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ABSTRACT
The electric power system is concerned with the process of generating, transmitting, and utilizing
electrical energy. The need for electrical power is increasing from time to time as people's living
standards change. As a result, distribution feeders that transport power from the substation to the
customer face several problems, including power loss, low voltage profiles, frequent and
prolonged power interruptions at customer locations, and the lowest voltage levels at system
nodes. Addis West Distribution Feeder similarly faces this kind of problem. Major issues of the
feeder are the high frequency of interruptions, power losses, and voltage drops. This thesis used
the optimal sizing and placement of distribution static compensators (D-STATCOM) and solar-
based distributed generation (DG) in the Addis West distribution system's (F-8) distribution feeder
to reduce power loss and voltage variation. The Addis West (F-8) distribution system comprises 80
branches and 81 buses. The distribution feeder's load flow analysis was simulated in MATLAB
using the backward/forward sweep algorithm to calculate power loss and voltage deviation. The
existing system's actual and reactive power losses are 803.5806KW and 623.5872KVAr,
respectively. The particle swarm optimization algorithm was used to solve a multi-objective
optimization issue involving total real power loss, total reactive power loss, and voltage variation
for optimal DG and D-STATCOM siting and sizing. The simulation results were tested by
considering base case (case -1), Only DG integration (case 1), and only D- STATCOM integration
(case IlI). The simulation result indicates that active power loss reduction percentages were
66.97% and 34.911% for cases Il and case Ill. Similarly, reactive power loss reduction
percentages were 67.03% and 34.99% for the same scenarios. Additionally, the minimum voltage
level in the base case improved from 0.9215 p.u. to 0.9782 p.u, 0.9882 p.u. Therefore, based on
the results, DG units such as solar panels reduce active and reactive power loss more than
DSTATCOM, while DSTATCOM mitigates voltage profile and improves system stability more
than DG. in terms of cost, DG investment cost is 3,301,592 $, while DSTATCOM's cost is
49,537.03% with less payback period as compared to DG but DG can generate electricity,

alleviating the burden on the distribution line, and also sale its energy.

Keywords: DG, DSTATCOM, practical swarm optimization, voltage profile improvement

and power loss reduction.
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CHAPTER ONE

1. INTRODUCTION
1.1 Background

Electricity is a major factor in the development of the economic and industrial sectors. Where
it is produced at a generation station located at a remote location, then transported and
distributed to the customers via transmission and distribution systems. The transmission
system serves as the main link for the transfer of mass power from generation to distribution
system while distribution system then uses step-down transformers to distribute the power to
load centers via low-voltage network infrastructures.

Electric power distribution network are responsible for delivering electricity from
transmission line to individual consumers. These systems consist of substations, primary
feeders, distribution transformers, secondary lines, and service connections. There are several
types of distribution system topologies, each with its own advantages and disadvantages. The
majority of the distribution network is radial because it is simple and less expensive unlike
transmission systems, distribution systems have high R/X ratio which results in high power
loss and which leads to voltage instability (Sambaiah & Jayabarathi, 2020). The distribution
system is constantly being faced with power loss, high interruption in frequency and duration,
poor voltage profile, distorted voltage and current, and unstable voltage in the node of the
system. Every issue on the above list has a unique cause; for instance, there are technical and
non-technical instances of power outages. Technical losses are induced by the physical
properties of power system components. Conversely, non-technical losses result from loads
and circumstances that were not taken into consideration in the technical losses calculation, as
well as from activities that happen outside of the power system. Additional factors include the
feeder's length and loading capacity, the kinds of loads it is linked to, and its radial design.
Different studies indicated that 13% of the total power generated is wasted in the form of
losses at the distribution level on an international average whereas Ethiopia's transmission and
distribution losses of power are estimated to be about 20% which is much higher than the
international average of 12-13% (Yisaye et al., 2020).



It is going to deliver a way better and constant efficiency in the distribution system. The most
important works for enhancing the distribution systems ranging from network reconfiguration,
capacitor placement and distributed generating integration; to some FACTS devices which
alter in switching event of sectionalizing switch or tying switches as load changes with time.
Network reconfiguration is the most interesting and active research area that includes
modifications in distribution network topology such as decreasing power losses, balancing

loads, optimizing voltage profiles or restoring service after outages.

Distributed generation involves using small-scale power sources situated near where the
electricity is used, in contrast to large, centralized power plants that produce and send
electricity over extensive distances. This approach to energy generation is gaining popularity
since it has numerous benefits, notably in terms of energy efficiency and sustainability.
DSTATCOM is an electronic device used in electrical distribution systems to regulate and
improve the quality of power. Its main aim is to compensate reactive power, which is required
to maintain voltage stability and improve the overall performance of the power system (Zaheer
etal., 2022).

As the usage electrical and electronic, device continues to increase maintaining stable voltage
levels and minimizing power losses has become crucial. DG and DSTATCOM offer
promising solutions to these challenges. To maximize the technological, economic, and
environmental benefits, it is crucial to carefully plan the optimal placement of the device.
Incorrect placement or excessive penetration of the device can lead to reverse power flow and
increased system losses, jeopardizing the overall functionality of the system. Therefore,
determining the optimal size and location of Distributed Generation (DG) and D-STATCOM
should involve using the metaheuristic method known as Particle Swarm Optimization (PSO),
with Matlab software to optimize both active and reactive power reduction and voltage
profiles as objective function. This thesis focuses on a study area in the western part of Addis
Ababa, specifically around Kolfe Mebrat Hayl.

Addis west substation contains two 123KV incoming feeder, one from Sebeta 1 substation and
the other was from black lion substation. There are two 50MVA power transformers with two

windings each, operating in parallel to reduce the incoming voltage to 15kV.



The distribution transformer determines the distribution feeder voltage for the purpose of
supplying customer loads. Addis West substation has nine outgoing feeders to deliver
electrical energy to industry load, commercial load, and domestic loads. The low voltage line
of the Addis West distribution network experiences issues such as line overloading, a high rate

of power interruptions, and low voltage levels at customer premises.



1.2 Statement of the Problem

These days, Addis Ababa's changing living standards are causing a periodic increase in the
city's need for electrical power. As a result, the distribution feeders that carry power from the
substation to the customers are excessively overloaded. This overloading, particularly in
feeders that cover long distances, leads to substantial losses and voltage drop issues. The
coverage area of Addis West distribution feeder from the Addis west distribution system
spans 24km. This feeder supplies power to several area of the city, including Keranio, Betel,
AutobisTera, Anfo and so on, some of them are operate at voltage levels of 3x310V,
3x335V, and 3x328V, respectively.

These power losses, impact operational efficiency and contribute to increased operational
costs not only operational costs for utility providers but also contribute to higher electricity
price for consumers. Utility companies and associated customers may experience loss and
voltage problems as a result of voltage profile instability in the distribution system, which can
also result in operational problems that impair connected loads' performance and perhaps
damage electrical equipment, reduce life span of electrical devices and overall dissatisfaction
among consumers. It is necessary for improving the voltage profile and reducing loss in

distribution network.

An improved voltage profile and less power loss can lead to lower energy waste, higher
operational performance, and lower costs. Key contributions are the performance comparison
between DG and DSTATCOM, and determination of optimal size and location for each. The
Addis West substation feeders cover a broad area, and there are frequent power outages with
significant voltage drops. To address these issues, this thesis performs a comparative analysis
of distributed generation and distribution static synchronous compensator technologies. The
Particle Swarm Optimization (PSO) technique will be employed to determine the optimal
capacity and placement of DG and D-STATCOM. This study will explore practical
applications of PSO-based optimization for the placement of DG and D-STATCOM.



1.3 Objective of the study

1.3.1 General Objective of the Study
The main objective of this thesis is to compare the performance of distributed generation and
distribution static synchronous compensator (DSTATCOM) in reducing power loss and

enhancing the voltage profile of Addis West distribution feeder.

1.3.2 Specific Objective of the Study

» Perform a load flow analysis of the Addis West distribution system to determine power
loss and voltage drop using the Backward/Forward sweep analysis method.

» Formulate a multi-objective function for the optimal placement and sizing of
Distributed Generation (DG) and DSTATCOM using the Particle Swarm Optimization
(PSO) algorithm.

» Compare the result of integrating DG and DSTATCOM on minimizing power loss and

improving the voltage profile of the distribution system.

1.4 Scope of the Study

The scope of this thesis is to investigate the reduction of distribution system losses and the
enhancement of the voltage profile for the Addis West distribution feeder. The study focuses
on evaluating the performance of DG and DSTATCOM in reducing power loss and improving
voltage profiles in distribution systems. By utilizing the PSO optimization algorithm in
MATLAB software, the research provides valuable insights into the comparative effectiveness
of DG and DSTATCOM. The thesis is limited to analyzing power losses and voltage profile
improvement using software tools, excluding the evaluation of harmonic impacts and

protection levels on the distribution network.

1.5 Significant of the Study
The output of this thesis was very significant to both customers and the Ethiopian Electric
Utility (EEU). Some of the advantages are:
» The voltage profile of its electrical power supply has increased. Reliability of its
electric power system is increased.

» Improves the product quality of industries and increases customer satisfaction.



1.6 Organization of the Thesis

The thesis is organized to guide the reader through an introduction, a literature review of
various methods for mitigating voltage deviations and reducing power losses, simulation
results, conclusions, and recommendations for further study. The structure is outlined as
follows: Chapter One provides an introduction, background, problem statement, objectives,
scope, and significance of the study. Chapter Two presents a detailed theoretical background
and a review of relevant literature on voltage profile improvement, power loss reduction in
distribution networks, and optimization techniques used to address these issues. Chapter
Three outlines the data collection and analysis processes, along with the mathematical
modeling of distributed generation, DSTATCOM, and the Addis West distribution feeder.
Chapter Four discusses the simulation study conducted using MATLAB software and
provides an analysis of the results. Chapter Five concludes the thesis with conclusions,
recommendations, and suggestions for future research to extend the work carried out in this

study.



CHAPTER TWO
2. THEORATICAL BACKGROUND AND LITERATURE REVIEW

2.1 Electrical Power Distribution Systems

An electrical grid is a network of interconnected power lines that transmit electricity from
generators to consumers. It consists of power plants that produce electricity, high-voltage
transmission lines that carry electricity from distant sources to demand centers, and
distribution lines that deliver power to end users. Within substations, high-voltage power lines
pass through step-down transformers, which reduce the voltage to a usable level, then
distribute it in various ways through low-voltage power feeders(Mihret Desta, 2019). A
distribution transformer steps down primary distribution power to a lower voltage secondary
circuit, typically at 380/220 volts. In Ethiopia, the electric power system voltage levels of the
primary transmission system are 400kV, 230kV, and 132kV. The sub-transmission system
operates at voltage levels of 66kV, 45kV, and 33kV, with 15kV used in the distribution
system. The distribution substation reduces the voltage to 33kV and 15kV, distributing power
through outgoing feeders connected in a radial configuration(Elende & Gebremichael, 2021).

The distribution network, which links the high-voltage transmission system to the low-
voltage consumer service points, is a crucial component of the electrical power system.
Power within any distribution system is delivered through feeders, distributors, and service
mains. Feeders are high-capacity cables that carry substantial amounts of current to feeder
stations for further distribution. Distributors are conductors that draw electricity from a
supply and direct it to a consumer's location. A service main is often a short cable connecting

the distributor's terminals to the consumer.



Generation
Substation

Generation
Plant

Transmission .;_',s.e'&
Substation =3

=<
<<
»
B - = "
Distribution
Substation
. I %
Subb_ansm . l_
ISSlon Sy,
S
Sonitoiny Secondsty Distribution T = %‘)gﬁzﬁo
oaswmous Transformer = S
Sys\e )
= Bt
=

Figure 2.1 Electric Power Distribution System

2.2 Power Loss and Voltage Drop

Power loss and voltage drop are key factors in electric power distribution systems that
significantly impact the overall efficiency and reliability of the network. Several factors,
including power losses in transmission and distribution lines, transformers, capacitors, and
insulators, among others, contribute to the overall electrical power losses in distribution
systems (Guerriche & Bouktir, 2015). These losses can be categorized into two types: real
power losses and reactive power losses. Real power losses result from line resistance, while
reactive power losses are due to the presence of reactive components within the system.
While utilities primarily focus on minimizing actual power losses as they affect energy
delivery efficiency, reactive power losses are also significant. This is because maintaining the
appropriate voltage level in the system requires controlling the flow of reactive power at a
specific level, which enables the flow of actual power. In power systems, 70% of total power

losses occur within the distribution network, while the remaining 30% take place in the



transmission and sub-transmission systems. Power loss can be classified in to two categories

that are technical and non-technical.

Technical loss is a type of loss that results from the physical qualities of power system
components. It may be found in cables, transformers, wires, generators, and power switches.
The substation, transformer, and feeder all contribute to technical losses during transmission
and distribution. Transformer losses include winding and core resistive losses, main feeder
resistive losses, service drop resistive losses, secondary network resistive losses, and energy
meter losses. These technological losses cannot be prevented; however, they can be mitigated
(Jagdeep, 2018).

Non-technical losses arise from activities external to the power system, as well as from loads
and conditions not accounted for in the calculation of technical losses. These losses are
typically caused by illegal energy consumption (theft), inaccurate meter readings, faulty
energy meters, and billing errors. The distribution network, which connects to end consumers,
completes the power system, and faults within this network affect both customers and utilities.
One common issue is voltage drop, which must be minimized to keep voltages at load
locations within acceptable limits. Voltage drop problems frequently occur when long-
distance lateral radial feeders are used or when supplying power to large loads. Therefore, it is
crucial to find a solution to address this issue and maintain control over the voltage at various
nodes in the system (Singh, 2017).

2.3 Factors Causing Power Loss and Voltage Drop of Distribution Feeders

A number of factors contribute to the distribution network's rising voltage fluctuation and
distribution feeder loss. Line impedance and current passing through the conductor are the two
primary factors that determine of a line's voltage drop. The voltage drop will consequently rise
with an increase in impedance or current. Some of the known factors that affect distribution
line losses directly or indirectly and voltage drop are given below. An electric supplier that
intends to minimize line losses must first take these considerations into perspective

Conductor poor jointing and termination: Loose contact is the cause of poor jointing and
termination on distribution networks. At that point, significant resistance to current flow

generates heat, which increases resistance and consequently reduces voltage.



Using undersized conductors: Voltage can be seen as the force pushing charges through a
conductor, while resistance measures how challenging it is to push these charges. Smaller
conductors have higher resistance, leading to a significant voltage drop.

Different conductor materials: Corrosion is a crucial factor in selecting conductor
materials. Oxidation and galvanic corrosion are the two main types that impact a metal's
electrical properties. Galvanic corrosion, resulting from differences in electrical potential
between two or more metals, should be considered when choosing conductor materials.

Hot spots: High-resistance points are created at mechanical joints or terminations, which can
eventually fail. High resistance causes localized heating, which further loosens the
connection and increases heating until the contact begins to glow due to enhanced oxidation
and creep.

Distribution feeder length: The series impedance of a feeder is directly related to its length.
Thus, the length of the feeder significantly affects voltage variation.

