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ABSTRACT

The power system network is exposed to several disturbances, from planned to unplanned
events. The power system grid is expected to remain stable during these events. The power
system grid is also anticipated to be flexible enough to accommodate various types of loads
and smoothly integrate multiple energy resources.

The high penetration of distributed energy resources (DER) increases the level of complexity
of the power system; however, their contribution to enhancing power system stability is also
noticed. Some of these energy resources utilized are highly dependent on weather conditions.
These include wind energy as well as solar energy. These energy resources are coupled to
the grid through a power electronics interface. However, their integration configuration does
not enable them to participate in active power dispatching based on system dynamics. The
utilization of battery energy storage systems in parallel with DER has drawn attention word-

wide to eliminate the dispatching capability issues of distributed energy resources.

The dissertation explores integrating these energy resources to enable them to participate in
active and reactive power dispatching. Their vigorous participation has been observed to
immensely enhance smart grid stability and improve service restoration. Various case studies
have been performed, such as the impact of load demand increase, generation loss, and line
tripping. These energy resources' contribution to improving the smart grid stability was possible
through additional control loops in the system. The case studies were performed before and
after implementing the proposed control system. The efficacy of the proposed control system
was analyzed, and the implementation of this control system showed a significant improvement

in smart grid stability and service restoration.
The standard IEEE 33 bus network was modified and modelled using PowerFactory

DIgSILENT software. All the case studies and contingencies were performed using the same

simulation tool, and the results were recorded.

Keywords: Service restoration, power dispatching, power system stability, distributed energy

resources, battery energy storage.
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GLOSSARY

Power restoration: refers to the process of bringing services to customers following an
outage.

A smart-grid: refers to an electrical power system grid with advanced technology, fully
automated, with the latest information technology communication protocol where power flow
from generation is monitored in real-time to the point of consumption.

Micro-grid: refers to a small-scale power system grid that can be decentralized and operate
in islanded mode with its distributed energy system integrated. It can be interconnected to the
primary power system grid.

Power-voltage curve: is the relationship between the active power to the load and the voltage
at the load busbar or terminal.

Power-voltage curve: is the relationship between reactive power and the voltage at the load
busbar terminals.

Power system reliability: refers to the ability of the power system to balance load and the
generation supply through controlling the variation in real-time, this include adjusting
generation supply and flexible loads.

Power system stability: refers to the ability of the power system to remain stable following
disturbance

Service Restoration (SR): process undertaken to bring back electrical supply to customers

flowing a planned or unplanned power outage.
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CHAPTER ONE
INTRODUCTION

Introduction

There is a significant social and economic impact on power system outages or
blackouts. Therefore, power system outages must be restored quickly to prevent
revenue loss. However, due to the complexity of the power system, the restoration
process is becoming an extremely challenging task (Feng & Peijie, 2017).

The aging equipment failures mainly cause unplanned power outages at the power
station. In the South African context, many generators supposed to have been
decommissioned are still in service (Fabricius et al., 2020). As a result, power system
outages were recorded high in South Africa to a maximum of 1352 GWh (Jarrad &
Joanne, 2020). Furthermore, the record of load shed in 2019 surpasses the high
register of 1325 GWh in 2015. Therefore, in observing the current state of the power
system in South Africa as indicated in Figure 1.1, it can be forecasted that beyond the
year 2020 amount of load to be shared will surpass record obtained 1352 GWh

recorded in year 2019.
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Figure 1.1: South African load-shedding between 2007 and the beginning of 2020

according to stages (Jarrad & Joanne, 2020)

The load-shedding has cause an immensely high disruption in its economic activities
as most industrial and commercial activities are dependent on electricity. The revenue
loss incurred due to the load-shedding between 2007 and the beginning of 2020 is

illustrated in Table 1.1. In 2019, the revenue loss recorded is estimated to be between



R58-R116 billion as recorded year 2015. In 2019, the situation worsened, the revenue
loss was estimated between R59-118 billion. It can be seen that the highest total time
lost due to power outages was 530 hours for the year 2019, which was less than the
outage duration of 2015 with record of 852 hours (Jarrad & Joanne, 2020).

Table 1.1: The outage duration and economic impact between 2007 and the beginning
of 2020 (Jarrad & Joanne, 2020)

Duration  Energy Est. econ.

Year o outages shed Impact
(hours) (GWh) (ZAR-bin)
2007 - 176 8-15
2008 - 476 21-42
2014 121 203 9-18
i 2015 852 1325 58-116 |
2016 - - -
2017 - - -
2018 127 192 8-17
[2019 530 1352 59-118 |
2020 (vro) 80 143 6-12

After extended power outages due to planned and unplanned events, the restoration
period is lengthened, as multiple steps must be followed to restore the power system.
In addition, it will take time to achieve a self-healing power system due to the system's
inherent complexity (Liu et al., 2016).

There are critical loads such as internet data centres that use large amounts of
electricity, and these data centres include Google and Facebook. They heavily rely on
electricity for the operation and cooling system, and power interruption could badly
impact the world economy (Liu et al., 2019). Hospitals are also regarded as essential
loads; therefore, power interruptions should be minimized.

Modern power systems eliminate conventional fossil-based generators as they present
a high risk to the global climate and environment (Alireza et al., 2016).However, there
are still some uncertainties about using renewable energy resources such as wind and
solar due to their intermittent power output (Adrees & Milanovi¢, 2019). However, they
are clean energy sources. Another factor is improper integration into the power system
grid, which risks triggering cascaded tripping, leading to more severe blackouts (Liu et
al., 2016).
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The introduction presents the foundation of the research study; however, to give a clear
overview of the research, Section 1.2 covers the awareness of the research problem,
and Section 1.3 highlights the research statement; the aims and objectives of the
research are highlighted in Section 1.4. Then, the research question is indicated in
Section 1.5; Section 1.6 focuses on the hypothesis, Section 1.7 describes the
delimitation of the research. Section 1.8 presents the motivation of the research, and
the assumptions are noted in Section 1.9. In Section 1.10, the research methodology

is discussed, then Section 1.11 concludes the chapter.

Awareness of the Research Problem

The current power system model is based on fossil fuel as the primary energy resource
of a conventional generation system. However, as decarbonization of the power system
is the crucial focus globally, high penetration of renewable energy resources is noticed
worldwide (Apfel et al., 2021; Mukoro et al., 2021; Sovacool, 2021; Maestre et al.,
2021). Moreover, the intermittent nature of these energy resources results in less
reliance; instead, fossil-fuel-based can be regarded as a reliable energy source as they
have been proven to be dispatchable. On the other hand, wind and solar Photovoltaic
(PV) energy are considered non-dispatchable energy resources, which means these
resources generate power based on the resources, and they cannot be contracted to
participate in any control structure of the power system (Contreras et al., 2019) and
(Murray et al., 2021).

Due to control and dispatch capability limitations, energy resources such as wind and
solar PV cannot be deployed in power outages. Therefore, it is necessary to consider
other means of advancing these energy resources to enable different functions deemed
essential in power systems for smooth smart grid operation. Therefore, a
comprehensive study was required to be performed on how these resources can be

configured to achieve other crucial functions for smart grid operations.

Statement of the Research Problem

The power system grid is becoming modernized and complex. Therefore, it is crucial
and critical to investigate how distributed energy resources can be dispatched in the
distribution system to improve the power system's reliability, stability, and service
restoration. This proposed research studies the integration of distributed energy

resources (DERs) and control configuration to achieve a reliable smart grid system.
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1.6

Research Objective

The main objective of the study is to investigate grid integration methods of DERs in a

smart grid and develop a control scheme that enables an optimal power dispatching to

enhance power system stability and restoration.

To achieve the objective stated above, the following tasks were undertaken:

a.

To write a literature review on:

= Current distribution system model

= Impacts of disturbance on power system stability considering load demand
increase, generator trip, and excess power generation

= Integration of DERs to enhance power system stability

To model the power system network and analyze its steady-state behaviour using

DIgSILENT PowerFactory.

To apply DERs for smart grid stability enhancement and power restoration.

To develop an algorithm for the integration of DERs

To model and simulate the case study network in DIgSILENT PowerFactory

software environment.

To develop a control scheme to enable the participation of DERs in smart grid

stability and power restoration.

To investigate the algorithm's performance for various operating conditions in

smart grids.

Research Questions

a. Can distributed energy resources be dispatched to optimize distribution grid
stability?

b. How can distributed generators be configured to allow a smooth transition of active
power flow following power system disturbances?

c. How can these energy resources be placed to minimize power loss in the power
transmission process?

d. Canintegrating distributed energy resources improve the restoration of distribution
services following a power outage?

Hypothesis

The development of the additional control loop is expected to enable smooth, active

power dispatching when the system experiences severe pressure and improves power

restoration to the consumer. Industrial companies can utilize the proposed control loop

where small-scale embedded generation is used. Independent power producers (IPPs)
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and utility companies can also enable their DERs to participate in active power

deployment while maintaining system stability.

Delimitation of Research
The proposed research focused on active power dispatching and service restoration
for distribution system applications. First, an analysis of the conventional distribution
network system was performed. Then, the distributed energy resources was integrated,
and the performance analysis was done after the integration; the development of an
active power dispatching algorithm was considered. Finally, the distribution network
was modeled using DIgSILENT Powerfactory simulation software, and various case
studies were performed.
The case studies performed include:
= Distribution network under steady-state condition.
= Introduction of contingency and analysis of the distribution network under a
dynamic state.
= Development of the control loop and assessment of its efficacy through a
contingency analysis case study.

Motivation for the Research Study

It is required that a power system should be stable, supply electrical energy at the
desired quality, maintain its stability following a disturbance, and be flexible enough to
accommodate various energy technologies. However, it is a dynamic system (Eid et
al., 2016) and (Bayat et al., 2016).

Introducing Distributed Energy Resources has resulted in more complex power system
networks (Huang et al., 2021). In addition, these energy resources are much more
dynamic than conventional generation systems. They quickly respond to power system
changes due to their small-time constant reducing the overall moment of inertia
(Bevrani, 2014) and (Zhang et al., 2011).

The most significant concern globally is the reliability of the network and its resilience
when the fossil-fuel-based synchronous generation system is replaced with a
renewable-based generation system. In addition, the quality of supply and the power
system stability under dynamic and abnormal conditions are also of concern (Bello &
Carter-Brown, 2010).

This study can pave a way for utility companies to utilize their DERs for power dispatch
and service restoration to enhance the power system's reliance and stability. This will

also encourage power producers to upscale renewable-based distributed energy



resources integration to ensure that the load demand increase is supplied, and more

energy reserves are secured, enabling more decarbonization of the power system grid.

1.9 Assumptions
In the study, the IEEE 33-bus distribution network was used as the power system
model. The network was modified accordingly to achieve the objectives of the
research. The network modeling and simulation were performed using the DIgSILENT

PowerFactory simulation platform.

1.10 Research Methodology
The primary objective of the study was to develop a control loop that can enable the
dispatching of active power from the Distributed Energy Resource to enhance the
power system stability and improve service restoration. To achieve the objectives of
the study, the IEEE 33-bus modified distribution network has been modeled using
DIgSILENT. Figure 1.2 represent the configuration of IEEE 33-bus modified distribution
network. The modified IEEE 33-bus network distribution network illustrated in Figure
1.2 consists of 34 busbars and 32 loads. The network modification was done by (Jelena
Ponocko, 2020) to incorporate the external grid supply by adding busbar 34. Moreover,
the line connecting busbar 2 to busbar 19 on the conventional IEEE 33-bus network
was rerouted from bus 2 to bus 34. Line 34 to 19 was also added, which presents the

same parameters as the line between 2 and 34 (Jelena Ponoc¢ko, 2020).

Grid 34 19 20 21 22 26 27 28 29 30 31 32 33
I I I

SRR,

1 4 6

11 12 13 14 15 16 17 18
I Y I I N N N

Aliaananananaanl

23 24

11—|1—|1

Figure 1.2: Modified IEEE 33-Bus Network (Jelena Ponoc¢ko, 2020)

The methodology applied in this research follows the breakdown structure illustrated
in the flow chart in Figure 1.3. The study workflow was first initiated through data
collection. Then, the data collected needed to be analyzed and checked for suitability

for the research's application. In the case of the proposed research study, validated

6



data from previous literature and research work were considered, such as the data for
the IEEE 33 bus distribution network. After that, network modeling was performed. The
simulation of the steady-state and dynamic state was performed. The next was to
consider the optimal placement of distributed energy resources and the integration
methodology. Then the development of the control loop to enable the distributed
energy resources to participate in active power dispatching was done. The results of
the application of various case studies to validate the efficacy of the developed control

loop were analysed, and conclusions and recommendations were drawn.

The modeling and simulations for the methodology shown in Figure 1.3 were

performed using DIgSILENT powerfactory, including the control scheme development.

Data
collection
and network

modeling

Steady-state,
and dynamic
state analysis

Integartion of
Distributed Energ

Resources, and
optimal placement

Development
of control
scheme to

enable active

power
dispatching

Case study
application to
validate the
developed
control
scheme

Figure 1.3: Research methodology flowchart
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1.111

1.11.2

1.11.3

1.11.4

1.115

1.11.6

Dissertation Chapters
The structure of the dissertation has a composition of seven chapters; the details of
what each chapter entails are as follows:

Chapter One
This chapter is the overall introduction of the research , where the study's background
is described, highlighting the purpose, the aim and objective, and the whole dissertation

structure.

Chapter Two
This chapter entails the literature reviewed concerning this study, the latest

development, and the research gaps identified relating to this research.

Chapter Three
The third chapter presents the theory applicable to the research study to achieve the

research objectives through the methodology proposed in chapter one.

Chapter Four

This chapter covered the modeling of the distribution grid network. First, steady-state
simulation and the dynamic state are performed to state the network operation under
these conditions. The distribution instability was observed when load demand

increased, line trip disturbances were introduced, and analysis was made

Chapter Five

This chapter entails a systematic approach to improving distribution stability following
the introduction of contingencies outlined in chapter four. The system includes
determining the placement of distributed energy resources for optimal power
dispatching to enhance grid stability. When energy resources are introduced, the
dynamic contingencies applied in chapter four are repeated to analyze the contribution
of these energy resources focusing on stability enhancement. Finally, a control scheme
is developed to enable energy resource participation in intelligent distribution grid

stability enhancement.

Chapter Six

The last objective of the research study is to improve the distribution grid service
restoration. The approach to this objective is highlighted in chapter six using integrated
energy resources. Using the same control scheme developed in chapter five, in this

chapter, the restoration of the service approach is outlined



1.11.7 Chapter Seven
This chapter covers the conclusion and recommendations of the whole research.

Achievements are noted within this chapter, and future research focuses are also

covered.
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2.2

CHAPTER TWO
LITERATURE REVIEW

Introduction

The global distribution grid is modernized through technological innovation and
improved conventional systems. However, the modernization of the traditional
distribution system has brought complexity to the distribution grid. Although the
distribution system is modernized, power system faults are still occurring. Due to the
complexity of the grid, fault finding and service restoration is being lengthened
(Ganganath et al., 2017). Although the distribution network is being modernized, it is
also anticipated that it can positively position the network to have adequate generation
capacity by integrating other energy resources (Weijia & Fei, 2021). The configuration
of the conventional distribution grid and the future grid needs a broad understanding to

allocate resources for a more efficient system.

The main objective of this chapter is to provide a general overview for readers who are
interested in DERs. The literature review entails the work conducted in line with the
subject of concern: the utilization of distributed energy resources to enhance smart grid
stability while improving service restoration. The power system grid is divided into
generation, transmission, and distribution. These components consist of various
apparatus integrated to form a functioning grid; however, the proposed study focuses
on the distribution system. It is, therefore, necessary to outline the sub-sections to be

covered.

