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ABSTRACT 

The negative impact of global warming and general environmental pollution associated with 

the use of fossil fuel as a source of energy has become more visible in the past decade. 

Hence, the need to operate a more sustainable electrical grid network using renewable 

resources such as wind, solar PV, hydroelectric, biofuel and biomass. Solar PV is a reliable 

source of energy to solve the energy crisis and environmental pollution associated with it. 

This is mostly informed by the advancement in technology and reduced cost of solar PV 

panels. The power supply and consequent power output from a microgrid network with high 

solar-PV penetration is normally unstable due to the intermittent nature of solar PV supply. 

Hence, the need to incorporate a pumped hydro storage system as the energy storage 

system of choice. 

In this study, a control method for an off-grid hybrid DC microgrid that consists of solar PV 

and pumped hydro storage system was developed to provide sustainable, reliable, flexible 

and accessible energy for a remote community. The developed off-grid DC microgrid system 

consists of a solar PV system of 100 kWp as a distributed energy resource and a pumped 

hydro storage system as energy storage system (ESS). an energy management system 

(EMS) was designed and developed using a fuzzy logic controller (FLC) in the 

MATLAB/Simulink environment. A pumped hydro storage system (PHSS) is used as an 

energy storage system to improve the DC microgrid system stability and also operates as a 

backup power system. A load shedding scheme is part of the system to bring support to the 

supply by automatically disconnecting or re-connecting the secondary load to ensure 

reliability and continuous supply of power to the primary load and secondary load depending 

on the available power and the water level in the reservoir. A DC-DC boost converter 

connects the solar PV to the rest of the DC microgrid system thereby improving the quality of 

power generated and allow the flow of power in the system. The performance analysis of the 

research design considered the intermittent power supply of the solar PV and the flexibility of 

the load demand under different circumstances and time of the day.  

The study developed different scenarios using the energy management system algorithm to 

evaluate the performance of the system. The results showed that the adopted EMS ensured 

DC microgrid stability, improved reliability, increased system flexibility and effective power 

distribution. In addition, the developed algorithm provided adequate power distribution 

between the solar PV and the PHSS and maintained the charging and discharging of the 

reservoir within acceptable level.  The results also showed that the PHSS was able to 

augment power shortage in the system based on the different scenarios that were 

implemented. The developed energy management system also provides an opportunity to 
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remodel and change any parameter within the DC microgrid system. The results obtained 

were compared with other similar DC microgrid system’s and the results proved that the 

EMS was effective and the load demand was adequately met.  

Key words: DC microgrid, energy storage system, MATLAB/Simulink, pumped hydro 

storage system, renewable energy, solar PV. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

The negative impact of global warming and environmental pollution associated with the use 

of fossil fuel as a source of energy has become more visible in the past decade. Hence, the 

focus on more sustainable sources of energy generation such as: wind, solar photovoltaic, 

hydroelectric, biofuel, and biomass (Philip et al., 2016). According to Singh (2016) , the solar 

PV system was identified as the most reliable source of energy in  an attempt to solve this 

energy crisis and environmental pollution. This is due to available technology, ease of 

mounting solar PV panels and cost of power which has been reduced significantly in recent 

years (Aliyu et al., 2018). The power supply and consequent power output from a  microgrid 

network with high solar-PV penetration is normally unstable due to the intermittent nature of 

solar PV supply (Rehman et al., 2015). 

Solar PV systems are usually complemented by energy storage systems (ESS) to enhance 

the stability and efficiency of the energy supply (Xu et al., 2019). Therefore, to improve the 

system, a hybrid system comprised of a solar PV and pumped hydro storage energy system 

(PHS) was identified as a system that is capable of increasing the power production capacity 

(Mahmoudimehr & Shabani, 2018). The implementation of this system has the capacity to 

salvage the intermittent power supply from the solar PV. Among the various types of storage 

technologies available, the battery is generally utilised in stand-alone renewable energy 

systems regardless of the obvious limitations such as high initial investment cost, short 

lifespan, environmental damage, explosion and maintenance difficulties confronting its 

usage (Mahmoudimehr & Shabani, 2018).   

As  highlighted by Aliyu et al.(2018) in his study, photovoltaic backed up by pumped hydro 

energy storage has shown to be a major solution that will adequately eradicate the 

intermittent characteristic of solar PV power supply to achieve the continuous energy supply 

required by consumers. Pumped storage plant represents the most mature approach among 

the peaking power sources (PSS) and this is one of China's major investments for the future 

(Rehman et al., 2015). The pumped hydro energy storage (PHES) is in the form of potential 

energy where water is pumped from a lower reservoir to a higher-level reservoir to be used 

during  high power energy demand period (Swe, 2018). 

According to Dong et al. (2018) the design of any microgrid is determined by the need of the 

consumers because the power supply must be equal to the load in order to maintain stability. 

Although the power produced by solar photovoltaic and hydropower (PV/PHES) hybrid is 
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continuous and reliable, emergency conditions can arise due to active power deficiency in an 

islanded microgrid which decreases the system frequency and cause the microgrid to 

collapse (Khoa et al., 2016). In a traditional power system, when an unbalanced situation 

occurs between the energy supply and the load, the system automatically uses its rotating 

inertia to give rise to a change in frequency of the grid network, which is underlying the 

principle of P-f droop control method (Wang et al., 2015). In the DC microgrid system, the 

inertia does not exist due to the intermittent character of most of the renewable energy 

sources (Baboli et al., 2014). Most research has tried to understand which of the AC and 

DC-based microgrid is best when it comes to the control of the system. AC system present 

problems linked to the power quality and synchronization, while the DC microgrid has 

presented positive improvements when the system control is taken into consideration (Zhou 

& Ngai Man Ho., 2016).     

 According to Liu et al.(2018), pumped hydro energy storage is currently considered as the 

most promising technology to enhance reliable and clean energy production, especially in 

autonomous islanded microgrid (Liu et al., 2018). The microgrid is formed by the hybrid 

interconnection of various units such as AC and DC energy sources, storage device, AC and 

DC loads AC/DC, or DC/AC converters (Aliyu et al., 2018).  Different researchers have 

shown that a lack of controllers in the microgrid system to regulate power flow from the solar 

PV to the load has a significant impact on different load components in the system. This is 

because of power supply and load imbalances in the system. When operating in islanded 

mode, a microgrid (MG) is expected to supply the needed active power, reactive power, and 

frequency to the load, and must operate within the specific range of voltage (Chong et al., 

2016). 

Different control methods have been used in microgrid system; master-slave, peer-to-peer, 

multi-agent control, fuzzy logic control, PID and sliding mode controller in order to ascertain 

the best control method capable of managing the power flow from the different energy 

supplies and the energy demand (Zhou & Ngai Man Ho., 2016). Philip et al.(2016) provides 

more details on how recently DC microgrid systems (MGs) have been receiving lots of 

attention with their flexibility and expandability. The key of promoting DC MGs lies in the 

advanced technology that enhances reliability during fault conditions, reduces overall costs 

and losses by the removal of AC-DC conversion, as well as achieves user-friendly 

operations (Muhsen et al., 2018). 
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1.2 Statement of the research problem 

A stable power supply is essential for effective and efficient operation of a solar PV based 

microgrid system. This is because, the intermittent nature of renewable resources causes 

imbalance and unreliable power supply, especially with solar PV based microgrid system. In 

the past, most solar PV based microgrid system used batteries for energy storage and as a 

backup system. These batteries have limited capacity, are costly and can only last for few 

hours depending on the load demand. As a result, it affects the operation of the microgrid 

system.  

Again, solar PV-diesel hybrid system have shown to be very expensive and environmentally 

harmful as explained by Philip et al.(2016). The regulation and balancing of the intermittent 

solar supply and the fluctuating load demand continue to be the bigger issues (Verma et 

al.,2013). The need for low cost and environmentally friendly power system with the capacity 

to solve the problem of both supply and demand imbalances is of great importance and 

addressed in this research.  

1.3 Significance of the research 

 Implementing the results obtained will help achieve the sustainability and reliability 

aim of the hybrid system by balancing the power flow between solar PV, energy 

storage and the load. 

 It will enhance the ability of the system to automatically shed some of the load in 

case of a considerable decrease in the energy back up. 

 The results will further position hydropower system as an energy storage in the 

renewable energy mix thereby enhancing the robustness of hybrid systems. 

 Successfully achieving desired results will reposition solar PV as the prime choice in 

future energy mix policy, which is in line with most Governments’ policy on the 

provision of autonomous clean electrical energy programs. 

 The anticipated model is a smart and efficient system that will provide a complete 

result capable of assisting the independent power producers to better understand the 

behaviour of hydropower system in power stability.  

 The research will strengthen the use of solar PV and hydropower systems in 

microgrid systems thereby discouraging over dependence on coal powered grid 

network.  

 Lastly, the results of this research will assist both researchers and government in 

providing electricity to remote areas that are not connected to the national grid. 
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1.4 Aim and objectives of the research 

The aim of this research is to implement power flow control in an autonomous solar PV-

hydro DC microgrid system by means of fuzzy logic controller strategy. To achieve the 

abovementioned aim, the research needs to accomplish the following objectives: 

 Carry out a literature review on autonomous hybrid Solar PV-hydro applications to 

DC microgrid. 

 Conduct a feasibility study on fuzzy logic controller as a mechanism capable of DC 

microgrid power control.  

  Model a solar PV-hydro system using MATLAB/Simulink. 

 Model a control system capable of balancing the unstable solar power supply and the 

ever-changing load demand using fuzzy logic controller in the MATLAB/Simulink 

environment. 

 Develop a system that will control the amount of power generated and consumed in 

the system using fuzzy logic controller in the MATLAB/Simulink environment. The 

results obtained will be measured against existing literature and its effectiveness to 

meet the power demands when required. 

 Ensure that load is shared equally between the different distributed power supply 

system depending on the prevailing power demand and availability. 

 Model a system that will implement a load-shedding strategy when the power 

generated is less than the power demand. 

 Model varying solar irradiances that will mimic the unbalanced power supply from the 

solar PV using MATLAB/Simulink. 

1.5 Research Methodology  

To achieve the expected results, the research process is conducted in the following order: 

 Different research papers relative to the subject were reviewed in order to gather in-

depth knowledge on microgrid concepts, control, modelling, solar PV system, and 

energy storage systems.  

 This research is implemented in the MATLAB/Simulink environment using various 

load and power supply scenarios. The system includes solar PV systems, System 

controller algorithms, DC-DC converters, MPPT, ESS and various components of the 

DC load.  

 An investigation into different control strategies in DC microgrid is conducted, and a 

selection of a suitable control strategy for an autonomous solar PV-Hydro microgrid 

is proposed based on its reliability. 
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 The results after modelling and simulation were tested, evaluated, and compared to 

others obtained from different isolated DC microgrids controlled by another type of 

controllers. 

1.6 Delineation of the research 

Different control strategies in DC microgrid, load sharing and load shedding in solar PV-

Hydro microgrid system. 

 The research concentrated only on the control of power flow in solar PV-Hydro hybrid 

standalone microgrid. 

 The research investigated the power flow in an islanded Hybrid solar PV-Hydro 

system using MATLAB/Simulink and not grid connected system. 

1.7 The contribution of the Research 

This research adds value in the control of power flow in solar PV-hydro microgrid, which can 

be used in rural areas where renewable resources such as solar power and hydropower are 

readily available in large amount. Most often, rural areas are the most disadvantaged due to 

lack of basic electricity infrastructures and are not connected to the existing grid. By 

implementing a hybrid solar PV–hydro microgrid system, communities within such an 

environment will be reliably supplied with electricity thereby improving the standard of life. 

 With results obtained according to established parameters and values, a thesis will 

be compiled, and a paper will be published in a peer reviewed academic journal as 

an input to the body of knowledge in electrical engineering. 

 The research will introduce a low-cost control of the system to balance the power 

between the power supply and the load demand. 

 The study will improve the friendly environmental characteristic of solar PV-hydro as 

one of the solutions to environmental pollution. 

1.8 Thesis outline  

Chapter 1 introduces the thesis by presenting a brief background of hybrid solar PV–hydro 

autonomous DC microgrid controller. Thereafter, the statement of research problem, 

significance of the research, aims and objectives and methodology, delineation of the 

research and the contribution of the research are discussed. 

Chapter 2 provides literature review on different renewable energy sources and 

corresponding energy storage systems with much emphasis on solar-PV pumped hydro 

storage system. 



 
 

6 
 

Chapter 3 presents a detailed literature on the concept of DC microgrid systems focusing on 

some advantages and disadvantages of different types. Thereafter, presents the different 

control systems highlighting distinct applications and technology advancements as it relates 

to DC microgrids. 

Chapter 4 presents the system design and methodology. It covers research design, design 

model of the solar PV system, hydropower system, controllers, inverters, MPPT and 

adequate DC load. 

Chapter 5 presents the simulation results of a hybrid solar PV–hydro autonomous DC 

microgrid with adequate controllers coupled with a detailed discussion of the results 

evaluating it against previous studies. 

Chapter 6 concludes the research and identifies areas that will require further research.  
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CHAPTER 2: RENEWABLES AND ENERGY STORAGE SYSTEMS 

2.1. Introduction  

The past decade has experienced significant shortage in the supply of fossil fuel which 

happens to be the main source of power supply in most electrical grid networks around the 

world (Yang et al., 2014). Studies have also shown that global demand for power and 

electricity will continue to increase as the population increases (Ellabban et al., 2014). This is 

because more people are migrating to the major cities in search of a better life which must 

also be provided with electricity daily. The grid network is no longer sustainable nor 

environmentally friendly due to obsolete equipment, poor technology, and the need to 

operate more efficient and cost-effective grid network. Hence, an efficient renewable energy 

powered grid network has started attracting more attention because of the obvious 

advantages it has over the conventional grid network system (Vijayaragavan, 2017). Again, 

technological advancement in energy storage systems has offered a suitable platform for 

utility operators as well as power consumers to integrate more renewable energy resources 

to existing grid network (Adefarati & Bansal, 2016). Furthermore, integrating energy storage 

systems have the capacity to provide primary and sensitive loads enough power that will 

ensure stability without overloading the grid (U.S. Department of Energy Microgrid Exchange 

Group, 2011). Therefore, this chapter discusses hydropower system and solar PV as 

renewable energy sources, battery energy storage system (BESS), flywheel energy storage 

system, supercapacitor and pumped hydro storage system as energy storage systems 

utilised in microgrid systems.  

