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Abstract

Rural electrification has become a very important means of improving the standard of living
of rural dwellers, a process which also helps in the electrification of remote and isolated
regions. Presently, the electrification of such regions can be achieved through the use of
renewable energy. The use of renewable energy sources such as PV and wind energy is gaining
popularity as the solution to achieving the electrification of rural areas, such as the use of the
microgrid, which can be in the form of an AC or DC microgrid. The DC microgrid can be used
to connect distributed energy resources and its energy storage is considered to be an economical
system to meet consumer demand due to its benefits, namely environmental friendliness,
reliability and good performance in load distribution. The power system may experience many
faults when transferring power via overhead transmission lines to the load. When these faults
occur, it is important to detect the location and isolate the part that had experienced the fault
quickly, without de-activating the whole microgrid. The main aim of this study was to conduct
a power flow and faults analysis on a hybrid DC microgrid model with battery storage. The
hybrid energy sources for the DC microgrid are the PV system and wind energy system. Firstly,
this research conducted a power flow analysis for the hybrid DC microgrid. Secondly, a fault
analysis was carried out on the system and both the power flow and the fault analysis were
formulated through implementation in a MATLAB/Simulink environment under various
conditions in order to ascertain the stability and reliability of the system. Various
MATLAB/Simulations were carried out, including the DC single-line-ground fault and DC
line-line fault and are analysed in a designed hybrid DC microgrid power system. The results
showed that DC line-to-line and DC line-to-ground faults lead to the imbalance of DC voltage,
which is difficult to re-balance and stabilize in the system after the existence of these faults.
When these faults occurred in the system, there was immense fluctuation and unsteadiness of
output load power delivered to consumers. Moreover, wind-generated power on the generation

side was severely affected.

Based on the results and analysis of those results, the hybrid DC microgrid is seen as a
satisfactory and optimum concept for the generation and transmission of power for rural and
isolated area electrification, i.e. it can provide power to remote areas that cannot be reached by
the national grid. The study revealed, based on the analysis of results, that it has an effective
response under fault conditions. Results for a hybrid DC microgrid revealed that high quality
of power is experienced in load distribution. Also based on the results, when DC faults occurs

there is disturbance to output.
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Chapter One

Introduction
1.1 Background

The energy crisis experienced in recent times, coupled with the deterioration of the world
ecology and global warming are critical problems facing the world. This is mostly due to the
fact that there is an increasing use of the energy resources like fossil fuels which is directly
adversely affecting the natural environment as a result of the emission of carbon dioxide (CO>)
[1]. The effects of using fossils fuels, coupled with its depletion, highlight a need to explore
alternative sources of energy such as distributed energy resources (DERS), which are regarded
as clean and renewable. The demand for electricity has increased significantly over the last few
decades, which has necessitated the establishment of more power generation stations with the
corresponding expansion of the power grid to convey power to the load centres.

In addition, population growth has led to an increased demand for electricity, which means the
use of more coal-fired power stations. The operation of these power stations have adverse
effects on the environment, which directly result in pollution. To mitigate this situation and
avoid the use of long transmission lines which usually stretch for several kilometres, the use of
the concept of the direct current (DC) microgrid is explored. A microgrid is an incorporated
power co-ordination that generates power from a variety of sources in order to achieve energy
efficacy, environmental friendliness, sustainability, consistency and cost benefits [2], [3]. The
DC microgrid has proved to be a powerful distribution network solution to remedy this problem
due to its level of operation and also based on the fact that DC microgrids provide significant
benefits for electricity consumers and power grid operators. Consequently, DC hybrid
microgrid power systems are highly recommended for consideration for the future in order to
achieve low gas emission from power generation stations. The DC microgrid hybrid system

also offers the advantage of providing the bases for the interconnection of systems, i.e. for



meshing networks that are normally complex. Despite these advantages, DC microgrids
experience many faults which pose great challenges in using this form of power transfer in
distribution networks. The use of DC microgrids (MG) for power transmission has already
been proposed, as documented in [4].

Around the world, new generation capacities are being installed at phenomenal rates, driven
mainly by wind and solar energy are primary source of power. Wind and solar energy are the
primary sources of power. With the generation of more than 1000 gigawatts of wind and solar
energy in the middle of 2018, the world reached a landmark [5]. Figure 1.1 shows the rapid
increase in terms of generation capacity for the last two decades of global wind and solar

installations.

GW
1,200 Total:
1,013GW

1,000
164

800 Small-scale PV

600 Utility-scale PV

400 Offshore wind
20 I I I I I ® Onshore wind

2000 2002 2004 2006 2008 2010 2012 2014 2016 1H2018
2001 2003 2005 2007 2009 20 2013 2015 2017

307

(@]

Figure 1.1: Global wind and solar installations (2000 - 2018) [5]
A microgrid can function as a stand-alone arrangement in island mode or as part of the grid in
grid connected mode. In order to connect a microgrid to the main grid in grid connected mode,
it must be according to the IEEE 1547 standard [6] which lays out the guiding principle and
necessities for doing so. Intentionally or inadvertently, the microgrid may transform from grid
to island mode. The isolating system can isolate the microgrid from the grid if a failure occurs
on the main grid, which is an unintentional scenario. The microgrid may be deliberately
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detached from the grid for repairs purposes in the event of grid maintenance. The above-
mentioned migration and accelerating investment in renewable energy clearly reveal that

renewable energy is the way of the future.

1.2 Problem Statement

There is an evolving trends in which the use of distributed energy resources (DERs) for power
generation is gaining popularity. This has drawn much attention because it is a viable means to
cater for the constantly increasing demand for electricity consumption, which is greater than
the generation capacity. Moreover, the use of the DC microgrid has revealed a speedy
development to cater for DC load distribution. DC, when compared to AC, provides the
benefits of a no power conversion process in conventional power systems. Furthermore, there
is effective energy conversion, improved transportation capability and it can be used to access
new energy sources easily. The DC microgrid has become a new trend for the transfer of power
due to its simplicity and reliability, which is achieved through connected micro-source, battery
storage source and load distributed by the transmission of DC lines. However, the
implementation of the DC microgrid comes with many challenges and many investigations are
conducted with the goal being to develop methods to reduce or mitigate these challenges [7].
The major challenges are when faults occurs in a power system and the occurrence of these
faults necessitate the disconnecting of faulty parts in the system for the clearance of this fault.
This problem also applies to power systems used for the DC microgrid.

For this study, the hybrid DC microgrid consisting of power sources from solar and wind was
investigated. This investigation will comprise the design, modelling and simulation of the
power network. For this network, power flow analysis will be conducted on the designed

system as well as the fault analysis in order to determine the efficiency of the system.



1.3 Purpose of this Study

The increased damaging effect of fossil-fuelled power generators has necessitated the
diversification of the power industries, with emphasis on the use of renewable energy
resources. Renewable energy based on distributed generators (DGs) has the potential to plays
a significant part in power generation while also assisting in the fight against global warming.
The use of renewable energy provides various advantages such as suppleness, environmental
friendliness and expandability. These advantages have made DGs power-driven by numerous
renewable and non-conventional micro-sources an attractive and suitable option for reducing
global warming and also for configuring modern electrical grids. Microgrids are proposed as a
solution for using DGs since they are controllable and can work in together or separately from
the national grid as an integrated energy distribution system. Nevertheless, many challenges

arise in the use of microgrids, namely the stability of the system and fault occurrences.

The purpose of this study is to conduct a power flow analysis and carry out a fault analysis in
a hybrid DC microgrid: PV system and wind energy system, as well as to promote the use of
renewable energy. The hybrid DC microgrid was designed, modelled and simulated to evaluate
these tasks. The PV and wind energy systems are modelled separately and merged to form the
hybrid DC microgrid to power the system. The performance of a hybrid is analysed to assess
the stability, productivity and reliability of the system with the aid of power flow. The DC
faults analysis of the DC line-to-line fault and DC line-to-ground fault is carried out in a hybrid
DC microgrid for the purpose of ascertaining the robustness of the system. The results obtained
are from the formulation, modelling and simulations implemented on MATLAB/SIMULINK

software.



1.4 Aim and Objectives
The aims of this study in relation to the purpose for this research are highlighted as follows:

e To conduct, analytically, a power flow analysis of a hybrid DC microgrid powered by
a PV system and wind energy;

e To carry out a fault analysis on the hybrid DC microgrid: PV system and wind energy;
and

e To model a combined PV system and wind energy as a hybrid DC microgrid.
In line with the aforementioned aims, this thesis seeks to achieve the following objectives:

e To further an understanding of a hybrid DC microgrid using distributed energy
resources (DERS);

e To model, separately, a DC PV system and the DC wind energy system;

¢ In line with the above, to combine the two systems to develop a hybrid DC microgrid;

e To conduct a power flow analysis and evaluate the efficiency of hybrid DC microgrid;
and

e To analyze performance and power stability of power supply in the hybrid DC

microgrid.

1.5 Research Questions

On completion of this research, this investigation document in this report will be used to answer
the following questions:
e What is the most energy-efficient and cost-effective way of connecting a PV system
with wind energy to form a Hybrid DC microgrid?
e How does conducting a power flow analysis assist to reveal the effectiveness and

reliability of a hybrid DC microgrid system?

1.6 Dissertation Outline

The thesis is structured into five chapters:
Chapter 1-Introduction: This chapter introduces and orientates the study with respect to the
general background, problem statement, motivation and aims and objectives of the study. It

also highlights the research questions for revealing the implementation of DC microgrid.



Chapter 2-Literature Review: Chapter 2 discusses the published peer-reviewed related work.
It gives an introduction to different theories for modelling a hybrid DC microgrid. The chapter
also provides an in-depth review to the generation, transmission and supply of DC power to
the load of PV and wind energy connection. This chapter also further explains the detailed
modelling a PV and wind energy arrangement using MPPT, merging into a hybrid DC
microgrid. It also presents a review of hybrid powered power systems. In the faults that occur
in the system are also discussed.

Chapter 3-Modelling and Computer Simulations: This third chapter discusses the analytical
modelling and the computer simulations of PV systems, wind energy systems and hybrid DC
microgrid. It presents the methodology and strategies for the modelling of a hybrid DC
microgrid. The chapter also gives a detailed explanation of computer simulations of the
modelled hybrid DC microgrid, including the implemented strategies of MPPT, with the
simulations in the MATLAB/SIMULINK.

Chapter 4-Results and Discussion of Results: This chapter presents the simulations and the
results, which was implemented in the MATLAB/SIMULINK environment. Power flow and
fault analysis results of a hybrid DC microgrid are presented and discussed in this chapter.
Steady state performance during faults are analysed in a hybrid DC microgrid with the aid of a
power flow study and transient studies respectively. The results of the faults analysis are
presented for the three components of the hybrid DC microgrid: the generation, DC
transmission and the DC load.

Chapter 5-Conclusion and Recommendation: Finally, this last chapter is a conclusion of the
thesis. It provides a comprehensive summary of the study undertaken. Recommendations on

future research based on the results of the study are also highlighted.



Chapter Two

Literature Review

2.1 Introduction

This chapter delivers a general review of the literature in terms of the significance and states
the reasons why the use of distributed energy resources (DERs) should be encouraged. It gives
a detailed explanation for the use of renewable energies explored in this study: PV solar energy
and wind energy. The chapter provides a broad review of the fast-developing distributed energy
technology and its application. Thus, the review of research related to this study will serve as
the basis for improving the application of renewable energy resources. Several of control
strategies and its enhancement for DC microgrid deployment are presented in this chapter.
Distributed, hierarchical, distributed and intelligent control strategies are presented. Reviewing
distribution systems, renewable resources which are PV solar energy, wind energy and the
energy storage systems. Furthermore, it reviews the previous modelling and simulation of a
DC microgrid powered by PV solar and wind energy to highlight motivations, limitations,
viewpoints, advances, contributions to system flexibility and expandability, as well as their

relevance to the current study.

2.2 DC Microgrid

A microgrid is defined as a power systems unit which is made up of one or more collections of
distributed energy resources, including the energy storage sources, and a microgrid can operate
independently as an isolated power source from the main power system grid [8]. This form of
power system needs to be monitored to deliver desired power as it is intended for specific loads
[9]. The use of a microgrid, due to its good performance, is recommended for use in distributed
energy resources, like wind energy, fuel cells, PV, power generators and combined heat [10].
This requires the knowledge of its accurate size and design for better performance. Microgrids
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have the ability to function as well-intended islanding without interrupting the grid reliability

to advance the performance under the case of power inconsistency [7].

There are two systems in an electricity network, namely: transmission and distribution systems.
In conventional networks, the system consists of a main power being transported to the
distribution system and delivered towards the load [11]. The biggest challenges accompanying
this system are that the load side is far away from the power generation stations. This results
in unreliability. Thus, it will be difficult to cope with unsteadiness arising at the load end. A
microgrid is capable and more suitable for these needs since it consists of DERs. The majority
of the world is still dominated by AC networks, but recently the DC microgrid network is
gaining popularity due to its excellent consistency and high effectiveness when connected with

renewable energy, together with the energy storage system [12].

The network of a microgrid is made up of the following components: wind energy, rectifiers
and DC-DC converters which are required to deliver DC loads. In this network, an AC
microgrid distribution line is connected with a voltage of 230 V angle phase AC system, then

AC loads can be directly connected [13], [14].

Shown in Figure 2.1 are the DERSs and other devices such as the rectifiers, which play a role of
converting the AC to DC and then the inverter converts the direct current to alternating current.
The energy made from different resources, including the grid to the distribution line, is co-

ordinated in the microgrid system.
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Figure 2.1: Microgrids with distributed energy resources components included
2.3 Distribution system

To construct a well-organized microgrid, it is important to plan a distribution system since it
contribute in developing a system. The planning of distribution structure does not only
contribute to power reliability, but it is also environmentally friendly while it remains

economically affordable.

