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ABSTRACT 

With load shedding negatively affecting South Africans there are many concerns regarding stable 

power delivery to residential households. Amid all the power delivery concerns some rural 

communities are still not connected to the existing power infrastructure. Implementation of newer 

efficient clean energy sources is in demand. A standalone Photovoltaic (PV) Solar distributed 

renewable energy Direct Current (DC) microgrid can be the best possible approach to tackle the 

power grid shortcomings and to electrify communities that are not yet covered by the power grid 

or communities that want to transition to clean energy.  

The research focuses on the design of an optimal 48 VDC Multiple-PV Standalone microgrid in 

remote areas not covered by the main grid. The proposed microgrid can be typically used for 

lighting, charging phones, and other low-power applications. The microgrid will consist of 4 

microgrid subgrids, each consisting of a dedicated Solar PV array, battery storage systems, loads, 

and other components that connect to the DC Bus and need to be monitored and controlled for 

efficient operation.  

Furthermore, the subgrids were designed based on the meteorological data of the selected location 

and the load demand for each subgrid. The microgrid design enables the subgrids to share power 

through a bidirectional DC-DC converter based on certain conditions. A power-sharing 

management system was implemented to manage power-sharing ensuring that the sharing subgrid 

does not drive its users to load shedding. 

 Moreover, the microgrid design was simulated on Matlab/Simulink to observe the operation of 

the designed system and to determine if the proposed design would be able to achieve the desired 

goal. The results obtained from simulations indicate that the proposed microgrid design can 

provide an optimal service to its users by allowing the subgrid with surplus energy to share its 

power with the subgrid when needed.  
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CHAPTER 1: INTRODUCTION 

1.1 Background 

In [1], the South African Department of Mineral Resources and Energy states its future investment 

plan in renewable energy resources (RERs) to curb high emissions of greenhouse gasses. The 

Integrated Resource Plan 2019 [1] also states that 80% of the country's greenhouse gases are 

contributed by the energy sector of which 50% are contributed by the generation of electricity and 

liquid fuel production. The installation of Standalone PV RERs can assist in electrifying rural and 

remote areas not connected to the power grid while curbing the increase and high percentage of 

greenhouse gasses contributed by the energy sector of the country.  

“In recent years, supplying electricity has become necessary for daily survival and further 

development of emerging communities” [2]. The injection of more RERs in remote areas, rural 

areas, and other areas that are not yet covered by the power grid can help reduce the dependency 

on fossil fuels for energy production. Fig. 1.1(a) illustrates the scale of an average daily Global 

Horizontal Irradiation that is available on the horizontal surface of South Africa depending on 

location [3]. Fig 1.1(b) illustrates the scale of average daily PV power potential that can be 

harvested from the sun in South Africa depending on location [3]. 

 
(a) 



21 

 

 
 

(b) 

Figure 1.1 South African Solar Resource Map. (a) Global Horizontal Irradiation (b) PV Power Potential [3] 

 Furthermore, research and studies are conducted around the world to power remote and rural areas 

with RERs. In [4] a 72V DC grid system was designed to power homes for basic electrical needs 

like lighting, fans, and charging of computers/phones. The system is designed to power rural and 

remote areas in India where it costs a fortune for communities to access the utility grid. Moreover, 

a study was conducted in [5] to optimally control the flow of power between multiple 

interconnected microgrids. The study in [5] had similar features as the proposed research like 

power-sharing between Multiple-PV generation points. However, it was tied to the utility grid. In 

the proposed study, the microgrid system will have no connection with the utility grid. The 

standalone DC microgrid will be monitored and controlled for optimal operation.  

 

1.2 Problem Statement 

“The Photovoltaic (PV) based distributed energy resource is one of the most promising alternative 

energy resources owing to the abundance in sunlight and offers the cleanest form of alternative 

energy generation” [6]. The South African Department of Energy states that South Africa has an 

average of more than 2500 hours of sunshine per year and an average daily solar irradiation levels 

range between 4.5-6.5 𝑘𝑊ℎ/ m2. South Africa has a high potential solar energy resource ready to 

be harvested [7], however, the country is lacking in implementing solar energy harvesting 
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technologies. Furthermore, the country’s total energy generation is 51.7 GW with only 5.4 GW 

generated from renewable energy (RE) [1]. The development of standalone solar PV array 

microgrid can assist in electrifying rural and remote areas not connected to the power grid while 

curbing the increase and high percentage of greenhouse gasses. 

