-scale solar PV generators, however, mostly need
to interconnect to the closest distribution or sub-transmission system. In [49] the interim status
in identifying and reviewing photovoltaic PV codes and standards (C&S) was presented. Related
electrical activities for grid-connected, high-penetration PV systems with utility distribution
grid interconnection were also reported. Of note, not all identifying topics and concerns are in
the existing C&S documents, thus there are some research projects ongoing, which would make

recommendations for related C&S needs.

In their Special Report entitled "Accommodating High Levels of Variable Generation," the North
American Electric Reliability Cooperation presented an inseparable link between design
standards and requirements related to overall reliable performance of the bulk power system. It
was outlined that there is a considerable work required by both generator owners and operators
to standardize the basic requirements in interconnection procedures and standards. [50]
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The effective and reliable interconnection and operation of renewable energy sources requires
voltage regulation and reactive power capability; low and high voltage ride-through; inertial
response (effective inertia as seen from the grid); control of the MW ramp rates and/or curtail
MW output; and frequency control (governor action).

4.5.1 IEEE Standard for Interconnecting Distributed Resources with Electric Power
Systems
The IEEE Standard for interconnecting Distributed resources provides interconnection technical

specifications and requirements, and test specifications and requirements. It provides
interconnecting requirements relevant to the operation, testing, performance, safety
considerations, and maintenance of the interconnection. The limitation of the interconnecting
standards it is applicable to all distribution generation with aggregate capacity of 10 MWA or
less at the point of common coupling, interconnected to EPSs at typical primary and/or
secondary distribution voltages. The standard written on the assumption at the Distribution
Resource is at 60 HZ source. Tables below are IEEE interconnection system response to

abnormal voltages, abnormal frequency and maximum harmonic current distortion [51]

Table 4.2 Interconnection system response to abnormal voltages [51]

Voltage Range (% of base voltage) Clearing Time (s)
V <50 0.16
50V <88 2.00
110<V <120 1.00
V>120 0.16

Base voltages are the nominal system voltages stated in ANSI C84.1-1995, Table 1.

Clearing time(s): DR < 30 kW, maximum clearing times; DR > 30kW, default clearing times

Maintain service voltage within ANSI C84 Range A (+/-5%)
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Table 4.3 Interconnection system response to abnormal frequencies [51]

DR Size

Frequency range (Hz) Clearing Time (s)
> 60.5 0.16
<30kW < 59.3 0.16
> 60.5 0.16
> 30 kW <{59.8 - 57.0} Adjustable 0.16 to 300
(adjustable set point)
<57.0 0.16

DR <30 kW, maximum clearing times; DR > 30 kW, default clearing times

In Europe the standard61400-21 recommends to apply the standard61000-3-6 valid for

polluting loads requiring the current THD smaller than 6-8 % depending on the type of network.

Table 4.4 Maximum harmonic current distortion in percent of current

harmonic limit
5th 5-6 %
7th 3-4 %
11" 1.5-3%
13" 1-2.5 %

4.6 GRID-INTERCONNECTION ISSUES WITH SOLAR PV

The following are electrical issues associated with grid-interconnections:

4.6.1 Voltage Fluctuation

Voltage fluctuation occurs when there is a swing in voltage, and this can have a negative impact
on the system if it moves outside specified values. The swing in voltage can be high
(overvoltage, which decreases the life span or damage equipment especially the electronic

components) and low (undervoltage, which can affect the operation of some equipment) [52]

33




To help contribute to power quality and unintentional islanding, Inverters are generally
configured to operate in grid ‘voltage-following’ mode and to disconnect when the grid voltage
moves outside set parameters. In high penetration solar PV system, automatic disconnection due
to the grid voltage being out of range can be problematic because other generators on the

network will suddenly have to provide additional power. [52]

To solve this problem, voltage sag tolerances could be broadened and where possible, Low
Voltage Ride-through Techniques (LVRT) could be incorporated into inverter design. LVRT
allows inverters to continue to operate for a defined period if the grid voltage is moderately low
but they will still disconnect rapidly if the grid voltage drops below a set level. In Germany,

LVRT standards are now incorporated into grid-connection standards. [52]

4.6.2 Voltage imbalance
Voltage imbalance occurs when the amplitude of each phase voltage is different in a three-phase

system. Single-phase systems installed disproportionately on a single phase can cause
unbalanced networks leading to damage to controls, transformers, motors and power electronic
devices. Hence, at high PV penetrations, the cumulative size of all systems connected to each

phase should be as equal as possible. [52]

4.6.3 Voltage rise and reverse power flow

In a traditional centralized power networks, power flow in one direction only: from power plant
to transmission network, to distribution network, to load. In order to accommodate line losses,
voltage is usually supplied at 5-10% higher than the nominal end use voltage. VVoltage regulators
are also used to compensate for voltage drop and maintain the voltage in the designated range
along the line. [52]

Recently, both the mix of centralized and distributed generators as well as the load determines
power flows and voltages in the network. With high penetration so solar PV on feeders, localized
overvoltage can occur, and the voltage at the load end may be greater than the voltage on the
normal supply side of the line — this is known as the voltage rise and can result in reverse power
flow. [52]

The four most common approaches currently used to minimize voltage rise and reverse power

flow are applied to the PV systems themselves and involve (i) ensuring PV systems are smaller
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than the daytime load, (ii) use of a minimum import relay (MIR) to disconnect the PV system,
(iii) use of a dynamically controlled inverter (DCI) to gradually reduce PV output, and (iv) use of
a reverse power relay (RPR) to disconnect the PV system if the load drops to zero or reverses
direction. [52]

4.6.4 Power factor correction
Power factor affects the quality of the power. Poor power factor on the grid increases line losses

and makes voltage regulation more difficult to handle. Inverters configured to be “voltage-
following” have unity power factor, while inverters in voltage-regulating mode provide current
that is out of phase with the grid voltage and so provide power factor correction. This can be
either a simple fixed power factor or one that is automatically controlled by, for example, the

power system voltage. [52]

4.6.5 Frequency variation and regulation

Frequency is one of the most important factors in power quality and must be uniform throughout
an interconnected grid. Disruptions in the balance between supply and demand lead to frequency
fluctuation. Frequency regulation is generally maintained by control loops built into the power
generating sources on the network. Because solar PV is intermittent nature, it makes frequency

control more difficult. [52]

Inverters may of course be able to help with frequency control, and can provide frequency
control in milliseconds, which is significantly faster than conventional generation. However,

special control algorithms would need to be developed to take. [52]

4.6.6 Harmonics

Harmonics are currents or voltages with frequencies that are integer multiples of the fundamental
power frequency. Current produced by a solar PV system is a direct current. The inverter
interface between the Solar PV and the grid works by converting DC current to AC
current through a semiconductor switching circuit, but the AC wave obtained from the devices
will not be a perfect sinusoidal wave. The introduce harmonics into the power network. In
countries like Australia and Greece, the total harmonic distortion should not exceed 5%. This
figure is different in Germany, which gives a harmonic distortion allowance of up to 8 % for

inverter current up to the 50th harmonic. [28][29]
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CHAPTER FIVE

5.0 METHODOLOGY AND IMPLEMENTATION (MODELING AND SIMULATION)

The chapter will discuss the modeling and simulation of the 2.0 MWp VRA project at Navrongo.
Since the case study is real, modeling of the system would be done according to component
purchased and data provided by VRA. Open Distribution System Simulator (Open-DSS)

software will be used for the modeling and simulation in this chapter.