For utility grid and microgrid, there are three different categories of distribution, namely:

e Radial Distribution;
e Loop Distribution; and

e Network Distribution.



Radial and loop type distribution are the most commonly used in the distribution in microgrids
[15]. These two types of distribution are easy to plan and construct. As a result, the cost needed

in their implementation is low.

2.3.1 Radial Distribution

Radial distribution has good power distribution and is regarded as the best system in load
distribution. In most countries around the world, radial distribution is deployed for power
distribution. About 90% of all distribution in South Africa uses the radial distribution network.
A majority of the microgrids that are installed and constructed prefer the radial distribution
system because of affordability, ease of design and modesty. Radial distribution is designed
such that there is only one pathway between the generation point and the houses, as shown in

Figure 2.2.

. EEER:
=

Figure 2.2: Typical radial distribution

This indicates that there is only a single path that the power flows through, which if disturbed
will cut off power to the households linked to distribution. In a radial distribution system bus
lines to be used are determined by the type of power that is being transmitted to the households
connected through bus lines. The crucial shortcoming of this radial distribution arrangement is
that it is less reliable since this system can only distribute power in one direction, thus
consumers connected to the system will have a blackout when the power line is interrupted or

breaks down [15].
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2.3.2 Loop Distribution

Recently, when constructing the microgrid, the loop distribution system has been regarded as
a substitute to the radial type distribution system. Depending on the most suitable distribution
for that area, loop type distribution is leading in most parts of Europe[15]. Loop type
distribution can be defined as a loop which supplies all the households connected to it. The
loop formation approach is that from the point of generation, power must be transmit in both
bi-directional ways. Loop type distribution, , means that there is only one direction of power
flow at the time and at the point of generation, and where the transmission line starts and ends

not like radial distribution, as shown in Figure 2.3.

Houses connected to the point of generation in a loop distribution

Figure 2.3: Loop type distribution
The advantage of a loop distribution system is that it is more reliable and improves the electrical
network. For such networks, loop distribution operation is such that if there is a power failure
in one path, then power can be fed to the consumers through other path switches automatically
or manually. However, the loop type distribution is more expensive as compared to the radial

distribution since more switches and conductors are required [15].
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2.3.3 Network Distribution

A network distribution system is also referred to as mesh distribution. It is the most consistent
amongst others and it is usually used for major establishments in a crowded, high load density
municipal areas. Network distribution is a combination of radial and loop distribution types.
The network type distribution can be supplied from two or more power supplies and if one of
the supplier ceases feeding due to breakdowns or other reasons, then other generators as a loop
type will continue feeding power with the aid of switches and circuit breakers. Figure 2.4 shows

a network type distribution system connected in a DC microgrid.

Figure 2.4: Network type distribution

Network type distribution is a more reliable system. However, it is the most expensive and
complicated system and is not suitable for microgrids[15]. Furthermore, most microgrids are
not more than a few 100 kW. Considering all these reasons, it is more appropriate for the

purpose of microgrids to deploy radial and loop type distributions.

Presently, many scholars are researching all these types for implementing them in microgrids.
They all have advantages and disadvantages. Common bus used in the microgrids has all these
types represented. Recently, DC distribution is more reliable and recommended since as PV,

wind system, fuel cells and other distributed generation technologies are adopted easily due to
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their characteristic is in DC. For this type, most of appliances in an AC system are all made up

to be connected to it. Therefore, it remains useful for a variety of applications.

A 50/60 Hz alternative current line is the most frequently used distribution bus type and has
been used for a very long time. Frequency supply for each country is different. AC power
supplies all the household appliances manufactured to run with it. Due to Frequency control,
power loss and harmonic distortions disadvantage the system since it results in cost increments
because it uses expensive inverters in microgrids, since the majority of distributed generation

resources are also DC systems [16], [17].

2.4 DC Transmission Lines

DC electrification has shown many benefits compared to AC. Hence, DC is recommended as

the best in the field of supply [18]. DC has shown a variety of advantages [18], namely:

e DC distribution does not necessitate synchronization compared to AC distribution.

e Renewable energy resources and the grid can be directly or indirectly distributed to DC.
e DC investment is low on equipment such as wires, conductors etc. as compared to AC.
e Phase balancing is not necessary.

e No harmonics technical drawbacks.

e It delivers more efficient and superlative distribution as compared to AC distribution.

There are also indirect benefits such as:

e DC systems are well suited for loads that are power electronics, i.e. laptops and
computers. It shows great advantages to employ DC in applications like
telecommunication systems and data interiors.

e The use of storage compatibility such as flywheels and batteries improve the efficiency
of the system.

e Improved efficiency, since one requires few conversion stages in a DC distribution.

13



However, a major disadvantage of DC distribution is that the safety measurements are not yet
accessible at the moment. In DC distribution, the most predominant voltage level is attained
due to its benefits such as reducing conductor costs, ability to provide safe transmission and

standardized safety [19].

2.5 DC in Transmission and Distribution

2.5.1 Application of HVYDC

Power electronics devices have gained more technological improvements and the result
currently is that there are so many changes within the power industry. In the past, power
transmission was AC based since AC voltages remained, and was suggested, as reliable,
effective and having the ability to be raised as compared to DC transmission. Normally thermal
power plants and solar power plants are used to generate power, which is stepped up by a
transformer to precise high voltages ranging in kV, and it is distributed over transmission lines.
This kind of method has been used for years and years. However, the world is changing and

deploying more renewable energy to generate power.

Due to the intermittent nature of renewable energy, it comes with many difficulties
accompanying the stability and power loss in the power plants. Adopting HVDC transmission
can be the solution to the aforementioned problems [20]. The HVDC transmission arrangement

is made up of two converters, arranged as follows:

e Alternating current is converted to direct current by means of a rectifiers using one
converter.

e Other one on the receiving side serve to transforms direct power to alternating power.

Figure 2.5 shows a HVDC transmission connected to the sending side, which is solar PV and

wind sources and also connected loads.
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HVDC Transmission

Distribution
Line

Figure 2.5: HVDC transmission
The HVDC are divided into two main parts on the planning used, which are voltage source
converters (VSC) and line commutated converters (LCC). LCC is suitable for large-scale
projects, while VSC is suitable for small-scale size projects such as established renewable

energy power plants.

2.5.2 Application of LVDC

DC microgrids have gained popularity due to excellent performance. DC microgrids have more
benefits such as reliability as they have the ability to function autonomously while maintaining
grid flexibility. DC microgrids are not only an intelligent solution for rural electrification, but
also for use in building offices, information technology and data centres. The adoption of DC
microgrids has a variety of advantages such as efficiency and being environmentally friendly
[21]. The three-phase supply is dominant in many buildings as the three-phase AC power can
be converted into low voltage DC in the range of 12V to 48V through an AC-DC converter. It
is a system that involves DERs such as PV systems, wind energy systems, battery storage and

a distribution panel for a building with low demands [22].

2.6 DC Microgrid Control Strategies

The power from grid interfacing converter and load linked parallel coordinated to DC bus

system supplies a DC microgrid development [23]. Divergent voltage levels occurs at altered
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converters and load stations due to line resistance of the connected system. Voltages are
different at converters and load terminals due to wires connecting elements in the system
undergoing line resistance. Generated and consumed power levels should be adjusted to
manage a voltage balance to acceptable nominal value [24] to make sure that the voltage is

controlled within the limits and microgrid.

2.6.1 Hierarchical Control

The structure flexibility and expandability is influenced by the communication between
different control levels. Hierarchical control arrangements contribute. This kind of system is
considered as an effective technique for diverse coordination functioning modes, for instance
grid connected modes, isolated modes and load-shedding modes [24]. There are three levels in
hierarchical control strategy. There is a primary control level that is presumed by the power
sources and load converters that deploys a droop control method that controls the DC system

voltages.

2.6.2 Distributed Control

Distributed control strategies use converters depending on attained feedback signals to control
each component of the system. For this kind of a system, it is unnecessary to have autonomous
distributed control, which is a communication system. Nevertheless, some intelligent
distributed control strategies to reduce controller’s complexity use communication between

distributed controllers.

2.6.2.1 Autonomous Distributed Control

This system does not necessitate communication between the distributed controllers to sustain
adequate scheme set-up in a range of functioning modes. The deployment of an autonomous
distributed control strategy minimizes difficulties and has an uncomplicated system while
increasing the consistency, reliability of the system and improving expandability due it being

unnecessary to have added system components in the progress controllers.
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Autonomous control strategies commonly use droop control schemes, mostly in order to
control the parallel set-up of converters. Droop features of the converters is deployed in DC
microgrid for controlling power sharing and droop constants of the inverters for output
resistance variation. Separate converter switches amongst functioning modes grounded on
deviation from the nominal values to obtain terminals voltages and power evaluation limits
helps to consider the variation of system operating conditions [24], [25]. In [26] , a four-
operating modes, separate control strategies is presented with the four levels of DC voltage
variety discussed. Figure 2.6 and Table 2.1 show four predefined levels in a microgrid

functioning mode where DC voltage is regulated.
Vi
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Figure 2.6: Four functioning modes autonomous control strategy [26]

Table 2.1: Four functioning modes autonomous control strategy [26]

I Isolated Energy storage system control

II Grid-connected DC/AC converter control (rectification)
11T Grid-connectad DC/AC converter control (Inversion)
v Isolated DG control
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In [27], a five-operating modes autonomous control strategy is suggested. Voltage range
corresponds to five operating modes and is separated into five levels. Converters are used as a

slack terminal that controls DC voltage on each levels, as shown in Figure 2.7.

N
ZES\;N Level 37 |:> Distributed Generator Converters
BjV: Level 27 |:> Energy Storage System and Distributed Generator Converters
0 [~ I=veli—1 |:> Grid-interfacing and Energy Storage System Converters
ilzN Level 2° |:> Energy Storage System and Distributed Generator Converters
A;V: Level 3 |:> Load Converters

Figure 2.7: Five-operating-modes autonomous control strategy[27]

2.6.2.2 Multi Agent Control

Communication is the key multi-agent control. This strategy of distributed control involves
many different agents that have restricted abilities. However, having the ability to communicate
individually is essential to implement adequate distribution. The emergence of fast
communication devices facilitates the use of a multi-agent control to improve the system [24].
In [28], a hybrid microgrid is discussed and the use of generation scheduling and the
management of the demand side is presented. A multi-agent control strategy is used for
modelling power system elements [28]. In [29], for the DC microgrid, the emergency demand
response control is implemented. A multi agent system is a proficient control method for

enormous power distribution system [29].

2.6.3 Intelligent Control

Intelligent control theory can comprehend distinct system. Nevertheless, fuzzy logic refers to
intelligent control systems that function well for tremendously complex and ambiguous
systems [24]. In DC microgrid, intelligent control, the application of fuzzy logic control gives
the benefits of the integration of human best put into controller designs practise. In [30], the

researchers describe how they used fuzzy logic and gain controlling to track electric double-
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layer capacitor storage systems. To correspond the power deposited into energy storage system
Fuzzy logic control is used and done with arranging the droop gains of the storage system

controllers provide DC voltage [30].

2.7 Hybrid of Solar-Wind System

The modern electric grid is more secure and sustainable by collecting the maximum possible
energy distributed energy resources [31]. Hybrid PV and wind energy systems turn out to be a
precise smart way out by means of standalone coordination. PV and wind systems are two
sources combined offers improved consistency in the power supply; consistency of renewable
energy generation supplying power to the load; and it is more economical. Hybrid systems of
these two sources turn out to be more beneficial and are cost-effective to adopt due to the
advantages. For example, during the faintness of one system, it can be supplemented by other
one. Furthermore, a benefit of integrating hybrid solar PV and wind power is that it supplies
the power continuously while energy storage size is minimized. There are two operation
approaches of a microgrid, namely the standalone approach and grid connected approach. The
harvested output power produced by PV units is defined through the use of instance energy.
The increase in light intensity that will result in the increase in photocurrent reduces open
circuit voltage [32]. There is a decrease in the efficiency of PV cells when there is an
inconsistent increase in temperatures across the cell [33]. Solar panels distributed across
various geographical areas can produce consistent solar output power [34]. According to the
Global Wind Report (2012), there is about a 10% annual market growth to reach 45 GW and
about 19% increasing market growth. Wind turbines (WTs) are divided into two categories:
vertical axis WTs (VAWTS) and horizontal axis WTs (HAWTS). The optimum energy that can

be harvested by WT is approximately 59 %, of the total hypothetical wind power [35].
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In Figure 2.8, hybrid supplied by PV and wind systems, which are distributed energy resources,
are connected in grid with the power plant. The load is delivered to supply factory, commercial

and also residential.
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Figure 2.8: Hybrid PV-wind systems with grid connected[36]
2.8 Wind Power Sources

Wind energy is the energy extracted from the wind. Windmills are used for the extraction of
this type of energy. The generation of electricity using wind energy is more economical since
its costs are very low. Wind is existent throughout the whole day for 24 hours. With wind
energy, emission is less. For wind systems, the initial cost is less. The speed of wind empowers

an efficient process for the electrical energy generation.

The use of independent renewable energy resources is not recommended due the power not
being available all the time. To overcome this, the use of both wind and solar energy together
is more appropriate as it will make the system more reliable. This makes the system more

trustworthy and leads to the continuation of generation. The ultimate encounters with this
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system are that the initial cost is high. However, it has more advantages such as a long lifespan

and the maintenance cost is less.

