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ABSTRACT

As the electric energy demand grows, there is a significant increase in the penetration of
renewable generation (RG) in the existing electrical grid network. Interconnecting of
renewable generation technologies to an existing distribution system has proven to provide
various benefits such as meeting the growing load demand and its contribution to energy
system decarbonisation, long-term energy security and expansion of energy access to new
energy consumers in the developing urban and rural areas. However, the aim of this thesis is
to conduct a study on the impacts of renewable generation on the power quality of electrical
grid. Therefore, this work aims at assessing the potential effects of Distributed Generation
(DG) on the operation of electric power system by modelling of harmonics and voltage
distortion. With different types of renewable generation available at present, it is believed that
some designs contribute significantly to electrical network’s Power Quality (PQ). After the
analysis of harmonic currents (chapter 6 and 7 of this thesis) introduced by renewable
generation technologies, their negative impact on the power quality of the grid is seen to be
apparent at point of connection (POC) but only within controlled limits. Analytical method for
modeling of harmonic interactions between the grid and aggregated distributed generation
technologies are investigated using DIgSILENT Power Factory software and the results

obtained are discussed.
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electricity, and associated devices.

Capacitance

Capacitance is the ability of electrical circuit to store an electric charge
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A device used to store an electric charge, consisting of one or more

Capacitor
pairs of conductors separated by an insulator.
Charger Is the circuit which limits the rate at which electric current is added to or
Controller drawn from electric batteries
Term that is indicating the difficulty of fully understanding of a process
Complex characterized by nonlinearities and several interacting variables.
Conductor | conductor is an electrical material or type of material that allows the
flow of an electrical current in one or more directions.
Distributed Refers to decentralized energy is
_ electrical generation and storage performed by a variety of small, grid-
generation
connected devices
Distribution | Is the final stage in delivery of electrical power from transmission
System substation to consumers
Dynamic The ability of a power system to maintain stability under continuous
Stability small disturbances
Electrical An electrical load is an electrical component or portion of a circuit that
Load consumes active electric power.
_ An electric utility is a company in the electric power industry (often
Elie:tt;cal a public utility) that engages in electricity generation and distribution of
electricity for sale generally in a regulated market
Filter an electronic circuit which processes signals, for example to remove
unwanted frequency components
Frequency is the number of occurrences of a repeating event per unit
Frequency
of time
Generation | Is the bulk movement of electricity energy from generating site to
System electrical distribution substations
Generator A machine that converts mechanical energy into electrical energy.
_ A system of high tension cables by which electrical power is distributed
Grid throughout a region power grid, or power system.
A grid code is a technical specification which defines the parameters a
Grid Code facility connected to a public electric network has to meet to ensure
safe, secure and economic proper functioning of the electric system
Harmonic is multiple of the fundamental frequency and it can be
Harmonics | voltage and current in an electric power system are a result of non-

linear electric loads.
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A high-pass filter is an electronic filter that passes signals with

High pass a frequency higher than a certain cutoff
Filter frequency and attenuates signals with frequencies lower than the cutoff
frequency
Hybrid Hybrid power systems are combination of multiple power source or
System generator to deliver non-intermittent electrical power.
Electrical impedanceis the measure of the opposition that
Impedance
a circuit presents to a current when a voltage is applied
Inductance is a property of an electrical conductor which opposes a
Inductance
change in current
is an electronic device or circuitry that changes direct current (DC)
inverter to alternating current (AC)
islanding Islanding is the condition in which a distributed generator (DG)
_ continues to power a location even though electrical grid power is no
grid longer present
o A varying current in one coil of the transformer produces a varying
Magnetising
magnetic field, which in turn induces a varying electromotive force
Current (EMF) in a second coil
The procedures and techniques characteristics, orderly arrangement of
Method parts or steps to accomplish an end.
Microgrid are a localized grouping of electricity generation, energy
Micro grid storage, and loads that normally operates connected to a traditional
centralized grid
Mini grid Mini-grids are electricity generation designed for isolated communities
which integrates several sources such as solar and wind.
Model A usable knowledge based on representation of the essential aspects
of an existing system.
_ Refers to electrical power system simulation of the designed network
Modelling in order to analyze electrical power systems data offline or real-time
The apparatus, equipment, plant and buildings used to convey, and
Network control the conveyance of, electricity to customers (whether wholesale
or retail) excluding any connection assets.
PQ is defined as a steady supply voltage that stays within the
Pow?r prescribed range, steady a.c. frequency close to the rated value, and
Quality smooth voltage curve waveform
Power A network when includes the point where the power is generated to
System

transmission networks up to distribution. A system of high tension
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cable by which electrical power is distributed throughout a region.

A system, which includes equipment, used to protect facilities from

Protection ) ) _
Svst damage due to an electrical or mechanical fault or due to certain
ystem N
conditions of The power system.
Reliabilit The possibility of a system, performing its function sufficiently for The
ellabiity . . . "
period of time intended, under the encountered operating conditions.
Renewable is refers to those energy resources whose common
Renewable o _
characteristic is that they are non-depletable or naturally replenishable
The process of generating electricity using renewable energy
Renewable _ o
_ resources — these resources generating the electricity are usually
generation o . _
distributed over an area, like a photovoltaic farm.
_ A machine for simulating certain environmental and other conditions for
Simulator o _ _
purposes of training or experimentation.
Stabilit The quality or attribute of being firm and steadfast, reliable and
ability
balanced power system.
System We define the system stability as the ability of the power system to
Stability return to steady state without losing synchronism
. A sudden, brief increase in current or voltage in a circuit that can
Transient - )
damage sensitive components and instruments.
Transient The ability of a power system to maintain stability under continuous
Stability major disturbances
Volt Voltage stability refer to the ability of power system to maintain steady
oltage _ . .
Stabilit voltages at all buses in the system after being subjected to a
aoihity . . _— . :
disturbance from a given initial operating point.
The general definition, waveform can be an alternating function or
Waveform _ _
direct function
Electrical A system of cables and equipment designed to deliver power to
network consumers at usage voltage levels
Simulation power factory software used for network design and
DIgSILENT

modeling of Power system network and network studies
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CHAPTER 1: INTRODUCTION

1.0. Introduction

As electrical energy customers in residential and commercial areas become more energy
conscious and environmentally aware, the installation of grid-connected renewable
generation technologies for small-scale electricity generation is growing at an exponential
rate. The world is currently experiencing severe energy shortages as the fossil-fuel deposits
are decreasing at an alarming rate (Reed et al., 1999; Nguyen & Saha., 2004). Moreover, the
energy security concerns have urged nations to look for sustainable sources of energy to
replace depleting fossil fuels. The increased awareness about declining fossil-fuel deposits
and environmental hazards, caused by the burning of fuels, is also forcing the governments
towards exploiting renewable-energy resources as an alternative (Bollen & Gu, 2006:, pp 41
& 392). As a result, the interconnection of Renewable Energy Sources (RES) and power
system stability has become more complex and challenging for power system engineers as
the grid gradually increase over the years due - to modern interconnected grid and complex
dynamic structures. These are subject to various constantly acting (possibly overlapping)
physical phenomena that range from very fast ones such as transients due to lightning
strikes, to quite slow ones, such as, for instance, the dynamics of boilers, harmonics, and
voltage distortion etc. (Singh & Adhya., 2006). Lastly, concerns faced by Independent Power
Producers (IPP’s) and consumers are the quality and reliability of power supplies at various
load locations. The vast use of power electronics in a distributed technology network such as
grid-tied inverters, variable speed drives, computerized processing lines PCs,
Uninterruptable Power Supply (UPS) and non-linear electronic gadgets in power system,
provides an increased deformation in current and voltage waveform called harmonics (Justus
Rabi & Arumugam., 2005). Harmonic current injecting devices add huge burden into power
system grid which causes harmonic voltage distortion. These conditions in turn can cause
motor and transformer overheating as well as the problematic operation of susceptible

electronic equipment non-linear load results in voltage harmonics which creates a serious



PQ problem in the power system network (Taylor, 1995, Justus Rabi & Arumugam., 2005;

Reddi et al., 2013:17).

1.2. Awareness of the Problem

Renewable Energy Sources (RES) like solar and wind provide sustainable and
environmentally friendly alternatives for power generation. However, some technical and
economic challenges have to be resolved before these sources can substitute the current
power generation resources (Ackermann et al, 2001:204). First, these RES are intermittent,
unpredictable, and uncontrollable, which means that they cannot solely be used to supply the
load demand in a reliable manner. Also, renewable power generation technologies are
generally more expensive than conventional generators of comparable size, especially if
used in conjunction with energy storage devices to enhance their reliability (Enslin & Heskes,
2004:1520-1593). As a result, they cannot supply energy at a competitive price. Furthermore,
their distributed nature and locational dependency cause difficulties with respect to their
integration into the centralized architecture of the contemporary power generation and

delivery systems (Masid & Moriun, 2004).

Lastly, the extensive use of power electronics based equipment and non-linear loads at the
Point of Common Coupling (PCC) generate harmonic currents, which may deteriorate the
quality of power, non-linear loads which typically have a low power factor, force many
industrial facilities to use capacitor banks to improve power the factor in order to avoid utility
penalty charges. High harmonic distortions result in the reduction of productivity, reduce
components life and can even damage equipment (Fitzer et al., 2004).

As a result, the utility is concerned due to the high penetration level of intermittent RES in
distribution systems as it may pose a threat to the network in terms of stability, voltage
regulation, and power quality issues. Therefore, the DG systems are required to comply with
strict technical and regulatory frameworks to ensure safe, reliable and efficient operation of

the overall network (McGranaghan et al., 1993).



1.3. Research Motivation

There has been on-going research focused on renewable generation technologies and a lot
of investigation conducted by many research groups to determine the impact of renewable
energy (RE) on the power quality of the grid, economic challenges, integration feasibility
studies, as well the benefits attached to RE. According to the latest published article on
Germany’s energy production, in 2011 Germany proposed the decommissioning of their
nuclear power plants with supplement of renewable energy. In 2014 Germany added 30%
renewable generation power, astonishing statistics from 6.3% in 2000 to 30% in 2014
(Kerekes et al, 2013). Research has proven that Africa’s abundance of sun and wind can
create boundless potential for the energy economy in Africa and South Africa due to the
wealth of these natural resources.

The research motivation was inspired by a desire to understand why, while Germany has
managed to phase out some of its nuclear power plants and proposes complete phase-out of
nuclear power plants by 2030, meanwhile South Africa is planning to build more nuclear
power plants (Lund & Mathiesen, 2009:524-529). While the research primarily focuses more
on the integration effect on power quality of the grid by renewable generation, the research
review will also incorporate the economic challenges facing very slow implementation of
renewable generation in both the South African and African energy markets (Ackerman &

Knyazkin, 2002:1300).

1.4. Statement of research problem

The simulations of large RES interconnected in power systems network are feasible, but they
remain time-consuming and complex. The focus of this study is to define and investigate the
effect of RES integrated on grid, modeling and analysis of harmonic distortion, modeling and

analysis of voltage distortion and intervention to improve stability and power quality.

1.5. Research Objectives
The objective of this research is to therefore understand the impact of renewable generation

on the power quality of the grid by designing a model in DIGSILENT power factory software



to mimic renewable generation technologies on the grid and to observe their effect on
voltage stability, thereafter, proposing interventions to improve stability and power quality.
The actualisations of the objective are as follows:
1. To carry-out an intensive literature review on renewable integration and integration
limitations
2. To design a non-linear inverter model in DIgSILENT that will act as a harmonic
current source at the point of integration. The model represents renewable generation
technologies interconnected on the grid.
3. To analyse the effect of the model on the power system grid
4. To design harmonic filter that will limit a harmonics currents at PCC to stabilize
voltage at PCC.
5. To evaluate Load Profiles to ensure that simulation results obtained meet the IEEE

Voltage Distortion Limits and currents injection limit standards.

1.6. Hypothesis

Currently, renewable generation is an “add-on” to existing electrical power generated.
Renewable energy is considered to be clean for the environment but dirty for the power
system grid. However, a greater understanding of the relationship between RE and power
quality of the grid will provide an answer to hypothesis questions. The investigation to
address renewable generation effect on power quality of grid integration is needed to
evaluate and validate the performance network design.

The key questions in this study are: What are renewable generation technologies? What are
the impacts of renewable generation on the power quality of the grid? What are the
interventions to mitigate the effects of power quality? DIgSILINT is electrical engineering
software that can simulate the operation and design of power distribution network.

In this study, DIgSILENT purpose is to address the raising concerns of RES on the power
quality of electric grid, discussion of power quality reliability, Intervention to mitigate the

challenges of RES upon grid integration.



1.7. Research design and Methodology

Case study 1- This case study will look at the impact of renewable generation on the power
quality of the grid without a passive filter design model. The aim is to observe the impact of
integration of the non-linear model which represents the renewable technologies on the
power quality of the grid.

Case study 2- This case study will introduce the passive filter at PCC to mitigate the impacts
of renewable generation on the power system grid. Therefore, the case studies will evaluate
Load Profile of both simulation results obtained in DIGSILENT and practical model to ensure
IEEE Voltage Distortion Limits and currents injection limit are compliant within harmonic

standards.

1.8. Research outcome

In this study, the researcher intends to provide a model that will moderate the effects of
renewable generation technologies on the power grid. Evaluation of harmonic stability and
voltage distortion in case study 2 will provide results that comply with IEEE voltage and

current limits.

1.9. Research delimitations

This study focuses on the integration effect of renewable generation on the power quality of
grid by modelling harmonics and voltage distortion. Renewable generation technologies
currently existing in the fields are of many types, including solar, hydro power, wind power,
biomass and methane gas. So, this research is limited to solar and wind for case study on
technologies mainly available in South Africa, particularly in the Northern Cape and Eastern

Cape where solar and wind power is found in abundance in South Africa.

1.10. Thesis organisation
Chapter one presents the introduction, awareness of the research problem, motivation of the
research, research problem and statement. It also highlights the research objective,

hypothesis, delimitation and research outline.



Chapter two introduces the literature review, definition of renewable generation, and the
development of renewable generation in Africa and South Africa. This chapter further
discusses the development of different renewable generation resources available and their
potential to mitigate the environmental and economic challenges faced by the world.

Chapter three highlights regional bodies in Africa and their role in accelerating renewable
development on the continent. The chapter also takes a comprehensive look at the economic
and technical integration challenge associated with renewable generation technologies
including the opportunities to increase the development of renewable energy in South Africa

and the continent.

Chapter four briefly introduces renewable energy sources and an understanding of what
renewable generation is before discussing its effects on the power quality of the grid. The
chapter also discusses the power system to understand how addition of renewable

generation influences the power quality and all its effects has been discussed in this chapter.

Chapter five briefly looks at power system harmonics, its effect on system stability, and
possible mitigation techniques available to limit them. An inverter model is proposed and
considered to be harmonic current source in DigSilent to simulate the effects of grid-tied
renewable generation technologies. The chapter also presents the harmonic mitigation
passive filter design model and simulation results using DIgSILINT as well as and industry
standards available to limit harmonic pollution.

Chapter six discusses network design in DIgSILENT, filter design for harmonic mitigation,
discussion of simulation of result and analysis of result.

Chapter seven concludes the research and provides recommendations



CHAPTER 2: LITERATURE REVIEW OF RENEWABLE GENERATION

2.1 Chapter Review

This chapter introduces the literature review, definition of renewable generation, and the
development of renewable generation in Africa and South Africa. This chapter further
discusses the development of different renewable generation resources available and their

potential to mitigate the environmental and economic challenges faced by the world.

2.2. Introduction

The worldwide progression of the need energy and the limited reserves of fossil fuel
resources have led to intensive use of renewable energy sources (RESs). Other major
issues that have strongly the RES development are the ever-increasing impact of energy
technologies on the environment and the fact that RESs have today become a mature
technology. The necessity for having available sustainable energy systems for substituting
gradually conventional ones requires changing the paradigm of energy supply by utilizing
clean and renewable resources of energy (Edenhofer et al., 2006).

Among renewables hydro, wind and solar energy characterize as a clean, pollution-free and
great energy source, which is abundantly available almost everywhere in the world. These
factors have contributed to make these renewable generation energy sources the fastest
growing renewable technology in the world (Weedy et al., 2012).

Presently, in South Africa, photovoltaic (PV) generation and wind generation are playing a
crucial role as a renewable generation sources application because of their unique benefits
such as the presence of fuel cell, high reliability, simplicity of allocation, low maintenance and
lack of noise and wear because of the absence of moving parts in photovoltaic (Justo et al.,
2013).

The integration of renewable generation resource into the power system grid is becoming
today the most important application, gaining interest over our traditional centralized dispatch
generation. This trend is being increased due to the many benefits of using RES in
distributed (also known as dispersed, embedded or decentralized) generation (DG) power

systems (Muruganantham et al., 2017). According to Jacobson and Lauber.,(2006), for
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example, Germany has phased out some of its nuclear power plants and replaced it with
renewable generation power plants. These advantages include the favourable economic and
regulatory incentives established in many countries that directly influence the commercial

acceptance of grid-connected renewable generation systems.

However, the growing number of distributed generation systems brings new challenges to
the operation and management of the power grid, especially when this variable and
intermittent energy source constitutes a significant part of the total system generation
production (Edenhofer et al., 2006). This imposes the need for an effective design and
performance assessment tool of grid-connected renewable generation systems, to accurately
predict their dynamic performance under different operating conditions in order to make a
sound decision on whether or not to incorporate this technology into the electric utility grid
(Zhou et al, 2011).

Therefore, modeling and analysis must be done to identify the current-voltage (I-V)
characteristics, transient stability, and the dynamic behavior of the power electronics
interface with the power system utility grid, also known as power conditioning system (PCS)
required to convert the energy produced into useful electricity and to provide requirements
for connection to the grid (Zhong & Hornik, 2013).

The PCS is the key component that enables the provision of a more cost-effective harvest of
energy from the sun and to meet specific grid code requirements. These requirements
include the provision of high levels of security, quality, reliability, availability and efficiency of
the electric power.

This, combined with the accelerated drop of renewable energy technology costs, could
create an enormous opportunity for African countries to both transform and expand their
energy capacity while providing a pathway for low-carbon economic growth. Figure 2.1
shows a summary of available renewable potential in Africa. Africa holds some of the best
renewable energy resources in the world in the form of biomass, geothermal, hydropower,
solar and wind which could be economically used to provide energy for the increasing

population (Wolfrom et al., 2012).
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Figure 2.1: Summary of current renewable potential in Africa (SolarGIS, 2013)

2.3. Potential of renewable energy generation in Africa and South Africa

The African Continent is abundantly gifted with immense renewable energy resources
enough to meet all its energy needs and yet the potential remains untapped (Fadaeenejad et
al., 2014). An evolving concern for carbon emissions and sustainable development has
created an opportunity for renewable generation energy on the continent. Currently and in
early 2011, the total produced capacity of hydropower in Africa is around 26 GW (Kusakana,
2014). Presently the untapped potential for large hydropower projects is mainly concentrated
in the lower Congo River and the upper Nile (Irena, 2013).

According to research by Irena, (2011), DRC’s overall hydropower potential is estimated at
100,000 MW, the third largest in the world behind China and Russia, yet only 2.5% of this
key resource has been developed. With 40,000 MW of generation potential, Inga is the
world’s largest hydropower site. Its proper development can make Inga the African
continent’s most cost-effective, renewable source of energy with an estimated generation
cost of US$ 0.03 per kilowatt hour with little or no carbon footprint a significant added virtue

(Irena, 2011).
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Figure 2.2: Africa’s hydro power potential and total installed generating capacity greater than
10MW (IEA, 2011)

In similar literature done by IEA, (2008), statistics on energy report, Inga Dam, alone on
the Congo River, has the capacity to generate 40,000 to 45,000 MW of hydroelectric power,
this would be sufficient to supply the electricity needs of the whole Southern Africa region.
The potential on the upper Nile River is also very large, with a potential of 30 GW in Ethiopia
alone. Further potential exists in the other tributaries of the Congo (6 GW in Gabon) and the
Niger (10 GW in Nigeria), as well as in Angola (18 GW) and Mozambique (12 GW)
(Schwerhoff & Sy, 2016).

Small hydropower potential can be found in many hilly locations in West, Central, East and
Southern Africa. The economic potential of hydropower is much smaller than the technical
potential, but is still enough to allow hydropower to provide a significant share of total African
power demand. The benefit of exploiting Small Hydropower Projects (SHP) for example in
Rwanda, in 2009 contributed 6.5 MW into the generation capacity of about 43 MW from
hydropower (Kaunda et al., 2012). According to Kaunda et al., (2012), in 2009 the total
electricity generation capacity in Rwanda was about 72 MW. Rwanda together with Kenya,
are the countries where the potential market for micro hydro off-grid electricity is high. The

dam-based hydropower potential will, through its electricity storage potential, also play a vital
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role in facilitating the growth in other variable renewables such as wind and solar energy

(Kusakana, 2014).
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Figure 2.3: Current potential of hydropower in Africa (Kusakana, 2014)
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Figure 2.4: Contribution of hydro to Africa’s Primary Energy Needs (Kusakana, 2014)
Research suggests that feasible potential production of hydropower in Africa is around
1,750,000GWh/year and only 4.3% has been exploited. Rapid exploitation of hydropower is
mainly hampered by low demand and dispersed population. Hydropower in North Africa is
estimated at 23%, with West Africa estimated at 25% and South/Central/East Africa

estimated at 51% (see Figure 2.3 and 2.4).

Hydropower is contributing more than 50% of electricity in 25 countries, and more than 80%
in Angola, Benin, Burundi, Cameroon, Central African Republic, Congo, Demaocratic Republic
of Congo, Ethiopia, Guinea, Lesotho, Malawi, Mozambique, Namibia, Rwanda, Tanzania,
Uganda and Zambia (Kusakana, 2014). However, as mentioned above only about 4.3% of
this region’s technically feasible hydro-potential has been developed, and enormous efforts

are now being made across the African continent to create an ‘enabling environment’ for
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private investment; this is regarded as the only hope for developments on a large scale
(Kusakana, 2014).

The power exploited from hydropower at a particular site is proportional to the product of flow
rate and head as given in the following (Kaunda et al., 2012):

P = 170pgQH (1.1)
where p is a density, g (m/s2) is the acceleration due to gravity, Q (m3/s) is the flow rate, and
H (m) is the net head available at the inlet to the turbine and no is the overall energy
conversion efficiency (hydraulic to shaft power) (Kaunda et al., 2012). The values for overall
efficiencies are higher in large-scale hydropower than small hydropower (SHP) system
because, for large scale, the systems are designed with relatively high levels of precision and

accuracy (Kaunda et al., 2012). Figure 2.5 below shows a typical hydropower electric dam.

. -I Typical Hydroelectic Dam
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Figure 2.5: Typical hydroelectric dam design components (Laghari et al., 2013)

The technique us dam water falling from a height to turn the turbines of a generator. The
mechanical energy is converted into electrical form and fed into the national grid system.
Figure 2.5 shows an outline of a hydroelectric power station (Laghari et al., 2013). A dam
with a large drop is constructed to raise the potential energy of water. The intake is placed at
the bottom where the pressure is highest. Water then flows by gravity through the penstock.

At this level, kinetic energy is sufficient to turn the turbines (Laghatri et al., 2013).
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Hydropower potential if exploited to its full capacity in Africa could provide the basis for
industrialization, social and economic development. The benefits include (Mukasa et al.,
2015):

e Water supply

e lIrrigation

e Navigation

e Fisheries

e Tourism
Large hydropower stations have several advantages. It is a clean and emission free
electricity generation technology, and is promoted as an environment friendly energy option.
However, hydropower projects in the region are associated with huge loans, which lead to
very high external debt levels (Mukasa et al., 2015). Due to the large amounts of capital
involved in large-scale hydro projects, these projects are plagued with allegations of
corruption (Kusre et al., 2010).
Africa’s solar power potential is another lagging behind in the exploitation of solar natural
resource to meet its energy needs. According to Ainah and Folly, (2015) the solar energy
reaching the earth on tropical zones is about 1kWwh/m2/day in countries within 3200km of the
equator. Research suggest that most countries in Africa are situated in the tropical zone of
the world, and receive an average of 6-8 kWh/m2/day of solar irradiation which is among the
world’s highest (Ainah & Folly, 2015).
The study done by SolarGIS, (2013) shows that Africa is the sunniest continent on Earth,
especially as there are many perpetually sunny areas such as the huge Sub-Sahara Desert

which is known for having the greatest solar resources than any other part of the continent.