Load Imbalance: A network that is not optimized for losses will have greater currents in at
least one phase due to an uneven load distribution across the three phases. If neutral
conductors are present, they will also be carrying currents. Load imbalance across the three
phases leads to increased losses due to the quadratic relationship between losses and current.
Harmonics: Harmonic effects cause distortion in an AC current profile. These distortions
often arise because the AC magnetizing current of transformer windings is not perfectly
sinusoidal, particularly at the third, sixth, and ninth harmonics. Although these harmonics do
not affect a standard three-phase system because they are in phase, they do not cancel out in
the neutral conductor. Consequently, harmonics from other network-connected devices can
contribute to additional losses in the distribution system.

Power factor: The power factor is the ratio of apparent power to true power. When two
systems have the same real power distribution, the system with a lower power factor will
have a higher reactive power current. This results in a greater voltage drop and increased
losses.

Location of distribution transformer: energy losses in distribution system may result from
improper placement of the distribution transformer. Compared to a consumer who is closer
to the distribution transformer, the consumer who is farther away will receive a voltage that

is much lower.
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2.4 Technique for power Loss Reduction and Voltage Profile Improvement

When it comes to reducing power loss and improving voltage profile in distribution systems,
various technique and procedure have been developed and studied (Muhtazaruddin et al.,
2017). These technique aims to optimize the distribution system to minimize power loss and
enhance voltage stability. Here are some of the techniques:

Network reconfiguration is the process of moving switches around to alter the circuit
topology in order to lower operating costs while adhering to set parameters(Raut & Mishra,
2017). Reconfiguring the network to establish new connections and adjust power flow is an
effective method for reducing losses in distribution systems, particularly those with a tree
structure or those controlled by opening or closing specific switches on the feeder. Feeder
reconfiguration allows for shifting loads from heavily loaded feeders to those with lighter
loads and from higher-resistance paths to lower-resistance paths. The resistance path is
defined as the total resistance from the source to the load point. These adjustments not only
help in redistributing loads and reducing losses but also improve the voltage profiles of the
feeders and decrease overall power losses in the system (Phyu et al., 2018). Conversely, feeder
reconfiguration only works well if the distribution feeders are automated and spaced enough
apart. It could not be financially advantageous to reconfigure a feeder for an automated and
fare-apart system.

Conductor grading: Conductor grading is a method used to decrease resistance in a feeder
by replacing the existing conductor with new conductor of the appropriate size for the desired
feeder length, considering cost-effectiveness. This can be achieved by installing auxiliary
conductors to operate in parallel with existing one or by replacing smaller-sized conductors with
larger ones having a greater cross-sectional area, thereby reducing the corresponding
resistance. However, the cost of the conductors and their installation often exceeds the energy
savings achieved. As a result, these approaches, despite their potential for significant loss
reduction, are not commonly employed unless there is a specific need. Conductor grading is
typically implemented when the performance of a conductor is compromised due to rapid load

growth. The selection of conductors in this technique aims to minimize power loss and voltage
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drop in the distribution system, making it suitable for developing nations experiencing
significant annual population growth and energy demand (Taye, 2019).

Reactive power compensation: is the technique used to control reactive power in order to
increase an alternating current power system's efficiency. Reactive power compensation issues
frequently require load and voltage support. Load support aims to minimize current harmonic
components caused by large and irregular nonlinear industrial loads, boost voltage control,
balance real power drawn from the ac supply, and improve system power factor (Ashwini et
al., 2021). In many cases, voltage support is necessary to mitigate voltage fluctuations at the
terminals of transmission lines. By adjusting reactive power in transmission systems, stability
in the alternating current system is enhanced. This adjustment increases the maximum amount
of active power that can be delivered, while also reducing resistive losses in the secondary
network and minimizing energy meter losses.

These technological losses cannot be prevented; however, they can be mitigated.

Distribution transformer location and sizing: Customers farther away will receive
significantly less electricity if distribution transformers are not placed in a strategic location
close to consumers, even in cases where the voltage at the transformer's secondary is
sufficient. As a result, the distribution system incurs higher losses. To maintain an
appropriate voltage level, distribution transformers should be positioned as close to the load
center as feasible. Additionally, using smaller transformers that serve fewer consumers is

preferable to using larger ones.

Distributed Generation (DG) refers to small-scale energy generation from either renewable
or non-renewable sources. It represents a decentralized approach to electricity production,
where power is generated at or near the location where it will be used, rather than at large,
centralized power plants (Guerriche & Bouktir, 2015). This method of generation can
include a variety of technologies such as wind turbine combined heat, solar panels, fuel cells
and power system. The primary advantage of DG is that it reduces the distance electricity
must travel, thereby minimizing transmission and distribution losses.

Using high voltage distribution system: Using a high voltage distribution system can reduce
distribution system loss and voltage fluctuation. As near to the load as is practical, high-

voltage cables are run, and large transformers are swapped out with a range of small-rated
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ones. Upgrading current low-voltage distribution systems to high-voltage distribution systems
Is another option. Reducing technical losses and enhancing power quality in distribution
networks can be accomplished more effectively and dependably with this strategy. Given that
high-voltage devices have relatively little current. But given the amount of the original

investment, it might not be feasible.
2.5 Overview of Distributed Generation (DG)

Distributed Generation (DG) refers to small-scale generating units situated close to the load
they serve. It represents a recent advancement in power systems aimed at addressing the
growing demand for electricity. DG is defined as the generation of electricity by facilities
smaller than those connected to the grid, and it can be connected at nearly any point within a
power system. Various DG technologies are utilized in power systems, with some being long-
established and others more recent. However, all DG technologies are designed to improve
efficiency and lower costs related to installation, operation, and maintenance (Kazeminejad &
Banejad, 2020). DG technologies are generally categorized into two types:

» Renewable technologies, such as wind turbines and photovoltaic systems

» Non-renewable technologies, including micro-turbines, combustion turbines,

and fuel cells

Most distributed generating systems can connect directly to the distribution network without
requiring transmission lines. Therefore, it is essential to thoroughly examine the impacts of
DG on network losses and voltages when designing and operating distribution networks.
Distribution grid integration (DG) presents various benefits to electric utilities and customers
in distribution networks, particularly in situations where central generating is impractical or
the transmission network faces significant challenges (Sanam et al., 2017).
DG is classed into four kinds based on the source of active and reactive power generation, or
both (Et. al., 2021).
Type 1: offers real power alone. Example includes solar cells and fuel cells.
Type 2: offers reactive power alone. As an example, consider the synchronous compensator.
Type 3: provides both real and reactive power. Example considers synchronous machine.

Type 4: offer actual power but absorbs reactive power.
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The most practical DG technologies for this specific investigation were examined in detail as
follows:

Fuel Cells: regarded as an emerging distributed generation technology, fuel cells are relatively
new. They can be used as distributed generating with capacities ranging from a few kW to
three megawatts(Abayneh & Fekadu Shewarega, 2022). These electrochemical devices use
hydrogen as fuel and oxygen as an oxidant to convert chemical energy directly into electrical
energy without combustion. To connect the fuel cell's output to the grid, the direct current
(DC) generated must be converted to alternating current (AC) using a DC/AC converter and
filtering system. Fuel cells emit toxic pollutants, generate electricity with an efficiency of 40
to 60%, and run quietly enough to be used in residential environments. The high cost of initial

investment is the main obstacle to fuel cell commercialization.

A micro turbine is a tiny gas turbine used for distributed generation, providing electrical
power between 25 kW and 1000 kW. The basic components of a micro turbine include the
combustor, recuperator, turbine generator, and compressor, which function similarly to
conventional gas turbines but are tailored for small-scale energy production, making them
suitable for residential, commercial, and industrial applications. The output voltage of micro-
turbines must be converted from AC to DC and then back to AC to match the utility's nominal
voltage and frequency, as they cannot be directly connected to the power grid. Their efficiency
ranges between 25% and 33%.

The main drawback of micro turbines in distributed generation is their high initial cost per
kilowatt installed capacity. While micro turbines have various benefits, like minimal
emissions, high efficiency, and fuel flexibility, the initial investment can be expensive.

A wind turbine is a technology that transforms the kinetic energy of wind into electricity. A
recent trend in this field is the growing focus on increasing power generation output. Areas
with high wind speeds, such as coastal regions or near mountains, are ideal for maximizing the
energy produced by these turbines. Due to their unlimited energy source and zero emissions,
wind turbines have increasingly been incorporated into power distribution networks in recent
years. Wind turbine power generating is fuel-free and costs less to operate and maintain than
traditional power generation (Khaled et al., 2017). The main downside of this technique is its

unpredictable output.
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Photovoltaic (PV): PV distributed generation is the decentralized production of energy using
solar panels that convert sunlight into electricity. This technology is gaining popularity
because of its capacity to produce clean energy at or close to the consumption point, such as
on residential rooftops or in commercial buildings. Compared to traditional power
generating, which often depends on big, centralized power plants, PV distributed generation
provides for a more localized approach to energy production, boosting energy security and
decreasing transmission losses (Saw et al., 2023). Implementing photovoltaic system
distribution generation (PVDG) has several advantages, including improving power loss,
system stability, mitigating the voltage profile, and reducing distribution stress. However,
realizing benefits necessitates optimal placement and sizing of PVDG.

Improper placement of PVDG in the distribution network can result in issues such as
increased power loss, voltage rise problems, and reduced power quality in the system
(Prakash & Meena, 2021). Poor voltage profile and operating costs of the distribution
network are strongly impacted by these losses, particularly during periods of high load.
Distribution networks significantly influence system operating costs and may lead to poor
voltage profiles, especially during periods of high demand. These challenges can be addressed
by accurately determining the optimal placement and sizing of PVDG at strategically chosen
buses. Additionally, deploying energy storage systems can help prevent reverse power flow,
which could negatively affect the performance of power systems, particularly within
distribution networks.
Advantages of DGs in Power Systems Application
The key benefits of DG connection in radial distribution networks are as follows:

» Minimizes power loss in power network.

» Enhance the voltage profile.

» Minimized operational costs during peak hours.

» Improved security and dependability.

» Increasing energy efficiency.

» Increasing reliability and regional consequence of system failure.

» Reduced GHG emissions.
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2.6 Overview of Flexible AC Transmission System Device

Flexible AC Transmission Systems (FACTS) are an important part of modern power systems.
They use static power-electronic devices to improve the controllability, stability, and power
transfer capabilities of AC transmission networks (Zubidi et al., 2023). These systems
incorporate a range of power electronics-based technologies and devices, including unified
power flow controllers (UPFCs), static synchronous compensators (STATCOMs), and static
var compensators (SVCs). Power systems have a number of issues, including voltage stability,
transient stability, voltage regulation, reliability, and the transmission network's thermal
constraints. These challenges are addressed by FACTS devices. FACTS devices enable
dynamic control of power flow, reactive power compensation, and voltage support using
power electronics. This leads to superior voltage profiles, decreased power losses, and better

grid performance. In general, FACTS devices fall into the following categories:

» Shunt-connected controllers include devices such as static var compensators (SVC)
and static synchronous compensators (STATCOM).

» Series-connected controllers consist of static synchronous series compensators (SSSC),
series capacitive reactance compensators (SCRC), thyristor-controlled series reactors
(TCSR), and thyristor-switched series capacitors.

» Hybrid controllers, which combine both shunt and series connections, include unified
power flow controllers (UPFC) and thyristor-controlled phase-shifting transformers
(TCPST).

Static variable compensator (SVC): is an important component in power system, providing
dynamic voltage support and enhancing the reliability and efficiency of power supply. These
devices are designed to quickly and reliably control line voltages, regulating and controlling
the voltage to the required set point under normal steady-state and contingency conditions
(Saleh et al., 2020). SVCs contribute to greater transfer capability, lower losses, control of

active power oscillations, and prevention of over voltages when the load is lost.
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Thyristor Controlled Series Compensators (TCSC): are critical in power systems. Their
foundation is the thyristor based FACTS technology, which permits line impendance
management via a series connection between a Thyristor-controlled capacitor and the
transmission or distribution line. The transmission line's capabilities are enhanced by
integratingseries capacitor, which reduces the net series impedance and allows for more power
transmission (Verma, 2014). The TCSC device consists of three primary components: two

bidirectional thyristors, a bypass inductor, and a capacitor bank.

The Static Synchronous Series Compensator (SSSC) is a modern FACTS device for
enhancing power quality, utilizing a voltage source converter connected in series with a
transmission line through a transformer. It behaves like a series inductor and a controlled
series capacitor(Verma, 2014). The main distinction is that its injected voltage can be freely
controlled and is not reliant on the line intensity. Because of this feature, the SSSC can
function well under both high and lower loads. There are three main parts to the SSSC: The
major part is the Voltage Source Converter (VSC), which is connected to the transmission line
by a transformer. The energy source, on the other hand, supplies voltage across the DC

capacitor and offsets device losses.

A shunt connected reactive compensator (STATCOM): shunt connected, reactive
compensation device called a static synchronous compensator (STATCOM) is used in power
system to sustain reactive power and control voltage. A STATCOM differs from conventional
compensators like the Static variable Compensator (SVC). By utilizing Voltage Source
Converters (VSCs) with semiconductor valves in a modular multi-level configuration,
STATCOMs offer fast response and high dynamic performance, making them effective in
stabilizing grid voltage during transient and fault conditions. This capability contributes to
improved grid stability and performance, particularly during large-capacity power
transmission and in the presence of disturbances or faults. In terms of voltage and power loss,
STATCOMs are essential for ensuring grid stability and reliability by regulating voltage,
providing reactive power support, and reducing power loss compared to conventional

compensator technologies.
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The unified power flow controller (UPFC) is an advanced electrical device used in high-
voltage transmission networks to deliver rapid reactive power compensation and manage both
active and reactive power flows in transmission lines (Akter & Das, 2019). The UPFC
includes both a static synchronous compensator (STATCOM) and a static synchronous series
compensator (SSSC). Both converters are powered by a single DC link that incorporates a DC
storage capacitor. In practice, electricity can flow bidirectionally between the two AC
branches. Each converter can independently generate or absorb reactive power at its AC
output terminals. The converter valves receive gate signals from the controller, causing them
to pull the necessary shunt currents and produce the right series voltages. The inverter needs a
dc source that can regenerate in order to produce the necessary series injected voltage. The DC

bus's voltage can be raised by using a shunt inverter.

Shunt and series capacitor compensation: are essential methods for enhancing voltage and
system efficiency in distribution networks. Shunt capacitor compensation involves placing
capacitor banks at key points within the network to counteract reactive power demand, lower
power losses, and improve the voltage profile. This technique is widely employed to release
system capacity, improve voltage regulation, and minimize line losses. On the other hand,
series capacitor compensation, although less popular in distribution systems, can be utilized to
enhance the transmission capability of line by reducing line reactance and improving system
stability. However, series capacitors are not as commonly employed in distribution systems
due to their potential impact on system resonance and the complexity of their control and
protection. Despite this, both shunt and series capacitor compensation play crucial roles in
improving the performance and efficiency of distribution networks, with shunt capacitors
being more prevalent and widely utilized for power loss mitigation and voltage profile

improvement.

2.7 Distribute Static Synchronous Compensator (DSTATCOM)

The Distribution Static Synchronous Compensator (DSTATCOM) is an electrical device
that functions as a shunt component, employing force-commutated power electronics (such

as GTOs or IGBTs) to regulate power flow and improve transient stability in power

18



systems. It is part of the Flexible AC Transmission System (FACTS) family of devices.
The DSTATCOM is a three-phase voltage source converter (VSC) connected in parallel to
the distribution system to adjust bus voltage, enhance power factor, and manage reactive
power. At the point of common coupling (PCC), it can inject or absorb both active and
reactive current(Saradva et al., 2016). However, due to constraints related to energy
storage, the D-STATCOM cannot supply active power for prolonged periods. Power
transfer between the D-STATCOM and the system mainly involves reactive power, which
supports steady-state operation. A typical D-STATCOM setup for steady-state operation
includes a coupling transformer with leaky reactance, GTO/IGBT devices, a voltage source
converter (VSC), and a DC capacitor.

