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PREFACE

My name is Muziwenkosi Jiyane, and I am a Master of Engineering candidate at the Durban
University of Technology, in the Department of Electronic and Computer Engineering. My
research topic is “DC Microgrid Energy Optimization”. The topic was selected because most
rural areas are geographically isolated. Since they are isolated, they do not have electricity
infrastructure extensions in their areas because of the economical distance limitation.
Microgrids offer a viable solution for meeting the power needs of rural areas. A significant
amount of research has been done to optimize the operation of microgrids. This thesis
contributes to that work by focusing on developing an energy management system using
demand-side control of the microgrid. The microgrid was modeled and simulated in the

MATLAB software.

This research aimed to design, model, and simulate a hybrid microgrid that will meet the needs

of electricity in a selected area. The hybrid microgrid will consist of:

e A photovoltaic (PV) fuel cell (FC), and battery storage system to ensure a constant
supply of power regardless of weather conditions.

e An energy management system that will optimize the energy generated to best meet the
demand.

e A demand side management system (DSM) to observe the effect of a demand-side

management system in the microgrid.

The introduction to the research topic and its background, aims, and objectives are provided in
Chapter 1. This is then followed by Chapter 2, the literature review of the research study.
Chapter 3 shows the development of the sizing and design of the microgrid system. Chapter 4
presents the model of the microgrid. Chapter 5 gives the simulated results of the designed
microgrid system. Finally, Chapter 6 gives the conclusion and discusses recommendations to

further the study.

I would like to thank my supervisor Dr. N Pillay and my co-supervisor Mr. R Sewsunker for
their guidance throughout this work. I would also like to thank you, my reader: I hope you enjoy
reading my thesis.
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ABSTRACT

Microgrids that generate electricity using photovoltaic panels or wind turbines and batteries,
provide a viable solution to meet low to moderate energy needs in rural, remote and informal
settlements. However, these solutions are limited because they depend on the availability of
sunlight or wind. To solve these limitations, researchers have proposed hybrid systems that
combine multiple energy sources and can be more efficient than battery-powered photovoltaic
or wind systems. These hybrid systems use dynamic dispatching to optimize the overall cost
and performance of the microgrid. Energy management systems are widely used to achieve this
dynamic energy distribution, including load profiling and intelligent decision-making for
energy distribution. While many energy management systems focusing on automated demand
side management have been deployed worldwide to optimize microgrids, less work has been

done in South Africa.

This research is focused on designing a hybrid PV-driven battery and fuel cell backup system,
initially concentrating on sizing the PV, battery, and fuel cell. The focus then shifts to
developing an energy management system. The proposed system follows a low-power
provision in a 48 VDC format, offering electricity for lighting, computing, entertainment
devices, and communication modules. Seven rural households were chosen for the study,
collectively consuming 8.64 kWh/day. The efficacy of the microgrid is examined with and
without demand-side management and considering the impact of load scheduling. The findings
revealed that reducing energy demand by the demand side led to an increase in current and
output power due to the proportional relationship between current and power, while the bus
voltage remained constant at 48V DC. Furthermore, an increase in loads resulted in a decrease
in output power. The simulation was carried out using the MATLAB® Simulink™

environment.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background

A large portion of rural areas are situated in geographically isolated locations [1]. Figure 1.1
shows a typical layout of rural isolated areas. Most isolated areas do not have grid infrastructure
extensions to their areas due to economical distance limitation [2]. With the recent electrical
shortage problems in South Africa [3], it would not be ideal to extend electrification grids to
these areas. Furthermore, the combustion process of burning fossil fuels to drive steam
generators contribute to global warming [4]. Adding more consumers to the existing grid would
increase the usage of energy resources such as fossil fuels, which negatively impacts the natural

environment due to the emission of Carbon Dioxide (CO,) into the atmosphere [5, 6].

Figure 1.1. Geographical isolated rural area [1]
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Chapter 1 Introduction

The use of renewable sources such as solar and wind presents a favourable solution to meet the
need of electrical problems in isolated areas [7, 8]. Energy can be produced from the renewable
sources locally, using sources that can perform better under that location weather conditions
[9]. Rather than generating power in bulk using power stations which are located far away from
consumers and using long-distance transmission lines to deliver energy to those isolated areas
[10], it is possible to produce smaller units of power locally, from the renewable energy sources
[11, 12]. Energy can then be fed back into the distribution network, or potentially consumed

via localized distribution networks [13].

Figure 1.2 shows a typical example of an isolated geographical area and a microgrid has been
used as means of power supply to the households. The microgrid demonstration plant, which
provides power to the community of Wilhelmina farm in Ficksburg, Free State province in
South Africa, was completed in November 2017. The community is made up of fourteen
households and with a total community population of 81 inhabitants. The solar plant utilizes

the suns energy and converts it to a maximum of 32 kW using solar panels [14].

Figure 1.2. Microgrid implemented in a geographical isolated rural area [14]
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Chapter 1 Introduction

A system which depends on a single renewable energy source is possible, but not 100% reliable
because it depends on the availability of the resource (sun or wind) [15]. When this resource is
not available due to varying weather conditions then the system cannot sustain the consumer
demands [16]. Energy storage sources such as battery and capacitor banks are usually added to
the renewable energy system as an energy backup system during unfavourable weather
conditions. This means that when there is sunlight, a portion of energy generated by the PV will
be stored in batteries while the rest is fed to the loads. The stored energy is used when there is
no sunlight or wind [17]. To store additional power that can last for few days, more batteries
are required. However, more batteries will need more space which can be a limiting factor. In
addition, battery replacement costs makes the solution expensive to store power for the short
term [18, 19]. An additional source is needed that can provide power on demand for a longer
term. Fuel cells can be a viable additional source to ensure availability of power when both the
sun and batteries cannot supply consumers [20]. For this to be achieved, a management system
needs to be implemented that will be in control of these energy sources to make sure that they

are operated smartly and optimally.
1.2 Significance of the study

This research proposed a standalone DC microgrid by using PV, batteries, and fuel cells. An
energy management system is proposed and simulated. The energy management system
optimally deploys PV, battery, and/or fuel cell power and a demand side management was
proposed since load demand plays a significant role in microgrids [21]. The most popular
energy saving strategy that is currently implemented in South Africa on demand side is load
shedding. The main disadvantage of load shedding is that it cuts power supply for the whole
community for certain periods of hours. It’s classified into stages. Stage 4 would normally cut
power for up to 4 hours. There are currently no means of isolating critical appliances on feeders
and only de energize noncritical appliances. There were nearly 3,800 hours of load shedding in
2022. With this research a development of a demand side energy management system will give

analyses of how the microgrid would function under different energy demand conditions.

The DC system was proposed because it has significant advantages in solving some of the
control issues inside a microgrid such as synchronization, and reactive power control. Low
power consuming DC loads will be used because of their energy-efficiency over AC loads. DC

also holds potential advantages in terms of reliability, efficient control, and simplicity in terms
4
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Chapter 1 Introduction

of integration of renewable energy sources. 48 VDC bus lines were chosen because it is
sufficiently high to supply appliances, and low enough not to cause serious harm to the human

body.

1.2.1 Problem statement:

Renewable energy sources are gaining attraction as a first preference source of energy [7]. Their
implementation does however, come with many challenges such as varying weather conditions
and limited energy storage space. A microgrid system must address unreliability due to
dependence on weather conditions, optimized power usage and decisions that promote

longevity of the systems lifespan.

1.2.2 Research aims and objectives:

The aim of this research was to design, model and simulate a hybrid microgrid system that will

meet the demands of consumer needs in a selected area and the objective of the research were:

1. To ensure constant supply of power regardless of weather conditions.
ii. To optimize the use of the energy generated to best meet the load demand.
1ii. To develop a demand side management system which will impact on the overall

system performance of the microgrid.

1.3  The thesis structure:
Chapter 2 provides a discussion on previous related work.
Chapter 3 presents the system calculations and fundamental system modelling.

Chapter 4 shows the complete simulation of the proposed system with the management control.

Computer simulations highlight the different components that makeup the system such as, the

Department of Electronic and Computer Engineering
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Chapter 1 Introduction

solar cells, PV arrays, maximum power point tracker (MPPT), DC to DC convert circuit,

batteries, and finally the fuel cell systems.

Chapter 5 presents the results and analysis of the system.

1.4 Chapter summary

In summary, chapter 1 introduced the DC microgrid energy optimization research topic, where
the background of the researchers was described. The discussion included the justification for
this study, the current state of South African electricity supply, and potential solutions. Problem
statement, research aim, and objective were presented in this chapter and the finally, the thesis

structure provides the arrangement of the thesis.