The desert regions are the sunniest while rainforests are considerably cloudier but is still
exposed to good global solar irradiation because of the proximity with the equator (SolarGIS,
2013). The distribution of solar resources across Africa is fairly uniform as shown in Figure

2.6, with more than 85% of the continent's landscape receiving at least 2,000 kWh/ (m2 year).
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Figure 2.6 below shows global solar radiation, African solar potential being the highest

recorded globally (Africa, 2014).
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Figure 2.6: World map of global solar horizontal irradiation, (Solar GIS, 2013)

Taking advantage of the readily available solar radiation in the application of DG system can
solve the unreliable and epileptic energy scenario in Africa, most especially in the Sub-
Saharan African region (Mohammed et al., 2013). Electricity generation in SSA is
characterised by acute shortages and high levels of unreliability (Mohammed et al., 2013). In
most of the countries in the region, electricity generation capacities are less than 1000 MW,
against huge demand for domestic, service, and industrial applications (Mohammed et al.,
2013). The installed electricity generation capacity for all 48 countries of Sub-Saharan Africa,
excluding the Republic of South Africa is just around 30 gigawatts (GW), which is stated to
be almost equal to that of Argentina (Mohammed et al., 2013).

Studies have shown the availability of a significant amount of solar resources for possible
renewable generation and Mini Grid (MG) applications in South Africa and Sub-Saharan
countries such as Nigeria, Mauritius, Lesotho, Cap Verde, Eritrea Ethiopia and Rwanda
(Ainah & Folly, 2015).

The White Paper named “the state of renewable energy in South Africa”, by the South
African Department of Energy (2015), indicates how fortunate and rich the country is in terms
of natural resources. Above all, other than its rich coal resources, it is also well-endowed with

non-depletable RE sources, notably solar, wind and moderate hydro power. The country has
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an average of more than 2,500 hours of sunshine per year and average direct solar radiation
levels range between 4.5 and 6.5kWh/m2 per day, placing it amongst the top-3 in the world
(Ohunakin et al., 2014). Figure 2.7, below shows solar resource maps for South Africa,
Lesotho and Swaziland (annual sum of direct normal irradiation kWh/m?) (Africa, 2016).

According to Karekezi and Kithyoma, (2014), 18 of the 35 developing countries ranked
highest in renewable energy reserves, normalized by annual domestic energy consumption,
are located in Africa. Previous studies have documented the required investment to provide
adequate generation capacity to power economic development and for widening access to
electricity. Nonetheless, Africa and South Africa despite having such high renewable
generation potential are still lagging behind in the application of solar technologies to meet its
energy needs (Ohunakin et al., 2014). Table 2.2 below shows the number of continents, in
their respective regions, with the highest potential in renewable energy. Here, Africa is
highlighted as one of the top renewable energy potentials across all sources of energy

potential in the world (Edenhofer et al., 2011).

Figure 2.7: Solar resource maps for South Africa, Lesotho and Swaziland (annual sum of direct

normal irradiation and global horizontal irradiation, kWh/m?2), (Africa, 2016).
In the past, wind energy was considered to be a renewable energy source primarily
for developed countries. This is slowly changing. In Africa, the potential of wind energy has
started to be recognized in countries like Egypt, Morocco, Tunisia and South Africa in
which several wind farms have already been installed. Wind potential in Africa is driven by

understanding the distinction between the different potential categories (Coelingh, 1993).
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The classification in categories (see Table 2.1 below) has facilitated the study of the
constraints that reduce the wind power potential and gives a thorough insight of the

important factors affecting potential development of wind (Mentis, 2013).

Table 2.1: Overview of the different potential categories (Mentis, 2013)

Potential Category Description
Theoretical Potential The total energy content of the wind
(kWh/annum)
Geographic Potential The total amount of land area available

wind turbine installation taking

geographical constraints into account

(km?)

Technical Potential The wind power generated at the
geographical potential including energy
losses due to the power density of
the wind turbines and the process
of generating electricity using wind

turbines (kWh/annum)

Economic Potential The technical potential that can be
realized economically given the cost of
alternative energy sources (kWh/annum)

Implementation Potential The amount of economic potential that
can be implemented within a certain
timeframe,taking(institutional) constraint,
specific legislation framework and

incentives into account (KWh/annum)

A study compiled by the African Development Bank (AfDB) to create a wind atlas for Africa
also revealed significant potential for wind and the way forward on the continent (AfDB,
2004). Figure 2.8 below shows a study by AfDB which produced a quantitative map of

simulated wind speeds on the continent using the Wind Energy Simulation Toolkit model at
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an altitude of 50m and a resolution of 50 km. The results demonstrated that the best wind in
Africa is found in the coastal regions of the continent namely: in the North (Algeria, Egypt,
Morocco Tunisia and Mauritania), in the East (Djibouti, Eritrea, Seychelles and Somalia), in
the West (Cape Verde) and in the South (South Africa and Lesotho) (AfDB, 2004).

A similar study was done by Ainah and Folly, (2015) on wind resources in some locations in
North Africa such as Algeria, and Egypt as well as in some countries in Sub-Saharan Africa
such as South Africa, Nigeria, Mauritius, Lesotho, Cap Verde, Eritrea and Somalia amongst
others. Recent studies have found that five additional African countries such as Mozambique,
Tanzania, Angola, South Africa, and Namibia have potentially large off-shore wind energy
resources (Mukasa et al., 2013).

According to Figure 2.8 the general sources show that the highest wind potential exists in
coastal areas, which tend also have both on-shore and off-shore potential. An exception is
countries like Chad and Ethiopia, whose landscape gives rise to high speed winds in certain
high altitude areas, while the rest of land-locked Africa’s wind intensity is too low to be

harnessed for electric power generation (Mukasa et al, 2013).
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Figure 2.8: Wind speeds in Africa at an altitude of 50m (Mukasa et al, 2013)
Even though North African countries like Egypt, Morocco and Tunisia remains the leading

regions in Africa wind energy markets, southern countries such as South Africa and Eastern
African countries are expected to reduce the gap, contributing to the energy mix (IEA, 2011).
The South African Wind Energy Association (SAWEA) shows that wind power alone has the
potential to generate 62% of South Africa’s current energy needs. The above statement is
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cited in the study prepared by Mentis and Hermann, (2015), titled “Assessing the technical
wind energy potential in Africa a GIS-based approach”. Currently in South Africa is capable
about 25% of the country’s area is suitable for generating between 5000 and 10000 MWh
annually per 1 km? (Mentis, 2013).

Like other renewable resources, geothermal energy usage is said to be under-exploited in
Africa yet available in an enormous quantity that can provide significant future energy mix in
Africa. The East African Rift valley System (EARS) is one of the most important zones in the
world where the heat energy of the interior of the Earth escapes to the surface in the form of
volcanic eruptions, earthquakes and the upward transport of heat by hot springs and natural
vapour emanations (Ohunakin et al., 2014). The EARS appear to possess a remarkable
geothermal potential. The eastern Africa branch that forms the Ethiopian and Kenyan rifts
possesses, by far, the most extensive geothermal resource base in Africa and one of the
most extensive in the world (Ohunakin et al.,, 2014). Countries such as Djibouti, Uganda,
Eritrea and other south eastern Africa countries have smaller yet still important resource
bases (Niyimbona, 2005).

Most of the East African countries with geothermal potential are turning to their own
indigenous resources to help them meet their growing energy needs (Niyimbona, 2005).
Geothermal energy presents a clean and more environmentally friendly alternative to more
traditional fuels (Niyimbona, 2005). Using today's technologies, Eastern Africa has the
potential to generate 2,500 to 6,500 MW of energy from geothermal power (GEA, 1999)
which if developed would represent from a quarter to three quarters of current worldwide
production from geothermal sources (8900 MW total installed capacity). Currently, Kenya is
the only country Africa that is exploiting this renewable resource potential, as part of the
country's electricity generation infrastructure plan.

However, like anywhere else in the Africa, the progress of development is hampered by a)
lack of finance, and b) lack of technical capabilities in some aspects of development

(Ohunakin et al., 2014).
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Table 2.2: World geothermal Potential (Niyimbona, 2005).

REGION THEORETICAL TECHNICAL POTENTIAL
POTENTIAL (TWh/YR) (TWh/YR)
AFRICA 10118 3140
N. AMERICA 6150 3120
LATIN AMERICA 5670 3780
ASIA 20486 7530
OCEANIA 1500 390

EUROPE 4360 1430
WORLD 44280 19390

Table 2.3: Number of continent per developing region with the highest potential for solar, wind,
hydro and geothermal energy (Edenhofer et al., 2011).

Region Total renewable  Solar Wind Hydro Geothermal
ENETTY
Africa 18 4 8§ 1 g
East Asia/Pacific 4 5 E b 4
Europe/Central Asia ] 0 b 5 14
Latin America/Caribbean 7 5 g 9 3
Middle East I 0 I 0 0
South Asia a 0 I | 0
All world bank regmons 33 M 7 31 30

For example, according to the African Development Bank (ADB), installed capacity of wind-
based electricity in Africa, estimated at 1.1 giga-watts (GW) in 2011, does not exceed 0.5%
of the global capacity.

Only 43 megawatts (MW) have been installed in SSA, accounting for a mere 4% of the total
installation. Given in the report in Table 2.3, Africa records abundance of wind compared to
other countries. In fact, the report from the ADB reveals that Africa’s installed capacity was

expected to grow to 1.5 GW by 2015 and 3.9 GW by 2020 compared to global wind capacity
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of 396 GW by 2015 and 610 GW by 2020 (Ainah & Folly, 2015). This lack of harnessing
renewable energy resource potential in Africa is mainly due to limited policy interest and
investment levels, technical and financial barriers have also contributed to the low levels of
exploitation of renewable energy resource on the continent (Ohunakin et al., 2014). Almost
€6.3 billion worth of investment would flow into African wind markets every year by 2030, and
the sector would employ over 105,000 people (Ainah & Folly, 2015). Table 2.4 shows the

Installed wind capacity in MW for selected regions.

Table 2.4: Installed wind capacity in MW for selected regions (Aissa et al., 2014).

Region Year
2015 2020 2030

Africa 1589 1896 10,774
European Union 140,623 182 206 253 847
Latin America 0771 15211 24 045
Middle East 163 1031 10982
Non OECD Asia 1300 5855 23,005
North America 17497 118,108 181,308
OECD Asia Pacific 0299 18453 43148
Clobal total 306,311 610970 064 465

Tapping into these renewable energy potentials will be a viable alternative for electricity
generation in Africa and South Africa (Pegels, 2010). Furthermore, understanding renewable
energy sources and their potentials can motivate renewable energy development (Pegels,

2010).
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Figure 2.9: Total primary energy demand for energy sources in Africa (IEA, 2010)

Biomass has been used for energy purposes globally for many centuries, and according to
Figure 2.9 above, it still is the main source of energy in a number of countries worldwide
including the African continent, the use of which is reflected as Africa 39%, East Sahelian
Africa 81%, Bhutan 86%, Nepal 97% and Asia 16%, (Anyamba & Tucker, 2005).
In all of the above countries, firewood has been the leading source of biomass energy used
mainly for cooking and heating. The type of biomass resources available in Africa varies with
climatic region on the continent. For example the rain forest zone will generate the highest
quantity of woody biomass while savannah zones will generate more crop residues
(Simonyan & Fasina, 2013).
The African Energy Policy Research Network (AEPR) calculates that biomass from
agricultural waste alone could meet the present electrical needs of 16 south eastern
countries with bagasse-based cogeneration (AEPR, 2011). The suitability of a particular
biomass as a renewable generation potential and potential feedstock for bioenergy
production depends on various characteristics such as moisture content, calorific value, fixed
carbon, oxygen, hydrogen, nitrogen, volatiles, ash content and the cellulose/lignin ratio (Duku
et al., 2011).
The drivers for increasing the use of biomass for energy (FAO, 2008) include:

(i) Possibility of reduced carbon emissions and meeting climate change commitments,

(i) Reduction in fossil fuel consumptions,

(iif) Rural development through employment and increased livelihood and market

opportunities,
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(iv) Security of supply through local production and / or processing and

(v) Technological developments because bioenergy could be used to bridge the gap
between current fossil fuels technologies and future technologies. The conversion
of biomass to energy will be rewarding, given the large availability of biomass

resources in the continent (Marrison & Larson, 1996).

The African continent features many sustainable energy resources, of which only a small
percentage have been harnessed. 5.7% of the continent’s hydroelectric potential has been
tapped and only 0.6% of its geothermal (Marrison & Larson, 1996).

According to Stephen Karekezi the Director of African Energy Policy Research Network and
co-worker Waeni Kithyoma, Africa is the third largest in crude oil reserves (behind the Middle
East and Latin America), third largest in natural gas resources (behind the Middle East and
Europe), second greatest for uranium (behind Australia), and is plentiful in hydro energy
potentials and other renewable energy, such as bio-energy and solar energy. The sugar
industry in Mauritius already provides 25% of the country’s energy from by-product
cogeneration, with the potential for up to 13 times that amount with a widespread rollout
cogeneration technology and process optimization.

The International Energy Agency (IEA) projects a decline in the total energy share of
biomass and wastes by 2035. However, biomass will continue to remain an important energy
resource for Africa in the future (IEA, 2010). The total primary energy demand (TPED) for
Africa is predominantly determined by biomass demand with almost half of the energy
demand (47.9%) being covered by biomass and waste (see Figure 10).

In South Africa various biomass models exist for the prediction of biomass of different
species. A critical review on biomass models in South Africa by Ackerman et al.
(2012) showed that a substantial number of biomass models exist for pines and eucalypts.
The most productive biomass areas in South Africa are in KwaZulu-Natal and the wetter
land of Mpumalanga (Duku & Hagan, 2011). According to DME, (2003b) the energy potential

2

per hectare extends as high as 1000 GJ/ha/annum and currently there are 4 300 km“ ha of

2

sugar cane plantation and 13 000 km*~ of forestry plantation in South Africa (SMRI 2004).

22



The existing sugar mills burn bagasse, and paper and packaging mills use pulp waste to
generate process steam and approximately 210 GWh of electricity per year (Duku and
Hagan, 2011).

The sugar milling research institute (SMRI, 2013-2014) study indicates a total potential of
12.7 TWh per year from the existing sugar cane, forestry, sawmill, pulp and paper industries.
According to SMRI, this study an independent survey of the costs of production of more
than 100 global sugar industries producing sugar from cane and beet, South Africa sugar
industry consistently ranks amongst the top 15 sugar producers in the world. The
research done by the SMRI estimates that gross annual biomass energy production potential
for South Africa is about 135 PJ (Pico joule) per cent of available non-crop, non-forest, non-

wilderness areas used to produce energy crops.

Total Biomass
Energy Potential for
South Africa

Figure 2.10: South African biomass resources (SMRI, 2013-2014)
Numerous studies on climate change have indicated that forest ecosystems play a major

role in carbon seclusion and storage (Phiri, 2013). Carbon from the atmosphere is taken up
by vegetation during photosynthesis and stored as plant biomass as part of the carbon

cycle process (Samalca, 2000).

2.4. Understanding Renewable generation and Distributed generation concepts

As global energy demand increases, RE provides one means among many of adding energy
assets to the system alongside growth of other resources. Due to rapid energy penetration
and energy integration, many terms have emerged to describe power that comes from
different sources other than from large, centrally dispatched generating units connected to a

high-voltage transmission system or network (Sotkiewicz &Vignolo, 2007). To understand the
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viewpoint of renewable generation, it is important to deal with the well-known concept
“distributed generation”.

2.4.1. Background of distributed generation

The term distributed generation is not a new concept because originally energy was
produced and consumed at the development that required it (Adefarati & Bansal., 2016).
However, the definitions used in recent literature with in regards to distributed generation are
not consistent. Research shows that most authors define the location of DG at the
distribution side of the network, some authors also include the customer’s side, and some
even include the transmission side of the network. In the literature, a large number of terms
and definitions are used in relation to distributed generation. For example Lasseter, (2007)
indicates that Anglo-American countries often use the term ‘embedded generation’, North
American countries the term ‘dispersed generation’, and in Europe and parts of Asia, the

term ‘decentralised generation’ is applied for the same type of generation (Lasseter, 2007).

In other official international documents, different definitions of the term distributed
generation (DG) can be found, each referring to various characteristics for the classification:
the size of the power plant, its location, the energy source that is converted into electricity,
the voltage level of the grid to which it is connected, and the dispatchment methodology
(Junior et al., 2013) etc.

Distributed generation sources are normally connected to the main grid or to the load through
the interface of power electronics, which manages the power and the output voltage
(Chandorkar et al., 2013).

In an amazing book by Lovins et al. (2002), Small is Profitable: The Hidden Economic
Benefits of Making Electrical Resources the Right Size (2002), benefits of distributed
resources are explored and explained. In his book he defines distributed renewable
resources that are relatively small in scale and located somewhat near the end-user. An
example of such distributed resources is shown in Figure 2.11. He further states that
Distributed Energy Resources (DER), are small-scale power generation sources located

close to electricity consumer, providing alternative enhancement of the traditional electric
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power grid. Distributed resource is a faster and less expensive option to the construct in
large, central power plants and high-voltage transmission lines. They offer consumers the
potential for lower cost, higher service reliability, high power quality, increased energy

efficiency, and energy independence.

DISTRIBUTED
GENERATION

= Fuel cells

« Internal combustion

= Combustion turbine

« Biomass cogeneration
= Wind turbines

= Photovoltaics

GRID RESOURCES

» Increased grid capacity
= Decreased grid losses
+ Improved power factor
= Grid-sited storage

* Reduced connection
losses

* Unaccounted for losses

DEMAND-SIDE
RESOURCES

= Heat pumps

= Solar architecture
= Motor controas

« Efficient lighting
» Load shifting

« Appliance efficiency

Figure 2.11: Examples of distributed resources (Lovein et al., 2002)

Another basis for classification of DGs is the type of technology involved in the power
generation. Therefore, distributed generation technologies can be categorized as renewable

and non-renewable as depicted in Figure 2.12.

Distributed
Generation

" Nomn-traditional generators

( combustion generators) - Wind Power

- Diesel Generators - Solar power

............... - Micro- Turbine

- Geothermal gas

-Hydro power oo

Figure 2.12: Distributed generation classification
Due to the large variations in the definitions used in the literature, the following different
approach has been used to define distributed generation more precisely:
» The purpose;
* The location;
* The rating of distributed generation;
» The power delivery area;

* The technology;

25



+ The environmental impact;
+ The mode of operation;

» The penetration of distributed generation.

2.4.2. Definition of distributed generation

As mentioned in the previous pages, although distributed generation is not a new approach
in the electricity industry, the analysis of recent literature has shown that there is no accepted
definition of distributed generation as of yet (Bollen & Hassan, 2011). According to research,
distributed generation is an approach that employs small-scale technologies to produce
electricity close to the end users of power. The small scale distributed generation is often
produced by small modular solar and wind generators, coal generators, hydro, biomass and
geothermal etc. Figure 2.12 above shows the classification of some of the distributed
renewable generator around the world currently being used to generate power while

Figure.2.13 below shows simplified integration of existing distributed power generation to the

grid.

Centralized Transmission Distribution Network

generation Network MYV Level LV Level
A4

Substation

Figure 2.13: Simplified diagram with the most grid-connected DG technology concept (Freris &
Infield, 2008)

As a result of many different definitions regarding distributed generation used in the literature
and in practice, this study suggests a general definition of distributed generation (Kaunda et
al., 2012). Distributed generation is an electric power source connected directly to the
distribution network or on the customer site of the meter (Bollen & Hassan, 2011). In most
competitive markets such as Europe, USA and Asia, the legal definition for transmission
networks is usually part of the electricity market regulation. Anything that is not defined as
transmission network in the legislation can be regarded as the distribution network. The

definition of distributed generation does not define the rating of the generation source, as the
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maximum rating depends on the local distribution network conditions, e.g. voltage level. It is
useful to introduce categories of different ratings of distributed generation. The following
categories are suggested as seen in the table below:

Table 2.5: Distributed generation capacities (Ackermann et al. 2001; El-Khattam and Salama,

2004)
Class Power Range
Micro distributed generation ~ 1W — 5kW
Small distributed generation 5kW — 5MW
Medium distributed generation 5MW - 50MW
Large distributed generation 50MW - 300MW

2.4.3. Renewable generation background

A large amount of research effort has been made in order to diversify the primary energy
sources and to accommodate the growth in consumption. This consumption growth,
associated to the limited power generation capacity of traditional power plants, is
encouraging the development of renewable generation systems. Currently, renewable
generation (energy-based) DG has captivated the energy sector and energy economy on a

global scale and this has become a leading research area (Adil & Ko, 2016).

Although the existing traditional power grid can maintain an instantaneous balance between
supply and demand, it is constantly facing many problems (Adil & Ko, 2016). During the past
decades, conventional generation such as diesel and coal has met the problem of energy
crisis and environmental pollution. On the other hand renewable generation resources
particularly, wind and photovoltaic generations are becoming more cost-effective in South
Africa and Africa due to the evolution of renewable technologies and the advances in power

electronics solutions (Adil & Ko, 2016).

Although South Africa’s journey towards large-scale deployment of renewable energy (RE)
technologies has taken slow progress to mature, solar and wind are gaining momentum.

Wind and solar photovoltaic (Solar PV) power plants have been the first power plants from
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the RE portfolio to start operations, steadily contributing additional capacity to the power
system with each new successfully commissioned plant, as shown in Figure 2.14 below (SA

DOE, 2015).
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Figure 2.14: REIPP growth in energy produced during 2014 (Eskom, CSIR Energy Centre
analysis, 2013)

According to mainstream South Africa (SA), the government’s tendering programme
(REIPPPP) has already awarded a tender of 848MW of renewable generation to Mainstream
for long term development of Solar PV and wind project. The table below shows the
summary of renewable generation project currently underway with 318MW generation added

on the national grid.

Table 2.6: Summary of renewable generation project in SA, (Mainstream, 2015)

NAME STATUS RENEWABLE MW
GENERATION

Jeffrey’'s bay Operational Wind 138

De Aar Operational Solar 50

Droogfontein Operational Solar 50

Nouspoort Operational Wind 80

Khabab In construction Wind 140

Loeriesfontein In construction Wind 140

Perdekraal East Contract awarded, Wind 110
nearing financial close

Kangnas Contract awarded, Wind 140
nearing financial close
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Wind and solar power are the focus for two reasons; first they are among the renewable
generation types, as wind and solar are subject to natural variability in their energy sources.
This variability creates distinct challenges for integration into the larger power system,
namely non-dispatchability. Secondly, wind and solar power are relatively mature for use in
large capacities and in wide areas, and so have a significant impact on the power grid that is

likely to increase over time.

2.4.4. Definition of renewable generation

The term “renewable” generally refers to those energy resources whose common
characteristic is that they are non-depletable or naturally replenishable. Therefore renewable
generation refers to renewable energy sources that produced electricity at or near the point
where it is used. Renewable resources include solar energy, wind energy, hydropower,
geothermal energy, biomass and temperature differences in the oceans and the energy of
the tides. From the performance point of view, these renewable generations have much in
common with conventional utility power plants (Adil & Ko, 2016). Their interconnection to the
transmission systems therefore, shall follow the generation interconnection requirements and
guidelines.

Enabling renewable generation integration to the power grids has become an essential
element of the smart grid roadmap (Gungor et al., 2013).

As electric utilities prepare to meet the Renewable Portfolio Standard goals, advanced

sensing and communication technologies can be used to facilitate renewable integration.
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Figure 2.15: Commercially available renewable energy generation resources (SolarGlS, 2013)
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Renewable generation technologies consist primarily of energy generation and storage
systems placed at or near the point of use. Renewable generation energy comprises a range
of resource technologies including biomass, and geothermal. These technologies also
involves power electronic interfaces, as well as communications and control devices for
efficient dispatch and operation of single generating units, multiple system packages, and
combined generating power units.

The primary fuel for much needed renewable generation development in Africa and South
Africa is the fast growing economy which requires energy integration to meet the growing
demand. Renewable energy technologies—such as solar electricity, biomass power, and
wind turbines—are imperative in the energy mix. Figure 2.15 above shows the undergoing
major developments in Africa and South Africa.