Section 2.1.1 is the overview of the distribution system network, followed by section
2.1.2, which highlights the power outages and restoration methods in the distribution
grid. Section 2.1.3 provides information on the optimal placement of Distributed Energy
Resources in the distribution System. Section 2.1.4 covers the control techniques for
power dispatching. The comparative analysis and discussion of the developments in
the existing literature are indicated in Section 2.2 and finally, Section 2.3 is the

conclusion of the literature review.

Overview of Distribution System Network

A distribution system network is a complex network of electrical components that
delivers electrical power to end-users. It is a crucial part of the power grid and plays a
vital role in ensuring that electricity is delivered reliably and efficiently to homes,
businesses, and other facilities. A distribution system is also regarded as a tool for
allocating electrical energy to end-users at the desired supply quality. It consists of the
primary substation, switching station, and customer substation. The primary substation

converts the high voltage (35-230kV) from transmission or sub-transmission to medium

10



voltage (1-35kV) and sends it to the switching station. The switching station sends the
electrical energy to the customer substation (mini-substation) to step down the voltage
from the MV to low voltage (100-1000V). Finally, the power gets distributed to the end-
user on the LV side for household consumption (Koutsoukis et al., 2021). Distribution

can be either alternating current or direct current nature.

The distribution system consists of various components such as transformers,
distribution lines, underground distribution cables, load, shunt capacitors, and voltage
regulators for adequate power delivery to customers. The transformers convert voltage
from a high to a lower level and vice versa. Distribution lines and cables perform the
same function of enabling electric power delivery to customers at the desired voltage.
Loads consume the power generated while shunt capacitors compensate reactive
current through varying shunt impedance to maintain the distribution line voltage and
improve the system power factor (Mondal et al., 2020). Voltage regulators also ensure
that the voltage in the distribution system is maintained at its acceptable range (within
10% tolerance). This automatic voltage regulator setting is punched on a line-drop-
compensator device in the voltage regulator control panel (Gonen, 2005). The current
distribution system is vertically configured, meaning that the source of supply is from
the generation system. It gets supplied to the distribution system through transmission

infrastructure, as shown in Figure 2.1.
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Voltage regulator
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® Recloser
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T
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Figure 2.1: Typical distribution network system (Koutsoukis et al., 2021)
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Meters are used to measure the amount of electricity consumed by end-users and are
typically installed at the service drop or at the point of connection to the distribution

system network.

The evolution of the distribution infrastructure has led to a modernized distribution
network called a smart distribution grid. A smart distribution grid is an advanced
electrical grid that uses modern digital communication and automation technologies to
enhance the electricity distribution system's reliability, efficiency, and safety. It is a
crucial part of the modernization of the power grid, which is necessary to meet the
growing electricity demand, integrate renewable energy sources, and reduce carbon

emissions.

A smart distribution grid can collect and analyze data from various sources, such as
smart meters, sensors, and other devices, to optimize energy management, improve
power quality, and reduce outage times. It can also support bidirectional power flows
and enable the integration of distributed energy resources, such as solar panels, wind

turbines, and energy storage systems.

Some of the key features of a smart distribution grid as indicated by (Kim et al., 2019),

include:

e Advanced metering infrastructure (AMI) - Smart meters and other devices
provide real-time energy consumption and production data.

o Distribution automation - The use of sensors, control systems, and other
technologies to monitor and control the flow of electricity in the distribution
network.

¢ Demand response - The ability to adjust energy usage in response to changing
supply and demand conditions.

e Integration of distributed energy resources - The ability to manage and optimize
renewable energy sources and energy storage systems.

o Cybersecurity - Robust security measures to protect the grid from cyber threats.

By implementing a smart distribution grid, utilities can improve operational efficiency,
reduce costs, and enhance their ability to respond to emergencies and outages (Aman
et al., 2022; Awad et al., 2015; Khasanov et al., 2020). As a result, consumers can also

benefit from improved energy management, increased reliability, and lower energy bills.

The integration of distributed energy resources in the distribution system has sought
advancement in grid stability; however, the complexity of the grid is on the rise. The

modern distribution system with distributed generators is shown in Figure 2.2. This
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2.3

advancement also motivates micro-grid development to lower the dependence on the

traditional power system grid.

[ Microgrid _ Wind turbine
Micro-turbine
T
PV panel
P o ~) Fuel cell

AR A
Static transfer a a

swm:h

I 1
% S T Y
Grid superv sory controller

| Commumcauon line
| Critical loads
I .. § . Non-critical loads

Supervtsory controller Energy storage system

Figure 2.2: Smart grid concept (Hossain et al., 2019)

However, distribution networks are prone to various disturbances because no power

system is completely reliable (Viawan & Banktavakoli, 2018), and the severity of these

disturbances varies. However, disruptions can lead to power outages.

Power outages and restoration methods in the distribution grid

Power outages in the distribution grid can occur due to various reasons, such as severe

weather conditions, equipment failures, maintenance activities, and other unforeseen

circumstances. When power outages occur, it is essential to have a strategy to restore

power as quickly and safely as possible. Here are some standard restoration methods

used in the distribution grid:

Fault Detection and Isolation: The first step in restoring power after an outage
is to detect the location of the fault or the cause of the outage. This can be done
using fault detection and isolation techniques such as remote monitoring, circuit
breakers, and other sensing equipment.

Power Restoration: Once the location of the fault has been identified, power
restoration can begin. This typically involves rerouting power to the affected
area through alternate routes or switching operations. This may also include
repairing or replacing damaged equipment, such as transformers or power
lines.

Load Shedding: In some cases, the electricity demand may be too high for the
available supply. In such situations, load shedding can be implemented to
temporarily reduce the demand by shutting off power to non-critical loads.
Backup Power: In some critical facilities, backup power sources such as

generators or battery systems can provide temporary power during an outage.
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e Communication and Coordination: Effective communication and coordination
among utilities, emergency responders, and customers are essential during
power outages. This helps to ensure that everyone is informed about the status

of the restoration efforts and any safety precautions that need to be taken.

Overall, effective planning, monitoring, and communication are key to restoring power
in the distribution grid after an outage. By using a combination of these methods,
utilities can minimize the duration and impact of power outages and ensure a safe and
reliable supply of electricity.

Power disruptions continue to be witnessed across the globe, and the causes of these
power outages are different. One of the significant causes of these power outages is
severe weather conditions (Chen et al., 2017; Sun et al., 2019). Faults in the power
system network also contribute to power outages (Shen et al., 2020). Some of the
power outages are human-made; this includes theft of the power network
infrastructure. (Patsakis et al., 2018) highlighted the significant contributors to power
system blackouts, including human error in power system operation and natural
phenomena, as highlighted before, which could be extreme weather events
(hurricanes) and earthquakes. Most recently, the power system network has been
prone to cyber-attacks, and there is research work in progress on network
strengthening and prevention measures for cyber-attacks (Patsakis et al., 2018; Liu et
al., 2016).

When measures to prevent power system supply disruptions have failed, it is crucial to
find optimal ways of restoring the services to consumers as quickly as possible to avoid
hostile attacks (Saxena & Bhatia, 2021). The security will be compromised due to the
unavailability of services. (Liu & Ding, 2021) demonstrated that distributed energy
resources (DERs) can be quickly used in supply recovery post-outage. In addition,
distributed energy resources are being integrated into the power system grid to boost
network stability and reliability. Therefore, the concern is how they can be optimally
deployed to improve grid stability while enhancing the restoration of services. It is also

essential to find a suitable position for the placement of DERs.

The summary of the literature reviewed is covered in Table 2.1. The summary
highlighted covers the author's name, the aim of the study, methods used, challenges,
the power system model utilized, and the simulation of real-time implementation of the

proposed method.

14



Table 2.1: Summary of the reviewed literature for power outages and restoration methods in the distribution grid

Author(s)

Aim

Methods

Drawbacks

Power System Model

Simulations

(Xiaoyu et al.,
2014)

Establishment of a restoration model
based on grid actual situation, which is
more realistic for the active distribution
network (ADN)

The genetic
algorithm as the
recovery scheme

No evidence of the simulation to the
results presented. No simulation
software indicate where results were
validated

IEEE 33 nodes system

Not specified

stabilizing the DC system with a virtual
impedance method to mitigate potential
oscillations arising from constant power
load terminals.

(Pavana & | Enhancing restoration through Mst- | Mst-kruskal's The applied method’s significance is | IEEE 3 FEEDER, 16 | MATLAB software.
Triveni kruskal's (minimum spanning tree) | algorithm only on losses reduction; however, the | BUS AND 1 FEEDER,
riveni, 2015) . . . . ’ . } T
algorithm method (spamming tree) improvement in restoration time isnot | 33  bus  distribution
covered system
(Chen et al, [ An adjustable robust restoration | the uncertainty | No power system simulation system | PG&E 69-bus system | Monte-carlo
2015) optimization model with a two-stage | budget was utilized to test the efficacy of the | and a modified 246-bus | simulations
(recovery of outage power and the proposed model. system
worst-case fluctuation scenarios)
(Shen & Wu, | Review on methods for service | Focusing on | The methodology only focuses on two | No simulations | No simulations
2018) restoration centralized and | methods; no evaluation validation is | conducted conducted
(SR) in distribution networks, which can | decentralized conducted regarding the simulation
be categorized into two types, | methods (a | model.
centralized and decentralized methods, | review)
according to their implementation.
(Papasani et al., | To automatically restore the load swiftly | The  bottom-up | The traditional method was used. The | A sample industrial Power world
2021) and reliably after a blackout. The | approach, with | impact of the integration of distributed | system simulation
comprehensive approach for CLPU, | help, from | energy resources was not considered
Inrush currents, load priority, and load | intelligent
variation are considered to achieve | electronic
smooth and successful operation. devices (IED).
(Satinge & | The power restoration plan relies on | Utilization of | There is too much system conversion, | A four-terminal DC | MATLAB Simulation
Jawadekar, coordinating distributed control across | Direct current | which can affect the operation of the | network is
2021) relays, load switches, voltage source | (DC) stabilizing | distribution protection system.
converters, and the autonomous | control
operation of a multi-terminal DC
system. The plan also involves
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Varma et al.,
2022)

using existing electric-vehicles (EVs)
available in a parking place

(Poudel & | A new two-stage restoration framework | Mixed-integer This work does not cover the | 4-feeder 1069-bus | Not specified
Dubey, 2021) is introduced for generating a | linear program | propagation of distribution system | distribution test
restoration solution through a sequence | (MILP) congestion that may result from using | system
of control actions. In the first stage, the a distributed generator to restore
framework produces a restoration plan services to loads that were not
that enables traditional service covered in both stages
restoration through feeder
reconfiguration and intentional islanding
using grid-forming distributed
generation. In the second stage, an
optimal switching operation sequence is
generated to restore the system to its
final configuration rapidly.
(Wen et al, [ Using a hierarchical approach, | Hierarchical The absence of consideration for load | IEEE 33 and 69 bus | MATLAB R2021
2022) developing a service restoration | approach demand uncertaintes and the | systems
mechanism for distribution networks assumption of an active remote
with  distributed generations and control system are noteworthy
multiple faults. omissions. Additionally, if the remote
control system is inactive, the return
on investment (ROI) for installing
those control switches is also left
unaddressed.
(Zietsman et al., | A multi-objective analytical approach is | Quantitative The system assessment focusesona | 1 Feede and 5 bus | Digsilent
2022) utilized to evaluate wind power projects' | approach and | single fault, and multiple faults are not | system PowerFactory
technical and economic viability by | various considered.
conducting a financial analysis of the | optimization
costs and benefits associated with the | algorithms for
optimal integration of wind power into | financial viability
distribution networks. This assessment
aims to determine the profitability of
such integration.
(Yuan et al., | the decision-making of transmission | Umbrella review | The information is derived from | No simulations | No simulations
2022) system restoration control, decision- | or overview literature and lacks specific details | conducted conducted
making of  distribution system regarding a topology or experimental
restoration control, decision-making of results.
transmission and distribution
coordinated restoration control
(Swapna, a new approach to a service restoration | linear When load demand exceeds the | Not specified MATLAB
Ganapaneni method for a low-voltage distribution | optimization predicted EV’s total power output,
Srinivasa network at the time of a power outage | model load shedding must be implemented.
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2.4

Optimal Placement of Distributed Energy Resources in the Distribution System
The optimal placement of Distributed Energy Resources (DERs) in a distribution
system depends on a variety of factors, including the system's load profile, voltage
profile, and the types and capacities of the DERs under consideration. However,
several general principles can guide the placement of DERs in a distribution system.

e Load profile (Basu et al., 2010; Bogno et al., 2014; Gupta et al., 2021): The
location of DERSs should be based on the load profile of the distribution system.
The DERs should be placed in areas with high electricity demand, so they can
be used to offset the load and reduce the need for power from the grid.

e Voltage profile (Lasmari et al., 2020): DERs can also be used to improve the
voltage profile of the distribution system. For example, if there are areas in the
system where the voltage is low, DERs can be placed in those areas to help
boost the voltage.

e Location of renewable resources: If the DERs under consideration are
renewable resources, such as solar or wind, they should be placed in areas
with high renewable energy potential. For example, solar panels should be
placed in areas with high levels of sunlight, while wind turbines should be
placed in areas with consistent wind patterns.

e Location of energy storage: If energy storage is considered a DER, it should be
placed where it can be most effective. For example, if there are areas in the
distribution system with frequent power outages, energy storage systems can
be placed to provide backup power.

e Cost-effectiveness: The placement of DERs should also take into account the
cost-effectiveness of each option. DERs that can provide the most benefits at

the lowest cost should be given priority.

Overall, the optimal placement of DERs in a distribution system is a complex problem
that requires careful consideration of various factors. However, by taking into account
the load profile, voltage profile, renewable energy potential, location of energy storage,
and cost-effectiveness of each option, it is possible to identify the optimal placement

of DERSs to improve the distribution system's performance.

The composition of distributed energy resources in the power system is worth noting.
Distributed energy resources include energy storage systems (ESSs) and distributed
generators (DGs). Furthermore, the DGs can comprise small units of photovoltaic, wind
turbines, and diesel generators (Ahmadi et al., 2020).

The placement of DERs and size determination is crucial in cost minimization and

technical losses incurred during the generation's tenure. (Sharma & Singh, 2020)
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indicated that optimal placement of DERs can be performed through various
techniques, including numerical and mathematical methods. According to the same
authors, the numerical method is more straightforward in implementation but lacks
combined cumulative results and planning. Although there are still issues with results

affected by many iterations, the mathematical method is highly recommended.