2.2. Renewable energy sources 

Renewable energy sources are naturally renewed but intermittent depending on the weather 

and environmental conditions of that particular location. Examples of renewable energy 

sources are wind, biomass, hydropower, geothermal, and solar as shown in figure 2.1. Some 

of the fundamental and general characteristics of these type of energy sources are, 

environmental friendly, less pollution, and renewable (Adefarati & Bansal, 2016). Compared 

to fossil fuels, renewable energy resources are generally spread in equal amount in specific 

geographical location at no cost. The amount of renewable energy resources added to the 

grid network, standalone power systems and as microgrid network has grown significantly in 

the past seven years as shown in figure 2.2 (REN21, 2020).  
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Figure 2.1 : Overview of renewable energy sources (Ellabban et al., 2014) 

Again, figure 2.2 shows a significant addition of renewable power capacity to the power mix 

with Solar power appearing to be the highest in 2020 followed by wind, hydropower, then a 

combination of biomass, geothermal, ocean power and concentrated solar power (CPS) 

(Hossain et al., 2020). 

Presently, the world is burdened with its over reliance on fossil fuel for power generation 

both for commercial, residential, industrial, and transportation purposes. Electricity has 

become a basic requirement for human existence and must be met at all material times but 

the commitment to meet this need in a sustainable manner has occupied the centre stage of 

global discussion. In addition, the need for electricity has grown significantly in the past 

decade due to the obvious increase in the population combined with huge urban migration 

(Showers, 2019). In addition, fossil fuel alone accounts for 60% of electric energy production 

globally by burning coal, gas, and oil.  However, this pattern of power generation using fossil 

fuel as the primary source is no longer sustainable because of the environmental pollution 

and cost of extraction associated with its operation. Furthermore, fossil fuel is unequally 

distributed amongst different countries making it difficult for the most industrialised countries 

to meet their energy need while the countries with abundance of it does not have the 

technological skils to extract it from the ground (Abolhosseini et al., 2014; Somano & Shunki, 

2016). 
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Figure 2.2 : Annual additions of Renewable power capacity, by technology and total, 

2013-2019 (Somano & Shunki, 2016) 

Again, renewable energy resources have demonstrated huge potential in meeting the global 

energy need if adequately managed for the common good of humanity. There is an ongoing 

debate amongst scholars and government officials on the viability of renewable energy as 

the primary source of power generation with the capacity to meet total demand. This debate 

is tilting towards renewable energy resources due to the obvious benefits and advantages it 

has over fossil fuel combined with the improvement in technology in recent years. 

Furthermore, research have shown that the total solar energy striking the earth hourly is 

equal to the total global power production from all fundamental sources for a year (Yang et 

al., 2014). 

Recent research results have shown that an average of 1.1 billion people in the world are 

living without access to electricity while significant number are experiencing unstable power 

supply (REN21, 2020). All these together with concerns of environmental pollution, which is 

growing daily, has informed research in alternative forms of power generation and microgrid 

systems. Adequate implementation of renewable energy resources will open up a 

sustainable route for environmentally friendly and cost-effective power generation (Bajpai & 

Dash, 2012). Hence, effective design, implementation, operation and maintenance of DC 

microgrid system will definitely provide the much-needed alternative. Therefore, there is the 

urgent need to provide a brief literature on hydropower and solar PV as renewable energy 

resources. This will offer a detailed knowledge on the nature of these resources and 

suitability in DC microgrid system not failing to understand individual complexities during 

operation.  
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2.2.1 Hydropower  

Hydropower is a form of renewable energy that is generated using the potential energy 

resident in water which travel from a region of higher potential to that of lower potential 

caused by gravitational force (Dhivya & Prabu, 2018). This form of energy has been in 

existence for the past century with significant development in technology and personnel. 

Electricity is generated by moving the stored water across turbines that activates rotation of 

the shafts that further energises electric generator. This type of technology is at an advanced 

stage with available skills needed to execute the conversion of water to electricity (Šćekić et 

al., 2020). Presently, hydropower is an exceptionally flexible power technology that has 

shown one of the best conversion efficiencies compared to other forms of renewables 

because hydraulic energy is converted directly to electricity. It has an operational efficiency 

or conversion of water to electricity of 90%. Because of the high efficiency it enjoys, 

hydropower has applications in different sectors such as mechanical power production, 

power generation industries, domestic applications, and used for textile processing. 

Regardless of its high efficiency, there is ongoing research in an attempt to improve its 

impact on the environment, reduce cost of operation, and adopt new environmental 

requirements (Swe, 2018; Somano & Shunki, 2016). 

In rural areas or areas not connected to the electricity grid, hydropower plants are seen as 

the prime choice of power generation because it is cost effective, and water is readily 

available most time of the year without much drought. Hydropower technology is reliable, 

robust, and flexible with low operational and maintenance cost but huge initial investment 

including a favourable operational lifecycle (Somano & Shunki, 2016). Presently, hydropower 

generation is unstable as it changes from year to year determined by the installation capacity 

and changes in the weather patterns and other localised operating conditions. At the end of 

2019, global electricity generation from hydropower was around 4,306 TWh, which 

represents an increase of 2.3% from 2018 or approximately 15.9% of the global electricity 

generation and represents 25% of total electricity from renewable energy resources as 

shown in figure 2.3 and figure 2.4, respectively (Swe, 2018; Somano & Shunki, 2016).  
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Figure 2.3 : Additions and capacity of Hydropower, 2019 top 10 countries for added 

capacity (REN21, 2020) 

Hydropower is strategically positioned in the power generation and management sector 

providing energy managers the desired flexibility that would enhance proper regulatory 

services my evaluating maximum load demands hence, adding variable renewable energy 

resources in the anticipated energy mix of the future. There are three basic types of 

hydropower technologies available based on operation and type of water flow, reservoir 

hydroelectric plants, pumped storage hydroelectric plants, and run-of-river hydroelectric 

plants  (Dhivya & Prabu, 2018).  

 

 

Figure 2.4 : Percentage of Renewable energy in global electricity production (REN21, 

2020) 

From figure 2.4, 1 quad is equivalent to 1 quadrillion BTU (British thermal unit) which is the 

unit used to measure energy consumption. Again, 1 BTU is the amount of heat energy 

required to increase the temperature of 454 grams of still water by 1℉  (REN21, 2020). 
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2.2.2 Solar Energy 

This type of energy converts the sun’s energy directly into electricity, provide heat, or hot 

water for general consumption. It can be utilised for water purification purpose, cooking, 

store food and medicines, and pump water. Solar energy is broadly classified into three 

categories: solar photovoltaic (PV), concentrating solar power (CSP), and solar thermal. All 

three technologies are well developed with significant number of installed capacities globally 

in the past two decades (Picco & lotero, 2019; Bhattacharjee & Nayak, 2019). Global solar 

PV capacity added in 2020 regardless of the Covid-19 pandemic was approximately 107 GW 

in the main case as shown in figure 2.5. In concentrating solar PV module, the sunlight is 

concentrated on smaller surface area and utilizes mirrors to produce electricity through 

direct-beam solar concentration of solar radiation trapped as heat. The accumulated and 

trapped heat triggers chemical reaction that produces electricity. The concentration or 

accumulation of heat is either implemented along a line (linear focus) through a linear 

Fresnel device or as a dish system (Ma et al., 2014; Yang et al., 2014), while solar thermal 

heating and cooling technologies uses the thermal energy of the sun to provide space 

heating, cooling, pool heating, and hot water for commercial, industrial, and domestic 

purposes (REN21, 2020; Ellabban et al., 2014).  

 

Figure 2.5 : Solar PV net capacity additions by application segment (REN21, 2020) 
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2.2.2.1 Solar photovoltaic (PV)  

The basic structure of the PV system is the PV cell, a semiconductor device that converts 

the solar energy directly into electricity (DC). PV cells are connected in series, parallel, or 

series-parallel to form a module which might be between 50 to 250 W (Showers, 2019).  

These modules are further fused with other application dependent system components such 

as electrical devices, batteries, mounting parts, and inverters to create a complete PV 

system. Presently, silicon-based PV system is the most advanced and utilised PV system 

due to its high-power output and the chemical structure of the silicon device (Ma et al., 2015; 

Mahmoudimehr & Shabani, 2018).   

Solar PV like other renewable energy sources is broadly classified into two major types: grid-

connected and off-grid (standalone) power systems. In the past decade standalone (off-grid) 

systems have gained significant acceptance and utilisation in power generation especially in 

areas were connecting to the grid is not economically viable. Off-grid localised PV microgrid 

power system has become a workable alternative for most rural electricity needs because of 

the economic opportunities this type of application presents. Integrated and localised power 

systems possess somewhat technical advantages with regards to reduced storage needs, 

energy availability, electrical performance and changing characteristics of the system which 

has shown significant potential in becoming the most cost-effective power system for specific 

amount of service requirement (Singh, 2016; Swe, 2018; Ellabban et al., 2014; Eid et al., 

2016; Bhandari et al., 2015; Philip et al., 2016; Aminu & Solomon, 2016). This type of 

system has the advantage of component and system optimisation of installation and 

operating costs by acquiring significant and cost effectiveness of the solar PV components 

and stability of the larger system. Furthermore, the robustness of centralised solar PV 

system is greater than distributed solar PV system due to the fact that they combine 

maintenance systems with monitoring devices which in most instances less than the cost of 

the entire system (Reddy et al., 2017; Mahmoudimehr & Shabani, 2018).  

Solar PV modules have shown to have significant advantages over concentrated solar PV 

(CSP) and solar thermal PV. Some of such advantages are, solar PV can be produced in 

huge plants that provides avenue for scalability, reduced cost of production and flexibility. In 

addition, solar PV produces electricity through the direct conversion of sunlight and produces 

electricity during night because it uses the diffuse component of sunlight deposited on the 

silicon particles even when the weather is cloudy. This unique characteristics of producing 

electricity even without sunlight has created the platform for mass deployment of solar PV in 

most parts of the world where CSP deployment is not technically and economically feasible 

(Singh et al., 2012). Hence, in this study the solar PV system is used as the primary 
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renewable energy source to supply power to the load and recharge the pumped hydro 

system. 

2.3 Energy storage systems 

Researchers in the past two decades have been working diligently to provide stability in the 

current grid network, as it gets smarter. The effort has increased in the past decade due to 

the intermittent nature of power supply in the grid and the type of loads connected to the 

network (Connolly et al., 2012; Chen et al., 2009). This situation has informed the intentional 

drive for energy storage system. However, in microgrid, effective energy storage system can 

provide the needed stability such as improved power quality, smoothening the production of 

different power sources, offering energy boosting in the network and voltage control. 

Furthermore, having an effective energy storage system in a microgrid system will provide 

better level of flexibility especially, network with high level of renewable energy sources 

(Torres, 2015; Prakash et al., 2016).  Integrating renewable energy sources such as solar 

PV and wind to existing grid network will create significant variations. Hence, to compensate 

for this fluctuation in power supply and to operate a reliable power network, it is necessary to 

strengthen the grid and at the same time establish a power backup system. The energy 

stored can be supplied to the grid in the event of power shortage using different 

technologies, depending on the form of energy at hand and cost effectiveness. The different 

technologies are broadly categorised into electrochemical, mechanical, electrical and 

thermal (Bhattacharjee & Nayak, 2019; Diaz et al., 2014).   

2.3.1 Battery Energy Storage System (BESS) 

Battery energy storage system over the century have been the standard of electrochemical 

energy storage technology (Šćekić et al., 2020). A standard electrochemical battery consists 

of one or more electrochemical cells with each cell having a liquid, paste, or solid electrolyte 

in combination with both negative and positive electrodes as shown in figure 2.6 (Hesse, 

2017). Electrochemical reactions take place in both electrodes during discharging by 

generating a flow of electrons triggered by an external circuit. However, these batteries are 

rechargeable through the application of external circuit over the electrodes hence, making 

these reactions reversible. This unique characteristic makes electrochemical batteries 

suitable for large electrical energy storage in grid-connected and off-grid applications. 

However, one of the major drawbacks of electrochemical batteries is the energy density and 

power density ratio which several studies have been carried out in the past century with 

several still ongoing with the focus of increasing the ratio between the energy and power 

densities (Showers, 2019). The search to improve the energy and power density ratio has 
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resulted in the introduction of various battery technology topologies in the past two decades 

based on the type of electrolytes. However, lithium-ion based battery is the most 

technologically advanced at the moment but still not economically viable in large-scale 

power system applications and storage. Batteries also have fast response time and high 

reliability making it highly suitable for smart grid application even as the more renewable 

energy resources are integrated into the grid network. In addition, batteries are harmful to 

the environmental because of the toxic contents in it and also have high degradable charge 

and discharge rate (Siad, 2019; Chen et al., 2009; Torres, 2015; Ma et al., 2015).   

 

Figure 2.6 : Lithium-ion battery (Hesse, 2017)  

2.3.2 Flywheel Energy Storage System (FESS)  

The energy in a flywheel energy storage system (FESS) is stored by accelerating a rotor to a 

high speed and stored in a kinetic form. Flywheels store kinetic energy and does not 

generate potential energy (Subkhan & Komori, 2011). This process is reversed by utilising 

the motor as a generator when the flywheel releases the stored energy. However, this 

reversal process continues until the stored energy is completely released. Weight is seen as 

a major problem in implementing this technology hence, improved organic materials are 

seldom used for the rotor during exceptionally high-speed operations. Flywheels have high 

charging and discharging abilities and not susceptible to temperature changes thereby 

making it suitable for frequency regulation and power quality control. Flywheels occupy very 

little space as shown in figure 2.7, have increased lifespan, not affected by deep discharge, 

and requires less maintenance compared to other types of energy storage technologies. 