Figure below shows a basic construction of DSTATCOM to the three phase distribution

line.
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Figure 2.2 Basic Structure of D-STATCOM

2.7.1 Operating Principle of D-STATCOM
DSATCOM operates on the same basic principles as synchronous machines. Synchronous
engines generate lagging currents leading currents when overexcited and underexcited,

respectively.

D-STATCOM can create and take in the same reactive power as synchronous machines, as
well as switch actual power when equipped with an external DC supply(Sanam, n.d.). A D-

STATCOM is a solid-state power electronic switching device that consists of a controller, a
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coupling transformer, an energy storage device, and a VSC (Muslimin et al., 2022).
Depending on the needed compensation, D-STATCOM possesses the capacity to both produce
and absorb reactive power. The power networks at a PCC, where the voltage-quality issue
appears are connected to the D-STATCOM (Muslimin et al., 2022). The controller computes
the necessary voltages and currents and compares them to the commands. For the purpose of
driving the power converter, the controller generates a set of switching pulses and then applies
feedback control. The output voltages' amplitudes are changed to altercation reactive power
with the system. The network voltage Vs and the Vsc's output voltage are adjusted in phase.

Here is an explanation of how reactive power is exchanged between the output voltage and the AC
system voltage:

» If the output voltage VVSCV_{VSC}VVSC is higher than the system voltage
VsV_sVs, the D-STATCOM will act as a capacitor and provide reactive power
(capacitive mode).

» If VsV _sVs is greater than VVSCV_{VSC}VVSC, the D-STATCOM will
function as an inductor and consume reactive power (inductive mode).

» If VVSCV_{VSC}VVSC equals VsV_sVs, the reactive power is zero (no-load
mode), meaning the D-STATCOM neither generates nor absorbs reactive

power.

The three operating modes of DSTATCOMS are shown in Figure 2.3 below
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Figure 2.3 Operating Modes of D-STATCOM.

2.8 Practical Swarm Optimization

Particle swarm optimization (PSO) is a robust optimization method inspired by the social
behavior observed in birds and fish. It was developed by James Kennedy and Russell
Eberhart in 1995 and has since become a popular method for solving various optimization
problems (Wang et al., 2017). PSO has been identified as the most effective heuristic
optimization technique for systems consisting of nonlinear programming problems that
involve multiple iterations. Due to its ability to adapt to the responses of the multi-iteration
nonlinear power flow algorithm, PSO is considered a promising approach for achieving
improved outcomes regarding the positioning and sizing of distributed generation and
flexible AC transmission systems (FACTS).

PSO begins with a swarm of particles randomly distributed across a search space, each
representing a potential solution. Each particle has a distinct fitness rating reflecting how
well it addresses the current problem. The objective is to enhance each particle's fitness
through successive iterations. During each iteration, the velocity of each particle is adjusted
to control its movement within the search space. Through interactions with the best solutions
encountered by the group and its own best position, particles gradually converge towards
optimal solutions. The velocity update takes into account the particle's prior velocity, its best
position, and the best position of the entire swarms (El-Shorbagy & Hassanien, 2018).
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PSO has three separate features: best fitness for every particle, best fitness of the swarm, and
velocity and location update.
» Pbest (i) is the solution with the best of fitness attained by the particle i in the swarm so
far.
» Gbest denotes the highest fitness value attained by any particle in the swarm up to that
point.
» Update velocity and position to effectively explore and use search space .Find the ideal

solution.
The position of the particle is adjusted as (Lee & Park, 2016).
XKt =xly plt (2.1)
The velocity of the particle is updated as follows
VE =0V F+c1r1(Poesti-Xik) +C1r1(Gpest-Xik) (2.2)
Where: c; and ¢, the weighting factor,

r; and rp: the random number between 0 and 1, o presents the weighting functions.
Vi*: is the velocity of particle at iteration K.

Vi is the updated velocity of particle i.

Pbest: the personal best of particle i, Gbest: the global best of the group.

The weighting function is set as

W(tHL ) =wmax —mmin (2.3)

max

tmax. Maximum number of iteration.
t: current iteration number.

®max: Maximum inertia weight.

®min: MINIMumM inertia weight.
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Advantage and Disadvantages of Particle Swarm Optimization Technique

Advantage of PSO algorithm

>

V V.V V V VY

Applicable to scientific research and engineering.

PSO avoids overlapping and mutation calculations.

Particle transmission occurs at a very high speed.

PSO uses the real number code, which the solution explicitly describes.
It has global search efficiency and a derivative-free algorithm.

PSO calculation is fairly straightforward.

Search for particles in PSO based on their speed.

Disadvantages of PSO algorithm

>

>

>
>

The PSO approach suffers from partial optimization.

The partial optimism of the PSO algorithm weakens the regulation of its speed and
direction.
The PSO method cannot address non-coordinated systems.

The PSO method cannot address the issue of scattering.

PSO Algorithm Parameters

The PSO algorithm's performance may be impacted by several of its settings. The

effectiveness of the PSO technique for any particular optimization issue is significantly

influenced by a few of these parameter values and options, but a few others have little to no
effect (Gad, 2022).

The following are the basic PSO parameters.

Swarm size refers to the number of particles (n) in the swarm, also known as the population

size. A larger swarm can more comprehensively explore the search space in a single

iteration. Increasing the number of particles can help reduce the number of iterations needed

to reach a satisfactory optimization result.

However, there are a significant number of particles make computing more complex and

time-consuming for iteration that follows.
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Particle Velocity: The PSO approach includes derived tools such as particle velocity. Its
worth is confined to a specific set of features. The parameters Vmax and Vmin influence
fitness by defining the regions to explore between the current and target locations. This is
because larger step sizes may lead to suboptimal solutions, while very small step sizes can
slow the convergence to the desired solutions. In many PSO implementations, Vmax is
typically set to 12-25% of the variable's dynamic range for each axis.

Random Number: The range [0, 1] contains the uniform random values. They aid in the

realization of PSO's stochastic behaviour.

Acceleration coefficients: which include the constants for the social and cognitive
components as well as the random values r; and r, play a crucial role in influencing the
dynamic behaviour of the PSO algorithm. The constants C; and C; reflect the cognitive and
social acceleration coefficients, respectively, and determine particle confidence in itself and its
neighbors. The behavior of a PSO changes drastically with the value of C; and C,. When C, =
0 and C;, =0, then all particles continue flying at their current speed until they hit the search
space’s boundary whereas C;> 0 and C,=0,all particles are independent. On the other hand:
When C;=0 and C2>0 all particles are attracted to a single point in the entire swarm,

When C,=C, all particles are attracted towards the average of pbest and gbest.

When C;>C, each particle is more strongly influenced by its personal best position
Resulting inexcessive wanderingonthe contrarywhen C,>C; thenall particlesare much
more influenced by the global best position, which causes all particles to run prematurely to
the optima. In all cases the velocity update equation is changed. However, the value
C1=C>=2.0, almost universally adopted in early PSO research.

Inertia Weight: Choosing an appropriate inertia weight is crucial for balancing global and
local search efforts, combining exploration and exploitation. Typically, the inertia weight is
set to a high value initially to speed up convergence and then gradually decreased during the

optimization process. Suitable values for Wmin and Wmax are 0.4 and 0.9, respectively.

Particle Best (Pbest): Each particle in Pbest memories its own event, which is conceptually
akin to autobiographical memory. As a particle moves through the search space, it
continuously compares its current fitness value to the best value it has achieved up to that

point. The individual best, also known as particle best, is the best position that has been
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found to be associated with the best fitness thus far. Throughout the search, the Pbest of each

particle in the swarm can be ascertained and modernized.

Global Best (gbest): This is the best position that has been reached so far out of all the

individual Pbest of the particles.

Termination Criterion: After the initial procedure, multiple iterations and objective
function constraints are applied during the evaluation phases until a stopping criterion is
reached. This stopping condition is often satisfied by either completing a specified number of

iterations or reaching a certain level of result accuracy.

2.8.1 PSO Implementation Steps

The PSO algorithm uses n particles to represent possible solutions in the population. For each
particle, it has D-dimensional vector, where D represent number of controlled parameters. As
a result, each controlled parameter corresponds to a problem space dimension (Gad, 2023).

The following steps are used to describe the implementation step of PSO approach:

Step 1 Initialization: Set the iteration counter k = 1. Generate population of particles with ‘n’
numbers randomly for objective function evaluation independently. PSO parameters like, Cu,

and Cz, maximum iteration, Wmax and Whmin are assigned.

Step 2 While, maxiter>iter or tolerance;
Step 3 Objective function evaluation: evaluate each particle based on objective function and

determine its fitness value.

Step 4 Comparison of fitness value: During the first iteration, each particle's fitness value
becomes its best p. If the new value of best p acquired in the previous iteration is better than

the old, it is updated; otherwise, it is kept the same.

Step 5 Identification of personal best (Pbest) and global best (Gbest) value

Step 6 Update Velocity: each particle velocity is updated using the following equation:

V1K+1:03Vik+Clrl(Pbesti'Xik)+C1r1(Gbest'xik)
After that the new particle's position can be formulated as:

XiK+1 :Xik+ Vik+1
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Step 7 Iteration updating: Update the iteration counter, k = k+1.

Step 8 If the stopping requirements have been met, go to the next step; otherwise, proceed to step 2.

Step 9 Stop. The Gbest value at last iteration is optimal solution.
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Literature review

Different researchers have suggested numerous techniques for optimizing distribution systems
and enhancing voltage stability. Recently, there has been a shift from traditional capacitor use
to the exploration of new technologies. And they provided their best remedy to the current
difficulties. A handful of them are listed below:

According to the study of (Ouali & Cherkaoui, 2020), An Improved Backward/Forward
Sweep Power Flow Method Based on a New Network Information Organization for Radial
Distribution Systems. Researchers indicate that, unlike transmission systems, the conductors
in distribution networks have a high R/X ratio and a radial structure with numerous nodes,
branches, and complex topologies. As a result, load flow analysis using Jacobian-based
methods, such as Newton-Raphson, Gauss-Seidel, and Fast-Decoupled methods, proves
ineffective for these networks. Jacobian-based load flow analysis methodologies proved
ineffective for solving real-world distribution system problems. The author demonstrates that
the preferred way for assessing load flow in a distribution system is the backward/forward
sweep strategy. Backward/forward sweep approach is powerful computational time and

convergence.

The paper (Akter & Das, 2019) presents a comparative analysis of IPFC (series-series) and
UPFC (series shunt) FACTS controllers for voltage stability improvement and power transfer
capability enhancement. Its include detailed modeling and simulation of the controllers in
MATLAB/Simulink, systematic analysis of performance with varying capacitor values, and
clear presentation of results through graphs and tables. The methodology involves simulating
an uncompensated system first, then adding IPFC and UPFC models separately to compare
their impacts. Key contributions are the performance comparison between IPFC and UPFC,
and determination of optimal capacitor values for each. Results show both controllers improve
voltage profiles and power flows, with UPFC providing better compensation at lower
capacitor ratings. Weaknesses include lack of theoretical analysis to complement simulations,

limited system model complexity, and absence of economic comparisons.
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In the study conducted by (Charles & Odero, 2013), an approach based on Genetic Algorithm
and Improved Particle Swarm Optimization(GA-IPSO) was presented. The optimal
placement and sizing of various Distributed Generation (DG) units within the IEEE 57-bus
test system were determined using a combined sensitivity factor analogy. The main
objectives were to reduce power loss and enhance the system's voltage profile. The study
demonstrated that adding DG units to the network up to a certain optimal number effectively
decreased power loss and voltage drop. However, adding more DG units beyond this optimal
number led to increased system losses and voltage fluctuations beyond acceptable limits. The
study did not consider the impact of DG on protection coordination, the type of DG
technology, practical concerns, economic factors, or the real-world challenges of DG
implementation.

According to the study conducted by (Igbal et al., 2018) discusses the appropriate location
of Distributed Generation (DG) and Distribution Static Compensator (DSTATCOM) in
active distribution networks to decrease losses and enhance voltage profiles. For DG
placement, it uses the Loss Sensitivity Factor (LSF) and voltage variation; for DSTATCOM
installation, it uses an objective function that accounts for both technical and financial
factors. For load flow calculations, the Direct Load Flow (DLF) method is employedTo
illustrate the method's effectiveness, a 33-bus radial distribution system was employed for
testing. The primary contribution is the combined use of DSTATCOM and DG to address
both active and reactive power issues, leading to improved network performance. The results
show significant enhancements in voltage profiles and notable reductions in power losses.
However, the paper has some limitations, including the lack of consideration for
geographical constraints or the availability of primary energy sources for DG placement,
which could influence real-world applications. Additionally, it does not examine the effects

of different types of DGs or the system's dynamic behavior.

This study conducted by (Kumarasundari & Balaraman, 2019) discusses the enhancement of
voltage profile and reduction of power loss through the optimal placement of Distributed
Generation (DG) and Distribution Static Synchronous Compensator (D-STATCOM) in
distribution systems. Due to their high R/X ratios, traditional load flow models such as
Newton-Raphson, Gauss-Seidel, and Fast-Decoupled methods are unsuitable for distribution

systems. Consequently, the authors employ a Direct Load Flow (DLF) method specifically
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designed for distribution networks. They use a 12.6 kV, 100 MVA base IEEE 69-bus radial
distribution system for their study. By applying the Loss Sensitivity Factor (LSF), they
identify the optimal locations for DG and D-STATCOM within the network. The size of the
D-STATCOM and DG is determined by the number of buses that exceed constraints, with
the injected reactive power limited to the amount required for each bus. The authors find that
placing D-STATCOM and DG at the same bus improves the network's overall voltage

profile and reduces total real and reactive power losses.

According to the study (Assefa, 2019), The primary goal was to enhance voltage profiles and
reduce power losses in radial distribution feeders by properly arranging and sizing
distributed generation (DG) units. To determine the proper location of distributed generators
(DGs), both analytical and particle swarm optimization (PSO) methods are used. The results
are compared using the IEEE 33 bus test system, and the methodology is used in an actual
case study of the Jimma substation agriculture feeder. The modeling involved load flow
analysis using forward-backward sweep method and optimization using PSO with loss
sensitivity factor. Economic analysis was done using HOMER software. The main
contribution is demonstrating significant loss reduction (over 40%) and voltage profile
enhancement by proper DG placement in both test and real systems. Results showed PSO
outperformed the analytical method. This study cannot address reliability and stability point

of view.

According to the study (Mihret Desta, 2019), The methods recommended to position
capacitors as optimally as possible as research compares approaches for tackling the voltage
drop and reactive power problems that can be used to reduce power loss in distribution
networks, specifically in the Sebeta | substation. A significant challenge for power loss and
maximum power transfer in distribution networks is voltage drop, which is caused by system
overloading and reactive power. The DIgSILENT Power Factory program is used to model the
system network, and this Package is used to simulate the four previously described
approaches. The impact of the four methods on system performance is evaluated through load
flow calculations and the corresponding data. The approaches are compared based on their
effectiveness in accommodating future load capacity, correcting power factor, improving

voltage profiles, and reducing total real power losses. According to the findings, the greatest
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improvement is achieved by adding a 50MVA transformer with a 4MVAR capacitor bank,
which reduces overload by 78% and raises the voltage profile from 0.87 to 0.98 per unit.
However, The study have certain shortcomings, such as a scant examination of the suggested

remedies' economic viability and possible implementation difficulties.