Table 2.2 is the summary of the some of the paper reviewed focusing on optimal power
dispatching of distributed energy resources in the distribution system. The elements
reviewed articles include the purpose of the paper, the methods or techniques used in
optimal power dispatching in the presence of DERs, the drawbacks of the study,
network model utilized to evaluate the proposed concepts of techniques, and lastly,
the simulation platform used for concept evaluation and validation
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Table 2.2: Summary of the reviewed literature for optimal power dispatching of Distributed Energy Resources in the Distribution System

Swarm Optimization (PSO)

Author(s) | Aim Method / Technique Drawbacks Power System Model Simulations
(Zima & | This emphasizes the EU FP7 ADDRESS | centralized dispatch-based | The potential for reducing power losses and | Physical network model | MATLAB
Ledva, proposal, which aims to establish a self- | approach balancing supply and load demand is not | of Carperone (500 | software
2013) dispatch market for active demand. The addressed. nodes)

proposal involves a market clearing process

followed by matching with distribution network

constraints to validate cleared products.
(Limouchi The proposal is centered on implementing | Droop control The topic of variability in power output from PV | 11 kV, 50 Hz grid with | MATLAB/Sim
et al., | active and reactive power dispatching systems is not addressed, and the power | three short-distance | ulink
2016) strategies for active generators within generated by such systems cannot be | distribution lines

microgrids. dispatched.
(Jobanputr | The proposal suggests assigning the active | Particle swarm | Renewable energy resources are not | IEEE 39 Bus test | Not specified
a & | power generation schedule among the | optimization addressed in optimal power dispatching, and | system
Kotwal, generating stations while considering system their potential role in the existing grid topology
2018) constraints to minimize the total cost of power is also absent.

generation.
(T. Xu et | The research introduces an asynchronous [ Alternating direction | The study did not address demand response | IEEE 33-bus and 69- | MATLAB,
al., 2019) distributed approach to economic dispatch in | method of  multipliers | or scenarios with more intricate | bus systems YALMIP, and

active distribution networks (ADNSs). (ADMM) algorithm communication delays. In addition to not CPLEX

covering the impact of renewables on
economic dispatching participation

(Lu et al.,, | The focus of this study is on developing a | An alternating direction | The impact of virtual power plants on | IEEE 33-bus | MATLAB
2019) distributed economic dispatch (ED) strategy for | method of  multipliers | commercial applications and energy markets [ incorporated with four | simulation

advanced distribution networks (ADNs) that | (ADMM)-based Distributed | has been overlooked. VPPs Fig. including a | software

have multiple virtual power plants (VPPs) using | Algorithm 69-bus  system  for

an alternating direction method of multipliers further testing

(ADMM).
(Jianetal.,, | The focus of this study is to present a | Hybrid Particle swarm | The model's role in reducing power losses | 14-bus active | Not specified
2019) framework for active distribution network | Optimization (HPSO) | during power dispatching is not addressed in | distribution network

dispatch that is coordinated and interactive, | algorithm the study

which is  structured hierarchically and

divisionally.
(Yuan et | This study presents a novel approach for | Cayote Optimization | While the study concentrates on reducing | 48 buses distribution | Not specified
al., 2020) determining the optimal allocation and sizing of | Algorithm  (COA). The | losses in the distribution network by | system

a lithium-ion battery energy storage system | technique was further | determining the location and size of BESS and

(BESS) with the primary objective of minimizing | compared to Firefly | PV, the optimal power dispatching process is

total loss reduction in the distribution system. Algorithm  (FA), Whale | not comprehensively addressed.

Optimization Algorithm
(WOA), and Particle
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(Zzhou et | The proposed study suggests using a primal- | Primal-dual gradient The simulation results do not demonstrate how | IEEE 39-Bus system | MATPOWER
al., 2021) dual gradient algorithm to solve an optimization | algorithm the system frequency is affected when one of | connected with 7

problem that jointly addresses both the generators, specifically generator 7, is | different distribution

Transmission and Distribution systems. removed. networks

Furthermore, a distributed (T&D) market-based

equivalent of the gradient algorithm is

proposed to be used for practical

implementation purposes.
(Mulleriya The focus of this study is to explore methods | BESS power dispatching, | The study utilized data from a single year, | A grid-connected | Not specified
wage & | for enhancing the economic viability of Battery | capacity sizing considering | which may limit its ability to capture long-term | residential DC microgrid
Shen, Energy Storage Systems (BESS) through | Demand Side | trends. Additionally, it did not account for the
2021) Demand Side Management (DSM) of | Management (DSM) potential impact of future load growth, nor did

residential loads. it examine the effects of different load

composites.

(Gill et al., | The aim of this study is to optimize the | ANFIS, EPSO and GA | The study does not address the role of | IEEE 33 bus radial | Not specified
2022) placement of distributed energy resources | techniques distributed energy resources (DERs) in | distribution network

(DER) in the radial distribution network (RDN) improving frequency stability or the effect of

in order to reduce power loss, enhance voltage losing a distribution network line.

profile, and mitigate issues such as system

islanding, relay tripping, and reverse power

flow.
(Kumar et | The study provides a comprehensive literature | systematic literature | The authors did not review papers that | As this is a literature | As this is a
al., 2022) review and critical analysis of the state of the | review. highlight the contribution of distributed energy | review, no simulations | literature

art in optimal multi-objective planning of resources to frequency stability. The focus of | were conducted. review, no

distributed generation installation in power the review was solely on voltage stability, simulations

networks, taking into account various factors although frequency stability is also a crucial were

such as objective functions, constraints, aspect of power system stability. conducted.

optimization techniques, DG types, distribution

models, DG  variables, mathematical

formulations, and international participation.

The paper aims to identify research gaps and

make future recommendations for robust

optimal planning of DGs, considering various

objectives and algorithms, as well as

uncertainties and testing on large and complex

distribution networks.
(Gafari The aim of this study is to utilize Particle Swarm | Particle Swarm | The study solely focuses on mitigating losses | Nigeria Distribution | A MATLAB
Abiola et | Optimization (PSO) to optimize the placement | Optimization technique to | and voltage issues in DG integration, without | network 11 kV 34-bus | simulation
al., 2023) and sizing of Distributed Generation (DG) units | reduce power losses. considering the overall improvement in grid | Ayepe feeder of the | program

in the distribution system, with the objective of stability that DGs could provide. Moreover, the | Ibadan Electricity

minimizing the total power loss in the network. study does not address reliability indexes | Distribution Company

enhancement after the integration of DGs. (IBEDC)
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2.5

The control techniques for power dispatching using Distributed Energy
Resources in the distribution grid

Distributed Energy Resources (DERS) are small-scale power generation technologies

located near or within the electricity consumers' premises. Examples of DERs include

solar panels, wind turbines, small hydroelectric generators, and energy storage

systems. DERs are becoming increasingly popular due to their ability to provide local

energy solutions, improve the grid's resilience, and reduce greenhouse gas emissions.

Control techniques for power dispatching are essential to integrate DERs into the

distribution grid effectively. Here are some of the control techniques used for power

dispatching using DERs in the distribution grid:

Demand response (Bayat et al., 2016; Short et al., 2007; Lee et al., 2018; Zhu
et al., 2021): Demand response involves controlling consumers' energy usage
during peak hours. It helps reduce the demand for energy during peak periods,
reducing the need for additional generation capacity. DERs such as energy
storage systems and smart thermostats can be used to implement demand
response.

Dynamic pricing (Althaher et al., 2022; Bielecki et al., 2022; Gupta et al., 2022):
Dynamic pricing involves charging consumers different prices for electricity at
different times. It helps to encourage consumers to reduce their energy usage
during peak periods when prices are high. DERs such as smart meters can be
used to implement dynamic pricing.

Forecasting and scheduling (Worral et al., 2016; Kabiri-Renani et al., 2022;
Konstantin O, 2021; Anaadumba et al.,, 2021): DERs can be scheduled to
operate during periods of high demand or low supply to optimize their usage.
Forecasting techniques can be used to predict energy demand and supply,
which can help in scheduling the operation of DERs.

Voltage regulation (Roy et al., 2012; Bhusal et al., 2021; Khunkitti et al., 2022):
DERs such as solar panels and wind turbines can cause voltage fluctuations in
the distribution grid. Voltage regulation techniques can be used to control the
grid's voltage levels and ensure the system's stability.

Load balancing (Boyle et al., 2018; Moreno Jaramillo et al., 2021; Silva et al.,
2021; Rodrigues & Garcia, 2023): Load balancing involves balancing the
energy supply and demand in the distribution grid. DERs, such as energy
storage systems and electric vehicles, can balance the load and ensure the
grid's stability.

Islanding detection and control: Islanding occurs when a small section of the

grid continues to operate even when the rest of the grid is disconnected. This
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can be dangerous for utility workers trying to repair the grid. DERs can be used

to detect islanding and control the operation of the grid to prevent islanding.

Overall, the control techniques for power dispatching using DERs in the distribution
grid involve using advanced monitoring and control systems to manage the energy
supply and demand in the system. These techniques help to ensure the stability and
reliability of the distribution grid while maximizing the benefits of DERs.

The utilization of DERs for power dispatching starts with the classification of the types
of DG that can be used for this function. According to (Shaaban et al., 2013), the DGs
can be divided into two categories: synchronous generator-based, such as diesel and
natural gas, and inverter-based, such as fuel cells mini-turbine generators. (Xu et al.,
2021) indicate that the power generated through dispatchable DGs can be adjusted;
however, wind and solar power are intermittent, and fluctuation is expected as they are
climate-dependent. These energy resources are regarded as non-dispatchable, and
their modeling is based on probability density. The control techniques in enabling DERs
to be dispatchable not only assist in power restoration; their dispatchable capability
also helps stabilize the power system grid as they seek to balance the load demand of
the power being generated. The wind power plant is used in (Dai et al., 2019) and
(Mditshwa et al., 2021) for participation in primary frequency control. (Bragantini, 2019)
indicates that the battery energy storage system has the potential to assist in frequency
regulation. According to the assessment (Muhammad et al., 2021), the wind power
plant can also help improve voltage stability. The voltage stability index improvement
was further validated by (Radvar et al., 2020). Solar PV can also be utilized, according
to (Alramlawi et al., 2019) and (Lusis et al., 2019), but a vigorous control scheme to
deal with active and reactive power will be needed. In their proposed models, a battery
energy storage system is incorporated to assist in dealing with system frequency

issues by dispatching active power management when required.

Table 2.3 summarises some of the papers reviewed about control techniques for power
dispatching using Distributed Energy. The elements reviewed articles include the
purpose of the paper, the methods or power dispatching control techniques used in
power system dominated with distributed energy resource, the drawbacks of the study
were highlighted, network model utilized to evaluate the proposed concepts of power
dispatching control techniques, and the simulation platform used for concept

evaluation and validation
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Table 2.3: Summary of the reviewed literature for the control techniques for power dispatching using Distributed Energy

(Onar & | Implemented a survey for the provision of | a survey aimed at | Possible control techniques or methods to be | A survey — no | A survey — No
Demirbas, | smooth transition between operation modes | facilitating a smooth | used in dispatching power from distributed | simulation network | simulation tools utilized
2022) in PV-BESS Microgrid transition between | energy resources are not emphasized by the | modelled
different operating | authors.
modes in a PV-BESS
Microgrid.
(Stanojev Introduction of a novel centralized MPC- | Multirate model | The authors did not take into account the effect | Modified IEEE 33- | YALIMP — Matlab
et al., | based controller that enables the concurrent | predictive control using | that switching may have on the total distribution | bus system, with the
2022) provision of voltage support and primary and | centralized losses.  Additionally, there was no | DER
secondary frequency control by adjusting the | MPC algorithm consideration given to the potential
setpoints of a heterogeneous group of DERs consequences for the distribution grid in the
in active distribution grids event of a main line failure.
(Panda et | A review into the Integration of Distributed | A systematic review The study focuses on the challenges of [ A review - no | A review - No
al., 2022) Energy Resources and Energy Storage frequency regulation in a power system that is | simulation network | simulation tools utilized
Systems with Smart Distribution Networks integrated with DERSs, which are intermittent in | modelled
Using Demand-Side Management nature. However, the study does not review
highlighting gaps in the research and any existing control schemes that could
possible prospects potentially overcome these challenges.
Additionally, the available power dispatching
mechanisms are not addresse
(Sharma & | Development of a virtual power plant (VPP) | Virtual power plant | The analysis is limited to dynamic models with | Physical network | DER-CAM
Mishra, model for the 11 kV distribution networks, | (VPP) integration durations ranging from seconds to hours, and | model-11 kV
2022) which assists the utility in flattening its does not take into account grid stability control. | distribution
demand profile and permits high integration While the study shows that deploying DERs | networks
of grid-connected DER in a secure manner can significantly improve feeder loading by
reducing peaks, it does not address losses.
(Mondal et | Design of a brownfield microgrid and the | microgrid controller | The study has a broad scope focusing on | Not specified Not specified
al., 2022) control framework to manage diesel | with brownfield microgrids, and it does not delve
generators and renewable sources as well as into the specific composition of the microgrid
demand and storage assets controller or provide mathematical models.
However, it does identify the variables that are
being controlled within the microgrid.
(Patel et | Development of  distributed  control | Distributed control | The model analysis does not take into account | IEEE123-bus OpenDSS simulator
al., 2022) architecture for distributed energy resources | architecture cluster for | frequency stability or service restoration after a | system and thelEEE
(DERS) that include photovoltaics (PVs) and | distributed energy | disturbance in the grid. 8500-bus system
battery energy storage systems (BESSs). | resources (DERs) that
The control architecture is based on the | include photo- voltaics
virtual clustering of DERs to provide power | (PVs) and battery
balance (minimizing the net load (generation | energy storage
load) in each cluster) considering the BESS's | systems (BESSSs)
state of charge.

23



2.6

2.7

Comparative analysis and discussion on the developments in the existing
literature

The literature reveals that there has been immense workaround utilization of DERs for
improving the power system stability and service restoration. Various methodologies
for DERs placement and sizing are also proposed. Multiple algorithms are proposed to
find the best place for DERs in the power grid. Possible techniques to be used in
dispatching power from DERs are highlighted. However, there needs to be more
evidence to deploy these DERs. These techniques are primarily theoretical and lack
practical implementation to prove their validity.

From the literature reviewed, no specific consolidated scheme is developed to enable
the optimal power dispatching of DERs to enhance grid stability while improving the
service restoration to the loads. In addition, wind power plants and solar energy
penetrate at a high rate in the power grid, and their intermittent nature limits their
participation in service restoration and stability. However, the proposed work seeks to
address the issue of the utilization of energy resources in all activities in the power
system on the grid to enhance reliability, restoration, and stability with a battery energy
storage system. Furthermore, using a battery energy system will also help maintain the
service when these energy resources cannot produce power in the event of primary
resource unavailability (wind and sunlight). Moreover, DIgSILENT Powerfactory is one
of the industrial-based software that helps in concepts and techniques validating in the
research and development process; however, the utilization of this software has yet to
be used in the literature being reviewed. Therefore, to prove the validity of techniques,
methodology, and algorithms performed, software like DIGSILENT can be used to

perform such studies.

Summary

The literature review showed a gap in developing and implementing the control scheme
on various power system simulation platforms to validate proposed philosophies. The
proposed research study aimed to develop a control scheme that can enable the
smooth dispatching of power to ensure grid stability and improve service restoration.
Furthermore, it has been noted in the literature reviewed that there needs to be more
work on control development studies using DIgSILENT PowerFactory simulation
platforms. Most of the research work conducted was done using MATLAB simulation
platform. DIgSILENT simulation platform offers an interactive network simulation to
observe the dynamics found in power system. Therefore, this research study will also
contribute immensely to the utilization of PowerFactory simulation platforms in

developing control schemes.
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CHAPTER THREE
DISTRIBUTION NETWORK MODELING AND OPERATION ANALYSIS

Introduction

The distribution network configuration is traditionally configured in a vertical structure.
In the vertically configured power system, the power flow is uni-directional, meaning
that it only flows in one direction, from the generation on top through the transmission
system to distribution for consumption, as indicated in Figure 3.1. Since the power
delivered at the distribution system is transported from a generation located far away,
losses during transmission are encountered. However, the quality of supply needs to
be satisfactory. Therefore, the power quality variables that are constantly monitored

are the system frequency and voltage.

Generation m—
| |
| |
Transmission (e N IS . .
i |
i |

l i
! v

.
P -

Figure 3.1: Vertically configurated conventional Power system configuration with power
flow

The impact of inadequate supply quality is realized at the distribution level by
consumers, where their equipment can be operated below or over the rated voltage

and frequency levels.

Therefore, it is essential for the power system planners first to model the system and

study its behavior under various conditions to which the power system can be
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subjected. The distribution network analysis needs to be evaluated under the steady-
state condition and dynamic state to understand its response broadly under multiple
conditions aiming at determining the power flow and the overall system loading
(Georgilakis et al., 2021).