Department of Electronic and Computer Engineering
Durban University of Technology



Chapter 2 Literature Review

Chapter 2 Literature Review

2.1 Introduction

Chapter 2 presents a literature review based on the research topic DC microgrid energy
optimization. At the start of chapter 2, a brief historical review on renewable energy resources
is discussed. A review of control strategies to optimize the microgrid then follows. Following
this, the microgrid architecture is discussed, focusing on different types of microgrid

architecture.
2.2 History on renewable resources

Renewable Energy (RE) is still a new field and growing rapidly. Sorensen was the first
researcher to perform analyses on 100% RE [22]. He analysed 100% renewable energy systems
in 1975 and published the first analyses on RE which was a case study based in Denmark [23].
Another researcher named Lovins became the second researcher to publish an article on 100%
RE systems. The difference between Serensen and Lovins publications was that Serensen work
was a quantitative analytic study while Lovins was based more on the major components of RE
[24]. In 1996, Serensen published another global academic analysis of a 100% RE system for
the timeline till year 2050 [25]. In 2009, authors by the names of Jacobson and Delucchi [26]
presented another analysis on 100% RE for the year till 2030. Jacobson and Delucchi work
were focused on mostly solar and wind energy, which have zero carbon emission, unlike the

previous authors whose work included fuels such as biomass and biogas [25].

In 2005, Czisch [27] in his dissertation proposed a 100% RE multi-node simulation in hourly
resolution based on past weather data for a super-grid, targeting one billion population around
the world. The study of Czisch was a breakthrough for more studies that followed on 100% RE
super-grid and supported the ‘Desertec Vision’ of those years. The vision of Desertec focused
on electricity production from renewable energy sources in a manner that protects the
environment. In 2010, Heide and co-workers [28] derived the first optimal balance of solar PV
and wind power for a 100% RE system for the case of Europe in hourly and high spatial
resolution. They concluded that 45% solar PV and 55% wind power would be optimal. Using

this stylized approach, known as weather-driven modelling, they described the impact of
7
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assuming different wind and solar combinations and heterogeneities among the European

countries. They evaluated the impact of extending transmission links and storage [22, 28].

In 2009, another breakthrough on electrical power conversion to chemical was achieved by
Sterner [29]. Sterner used a process of CO: reduction using hydrogen, his main source of CO»
was biomass. Converting power to gas has been a much-needed breakthrough in the industry
as it paves the way for hydrogen storage. By 2014, an Open Energy Modelling Initiative was
formed. Its goal was to achieve transparency in RE modelling. This allowed for many
researchers to exchange knowledge within the study of 100% RE [22]. During the period of
2017 to 2021, Bogdanov and co-workers [30] developed a new standard in global and local
transition studies to 100% RE using the LUT-Energy System Transition Model (LUT-ESTM).
It modelled the world in 145 individual regions at full hourly resolution with multi-node
optimization using different regional and country schemes and for the entire energy industry
system. This modelling framework also includes comprehensive electricity and chemical sector

linkages across approximately 120 technologies across all sectors and industries. [31].

Nuclear and fossil fuel still dominate the energy industry, with the study shown in Germany
[32] that even by 2030, these two non-renewable energy sources will still be dominating the
energy sector [33]. More studies are done on RE and the changing models allows for the
integration of energy system coupling and larger study areas with increased spatial and
temporal resolution and the transmission grid [34]. Energy system models must be combined
with more detailed energy system simulations for each synchronously operating system to
demonstrate the viability of energy and power systems with future wind and solar resources
[35]. The first steps of 100 % RE were often to convincingly demonstrate to stakeholders that
renewables can replace fossil fuels, especially coal and nuclear power plants with high
utilization rates. Much has been done to achieve that, but considerable research is required until

100% RE completely replaces fossil fuels.

2.2.1 Solar energy

The history of solar cells dates to 1839, where the French scientist Alexander Edmund
Becquerel was working on metal electrodes in an electrolyte solution when he saw that current

was created by this metal when the sun shone on them [36]. From 1839 to 1954, solar cells were
8
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developed but were less effective until 1954, when Bell laboratories demonstrated the first
silicon solar panel. This panel was 6% effective in converting sunlight to electricity. [37]. This
was a significant improvement comparing the silicon solar panel to the selenium solar panel,
which was made in 1883 by Charles Fritts which was less than 1% in converting the sunlight
to electricity [38]. At that time, the silicon solar cells were very expensive to manufacture and
were initially used to power satellite Nimbus spacecraft in 1964 [39]. With time, the production
of silicon cells was simplified, making them less costly to manufacture. Figures 2.1 and 2.2

show the improvement in efficiency from 1995 to 2020 [37].

Figure 2.1. PV system capital cost [40]
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Figure 2.2. PV efficeincy [40]

The simplest solar cell form can be represented by Figure 2.3. A diode parallel to an ideal
current source can characterize electrical energy. The current delivered at the output is
proportional to the flux of insolation the solar cell receives. A solar cell produces about 2W at
approximately 0.5V DC. To increase the solar cell power and voltage, single solar cells are
connected in series or parallel or combination of parallel and series to achieve the desired

voltage and power on a single module.

Figure 2.3. Solar cell equivalence circuit diagram
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2.2.2 Wind turbines.

In simple terms, wind turbine uses air movement to generate electrical energy. Unlike solar
energy, which generates DC power, wind turbine generates AC power. In 1883, one of the first
wind turbines was installed as means of generating electricity at the Vienna International
Electrical Exhibition by Josef Friedlédnder [41]. Figure 2.4 shows the first installed wind turbine
for generating electricity. While this was the first wind turbine installed for generating
electricity, wind turbines date back to 1883. The first documented wind turbine is the Persian
windmill in 644 AD as shown in Figure 2.5 [42]. These wind turbines were mainly used for

water pumping, driving sailboats, and grinding grain.

Figure 2.4: The first wind turbine installed in 1883 [41]
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Figure 2.5: Persian windmill [42]

With advancements in technology, wind turbines also advanced from being used to pump water
in agricultural applications to power lights for buildings in remote areas [43]. Several wind
turbine farms suitable for small and large-scale farms have been developed over the years.
Larger scale wind turbines have also been developed and linked with existing grids for remote
use of power. Wind-powered generators operate in sizes ranging between small plants for
battery charging at isolated residences up to gigawatt sized offshore wind farms that provide
electricity to the national electrical network. Over the years, electricity generation from wind
turbines has increased. Figure 2.6 shows the energy generated from a wind turbine from 2001
to 2020. The wind power generation began in 2001 where the power generated was 24 GW to
2020 which escalated to 792 GW. This is a significant increase moving towards 100% RE

Sources.
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Figure 2.6: wind turbines cumulative power capacity over the years [44]

2.2.3 Hydrogen energy

A fuel cell is an electrochemical unit that converts a chemical reaction into electricity. Fuel
cells require a continuous source of hydrogen and oxygen to sustain the chemical reaction and
produce electricity. The fuel cell can be described as a battery that lose energy if hydrogen and
oxygen are present to create a chemical reaction. In 1838, Sir William Grove [45] invented the
first fuel cell, but it took centuries before it became commercially available. NASA used the
fuel cell in the 1960s to power satellites in space. The fuel cell that National Aeronautics and
space administration (NASA) used was the hydrogen-oxygen fuel cell, which was invented by
Francis Thomas Bacon in 1932 [45]. Over the years, fuel cells have grown to be used in various
applications in the transportation industry. Figure 2.7 shows a typical fuel cell’s chemical
reaction consisting of an anode, a cathode, and an electrolyte that allows ions to flow. Positively
charged hydrogen ions, known as protons, move between the two sides of the fuel cell. A
catalyst speeds up a chemical reaction, causing the fuel to undergo oxidation reactions that
generate ions and electrons. The ions move from the anode to the cathode through the
electrolyte. At the same time, electrons flow from the anode to the cathode through an external

circuit, producing DC electricity.
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Figure 2.7. Fuel cell chemical reaction [46]

2.3 A review on optimization strategies

This literature review section discusses several microgrid optimization strategies studied and
developed by different researchers. Many optimization strategies are available to optimize the
operation of the microgrid. The optimization strategies are designed based on the factors that
affect the microgrid's ability to operate at its optimum level. Some factors that affect the
microgrid are the location of the microgrid, which will determine the type of renewable
resources best suited for that location, and microgrid architecture. Many strategies can be used

to implement and optimize microgrids. One such strategy is a Model Predictive Control (MPC)
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algorithm. MPC is a control strategy used in linear and nonlinear systems. This strategy is based
on the optimal control theory by Camacho and Bordons [47]. Figure 2.8 shows the diagram of
the MPC, the prediction model, two manipulated inputs, disturbances, and output information

(states as measured variables) to compute the future estimated states.
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Figure 2.8: Model prediction control strategy

In the research conducted by Sunny and Thomas [48], they discussed and implemented a
synchronized energy management system using a nonlinear model predictive control (NMPC)
algorithm. This method makes the wind turbine and a PV array of a standalone DC microgrid
as controllable power generators by adjusting the switching duty cycles of converters [48].
Sunny and Thomas objective was to determine the stability of DC microgrid that can be
obtained from the stability of dc bus voltage level. The authors concluded that the controller
could achieve the constant current and voltage required, for example, in charging battery cells.
The changing load demands can be accurately shared between corresponding generators. Sunny

and Thomas's work relates to the research as both works focus on optimizing the energy on a
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microgrid. For this research, a different strategy is used to implement an energy management

system with a power management system [49, 50].