5.1 THE 2.0 MWP PV OF THE VRA’S RE DEVELOPMENT

The Volta River Authority has planned to increased their generation capacity by generation
2.0MWp Solar PV into the transmission grid. This is the first step of the company’s vision to
generate 10MW RE mix.

5.2 PROJECT SITE AND RESOURCES
Navrongo, a district in upper East part of Ghana, was selected for the first phase of the project.

The feasibility study shows Navrongo as one of the best sites for this project because of its

average yearly solar irradiance levels. Navrongo is located at 10°53'5"N 1°5"25"W.

5.1 Navrongo, 2.0 MWp Solar PV Project Site

36



5.2.1 Solar Irradiance and Air Temperature of Nanvrogo
Navrongo daily solar radiation is one of the reasons why the VRA selected it as a site for this

project. Daily solar irradiation levels range from 4.90 kWh/m2 to 6.61 kWh/m2, with August and
January recording worst and best month respectively. The average daily solar radiation for the
year is 6.10 kWh/m2. The temperature also ranges from 24.1 °C to 29.90 °C, with 27.1 °C been
the annual average. [53]

Navrongo Daily solar radiation kWh/m?d

| Daily solar radiation kWh/m?/d

solar radiation kWh/m?/d
O R N W & U1 O N

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 5.2: Navrongo Daily Solar Radiation (kWh/m?/d), RETScreen

Navrongo Air temperature °C
35
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@ Air temperature °C
10

Air temperature °C

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 5.3: Navrongo Daily Air temperature °C, RETScreen
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5.2.2 Single Line Diagram and Load Details of Navrongo Network

The diagram in figure 5.4 shows the single line diagram of the Navrongo power network. The

distance between the take off bus and the Navrongo 34.5 kV bus is 27.4 km. The Navrongo 34.5

kV bus serves Tumu and Sadema. Much of the load is concentrated on the Navrongo 34.5 kV

bus and that is where the Solar PV is injected into the grid. The total apparent load on the
network is 3762.34 kVA with the active load been 3.502 MW.

Take off bus

Navrongo 11 KV Bus

15 km
i 64.13 KVA, pf=0.9
L .
Kangida Loads
12.4 km
= ] Navrongo 34.5 KV Bus
Navrongo Po =t -
S KV S KV
460KV A @ 345KV /115 KV
Tumu Sadema
1119.26 KVA 762.17 KVA
C ]
561.26 KVA 49.98 KVA 745.36 KVA
NGBF1 NGBF2 NGBF3

Figure 5.4: Single Line Diagram of Navrongo Network, VRA
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5.3 SOLAR PV SELECTION

The desired capacity to install has already been agreed by VRA to be 1.9MWp. The VRA
selected a Solar PV from Suntech. The table below shows the detail information and electrical
characteristics at STC of the panel.

Table 5.1, Data Sheet Information and Electrical Characteristics at STC of Suntech PV

Data Sheet Information and Electrical Characteristics at STC
PV Module Manufacturer Suntech
Model Number STP/295-24/\d
Maximum Power (Pmax) 295W
Optimum Operating Voltage (Vmp) 357V
Optimum Operating Current (Imp) 8.27 A
Module Efficiency 15.20%
Short Circuit Current (Isc) 8.57 A
Open Circuit Voltage (\Voc) 45.1V
Operating Module Temperature —40°Cto+85°C
Power Tolerance 0/+5%
Maximum Series Fuse Rating 20A

Number of Modules for a PV generator

Pocarray) = Pnmp X N (8)
Po(array) = peak power of the array
Prump = Normal power

N,, = number of modules

1.9M = 295x N,,
The number of number will therefore be equal to 6440.67.A little over 6440 PV modules were

used to ensure that the total output power was 1.9 MWp. The performance ratio (PR) after a

series of tests indicates over 90%.
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5.4 INVERTER SELECTION

Since inverter is one of the most essential components of grid connected systems, the Authority

carefully selected 500 kW on-grid inverter from GUANYA Powers. For the purpose of this

project four of the inverter would be needed for the 1.9MWp generation. The table below shows

the detail information and electrical characteristics of the selected inverter.

Table 5.2: Data Sheet Information and Electrical Characteristics at STC of GUANYA Inverter

Data Sheet Information and Electrical Characteristics

Name of Manufacturer

GUANYA Power

Inverter Type

GSC-500KTT-TV

Output Rated Power 500 kW
European Efficiency (Weighted Average | > 97.5%
Efficiency)

Maximum Efficiency > 97.5%

10% Output Rated Power > 90%
Maximum DC Input Voltage DC 900 V
MPPT Voltage range DC 440 -850 V
Maximum DC Input Current 1200 A

Loops of DC Input 8

Output Rated Voltage AC 415V
Output Voltage Range AC 330 - AC460 V
Output Frequency Range 44-55 Hz

Power factor

0.9 leading ~0.8 lagging

Maximum AC output Current 765 A
Total Harmonic Distortion <3%
Operation loss <1500 W
Night Power loss <80W
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5.5 TRANSFORMER SELECTION

A 0.415/34.5 kV, 2.5 MVA step-up transformer from Baoding Tianwei Group Tebian Electric

Company limited is selected for this project. The detail information of the transformer is shown

in the table below.

Table 5.3, Data Sheet Information and Electrical Characteristics at STC of Baoding Transformer

Data Sheet Information and Electrical Characteristics

Name of Manufacturer

Baoding Tianwei Group Tebian Electric CO. LTD.

Standard in force

IEC

Number of Windings 2

Rated Frequency 50.0 Hz
Rated Power 2.5 MVA
Rated Voltage MV windings 345 kV
Rated Voltage LV windings 0.415 kV

Voltage Ratio and Tapping

0.415 + 2 x 2.5% /34.5 kV

Regulation +2 taps of each 2.5%
MV winding Delta
MV winding Star with external neutral
MV/LV Dynill
Short Circuit power of feeding system
(MVA)
LMV Infinite
- LV 2000 MVA
No Load Losses at Rated Voltage and | 2.4 kW
Frequency
No Load Current on 2.5 MVA Base at | 0.6 %

rated Voltage and Frequency
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5.6 SINGLE LINE DIAGRAM WITH THE SOLAR PV INJECTION

Take off bus
[ 8 |
15 km
{ 64.13 KVA, pf=0.9
Kangida Loads
12.4 km
0.415/345 KV, 2.5 MVA
Navrongo 34.5 KV Bus ( i j >
Inverter ; ’
500 KW PV Array
Navrongo Po
460KVA @ 345KV /115 KV
Tumu Sadema
1119.26 KVA 762.17 KVA
[ ]  Navrongo 11 KV Bus
561.26 KVA 49.98 KVA 745.36 KVA
NGBF1 NGBF2 NGBF3