FESS was initially intended for applications in the aerospace and automobile industries but 

later finds its applications in the power sector because it is cost effective, respond rapidly, 
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has high reliability, and enhances power quality (Prakash et al., 2016; Torres, 2015; Baboli 

et al., 2014).  

 

Figure 2.7: Flywheel (Torres, 2015) 

2.3.3 Supercapacitor (SC) 

Supercapacitors (SCs) are known to be amongst the most effective and direct technology for 

electrical energy storage. SCs are made up of modules of single cells connected in series 

and arranged in parallel with other modules in combination with two metal plates separated 

by a dielectric material (non-conducting material) as shown in figure 2.8 (Aneke & Wang, 

2016). The energy generated is either absorbed or supplied to the grid in a grid connected 

system using a DC/DC bidirectional converter. However, the supercapacitor capacitance 

which is the capacity of the SC is basically determined by the load demand including other 

factors (Benavente et al., 2019). Again, one of the plates usually induces a negative charge 

when the other is charged with electricity thereby ensuring that the plates are either 

positively or negatively charged at all times making it suitable for short-term storage 

applications. SCs are developed for energy storage during peak hours, charges faster than 

standard electrochemical batteries, and can be cycled several thousands and still maintain 

high efficiency. The main advantages of SCs are less weight, high cycle efficiency, fast rates 

of charge and discharge while the disadvantages are low energy density and high cost of 

production (Siad, 2019). 
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Figure 2.8: Supercapacitor Energy Storage technology (Aneke & Wang, 2016) 

2.3.4 Pumped Hydro Storage (PHS) 

According to Bhattacharjee & Nayak, (2019) PHS is the largest and oldest form of energy 

storage technologies available. It was mostly used in the older grid network and it has two 

big water reservoirs stationed at different elevations as shown in figure 2.9. Water is 

normally pumped from the lower reservoir to the higher reservoir during off-peak periods to 

ensure that the surplus energy from the grid is stored in the reservoir. During peak hours, the 

water stored in the higher reservoir is sent to the lower reservoir through a hydraulic turbine 

thereby generating electricity. PHS is suitable for long term energy storage because it has 

low self-discharge rate, extended lifecycle, low cost, and high efficiency conversion rate. 

However, the main disadvantage of this technology is that it requires the destruction of trees 

and related ecosystems because of its low energy and power densities. For stand-alone 

microgrids, there are presently small hydro schemes of few kilowatts and megawatts 

depending on the size of the network and the load demand (Bhattacharjee & Nayak, 2019; 

Alam et al., 2017; Rehman et al., 2015).   
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Figure 2.9: Pumped hydro storage system (Bhattacharjee & Nayak, 2019). 

2.3.4.1 Solar-PV pumped hydro storage system   

As highlighted previously, modelling of a solar-PV pumped hydro storage system is very 

complex but vital because it ensures optimisation and increases efficiency (Baboli et al., 

2014). The system usually consists of a solar-PV (power generator), pumped hydro storage 

reservoirs (energy storage subsystem), loads (end-users), and a dedicated control system 

as shown in figure 2.10. The control station is the heart of the system, making it the most 

vital component of the whole system because it is saddled with the responsibility of energy 

distribution and management. Having an effective energy management system will ensure 

that the whole system is operated optimally.  However, when the power generated by the 

solar-PV is greater than the load demand, the excess power is used to pump water from the 

reservoir at the lower elevation to the reservoir at the higher elevation hence storing 

gravitational potential energy as shown in the figure 2.10a.  However, during peak hours, the 

water from the higher reservoir is released to flow downwards through the turbine as shown 

in figure 2.10b. This process ensures the availability of water both day and night thereby 

eliminating environmental problems associated with electrochemical batteries but with little 

conversion losses in the system (Ma et al., 2015).  
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Figure 2.10: Solar-PV based standalone PHSS (Ma et al., 2015)  

In this study, a pumped hydro storage (PHS) system is used as the energy storage system 

because it has the potential to reduce harmonic distortions as well as regulate the 

challenges of voltage drops associated with other energy storage systems. PHS has a very 

long lifecycle that produces regular electricity created by the continuous water circulation 

that can be used to supplement power supply during high load demand hours and frequency 

regulation in a microgrid system. It has a relatively high efficiency and quick response time 

that is coupled with its ability to supply power to the grid in grid connected network. This 

makes it an ideal energy storage option capable of providing power during peak hours. PHS 

has low operational and maintenance cost and the least in lowest levelized cost of electricity 

(LCOE) compared to other energy storage technologies.  
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CHAPTER 3: DC MICROGRID SYSTEMS  

3.1 Introduction   

A microgrid (MG) is composed of different components and generally, MGs are classified 

according to the type of sources, storage, loads, and interconnection to either grid or off-

grid. In this study, the primary power source is a photovoltaic (PV) system, and the 

secondary power source is a pumped hydro storage system while the load is a DC load. 

Conventional power systems are generally centralised to include large power generation 

plants that transfers electricity to consumers over long transmission lines (Ellabban et al., 

2014). Hence, DC microgrids (DCMGs) are designed to replace or complement these 

existing power systems that consist of large nuclear and fossil fuel plants to provide a more 

energy sustainable and environmentally friendly power system. These are usually small 

power systems that comprises distributed energy sources, storage systems and loads that 

can function whilst connected to the grid or as standalone power systems. They provide 

power stability by ensuring that the power generated is equal to the amount consumed at all 

times by using energy storage systems and other power electronic devices within normal 

operating conditions (Zhang et al., 2018; Hinov et al., 2016; Singh, 2016). DCMGs are 

grouped into various categories according to type such as residential, campus, commercial, 

industrial and military, according to size such as small, medium and large systems, 

according to application such as reduced losses, stability focused and power quality 

according to connectivity such as grid-connected and off-grid. Furthermore, a DCMG can be 

classified using the type of currents and voltage and distribution network as either 

monopolar, bipolar or homopolar (Lotfi & Khodaei, 2017a). The concept of a typical DCMG 

system is shown in figure 3.1.  
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Figure 3.1: A typical microgrid structure (Siad, 2019) 

“A microgrid is a group of interconnected loads and distributed energy resources within 

clearly defined electrical boundaries that acts as a single controllable entity with respect to 

the grid. A microgrid can connect and disconnect from the grid to enable it to operate in both 

grid-connected and island-mode.” (U.S. Department of Energy Microgrid Exchange Group, 

2011, p. 1) 

Distributed power generation systems are gaining popularity due to increasing energy 

demand (Kakigano et al., 2013). According to Aneke & Wang, (2016), high reliability, remote 

electrification, low distribution losses, reduced chances of blackout and easy scalability are 

some of the key advantages of distributed systems. Zhou & Ngai Man Ho (2016), review 

microgrid architectures and control methods, individual structures of DC, AC and hybrid 

microgrid were studied and analysed. The results showed that AC MGs were dominant due 

to their long historical technology and power component availability, while DC microgrids 

were classified first due to improved and better power quality, efficiency, and control 

flexibility (Zhou & Ngai Man Ho, 2016). The above mentioned findings were supported by 

Wang et al (2015) in his study on a similar topic where a number of control methods in AC 

and DC microgrids were analysed and compared. As a result, each control method exhibited 

a unique advantage in different MGs depending on the topology, scale, system architecture 

and application. Therefore, this chapter provides a general overview of DCMG system 

including DCMG architecture and different control strategies and techniques used in DCMG 

systems. 
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3.2 DC Microgrid system  

In DC microgrid system, all the distributed energy resources (DERs) are connected to a 

common DC bus then supplied to DC loads (Siad, 2019). AC-to-DC rectifiers are used to 

connect the AC generating systems and all energy storage systems to the common DC bus 

then supplied to the DC load as shown in figure 3.2 (Gao et al., 2019).  

A typical DCMG configuration is a combination of microsources and corresponding loads 

that functions as a single system offering both electricity and heat with most of the 

microsources in the system as power electronic based devices that offers the necessary 

flexibility that will ensure the regulated system functions as a single combined system 

(Shehadeh et al., 2019). A DCMG usually consists of one or multiple microsources and 

several customers in a specific or confined geographical location (Lu et al., 2014). The 

integration of different sources of power to the DCMG provides energy autonomy for regional 

power generation and consumption while the MG is operated in low or high voltage.  

 

Figure 3.2: DCMG system (Gao et al., 2019) 
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However, the primary purpose of this regulated flexibility is to ensure that the DCMG system 

is presented to the large power system as a regulated unit in a manner that meets the 

electricity needs of consumers within established constraints. These needs will ensure 

developed localised sustainability and necessary power stability because DCMGs have 

control mechanism for each microsource that manages the power flow and operational 

voltage (Lotfi & Khodaei, 2017a; Lotfi & Khodaei, 2017b; Siad, 2019; John, 2017; Kumar, 

2016).  

DCMG is normally operated within a small geographical area and the distribution length is 

shorter than conventional AC distribution lines. Hence, DCMG systems are considered and 

treated as resistive networks (Augustine et al., 2018). The operation of DCMG system is 

different from conventional power system generators as it uses power converters such as 

DC-DC, AC-DC, DC-AC to integrate the microsources like fuel cell, small turbines, solar PV, 

biomass etc., energy storage devices and DC loads. The different microsources and 

corresponding converters used in a DCMG system provides less physical inertia thereby 

affecting the system stability (Blasi, 2013). 

3.2.1 DC MG topologies  

Assessing the DCMG connection using the different DERs and loads, DCMGs can be 

broadly categorised into three topologies (Augustine et al., 2018): 
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3.2.1.1 Single-bus DCMG  

The single bus DCMG topology, which is also referred to as radial, or feeder structure is the 

fundamental topology and the most implemented topology in DCMG system due to its 

design simplicity and configuration. The topology has a single DC bus where all the 

microsources, energy storage systems and loads are connected directly or via a power 

converter. This topology is scalable and other types of configurations can be built on a single 

bus topology with the ease that it presents. A simple bus topology having different energy 

sources and an energy storage system is shown in figure 3.3. This topology is very effective 

for Low voltage (LV) DCMG systems and its reliability can be improved by adding more 

energy storage systems (Kumar et al., 2019). 

 

Figure 3.3: A single bus DCMG topology (Augustine et al., 2018) 

This type of configuration has been commonly deployed to power telecommunication 

devices in the past decade due to voltage stability including shorter transmission lines. 

Again, this topology can be used to regulate the DCMG voltage and make it more flexible to 

adopt multiple microsources. The energy storage system can be connected directly to the 

DCMG while the voltage is regulated using the battery state-of-charge (SOC). This 

configuration requires systematic design and evaluation of the different power converters 

and other control components to ensure stability where additional energy storage system 

can be integrated to the DCMG through the DC-DC power converters (Augustine et al., 

2018; Jia & Tong, 2016). In this topology, a failure in any of the source interface would not 

trigger total power failure due to the presence of other sources within the DCMG network. 
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3.2.1.2 Multi-bus DCMG  

In a multi-bus DCMG system, the configuration can be either series or parallel and the power 

is shared amongst the various MG systems within the network as shown in figure 3.4. This 

type of configuration supports the disconnection/isolation of a faulty MG within the network 

where the communication part between the DERs are employed to exchange control 

parameters that will enhance performance and stability of the DCMG system (Shafiee et al., 

2014). Again, DCMG system with multiple buses is more reliable because it provides the 

option of reconfiguration during faulty situation and prioritise sensitive loads within the 

system. This configuration is flexible and provides different voltage levels to different 

consumers based on their power demand thereby making it suitable for both low and high 

voltage consumers. While this is an extended version of the single-bus DCMG topology, it is 

more accessible with enhanced reliability (Blasi, 2013; Ma et al., 2016).  

 

Figure 3.4: Multi-bus DCMG configuration (Augustine et al., 2018). 

3.2.1.3 Reconfigurable DCMG  

Reconfigurable DCMG topology is broadly classified into mesh and ring configurations (Lotfi 

& Khodaei, 2017b). Mesh type configuration offers the best flexibility and improves 

redundancy by providing several other connections to all the nodes within the network. 

These are intended to provide support for the basic purpose of redirecting power during 

failures to a major line. However, it makes it difficult to provide adequate protection for the 

microgrid because it is usually connected at high or medium voltage levels (Ma et al., 2015).  
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Although, distribution systems provide compensation for the three phases and the period of 

peak power output is evenly distributed between all phases providing a more stable peak 

power output. In addition, mesh configuration is the most complex configuration because of 

the multiple power sources, several connections between nodes, and the task to maintain 

effective power distribution. This is the fundamental reason why mesh uses existing 

configuration for its operation without installing new network (Prakash et al., 2016; Zhang et 

al., 2018). Mesh configuration is effective in short distance transmissions, it is cost effective, 

has high reliability and control over fluctuating power generation and provides a balanced 

voltage profile.  

Another type of reconfigurable DCMG topology is the ring-based configuration. In this 

configuration, the DCMG system is divided into zones and made up of lines that produce a 

geometrical loop or ring shape which ensures the flow of power from two different directions 

to any path of the network as shown in figure 3.5. This configuration when properly 

implemented provides improved voltage stability and reduces power losses, but at the same 

time needs improved protection system (Siad, 2019; Bevrani et al., 2014). 

 

Figure 3.5: Ring DCMG configuration (Siad, 2019) 

Energy storage system provides much needed stability in grid-connected renewable energy 

resources when the power supply is less than the load with combined support for Distributed 

Generation (DG) power capacity. MGs enhances the power capability of the grid, reduces 

the amount of CO2 produced, decreases power losses in the power distribution network, 

improves grid stability, it can be used for ancillary services such as voltage and frequency 

regulation and it reduces the huge investment cost required for transmission and distribution 
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networks (Ma et al., 2015). Again, MGs have shown to be the perfect and suitable method of 

integrating distributed generation into the grid network. This is informed by the high flexibility 

and power stability capacity exhibited by MGs (Alanazi et al., 2017). Furthermore, there are 

several opportunities and notable benefits of integrating distributed generation resources into 

the MG network for utility operators and electricity consumers at residential, commercial, and 

industrial levels. Implementing MGs will benefit utility operators by ensuring maintenance 

without disrupting supply to consumers, reduce electrical stress on the transmission and 

distribution lines and permit dispatchable load during peak hour. Operating MGs in island 

mode have the capacity to reduce the negative impact of defects on the upstream network. 