Another control strategy that can have been used to optimize microgrid operation is the active
and reactive power (PQ) control. This optimization strategy aims to achieve constant output
power or voltage. Prasenjit Basak et al., 2009 presented a paper in which they discussed and
presented control techniques required for microgrid operation. They implemented a simple
control strategy of a microgrid model realized with MATLAB® [51]. They aimed to regulate
voltage and frequency and keep these values within acceptable limits for a simulated microgrid.
Their control strategy is PQ control, by controlling the microgrid source so that its real and
reactive power are constant. This research requires a 48V DC bus voltage from the energy
sources to power the loads. A Proportional and Integral (PI) control is used than PQ control
strategies because of its simplicity. The PI controller controls the DC-DC convertor circuit to

ensure a constant DC voltage across the DC bus voltage [52].

E. Natsheh [53], in his dissertation performed a simulation on a hybrid system using Artificial
Neural Network (ANNs) to implement a MPPT using an advanced Fuzzy Logic Control (FLC)
algorithm for the distribution and control of the charging of the batteries [53]. He then compared
the FLC algorithm to the linear method called perturb and observe (P&O) algorithm and
observed its effect on the two methods for improving battery charging. For this research, a
different approach will be taken when simulating a hybrid system energy management and
maximum power point controller unit. The energy management system will not only focus on
battery charging and discharging. It will also be responsible for the power distribution, load
controlling and mode of operation. The main purpose of the management system is to optimize

the microgrid [54, 55].

Ferruzzi and Graditi [56] published a paper on the demand side to optimize residential
microgrids. The paper discussed demand side management (DSM) using shifting techniques.
In this methodology, the microgrid is governed by a prosumer, a decision maker who manages
distributed energy sources, storage units and associated loads in the grid system [56]. DSM is
considered an integral part of the optimal economic short-term management problem such as
the allocation of shiftable loads. It is treated as a variable which must be determined

simultaneously with all the other variables including energy exchange within the main grid.
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Their paper focused on the formulation of a technical model, including functional links between

moveable and shifted loads [57].

Many strategies have been designed and implemented to optimize the operation of standalone
DC microgrids. As microgrids gains popularity, as apparent by the number of research being
done. Different strategies are being proposed to implement microgrid control and optimization.
This research will contribute to the field of study by implementing and optimizing a DC
microgrid to supply electricity to a small rural community comprising of seven households.
Using three different RE sources, the operation of which will be controlled by an energy

management system.

2.4 Microgrid architecture

Based on their voltage characteristics and system architecture, microgrids can be categorized
into three distinct types: DC microgrids, alternating current (AC) microgrids, and hybrid

AC/DC microgrids, [58, 59]. These classes are discussed in subsequent sections.

241 AC microgrids

The most common type of microgrid is the AC microgrid shown in Figure 2.9. Power
Electronics Convertors (PECs) are used to integrate various Distributed Energy Resources
(DERs), such as fuel cells, wind turbine generators, microturbines, and solar photovoltaic
systems, into a power network [60]. Since traditional power networks run on AC supply, the
AC microgrids require the fewest adjustments to integrate with the current utility grid [61]. Due
to their connectivity to low and medium voltage distribution networks, AC microgrids have the
potential to reduce transmission line power losses and improve power quality in distribution
networks. However, they have the inherent disadvantages of reactive power, DER
synchronization, power quality, and system stability issues [62, 63]. Figure 2.8 shows an

example of a typical AC microgrid configuration.

17

Department of Electronic and Computer Engineering
Durban University of Technology



Chapter 2 Literature Review

Figure 2.9. AC microgrid configuration [64]

2.4.2 DC microgrids

The DC microgrid provides energy savings by reducing the number of converters inside the
microgrid system. This includes converters for interfacing the distributed renewable
generations, loads and energy storage devices as shown in Figure 2.10. Numerous DC loads
and power converters have been employed for various purposes due to advancements in PEC
technology [65]. Furthermore, various ESS types and DC-based DERs open new possibilities
for DC microgrids. Approximately 30% of the generated AC power goes through a PEC on
average before being used [66]. This means that the number of power conversion stages is

reduced [67].
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Figure 2.10. DC microgrid configuration [67]

2.4.3 Hybrid AC/DC microgrids

A hybrid AC/DC microgrid is formed by combining the two types of microgrids as shown in
Figure 2.11. It provides significant advantages in terms of higher efficiency and dependability.
The hybrid AC/DC microgrid makes direct integration of AC and DC-based DERs, energy
storage sources (ESSs), and loads with the current distribution system possible. [68]. Hybrid
AC/DC microgrids result in lower power losses. Furthermore, compared to the rectifier, the
inverter experiences less power losses. [69, 70]. Hybrid AC/DC microgrids have a complicated
structure due to the effect of their intermittent nature and the coordinated control of individual

AC and DC microgrid structures [71].
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Figure 2.11. AC/DC microgrid configuration [72]

2.5 DC microgrid architecture

Different DC microgrid architectures are possible and their architectures have been reported
recently [73]. This section discusses DC microgrid architecture schemes in detail, including

their applications, advantages, and disadvantages.

2.5.1 Radial configuration

In the radial configuration scheme, the DC bus is connected to an AC grid at one end, and power
flows in a single line to the loads. Only one line is available between each load to the AC grid
interface [74]. Figure 2.12 shows a typical example of radial configuration. A single-line
diagram of the radial DC microgrid system where a few renewable energy resources (RES),
energy storage system (ESS), and loads (both AC and DC) are connected to the DC bus. This
bus can be unipolar or bipolar, depending on applications and requirements. This configuration
can be used in buildings where the low-voltage DC bus is preferred to match the voltage level

of many appliances and to avoid unnecessary DC-DC conversion stages [75].
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Figure 2.12. Radial Configuration [76]

2.5.2 Ring configuration

In the configuration shown in Figure 2.13, the AC grid interface and the customers are
connected by two or more lines. Urban and industrial settings can use this kind of distribution
system [77]. Although both ring and radial microgrid systems rely on the AC grid supply, the
ring-type distribution system is more dependable than the radial system. The DC microgrid
system cannot receive the necessary supply from the AC grid when an issue arises with the AC

feeder [78].
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Figure 2.13. Ring Configuration [76]

2.5.3 Interconnected configuration

If one or more sources fail, the DC microgrid system can be improved by connecting an
alternative AC grid supply to the users [79]. This can be done by interconnecting the DC bus
with more than one supply from the AC grid. Two types of architecture can be constructed in

this scenario, briefly discussed in the following sections.
1) Mesh Type DC Microgrid System

In a mesh-type DC microgrid, more than one AC grid interface is connected to the DC grids,
each through an AC-DC converter. This configuration connects several DC and AC power
supplies to the DC feeders [76] . Figure 2.14 shows an example of a mesh-type DC microgrid

configuration.
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Figure 2.14. Mesh-type DC Microgrid [80]

i1) Zonal Type DC Microgrid System

The Zonal Type DC Microgrid System (ZTDC) shown in Figure 2.15 contains several power
systems elements, such as power electronic converters, ESS, and switchgear, to supply a group
of loads. Each zone relates to two redundant DC buses powered by the AC grid and distributed
DC and AC energy sources. This type of architecture provides better reliability and availability

for the loads that can be supplied through one of the energy sources.
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Figure 2.15. Zonal-type DC Microgrid [76]

2.6 Chapter summary

A discussion of solar, wind turbines, and fuel cells was given. After the discussion on 100%
RE sources, control strategies that other researchers have implemented were reviewed and
described. Different microgrid configurations were discussed. A radial DC configuration was
selected as it reduces energy dissipation and facility costs from AC/DC conversion. Finally, the

use of a DC microgrid increases the overall system's stability, reliability, controllability.
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Chapter 3 Methodology

3.1 Introduction

Correct sizing of microgrid parameters is critical as it ensures that the microgrid operates
effectively and efficiently to satisfy the load demands [80]. This chapter focuses on the

methodology used to size each component and its proposed controlled strategy.

3.2 System design block diagram

The proposed microgrid system is illustrated in Figure 3.1 block diagram. The block diagram
consists of two energy sources (solar and fuel cell systems) and one storage source, namely the
battery. Power flows from the energy source to the DC-DC converters, where it is controlled.

From the converters, the power is combined with the energy management system and fed to the

household.