All of the above-mentioned works have their gaps, as noted. When we summarized most of
the related literature only considered single objectives like reducing real power loss, optimal
location not sized, fewer constraints, long algorithm simulation time, and tests systems are not
real distribution systems. Moreover, many studies have overlooked Al control strategies and
the cost implications of integrating DG and DSTATCOM. These gaps exist in the existing
literature. Consequently, this research aims to address these shortcomings, focusing on the
optimal placement and sizing of D-STATCOM. It incorporates a multi-objective optimization
function, leverages the fast convergence characteristics of the PSO method, and examines the

economic impact of integrating DG and D-STATCOM.
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CHAPTER THREE
3. MODELING AND ANALYSIS OF ADDIS WEST DISTRIBUTION FEEDER

3.1 Introduction

This chapter covers the background of the case study area, the data collection process, and the
data analysis method used to assess the performance of the current distribution system and the
feasibility of distributed generation resources. It also details the modelling of DG and D-
STATCOM, the specification of the optimization problem, including the objective function
and various constraints. Lastly, Particle Swarm Optimization (PSO) is applied to solve the

predefined optimization problem.
3.2 Data Collection

Data collection methods are categorized into two types: primary and secondary data
collection. Ethiopian Electric Utility (EEU) Addis West district and Addis West substation are
where the majority of the data was gathered. These data have been collected using an
interview and observation. The secondary data was gathered from books, journals that have
been published, manufacturer's data tables, reports that have been published, etc.

Ethiopian Electric Utility (EEU) office and Addis West distribution substation provided the
data required for this thesis. The data was gathered from previously recorded feeder loading
(peak load) information of the substation, details on yearly interruptions, conductor type and

size, and other relevant information.

Addis West substation is located in the western part of Addis Ababa, between Torhayloch and
Atena Tena, near the Kolfe Mebrat Hayle customer service center. It receives power through
two 132kV incoming feeders, one from Sebeta 1 substation and the other from Black Lion
substation. The substation contains two 50 MV A power transformers operating in parallel, which step
down the incoming voltage to 15kV. There was another Earthling transformer's capacity 315
KVA. All outgoing feeders of the Addis West substation are radial in structure. There is also
no distinct feeder for residential, commercial, and industrial customers. The single-line

diagram of the Addis West substation is shown in Figure 3.1 below.
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Figure 3.1 Single-Line Diagram of Addis West Substaion

L1 (Feeder -1):1t supply to ,Fetno Derash ,kolfe compressive school ,Du hotel, Ethio
Tebib Hospital.

L2 (Feeder-2):1t supply to Ehel Berenda ,Autobis tera ,Addis ketema shool ,
Geneme school and in front of Amanuel church .

L3 (Feeder -3): It supplies around Substation , Mesalemia , Semba Nekersa ,Tayiwan
,Abebe Bekela Estadium and Holland Embassy .

L4( Feeder 4 ): It supplies to Amanuel Church, Amanuel Hospital and to Shawel Dema
School.

L5 (Feeder -5): It supplies to Birchiko and 40/60 Condominum

L6 (Feeder- 6): It supplies to Philpos Church, Lomi Meda and Tero Mesjid

L8 (Feeder -8): It supplies to Torhayloch, Keranio Medhanialem Church, Betel Hospital,
Around Betel Esat Adega and Anfo.

L11 (Feeder -11): It supplies to Torhayloach Hospital , Mekonnoch Kibeb, Gedame
Eyesus

L12 (Feeder -12): It supplies to Woybila Mariam, Agusta, weyira sefer and its

condominium and Tazena Hospital.
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The following evidences observed during data analysis led to the selection of the F-8 feeder
for this case study, which is part of the 15 kV power distribution feeders from the Addis
West substation.

» Distribution lines are quite long.

» High power interruption rate.
» Increased power consumption.

3.3 Overhead Distribution Line Impedance Calculation

The impedance of the conductor used in the power distribution system is influenced by the
material, dimensions, and configuration of the wire, as well as the spacing between them. In
the Addis West distribution feeders, stranded conductors are employed, and the inductive
reactance is calculated at a frequency of 50 Hz (Abayneh & Fekadu Shewarega, 2022;

Triantafyllidis et al., 2018). The impedances are then calculated via the following equations.

Za=Ra+j0.062831In (D/GMRa)</km (3.2)
D= /DabBbcCca (3.2)
GMR = k*r (3.3)

Where
Za= Impedance of conductor in Q/ km

Ra = Resistance of conductor in Q/ km

Dab, Due, Dac, = Distance between conductorsaand b, band ¢, aand c in
meter GMR, = Geometric mean radius of conductor a
k = GMR factor

r = Actual conductor radius

The overhead line of the F-8 distribution feeder from Addis West substation to the end users
utilizes five types of all-aluminum conductors (AAC) in the primary distribution network.
The primaries of distribution feeder conductor size are connected by AACisomm?,

AACI5MmM2, AAC50 mm2, AAC35mm2and AAC25 mmé2
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Table 3.1 Overhead Conductor Parameters Used in the Feeder.

Conductor | Conductor | Number | Overall diameter Actual Resistance
Type (Srinzr?]z) of wires | of Conductor Diamete | (Q/km)
(mm) r (mm)

AAC 25 U 6.3 5.56 1.18080
AAC 35 U 7.5 6.864 0.83320
AAC 50 7 9 7.9377 | 0.57860
AAC 95 19 12.5 10.897 | 0.30840
AAC 150 37 15.8 13.904 | 0.2274

Table 3.2 GMR Factor (k) and Strand Relationship for AAC Conductor.

Strands GMR factor, k
7 0.7256
19 0.7577
37 0.7678
61 0.7722

Using equation 3.1, Table 3.1 and Table 3.2 the following results are obtained.

A. For AAAC — 25 overhead conductor type, the positive sequence impedance becomes
725=1.181+30.3736 Q/km

B. For AAAC — 35 overhead conductor type, the positive sequence impedance becomes
735=0.9669 +j0.3561 Q/km

C. For AAAC - 50 overhead conductor type, the positive sequence impedance becomes
750 =0.5785 +30.3470 Q/km

D. For AAAC - 95 overhead conductor type, the positive sequence impedance becomes
Z95 = 0.3085 +j0.3244 Q/km
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E. For AAAC - 150 overhead conductor type, the positive sequence impedance becomes
7150 =0.2274 +j0.3158 Q/km

The total positive sequence impedances for the line segments are determined by multiplying
the impedance per kilometer by the length, as indicated in Table attached in appendix-D. Since
the distribution lines are relatively short, the shunt admittance of the overhead wires is

disregarded.

3.4 Modeling of Addis West Radial Distribution Network

3.4.1 Single line diagram of distribution network

A Single Line Diagram (SLD), also known as a one-line diagram, is a simplified
representation of an electrical power system. SLD of a distributed network is a simplified
representation that depicts the electrical system's components and their interconnections using
a single line to illustrate multiple phases. It includes key components such as power sources,
transformers, circuit breakers, bus bars, feeders, and loads, providing a clear view of the
network’s layout, operation, and electrical flow. By employing standardized symbols, an SLD
facilitates system analysis, troubleshooting, and maintenance, making it an essential tool for
engineers and technicians to understand and manage electrical distribution systems effectively
engineers and technicians to understand and manage electrical distribution systems
effectively(Yuvaraj & Ravi, 2018).

Figure 3.2 shows the Addis West radial distribution substation F 8. It has 80 branches and a
81-bus system. Each bus within the feeder has a distinct voltage level for both active and

reactive power.
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3.5 Per-Unit Value of Distribution Network

The per unit (PU) system is a technique in electrical engineering that simplifies power system
analysis by expressing system quantities as fractions of defined base unit values (Jangid &
Ghosh, 2017). In a large interconnected power system with different voltage levels and
various capacity equipment, using the per unit (p.u.) system is more practical than working
with absolute values. Percentage values are sometimes used instead of p.u values. However,
p.u values are always preferable. The p.u value of any quantity is defined as follows:

(3.4)

actual quantity

pu=

" base value of quantity
In electrical engineering, the three primary quantities are voltage, current, and impedance. By
selecting any two of these as base or reference quantities, the third quantity will have a base

or reference value determined by the other two. Let us define

Spu :Sactual _ Vactual Zpu - z actual Ipu - Iactual (3-5)

Shase " Vbase Z base I base

The apparent power and system voltage base values used for this thesis are appropriate
parameters. Vbase=15 KV and Spase=100 MVA.
The base value of current and impedance is defined by the power distribution system's

predefined base values.

Vbase? 152
Z base — PPy

— _Sbase  _ 100x10°
Shase 100

= 2.2SQ 5 I base — = 6.67 kA

Vbase 15

The base values of load power and system voltage are known in this thesis. A known
quantity is applied to calculate the network's base values for current and impedance. Thus,
the real and reactive load at each bus in the radial distribution network can be expressed as a

per-unit value using the following formula:

Real load value @ buses

For each bus real power 1 —81 =
Base MVA

Reactive load value @ buses

For each bus reactive power 1 — 81 =
Base MVA

3.6 Resource Feasibility Study of Solar and Wind Power plant

The energy outputs of solar and wind power plants are largely influenced by solar radiation
and wind speed, respectively, both of which are variable. Therefore, it is essential to assess the
availability of resources for solar or wind-based distributed generation (DG) in Addis Ababa

before determining the optimal size and suitable bus locations for installation.
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3.6.1 Solar Energy Resource Assessment

Sunshine hour and solar radiance are the two most important elements affecting solar power

plant efficiency. The first component is a climatological indicator that measures the amount

of sunshine in a given period for a certain area on Earth, and is often reported as an average

value over several years. In most design instances, the sunshine hours are considered to be 5

to 6 hours per day. The second factor is solar irradiance, which represents the amount of

power per unit area received from the sun as electromagnetic radiation within the

wavelength range of the measuring device. Before installing solar panels, it is crucial to

evaluate the feasibility of solar power-based distributed generation (DG) in the area.

Adequate sunshine hours and solar irradiance are necessary to ensure effective electricity

generation from photovoltaic (PV) cells. The solar irradiance (kWh/m?/day) data from the

past three years, obtained is shown below:
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Figure 3.3 The solar Irradiance (kw-hr/m2) Data of the Three Years

3.6.2 Wind Resource Assessment

The power produced by a Wind Energy Conversion System (WECS) is proportional to the

cube of the wind speed at the height of the wind turbine, as illustrated in Figure 3.3. Thus,

accurately measuring wind speed is essential for determining the appropriate size of the wind
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turbine and its potential energy output at a specific location. Since wind speed and direction
vary continuously, the annual average wind speed and wind power density are key indicators

of wind potential.
Wind Turbine Power Output Variation with Wind Speed

The figure below demonstrates how the power output of a wind turbine changes with varying
wind speeds

Power (kilowatts)
A Rated output speed Cut-out speed

Rated output power Y *:

Cut-in speed

35 14 25
Steady wind speed (metres/second)

Figure 3.4 Typical Wind Turbine Power Output versus Wind speed

Cut-in Speed: At very low wind speeds, the wind does not provide enough force to turn the
turbine blades. As the wind speed increases, the turbine starts to rotate and generate
electricity. The cut-in speed is the minimum wind speed (Around 3 m/s) required for the

turbine to begin operating and producing power.

Rated Power Output and Wind Speed: Once the wind speed exceeds the cut-in speed, the
electrical output power increases rapidly, as shown in Figure 3.4. However, when wind
speeds reach between 12 and 17 meters per second, the power output hits the generator’s
maximum capacity. The rated power output is this maximum limit, and the wind speed at

which it is achieved is called the rated output wind speed.
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Cut-out Speed: When wind speeds surpass the rated output speed, the forces on the turbine
structure grow, risking damage to the rotor. To prevent this, a braking mechanism is used to

stop the rotor. This wind speed, known as the cut-out speed, is typically around 25 meters per

second
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Figure 3.5 Monthly Average Wind Speed (m/s) 10m Height

The average wind speed (m/s) in the Kolfe Atena Tera area of Addis Ababa at a height of 10
meters, as recorded by NASA, is shown below. The feasibility of wind-type distributed
generation (DG) at this height is limited because the monthly average wind speed data
indicates that the wind speed at 10 meters is above the cut-in speed but close to rated out

.This wind speed is the minimum required to generate wind power at ten meters above the
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surface. Therefore, the average wind speed needs to be increased to produce sufficient power.
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Figure 3.6 Monthly Average Wind Speed (m/s) 50m Height

The data illustrated in Figures 3.5 and Figures 3.6 indicate that the monthly average wind
speed remains low even at a 50-meter tower height. According to the analysis, wind-based
distributed generation (DG) is not feasible under these conditions; however solar-type DG is
feasible. when wind speed exceeds the cut-in speed. This represents the range of wind speeds
above (3-5 m/s) and below the rated speed (12-15 m/s). Wind energy generation is quite low,

S0 to maximize power generation, maximum power tracking is required.
Comparison of DSTATCOM and STATCOM

Table 3.3 Comparison of STATCOM and DSTATCOM
(Gupta & Kumar, 2016)

Description DSTATCOM STATCOM
Installation Installed closer to load Installed at substation level
Rating in the same size Lower rating in KVAr Large rating in KVAr
Cost in the same size Cost effective More expensive
Control strategy More complex strategy Simple control strategy
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Advantages of DSTATCOM
DSTATCOM have several advantages, including (Saradva et al., 2016).

Faster response time: DSTATCOMs can respond to voltage fluctuations more quickly than
STATCOM.
Improved power quality: DSTATCOMs can also mitigate other power quality issues, such
as harmonics and flicker.
Reduced power losses: DSTATCOM can reduce power losses in the distribution system.
Therefore, DSTATCOMs are often preferred for voltage profile improvement in distribution
feeders, especially when fast response time and improved power quality are critical, whereas
STATCOM is mostly used in transmission power systems to regulate voltage and
enhancement of voltage profile to improve power quality.
Finally, the selection of DSTATCOM for proposes Addis West distribution feeder (F-8) for
voltage profile improvement depends on the specific requirements of the distribution feeder.

DSTATCOM is a more cost-effective and feasible option.

3.7 Modeling of Distributed Generation (DG) and Distribution Static Compensator
(DSTATCOM)

3.7.1 Mathematical Modeling of Solar-DG or PVDG system

Mathematical modeling of solar distributed generation (DG) in a distribution system involves
several elements, including the solar photovoltaic (PV) system, load demand, and interactions
with the grid. The process for modeling solar distributed generation is as follows: Solar energy
is abundantly available and completely pollutant-free. The performance of solar PV systems is
affected by their geographic location. Harnessing solar energy as a renewable power source
helps reduce dependence on fossil fuels, fostering a cleaner and more sustainable energy
future. The power output and efficiency of PV systems can be calculated using equations (3.6)
and (3.7), detailed below.