The Figure 5.5 shows the single line diagram with of solar PV injection at the Navrongo 34.5 kV
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5.7 MODELING AND SIMULATION

The Electric Power Research Institute (EPRI) developed Open Distribution System Simulation
(OpenDSS) as a comprehensive electrical system simulation tool for electric utility distribution
systems. The OpenDSS program has been used for distribution planning and analysis, general
multi-phase AC circuit analysis, analysis of distributed generation interconnections, annual load
and generation simulations, risk-based distribution planning studies, probabilistic planning

studies, solar PV system simulation, wind plant simulations and other analysis. [54]

5.7.1 Structure of OpenDss

OpenDSS is a comprehensive and open-source electrical system simulation tool for electric
utility distribution systems. The software can be executable as stand-alone or a COM DLL
designed to be driven from a variety of existing platforms. The structure of the software
incorporates Scripts, COM interface Scripts Results, user written Dynamic Link Library and the
Main Simulation Engine. The COM interface provides direct access to the text-base command
interface. [54]

Scripts

-

-~
|

cOM J
Interface =

\
2= User-
Written

DLLs

Scripts,
Results

Figure 5.6: The Structure of OpenDSS [54]

5.7.2 OpenDSS PV System Element Model

The Electric Power Research Institute has built on the version of OpenDSS from time to time.
This present version (7.4.1) of the model is useful, efficient and quick for simulations. The
model works on the assumption that the inverter is able to find the max power point (mpp) of the
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panel quickly and this makes modeling of the individual components (PV panel and inverter)

very simple. Figure 5.7 shows the Block diagram of the PV System Element Model. [54]
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Figure 5.7: Block Diagram of the PVSystem Element Mode

Reactive power is specified separately from the active power and may be specified as either
fixed kVar values or a fixed power factor value. If the PF property is specified, the model holds a
constant output power factor until the PF property is changed (default mode). If the kVar
property is specified, the inverter is assumed to attempt to hold that value despite the present
value of the panel power. The actual kVar output is dropped if the rated k\VA of the inverter is
exceeded. [54]

The PV System model uses X-Ycurve objects to describe certain characteristics of the PV panels
and inverters. X-Ycurve objects are new with this version of OpenDSS. One may enter x-y

curves as either an array of points or as separate arrays of x and y values. [54]

5.8 MODELING SCRIPT AT 500 kW PV PENETRATION
Refer to Appendix |
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CHAPTER SIX

6.0 RESULTS AND ANALYSES

The results of the simulation will be analyzed and discussed in this chapter. The total active load
of the Navrongo network is 3.502 MW and the output rated power of the inverter is 500 kW,
hence the injection of 500 kW represent 14% of the active load. The penetration of the solar was
from 500 kW (represent 14%) to 3.5 MW (represent 100%). The simulations were done at

various penetration levels for voltage, power losses and total harmonic distortion.

6.1 Voltage Variation at VVarious Penetration Level
The table 5.5 shows the simulation results of line to line voltage at various penetration levels
(500 kW to 3.5 MW) from 0:00 to 23:00 GMT.

Table 6.1 Voltages at Navrongo Bus 34.5 kV at various penetration scenarios

Navrongo Navrongo Navrongo Navrongo Navrongo
Time | Solar Temp | 34.5kV Bus | 34.5 kV 34.5 kv 34.5 kV Bus 34.5 kV Bus
(Hr) | Irradian | (°C) | (kV) @ 14% | Bus (kV) Bus (kV) (kv) @ 85% | (kV) @100%
ce(pu) @28% @57%
00.00 | 0.00 29 33.68 33.68 33.68 33.68 33.68
01.00 | 0.00 28 33.68 33.68 33.68 33.68 33.68
02.00 | 0.00 27 33.68 33.68 33.68 33.68 33.68
03.00 | 0.00 27 33.68 33.68 33.68 33.68 33.68
04.00 | 0.00 26 33.68 33.68 33.68 33.68 33.68
05.00 | 0.00 25 33.68 33.68 33.68 33.68 33.68
06.00 | 0.00 27 33.68 33.68 33.68 33.68 33.68
07.00 | 0.28 28 33.71 33.75 33.82 33.89 33.92
08.00 | 0.45 30 33.73 33.79 33.90 34.02 34.07
09.00 | 0.75 31 33.77 33.87 34.05 34.24 34.33
10.00 | 0.84 33 33.79 33.89 34.09 34.30 34.39
11.00 | 0.97 33 33.80 33.92 34.14 34.70 34.48
12.00 | 1.00 35 33.79 33.90 34.11 34.33 34.43
13.00 | 0.94 36 33.80 33.91 34.13 34.36 34.47
14.00 | 0.87 37 33.79 33.90 34.10 34.30 34.41
15.00 | 0.83 40 33.78 33.88 34.07 34.28 34.37
16.00 | 0.60 39 33.71 33.83 33.97 34.12 34.18
17.00 | 0.30 37 33.71 33.75 33.82 33.90 33.93
18.00 | 0.00 35 33.68 33.68 33.68 33.68 33.68
19.00 | 0.00 32 33.68 33.68 33.68 33.68 33.68
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20.00 | 0.00 30 33.68 33.68 33.68 33.68 33.68
21.00 | 0.00 30 33.68 33.68 33.68 33.68 33.68
22.00 | 0.00 31 33.68 33.68 33.68 33.68 33.68
23.00 | 0.00 29 33.68 33.68 33.68 33.68 33.68

6.1.1 Analysis of the Results

Voltage Variation at 0.5 MW/(14%), 1.0 MW(28%) 2.0 MW(57%), 3.0 = (KV) @ 14%
MW(85%) & 3.5 MW(100%)

m (KV) @28%

345 (KV) @57%

H (KV) @ 85%

Voltage (kV)

u (KV) @100%

Time (hr)

Figure 5.8: A Graph of VVoltage Variation

Figure 5.8 represent a graph of Voltage Variation at 0.5 MW (14%), 1.0 MW (28%), 2 MW
(57%), 3.0 MW (85%) & 3.5 MW (100%). The voltage was steady during the hour of 00:00 to
06:00 but it shown a gradual increase when the PV is injected from the hour of 07:00 at 0.28
kWh/m2/d (pu) of solar irradiance and 28 °C of temperature. The voltage rises from 33.68 kV
(without solar PV) for all penetration levels. The increase was 33.92 kV, 34.14 kV and 34.48 kV
for 1.0 MW (28%), 2.0 MW (57%) & 3.5 MW (100%) respectively. The voltage rise is also
directly proportional to the penetration level hence 3.5 MW (100%) having the highest voltage
rise at 0.97 kWh/m#/d (pu)

The main reason for this increase or rise in voltage is that solar inverter pushes electricity back
out to the grid by slightly raising its voltage above the source grid voltage. The result of this is
the further away the transformer, the higher the voltage drop and thus the inverter has to increase
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its voltage to push the energy back out to the grid. This is one of the main concerns to
distribution companies regarding solar photovoltaic (PV) grid-connected. The voltage profile

indicates that the voltage still remains within the statutory limit 36.225 kV.