Solar DC-DC
© —
system |:> convertor
Battery Battery Energy “ Household
storage Management management
system System (BMS) system

Fuel cell DC-DC
system

convertor

Figure 3.1. System block diagram
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3.3 Load profiling

The first step when selecting a microgrid energy source is to look at the local weather conditions
where the microgrid will be constructed. For this research, the chosen location is a rural area
near Pietermaritzburg, Kwa-Zulu Natal Province in South Africa. The chosen location has a
sample size of seven households. In the selected location, Table 3.1 shows a list of appliances
that consume low energy and are commonly available to consumers. It provides the power
rating of each appliance and the number of hours it is used. These appliances were chosen to
minimize energy usage and include LED lighting instead of traditional fluorescent tubes. A
30W LED light will produce the same amount of lighting as a 60W fluorescent light, reducing
total microgrid size [81]. Other sources may be used to power high-energy-consuming

appliances, such as gas stoves and solar-powered geysers for heating.

Table 3.1. Low energy-consuming appliances for the selected location

Type of Usage per day Combined rated Energy
appliance (hours) power consumption
(Watts) (kWh)
TV/Mobile/PC 10 450 4.5
Lights 7 610 4.27
Other 3 30 0..09
Total 20 1090 8.86

The selected load energy consumption rate was monitored over a period of 12 months and a
daily hourly average of energy consumption was recorded. The loads were classified into
critical and non-critical loads [82, 83], of which the essential loads were those that need power
all the time and non-critical were those that can be disconnected from the grid when high energy
demands are experienced. These loads can be potentially disconnected during the emergency

case to preserve balance in the microgrid. Furthermore, critical loads had high priority over
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non-critical loads. As shown in Figure 3.2, the consumer’s energy usage was recorded and
plotted on an hourly distribution graph. The graph shows the high and low peak energy demand.
Furthermore, the data shows a high peak in the morning due to lighting and other activities. In
the midday, the energy usage drops because most energy users are at work. However, in the
evening, the energy usage starts to rise as most people return home and more electrical
appliances are being utilized. From Figure 3.2, it was observed that from 4:00 to 9:00, there is
a high energy consumption. From 10:00 to 14:30, the energy usage drops to the low peak of
around 0.25 kWh. The graph reaches a peak of 0.7 kWh at approximately 18:00 each day. From
22:00 to 3:00, the energy usage drops as people sleep, turning off indoor lights and televisions.

Dialy Energy Profile
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Figure 3.2. Load profiling for seven rural households per day.

Figure 3.3 shows the energy profile simulation results using ‘Homer®’ energy software. The
results of the daily energy profile in Figure 3.2 are then compared to Figure 3.3. The two daily

profile figures are similar.

27

Department of Electronic and Computer Engineering
Durban University of Technology



Chapter 3 Methodology

Figure 3.3. HOMER daily profile

3.4 PVsizing

3.4.1 PV calculation

From Table 3.1, Eq. (3.1) was used to calculate the energy consumed, where EL is the total
energy consumption over a period, and 7on is the total time the load consumed power.

EL = load power rating X Ton 3.1

The next step is calculating the hours during the day when the sun is most effective on the solar
panel (NoH). Eq. (3.2) calculates this number, where the location irradiance is the average solar
irradiance and depends on a specific location [84]. The chosen rural location's location
irradiance li is 7000 Wh/m?. This value is divided by the solar irradiance si, which is a constant

of 1000 W/m?.
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li 3.2

Figure 3.4 shows the hourly average analysis of output per kW for four seasons. Different
seasons generate different output power. It is noted that at 12:00, the output power is at its
maximum. Power is generated from 07:00, which is sunrise, until 17 00, when sunset occurs.
In summer, the sunset is around 18 00. The total number of hours that we can generate power

1s between 09:00 and 15: 00, which is 7 hours.

Figure 3.4: Solar PV analysis of Pietermaritzburg [85]
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Eq. 3.3 where ter is the total energy required and nhm is the number of hours the sun is at
maximum per day. This equation is used to obtain the solar power rating required to deliver the
energy required by the loads in a day. The solar watt is the total wattage of the solar system that

will supply the power to the consumers.

ter 33

Solar watts = ——
nhm

_ 8,64 kWh

7h
=1.2kW

The solar size calculation is then compared to Figure 3.4, the HOMER software solar sizing.
The calculated PV size was 1.2 kW, and the HOMER software PV size was 1 kW. The difference
is caused by the number of hours the sun is at its maximum in a day. In our calculation, the
number of hours was 7.

Figure 3.5. HOMER software solar sizing

3.4.2 Maximum power point algorithm selection

A converter ensured the array operated at Maximum Power Point (MPP). The voltage at which

the PV module can produce maximum power is called MPP. Maximum power varies with solar
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radiation, ambient temperature, and solar cell temperature. Figure 3.5 shows a graph of the
current and voltage of a solar panel. The point where the product of current and voltage will be
at maximum is called MPP. [86]. A Maximum Power Point Transfer (MPPT) algorithm must

consistently be implemented to achieve the desired MPP.

MPP

Isc ‘

Vmp Voc

Figure 3.6. MPP of a typical solar panel

MPPT's main operation is to extract the maximum available power from solar systems by
allowing it to operate at the most efficient voltage [87]. MPPT monitors the PV module's output,
compares it to the previous production, and adjusts the differences in two powers to ensure that
the PV operates at maximum power. MPPT is most effective under cold weather and cloudy
days. In contrast, the PV module works optimally in very sunny conditions, and the MPPT is

utilized to extract the maximum power available.

3.4.3 Maximum power point design

The perturb and observe (P&O) algorithm method was selected to implement a MPPT for the
PV panel [88]. In this method, the previous power value is stored and compared with the most

recent measured power value; the difference between the threshold and the output voltage is
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then sent to control the IGBT's pulse width modulation (PWM). If the difference is a negative
value as the controller increases the PWM until the value equals the threshold value to a
maximum of 90%. If the difference is more significant than the threshold value, the PWM
decreases until the voltage at the output equals the threshold. The PWM decreases to a minimum
of 10% [89]. This method adjusts the fixed voltage, and the controller’s main function is to
track this value via the DC-DC converter circuits. The programming of the P&O algorithm was
implemented in MATLAB® Simulink. The PWM must vary from 10% to 90%. Figure 3.6
shows the P&O algorithm flow chart. It consists of a simple feedback arrangement with current
and voltage measurements. The voltage is constantly excited, and the output power is compared

to the previous perturbing cycle.

Figure 3.7. P & O algorithm flowchart
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3.4.4 DC-DC converters

Figure 3.7 shows a schematic of a DC-to-DC convertor. A DC-to-DC converter is an electronic
circuit that steps up or down the DC voltage [90]. Power levels range from low voltages used
to power households’ appliances to high voltage in power transmission. A boost converter is a
DC-to-DC power converter circuit that steps up the voltage from the circuit's input to the output
[68]. It is a class of switched-mode power supply (SMPS) containing at least two
semiconductors, a diode, a transistor, and an energy storage element: a capacitor, inductor, or a
combination thereof. To reduce ripple voltage, capacitors are added to the converter output. The
power to the boost converter comes from a PV, and the PWM signal is generated by switching
the insulated gate bipolar transistor (IGBT), which will be generated by the P&O algorithm to
achieve the MPPT. The boost convector was chosen to meet the output voltage requirement of

48V DC as simulated in MATLAB®.

Figure 3.8. Boost converter circuit

Table 3.2 shows the boost convertor's system operating constraints. The input voltage is 29V,
which is the PV rating voltage of the selected panel. The rated power is the maximum power
that can be produced by the PV. The output voltage is the voltage that is required or that will
be stepped up by the boost convertor. Based on the information in Table 3.2, calculations were

done to size each component of the system.
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Table 3.2 : Boost design specification

Specification Value
Voltage input 29V
Voltage output 48V
Rated power 2 Kw
Switching frequency 50 kHz
Current ripple 5%
Voltage ripple 1%

Input Current Calculation ( 1, ), is calculated in Eq. (3.4), where P, is the input power and
Vin 1s the input voltage of the boost converter.

_ Pin 34

The Ripple Current (A1) is calculated using Eq. (3.5). The ripple current is the current flowing
to the capacitor.
Al = 5% of I, 3.5
=5%0f 73.5
=364

Voltage ripple calculation (4V) is calculated with Eq. (3.6) where V, is the output voltage.

AV = 1% ofV, 3.6
=1%0f 48V
=048V

Output Current Calculation (I,,,;) is calculated in Eq. (3.7), where P is the power in Table 3.2,
and Vo is the boost converter output voltage in Table 3.2.

P 3.7

Loyt = Vo
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2000
48

=424

Inductors reduce voltage spikes that can damage the IGBTs. They also store energy when the
IGBTs are closed and release this stored energy when they open. Since the frequency is very
high, the value of inductance required for this purpose must be very low. To calculate the size
of the inductor, Eq. 3.8 was used. L is the inductor being calculated. V input and V output are
given in Table 3.2. F;,, is the switching frequency shown in Table 3 2.