Ppv=aGn"'PPV=aGnPV (3.6)
0" V=n""[1+ o(T*"-25)] Npv=I]ste[1+a(T*"-25) (3.7)
Where Ppv is the PV power output, a is the panel area in square meters (m?), and G is the

incident solar radiation, expressed in watts per square meter. Efficiency is represented
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by nPV under specific operating conditions and nSTC under Standard Test Conditions
(STC). Tcell refers to the cell temperature in degrees Celsius (°C), while the
coefficient a represents the percentage change in efficiency per degree Celsius. After
combining equations (3.6) and (3.7), new equations (3.8) and (3.9) are formed. The

established equations will provide the output power under STC.

PP'=PST{G100[1+a(T®"-TO)}PPV=PSTC{G100[1+a(T**"-T0)] (3.8)
To=T*"+(TN°%-10800) G T*"'=Tam+(T"°“-20800)G (3.9)

Where TN°® = nominal operating cell temperature in °C, T°™ = ambient temperatures in
°C,and T® =25 °C.

3.7.2 Mathematical Modeling of D-STATCOM
This section details the mathematical modelling of D-STATCOM. Most distribution systems
are radial, receiving electricity from one direction. The steady-state mathematical modelling of
D-STATCOM is described here, illustrated with a basic two-bus radial distribution system as
depicted in Figure 3.7 below.

V’m im 'm Xm V'm+1
I - AAA Y YY) 1
. iDS‘I’ATCOM l
pm+]qm pm+1+qu+1
Voltage Source . b
Converter ": C
». >
Energy Storage
Device
—_——

Figure 3.7 Single Line Diagram of Two-bus Radial Distribution System with DSTATCOM
(Hussain, 2012; Igbal et al., 2018)
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Electrical power is often provided from a single side in the majority of distribution systems,
which are typically of the radial kind. The installation of D-STATCOM at bus "m+1" is shown
in Figure 3.7 In this case, the line reactance between buses "m" and "m+ 1" is represented by
"xm," while the line resistance is denoted by "rm." The local loads connected at bus "m™ and
"m+1" are denoted by the values "Pm + jgm" and "Pm+1 + jgm+1," respectively. Similarly,
the voltages at the bus's "m" and "m+1" are denoted by Vm and Vm+1, respectively.

IpsTATCOM

o~ . s
G)m«i-l— - V

WA

g

+*
~

Figure 3.8 Voltage and Current Phasor Diagram Representation of D-STATCOM Integration
(Igbal et al., 2018)

Figure 3.8 represents the phasor diagram for a two-bus system. In a conventional radial
network, the voltage levels at the buses are less than 1p.u. In this scenario, the voltage value
at bus "m+1" is considered to be less than 1p.u., and D-STATCOM is put on this bus to
optimize its voltage profile.
Considering Vm as reference bus
» V’m+1<6’m+1: The voltage value of bus ‘m+1° after consideration of D-
STATCOM.

» Vm<0 m: The voltage value of bus ‘m’.

Y

Im<a: The current flow in the line after considering D-STATCOM.
> iIDSTATCOM<(6m+1+90°): The current injected by D-STATCOM

44



Using the phasor diagram above, the size of D-STATCOM is mathematically computed as
follows:

V'imi1<O@'mi1=Vn <(9m—(Rm+ ij)im < a—(Rm+ ij)iDSTATCOM < (9'm+1+%) (3.10)

Then equating the real and imaginary part of equation 3.10.

Real part of the equation is:

, . . . , V4
V 'm+1C0S Om+1=Re(Vm < Om) — Re(rmim < & + Xmip - statcom *SIN(@ ' m+1+ E)_

. T
I'mip - statcom COS(@ ' m +1+ E)

(3.11)
Imaginary of the equation is:
V 'm+1SiN Om+1= IMVm < Om) — IM(Xmim < @) — Xmipstatcom * €0S(H ' m +1+£) —
2 (3.12)
Imipstatcom SIN(A ' m +1+ %)
For simplicity, let us use the notifications
Q = RE(\/m < em) — Re(rmim < (Z)
R= |m(\/m < em) — |m(Xmim < a)
Sl=ry
S2=Xm
T :V Im +1
U = ipstaTcom
Using this notation equation 3.11 and 3.12 can be written as becomes
. T T
T cosW =Q+ S2U sin(W +—) — SiU cos(W +—)
2 2 (3.13)
. T . T
TsinW =R —-S2U cos(W +—=) — SiU sin(W + =)
2 2 (3.14)
Using trigonometric identity equation 3.13 and 3.14 can be written as becomes
T cosW =Q+ S2U cosW + SiU sinW (3.15)
TsinW =R +S2U sinW —SiU cosW (3.16)
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Here Q, R, S1 and S2 are constants, T is the magnitude of compensated voltage (1p.u) and the
variables are U and W.

_ TcosW-Q
S2cosW + SisinW (3.17)

_ TsinW-R
S2sinW — SicosW
By equating equation 3.17 and 3.18 through taking X =sinW we get the following equation
(Y2 4+ Y2)X? — 2V, TS))X + (T?SE —Y7) = 0) (3.19)
Where Y1=QS,-RS; and Y,=QS;-RS;

The solution of equation 3.13 can be written as

(3.18)

2Y1Tsli\/(2Y1T51)2—4(Y12+Y12)(T25f—Y22)

- 2(Y2+Y$) (3.20)
Then the root of X is selected for correct answer of equation 3.20
W =6Gm+1=sin"" X (3.21)
Then at bus ‘m+1’ the injected current, voltage and reactive power will be the following:
V'mi1=V'm+1<O8'm+1 (3.22)
ipstatcom = ipstatcom < (@'m+1+ Z)
2 (3.23)
Jgp - statcom =V 'm+11 * b - sTATCOM (3.24)

Where, * represents conjugate of complex variable.

3.8 Power Flow Analysis of Radial Distribution System

Load flow analysis, also referred to as power flow analysis, is a computational method used to
determine the steady-state operating characteristics of a power system network. It plays a
crucial role in the planning, design, and operation of power systems. The goal of load flow
analysis is to calculate the voltage, current, real power, and reactive power flow throughout

the network under specified load conditions(Ghosh et al., 2012).

The results from load flow analysis are crucial for many evaluations, as they provide
essential data about the power system. Utilizing load flow techniques helps minimize the
need for extra investments in communication and sensor infrastructure within power

systems. Additionally, many tools used for monitoring, analysing, and managing power
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systems integrate load flow results. Numerous power system applications, including the
placement of distributed generators and capacitors, economic dispatch, power quality
enhancements, network reconfiguration, service restoration, and power system optimization,
among others, utilize load flow analysis either directly or indirectly. Gauss-Seidel (GS),
Newton-Raphson (N-R), and fast decoupled load flow analyses have been widely used in
recent decades for power system operation, control, and planning (Saleh et al., 2020). While
load flow techniques are generally effective and reliable for various power system
applications, they prove inefficient for analyzing power flow in distribution systems. This
inefficiency arises from the unique characteristics of these networks, such as their radial
structure, high resistance-to-reactance ratio (r/x), untransposed lines, and unbalanced loads
across single-phase and three-phase laterals. Due to the reasons mentioned above, the load
flow techniques utilized in a power transmission network might not function effectively in
that context. The Newton-Raphson approach for applications in distribution networks has
been refined by a small number of researchers, but it still requires a long time to compute.
This paper employs the backward/forward sweep (BFS) power flow analysis using

Kirchhoff's rules, which is more suitable for distribution systems (Yuvaraj & Ravi, 2018).

3.8.1 Backward Forward Sweep Load Flow Analysis of Radial Distribution System

Prior to determining the optimal placement and size of distributed generation (DG) and D-
STATCOM in the distribution network, it is essential to conduct a load flow analysis of the
existing system using the backward/forward sweep load flow method. This approach is
utilized to assess the performance of the electrical distribution system (Deosaria et al., 2022).
Forward/backward sweep-based power flow algorithms are designed for radial network
architectures and involve forward and backward sweep operations. The forward sweep
computes node voltages from the sending end to the far end of the feeder and its laterals, while
the backward sweep determines branch current or power from the far end back to the sending
end. In certain algorithms, the backward sweep also includes the calculation of node voltages
in addition to summing the branch currents or powers.

To perform the load flow analysis, two derived matrices known as the bus-injection to the

branch-current matrix (BIBC) and the branch current to the bus-voltage matrix (BCBV) are
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created by applying Kirchhoff's current law (KCL) and Kirchhoff's voltage law (KVL) to

backward and forward propagation, respectively (Deosaria et al., 2022).
Step 1: Formation of the BIBC Matrix/Backward Sweep

Branch currents, which flow from the loads to the origin, are gathered for each iteration k.
To calculate these branch currents, it is necessary to first determine the current injected at
each bus and the bus-injection to branch current (BIBC) matrix, which links the bus-injected

current to the branch current. The current injection at the k-th iteration for the i-th bus is

given by:
IL (i) = (L0 (3.26)
”_(l)k = (PL(i)+]QL(i))* (327)

V({g
The complex load Si is expressed by
SLi=Pui)*Qui (3.28)
Where: i=1, 2.....N.

K=1,2...... Max-iteration.
IL(i) is the load current at the bus i, V(i) is the load voltage at the bus i, PL and QL are load

demand and N is number of bus.

Busy Buss
Bz Ba |
Bus:
Bus, Bus. 1
I Bl B-
| - —» ||__‘-‘.
. — "I Buss
Bs
[I.ﬁ

Figure 3.9 Sample Radial Distribution System
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The branch current is determined using Kirchhoff's current law (KCL) on the sample shown
in Figure 3.9. When defined in terms of equivalent current injections (li), the branch currents

(Bi) can be written as:
By = I +13+14+ 15416
B2 =I3+1s+Is+16
B3 = l4+Is+16
B4 = I5+1s

B5=1¢
As a result the relationship between the branch currents and the bus current injection can be

described in matrix, as shown below:

[Bl] [1 1 1 1 1] [111
B2 |0 1 1 1 1| |I2]
IB3[=10 0 1 1 1|=]13] (3.29)
IBal o 0 o 1 1| |i4]
|B5| l0 0 0 O 1J l15J
Equation (3.29) can be expressed as:
[B] = [BIBC][I] (3.30)

BIBC is the bus injection branch current for the given sample network.

Step-2: Formation of BCBV Matrix/Forward Sweep

Using the branch current vector B and branch-current to bus-voltage (BCBV) values that were
previously determined, Kirchhoff VVoltage Laws (KVL) are now being applied. The following

equations can be used to connect bus voltage and branch current.
V2 =V1 -B1Z12
V3 =V2 -B2223 =V1 —-B1212 - B2 Z33
V4 =V3 -B3Z34 =V1 -B1Z12 —-B27223-B3Z34 (3.31)
V5 =V4 -BaZ45 =V1 -B1212 —B27223 —B3234 - BaZss
Ve=V3—BsZs =V1 —B1Z12 — B2 223_35256

Where Vi represents the bus voltage of Bus 'i'
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Zij represents the line impedance between Bus 'i' and Bus 'j'

The voltage at each bus can be calculated as a function of bus one using equation 3.31

above. Therefore, the bus voltage can be updated as follows:

V2 Vi] [Zi2 0 0 0 07rB1
[VS] [Vl] [le Zyz 0 0 0”32]
Val=|V1]|— Z12 Zz3 Z34 0 0 B3 (332)
V5 V1 Zip Zyz Zzs Zsys 0 ||B4
V6 vl 1z, Z,; 0 0 Z,IlBS
From the given sample network BCBV is formulated as follow based on above
equation.
1000 0fZiz 0 0 0 07
[1 1. 0 0 0[]0 Zz 0 0 0|
[BcBV]=l1 1 1 o0 ofl0 0 Z, o0 0| (3.33)
[1 11 1 o”o 0 0 ze oJ
1100 tlo o o0 0 Zg
T |01 1 1 1 |0 Z 0 0 0]
[BIBC] =0 0 1 1 0|, [Z,]=|0 0 Zzyy O 0 (3.34)
0 0010 0 0 0 z4 O
0 00 0 1 0 0 0 0 Zg
T
[BCBV]=[BIBC] [Zn] (3.35)
Vi v21 1 0 0 0 01[212 o 0 0 0”31]
|V1| |V3| |1 1 00 0”0 Zyz 0 0 0||32|
vil-lval=11 1 1 0o oll0O 0 Z;; 0 0 |IB3 (3.36)
[VlJ [VSJ [1 1110ll0 0 0 zs 0HB4J
vid lve 1100 tlo o o o0 ZzZgllBs

As stated in equations (3.36) and (3.30), the relationships between bus current injections and

bus voltages can be described as follows:
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AV =[BCBV][BIBC][I|_] (3.37)

Based on the aforementioned equation, the distribution load flow matrix (DLF) is created

as follows:

[DLF ]=[BCBV ][BIBC] (3.38)
By inserting equation (3.38) into equation (3.37), it gives:
AV =[DLF][I|_] (3.39)

The distribution system load flow's iterative solution can be found as follows:

[VE+1] = [DFL][IK] (3.40)
[V k+1] _ [V ]+[AV |<+1]|

Backward-Forward Sweep (BFS) Load Flow Algorithm

The backward-forward load flow method for solving distribution networks generally
involves the following steps:

Step 1: Input the system data, including line data (such as resistance and reactance for each
branch) and bus data (including active and reactive loads for each bus).

Step 2: Set the bus voltages to 1.0 p.u. with a zero angle value.

Step3: Iteration k = k + 1, k=0, 1, 2... Maximum iteration, eps=0.0001 of error tolerance.
Step4: Use equations 3.26 and 3.27 to calculate each bus current injection.
Step 5: Using the methodology described in Stage 2, compute the BIBC matrix and the
branch current.

Step 6: Use the techniques given in Stage 3 to create the BCBV matrix.

Step 7: Calculate the DLF matrix using equation (3.38).

Step 8: Use equations 3.40 and 3.41 to update the voltages.

Step 9: Determine the voltage error, or max (( | V (k+1) | - | V (k) | ). If it is less than or
equal to eps, advance to the next step; otherwise, proceed to step 3.

Step 10: Once the load flow has been converged and the bus voltage and branch currents
established, the power loss of each branch in the network must be calculated.

Stepl1: Print the load flow analysis result and then stop.
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3.9 Optimal Placement and Sizing of DG and DSTATCOM

The thesis utilized particle swarm optimization algorithms to address both power loss
reduction and voltage profile enhancement. The power distribution system must adhere to
various constraints within a multi-objective function derived from several different
objectives. When incorporating distributed generation (DG) and D-STATCOM, it is
essential to keep all bus voltages within the range of 0.95 to 1.05 per unit (Pu), which is the
acceptable deviation range. The optimal placement of DG and D-STATCOM is influenced

by this voltage variation range and the total system losses.
3.10 Problem Formulation and Multi-Objective Function

The main goal of the study is to determine the optimal locations and sizes for DG and D-
STATCOM by minimizing fitness functions. These fitness functions are multi-objective
functions (MOF) that combine three individual functions using a weighted sum approach.
In a radial distribution system, the optimal allocation of DG and D-STATCOM aims to
reduce both active and reactive power losses and improve the voltage profile while meeting
both equality and inequality constraints.