The chapter's structure can be summarized as follows: Section 3.1 serves as an
introduction to the topic at hand, while section 3.2 provides an overview of the
distribution network modeling approach. Section 3.3 delves into power flow analysis,
and section 3.4 discusses the optimal placement of Distributed Energy Resources. In
section 3.5, the modeling approach for different types of distributed energy resources
is covered. The chapter concludes with section 3.6, which provides a summary of the
key points discussed in the chapter.

Distribution network modeling approach
The modeling approach for the distribution system starts with representing all the
system components in a single-line diagram to understand their mathematical modeling

and operation.

Load modeling

Load modeling represents the mathematical relationship between the power and the
voltage in the load bus of concern. There are various load types, and their behavior and
configuration are different. The load composition varies; some loads are purely
resistive, others are more inductive, and some are more capacitive. The dominating
component within the load configuration influences the dynamic response behavior to
system changes (Stork & Mayer, 2017), (Abo-Al-Ez et al., 2012).

The modelling of the distribution network requires all load types to be configured to
ensure that they can smoothly operate under various conditions, considering the
dynamicity that these load types bring to the network. (Arif et al., 2018) provided a well-
coordinated load model configuration, which can be used to analyze the distribution
network operation. It is essential to note that the categories of the distribution network
operations are of dynamic and static natures. The application of the load is critical when
evaluating the dynamicity of the network. For this research, the static load model is

used as it can be used to study both steady-state and dynamic-state network behavior.

3.2.1.1 Static load model

The static load types include the exponential, constant-impedance, constant-current,
and constant-power (ZIP) load model, and frequency-dependent models. In addition,
there is an interlink between these three models, which are static based and mainly

used for steady-state and dynamic studies (Georgilakis et al., 2021).
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e ZIP model mathematical representation:
4 4
P=P0 al(vo) +a2(V_O)+a3
2

0= oo () +os (1) 4o

a; - ag are the polynomial coefficients, V represents the actual voltage magnitude,

2 (3.1)

while V,, Py, and Qo present nominal voltage, active power, and reactive power,
respectively.
The model presented by Equation (3.1) is a polynomial zip model, and the other models
can be developed using the same equation. For example, the co-efficiencies are
disregarded in the exponential model, while on frequency-dependant types, the load
model is multiplied by the frequency factor. The frequency factor is given by:

Factor = [1+ as(f — fo)] (3.2)

f represents the system frequency measured on the busbar, f, is for nominal
frequency, while a, represents the frequency-sensitivity parameter.

The load model can still be extended by incorporating all the model types, meaning
integrating the exponential and frequency dependant features within the polynomial ZIP

model.

Line and cable modeling
Other critical components of the distribution are the distribution conductors. These
components ensure that the power is delivered to the customer by enabling the power
flow to the load. They can be configured as overhead lines or underground cables
(Pavana & Triveni, 2015). Overhead lines are separated and are running in parallel to
one another. Each phase has its dedicated conductor on overhead lines; while
underground, all phases can be grouped in one cable and separated through the
insulation.
Overhead lines are cheaper than underground lines on the initial cost and installation;
however, underground cables have much more advantages than overhead lines. These
advantages are the following:

¢ No maintenance required

e Less susceptible to outages

e Environmental preferred in urban areas
The conductor used for overhead lines and underground cables can be copper or
aluminum. The overhead line model is similar to the transformer series impedance

equivalent circuit, except that shunt capacitance is not considered for overhead lines
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(Mditshwa, 2021). On the other hand, the nominal = model is used for underground
cables, and the shunt capacitance is considered.
The conductor selection to be used in distribution depends on various characteristics.
According to (Georgilakis et al., 2021), the following factors need to be considered:

e The conductor type; is either an overhead line or an underground cable

e The material of the conductor and its crossectional area

e The series impedance per unit length

e Current carrying capacity

e The nominal operating voltage.

3.2.3 Transformer modeling
Power transformers are found in power generation, transmission, and distribution
systems to transfer voltage from one level to another through electromagnetic induction
(Georgilakis et al., 2021). For the distribution application, they step down the primary
voltage to a lower level at the secondary voltage. The equivalent transformer circuit is
presented in Figure 3.2 as a series impedance. These distribution transformers have
less reactance and are more resistive due to their rated power capacity. This is why the
power losses are considerably low.
R WX'eq

O—/\/W—NV'Y'\—O

Vi Vv,

O O

Figure 3.2: Transformer equivalent circuit (Koutsoukis et al., 2021)

The equivalent circuit impedance Z’., for the distribution transformer can be

determined using Equations (3.3) to (3.6) (Georgilakis et al., 2021):

Z'oq =Reqg+jX'eq (3.3)
R'eq =Ry +R'y= R +a°R, (3.4)
X'eqg=X1+X'1= X, +a%X, (3.5)
g _NK_bk (3.6)

N, V, I

R, and R, denote the primary and secondary resistance, respectively, while reactance
for primary and secondary are represented by X; and X, respectively. a is the turns

ratio of the transformer.
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Power flow analysis

After the distribution network modeling, the power flow simulation needs to be
executed. The aim of performing this simulation is to determine the operation of the
network during steady-state. Therefore, the network loading, such as line loading,
transformer loading, and bus voltage constraints, can only be analyzed after the power
flow is executed.

Various methods of performing power flow analyis exist. However, most are limited by
network complexity. The most prominent used methods are the Gauss-Seidel and

Newton-Raphson Iterative methods.

Gauss-Seidel iterative technique

The gauss-seidel iterative method is developed to provide solutions to non-linear
algebraic equations. In this method, the value of voltages is guessed to calculate the
value of a particular variable, such as current, real, or reactive power (Adejumobi &
Hamzat, 2013). Then, the value of the voltage that has been guessed is set to the initial
calculations. These calculations are recurring until iteration convergence is achieved.

Finally, the new value of the voltage is calculated using Equation (3.7).

psSch _ ipsch 3.7
ey _ N &0
v = :

¢ XY

where, j # i.

Gauss-Seidel iterative technique uses Kirchoff's current law. At the sending end, it can
be assumed that the current flowing into the bus is positive, also PF* and Q$¢"* which
represent the active and reactive power, respectively. But at the receiving end, the
active and the reactive will have a negative polarity due to the flow direction. The active

and reactive power can be determined using Equations (3.8) and (3.9).

X n n 3.8
PO _ Real [Vi *) {Z -y Vi(k)}] (3.8)
i=0 ji

. n n 3.9
0+ = Imaginary [Vi ) {Z - Z ”Vi(k)}] (3.9)
j= ji

where, j #i.

The power flow can also be presented using a bus admittance matrix, which can be
diagonal and non-diagonal configured. For example, Equation (3.10) is the equation to

calculate the voltage using bus admittance matrix elements.
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where, j # i.

To further simplify the equation, the rectangular form of complex numbers presents
other elements of the bus admittance matrix. The real and imaginary powers are shown
in Equations (3.11) and (3.12)

n
PO+ _ Real [Vi*(k) {Vi*(")Yu - yijVj(k)}]
i=1,j=1 (3.11)

x . n 3.12
Ql.(k+1) = Imaginary [Vl () {Vl (k)Yil- + Z Vi jVj(k)}] ( )
i=1,j=1

where, j # i.
3.3.2 Newton-Raphson iterative technique

This iterative power flow method uses a non-linear equation approximated to linear
equations through Taylor series expansion. This method is more effective in
convergence analysis compared to other iterative techniques. In addition, this method
is more reliable because it can solve events resulting in divergence. With this method,
power flow results are populated quickly, provided that the acceptable values are close
enough, making it more reliable than others (Adejumobi & Hamzat, 2013) and
(Jegatheesan et al., 2008). However, its disadvantage is that if values obtain through
iteration are not as close; it can take a long time to finish the computation. This iterative
method uses non-linear equations, and the bus admittance matrix approach can be
used to solve the power flow. The current flow at bus i of the system can be calculated

using Equation (3.13), which is in polar form.

n 3.13
Il' :Z. 1|Yl]||VL|AGLJ+6] ( )
]=

The real and reactive power can then be determined with I;, substituted as expressed
in Equations (3.14) and (3.15). The real power is:

n 3.14
PFZ. Willvi|[¥is| cos (6 = 6 +8)) o
]=

And the reactive power is given as:

. | 3.15
Qi=Z- 1|Vi||Vj||Yij|5m (0 — 6; + ) o
]=
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Equations (3.14) and (3.15) above are non-linear and algebraic equations expressed
in terms of voltage per unit and & is expressed in radians. However, these two equations

can be expanded further through the Taylor series to form a linear equation.

The distribution network is prone to disturbances ranging from natural to human-made.
Therefore, developing innovative models that will enable the power system to remain
stable following these disturbances is essential. Development concerning distributed
energy resources is at a fast rate. Distribution planners must develop fundamentally
innovative funds to deal with this high penetration of renewable energy. Their
remarkable contribution to distribution enhancement is acknowledged; however, their
placement is crucial in ensuring they optimally deliver power to the grid (Sadeghi &
Abasi, 2021; Gautam et al., 2020; Georgilakis & Hatziargyriou, 2013; Selim et al.,
2020).

Optimal placement of Distributed Energy Resources

The placement of Distributed Energy Resources depends on the primary purpose set
by the distribution planner. The advantage of these energy resources is that they can
be integrated closer to the load, which limits the power loss due to distribution to a more
extended range of distances and reduces the infrastructure required for power
distribution, such as distribution lines and underground (Xiaoyu et al., 2014) and
(Georgilakis & Hatziargyriou, 2013).

Various methods exist to determine the placement of distributed energy resources. One
effective tool to assess the place of the energy resource is the static approach using
QV and PV curves (Manjul, 2018), by identifying the weakest bus in the network (Roy
et al., 2012). This method is effective primarily in studies relating to voltage and

frequency stability.

QV curve approach for placement of Distributed Energy Resources
The QV curve approach is performed by ramping the load until the power flow cannot
converge, and then the system continues to yield toward the voltage collapse point

(Aziz et al., 2010). It should be noted that when the load demand increases, it negatively
affects the sensitivity factor, Z—g, of reactive power concerning bus voltage and it can
decrease to voltage limit point as indictated in Figure 3.3. Finally, at the voltage
instability point, the sensitivity % is zero, indicating the critical point of operation, and if

the load demand increases further, the system will collapse (Huang et al., 2007). The
distance between the minimum threshold of the reactive power and the voltage is

known as the reactive power margin.
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Figure 3.3: Reactive power and voltage (QV) curve (Roy et al., 2012)

3.4.2 PV curve approach for placement of Distributed Energy Resources

3.5

The PV curve also follows the QV curve approach, except that on the PV curve, the
active part of the load increases until the Pload which refers to the power demand
reaches the Pmax, and at Pmax is the stability point. If the load continues to grow, the
system will become unstable. It should be noted that, as soon as the voltage surpasses
the critical voltage (Veitca), the power system will be unable to recover its stability and
slow down load equipment operation. Figure 3.4 shows the relationship between power

and voltage as load increases.

v4 MW distance to
\ critical point
Stable region
Veritical —— Stabilitv Limit —
Unstable region
Overatine Point Prax p

Figure 3.4: Active power and Voltage (PV) curve (Rahman et al., 2013)

Utilizing both approaches to identify the most vulnerable bus in the distribution network
can help to adequately allocate the distributed energy resources to assist to strengthen

distribution grid stability.

Modeling of Distributed Energy Resources
The distributed energy resources are mostly renewable energy based. It is worth

knowing how we define Renewable Energy in a simplified version. It is a source of
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environmentally friendly electrical energy that has less impact on climate change, and
its power is not depleted when used. This energy is mainly generated through natural
resources such as wind, sun, rain, and tides. Figure 3.5 illustrate the distributed energy
resource, such as wind and solar energy system with substation where they can be

integrated.

Figure 3.5: Solar and Wind energy (Donald & Anning, 2021)

The benefit of renewable energy is that this technology is sustainable, and the power
generated through these energy resources will never be depleted as long as the sun
and wind are available. Renewable energy facilities generally require less maintenance
than traditional generators. Renewable energy technologies are often composed of
clean energy sources with less environmental impacts than fossil-fuel-based
conventional energy technologies. Renewable energy resources produce little to no
waste products such as carbon dioxide or other chemical pollutants and are cost-

effective.

The disadvantages of renewable energies are related to the challenges to generate
guantities of power that are as large as those produced by conventional fossil fuel
generators. In addition, renewable energies are often climate-based reliant for their
power source, meaning that no wind, sun, or water means no power. This is true for
wind, solar, hydro, and geothermal energy except for the Bioenergy and Waste to

Energy technologies.

Wind and Solar are the most prominent energy resources currently used worldwide.

The technology is at its maturity stage, and primary resources such as the sun and
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wind are available worldwide. It is, therefore, pivotal to understand their basic modeling
and operation.

Wind energy system modeling

Wind energy is described as the kinetic energy of wind used to drive wind turbines and
generate electricity (Pérez-denicia et al., 2017). Wind turbines produce electricity
through an aerodynamic rotor which is mutually connected to an electric generator
(Pérez-denicia et al., 2017). A gearbox is used to vary the speed of the turbine rotor.
Most recent wind turbine designs have three blades rotating on a horizontal axis;
however, they are also available in two blades (Pérez-denicia et al., 2017). Figure 3.6
below illustrates the gearbox model and the parts of the whole wind turbine system.

Figure 3.6: Wind turbine generator gearbox drive-train illustration (Lacal-ar, 2015)

Wind energy can be generated through land-based wind turbines (onshore) or offshore
wind turbines. Both configurations have a low environmental impact compared with
other generation systems such as gas and coal-fired (Pérez-denicia et al., 2017).
Wind turbine-generated power output P,.(t) can be mathematically expressed as
follows (Singh et al., 2016):

0 V(@) SVporV(t) = Veour (3.16)
_ I rw Viat < V(t) < Veout
PWt(t) B V(t) - Vcin
Prw— < V(t) < Vrat

rat — Vein
From Equation (3.16), B is the rated power out of a single wind turbine, V,;, is the cut
in rated speed, V,,; represents the rated wind speed, while V,,,,; is the furling speed
and V(t) represent the wind speed at the desired height. The wind speed at the hub
height depends upon the geographical location, which also differs from the reference
height. Further, it is expressed as (Singh et al., 2016):

V(t) = V(t) (%)y (3.17)
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Where V(t) represent the wind speed at height Hy,r, V,.(t) is wind speed considering
friction while H,. is the reference height, and y is the friction coefficient. The typical
friction coefficient y is 1/7 for low roughness, surface, and well-exposed site.

Onshore energy illustrated in Figure 3.7 below denotes the power generated by
turbines installed on land. In contrast, offshore energy refers to the power generated

by wind turbines installed in the ocean (Pérez-denicia et al., 2017).

y S 4@”""?&«

Onshore Offshore

Figure 3.7: Onshore and Offshore Wind Energy System (Okedu & Okedu, 2018)

The mechanical output power of the wind turbine generator can be calculated using
Equation (3.18).

1 (3.18)
Pn=5 pAC,U3

Where B, is the mechanical power output of the wind turbine, C,, is the power

coefficient, U, is the wind speed, p is the air density, and A, represents the blade sept
area which can be calculated using equation 3.19, where is the rotor radius.
A =1 X R? (3.19)

The integration of distributed energy resources requires the incorporation feasibility
study based on the energy markets to verify whether the investment is implementable.
The return on investment is also essential to consider so that their implementation is

not at a loss.