— Vin(Vo - Vin) 3.8
F,, X Al XV,
=6.37¢e > H

=6.37¢°H

The function of the output capacitor is to filter the current ripple and smooth the output voltage.
It also must ensure that load steps at the output can be supported before the regulator can react.
Capacitance calculations are calculated using Eq. (3.9). Cou 1s the output capacitor of the boost
converter being calculated.

C — Iout(Vou - Vin) 3.9
out g X Al X AV
42(48 — 29)

~ 5000 x 3.6 X 0.48

= 0.009 F

To reduce losses, Schottky diodes should be used [91]. The forward current rating needed is
equal to the maximum output current.

(1) Forward current (I ) = average forward current of the rectifier diode.
(i1) Maximum output current /,,,; = maximum output current necessary in the application.

Schottky diodes have a much higher peak current rating than the average rating. The other
parameter that must be checked is the power dissipation of the diode. It must handle:
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(1) Forward current (I; ) = average forward current of the rectifier diode.
(i) Forward voltage (Vy ) = forward voltage of the rectifier diode.

IGBT is used for two purposes:

(1) For high-speed switching of the output voltage.
(i1) To provide a high current with less dissipation of heat.

The IGBT switching must resemble an ideal low-ohmic and fast switching. Switching and
conduction losses must be balanced for minimum loss at the desired peak efficiency point.

3.5 Battery sizing
3.5.1 Battery calculations

After calculating the PV size, the subsequent step is to size the battery for the system and
develop a BMS to monitor the charging and discharging of the battery pack. To calculate the
number of batteries, the first step is to select a battery that can supply current per hour at
maximum load. For this case, a battery that is rated 50 Ah is selected. When the battery rating
has been selected, the following step is to decide on the depth of discharge (DOD) [92]. This is
crucial as it increases the battery life span. The battery's life span is reduced when fully charged
and discharged. A limit is set for charging and discharging the battery. For this calculation, a
DOD of 80% is selected. The current per hour that will be drawn from the batteries under

maximum load is 40 Ah, as given by Eq. (3.10).

80% * 504AH = 40AH 3.10

The DOD calculated in Eq. (3.10) is used to calculate the energy that the battery can produce

under the maximum load, as shown in Eq. (3.11):

energy required from battery =V X IH 3.11
=24 X 40
=0.96 K Wh
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To obtain the total number of batteries required, Eq. (3.12) is used. The total system energy
needed in Eq. (3.1) is divided by the energy required from the battery calculated in Eq. (3.10).
From Eq. (3.12), it is seen that a total of 10 batteries will be needed. This value can be reduced

by using a battery with a higher amp-hour value.

solar energy

No.of batteries = 3.12

energy required from batteries

B 8640
"~ 960
= 10 battries

The calculated battery specification used is 24 V battery with 40 Ah and 0.96 kWh of energy
needed. In the Homer software simulations, Figure 3.8 the battery was rated at 12 V with 83
Ah and 1 kWh of power needed from the battery. The lead acid was selected because of its
robustness and ability to withstand harsh environment. The calculated and software generated

results are similar.

Figure 3.9. HOMER software battery sizing
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3.5.2 Battery management system

BMS is a system used to monitor battery pack to ensure that batteries are operating effectively

and efficiency [93]. The BMS ensures long life span of batteries and battery protection [94].

BMS provides:

ii.

1il.

1v.

Monitoring the battery status.
Battery protection.

Estimates the battery’s operational state based on charging and discharging of the
battery.

Continually optimizing battery performance.

To implement the BMS, a bidirectional buck boost convertor is designed according to the

required output voltage. Figure 3.9 shows the topology of the implemented bidirectional buck

boost convertor.

Figure 3.10. Bidirectional DC-DC buck-boost convertor

When the DC supply can produce sufficient power, the DC source will charge the battery

through the bidirectional DC-DC converter and supply power to load. When the DC supply is
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low, the battery will supply the load through the same bidirectional DC-DC converter and at
this time, the battery discharges through load. A bidirectional DC-DC power flow converter is
obtained by connecting buck and boost converter in parallel. To achieve adequate results,
different PI controllers are modeled and designed to produce the desired duty cycle for
MOSFET/IGBT switches [95]. The boost converter is responsible for stepping up the battery
voltage to the required voltage by the load. The buck converter steps down the voltage from the

solar system to the necessary voltage to charge the batteries.

3.6 Fuel cell sizing

Fuel cells convert the chemical energy of a fuel into electrical energy. The output of the fuel
cell is approximately 1 kW to 10 MW. Electrical efficiency is 30% to 60% and overall
efficiency is 80% to 85%. Fuel cells can use a variety of fuels, such as natural gas, propane,
landfill gas, anaerobic digester gas, diesel, naphtha, methanol, and hydrogen [96]. Fuel cell
systems are currently expensive energy sources in the market [97]. The two factors that
contribute to this are the cost of manufacturing the fuel cell tank system and the cost of hydrogen
production. Since it is expensive to operate the fuel cell at full consumer loads, it was used as

a backup to supply only critical appliances, thereby reducing operating costs.

To obtain the fuel cell size needed, the first step is to study operational loads by determining
the running (continuous) watts and starting (peak) watts required for each appliance. In most
cases, the starting and running wattage is the same. This is the case for appliances such as TV’s,
lights, and laptops, whereby the starting and running wattage are the same. The starting and
running wattage was the same since we focused on low-power-consuming appliances. Table

3.3 lists all appliances and wattage used to size the fuel cell.

Table 3.3 Backup load power consumption

Appliances No of appliances Watts
Lights 7 630
Laptops/ mobiles 7 80
Total 14 710
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The total fuel cell size should be 1 kW to support all the appliances when running concurrently.
The next step 1s to add 10% to the fuel cell size. This will allow for future appliance expansion.

Therefore, the selected fuel cell size in this study is 1 kW.

3.7 Management system
3.7.1 Energy Management System

The primary function of the Energy Management System (EMS) is to increase efficiency and
reduce the economic cost of operating a microgrid. EMS controls the output power generated
from distributed energy resources (DERs) and gives the status of devices, forecasted load, and
climate [6]. EMSs also regulate the loads' output power and energy exchanges. An EMS can be
used to accomplish one or more goals, such as lowering daily operating expenses, monitoring
power in real-time and reactively, minimizing losses, and balancing the energy in transmission
lines [98]. In this case, an EMS is critical for microgrids to operate efficiently, ensure reliability,
and satisfy short and long-term power balance. Figure 3.7 illustrates the management platform

in the microgrid system proposed in this research.

Grid side consumer side

Management Platform

( \ Critical loads
/ Weather \ Lights

charger

PV

Load demand

Batte
4 ) Non critical
Fuel cell Protection loads

Energy sources switching v

K j Radio
" —_/

Figure 3.11. Microgrid Platform

The microgrid EMS is considered the brain of the system, and 1s responsible for enhancing its

performance, and achieving objective functions such as isolating the loads during critical
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conditions. Furthermore, EMS controls the loads in a microgrid by adequately managing the

stability of the power system.

3.7.2 Demand Side Management

Demand Side Management (DSM) forms part of the EMS but focuses on the consumer side of
the grid. Consumers play an essential role in microgrids as they are the users of the final product
of microgrid energy. If consumers use too much energy, the grid supply can become unstable;
therefore, adequate management strategies are required to specify how they operate their
appliances. The development of demand-side management has been driven by the increasing

demand for electricity [99].
Two DSM strategies are considered in this study. These include [99]:

i.  Energy Efficiency (EE) is the decrease in energy used to provide the same quantity of
goods and services. Public finances, local air pollution, overall cost, security, saving,
and poverty reduction are all important energy efficiency components. Particular energy
consumption, which displays the proportion of primary energy used to create a product,

indicates efficiency improvement.

ii.  Demand Response (DR) is the variation in electricity usage by consumers from their
regular consumption trends in response to the change in electricity price over a specified
time frame. DR further includes all pattern changes by end-use consumers that are

proposed to alter the timing of the electricity consumers.

3.7.3 Microgrid architecture

Figure 3.11 shows the proposed microgrid architecture. The proposed architecture consists of
a centralized power system placed in a specific location and powering all the properties
simultaneously. This means electricity will be transported from the centralized power system
to the properties or dwelling units using a wired connection. If any of the sources fail another

source can take over and continue to supply power to the consumers.
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PV array DC to DC convertor

o AN

-

- E na

ENERGY MANAGEMENT “ b2 ”
SYSTEMS

DC loads

Fuel Cell

Figure 3.12: Microgrid architecture

3.8 Chapter summary

Chapter 3 focuses on the design and selection of components for the microgrid. A suitable
location was selected, and the total energy consumption of the area selected was calculated.
The PV, battery and fuel cell were sized based on the load consumption. After sizing the energy
sources, the DC converters were chosen based on the required voltage. After the design of the
converters, an energy management system was selected based on optimizing the microgrid

performance.