2.5. Types of renewable energy sources

Renewable generation can be classified into two major groups, namely, inverter based DG
and rotating machine DG. Normally, inverters are used in DG systems after the generation
process, as the generated voltage may be in DC or AC form, but it is required to be changed
to the nominal voltage and frequency (Gungor et al., 2013). Therefore, it has to be converted
first to DC and then back to AC with the nominal parameters through the rectifier. In the next
pages, some of the presently available renewable generation technologies, for example,
photovoltaic systems/solar power, wind turbines, hydro power, biomass, and geothermal and
renewable generators are discussed.

Renewable energies are energy sources that are continually replenished by nature and
derived directly from the sun (such as thermal, photo-chemical, and photo-electric), indirectly
from the sun (such as wind, hydropower, and photosynthetic energy stored in biomass), or
from other natural movements and mechanisms of the environment (such as geothermal and
tidal energy). Figure 2.16 below shows an overview of renewable energy sources.
Renewable energy technologies turn these natural energy sources into usable forms of
energy electricity, heat and fuels. Renewable energy markets such as electricity heating and
transportation have been growing sharply over the last five years. The deployment of

established technologies, such as hydro, as well as newer technologies such as wind and
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solar photovoltaic, has risen quickly, which has increased confidence in the technologies,

reduced costs and created new opportunities.
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Figure 2.16: Overview of renewable energy sources
2.5.1. Photovoltaic (PV) or Solar Power

A photovoltaic system, converts the light received from the sun into electric energy. In this
system, semi conductive materials are used in the construction of solar cells, which
transform the self-contained energy of photons into electricity, when they are exposed to sun
light (Gungor et al., 2013). The cells are placed in an array that is either fixed or moving to
keep tracking the sun in order to generate the maximum power. These systems are
environmentally friendly without any kind of emission. They are easy to use, are simple in
design and do not require any other fuel save for solar light. On the other hand, they need

large spaces and the initial capital is very high (Gungor et al., 2013).

The main components of PV systems are photovoltaic modules and photovoltaic inverter with
adequate protective equipment and installation. Photovoltaic modules convert solar energy
into DC current, while the photovoltaic inverter adjusts the produced energy in a form which
can be submitted to the public grid (Gungor et al., 2013). The AC voltage is supplied to the

electricity network through protection and measuring equipment. The photovoltaic inverter is
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usually located indoors, although there are inverters for outdoor installation, where it must
not be directly exposed to sunlight. Inverters produce high-quality AC current of
corresponding voltage and are suitable for a network-connected photovoltaic system.

Several large-scale solar power facilities are under development in Africa including projects
in South Africa and many other African countries. Although solar power technology has the
potential to supply energy to large numbers of people, and has been used to generate power
on a large scale in developed nations, its greatest potential in Africa may be to provide power
on a smaller scale and to use this energy to help with day-to-day needs such as small-scale

electrification, desalination, water pumping, and water purification.
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Figure 2.17: Schematic diagram for grid connected PV system (Sipahutar, et al., 2013)

Solar power includes photovoltaic (PV) as well as concentrated solar power (CSP). In South
Africa, a 50 MW concentrated photovoltaic (CPV) power plant is being planned in
Touwsrivier, in the Western Cape. PV systems generate DC voltage and then transfer to AC
with the aid of inverters. There are two general designs that are typically used: with and
without battery storages (Reve, 2015).

2.5.2. Theory of Photovoltaic (PV) electricity generation

The photovoltaic effect is the basic physical process through which a PV cell converts
sunlight into electricity. Sunlight is composed of photons (like energy accumulations), or
particles of solar energy. These photons contain various amount of energy corresponding to
the different wavelengths of the solar spectrum. When photons hit a PV cell, they may be
reflected or absorbed. Only the absorbed photons generate electricity. When this happens,

the energy of the photon is transferred to an electron in an atom of the cell (usually silicon
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atoms). The electron is then able to escape from its normal position associated in the atom to
become part of the current in electrical circuit (Tyagi et al., 2013). The Figure 2.18 below

shows that different PV materials have different energy band gaps.
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Figure 2.18: Different PV materials with different energy band gaps (Tyagi et al, 2013).

To produce the electric field within a PV cell, the manufacturers create a junction of two
different semiconductors (types P and N). The most common way of making P or N type
silicon material is by adding element that has an extra electron or has a deficit of an electron.
Silicon is the most common material used in manufacturing process of photovoltaic cells.
Silicon atoms have 14eletrons, where the four electrons in the last layer are called valence
electrons. In a crystal solid, each silicon atom normally shares one of its four valence
electrons in a covalent junction with another silicon atom. The silicon crystal molecules are
formed of 5 silicon atoms in a covalent junction (Adil & Ko., 2016).

The process of doping introduces an atom of another element into silicon crystal to alter its
electrical properties. The element used for doping has three or five valence electrons.
Usually phosphorus is used to make the N-type (Boron has 3 valence electrons). In a
polycrystalline thin-film cell, the top layer is made of a different semiconductor material than

the bottom semiconductor layer.
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Figure 2.19: What a typical PV solar cell consists of (Tyagi et al., 2013).
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2.5.3. Types of photovoltaic systems

Photovoltaic power systems are generally classified according to their functional and
operational requirements, their component configurations, and how the equipment is
connected to other power sources and electrical loads. Photovoltaic systems can be divided
into two basic groups:

1. Photovoltaic systems not connected to the network, stand-alone systems (off-grid)

2. Photovoltaic systems connected to public electricity network (on-grid), of which there are
lots of different subtypes of photovoltaic systems according to type and method of connecting
to the network, or method of storing energy on independent systems (Claire, 2016).

Sizing of a PV system means to determine how much energy is required to run the system
and how many PV modules are needed to generate it. A PV system has to generate enough
energy to cover the energy consumption of the loads (lights, appliances, equipment) and
energy used by the system itself.

The size and configuration of the solar array is then optimised in order to match the energy
yield of the system to the energy consumption of the system. The energy vield of a PV
system depends on the type of PV modules, the characteristics of a PV inverter, the
orientation of the modules, and meteorological conditions.

2.5.3.1. Stand-alone system

These systems are isolated from the electric grid. Figure 2.20 describes the most common
configuration, which is in fact actually one of the most complex and includes the entire
element necessary to serve AC appliances in a common household or commercial
application. An additional generator (e.g., diesel or wind) could be considered to enhance the
reliability. The inverter section of this standalone system will be discussed in more detail in
chapter 5 of this thesis.

The number of components in the system will depend on the type of load that is being
served. The inverter could be eliminated or replaced by a DC to DC converter if only DC
loads are to be fed by the PV modules. It is also possible to directly couple a PV array to a
DC load when alternative storage methods are used or when operating schedules are not of

importance.
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In stand-alone photovoltaic power systems, the electrical energy produced by the
photovoltaic panels cannot always be used directly. As the demand from the load does not
always equal the solar panel capacity, battery banks are generally used. The primary
functions of a storage battery in a stand-alone PV system are:
* To store energy when there is an excess and be available to provide it when required
by the load.
* To provide stable current and voltage by eradicating transients (Voltage and Current

Stabilization).

PV Array »| Charge >»| DC Load
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Figure 2.20: Diagram of stand-alone PV system with battery storage powering DC and AC loads
2.5.3.2. Hybrid system

Hybrid systems are mostly combined by both stand-alone system and grid-tied system as an
additional connection for reliability and scheduling flexibility of power. Most available reports
on PV systems are related to this kind of technology, but the system is only commercially
available to commercial consumers and upper class residential consumers.

A hybrid power plantis a complete electrical power supply system that can be easily
configured to meet a broad range of remote power needs. Hybrid energy systems combine
two or more forms of energy generation, storage or end-use technologies, and they can
deliver huge benefits compared with single source systems. In these cases, hybrid energy
systems are an ideal solution since they can offer substantial improvements in performance
and cost reduction, and can be tailored to varying end user requirements (Chauhan &Saini,
2014).

There are three basic elements to the system —
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* The power source unit
* The battery storage unit

« The power management center.

Sources for hybrid power include wind turbines, diesel engine generators, and solar PV
systems. The battery allows autonomous operation by compensating for the difference
between power production and use. Hybrid systems provide a high level of energy security
through the mix of generation methods, however the initial capital is costly. Configurations
could include renewable or non-renewable energy sources, electrical and chemical energy

storage and fuel cells, often connected via a smart grid (Chauhan & Saini, 2014).

In this scheme below, all DC energy sources (solar) are coupled to the DC bus by proper
interfacing circuits. DC loads are directly served through DC bus by using DC/AC converter.
AC loads receives energy from converter output AC bus (50-60 Hz). This system eliminates
the use of converters (DC/DC) and hence reduces conversion losses in the configuration. As
a result, hybrid DC-AC coupled configuration has lower cost and higher energy efficiency as
compared to DC-DC coupled with AC schemes. However, the hybrid scheme has relatively
complex control and energy management. Hybrid coupled configuration of wind, solar grid

based integrated energy system is presented in Figure 2.21 below.
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Figure 2.21: Power flow and grid interaction, typical photovoltaic hybrid system (Malengret &
Gaunt, 2011)
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2.5.3.3.

Grid-tied system

These systems are directly coupled to the electric distribution network and do not require

battery storage. Figure 2.22 below describes the basic configuration including the grid

electric utility. Electric energy is either sold or bought from the local electric utility depending

on the local energy load patterns and the solar resource variation during the day. This

operation model requires an inverter to convert DC current to AC currents.

Converter block Diagram
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Figure 2.22: Diagram of grid-connected photovoltaic system (Libo et al., 2007).

There are many benefits that could be obtained from using grid-tied PV systems instead of

the traditional stand-alone schemes.

Smaller PV arrays can supply the load reliably.

Less balance of system components are needed.

Comparable emission reduction potential taking advantage of existing
infrastructure.

Eliminates the need for energy storage and the costs associated to substituting
and recycling batteries for individual clients. Storage can be included if desired to
enhance reliability for the client.

Efficient use of available energy. Contributes to the required electrical grid

generation while the client's demand is below PV output.

2.5.4. Wind Power sources

Wind power generation is developing fast in South Africa because of its commercial

application and large-scale development in future. Recently, wind power generation
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connected to the grid has become the mainstream, garnering the support of large grid
integration.

Wind turbines convert wind energy into electricity. Wind is a highly variable source which
cannot be stored, thus, it must be handled according to this characteristic (Blaabjerg & Lonel
et al., 2015). A general scheme of a wind turbine is shown in Figure 2.23, where its main
components are presented. Figure 2.24 is a schematic representation of a modern power
system, which incorporates renewable energy sources, distributed generation, and smart grid
functions. Integration is made possible through the extensive use of power electronics. Wind
energy is influenced indirectly by the energy of the sun (Burton et al., 2011). Significant
quantity of the solar radiation received by the Earth is converted into kinetic energy, the main
cause of which is the imbalance between the net outgoing radiation at high latitudes and the
net incoming radiation at low latitudes (Burton et al., 2011).

The Earth’s rotation, geographic features and temperature gradients affect the location and

nature of the resulting winds (Burton et al., 2011).
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Figure 2.23: Power electronics enabled wind turbine energy conversion system (Blaabjerg &
Lonel et al., 2015).
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Figure 2.24: Schematic diagram of grid connected wind turbine (Burton et al., 2011)

The use of wind energy requires that the kinetic energy of moving air be converted to useful
energy. As a result, the economics of using wind for electricity supply are highly sensitive to
local wind conditions and the ability of wind turbines to reliably extract energy over a wide
range of typical wind speeds.

Together with hydroelectric and photovoltaic system, wind generation or the direct
conversion of wind into electrical energy is one of the cleanest forms of energy conversion
available. When the energy crisis in the seventies was occurring, wind generation became
very popular as a prospective replacement for fossil fuel electric generation. But, there are
several reasons that wind energy generation has not become a major source of energy.
However the development of wind has been slow due to high cost and the intermittent nature
of winds.

254.1. Operation of wind turbine

The operation of a wind turbine is characterized by two conversion steps. First, the rotor
extracts the kinetic energy of the wind, changing it into mechanical torque in the shaft; and in
the second step the generation system converts this torque into electricity (Brent, 2013). The
power coefficient, Cp gives the fraction of the kinetic energy that is converted into
mechanical energy by the wind turbine.

It is a function of the tip-speed ratio and also depends on the blade pitch angle for pitch
controlled turbines (Chauhan & Saini, 2014). For the operation of the wind turbine, it is

important to take into account the equation of power density. It is used to find which wind site
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is potentially available to install the wind turbine (Brent, 2013). The expression for kinetic

energy in moving air wind is calculated under the following equation:

(2.2)
Where P = power of a wind flow;

P = Air density [1,225 kg/m3, under usual conditions];

A = the cross-section area of a wind flow;

V = speed of a wind (m/s).

The useful mechanical power obtained is expressed by means of the power coefficient CP

P, —C.2 AV’ 22)

The wind velocity suffers retardation due to the power conversion to a speed V3 behind the
wind turbine. The velocity in the plane of the moving blades is of average value V2 = (vl +
V3)/2 (Nikolaev et al., 1994)

According to Nikolaev et al., (1994), calculation of useful power is maximum when (V3/V1) =
1/3 and the power coefficient Cp = 0.59.

Wind turbines power coefficient maximum values Cp max = (0.4 - 0.5). This is because of
profile loss, tip loss, and wake rotation loss. Tip-speed ratio is an important parameter of
wind turbines. It is the ratio of the ratio of the peripheral velocity of the turbine blade tips and

the wind speed (Nikolaev et al., 1994).
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Figure 2.25: Typical diagram of wind turbine (Mentis et al., 2015)

In present wind systems, the generator system gives an AC output voltage that is dependent

on the wind speed. As wind speed is variable, the voltage generated has to be transferred to
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DC and back again to AC with the aid of inverters. However, fixed speed wind turbines are
directly connected to grid (Chauhan & Saini, 2014).

One of the hottest topics for renewable energy is the generation of electricity by means of
wind, but since we cannot control wind, a lot of protections have to be taken into account
when having wind generators connected to the grid in order to maintain stability and avoid
system collapse (Kishore et al., 2013).

2.5.5. Hydro Power source

Hydropower also referred to as tidal power or water power, is power derived from
the energy of falling water, which may be harnessed for useful purposes. The early use of
waterpower dates back to Mesopotamia, also known as ancient Egypt, where irrigation has
been used since the 17™ millennium BC and water clocks had been used since the early 2™
millennium BC. According to Wikipedia, (2010), waterwheels, turbines, and mills were built in
India: in Imperial Rome, water powered mills produced flour from grain, and were also used
for sawing timber and stone. In China, watermills were widely used since the Han Dynasty.
In China and the rest of the Far East, hydraulically operated "pot wheel" pumps raised water

into irrigation canals (Wikipedia, 2010).

Figure 2.26: Typical ancient water turbine generator in early years in India and China (Wikipedia,
2010)

Hydro power has a long history in the literature, since the early 20th century, the term is used
almost exclusively in conjunction with the modern development of hydro-electric power,
which allowed the use of distant energy sources (SAAEA, 2012). Among many methods
used to transmit energy is atrompe, which produces compressed air from falling water.
Compressed air could then be piped to power other machinery at a distance from the

waterfall (Mentis et al., 2015).
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25.5.1. Brief operation of hydro power generation

Newton's law of universal gravitation states, that a particle attracts every other particle in the
universe using a force that is directly proportionalto the product of their masses
and inversely proportional to the square of the distance between their centres. The basic
idea behind hydropower comes from the theory of potential energy stored in the gravitational
field (Svendsen, 2013). A mass (m) which is contained at a height (h) in a gravitational field
with a gravitational constant (g) has a potential energy Ep = mgh. When the mass is released
in the gravitational field, the energy will be transformed from potential energy to kinetic
energy expressed in terms of the velocity (v) via the relation Ek = %2 mv2.

From the basic physical principal that energy is conserved, all the potential energy will be
converted to kinetic energy plus some frictional heat losses due to the falling mass (m) at
total height (h). This kinetic energy can be used to drive turbines which, in turn, drive the
generators that generate electrical power (Svendsen, 2013). Figure 2.27 and 2.28 illustrates

the design and operation of hydro power plant.
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Figure 2.28: Image of Inga Hydropower dam in Democratic Republic of Congo (DRC), (SAAEA,
2012)
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The water stored behind a dam wall in Figure 2.27 is transported to a hydraulic turbine,
which is turned by the force of the water. The turbine drives a generator rotor, to which it is
coupled by a shaft, thus generating electricity. After the water has completed its task, it is
discharged back into the river downstream of the power station.

Hydropower is one of the most important renewable resources in Africa that is currently
under steady development. Research shows that the hydropower resource makes 16% of
African power generation mix, and 94% of the continent renewable power production
remains untapped (Kaunda et al.,, 2012). The untapped hydropower potential for large
projects is mainly situated in the lower Congo River (INGA) and the upper Nile River (Aliyu et
al., 2017).

The economic potential of Africa’s hydro-power is only about a half of the technical potential
according to Onyeji. (2014), yet it would be sufficient to provide a substantial share of total
Africa power demand. Hydropower provides more thanl9% of the world's electricity
consumption from both large and small power plants. Countries such as Brazil, Uganda, the
United States, Canada, DRC, and Norway produce significant amounts of electricity from
very large hydroelectric facilities.

Worldwide mini-hydropower or small-scale hydropower projects have become more popular
because of their low costs, reliability, and environmental friendliness. Studies show that small
scale mini-hydropower generation is economically viable if the projects are combined with
the additional benefits of flood and irrigation control as well as encouraging tourism (Aliyu et
al., 2017).

2.5.6. Biomass renewable source

Biomass is the term used for all organic material originating from plants, trees and crops, and
is essentially the collection and storage of the sun’s energy through photosynthesis.
Bioenergy is the conversion of biomass into useful forms of energy such as heat, electricity,
and liquid fuels (biofuels) (Phiri, 2013). The biomass renewable resource can also be defined
as biological material from living or recently living organisms. Using biomass to generate

electricity is technologically well-established, but the price paid for electricity seldom off sets
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the full cost of the biomass fuel. In South Africa, bioenergy fuels are intensive in the use of

inputs, which include land, water, crops, and fossil energy, all of which have opportunity cost.
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Figure 2.29: Overview of common biomass resources in South Africa (Banks & Schaffler, 2006)

According to the Sustainable Energy and Climate Change Project (SECCP), (2006), biomass
energy is currently the largest renewable energy contributor in South Africa, estimated at
about 9%, while some data indicates as high as 14%. Most rural households and several
hundred thousand low-income urban households rely on fuel wood for cooking and space
heating (Banks & Schaffler, 2006). Biomass by-products are used in boilers by the sugar and
paper industries to generate electricity.

The South African government and other large stakeholders (e.g. Sasol and PetroSA) are
currently developing the capacity to produce liquid fuels from biomass, with an estimated
potential of 20% of the national liquid fuels requirement (Banks & Schaffler, 2006).

In the same report by SECCP, production of bio-ethanol, for possible use as a safer
household fuel, is also receiving increased attention. In the longer term, SECCP anticipate
biomass contributing between 9% and 16% of the energy requirement. The large-scale use
of bioenergy would require vast areas of land to be converted to energy crops (Banks &
Schaffler, 2006). As an energy source, biomass can either be used directly or converted into

another energy product such as biofuel (Haw & Hughes, 2007).
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Figure 2.30 Overview of biomass use and different form of energy conversion

Bioenergy comes either directly from the land, such as from dedicated energy crops, or from
residues generated in the processing of crops for food or other products (Perlack et al.,
2015). Figure 2.29 shows the common overview of biomass resources in South Africa.
Biomass energy is renewable and sustainable, yet shares many characteristics with fossil
fuels. While biomass can be directly burned to obtain energy, it can also serve as a
feedstock to be converted to various liquid or gas fuels (biofuels) (Perlack et al., 2015).
Biofuels can be transported and stored, and allow for heat and power generation on demand,
which is essential in an energy mix with a high dependence on intermittent sources such as
wind (Perlack et al., 2015). Figure 2.30 shows an overview of the use of biomass as well as
different forms of energy conversion. These similarities account for the major role biomass is
expected to play in future energy scenarios. Therefore a recent emerging strategy is to
develop biorefinary and biotransformation technologies to covert biomass feedstock into
clean biofuel (Ellaban et al., 2014). Biomass feed stock can be converted into bioenergy via
thermo-chemical and bio-chemical conversion processes. These processes include
combustion, pyrolysis, gasification, and anaerobic digestion as shown in Figure 2.30 (Perlack
et al., 2015).

In contrast to the benefits, there are significant barriers to biomass-to-energy facilities.
Biomass fuels have low energy densities, and collection and transportation can be cost

prohibitive (Perlack et al., 2015).
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2.5.7. Geothermal resources

Geothermal energy has been produced commercially since 1913 for electricity generation,
and for four decades on the scale of hundreds of MW both for electricity generation and for
direct use (Ellaban et al., 2014). The exploitation has increased rapidly during the last three
decades. Geothermal energy is thermal energy generated and stored in the Earth, and
originating from the original formation of the planet, from radioactive decay of minerals, from
volcanic activity, and from solar energy absorbed at the surface (Ellaban et al., 2014).

The geothermal gradient is the difference in temperature between the core of the planet and
its surface; this drives a continuous conduction of thermal energy in the form of heat from the
core to the surface (Purschel et al., 2013). The main source of this energy is the constant
flow of heat from the earth’s interior to the surface. This heat creates the molten rock, or
magma, beneath the surface crust (Karekezi, 1994; Karekezi & Ranja, 1997). Volcanoes,
geysers and fumaroles are the visible evidence of the great reservoir of heat, which lies
within and beneath the earth’s crust. The magma heats the surrounding rock structures and
when underground water comes into contact with this heat, geothermal fluid is formed
(Mariita, 2002; Bronicki, 2001).

This energy can be extracted by driling wells to tap concentrations of steam at high
pressures and at depths shallow enough to be economically justifiable. The steam is then led
by pipes to drive electricity-generating turbines (Mariita, 2002; Bronicki, 2001).

Figure 2.31 below illustrates one of the famous geothermal active sites in the Eastern DRC

north of Ngoma.

Figure 2.31: Active volcano in DRC is famous for housing the biggest lava lake in the world
(Favalli et al., 2009)
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Geothermal power exploitation has numerous advantages over other energy sources.
Among the benefits of geothermal power are the near zero emissions (true for modern
closed cycle systems that re-inject water back to the earth’s crust), and the little space
required for geothermal power development compared to other energy sources such as coal
fired plants . Geothermal power is mostly concentrated in eastern Africa, but there are many
patchy spots of high intensity geothermal potential spread across the continent.

There is enormous potential for geothermal energy in the East African Rift which is roughly

3,700 miles in length (Purschel et al., 2013).
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Figure 2.32: Location of geothermal in great East African rift valley system (Purschel et al.,
2013)

Figure 2.32 shows East African countries that use and have carried out research on
Geothermal Resources which include: Djibouti, Eritrea, Ethiopia, Kenya, Malawi, Tanzania,
Uganda and Zambia. The potential to use geothermal energy for grid-connected
electrification is imperative and all these countries have the potential to use geothermal
energy for grid connected electrification (Purschel et al., 2013).

Geothermal energy is a powerful and efficient way to extract renewable energy from the
earth by natural processes. This can be performed on a small scale to provide heat for a
residential unit by using a geothermal heat pump, or on a large scale for energy production
through a geothermal power plant. Geothermal power is considered a cost effective, reliable,
and environmentally friendly energy source (Bertani, 2012).

However, geothermal potential of the country is still untapped for the above mentioned
countries. For example, geothermal in potential in Ethiopia estimated at about 5000MW, and

no new plant geothermal plant has been commissioned since 1999. According to research,
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the lack of additional geothermal prospects have been due to the lack of foreign investors,
which is the most limiting factor for the future development of geothermal resources in

countries (Bertani, 2012).
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CHAPTER 3: INTEGRATION CHALLENGES OF RENEWABLE GENERATION
DEVELOPMENT IN AFRICA AND SOUTH AFRICA

3.1. Chapter review

This chapter has highlighted regional bodies in Africa and their role in accelerating renewable
development on the continent. The chapter also takes a comprehensive look on the
economic and technical integration challenge associated with renewable generation
technologies, including the opportunities to increase the development of renewable energy in

South Africa and the continent.