Figure 2.9: Wind turbines with wind direction [35]

In Figure 2.9 above, the diagram shows the direction of the wind blowing the blades to improve
the harvesting process in wind turbines. The angular displacement is aligned correctly for better
performance. Wind energy is regarded as the leading superior source of renewable energy and
considered as the most capable source of alternate energy. In recent times, researchers have
been interested in the operation of different wind farms, focusing on its design and control.
Many researchers in the field of wind power discovered advantages, such as by increasing
turbines of different sizes, it lowers the costs per mounted production capability of electricity
[37]. Recently, many scholars have been interested in the development of improved approaches
and methodologies to find an optimal design, control and to advance the performance in the
wind energy [38]. Nevertheless, the weather conditions cause wind technology not to be

dependable since it is not technically sustainable in all locations and the speed is also not
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consistent. Due to these disadvantages, one can say that it is unpredictable as compared to PV

solar systems.

2.9 Solar energy sources

The operation of solar energy sources is through converting radiation from solar into electrical
power. There are two kinds of solar sources which use different technology to convert energy.
In a photovoltaic (PV) solar system, when panels are irradiated by sunlight, the solar energy is
converted straight to DC electrical power [36]. In solar thermal systems, the system produces
energy as conventional thermal power plants by using heat converted from solar energy. PV
systems can be operated with a few sections situated in residential building rooftops. The size
and the capacity has increased to large PV systems made up of many panels fixed on a huge
ground area. This system is capable of supplying power equivalent to the existing thermal
power plant. The PV system panels allows concentrators to be used for the purpose of
increasing the solar radiation, hence the required dimensions of the panels to produce certain
electrical power is minimized [39]. Concentrated solar power (CSP) is a technology which
turns the light into heat by employing mirrors to concentrate sunlight against a tube. Figure

2.10 shows a PV solar system connected to produce energy.

Figure 2.10: PV solar panels connection [39]
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In a DC microgrid, a PV system is supplementary recommended as compared to solar thermal
systems since the PV solar system extracts DC electrical power directly. The solar thermal
arrangement produces AC electrical power by employing conventional power generators. The
use of PV systems for DC microgrids results in many benefits such as fewer power alteration

being required in the electrical system.

The author used MPPT for the output power from the PV solar system to be maximized [40].
It is the remote renewable DC microgrid that uses PV sources to distribute energy. The

approach shown appears to be effective, employing obtainable low-cost renewable energy [40].

2.10 Wind energy conversion
The kinetic energy of the wind is converted into mechanical energy by aerodynamic blades on

the rotor, efficiently providing the Torque T, on the rotor presented in equation (2.1) as

follows:
T, :Z_r 2.1
r

Where oy is the angular speed of the rotor and Py is the power of the rotor, given by the

following relation in equation (2.2) as presented:
P = %ﬁpR2V3Cp(ﬂ, 0) 2.2)

Where p is the air density, R is the radius in wing , Cp is the efficiency coefficient, , @ is the

function of the blade pitch angle, A is the tip speed ratio between the wind speed and blade tip

and v is the effective wind speed. Equation (2.3) represent tip speed ratio.

A== (2.3)
Vtip Ror

Where the speed at the tip of the blades is Vtip Cp is the wind turbine performance coefficients
attained over mathematical calculations and date table. Assume that no loss in the generator.

23



Hence, rotor power B would be equal to electrical power generated B, as presented in
equation (2.4).

P =P (2.9)
Where B, is power in the generator, given by the following equation (2.5)

Pe =Tgog (2.5)

Where Tg is the torque of the generator and oy is the generator speed.

2.11 Grid-Connected System

Microgrids have been recognized as the best solution as they resolve a variety of power
problems in the world. DC microgrids have also been projected as a way forward due to the
benefit that it minimizes the conversion from DC power to AC power. Microgrids come with
many advantages, namely that it offers solutions to carbon caps and allows the use of renewable
energy as a standard technique to conduct business worldwide. One of the best things about the
microgrid is that it is versatile since it can be also connected to the national electric grid [41].
The microgrid is well suited since the distributed generation (DG) units are capable of
improving the steadfastness of the electricity distribution system and supplying electricity
without any interruption. Moreover, in the case whereby there is a widespread outage, the
microgrid is capable of disconnecting from the national grid and carrying on operating
independently and supplying electricity to consumers. Figure 2.11 below shows a complete
hybrid microgrid connected to a grid in which PV solar and wind generate DC power. There is
battery storage which plays a vital role as a backup in the system. This power is then fed to the

consumers.
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Figure 2.11: Grid connected hybrid
2.12 Energy Storage Systems

The energy storage system (ESS) is more important in a DC microgrid. ESS is used to provide
power or close the gaps amongst the load and generation. The application of this function is
more significant in a DC microgrid due to the random and improbable natural state of
distributed energy resources. Since the power available can be stored and supplied to the
consumers when it is required to meet the local load needed by customers, the implementation
of ESS supports the independent operation of microgrids. Superconducting magnetic energy
storage, flywheels, batteries and electric double-layer capacitors are among the storage devices

that can be used with DC microgrids.

2.12.1 Batteries

The universally used ESS because of the benefits such as long life span, low cost and high
density is battery energy storage systems (BESSs). BESSs in a microgrid, commonly use lead-
acid batteries since they have high power density and cost-effective benefits. It is more reliable
to use lead acid batteries that their valve is controlled, which are closed batteries, as compared

to flooded lead-acid batteries, as they require no regular maintenance [42], [43], [44].

2.12.2 Electric Double-Layer Capacitors

Ultra-capacitors and super capacitors are terms used to describe Electric Double-Layer

Capacitors (EDLCs). The structure of EDLC and a battery are similar to each other: each has
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double electrodes put in into an electrolyte, as well as a dielectric separator between them.
These electrodes have a large number of microspores on their surface, resulting in a large
surface area where the charges are produced. The dielectric material stores energy as
electrostatic energy [43]. EDLCs have many benefits, namely lower maintenance, longer life-
span and quicker responses. The residential DC microgrid ELDC storage system is discussed

in [45] with transmitted distributed generation units.

2.12.3 Flywheels

Flywheels ESS store power in the spinning mass of a flywheel connected to an electrical
machine. The machine can be operated in motor mode with the purpose of accelerating the
flywheel shaft, which that results in the energy being transferred to the flywheels. Energy can
be transmitted back to the electrical system when the mechanism is powered with regenerative
braking to reduce rotation of the shaft. This system offers great benefits such as fast operations
and the high efficiency with flywheels offers significant capacity. On the other hand, energy
cannot be stored for extended periods of time and the energy can be recovered from flywheels
over short periods of time [42], [43]. In a DC microgrid based on wind generation, the author

used a hybrid flywheel energy storage system [1], [46].

2.12.4 Superconducting Magnetic Energy Storage

In superconducting magnetic energy storage (SMES), the magnetic field is deployed to store
energy. It is created by passing current through an inductor. To sustain its superconducting
properties, the inductor is fabricated by means of superconducting material while retaining a
very low temperature. The use of positive voltage across the conductor helps to transfer energy
to the storage and then transfers it back to the electrical system using reverse voltage [39].
SMES offer awesome benefits such as quick responses, high efficiency and grid frequency
support. However, SMES has a rather short bridging time, between one and two minutes and

its costs are very high [36], [42].
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2.13 AC Faults

An alternating current fault is any failure that disrupts the normal activity of the system. The

most common faults in the system are unsymmetrical faults.

2.13.1 Unsymmetrical Faults

Unsymmetrical faults, which may involve single line to ground faults, are the most common
faults that occur on power system overhead lines. A few assumptions must be taken into
consideration in order to do an effective fault analysis. Figure 2.12 represents a faulted
segment, where the faulted point by voltage will be indicated by VF and phase faulted by
current are IR, Iy and IB. This research will study how the system operates when these faults

take place. Alternatively, R=a, Y =band B =candIrR=la, ly=Ib and IB=Ic.

R VF
Ir I
Y VF
Iy I
B VF

IBI

Figure 2.12: Representation of faulted segment
As a purpose of sequence impedances and the positive sequence voltage source, the
symmetrical component relational equations derived from the three sequence networks

equivalent to a given unsymmetrical system in the prearrangement equation (2.6) are as follows

[47]:
Va0 = - lao Zo
Vai=Ea-la1Z1 (2.6)
Va2 =-la2 22

The sequence equations are the names given to these equations. The sequence equation (2.7)

can be considered in matrix arrangement as follows:
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Va0 0 Z, 0 O la0
Var |=|Ea|-| O Z; O la1 (2.7)
Va2 0 0 0 2 la2

This equation (2.7) is used in conjunction with the equations obtained to describe the fault

under consideration, i.e. conditions under fault (c.u.f.), in order to evaluate the sequence current

la1 and thus the fault current | ; , in terms of Ea and the sequence impedances, Z,, Z, and

Z . Thus, in order to obtain the necessary fault parameters during unsymmetrical fault analysis

of any given type of fault, two sets of equations are considered for solving simultaneously:

e Condition under fault equations

e The sequence components Equation (2.7).

2.13.1.1 Single line-to-ground fault

There are approximately 65%-70% of asymmetric line-to-ground faults that occur in
transmission line faults. Mostly, they arise due to many factors such as physical contact that
can be caused by lightning or other storm damage. This fault occurs when lightning strokes
strike the distribution line and at that point the conductor may breakdown, also negatively or
positively, and fall on the earth. In industrial distribution systems, single L-G faults are mostly
incidences in industrialised distribution and provide line to ground for current [48]. In Figure

2.13, a single line to ground fault is presented.

R
Y
B
Zr
LG Fault

Figure 2.13: Single line-to-ground fault
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LetEa, Eband Ec be the produced voltages internally and Zn . Segment ‘a’ is presumed as
fault line. Now consider the conditions under fault as follows in equation (2.8):

Ib =0;Ilc =0;andVa =0 (2.8)

Considering Ib = Ic = 0, prearranged by equation (2.9):

lao 1 1 1 la

la (=21 a a2]|0 (2.9)
3

la2 1 a2 a 0

Solving equation (2.9), one gets equation (2.10):

I =140 =150 = (lar3) (2.10)
Furthermore, using equations (2.9) and (2.10), one gets equation (2.11):

Vao 0 Zo 0 0)(la
Val |=|Ea|-]| O Z; O la1 (2.11)
Va2 0 0 0 Z,)\la

Pre-multiplying equation (2.11) throughout by matrix[lll] , One gets equation (2.12):

|1 =[Ea/z1+Z2+20 ] (2.12)

2.13.1.2 Line-to-line fault

Approximately 5%-10% of asymmetric L-L faults occur in transmission line faults. A line-to-
line fault is an extremely dangerous fault, but uncommon to arise in the power system compared
to single L-G faults. Insulation failures can be the main cause for this fault to occur in
underground cables due to lonization of air or when there is physical contact between the lines,
which causes a short circuit between them [49]. Arrangement of the fault is shown in Figure

2.14.
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Figure 2.14: Line-to-line fault [49]

Now consider a line-to-line fault at the terminals, through a reactance, neutral is grounded.

Then let’s consider fault under fault as in equation (2.13)
la=0; lb=-Ic;and Vb = Vc (2.13)

Considering the symmetrical elements of the voltage VVa where \/o= \/c, given by equation

(2.14):

Vao 1 11 1 Va

Vat =3 1 a a’| W (2.14)
Va2 1 a2 a Vb

Solving equation (2.14), one gets equation (2.15)

Furthermore, study the symmetrical elements of current la with Ib=- Ic and la= 0 as
given by equation (2.16):

lao ) 11 11,
la1 :51 a a’|l (2.16)

la2 1 a2 a -Ib
Resolving the equation (2.16) matrix, equation (2.17) is obtained:

lq0 =0;and 152 =-14 (2.17)
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Using equations (2.15) and (2.17) in equation (2.7), and since Vao=0 (lao being 0), the
following equation is obtained:
0 0 Zs 0 O 0

Var||Ea|-| O Z; O la1 (2.18)
Vai)(0 0 0 Z,)(-la

Solving and pre-multiplying equation (2.18) throughout by the matrix[O 1—1] , equation

(2.19) is obtained:
| = [Ea/(z1+22)] (2.19)

2.13.1.3 Double-line-to-ground

Approximately 15-20% of asymmetric double L-L-G faults occur in transmission line faults.
These faults are mainly caused by storm damage and when two lines come into contact with

the ground [49]. The arrangement of the line-to-line ground fault is displayed in Figure 2.15.
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Figure 2.15: Line-to-line-to-ground fault
Consider L-L-G fault, whose neutral is grounded ‘b’ and phase ‘c’. Let’s now consider the
condition under fault in equation (2.20):

la= 0and Vb= Vc=0 (2.20)

Considering Vb = Vc = 0 prearranged by equation (2.21) with the symmetrical elements of

the voltage:
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Va0 1 1 1 1 Va

Vai |==|1 a a%|o0
3

Va2 1 a2 a 0

Solving equation (2.21), one gets equation (2.22):
Val = Vaz = Vao =Va/3
Considering the sequence in Equation (2.7), having equation (2.23):

Va0 0 Z, 0 O lao
Var |=|Ea|-| 0O Z;, O la1
Va2 0 0 0 Z 2 la2

Solving, pre-multiplying Equation (2.23) throughout by equation (2.24),

1z, 0 0
z1-1 0 1/z, o
0 0 1/z,

Results in equation (2.25):

Va1 0 Z, 0 O la0
<z Va|=zYE |-z 0o z 0|l
Va1 0 0 0 Z,)\lx

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

Using the character: Val= (Ea—lalzl) in equation (4.19), solving the equation by the matrix

[1 1 1] and finally adding, the following equation will be obtained:

“Ea/Zo-1a1(Z1/Z0)+(Ea/Z1)- a1 +Ea/Z2 — Va1 (Z0/Z2) =Ea/Z1 - (lap + a1 +122) (2.26)

Since for la =0, solving the equation (2.26), the following equation will be obtained:

lar = {Ea/[(Z1+22*20)/(Z2+20) ]}
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2.13.2 Short circuit faults

A short circuit is a fault that occurs in a normal load when the current bypasses standard
capacity. When the circuit is intermittent by failure, then an open-circuit fault takes place.
These faults occur in a three-phase system, which may include only between phases, one or
more phases and ground. A short circuit fault in the transmission lines is the main cause of

under-voltage within the equipment terminal.