Although, this approach will require a control mechanism, an effective communication 

structure, and a reliable protection system that will disconnect faulty sections and offer 

reliable independent system (Lotfi & Khodaei, 2017a). Achieving the above will ensure stable 

power supply to users, secure the distribution network, and provide required performance 

using generation redundancy.  

DCMGs in the past ten years have experienced significant technology growth and 

improvement. Again, a substantial increase in the number of DC appliances and loads such 

as LED lights, telecommunication devices, consumer electronics and shortage of other 

devices operated within the 50 Hz and 60 Hz AC systems coupled with enhanced  

technology in the past decade have the capacity to position DCMGs as the prime solution to 

the energy needs of the future (Ma et al., 2016). DCMG system as against ACMG system 

provides improved efficiency and reduced power losses because DC loads does not require 

inverters, bus ties in DCMG systems are operated without using synchronizing buses and 

DCMGs reduces over reliance on fossil fuel-based energy sources thereby reducing 

greenhouse gas emissions. In addition, DCMGs have improved power quality due to 

reduced number of power converters, DERs such as solar PV, fuel cells, and energy storage 

systems are easily connected to the common bus using enhanced interfaces, DC loads such 

as electric vehicles and general DC powered consumer electronics are effectively supplied 

and synchronising generators which allow rotary generating parts operate optimally are 

eliminated (Lotfi & Khodaei, 2017a; Augustine et al., 2018). A DCMG is either off-grid or grid-

connected as indicated in section 3.1 but, this study focuses only on off-grid DCMG because 

of the advantages that it has over an AC grid-connected microgrid system.  

3.3 DCMG control  

Present DCMG system has different levels of control (primary, secondary and tertiary) 

according to the International Society of Automation-95 (ISA 95) standard (Shafiee et al., 

2014). Unlike the ACMG system that considers frequency and voltage, the control in a 
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DCMG system considers a single parameter. This provides an obvious difference between 

both systems where the DCMG control algorithm is easier to implement. DCMG control 

configuration is a key component that ensures improved stability and efficient operation of 

DCMG system and broadly classified as shown in figure 3.6 (Siad, 2019) Again, power 

electronic converters functions as the interface between the different sources and the load in 

a DCMG system. It also ensures effective control of the grid parameters such as voltage and 

current distribution. Hence, having an effective control mechanism reduces the non-linearity 

effect that is associated with power converters because of the constant power characteristics 

that it possesses. However, control system has become more complex in recent years due 

to intermittent power sources and loads in a DCMG system (Smith, 2014). 

In addition, having an effective power management system in a DCMG system is an integral 

component that will ensure balance between power generation and consumption in order to 

operate optimally. This phenomenon is becoming common as power from renewable energy 

resources increases and applies to utility grids, grid-connected and off-grid networks. To 

maintain power stability and ensure adequate frequency regulation in a utility grid or MG, 

generators and storage system are utilised (Gao et al., 2019). In the past decade, DCMG 

has gained popularity because of its high efficiency and the capacity to provide better power 

quality. This is partially because of the absence of frequency regulation and reactive power 

quality issues which are seen to be major problems in ACMG (Ma et al., 2015).  

 

Figure 3.6: Classification of MG control techniques (Siad, 2019) 

3.3.1 Model Predictive Control (MPC)  

Using previous and present information of a MG system, MPC make predictions of the future 

and anticipated outcome within an established set of rules with the aid of a quadratic cost 

function and component categorization based on tested MG system (Bagyaveereswaran et 
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al., 2016). It reduces the error associated with predicting an outcome while concentrating on 

trailing a perfect current parameter (Torres, 2015). Aiming at achieving a stable power 

system, the model predicts anticipated values required for the envisioned MG system using 

present values of the different components within the system. This technique is based on a 

diminishing horizon control set of rules with an embedded predictive system that is 

implemented by initially establishing the optimal input parameters over a predictive zone that 

is aimed at reducing the primary function of established operational restrictions. After 

achieving and implementing the initial parameters of the obtained optimal parameters in real-

time, the entire prediction horizon is set ahead and the process repeated until the desired 

result in achieved.  However, this method is complex and vulnerable to natural interference 

because of the complex mathematical equations associated with its implementation (Hu et 

al., 2021). Figure 3.7 presents the block diagram of a typical MPC with different input 

constraints and aims as the primary input to the controller which is determined by the control 

signal modelled for the actual system.

 

Figure 3.7: Basic structure of a MPC (Bagyaveereswaran et al., 2016)  

3.3.2 Maximum power point tracking (MPPT) control  

MPPT control techniques are mostly implemented in huge power generation stations 

including photovoltaic plants and wind turbine generators because of their intermittent nature 

(Showers, 2019). The amount of power generated by a solar photovoltaic is determined by 

the environmental conditions, solar irradiation, and temperature while that of a wind turbine 
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is determined by the wind speed and other atmospheric conditions (Torres, 2015). However, 

in microgrid network, MPPTs are utilised at the local converter level for effective optimisation 

and best impact. MMPT controller is used to indicate the maximum operating point of 

renewable energy sources such as solar PV by extracting the maximum power from the 

resource as shown in figure 3.8. Some of the techniques used in the MATLAB environment 

to indicate the maximum point of a solar PV are Incremental Conductance (IC) method, 

Fuzzy Logic method, Perturb and Observe (P&O) method, and Artificial Neural Network 

method. This is the point in the V/I characteristic of a PV string where the value of P and V 

equals zero (Dragi & Guerrero, 2016; Zhou & Ngai Man Ho, 2016).  

 

Figure 3.8:  PV system under MPPT controller (Gil-Antonio et al., 2019) 

3.3.3 Hysteresis control (HC)  

Hysteresis control technique is mostly utilised in grid-connected networks or for power factor 

correction (PFC) applications because of its fast dynamic response abilities, which ensures 

increased power quality of the grid and load (Han, 2014). In addition, as current oscillate 

between the lower and upper regions of a band and combining the disadvantages of variable 

frequency, hysteresis control is used to set operational boundaries that will maintain power 

stability and appropriate load distribution. Again, HC technique can be used for frequency 

control and other ancillary services in grid connected VSI applications due to its fast dynamic 

response (Aminu & Solomon, 2016).  

3.3.4 Fuzzy Logic Controller (FLC) 

Fuzzy logic controller is a logical controller that communicate and deals with different 

linguistic values with one another while removing the logic complexities associated with 
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values common in decision making. It translates the human experiences and reasoning into 

a set of conditional statements (Cordón, 2011). FLC provides quantitative expression 

between zero and one for a specific parameter. The process starts with input parameters 

referred to as “fuzzification”, then fuzzy inference which is where the input parameters are 

processed and end with an output referred to as “defuzzification” as shown in figure 3.9. The 

fuzzified input parameters are fed into the fuzzy inference stage to evaluate the fuzzy rules 

that are stored in the fuzzy rule base and the Deffuzzifier transforms the inferior engine’s 

fuzzy package into a crisp value. Hence, the Deffuzzifier produces an out signal based on 

the received output signal. However, the level of complexity or crisp feedback is determined 

on individual fuzzy collection introduced in the first step (Velázquez-Abunader, 2013; Zhang 

et al., 2014; Kakigano et al., 2013).  

For any transformation process, different membership functions are utilised depending on its 

suitability for that specific application. Its performance is defined using membership duty and 

fuzzy set of rules and conditions at the level of fuzzy thinking (Reddy et al., 2017). Fuzzy 

logic (FL) does not depend on complex mathematical model of any control system but 

possesses the capacity to handle multi-domain and non-linear configurations that are 

common in DC MG systems (Chauhan et al., 2015). Fuzzy logic controller is widely used in 

microgrid control and stability because it is extensively robust and user friendly. 

Furthermore, fuzzy logic controller has been widely utilized for the minimization of 

overshoots and enhanced tracking performance due to its simple decision-making 

characteristics (Bharath et al., 2019).  

 

Figure 3.9: FLC architecture (Vijayaragavan, 2017)  

In this study, the fuzzy logic controller must always consider the water level in the reservoir 

and the discharge rate. The load demand is not the only critical factor to be considered by 
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the FLC but the water level in the reservoir as well. It is obvious that the reservoir cannot 

accept water when it is full up to 80% of its capacity and cannot discharge water when it is 

less than 20% of the capacity. Hence, fuzzy logic controllers are most appropriate controllers 

for this type of condition due to its robustness. Fuzzy logic controller uses human expertise, 

fuzzy characteristics, and experiences to control the system against other controllers where 

the behaviour of the system must be precise for it to function properly. Although, when 

designing a fuzzy logic controller for any system such as the DC MG system, the designer 

must ensure that the system is controllable and noticeable. This is because fuzzy logic 

controller offers high flexibility and efficiency. It also provides a proper process of 

expressing, controlling and executing a result close to human heuristic precision (Zhang et 

al., 2014; Kakigano et al., 2013). 

The choice of fuzzy logic in this study was informed by the fact that it is cheaper to develop 

compared to other conventional controllers, it has no effect through parameter changes, it 

can easily be reconfigured, it can be implemented on both small and large non-linear power 

systems and implemented on a wider operating situation. In addition, FLC provides effective 

solution to complex problems, the logic is robust and simple, it can handle multiple input 

variables and make a precise decision with the aid of the precise function. Generally, FLC is 

seen as an artificial decision maker that functions in a closed-loop system in real-time that is 

flexible and robust with four primary components as follows (Bharath et al., 2019): 

 Rule base: This component houses the knowledge that is programmed as a set of 

rules trained on how to control the system. 

 Interference: This is the component that accesses the relevance of all the controls at 

any specific time and then decides the type of input to the plant. It uses membership 

functions, logical operations and “If then” conditions in arriving at a particular 

decision. These can be expressed in shapes such as Gaussian, Trapezoidal and 

Triangular. 

 Fuzzification interface: This stage processes the input variables into a form that can 

be decoded and compared to the set of rules established within the rule base. It 

basically produces an output fuzzy set based on the established set of rules. 

 Defuzzification interface: It converts the changes arrived at this level by the inference 

interface to an acceptable input to the plant. In this study the centroid method was 

used due to its simplicity as compared to others.   
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CHAPTER 4: SYSTEM DESIGN AND METHODOLOGY 

4.1 Introduction  

This chapter presents the modelling of a hybrid solar PV–hydro controller for an autonomous 

DC microgrid and the proposed fuzzy logic controller algorithm in the MATLAB/Simulink 

environment. The modelling and selection of appropriate values for the different components 

of the DC-MG is important to ensure effective control and operation of the system. Hence, 

this chapter provides the methodology of modelling the photovoltaic system, the DC-DC 

boost converter, DC-DC bi-directional converter, energy storage system (pumped hydro 

storage system), the primary and secondary loads and the fuzzy logic controller. The 

research design that covers the fundamentals of the study together with all variables and set 

conditions are presented in section 4.2. The modelling of the photovoltaic system together 

with its particular control mode including calculations and power rating is presented in 

section 4.3. In section 4.4 is the design process of the DC-DC boost converter showing 

formulae and calculations used. The energy storage system (pumped hydro storage system) 

similar to a battery is presented in section 4.5 and the load profile in section 4.6. Lastly, 

section 4.7 presents the fuzzy logic controller algorithm, where the fuzzy logic controller is 

used to ensure effective power distribution, control, and supply of adequate power to meet 

the load demand. The fuzzy logic controller is operated based on the load demand and 

availability of power in switching “ON” or “OFF” the different switches within the system to 

maintain energy balance between the power produced by the Solar PV, pumped hydro 

storage system and the total load demand. This is because, in an autonomous DC microgrid 

system, effective power distribution and availability of power are crucial.  

4.2 Research Design  

This research is based on a DC control mechanism for an autonomous hybrid microgrid 

system. The system consists of various components such as: solar PV as the main energy 

source, hydropower as storage system acting as energy back up, and the load, which 

comprises of essential and non-essential load based on level of importance in the 

household. The above-mentioned components are connected with a boost converter and a 

control element for the bidirectional flow of active and reactive power in the system. A fuzzy 

logic controller strategy will be utilized to control the power flow in the system. However, the 

fundamental design of the solar PV and the amount of power it can deliver depends on the 

solar irradiation and environmental condition of the site.  
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Primarily, the solar PV system will generate enough power to supply the load demand and 

use the extra amount of power to charge the hydropower system to be used later. The 

number of reservoirs filled with water will depend on the extra charging energy available 

from the solar PV. All the energy generated by the solar PV will be stored by increasing the 

number of reservoirs accordingly. The DC controller is designed to automatically disconnect 

or connect non-essential loads in events that the power supply is less than the load demand. 

This makes the system an intelligent system capable of sensing the available power and 

load demand in the system including the storage capacity of the reservoir. The different 

variables used in modelling the system is shown in table 4.1 and the load curve of a typical 

solar PV-hydro system with its corresponding characteristics is shown in figure 4.1.  

Table 4.1: System variables  

Symbol Designation and SI unit 

P Power (W) 

PV Photovoltaic 

P_(PV) Power produced by the solar PV system 

(W) 

P_Load Load demand (W) 

Furthermore, to accomplish the desired objective of effective power supply and equal power 

distribution between the solar PV and the pumped hydro storage system using the load 

demand, the following scenarios are implemented:  

 If P_ (PV) ≥ 77.2 kW, the supply source will supply both essential and the non-

essential load.  

 If P_ (PV) > P_Load, the supply power source will supply the load and the excess 

energy will be used to pump water from the lower reservoir to the upper reservoir to 

constitute potential energy when needed. 
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 If P_ (PV) < P_Load, the potential energy from the hydropower will be used to 

compensate the power needed, and the non-essential load will automatically be 

disconnected if necessary.  

The system is implemented in the MATLAB/Simulink environment to demonstrate the 

feasibility of the system using different data sets and parameters sourced under different 

conditions. This will ensure the robustness and reliability of the system at different time and 

environmental conditions. 