6.2 Total Power Losses in Navrongo 34.5 system at various Penetration levels
The table 5.6 shows the simulation results total power losses at various penetration levels (500
kW to 3.5 MW) from 0:00 to 23:00 GMT.

Table 6.2 Total Power Losses at Navrongo Bus 34.5KV at various Penetration levels

Ti Temp Navrongo Navrongo Navrongo Navrongo Navrongo
ime | Solar 0 34.5 kv 34.5kVBus | 34.5kv 34.5kV Bus | 34.5 kV Bus
(H) | wradiance | (9| Bucuv) | () @28% | Bustkv) | (kv) @85% | (kv) @100%
(pu) @14% @57%

00.00 | 0.00 29 1.47 1.47 1.47 1.47 1.47
01.00 | 0.00 28 1.47 1.47 1.47 1.47 1.47
02.00 | 0.00 27 1.47 1.47 1.47 1.47 1.47
03.00 | 0.00 27 1.47 1.47 1.47 1.47 1.47
04.00 | 0.00 26 1.47 1.47 1.47 1.47 1.47
05.00 | 0.00 25 1.47 1.47 1.47 1.47 1.47
06.00 | 0.00 27 1.47 1.47 1.47 1.47 1.47
07.00 | 0.28 28 1.37 1.28 1.13 0.98 0.92
08.00 | 0.45 30 1.32 1.18 0.99 0.79 0.72
09.00 | 0.75 31 1.22 1.04 0.85 0.65 0.64
10.00 | 0.84 33 1.20 1.01 0.84 0.66 0.68
11.00 | 0.97 33 1.16 0.96 0.84 0.71 0.78
12.00 | 1.00 35 1.16 0.96 0.85 0.71 0.78
13.00 | 0.94 36 \ gy 0.97 0.84 0.69 0.74
14.00 | 0.87 37 1.19 1.00 0.84 0.66 0.69
15.00 | 0.83 40 1.12 402 0.84 0.65 0.66
16.00 | 0.60 39 1.27 1.12 0.91 0.69 0.64
17.00 | 0.30 37 1.37 1.28 1.12 0.96 0.90
18.00 | 0.00 35 1.47 1.47 1.47 1.47 1.47
19.00 | 0.00 32 1.47 1.47 1.47 1.47 1.47
20.00 | 0.00 30 1.47 1.47 1.47 1.47 1.47
21.00 | 0.00 30 1.47 1.47 1.47 1.47 1.47
22.00 | 0.00 31 1.47 1.47 1.47 1.47 1.47
23.00 | 0.00 29 1.47 1.47 1.47 1.47 1.47
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6.2.1 Analysis of the Results

Power losses at 0.5 MW(14%), 1.0 MW(28%) 2.0 = (kv) @14%

MW!(57%), 3.0 MW(85%) & 3.5 MW(100%) & kv) @28%
= (KV) @57%
H (KV) @85%
m (KV) @100%

Power losses (%)

Time (hr)

Figure 5.9: A Graph of Power Loss

Figure 5.9 represent a graph of Power Losses at 0.5 MW (14%), 1.0 MW (28%), 2 MW (57%),
3.0 MW (85%) & 3.5 MW (100%). The Power Loss decreased from 07:00 to 17:00 GMT.
Without PV injection the Power Losses were steady from 00:00 to 06:00 but shown a gradual
decrease when the Solar PV was injected at the hour of 07:00 at 0.28kWh/m2/d (pu) of solar
irradiance and 28 °C of temperature. The Total Power loss decreases from 1.47% at all
penetration levels to 1.16%, 0.96%, 0.84%, 0.65% and 0.64 for 0.5 MW (14%), 1.0 MW (28%),
2 MW (57%), 3.0 MW (85%) & 3.5 MW (100%) respectively.

This variation in the system percentage loss is due to the varying values of irradiance and
temperature. Most importantly the decrease in power losses is as a result of decrease in power
flow from the take off bus. The distance between the take off bus and the Navrongo 34.5 kV bus
is about 27 km, hence injecting Solar PV at the Navrongo reduces power flow from the take off

bus and therefore reducing the transmission line losses and other circuit losses.
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6.3 Total Harmonic Distortion at Navrongo Bus 34.5 kV at various Penetration levels
The table 5.7 shows the simulation results total Harmonic Distortion at 0.5 MW (14%), 1.0 MW
(28%), 2 MW (57%), 3.0 MW (85%) & 3.5 MW (100%) from 0:00 to 23:00 GMT.

Table 6.3: Total Harmonic Distortion at Navrongo Bus 34.5 kV at various penetration levels

Time Temp  Irradiance THD@ | THD@ [ THD@ | THD at THD @
(Hrs) (’C) (Pu)  14% |28% |57% 85% 100 %
0:00 29 0.00 2.98 3.07 5.59 6.77 7.89
1:00 28 0.00 2.98 3.07 5.59 6.77 7.89
2:00 27 0.00 2.98 3.07 5.59 6.77 7.89
3:00 27 0.00 2.98 3.07 5.59 6.77 7.89
4:00 26 0.00 2.98 3.07 5.59 6.77 7.89
5:00 25 0.00 2.98 3.07 5.59 6.77 7.89
6:00 27 0.00 2.98 3.07 5.59 6.77 7.89
7:00 28 0.28 3.03 3.18 5.95 6.91 8.35
8:00 30 0.45 3.12 3.32 6.2 7.08 8.73
9:00 31 0.75 3.37 3.59 6.68 7.13 8.97
10:00 33 0.84 3.43 3.67 6.85 7.45 9.17
11:00 33 0.97 3.60 3.78 7.01 7.89 9.38
12:00 35 1.00 3.69 3.72 6.92 8.12 9.67
13:00 36 0.94 3.74 3.76 6.98 8.46 9.73
14:00 37 0.87 3.67 3.68 6.85 8.37 9.53
15:00 40 0.83 3.59 3.63 6.76 8.23 9.23
16:00 39 0.60 3.28 3.43 6.4 7.94 8.79
17:00 37 0.30 3.17 3.19 5.71 7.16 8.15
18:00 35 0.00 2.98 3.07 5.59 6.77 7.89
19:00 32 0.00 2.98 3.07 5.59 6.77 7.89
20:00 30 0.00 2.98 3.07 5.59 6.77 7.89
21:00 30 0.00 2.98 3.07 5.59 6.77 7.89
22:00 31 0.00 2.98 3.07 5.59 6.77 7.89
23:00 29 0.00 2.98 3.07 5.59 6.77 7.89
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6.3.1 Analysis of the Results

Total Harmonic Distortion at 14%, 28%, 57%, 85%, 100% mTHD at 14 %
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Figure 5.10: A Graph of Total Harmonic Distortion

The power electronic components in the PV inverters give rise to harmonics in the PV system.
Figure 5.10 shows a graphical presentation of Total Harmonic Distortion (THD) at various
penetration levels. All the penetration levels show rise in total harmonic distortion. The highest
total harmonic distortion for 14%, 28%, 57%, 85% and 100% penetrations were 3.60%, 3.78%,
7.01%, 7.89% and 9.38%. In Europe, the standard 61400- 21 recommends to apply the standard
61000-3-6 valid for polluting loads requiring the current THD smaller than 6-8 % depending on
the type of network.