2.14 DC Fault in a DC microgrid

External mechanical tension, pollution, and lighting strikes are the most common causes of DC
transmission line faults. The most common types of faults in HVDC transmission systems are
line to line faults and line to ground faults. Repairs on faulty parts is necessary since these
faults tend to be permanent [4]. Converters should be detached instantly after discovering faults
in the system. These faults must be cleared immediately and restored because they are capable

to occur shorter. The two DC faults are as follows:

2.14.1 DC Line To Line Fault

Insulation failure between the two DC conductors triggers DC L-“L faults. Both converters
must be disabled. DC L-L faults are an unusual accidents. When a line-to-line fault occurs in
DC transmission lines, the capacitor must be immediately discharged. A three-phase short
circuit occurs simultaneously at the fault point in the AC system. IGBTs can be obstructed for
self-defence by faults exiting reverse diodes exposed to over-current when faults occur on the

DC side [50]. The equivalent circuit of a DC L-L fault is shown in Figure 2.16.”
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Figure 2.16: Equivalent Circuit of DC Line-to-Line Fault

There are three stages of a DC short circuit fault, which is classified as follows:

a. Capacitor Discharge Stage

When a DC L-L faults takes place, it forms a loop circuit with no source. The capacitor
discharge stage is triggered during fault occurrence. At this point, the capacitor voltage has

fallen to zero.

b. Diode Freewheel Stage

When a DC line voltage fallen to zero at rapid speed, a loop circuit is formed by cable
inductance and the free-wheel diode. Primarily, The IGBT is obstructed for self-defence, and
there is a strong initial over-current flowing through the diodes, posing a major risk of diode

failure. The DC current and diode current would then rapidly decrease [51].

c. Capacitor Recharging Stage

The DC link capacitor, AC form and cable inductance form enforced reaction and capacitor

will be charged at the capacitor recharging stage, where there is an increase in the DC voltage
[4].

2.14.2 DC Line-to-Ground Fault

The DC L-G fault in the overhead line is defined by the insulation failure between the DC L-
G. In the overhead line, strikes of lightning and pollution can result in impermanent DC line to
ground in the HVDC transmission system. The occurrence of DC L-G faults is common in the
underground HVDC transmission system. Figure 2.17 shows the equivalent circuit of DC line
to ground faults. Aside from the mid-point of the DC link capacitor and the neutral ground link

of the transformer, the DC line to ground fault results in a ground point [51].
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Figure 2.17: Equivalent Circuit of DC line-to-ground fault

The DC short-circuit fault is divided into three phases, as shown below:

a. DC Side Capacitor Discharge

In the occurrence of DC L-G fault, discharge circuit is made by the faults in pole capacitor and
impedance through the fault line. The DC side capacitor discharge stage is experienced in the

system after the fault has occurred.

b. Grid-Side Current Feeding Stage

During DC L-G fault occurrence, the DC voltage drops continuously and leads to the DC side

capacitor discharging. This stage will occur when the voltage drops below any grid phase

voltage due to the line to ground fault taking place in the system.

c. Voltage Recovery Stage

The capacitor discharge is directly proportional to the fault pole, capacitor voltage drops

drastically and non-fault pole capacitor voltage increasing. The voltage recovery stage occurs

when the DC voltage progressively gets restored [52].
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2.15 The Review of Literature on Hybrid Systems

They are different sources, conventional and renewable sources, in the power system analysis.
A hybrid system can be formed by combining more than two sources, i.e. solar and wind. The
dependability and reliability of renewable energy sources is the major key factor in ensuring
continuity of supply in the renewable industry. This applies to different sectors of the industry,
whether the load is domestic, commercial or industrial. In regions far from the equator,
commercialized standalone set alight the street coordination create conventional configuration
of PV cells and batteries cannot run all year [1], [53]. The technologies in the renewable energy
industry must improve their performance, especially the stability of their output. It is also
necessary to connect renewable energy sources to conventional sources [54]. Recently scholars
are attracted in the optimization and management of standalone hybrid power generation
systems where they are balancing power between the optimum power harvested and the

consumed energy [55].

An optimal hybrid system design adds more effectiveness and reliability to the system
compared to a single system, hence there is growing interest in defining the essential
environments to install PW/PV power plants because of their operational and economic
advantages [56]. The objective to optimise the mix of renewable energy systems to reduce the
demand for power during the peak period, while minimising the combined intermittence at a
lowest costs, resulted in some objective functions being suggested [57]. In [58], Katsigiannis
et al. worked a combinatorial objective model to minimise the energy with the cost implication
of the system, while the total greenhouse gas emissions of the system during its lifetime are
also minimised as presented, it was found that conventional optimisation methods are unable
to solve the problems because of local optimum solution convergence. In [59], Mahor et al.
used a PSO to determine the problem and the results showed improved performance as

compared to conventional optimisation techniques. In [60], Brini et al. presented the cost-
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effective environmental dispatching of a hybrid power system consisting of wind and solar
thermal energies by means of MOEA, which is presented as a multi-objective function that
simultaneously minimises fuel costs and pollution. In [61], Kanhukamwe proposed MOEA to
the multi-objective model for isolated hybrid systems, taking into consideration different
control variables, which are the total cost and pollutant ejections. The results attained when
planning a PV-wind-diesel system reveal the design method’s practical usefulness. In addition
to the two control variables, the load variations in the hybrid system were taken into
consideration [62] by Dufo-Lopez and Bernal-Agustin. In [63], Bilal et al. presented an
objective function for scaling a hybrid system with the aim of lowering the annual cost and loss
of power. In [64], Pachori and Suhane presented a Pareto-based objective function for sizing a
solar-wind-battery system with a combinatorial objective function to minimise the annual cost
and the probable loss of power supply. In [65], Montoya et al. presented a paper on a multi-
objective function of a meta-heuristic that combines PAES with SA and TS to minimise voltage

and power losses.

The optimisation techniques, including LP have been discussed in [66] by Cormio, Dicorato,
Minoia and Trovato and in [67], Courtecuisse et al. reviewed the fuzzy system. Some scholars
explore how to assess the best renewable energy technology arrangement by not only
considering the renewable energy tools, but also technology characterisation, encouragements
and economic parameters [1]. Once again in [68], Lee and Chen proposed a PSO for a TOU
rate industrial consumer to use for wind-PV power coordination, with the intention of
optimizing the economic benefits of investing in both a wind and a PV generation system. In
[69], Kaviani et al. presented an objective function to optimise a hybrid wind-PV-fuel cell
generation system and PV generation. In [53], Lagorse, et al. presented the GA to optimise the
hybrid system. In [70], Eke et al. apply an optimisation technique for a hybrid power generation

system's configuration and operation. In [71] , the authors Giannakoudis et al. presented an
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optimisation development and application of a hybrid power generation method. From an
economic point of view, renewable energy can be used as an alternative to electricity in remote
areas. The solution to have an isolated network is hybridising renewable energy power sources
such as wind, solar and micro-hydro systems [72]. In [73], Bernal-Agustin and Dufo-Lopez
compare and contrast the key research techniques for optimizing hybrid systems with dynamic
battery storage systems. In [74], Martiskainen and Coburn present a basic overview of the
current state of the art in the optimal setting embedded with simulations and controls strategies
for standalone hybrid PV-wind energy, energy storage systems, with the results demonstrating
the wide range of technologies available for accurately predicting their performance. Other
scholars looked at renewable energy sources like wind, solar, battery, and DG, and used the
GA to figure out the best power system configuration for islands [75]. In [76], Balamurugan et
al. present a hybrid system that incorporates biomass, wind, solar PV, and battery to optimize
energy during peak times when solar radiation is poor or non-existent, as well as low wind

periods.”

In [77], Nema and Rangnekar present a review of the current state of the design, operation and
control requirements of the stand-alone PV solar-wind hybrid energy systems with
conventional back-up sources such as a DG or grid, and highlight further research in the field.
To achieve an optimal design in the hybrid system, the sizing and control strategies must be
the main considerations [78]. In [79],”Garcia and Weisser present LP and load dispatch to study
the size of grid units and dispatch in a wind-diesel power system with the goal of cost
minimization, using a one-year time series of hourly wind speeds as data and electricity demand
as the main model's control variable. In [80], Koutroulis et al. present GA optimisation for the
sizing of standalone PV-wind generator systems, which selects the optimal number and type
of units to minimise the cost and is taken as an objective function, whilst the energy

requirements are taken as constraints to the model. In [81],”Yang Zhou and Fang propose the
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GA for optimisation for the sizing of the configuration of a hybrid solar-wind system using a
battery as a storage system, where the number of PV modules, wind turbines, batteries, PV
module slope angle, and wind turbine installation height are all control variables. In [82], Arce
et al. propose a method for the assessment of the optimal element sizing of a hybrid power
system that combines a wind turbine with two storage systems. In [83], Bernal-Agustin and
Dufo-L6pez propose a control and design applying EA for an efficient electrical energy
generation system comprised of a PV wind turbine -diesel-battery-hydrogen-system. In [84],
Zervas et al. analyse a hybrid system that consists of the use of a PV system, proton exchange
membrane fuel cells and metal hydride tanks has advantages over stand-alone PV systems, but
the optimization technique for its operation is a rather complex task. In [85], Diaf et al. using
the cost of energy as a constraint, compare the estimation of the appropriate dimensions of a
stand-alone hybrid PV-wind system that guarantees the energy autonomy of a typical remote

consumer.”

In the paper presented in [86], Hakimi and Moghaddas-Tafreshi demonstrated the ability of the
PSO in renewable energy to minimise the total cost of distributed energy resources that powers
a hybrid power generation system. It makes use of biomass as an available energy resource to
meet the demand for an entire control horizon. The same authors use the PSO model to size the
hybrid power system in order to minimize the total cost of the system while meeting the
demands in [86]. Several scholars have attempted to analyse the effect of renewable energy on
the functioning of power systems. In [87], Razak et al. derived an optimal model to minimise
surplus energy and energy costs in a hybrid green energy system that incorporates multiple
energy sources. The results indicated the importance of considering the surplus power produced
by hybrid system to minimize costs. In [88], Chakraborty et al. propose GA and PSO for the
dispatch of the thermal units integrated with the hybrid system. While hydropower has priority

for transmission energy , Matevosyan et al in [89], Matevosyan et al. present a day-ahead
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schedule model for a multi-reservoir hydro-power system synchronized with wind power and
utilizing the same transmission power lines. In [90], Castronuovo and Lopes present an optimal
model to determine the optimum daily operational strategy, where wind turbines is combined
with hydro generation pumping equipment. In [57], Mukhammadiev et al. propose an
application to a neuro-fuzzy controller for a hybrid system composed with two different sources
of renewable energy systems (wind generation and DG systems) and connected in parallel with
a stall-regulated wind turbine to an induction generator, which are linked to an AC-bus bar.
Compared to other approaches such as fixed parameters fuzzy logic controllers and PID
controllers, the application of fuzzy controllers into new configurations presented in [57] show
a better achievement of the results. In [91], Dufo-Lopez and Bernal-Agustin present a GA for
the optimisation of the design and the operation control of a composed hybrid system (PV, DG,
Wind generation, the hydro pump as storage system) which can be in remote or isolated areas,
which they found to be better for the cost and the reliability of the system. In [92],
Anagnostopoulos and Papantonis propose an algorithm for the simulation of the plant operator
and automated optimisation EA software. In [93], Anarbaev et al. present a new configuration,
applying a closed loop control algorithm for a solar system which is included with geysers to
increase the temperature during any time of the day, as well as to increase the hot water load

replacement factor.

The use of available renewable energy sources such as PV and wind energy to many scholars
is gaining popularity as solution to achieve full electrification for rural areas such as the use of
microgrid. DC microgrid can be considered as economical system to meet consumers demand
due to its benefits of being environmental friendly and has virtuous performance. Nevertheless,
microgrids experience numerous faults when transmitting power, it is vital to detect the

location and isolate faulty part quickly.
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CHAPTER THREE

Modelling and Computer Simulation

3.1 Introduction

This chapter presents the methodology and strategies used to do the modelling of a hybrid DC
microgrid. The modelling of the PV solar system and modelling of wind energy is extensively
discussed in this chapter. Renewable energy is considered a reliable substitute clean energy.
Furthermore, in order to expand and advance the economic management of the system, it
neccessitates the more incorporation of renewable resources. Poor set-ups management of the
hybrid system results in incompetent systems. There are three factors affecting the PV
systems’s efficiency, namely: PV panel efficacy in commercial PV panels that is ranging 8-
15% [94]; inverter efficiency of 95-98% [95]; and MPPT algorithm productivity that is above
98% [96]. The planned system in this research consists of a photovoltaic system and wind
generator(WG) as a battery as most important component. PV systems have the foremost
contribution as a primary source. WG comes as a secondary source since its contribution in the
system is inferior. ESS play a vital part in the system, hence the battery is deployed to make

the system more dependable by closing supply demand gaps between the sources and load.