 

Figure 4.1: Solar PV-Hydro power supply scheme (Swe, 2018) 

4.3 Photovoltaic (PV) system modelling  

Proper modelling of the photovoltaic system in the MATLAB/Simulink environment provides 

an in-depth understanding of the inner performance of the system which is determined by 

the cell temperature in degrees Celsius (℃) and the solar irradiance in W/m2. These two 

parameters must be properly selected because it determines the power output of the 

photovoltaic system. In addition, PVs are modelled to operate at its maximum power point 

with the assistance of the maximum power point tracker.  

4.3.1 Ideal PV module 

The cell temperature, available solar irradiance, and the output voltage of the solar array 

determines the output characteristics of an ideal photovoltaic array. Therefore, careful 

selection of these parameters is critical to ensure maximum power output from the PV. 

Again, this is informed by the fact that the short circuit current of the PV is linearly controlled 
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by the ambient radiation and an increase in the solar irradiance automatically increases the 

open circuit voltage of the PV.  

The PV array block as provided in the MATLAB/Simulink environment is a combination of 

several well organised photovoltaic (PV) modules. These PV array modules are arranged in 

series but connected in parallel with each module connected in series. Each PV array block 

comprises of a diode, current source Iph (light-generated current), series resistor (Rs), and 

shunt resistor (Rsh) used to characterise the temperature reliant characteristics and solar 

irradiance I-V characteristics of the modules as shown in figure 4.2. 

 

Figure 4.2: Equivalent circuit model of a PV Cell 

The short circuit current is significantly affected by the ambient cell temperature because an 

increase in the cell temperature leads to an increase in the short circuit current but a 

decrease in the open circuit voltage. Therefore, an increase in the cell temperature reduces 

the cell efficiency and the power output. This is further expressed as the electrical circuit of 

the solar cell as represented using a photocurrent but defined by a constant current source 

connected in parallel to a diode and a shunt resistor. This is indicative of the leakage current 

that is connected in series with the series resistance showing the internal resistance to 

current flow. 

The solar cell voltage-current characteristics from figure 4.1 is represented in equation 4.1: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑠 (𝑒𝑥𝑝
𝑒(𝑉 + 𝐼𝑅𝑠)

𝑚𝑘𝑇𝑐
−

(𝑉 + 𝐼𝑅𝑠)

𝑅𝑠ℎ
)                                                                                              (4.1) 

Where:  

 𝐼𝑝ℎ = 𝑃ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (𝐴) 

 𝐼𝐷 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑑𝑖𝑜𝑑𝑒 (𝐴) 

 𝐼𝑠ℎ = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝐴) 
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 𝐼 = 𝑂𝑢𝑡𝑝𝑢𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 (𝐴) 

 𝑉 = 𝑂𝑢𝑡𝑝𝑢𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 (𝑉) 

 𝑅𝑠 = 𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒(Ω) 

 𝑅𝑠ℎ = 𝐿𝑜𝑠𝑠 𝑜𝑓 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑣𝑒 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 (Ω) 

 𝑘 = 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 1.3810−23 𝐽

𝐾
 

 𝑇 = 𝑐𝑒𝑙𝑙′𝑠 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (℃) 

The photocurrent 𝐼𝑝ℎ significantly depends on the operating temperature of the solar cell and 

radiation as shown in equation 4.2: 

𝐼𝑝ℎ =
(𝐼𝑆𝐶 + 𝑘𝑖(𝑇𝑐 − 𝑇𝑟𝑒𝑓)) 𝜆

1000
                                                                                                                       (4.2) 

The cell saturation current was shown earlier to be significantly dependent on the 

temperature and can be expressed using equation 4.3 as: 

𝐼𝑠 = 𝐼𝑅𝑆 (
𝑇𝐶

𝑇𝑅𝑒𝑓
) 𝑒𝑥𝑝 (

𝑞𝐸 (
1

𝑇𝑅𝑒𝑓
−

1
𝑇𝐶

)

𝐾𝐴
)                                                                                                     (4.3) 

Where; 𝑞 = 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑐ℎ𝑎𝑟𝑔𝑒; 1.610−19 𝐶 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷                                                                                                                                                         (4.4) 

Again, figure 4.2 represents an ideal equivalent photovoltaic system with different 

components such as series resistor, shunt resistor connected in parallel with the diode but 

inversely proportional to the shunt leakage current. However, a change in the value of the 

shunt resistor does not affect the PV array hence its corresponding leakage resistance will 

increase significantly without the leakage current connected to ground. But a little change in 

the value of the series resistor will have a significant impact on the power output of the PV 

array.  

The ideal model of a photovoltaic cell with its intricacies is represented using equation 4.5 

as: 

𝐼 = 𝐼𝑝ℎ − 𝐼0 (𝑒𝑥𝑝
𝑞(𝑉 + 𝐼𝑅𝑆)

𝑚𝑘𝑇𝐶
− 1)                                                                                                              (4.5) 

The solar cell is characterised using the following parameters as: 
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 Short circuit current: the maximum current generated by the solar cell when the 

voltage is equal to zero (V = 0) 

 Open circuit voltage, 𝑉𝑜𝑐: the maximum voltage of the solar cell when, 𝐼𝐷 = 𝐼𝑝ℎ while 

the generalised current is normally taken as zero. 

 Mathematically, the cell voltage without light is expressed as: 

𝑉𝑂𝐶 =
𝑚𝑘𝑇𝐶

𝑒
𝑙𝑛 (

𝐼𝑝ℎ

𝐼𝑂
) = 𝑉𝑡𝑙𝑛 (

𝐼𝑝ℎ

𝐼𝑂
)                                                                                                               (4.6) 

Where: 𝑇𝐶 = 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑐𝑒𝑙𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

                𝑉𝑡 =
𝑚𝑘𝑇𝐶

𝑒
= 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 

 Efficiency: ratio of the maximum power to the incident light power expressed as: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝜂) =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐼𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐴𝐺𝑎
                                                                                            (4.7) 

Where: 𝐺𝑎 = 𝑙𝑜𝑐𝑎𝑙 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

               𝐴 = 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎 

 Maximum power point (MPP): the point on the I-V characteristic curve where the 

product of the voltage and the current is highest, i.e., the point that shows the highest 

value of the power in the curve.  

4.3.2 Photovoltaic system design in MATLAB/Simulink  

In the MATLAB/Simulink environment, there are different types of solar panels available with 

each having distinct specifications of maximum current, maximum voltage, and power rating. 

The solar radiation and temperature were carefully selected to depict the actual weather 

condition of the chosen geographical location. In this study, the incremental conductance 

method was used to track the maximum power point under the South African weather 

condition.  Hence, the details of the solar PV which includes the current, voltage, power, 

solar irradiance, and temperature used in this study is shown in figure 4.3.   
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Figure 4.3: 100 kW PV array at an irradiance of 1000 W/m2, temperature at 25 ℃ and 50 

℃ respectively 

Calculations on how the total number of modules needed in both series and parallel to 

achieve a total power output of 100 kW. 

Number of panels required in series = 
𝑉𝑑𝑐𝑚𝑎𝑥

𝑉𝑚𝑝
=

273.5

54.5
= 5  

∴ 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑛𝑒𝑙𝑠 𝑛𝑒𝑒𝑑𝑒𝑑 𝑖𝑛 𝑠𝑒𝑟𝑖𝑒𝑠 = 5 

Therefore, the actual output voltage from the PV system: 5 × 54.7 =  273.5 𝑉𝑑𝑐 

The output current generated by the PV system (𝐼𝑜𝑢𝑡) =
𝑃𝑜𝑢𝑡

𝑉𝑜𝑢𝑡
=

100 𝑘𝑊

273.5
= 365.5 𝐴  

The number of panels connected in parallel  (𝑁𝑝) =
𝐼𝑃𝑉

𝐼𝑚𝑝
=

365.631

5.58
= 65.53 

Because it is not practical to have 0.53 panels, the number of panels needed in parallel is 

rounded up to 66. 

The actual power is then calculated as: 

Actual power = (No. of panels in parallel × 𝐼𝑚𝑝) ×  (No. of panels in series × 𝑉𝑚𝑝) 
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Therefore, the actual power = (66 × 5.58 Amperes) × (5 × 54.7 Volts) 

                                             = 10072458 W 

                                             = 100.7 kW 

The actual values of the power output, output voltage, and output current is shown in figure 

4.4 with the solar irradiance showing significant impact on the power output of the solar PV 

system.  

 

Figure 4.4: 100 kWp PV showing the actual values at 25℃ and 50℃ respectively 

4.4 DC–DC Boost Converter modelling 

A DC-DC boost converter is required to step-up the input voltage from the PV to a value 

greater than the PV system output voltage that is suitable for the DC-link voltage. The DC-

DC boost converter comprises of an inductor, a capacitor, a diode, a pulse width modulator, 

and a semi-conductor switch as shown in figure 4.5. 
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Figure 4.5: A boost converter circuit with diode and MOSFET 

The study used the volt-second balance technique and capacitor charge balance technique 

to design the boost converter for the PV system. The small ripple approximation method was 

also used to obtain the approximate values of the voltage and current appropriate for the 

boost converter. The above methods were adopted to establish appropriate values of all the 

components in the boost converter with necessary assumptions made regarding modelling 

and components selection.  

The voltage drop across the inductor is expresses using equation 4.8 as: 

𝑉𝐿 =
𝐿𝑑𝑖

𝑑𝑡
                                                                                                                                                              (4.8) 

𝑉𝐿 = 𝑉𝑖𝑛                                                                                                                                                                (4.9) 

𝑖𝐶 = −
𝑉

𝑅
                                                                                                                                                            (4.10) 

Equation 4.10 can further be expressed including the small ripple approximation as: 

𝑖𝐶 = −
𝑉𝑜𝑢𝑡

𝑅
                                                                                                                                                       (4.11) 

Where:  

𝑉𝑖𝑛 = 𝑖𝑛𝑝𝑢𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒, 𝑉𝐿 = 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑣𝑜𝑙𝑡𝑎𝑔𝑒, 𝑖𝐶 = 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡, 𝑉𝑜𝑢𝑡 = 𝑜𝑢𝑡𝑝𝑢𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒,

𝑅 = 𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 

The duty cycle of the boost converter can be obtained using the boost conversion ratio as: 
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𝑀(𝐷) =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

1

𝐷ˊ
=

1

1 − 𝐷
                                                                                                                        (4.12) 

Hence, the duty cycle of the DC-DC boost converter is obtained using equation 4.13 as: 

𝐷 = 1 −
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
=

𝑉𝑝𝑣

𝑉𝐷𝐶𝑙𝑖𝑛𝑘
                                                                                                                                (4.13) 

      ∴ 𝐷 = 1 −
273.5

584
= 0.53 

Again, when operating at steady state, the value of the critical inductance L is defined by the 

limit between the continuous conduction mode (CCM) and the discontinuous conduction 

mode (DCM) using equation 4.14 as:  

𝐿 =
𝑉𝑖𝑛 ∗ 𝐷

∆𝑖𝐿 ∗ 𝑓𝑆
                                                                                                                                                      (4.14) 

Where: 𝑖𝐿 =
𝑃𝑖𝑛

𝑉𝑖𝑛
=

100 𝑘𝑊

273.5
= 365.631 𝐴 

∆𝑖𝐿 = 30% 𝑜𝑓 𝑖𝐿 

∴ ∆𝑖𝐿 =
30

100
∗ 365.631 = 109.69 𝐴 

The period 𝑇𝑆 =
1

𝑓
=

1

5 𝑘𝐻𝑧
 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠) 

Therefore, substituting these values into equation 4.14 gives: 

𝐿 =
273.5∗0.53

109.69∗ 5 𝑘𝐻𝑧
= 264 𝜇𝐻  

However, to ensure continous conduction for various voltages and loads, the value of the 

inductance is mostly chosen to be 10 times hgreater than the calculated value.  

Hence, the value of the capacitor can be calculated using equation 4.15 as: 

𝐶 =
𝐼0 ∗ 𝐷

𝑓𝑆 ∗ ∆𝑉𝐶
                                                                                                                                                     (4.15) 

Where: 𝐼𝑂 =
𝑃𝑜𝑢𝑡

𝑉𝑜𝑢𝑡
=

100 𝑘𝑊

584
= 171 𝐴 

The capacitor voltage is equal to the output voltage i.e.., 𝑉𝐶 = 𝑉𝑂 and the ∆𝑉𝐶 is assumed to 

be 1% of the output voltage 



 
 

44 
 

∴ ∆𝑉𝐶 =
1

100
∗ 584 

= 5.84 𝑉 

Therefore, substituting the values obtained into equation 5.24 gives: 

𝐶 =
171 ∗ 0.53

5 𝑘𝐻𝑧 ∗ 5.84
 

= 3 𝑚𝐻 

Again, the load resistor is obtained as: 

𝑅𝑙𝑜𝑎𝑑 =
𝑉2

𝑃
=

5842

100 𝑘𝑊
= 3.41 Ω 

In addition, a solar cell is basically a current source, therefore, to ensure voltage stability, a 

capacitor must be connected in parallel across the PV output to enable it to appear as a 

voltage source to the DC-DC boost converter. Hence, the boost converter, its controller and 

components as modelled in the MATLAB/Simulink environment is shown in figure 4.6. 