1.3 Aim and Objectives 

The research aims to design a PV standalone distributed 48V DC microgrid to power areas not 

covered by the utility and analyze the effect of using Multiple-PV arrays as a source for an optimal 

standalone 48V DC microgrid. Below are the objectives of the research: 

I. Search for a rural location suitable for PV system implementation based on the 

meteorological data.  

II. Design a 48V DC Multi-PV array standalone microgrid for Mhlungwane Village, 

Nqutu ward 7, KwaZulu Natal, South Africa. 

III. Design and simulate the proposed scheme in Matlab/Simulink software. 

1.4 Thesis Outline 

I. Chapter 1 – This chapter outlines significant research attributes including background, 

problem statement, aim and objectives.  

II. Chapter 2 – This chapter reviews the literature related to renewable energy, solar 

energy, energy conversion, energy storage, distributed generation, microgrids, and 

power-sharing. 

III. Chapter 3 – This chapter focuses on the design of the 48V DC multi-PV array 

standalone microgrid. The PV array, battery storage, charge controller, and cable are 

sized utilizing calculations with equations and then sized utilizing the PVSyst software 

tool.  

IV. Chapter 4 – In this chapter, the designed microgrid in chapter 3 is simulated on 

Matlab/Simulink. 

V. Chapter 5 – Results obtained from simulating the microgrid in chapter 4 are discussed. 

VI. Chapter 6 – The conclusion is presented in this chapter which highlights the research 

results and recommendations for further studies.  
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CHAPTER 2: LITERATURE REVIEW 

In this chapter, the literature associated with the proposed research is presented. This section will 

cover literature based on RE, Distributed Generation (DG), DC microgrid Topologies, standalone 

PV DC microgrid, standalone PV DC microgrid components, power sharing, and DC microgrid 

control. An overview of the components associated with the proposed research is presented. 

2.1 Renewable Energy 

RERs illustrated by Fig. 2.1 such as Bioenergy, Hydropower, Geothermal, Wind, and Solar are 

abundant within the time horizon of humanity [8], they are abundantly available and can be 

harvested and utilized. Moreover, more people around the world are exposed to the negative effects 

of climate change caused by fossil fuel consumption [9-12]. The negative impacts of fossil fuels 

on the environment have pushed for more research, and the consumption of RE has rapidly grown 

over the past decades to reduce the use of fossil fuels as a source of energy.  

 

Figure 2.1 Renewable Energy Resources [8][13] 

Furthermore, renewable energies are the best option that can cover the energy requirements in a 

climatically sustainable way [14]. They are considered a clean source of energy that minimizes 

environmental impacts by mitigating CO2 emissions since they can provide energy with almost 

zero emissions of pollutants and greenhouse gases [14].   
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Moreover, the Earth receives about 3.9𝑥1024𝐽 ≈ 1.08𝑥1018𝐾𝑊ℎ of solar energy yearly. This is 

ten thousand times more than the global primary energy demand per year, which means the solar 

energy that reaches Earth can be used to cover the energy demand of humanity [15]. Solar energy 

is the most inexhaustible RE which can be obtained in direct or indirect form. According to [16] 

South Africa has the potential PV power of 42243 𝑇𝑊ℎ/𝑌𝑒𝑎𝑟 and has the advantage since Solar 

energy is becoming more economically feasible with time [17].  

2.2 Distributed Generation 

Local power generation from Distributed Energy Resources (DERs) is called Distributed 

Generation. [18] states that DG systems can be designed and implemented based on various DER 

technologies which are RERs, non-RERs, and energy storage. Fig. 2.2 illustrates the DG 

technologies available. Moreover, DG energy systems can be can be utilized as a backup for the 

power grid or off-grid. 

Furthermore, since microgrids implemented from renewable and storage DERs are advancing in 

efficiency, and decreasing in cost they are viewed as the best option for rural and remote areas 

electrification where it can be high cost to transmit and distribute power grid electricity. Moreover, 

proper sizing, installation, and choice of location for a distributed generation can remarkably 

reduce system losses, improve power quality and system dependability [17]. PV arrays and BES 

systems are the DG technologies applied in the proposed system's design. 

 

 

Figure 2.2 Distributed Generation Technologies [18] 
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2.3 DC Microgrid Topologies  

The topology describes the structure of the DC microgrid configuration. Different topologies can 

be applied when designing a DC microgrid depending on your goal. Each topology has its 

characteristics which can aid a designer in selecting the appropriate structure for their DC 

microgrid.  