The comparison of hand calculations with Homer software is presented in Table 3.4. The
comparison looked at the energy sources which are PV and Battery. It also looked at daily
profiling graphs where in the hand calculation the hourly energy usage was used to draw a graph
in MALAB. In HOMER the daily profile comes automatically after entering the hourly energy
usage. The solar size calculation is then compared to Figure 3.4, the HOMER software solar
sizing. The calculated PV size was 1.2 kW, and the Homer software PV size was 1 kW. The
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difference is caused by the number of hours the sun is at its maximum in a day. In our

calculation, the number of hours was 5. The calculated battery specification used is 24 V battery

with 40 Ah and 0.96 kWh of energy needed. In the Homer software simulations, figure 3.8 the
battery was rated at 12 V with 83 Ah and 1 kWh of power needed from the battery. The

calculated and simulated results are almost the same.

Table 3.4: Comparison between Hand Calculated and HOMER software

Human Calculated results

Homer software results

PV sizing 1,2 kW 1 kW
Battery sizing 0.96kWh 1kWh
Battery voltage 24V 12v
Battery Current 40Ah 83,4Ah
Daily profiling MATLAB drawn with data Automated based on given data
Cost No cost provided Provides total cost
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4.1 Introduction

Chapter 4 presents the modelling and the simulation of the solar cell, boost convertor,
bidirectional system based, fuel cell and an energy management system based on the
calculations in the prevoius chapter. Detailed descriptions of developed MATLAB® Simulink

models is given.

4.2 Solar cell modelling

Figure 2.3 showed the equivalence of a single solar cell circuit. From figure 2.3 , equations
can be derived and these equations can be used to model the solar cell in the simulation
environment. Solar cells generate an internal current proportional to the light intensity. Not all
this current is available to the load because some flow through the parallel diode and some flow
through the shunt resistor. When no load resistance is present, the voltage available at the
terminals of the solar cell is determined by the interaction of the current source with the parallel
diode and the parallel resistance. This is called the open-circuit voltage. If the cell supplies load
is current, the voltage at the terminals will be lower than the open-circuit voltage because some

of the voltage is dropped across the series resistance.

Table 4.1 gives the specification of a PV panel that was selected for the MATLAB™
simulation. The PV panel was selected based on calculations in PV sizing in Chapter 3. These

parameters were then used to model the PV and simulated, and the result was compared with

thhe built in PV in MATLAB™ .

Table 4.1. Solar cell specification

Specification Values
Voltage at maximum power (Vmp) 29V
Current at Maximum power (Imp) 8.2A
Open circuit voltage(Voc) 36V
Short circuit current(Isc) SA
Total number of cells in series(Ns) 10
Rated power 231
Total number of cells in parallel(Np) 1
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There are 5 equations that can be derived from figure 2.3, the first equation is Reverse saturation
current [ 1is the part of the reverse current in a semiconductor diode caused by the diffusion
of minority carriers from the neutral regions to the depletion region. The equation to obtain the
reverse saturation is shown in Eq. (4.1) and appendix B is MATLAB™ equavelent equation. In
Eq. (4.1) I, is the reverse saturation that is being modelled, where Ig. is the short circuit
current, ¢ is the electronic charge, Voc is the open circuit voltage, n is the ideal fector of the
diode, Ns is the number of cells connected in series, J is the boltzman constant which is

1.38 X 10723, and T is the operating temperature in Kelvins.

Lgc 4.1

( q*Voc
e N.Ns*J*T) — 1

Is =

Saturation current variables in Eq. (4.2), include /, which is the saturation current, T, is the
nominal temperature, and Ey, is the band gap of the semiconductor. The MATLAB™ model of

the saturation current is presented in appendix C.

3 Q*Ego*(%_%) 4.1
Iy = Ls * (_) * exp[ nxJ ]
Ty

Lp, 1s the electric current through a photosensitive device, such as a photodiode due to exposure

to radiant power. The photocurrent may occur because of the photoelectric, photo emissive, or

photovoltaic effect. G is solar irradiation.

4.2
Ly = [Isc + k(T — 298)] =

1000

45

Department of Electronic and Computer Engineering
Durban University of Technology



Chapter 4 System Modelling and Simulation

To model the current through shunt resistor (/) as shown in Eq. (4.4) the shunt resistance (Rp)
and series resistance (Ry) is used. It should be noted that during normal operation, the efficiency

of solar cells is reduced by the dissipation of power across internal resistances.

_V+1+Rg 43
sh — Rsh

Finally, the output current combines Eq. (4.1) and Eq (4.4), to yield the output current as shown
in Eq (4.5).

(q*(V+I*Rs)) 4.4
Izlph—lo* e\ W J*NexT | — 1| — sh

Appendix F is a complete model of solar cells. Appendix H illustrates the model when the solar
cell is simulated using two scopes to plot power versus current and voltage versus current in
time domain.

4.3 Boost convertor mathematical modelling and analysis.

A mathematical model was obtained for the boost converter circuit based on theory of its
working principle. Mathematical modeling is defined by the capacitor and inductor in the boost
converter. Inductor voltage and capacitor current are given in Eq. (4.6) and Eq. (4.7),

respectively.

4.3.1 Equation modelling

Eq. (4.6) and Eq. (4.7) were used to model the boost converter in Eq. (4.6). V} is the voltage
across the inductor and L is the inductance, which is being derived with change in time. In Eq.

(4.7), I is the current flowing through the capacitor (C).
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di, 45
V, = L—
L dt
. @ 4.6
€T T dt

Using Kirchhoff Current Law (KCL) in Figure 4.2 and Figure 4.3, we derive two equations. V;;,

is the DC source as shown in Figure 4.10 and Figure 4.11.

di, 4.7
Lagr =V
dvc _ Ve 4.8
dt R

While inductor voltage V; is used for PWM switching conditions are given in Eq. (4.10) and
Eq. (4.11) respectively.

V, =V, * PWM 4.9

V, = (Vi — V) * PWM 4.10

The switching times are determined by the PWM switching frequency and its duty cycle.
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Vour — Vi _ 4.11
PWM — ( out m) fPWM 1

Vout

The current flowing through can be determined by integrating Eq. (4.13).

1
Il:ZfVLdt 4.12

After obtaining the current through the inductor, the current through the capacitor can be

determined in Eq. (4.14), where I is the current through load resistor.

IC:IL_IR 413

Thereafter the capacitor voltage can be calculated from Eq. (4.15), which indicates the load

voltage of the boost converter in the case of the ideal model.

1 4.14
V.==| I.dt
C Cf C

Figure 4.1 is a complete model of a boost converter derived from the equations previously
described. The respective inductor and capacitor values were calculated based on the system

ratings from Table 3.2.
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Figure 4.1 Boost convertor simulation model

4.3.2 State space modelling

When the system is in open loop mode (switch open), the inductor release energy and the

capacitor stores energy.

L1

)

D1

DC s1 Cl

Rload

GND

Figure 4.2 . Boost convertor open mode circuit
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From this circuit, using KCL analysis when the switch is open, we obtain:

dil
L—=Vin—-Vc 4135
dt
dvc_l Ve 4.16
dt ~— * R

Where,

I; = I;;,;= the current flowing through the inductor.

V. =V, = the voltage across the capacitor.

Let the state variables be defined as:

X =1 4.17
x, =V, 4.18
-1
) o =2 1 4.19
X14_ L X1 -
[Xz]_[l —i][XZ]—'—[S]Vm
C RC

Similarly in closed loop, the inductor stores energy and the capacitor releases energy.
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L1

%

D1

DC Cl R1
Sl ? I :I

GND1

Figure 4.3. Boost convertor closed mode model.

This is modeled as:
I; = I;;, = the current of inductor.

V. =V,,+ = the voltage of capacitor.

The state variables are then defined as:

x1=1;x, =Vc

The output equation is then assigned the state variables, where:

W, 0 0 . 420
[Xz]_[o __][XZ] [é]in

Combining the state space equations, Eq. (4.20) and Eq. (4.21), results in Eq. (4.22) by the
averaging method:
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x = Ax + Bu 4.21

Where, A= A;d + A,(1- d)

and B: Bld + Bz(l - d)
-(1-4) 1 4.22

x=[,_, 4 lx+ L1 Wi
C " RC
_ i (t) 4.23
Y = [O 1] * [Vc(t)] + [O]Vm

4.3.3 Transfer function

The Boost converter is modelled in the Laplace domain using transfer function modeling
techniques. From Figure 4.11, the total impedance of the boost converter when switch is OFF

is given by:

Ztotar(S) = Z1(S) + Z,(S) 4.24
And Z; is given by:
Vin(S) 4.25
Z1(8) = W = Zparallel + Ls
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Zparallel 18 given by:

1 1 N 1
Zparallel R i
Cs
Simplifying Eq. (4.27) we obtain:
—1 ! +C
=—= s
Zparallel
Zparallel 18 defined as:
R

Zparallel = m

Therefore, Z; is given by:

Vin(S) R
I(S) 1+RCs

Vin(S) RCLs* +Ls+R

+ Ls

1(S) RCs + 1

4.26

4.27

4.28

4.29

4.30

Solving for Z; to get Vi, as the subject of the formula we derive:

RCLs?+Ls+R .