3.2.  Awareness of the regional bodies

The future of renewable generation in Africa and South Africa looks bright and this is
increasingly powered by micro-grid renewable generation resources. Globally, much of this
growth is due to energy security concerns urged by international energy bodies such as
IRENA and IEA to look for sustainable sources of energy to replace the depleting fossil fuels
of governments of the world. Global environmental and energy security concerns are
currently driving penetration of renewable energy alternatives, as these can mitigate the
vulnerability of developing economies in energy markets caused by increasing energy
requirements and lack of capital.

The increased awareness about fossil-fuel deposits in decline and environmental hazards
caused by the burning of fuels is also forcing governments towards exploiting renewable-
energy resources as an alternative (Bollen & GU, 2006). This realization by the government

has motivated an economic boost and rapid development of renewable technologies.

For example, following the awareness of opportunities and challenges of renewable
development in Africa, regional bodies, such as the Economic Community of West African
States (ECOWAS), have developed rural renewable energy development agendas
(Schwerhoff & Sy, 2016). ECOWAS member countries have established the Center for
Renewable Energy and Energy Efficiency (CREEE), forming strategic development deals
with several international organizations that include the United Nations Food and Agricultural

Organization (FAO) and the United Nations Industrial Development Organization (UNIDO)
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(Schwerhoff & Sy, 2016). ECOWAS target is 20 percent for the renewable makeup of energy

by 2030, which include off-grid electricity serving 25 percent of the rural population.

The Southern African Development Community (SADC) and the East African Community
(EAC) in 2016 agreed to create similar regional renewable energy programs (Schwerhoff &
Sy, 2016). In South Africa, the rise of Eskom from darkness in 2008-2010 was massively
influenced by government intervention together with the Department of Energy (DoE) to form
a consortium that governs renewable energy in South Africa, hence the birth of the

Renewable Energy Independent Power Producer Procurement Programme (REIPPPP).

Research done by IEA, (2010a) shows that in terms of Sub-Saharan African countries, South
Africa’s REIPPPP has been successful. REIPPPP in South Africa together with other
organizations like South African National Energy Development Institute (SANEDI) are

accelerating the development of renewable generation in South Africa.

In 2012, SANEDI established the South African Smart Grid Initiative (SASGI) to facilitate
amongst others the effective strategy of introducing renewable energy feed-in tariff (REFIT)
(Fritz, 2012). The objective was to bring certainty and to encourage potential investors to
accelerate the introduction of renewable energy generation mix into the grid (Fritz, 2012).

The introduction of private energy generation companies (REIPPPP) offered multiple
benefits, such as diversification of supply, skill development, and heavy investments in the
South African economy. Renewable energy has become a ‘strategic commodity’ and
therefore any impediment about its development threatens the functioning of the economy,
particularly in emerging economies (Kochtcheeva, 2016). Every society requires energy to
meet the basic needs. A sustainable social economic development needs secure energy
supplies at an affordable rate which have low environmental impacts and low greenhouse
gas (GHG) emissions (Kochtcheeva, 2016). This chapter discusses more details on the
economic challenges and the technical challenges facing the implantation of renewable
generation in South Africa and Africa as a whole. It aims to answer questions such as, what

is holding back renewable development technology in Africa and South Africa.
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3.3. The challenges associated with renewable generation development

Despite the challenges associated with renewable generation development, renewable
energy continues to plays an important role in providing sustainable and clean energy
mitigating climate changes. With current technological advancements, the broadened
understanding of renewable energy knowledge as well as positive support from governments
with favorable promoting policies, renewable generation energy forms are slowly developing
to meet energy demands in a cleaner way.

Monopoly utility companies like Eskom who supplies 95% of South Africa’s electricity and
own the entire transmission infrastructure and the distribution network are hindering

accelerated renewable development (Du Toit, 2014).

It has been argued that monopolistic energy providers in South Africa such as Eskom and
Sasol use their influence to protect those of the energy market’s features suited to their core
competencies (Bhattacharya et al., 2016). In fact, the structures of the energy sector and
regulatory environment have not favored the entry for renewable energy which was
acknowledged in the White Paper on the Renewable Energy Policy of the Republic of South
Africa (REWP) (Mohammed et al., 2013).

One of the major global challenges is securing energy supply to meet the growing demand,
providing everybody with access to energy services, and curbing the contribution to climate
change (Bhattacharya et al., 2016). However, for developing countries in Africa, especially
the poorest, energy is needed to stimulate production, income generation, social
development, and to reduce serious health problems caused by using fuel wood, charcoal,

dung and agricultural waste.

Unlike South Africa, most transmission and distribution infrastructure of African countries are
virtually non-existent. Building new transmission lines can be difficult due to planning
barriers, land use rights and costs. According to Eberhard et al., (2015), the aging utility
infrastructure of some African countries presents another challenge that impedes accelerated

renewable energy development to help address the urgent energy demand for the growing
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economy. The question to be answered in this chapter is: “what is delaying accelerated
renewable development in Africa and South Africa?” Figure 3.1 shows the main challenges

facing renewable development in Africa and Sub-Saharan Africa.
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Figure 3.1: Challenges to the development of renewable development in Africa and Sub-
Saharan Africa

3.3.1. Natural challenges

The natural challenges or barriers include the resource availability to develop renewable
electricity generation technologies. For example, South Africa is water scarce and hence it
has a limitation on the extent to which hydro power can be developed (Musango et al., 2011).
The scarcity of water in South Africa and dependency on it for our food and energy industry
supply does little to encourage foreign direct investment for potential financial return from
small hydropower projects.

Small-hydro plants can be developed within South African borders, however, neighboring
countries have significant hydro-electric potential that can be development to benefit the
region (Pegels, 2010). According to Musango et al., (2011), the wind resource in South Africa
is also mainly concentrated along the coastal areas and hence it cannot be developed in all
the provinces of the country. Similarly, all the provinces of South Africa have a potential to

develop solar power technologies.
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The only solution to natural barrier is highlighted in Chapter 2 of this thesis, utilization of the
region potential such as the great Inga in DRC, Zambia and Mozambique for cross border
energy market. However, this requires governments to work together to integrate their
regulatory frameworks regarding security of electricity supply, and the deeper integration of
electricity markets (IEA, 2013).

South Africa hydropower import is shown in Table 3.1 below (Furi, 2009). In certain African
countries, the barriers to renewable energy development for hydropower in particular, are the

accessibility of sites and the lack of infrastructure availability.

Table 3.1: Hydropower potential in South Africa (Musango et al., 2011)

Category Installed capacity (MW) Estimated potential (MW)
Pico, micro, mini & small 38 247
Macro Imported hydro 1450 36400

Pumped storage 1580 10400

Dams/transfers 662 6990

3.3.2. Financial Challenges

The financial challenges to renewable energy development in Sub-Saharan Africa include
risk and cost of investment (Pegels, 2010). Currently in South Africa, the lack of financial
support and violation of the IPP agreement by the state utility (Eskom) is a barrier to
accelerated renewable project undertakings and also intensifies concerns for potential
investors of medium to large-scale deployment of the renewable electricity generation. The
solution for economic and financial challenges in South Africa was first published in 2009 as
Renewable Energy Feed-in-tariff (REFIT), a scheme which was proposed to aid in
establishing the RE market and levelling cleaner technology versus the continued financing
of coal (Furi, 2009).

The uncertainty of the renewable energy capital return on investment often limits the financial
support and mechanisms in the form of grants and loans for the renewable electricity
technologies and this is because of an attractive investment particularly due to high interest

rate (Musango et al., 2011).
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One of the main economic and financial barriers associated with renewable generation
development in Sub-Saharan Africa and Africa is the high initial capital of constructing new
energy infrastructure; power plants and transmission lines. The increased capital due to lack
of infrastructure and increased power reliability problems and power quality in most African
countries contributes to the very slow development of renewable energy (Furi, 2009). This
concern is complemented by the high cost of developing renewable electricity generation
technologies, the use and high-maintenance cost compared to the conventional technologies
such as coal or natural gas. In South Africa, the recommendation by Musango et al., (2011)
on grid integration and infrastructure improvements need to include improved access to the
grid by independent power producers. Energy evolution requires that RE is given priority

access to the grid rather than forcing IPP to conform to a currently old and problematic grid.

3.3.3. Policy and regulation challenge

Renewable energy developers have highlighted the lack as well as slow policy regulation on
mini-grids as one of the major challenges to successful development of renewable energy
and private micro-grids (Schwerhoff & Sy., 2017). Many African countries do not have a
renewable mini-grid policy, and, for those that do, the rules for their implementation are often
unclear, incomplete, inaccessible, bureaucratic and liable to change (Schwerhoff & Sy.,
2017). The main areas of concern are tariffs licensing, permitting requirements, and the
expansion of the main grid (Calvin et al., 2016). The regulation of renewable energy mini-grid
tariffs and connection fees usually depends on the size of the project. For example, in
Tanzania and Cameroon, tariffs for mini-grids below 100kW are exempted from regulatory
approval. In many other countries, tariffs for renewable energy development such as mini-
grids are not regulated at all (Calvin et al., 2016).

According to Welsch et al.,(2013), bureaucracy and lack of clarity around the licensing and
permitting of renewable mini-grids is preventing the much-needed capacity. Depending on
the type of project, licences may be required for the generation, distribution and sale of
electricity. For larger projects, developers may also need to negotiate a concession contract

or power purchase agreement (Welsch et al., 2013).
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3.3.4. Social Challenges

According to Amigun et al.,(2011), one of the social barriers of renewable energy
development include the possibility of rejection of such projects by the local authorities and
communities. There is still an extensive gap of knowledge in potentiality of RE in many
African countries. The gap according to Masebinu et al., (2016) is mainly attributed to the
lack of information, education, and awareness. Lack of information increases the possibility
of new technologies being rejected by the locals due to divergent views of renewable energy
generation policies and path dependency problems (Masebinu et al., 2016).

Another social challenge is the land localities issue, such as, cases where the land is
communally owned. There is a definite need to gain community acceptance (Masebinu et al.,
2016). As observed by Mohammed et al., (2011), land is considered as an inheritance and
the successful implementation of renewable energy projects requires the government and
project developers to work closely with the communities in the location reserved for
renewable energy developments. Therefore, to ensure successful implementation of
renewable electricity generation, there is a great need for public awareness. According to
Winkler et al., 2005), the department of energy states in the REIPPPP documentation that it
recognizes the programme’s great potential to realize positive socio- economic outcomes.
These outcomes give greater weighting to the criteria of job creation and local content,
followed by local ownership and socio-economic development, management control, and

enterprise development (Winkler et al., 2005). The table below presents these requirements

Table 3.2: Requirements for Social Economic development criteria of the RE IPPPP (Winkler et al.,

2005)

Economic development elements Weighting
Job creation 25%
Local content 25%
Oramnmership 15%
Management control 5%
Preferential procurement 10%
Enterprise dewvelopment 5%
Socio-economic development 15%
Total 100%
Total points 30 points
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Social Economic Development (SED) is a plan which was developed by the DoE for the IPP
bidder. In the document, SED plans refer to “the plan to be submitted by the bidder on how
social economic development will be implemented by the bidder, which will also detail how

the targets of the department would be met (Winkler et al., 2005).

3.3.5. Lack of Experts and Experience

According to DuToit, (2014), amongst the major challenge facing accelerated renewable
energy generation development in South Africa include: a lack of local experience: difficulties
in securing a black economic empowerment [BEE] partner: excessive permitting
requirements and sitting restrictions. Furthermore, the public is still not largely informed or
aware of the benefits of renewable energy, too many agencies are involved in the approval
process, and there is difficulty experienced by IPPs in gaining access to the grid and
obtaining the requisite approvals and licenses.

The market for private investment in renewable energy is still relatively immature in Africa,
and this is attributed to the lack of skills and experience of public institutions, developers,
financial institutions, and local project staff (Welsch et al., 2013). Technical assistance and

capacity building are therefore critical if renewable developments in Africa are to be scaled

up.

3.3.6. Threat to Profit

The development of renewable energy in South Africa has been argued to have been slowed
down by Eskom’s protection of profit interest. Increased renewable generation is reducing
the output from sources like such as coal and gas, and causing these sources to export their
power.

For example, with reference to Germany’s renewable development, when wind and solar
reach very high levels of generation on peak days, this causes electricity market prices to
decline such that they reach zero or negative (Foley & Olabi, 2017). Since 2011, South Africa
has experienced a surge in renewable energy investment due to the success of its REIPPPP

(Eberhard et al., 2014). In just three years, the scheme successfully channelled over 14
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billion USD of private sector investment into grid-connected renewable energy technologies
(Eberhard et al., 2014).

As this niche in the electricity sector has gathered momentum, it has already begun to disrupt
some of the coal-dominated structures in its subsidy regime which has slowed down further
accelerated renewable development (Eberhard et al., 2014). This setup of the REIPPPP has
altered the prevailing market dynamics within the electricity sector. REIPPPP increased
competition and diversity into the traditionally Eskom and coal-dominated electricity market.
REIPPPP has undergone several changes during the policy design process, most notably
transitioning from a feed-in tariff to a competitive bidding system (Schwerhoff & Sy, 2017).
Under the FiT scheme, NERSA would have been responsible for setting tariffs for renewable
energy projects (Schmidt et al., 2017). Instead, the competitive bidding process shifted price
setting away from centralized control (Foley & Olabi, 2017). The decentralization of price
setting, combined with a strategy of procuring renewable energy capacity in multiple bidding
rounds, has enabled renewable energy tariffs to drop significantly with each bidding round
(Schmidt et al., 2017).

3.4. Technical challenges associated with integration of renewable generation
technologies

Previously, distribution networks were considered as passive networks, which have a
unidirectional power flow from the source to loads (Revana & Kota., 2017). Introduction of
renewable generation technologies such as wind, solar photovoltaic, biomass power plants,
especially at high penetration levels, the passive network becomes an active one that has a
bidirectional power flow, which happens between the load side and the substation (Huda &
Zivanovic, 2017). Figure 3.2 below shows a typical example of the structures of passive and
active systems. Previously, the customers such as houses, factories and commercial
buildings consumed energy directly from the central power station. Generally, they imported
the energy either from the central power station or from an island renewable generation plant
such as wind and solar power plants, which are located close to loads (Hung et al., 2016).
Today’s power grid is integrated the challenges associated with integration of renewable

generation technologies is the high penetration levels together with their intermittency and
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unpredictability which create a variety of challenges to the distribution system (Hung et al.,
2016; Huda & Zivanovic, 2017).

However, the associated benefits of renewable generation integration are that e.g., solar PV
or wind units located close to distribution system loads can lead to reliable power flow and
loss reductions, voltage profile and loadability enhancement, network upgrade deferral, etc.
(Huda & Zivanovic, 2017). Therefore, Integration of renewable generation can become an
increasingly viable option. However, this consideration requires mitigation for volatile

technical challenges facing the integration on power system grid.

THE GRID YESTERDAY THE GRID TODAY

Centralized Utility Plant Distribution network

Distribution network
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Figure 3.2: Passive power system (left) versus active power system (right) (Kwon et al., 2017)

3.4.1. Power Quality Concerns

Power quality issues, especially harmonic distortion in distribution networks, is major concern
for power utilities. The PQ distortions introduced in the power system network by renewable
generation technologies can cause major power quality anomalies. The intermittent nature of
solar and wind renewable sources contribute heavily to power quality problems such as
voltage dips, frequency variations, low power factor, and harmonics. These distortions may
occur due to the use of HVYDC to HVAC converters such as inverters, and HVAC to HVDC
rectifiers (Farhoodnea et al., 2012).

The use of inverters to interface renewable generation technologies and the power grid can
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produce harmonic currents, thus increasing the total harmonic distortion in the form of
voltages and currents at the point of common coupling (Kwon et al., 2017). The harmonic
distortion can then result in parallel and series resonances, overheating in capacitor banks
and power transformers, and mis-operation of protection devices (Farhoodnea et al., 2012).

Voltage harmonics are generally within limits if the network is balanced enough with low
equivalent series impedance, whereas current harmonics are produced by high pulse power
switching electronic inverters and usually appears at high orders with small magnitudes (Ujile
& Ding, 2016). However, variations in solar irradiation and wind variabilities can cause power
fluctuations which contribute heavily to poor power quality (Kwon et al., 2017). Harmonics will

be discussed in greater details in Chapter 5 of this thesis.

3.4.1.1. PhaseImbalance

Integrating renewable energy in three-phase distribution systems can also develop acute
phase imbalance as most PV sources are connected in the form of single-phase units (Huda
& Zivanovic, 2017). This phase imbalance could lead to unbalanced voltage profiles among
phases and shift the neutral point voltage to an unacceptable and unsafe value (Hung et al.,
2016). According to a study by Huda & Zivanovic, (2017), severe phase imbalance due to
high renewable penetration integration, exceeding 6% was reported in Freiburg, Germany,
while the utility standard is to keep the unbalanced condition within 2.5%. An unbalanced
three-phase condition could also influence various instability problems including dynamic
voltage instability which can lead to high network losses (Huda & Zivanovic, 2017). This loss,
in general, is a concern in distribution systems with high penetration of renewable energy

technologies even if the systems are operated in balanced conditions.

The increase in integration of renewable generation technologies will cause increases in
reverse power flows from the load side to the substation thus resulting in a higher network
energy loss. Such a loss may become very high when compared to those in distribution
systems without any renewable energy generation (Hung et al., 2016). In addition,
electromagnetic interference of high switching frequency converters such as the inverters is

another concern to other circuit elements such as DC links, protection circuit, and capacitor
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banks which can lead to malfunctions of those devices (Sangwongwanich et al., 2017).

3.4.1.2. Power system grid stability

Power system stability can be generally defined as power system’s its ability to remain in
operation equilibrium under normal operating conditions and to regain an acceptable state of
equilibrium after being subjected to a disturbance (Rahimi & Pamiani. 2009). Following a
large disturbance, if the power system is stable, it will reach a new equilibrium state with
practically the entire system intact; the actions of automatic controls and possibly human
operators will eventually restore the system to normal state (Guerine et al., 2017). On the
other hand, if the system is unstable, it will result in a run-away or run-down situation, or
equivalently a progressive increase in angular separation of generator rotors, or a

progressive decrease in bus voltages (Rahimi & Pamiani. 2009).

FPower System Stability

Rotor Angle Frequency .
. . Voltage Stabilit
Stability Stability ¢ y
Small
disturbance Small
angle Stability disturbance
voltage Stability
i Large
Tl‘anS».IILEI'It disturbance
Stability voltage Stability

Figure 3.3: Classification of power system stability (Rahimi & Pamiani. 2009)
As indicated in Figure 3.3, the power system stability can be classified as:

Rotor angle stability

Frequency stability

Voltage stability

Small signal stability

Rotor angle stability is concerned with the system’s ability to maintain the equilibrium

between the electromagnetic torque and mechanical torque of each generator in the system.
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Instability that may result occurs in the form of increasing angular swings of some
generators, which lead to their loss of synchronism with other generators (Rahimi & Pamiani.
2009).

These different viewpoints are introduced concerning the power system stability issues
raising different types of stability problems. With the integration of renewable energy,
especially based on inverters and other small-scale generation with synchronous or
asynchronous machines, distribution systems could possibly be considered as small power
systems with rich dynamics and complexities (Shah et al., 2017; Kwon et al., 2017). The
dynamics of the technologies combined with the intermittent nature of the output of
generation could lead to several instability problems, including static and dynamic voltages
as well as modal interactions that may lead to resonances (Shah et al., 2017). The primary
reason for voltage instability in distribution systems is normally considered due to the lack of
reactive power support (Huda & Zivanovic, 2017). In a distribution system, voltage instability
could possibly be affected by both real and reactive power imbalance, as it's resistance to

the reactance ratio is quite high.

A study (Shah et al., 2017) has reported that static voltage stability in a distribution system,
which is typically evaluated by loadability, can improve because of the rooftop PV integration
in the system. However, with renewable generation technologies that are unevenly
distributed among phases, a more unbalanced three-phase condition in a distribution system
may occur (Shah et al., 2017). This could lead to poor loadability and less static voltage
stability margins. Dynamic voltage stability is defined as the system’s ability to maintain
acceptable voltages following an event or a change in system conditions such as faults. It be
could be severely affected by small scale embedded generation technologies such as rooftop
PV units (Yaghoobi et al., 2015). Due to passing clouds, no wind, faults in the system, and
the consequent tripping of PV units, voltages can drop below a given limit in a PV integrated
distribution system (Hung et al., 2016).

Another stability issue that has attracted great attention in terms of distribution systems is

called small signal stability (Hung et al., 2016).
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Small signal stability is the ability of the power system to restore its equilibrium state under
small disturbances. Such small disturbances occur continually due to loading or generation which
are small variations. It is worthy to note that, the classification of power system stability has
been based on several considerations to make it convenient for identification of the causes of
instability, the application of suitable analysis tools, and the development of corrective
measures appropriate for a specific stability problem (Rahimi & Pamiani. 2009).

When a distribution system is purely a passive system, the issue of small signal stability may
not be a concern (Revana & Kota.2017). However, with the integration of renewable
generation through power electronic interfaces and their associated controllers, the stability
of the system operating point when subjected to small disturbances became a major concern
(Sangwongwanich et al., 2017).

3.4.1.3. Voltage stability

Voltage stability is concerned with the ability of a power system to maintain a steady voltage
at all buses in the system under normal operating conditions, as well as after being subjected
to a disturbance. Instability that may result occurs in the form of a progressive fall or rise of
voltage of some buses. Research suggests that due to the distinct characteristics of
renewable generation technologies or small scale embedded generation controllers involved
in the voltage stability of the system can be significantly affected by the system penetration
integration (Hung et al., 2016). The effect of high penetration on the voltage magnitude and
stability of the distribution and transmission systems has been studied in the literature by
using both deterministic and time series analyses (Shah et al., 2012; Vittal et al., 2010). The
impact of renewable generation technologies on the voltage stability of real power systems,
such as in Germany’s system, has been analysed using real wind data to find out the
possible adverse effect and the solution of the voltage instability problem that may be
incurred (Hung et al. 2016).

3.4.1.4. Frequency stability

Frequency stability refers to the ability power system has to maintain steady frequency
within a nominal range following a severe system upset, which results in a significant

imbalance between generation and load. This depends on the ability to restore balance
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between the system generation and load, with minimum loss of load. It is of importance to
note that, severe system upsets generally result in large excursions of frequency, power
flows, voltage, and other system variables. In practice, there always exists a mismatch
between generation and load in the power system. This mismatch results in frequency
variation or frequency instability. System operators are always aim to match the generation
to the load so that the frequency can be as close as possible to 50Hz. The system operators
are to balance the generation and load by varying the output of proper generating units
based on the system frequency (Jenkins & Ekanayake, 2017). Variation of frequency is
further increase by the addition of renewable generation, such as solar and wind. Figure 3.4
below is an example of the rule for frequency control with an example of actual variation

(Pimentel et al., 2002).

According to Revana & Kota.(2017), with high penetration of renewable generation
technologies, a significant number of synchronous generators in the system would be
replaced by renewable generation technologies, thereby resulting in the reduction system

inertia (Jenkins & Ekanayake. 2017).

Load with 12l regulstion

/

Figure 3.4: Mitigation of the decrease in frequency due to self-regulation of grid load in the
case of a 50 MW initial unbalance between generator output and load (Pimentel et al., 2002)

Any power system is required to maintain the frequency within the desired limits. Any large
variation from 60Hz will cause unwanted system instability and can bring the entire system

down (Jenkins & Ekanayake. 2017). Due to high penetration of zero inertia generators such
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as PV and full converter wind turbines, the conventional generators that are co-existing with

these generators will be forced to provide torque and inertia to mitigate any instability events,

which could lead to the frequency instability problem (Revana & Kota. 2017). It is believed

that high penetration of zero inertia generators such as a PV unit with a higher ramp rate

could adversely affect the frequency stability of the system according to Yan et al., (2015).