3.2 Modelling of Solar PV System and Wind Energy

The PV system and wind energy are likely to be undependable because their supply is
intermittent in nature. The hybrid system that is made up of solar and wind, the coupling of
both systems is regarded to be a more reliable and superior arrangement. Regulating power
generated by hybrid system prevent the variation of frequency and voltage power

complementarity.
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3.2.1 Modelling and Operating principle of Solar PV system

Photovoltaic cells convert sunlight into a voltage by means of a photo-electric effect [97]. A
load connected across a PV array will draw current from the device and the PV array will
deliver power to the load [97]. The construction of the PV array consists of n-type and p-type
material so that current flow is generated in an exterior circuit. PV cells result in the absorption
of photons due to light that smashes it. Due to the external circuit connecting the n-type and p-
type material, the electron will travel from the N-type material to the P-type material through
a connection by an external circuit generating current flow [98]. Figure 3.1 shows the definition
of a single cell for the construction of a PV arrangement. A single cell only generates a voltage
in the range of 0.5 V - 0.8 V which is not enough to power the load. Hence, many cells are
connected in series and parallel to increase the voltage and current respectively [95] as shown

in Figure 3.2 (a) and (b).

PV CELL MODULE

LR B S B S B S B B o
LR L B B B B B R
LR B B B R B R B A AR
LI N R R IR R R R
LR B B B O B B R
LR B B B R B B B B A
S5 058559859
LB B B O B B A
LR L S B S IR R IR L O
LR B IR R B B

Figure 3.1: PV definitions

42



Parallel

Series
connection
Cell 1

Cell2 Cell 3

V=058V

- +
® Vout=0.5V x3 @
=1.5V
- -
_. .—
Vout=0.5v

Conpection

ITotal

(a) PV Voltage increment (b) PV current increment
Figure 3.2: PV series and parallel connections to increase the voltage and current

Solar cells is the simple arrangement of any PV system. Best cell arrangement is also

considered as a current source in which the current from the solar cells is related to the solar

irradiation intensity striking [99], [100]. Solar cells represented in an electrical circuit are

shown in Figure 3.3. The current in the solar PV system is expressed in equation (3.1):

\
I =lsc -Id “Rp (3.1)

O-.Slm I——— V
-.\ Load | Isc ;Id 1 |
— p Load
L

Figure 3.3: Equivalent circuit of the solar cell with the load connected
In Figure 3.3, the diagram shows a simple corresponding circuit of a solar cell generating

electrical energy characterized by a real diode in parallel with an ideal current source. The
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current delivered is proportional to the flux of insolation received by the solar cell [101].

equation (3.2) shows the current-voltage characteristic curve of the real PV cell:

(V+IRS

=

I =lgc—Ig|e Rp

3.2)

Where | is cell current (the same as the module current) (A), | SC is a short circuit current

which is equal to photocurrent (A), IO is a dark saturation current (A), |d is a diode current,

g is an electronic charge (1.602x10-19C), K is a Boltzmann’s constant (1.381 x 10-23 J/K),
A is the Idealizing factor, T is cell temperature (K), V is a cell voltage (V), RS is a shunt

resistance (£2), RP is a parallel resistance (Q2).

Retaining the sign convention shown in Figure 3.3 and relating Kirchhoff’s Current Law to the

node above the diode, using equation (3.3), one can presume that:
lgc=1+1d+Ip (3.3)

Where Id Is a diode current (A) and Ip is a parallel resistance current (A). Rearranging and

substituting the Shockley diode equation into equation (3.3) at 25 °C, one obtains equation

(3.4):

| =1gc - 1o (e38-9Vd —1)—(\%] (3.4)

Where Vd is the diode voltage (V). With an assumed value of temperature in a spreadsheet,
current | can be found from equation (3.4). The voltage across an individual cell can be found

from equation (3.5):
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I =Vd —IRs (3.5)
3.2.1.1 Generalised equivalent circuit for a PV cell

The effect of parallel resistance is less important in a PV module compared to series resistance
and only where a number of PV modules are connected in parallel to harvest an enormous
current, will the effect become more observable merely in the bigger systems [100]. In Figure

3.4, one obtains the solar cell equivalent circuit one-diode model by arranging the parallel

resistance Rp to oo.

Rseries Ipv

Isc

D g “

Load
-
Figure 3.4: A simplified equivalent circuit of the solar cell
From equation (3.5), the current is given by the following equation:
q(v-i—lRSj
l=lgc—lple \ AKT /1 (3.6)

3.2.1.2 The PV I-V curve under standard test conditions (STC)

In the scheme of a PV array and in the determination of PV modules, imperative parameters
for solar cells and PV modules are provided by manufacturers. Figure 3.5 represents these

parameters.
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Figure 3.5: I-V curve of PV module [100]

3.2.1.3 Maximum Power Point Tracking (MPPT)

The manufacturers set the characteristicscs at Standard Test Conditions (STC), displaying that
the PV module's output power is affected by irradiation, cell temperature, and voltage As a
result, the MPPT unit is used to extract the full amount of power from the PV module. There
have been many MPPT methods reported [102], [103]. In this research, the Sources IC method
is deployed. As discussed in [102], the incremental conductance algorithm fast tracks the
maximum power point under quick varying atmospheric environments. In the source, the
output current and voltage are examined. In order for the MPPT controller to decide whether
to decrease or increase duty ratio, it depends upon these outputs calculating the conductance

and incremental conductance.
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Figure 3.6: Incremental Conductance Algorithm flowchart

A described algorithm at every MPPT incremental conductance sampling is shown in Figure

3.6, where, d (t) is the duty ratio at the present time step, Ad is the incremental duty ratio,
d(t-At) is the duty ratio at the preceding time step and At is the time step.

The output power from the PV source presented in equation (3.7) can be expressed as follows:
Ppv = Ipy+Vpy (3.7)

Where Ppy/ the power from PV is, Ipy/ is the current from PV and VPV is the voltage from

the PV.
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The equation (3.7) is differentiated to determine the algorithm, the:

1P _i di 38)
Vdv v dv
G and AG respectively, define the source conductance and incremental conductance:
|
G o bV (3.9)
Vpv
di
AG = —PY (3.10)
dvpy

MPPT algorithms are characteristically deployed in the schemes for PV systems. In features
such as sunlight (variable irradiance) and temperature, algorithms version plays a vital role to
ensure that at all times the PV system produces the maximum power harvested [103]. In Figure
3.7, the power voltage curve has I-V and P-V characteristics of a photovoltaic system.

Irradiance effect on PV array performance, T=25.15°C.

Irradiance effect on PV Array Performance, T = 25.15 °C

100
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Figure 3.7: Power voltage curve with 1-V and P-V characteristics of a photovoltaic system
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[104]
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The fill factor (FF), is the ratio of the maximum power that can be supplied to the load to the

product of I5c andVQ( , is often used to define module efficiency, which is a measure of the

real 1-V characteristic. Its value is higher than 0.7 for good cells [105]. FF is around 70-75%
for crystalline silicone solar modules are typical, while for multi-junction amorphous-Si

modules, getting nearer to 50-60% [100].

3.2.1.4 DC-DC Converters

To help steady the voltage and maximum power generated, DC-DC converters arranged in

conjunction with microgrid modules [106]. Three DC-DC converter types are as follows:

* Buck-converter

* Boost-converter

* Buck-Boost converter

These DC-DC converters function by opening and closing a switch on a regular basis. The
input voltage is reduced by the buck converter, while the input voltage is increased by the boost
converter. The output voltage is higher than the input voltage, so it's called a boost converter
[106]. The buck-boost converter has the ability to increase or decrease the input voltage, but

with a polarity reversal. These DC-DC converters circuits are shown in Figures 3.8(a), (b) and

(©).
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Figure 3.8: DC-DC converter circuits
To attain a purely DC output, the converters have a small permit filter after the output switch.
The service cycle is extended to change the output voltage. Equations (3.11) to (3.13)
respectively are used to measure the performance of the buck, boost, and buck-boost

converters, with the responses plotted in Figure 3.9(a) to (c).

Vo =VsD (3.11)
Vo=_Y8 (3.12)
1-D
Vo = —vs[ D j (3.13)
1-D
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Figure 3.9: DC-DC converter outputs [106]

The boost converter works by storing energy in an inductor when the switch is closed and
delivering that energy to the load when the switch is open to boost the output voltage. The
inductor needs to be large enough in order to keep the current positive and in continuous
operation. When choosing the inductor size, equation (3.14) was used to find the minimum
inductor size required in order for the current to be continuous [107]. A larger inductor was
chosen to ensure that the current stays positive when the switch is open. The voltage ripple can

be reduced by using a larger output capacitor. Equation (3.15) can be used to measure voltage

ripple.
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D(1-D)*R

Lin = —— 7/
min T (3.14)

Where in Equation (3.14), Lmi is the minimum inductance required for continuous

n

operation, D is the duty cycle and R is the load resistance and f is the switching frequency.

Avo_ D (3.15)
Vo RCf

Where Vois the output voltage and C is the capacitance.

The boost converter is shown in Figure 3.9(b). The inductor value was calculated using
equation 3.14. Then, Figure 3.10 shows the required minimum inductance versus the duty cycle
for a load of 10€2 at 5 kHz. It shows the largest minimum inductance of 150 xH when the

duty cycle is around 0.35. A larger inductance of 240 xH was chosen to ensure that the boost

converter operated in continuous current mode.

200

D{1—D)2R
oF

J.I:r.n!!'u =

Duty cycle

Figure 3.10: Boost converter minimum inductance for continuous current[106]

A buck-boost converter is also a great component. This converter works by storing energy in

the inductor when the switch is closed and the energy is then transferred to the load when the
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switch is open [108]. The duty cycle is adjusted to determine the output voltage, which can be
higher than or lower than the input voltage. If the duty cycle is greater than 0.5, the output
voltage is greater than the input voltage and if the duty cycle is less than 0.5, the output voltage
is less than the input voltage as shown in Figure 3.9(c). The output voltage is calculated using
equation 3.15. For continuous current in mode operation, the minimum inductance can be
determined using equation (3.14) and the output voltage ripple can be calculated with equation
(3.15). The inductor value was calculated using equation (3.14). Then, Figure 3.11 is the

required minimum inductance versus the duty cycle for load 10 ) ohms at 5 kHz.

1,000 |

__ {(1-DY'R
=5

800 A

Duty cycle

Figure 3.11: Buck-boost minimum inductance for continuous current
The output voltage is below the input voltage. When the duty cycle is 0.7, the output voltage

was 840 V, as can be confirmed using equation (3.16).

Vo = —Vs(

D ] (3.16)

1-D
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3.2.2 The Bi-directional Converter

A bi-directional converter is required to permit the flow of power from and to the batteries in
the microgrid. The previous buck and boost converters do not have the capability for bi-
directional power flow. This is because they all have diodes in their designs which prevent
reverse current flow [106]. In Figure 3.12, a bi-directional converter is achieved by cascading
the buck converter and boost converters and substituting their diodes with switches. The top
switch is used to operate the converter as a buck converter, transferring power from the high
voltage side to the low voltage side and the bottom switch is used to operate the converter as a
boost converter, transferring power from the low voltage side to the high voltage side.
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Figure 3.12: Bi-directional converter construction
The bi-directional converter will be controlled by a charge controller which will determine
whether energy needs to be sent to or from the battery in order to smooth out the fluctuations
of renewable energy sources and stabilize the voltage. The same values as the buck converter
design were used for the bi-directional converter, except for the inductor value. It was found
that having a large inductor value inhibits the voltage stability of the system, therefore a lower
value was chosen. The lower ripple will help to charge and discharge the batteries with higher

efficiencies, increasing their lifetime.
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3.2.2.1 Matlab/Simulink model development of PV system

Figure 3.13 shows the MATLAB scheme implementation of the photovoltaic system, made up

of MPPT and complemented with a boost converter.
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Figure 3.13: Matlab/Simulink model implementation of photovoltaic system

3.2.3 Modelling and Operating Principle of Wind Energy System

Power from the wind can be used to drive an electrical generator, i.e. electricity is produced by
wind turbines. Wind generates lift and exerts a turning force as it passes over the blades. Blades
spin the shaft within the nacelle, which is connected to the generator. Wind turbine systems
can use both synchronous and induction generators [109]. Nevertheless, a gearless technique
in the variable speed multi-pole permanent magnet synchronous generators (PMSG) is mostly
used due to its improved performance as compared to other wind turbine generators. The
variable speed multi-pole permanent magnet makes PMSG considered as the most effective
and reliable system since it can work on a wide range of wind speeds [10]. In this research,
PSMG is deployed due to its improved performance as compared to other wind turbine models.
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In addition, some climate conditions are taken into consideration, i.e. continuous accessibility

of the wind energy source.

Energy generated Eyy by wind turbine and the rated output power Py is given by the

equations (3.17) and (3.18):

Ry = %PWAV?’C pHg i (3.17)
Eyy = By xT (3.18)

Where: Eyy is energy generated by the wind turbine, Ry is output power, oy is density of

air in Kg/m3, A is a swept area of rotor blades, Cp is the power coefficient representing

generator and turbine efficiency, My is generator efficiency and /4 is turbine efficiency.