In countries like Australia and Greece, the total harmonic distortion should not exceed 5%. This
figure is different in Germany, which gives a harmonic distortion allowance of up to 8 % for
inverter current up to the 50th harmonic. From the result, 57% (2.0 MW) and above violate the
THD limitation.

In general, a harmonic problem can be defined as a particular disturbance, which is created by
the presence of non-linear components in the electrical system that determines a permanent
modification of the voltage and current sinusoidal wave shapes in terms of sinusoidal

components at a frequency different from the fundamental.
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6.4 Validation of Simulated Results with Measured Data
Simulated voltage results were validated with the measured results on site since the project is in
operation now. Using the Least Square Methods, the correlation between simulated and

measured values was determined.

Table 6.4: Simulated values of Voltage at 57% (2.0 MW) versus Measured value for the month

of June. (For sampled measured values refer to Appendix I1)

Time Simulated Measured
6:00 33.68 33.65
7:00 33.82 33.72
8:00 33.9 33.92
9:00 34.05 34.15
10:00 34.09 34.3
11:00 34.14 34.31
12:00 34.11 34.17
13:00 34.13 34.08
14:00 34.1 34.12
15:00 34.07 33.95
16:00 33.97 Bl
17:00 33.82 33.78
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Figure 5.11: Using Least Square Method to Find Correlation between Simulated Value and

Measured Value

Using Least Square Method to Find Correlation between Simulated Value
and Measured Value
34.40

M = -
" s y =1.8211x - 10,011 - o
A aea R2=0.7701
S *
U Vv 34.10 /‘.:
R A
EL 34.00 m
D U 33.90 L

= 33.80
vV *
O K 33.70 /:/

*

LV 3360
T
A 3350 T T T T T 1
G 33.60 33.70 33.80 33.90 34.00 34.10 34.20
E SIMULATED VOLTAGE VALUE (kV)

The correlation coefficient (R?) is always a number between -1 and 1. Values of R? that are close
to 1 indicate reliable formula. The value of R2 obtained is a good hence we can be able to predict

the actual voltage will correspond to any simulated value.
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CHAPTER SEVEN

7.0 CONCLUSION

The research has investigated and identified the technical challenges that exist when integrating
utility-scale solar PV into transmission grid to be Voltage Rise, Voltage Stability, Harmonics,
Islanding and Power Quality.

The research modeled and simulated using OpenDSS software the 2.0MWp PV of the Volta
River Authority’s Renewable Energy Development Project (REDP) at Navrongo at various
penetration levels. The results for voltage variations, power losses and total harmonic distortions

have been analyzed and discussed.

It can be concluded from the simulated results and analysis the voltage soars from 33.68 KV
(without solar PV) for all penetration levels to 33.92 kV, 34.14 kV and 34.48 kV for IMW
(28%), 2MW (57%) & 3.5MW (100%) respectively. The voltage rise is also directly proportional
to the penetration level hence 3.5 MW (100%) having the highest voltage rise at 0.97 kwh/mz2/d
(pu). The voltage profile indicates that the voltage still remains within the statutory limit 36.225
kV.

The Total Power loss decreases from 1.47% at all penetration levels to 1.16%, 0.96%, 0.84%,
0.65% and 0.64 for 0.5 MW (14%), 1.0 MW (28%), 2 MW (57%), 3.0 MW (85%) & 3.5 MW
(100%) respectively. Total harmonic distortion rise at all penetration levels. The highest total
harmonic distortion for 14%, 28%, 57%, 85% and 100% penetrations were 0.97%, 3.60%,
3.78%, 7.01%, 7.89% and 9.38%.

7.1 RECOMMENDATIONS
e Its recommended that Dynamic/Static Var Compensator and Static Synchronous

Compensator should be used to control the total harmonic distortion which is above the
normal (US) for 2MWp and above penetration

e The Energy Commission should outline code and standards for integrating RE into the
Ghanaian transmission grid

e Study should be conducted to investigate Islanding and reserve power flow, which this

paper couldn’t accomplish because of the limitation of the software.

53



REFERENCE

[1] Global Trends in Renewable Energy investment, 2012, Frankfurt School of Finance &
Management gGmBH 2012, pp. 5-6

[2] International Energy Agency, World Energy Outlook 2011, pp. 86, 185
[3] Ministry of Energy, Republic of Ghana, National Energy Policy, February 2010, pp. 21

[4] Online: Ministry of Energy, Republic of Ghana, 4th December, 2012
http://www.energymin.gov.gh/?p=937

[5] International Electrotechnical Commission, Grid integration of large-capacity Renewable
Energy sources and use of large-capacity Electrical Energy Storage, White paper, October, 2012.

[6] CAISO, “Small Generator Interconnection Procedures (SGIP) Tariff,”available at
http://www.caiso.com/240d/240dbed434030.pdf.

[7] CAISO, “Large Generator Interconnection Procedures (LGIP) forinterconnection Requests in
a Queue Cluster Window,” available athttp://www.caiso.com/2382/23829e1656¢10.pdf.

[8] Sam KoohiKamali, Sallehhudin Yusof, Jeyraj Selvaraj and Mohd Nizam Bin Esa "Impacts
of Grid-Connected PV System on the Steady-State Operation of a Malaysian Grid" 2010 IEEE
International Conference on Power and Energy (PECon2010), Kuala, Lumpur, pp 1-6

[9] Xu Xiaoyan, Huang Yuehui, He Guoging, Zhao Haixiang and Wang Weisheng "Modeling of
Large Grid-Integrated PV Station and Analysis Its Impact on Grid Voltage™ Sustainable Power
Generation and Supply, April 2009. SUPERGEN '09. pp 1-6

[10] P. Souto Perez, J. Driesen, and R. Belmans "Characterization of the Solar Power Impact in
the Grid" Clean Electrical Power, May 2007. ICCEP '07, pp 1-6

[11] M. Marchesoni, Member, IEEE, A. Marinopoulos, Member, IEEE, S. Massucco, Member,
IEEE, and V. Picco "High Penetration of Very Large Scale PV Systems into the European

Electric Network" 2nd IEEE ENERGYCON conference and Exhibition, 2012 / Future Grids and
systems Sumposium, pp 1-5

[12] Wang Yi-bo, Wu Chun-sheng, Liao Hua and Xu Hong-hua "Study on Impacts of
LargeScale Photovoltaic Power Station on Power Grid Voltage Profile” Electric Utility
Deregulation and Restructuring and Power Technologies, 2008.pp 1-5

54



[13] David K. Click, Member, IEEE, Houtan Moaveni, Kristopher O. Davis, Member, IEEE,
Richard H.Meeker, Jr., PE, Senior Member, IEEE, Robert M. Reedy, PE, Member, IEEE,

Anthony Pappalardo,and Rodica Krueger, Member, IEEE "Effects of solar resource variability
on the future Florida transmission and distribution system "Transmission and Distribution
Conference and Exposition (T&D), 2012 IEEE PES,7-10 May 2012, pp 1-7