Similar findings have been found that display the impact of high penetration of solar and wind

on the frequency stability of the South Australian power system (Yan et al., 2015).
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Figure 3.5: Example of the rules for frequency control, with an example of actual frequency

variations frequency data source

When renewable generation is in operation, the mismatches between the generator and load

are also caused by the variability of the generation. Figure 3.6 below shows the variation of

the power out of 50MW load with 1.5MW solar PV rooftop plant over four days in November

2017 for rooftop solar PV system at Langerberg mall in mosselbay. The variation can be

seen widely experienced over the whole course of the day.
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Figure 3.6: Output variation of 50 MW load with 1.5MW Solar PV plant in Mosselbay
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3.4.2. Intermittency of generation
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Figure 3.7: 3.7 (a) and 3.7(b) presents typical Intermittent of instantaneous output power of
solar PV of Langerberg mall grid-tied system in Mosselbay

Although solar energy is abundant and inexhaustible, it is weather-dependent, intermittent
and unavailable during the night. Figure 3.7a and 3.7b is an example of solar PV showing the
instantaneous power output. As shown in the figures, the intermittency of PV generation due
to moving clouds frequently experienced, even within an extremely short time period during
the day. For a grid integrated solar PV system this could be severe for voltage control, grid
stability and poor power quality. Such fluctuations might result in low system stability and
poor power quality. Although used as a viable solution to eliminate PV intermittency, battery
energy storage is limited in terms of high investment costs (Yan et al., 2015).

3.4.3. Change in standard load patterns

High penetration of domestic rooftop solar PV systems in recent years has changed the
standard load curves of a characteristic distribution system (Revana & Kota, 2017). This
change is most apparent during the middle of the day when the sun’s radiance is at its
highest and causes a significant load reduction. For instance, Figure 3.8 shows the impact of

PV on practical feeder load profiles where the drop-in demand during the middle of the day
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has risen from an increasing PV capacity on the feeder. The day load has dropped below the

night-time trough; however, the night peak load requirement remains unchanged.
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Figure 3.8: Practical PV impacts on Currimundi feeder network on the load profiles (Jackson et
al., 2014)

3.4.4. Reverse Power Flow and Voltage Rise

Previously power flow in the distribution system is traditionally unidirectional from the
medium voltage (MV) to low voltage (LV) networks. See Figure 3.8. However, when the total
amount of PV generation is larger than that of load demand, reverse power flows occur on
the feeders, flowing from the LV to MV sides (Yeh et al., 2012). The reverse power flows may
lead to complexity in operations of voltage control devices such as switched capacitors;
automatic voltage regulators and on-load tap changers (Huda & Zivanovic. 2017). The
increasing shift from minimum to peak load as well as the inherently intermittent power
supply of solar PV panels can cause unexpected issues associated with voltage regulation
on power distribution feeders with high solar PV penetration (Katiraei & Aguero, 2011).
However, the high penetration of intermittent renewable generation sources at the
distribution system level has adverse impacts on power quality, especially the voltage rise
which normally occurs due to reverse power flow when the generation of PV exceeds the
local demand (Katiraei & Aguero 2011). Depending on the capacity, the generation of PV can
reduce the stress on the distribution system and enhance its performances, for instance in
the case of power losses and voltage profiles (Yeh et al., 2012; Hung et al., 2014).

3.4.5. Security and Risk

Grid integration with renewable resources can significantly improve the energy security of

power systems as primary sources are diversified and renewable energy resources are
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available locally. However, a very high penetration level of renewable energy in power grids
can bring operational security concerns and risks (Jenkins & Ekanayake, 2017). Moreover, a
very high penetration level is only possible for large-scale plants such as wind and solar
farms in the range of hundreds of megawatts, located far away from potential load centers.
The challenges can lead to a variety of instability and operational security problems, covering
voltages, angles and frequency issues, due to lack of reactive and real power (inertia)
support (Jenkins & Ekanayake, 2017).

The risk related to system security with wind and PV technologies has been assessed in
several studies (Preece & Milanovic, 2015; Katiraei & Aguero, 2011). To prepare for the high
penetration of RPPs in both transmission and distribution systems, power system operators
should thoroughly explore the subsequent risks associated with the power systems static and
dynamic operations. Power system operators should regularly perform security analyses to
ensure that the network does not operate beyond the acceptable limits of operation (Katiraei

& Aguero, 2011).

3.5.  Opportunities for increased integration of renewable generation

To support the development of active distribution networks and extract corresponding
benefits associated with an increased amount of renewable generation, new commercial
arrangements need to be developed. Although the cost associated with the operation of
active distribution networks is still a concern, Pinto et al., (2016), suggests that the
integration benefits are likely to outweigh the cost of its implementation considerably. Case
studies have indicated that the active management of distribution networks can enable
significant increases in the amount of renewable development that can be connected to the
existing networks (Baker & Sovacool, 2017). Experience in the last decade has shown that to
accelerate the connection rate of renewable generation, it is necessary to either provide
incentives to renewable DG developers and network operators or alternatively to mandate
the connection of renewable generation technologies under a regime of preferential feed in
tariffs like the case of Germany (Baker & Sovacool, 2017).

+ For various legitimate reasons renewable generation technologies are still relatively
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expensive sources of energy and moreover tend to disrupt the normal way that power
systems are used to operating. And yet, they are desirable technologies that must be
supported because they are good for the environment and contribute to sustainability

and energy security objectives (Baker & Sovacool, 2017).

In the long-term, there is no doubt that these technologies will become competitive as the
price of fossil fuels rise due to ever-growing demand worldwide especially in the growing
Asian economies such as China and India (Peskett, 2011).

In South Africa, for example, the entry of independent power producers broke Eskom’s
market power and provided rapid roll out and legal connection of privately owned generating
capacity opportunities due to the large power projects owned by Eskom taking years before
commissioning (Eberhard et al., 2014). These developments have undermined the political
and bargaining power that Eskom has previously enjoyed, as it can no longer claim to be the
most competent power provider of low-cost electricity for the population.

According to Aliyu et al., (2017), Africa has enormous potential for cleaner energy in the form
of natural gas, hydro, solar, wind, and geothermal power, and therefore, we should seek
ways to move past the barriers facing the accelerated development of these technologies.
Although some countries have responded positively to the development of these
technologies the trajectory of its development is still slow on the continent (Aliyu et al., 2017).
Kenya for example is now the world’s ninth largest producer of geothermal energy. According
to reports (Tech Central, 2015), Kenya is expected to have doubled this capacity by the end
of 2016 by expanding the Olkaria plant. Ethiopia is praised to have tackled the impact of
falling water levels in the dry season by moving into wind power. It now boasts one of Africa’s
largest wind farms, the 120MW, 84-turbine farm plant (Tech Central, 2015). Furthermore,
Ignite Power is the first part of an ambitious plan aimed at achieving universal access to
clean energy coverage in Rwanda. It brings together local and international organizations
and has developed a template for connecting all households and beyond the grid (Tech
Central., 2015). These initiatives and many more in Africa need to be supported and funded

by the governments to provide the needed energy capacity on the continent through the
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sensitizing of renewable development.

Lastly, the opportunities for increased renewable generation technologies may be realized
directly, for example, through the imposition of carbon taxes on fossil energy sources in
countries considering fossil as the cheapest and sustainable energy means on the African
continent. Additionally, the implantation of regime policies such as tax incentives,
government renewable incentives, market design, demystifying the base load challenge and
sizing policy that will contribute to accelerated development of RGT on the African continent
(Jackson et al., 2014). For developed countries this is realized directly, for example, through
the imposition of carbon taxes on fossil energy sources or indirectly, through payments for
“offset” emissions due to the substitution of renewable energy for fossil fuels as implemented
in the Clean Development Mechanism (CDM) within the UN’s Kyoto Protocol for GHG control
(Gabriel, 2016).

3.5.1. Tax incentive

Renewable energies are seen as the long-term future to the planet’s energy demands
because of the increasing effects of climate change due to the long-term use of fossil fuels
(Welsh et al., 2013). However, renewable energy projects and initial set-up costs are very
expensive (Aliyu et al., 2017). As a result, the government has introduced many tax
incentives in the renewable energy sector (Cuamba et al., 2013). According to Cuamba et
al., (2013), some of the incentives or mechanisms which have been introduced are focused
on reducing carbon emissions, however, carbon tax still has to be introduced in South Africa.
The 2016 Draft Taxation Laws Amendment Bill, (Draft TLAB 2016) intends to introduce the

latest renewable energy incentives (Gabriel, 2016).

The Explanatory Memorandum to the Draft TLAB 2016 states that large-scale renewable
energy projects are currently not sufficiently catered for due to the capital-intensive nature of
the supporting infrastructure whose tax treatment would need to be specifically targeted
(Gabriel, 2016). Although the increase of renewable energy tax incentives is most certainly
welcome, it remains to be seen whether the recent round of proposed amendments will have

a positive effect on the uptake of large renewable energy projects. Nevertheless, such an
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amendment may have a much larger impact on the feasibility of sorely needed large-scale
renewable energy projects (Musango et al., 2011). The tax incentive and carbon taxation aim
is to internalize the negative impacts arising from climate change by putting a price on
carbon while also leveraging the price for renewable technologies.

3.5.2. Government renewables incentives

A paper by Lopes et el., (2007), validates that some form of renewable incentive schemes
are in existence in countries like the UK, Spain, Germany, Sweden, Netherlands, Norway,
and many other EU countries. Most of the incentives benefit distributed renewable
generation (Lopes et el., 2007). To this end the South African government is offering an
energy efficiency incentive for every kWh saved. The energy efficiency incentives are well
promoted in the demand side management (DSM) report on energy efficiency pragmmes as
a means to safeguard the security of supply. The renewable energy mix in South Africa is
seen as a part of the DSM solution to increase the peak demand and unless this project is
seen as a separate power generator which can increases the supply, the issue of power
monopoly played by Eskom and its politics will continue to challenge the integration of
energy in South Africa. The government of South Africa, together with Eskom, must develop
renewable incentive schemes to allow for the competitive integration of energy, and this goes
for all African countries that have not adopted this widely-used model in Europe. In Spain, for
example, income from environmental incentives comes from a combination of renewable
energy premium, subsidies and tax concessions (Lopes et el., 2007).

3.5.3. Sensitizing Policy Makers in Africa

According to the IEA, (2015) report on Africa’s energy outlook on the issues facing the
financing of accelerated renewable development in Africa, senior executive in financial
institutions positions have limited knowledge and awareness about the impact and the
opportunities of financing renewable generation technologies. In another the report by IEA,
(2015), most decision-making staff of financial institutions in Africa have very limited or no
knowledge about the technology, impact and opportunities available in financing renewable

generation technologies and projects. Gabriel. (2016), adds that the non-traditional financing
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sector should also be encouraged to develop schemes to support the renewable generation

industry.

Moreover, funding should be channelled into improving the research and development into
production techniques on the continent and governments should support investors in these
areas with attractive tax packages. Gabriel. (2016) proposes that production of solar
technology, for example, must be localized, and the desired market created for solar energy
systems. He also indicates that policy makers are hesitant about renewable energy because
they have not been well exposed and sensitized on the impacts that renewable energy has
made in other countries. Thurs policy makers should be exposed to the impacts of renewable

energy in other countries through study tours documentaries and workshops.

3.5.4. Baseload myth

Renewable energy projects continue to face significant challenges such as integration into an
undercapitalized and Eskom-controlled grid, a perception that it is inadequate to provide
baseload power, a lack of clarity in the local content requirements and difficulties building the
technological capabilities needed for localizing low-carbon industries (Baker & Sovacool,
2017).

Renewable energy deployment in SA has set in motion dynamics that can potentially break
the lock-in of directly and indirectly subsidized coal-powered generation; undermining the
economic rationale for centralized coal-fired power, which erodes the market power of
Eskom and other energy-intensive local industries, and building political support for a
greener growth trajectory (Baker and Sovacool, 2017).

3.5.5. Amendment of policy and energy regulation

Countries such as Zambia, Kenya, Rwanda, and Tanzania, have reduce the complexity of
procedures, rules and regulations usually associated with obtaining the required approvals,
as well as permits and licences for investors in the electricity sector. Its mandate includes
solicitation and evaluation of proposals, negotiation and awarding of contracts, and
finalization of the implementation agreement, as well as representing the interests of

government and co-ordination with other government agencies. In order, to accelerate
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renewable energy development in Africa energy policy and regulations must favour the
objective to increase electricity access, increase the efficiency of the electricity sector and to

promote private-sector involvement in the development of renewable generation schemes.

3.5.6. Market Design

The last opportunity discusses market issues and the question asked are: who should bear
the cost and responsibility of sustainability and the grid integration costs on the Africa
continent for countries that cannot afford connectivity? This is the major concern for both
investors and developers on the continent. How are the markets defined and how largely are
they influencing the development and the sustainability of renewable generation
technologies? How does the resource regulator design a regulatory regime to promote
renewable resource development? These questions were not discussed but are raised in
thesis as an indicator of the imminent challenge for the development of renewable energy

sources on the continent.

According to Romero-Cadaval et al., (2015), the potential for renewable energy can be
realized at a reasonable cost. Market research shows that many customers will purchase
renewable power even if its cost is more than conventional power. In South Africa, customers
in the past had no choices about the sources of their electricity. However, electricity
deregulation has opened the market so that customers now have a variety of choices (Aliyu
et al., 2017). Start-up companies must communicate the benefits of renewables to customers
to persuade them to switch from traditional sources. Public education will be a critical part of
a fully functioning market if renewables are to succeed the traditional energy sources (Aliyu
et al., 2017).

Economies of the larger market are likely to lead to cost reduction for wind, solar and
biomass technologies. Unfortunately, if the markets remain small, few units are produced
and prices will remain high. This leads to low demand and therefore low production volumes

(Spiess & Sousa, 2016).

Market design must create skills development to allow for competitive installations as well as

the operation and maintenance of new technologies on the African continent. Renewable
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technologies need operating experts such as trained installers to operate and maintain the
plants.

South Africa is an example of a volatile market, with a high number of company start-ups and
technology development (Spiess & Sousa, 2016). However, beyond government
programmes, private sales have been slow due to affordability constraints, a hugely
successful grid extension programme, and consumer expectations of universal grid access
(Aliyu et al., 2017).

Lastly, for the African continent to reach its electricity target and maintain prevailing markets
for investors there should be frameworks of dedicated markets and favourable policy reform
which results in continuously lowered technology costs as calculated on a complete life cycle

of generation systems (Kouro et al., 2015).
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CHAPTER 4: EFFECT OF RENEWABLE GENERATION TECHNOLOGIES ON
POWER QUALITY OF THE GRID

4.1. Chapter Review

Chapter four briefly introduces renewable energy sources and an understanding of what
renewable generation is before discussing their effect on the power quality of the grid. The
chapter also thoroughly discusses the power system to understand how the addition of
renewable generation influences the power quality of the grid. Power quality and all its effect

have been discussed in this chapter.

4.2, Introduction

The mixture and transition of the energy system that is largely based on renewable energy
sources (RES) are one of the greatest challenges of our time. Integration of large amounts of
intermittent renewable energy poses fundamental challenges to the operation and reliability
of the power system grid. The main RES integration challenges relate to the fundamental
characteristics that the most widespread RES technologies, such as wind and solar possess
namely; variability and uncertainty. These RES characteristics are often summarized in the
notion that of intermittency causes power quality issues which influence technical and
financial operation when integrating them into the energy system.

The increasing reliance on renewable generation energy sources for large fractions of the
electricity production in power systems introduces new challenges such as controllability and
flexibility as well as power quality problems in terms of power system planning and operation
(Gautan et al., 2009). PQ used to be the ability of the electric utilities to provide electric
power without interruption.

Therefore, PQ problems as a result of the introduction of intermittent RES cannot be ignored,
considering the high penetration levels of RES into today's electric grids. Many international
scientific works have explored the possibility of achieving high levels of renewable electricity

penetration (Hand et al., 2012; Mai et al., 2014) and a survey of several successful cases of
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countries with a high level of variable renewable energy in their grids is presented in

(Cochran et al., 2012).

4.3. Brief review of the impact of renewable generation technologies

According to research, there is clear theoretical power utility operator evidence that PQ
problems increase with the increase of RG technologies integration across the network which
increases PQ problem and this causes uncertainties in the feeder as well as in the DN and
LV network (Braun & Strauss, 2008). This study also investigates possible mitigation
measures to effectively optimize and reduce the adverse impacts of integrating large-scale
RG technologies into the electric grid network.

Today, power quality encompasses any deviation from a perfect sinusoidal waveform. This
includes electromagnetic interference (EMI) and radio frequency interference (RFI) noise,
transients, surges, sags, black outs, RG technologies, and any other distortions to the
sinusoidal waveform (Jackson et al., 2014). One distortion to the sinusoidal waveform which
has dangerous consequences is harmonics. The integration of large-scale renewable energy
sources such as wind and solar energy into the grid introduces current and voltage
harmonics due to the power electronics devices as well as the inverter connected for energy
conversation (Ackermann & Knyazkin, 2002).

The effect of harmonics and its mitigation will be discussed in greater detail in Chapter 5. The
focus of this chapter to investigates the general potential impacts to power system grid as a

result of the high penetration of renewable generation technologies.

4.4. Brief review and definition of renewable generation

Renewable generation which was discussed in Chapter 2 of this thesis refers to an approach
that employs small scale technologies to produce electricity for distribution and close to end
users of the power. The technologies often consist of renewable energy sources or
generators sources. Renewable generation refers to renewable technologies such as solar
panel and wind turbines while distributed generation refers to combined heat and power and

emergency generators (Gautan et al., 2009).
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Renewable generation or distributed generation can serve a single structure, such as a home
or business, or it may be part of a micro-grid (a smaller grid that is also tied to the larger
electricity delivery system), such as at a major industrial facility, hospital facilities, or large
government and university facilities.
The definition that was suggested in Chapter 2 looks at an approach towards a general
definition of distributed generation or renewable generation. The general definitions for
distributed generation suggested here are: Distributed generation is an electric power source
connected directly to the distribution network or on the customer site of the meter. Another
proposed definition of DG can be defined as, electric power generation within distribution
networks or on the customer side of the network (Braun & Strauss, 2008). The International
Conference on Large High Voltage Electric Systems (CIGRE") defines DG as smaller than
50MW, and because of different government regulations, the definition of the rating of each
distributed power station also varies between countries.
In the residential generator, common renewable generation or distributed generation systems
include the following (Braun & Strauss, 2008):

e Solar photovoltaic panels

e Small wind turbines

o Natural-gas-fired fuel cells

¢ Emergency backup generators, usually fueled by gasoline or diesel fuel
In the commercial and industrial generators, renewable generation or distributed generation
can include resources such as (Braun & Strauss, 2008):

e Combined heat and power systems

e Solar photovoltaic panels

e Wind plant

e Hydropower plant

e Biomass combustion

o Geothermal plant

e Fuel cells fired by natural gas or biomass
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e Hybrid system or island grid (Solar photovoltaic and wind plant, Reciprocating

combustion engines, including backup generators, which may be fueled by oil).

45. Overview of Power System grid

The electrical power grid is an interconnected network that delivers the generated power to
the consumers. The power grid consists of generating stations that produce electrical
power, high voltage transmission-lines that carry power from distant sources to distribution
centers, and distribution lines that connect individual customers to the grid. The general
structure of the electric power system as treated in previous research on power systems is
as shown in Figure 4.1. The electric power is generated in large power stations at relatively
small different locations. This power is then transmitted and distributed to the end-users,

typically simply referred to as load/consumers (Bollen & Gu, 2006).

In South Africa, the power grid consists of the generating station (generation plant),
transmission system, distribution system, and reticulation network. Power generating stations
are situated at a feasible location closer to the availability of the source. In all industrialized
countries, this remains the structure of the power system (Bollen & Gu, 2006). Hence, the
generation plant is often located relatively away from populated areas. This is practical
because the transmission of electrical power over longer distances is considered more

economical (Bollen & Gu, 2006).

The electrical source includes a hydroelectric power plant, off-shore wind farm, and more
centralized generation such as coal and nuclear plants. At transmission system is therefore
used to transmit generated electrical power over long distance to populated cities. A world-
wide transmission system connects the large generator stations. The transmission system

allows the sharing of the resources from the various generator stations over large areas.

Distribution system and reticulation are used to distribute the power to consumers at
appropriate voltages. Similarly, distribution networks transport the electrical energy from the
transmission sub-stations to the various loads. There is no complete criteria to distinguish

between distribution and transmission networks. Some countries use the term sub-
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transmission networks or an equivalent term to refer to the networks around big cities that

have a distribution system structures (Bollen & Gu, 2006).

Transmission Distribution

Substation Reticulation

Generation

Figure 4.1: Traditional power grid, characterized by generation, transmission, distribution and
reticulation of electricity to end-use consumers. Image Source (EPRI, 2014)

Due to several developments during the last decade, the model in Figure 4.1 no longer fully
holds. In most countries, generation is completely integrated and deregulate as in the case of
USA and Europe. This is, intended for effective management of the energy economy.
Transmission and distribution are often split into separate companies. Each company is
economically independent, even where it is electrically an integral part of a much larger

system.

The need for environmentally friendly energy has led to the introduction of smaller generator
units. Clean renewable generation technologies or embedded generation or distributed
generations are often no longer connected to the transmission system but to the distribution
system. A more modern way of looking at the power system resulting from these
developments is shown in Figure 4.2 below. The electric power network no longer only
transports energy from generators to end-users but instead enables the exchange of energy

between Independent Power Producer (IPP) and the national electrical grid.

The downstream of network in Figure 4.2 could be a transmission network or a distribution
network or an industrial network or any other network owned by a single company. In South
Africa, IPP’s are currently part of the distribution system generating electricity for distribution

at different generation sites and are integrated to the electrical grid to increase generation
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capacity. However, in countries like Rwanda and other African countries, IPP’s are
generating electricity for transmission and distribution to meet the national energy capacity
demand programs. This disparity in T&D exhibits the clear needs for robust and efficient

networks.

The aim of the T&D network is to only transport the electrical energy, or in economic terms,
to enable transactions between generators and consumers. The diverse role of renewable
generation integration plays a major role in T&D systems of the electricity energy market
economy. However, the major concern which places enormous constraints on the
development of REG in Africa is the limited ability of the network to transport electricity.
According to Eberhard, (2015), the lack of generation capacity is due to aging networks and
virtually none existent networks in many African countries and is a relating deficiency to

Africa’s energy market economy.
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Figure 4.2: Concept of integrated grid with multiple renewable generation sites for distributed
energy resources, networked with other points of generation as a distributed energy network.
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Moreover, research by Passey et al., (2011), suggests that effective and significant utilization
of intermittent renewable generation located away from major load centers cannot be
accomplished without significant additions to the transmission system.

As renewable generation integration continues to develop, the clear solution to integration
impact will be found in collaboration between the network service providers (NSP) and IPP
operator considering various technical and economic constraints (Eberhard, 2015). Another
possibility for an effective electric T&D system is the modernization of the network which is

impacted by the economic cost.

4.6. Power Quality

The increased amount of activities on the power system electrical grid in recent years has
caused a growing emphasis on the quality of power delivered to consumers. As result, the
modern-day power system has become complicated networks due to hundreds of
interconnected generating plants and thousands of loads centers interconnected through
long power distribution system (Brenna et al., 2014). The basic structure of the power system
is shown in Figure 4.3 below, containing generating plants, transmission system, distribution

system and the consumer load. According to Key (1987), questioning the definition of power

quality in early 2000 was awkward due to the meagre research and papers published at the

Generation ] 4 Transmission ]

Distribution

time.

Load/ Consumers

Figure 4.3: Typical concept of power system electrical grid structure in the 1990’s (Bollen & Gu,
2006)



The application of power electronics and high penetration of SSEG technologies to our
power system grid has increased power quality abnormalities. The modern power system
structure is shown in Figure 4.4, which contains several interconnected generation plants at
the distribution system. However, high penetration levels of renewable generation
technologies or SSEG, is on the LV side of the power system’s network. Power system
overall structure seen Figure 4.4 below demonstrates the need for recent developments in
power quality mitigation. The increase in network development in recent years has resulted
in new ways of qualifying power quality disturbances produced by factories, commercial
companies, and residences which was an insignificant issue in the past. The main concern
for power suppliers and consumers is the quality and reliability of power supplies at various

load locations.

Generation -| Transmission ]“I Generation

Generation “ Distribution

i 3

Load/ Consumers ]

Figure 4.4: Typical concept of modern Power system of electrical grid structure (Bollen & Gu.,
2006)
One of the biggest problems in power quality is the presence of harmonics in the electrical

system. Generally, harmonics may be divided into two types: voltage harmonics and current
harmonics (Javadi et al.,, 2017). Current harmonics is usually generated by harmonics
contained in the voltage supply and depends on the type of load, such as resistive load,
capacitive load, and inductive load. Both harmonics can be generated at by either the source

or the load side.