The power coefficient can be expressed by the following equation:

Cp = %(5—0.022ﬂ2 —5.6)e—0-175 (3.19)

(Where g , is the pitch angle of blades in degree and o is the tip speed ratio of turbines)

The high speed shaft is modelled by an inertia and a damper. The sum of inertia of the high
speed shaft, rotor of the generator and gearbox; the friction of the high speed shaft bearings,
the aerodynamic torque, generator torque and gear ratio are demonstrated in Figure 3.14.
Figure 3.14 shows that a two-mass model system is used to define the wind turbine system

which basically consists of blades, the gear train and the generator[110].
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Figure 3.14: Two-mass Model for wind turbine [110]
The turbine torque Tm (produced by the wind) accelerates the turbine inertia and is counter-

balanced by the shaft torque Tgq (produced by the torsional action of the low speed shaft). It

is represented by the following expression in equation (3.20):

owb
Tm-Ts1=Im 'y (3.20)

3.2.3.1 Rectifiers

A rectifier is an electrical system made up of single or more diodes that permits the flow of
current in one direction only. It is used to convert alternating current (AC) into direct current
(DC) [111]. In this research study wind generation produces AC and it has to be converted to
a desired DC output voltage. The AC voltage can be altered into DC voltage by a component
named the PN junction diode. Rectification of AC to DC is mostly achieved by the application
of a PN junction diode which acts as a rectifier. A PN junction diode allows electric current
only in one direction, i.e. forward bias condition, and blocks electric current in reverse bias
conditions. There are different types of rectifiers, categorized into two types, namely: Single
phase and three-phase rectifiers. Furthermore, rectifiers are categorized into three types,

namely: uncontrolled, half controlled and controlled rectifiers [112].
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3.2.3.1.1 Half-wave Rectifier

When an alternating current supply is applied at the input, one positive half-cycle is visible
across the load while the negative half-cycle is obscured. A single diode is required in a single-
phase supply, while three diodes are required in a three-phase supply. It is incapable because
only half of the input waveforms make it to the output. More filtering is required to lessen the
ripples of the AC frequency from the output in a half-wave rectifier circuit. Figure 3.15
represents the equivalent circuit for a half-wave rectifier. The rectification only takes place
during half-periods. Figure 3.16 shows the half-wave output waveforms of voltage at the
secondary and of the current in the load. Since the load is a resistance, then voltage on the load

is proportional to the current. Load current i_(t) flows in the same direction in the secondary

winding.
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Figure 3.15: Half-wave Rectifier circuit
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Figure 3.16: Half-wave rectifier waveform output

Using the definitions reported and explained by waveform, with equation (3.21) to equation

(3.24), the following calculations result:

Vv —1Tv tdt—1”V' £)dt = 25 3.21
Dc—;f L(t) —gf s sin(at)dt=—> (3.21)
0 0

Similarly, one can calculate the other parameters:

(3.22)
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Ipc =-2L =5 (3.23)

L=JL_Ys ¢ (3.24)
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3.2.3.1.2 Centre-Tap Full-wave Rectifier

This type of rectifier circuit uses two diodes connected in such a way that each one consumes
one-half of the input AC voltage. To perform rectification, one diode uses the alternating
current voltage shown on the upper half of the secondary winding, while the other diode uses
the alternating current voltage shown on the lower half of the secondary winding. Because the
AC supply powers both halves, the output and efficiency of this circuit are high. Figure 3.17
represents the equivalent circuit for a centre-tap full-wave rectifier. Figure 3.18 shows centre

tapped output waveforms of voltage at the secondary and of the current in the load.
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Figure 3.17: Centre-tap full-wave rectifier circuit
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Figure 3.18: Centre-tap full-wave rectifier output waveform
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It has been noted that the current flows in the same direction through the halves of the
secondary winding in the presented simulation results. Using the definitions reported in the
previous section and the symmetries expressed in equation (3.25) to equation (3.31), the

following results are obtained:

T V4
Vpe =%jv|_ (t)dt:%jvs sin(wt)dtzﬁ (3.25)

0 T

1t 1% 2.2 Vs
Vi = [= |V “(t)dt = |[=|Ve“sin t)dt = —=
L TJL() ﬂjs () 7 (3.26)
0 0
Vbc _ 2Vs
I DL _~Y> 27
DC RL T.RL (3:27)
VL _ Vs
VL _ VS 3.28
T (3.28)
VL T
FF——L - " _111 3.29
Vpc 242 52
132
| 2] o081 3.30
. (ij (3.30)
RF =VFF2-1-0.483 (3.31)

3.2.3.2 Matlab/Simulink model development of a wind power system

Figure 3.19 shows the Matlab/Simulink model implantation of a wind system consisting a wind
model wind turbine and rectifier model. The AC output generated from wind energy is

converted to DC output power by means of a rectifier.
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Figure 3.19: Matlab/Simulink model implementation of wind system

3.2.4 Modelling of a Battery
The battery will charge if the energy produced by wind energy or the PV array and the power

exceeds the local load demand at any point during the day [113]. Moreover, in the event where
the load is greater than the energy generated by the both sources of PV Solar and wind energy,
the battery is discharged to support the insufficiency of power in the system. This can be

expressed in the following equation:

K
SOC(k+1) = SOC(K) - —~— 3" By (k) (3.32)
nominal j_q

Where SOC is the state of charge of the battery; P4(k) is the power flow from the battery

(discharge); Enominal 1S @ nominal energy; and 7 is the battery efficiency. The following

general equation derived from equation (3.32) applies to the battery dynamics:
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At
SOC(k +1) = SOC(0) - ——1— " P4 (K) (3.33)

Enominal ;
K
Atn
This is regarded as the initial SOC of the battery and —Z P4(K) is the amount of
Enominal ;
power discharged by the battery at a given point in time. The capacity of the usable battery

bank must not fall below the minimum permissible capacity and must not exceed the maximum

permissible capacity, to express this, the restriction use equation (3.34) [114]:
soc™iN < soc (k) < soc™aX (3.34)

Equation (3.34) can be translated into equation (3.35), the result of which the lower limit for

the SOC of the battery bank cannot exceed at the time of discharging soc™" | This may be
expressed in the following equation [114]:
soc™" _ (1- pob).soc™a (3.35)

3.2.5 Modelling and principle of hybrid solar-wind

3.2.5.1 Matlab/Simulink model development of a hybrid solar-wind system

The microgrid is made up of a photovoltaic system and wind energy system. Figure 3.20
displays the Matlab model implementation of a hybrid system. Both sources, the PV system
and wind energy, are embedded in the system. A battery is included for stability and a DC-DC

converter of a battery will also act as the MPPT of the PV system.
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Figure 3.20: Matlab/Simulink model implementation of a hybrid system
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Chapter Four

Results and Discussion of Results

4.1 Introduction

This chapter presents all the simulation results of the designed microgrid using hybrid sources
PV system and wind energy on MATLAB/SIMULINK. The aim is to conduct a power flow
analysis by reviewing the steady state of power and voltage. It also conducts fault analysis in
a hybrid DC microgrid using MATLAB/SIMULINK. Steady state performance during faults
are analysed using power flow study and transient studies respectively. The power flow
analysis is done to comparatively evaluate the steady state stability of the base case combined
system. The transient stability study is carried out on a PV system and wind energy system.

DC faults are analysed.

4.2 Simulations Model and System Description

A DC microgrid model is based on direct current (DC) that is a standalone. The individual
components of the microgrid are planned and simulated using a DC-DC converter. In order to
extract maximum power from the resources, power electronic converters were designed and
simulated for use with wind energy, while photovoltaic (PV) modules were used with MPPT.
"Perturb and Observe" technique to vary the voltage across the terminals of the PV array and
wind in order get the maximum possible power. The charge controller successfully controlled
the DC-DC converter, permitting power to flow from/to the battery to attain voltage
stabilization. A battery plays a crucial role as the most cost-effective option for integration into
the microgrid. Wind energy is used and AC output from wind turbines converted to DC output
by means of rectifiers. Since the power produced by a wind turbine is proportional to the cube

of the wind speed, wind turbines should be located in areas where the mean annual wind speed
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is high. Wind turbines begin to generate electricity at wind speeds of around 3-4 m/s and stop

at wind speeds of around 20-25 m/s [115], [116].

The designed hybrid DC microgrid is made up of PV system, wind energy, energy storage and
power converters to DC output. Rectifiers are used to produce DC from AC supplied by
generators and feed the power to DC bus. The DC-DC boost converter's output is connected to
the DC microgrid, which is where the load is connected. The DC-DC boost converter, which
also controls the DC connection voltage, represents the battery. For stability purposes, the
battery and DC-DC converter of battery is used and also acts as the MPPT of the PV system.
Figure 4.1 represents a block diagram of the DC microgrid with PV system and wind energy

system. The system is a standalone hybrid system.

PV Module DC gnd

DC-DC
converter

Wind Turbine
DC-DC

\\/ / \ Rectifier converter

Battery bank
Charger/ DC Load
discharger

|

T

Figure 4.1: Block diagram of the DC microgrid with PV system and wind energy system
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The objective is to design a hybrid DC microgrid, conduct power flow and a fault analysis in a

system constructed on MATLAB/SIMULINK. Figure 4.2 shows a designed hybrid DC

microgrid system supplied by PV and wind energy system on MATLAB/SIMULINK.
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Figure 4.2: Hybrid DC microgrid simulation model in Matlab/Simulink

In this research, the coordination, control strategies of the DC microgrid and computer
simulations were carried out using MATLAB/SIMULINK. A Power flow analysis of a hybrid
DC microgrid and fault analysis of a hybrid DC microgrid is conducted. In the designed hybrid
DC system, there are hidden internal components. Appendix A shows wind generation;
Appendix B 2-Masse Drive Trainl Model; Appendix C- Pitch Angle-Controller and Appendix
D shows a clear view of a hybrid DC microgrid system designed on MATLAB. In a designed
hybrid DC microgrid, when the power produced by the PV system and wind turbine exceed the

required load and the battery is below the maximum, then the excess power charges the battery.
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4.3 Power Flow Analysis overview of a Hybrid DC Microgrid

The objective of power flow analysis is to determine the load power utilization, active and
reactive power at each bus in an electrical power system. It is necessary in the planning and
operation of power systems to analyse the steady-state operation of a power system under
varying conditions and to consider the effect of variations in the configuration of equipment.
Power flow analysis is a basic tool used in power system studies. With the use of flow study
results, the compliance of system power and voltages to the allowable maximum and minimum
limits at different points in the network under various operating conditions can be determined
[117]. The essential purpose of power flow analysis is to define the line flow of active voltage,

current and power in each section of the power system and the total power losses in the system.

4.3.1 Power Flow Analysis Bus Classification

Generators lines and loads are linked to a bus. In each node or bus node of a power system,
there are four quantities such as magnitude of phase angle of voltage, reactive power and true

or active power [118]. The buses are categorized into three kinds as follows:

4.3.1.1 Load bus

The real power and reactive power are specified in this bus. It is desired to find out the voltage
magnitude and phase angle with the aid of load flow. It is necessary to obtain Pd and Qd at

such bus since at a load bus, voltage can be permitted to vary within the tolerable values.

4.3.1.2 Generator bus or voltage controlled bus

The voltage magnitude corresponding to the real power Pg and generator voltage corresponds
to the ratings that are identified. There is a necessity to determine the phase angle of the bus

voltage and power generation Qg.

4.3.1.3 Slack (swing) bus

The voltage magnitude and phase Q are anticipated, while the actual and reactive powers, Pg

and Qg are calculated using the power flow solution.
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4.3.1.4 Gauss iterative method using Ybus

The assumptions are made on voltages for all buses except the voltage on slack bus due to that
specified voltage remaining stable and as a result, that resolves the load flow. The currents
must be calculated using the relevant method for all buses except the slack bus, derived from

the following equation (4.1):

p#s & p=12...... N 4.1)

Where n is the number of buses in the network, the performance of the network can be attained

using equation (4.2):

IBUS =YBUS EBUS (4.2)

Selecting the ground as the reference bus, a set of (n-1) simultaneous equations can be written

in the following form, i.e. equation (4.3):

n
1

Ep=y—| Ip- ZquEq pzs&p=12.....n (4.3)
pp q=1

q=p

The bus currents calculated from equation (4.1), the slack bus voltage and the estimated bus
voltages are substituted into equation (4.2) to obtain a new set of bus voltages. The new
voltages are used in equation (4.3) to re-calculate bus currents from the following solution of
equation (4.4). This procedure is repeated until all bus voltage variations are insignificant. The

slack bus power that also occurs in the line can be found after obtaining the voltage solution.

The network equation (4.1) and the bus loading equation (4.3) can be combined to obtain E p

in equation (4.4):
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n
Ep=y = _Z_:quEq p£s&p=12...n (4.4)
PP p q=1

q=p
The bus voltage is only included as a variable. Expressing the load flow problem in this method
results in a set of non-linear equations that can be resolved by an iterative method. Carrying
out numerous arithmetic processes as possible before initiating the iterative calculation plays a

vital role in reducing computing time, finding solutions. Letting:

1

S (4.5)
p
Ypp

When substibuting equation (4.4), it gives equation (4.5), which can be written as follows:

P —jQ )L, w
E, :( P EJS'“) P ->Y,L,E, wherep=s&p=12...,n (4.6)
q=1
P q=p
Letting
And
Ypglpg =Yhpg (48)

Then substituting the bus voltage equations (4.5) and (4.8), becomes equation (4.9)

e _Xtp _ S YL o E (4.9)
p=g=_— 2 YlpaEq
P g=1
q=p
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The load flow study takes up a stable system and utilises a single-phase demonstration
corresponding to the positive sequence network. Many of the matrix elements were found to

be zero due no common coupling and that gives a bus admittance matrix.

4.3.2 Simulation Result of Power flow in a DC PV solar system and DC

wind energy system

The configuration of the DC microgrid system and control methods of distributed generation
are expressed. Moreover, focus is on the source side, transmission side and load side. Figure

4.3 shows a simulation diagram of a hybrid DC microgrid in MATLAB/Simulink.
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Figure 4.3: Simulation Diagram of DC microgrid in MATLAB/Simulink
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Figure 4.4 presents the PV model1l main block parameters. It consist of 22 modulus connected
in series at 30.3 V maximum, 30.3 V x 22 gives 666.6 V maximum voltage. Short-circuit
current, open-circuit and current at Pmax values are all shown in the block parameters. The
short-circuit current is 8.01 A. The PV system is a primary source that supplies the DC
microgrid. Solar energy is transformed into electricity using a solar panel. PV arrays are
connected through a boost converter to simulate DC sources in the designed system. The output
voltage of a PV system is not ideal because it is dependent on temperature, irradiation, and load

characteristics.