[14] Rakibuzzaman Shah, Nadarajah, Mithulananathan, Ramesh Bansal,Kwang Y Lee and
Abraham “Influence of Large-scale PV on Voltage Stability of Sub-transmission” Lomi
International Journal on Electrical Engineering and Informatics; - Volume 4, Number 1, March
2012

[15] Yang Weidong, Zhou Xia, XueFeng, “Impacts of large scale and high voltage level
photovoltaic penetration on the security and stability of power system”, Asia-Pacific Power and
Energy Engineering Conference, 2010, pp. 1-5

[16] H. C. Seo, C. H. Kim, Y. M. Yoon, C. S. Jung, “Dynamics of grid-connected photovoltaic
system at fault conditions”, Asia and Pacific Transmission & Distribution

Conference & Exposition, 2009, pp. 1-4
[17] Chyou-Jong Lin, Member, IEEE, Chia-Chi Chu, Member, IEEE Chung-Liang Chang,

Senior Member, IEEE, Yuin-Hong Liu, and Yuh-Fa Chuang"Impacts on the Transmission Grid
for Integrations of Renewable Energy in Taiwan" Power and Energy Society General Meeting,
2011 IEEE, 24-29 July 2011, pp 1-7

[18] Yi Zhang, Songzhe Zhu, Robert Sparks, Irina Green"Impactsof Solar PV Generators on

Power System Stability and Voltage Performance™ Power and Energy Society General Meeting,
2012 IEEE, 22-26 July 2012, pp 1-7

[19] Washington State University Extension Energy Program ,Renewable Energy Industry

Trends and Workforce Developmentin Washington State,AlanHardcastle& Stacey
WatermanHoey with Rick Kunkle, June 30, 2009.

[20] Energy Sector Management Assistant Program, “Sustainable Energy Supply, Energy

Access, and Climate Change conference publication”, October 26-27, 2009, Dupont Hotel,1500
New Hampshire Avenue, NW Washington, DC 20036

[21] International Electrotechnical Commission Market Strategy Board: Coping with the Energy
Challenge: The IEC’s role from 2010 to 2030, White Paper, September 2010.

55



[22] Congressional Research Service US Renewable Electricity generation and challenge,
August 5, 2011,by Philip Brown and Gene Whitney, pp

[23] European Photovoltaic Industry Association, Global Market Outllok, May 2012
[24] Cobben J. F., Kling W. L., Myrzik J. M., (2007), “Making and purpose of harmonic
fingerprints”, 19th International Conference on Electricity Distribution (CIRED) Vienna, Austria

[25] N. Jayasekara and P. Wolfs, "Analysis of power quality impact of high penetration PV in
residential feeders”, in Proc. 2010 Australasian Universities Power Engineering Conference
(AUPEC), pp. 1-8.

[26] M. Chidi, O. Ipinnimo,S. Chowdhury,S.P. Chowdhury, "Investigation of Impact of
Integrating On-Grid Home Based Solar Power Systems on Voltage Rise in the Utility Network"
[27] The following voltage stability definitions are according to Definition and Classification of
Power System Stability By IEEE/CIGRE Joint Task Force on Stability Terms & Definitions ,
2002: Editor: Prabha Kundur http://seniord.ece.iastate.edu/may0323/voltage_stab_def.html

[28] N. Jayasekara and P. Wolfs, "Analysis of power quality impact of high penetration PV in
residential feeders”, in Proc. 2010 Australasian Universities Power Engineering Conference
(AUPEC), pp. 1-8.

[29] S. Nishikawa and K. Kato, "Demonstrative research on grid interconnection of clustered
photovoltaic power generation systems", in Proc. 2003 3rd World Conference on Photovoltaic
Energy Conversion, pp. 2652 - 2654

[30] D. Velasco, C. Trujillo, G.Garcera and E. Figueres, "An Active Anti- Islanding Method
Based on Phase-PLL Perturbation”, IEEE Transactions on Power Electronics, Vol. 26, No. 4, pp.
1056 - 1066, April 2011.

[31] Lingling Fan, Zhixin Miao and A. Domijan, "Impact of unbalanced grid conditions on PV
systems”, in Proc. 2010 IEEE Power and Energy Society General Meeting, pp. 1 - 6.

[32] IRENA (International Renewable Energy Agency) 2012, Capacity Building Strategic
Framework for IRENA (2012-2015). IRENA, United Arab Emirates, pp. 25.

[33] Key Technical Issues for Renewable Energy Grid Integration and Deployment in Asia by
Kelvin Tan, Valerie Choy, Zhang Ming HuiDet Norske VeritasPte Ltd Singapore 2012,

[34] Integration of Renewable Energy into Present and Future Energy Systems, Ralph Sims
(New Zealand), Pedro Mercado (Argentina), Wolfram Krewitt (Germany)

56



[35] Ministry of Energy, Republic of Ghana, National Energy Policy February, 2010, pp 11-20
[36] GridCo Overview, GridCo Website, February 20th, 2013
(http://www.gridcogh.com/site/aboutus.php)

[37] Electricity company of Ghana online http://www.ecgonline.info/

[38] Ministry of Energy, Republic of Ghana, Online February 20th, 2013
(http://www.energymin.gov.gh/?page_id=205)

[39] (http://www.fsec.ucf.edu/en/consumer/solar _electricity/basics/current_technology.htm)
[40] (http://sustainability.claremont.edu/solar/chapter2.pdf)

[41] Ahmed Bagre "Msc Rets Solar Pv Course Ret 556" Kwame Nkrumah University Of Science
And Technology Kumasi-GhanaCollege Of Engineering 2012/2013, Pp 9, 10, 14

[42] Online, March 16th, 2013 http://ecotec-
energy.com/gekuehlte_photovoltaik/bedingungen_e.htm

[43] Online, March 16th, 2013 http://www.universetoday.com/85045/solar -
irradiation/#ixzz2MizXCxNN

[44] Online, March 16th, 2013 (http://www.ecowho.com/defn/p/Peak+Sun+Hours/f536b)
[45] Online, March 16th, 2013 (http://www.solar-is-future.com/fag-glossary/fag/photovoltaic-
technology-and-how-it-works/what-does-kilowatt-peak-kwp-actually-mean/index.html)
[46] Online, March 16th, 2013
(http://www.greenrhinoenergy.com/solar/technologies/pv_systems.php)

[47] Online, March 16th, 2013
http://www.greenrhinoenergy.com/solar/technologies/pv_systems.php

[48] Online, March 16th, 2013 http://www.solarpv.co.uk/solar-pv-inverters.html

[49] Thomas S. Basso, “High-penetration, grid-connected photovoltaic technology codes and
standards”, 33rd IEEE Photovoltaic Specialists Conference, 2008, pp. 1-4

[50] North American Electric Reliability Cooperation (NERC) Special Report: Accommodating
High Levels of Variable Generation APril 2009 pg 11.

[51] IEEE Standards Coordinating Committee 21 (IEEE SCC21), "IEEE Standard for

57



Interconnecting Distributed Resources With Electric Power Systems”, IEEE, Standards 2008.

[52] ITP Addressing Grid-interconnection Issues with variable Renewable Energy Sources, Asia
Pacific Economic Cooperation, December 2010.