Hence, the PV capacitor (𝐶𝑃𝑉) is expressed as: 

𝐶𝑃𝑉 =
𝐷𝑉𝑃𝑉

4∆𝑉𝑃𝑉𝑓𝑠
2𝐿𝑏𝑜𝑜𝑠𝑡

                                                                                                                                   (4.16) 

Where: 

𝐷 = 𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 

𝑉𝑃𝑉 = 𝑃𝑉 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 

∆𝑉𝑃𝑉 = 𝑃𝑉 𝑟𝑖𝑝𝑝𝑙𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 

𝑓𝑆 = 𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

𝐿𝑏𝑜𝑜𝑠𝑡 = 𝑏𝑜𝑜𝑠𝑡 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟 

Therefore, substituting the values obtained into equation 4.16 gives: 

𝐶𝑃𝑉 = 128 µ𝐹 



 
 

45 
 

 

Figure 4.6: DC-DC boost converter with controller 

4.5 Pumped hydro storage system (PHSS)  

The pumped hydro storage system (PHSS) is the basic and only energy storage system 

used in this study. The PHSS is made up of the pump/motor subsystem, hydro 

turbine/generator subsystem and the reservoir unit. However, the most important parameters 

of the pumped hydro storage system are the hydro pumping coefficient expressed in m3/kWh 

and the turbine generating coefficient expressed in kWh/m3. This section provides a detailed 

information of the pumped hydro storage subsystem with corresponding application in DC 

microgrids. Again, it is aimed at offering realistic model that has all the necessary practical 

parameters. Hence, the turbine power capacity is calculated using the water level in both 

reservoirs without considering the fittings, turbine losses and pipes. The model is evaluated 

using suitable blocks in the MATLAB/Simulink environment. The pumped hydro storage 

system contains the upper reservoir, a hydro turbine, and a pump that stores electrical 

energy as gravitational potential energy.  The volume of water and the height difference 

between the upper and lower reservoirs determines the capacity of the PHSS. However, the 

losses in individual components are considered and adequately compensated in the design 

within allowable design range.  

4.5.1 Pump-motor unit  

The water flow rate from the lower reservoir to the upper reservoir using the pump is 

obtained using equation 4.17 as: 

𝑃𝑡(𝑡) = 𝜂𝑡𝜌𝑔ℎ × 𝑞𝑡(𝑡) = 𝑐𝑡 × 𝑞𝑡(𝑡)                                                                                                          (4.17) 
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In this study, the solar PV is the primary power source designed to meet the load demand 

when generating at the maximum point and the flow rate can be likened to the rate of charge 

of a battery in the MATLAB/Simulink environment and expressed as: 

𝑞𝑝(𝑡) =
𝜂𝑝 × 𝑃ℎ→𝑝(𝑡)

𝜌𝑔ℎ
= 𝑐𝑝 × 𝑃ℎ→𝑝(𝑡)                                                                                                     (4.18) 

Where: 

𝜂𝑡 = overall efficiency of the turbine/generator unit 

𝑞𝑡(𝑡) = water volumetric flow rate input into the turbine (m3/s) 

𝑐𝑡(𝑡) = turbine generating coefficient (kWh/m3) 

g = acceleration due to gravity (9.8 m/s2) 

ρ = water density (1000 kg/m3) 

𝜂𝑝 = total pumping efficiency  

𝑐𝑝 = water pumping coefficient of the pump (m3/kWh) 

h = elevation head (m) 

𝑃ℎ→𝑝(𝑡) = charging power from the solar PV to the pump (W) 

The pumped hydro storage model calculates the water flow rate using the pump (𝑄𝑝) as the 

input power (𝑃𝑚). Where the pump unit is made up of electric motor and the pump.  The 

electric motor converts the electrical energy into mechanical energy that drives the pump to 

send water from the lower reservoir to the upper reservoir. The efficiency and effectiveness 

of the motor (𝜂𝑚) indicates the losses in the system due to energy conversion from electrical 

to mechanical. The power efficiency of motors is presented in the data sheet because 𝜂𝑚 is 

a function of 𝑃𝑚. Therefore, the input mechanical power of the pump (𝑃𝑝) can be represented 

and calculated as: 

𝑃𝑚 = 𝑃𝑚𝜂𝑚                                                                                                                                                       (4.19) 

𝜂𝑚 = 𝜙(𝑃𝑚)                                                                                                                                                      (4.20) 

 But because the 𝑄𝑝 is a function of 𝑃𝑝, the entire head of the pump (𝐻𝑝) together with the 

pump efficiency(𝜂𝑝) can be expressed as: 
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𝑄𝑝 =
𝑃𝑝𝜂𝑝

𝜌𝑔𝐻𝑝
                                                                                                                                                       (4.21) 

𝜂𝑝 = 𝜙(𝑄𝑝)                                                                                                                                                      (4.22) 

Again, the efficiency-power flow rate curve shows that 𝜂𝑝 is a function of 𝑄𝑝 and 𝐻𝑝 is the 

sum of the static head (𝐻𝑆). Therefore, the head loss of the pump mode (𝐻𝑝𝑙) can be 

expressed as: 

𝐻𝑝 = 𝐻𝑠 + 𝐻𝑝𝑙                                                                                                                                                 (4.23) 

Where; 𝐻𝑠 represents the vertical distance between the water level in the upper reservoir 

and the water level in the lower reservoir. This distance is controlled by the charging and 

discharging rate which is a function of the power dynamics in the system.  

Again, the water level and the internal surface of the fittings and pipes which is beyond the 

scope of this study can be calculated using Darcy equation as follows:  

𝐻𝑝𝑙 = 𝐾
𝑉2

2𝑔
                                                                                                                                                       (4.24) 

Where: 

𝑔 = 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 (9.81 𝑚/𝑠2) 

𝐾 =  𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡   

𝐾 = 𝐾𝑝𝑖𝑝𝑒 + 𝐾𝑓𝑖𝑡𝑡𝑖𝑛𝑔𝑠                                                                                                                                     (4.25) 

𝐾𝑝𝑖𝑝𝑒 =
𝑓𝐿𝑝

𝐷𝑝
                                                                                                                                                     (4.26) 

𝐾𝑓𝑖𝑡𝑡𝑖𝑛𝑔 = 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑡𝑡𝑖𝑛𝑔                                                                               

𝑉 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =
𝑄𝑝

0.25𝜋𝐷𝑝
2                                                                                                                              (4.27) 

4.5.2 Turbine-generator unit 

The hydro turbine evaluates the output power as a function of the flow rate and the turbine 

head where the kinetic energy of the water is converted to electrical energy. This occurs 

when the power from the primary power source (solar PV) is less than the primary load (load 
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1) in this case. Water is drawn from the upper reservoir to the lower reservoir to operate the 

hydro turbine using equation 4.17. Mathematically, the hydro turbine can be expressed as: 

𝑃𝑡 = 𝑄𝑡𝐻𝑡𝜌𝑔𝜂𝑡                                                                                                                                                 (4.28) 

The turbine valve is installed at the outlet of the upper reservoir to enable absolute and 

effective control of the flow rate (charge) into the turbine. The flow rate is also affected by the 

pipe diameter during the charge and discharge modes.  

4.5.3 The reservoir model 

The reservoir estimates the volume of water stored in it by using the difference between the 

incoming flow and the outgoing flow including losses due to evaporation but assuming zero 

leakage. Evaporation depends on the relative humidity, net radiation, wind velocity and 

temperature. In this study, the quantity of water is always adequate to generate enough 

power to meet the primary load (load 1) when the solar PV is not generating. Hence, the 

water level in the upper reservoir is considered as the state of charge (SOC) of the storage 

of the reservoir which is similar to the state of charge of a battery. The gravitational potential 

energy in the upper reservoir is achieved using equation 4.29. 

𝐸𝑐 = 𝑛𝑑𝑎𝑦 × 𝐸𝑙𝑜𝑎𝑑 =
𝜂𝑡 × 𝜌 × 𝑉 × 𝑔 × ℎ

3.6 × 106
                                                                                                (4.29) 

Where: 

𝐸𝑐 = 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 (𝐽𝑜𝑢𝑙𝑒𝑠) 

𝑛𝑑𝑎𝑦 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑜𝑓 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑠𝑢𝑝𝑝𝑙𝑦 

𝐸𝑙𝑜𝑎𝑑 = 𝑑𝑎𝑖𝑙𝑦 𝑙𝑜𝑎𝑑 𝑑𝑒𝑚𝑎𝑛𝑑 (𝑘𝑊ℎ) 

𝑉 = 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 (𝑚3) 

Therefore, the total quantity of water stored (charge in the case of battery) in the reservoir at 

any particular time can be achieved by: 

𝑄𝑈𝑅(𝑡) = 𝑄𝑈𝑅(𝑡 − 1)(1 − 𝛼) + 𝑞𝑝(𝑡) − 𝑞𝑡(𝑡)                                                                                       (4.30) 

Where: 𝛼 is the leakage and evaporation losses. Although, these losses are not considered 

in this study, but the minimum water quantity was set at 20% in order to ensure efficiency 

and avoid failure in case of emergency load demand.  
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Precipitation is another parameter that has the capacity to influence the water level in the 

reservoir, but this was not considered in this study because the reservoir is assumed to be 

properly covered on top. However, in tropical rainforest regions, the average annual rainfall 

is estimated between 150 and 400 centimetres (Mousavi, 2020). Therefore, not including this 

parameter in the design of the reservoir with open top will increase the error in calculating 

the stored water level in the reservoir. This is most critical in energy management systems 

because the management of the entire system and the power output depends on the volume 

of water stored in the reservoir.  

4.6 Load demand profile  

The study modelled an autonomous DC microgrid system that has both residential and 

commercial loads. However, the solar PV output power is modelled to meet both loads when 

generating at the maximum power point. The DC microgrid system is connected to the DC 

load directly at 584 Vdc and classified as primary load or secondary load. The pumped hydro 

storage system is used as a backup system during peak demands and when the power 

produced by the solar PV is less than the DC load demand. The load profile was carefully 

selected using a publication from the UK department of energy to reflect a typical average 

DC load demand for a residential and commercial neighbourhood. The total load demand for 

both residential and commercial buildings is 77.2 kW. Where, each residential building has a 

load demand of 13600 W (13.6 kW) daily during peak hour and each office building has a 

load demand of 7600 W (7.6 kW) daily during office hours making it a total load demand of 

21.2 kW daily. In this study, 4 residential buildings and 3 office buildings were considered. 

Hence, the total load demand for the community is 77.2 kW.  

The controller is implemented using the flowchart shown in figure 4.7.  Implementing this 

process requires information such as the available solar PV power output, water level in the 

reservoir, and load demand. These values are used to determine the charging and 

discharging mode of the system at any particular moment. If the solar PV power output is 

greater than the load demand and the water level in the reservoir is less than 20%, then the 

excess power will be used to charge the reservoir. But if the solar PV power output is less 

than the load demand and the water level in the reservoir is between 20% and 80%, then, 

the pumped hydro storage system will be used to meet the load (discharge mode).  

The load 1 (LD1) is 54.4 kW, load 2 (LD2) is 22.8 kW, solar PV power output is 100 kW and 

the PHS is 30 kW respectively. However, the following assumptions were made regarding 

the scenarios and the system operation start: 

 Solar PV is always “ON” 
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 Cloudy days were not considered in this study 

 The upper reservoir is full at the start of the simulation. 

The flowchart operates as follows:  

 Measure the solar PV power output, pumped hydro storage water level, primary load 

and secondary load to ascertain their respective values. 

 A condition is set to check if the solar PV power output is greater than the total load 

(primary and secondary loads). 

 If “YES”, supply primary and secondary loads (LD1 & LD2) and return back to measure 

the solar PV power output, pumped hydro storage water level, primary and 

secondary loads. 

 If “NO”, disconnect the secondary load (LD2) and check if solar PV power output is 

greater than the primary load. 

 If “YES”, supply the primary load and charge the pumped hydro storage system if the 

solar PV power output is greater than 54.4 kW and thereafter, return to measure PPV 

against the primary load.  

 If “NO”, check if pumped hydro storage water level is greater than 20%. 

 If “YES”, discharge pumped hydro storage, supply primary load and charge pumped 

hydro storage if solar PV power output is greater than 54.4 kW. 

 If “NO”, charge pumped hydro storage and check if pumped hydro storage water 

level is greater than 97%. 

 If “NO”, continue charging the pumped hydro storage 

 If “YES”, stop charging and return to measure the solar PV power output, pumped 

hydro storage water level, primary load and secondary load 
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Figure 4.7: Flowchart of the microgrid optimization process 

4.7 Fuzzy logic controller algorithm 

Fuzzy logic controller is a smart tool used to control a combination of different energy 

sources in a manner that ensures that the entire load is met within established constraints. 

The algorithm in designing the controller is based on allocating linguistic variables and 

setting conditions and constraints for the controller. However, in this study, the fuzzy logic 

controller has three inputs and three outputs that are carefully designed within the 

established constraints. The inputs linguistic are the water level (water level), solar PV power 

output (P_PV), and the power demand (P_Load1) and the output linguistic variables are 

Load1_on, Load2_on, and pumped hydro storage_on (PHP_on). Where each input variable 

has three linguistic values designated as Low, Medium, and High and the output variables 

has Load1_on + PHP_on, Load1_on + Load2_on, Load1_on only. For easy understanding 

and simplicity of computation, triangles, and trapezoids membership function, Mamdani 

inference system for rule processing and centre of gravity for Defuzzification evaluation and 

process by fuzzy logic is utilized. Normally, fuzzy system comprises of a membership 

function, rule base, interference algorithm and rule viewer as presented subsequently. 
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Therefore, this section presents the fuzzy logic controller algorithm implemented in this 

study. 

4.7.1 Fuzzy interface model  

The fuzzy interface model used in this study showing the input linguistic variables (water 

level, solar PV power output, and power load 1) and output linguistic variables (primary load 

(Load1_on), secondary load (load2_on) and pumped hydro storage system (PHP_on)) are 

shown in figure 4.8. 

 

Figure 4.8: Fuzzy interface model 

4.7.1.1 Water level membership function 

The water level is one of the critical input linguistic variables with three overlapping linguistic 

values, Low (0 0 0.25 0.4), Medium (0.25 0.5 0.75) and High (0.5 0.75 1 1) as shown in 

figure 4.9. The display range is between 0 and 1 where 1 means that the reservoir is 

completely full. 
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Figure 4.9: Membership function of water level 

 

4.7.1.2 Membership function of Solar PV 

The solar PV is the second input linguistic variables with three intersecting linguistic values, 

Low (0 0 2.5e+4 4e+4), Medium (2.5e+4 5e+4 7.5e+4), High (5e+4 7.5e+4 1e+5 1e+5) as 

shown in figure 4.10. The range display is between 0 and 100 kW. 
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Figure 4.10: Membership function of Solar PV 

4.7.1.3 Membership function of power load1 

The power demand of load1 is the third input linguistic variables with three interweaving 

linguistic values, Low (0 0 1.2e+4 2.5e+4), Medium (1.2e+4 3.75e+4 5.6e+4), High (3.76e+4 

5.6e+4 7.5e+4 7.5e+5) as shown in figure 4.11. The range display is between 0 and 7.5 kW. 