Vin(s) = RCs+1

I(s)

4.32
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Z>(s) is given by:

_Vo(s) _ R 4.31
2 = I(_S) = 4Lparallel — m

Making V, (s) subject of the formula from Eq. (4.33) we obtain:

R 4.32
Vo) = pes+ 11
Therefore, the transfer function is given by Eq. (4.34):
Vo R 4.33

Vin _ RCLs®?+Ls+R

4.4 Solar with boost convertor and MPPT

After the mathematical modelling of the solar and boost converter, a PV system with a
boost converter was then defined and modelled. Figure 4.4 shows the model of the PV
with boost converter. To achieve the desired 2kW rating a parallel connection of ten
panels were used. A boost converter was used to implement an MPPT P&O algorithm as

simulated in the MATLAB™ environment.
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Figure 4.4. MPPT model with PV

4.5 Battery charging and discharging modelling.

After modelling the boost converter, the next stage was to model the complementary battery
charging system using the design parameters as previously described. Figure 4.5 shows the
model of the battery charging and discharging circuit. A PI controller was developed to control
the charging and the discharging of the battery. The bidirectional buck-boost converter circuitry
affects the charging and discharging of the battery. The buck circuit is used to step down the
voltage to 24V from 48V such that the battery can be charged. When the battery is full, the
boost converter is used to step up the 24V to 48V to supply the load.

If the supply source is offline, the battery is the main source of power for the load. Once

restored, the supply is directed to the load and subsequently charges the battery.
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Figure 4.5. Batter charging and discharging model.

Figure 4.6. Battery control system

4.6 Fuel cell modelling

The fuel cell was modelled and shown in Figure 4.7. It illustrates the modelled fuel cell
connected to the boost converter. The boost convertor increases the 24V from the fuel cell to

48V across the load.

56

Department of Electronic and Computer Engineering
Durban University of Technology



Chapter 4 System Modelling and Simulation

Figure 4.7. Fuel cell model

4.7 Complete model

Figure 4.8 shows the MATLAB™ simulation of the microgrid with three separately controlled
sources. The first source was the PV which is connected to the load by a boost convert. The
boost convert was used to boost the 29V from the PV to 48V which was required by the load.
A MATLAB™ function was created which contained a P&O MPPT algorithm. This algorithm

ensures maximum power availability from the PV.

The second source was the battery for which there is a complementary bidirectional buck- boost
converter. The buck part is used to step down the PV voltage from 48V to 24V which is required
to charge the batteries. The 24V from the battery is boosted up to 48V DC to supply the load.
At that time, the PV is disconnected from the grid. When the battery has discharged, the PV is
still not generating any power. The fuel cell starts supplying the load, at which time the battery
is disconnected, and critical loads are supplied. The energy management system selects which
energy source is going to be used based on the energy demand, availability of the sun and finally
the state of charge of the battery. The three components were independently controlled, and a
switching algorithm was created using a MATLAB™ function. This was implemented to
safeguard the microgrid in case of failure of one or two components, allowing the remaining
components to continuously supply the load, especially during unexpected faults or planned

maintenance.
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During peak load periods, the microgrid utilized a direct load control program. This type of
demand response program is utilized to cut off non-essential loads through a controlled switch.
This strategy is employed when energy usage is high, and the PV system is unable to generate
sufficient power due to the absence of sunlight and while the batteries may have insufficient
charge to support the consumers. By directly controlling the loads, the microgrid can shut down
the entire demand side using the load clipping method, which allows for selective control of

non-critical loads based on their operational characteristics.

The loads were categorized into critical and non-critical loads. Critical loads are those whose
operation cannot be interrupted, such as security lights at night, while non-critical loads are
those that can be interrupted for a certain period, for example, televisions. In conditions of high
demand, load clipping is applied to non-critical appliances, ensuring that only critical
appliances receive power. In these situations, the fuel cell is employed as the third energy source
to exclusively supply the essential loads. When power is available from one of the first two

sources, the fuel cell is deactivated, allowing the PV system or battery to supply the consumers.
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Figure 4.8. PV, battery, and fuel cell optimization model
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4.8 Chapter summary

This chapter focuses on the modelling and simulation of the proposed microgrid. A
mathematical model was described for a solar cell with the aim of extracting the MPPT of the
system. The buck and boost circuitry for managing the batteries was explained. A fuel cell
model was developed and incorporated into the overall model. Finally, energy management was

modelled and simulated to manage the complete model.
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5.1 Introduction

This chapter presents the model simulation results from the systems described in Chapter 4. An

analysis of each experiment is provided.
5.2 Solar Cell simulation results

Figure 5.1 shows the PV simulation results. The output is derived from the PV array block
parameter with specifications as shown in Table 4.1. The first graph shows the current versus
voltage with the temperature at 25 °C. The second graph was for the power versus voltage. It
was observed that the maximum power point that the PV can produce was 200W at =29V DC.
This is the MPPT of the PV with a maximum current of 8A.

Figure.5.1. Simulation of PV power and voltage model
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In Figure 5.2, the P/V curve is compared to results of Figure 5.1. At voltage +28V the power
consumption was approximately 200W and at 28V the power decreased substantially.
Therefore, the maximum power that that the PV can produce is 200W at 28V. This value is the
same as the value that was obtained when simulated the PV block parameter. The irradiance

was set at 1000m?>.

Figure 5.2. Model solar cell power graph

Figure 5.3 shows the simulation results for the current versus voltage for the solar cell. The
current was above 8A, the solar cell model was set at 25°C and 1000m? irradiance. The result
was compared to Figure 5.1 V/I curve. In Figure 5.1, the current was at 8A and there is a

negligible difference between the PV block parameter and mathematical modelled PV.
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Figure 5.3. Modelled solar cell current output.

The mathematical modelling of a solar cell was verified as the results were similar to the

MATLAB™ PV block parameters.

5.3 Solar MPPT simulation results

Figure 5.4 shows the simulation results of a PV MPPT with a boost converter. The main
objective was to extract maximum power across the load that is at the input of the PV. Annexure
A shows the MPPT algorithm code used to obtain the results. The x-axis is shown in terms of
time in hours (hrs). As the irradiance varied from sunrise to sunset, the output power was
observed. When the irradiance was increased, the PV harvested more energy for which the load
was able to extract the maximum power available from the system. Suffice to say, when the
irradiance was decreased to the minimum value, the PV harvested less energy. The power at

the input of the PV was equal to the power at the load side.
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Figure 5.4. MPPT simulation results

The irradiance varied from 0 to 1000W/m?. The initial value of the irradiance was set at
400W/m?. The power produced by the PV was 400W and which also resulted in an overall
system output of 400W. When the irradiance was increased at T = 2.4hrs to 600W/m?, the
output power increased proportional to the PV power. This implied the at any given stage, the
power at the output was the same as the power produced which suggested that the MPPT circuit

simulation functioned as expected.

5.4 Battery Simulation Results

Figure 5.5 shows the battery simulation results as given by the block diagram in Figure 4.5. The
switching was done between the 48V DC source and the battery. When the switch was at the
‘high position’, the voltage source was charging the battery and supplying the load with power.
The bus voltage was at £48V throughout the simulation. The battery state of charge increased
when the switch was high to show charging of the battery and correspondingly decreased when
discharging as the switch was changed to the ‘low position’ as the battery was being drained by
the load. A battery current with a negative value indicates charging and a positive value shows
the discharging of the battery with a 24V voltage. At T = 6hrs the switch was turned ‘off” and
it was observed that the battery started discharging by supplying power to the loads.

63

Department of Electronic and Computer Engineering
Durban University of Technology



Figure 5.5. Battery charging and discharging simulation

The sharing of power between two sources is crucial as it ensures constant energy supply to the
load for system redundancy. From charging the battery and supplying the load with 48V DC,
the function of bidirectional buck boost convert is also observed as the battery voltage is
observed at £26 V. This implies that the buck part of the bidirectional converter was stepping
down the 48V to the batteries required voltage for the sake of charging. When the switch was
at ‘low’ position, the battery supplies the load with stable power due to the bidirectional

convertor circuitry.