To improve power quality, the sources and causes of the disturbances must be known before
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appropriate mitigating actions can be taken. A feasible approach to achieve this goal is to
incorporate detection capabilities into monitoring equipment so that events of interest will be
recognized, captured, and classified routinely. Therefore, good performance monitoring
equipment must have functions which involve the detection, localization, and classification of
transient events and harmonics (Heydt, 2005). When the disturbance type has been
classified accurately, the power-quality engineers can define the major effects of the
disturbance at the load and analyse the source of the disturbances so that an appropriate

solution can be formulated.

In a modern power system, the objective of continuous supply of electric energy has made
power quality become an issue of utmost importance. To maintain an expected level of
electric power quality, some practices have been suggested to help to restrict the ever-

increasing level of waveform distortion caused by the increased levels of nonlinear loads.

DMS A — IPQMS

SCADA AMR/AMI o POQMS EVMS

DISTRIBUTION GRID

Figure 4.5: The Principle concept of the smart distribution grid PQMS (Music et al., 2012)

Due to the awareness of power quality, utility companies have installed dedicated monitoring
devices such that the warning alarms can be earlier acquired to detect all possible power-
quality issues. Figure 4.5 above shows the principle concept of the smart distribution grid,
with some of the characteristic consumers and generators connected to it. To measure the

power quality and power flow in the network, the smart grid needs adequate observability
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and controllability, which are enabled by various measurement and control devices (Music et

al., 2012).

4.6.1. Reasons for increased interest and development of Power quality

Power Quality has become an interesting issue in the power industry and energy economy. It

has affected both electrical distribution utilities and electrical power end-users all over the

world. The increased interest in power quality in recent years can be explained by the major

reasons below:

1.

Increased awareness- Electricity consumers such as industries, factories, commercial
companies, and residences are becoming better informed about power quality issues.
In addition, many governments and energy regulators have revised their policies to
regulate electric utilities to improve power quality within the set standards and limits.
The case model in South Africa is the demand side management (DSM) programme
which was designed to encourage action by customers to modify the electrical usage
to meet some goals in energy demand and cost.

Newer generation- The increased developments of renewable generation
technologies or distributed generation interconnected in the electrical network, such
as solar and wind energy system has created new power quality problems, namely
voltage variations and waveform distortion. Most interfaces with renewable energy
sources are sensitive to voltage disturbances, especially voltage dips. However, such
interfaces may be used to mitigate some of the existing power quality disturbances
(Bollen & Gu, 2006).

Energy efficiency programmes- Increased importance on the overall power system
efficiency has resulted in growing applications of high-efficiency devices, adjustable-
speed motor drives, and shunt capacitors for power factor correction and the
reduction of losses. Consequently, increased harmonic levels on electrical power

systems have threatened the operability, reliability and safety of the system. Chapter 5
will go more in depth regarding the applications of energy efficiency in terms of power
quality and harmonic mitigation techniques.
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4. Increased sensitive equipment- Equipment produces more current disturbances than
it used to do. Both low- and high-power equipment is more and more powered by
simple power electronic converters which produce a broad spectrum of distortion.
There are indications that the harmonic distortion in the power system is rising, but no
conclusive results are available due to the lack of large-scale surveys (Bollen & Gu.,
2006).

5. Metering and Protective relay: Poor power quality can affect the accuracy of utility
metering and cause protective relays to malfunction.

6. Downtime: Poor power quality can result in equipment downtime and/or damage,
resulting in a loss of productivity.

7. Cost: Poor power quality can result in increased costs due to the preceding effects.

4.6.2. Definition and background of Power Quality

Previous research suggests that the term “power quality” originated in 1968 from a U.S. Navy
study, after specifications for the power required by electronic equipment, used for
monitoring which presented a good overview of power quality in the field (Martzloff & Gruzs.,
1988). Power quality has since evolved with the ever-increasing demand for energy.

The main aim of PQ industry development is to understand the causes of PQ degradation,
their origins, their consequences for equipment, and the main solutions. The development
offers a methodology for measuring PQ in accordance with set standard limit measures. The
guestion stands: “what is power quality?” Several researches suggest varying and
sometimes conflicting definitions of power quality.

For example, the Institute of Electrical and Electronics Engineers (IEEE) dictionary states
that “power quality is the concept of powering and grounding sensitive equipment in a
manner that is suitable to the operation of that equipment (Bollen & Gu, 2006).” One could,
conclude from this definition that harmonic current distortion is only a power quality issue if it
affects sensitive equipment.

According to Jay and Goetz, (1988), the definition of power quality by the International
Electrotechnical Commission (IEC) is stated as follows: “Characteristics of the electricity at a

given point on an electrical system, evaluated against a set of reference technical
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parameters.” This definition of power quality is related not to the performance of equipment
but to the possibility of measuring and quantifying the performance of the power system.
Some authors use the term ‘voltage quality’ and others use ‘quality of supply’ to refer to the
same issue of power quality. Power quality in the power system is defined and documented
in established standards as reliability, steady state voltage controls and harmonics (Bollen &
Gu, 2006).

According to NERSA, power quality is defined as voltage quality in this subset, in that power
quality referrs to steady-state voltage quality i.e. voltage regulation (magnitude), voltage
harmonics, voltage flicker, voltage unbalance, and voltage dips (Dzobo et al., 2012).

The definition suggested in this chapter for Power quality is the combination of voltage
quality and current quality.

Voltage quality is concerned with deviations of the actual voltage from the ideal voltage.
Current quality is the equivalent definition for the current (Heydt, 2005). “A power quality
problem is defined as any manifested problem in voltage/current or leading to frequency
deviations that result in failure or mis-operation of customer equipment (Heydt, 2005).”

The power quality of the system is essential because most grid connected equipment and
devices are designed to operate under certain specified voltage and frequency conditions
and any deviation from these may result in a malfunction or damage of the equipment
(Larsson, 2000). Considering the above definitions of power quality, the next section of this
chapter introduces the more common power quality terms along with definitions of these
terms and explanations in details where necessary. However, firstly, grid code will be

discussed (Larsson., 2000).

4.6.3. Grid code analysis and definition

Grid codes are the technical, operational, and planning requirements and rules for power
systems, such as generator interconnection and operation, grid operation, generation and
transmission planning, and market rules for balancing, congestion management, and
capacity allocation (Martinot, 2016). For power quality reliability, grid codes are designed by
the utility regulators to check if the power plants are compliant with grid code connection

requirements.
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The primary objective of grid code connection is to specify the minimum technical and design
grid connection requirements for Renewable Power Plants (RPPs) connected to or seeking
connection to electricity transmission systems or distributions (Setati et al., 2002). Grid code
is meant to cover all material and technical aspects relating to the connections, and the
operation and use of the electricity transmission or distribution network of a certain utility

(Setati et al., 2002).

The analysis of the literature of grid interconnection standards have shown that the most
developed standards are found in the leading wind energy countries, namely Germany,
Denmark, Spain and Ireland (Fagan et al., 2005). The South African Electricity Regulation
Act (Act 4, 2006), states that it is mandatory for all Renewable Power Plants (RPP)
connecting on the transmission or distribution grid to comply with the requirements of the
South African Renewable Energy Grid Code (SAREGC). The SAREGC was first published in
2010 and has since evolved into the current version 2.8 of the grid code released

(Sewchurran & Davidson., 2016).

SAREGC is applicable to all RE technologies, namely: photovoltaic plants, concentrated
solar power plants, small hydro power plants, landfill gas power plants, biomass power
plants, biogas power plants and wind power plants (Magoro & Khoza, 2012). The SAREGC
requires that all testing of RPP compliance be done at the Point of Connection (POC) and
not at the generator terminals as required by some international grid codes (Magoro &

Khoza, 2012).
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4.6.4. Power quality concerns with renewable generation integration

Power quality
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Figure 4.6: Classification of power quality concerns (Larsson, 2000).

Now that we have discussed power quality briefly, various possible power quality problems
and power quality phenomena shall be presented. The main power quality problems can be
expressed in terms of voltage, frequency, and interruptions. The next section of this
chapter highlights general power quality problems such as voltage flicker, voltage dip (sags)
and swell, EMI, transients, and voltage sag in the power system (Larsson, 2000). All
electrical devices are prone to failure or malfunction when exposed to one or more power
quality problems. The electrical device might be an electric motor, a transformer, a generator,
a computer, a printer, communication equipment, or a household appliance (Larsson, 2000).
These devices and others react inefficiently to power quality issues, depending on the

severity of problems.

Generally, electrical utilities strive to meet the power demand of their customers with
consistency under all conditions. Without proper power, an electrical device may malfunction,
fail prematurely, or not operate at all (Larsson, 2000). There are many ways and causes in
which electric power can be of poor quality and many more causes of such poor-Power

quality.

According to Larsson, (2000), the quality of the voltage must fulfil the requirements stipulated
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in the national and international standards. In the standards, voltage disturbances are
subdivided into voltage variations, frequency, and interruption. Grid connected renewable
plants do affect the power quality of the grid. The power quality of the grid depends on the

interaction between the grid and renewable generation technologies.

4.6.4.1. Voltage dips/sags

Voltage dips are short duration under-voltages which is also referred to as Voltage Sags. A
voltage sag is a reduction in the supply voltage magnitude followed by a voltage recovery
after a short period of time. According to the NRS 048-2 (Standard, 2004), voltage sags or
dip can be described as a short-term reduction in RMS voltage for a period of between 20
milliseconds to 3 seconds. The duration of the voltage dip is the time measured from the
moment the R M S. voltage drops below 0.9 per unit of declared voltage up to when the

voltage rises above 0.9 per unit of the declared voltage (Standard, 2004).
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Figure 4.7: A voltage dip caused by a cloud which causes shading on solar panel cell of the on
grid tied solar system

The major cause of voltage dips on a supply system due to a fault on the system, for
instance. A fault on the transmission or distribution network or increased load demand and
transitional events such as motorized starting of large machines and the occasional start-up
of wind turbines which may not have a generator soft start (Venkatesh et al., 2008). The

impact on consumers may range from the annoying light flicker to the serious tripping of
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sensitive loads and stalling of motors. Figure 4.7 gives an illustration of a voltage dip caused
by cloud shading of cells which resulted in a sharp dip on a power system. For instance,
Figure 4.7 shows that when a dip occurs on the network after 0.15 seconds, the voltage level

drops to about 6% of the nominal voltage before the system recovers.

4.6.4.2. Voltage surges/spikes

These are instantaneous interruptions in the form of spikes or surges that have very fast
variation of the voltage value for a duration from several microseconds to a few milliseconds.
Voltage spikes are also defined as electrical transient characterized by a sharp increase in
voltage (Venkatesh et al., 2008). Figure 4.8 below displays unknown power spikes captured
by using power quality meter recorder on the system, and reveals a sharp increase in the
apparent power due to an increase in voltage above nominal voltage for a few milliseconds

on Laingsburg electrical grid.
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Figure 4.8: lllustrates peak spikes caused by unknown voltage spikes on Laingsburg
electrical grid

However, the power spike occurred during low peak period, the increase in voltage is
associated to the grid tied solar plant. The most common cause is the switching of heavy line
electrical equipment such as power factor correction capacitors as well as the disconnection
of heavy loads. During these conditions, the destruction of component and insulation of
material can occur. Computer systems and other high-tech equipment can experience
flickering lights, electromagnetic interferences and data processing errors or memory loss

(Venkatesh et al., 2008). Possible solutions include surge suppressors, voltage regulators,
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uninterruptable power supplies, and power conditioners.

This voltage transient may be responsible for disturbing sensitive equipment connected to
the same grid. The connection of shunt line capacitor banks leads to a large inrush peak
current occurring as shown in Figure 4.8 (Venkatesh et al., 2008). Shunt capacitor banks are
usually installed to control the line voltage by reducing the reactive power which, in turn

reduces voltage drop on the line.

4.6.4.3. Voltage Swell

Electrical transients are characterized by high-voltage swells which occur when there is a
sudden voltage peak outside tolerance with the duration of more than one cycle and typically
less than of second (Larsson, 2000). These swells are usually the result of nearby lightning

strikes.
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Figure 4.9: Swell of 2.5 cycles (Larsson, 2000)

The other cause related to voltage swells could be due to the starting and stopping of heavy
loads, poorly regulated transformers, and poorly dimensioned power sources (Larsson,
2000). The effects on vulnerable electronic systems can include the loss of data and burned
circuit boards. Possible solutions are using surge suppressors, Voltage Regulators,
uninterruptable power supplies, power conditioners (Larsson, 2000). Usually, excessive
network loading results in the opposite of a voltage swell i.e. under voltage. Under voltage
can result in the loss of generation as we as voltage regulator malfunctions. Loads with a
poor power factor or a general lack of reactive power support on a network are also
contributors to this phenomenon. Under voltage can also indirectly lead to overloading

problems as equipment takes an increased current to maintain power output (Heydt, 2005).
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4.6.4.4. Voltage flicker

Flickers are short-duration voltage changes, resulting from switching, short circuits, and load
changing. Basically, flicker is an old way of quantifying voltage fluctuations (Favuzza et al.,
2004). The method is based on the measurement of variation in the voltage amplitude i.e. the
duration and the magnitude of the variation (Favuzza et al.,, 2004). The permissible
magnitude of light flicker is regulated by International Standards based on perception criteria
(Blavette et al., 2016). A flicker-meter is used to measure flicker. The method used to
measure it is based on measurements of voltage variations in the voltage magnitude

(Favuzza et al., 2004).
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Figure 4.10: Flicker curve according to IEC 60868 (Favuzza et al., 2004).
The measurements and determination of flicker are normally given in the IEC 60868
Standard and Amendment 1 (Favuzza et al., 2004) for most European utilities, and in South
Africa, the NRS 048-1, 2 standards (Standard, 1996). The above curve, in Figure 4.10 gives
an illustration of the magnitude of the allowable voltage limits for a sinusoidal curve with
respect to the number of voltage changes per second as given in the IEC 60868 standard
and NRS 084-1,2 (Favuzza et al., 2004). Figure 4.10 is normally referred to as a flicker curve
and commonly it normally represents “the short-term flicker values of 1.0 for various

frequencies of rectangular voltage fluctuations”
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4.6.4.5. Frequency variation

A frequency shift either upwards or downwards in a power system is the main indicator of the
temporary imbalance between generation and demand (Short et al., 2007). If at any instant
the power demand exceeds the supply, then the system frequency falls. Similarly, if the
power supply exceeds demand, frequency rises (Short et al., 2007). The system frequency
fluctuates continuously in response to the changing demand and due to the practical
impossibility of generation being controlled to instantaneously track all changes in demand
(Short et al., 2007). According to NRS 048-2:2003, the standard and maximum deviation

frequency limits are stated in Table 4.1 and Table 4.2 below (Standard, 2003).

Table 4.1: Deviation from standard frequency (Standard, 2003)

1 2
NMetwork type Compatibility level
Grid +2 % (1 Hz)
Island + 2.5 % (+ 1,25 Hz)

Table 4.1 for illustrates the standard deviation limits from supply the frequency while Table

4.10 illustrates the maximum deviation limits from the supply frequency (Standard, 2003).

Table 4.2: Maximum deviation from standard frequency (Standard, 2003)

1 2
Metwork type Limit
Grid + 2,5% (= 1,25 Hz)
Island + 5% (+ 2,5 Hz)

Frequency deviation in a power system may be caused by the erratic operation of
emergency generators or unstable frequency power sources. For sensitive equipment, the
results can be data loss, program failure, equipment lock-up, or complete shutdown (Dugan
et al., 1996). Possible solutions are using voltage regulators and power conditioners (Dugan
et al., 1996). To obtain higher accuracy as the frequency goes up, the constants are divided
up and grouped to form the Pl or T configurations shown in Figure 4.11. Although the

computations may get tedious, more accurate results are obtained (Short et al., 2007).
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Figure 4.11: Representation of power lines at high frequencies where L is the total inductance
and Cis the total capacitance of the power lines (Short et al., 2007)

4.6.4.6. Transients

Power system transients are fast, short-duration events that produce distortions such as
notching, ringing, and impulse (Dugan et al., 1996). The mechanisms by which transient
energy is propagated in power lines, transferred to other electrical circuits, and eventually
dissipated are different from the factors that affect power frequency disturbances (Dugan et
al., 1996). Transients are also defined as the change in a system variable that disappears
during transition from one steady- state operating condition to another. A transient may
generate in the system itself or may come from the other system. For transients to occur
there must be a cause. Although they may be many, the most common causes of transients

are highlighted below (Larsson, 2000):

e Atmospheric phenomena (lightning, solar flares, geomagnetic disturbances)

e Switching loads on or off
e Interruption of fault currents

e Switching of power lines

e Switching of capacitor banks

The connection of shunt capacitor banks leads to a large inrush peak current occurring as

shown in Figure 4.12 (Larsson, 2000).
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Figure 4.12: Transient current caused by connection of a shunt capacitors during start-up of a
225kW wind turbine (Larsson, 2000).

4.6.4.7. Electromagnetic interference

EMI refers to the interaction between electric and magnetic fields and sensitive electronic
circuits and devices. Electricity and magnetism are related and exist in a matching fashion
(Bollen & Gu, 2006). Any conductor carrying electrical current has an associated magnetic
field (basic machine theory) (Bollen & Gu, 2006). A magnetic field can induce voltages or
currents in a conductive medium exposed to the field. The term EMI is commonly associated
with high-frequency noise, which has several possible power quality causes. Figure 4.13

describes how EMI may be generated and conveyed to equipment (Bollen & Gu, 2006).
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Figure 4.13: Common electromagnetic interference (EMI) sources (Short et al., 2007).
The most common high-frequency EMI sources are radio, television, and microwave

communication towers; marine or land communication; atmospheric discharges; radio
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frequency heating equipment; adjustable speed drives; fluorescent lighting; and electronic
dimmers. These devices produce interference ranging from a few kilohertz to hundreds of

megahertz and perhaps higher (Bollen & Gu., 2006).

4.6.5. Power Quality Mitigation Techniques

Grid stability and the security of supply are two important aspects for in terms of energy
supply. In order to avoid power outages it is necessary that power generating plants should
have control capabilities and protection mechanisms. To improve the electrical power quality
especially of low voltage (LV) distribution systems, several solutions have been proposed in
the literature (Roncero-Sanchez & Ach, 2015).

The integration of renewable energy source has sighted power problems like
synchronization, power quality, protection, load sharing, and grid instability increasing
(Tareen et al., 2017). Their influence on voltage quality and power quality has seen the use
of custom power devices such as: DVR, SVR, D-STATCOM, and AUTO transformer which

are being developed and improved in their design in order to mitigate PQ problems.

Custom devices are designed to improve voltage quality and current in non-linear loads as
well as to compensate voltage in the traditional grid and micro grid hybrid systems (Roncero-
Sanchez & Ach, 2015). The aforementioned custom devices are briefly discussed in this

thesis.

SYSTEM STABILITY

 E—————

STEADY STATE DYNAMIC TRANSIENT VOLTAGE
STABILITY STABILITY STABILITY STABILITY

¥ R 2 ¥ L 4

Small- signal stability
is the ability of the
system to return to a
normal operating state
following a small
disturbance.

Dynamic stability refers
to the ability of a power
system subject to a
relatively small and
sudden disturbance.

Transient stability is the
ability of power system
to maintain
synchronism when it is
suddenly subjected to a
severe transient

Voltage stability is
concerned with the
ability of a power
system to maintain
steady acceptable
voltages at all buses

Figure 4.14: The initial operating condition considered with large renewable generation
integration
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Power quality studies aim to achieve the stability of an electric power system. Figure 4.14
above illustrates the initial operating condition considered with large renewable generation
integration to achieve an equilibrium state.

4.6.5.1. Distribution Static Synchronous Compensator (D-STATCOM)

Distribution static synchronous compensator (DSTATCOM) is one of the shunt connected
custom power devices used to improve PQ, voltage, and reactive power support, as well as
to increase the capability of the auxiliary service for the utility grid (Roncero-Sanchez & Ach,

2015).
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Figure 4.15: Scheme of a DSTATCOM connected to the point of common coupling (PCC)
(Tareen et al. 2017)

D-STATCOM, which is schematically pictured in Figure 4.15, consists of a two-level voltage
supply convertor (VSC), a DC energy memory device, and a coupling electrical device
connected in shunt to the distribution network through a coupling electrical device (Elango
and Sekaran., 2011). The VSC converts the DC voltage across the memory device into a
collection of three-phase AC output voltages. These voltages are a unit in part and paired
with the ac system through the electrical phenomenon of the coupling electrical device.
Appropriate adjustment of the part and magnitude of the D-STATCOM output voltages
permits the effective management of active and reactive power exchanges between the
DSTATCOM and also the AC system (Elango & Sekaran, 2011).

Main tasks of the D-STATCOM (Tareen et al., 2017):

e It must compensate voltage sags by injecting reactive power into the grid.
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e The DC capacitor must be charged to a necessary voltage level to avoid the over
modulation region.

e D-STATCOM are also employed to compensate poor load power factors for low and
medium power applications.

e A D-STATCOM can also be used for Reactive Power Compensation in 1@ operation
of micro-grid. The placement and current ratings of these devices are optimization
problems and various techniques are available for solving it.

The increasing number of Renewable Energy Sources (RES) and Distributed Generation
(DG) requires new techniques for the operation and management of the electrical grid to
enhance the power supply reliability and the power quality, such as D-STATCOM (Tareen et
al., 2017).

4.6.5.2. Low-voltage ride through (LVRT)

7 ST

Figure 4.16: A single-phase equivalent-circuit model of the new grid-connected transformer
with fully-tuned (FT) branches (Tareen et al. 2017).

Low-voltage ride through (LVRT) is the capability of electric generators to stay connected
during short periods of lower electric, network voltage due, to sporadic, disturbances such as
voltage dips. It is needed at the distribution level such as in wind plants and PV system
plants to prevent a short circuit at the HV or EHV level from causing a widespread loss of
generation. Low-voltage ride through (LVRT) capability enhancement of wind farms

integrates system by means of an inductive filtering method, especially if it contains a grid-
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connected transformer, a static synchronous compensator (STATCOM) and fully-tuned
(FT) branches (Tareen et al., 2017).
Short-term voltage dips may occur, for example, when large loads are connected to the grid
or as a result of grid faults like lightning strikes or short-circuits. In the past, renewable
generating plants such as wind turbines were allowed to disconnect from the grid during
such a fault and then try to reconnect after a certain period of time (Mittal et al., 2009).
Today, because of the significant share of renewable generations, such a procedure would
be fatal. If too many generating plants disconnect at the same time, the complete network
could break down, a scenario which is also called a “blackout” (Mittal et al., 2009). Due to
this, the LVRT requirement has been established intended to guarantee that the generating
plant stays connected to the grid as well as ensure stability.
4.6.5.3. Dynamic Voltage Restorer (DVR)
Dynamic Voltage Restoration is a method and apparatus used to sustain, or restore, an
operational electric load during sags, or spikes, in voltage supply. It employs a series of
voltage boost technology using solid state switches for compensating sags/swells
(Golovanov et al., 2013).
The DVR is a series-connected power electronic device used to inject voltage of the required
magnitude and frequency. The basic structure of a DVR is shown in Figure 4.15 and contains
the following components-:

e Voltage Source Inverter (VSI)

¢ DC storage unit

e Filter circuit

e Series Transformer
Considerations for the control system of a DVR include: detection of the start and finish of
the sag, voltage reference generation, transient and steady-state control of the injected

voltage, and protection of the system (Tareen et al., 2017).
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Figure 4.17: Basic Structure of DVR (Tareen et al. 2017)

The operation of the DVR is to inject the voltage of the required magnitude and frequency
when desired by the power system network. During normal operation, the DVR will be in
stand-by mode. During the disturbances in the system, the nominal or rated voltage is
compared with the voltage variation and the DVR injects the difference in voltage that is
required by the load.

4.6.5.4. Auto-Transformer

An auto transformer is a single winding transformer where there is no isolation between the
primary and secondary windings (Tareen et al., 2017). This device requires less conductor
material in its construction and is of less size and weight when compared to the normal two

winding transformer. It can be used in mitigating the voltage sag when controlled properly.