 

Figure 4.11: Membership function of power load1 
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4.7.1.4 Membership function of Load2 

Membership function of Load2 is one of the three output variables with two linguistic values, 

Low (0 0 288 2 kW), high (1.5e+3 2.9e+3 3.3e+3 5.8e+3) as shown in figure 4.12.  

 

Figure 4.12: Membership function of load2 

4.7.1.5 Membership function of Load1 

Membership function of Load1 is one of the three output variables with two linguistic values, 

Low (0 0 7.5e+3 7.14e+4), high (6e+4 6.1e+4 8.25e+4 1.42e+5) as shown in figure 4.13. 

 

Figure 4.13: Membership function of load1 
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4.7.1.6 Membership function of pumped hydro storage  

Membership function of pumped hydro storage is one of the three output variables with two 

linguistic values, Low (0 0 0.3), high (0.25 0.25 1 1) as shown in figure 4.14. The display 

range is from 0 to 1 which indicates a completely empty to completely full. 

 

Figure 4.14: Membership of pumped hydro storage 

4.7.1.7 Implemented fuzzy logic controller rules  

Real time fuzzy logic controller is modelled with three inputs and three outputs. The system 

is controlled using some established set of rules that are written in the control box as shown 

in figure 4.15. 
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Figure 4.15: Fuzzy logic controller rule editor 

4.7.1.8 Rule Viewer  

The Rule Viewer is used to view the inference process of the fuzzy system. However, under 

the rule viewer, the input values can be adjusted to a corresponding output of each fuzzy 

rule, aggregated output fuzzy set, and the defuzzified output value. But the defuzzification 

procedure begins with the aggregation of the outputs of the fuzzy rules. Again, at the 

implementation stage, the aggregation is executed by combining the total output trigger 

values for each membership function over the set rules that affect that particular function. 

During the simulation process each membership function is determined by the sum of the 

triggering weights and combination of the outputs to compute a certain outcome using 

numeric integration as shown in figure 4.16a and 4.16b respectively.  
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Figure 4.16a: Rule viewer 

 

Figure 4.16b: Rule viewer 
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4.7.1.9 Complete fuzzy logic controller system  

The input parameters of the fuzzy logic controller are the solar PV, pumped hydro storage 

system and the power load1 while Load2_on, Load1_on, and PHP_on are the 

corresponding outputs as shown in figure 4.17.  However, the switches will respond 

according to input variables and the rules implemented in the fuzzy logic controller as shown 

in figure 4.18. 

 

Figure 4.17: Complete fuzzy logic controller 

 

 

Figure 4.18: Fuzzy logic controller inputs 
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CHAPTER 5: SIMULATION RESULTS AND DISCUSSION 

5.1 Introduction 

This chapter presents simulation results of the different components of the microgrid system 

and discusses corresponding results. A PV microgrid network is modelled in the 

MATLAB/Simulink environment aimed at effective power distribution and optimisation. This 

is achieved using a pumped hydro storage system (PHSS) determined by the water level in 

both the lower and upper reservoirs. The remaining sections of this chapter presents the 

solar PV system simulation results and discusses its output in section 5.2. The DC-DC boost 

converter simulation results is presented in section 5.3. This section presents the voltage 

before and after the boost converter to indicate the boosted voltage value. In section 5.4 is 

the simulation results showing the water level in the upper reservoir, PHS current, voltage 

and available power. In section 5.5 three different scenarios are presented. The first case is 

when the power output from the solar PV is greater than the primary load (load 1) and the 

water level in the reservoir is less than 98% (recharge). The second case is when the solar 

PV power output is greater than the primary (load 1) and the water level in the reservoir is 

greater or equal to 98%, then, supply load 2. The third case is when the solar PV power 

output is less than the primary load and the water level is greater than or equal to 10% 

(discharge).  

5.2 Simulation of PV array model 

In this study, the PV system was modelled and simulated in the MATLAB/Simulink 

environment where it uses electronic components such as resistors, diodes and current 

source that is equivalent to a solar cell as shown in figure 5.1 and figure 5.2 respectively.  
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Figure 5.1: An illustration of a Solar cell characteristic in MATLAB/Simulink 

Furthermore, the solar cells are further connected in series and parallel to form a PV array 

with a total generating capacity of 100 kW as indicated in the preceding chapters. The 

temperature was varied between 25℃ and 50℃ during the simulation to adequately 

understand the impact of temperature on the PV system output power.  

 

Figure 5.2: Equivalent circuit of a solar cell in MATLAB/Simulink 

To maintain voltage stability and step up the voltage to the desired dc-link voltage, the PV 

system voltage is fed directly to a DC-DC boost converter. The PV system output voltage is 

274 Vdc and stepped up to 584 Vdc with a duty cycle of 0.53. Again, because of the 
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fluctuation associated with PV system output, the duty cycle is used to control and 

implement a stable output voltage at 584 Vdc using equation 5.1. Hence, a change in the 

duty cycle is determined by the input voltage change to maintain a constant DC-link voltage.  

𝐷 = 1 −
𝑉𝑖𝑛

584
                                                                                                                                                       (5.1) 

The study has a primary load (Load 1) of 71.4 kW and a secondary load (Load 2) of 3.125 

kW as shown in figure 5.3 while the corresponding control system is shown in figure 5.4. 

Again, the purpose of having two loads in the DCMGs is to highlight the effectiveness of the 

control system because it ensures that both charge and discharge cases are adequately 

implemented. The DCMG system measurements are shown in appendix 1 while the control 

variables and set conditions are shown in appendix 2 respectively.  
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Figure 5.3: Solar PV–pumped hydro storage DC microgrid 
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Figure 5.4: DCMG controller 
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The past decade has experienced significant improvement in solar PV technology. This has 

allowed the integration of different techniques capable of tracking the maximum power point 

of the PV module during operation. Some of such techniques are parasitic capacitance, 

perturbation and observation, incremental conductance, and current-based peak power 

tracking methods. However, in this study, the incremental conductance method was used in 

establishing the maximum power point as shown in figure 5.5. The incremental conductance 

technique is used to equate the incremental conductance and the conductance by 

calculating the product of the voltage and current at a particular point. The control method 

used in incremental conductance is less complicated in the MATLAB/Simulink environment 

as compared to other available tracking methods. 

 

Figure 5.5: Maximum power point tracking by incremental conductance method 

5.2.1 PV system simulation results 

The type of PV system selected and modelled was aimed to reflect the desired output power 

and voltage. Again, to ascertain the effectiveness of the design and also offer an opportunity 

to evaluate basic performance. Hence, the PV system was modelled with a power rating of 

100.7 kW, an output voltage of 273.5 Vdc, and output current of 365.5 A. 

The PV system output current is shown in figure 5.6 at a constant solar irradiance of 1000 

W/m2. The value of the calculated output current of the PV system is 365.5 A as presented 

in the previous section. However, the simulated value is 366.5 A at 250 ms and 750 ms 

respectively as shown in figure 5.6 which is 1 A different from the calculated value due to 

losses in the system. This simulated result is an indication of the accuracy of the model.  
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Figure 5.6: Solar PV system output current 

The calculated output voltage of the PV system is 273.5 Vdc as presented in the previous 

chapter while the simulated value is 274.8 Vdc as shown in figure 5.7. Where the PV system 

input voltage serves as the input to the DC-DC boost converter. Hence, comparing the 

calculated value with the simulated value shows a difference of 1.3 Vdc which is equivalent 

to 0.47 %. This little difference in the value is caused by operational losses in the system. 

The system experienced a voltage dip due to system disturbance but regained stability after 

few microseconds.  

 

Figure 5.7: Solar PV system output Voltage 
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The simulated output power generated by the PV system that is time dependent is shown in 

figure 5.8. The power was initially unstable which a product of the fluctuating voltage and 

current is at that point, but it became stable throughout the simulation period (10 seconds) 

just before 1 second. The power generated starting from the point of stable state is 100.7 kW 

compared to the calculated value of 100 kW.  A little discrepancy of 0.7 % between the 

simulated and calculated values can be attributed to the losses in the system caused by 

individual components within the system. However, this difference is very little and within 

allowable range of such design. This is the output power that is connected to the DC-DC 

boost converter when producing at maximum point.  

However, the PV voltage is boosted to the desired voltage of 584 Vdc as shown in the 

preceding section using an equivalent duty cycle of the boost converter. The duty cycle was 

initially unstable during the transitory period of the input voltage but gained stability at 0.53 

just before 1 second as shown in figure 5.9.  

 

Figure 5.8: Solar PV system output power  
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Figure 5.9: Solar PV system initial variation duty cycle  

An overview of the simulated values of the PV system is shown in figure 5.10 and figure 5.11 

respectively. These values are close to the calculated values in chapter 4 which is an 

indication of the correctness and reliability of the design and modelling. Though, and 

variation in the solar irradiance has a significant impact on the power output of the PV 

system likewise the temperature. Increasing the temperature will lead to a decrease in the 

PV system output power while an increase in the solar irradiance will cause an increase the 

power output of the solar PV. This relationship is very vital in the design and modelling of PV 

systems considering the geographical location.  
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Figure 5.10: Simulated output values of the PV system 

 

Figure 5.11: Solar PV system simulated values: solar irradiance, temperature, etc 

5.3 DC-DC boost converter simulation results  

The DC-DC boost converter output voltage in relation to simulation time is presented in 

figure 5.12 while the voltage before the boost converter is shown in figure 5.7. The output 

voltage is stable throughout the simulation period at 584 Vdc. Although, such design allows 
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a standard deviation of 1 %, the simulated boost voltage has the same value with the 

calculated boost voltage obtained in chapter 5. This shows an accurate, reliable, and stable 

output voltage immediately after the DC-DC boost converter.  

 

Figure 5.12: DC-DC boost converter Output voltage 

5.4 Reservoir water level, PHS current, voltage and available power 

The reservoir specification, which includes output power, water level current and voltage, is 

shown in figure 5.13. These values are very vital and provides much information about the 

reservoir capacity including how much power it can generate and the load it can supply.  
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Figure 5.13: Reservoir water level, PHS current, voltage and available power 

5.5 DC Microgrid simulation results  

In this study, simulation results are conducted in the MATLAB/Simulink environment to 

validate the controller performance on the DCMG system. Three scenarios are conducted to 

demonstrate the effective operation and control of the DC microgrid system based on the 

solar PV power output, solar irradiance, water level in the reservoir and load conditions. 

These are used to authenticate (evaluate) the entire DC microgrid and the pumped hydro 

storage system’s capacity to meet the load demand and maintain stability in the DC 

microgrid network. In addition, using scenarios offers a tried-and-true methodology and 

approach, improves comprehension while keeping the main objective in mind, and provides 

helpful guidelines. Therefore, table 5.1 presents the various scenarios and operating modes.  
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Table 5.1: Scenarios, description and conditions 

Description LD1 LD2  PHSS 

Scenario 1 (PPV > LDT) 

The total power produced by the solar PV is greater than the 

total load demand and the excess power is used to pump water 

up the reservoir.  

ON ON ON 

Scenario 2 (PPV = LDT) 

The total power generated is equal to the load demand. The 

reservoir was turned off during this time because the water level 

had reached the upper permissible limit while still supplying 

loads 1 and 2. As a result, the PHSS is kept in reserve mode.  

ON ON OFF 

Scenario 3 (PPV <  LDT) 

The PHSS is discharging because the load demand exceeds 

the power generated. Because the PHSS and solar PV output is 

only enough to power load 1, the load 2 is disconnected. 

ON ON OFF 

Scenario 4 (PHSWL > 20%) 

In this scenario, the power from the PHSS was used to augment 

the power supply to meet the total load demand (LDT).  

ON ON ON 

Scenario 5 (PHSWL < 20%) 

In this scenario, the PHSS has reached its limit of discharge, 

hence, it was disconnected and LD2 was shut down. The PHSS 

was charged with the excess power generated from the solar 

PV.  

ON OFF OFF 

Scenario 6 (PHSWL ≥ LDT) 

During this stage, the PHSS was used to supplement power to 

the load until the water level in the reservoir drops to 20% and 

gets disconnected.  

ON ON ON 
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5.5.1 Scenario 1 (where PPV > LDT) 

Power generated from the solar PV is greater than the primary load (Load 1) and the water 

level in the reservoir is less than 98%, then, the PHS is run as a motor to recharge the upper 

reservoir and load 1 is supplied. In this case, the secondary load (load 2) is disconnected 

because the excess power from the solar PV is used to recharge the reservoir which is a 

fundamental priority. Hence, figure 5.14 shows that the current through load 1 is 151.6 A at 

2.5 seconds and 151.7 A at 7.5 seconds respectively. Figure 5.15 and 5.16 shows the 

voltage and power during scenario 1. The power dropped from 100 kW to 80.7 kW due to 

losses in the system but still within an acceptable range as shown in figure 5.16.  

 

Figure 5.14: Current flowing through primary load (Load 1)  

 

Figure 5.15: Voltage across primary load (Load 1)  
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Figure 5.16: Input power to primary load (Load 1)  

The current and power have both negative values as shown in figure 5.17 because the 

excess power generated from the solar PV is used to recharge the reservoir and load 2 is 

disconnected during this period.  

 

Figure 5.17: Current and power  
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5.5.2 Scenario 2 (where PPV = LDT) 

The solar PV power output is greater than the primary load (load 1) and the water level in the 

reservoir is greater or equal to 98%, then supply both load 1 and the secondary load (load 

2). In this case, the water reservoir is disconnected because the water level in the reservoir 

has reached the maximum allowable point, hence, the excess power generated by the solar 

PV is used to supply the secondary load.  

The current flowing through load 1 using scenario 2 is shown in figure 5.18. The current is 

constant throughout the simulation time of 10 seconds at 165.2 A. In addition, the power 

input to load 1 using scenario 2 is shown in figure 5.19. The result indicated a power drop 

from 100.7 kW to 95.81 kW due to losses.  