Power loss and voltage profile

The RDS has a series of branches that represent distribution lines, balanced power nodes,
and constant loads. Figure 3.10 illustrates a one-line diagram of a distribution system with
three nodes and a load at the end node. The wire connecting the load to the substation is
represented, with resistance and reactance denoted as R and X, respectively. If the load in
bus two is complex load and stated as follows:

S=P,+JQ, (3.41)

The current flow in the feeder will be :

| =( Viz )* (”L;_ZJQL)* (3.42)

The voltage drop due to the distribution line alone is:

PLoT0y (R+jX) (3.43)

V2

V1- V2 =I(R+jX) =(
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_(PLR+xqQ _ J(XPL—RQL)
= ™ (3.44)

Where R and X are the resistance and inductance of the feeder, V1, V2 are the substation

and load voltage, and PL and QL are the real and reactive loads.

¥

ﬂ?.:_-\l‘ \m

Figure 3.10 Sample Radial Distribution System and Voltage Phasor Diagram
Loss minimization

The first objective function, feeder total active power losses, can be expressed as follows:

b
f1= 37" (R} (3.45)
Second-objective function: Feeder total reactive power loss can be formulated as follows:
b
f2= Y (Xuld) (3.46)

where the first and second objective functions for the system's power loss reduction are
represented by the variables f1 and f2. li stands for the line's current. The resistance of the

line is denoted by i Ri, its reactance by Xi, and the number of system buses by nb.

Pbeiostatcom: Real power loss after integration of DG or DSTATCOM.
Qoe/pstatcom :Reactive power loss after integration of DG or DSTATCOM

Percentage of total power loss reduction can be computed as:
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% active power loss minimization =@ * 100 (3.47)
L

% Reactive power loss minimization= %pv/m ¥ 100 (3.48)
L

Voltage Profile enhancement
The function's third objective is to improve the distribution network's voltage profile,

which is represented by the Commutative voltage deviation index, as follows:
_\vN - 2
f3= Zi (1-="Vi) (3.49)
Where: -

f2: the objective function for voltage profile improvement.

Vi: is the voltage of the ith bus.

N represents the number of system busses.

The weight sum approach is used to formulate the general multi-objective function
(MOF) and convert it to a single objective by:

Minimize(MOF) = Min(w; x f, +w, x f, +w; x f,) (3.50)
Swi=1
Where; MOF are multi-objective function, wi is the selection of suitable values of weight

factor depending on the importance of minimization. w1=0.5, w2=0.4, and w3=0.1 are the
best combination.

Constraints
Equality and inequality constraints are two forms of system constraints, as detailed below.

This approach rejects all unfeasible solutions and only feasible regions are explored.
Equality Constraints

The equality constraint includes the active and reactive power flows in the radial

distribution system, which can be stated as follows:
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Ps-l-ippy =Zn: PD(h)+iPloss(j) (3.51)
Qs+ iQDSTAT @)= Zn:QD(h) + inoss(j) (3.52)

Where Ps and Qs, which are both provided by the substation, stand for active and reactive
power, respectively. PD (active power) and QD (reactive power) show how loaded RDS is.
The number of DG, DSTATCOM, and RDS lines is indicated by the variables np, nc, and
nl, in that order.

Inequality constraint
A) Bus Voltage limits

where the lowest and maximum voltage limitations are denoted by Vmin and Vmax. Bus
voltage restrictions, according to IEEE 1547 technical standard, are 5% of the nominal
voltage, or Vmin=0.95pu and Vmax=1.05pu.

B) Total Injected Reactive Power Limit
The reactive power provided by the D-STATCOM must be regulated to a certain range. In
this case, D-STATCOM units' combined capacity is limited to 60% of the network's total
KVAr loading, with a minimum of zero. The reactive power of the D-STATCOM should
be equal to or lower than the reactive load (Beshr, 2022).

> Qesmar(i) < 3 Qo) @54

where, QD is the reactive load, and QDSTAT is the DSTATCOM-injected reactive

power.

C) Total Injected Active Power Limit
DG's active power must be constrained to a particular range. The total capacity of DG units
in this scenario is restricted to 60% of the total kW loading of the network, with a
minimum of zero (Beshr, 2022). The PV's active power should match the active power

load or be less.
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z Po(i) < 2 Po(i) (355)

where, PD represents the active load, and PPV represents the PV units' injected active
power.

D) Line Thermal Limit
h<lmax k=1,2,3........ Nb (3.56)
Nb is Number of Branches.
Steps for the optimization algorithm:

The following steps are used to implement the proposed optimization algorithm for
determining an optimal DG and D-STATCOM location and sizing in Addis West radial
distribution feeder.

Stepl: Initialization, the distribution system line data and load data of the feeder as input,
base MVA, base KVA.

Step 2: Calculate voltage profile at each bus and the real and reactive power loss of lines of
the base case using BFS load flow algorithm.

Step 3: Initialize the number of search agents to be optimized. If the search agents go
beyond the boundaries then bring back to within the boundary by inserting the limits.

Step 4: Initialize the counter.

Step 5: Evaluate each particle using equation (3.45) and (3.46), then select individual best
(pbest) and store it with the best value of global (Gbest).

Step 6: Position and velocity update of particles using equation 2.1 and equation 2.2
respectively.

Step 7: Apply velocity and position limit, if it is violating the pre-condition, it must be
changed to either maximum or minimum value based on the condition happened; otherwise
go to the next step.

Step 8: Evaluate the updated population with objective function and compare the pbest and
Ghest.

Step 9: Maximum iteration reached, go to next step. Otherwise go back to step 4 by set
iteration index K=k+1

Step 10: print out Gbest at optimal solution which consists optimal location and size of

DG or (and ) DSTATCOMP.
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Table 3.4 Boundary of decision variables of the objective function.

Decision variables Bus Size of Size of

of Objective Number DG(MW) DSTATCOM(
function MVAr)
Boundary LB 2 0 0
Boundary UB 81 9.1536 6.8652
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Figure 3.11 Flow Chart of PSO Algorithm
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CHAPTER FOUR

4. SIMULATION RESULT ANALYSIS AND DISCUSSION

This chapter discusses the simulation results and their evaluation. The simulation was carried
out using MATLAB (version R2021a). To analyze power loss and enhance the voltage
profile, the backward/forward sweep load flow method was used. Load flow analysis
assessed the distribution systems, focusing on power losses, voltage profiles, and costs
related to the integration of distributed generation (DG) and D-STATCOM. The particle
swarm optimization (PSO) algorithm was employed to identify the optimal size and
placement of DG and D-STATCOM during the integration process. Three distinct case are
compared and analyzed separately to obtain the best performance enhancement case. The
lists of case are:

Case I: Base case or existing system
Case II: DG Integration Only

Case I11: Only D-STATCOM Integration

4.1 Case |: Base case or existing system

In this scenario, the voltage profiles at each bus and the active and reactive power losses in
each line were calculated using the backward/forward sweep load flow analysis, without
incorporating any DG or D-STATCOM. The BFS algorithm was executed with the line and
bus data provided in Table attached in appendix D as inputs. The inputs were transformed to
per-unit values with base MVVA = 100 and base voltage = 15 KV. The total active and reactive
load demands for the F-8 feeder were 15.256 MW and 11.442MVAr, respectively. The
simulation results show that the system's overall active power loss is 803.5806KW, while the
entire reactive power loss is 623.5872 KVAR. Such a significant power outage is not cost-
effective.

Figures 4.1 and 4.2 show the voltage profile and power loss for the base scenario in each
branch. The minimum voltage on bus number 78 is 0.921254 p. u., which is less than 0.95pu.
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Figure 4.1 Base Case Voltage Profile of Feeder F-8
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Figure 4.2 Base Case Active and Reactive Power Loss of Feeder F-8
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4.2 Case Il System with DG Integration

To achieve the optimal values for location and size, the PSO algorithm is first configured and
then executed to produce results. The PSO parameters use a total of 50 swarms randomly
generated with two times the number of DG design variables. The weighted sum approach is
employed to construct a multi-objective function by combining the actual power loss, reactive
power loss, and voltage deviation index. The weight factors are determined based on the
study's focus, which leads to improved system performance. Figures 4.3 and 4.4 illustrate the
simulation results for the bus voltage profile, as well as the active and reactive power losses
for DG.
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Figure 4.3 Voltage Profile Improvement using Integration of DG
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Figure 4.4 Active and Reactive Power Loss After DG Installation

The simulation results indicate that incorporating DG leads to a reduction in both active and

reactive power losses, and enhances the feeder's voltage profile to 0.978221 per unit, as shown

in Figure 4.4. Specifically, active power loss decreases to 265.422 kW, while reactive power

loss drops to 205.596 kVAr. Table 4.1 provides a summary of the overall reductions in power

loss and improvements in the voltage profile achieved through the integration of DG.

Table 4.1 Result summary of case -II

Parameter Base case DG
Active power loss (KW) 803.5806 265.422
Reactive power loss (KVAIr) 623.5872 205.596

Minimum voltage (p.u) @bus No

0.92125 @ Bus No

0.978221 @ Bus No

78 78
Maximum voltage deviation (%) 12.875 7.178
Active power loss reduction (%) NLL 66.97
Reactive power loss reduction (%) NLL 67.03
DG Location (Bus No.) NLL @ Bus No 78
DG size in MW NLL 1.11
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4.3 Case lll: Only D-STATCOM Integration

As discussed in the previous chapter, D-STATCOM is used to decrease power loss and
enhance voltage profiles. The PSO algorithm identifies the optimal placement and size of the
D-STATCOM based on the specified objective function and constraints. The results of the
voltage profile are shown in Figure 4.5, and Figure 4.6 depicts the reduction in total active and

reactive power losses.
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Figure 4.5 Voltage Profile Enhancement Using D-STATCOM
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Figure 4.6 Active and Reactive Power Loss After Integration of D-STATCOM
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Table 4.2 Result Summary of Case-llI

Parameter Base case DSTATCOM
Active power loss (KW) 803.5806 523.0425
Reactive power loss (KVAr) 623.5872 405.3942

Minimum voltage (p.u) @bus No

0.92125 @ Bus No 78

0.98822 @ Bus No 78

Maximum voltage deviation (%) 12.875 6.178
Active power loss reduction (%) NLL 34.911
Reactive power loss reduction (%) NLL 34.99
DSTATCOM Location (Bus No.) NLL @ bus 26
DSTATCOM size in KVAr NLL 990.7406

4.4 Result comparison of with DG and DSTATCOM Integration.
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Figure 4.7 Comparison of DG and D-STATCOM Voltage Profile
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Figure 4.8 Total Active and Reactive Power Loss

From the result we compare Distributed Generation (DG) and Distribution Static Synchronous
Compensator (DSTATCOM), in the following key parameters:

1. Voltage Improvement
DG units improve voltage levels from 0.921250 to 0.978221 while DSTATCOM from
0.92125 to 0.98822 from the result DSTATCOM can improve the voltage profile more as
compared to DG.

2. Loss Reduction
DG unit reduce the active and reactive power loss in 66.9 and 67.03 percent, while
DSTATCOM reduce By 34.911and 34.99 from the result, DG reduces the power loss more
than DSTATCOM..

3 Investment Cost
From an investment cost perspective, DG systems, especially those utilizing solar sources, can
have high initial capital costs which are 3,301,592 $ or 363,703,374.72ETB. However, they
can potentially offer better returns through energy sales and renewable energy incentives. In
contrast, DSTATCOMs usually have lower initial costs which is 49,537.03% (5,456,999ETB)
compared to DG, They mainly involve the cost of power electronics and installation. But their
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benefits are typically limited to voltage regulation and reactive power compensation, without
the additional revenue stream from power generation

3  Payback Period

DG: The payback period for PVDG depends on factors such as energy production, operational
costs, and incentives. DG systems have longer payback 2Y%8M°""11% periods due to high
initial costs but benefit from low operating costs and possible revenue from energy sales or
renewable energy credits while DSTATCOM typically offers a shorter payback period which
is 12 Month 4 day 15 hou's The henefits in terms of improved power quality and reduced penalties
can be realized relatively quickly.

Energy Production: DG generates electricity close to the consumption points, thus reducing
transmission and distribution losses. While DSTATCOM does not generate power but rather

controls the voltage by adjusting the reactive power flows in the grid.

In conclusion, DG offers energy production benefits, contributing to loss reduction and
providing a potential revenue stream, albeit with higher upfront costs. DSTATCOM focuses
on improving voltage profile and corrects power factor issues, which can indirectly reduce
power losses by optimizing the power flow in the network. with relatively lower investment

costs and quicker payback due to its targeted functionality.

45 Cost analysis
One essential step after proposing a solution to a problem is to consider its economic
feasibility. This thesis work's cost analysis comprises the cost of DG and D-STATCOM
integration.
Annual energy loss at base case
Total annual energy loss of Addis West F 8=Ploss*8760hrs

=803.5806 KW* 8760 hr

=7,039,366.056 KWhr
Annual financial loss at base case
The evaluation of the financial loss is according to the revised EEU power tariff, the average
of the first block and general tariff is 1.193ETB/KWhr as shown in Appendix-B.
Annual financial loss (ETB) =Total annual energy loss*1.193ET Birr/KWhr

=7,039,366.056 KWhr *1.193ET Birr/KWhr
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=8,397,963.7 ETB
Cost of energy supplied by DG

The annually cost of supplied energy by DG can be calculated as:

Annual cost of supplied energy by DG =DG g (KW )*1.193ETB/KWr*8760

Where, DG gen is generated power by DG.
=1.11IMW*1.193ETB*8760hr

=132.423,000ETB

Annual energy loss reduction after DG integration

Total annual energy loss reduction of Addis West F 8 after DG
= Ploss reduction (KW) *8760hr
=(803.58- 265.422)KW* 8760 hr
= 4,714,264.08KWhr

Annual financial loss reduction after DG
Annual financial loss reduction (ETB)=Total annual energy loss reduction*1.193 ETB/KWh

=4714, 264.08KWh *1.193ETB/KWh
=5,624,117.04ETB

Annual financial loss reduction after DSTATCOM integration
Total annual energy loss reduction of Addis West F 8 after DSTATCOM
=Ploss reduction (MW)*8760hr
= (803.58- 523.0425) KW* 8760hr
=2,457,508.5KWhr
Annual financial loss reduction after D-STATCOM
Annual financial loss reduction (ETB)= Total annual energy loss reduction*1.193 ETB/KWh

= 2,457,508.5KWhr *1.193ETB/KWh

= 2,931,807.6 ETB
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After integrating DG through the Addis West (F-8) feeder with optimal size and location, the
yearly energy loss cost is reduced from 8,397,963.7 birr to 5,624,117.04 birr, and after
integrating DSTATCOM, the energy loss cost is reduced from 8,397,967 birr to 2,931,807.
This shows that, 2,773,846.66 and 5,466,116.0 can be saved with integration of DG and
DSTATCOM. The total cost of the proposed solution is determined by the investment costs
for DG and D-STATCOM. The total installation cost of solar PV-DG varies over time.
However, the rate at which it changes is decreasing. Due to technology developments in solar
PV modules, manufacturing advances, economies of scale, lower Balance of the System (BoS)
prices, and rapid expansion in solar PV deployment. The installation costs depend on
technology and manufacturer. However, using the United States Solar Photovoltaic System
and Energy Storage Cost Benchmarks (Q1 2021), the investment cost of DG is determined as

follows:
PV-DG investment cost = DG generated power * dollar-per-watt cost.
= PDG*USD/watt = 1.11MW* 1.498%/W
= 3,301,592 Dollar

Based on benchmark data of the USA for 2023, the average installed cost for a PV fixed-tilt
utility-scale system is 1.49%/W. So the solar-based DG investment cost is 3,301,592 $ or
363,703,374.72ETB. Based on the Commercial Bank of Ethiopia's (CBE) exchange rate on
August 30, 2024 (1$ = 110.16 ETB). The annual cost of supplying energy by DG is
363,703,374.72ETB.