3.5.1.1 Cost of production
The Levelized cost of electricity is an important economic indicator to compare the cost
of different production types of electricity calculated in terms of the price per unit of
electricity output (R/MWh), and It also includes carbon, fuel, capital, and other sources
of cost (Mohsin et al., 2018). The Levelized cost of electricity can be measured by the
annual cost of energy production divided by energy production annually (Mohsin et al.,

2018). By increasing wind resources, the total cost remains constant, but the price per
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unit of energy will decrease. The annual fixed charge rate transfers the lump-sum

investment into an annual payment.

Solar energy system modeling

Solar energy is extracted from sunlight radiation and converted to electrical power,
which can be utilized to meet the energy requirement (Pérez-denicia et al., 2017).
Sunlight can be captured by three types of technologies of solar energy, which are as
follows (Pérez-denicia et al., 2017): photovoltaic (PV), concentrated solar thermal
(CST), and solar heating and cooling (SHC). Power gets generated through sunlight
rays that strike a semiconductor, the PV cell, and solar energy is produced into direct
current (DC) electricity through the photoelectric effect. CST generates electricity by
capturing sunlight heat and gets channeled to collectors that focus the heat to boil the
liquid, creating a steam that drives a turbine that generates electricity. Finally, the Solar
Heat and Cooling system is based on thermal energy produced from the sun eating the
solar hydrocubes, usually placed on roof top to heat water, and with the heat captured,
space heating is also achieved, or pool heating. Additionally, these technologies can
also reach air-conditioning needs using two techniques called thermally driven chillers
and desiccant cooling systems. Figure 3.9 shows these three solar energy
technologies.

[sor |

Photovoltaic Solar Heating Concentrating
(PV) and Cooling Solar Thermal
| ]
I l I l l Solar 1hermal
Dye- Crystalline| Organic/ Hybrid Thin Thermally Open cycles g e
sensitized| Silicon Polymer PV cell Film driven chillers
| ! | | | | [ 1 ——
Mono- Poly- Amorphous cds/ Parabolic Fresnel Power Solar Dish
Crystalling Crystalling] i Silicon CdTe CB/CaS Trough Mirror Tower Collector
|
| | ]
Single Double Triple

Junction Junction Junction

Figure 3.8: Technologies of solar energy (Pérez-denicia et al., 2017)

The power output of a solar PV panel F,,¢, depends on solar radiation, and it can be
specified as follows (Singh et al., 2016):

Gn(t) (3.20)
Gs

Where B? represents the rated power output of the solar PV panel, Fj,¢ is loss factor

P51 (t) = PP X Fipgs X

of the solar PV panel due to shadow, dirt, temperature etc, G, (t) is the solar radiation
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incident captured hourly at the surface of the solar PV panel (W/m?) and G; is the base
value of incident radiation (1000 W/m?).

The variability of renewable-based energy results in these energy resources being
unreliable to be utilized as a base load supply, as is the case with fossil-fuel-based
generation systems. Therefore, it is necessary to consider an alternative to strengthen
and enhance the renewable energy system's reliability, security, and supply quality.
The energy storage system is considered the best option to incorporate these variable
energy resources. Therefore, battery energy storage has been widely used as a
suitable energy storage technology.

Battery energy storage system modeling

Energy storage technology can play a prominent role in the complete chain from
generation, transmission, and distribution to end users (Rohit & Rangnekar, 2017). This
technology can help increase energy access, including availability in distance areas,
and improve quality, reliability, energy security, and performance.

Energy storage may reduce standby fossil fuel generators for peak demand and reduce
carbon emissions and pollution. In addition, energy storage can help utilities better
manage and mitigate possible load shedding. These technologies integrated with solar
PV can smooth the output, reduce intermittency, and help maintain grid stability (Rohit
& Rangnekar, 2017).

Various energy storage systems are available, but the main focus is on the battery type.
Battery energy storage (BES) in power systems refers to the secondary batteries cells
comprising a pair of opposite electrodes dipped in an electrolyte. They can store and
provide energy through reversible electrochemical reactions (Nikolaidis & Poullikkas,
2018). BES systems are divided into lead-acid, alkaline, metal-air, high-temperature,
and lithium-ion (Nikolaidis & Poullikkas, 2018). Since the invention of valve-regulated
lead acid (VRLA) batteries, banks of up to 36 MW are already being utilized for power
generation from RES, as they achieve higher than that of flooded-type specific energy
and depths of discharge with negligible maintenance requirements (Nikolaidis &
Poullikkas, 2018).

Lead toxicity and sulfuric acid are still the main concerns and may restrict this battery
type from being indefinitely used. Nickel-cadmium (NiCad) and nickel-metal-hydride
(NiMH) represent the main alkaline batteries (Nikolaidis & Poullikkas, 2018). On the
other hand, nickel-cadmium batteries are widely used in portable and stationary
applications providing higher specific energy and longer cycle life (1500—-3000 cycles)
compared to lead-acid (Nikolaidis & Poullikkas, 2018).0n the contrary, except for the
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higher cost, its maximum capacity and whole life are subjected to the memory effect.
They thus cannot be repeatedly recharged after being partially discharged (Nikolaidis
& Poullikkas, 2018).

Metal-air batteries are expensive, and a concern is probable fire due to the high
reactivity with humid air. Furthermore, it is challenging to be recharged and offers a
limited cycling capability of a few hundred cycles, along with a pretty low efficiency of
relatively 50% (Nikolaidis & Poullikkas, 2018).

The other type of battery storage technology is lithium-ion; its high cost and the
prohibitive for their lifetime deep discharging are the main drawbacks of lithium-ion
batteries that restrict their use in large-scale applications (Nikolaidis & Poullikkas,
2018). In addition, the disadvantage of battery energy storage systems is their
sensitivity to high temperatures. Hence they are equipped with the Battery Energy
Management Control System (BEMCS) to facilitate protection against overvoltage,
temperature, and over-current (Nikolaidis & Poullikkas, 2018).

However, with the production and domination of product usage, its direct cost decrease
as the technology evolves and becomes affordable. This is true for lithium-ion batteries,
as outlined by (Khunkitti et al., 2022). Battery energy storage operation depends on two
factors: the state of charge and the state of health. These two factors are significant in
maximizing the battery life span. Therefore, the battery sizing and its life span
determination are important before considering integrating them into the grid. The
battery size and life of the battery can be calculated using Equations (3.21) to (3.23),
respectively (Khunkitti et al., 2022).

max _ pmin
BESSizeqewn) = EBDOT; (321
ETa* represents the maximum value for BESS, ER™is the minimum value for BESS
while DOD,,,, present is the depth of discharge of BESS. This is usually about 80% of
the rated capacity to avoid high temperatures during the charging and discharging of

the battery (Khunkitti et al., 2022).

Battery life can be calculated using cycles, which are the indicators of its performance.

1 Y4|Ep — Ep(t — 1) (3.22)
Cycle = =
2 DODpygy - BESSsize(kWh)

The battery life in years is then calculated using Equation (3.23). The cycle of the
battery is 3221, while D, which indicates days of operation throughout the year, is 365
days.

Cycle life 823
BESS.ife(years) = m
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Battery Energy Storage Systems are used worldwide to deal with the intermittence of
electrical power generated through renewable energy resources. And they also offer
ancillary services such as frequency and voltage support, peak-shaving, energy
arbitrage, etc (Moyo, 2018). Moreover, their dispatchable capability helps maintain the

power system on its stability margin.

Summary

To begin modeling a functional system, the first step involves examining the existing
literature, which provides the necessary theoretical information for the modeling
process. This chapter provides an overview of the theory required for modeling a
distribution system, along with the available equipment models. Additionally, the
chapter discusses the theory behind various types of distributed energy resources such
as wind power, solar PV systems, and energy storage systems like battery energy
storage, along with their corresponding mathematical models. The chapter also

explores the criteria for determining the placement of distributed energy resources.
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CHAPTER FOUR
NETWORK MODELING, STEADY-STATE AND DYNAMIC STUDY
SIMULATION ANALYSIS

Introduction

The distribution system network needs to be modeled and simulated to study its
operation under different conditions. This study aims to validate the equipment
performance and the entire grid operation to ensure that, when practically implemented,
they can achieve their functions as anticipated. Various simulation tools or software are
available to model and analyze the network operation. This software includes ETAP,
MATLAB, Powerfactory DIgSILENT, RSCAD FX and RTDS simulator, Powerworld

Simulator, etc. Each software has its advantages and disadvantage.

Digsilent simulation software has been well used in industrial network simulation for its
robustness and user friendly. Various tools exist to perform multiple analyses. In
addition, there are specific simulation tools precisely for distribution and transmission
applications. Two particular tools are used, time-based, to analyze the network
behavior under dynamic conditions. One of them is the quasi-dynamic simulation. This
simulation tool is used to analyze the network behavior for a long time. In quasi-dynamic
simulation tools, the load profile needs to be known and is based on probabilistic
analysis. However, to study network behavior dynamicity for a short period, Root-Mean
Square (RMS) simulation is used. These tools help to perform network analysis for both
steady-state and dynamic states (Rueda et al., 2014; DIgSILENT, 2020; Mditshwa et
al.,, 2021). This tool (DIgSILENT) was adopted to analyze distribution under various
contingencies in this research study. The analysis of this research study is performed
using a modified IEEE 33 bus distribution network (Ponocko, 2020).

This chapter is structured as follows: section 4.1 is the introduction of the chapter,
section 4.2 covers the distribution network modeling. Section 4.3 is the steady-state
analysis to investigate the network operation before any disturbances are introduced,
section 4.4 covers the dynamic state, where load demand increase is introduced, and

results are recorded and analyzed. Finally, section 4.5 is the conclusion of the chapter.

Distribution network modeling

The decision to select the modified IEEE 33 bus distribution network was based on its
ability to closely resemble a real distribution network that is configured in a radial
manner. By utilizing this network in the DIGSILENT simulation software, it is possible to
assess the impact of various line types, distances between substations, and load

models on the behavior of the distribution network in real time. Therefore, the selection
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of this network is essential for accurately studying and understanding the dynamics of

a real-world distribution network.

The load data is shown in Table 4.1 with its associated busbar. In addition, a
synchronous machine (generator) is included as a modification to the existing IEEE
network. The aim of introducing the synchronous machine is to ensure that the general

characteristics of a conventional distribution system are emulated.

Table 4.1: IEEE-33 Bus network Load data (Jelena Ponoc¢ko, 2020)

Busbar Load MW Mvar MVA
10 L10 0.06 0.02 0.06324555
11 L11 0.045 0.03 0.05408327
12 L12 0.06 0.035 0.06946222
13 L13 0.06 0.035 0.06946222
14 L14 0.12 0.08 0.1442221
15 L15 0.06 0.01 0.06082762
16 L16 0.06 0.02 0.06324555
17 L17 0.06 0.02 0.06324555
18 L18 0.09 0.04 0.09848858
19 L19 0.09 0.04 0.09848858
2 L2 0.1 0.06 0.116619
20 L20 0.09 0.04 0.09848858
21 L21 0.09 0.04 0.09848858
22 L22 0.09 0.04 0.09848858
23 L23 0.09 0.05 0.1029563
24 L24 0.42 0.2 0.4651881
25 L25 0.42 0.2 0.4651881
26 L26 0.06 0.025 0.065
27 L27 0.06 0.025 0.065
28 128 0.06 0.02 0.06324555
29 L29 0.12 0.07 0.1389244
3 L3 0.09 0.04 0.09848858
30 L30 0.2 0.1 0.2236068
31 L31 0.15 0.07 0.1655295
32 L.32 0.21 0.1 0.2325941
33 L33 0.06 0.04 0.07211103
4 L4 0.12 0.08 0.1442221
5 L5 0.06 0.03 0.06708204
6 L6 0.06 0.02 0.06324555
7 L7 0.2 0.1 0.2236068
8 L8 0.2 0.1 0.2236068
9 L9 0.06 0.02 0.06324555

The line data is illustrated in Table 4.2. The data shown include the line’s impedance,
resistance, and reactance.
Table 4.2: IEEE-33 Bus network line data (Jelena Ponoc¢ko, 2020)

Line ohm degree ohm ohm

1 2 L1-2 0.064568 27.01071 0.057525 0.029324
2 3 L2-3 0.345195 26.9912 0.307595 0.156668
3 4 L3-4 0.256266 26.9894 0.228356 0.1163

6 5 L5-6 0.675054 40.80231 0.510995 0.441115
8 7 L7-8 0.46747 18.28747 0.44386 0.146685
7 6 L6-7 0.403365 73.16844 0.116798 0.386085
11 12 L11-12 0.246036 18.29717 0.233597 0.077242
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9 10 L9-10 0.798414 35.3295 0.651378 0.461705
10 11 L10-11 0.129193 18.29499 0.122663 0.040555
14 13 L13-14 0.558598 52.77562 0.337917 0.444796
16 15 L15-16 0.576578 36.13951 0.465635 0.340039
15 14 L14-15 0.493633 41.66971 0.368739 0.328185
17 18 L17-18 0.580384 38.10188 0.456713 0.358133
21 22 L21-22 0.73323 52.89904 0.4423 0.584805
19 20 L19-20 1.26331 42.02129 0.938508 0.845668
20 21 L20-21 0.392903 49.43725 0.255497 0.298486
28 29 L28-29 0.665461 41.06165 0.50176 0.437122
27 28 L27-28 0.880879 41.40204 0.660736 0.582559
26 27 L26-27 0.19898 26.98293 0.177319 0.090282
32 33 L32-33 0.393317 57.25281 0.212758 0.330805
31 32 L31-32 0.297516 49.37151 0.193728 0.225799
30 31 L30-31 0.85476 44.6629 0.607952 0.60084
29 30 L29-30 0.355352 26.99251 0.316642 0.161285

2 34 L2-34 0.064568 27.01071 0.057525 0.029324

6 26 L6-26 0.14214 26.99265 0.126656 0.064514
24 25 L24-25 0.709839 38.04239 0.559037 0.437434
23 24 L23-24 0.713903 38.29618 0.560284 0.442425

8 9 L8-9 0.791304 35.69525 0.642643 0.461705
12 13 L12-13 1.16543 38.19515 0.915922 0.720634
16 17 L16-17 1.341564 53.16742 0.804239 1.073775
4 5 L4-5 0.266842 26.99045 0.237778 0.121104

3 23 L3-23 0.340957 34.34435 0.281515 0.192356
34 19 L19-34 1.26331 42.02129 0.938508 0.845668

The general power system characteristics influence the behavior of the distribution
network on system disturbance. The most influential component is the generation
system. The fault level, transient response, and general disturbances such as line fault
and generator trip differ from system to system based on the dominating generation
machines. Therefore, the synchronous machine replaced the external grid representing
the distribution source to emulate the power system characteristics. Table 4.3 indicates
the data for the synchronous generator used as the source of the modified IEEE-33

bus network.

Table 4.3: Grid source data

Busbar MW Mvar MVA MVA p.u.
Gl 1 1.851 0 1.851 10 1 1

The modeled modified IEEE 33 bus network is illustrated in Figure 4.1. The distribution
network topology is radially configured. The network diagram was modelled using
DIgSILENT. The modeled network needs to be evaluated for its operation under
steady-state first. This analysis considers the loading of the lines, busbar voltages,
transformer, and generator loading. The aim of stead-state simuation is to assess the

network performance, and its contrainst before any introduction of disturbances
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Figure 4.1: Modified IEEE-33 Bus network modeled using DIgSILENT
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4.3

Power-flow and steady-state analysis of the distribution network

The steady-state simulation was performed to analyze the network behavior. The
simulation results obtained indicate the distribution network operating within acceptable
operating limits. Conformance with the distribution grid code is essential; for example,
the busbar voltage in the power system needs to be maintained within = 10% of its
nominal value (NERSA, 2019). This means the distribution voltage needs to be kept
within 0.95 and 1.05 pu. Figure 4.2 is the distribution network simulation under steady-
state. It can be noted that from bus 14 to bus 18, the system voltage is at a critical
operating point, and 0.95 pu is the lowest acceptable operating voltage according to
the grid codes, as indicated in Figure 4.2. Other essential features to be noted are the
legend block and heatmap illustration, where the system loading limit is displayed in
Figure 4.2. For example, the lower voltage is shown as 0.9 pu, which is blue, while for
higher, it is shown as 1.1 pu, which is red. The equipment's loading can only be

indicated when operating.