Block Parameters: PV Modell b4

Subsystem (mask)

Parameters

Short-Circuit Current
8.01 IF

Open-Circuit Voltage
136.90 IE

Current at Pmax

17.10 IE

Voltage at Pmax
130.3 IE

Mumber of Modules connected in series

22 IF

Figure 4.4: PV Modell main block parameters
From Figure 4.5 below which shows DC grid voltage (Vdc_1), it is observed that PV voltage
is above 665 V, almost at maximum voltage of 666.5 V. At first within 0.2 seconds, the voltage
reaches the maximum and after 0,3 seconds it is now at 661 V below the maximum expected

voltage. Hence the DC is operating delivering load to the consumers and continues running at
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a constant voltage. The results revealed that output from the module is constant with increasing
voltage until a certain voltage is reached and the demand is met since the output voltage is at
maximum. The PV cell's performance is sensitive to minor changes in series resistance but
unaffected by changes in shunt resistance. Results display that DC grid voltage is at the

maximum desired voltage at full load.
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Figure 4.5: DC Grid voltage at full load
The maximum voltage is discussed in the main block parameters to be 666.6 V in Figure 4.4
presented. The charge controller is successfully controlled by the DC to DC converter, allowing
power from/to the battery to achieve voltage stabilization. Without the battery storage, the
system struggles to deliver the maximum required voltage. The simulations show that
continuous performance of a PV DC without battery storage fails to reach desired voltage and
is shown in Figure 4.6 where the DC grid is connected without battery storage below 666.6 V.
It shows the decrease and instability in the output harvested voltage. At t=0.25 seconds, it
spikes up to above expected output voltage. The spike reaches 690 V overvoltage, but after a

few seconds it drops down to normal voltage.
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Figure 4.6: DC Grid voltage without battery storage connected
Figure 4.7 below presents the battery storage main block parameters. It presents a nickel-metal-
hydride with 300 V nominal voltage and rated capacity of 6.5 Ah. DC/DC converter ( average
model) connected to the battery storage. Battery storage plays a crucial role in storing energy
in a DC microgrid. A battery with the bi-directional DC/DC converter is connected to DC as
energy storage. The energy storage system is a critical element on a microgrid that is centred
on distributed energy resources to improve efficiency and maintain voltage stability.
Block Parameters: 200 volts, 6.5 Ah Ni-MH battery > |

Battery (mask) (link) adl
Implements a generic battery model for most popular battery types.
Temperature and aging (due to cycling) effects can be specified for
Lithium-Ion battery type.

Parameters  Discharge

Type: | Nickel-Metal-Hydride b

Mominal voltage (V) | 300

Rated capacity (Ah) |6.5

Initial state-of-charge (%) |E~D

Battery response time (s) |3EI'

Figure 4.7: Battery storage main block parameters
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Figure 4.8 shows DC voltage during normal operation. It is because of storage nominal voltage
charging At t = 0.1 seconds that the is variation on the voltage is almost exceeding average,
spiking to almost 700 V, but at t = 0.25 seconds it is at the normal maximum voltage. Energy
storage is a critical component in the microgrid for power stability. The application of battery
storage plays an essential role in achieving steadiness in the system. To advance the
effectiveness of the power system, distributed generation is connected to DC lines through
converters. The power flow of the system is satisfactory as it delivers the maximum voltage of
666.6 V, which is the expected voltage to the load. The results revealed great voltage stability

in the system due to the battery arrangement.

g
¥

Voltage (V)
g
F

g

450 k-

0 os 1 % Tme () 25
Figure 4.8: DC voltage during normal operation

Figure 4.9 presents wind turbine model block parameters, presenting all the values for nominal
mechanical output power (W) at 0.8 Pu, base power of the electrical generators (VA) and base
wind speed (m/s) of a wind turbine at 12 m/s. Wind energy is also used to supply the DC
microgrid. The wind generation (alternating current) is converted by means of a rectifier to
produce direct current, hence the aim of the study is to produce DC output. The wind speed is
directly proportional to the power generated, while there is increases in wind speed and the

power generation also increases. The power produced from the wind is fluctuating constantly.

In order to obtain non-fluctuating power, one has to store in a battery and then provide it to the
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load. The Tm and Te displayed in the simulations are the characteristics of wind turbine

simulations results of wind turbines using PMSG.

Block Parameters: Wind Turbine model x
IS DULPUL 1 LIS LA Ul s Lo s o s ailisl SEigiL i st Wine weouie
generator ratings.

The turbine inertia must be added to the generator inertia.

Parameters

MNominal mechanical output power (W):

|8.5e3 IE

Base power of the electrical generator (VA):
|8.5€3/0.9 IE

Base wind speed (m/s):
112 IE

Maximum power at base wind speed (pu of nominal mechanical power):

0.8 IE

Base rotational speed (p.u. of base generator speed):
E IE

Pitch angle beta to display wind-turbine power characteristics (beta >=0) (deg)
o I

Figure 4.9: Wind Turbine model main block parameters
Figure 4.10 presents wind generation/Tm and wind-MPPT/1 without a battery. Due to the
effectiveness of wind generation in the system designed, the system is able to pick up, but in
the same pattern. The wind generation/Tm is at 43.5 kW above 43 kW and wind-MPPT/1 is at
42.5 kW below 43 kW. The wind generation/Tm is inversely proportional to wind-MPPT/1.
When the wind generation/Tm drops, decreasing the wind-MPPT/1 rises, increasing to balance
the output generated so that the system is sustained. When the fault occurs, the wind-MPPT/1
fluctuates radically and result not at equilibrium with wind generation/Tm due to the fault that
occurred. The results are obtained at 12 m/s base wind speed. The wind generation delivers the
maximum peak power. The maximum power point tracker plays a vital role to harvest the
desired power from the wind generation side. If the wind speed is too high, pitch control can

be used to minimize the blade speed by changing the angle of the blades.
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Figure 4.10: Wind generation/Tm with Wind MPPT/1 without a battery storage
Figure 4.11 illustrates the rectifier block parameters. The Rectifier plays a vital role in
converting alternating current to direct current. The blades rotate at a variable speed to extract
maximum power from the wind resource, therefore the power is converted from AC to DC at
the specific frequency. The rectifier output is fluctuating DC voltage that has the same
frequency as the AC input. Rectifier parameters are quite imperative since they are measure of
the rectification process’s efficiency. The forward voltage in the rectifier main is 0.8 V and it
uses diode snubber resistance and capacitance as represented. The block main parameter of a
rectifier display at snubber resistance is set at 100 ohms. The Snubber capacitance initial value

is also displayed.
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Block Parameters: Rectifier

This block implement a bridge of selected power electronics
devices. Series RC snubber circuits are connected in parallel with
each switch device. Press Help for suggested snubber values
when the model is discretized. For most applications the internal
inductance Lon of diodes and thyristors should be set to zero

Parameters
Mumber of bridge arms: |3 -

Snubber resistance Rs (Ohms)
| 100 IE

Snubber capacitance Cs (F)
|0.1e-6 IE

Power Electronic device Diodes -

Ron (Ohms)

l1e-3 IE

Lon (H)
o |E

Forward voltage Vf (V)
K E

Measurements Device currents -

Figure 4.11: Rectifier block parameters.
The wind generation (alternating current) is converted by means of rectifier to a produce direct
current, hence the aim of the study is to produce DC output. From Figure 4.12 wind generation
with wind-MPPT/3 and Discrete 1%t —Order Filterl is presented. Maximum power point tracker
(MPPT) is connected to the wind system to harvest maximum power. The wind MPPT/3
determines whether voltage needs to be increased or decreased in order to increase the output
power, the outputs a change in the duty cycle which is converted to a pulse width modulation
signal and fed to the boost converter so that the voltage can be increased or decreased. The
pulsating unidirectional outputs of the different rectifier circuits is presented. They are suitable
for charging storage cells. The discrete 1% order Filterl is above 12 kW showing a vastly
increased and smoothed levelling out the pulses and produce steady results leading to direct
output. Wind-MPPT/3 is all most at 13.5 kW fluctuating. The peak Pm and ripple voltage is

shown, ripple increase with load current.
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Figure 4.12: Wind generation with Wind-MPPT/3 and Discrete 1% —Order Filterl
Figure 4.13 presents the wind generation/Te with wind generation/Tm output during normal
conditions and wind generation/Te with wind generation/Tm output during normal condition.
These simulations show that before t = 0.2 seconds, there is no power stability as it spikes to
160 kKW and at t = 0.25 seconds, there is power stability in wind generation as it is below 80
kW. Each boost is controlled by individual the Maximum Power Pointer Tracker (MPPT) in a
variable speed operation system to achieve high efficiency in a wind power conversion system.
Controllers are used based on the range in which rotor angular velocity control is needed, which

varies depending on the turbine.
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Figure 4.13: Wind generation/Te and wind generation/Tm output during normal conditions
The wind generation/Tm and wind-MPPT/1 output during normal condition at equilibrium are
shown in Figure 4.14. Simulations are shown when wind-MPPT/1 is connected, before they
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reach equilibrium at t = 0.25 seconds, the wind-MPPT/1 increases from 0 V and gets above 50
kW, while wind generation/Tm decreases from 120 kW until they both are at equilibrium reach
40 KW. For MPPT, the speed control rotor is performed within the wind turbine's operating
range. Each boost is controlled by individual MPPT in a variable speed operation system to

achieve high efficiency in a wind power conversion system.
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Figure 4.14: Wind generation/Tm and wind MPPT/1 output during normal condition
The wind generation/Te and wind generation/Tm without a storage component under normal
state is shown in Figure 4.15. Wind turbines produce power at a wind speed of around base
wind of 12 m/s. There is a speed variation in the wind generation. The maximum power at base
wind speed is 0.8 pu of nominal mechanical power. During fault conditions, there is no stability
in the output power. The output voltage of wind generation/Tm is reduced to less than 50 kW
and wind generation/Te is above 70 kW, approximately 80 kW. The ripple factor measures the
smoothness of the DC output of a rectifier. The ripple frequency is twice the supply frequency.
The MPPT make use of “Perturb and Observe” technique to vary the voltage and harvest

maximum possible power.
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Figure 4.15: Wind generation/Te and wind generation/Tm without a battery storage
4.4 Fault Analysis of a Hybrid DC Microgrid
The arrangement of a hybrid DC microgrid system and distributed generation control methods
are discussed. Also investigated are faults on source side, load side and DC transmission lines.
Faults in DC transmission systems can occurs for number of reasons, they affect system
stability by causing disruptions in parameters such as DC voltages, DC currents and voltages
and currents of the coupled AC system. The following two DC faults are analysed:

a. DC line-to-ground fault.
b. DC line-to-line fault.

4.4.1 Simulation Results of a DC Fault Analysis in a DC PV solar system

and DC wind energy system

Case 1- Faults on the generation side of the DC microgrid-DC line-to-ground Fault (L-
G).

Figure 4.16 shows simulation results of wind generation/Tm and wind-MPPT/1 during DC
line-to-ground on the generation side. The wind energy generation shifts significantly when
compared to Figure 4.13 under normal conditions because of the line-to-ground fault that
occurred. The wind MPPT/1 and wind generation on the waveform has shown great shift during

the DC line-to-ground fault. It is not under equilibrium and delivers unstable output. Att=0.1
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seconds, it spikes up the wind MPPT/1 reaching 53 kW. As it continues at t = 0.25 seconds,
the fault arises to reach 42 kW and the output delivered changes. Then both outputs are getting
blurred and shift from its equilibrium point. Insulation failure between one DC conductor and
ground of the system lead to DC line-to-ground faults. Pitch regulation, in which the angle of

the blades is changed to minimize the speed of the blades, may be used if wind speeds are too

high.
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Figure 4.16: Wind generation/Tm and Wind-MPPT/1 during DC line-to-ground fault
Figure 4.17 shows simulation results of wind generation/Tm and wind-MPPT/1 during DC L-
G fault at equilibrium. When the L-G fault occurs in the generation side, wind generation/Tm
opposes wind-MPPT because of the poor module performance. When adjusting the
temperature and irradiation settings, it is preferable to run the module at its highest power point
so that the full power can be supplied to the load. The wind generation/Tm under this line-to-
ground fault and the ripple effect are significantly seen throughout, as compared to Figure 4.10
under normal conditions. The output is constricted due to the fault that occurred in the system.
Initially, the wind generation/Tm is at 43 kW, leading the wind-MPPT/1 at 41.5 kW. At 0.5
seconds, it is now vice versa. The wind generation/Tm starts leading increasing head above 43

kW, getting closer to 44 kW at t=1.5 seconds.
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Figure 4.17: Wind generation/Tm and wind-MPPT/1 during DC line-to-ground fault at

equilibrium.

Filtering is the significant measure after rectification to filter the unwanted remaining pulsating
ripple voltage. Figure 4.18 presents DC current (C3) during the DC L-G fault. The three phase
generation side acts as a primary source feeding the microgrid. C3 plays a vital role in the DC
microgrid. It is seen that there is no stability and constant output. The diode starts to conduct
when the output voltage reaches zero, and the load current flows through it. Another advantage
of the diode is that it reduces voltage ripple and reactive power. Shunt capacitor C3 is
considered as the most ingenious and effective apparatus in the system. The results obtained at
C3 shows the output at the maximum of 100 V from 0 V after rectification took place and the

cycle is recurrent.
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Figure 4.18: DC voltage (C3) during DC line-to-ground fault

Case 2- Faults on the generation side of the DC microgrid- DC line-to-line Fault (L-L)

Figure 4.19 presents the wind generation/Te and wind generation/Tm during DC line-to-line
fault. As seen, wind generation/Te displays enormous fluctuation and as a result, it is no longer
at equilibrium with wind generation/Tm due to the line-to-line fault that occurs in the system.
The fluctuation of wind generation/Te is above 60 kW, while the wind generation/Te is
fluctuating at 40 kW, showing unevenness impending at the rectification point. The output
from the rectifier contains an undesirable ripple and different unwanted effects appear in the
system. A DC line-to-line fault occurs when there is insulation failure amongst two DC
conductors. Wind-MPPT plays a crucial role in the generation three-phase side. As the results

show, wind-MPPT/1 is at equilibrium state during normal equation.