ﬂ
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Fig.4.18 Voltage sag mitigation scheme using auto transformer (Abdelrahem & Kennel, 2016)
The function of the control strategy is to control the pulses generated to the IGBT switch
such that the auto-transformer generates the desired voltage to mitigate the voltage sag
(Abdelrahem & Kennel, 2016). The RMS value of the load voltage is compared with a

reference value (Vref). Under normal operating conditions there is no error and no pulses are
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generated to the IGBT switch and auto-transformer does not work. However, when there is
voltage sag, then an error occurs and based on the error value the PMW generator
generates pulses to the IGBT switch (Abdelrahem & Kennel, 2016).
4.6.5.5. Static VAR Compensator (SVRS)
A static VAR compensator is a set of electrical devices for providing fast-acting reactive
power-on high-voltage electricity transmission-networks. The Static VAR Compensator is one
of the shunt-connected flexible alternating current transmission system (FACTS) devices
which are based on power electronics (Peng et al., 2016).
In order to stabilize the intermittent voltage in distribution systems, electrical static VARs
compensators are employed to control voltages with reactive power.
An SVR, mainly used in the conventional voltage control is connected in series connection
equipment, and regulates voltage by switching the tap of a transformer.
SVR can help in:
» Voltage regulation,
» Reactive power control and
* Improving the transient stability of the system.
The voltage regulation by SVC is done, by controlling the amount of reactive power injected

into or absorbed from the power system (Peng et al., 2016).
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Figure 4.19: Input Voltage is greater than System voltage, Current leading (Peng et al., 2016)

When the system voltage is low the SVC generates reactive power (capacitive mode).
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Figure 4.20: Input Voltage is less than System voltage, Current lagging (Peng et al., 2016)

When the system voltage is high, the SVC absorbs reactive power (inductive mode).
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Figure 4.21: Typical SVC configuration employing a thyristor switched capacitor a thyristor
controlled reactor (Peng et al., 2016).

By connecting the thyristor-controlled reactor, which is continuously variable, along with a

capacitor bank step, the net result is continuously variable leading or lagging power.

In industrial applications, SVCs are typically placed near high and rapidly varying loads, such

as arc furnaces, where they can smooth the flicker voltage (Peng et al., 2016).
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CHAPTER 5: HARMONIC MITIGATION TECHNIQUES AND SYSTEM
STABILITY

5.1. Chapter Review

This chapter looks at power system harmonics briefly, its effect on system stability, and
possible mitigation techniques available to limit them. An inverter model is proposed and
considered to be harmonic current source in DigSILENT to simulate the effects of grid-tied
renewable generation technologies. The chapter also presents harmonic mitigation passive
filter design model as well as simulation results using DIgSILINT and industry standards
available to limit harmonic pollution.

5.2. Introduction

Research shows that the integration of concentrated grid-connected renewable generation
technologies and huge facilities that use a large amount of electrical power, concerns power
quality of the grid and the consumers electrical equipment connected on the grid. The
consequences of this concern are reduction of power system efficiency and system stability.
Power quality used to be to the ability of the electric utilities to provide electric power without
interruption (Passey et al., 2011). Today, power guality encompasses any deviation from a
perfect sinusoidal waveform. This includes electrical magnetic interference (EMI) and radio
frequency interference (RFI) noise, transients, surges, sags, flickers, black outs, and any
other distortions to the sinusoidal waveform (Passey et al., 2011). One distortion to the
sinusoidal waveform which has dangerous consequences is harmonics.

The general awareness of PQ harmonics and their causes and effects especially related to
renewable generation technologies and methods to control them will aid improving system
the stability and PQ of the grid. It is therefore essential to understand the causes of these
concerns and how to deal with them (Kazma et al., 2017).

5.3. Harmonics Definition

IEEE 519-1992 defines harmonics as a sinusoidal component of a periodic wave or quantity
(for example voltage or current) having a frequency that is an integral multiple of the

fundamental frequency. In power systems, harmonics can be described as a sinusoidal
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section of a periodic wave having a frequency that is an integral multiple of basic frequency
(Enslin &Heske, 2004). A distorted periodic wave of any possible shape might be generated
by utilizing distinctive harmonic frequencies with different amplitudes. Any distorted periodic

wave could be disintegrated into a basic wave and a set of harmonic waves (Enslin &Heske,

2004).
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Figure 5.1: The graph above shows how a fundamental frequency and several
harmonics combine to produce a resultant (Silas & Madubuike, 2016).

A sinusoidal waveform with a frequency that is an integral multiple of the fundamental 60 Hz
frequency is shown in figure 5.1:

* 60 Hz fundamental

180 Hz 3™ harmonic

« 300 Hz 5" harmonic

This disintegration process is called a Fourier Series Expansion. Fourier analysis is a
mathematical technique for finding the amplitudes, frequencies, and phases of the
components of a given waveform. The equations below shows the discrete Fourier sum for f
(t) before letting T approach infinity (Silas & Madubuike, 2016). figure 5.1 is the expansion of
graphs, showing the influence of non-linear loads in the power system grid.

5.4. Power system stability

Over the years many different definitions of power system stability have been proposed. The
most recent one, is the result of a joint IEEE/CIGRE working group activity: “Power system
stability is the ability of an electric power system, for a given initial operating condition, to
regain a state of operating equilibrium after being subjected to a physical disturbance, with

most system variables bounded so that practically the entire system remains intact” (Subhani
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et al.2017). Such a disturbance could for example, be the power quality related issues
discussed in great details in Chapter 4. The behaviour of the system after this disturbance
depends on the extremity of the disturbance on the system. The ability to maintain system
stability is therefore vital and can be achieved maintaining power quality problems,
particularly those hosting higher intermittent capacity such as renewable energy sources,
from power interruptions, voltage sag, and spikes etc (Kazma et al., 2017).

5.5.  Harmonic generation in renewable systems

Static power converters are the equipment that utilize power semiconductor devices for
power conversion from AC-to-DC, DC-to-DC, DC-to-AC and AC-to-AC; and constitutes the
largest non-linear loads connected to the electric power systems. These converters are used
for various purposes in the industry, such as adjustable speed drive (ASD) or variable
frequency drives (VFD), uninterruptable power supplies (UPS), and switch-mode power
supplies (SMPS) etc. These static power converters used in a variety of applications draw
non-linear (i.e. non-sinusoidal) currents and distort the supply voltage waveform at the PCC
(Kazma et al., 2017). Renewable energy generation systems based on the renewable energy
sources, such as solar photovoltaic, wind power, and geothermal power are increasingly the
integrated to national grid. The grid-connected inverter is an important power electronic

device used to convert DC-to-AC to integrate with the national grid.
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Figure 5.2: Schematic of proposed renewable based distributed generation system (Pradhan et
al., 2014)
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This phenomenon is explained using Figure 5.2 above. The PCC is a point between the
system owner or operator and end- users connects to the grid. The PCC is usually taken as
the point in the power system closest to the user where the system owner or operator could
offer services to another user (Tareen et al., 2017). In general, the PCC is a point on a
public power supply system, electrically nearest to a particular load, at which other loads are,
or could be connected and is located on the upstream of the considered installation (Pinto et
al., 2016).

Theoretically, there are both even and odd numbered harmonics. Typically, in an AC power
system even harmonics are absent. Our concern is mostly old harmonics, which are present
in an AC power system network and do contribute to total harmonic distortion (THD) (Pinto et
al., 2016).

Odd harmonics that are a multiple of three in a three-phase power system are called triplen
harmonics, however triplen harmonics are virtually absent in a balanced a three-phase power
system. However, balanced system is rarely the case in a power system (Kazma et al.,
2017). In three-phase circuits, the triplen harmonic current (3", 9™, 15", etc.) add instead of
cancelling. Being three times the fundamental power frequency and spaced in time by 120
electrical degrees based on the fundamental frequency, the triplen harmonic currents are in
phase with each other, and add in the neutral circuit (Abdel-Salam et al., 2011).

5.6. Understanding power system harmonics

To understand power system harmonics, all electrical power is generated and distributed in
the form of a sinusoidal voltage wave form. To understand harmonics and their effect it is
always necessary to look at the fundamentals of power generation and how harmonics are
generated in the network (Mantilla, 2015). There are a lot of good reasons to understand
harmonics, their effect, and how to mitigate them. When an electrical load is connected to the
voltage sources, it draws current to perform work. If the current follows the voltage wave form
in some sinusoidal patterns, then the load is said to linearly follow the voltage. The figure 5.3
below illustrates the two sources of harmonics i.e. voltage source non-linear load and current

source nonlinear load (Subhani et al., 2017).
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Figure 5.3: Voltage source non-linear load and current source non-linear load (Subhani et al.,
2017)

An example of voltage and current waveforms of a linear load is shown in Figure 5.4 below.
However, if the current does not linearly follow the load, it is a called non-linear load. Non-
linear loads cause stress and many other effects on the transformers, generators and other

electrical equipment’s that make up the electrical grid system.
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Figure 5.4: Example of Voltage and Current waveforms of linear load (Subhani et al., 2017)

The stress or the effects of the non-linear loads have been found to be thermal in nature.
Although the load that is doing the work can be very efficient, the overall work required to
perform work done by the non-linear load is much greater than the linear load (Subhani et al.,
2017). The distorted current that is drawn by the non-linear load is local in nature and flows
only into the non-linear loads consuming that current, however, the distorted current
produced by grid-tied renewable generation technologies is transported along the power
system grid and it causes voltage distortion. An example of a voltage and current wave form
of a non-linear load is shown below in Figure 5.5 which illustrates the measurement of

current drawn by a non-linear load.
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Figure 5.5: An example of a voltage and current wave form of non-linear load

It should be understood that voltage is all common to all users national wide, and by
distorting voltage can create wide-spread causes that may result in the faulty operation of
many types of electrical equipment. To mitigate or reduce the levels of distorted voltage, it is
important to limit the flow of the distorted current. Some inverter topologies such as the
inverter topology below are designed to inject the compensating current into the grid to filter
the load current harmonics. Figure 5.6 below illustrates an AC-AC inverter topology with the
pulse width modulation voltage source inverter connected in parallel with the DC-link
capacitor (Javadi et al., 2017). These non-sinusoidal currents contain harmonic currents that
interact with the impedance of the power distribution system to create voltage distortion that

can affect both the distribution system equipment and the loads connected to it (Abdel-Salam

et al., 2011).
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Figure 5.6: AC-AC inverter topology (Revana & Kota, 2017)
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5.7. Harmonic Source
The harmonics in renewable generation technologies are normally produced by non-
sinusoidal power electronic converters, transformer flux distribution in the air gap, and by flux
saturation. However, in practical terms, the content of harmonic voltage produced by
renewable generators may be neglected in harmonic propagation studies. The descriptions
of DG harmonics are focused on transformer magnetizing currents and power conversion
devices. In general, the harmonic sources can be classified according to their physical cause
as (Javadi et al., 2017):

(a) Magnetizing currents, e.g. transformers and saturable reactors.

(b) Flux distribution, e.g. synchronous generators.

(c) Power conversion applications, e.g. power control (inverter and UPS) and

computers.

(d) Arc processes in arc furnaces.
5.7.1. Magnetizing currents
Transformers: Due to the curve of the hysteresis loop for iron and steel, transformers give
rise to harmonic magnetizing currents. These currents do not normally cause any wave
distortion of consequence. An exception would be when high voltages occur due to a system

upset. Exciting currents increase very rapidly with an increase in voltage.

—> — >

Supply
voltage Linear

Supply Half wave Z§

voltage q) rectifier pc |, s () v (1) load
voltage T~

|
(a) DC current biased transformer (b) DC voltage biased transformer

Figure 5.7: Saturated DC-biased transformers (Javadi et al., 2017)

5.7.2. Power conversion devices
With the development distributed generation (DG) and solid-state technology, more and
more power electronic devices are used in power grids to convert AC power to DC power or

different amplitude, different frequency AC power. In the electronic converting process, the
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converter breaks or chops the AC current waveforms by allowing the current to flow during a
portion of the cycle. The AC current is determined by the characteristics of the converter, e.g.
type of connection, control, characteristics of the supply network, and nature of the load.
They can be classified according to the solid-state devices used (Javadi et al., 2017):
(a) They includes variable speed drives (VSD), AC/DC converters, computer power
supply, cycloconverters, and superconducting magnetic energy storage (SMES).
(b) Thyristor-based power conversion devices, such as line commutated converters,
cycloconverters, integral cycle controllers, and statistic VAR compensator

(c) IGBT, GTO, CMOS-based power conversion devices, such as PWM converters.
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Figure 5.8: The schematic of a three-phase 3-pulse half-wave cycloconverter (Pinto et al., 2016)

We see that the AC harmonic currents generated by a six-pulse converter include all odd
harmonics except triplens. Harmonics generated by converters of any pulse number can be

expressed as:
h=pntl (5-1)
Where n is any integer and p is the pulse number of the converter. For the ideal case,

converter harmonic current magnitudes decrease according to 1/h rule (Abdel-Salam et al.,

2011)
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5.8. Effect of harmonics in the system
A power system carrying non-linear loads is less efficient and therefore, it is important to find
them and take corrective action to reduce their negative impact on the power grid. Power
system harmonics comes from a variety of sources, the dominant ones within transmission
networks being large power converters such as those used for HVDC links and large
industrial processes.
In the real world, the grid is filled with all kind of non-linear equipment/loads, like the power
supply of computers, lump dimmers, variable speed drives (VSD), and variable frequency
drives (VFD) and new conversion technologies such as renewable generation technologies.
As an electrical power utility, distorted current wave forms are problematic as they can affect
the power grid in many ways:
1. Increased TS and DS line losses
2. Equipment damage (transformers, power capacitors and generators), decreased
lifespan, and energy waste.
3. Decreases the plant efficiency and increased PQ issues- which means increased
power cost

4. The frequency mismatch during grid synchronization

The distorted current that is drawn by the non-linear load is local in nature and flows only into
the non-linear loads consuming that current, thus when the distorted current is transported to
the non-loads, it causes distorted voltages all along the power system which leads to
distorted voltages on the grid.

5.9. Harmonic standards

The importance of standards to limit high emissions is reflected in the creation of working
international association and standardization committees, such as the I|IEEE, IEC 61000-3-
2, and the C4.24 (CIGRE /CIRED). The interest in the distortion in the considered frequency
range is due to an increasing number of sources of emission, including energy-efficient
lighting and generation (such as DERs) and some other electrical equipment within the LV

sector of the electricity distribution network (Zavoda et al., 2016).
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5.9.1. IEEE 519-1992

The recommendation described in this document attempts to reduce the harmonic effects at
any point in the entire system by establishing limits on certain harmonic indices (currents and
voltages) at the point of common coupling (PCC), a point of metering, or any point as long as
both the utility and the consumer can either access the point for direct measurement of the
harmonic indices meaningful to both, or can estimate the harmonic indices at the point of
interface (POI) through mutually agreeable methods.

5.9.2. IEEE 519- 2014

The limits in this recommended practice are the intended for application at a point of common
coupling (PCC) between the system owner or operator and a user, where the PCC is usually
taken as the point in the power system closest to the user where the system owner or operator
could offer service to another user.

IEEE 519-1992, known as the “Recommended Practices and Requirements for Harmonic
Control in Electric Power Systems”, established limits for harmonic currents and voltages at the
point of common coupling (PCC), or point of metering in 1981 as a guide for harmonic control
and reactive compensation of static power converters (Franquelo et al., 2007).

The limits of IEEE 519 are intended to:

e Assure that the electric utility can deliver relatively clean power to all of its customers.

o Assure that the electric utility can protect its electrical equipment from overheating,
loss of life from excessive harmonic currents, and excessive voltage stress due to
excessive harmonic voltage.

e To protect the voltage integrity of the utility grid system

Each table from IEEE 519 lists the limits for harmonic distortion at the point of common
coupling (PCC) or metering point with the utility. The voltage distortion limits are 3% for
individual harmonics and 5% THD.

Maximum harmonic current distortions limits that can be contained at the PCC as per IEEE-

519 requirement (Standard, 2014)
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Table 5.1: Maximum harmonic current distortions limits that can be contained at the PCC as
per IEEE-519 requirement (Standard, 2014)

11sh<17 17=sh<23 23<h<35 35shs50 %TDD

<20 4.0 2.0 15 0.6 0.3 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4.0 15 0.7 12.0

100<1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 14 20.0

Table 5.2 from IEEE 519-2014 defines the voltage distortion limits that can be reflected back

onto the utility distribution system.

Table 5.2: Voltage Distortion limits (Standard, 2014)

Total harmonic

PCC Voltage Individual Harmonic distortion

Magnitude (%) HD% THD%

69-161 15 2.5

>161 1.0 15

The harmonics in the electric power distribution system combine with the fundamental
current (60 Hz) to create distortion. All of the harmonic frequency currents combine with the
fundamental current to form the total harmonic distortion. The THD value is expressed as a
percentage of the fundamental current and any THD values over 10% are significant enough
for concern. Usually if the industrial user controls the overall combined current distortion
according to Table 5.1, this will help meet the limitations set forth in the guidelines.

Therefore, IEEE standard 519-1992 is a guidance document for utilities and electric power

users which specifies both the maximum distortion levels and recommends correction levels.
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The harmonic distortion limit of 5% is proven to be the point where harmonics begin to have

a detrimental effect on the electrical distribution system.

5.9.3. IEC 61000-3-2 (1995-03), IEC 61000-3-6, IEC 61000-4-7, & IEC 61000-4-30

The study of renewable generation technologies harmonic emission is an important issue
when connecting these power plants to the national grid. Requirements set by power system
operators have to be fulfilled and the harmonic emission is part of these requirements. For
example, IEC 61400-21, IEC 61000-3-6, IEC 61000-4-7, and IEC 61000-4-30, are the
standards that guide the limits, measurement procedures and assessment of power quality

related to renewable technologies, in particular wind plants (Schwanz, 2016).

The IEC 61000-3-2 harmonic emissions standards which were first published as IEC 55-2
1982 and applied only to household appliances specified limits for harmonic current
emissions applicable to electrical and electronic equipment having an input current up to and
including 16A per phase, and intended to be connected to public low-voltage distribution
systems (Schwanz, 2016).

The objective of IEC 61000-3-2 (harmonics) is to test the equipment under the conditions
that will produce the maximum harmonic amplitudes under normal operating conditions for
each harmonic component. For the purpose of this research the IEE 519-1992 harmonic
limitation standards are used for the harmonic study analysis presented later in this Chapter
(Schwanz, 2016).

5.9.4. CIGRE and CIRED (C4.24) Standard

The- International Council on Large Electric Systems-(in French: Conseil International des
Grands Réseaux Electriques and abbreviated as (CIGRE) is a global organization in the field
of high voltage electricity (Zavoda et al., 2016). It was founded in Paris, France in 1921. The
scope of its activities includes the technical and economic aspects of the electrical grid, as
well as the environmental and regulatory aspects (Zavoda et al., 2016).

CIGRE and CIRED is a joint working group of C4.24 for “Power Quality and EMC Issues

associated with future electricity networks” (Bollen et al., 2015). The mandate Working group
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C4.24 obtained its mandate in 2012 and it should, according to its scope, address the

following issues:

The study of new emissions from equipment connected to the low-voltage
network which includes integration of renewable generation system to the LV grid
network. The emissions (harmonic and unbalance) by new types of devices
connected to the distribution network as production (DG) or consumption (load),
especially devices with active power-electronics interface including equipment
connected to low voltage and installations connected to higher voltage levels

(Bollen et al., 2015).

This might require the evaluation of new measurement techniques, including a
closer look at the frequency response of existing instrument transformers and
sensors. The main question is whether this will require new ways of considering

power quality in the design (Bollen et al., 2015)?

The positive and negative impact of new smart distribution technologies
applications such as Volt &VAR control, as well as feeder reconfiguration on the
power quality (voltage unbalance and harmonic flow) in the distribution system
(Bollen et al., 2015). The question here is in terms of how these power quality

issues at the distribution level may impact the transmission system.

5.10. Harmonic Mitigation Techniques

The emission of harmonics producing loads can increase the risks of tripping and possible

damage to the electrical protection of the plants, essential loads, and the equipment

connected to the grid. Due to this, studies are needed related to specific ways in which

harmonic currents are expected to impact the electrical protection system in order to avoid

unnecessary tripping and damage to the equipment. To mitigate or reduce the levels of

distorted voltage, it is important to limit the flow of distorted current. Harmonic mitigation

methods can be separated into two groups:

* Those that reduce harmonic voltage distortion

« Those that reduce harmonic current distortion
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For example, when planning the installation of non-linear plant components the decision has
to be made between designing the non-linear devices for low levels of waveform distortion
and installing harmonic compensation equipment at the PCC (Cundeva et al., 2016).
The aim of harmonic mitigation and of all work on power quality is to avoid so-called
“electromagnetic interference”, i.e. to make sure that all equipment functions as intended
(Cundeva et al., 2016). Interference can be avoided in three distinctively different ways:

* Reducing the emission from devices;

» Increasing the immunity of devices against disturbances;

* Reducing the transfer of disturbances from emitting devices to susceptible devices

In general, the limit for harmonic voltage distortion is the role of the network operator to avoid
that these limits are exceeded. The network operator in turn can place limits on the harmonic
current emission from installations or from large equipment. The most typical and efficient
harmonic mitigation techniques solutions are (Cundeva et al., 2016):

+ Line reactors;

«  Tuned harmonic filters;

* Low pass harmonic filters;

» Pulse rectifier solutions;

« Phase shifting transformers;
+ Transformer Connections;

» Active harmonic filters;

+ Hybrid harmonic filters.

In this Chapter, only passive harmonic filter are discussed. The study of power system
harmonics in recent years has developed into complex literature that covers various study
topics in the field of harmonics.

5.10.1.1. Passive Power Filter

Passive filters are commonly used for harmonic mitigation. In nature, passive filters absorb

the harmonic currents in a low-impedance path. These are inductance, capacitance, and
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resistance elements configured and are tuned to control harmonic distortion. They are
classified as shunt, series, hybrid, single- tuned, double- tuned, band-pass, damped and

high-pass, as shown in Figure 5.9 (Tareen et al., 2017).

Shunt Filter
Tuned Filter

Single tuned

Band -block

Muilt-tuned

Series filter

First order

High- block
Passive Filter Second order

Single tuned

Double tuned

Tuned
Triple tuned

Shunt Filter Multi-tuned

First order

Second order

-
g
c
3
Ee)
()]
Q
.
1
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Figure 5.9: Classifications of Passive Harmonic Filters (Moe, 2014)

Shunt, series, and hybrid topology are briefly discussed in this chapter. The hybrid type is
discussed in a specific section describing passive and active solutions. Passive filters are
widely used to limit harmonic propagation, to improve power quality, to reduce harmonic
distortion, and to provide reactive power compensation. These are designed for high-current
and high-voltage applications (Moe, 2014).
5.10.2. Series Passive Filter
Series passive filters are passive filters that have a parallel LC filter in series with the supply
and the load. The impedance from the non-linear loads is higher in the supply system and
the harmonic currents flows in the local passive circuits do not enter the supply system.
When multiple harmonic currents need to be eliminated, more filters need to be connected in
series. In general they consist of various branches, which are respectively tuned to the
predominant harmonics. Figure 5.11 presents various branches (Tareen et al., 2017):

+ Band -block

+ Single-tuned
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*  Multi-tuned
» High- block

» First order

+ Second order
The inductance and capacitance are connected in parallel and are tuned to provide high
impedance at a selected harmonic frequency. The high impedance then blocks the flow of
harmonic currents at the tuned frequency only. At the fundamental frequency, the filter would
be designed to yield low impedance, thereby allowing the fundamental current to follow with
only minor additional impedance and losses (Tareen et al., 2017). Figure 5.10 shows a

typical passive series filter arrangement.

C C oL L
| e m
Jwg.l_mr\_ IALLLL
R L L R ¢

Figure 5.10: Series Passive Filters Configurations (Tareen et al., 2017)

5.10.3. Passive Shunt Filter
Passive shunt filters provide low-impedance paths for harmonic currents, so they do not
enter the supply systems and are confined to flow in the local circuits consisting of lossless
elements such as inductors and capacitors. These types of filters are therefore based on
passive elements and offer good results for filtering out odd harmonics especially the 3,
5" and 7™ (Sahithullah et al., 2016). Increasing the order of harmonics makes the filter more
efficient but it reduces the ease in designing.
Since they are connected in shunt they are designed to carry only harmonic the current (Sher
et al., 2013). As shown in Figure 5.11 and below, they can be divided into tuned (single,
double, triple and multi-tuned) and damped (first, second, third order and C-type) filters (Sher
et al., 2013).