The busbar voltage was further illustrated in Figure 4.3, where the busbars that has the
lowest voltage were noted. All these busbars are the weakest in the system, but they
are still within the operating limit, with busbar 18 being the lowest. Busbars 1, 2, 19, 34,
etc are the highest in the system, but they are not more than 1pu.

Additional results obtained during steady-state simulation analysis are shown. Figure
4.4 (a) is the total system load, while (b) illustrates the bus voltages for both busbar 3
and 18. Figure 4.4(c) is the system frequency and (d) indicates the current grid losses

during steady-state analysis.
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Figure 4.4: System behaviour during steady-state operating condition - (a) Total system load, (b) Bus 3 and 18 voltages, (c) System Frequency,

and (d) Total Grid losses in a steady-state condition
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4.4

44.1

Dynamic-state analysis of the distribution network

The dynamicity of the distribution network needs to be evaluated to ensure that
appropriate measures to safeguard the network instability phenomenon can be taken.
Most of the contingencies that occur in the distribution network include line outages and
load and load demand increases (Papasani et al., 2021). The line outages can be a
result of a plan event or unplanned event (Y. Xu et al., 2019). The planned events have
periodic maintenance of distribution infrastructure. However, the unplanned outage is

a consequence of a fault event.

Load demand increase case study

Various case studies were used in the distribution system to study its behavior to
significant disturbances such as a load demand increase and line outage. For example,
case study 1 is the load demand increase, aiming to evaluate the network behavior
under this condition. The load demand increase is applied to all loads in the system.
1% active and reactive power is spread throughout the load, and the ramp interval is
used per load increase stage. Fifteen stages have been used based on long-term
system evaluation, and the 15 steps can be presumed as in years, assuming an

occurrence of a 1% load demand increase per year.

Table 4.4; Load event case study

S S S % %
Stage 1 to 15 10 30 5 1 1

The load demand increase event was implemented, and the results in Figure 4.5
illustrated the system response to the disturbance. Figure 4.5 (a) represents the total
system load under a dynamic state. Initially, the load demand was ramped from 7.12
MW and reached 8.24 MW before the system collapsed at T=341s. The load demand
increase negatively affects the bus voltage, as indicated in Figure 4.5 (b). The system
voltage drastically decreased as the load demand kept on increasing. The system
frequency decay is also shown in (c); at T=257s, it is the point of system collapse
considering the system frequency. At this point, load-shedding implementation can be
initiated. Load shedding is the last defense mechanism in ensuring that the power
system is kept stable at its acceptable operating level (Rudez et al., 2015; Sigrist et al.,
2012; Mditshwa, 2021). Moreover, the grid losses have risen from 0.11MW to 0.15MW,
as indicated in Figure 4.5 (d)
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Frequency, and (d) Total Grid losses
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4.5

Summary

The distribution system requires a more technical approach to enhance its reliability
and supply security. The current network operation is in radial topology, and there is no
alternative supply point if the n-1 contingency can be required. Therefore, an
improvement in the system voltage is needed. The lowest operating voltage on steady-
state conditions is 0.95 pu at bus 18. There is also a need to improve the overall system
stability as more active and reactive power is required to keep the system stable.
Distributing distributed energy resources has more advantages than static var
compensators. The static var compensator can also improve the system voltage;
however, the distributed energy resource with an energy storage system can facilitate
both active and reactive components to the grid. The system improvement approach to

enhance the distribution system stability is covered in Chapter 5.
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5.2

CHAPTER FIVE
PLACEMENT OF DISTRIBUTED ENERGY RESOURCES, AND
SIMULATION ANALYSIS

Introduction

Introducing the renewable energy system to traditional power systems has brought
more system complexity in operation and control; however, their significant contribution
to enhancing grid stability is also released. The contribution of these energy resources
can be realized when they have been adequately integrated into the grid. Distributing
energy resource placement is critical for optimal power dispatching (Meriem et al.,
2021).

The proper siting of the distributed energy resources can improve the system’s
performance and decrease overall power losses. Another critical aspect that needs to
be evaluated is the sizing of these energy resources. When additional power is injected
into the grid, over-voltage and over-frequency can take place. Therefore, the energy
resource that needs to be integrated into the grid must improve the distribution grid on
the following attributes: reliability, security, and resilience. The distribution grid must be
reliable enough to maintain the power system when a disturbance occurs. In terms of
security, when the system experience power outages due to a planned or unplanned
event, an alternative supply route needs to be established and service restoration must
happen as quickly as possible. Moreover, when it comes to resilience, the grid needs

to remain stable post-disturbance.

The structure of this chapter is as follows: section 5.1 is the chapter’s introduction,
section 5.2 covers the strategy of placing distributed energy resources using the static
approach, and section 5.3 covers the development of the control scheme enabling the
participation of distributed energy resources in power dispatching and voltage
improvement while section 5.4 covers the evaluation of the control scheme under

dynamic state events. Lastly, section 5.5 is the conclusion of the chapter.
Placement of distributed energy resources strategy using a static approach

The sequence of distributed energy resources can be approached in various
alternatives. Usually, the siting of these energy resources is algorithmically based.
Though these energy resources are algorithmic-based, conventional methods are still

applied.

PV and QV curves are the most widely used approaches to determine the weakest
busbar in the system. This method is robust and efficient in determining the most

vulnerable busbar, which helps to find a suitable and sustainable solution to enhance
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the system’s reliability and resilience. (Siyanda Mnguni, 2020), used the PV curve
method to find the critical operating point of system voltage before it reached the
instability point. Therefore, this method was also adopted to determine the system’s
most vulnerable busbar in the grid. The most strained busbar was found in the

distribution network using the flowchart presented in Figure 5.1.

Activate the
project

Activate
Transmission
Network Tool

Run PV
Curve
Calculation

[ Execute PV Curve ]

Plot for all busbars

Figure 5.1: PV Curve execution flowchart

The most susceptible busbar was selected based on the results obtained through the
PV Curve method, which is performed by ramping the active power transfer in the grid.
By doing so, the busbar voltages decreased as the active power transfer increased.
The most affected busbar was then selected. As a result, bus 18 was identified as the
weakest busbar in the distribution network, as illustrated in Figure 5.2. Within Figure
5.2, the initial voltages before the active power transfer increase took place are shown.
When the active power transfer was executed, the voltage at bus 18 decreased to a
collapse point of 0.3753605 pu.

52



[p.ul - Bus 1
L Bus 10
1 Bus 11
L Bus 12
Bus 13
[ Bus 14
r Bus 15
0.9 Bus 16
L Bus18 Bus 17
L rasew Bus 18
| 0.9491567 p.u. us 19
Bus 2
0.8 Bus 20
r Bus 21
= Bus 22
Bus Voltage Bus 23
0.7 Bus 24
’ Bus 25
[ Bus 26
r Bus 27
= Bus 28
0.6 Bus 29
L Bus 3
F Voltage collapse Bus 30
L point Bus 31
Bus 32
0.5 Bus 33
r Bus 34
L Bus 4
L Bus 18 Bus 5
04 45.09131 MW Bus 6
R Stable system 0.3753605 p.u. Bus 7
Ff~—f " """ - - T rrrrTTTmTmTTTT T - Bus 8
L unstable system Bus 9
0 5 10 15 20 25 30 35 40 45 50 55 [MW]

Active Power Transfer

Figure 5.2: Modified IEEE 33 Bus PV Curve characteristic

The QV curve was also applied to determine the voltage collapse point based on the
reactive power transfer function for the same busbar. Figure 5.3 indicates the flowchart
used to determine the critical operating point of the system when the reactive power

transfer was increased.

Run QV Curve
Calculation

Step 1

Execute QV

Curve Plot

Figure 5.3: QV curve flowchart

As a result, it was observed that the voltage collapse point based on reactive-power
transfer was 0.529 pu, as indicated in Figure 5.4, and the regions of operation, such as
stable and unstable regions, are also shown. The turning point of the curve is when the

system reaches an unstable region, and there is no more convergency.
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The PV and QV curves have been used to identify the distribution’s weakest busbar
and optimally integrate the distributed energy resources. As a result, PV and battery
energy storage systems were selected as suitable distribution and energy storage
systems, respectively. The model is demonstrated in Figure 5.5, where the PV system
shares the busbar with BESS at low voltage. The voltage is further increased using the

PVD1 transformer, as shown in the figure.

2
| L17-1 Bq_

0
I
|
3

Trf PVD1

e e e e e —— —— —— — — — —

Figure 5.5: Integrated PV and BESS on modified IEEE 33 Bus Distribution Network
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Furthermore, the integration of the energy system has brought an improvement in power

system reliability and stability. The system voltage was improved, as indicated in Figure
5.6. All the bus bar voltages are above the minimum acceptable level of 0.95pu.

9 O ® 9 Q
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N\t
The bus voltage results presented in Figure 5.6 indicate the PV system’s contribution

H Bus Voltage following integration of PV and BESS
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Figure 5.6: Bus voltage after integrating the PV and BESS
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to the distribution grid. BESS is, however, utilized to provide ancillary service when a
disturbance occurs. Under the steady-state condition, the BESS is not expected to

deliver any power to the grid. The load flow results are shown in Figure 5.7.
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Figure 5.7: PV and BESS under steady-state simulation
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Ideally, distributed energy resources are primarily climate-based and intermittent by
nature. These energy resources are widely used only to provide energy when it is
available. Their participation in ancillary service is also limited due to their configuration
and operation. It is, therefore, pivotal to consider other alternatives to facilitate the

function of ancillary services, such as voltage and frequency support.
Development of the control scheme for power dispatching and voltage support

The need to develop a control system that will enable the dispatchable distributed
energy resource to participate in grid ancillary services is of uttermost importance. As
indicated in Figure 5.7, the BESS is integrated into the grid to support the system to
always maintain its stability; however, this system requires an additional control loop to
provide the expected services fully. Therefore, a control scheme is proposed to enable
power dispatching from the BESS for distribution grid support. The control scheme is
developed using DIgSILENT simulation software, and control signals fed to it include

the system frequency and the bus voltage at the critical busbar.

Using DIgSILENT simulation software, the control frame to map the inputs to the control
scheme was modeled. Furthermore, the block function was used to develop the control
logic. Finally, the main control scheme uses the proportional and integral (PI) function
control to eliminate the control error. The developed control scheme operates as
follows: when a disturbance affects the system frequency and voltage, the error signal
is sent to the PI control, reducing the difference between the input and the output
signals while improving the system stability. This is done for both voltage and
frequency. Therefore, the control scheme is divided into two parts: the first is for

frequency control, and the second is for voltage support.

Figure 5.8 is the control frame demonstrating the input signals mapping to the control
scheme. The system frequency is the same throughout the network; hence there is only
one signal fed for frequency; however, the bus voltage is different through the network,
and bus voltage from the far end of the radial was selected as the control signal. These
busbars include 18, 33, and 22.
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Figure 5.8: Input signals to the control scheme

The input signals indicated in Figure 5.8 are sent to the primary control scheme; the

mathematical operation of the system is shown in Equations (5.1) and (5.2).

Af = frop — f ®-1)

(5.2)

AV = Vyominat — Vmeasured

Where ff , is the nominal system frequency (50Hz), and f is the measured system

frequency. Vi, ominas » 1S the nominal voltage, while Vi, easured » 1S the measured voltage
at the busbar. The PI control mathematical model is expressed in Equations (5.3) and
(5.4).

t 1
y0 =y (frer = 1)+ | rer = At s )

1
A+ sTD) (5.4)

In Equation (5.3), yo is the output control signal for frequency, while yo1l is the control

t
yol = [Kp Vnominat — Vmeasurea) t f (Vnominat — Vmeasurea) dt]
0

output signal for the voltage. The frequency and voltage control output signals are
further processed through a low-pass filter. The control scheme modeled on Digsilent
block functions is shown in Figure 5.9, which also represents the control scheme’s

mathematical model from Equations (5.1) to (5.4).
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Figure 5.9: Active power dispatching and voltage support control scheme function

The developed control scheme working principle is summarized in the flowchart
diagram illustrated in Figure 5.10. The voltage and the frequency are the variables of
the control scheme. The control scheme aims to keep both frequency and voltage within
acceptable operating limits and prevent the distribution grid from collapsing when it is
subjected to a disturbance. The last step of the flowchart shows that the control action
only ends when the controlled variable reaches a steady state. At this stage, the

system frequency is equal to its reference value and the same with bus voltages, as

block diagram

they need to be equal to their nominal or reference value.
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Figure 5.10: Control scheme functional flowchart

The efficacy of the developed control scheme needs to be tested under various system
conditions. This analysis is essential to assess the robustness of the developed

scheme and check its shortcomings or setbacks.
Control scheme evaluation under various disturbance events

The functionality of the proposed control scheme needs to be evaluated mainly under
a dynamic state because, during steady-state, the BESS is not supplying power to the
grid, whereby a disturbance is introduced. This is done to prove its efficacy, reliability,
and robustness. During load flow simulation, when the PV and BESS were integrated,
the results showed some improvement compared to the results presented in Section
4.3 through Figure 4.2. The heatmap is shown in Figure 5.11, which shows the system
loading. The generator loading is also decreased by the power provided by the Solar
PV plant.
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5.4.1

The case study executed in Section 5.4.1 for load incremental is used to analyze the

behavior of the distribution integrated with the PV system and BESS.
Load demand increment event analysis when PV and BESS are integrated

The total grid load demand is increased by 15%, and the results obtained are analyzed.
Considering Figure 5.12 (a), when the load demand was increased, the BESS
responded to the disturbance by dispatching the active power required, as shown in
Figure 5.12 (b). the demand increase led to a change in system voltage; however, with
support from the PV system and BESS, the voltage fluctuation was stabilized and
controlled. Nevertheless, due to the increase in power demand, and the distance to the
load, which requires additional supply capacity, for example, load 2 is the biggest in the
system; therefore, when the demand increases, more power is needed to be supplied
to it. Hence the losses increase from 0.14MW to 0.4MW, as indicated in Figure 5.12(d).

Thus, the placement of the bulk load needs to be closer to the supply point to eliminate
power losses during power transfer. Moreover, the system frequency was brought to
its initial state following a 15% load demand increase to the entire distribution grid.
Therefore, system frequency is also forming part of the controlled variables of the
control scheme for power dispatching. As a result, the control scheme maintained the

system frequency between 50Hz and 49.9Hz, as shown in Figure 5.12 (c).
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Figure 5.12: System behavior following 15% load demand increase - (a) Total system

load, (b) Bus 3 and 18 voltages, (c) System Frequency, and (d) Total Grid losses
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As the load demand increased, the BESS started to dispatch power to support the grid
on its ancillary services, such as frequency and voltage. As indicated in Figure 5.13 (a),
the active power dispatching started to increase as the load demand continued to
increase. As a result, the total active power dispatched reached 1.86MW. On the other
hand, the BESS initially provided a reactive power component for a short period and

suddenly dropped as the bus voltages reached their steady-state level.