5.5 Fuel cell results

Figure 5.6 shows the results obtained from the fuel cell modeling simulation. The fuel cell’s
output current being drawn by the load was £22A at a corresponding voltage +34V. With a 40%
efficiency of the fuel cell a boost convert was used to achieve the desired 48V across the load

which can be observed in DC bus voltage trend.
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Figure 5.6. Fuel cell simulation results

5.6 Complete system simulation results

In Figure 5.7, the overall model's results are displayed without load clipping. It is evident that
the bus voltage is maintained at +48V DC with a noticeable disruption at T = 6hrs and at T =
15hrs when a transition occurs due to supply source changeover. During the simulation period
T = Ohrs to T = 6hrs, PV system was supplying power to the load while charging the battery.
The irradiance levels were increased from 500W/m? to a maximum of 1000W/m? with a
relatively stable power of 400W being output to the load. This scenario is typical of the period
from sunrise to midday when the sun is ascending to its peak, allowing the PV array to produce
power at its maximum rated level. Consequently, the battery's state of charge marginally
increased as it was being charged. At T = 3hrs, the irradiance decreased to 700W/m?, which
impacted the battery's rate of charging. When the irradiance decreased to 400W/m? at T = 6hrs,
the PV system was automatically disconnected from the microgrid by the PV isolation switch.
Subsequently, the battery started supplying the system load thereby resulting in the battery's
discharge. At T = 15hrs, the fuel cell began supplying power to the load and maintained an
output £400W. It should be noted that the fuel cell was responsible for supplying both critical
and non-critical loads. The next simulation results describe the system with load clipping when

the fuel cell is under use.

65

Department of Electronic and Computer Engineering
Durban University of Technology



Figure 5.7. Complete model results without load clipping

In this scenario, when the fuel cell is supplying power, load clipping is applied to ensure that
only critical appliances are powered. Figure 5.8 depicts the impact of load clipping on the
microgrid. At T = 15hrs, when the fuel cell starts, the uncritical loads are disconnected,
increasing output power from 400W to 780W indicating minimal strain on the fuel cell and
reduced hydrogen consumption. Thereby extending the longevity of the fuel cell's hydrogen

consumption.
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Figure 5.8. Complete simulation results with load clipping

5.7 Load variation on system performance

The impact of load variation on the microgrid is illustrated in Figure 5.9. The observed DC bus
voltage across the load is +48V DC shown in Figure 5.9A. The resultant output power ranges
from £1500W to +400W as the load is increased as shown in Figure 5.9 E. The bus voltage
remained relatively constant as the bus current decreased due to the load manipulation. It is
observed in Figure 5.9C that as the load resistance is increased, the bus current and output
power decreased as shown in Figure 5.9D and Figure 5.9E, while the bus voltage was stable at
+48V DC. Conversely, a decrease in load resistance means there is a smaller number of users
on the microgrid, the energy resources can supply power without experiencing any strain as its
can be seen in Figure 5.9E. As the number of users increases, the energy source fails to keep
up with the demands. so being able to have direct control on the consumers that are connected
to the grid. means that we can schedule some appliances when there is sufficient power
available as the number of users or consumers decreases. More power becomes available for
other appliances to be connected back to the grid. This observation illustrates the impact of load
scheduling, highlighting the potential to power only essential appliances when the microgrid
energy consumption is high, thereby allowing efficient microgrid energy utilization.
Implementing this approach would result in a consistent output power curve without significant
peaks or lows.
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Figure 5.9. Load varying effects on the system.

5.8 Chapter summary

Chapter 5 presents the results for the simulations conducted in this study. The effect of having
control on the demand side is shown. Without demand side management, the grid would
experience substantial strain which would result in microgrid output power failure. Allowing
load control ensures that the microgrid operates under optimal conditions which ultimately

prevents system strain.
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Conclusion

6.1 Summary

DC microgrid has great potential in South Africa to provide rural electrification. Considerable
research has been conducted on renewable energy to migrate from the use of fossil fuels and
move to clean energy. The scope of this study was to design, model and simulate a DC
microgrid that would meet the consumers' energy demand in a typical rural environment. The
primary objective of the study was to optimize the microgrid to ensure continuous power supply
to the consumer. This involved the implementation of an MPPT to maximize power obtained
from the PV for load optimal load distribution and battery charging. A bidirectional buck boost
converter was used for the battery management system, along with a PI controller for battery
charging and discharging control. In the event of a failure between the battery and PV, the fuel
cell directly supplied the load. These three components were controlled individually, and a
switching algorithm was implemented in MATLAB® to safeguard the microgrid by allowing
the remaining components to sustain load supply in the event of component downtime. The
switching algorithm considered irradiance and battery state of charge to anticipate which

component should be activated.

The DC microgrid was designed in chapter 3 based on the energy usage in Table 3.1. The
components which made up the microgrid were the PV, fuel cell and battery, these components
were selected based on the selected location weather conditions. Sizing calculation was then
performed to size the PV, battery and fuel cell. The calculated values were then compared to
HOMER software application, which is an application for sizing renewable energy sources and
give approximated cost. This comparison played a huge role in ensuring the accurateness of the
sized components and the obtained results were very close to each other. The DC microgrid
was then modeled based on the design calculations in chapter 3. The modelling started with a
solar cell mathematical modelling based on solar cell circuit diagram. The modelled solar cell
results were then compared to a PV block that exist in MATLAB. The comparison was done
under the same simulation condition, the current and voltage behavior was observed and
presented in the results sections. After the modelling of solar cell, an analysis on boost convertor

was done in 3 approaches first one being the use of equations, there after using state space and
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lastly the transfer function. Chapter 4 concluded by the simulation of a complete model which

consisted of the 3 energy sources and a control strategy.

The results outlined in chapter 5 compared a microgrid without a demand side control strategy
to one with such a strategy. The comparison revealed that the demand side management system
enables consumers to power essential appliances during adverse weather conditions.
Implementing demand-side management could potentially reduce the impact of load shedding
in South Africa. Currently, when the national grid experiences excessive strain in a specific
location, the entire area is subject to shut down. However, with demand-side management
strategies, only specific appliances are shut down, while critical appliances remain operational,
as depicted in chapter 5, figure 5.8. The implementation of load scheduling enhanced microgrid

operation by relieving strain during periods of high consumer demand.

At any time of the simulation, the microgrid was able to supply the consumers with power.
There were some deeps in supplied voltage as observed in figure 5.7, this was due to that small
switching period between sources and could be easily neglected as it is very short period. A
properly sized DC microgrid, along with appropriate energy management strategies and energy
components tailored to the location weather conditions, can meet the energy requirements of

rural and informal settlements.

6.1.1 Recommendations

Algorithms were developed using MATLAB™ function to safeguard the microgrid by allowing
the remaining component to sustain load supply in case of one or two component failures, such
as during planned maintenance or unforeseen faults. The switching algorithm considered
irradiance and battery state of charge to anticipate which component should be activated. To

run this algorithm high efficiency laptops are recommended.

6.1.2 Future work

The future work of the thesis would be to do an economic analysis on implementing such a

microgrid and a small-scale DC microgrid based on the design, as well as compare the obtained
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simulation results with the constructed microgrid. The economic analysis would be very crucial
because the battery life cycle is very short and the cost of running a fuel cell is very expensive
as it’s a new technology. This analysis would help in determining if it is feasible to invest in

such a microgrid and how long it would take for the microgrid to pay the return on investment.
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Appendix A: MPPT algorithm code

function D = fcen (Vpv, Ipv)
%#codegen
persistent Dprev Vprev Pprev
if isempty (Dprev)
Dprev =0,7.
Pprev = 2000.
Vprev = 190.
end
deltaD = 125e-6.
Ppv = Vpv*Ipv.
if (Ppv - Pprev) ~=
if (Ppv - Pprev)> 0
if (Vpv - Vprev) >0
D = Dprev - deltaD.
else
D =Dprev + deltaD.
end
else

if (Vpv - Vprev)>0
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D = Dprev + deltaD.
else

D = Dprev - deltaD.

end

end
else

D = Dprev.
end
Dprev = 0.
Vprev = Vpv.
Pprev = Ppv.

function [solar, battery, FuelCells] = fcn (switchS, switchB)
solar = 0.
battery = 0.
FuelCells = 0.
if (switchS >= 500)
solar = 1.
battery = 1.
FuelCells = 0.

end
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if (switchB >=99)
battery = 0.
end
if (switchS < 500 && switchB >=90)
solar = 0.
battery = 1.
FuelCells = 0.
end
if (switchS <500 && switchB <90)
solar = 0.
battery = 0.
FuelCells =1.

End
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Appendix B:Simulink® model of reverse saturation equation
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Appendix C: Model of saturation current
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Appendix D: Model of photo current
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Appendix E:Model of shunt current
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Appendix F:Output current model
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Appendix G:Solar cell model
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Appendix H:Solar cell simulation diagram
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