 

Figure 5.18: Current flowing through primary load (Load 1)  

 

Figure 5.19: Input power to primary load (Load 1)  
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The current flowing through the secondary load (load 2) is shown in figure 5.20. A constant 

current of 7.23 A flows through the secondary load during case study 2. Furthermore, the 

power supply to load 2 is 4.191 kW as shown in figure 5.21. This is less than the power 

supply to load 1 during the same scenario due to difference in load demand.  

Figure 5.20: Current flowing through secondary load (Load 2)  

 

Figure 5.21: Input power to secondary load (Load 2)  

The DC voltage and current is shown in figure 5.22 and 5.23 respectively. However, the 

same voltage seats across load 1 and load 2 because they are connected in parallel. The 

voltage is approximately 580 V, and the current is 172.4 A respectively.  
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Figure 5.22: DC voltage across both loads  

 

Figure 5.23: The supply current  

5.5.3 Scenario 3 (where PPV < LDT) 

The solar PV power output is less than the primary load demand and the water level in the 

reservoir is greater than or equal to 10%, then discharge the water in the upper reservoir 

enough to supply the primary load (discharge). In this case the secondary load (load 2) is 

disconnected because the total power generated by the solar PV is less than the primary 

load. Hence, load 1 is supplied from a combination of power from both the solar PV and 

PHSS at an irradiance of 500 W/m2 and temperature of 25 ℃ as shown in figure 5.24. 
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Figure 5.24: Solar PV parameters for case study 3 

The DC link voltage and current indicating the amount of power available in scenario 3 is 

shown in figure 5.25 and 5.26 respectively. The product of these values represents the total 

power generated by both the solar PV and the PHSS when discharging because the amount 

of power generated by the solar PV is less than the primary load.  

 

Figure 5.25: DC link voltage (Vdc) 
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Figure 5.26: Input current  

Approximately, a current 150.2 A flows through load 1 in scenario 3 as shown in figure 5.27. 

This indicates that the primary load (load 1) is supplied. In addition, a total power of 78.7 kW 

is available to load 1 as shown in figure 5.28. This shows an adequate power supply to load 

1 which is a combination of both power supply from the solar PV and PHSS.   

 

Figure 5.27: Current flowing through primary load (Load 1)  
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Figure 5.28: Power supply to primary load (Load 1)  

The current flow through load 2 and the available power are both negatives as shown in 

figure 5.29 and 5.30 respectively because the available power was only enough to supply 

the primary load (load 1). This is also due to the fact that the secondary load (load 2) is 

disconnected because the power available is not enough to supply both loads in the system. 

 

Figure 5.29: Current flowing through secondary load (Load 2)  
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Figure 5.30: Input power to secondary load (Load 2)  

5.6 Conclusion 

This chapter presented the simulation results obtained for the DCMG system. The model 

was developed to ensure effective energy management of a pumped hydro storage system 

in an off-grid DCMG system. This was developed in the MATLAB/Simulink environment 

using fuzzy logic and the simulation results are presented accordingly. The simulation result 

of the solar PV system was presented in section 5.2 and DC-DC boost converter result was 

presented in section 5.3, showing the voltage before and after the boost converter. 

Thereafter, the simulation results showing the water level in the upper reservoir, PHS 

current, voltage and available power were presented in section 5.4. In section 5.5 was the 

simulation results showing the three different scenarios were presented. Firstly, the power 

output is greater than the load demand and the water level in the reservoir is less than 98% 

(recharge). The second case is when the solar PV power output is equal to the total load 

demand and the water level in the reservoir is greater or equal to 98%. The third case is 

when the solar PV power output is less than the primary load and the water level is greater 

than or equal to 10% (discharge). Energy management in a DCMG system is very important 

to ensure effective power distribution due to the intermittent nature of the renewable energy 

sources. Hence, the energy management system in this study is aimed at ensuring effective 

power distribution between the solar PV and the PHSS with keen interest in optimizing both 

sources. Summary of all scenarios are presented in table 5.2 where, PPV is solar PV power 

output, PHSS is pumped hydro storage system, LDT is total load demand, LD1 is primary load, 

LD2 is secondary load and PHSWL is pumped hydro storage water level. 
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Table 5.2: Summary of scenarios and results 

Scenarios LD1 LD2 PHSS Evaluation 

PPV > LDT 1 1 1 In this scenario, the total power produced by 

the solar PV was 80.7 kW and the load demand 

was 71.4 kW. The excess power produced was 

used to pump water into the reservoir as shown 

in figures 5.14, 5.15 and 5.16 respectively. 

PPV = LDT 1 1 0 In this scenario, the power generated was 99.7 

kW and the load demand was 99 kW as shown 

in figure 5.19, 5.21, 5.22 and 5.23 respectively. 

During this period, both load 1 and load 2 were 

supplied and water reservoir was disconnected 

because the water level in the reservoir has 

reached the maximum allowable point. Hence, 

the PHSS was maintained in the reserve mode. 

PPV < LDT 1 1 1 In this scenario, the total power generated was 

less than the load demand and the PHSS was 

used to augment the power shortage. The 

secondary load was disconnected because the 

total power generated from the solar PV and 

the PHSS was only sufficient for load 1. 

PHSWL = 80% 1 1 1 During this stage, the PHSS was used to 

supplement power to the load until the water 

level in the reservoir gets to 20% and gets 

disconnected. 
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PHSWL < 20% 

  

1 0 0  In this scenario, the PHSS has reached its limit 

of discharge, hence, it was disconnected and 

LD2 was shut down. The PHSS was charged 

with the excess power generated from the solar 

PV. 

PHSWL > 20% 

 

1 1 1 In this scenario, the power from the PHSS was 

used to augment the power supply to meet the 

total load demand (LDT). 

The results showed that the proposed energy management system is effective and ensured 

optimization of the solar PV and PHSS in all three scenarios. When comparing the proposed 

energy management system and PHSS capacity and efficiency, the energy management 

system increased both solar PV and PHSS efficiencies. A typical PHSS efficiency is about 

80 to 95% but the efficiency of the proposed PHSS is about 92%. The result of this study is 

compared with two other studies conducted in the past that used different method other than 

fuzzy logic and different energy storage systems other than PHSS. The comparison on the 

DC bus voltage regulation and energy storage efficiency are shown in table 5.3 where, the 

first scenario is for this study.  

Table 5.3: Technical parameters 

Studies DC bus voltage ESS optimization 

My study The fuzzy logic was very 

efficient for DC bus voltage 

regulation at about 97%.  

92% 

(Singh et 

al., 2012) 

The efficiency of the PI 

controller used for the DC 

bus voltage regulation was 

about 93% 

87% 

(Chauhan 

et al., 

2015) 

The efficiency of the PID 

controller for DC bus 

voltage regulation was 

about 92%. 

85% 
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Based on the above evaluation using table 5.3, the proposed EMS using fuzzy logic 

implemented in the MATLAB/Simulink environment has shown to be more suitable for DC 

bus voltage regulation and the PHSS has better efficiency when compared to other types of 

energy storage system (ESS). Consequently, the proposed EMS ensures effective power 

distribution between the solar PV and the PHSS hence improving the DCMG system 

resilience and reliability. 
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CHAPTER 6: CONCLUSION AND RECOMMENDATION 

6.1 Conclusion 

The primary aim of this research was to implement an efficient power flow control system in 

an autonomous solar PV-hydro DC microgrid system using fuzzy logic controller strategy. 

This was efficiently achieved by designing a suitable controller for the DC microgrid system 

in the MATLAB/Simulink environment using fuzzy logic controller. The system is designed 

for an islanded DC microgrid with voltage and power control function. It comprises of three 

basic components namely: solar PV as the main power supply, pumped hydro storage 

system that serves as an energy storage system and a variable load implemented in the 

MATLAB/Simulink environment. The performance was analysed using variable loads under 

different time scales. The load is grouped into two categories: the primary load (load 1) and 

the secondary load (load 2) which depends on water level in the reservoir and the power 

generated by the solar PV. A bi-directional communication between the load, solar PV, and 

pumped hydro storage system is implemented using a fuzzy logic controller and switches to 

ensure effective power distribution in the system determined by the availability of power and 

load demand at any particular moment. The load was properly supplied using both sources 

at different times to proof the effectiveness of the controller.  

The second and third objectives was to present a detailed literature review on autonomous 

hybrid solar PV-hydro applications in DC microgrid and a feasibility study on fuzzy logic 

controller as a mechanism capable of DC microgrid power control. The literature indicated 

that fuzzy logic controller is appropriate for DC microgrid system power distribution and 

control. Other methods were studied but fuzzy logic controller offered unique advantage and 

flexibility in power regulation. Fuzzy logic controllers can easily be configured, applied to 

both small and large non-linear power systems, and used in a variety of operating situations. 

They also have no effect when parameter values are changed. The logic is robust and 

simple, it can handle various input variables, and it can make a precise choice with the help 

of a precise function, all of which make FLC an excellent solution to complicated problems. 

FLC is an artificial decision maker that operates in a closed-loop system in real-time. 

The fourth objective of this research was to model a solar PV-hydro system using 

MATLAB/Simulink software. This was achieved by carefully simulating the solar PV and the 

pumped hydro system in the MATLAB/Simulink environment.  A solar PV with a power rating 

of 100 kW was properly calculated and modelled as the primary renewable energy source in 

the network. In addition, a proper specification of the upper and lower reservoirs, pump 

motors and hydro turbine for the hydro storage system were implemented. To ascertain that 
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the objective was met, a fuzzy logic controller (FLC) was implemented to control the power 

flow from the solar PV and the pumped hydro storage (PHS) system. The result showed that 

power control was effective and the FLC functioned as predicted. The PHS was modelled to 

operate between 20% and 80% hence, it stops charging when it gets to the maximum water 

level or begin discharging. The PV system output current is 366.5 A, voltage is 274.8 Vdc 

and the actual power generated by the solar PV is 100.7 kW. 

The fifth objective was to model a control system capable of balancing the unstable solar 

power supply and the ever-changing load demand using fuzzy logic controller in the 

MATLAB/Simulink environment. This objective was achieved by ensuring that load is shared 

equally between the solar PV and the PHS based on the power demand and availability. The 

results obtained in MATLAB/Simulink showed that the power was effectively distributed and 

the load was properly supplied at all times using the reservoir water level, solar PV power 

output and the load demand. The PHS responded swiftly in events that the solar PV output 

power was less than the load in the DC microgrid system.  

The sixth objective was to develop a system that will control the amount of power generated 

and consumed in the system using fuzzy logic controller in the MATLAB/Simulink 

environment. To proof the success of this objective, the amount of power available at any 

particular point was measured against the load demand. The results obtained showed that 

the amount of power produced was equal to the load demand and any excess power was 

used to charge the PHS. This was also compared with existing literature to further ensure its 

effectiveness to meet the power demands when required. The solar PV produced 78 kW, 

which is greater than the primary load, and the PHSWL was less than 20%.  

The last objective was to model varying solar irradiances that will mimic the unbalanced 

power supply from the solar PV using MATLAB/Simulink including a system that will 

implement a load-shedding strategy when the power generated is less than the power 

demand. To achieve this objective and to ascertain the effectiveness of the controller and 

effective power distribution in the system, three scenarios were tested. In the first scenario, 

the total power generated by the solar PV was greater than the primary load (Load 1), water 

level in the reservoir was less than 98%, PHSS was operated as a motor to recharge the 

upper reservoir and load 1 was supplied. In this scenario, the secondary load (load 2) was 

disconnected because the excess power from the solar PV was used to recharge the upper 

reservoir. The solar PV output power was 100 kW while the load demand was 71.2 kW and 

the excess power of 28.8 kW was used to recharge the reservoir. In the second scenario, 

the solar PV power output was greater than the primary load (load 1) and the water level in 

the reservoir was greater or equal to 98%, hence, both primary and secondary loads were 
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supplied. In this scenario, the water reservoir was disconnected because the water reservoir 

was completely full hence, the excess power generated by the solar PV was used to supply 

the secondary load (load 2). In the third scenario, the solar PV power output was less than 

the primary load and the water level in the reservoir was greater than or equal to 20%, 

hence, the water from the upper reservoir was discharged to supply the primary load 

(discharge mode). In this scenario the secondary load (load 2) was disconnected because 

the total power generated by the solar PV was less than the primary load, i.e., load 1 was 

supplied from a combination of the solar PV and PHSS powers at an irradiance of 500 W/m2 

and temperature of 25 ℃. The solar PV output was 50 kW while the load demand was 71.2 

kW. 

The DCMG system can be remodelled using different parameters and sizes of individual 

components according to design requirements aimed at effective energy management. 

Again, the results showed that it is practical to use pumped hydro storage system in 

autonomous DCMG system for effective energy management. In addition, based on the 

commanded signals and the prevailing power availability and load demands, the pumped 

hydro storage system can respond swiftly and participate in DC microgrid power stability. 

The system used independent, easy to implement and not complex control techniques such 

as switches.  The control method used can be implemented using multiple renewable energy 

sources and the system is also scalable depending on what the research is set to 

accomplish. The choice of pumped hydro storage system showed a major advantage in 

power management because the power from the pumped hydro storage system can be 

regulated by offering flexibility to the user according to reservoir size and water level. 

6. 2. Recommendations and future work 

Since energy storage systems are essential to DCMG stability, various energy storage 

technologies, such flywheels, supercapacitors, and others, should be researched to 

determine the optimal technical and financial choice over a range of timescales. In addition, 

integrating fuel cells to DC microgrid will improve the reliability of the network, improve 

power quality and provide a more sustainable network. Therefore, a study is required in this 

regard. Again, the interconnection of DC microgrid to AC grid network should be studied with 

different power sources because implementing this will offer scholars the opportunity to 

understand the network’s response to certain power sources and its ability to support 

ancillary services such as frequency regulation. However, in the case of low inertia AC grid 

network, adequate study is required on the integration of renewables to AC grid using DC 

microgrid. Finally, a study should be conducted on low cost and commercially viable DC-DC 
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converters capable of connecting the DC loads to distribution lines because there are 

several DC loads that are in use globally at the moment.  
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Appendix 1: DCMG system measurements  
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