Figure 5.13(b) illustrates the contribution of the PV system during the dynamic-state
event analysis. The PV system, as indicated earlier, provides power to the grid when
sunlight is present. However, the intensity of solar radiation is intermittent and climate
dependent; hence, under these dynamic conditions, the PV system continues to supply

a constant amount of power to the grid for both active and reactive power.
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Figure 5.13: System behavior following 15% load demand increase - (a) BESS Active
and Reactive Power, (b) PV System Active and Reactive Power in a dynamic-state

condition

The BESS is only configured to support the power system with ancillary services.
Hence it only provides power to the grid when there is a disturbance. This configuration

aims to overcome the issues of distribution grid voltage and frequency instabilities. The
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contribution of both the PV system and BESS to the distribution network when it is

subjected to load demand increase disturbance is illustrated in Figure 5.14.
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Figure 5.14: Power output of PV system BESS following 15% load demand increase

Summary

Maintaining distribution grid stability is a crucial aspect that requires constant
monitoring to ensure reliable and uninterrupted power supply. When the distribution
grid experiences any disturbance or interruption, it must be resilient enough to
overcome the disruption and restore its stability. To achieve this, a thorough evaluation
of the system's robustness must be carried out, taking into account all possible

disturbances and contingencies.

In this chapter, the focus was on studying the contribution of distributed energy
resources in enhancing the stability and reliability of the distribution system. The results
of the study demonstrated that the control scheme developed to enable power
dispatching from battery energy storage systems (BESS) significantly improved the

distribution network's stability and reliability.
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To ensure the distribution network'’s reliability, it is essential to assess its performance
under contingency scenarios. This evaluation helps strengthen the network's ability to
restore services and recover from any disturbance efficiently. The reliability analysis
involves determining how long it takes to restore services after a disturbance and how
frequently the network experiences disruptions. This analysis enables us to understand
how the network operates when one of its components is out of service, whether due
to a fault or planned maintenance, and provides a basis for improving the distribution

service restoration process.

In summary, maintaining distribution grid stability is critical to ensuring reliable and
uninterrupted power supply, and a thorough evaluation of the system's robustness is
necessary to achieve this. The use of distributed energy resources, such as BESS, can
enhance the distribution system's stability and reliability. Finally, assessing the
distribution network's reliability under contingency scenarios is crucial to improve the
service restoration process and strengthen the network's resilience to disruptions.
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6.1

6.2

CHAPTER SIX
DISTRIBUTION SYSTEM SERVICE RESTORATION ENHANCEMENT
APPROACH THROUGH NETWORK RECONFIGURATION

Introduction

Distribution stability is one of the prominent features that the distribution grid needs to
possess (Wang et al., 2022). This feature was discussed in Chapter 5, and various
methods were applied to prove the efficacy of the proposed control strategy applicable
to enhance the distribution system stability. However, when the network experiences
heavy disturbance, the control measures are exhausted, and eventually, power
outages and service restoration need to be executed as quickly as possible.

Service restoration is the mechanism to restore the electrical energy supply to the
customers following a power outage resulting from a planned or unplanned event. The
distribution possesses this attribute, resulting in the network being regarded as reliable.
Therefore, evaluating and developing methods to enhance the distribution service

restoration is essential.

This chapter covers the cutting-edge approach to enhance the distribution system
service restoration. In improving service restoration, the network reconfiguration
strategy is adopted as the first alternative mechanism, which is outlined in Section 6.2.
Furthermore, the deployment of distributed energy resources to improve service
restoration is also presented in Section 6.3. Section 6.4 covers the utilization of
distributed energy resources in a reconfigured distribution network to enhance service

restoration. Finally, Section 6.5 concludes the chapter.
Distribution network reconfiguration

Distribution network loads evolve with time, which should be the same as distribution
network reconfiguration to accommodate new load compositions. The network
reconfiguration requires the distribution system planners to develop a redundant
system that can help in the event of an emergency, such as a power outage, to return
the service to the customers. This approach requires more investment, and is defined
as infrastructural development. Redundancy in the distribution network is meant to offer
an alternative supply route if the one in service is inactive. The redundant system
approach helps to improve the supply interruption frequency. Another critical aspect
that motivates network reconfiguration is the supply outage duration. Network
reconfiguration assists in enhancing supply restoration as the network is the
equipment's typical open point which can be used to pick up customer while fault-

finding and repairs are taking place (Wu et al., 2022).
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When planning distribution network reconfiguration, distribution reliability indices such
as the System Average Interruption Duration Index (SAIDI) and the System Average
Interruption Frequency Index (SAIFI) need to be applied (Prettico et al., 2022). Another
critical aspect to consider when using these indices is the history of the power outages.
These are the outages that occurred in the past that need to be known. This will help
to understand how much energy was lost, the time taken to return the system to the
customers, and how frequently the power outage occurs. This classification will also
help to determine the need to invest in network reconfiguration, considering how much

revenue has been lost due to power outages (Agarwal et al., 2022).

The PV and QV curve static approach used in Chapter 5 to identify the most critical
busbar in the system is also used to determine the common point of coupling the
distribution line. Bus 18 is also selected as the common coupling point of all the
distribution lines to form a ring network. The normal open points are also configured in
Bus 18. Figure 6.1 illustrates the reconfigured network operating in a steady state
where additional distribution lines are shown. The additional lines are highlighted in
yellow graphic illustration.

The parameters of the selected additional distribution line, line A, line B, and line C are
shown in Table 6.1.

Table 6.1: Additional distribution line data (Line A, B, and C)

ohm degree ohm Ohm
Line A 33 18 0.064568 | 27.01071 | 0.057525 0.029324
Line B 25 18 0.064568 | 27.01071 | 0.057525 0.029324
Line C 22 18 0.064568 | 27.01071 | 0.057525 0.029324

As indicated in Figure 6.1, the additional lines are active, but their circuit breakers are
currently open at Bus 18. The aim of developing this configuration is to ensure that,
when one line is on either part of the network, the customer supply can be re-routed

using the normally open lines, which serve as a backup.
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6.2.1

The normal open points were then closed to assess the system load flow when all the
lines were in service and when the system was operating in a ring topology. Figure 6.2
shows the system voltage before and after the reconfiguration. During this analysis, the
distributed energy resources were out of service, and the new additional distribution
lines were implemented. As a result, the bus voltage improvement is observed. In
addition, all the system busbars are now above the minimum of 0.95 pu, which is the
requirement for the distribution grid code.

EBus voltages before p.u.
EBus Voltages after p.u.

o o o o o
© © © © ©
a = ~ © © =

Busbar Voltages (p.u.)

o
©
=

AR IO R VTN PP P PR RD PN Do) XS 6A B

Number of busbars

Figure 6.2: System voltages when the grid was operating at steady-state with new
additional lines

The operation of the reconfigured distribution network needs to be evaluated on both
steady-state and dynamic-state conditions. This is done to check if there is any
improvement to the network. Therefore, the distribution network is analyzed first based

on n-i contingency.
n-i dynamic simulation and analysis

The n-i contingency analysis is performed to assess the network reliability when one of
the critical components is lost. The distribution system's critical components include
lines, cables, and power transformers. The contingency can also be applied when a full

distribution substation is out of service.

This analysis is performed by eliminating one component of the distribution system, in
this case, the distribution line. Finally, the contingency analysis is performed following
the sequence presented in Table 6.2, where the first trip condition is implemented on
line 2-34 at t=10 s; after that, a close command is issued to close the circuit breaker for
line B at Bus 18 at t=50 s. Next, at t=100 s, line 3-23 is taken, and following this event,
restoration is also performed by closing line A. Finally, line 27-28 is tripped at t=200 s,

and for supply to be restored to the affected customers, line C is closed at t=250 s.
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Table 6.2: Switching events

S
Trip 1 L2-34 10
Close 1 Line B 50
Trip 2 L3-23 100
Close 2 Line A 150
Trip 3 L27-28 200
Close 3 Line C 250

The system response to the switching event is indicated in Figure 6.3. The
contingencies case shown in Table 6.2 is when the system operates without support
from the distributed energy resource. The system voltage collapsed on the second trip,
and the voltage collapsed to less than 0.95 pu. On the last event trip and close line C
closing event, the system voltage could not be recovered, and the result of the voltage
was recorded as 0.85 pu, as shown in Figure 6.3 (b). The disturbance introduced also
influenced the grid losses, which rose from 0.11 pu to 0.35 pu after all the switching
events. The system frequency also oscillated during the switching events; when the
load was lost, the system frequency rose to 50.3Hz, with some switching transients
which reached above 50.4Hz, and after the whole switching events, the frequency
stabilized at 50.11Hz.
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Figure 6.3: System response following switching events without BESS support-
(a) Total system load, (b) Bus 3 and 18 voltages, (c) System Frequency, and (d) Total
Grid losses
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6.3

The voltage results for each busbar are shown in Figure 6.4, and it can be seen that
the bus voltage before the contingency was operating within the acceptable range
between 0.95 pu and 1.05 pu. However, after the switching event, most of the busbar
voltage collapsed to a level that was too low, below 0.85 pu. At this point of the case

study, it is challenging to recover the distribution network.
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Figure 6.4: System voltages before and after the switching event following distribution
grid reconfiguration

Deployment of distributed energy resources to improve service restoration
before the distribution network reconfiguration

The event described in Table 6.2 is applied once the network returns to its radial
configuration and the normally open point on busbar 18 is activated. This analysis aims
to assess the impact of distributed energy resources on the restoration process. As
shown in Figure 6.4, the voltage on busbars 18 to 24 and 28 to 34 dropped to 0.85 p.u.
or less. Although the integration of the PV system improved the voltage from below
0.85 p.u to above 0.9 p.u, it remained below the acceptable minimum voltage of 0.95
p.u. as indicated in Figure 6.5. At this point, the BESS was integrated into the
distribution grid, but its controller was not functioning, so the BESS did not contribute

any power to the grid.
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6.4

M Bus voltage after switching without PV system
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Figure 6.5: System voltages before and after the switching event with PV system
support

The PV support for voltage stability is inadequate, as the system voltage is still very
low. Therefore, the battery energy storage system (BESS) is needed to support the PV
in stabilizing the distribution grid. The exploitation of BESS is based on voltage support
and system frequency support.

Utilization of distributed energy resources enhancing reservice restoration on a
reconfigured distribution network

Distributed energy resource has the advantage of being integrated into the load,
enabling them to be dispatched as quickly as possible to quench any instability in the
distribution system. It has been observed that the distributed energy resources that lack
the capability of dispatching cannot assist in enhancing service restoration. These
energy resources do not provide additional power required by the grid when a
disturbance occurs; however, they can only offer electrical energy when available.
Solar PV was evaluated, and its limitation in regards to power dispatch capability, and

when it was used, the system voltage showed a small improvement.

Battery energy storage can store the excessive amount of power fed to the distribution
grid, and this power can be used as the system operating conditions change. For more
power capturing, it is recommended that the battery energy storage is placed close to
the energy resource. For this study, BESS was placed close to the Solar PV system.
This approach was implemented to capture the power from the PV when the system

condition enables to reuse this power when the load demand changes.

The battery energy storage system has several operational advantages which help to
ensure that the distribution is operated within its operating limits. First, the BESS
addresses the low voltage event that the PV could not cover in Section 6.3. The same

contingency applied in Section 6.3 is repeated to assess the contribution of the BESS.
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After the control scheme was activated, the distribution system operating conditions
were improved from those highlighted in Section 6.3. The system voltage was
enhanced in all the busbars to 1pu. This is due to the reactive power support from the
battery energy storage system. Figure 6.6 (@) illustrates the impact of the switching on
the overall system load demand. Therefore by tripping L2-34, the overall demand
decreases, and the system frequency increases as there is less demand, as indicated

in Figure 6.6(c). As shown in figure 6.6 (d), the losses also dropped.

The system dynamics are changing as the switching events change. Figure 6.6(b)
illustrates the impact of the switching events on bus voltages, and worth noting that
after the switching events, the bus voltages were restored without the distribution
network collapsing. The system frequency dropped from 50Hz to 49.79Hz, as indicated
in Figure 6.6 (a), flowing the switching events as shown in Table 6.2, and this level of
system frequency is still within the acceptable level in terms of the distribution code
standard. Still, it is not fully recovered to its nominal value of 50Hz. The load reached a
new steady state of 7.4MW compared to an initial value of 7.1MW. This is due to the
load swing that occurred, and the load flow direction changed following the switching

events after the network was reconfigured and strengthened by additional distribution

lines.
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Figure 6.6: System response following switching events with PV system support (a)
Total system load, (b) Bus 3 and 18 voltages, (c) System Frequency, and (d) Total Grid

losses

72



The BESS's contribution to improve the system’s stability is illustrated in Figure 6.7 (a),
where the reactive power contribution is shown. The PV provides constant power to the

grid as indicated in Figure 6.7 (b).
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Figure 6.7: PV System and BESS without the control scheme following switching event

Figure 6.8 shows the distribution network after the switching event, and the heatmap
indicates the system loading. The contribution of the BESS and PV system has
significantly improved the distribution stability following switching events highlighted in
Table 6.2. The analysis of figure 6.8 is done in conjunction with figure 6.6. Following
the switching events, the bus voltage on busbabr 18 improved from 0.85.pu, as
indicated in figure 6.3, to 1.03p.u, as shown in figure 6.6. In figure 6.8, the color legend
is now more green and light orange since the bus voltage is above 1p.u, as indicated
on the color legend in figure 6.8. The network remained stable after the switching
events, leading to its new radial configuration by closing the normally open circuit

breakers or switches positioned at busbar 18.
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Automation in the distribution network needs to be exploited to enhance service
restoration. The following case is considered for an intelligent distribution network with
automation capability to improve the power outage duration and restoration. In Table

6.3, trip and close events are deemed to be co-occurring.

Table 6.3: Switching events

S
Trip 1 L2-34 50
Close 1 Line B 50
Trip 2 L3-23 150
Close 2 Line A 150
Trip 3 L27-28 250
Close 3 Line C 250

The results shown in Figure 6.9 follow the automation sequence whereby line 12-34
tripped, and immediately, the normally open point for Line B at Bus 18 was closed. This
event was followed by trip 2 at Line 3-23, and line A close instantaneously. Lastly is trip

3, which isolated Line 27-28, and close command was issued to Line C.

Figure 6.9 shows the network simulation results following the automation switching
event indicated in Table 6.3. Figure 6.9(a) is the total load demand of the distribution
network. Following the switching events, the load demand with some losses increase
by 0.1MW from 7.1MW to 7.2MW. But these results are relatively low compared to
those obtained when there was no contribution of DERs, and network configuration as

indicated from previous chapters and in figures 6.3 and 6.6.

The DERs have also significantly contributed to voltage stability following the switching
events, as figure 6.9(b) indicates. Before the switching event, the bus 18 voltage was
0.967p.u. After the switching event, this voltage improved to 0.991 p.u. Bus 22 and 33

remain stable as close as 1pu.

The system frequency remained stable before and after the switching event, as the
BESS contributed additional active power to balance the supply and load demand, as
indicated in figure 6.9(c); the amount of active power contributed to recover the system

frequency is shown in figure 6.10 (a)

The system frequency remains stable for the duration of the series of events. This is
true for the system voltage as well. However, the power losses increased from 0.078
MW to 0.22 MW, as Figure 6.9 (d) shows. These losses are relatively taking into
account that these are the results following switching events; therefore, the contribution

of DERSs is also noticeable in this regard.
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Figure 6.9: System dynamic-response following a switching event with control scheme
activated - (a) Total system load, (b) Bus 18, 22 and 33 voltages, (c) System Frequency,
and (d) Total Grid losses

Furthermore, Figure 6.10 demonstrates the contribution of the BESS in (a) and for the
PV system in (b). The initial power output from BESS was 0 MW, which rose to 0.17
MW. The reactive power from BESS increased from 0 Mvar to 2.83 Mvar. At the same

time, the PV remained constant in power dispatching.
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Figure 6.10: System dynamic-response following a switching event with control scheme

activated - (a) BESS support and (b) PV System support
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6.5

Robustness and reliability assessment

The system's robustness and reliability were analyzed using the composition of two
different events over time. First, the line outages and the load demand increase were
considered during the disturbance initiation. The aim is to assess the distribution
network behaviour under a series of events. The vigorous assessment helps to analyze

the efficacy of the developed control scheme under various contingencies.