* Tuned

+ Single tuned
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« Double tuned
* Triple tuned
*  Multi-tuned
*  Dumped
» First order

+ Second order

« C-type
c - E:_—I—_ c L
c c
I R
24 I. L
second-order  third-order C-type

damped filter damped filter damped filter

Figure 5.11: Different order types of passive shunt filters (Venkatesh et al., 2014)

Besides the harmonics reduction, passive filters can be used for the optimization of apparent
power in a power network. Shunts filters are fixed and once installed they become part of the
network and need to be redesigned to get different filtering frequencies. Some of the
drawbacks of using shunt configurations are the resonance problems that may occur due to
fixed compensation, however, compared to other types, the design cost is lower. Figure 5.11
above indicates typical shunt filter arrangements in practice. Passive shunt filters are also
known as parallel filters and offset the harmonic distortions caused by the non-linear load.
They work on the same principal of active filters but they are connected in parallel and they
act as a current source in parallel with the load.

5.10.4. Hybrid filter

Hybrid filter combine the passive series and passive shunt filters for better solution of
harmonic improvement. They are designed to overcome the drawback of shunt filter and
series filter. Therefore hybrid harmonic filters are the combination of both active and passive
power filters. They have the advantage of both active and passive filters. They contain the

advantages of active filters and lack the disadvantages of passive and active filters
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(Sahithullah et al., 2015). They use low cost high power passive filters to reduce the cost of
power converters in active filters that is why they are now very much popular in industry
(Sahithullah et al., 2015). For example, the hybrid filter combination in Figure 5.12 below has
the advantage of both series connected APF i.e., elimination of voltage harmonics and that of

a shunt connected APF of eliminating current harmonics.

f\/ AALA] Non-linear
' Luud Load
AC Source ﬂ 3
— _I @ Shunt APF

OH

Series APF J 3

Figure 5.12: Shunt APF and Series APF Combination (Prasad et al., 2012)

There are different hybrid filters based on the circuit combination and arrangement. They are
(Venkatesh et al., 2014):

» Shunt Active Power Filter and Series Active Power Filter (SAPF)

* Shunt Active Power Filter (SAPF) and Shunt Passive Filter

» Active Power Filter in series (APFS) with Shunt Passive Filter (SPF)

» Series Active Power Filter (SAPF) with Shunt Passive Filter
Hybrid filters are immune to the system impedance, thus harmonic compensation is done in
an efficient manner and they do not produce the resonance with system impedance
(Venkatesh et al., 2014). The above combination in Figure 5.14 finds its application in
Flexible AC Transmission Systems. By controlling the amplitude of the voltage fundamental
component across the coupling transformer, the power factor of the power distribution
system can be adjusted (Sahithullah et al., 2016). However, the control of the load power
factor imposes a higher voltage across the filter capacitor (Sahithullah et al., 2016). The

control of APF is an additional thesis on its own that this Chapter will not discuss.
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5.11. Harmonic Analysis
As mentioned in previous pages, distorted currents create heat in the power delivery
equipment. Resolving the non-linear wave into its sinusoidal component is called harmonic
analysis. Harmonic analysis estimates the heating effect due to the non-linear current flowing
through circuit breakers, overhead transmission line conductors, and transformers.
Jean Baptiste Joseph Fourier (21 March 1768-16 May 1830) introduced the notion that even
the most complex wave form could be understood and mathematically defined as a
composed of a fundamental frequency sine wave with other sine waves in multiples of that
frequency. These waves are known as harmonics (Chen et al., 2012). An example of a
complex wave consisting of the fundamental frequency, 3™ harmonic, 5th harmonic, and
resolved non-linear wave is illustrated in Figure 5.1 above.
Fourier introduced this complex mathematical equation to define harmonics content in the
fundamental waveform (Chen et al., 2012):
Where;

» f(t) = is the time domain function

+ h=is the harmonic number

*  A=By=Cy=h is the amplitude of the hth harmonic component

+ T=is the length of one cycle in seconds

f(t)=C,+).Cy(t) (5-2)
h=1
f(t)=C, + Y {A, cos (hat+8, )+B,sin (hat+6, } (5-3)
h=1
Where average value: (5-4)

Therefore, the RMS value of all the harmonic components including the fundamental (i.e. h =

1) combined is (Chen et al., 2012):
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C,=+A +B; 55

T (5-6)
A, = T3 j f (t) cos(het)dt

B, =2 [ f®sin(hatydt (5-7)

T Jo

5.11.1. Total Harmonic Distortion
When all harmonic currents are added to the fundamental waveform, a complex waveform is
formed. Fourier also introduced a complex mathematical equation (5-8) to define the
relationship. The THD is used to define the effect of harmonics on the power system voltage
or current. It can also be defined as the ratio of the square root of the sum of the square of
the Vrms value for harmonic component to the Vrms value of the fundamental component
(Xu &Liu., 2000).
Vv,

THD, % = “j x100 (5-8)

1

[Ms

The THD is expressed in percentage and is defined such that h refers to the (integer)
harmonic order, h = 2, 3, 4 ..., V, is the amplitude of h order harmonic, and V; is the power
frequency component at 60 Hz. THD is expressed as the percentage of the fundamental, the
higher the percentage the higher the harmonic content or the percentage. If the waveform
under discussion is current, then the THD definition is called current harmonic distortion
(Abdel-Salam et al., 2011).

>

THD, % = “:IZ %100 (5-9)

1

where h refers to the index number of all harmonics and all non-standard frequency
components, |, is the amplitude of harmonics or non-standard frequency components, and |,

is the power frequency component.
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5.11.2. Voltage Harmonic distortion (VHD)

A voltage harmonic a distortion is distortion caused by harmonic current flowing through the
system impedance. The utility power system has relatively low system impendence, and the
VHD is very low. VHD on the distribution power system can be significant due to its relatively
high system impedance. The primary concern in power system is voltage harmonics since
voltage is common to all users, it must therefore be understood that the only way of limiting
voltage harmonics is to minimize current harmonic (Xu & Liu., 2000). If current harmonics are
under control, voltage harmonics are generally acceptable.

5.11.3. Current Harmonics distortion (CHD)

The asymmetrical power flows from PV systems, wind systems, and the use of power
electronic converters inject harmonics into the power system network. This harmonic current
flowing through the impedances of electric grid causes voltage distortion (Abdel-Salam et al.,
2011). The RMS current contains both the fundamental and harmonics. Note that the value
of current at each harmonic as well as that for the RMS current are the same at each
measuring point, just as in a system containing only fundamental current (Mantilla.,2015).
Usually, using the harmonic ratio and the total harmonic distortion to measure the total size
of the harmonic component and the distortion degree of the waveform is defined as follows:

Percentage content of h order harmonic current:

HD = I—h><100%

1

(5-10)

The term distortion RMS is used to denote the RMS value of harmonic current with the
fundamental left out of the summation. The RMS current is basically the total effective load
current. The nature of non-linear loads is to generate harmonics in the current waveform
(Abdel-Salam et al., 2011). This distortion of the current waveform leads to distortion of the
voltage waveform. Under these conditions, the voltage waveform is no longer proportional to

the current.
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CHAPTER 6: MODELLING AND ANALYSIS OF HARMONIC STABILITY AND
VOLTAGE DISTORTION
6.1. Chapter Review
This chapter discusses network design in DigSILENT, filter design for power quality and
harmonic mitigation, and the discussion of the simulation’s result.
6.2. Network modelling and design

The primary aim of an electricity supply system is to meet the energy demands of its
customer’s. It must deliver power to all its customers, reaching every customer with a supply
of sufficient strength to meet the peak load demand. The electricity supply must also be

reliable, providing an uninterrupted flow of power to the customer.
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Figure 6.1: lllustrates of typical electrical distribution grid network of MV- LV

In Chapter 4, the detailed study on system stability is discussed as well as all power quality

related issues to ensure the design of a reliable power system grid upon the integration of

renewable generation technologies on the grid. Electricity networks, like the one shown in

Figure 6.1 above, satisfy our daily energy transmission and distribution network. The

increase in the integration of DG in the electrical power system network causes network
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complexity. This section presents a network design model for the analysis of renewable
generation technology (RG) and its impact on the power quality of the grid or the impact of
energy mix on the power system of the grid. The design of the network and simulation was

conducted using DIgSILENT power factory software.
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Figure 6.2: An example of a single line diagram of the electric grid model of different renewable
generation technologies integrated with the grid.

A technique to evaluate this impact of renewable generation is achieved by the simulation of
the network below Figure 6.4 under two case study conditions
* Analysis of the electrical network behavior without the filter at PCC

* Analysis of the electrical network behavior with the filter at PCC

The point of connection for the filter and harmonic source was chosen to be at the harmonic
Load-Bus (see figure 6.4 below) because it was found that, although this is not the point-of-
common-coupling (PCC) of the low voltage system, it was effective in the mitigation of
harmonic voltage distortion and interventions to improve stability and achieve results. The
inverter (voltage source) connected to the grid via another filter module provides both circuit
isolation and the filtering operation to reduce harmonic disturbances and connected to the

grid via the distribution transformer. Single-tuned harmonic filters in Figure 6.3 below, was

124

LV-BACKUF/BB

©oLLk-2



implemented to remove sufficient harmonic current to achieve harmonic limits at PCC on

grid.

The harmonic source is located at the busbar (PCC) in the power system network where
non-linear loads interconnect. In this thesis, mitigation of power quality as well as the
analysis of voltage distortion and harmonic distortion is analysed by using DIgSILENT power

factory load flow analysis function.

6.3. Simulation design and harmonic analysis using DIgSILENT
The modeling concepts presented below has been incorporated into the DIGSILENT power
system analysis package, starting with the basic power stage shown in Figure 6.2. The RES
modelling is based on the voltage source inverter representing the source of harmonic
injection at the PCC. The intention is that the model complies with the appropriate standard.
On this basis, a filtering mechanism was implemented to limit the magnitudes of harmonic
current (Ih) and ITHD by the recommended limits of harmonic emissions (Duffey & Stratford,

1989).

IEEE standard 519-1992 is the international standard set up to evaluated harmonic current
and voltage. All the work done during harmonic analysis will comply with the standards
below. According to the voltage harmonic limits in Table 5.1, the harmonics voltage distortion
on power systems 69kV and below is limited to 5.0% total harmonic distortion (THD) with

each individual harmonic distortion.

6.3.1. Filter design

A notch filter is an example of a single-tuned filter sees Figure 6.3 and it consists of a series
RLC circuit. It is the most economical type and is commonly used for harmonic mitigation
(Desmet & Baggini, 2003). This particular topology is tuned to suppress a single frequency and
is designed based on three quantities:

» The harmonic current order that requires blocking

» The capacitive reactive power that it is going to provide

» The quality factor
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The following formulae were used for the filter design calculation, labelled as equation 6.1- 6.6
(Desmet & Baggini, 2003): In summary, the values used to define the input parameters are:

* h Tuning point of the filter (Harmonic order)

* Qc Reactive power of the filter (MVAr)

* Q Quiality factor

» f System Frequency (f)

* V System voltage (kV)

P = 3XV aepus X | “phase x COSpy (6-1)
Q. = P[tan ¢, —tan ¢, | (6-2)
X, = VQ— (6-3)
c
hy = |28 (6-4)
L
X, ﬁ; (6-5)
<

Xy =X xX¢ (6-6)

Single-tuned filter. The voltage level and the fundamental frequency, which are given by the

system, must also be considered during the design process.

Z|
X 1
Xr
R

Figure 6.3: Circuit schematic and a typical impedance characteristic for the series tuned filter
(Desmet & Baggini, 2003)
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6.3.2. Network Parameters
The following data in Tables 6.1 to 6.5 were used to simulate a one line diagram, three

phase four wire network using DIgSILENT.
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Figure 6.4: 22kV Single-line-diagram of load flow simulation
The network consists of a 22kV grid in-feed. The magnetizing losses for the transformers
were ignored and the X/R constant for transformer T1 is kept constant. For effective
harmonic mitigation C2 was connected on B5, C2 improved the voltage on B5 before
connection of C1 on PCC. All loads (Grid-tied inverter) are simulated as non-linear or
harmonic current source loads and two power factor correction capacitor banks, C1 and C2

are connected to Bus3 and Bus5 load buses for the harmonic analysis study.

Table 6.1: Sinusoidal voltage source parameter

Name Bus Type KV (v} MV

1 Swing 22KV 0 -
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Table 6.2: 4-winding transformers parameters

T1 2-3 20 22 11 61.18 5
T2 3-4 0.8 11 4.16 4.99 7.5
T3 3-5 0.8 11 3.3 3.99 7

Table 6.3: Linear loads parameter

LL1 3 0.04499 0.75 6.534 3.164
LL2 4 1.75 0.699 2.4044 4.164
LL3 5 75 0.8 0.673 0.687
LL4 6 2.48 0.78 3.337 2.854

Table 6.4: Non-linear load (RES)

Inverter 4 1.35 0.9 6.534 3.16456

Table 6.5: Published harmonic spectrum

5t” 17.25

-82.11
7" 13.85 110.51
11" 8.75 -65.22
13" 6.50 -35.75

6.3.3. Simulation Results
The first step in solving harmonics or power quality related problems is to perform an
analysis to determine the specific needs of your electrical distribution system. To determine
the capacitor and filter requirements, it is necessary to establish the impedance of the supply
network and the value of each harmonic current. Capacitor and filter bank equipment are

then specified under very detailed and stringent computer analysis to meet the quality
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desired needs (Mantilla, 2015). The following results were obtained using DIgSILENT power

factory software used by power system operator for the analysis of electrical networks.
6.3.3.1.  Analysis of the grid network behavior without the filter at PCC

Table 6.6. Load flow voltage results before filter design at PCC

3 10.3923 -5.8585

Table 6.7: Load flow current results before filter design at PCC

lragv) 90.811 -20.9394
1y, 181.832 159.0605

Table 6.8. Harmonic current results before power factor correction

Fundamental 10.3423 -5.8585 N/A N/A N/A
5 0.23681 -152.1089 3 3.22 exceed
7 0.3569 -3.2787 3 3.5977 exceed
11 0.13328 164.6479 3 0.1273 Fine
13 0.04578 161.89569 3 0.2144 Fine
%THD N/A N/A 5 7.1594 Fine

DERIVED>BUS3(ALL)

Voltage (V)

o 10 20 20 =0
Time (ms)

Figure 6.5: Non-linear voltage waveform at PCC without filters being installed
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6.3.3.2.  Analysis of the electrical network behavior with filter at PCC

For this case study a series tuned filter was introduced in the network. The impedance of the
filter at the tuned harmonic frequency is purely resistive due to equal capacitive and inductive

reactance.

Table 6.9. Load flow voltage results after filter design

3 10.802 -6.5444

Table 6.10. Load flow current results after filter design

Irigv) 90.991 -3.7387
1y 181.932 176.2612

Table 6.11. Harmonic current distortion results after filter design

Fundamental 186.55 153.71 N/A N/A N/A
5 4.316 64.616 4 2.313 Fine

7 4.86 93.959 4 2.605 Fine

11 0.278 -74.730 2 0.149 Fine

13 0.167 9.491 2 0.089 Fine

DERIVED>=BUS3(ALL)

200
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]
|

—200

o 10 30 <0

20
Time (ms)

Figure 6.6: Voltage waveform at PCC with filter being installed
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6.3.4. Final Analysis of Simulation Results

The results in Tables 6.6-6.8 and Figure 6.4 show the voltage load flow results before the
implementation of the filter at the PCC and Tables 6.9- 6.11 and Figure 6.5 show the
simulation results after the filter implementation at the PCC. Table 6.11 also shows a Total
Voltage Distortion (THDV) level of 69.389% at Bus3 and a total current distortion surpassed
to the 5% limit. The total harmonic voltage distortion at bus 3 surpassed the 5% limit of the
IEEE. The analysis of results in Table 6.11 shows that the 7™ harmonic is the most offender
harmonic in the network at the point of common coupling (PCC). This was the major reason
for the filter design. Both distortion of the voltage and current were above the limits set by
IEEE Std. 519, which allows a distortion of up to 5% or less (Duffey & Stratford, 1989).

The generated harmonics due to the grid-tied inverter resulted in the voltage distortion levels
at the PCC which exceeded the IEEE standard 519-1992 voltage and current distortion
limits. The tuned filter was designed effectively to reduce the voltage distortion levels at the
PCC below the IEEE standard 519-1992 voltage distortion limits. This effectively diminished
the harmonic level to the IEEE required limits and established power system stability by
restricting the voltage harmonics distortion. Filter installation demonstrated the capability of
voltage restoration to normal line voltage at the PCC, stabilizing the system to the required
distortion. Most of the voltage and current distortion is caused by the 7™ harmonic current

injected by the non-linear load (grid-tied inverter) as can be seen from Table 6.11.

Figure 6.7: Voltage waveform at harmonic order 150Hz, 350Hz and 550Hz
The voltage harmonic distortion after the installation of the filter is so insignificant that 5", 7"

and 11" harmonic order wave forms are identical. Figure 6.6 above illustrates a simulation of

harmonic and the effectiveness of filter implantation at the PCC. The filter design introduced
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voltage stability at the PCC and improved the load current. Figure 6.7 is the result of a high

harmonic order at PC before the filter installation.

ZSCAN SH WITH FILTER>BUS3(ZSCAN1)

-
Q
!

Voltage (V)

0.5+

'

5 v ' F ' 2

o 3 6 S 12 15 12
Frequency (H pu)

Figure 6.8: Harmonic impedance scan at PCC

Network resonances have been identified in systems during the simulation. Issues due to the
integration of renewable energy production are highlighted in that the inverter introduces
harmonic currents and on the other hand, this inverter could induce resonances in the
network impedance. For effective results, it was very necessary to connect harmonic filters at
the point of harmonic producing device. The effectiveness of the filter implementation on the

scan impedance is demonstrated in Figure 6.9 below.
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Figure 6.9: The harmonic filter designed shifted the resonance point to less harmful
frequencies

The impedance variations are similar to a series and parallel resonating circuit. Figure 6.3
shows the calculated impedance. Figure 6.8 shows that, the harmonic filter designed shifted
the resonance point to less harmful frequencies. Since the filter passive used is a series circuit,
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the current flowing through the filter will be the same current at the PCC where harmonic

mitigation takes place.
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CHAPTER 7: CONCLUSION AND RECOMMENDATION

7.1. Chapter Review
This chapter discusses conclusion and suggested recommendations

Conclusion

After the analysis of the above harmonic current model for renewable generation technology,
the negative influence on the power quality of the grid electric is apparent, however, this is
within limits and controllable measure. Eliminating completely from the system can be an
impossible task, but putting mitigation measure in place can improve power quality while
simultaneously bringing certain economic benefits. This research was carried out to mitigate
the impact of grid-connected renewable generation technologies on the power quality of the
grid and harmonic stability. In conclusion, it is evident that electrical power quality reliability
and the normal operation of electrical equipment rely heavily upon a clean free distortion
from the power operator.

Electrical engineers wishing to reduce the level of power quality related issues, particularly
harmonic pollution on a power distribution network where harmonic generating loads are
connected; have to understand harmonics, their negative effect, and what causes them. With
this understanding we would be able to mitigate them.

The main aim of integrating renewable generation energy on the grid is to improve the

operation of the transmission and distribution systems and generate active power.

This thesis has shown that the increase of renewable generation technologies have negative
impact on the power quality of grid. However, several mitigation techniques have been
discussed in Chapter 4 and 5 to improve the voltage at the PCC.

Lastly, simulations done in DIGSILENT have shown that distorted current waveform injected
into the grid by renewable generation technologies can influence power quality negatively by
causing voltage instability and voltage distortion.

The analysis and design was done in accordance with the IEEE-519 standards. The result
obtained showed that the harmonic distortion limits at the PCC exceeded when no filter is
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connected. Thus, a filter was recommended as a remedial action to mitigate the harmonic
load current. The non-linear harmonic current source design model was observed to

significantly contribute negatively to the power quality of the grid.

Another important observation was that the voltage harmonic is caused by current harmonic
which distorts the voltage. It is evident that integration of renewable generation plants in the

DS and TS requires more impactful studies on the power quality of the grid.

Recommendation

On recommendations, to enhance control measures of power quality of the grid, adequate
evaluation of grid-tied renewable system has to be introduced. The purpose of adequate
evaluation of renewable generation technologies is to monitor their accumulation connection

on the grid to effectively address power quality concerns through a controlled system.

For example, all grid-tied systems and mini-grids system have to be registered through a utility
center that registers and monitors all small scale embedded generations wishing to connect on
the grid.
Lastly, the field trip with the Germany expert to two major solar plants in the Northern Cape
(DeAar and Droogfontein Solar plants) for PV inspection, revealed concerning technical
issues which influence the power quality generated and of the grid. Several faults and factor
can potentially lead to early degradation of the solar module.
The effect of these factors can results in distribution and transmission losses which influence
the power quality of the grid. The factors are categorized as follow;
External factors on the modules;

» Chipped solar module

» Scratched solar module

* Bird poo which cause shedding on the modules
Manufacturer defects include;

» Delamination of the solar panel cell

* Discoloring of the solar module
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* Hot spots
* Snall trial on panel
The above mentioned factors contributed to the degradation and consequently failure of PV
models. PV modules are designed with warranty of 20years but based on the assessment
carried out, 10% of the inspected module had developed the above concerns before Syears
of the warranty. This concern raised up the following question;
1. The warranty of the solar panel is 25years; will the module supplier be around in next
25year when the problems are encountered?
2. IEC is the body that regulates the suppliers of PV modules, does the supplier reply on
IEC test? Likewise who qualifies the supplier how they ensure long- term durability test

is enforced by the supplier?

The recommendations for PV utility operator is to ensure quality control mechanisms are
developed on site to safeguard the best grade modules are installed. The finding of the
inspection of the solar PV plants found no quality control measure to ensure that the above

factors and fault are prevented to ensure stable supply and reliable power grid.
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Appendices of picture

Load Profile

The load profile of electricity usage is important to the efficiency and load reliability of the grid. A load

profile will vary according to customer load type (typical examples is shown figure 7.1 below),

temperature and holiday seasons. Power producers use this information to plan how much electricity

they will need to make available at any given time. For energy efficiency planning and mitigation of all

power quality related problems, proper measurements of load profile is required for analysis
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Figure 7.1: The load profile of Langerberg mall in Mosselbay with 1.5MW PV

157



500

w1 T . l\ 'r“*\\\ | Vs
-
I —
Y-
i

N
J \4

\Y

400

350

300

250

200

100

|
|
|
|
|
|
J

11/22/2017 1:27:32 (h:min:s) 11/22/2017
9:09:23.433 AM 17 min/Div 10:36:55.841 AM

Figure 7.2: Analysis of the load profile of Langerberg mall in Mosselbay with 1.5MW rooftop PV
A modern harmonic measurement instrument is shown in Figure 7.3. Load profile waveform

measurements are obtained from the meters setup to measure harmonics at 1.5MW solar
PV plant mini-substation at Langerberg mall in Mosselbay. This digital data is processed and

stored for further analysis of possible harmonic injection in the grid.

Figure 7.3: lllustrates PQ measurement instrument at langergberg mall 1.5MW gried-tied
system

This instrumentation for harmonic analysis is sophisticated and costly but more accurate than ordinary
measurements. Intelligent software and algorithms are required to store, process, and display the

huge amount of data acquired through measurements. From Figure 7.3 to 7.7
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Figure 7.4: Voltage profile at Langerberg mall load with 1.5MW Solar PV rooftop
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Figure 7.5: lllustrates close-in analysis of the voltage profile
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Figure 7.6: lllustrates close analysis of the voltage profile (showing voltage spikes)
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Figure 7.7: lllustrates long term voltage spikes on Langerberg mall load

The figure illustrates long term voltage spike but still within the regulation ranges. The flickers are
attributed to a number of reasons. Voltage flicker has been discussed in detail in Chapter 5.

Figure 7.8 illustrates close-in analysis of Figure 7.9
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Figure 7.8: lllustrates measurement of long term voltage spikes (PLT) at Langerberg mall load
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Figure 7.9: lllustrates measurement of short term of voltage spikes (PST) profile at Langerberg

mall load
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Figure 7.10: lllustrates close analysis of short term voltage spikes (PST) profile at Langerberg

mall load
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Figure 7.33: Measurement of the total harmonic distortion with respect to the RMS AC value
(THD in %) for the current
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Figure 7. 34: Measurement of total harmonic distortion with respect to the fundamental (THD in
% f) of the current and of the voltages
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Figure 7.35: Measurement of Frequency of the network studied
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