According to (Saw et al., 2023), the cost of D-STATCOM per kVAr is $50.The optimal D-
STATCOM capacity is 990.7406KVAr. Therefore, the overall cost of D-STATCOM is
49,537.03 $ or 5,456,999 birrs, and D-STATCOM installation costs vary depending on the
number of units and their sizes (Yisaye et al., 2020). The installation cost for one unit D-
SATCOM is as follows:

» One unit of DSTATCOM Below 400Kvar cost is 90,000 birrs.

» One unit of DSTATCOM below between 400KV Ar-1500Kvar costs is 150,000 birrs.

» One unit of DSTATCOM Below above 1500KVAr cost is 240,000 birrs.

Now, the total cost of equipment and installation is 5,456,999birr.
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After calculating the overall capital cost for PV-DG and D-STATCOM. We can compute the
investment's payback period to determine its economic feasibility. The payback period is the
time it takes to recoup an investment's costs. It represents the ratio of net investment to net
annual return. The net investment covers the whole investment cost of both DG and D-
STATCOM, as well as the net annual return, which includes loss savings and DG energy
supply costs. Finally, the payback period is computed as follows:

Net investment

Payback period =
Net Annual Return
Payback DG = 30370337472 = pyeargmonthy 1 days
132,423,000+2,773,846.66
5,456,999
Payback for DSTATCOM =2-22— =12 month 4 day 1 hours
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5. CONCLUSIONS AND RECOMMENDATION

51 CONCLUSIONS

The primary issues in the distribution system include power loss, inadequate voltage
profiles, frequent power interruptions, distorted voltage and current at customer endpoints,
and unstable voltage at system nodes. To address these challenges, a comparative
Distributed generation and D-STATCOM technological solutions are essential.

Key methods used in this study include particle swarm optimization (PSO) and backward-
forward load flow analysis. The load flow analysis is used to assess voltage at each bus, as
well as active and reactive power losses, before and after integrating DG or D-STATCOM.
PSO helps determine the optimal location and sizing of these devices. The proposed
approach was applied to the Addis West distribution feeder (F-8), which includes 80
branches and 81 buses.

Real power losses in the base case are 803.5806 KW and 623.5872 KVAr, respectively.
Using the PSO algorithm, an optimization problem was formulated as a set of multi-
objective functions that included voltage deviation, total reactive power loss, and total actual
power loss for the best possible placement and sizing of D-STATCOM and DG. The
simulation result indicates that active power loss reduction percentages were 66.97% and
34.911%for case Il and case Ill. Similarly, reactive power loss reduction percentages were
67.03%and 34.99% for the same case. Additionally, the minimum voltage level in the base
case improved from 0.9215 p.u to 0.9782 p.u for DG and 0.9215 p.u.to 0.9882 p.u. for D-
STATCOM. Therefore, based on the results, DG units such as solar panels reduce active and
reactive power loss more than DSTATCOM, while DSTATCOM mitigates voltage profile
and improves system stability more than DG.

Finally, a cost analysis was done to determine the cost feasibility of the solution. the cost
analysis shows that 4,919,372.1 $, investment cost is needed to install MWDG while
49,537.03 investment cost is required to install MVAR D-STATCOM size. The payback
period analysis shows that 4 and 12 ™" 4 9 15 "oV are needed for DG and DSTATCOM
to return the investment. However, DG can potentially offer better returns through energy

sales.
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5.2 Recommendations

This study provides both direct and indirect benefits to the utility and its customers. The Addis
West (F-8) feeder has direct benefits, such as lower active and reactive power loss.

Industries and high reactive power consumed customers should install D- STATCOM while
customer with high real power should install DG. | strongly suggest Ethiopia Electric Utility
to include this technology into the Addis West distribution system to reap the benefits. As a

result, the power supply is more reliable and secure, and customers are more satisfied.
5.3 Suggestion for Future work

No scientific study can address all aspects and significant issues simultaneously; some points
will need to be explored in future research. Here are some potential future research areas:
» Impact of Harmonics: Investigate the impact of harmonics, as RES-based DG uses
power electronics, which are major sources of harmonics injected into the system.
» Expanded Objective Function: Consider other power system parameters in the
objective function, such as stability issues and short circuit levels.
» Comparison DG and DSTATCOM: investigate the impact when integrating more than
one DG and DSTATCOM installed in the distribution system.
» Further analysis can be performed by considering network reconfiguration,
simultaneous placement of DG and D-SATCOM
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Appendix

Appendix-A: Standard Conductor Type and Impedance Per Km

The electrical parameters for conductors for modeling the feeder of the Addis west
distribution system taken from standard books and manufacturer catalogs are shown in the
table below. All Aluminum conductor (AAC) datasheet (KJV, 2010)

Table Appendix-B: All Aluminum Conductor (AAC)

AAC (DIN 48201-5)

Nom inal Nu_mEer Cross- Overall Weight Calc[l.;clzated Breaking
aluminium | diameter | sectional | diameter Calculated Breaking Load | icionce length
area At 20°C
mm? mm mm? mm Kg/Km kgf kN Ohm s/Km Km

16| 7M1.70 15.89| 5.10 43 290 2.84 1.80170 6.740

25| 7/12.10 24.25] 6.30 66 425 4.17 1.18060 6.440

35| 7/2.50 34.36| 7.50 94 589 5.78 0.83320 6.270

50' 7/3.00 49.48] 9.00 135 810 7.94 0.57860 6.000

50' 19/1.80 48.35] 9.00 133 862 8.45 0.59500 6.480

70' 19/2.10 85.81 10.50 181 1154 11.32 0.43710 6.380

95| 19/2.50 93.27 12.50 256 1599 15.68 0.30840 6.260

120 19/2.80 117.00| 14.00 322 1915 18.78 0.24590 5.950

150 37/2.25 147.10| 15.75 405 2580 25.30 0.19600 6.370

185 37/2.50 181.60| 17.50 500 3114 30.54] 0.15880 6.230

240 61/2.25 242.50| 20.25 669 4029 39.51 0.11920 6.030

300 61/2.50 299 .40 22.50 826 4864 47.70 0.09651 5.900

400 61/2.89 400.10| 26.01 1104 6206 60.86| 0.72220 5.630

500 61/3.23 499.80| 29.07 1379 7614 74.67 0.05782 5.530

625 91/2.96 626.20| 32.56| 1733 9713 95.25 0.04625 5.600

800 91/3.35 802.10| 36.85 2219 12072 118.39| 0.03610 5.440
1000] 91/3.74 999.70| 41.14] 2766 14863 145.?6| 0.02897 5.370

All aluminum conductors are made up of one or more wire strands of aluminum wire

depends on usage .AAC have a very high degree of corrosion resistance.

Advantages of AAC conductors are

> AAC conductor have high conductivity

> AAC conductor is corrosion resistant




Appendix-B EEU 2019 G.C Energy Tariff

Table Appendix B: Energy Tariff Amendment Study According To Consumers Class

As of As of As of As of
Tariff Amendment DEC. DEC. DEC. DEC.
18 19 20 21
onward onward onward onward

Tariff category kwh/month Birr/kwh | Birr/kwh [Birr/kwh Birr/kwh
1. Residential tariff block
1.1 1% Block Up to 50 0.2730 | 0.2730  [0.2730 0.2730
1.2 2" Block Up to 100 0.4591 | 0.5617  [0.6644 0.7670
1.3 3 Block Up to 200 0.7807 | 1.0622  [1.3436 1.6250
1.4 4" Block Up to 300 0.9125 | 1.2750  [1.6375 2
1.5 5" Block Up to 400 0.9750 | 1.3833  [1.7917 2.2
1.6 6" Block Up to 500 0.1.0423 | 1.4965  [1.9508 2.4050
1.7 7" Block Up to 500 1.1410 | 1.5877  [2.0343 2.4810
2. General Tariff
2.1 Flat Rate 1.0352 1.3982 1.7611 2.1240
3. Low Voltage Industry Tariff
3.1 Flat Rate 0.8161 1.0544 1.2927 1.5310
3.2 Demand Charge rate 50.0000 100.00 | 150.0000 | 200.0000
4. Medium Voltage Industry Tariff. 15kv & 33kv
4.1 Flat Rate 0.6047 0.8008 0.9969 1.1930
4.2 Demand Charge rate 36.8850 | 73.7700 | 110.6550 | 147.5400
5. High Voltage Industry Tariff. Above 66kv
5.1 Flat Rate 0.5174 0.6540 0.7911 0.9280
5.2 Demand Charge rate 21.9100 | 43.8200 | 65.7300 | 87.6400
6. Street Light Tariff
6.1 Flat Rate 1.0352 1.3982 1.7611 2.1240
7. Bulk Supply Tariff
7.1 Demand Charge rate per kw 39.2908 | 78.5815 | 117.8723 | 157.1600
7.2 Generation Tariff. Monthly per kwh 0.2218 0.4435 0.6653 0.8870




Appendix — C: Interruption and Peak Load Data for Addis West 15 KV Substation

Feeder Bus bar | Length Total interruption | Peakload (MW)
Name voltage (kV) | (KM) frequency from 2015E.C
2014-2015

F-1 15 9.7 92 8.4171148
F-2 15 3 120 9.586158
F-3 15 11 326 8.7678279
F-4 15 6 94 5.7516951
F-5 15 4.6 162 4.6761749
F-6 15 12 157 9.0250175
F-8 15 24 526 14.566285
F-11 15 16 286 10.755202
F-12 15 20 326 11.456628




Appendix- D: Line and Load Data of Addis West Substation 15KV Feeder.

Es |log |BE |25 & |E - -3 o>
i @ —a |5 T |5 =L SE ES~ |§2%
© o = -5 - o

1 2 2.4 AAAC95 0.7404 0.77856 0 0
2 3 0.984 AAACS50 0.56924 0.34144 0.04 0.03
3 4 0.441 AAAC50 0.25511 0.153027 0.16 0.12
4 5 0.166 AAACS50 0.096031 0.057602 0.252 0.189
5 6 0.422 AAAC50 0.24412 0.14643 0.252 0.189

6 7 0.030 AAAC50 0.017355 0.01041 0 0
7 8 0.036 AAACS50 0.02082 0.012492 0.16 0.12
8 9 0.199 AAAC50 0.115121 0.069053 0.252 0.189
9 10 0.604 AAAC50 0.349414 0.120196 0.252 0.189
10 11 0.126 AAAC50 0.72891 0.043722 0.16 0.12

11 12 0.104 AAAC50 0.06016 0.03608 0 0
12 13 0.304 |AAACI150 0.0691296 0.960032 0.252 0.189
13 14 0.353 |AAACI150 0.0802722 0.11477 0.252 0.189
14 15 0.321 AAAC95 0.099028 0.104132 0.252 0.189
15 16 0.185 AAAC95 0.057072 0.06001 0.252 0.189
16 17 0.595 AAAC95 | 0.0.09100 0.095698 0.252 0.189
17 18 0.182 AAAC50 0.33553 0.20126 0.252 0.189
18 19 0.285 AAAC50 0.16487 0.098895 0.252 0.189




19 20 0.06 AAACS0 0.03471 0.02082 0.252 0.189
20 21 0.339 AAACS50 0.19611 0.039905 0.04 0.03
21 22 0.218 AAAC9S 0.06725 0.070719 0 0
22 23 0.297 AAAC15 | 0.067537 0.093792 2 0.15
23 24 0.46 AA8150 0.104604 0.0151526 0.08 0.06
24 25 0.3 AAAC15 0.06822 0.09474 0.252 0.189
25 26 0.222 AA£C15 0.050482 0.0666 0.16 0.12
2 27 0.296 AAXCSO 0.17123 0.200739 0.08 0.06
27 28 0.296 AAACS50 0.17123 0.200739 0.04 0.03
28 29 0.242 AAACS0 | 0.139997 0.200739 0.252 0.189
29 30 0.889 AAAC50 | 0.514286 0.308483 0 0
30 31 0.404 AAACS0 | 0.028925 0.01735 0.252 0.189
31 32 0.148 AAACS50 | 0.085618 0.051356 0.04 0.03
32 33 0.845 AAAC50 | 0.488832 0.293215 0.252 0.189
33 34 0.123 AAACS50 0.07115 0.042681 0.04 0.03
34 35 0.256 AAACS0 | 0.148096 0.08883 0.04 0.03
35 36 0.221 AAACS50 0.07668 0.3470 0.252 0.189
36 37 0.055 AAACS50 0.03181 0.019085 0.252 0.189
29 38 0.166 AAACS0 | 0.096031 0.057602 0.04 0.03
38 39 0.178 AAACS50 0.10297 0.061766 0.252 0.189
7 40 0.214 AAACS50 0.12378 0.074258 0.04 0.03




40 41 0.050 AAACS50 | 0.028925 0.01735 0.252 0.189
41 42 0.234 AAAC50 0.13539 0.08119 0.252 0.189
42 43 0.292 AAACS50 | 0.168922 0.101324 0.252 0.189
43 44 0.152 AAACS50 | 0.087932 0.052744 0.08 0.06
11 45 0.273 AAAC95 | 0.157930 0.094731 0.16 0.12
45 46 0.92 AAACS50 0.53222 0.31924 0.252 0.189
37 47 0.171 AAAC9S 0.05275 0.05547 0.08 0.06
47 48 0.378 AAAC50 0.21867 0.13116 0.252 0.189
48 49 0.243 AAACS50 0.14057 0.084321 0.252 0.189
49 50 0.911 AAAC35 0.52701 0.34481 0.252 0.189
50 51 0.848 AAAC35 0.49056 0.294356 0.252 0.189
51 52 0.028 AAACS50 | 0.016198 0.00971 0.504 0.378
52 53 0.516 AAACS50 0.29850 0.179052 0 0
53 54 0.297 AAACS50 0.17181 0.103059 0.252 0.189
54 55 0.087 AAACS50 | 0.050329 0..03018 0.16 0.12
16 56 0.168 AAACS50 | 0.200739 0.05829 0.252 0.189
55 57 0.075 AAAC50 | 0.043387 0.026025 0.04 0.03
57 58 0.235 AAACS50 0.13594 0.081545 0.504 0.378
58 59 0.196 AAACS50 0.11336 0.06811 0.252 0.189
59 60 0.108 AAAC50 | 0.059238 0.037476 0.252 0.189
21 61 0.148 AAAC15 | 0.033655 0.046738 0.240 0.180
61 62 0.261 AAXCIS 0.059351 0.082423 0.504 0.378