Table 6.4: Switching events

S
Load

demand All loads 10-430
Trip 1 L2-34 450

Close 1 Line B 450
Trip 2 L3-23 500

Close 2 Line A 500
Trip 3 L27-28 200

Close 3 Line C 200

As indicated in Figure 6.11, the 15 steps load events were initiated, and later, line
outages with immediate restoration through the normally open point were also included
in the simulation. As a result, the total load demand was increased from 7.1 MW to 8.8
MW. During load demand increase, the BESS supported the system frequency with the
control scheme. After the whole series of events, the system frequency returned to its

nominal state of 50Hz, as demonstrated in Figure 6.11 (c).

During the load demand increase, the bus voltages were maintained at their initial
values after the line trip and service restoration. The voltage was improved to 0.99 pu
on buses 18, 22, and 33, as indicated in Figure 6. 11 (b). The total grid load decreased
from 0.078 MW to a new value of 0.059 MW, as shown in Figure 6.11 (d).
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Figure 6.11: System behaviour following load demand increase and switching events -
(a) Total system load, (b) Bus 18, 22, and 33 voltages, (c) System Frequency, and (d)

Total Grid losses

Figure 6.12 depicts the distribution network following a rigorous assessment aimed at
demonstrating the effectiveness of proposed methodologies in enhancing the network's
robustness. The network's performance was evaluated extensively by gradually
increasing the total load demand by 15% in increments of 1%. Subsequently, a
switching event was carried out, and the distribution network remained stable. Notably,
none of the network's parts experienced any thermal overload, and no busbars

recorded low voltage readings.

78



Wi 7100 W 870'0
JBAW 0 T JBAW GO
MW €0 MW 60-

V)i G€0'0
1eAN €0

A

V1 0L0°0 W SE0°0
JBAN 1°0 JBAN €70~
MINZ0 MW L0

V48000 VM ZL0'0
JBAW L0 JEAN 10"
MNZ0 MW Z'0-

AN 0°0 JEAW 0°0-
MW 10 MIN L0

v $00°0 V1 000°0
JBAN 0°0 JBAW 0'0
MW L0 MW OO0

p.u.
0.95 p.u.
0.9 p.u.
1.05 p.u.
1.1 p.u.

Loading Range

IBO %
100. %

Voltages / Loading
Lower Voltage Range
1.

Upper Voltage Range

. 1. p.u.
u

PV System BESS

0.3MW 0.1 MW

.6 Mvar 0.1 Mvar

0.029 KA o.o% kA
L14

0.0 MW 0.1 MW
0.7 Mvar 0.0 Mvar
0.031 kA 0.003 kA

0.7 Mvar 0.0 Mvar
0.031 kA 0.003 kA

-0.3MW 0.3 MW
0.5 Mvar -0.6 Mvar
0.029 kA 0.029 kA

2.9

-
-
-

0.004 kA P
D T}

0.1 MW
0.0 Mvar
0.4 MW 0.3 MW
0.5 Mvar .05 Mvar
0.029 kA 0.029 kA

V1 920°0 V) 2€0°0
JeAN Z°0 JeAW €
MW S0 MW 90~

0.9 MW 0.2 MW
0.3 Mvar 0.1 Mvar
0,042 kA 0.013 kA
A1 MW 0.2 MW

~ 04 Mvar 0.1 Mvar
0,052 KA 0.013 kA
A3MW 0.1 MW
0.0 Mvar 0.0 Mvar
0,062 KA 0.004 kA
A4MW 0.1 MW
0.0 Mvar 0.0 Mvar
0.065 kA 0.004 kA

0.042 kA
0.062 kA

-]
©

V3 900°0
JeAN L0
MW L0

0.0 MW
0.0 Mvar
0.000 kA

0.274 kA
6.0 MW

0.2 Mvar
0274 kA
-6.0 MW
-0.2 Mvar
0.274 kA

-1.6 MW
-0.1 Mvar
0.072 kA
-0.0 Mvar
0.065 kA

v

0.008 kA

1 Mvar 0.1 Mvar
.078 kA 0.196 kA
-1.7 MW
-0.1 Mvar
0.078 kKA

*
~

Increase.

d load demand

ing an

twork robustness assessment following the switchi

Distribution ne

Figure 6.12

79



6.6

The BESS's power output increase was triggered by the disturbances introduced on

the grid, such as load demand increase first, followed by switching events adopted in

Section 6.4, in Table 6.3. As a result, the BESS contributed to 1.62 MW and 2.02 Mvar

to support both frequency and voltage, respectively, as shown in Figure 6.12 (a). The

PV system continues to supply a constant active power of 1.2 MW while the reactive

power was 0.17 Mvar as shown in Figure 6.12 (b).
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Figure 6.13: PV System and BESS active control scheme following load demand

increase and switching event

Summary

This chapter covered the approach to enhance the service restoration in the
distribution system following a power outage due to planned or unplanned events.
First, the network reconfiguration was performed to ensure the N-I contingency was
met. Next, reconfiguration alone was assessed to evaluate the grid stability and
reliability following the switching event where certain distribution lines were out of
service. It was discovered that the bus voltage is compromised when the restoration

is performed by closing the normally open point.

PV system was integrated into the grid, and the same contingency was applied.
However, the contribution of the PV system was limited as the power produced
through this energy resource is not exporting supplementary power to compensate
for system dynamics. Later, the BESS, with its active control scheme, was
implemented. As a result, there was an impressive improvement in the distribution

grid stability as the BESS dispatched the power required by the grid to maintain its
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stability criterion. Furthermore, robustness and reliability assessment were performed
to assess the contribution of BESS under various contingencies. As a result, it was

discovered that the system stability index was maintained post disturbances.

The efficacy of the developed control scheme covered in Chapter 5 can improve and
maintain the distribution grid stability, enhancing supply security and reliability.
However, to take advantage of the power generated through non-dispatchable
distributed energy resources, BESS has to be a compulsory component of such

integration to convert the system from a non-dispatchable to a dispatchable system.
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7.1

7.2

CHAPTER SEVEN
CONCLUSION AND RECOMMENDATIONS

Introduction

Stability must be maintained at all times to provide quality of supply to the customers.
Additional reliability assessment indices must be evaluated continuously to ensure that
distribution can provide good supply quality now and in the foreseeable future. Load
forecasting is the projection function to determine the relevance of the current

distribution topology in the foreseeable future.

Utilizing distributed energy resources to improve distribution grid stability is a trending
research interest. However, most of these energy resources lack the capability of power
dispatching since their power output is primarily dependent on the availability of primary

resources such as sun and wind for Solar PV systems and Wind energy, respectively.

This dissertation covers how distributed energy resources can enhance distribution grid
stability while improving service restoration following power outages. A control scheme
to enable the distributed energy resource to dispatch power to the grid when needed
was developed using DIgSILENT Power factory simulation software. The efficacy of
the developed control scheme was assessed using various disturbance contingencies.
To enhance the distribution service restoration, there was a need to consider
reconfiguration of the distribution network topology. After the reconfiguration, various
contingencies were performed to assess distributed energy resources' contribution to
service restoration. The results showed an improvement in both stability of the grid and

service restoration.

This chapter is structured as follows: section 7.1 is the introduction of the chapter,
followed by section 7.2, which covers the aim and objectives of the research study, and
section 7.3 covers the overall deliverables of the dissertation in summarized form.
Section 7.4 describes how the work covered in this dissertation can be utilized for
academic and industrial advancement. Section 7.5 outlines the future work that can be
conducted concerning this topic of interest and other elements that link up to work
covered in this dissertation. And finally, section 7.6 covers the list of publications
developed from the achievement of this dissertation output, as well as potential

publications which can be considered in the future.
Aim and objectives

The research aimed to study and develop grid integration methods for Distributed
Energy Resources (DERSs) in a smart grid. The research objectives included conducting

a literature review on current distribution system models, analyzing power system
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7.3

7.3.1

7.3.2

7.3.3

network behavior, applying DERs for smart grid stability enhancement and power
restoration, developing an algorithm for DER integration, modeling and simulating a
case study network, and investigating an algorithm performance for different operating
conditions in smart grids. The ultimate goal was to develop a control scheme that

optimized power dispatching and enhanced power system stability and restoration.

Dissertation deliverables
This section covers the summary of the work performed to achieve the aim and

objectives of the research study.

Chapter 2: Literature review

The literature review shows a gap in developing and implementing the control scheme
on various power system simulation platforms to validate proposed philosophies. The
proposed research seeks to develop a control scheme that will enable the smooth
dispatching of power to ensure grid stability and improve service restoration.
Furthermore, it has been noted in the literature reviewed that there needs to be more
work on control development studies using DISILENT powerfactory simulation
platforms. Therefore, this research study will also contribute immensely to the

utilization of PowerFactory simulation platforms in developing control schemes.

Chapter 3: Distribution network modelling and operation analysis

Examining the existing literature was the first step in beginning to model a functional
system, which provided the necessary theoretical information for the modeling process.
An overview of the theory required for modeling a distribution system, along with the
available equipment models, was provided in this chapter. Additionally, various types
of distributed energy resources, such as wind power, solar PV systems, and energy
storage systems like battery energy storage, were discussed in detail, along with their
corresponding mathematical models. The chapter also delved into the criteria for
determining the placement of distributed energy resources. In chapter four, the
equipment's performance analysis was carried out, which served to validate the
theoretical aspects discussed in this chapter.

Chapter 4: Network modelling, steady-state and dynamic study simulation
analysis

To enhance the reliability and supply security of the distribution system, a more
technical approach was required. The network operation was in radial topology,
meaning that there was no alternative supply point if the n-1 contingency occurred.
Thus, it was necessary to improve the system voltage, with the lowest operating voltage
being 0.95 pu at bus 18. Additionally, the system's overall stability needed improvement

as more active and reactive power was required to keep it stable.
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7.3.4

7.3.5

In comparison to static var compensators, distributing distributed energy resources had
more advantages. Although static var compensators could improve the system voltage,
distributed energy resources with an energy storage system facilitated both active and
reactive components to the grid. Chapter 5 covered the approach to improving the

distribution system's stability.

Chapter 5: Placement of distributed energy resources, and simulation analysis

Maintaining distribution grid stability is a crucial aspect that requires constant
monitoring to ensure reliable and uninterrupted power supply. When the distribution
grid experiences any disturbance or interruption, it must be resilient enough to
overcome the disruption and restore its stability. To achieve this, a thorough evaluation
of the system's robustness must be carried out, taking into account all possible

disturbances and contingencies.

In this chapter, the focus was on studying the contribution of distributed energy
resources in enhancing the stability and reliability of the distribution system. The results
of the study demonstrated that the control scheme developed to enable power
dispatching from battery energy storage systems (BESS) significantly improved the
distribution network's stability and reliability.

To ensure the distribution network’s reliability, it is essential to assess its performance
under contingency scenarios. This evaluation helps strengthen the network's ability to
restore services and recover from any disturbance efficiently. The reliability analysis
involves determining how long it takes to restore services after a disturbance and how
frequently the network experiences disruptions. This analysis enables us to understand
how the network operates when one of its components is out of service, whether due
to a fault or planned maintenance, and provides a basis for improving the distribution

service restoration process.

In summary, maintaining distribution grid stability is critical to ensuring reliable and
uninterrupted power supply, and a thorough evaluation of the system's robustness is
necessary to achieve this. The use of distributed energy resources, such as BESS, can
enhance the distribution system's stability and reliability. Finally, assessing the
distribution network's reliability under contingency scenarios is crucial to improve the
service restoration process and strengthen the network's resilience to disruptions.
Chapter 6: Distribution system service restoration enhancement approach
through network reconfiguration

This chapter covered the approach to enhance the service restoration in the

distribution system following a power outage due to planned or unplanned events.
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7.4

7.5

First, the network reconfiguration was performed to ensure the N-I contingency was
met. Next, reconfiguration alone was assessed to evaluate the grid stability and
reliability following the switching event where certain distribution lines were out of
service. It was discovered that the bus voltage is compromised when the restoration

is performed by closing the normally open point.

PV system was integrated into the grid, and the same contingency was applied.
However, the contribution of the PV system was limited as the power produced
through this energy resource is not exporting supplementary power to compensate
for system dynamics. Later, the BESS, with its active control scheme, was
implemented. As a result, there was an impressive improvement in the distribution
grid stability as the BESS dispatched the power required by the grid to maintain its
stability criterion. Furthermore, robustness and reliability assessment were performed
to assess the contribution of BESS under various contingencies. As a result, it was
discovered that the system stability index was maintained post disturbances.

The efficacy of the developed control scheme covered in Chapter 5 can improve and
maintain the distribution grid stability, enhancing supply security and reliability.
However, to take advantage of the power generated through non-dispatchable
distributed energy resources, BESS has to be a compulsory component of such

integration to convert the system from a non-dispatchable to a dispatchable system.

Academic and industrial application

The knowledge presented in this dissertation will help the power system planners and
operators from utility companies and private entities to make an informed decision
about distribution grid reliability and the security of supply. The research study provides
a detailed approach to enhancing distribution network stability and service restoration
using distributed energy resources. The developed control scheme will also help utility
companies to exploit as much power as possible from the distributed energy resource

to enhance grid stability and reliability.

In the academic space, the knowledge presented in this dissertation can help to build
a foundation for power system researchers to understand the current methods of
stabilizing the distribution network; furthermore, this study can be used as a reference

to further research studies.

Future work
In the future, hardware development of the proposed control scheme can be performed

to assess the efficacy of the control scheme in real-time. Furthermore, the automation

85



7.6
7.6.1

7.6.2

7.7

system for service restoration is also one of the gaps, and the proposed control scheme

hardware can be integrated with the automatic service restoration control loop.

Publications

Journal Articles

e Mkhutazi Mditshwa, Ali-Mustafa-Ali- Almaktoof, Yohan Darcy Mfoumboulou
(2023). “Voltage Stability Enhancement in the distribution grid through network
reconfiguration and strengthening.” (in progress)

e  Mkhutazi Mditshwa, Ali-Mustafa-Ali- Almaktoof, Yohan Darcy Mfoumboulou (2023)
“Placement of Distributed Energy Resources for Optimal Power Dispatching in the
Distribution System.” (in progress)

e Mkhutazi Mditshwa, Ali-Mustafa-Ali- Almaktoof, Yohan Darcy Mfoumboulou
(2023). “Contribution of Distribution Energy Resources in Service Restoration.”(in

progress)

Conference Publications

e Mkhutazi Mditshwa, Ali-Mustafa-Ali- Almaktoof, Yohan Darcy Mfoumboulou
(2023). “Optimizing Service Restoration on the Eskom Distribution Grid System
through Network Reconfiguration.” ( submitted to 6th International Conference on
Renewable Energy in Developing Countries REDEC 2023 in Lebanon)

e Mkhutazi Mditshwa, Ali-Mustafa-Ali- Almaktoof, Yohan Darcy Mfoumboulou
(2023). “Energy Efficiency and Management in South Africa: A case of resource
availability.” ( submitted to 6th International Conference on Renewable Energy in
Developing Countries REDEC 2023 in Lebanon)

Summary

This chapter summarizes the objective and expected deliverables of the research

study. Extensive and systematic literature reviews were conducted, and the theoretical

aspects of the topic were also considered. Power Factory DIgSILENT simulation
software was used to perform the model and simulations as described in the chapter.

The academic and industrial contributions of the research work are highlighted, along

with future considerations for advancing the work. Additionally, publications such as

journals and conferences are mentioned, and a list of references consulted for this

dissertation is included in this chapter.
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