[53] RETScreen International software Climate Database, online
[www.retscreen.net/ang/d_w.php ]

[54] The Open Distribution System Simulator PVSystem Element Model, Version 1, February
23,2011

58



APPENDICES

APPENDIX |
MODELING SCRIPT AT 500 KW PENETRATION

The script below shows how the 500 KWp was modeled and simulated. Clear

I Clears all circuit element definitions from the DSS. This statement is recommended at the

beginning of all Master files for defining DSS circuits.
Set DefaultBaseFrequency=50

IDefault Base Frequency value when first installed is 60 Hz. This is different from the default

base frequency of VRA hence the frequency must be set to 50 HZ
New Circuit NAVRONGO

I This function makes a new circuit object and returns the Circuit interface to the active Circuit.

In our case the circuit is name as NAVRONGO.
~ BasekV=34.5 Busl=Take_off bus pu=1.0 MVASC3=5000000 5000000

I The VSOURCE object created by the New Circuit command must be edited and in our case it
is 34.5 KV

I The new circuit elements (Lines, transformers and the loads) must be defined.
I Lines Definition

New line.XLN-0248 Busl=Take off BUS Bus2=Kangida Node R1=0.1375 X1=.41
Length=15 units = km

I The line between the take off bus and Kangida Node, 15 km.

New line.XLN-0264 Busl=Kangida Node Bus2=Navrongo 34 5 KV _BUS R1=0.1375
X1=.41 Length=12.4 units = km

The line between the Kangida Node and Navrongo 34.5 Bus, 12.5 km.
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I R1 = Positive-Sequence resistance, ohms per unit length, X1 = Positive-Sequence reactance,
ohms per unit length. XLN-0248 and XLN-0264 are the names of the lines thus from takeoff bus
to KANGIDA NODE and from KANGIDA NODE to NAVRONGO 34.5KV Bus

I Transformers Definition

New Transformer.Navrongo kVAs= [3000 3000] XHL=7 PPM=0
~Wdg=1 kV=34.5Bus=Navrongo_34 5 KV_BUS Tap=1
~Wdg=2 kV=11 Bus=Navrongo_11 KV_BUS

~ %R=.68

New Transformer.PVSTEPUPKVAs=[2500 2500] XHL=7 PPM=0 ~ Wdg=1 R=0 kV=.415
Bus=PVbus Tap=1

~Wdg=2 R=0 k\VV=34.4 Bus=Navrongo 34 5 KV_BUS ~ %R=0.7

I Wdg= Integer representing the winding which will become the active winding for
subsequent, data. XHL = Percent reactance high to low (winding 1 to winding 2).
Ppm_Antifloat = Parts per million for anti floating reactance to be connected from each

terminal to ground. Default is 1. That is, the diagonal of the primitive Y matrix is increased by a

factor of 1.000001. Set this to zero if you don’t need it and the resulting impedance to
ground is affecting the results

I Load Definition

New Load.Lumped_kangida Busl=Kangida Node kV=34.5 kVA=64.13 pf=.9

New Load.Navrongo_po Busl=Navrongo 34 5 KV _BUS kV=34.5 kVA=460 pf=.9
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New Load.Tumu Busl=Navrongo 34 5 KV _BUS kV=34.5 kVA=1119.26 pf=.98
New Load.sandema Busl=Navrongo 34 5 KV_BUS kV=34.5 kVA=762.17 pf=.97
New Load.NGBF1 Busl=Navrongo 11 KV _BUS kV=11 kVA=561.26 pf=.88
New Load.NGBF2 Busl=Navrongo_ 11 KV_BUS kV=11 kVA=49.98 pf=.89
New Load.NGBF3 Busl=Navrongo 11 KV_BUS kV=11 kVA=745.36 pf=.88

I Solar PV Definition

New XY Curve.MyPvs Tnpts=4 xarray= [0 25 75 100] yarray=[1.2 1.0 0.8 0.6]

/I The PVsystem model uses XYcurve objects to describe certain characteristics of the PV panels
and inverters. An average Pmpp for the panel at 1 kW/m2 irradiance at a constant panel

temperature of 250C, x-array = temperature and y-array=power (per unit)

/I P-T curve is per unit of rated Pmpp vs temperature.

/I efficiency curve is per unit eff vs per unit power

New XY Curve.MyEff npts=4 xarray=[.1 .2 .4 1.0] yarray=[.86 .9 .93 .97]

/[l per unit irradiance curve, x-array = per unit power and y-array = efficiency

New Loadshape.Mylrrad npts=24 interval=1 mult=[0 0000 0 0 .28 .45 .75 .84 .97 1 .94 .87 .83
6.3000000]

/I 24-hr solar irradiance of navrongo in per unit.

New Tshape.MyTemp npts=24 interval=1 temp= [29 28 27 27 26 25 27 28 30 31 33 33 35 36 37
40 39 37 3532 30 30 31 29]

Il 24hr temperature of Navrongo, renewable energy policy, Meteorologisk institute // **** plot

tshape object=mytemp

New PVSystem.PV1 phases=3 bus1=PVbus kV=.415 kVA=500 irrad=.9 Pmpp=500 ~
temperature=35 PF=.9 effcurve=Myeff P-TCurve=MyPvsT
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~ Daily=MylrradTDaily=MyTemp

/I Solar PV defined, irrad = irradiance and temperature will change for each hour within the
24hrs.

Solve

APPENDIX 11

Daily Report of Navrongo Solar PV Plant
Date: 20150806

Time 34,557 Buz Voltase the Nain Cizcuit LV zide of the M Trfm | M Txfa | M Trfa | Eaviz. | Glebal
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fam
Gam | 10.47) :8.23) 19.04] 5.5 s8.1| 83.15|  14.55]  657.5: 82 43| 14 58| 860 84| —35.82 1785.60] 878 28] 7.8 3778 EEE
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Tam | 596.84) 141,94 102.95| 3309 396.84] 124.95|  94.96|  23.29| 399.064] 138,96 109.95| 34 08| 396.04| 147.94| 107.96| 33.89] 391.85 176.93| 115.93) 3129
Gam
Sam 396.84] 260.69] 205.02] 29 40| 599.64] 290.59] 207.02] 55 40| 507 64| 206.88| 216.92 54.@9] 406.64| 384 65| 262.8) 5249
10 397,04 552.86]  257.8|  91.20| 509.84] 368.9| 262.3| 56 59| 500 64| 576.85| 074.80] 95.89] 4:3.64] 402 64| 285.88] 5509
e 395,04 409.54] 503.88|  54.99| 401 64| 417.63| 259.68| 57 19| 500.B4| 451 83| 509.88 56.58] 4:7.64| 520.73] 573.85] 5509
12am 396. 34| 434.83 312.88 32.49| 400.84| 431.83| 311.E3| 3E. 39| 399.54| 440. 83| 316. 85| 37.79| 420.84| 544.79| 388.85 34. 29|
13m 398.94 #07.64] 297.88|  33.68| 401.64| 410. 64 294.63| 56.58) 309.64| 417 64| 299.8 56.98] 416.64| 509.8] 360.06) 549
14pm 397.84 336,67  =2s9.8]  33.69| 599.64| 28z 9] 196.82| 39.58| 397.64| 262.9] 205.91 39.56] 410.84] 474 61| 327.87] 3549
15pm 395,85 31163 205.92] 34 20| 597.64| 307. 66| 204 63| 40.18] 306.54| 317 88| 210.92] 40.18] 405 64[ 357.97] 257.8] 3599
16pm 395,95 147.94] 11196 34 29| 599.64| 15104 111.06] 40.18] 306.64| 153. 94| 115.95 40.16] 389.65 220.91] 143.94] 35.99)
175m 300.84| 65.07| 53.08| so.s| 397.84] es.o7| ss.es| so.se| ses es| iomus| o7 ss.s
18pm
195m Daily Delieved Zmezsr 120k
Dutgaing LV Side — .5 F&S Fresauze 0.55 | Daily Gemerated Emermr 5580 D9keh
fan | ifpm | @ty | Gax | ifgm | Ger | Batters Voltage 192.% 4157 Voltage 405,64 | Accun Delivered Enerer 548460keh
]??.?Sl lﬂi.ﬂﬂl 9120| 1!9.3!' :ﬂ.x]l 93325. 01 ﬂl.T._l 42 ﬂﬁl 56.08| Buz Voltage 1M. 78 Sy=tem Freguency 45.558 Accu. Generated Enerer 562255 51kwh
Superviser: LIA Operator: o
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Daily Report