0

Vi




62 63 0.190 AAAC15 | 0.043206 0.06000 0.252 0.189
63 64 0.107 AA£C15 0.02433 0.03379 0.08 0.06
64 65 0.111 AA,S\ClS 0.02524 0.03505 0.252 0.189
65 66 0.242 AA£C15 0.05503 0.07642 0252 0.189
26 67 0.405 AAXCSO 0.23429 0.14053 0.16 0.12
67 68 0.239 AAAC95 0.13826 0.08293 0.16 0.12
68 69 0.523 AAAC9S 0.30255 0.18148 0.504 0.378
69 70 0.090 AAAC50 0.05206 0.03132 0.16 0.12
69 71 0.14 AAAC50 0.08099 0.04858 0.252 0.189
71 72 0.133 AAACS0 | 0.076940 0.046151 0 0
71 73 0.136 AAACS50 0.07867 0.04719 0.16 0.12
73 74 0.339 AAAC50 0.11763 0.196111 0.16 0.12
74 75 0.163 AAACS0 | 0.0942955 0.05656 0.16 0.12
75 76 0.139 AAACS50 0.08041 0.048233 0.252 0.189
76 77 0.164 AAACS50 0.09487 0.05690 0.04 0.03
77 78 0.163 AAACS50 0.09483 0.05656 0.252 0.189
70 79 0.643 AAACS50 0.37197 0.22312 0.16 0.12
79 80 0.231 AAACS50 0.13363 0.08015 0.504 0.378
80 81 0.188 AAACS50 0.06523 0.10875 0.02 0.015

vii




Appendix -E: Sample MATLAB Code for This Thesis

Appendix-E1: Base Case Backward-Forward Sweep Load Flow

functionfinalres_out=withoDG()
tic,clc,clear
source_num=[1];

% Read the line and bus data from excel file
LINEDATA=xlsread('Feederdata.xIsx','linedata’);
BUSDATA=xIsread('Feederdata.xIsx’,'busdata’);
baseKV=15;baseMVA=100;

PBASE=baseMVA*1000; % Change to KVA

ZBASE=(baseKVV"2)/baseMVA; % Base

impedance busdata_value=BUSDATA;linedata_value=LINEDATA,;

linedata_value(:,4:5)=linedata_value(:,4:5)/ZBASE; % per unit

conversion

R_val=linedata_value(:,4); % per unitresistance
X val=linedata_value(:,5); % per unit
reactance impe_perunit=complex(R_val,X val);
busdata_value(:,2:3)=(busdata_value(:,2:3)/PBASE); %

Per unit conversion

imped_value=impe_perunit;
[bibc_matrix]=bibc_gen(linedata_value,busdata_value);calling bibc matrix
bibc_matrix(source_num,:=[]

;bibc_matrix(:,source_num)=

[1;

final_bibc_matrix=bibc_matr

IX';

% diag of collum vector is happend
final_bcbv_matrix=final_bibc_matrix*diag(impe_perunit);
final_dIf _matrix=final_bcbv_matrix*final_bibc_matrix;
load_comp_d=complex(busdata_value(:,2),busdata_value(:,3));
complex power load
load_comp_g=zeros(size(busdata_value,1),1);

% 33x1 matrix

load_final_matrix=(load_comp_d-load_comp_Q); %
ingected power Pi=Pd-Pg
load_final_matrix(length(source_num))=[];

ut of source node

%

%0
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initvolt_value=ones(size(busdata_value,1)-length(source_num),1);

% 32x1 initial bus voltage 1.0 p.u
voltagedrop_value=initial_volt_value;

% Convergency with max iter

max_iter=100;

% error_volt_tolr =0.2e-3; % maximum iteration

% while max_iter==100 && error_volt_tolr<=0.2e- 3

for i=1:max_iter
%% backward sweep
|_inject=conj(load_final_matrix./voltagedrop_value);

% injected current at each bus
IB=final_bibc_matrix*1_inject;

%get the cumulative injected current flowing through each branch
volt_old=voltagedrop_value;
voltdrop_each=final_dIf_matrix*I_inject;

%Voltage drop w.r.t. substation bus.
voltagedrop_value=initial_volt_value-voltdrop_each;

voltl_old=(volt_old);
volt_new=(voltagedrop_value

);

% tolerance must definend
error_tolr=max(abs(voltl_old-volt_new));

% must be defien maxerror

end

% end final_volt_data=[ones(length(source_num),1);voltagedrop_value];

% voltage profile

% 2777

locvoltm=find(final_volt_data>1);%if voltage is above 1 pu set as 1 pu
final_volt_data(locvoltm)=1;

from_node=linedata_value(:,2);to_node=linedata_value(:,3

); for
ind=1:length(from_node)
%each branch voltage drop
volt_diff_old(ind,:)=final_volt_data(from_node(ind))-
final_volt_data(to_node(ind));

end

%



voltdiff_new_=abs(volt_diff d
);

% magnitude of voltage drop for each branch
%% Loss calculation

ploss=sum(abs(1B).”2.*resistance_val)*10"5; gloss=sum(abs(IB)."2.*reactance_val)*10"5;
total_lossp=sum(ploss(locl));

total _lossg=sum(gloss(loc2));

final_voltage=abs(final_volt_data);

% CVD=sum((1-

final_voltage(:,1)).72)

%% consruct the cell
arrays
finalres_out{1}=total lossp
finalres_out{2}=total lossq
finalres_out{3}=final voltag
e

finalres_out{4}=ploss;
finalres_out{5}=

CVD; toc

%

en

d



Appendix-E2: PSO Algorithm for D-STATCOM

%% Only D-STATCOM

tic

clc;

clear;

close all;

finalres out=withoutDST() ;
out DST

%% Problem Definition

Num_ DST= 1;
nVar=2*Num DST;
Variables
VarSize=[1l nVar];
Variables Matrix

% Calling Load flow with

o)

Q

VarMin=[zeros (1,Num_DST) ones (1l,Num DST)]; % Lower Bound of
Variables

9000000000000000000000000000000 9909000000000000000
OO0OO0OO0OOO0OOOOODOOODOOODODOOODODOOODOOODODOOO OO0OO0OO0OOOOOOODOOODODOOO

% Calling pentration function which use for determination of VarMax taking

% Num_DST and Percentage Value as input

VarMax = penetrationdst (Num_ DST, X) ;

%% PSO Parameters

MaxIt=100;
nPop= 50;
wmax=0.9;
wmin=0.4;
cl=2.0;
c2=2.0;

% Velocity Limits
VelMax=0.1* (VarMax-VarMin) ;
VelMin=-VelMax;

%% Initialization

empty particle.Position=[];
empty particle.Cost=[];
empty particle.Velocity=[];

empty particle.Best.Position=[];

empty particle.Best.Cost=[];

% Maximum Number of Iterations
Population Size (Swarm Size)
$max inertia weight in w, wmax
min inertia weight in w, wmin
Personal Learning Coefficient

Global Learning Coefficient

o\

oe

particle=repmat (empty particle,nPop,1);

GlobalBest.Cost=inf;

for i=1l:nPop

% Number of Decision

% Size of Decision



[}

% Initialize Position
particle (i) .Position=unifrnd(VarMin,VarMax,VarSize); % this can change
for any run

Q

% Initialize Velocity
particle (i) .Velocity=zeros (VarSize);

o°

Evaluation

particle (i) .Cost=Loadflow DST (particle (i) .Position,Num DST);
% Update Personal Best

particle (i) .Best.Position=particle (i) .Position;

particle (i) .Best.Cost=particle (i) .Cost;

% Update Global Best
if particle (i) .Best.Cost<GlobalBest.Cost

GlobalBest=particle (i) .Best;
end
end
BestCost=zeros (MaxIt,1);
%% PSO Main Loop
for it=1:MaxIt

for i=1:nPop
% Updating the inertia weight, w
w(it)=wmin+ ((MaxIt - it)* (wmax - wmin))/ (MaxIt-1);
% Update Velocity
particle (i) .Velocity = w(it)*particle (i) .Velocity
+cl*rand (VarSize) .* (particle (i) .Best.Position-
particle (i) .Position)
+c2*rand (VarSize) .* (GlobalBest.Position-particle (i) .Position) ;%
rl=rand (VarSize)
% Apply Velocity Limits
particle (i) .Velocity = max(particle (i) .Velocity,VelMin);
particle (i) .Velocity = min(particle (i) .Velocity,VelMax) ;

Q

% Update Position
particle (i) .Position

particle (i) .Position + particle (i) .Velocity;

% Velocity Mirror Effect
IsOutside=(particle (i) .Position<VarMin |
particle (i) .Position>VarMax) ;
particle (i) .Velocity (IsOutside)=-particle (i) .Velocity(IsOutside)
% Apply Position Limits
particle (i) .Position = max(particle (i) .Position,VarMin);
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particle (i) .Position = min(particle (i) .Position,VarMax) ;

% Evaluation

article (i) .Cost=Loadflow DST (particle (i) .Position,Num DST);
Update Personal Best

if particle (i) .Cost<particle (i) .Best.Cost

o° 'O

particle (i) .Best.Position=particle (i) .Position;
particle (i) .Best.Cost=particle (i) .Cost;

% Update Global Best
if particle (i) .Best.Cost<GlobalBest.Cost

GlobalBest=particle (i) .Best;

end
end
end
%% Results
disp('———=—————"— "
——————— ')
disp(' —-—=—==————- case-III0nly D-STATCOM Integration
')
disp('—=—=—————"— -
——————— ')
disp([' Number Of DST: ' numZstr (Num DST)]);
disp(['Power Loss Before DST (KW): !
num2str (finalres out{1})1);
disp (['Power Loss Before DST (KVAr): '
num2str (finalres out{2})1]);
disp(['Power Loss After DST (KW): ' num2str (finalres{1})1):;
disp(['Power Loss After DST (KVAr): ' num2str (finalres{2})1):
disp(['Optimal Location of DST (Bus No.: !
num2str (round (GlobalBest.Position (Num DST+l:end),0))]);
disp(['Optimal Size of DST (KW): '
num2str (round (GlobalBest.Position (1:Num DST),0))]);
disp([' Minimum Voltage (P.u) : ' num2str (finalres{8})]);
disp([' Maximum Voltage deviation (%) : ' num2str (finalres{9})1):;
disp([' Active power reduction (%) : ' num2str (finalres{6})]);
disp([' Reactive power reduction (%) : ' num2str (finalres{7})1]);
disp('--—7=-—-—-—-—-—-—-— -
——————— ')
figure;

plot (BestCost, 'LineWidth', 2) ;
xlabel ('Iteration');

ylabel ('Objective Function');
grid on;

%% Voltage Graph
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figure
plot (finalres out{3}, 'bo-")

hold on
plot (finalres{3}, 'gd-");
legend ('Base Case ', 'With D-STATCOM') ;

title('Voltage profile with integration of DSTATCOM in Addis Weast Feeder-8
L
)
xlabel ('Bus Number');
ylabel ('Voltage (P.u)"');

toc
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Appendix-E3: PSO Algorithm for DG

%% Only DG integration

tic

clc;

clear;

close all;

finalres out=without DG(); % Calling Load flow with
out DG

%% Problem Definition
Num DG= 1;

Type DG=1; $input ('please Enter
the tyepe of DG:-")
nVar=2*Num_ DG;
Variables
VarSize=[1l nVar];
Variables Matrix

o\

Number of Decision

o

Size of Decision

VarMin=[zeros (1,Num_DG) ones(1,Num DG)]; % Lower Bound of
Variables
VarMax = penetration (Num DG, X);

$% PSO Parameters

MaxIt=100; % Maximum Number of Iterations
nPop= 50; % Population Size (Swarm Size)
wmax=0.9; max inertia weight in w, wmax
wmin=0.4; min inertia weight in w, wmin
cl=2.0; Personal Learning Coefficient
c2=2.0; Global Learning Coefficient

% Velocity Limits

VelMax=0.1l* (VarMax-VarMin) ;

VelMin=-VelMax;

o® oo o©

o

$% Initialization

empty particle.Position=[];
empty particle.Cost=[];

empty particle.Velocity=[];
empty particle.Best.Position=[];
empty particle.Best.Cost=[];

particle=repmat (empty particle,nPop,1);
GlobalBest.Cost=inf;
for i=1l:nPop

Q

% Initialize Position
particle (i) .Position=unifrnd (VarMin,VarMax,VarSize); % this can change
for any run
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end

% Initialize Velocity
particle (i) .Velocity=zeros (VarSize);

% Evaluation

particle (i) .Cost=Loadflow DG (particle (i) .Position,Num DG, Type DG) ;
% Update Personal Best

particle (i) .Best.Position=particle (i) .Position;

particle (i) .Best.Cost=particle (i) .Cost;

% Update Global Best
if particle (i) .Best.Cost<GlobalBest.Cost

GlobalBest=particle (i) .Best;

end

BestCost=zeros (MaxIt,1);

%% PSO Main Loop

for

it=1:MaxIt

for i=1:nPop
% Updating the inertia weight, w
w(it)=wmin+ ( (MaxIt - it)* (wmax - wmin))/ (MaxIt-1);
% Update Velocity
particle (i) .Velocity = w(it)*particle(i) .Velocity
+cl*rand (VarSize) .* (particle (i) .Best.Position-

particle (i) .Position)

+c2*rand (VarSize) .* (GlobalBest.Position-particle (i) .Position) ;%

rl=rand (VarSize) &r2=rand (VarSize)

o)

% Apply Velocity Limits
particle (i) .Velocity = max (particle (i) .Velocity,VelMin);
particle (i) .Velocity = min(particle (i) .Velocity,VelMax) ;

% Update Position

particle (i) .Position = particle(i) .Position + particle (i) .Velocity;

% Velocity Mirror Effect
IsOutside=(particle (i) .Position<VarMin |

particle (i) .Position>VarMax) ;

particle (i) .Velocity (IsOutside)=-particle (i) .Velocity(IsOutside)

% Apply Position Limits
particle (i) .Position = max(particle (i) .Position,VarMin);
particle (i) .Position = min(particle (i) .Position,VarMax) ;

Q

% Evaluation



particle (i) .Cost=Loadflow DG (particle (i) .Position,Num DG, Type DG) ;

% Update Personal Best
if particle (i) .Cost<particle (i) .Best.Cost

particle (i) .Best.Position=particle (i) .Position;
particle (i) .Best.Cost=particle (i) .Cost;

% Update Global Best
if particle (i) .Best.Cost<GlobalBest.Cost

GlobalBest=particle (i) .Best;

end
end
end
$% Results
disp('-——==========="="="="="="—"—"—"—"—" -~
——————— ')
disp (' Scinario-II Only DG Integration
')
disp('———=—————"— "
——————— ')
disp([' Number Of DG: ' numZstr (Num DG)]);
disp (['Power Loss Before DG (KW) : '
num2str (finalres out{1l})1]);
disp(['Power Loss Before DG (KVAr): '
num2str (finalres out{2})1);
disp(['Power Loss After DG (KW): ' num2str (finalres{1l})1);
disp(['Power Loss After DG (KVAr): ' num2str (finalres{2})1);
disp(['Optimal Location of DG (Bus No.: !
num2str (round (GlobalBest.Position (Num DG+1l:end),0))]);
disp(['Optimal Size of DG (KW) : !
num2str (round (GlobalBest.Position(l:Num DG),0))1]);
disp([' Minimum Voltage (P.u): ' num2str (finalres{8})1);
disp([' Maximum Voltage deviation (%) : ' num2str (finalres{9})1]);
disp([' Active power reduction (%) : ' num2str (finalres{6})]);
disp([' Reactive power reduction (%) : ' num2str (finalres{7})1);
disp('-——==="""""=""=""""—"—"—"—"—"—"—"—"—"“"“~" " —~" "~ —————
——————— ')
figure;

plot (BestCost, 'LineWidth',2) ;
title('convergency curve')
xlabel ('Iteration');

ylabel ('Objective Function');
grid on;
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figure
plot (finalres out{3}, 'bo-")

hold on

plot (finalres{3}, 'gd-");

legend('voltage Base Case ',' voltage With DG ');
title('Voltage profile with integration of DG')
xlabel ('Bus Number');

ylabel ('Voltage (P.u)');

toc
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