85



3

T
D o wind generation/Te | |
: wind generationTm

L1 1 ........................................................... ieerrrrecrmees -
ol o | | S ......................................................................... i
2 5
= QD0 |- rnb e e S -
i :
g Bl ._ ........................................................................... .
=% :

|;|]_._ .. .

'4'] "

VT

u 1 i [

05 1 1.5 Time (s)

Figure 4.19: Wind generation/Te and wind generation/Tm during DC line-to-line fault
Figure 4.20 represents wind-MPPT/3 and discrete 1% order filterl during the DC line-to-line
fault. The discrete 1% order filterl shows a very low ripple and high stability. Load regulation
and line regulation output change as the one draws different amounts of current and as a result,
the AC amplitude changes. The filter converts the pulsating DC into pure DC and a capacitive
filter is deployed. The filter is used to limit the ripple voltage. The wind-MPPT/3 shows the
MPPT harvesting the maximum possible power and supply the system. At Wind-MPPT/3, the
output is constant but one spike after a while and the discrete 1%-order filter1 increases slowly

from 12 kW at t=2.9 seconds, increasing up to 20 kW.
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Figure 4.20: Wind-MPPT/3 and discrete 1st order filterl during DC line-to-line fault
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Figure 4.21 presents wind generation/Te and wind generation/Tm with no battery at the line-
to-line fault. At t = 0 seconds, the output is below 200 kW. From there, it gradually increases
to a peak value of 700 kW below 800 kW. At t= 0.5 seconds, the wind generation changes and
decreases to below 200 kW on a negative cycle, hence there is no energy storage system at the
time. The generation continues as the wind picks up, but there is no stability and steadiness on
the output due to the fault disturbing the system, struggling to reap the maximum power as it

IS supposed to attain the highest possible output.
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Figure 4.21: Wind generation/Te and wind generation/Tm with no battery at line-to-line fault

Case 3-Faults on the load side of the DC microgrid- DC line-to-ground Fault (L-G)

Figure 4.22 shows a DC voltage (Vdc_1) output during a DC line-to-ground fault. VVoltage in
per unit is fluctuating and blown, the ripples occurs severely on the DC voltage and consumer
side because of fault. Initially, the voltage reaches the maximum output voltage of 20 V, but
due to this DC line-to-ground fault, it ranges below 0 V. The rated value of this condition can
never get back to stable because of the line-to-ground fault. When DC line to ground faults

occur on the load side of the DC microgrid, the consumer’s side will be rigorously affected.
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Figure 4.22: DC voltage (Vdc_1) during the DC line-to-ground fault on load side
As also presented in Figure 4.23, the DC voltage (Vdc3) is at full load during a DC line-to-
ground fault. The output voltage under this fault does not deliver expected output voltage, but
only delivers almost 665 V. The voltage fluctuation is diminished and output waveform is
standardized less than 666.6 V. The output voltage at this level is between 664 V to 665 V. The
irradiation and ambient temperature of PV arrays is operating abnormally under the line-to-
ground fault condition. Maximum power is transferred when the load resistance is equal to the

resistance of the PV array.
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Figure 4.23: DC voltage (Vdc3) at full load during the DC line-to-ground fault
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Figure 4.24 presents DC current (IL1) on the load side during an L-G fault. This is displayed
on the Ideal current measurement (IL1) connected on the load side of the DC microgrid. The
maximum current in the main parameters is 7.10 A. When this fault occurs, the current on the
load side of the system falls down. It rises before it falls down. The consumer’s side gets
affected severely when attacked by a DC L-G fault. DC current (IL1) on the load side during
L-G fault is shown in Figure 4.24. When this fault occurs, the current on the load side of the
system fluctuates unceasingly. The consumer’s side gets disturbed when a DC line-to-ground
fault occurs. It falls down before it rises to peak value. This is displayed on the ideal current
measurement (IL1) connected on the load side of the DC microgrid. The main parameters set
short circuit current in the PV modulel at 0.801 A. The output current obtained under this
condition is at 0.25 A. The current is shifting down, decreasing to 0.238 A as there is a line-to-

ground fault.
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Figure 4.24: DC current (IL1) on the load side during a line-to-ground fault

Case 4-Faults on the load side of the DC microgrid- DC line-to-line Fault (L-L)

Figure 4.25 shows DC current (IL3) during a DC line-to-line fault. It is shown on the ideal
current measurement (IL3) connected on the load side of the DC microgrid. The maximum

current in the main parameters is 7.10 A per solar panel. When a DC line-to-line fault occurs,
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the current on the load side of the system falls down. IL3 spikes and struggles to reach 100 A
maximum and it decreases to below 40 A, showing no steadiness. The occurrence of DC line-
to-line faults on the load side of the DC microgrid will bring deviation to the consumer’s side

and the whole system will be conscientiously disturbed.
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Figure 4.25: DC current (IL3) during DC line-to-line fault

DC current (C3) during a DC L-L fault is shown in Figure 4.26. When this fault occurs, the
current on the load side of the system fluctuates continuously. The consumer’s side gets
disturbed when a DC L-L fault occurs. It falls down below 20 A before it rises to a 30 A value.
It accumulates at the same pattern, climbing up and improving with the performance. This is
displayed on the C3 linked on the load side of the DC microgrid. This fault has adverse impacts
and requires the coordination of the system to be excellent so that it will not damage the system

easily.
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Figure 4.26: DC current (C3) during a DC line-to-line fault

4.5 Summary of Results

4.5.1 Model and System Description

All the results obtained are summarised and listed in the tables. The modelling and simulations
parameters and all the important components are defined. The system description summary is
shown in Table 4.1 presenting the input values in the main system, including PV Model1l,

battery model, wind turbine and rectifiers.
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Table 4.1: Main parameters of the system.

PV Modell Number of modules connected in series | 22
Short-Circuit Current 8.01 A
Open-Circuit Voltage 36.90 V
Current at Pmax 710 A
Voltage at Pmax 303V
Battery (Nickel-Metal- Nominal Voltage 300V
Hydride) .
Rated Capacity 6.5 Ah
Wind Turbine Nominal Mechanical Output Power 8.5e3 W
Model -
Base power of the electrical generator 8.5e3/0.9 VA
Base wind speed 12 m/s
Maximum power at base wind speed 0.8 pu
Rectifier Number of bridge arms 3
Snubber Resistance Rs 100 ohms
Snubber capacitance Cs 0.le-6 F

4.5.2 Power Flow Analysis Results Summary

The summary of a hybrid DC microgrid under power flow is presented, Table 4.2 shows

outputs results for a PV model voltages and Table 4.3 shows for a wind generation.

Table 4.2: Power flow results for PV model voltages

PV Model Voltages
Condition Outputs
DC Grid voltage at full load Vdc_1=666.5V

DC Grid voltage without battery storage Vdc_1=665V
connected
DC voltage during normal operation Vdc 1=700V
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Table 4.3: Power flow results for a wind generation

Wind Generation

Conditions

Wind generation/Tm with Wind MPPT/1
without a battery storage

Wind Generation with Wind-MPPT/3 and
Discrete 1%t —Order Filterl

Outputs

Tm =43.5 kW
MPPT/1 = 42.5 kW
MPPT/3 = 13.5 kW
1% Order = 12 kW

Wind generation/Te and wind Te = 160kW
generation/Tm output during normal Tm =120 kW
conditions

Wind generation/Tm and wind MPPT/1 Tm =120 kW

MPPT/1 =70 kW
Equilibrium = 40 kW
Te =75kW

Tm = 44 kW

output during normal condition

Wind generation/Te and wind
generation/Tm without a battery storage

4.5.3 Fault Analysis Results Summary

The faults on the source side, load side and DC transmission lines it is where DC line-to-line
faults and DC line-to-ground Faults are analysed. Table 4.4 — 4.7 shows the results summary

of four (4) different scenarios for different cases under DC faults occurrence.

Table 4.4: Case 1- Faults on the generation side of the DC microgrid-DC line-to-ground Fault

Scenario 1

Conditions Outputs

Wind generation/Tm and Wind-MPPT/1
during DC line-to-ground fault

Tm =53 kW
MPPT/1 = 44 KW

Wind generation/Tm and wind-MPPT/1
during DC line-to-ground fault at
equilibrium,

Tm = 44 kW
MPPT/1 = 43 kW

DC voltage (C3) during DC line-to-
ground fault

Vc3 =100V
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Table 4.5: Case 2- Faults on the generation side of the DC microgrid- DC line-to-line Fault

Scenario 2
Conditions Outputs
Wind generation/Te and wind Te =70 kW
generation/Tm during DC line-to-line Tm =44 kW
fault.
Wind-MPPT/3 and discrete 1% order MPPT/3 = 1.5 kW
filterl during DC line-to-line fault 1% Order = 20 kW
Wind generation/Te and wind Te =700 kW
generation/Tm with no battery at line-to- | Tm =700 kW
line fault.

Table 4.6: Case 3-Faults on the load side of the DC microgrid- DC line-to-ground Fault (L-G)

Scenario 3

Conditions Outputs

DC voltage (Vdc_1) during the DC line- | Vdc_1=20V
to-ground fault on load side
DC voltage (Vdc3) at full load during the | Vdc_3 =665V
DC line-to-ground fault
DC current (IL1) on the load side duringa | IL1=0.24 A
line-to-ground fault

Table 4.7: Case 4-Faults on the load side of the DC microgrid- DC line-to-line Fault (L-L)

Scenario 4
Conditions Outputs
DC current (IL3) during DC line-to-line IL3=0.24 A
fault
DC current (C3) during a DC line-to-line | IC3=29 A
fault
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CHAPTER FIVE

Conclusion and Recommendations

5.1 Conclusion

The performance of the hybrid DC microgrid system designed in MATLAB/SIMULINK is
found to be satisfactory. The MPPT algorithm is used to coordinate the system and harness the
full power from the sources. The surplus power from PV system and wind energy contribute
to energy storage system, while the system is adequate to satisfy the load demand. The power
from wind turbines is changed to direct current using rectifiers. In this research, the results of
faults analysis are shown for the generation side, DC transmission and load side. The DC
microgrid has revealed a high excellence distribution system. Because of the energy storage
system and distributed generation system, when a faults occurrence on the generation side,
there is no excessive effect on the consumer’s load. When DC L-L and DC L-G faults take
place in the load of the consumer’s side, it is seen that it was not much influenced by the faults.
In conclusion, the DC microgrid shows stable conditions in the demand side of the load since
there is a minor effect. Since the power supply from PV and wind energy systems is sufficient
to supply consumers, the system can deliver productive, excellent and dependable power
system to consumers. To satisfy high efficiency in the system, power flow analysis is conducted
and fault analysis is also performed under various conditions to understand the stability and
reliability of the system. Faults are shown for the generation side, DC transmission and load
side. The DC microgrid has revealed a high quality distribution system and simulations are
carried out with MATLAB/SIMULINK software. In conclusion, DC microgrid shows stable
conditions in the demand side of the load since there is a minor effect caused by the fault that

occurs in the system.
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The deployment of hybrid supplies in the system maximizes the efficiency from all of the
sources and as a result improves stability in the DC microgrid. DC microgrid technology is
persistently emerging and mainly implemented in renewable energy incorporation. Therefore,
there is a wide-ranging focus area to overlook. DC line transmission experiences faults,
imposing harmful effects on DC microgrid arrangement technique and leading to many
damages to the mechanisms connected to the system. Applying high impedance grounding co-
ordination realizes line-to—line faults in transmission lines and stabilise capacitors assist. The
clearing current is low during this period so that the capacitor's voltage can withstand being

deprived of any overcurrent stress.

Some significant conclusions that can be drawn from this work are:

e The overall effectiveness of the DC hybrid system is determined by the reduction of
conversion losses and the expansion of the DC link.

e The PV system and wind energy combined with energy storage created a hybrid DC
microgrid with high reliability, high efficiency, more efficient output power to
consumers, and excellent load distribution performance.

e This hybrid system can be viable for small remote microgrids.

e Power electronic converters may be used in combination with solar modules and MPPT
to increase the extracted energy from the solar resource by achieving impedance
matching between the source and the load.

e A bi-directional converter can be used in between a microgrid and battery in order for
power transfer to occur between the microgrid and battery. A Pl controller can
adequately control the operation of the bi-directional converter to attain a stable DC bus

voltage with low steady-state error.
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5.2 Recommendations

This research study has revealed the effectiveness of hybrid systems. The developed system is
well suitable for isolated areas, act as a grid lock supply for domestic, industrial and agricultural
systems. Future work may consider how to identify the exact location of the faults in the DC
microgrid and how to protect the system from these faults when they occur. In addition, testing
of the techniques on a real-life distribution system would provide a basis for confirming its
effectiveness. The hybrid DC microgrid has proven that any power system functions well when
it is supplied by two sources, the power stability and behaviour during faults occurrence is
satisfactory. The PV system and wind energy system form a formidable hybrid DC microgrid
that can be used in an isolated microgrids for rural communities and isolated industries. The
increasing penetration of wind energy has been reviewed intermittently, in that way becoming
more firm for renewable power plants. For that reason, it is needed for wind energy systems to

advance the compensation of the generating plant to meet microgrid requirements.
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APPENDIX A: Wind Generation
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APPENDIX B: 2-Masse Drive Trainl Model

Wind turbine drive train based on a 2-masse model
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APPENDIX C: Pitch Angle-Controller
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