of Navrongo Solar PV Plant

Date: 15/05/13

Tiac 34 5V Bus Voltase Gutgoing the Main Circuit Eramches LV side of the M Tefm | M Tefm Global

A E ¢ 4E AC BC Active | Idle |Curzent|Active | ldle Active | Idle |Corzemt[Active | Idle | 041 T Temp. | Radias

W K K [ [ BV 0 & EVar X ENEEERD EREEIEE 5 KVar T T T v
G=m | 20.32| 20.22 20| 35.17| 5473 54.66] C.53 20.53| 25.6| 0.51] 20.35| 24.38 51.56| 24.64| =25.57| 3.8 36.5| 25.3 11
HIERNEEERE ERN ESSEE R o zz7) 1se7| -sa7 223.34| 16052 o] 3323] 3.7 25.8 &6
Szm | 19.85] 1964 rass| saam| saeT 34| so1]  st7s[ ta et o og| sssos4]-taaa 6i4.15| 576.43] —s2.15] ster] ses| =Tt
9em | 19.71] 1833 sa.42] 3aor| saif sa.ma[ ia.s[ iosm 23] 7 23 1a 1] 1ose.3[ e 7 15685.7(1120. 64 35 4] 8678 =3
10==| 10.68] 10.5] 1o.39] 338 sa.s7| 33.7| 2544 1506 3| se.s7| o537 rso4.]-se.2s 232.15[1500. 09 13.15] secs| saes| s
tla=| 10,48 2o.38] 1027 33 38| s3.ss| s3ee| 27z 1s4e 31| -esio| 23 o N 25423170183 10,23 423 4ie7| ms
1Za=| 19.66| 19.53| 19.43| 33.91| 53.47| 53.55| 16.16| 1132.5| 61.65| 24. 04 6 6.2 2091.9[1753.26| 4.04| 46.23| 44.88| 5.8
130=| 20.63| 19.42) 19.33| 3403 G55.64| 55.66| o0.24| 15B0.6| —92.1| 23.35| 1696.1| 92.64| 2465.5[1730.94| —13.15| 48.84] 47.53| .9
ide=| 1551 13.3] 1.z mnT: 3.3 3342 =2.08[ 1378 31] 55 4] 22 a4 —60. 41 o075.3[1363.19]  s.s8| 485z so.1|  aTs
t5em| 19.54[ 19.33] sszz] savs[ ss.es| ssme| te9] oozoa7 Ai.es| 171 .15 1455. 1[1048. 62 of 4n.7s] sea]  ses
t6p=| 10.68) 18.85] 1673 sz e2[ s2.4a sos7| 1aes|  @ss 47| —esz| 145 —140. 05 1253.6] @so. 61| -1o.23] 4red| 4oas[ my
17pm| 10,11 28.88| 1673 sz ez =231 sose| asa|  zeasef zes| 4z -22.83 330.03 24353 -13.27| 404 43me| =&
183pm
19pm
Tinc #1 Inverter £3 Tnverter #1 Ioverter #35 Inverter

Vol Active Voltage Tezp. Vel t|Active | Temp. [Valsape|Cur ive| Temp. |Voltaze|Curzemt | Active | Temp.
== | 40184 4 5 309,84 3 [ 32 49] %02 84 4] 4] 5| 32 40| £23.84 12 B
IR EEEE 3%3.64[ 41893 35.99 51.29] 401.84] 45.98] 35 99 40684 6397 30.08[Daily  [Total
3em | 400.84[ 150.94] 11295 353, 64| 146. 94| 123.95 32 49| 401. 64| 158 04| 115,95 405. 84| 21692 3008 [opezat [monthly
9= | 402, 64| 296.64] 21592 100.64[ 291 3| 213,92 33 63| 405. 54| 298, 85| 215.92 116.64| 36185 3005 [icmal |opereit
0= 40Z. 54| 596, 64| 285.69 IR EEEEE 35. 49| 403. 64| 567. 85| 277, 99 424,83 4282 31 25[bowzs  |emal
1| 401 84[ 570. 86] 28789 400. 4] 424 82| 367 86 7. 19] 403, 84 520 6] 350, 98 422,83 32, 45[116s [hows
12==| 402. 84[ 238. 85| 27682 40084 365. 86| 30483 26 39| 03, 54] 437. 82] 313 ag] 426. 83 33.69 143
13| 402. 84[ 475.81] 339,87 400. 84 466. 82| 33587 39.53| 405. 54| 477. 81] 338 87 sa . B¢ 420. 84 34.29
1Apm| 401 84[ 402. 84| 287.84 BE 40. 73| 401. 54| 365.85] 261.6] 38 9a 595 54| 410, 420. 84 3439
13| 399. 54| 290.89] 208,82 .59| 20892 40. 13| 400. 54| 262, 87| 204.92] =@ 4] 270 34.39
16p=| 998, 64| 215.92| 156,84 5Z| 148,04 A0 19| 30a. 64| 205.92| 148,94 06,9 3518
17p=| 39884 55.09] 1183 D 4018 398. 64 m.ng:‘;s.sq 15. R
e [ [
L9pm | | Daily Delieved Energr 11460E0E

Gutgoing LV Side Site Conmumed Current .81 F&l Pressure 0.55 |Daily Genezated Enezsy 11563keta
Gem| 16pm | Qv | 6am | 10pm | Quy. | Gam | i0mm | Gty [attery Valtage 1323 415V Voltage 411 |Accum Delivered Ener 390800ket
196.5] 19| 10| somos| o wes| 4 546 Bus Voltage | 1m4.83| Srstem Frequency 50.13| Accu Generated Ener 614135, S1kwi

Supervisor: Operator: B
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