2.3.1 Single Bus DC Microgrid 

This topology comprises a single DC bus as illustrated by Fig. 2.3. Some components are 

connected directly to the DC bus while others are connected via a converter [19]. 

 

Figure 2.3 Single Bus DC Microgrid Topology [20] 

2.3.2 Multi-Bus DC Microgrid Topology 

Fig. 2.4 illustrates the multi-bus DC microgrid topology, with multiple clusters interconnected via 

DC Buses. The interconnection gives each cluster the ability to share power to and from the 

neighboring clusters [19].  
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Figure 2.4 Multi Bus DC Microgrid Topology [20] 

2.3.3 Ring Bus DC Microgrid Topology 

The ring bus topology illustrated by Fig. 2.5 allows for a loop connection of all DERs and loads 

to the ring Bus through converters. This topology is more flexible than the single bus topology 

since when there is a presence of a fault in one of the DERs, the microgrid will continue supplying 

power to loads [19]. However, the fault presence in the ring bus DC microgrid will cause a loss of 

loop connection, and the topology changes from ring to single bus [19].   

 

Figure 2.5 Ring Bus DC Microgrid Topology [20] 

2.3.4 Zonal Bus DC Microgrid 

The zonal bus topology is illustrated in Fig. 2.6, this topology has multiple DC buses and the 

microgrid is split into zones. Each zone has its dedicated load which is supplied by DERs [19].  
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Figure 2.6 Zonal Bus DC Microgrid Topology [21] 

2.3.5 Interconnected DC Microgrid Topology 

The interconnected DC microgrid topology is illustrated in Fig. 2.7. This topology has multiple 

DC buses which are all interconnected. The reliability of the microgrid is improved since all loads 

are interfaced with all DERs through the interconnection of buses. If one DER is disconnected, the 

power will continuously flow to all loads from the connected DERs [21, 22].   

 

Figure 2.7 Interconnected Bus DC Microgrid Topology [22] 

2.4  Standalone PV DC Microgrid 

The standalone DC microgrid system operates without the power grid connection. Fig 2.8 

illustrates a distributed standalone PV-Battery DC microgrid. Renewable energy (RE) DERs as 

standalone microgrids are identified as a potential solution for addressing rural electrification and 
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have several applications in automotive industries, marine technologies, and communication 

centers [23]. The proposed microgrid is standalone since power is generated and consumed in the 

same location and has no connection whatsoever with the power grid. The proposed system is 

suitable for the electrification of remote rural areas or small communities that do not have access 

to the power grid power due to economic or geographical constraints.  

 

Figure 2.8 PV Standalone system with battery storage and without inverter. 

Furthermore, research papers have presented possible solutions to power remote and rural areas.  

Where it costs too much to run the power grid or is impossible because of geographical reasons. 

In [24] a design of a low voltage DC microgrid system for rural electrification is covered. The DC 

microgrid system consists of a PV array as the RERs, a BES system, and a charge controller to 

control the charging and discharging of the Batteries. 

 

Research conducted by [25], indicates that an improved typical design method for a standalone PV 

system can be utilized to electrify remote and rural areas, while [26]  emphasizes that the 

standalone PV system must be able to provide maximum efficiency, reliability, and flexibility at 

an affordable cost. Moreover, [27] emphasizes the importance of a proper design of the standalone 

PV system, stating that if the system is optimally designed it can be reliable to its users while 

costing less. Different methods are suggested that can assist system designers in optimally 

designing a standalone PV system in terms of cost and reliability. 
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Moreover, research shows that standalone distributed DC microgrids are a promising option in the 

integration of RERs, distributed non-RERs, and energy storage for optimization of reliability and 

cutting costs [28]. A study was conducted to investigate the costs incurred by users of different 

power utilities: AC, Smart AC, and DC homes [28]. Results showed that DC homes with DC loads 

cost less compared to AC and smart AC. The results conclude that DC microgrids can assist in 

lowering household costs which is good for powering poor rural areas.   

2.5 Standalone PV DC Microgrid Components 

Research and studies are continuously conducted to improve the efficiency of RER systems. Some 

of these studies focus on individual components that make up the complete system like PV power, 

energy storage, DC-DC converters, and charge controllers. All these components play a vital role 

in the system's proper functioning. Published research will assist when designing the proposed 

system to choose the most suitable system components. 

2.5.1 Photovoltaic Power  

Photovoltaic power is obtained when photovoltaics directly convert sunlight to electricity in a 

process called the PV effect. Photovoltaics are efficient in converting solar energy into electrical 

energy [29]. Among renewable energies, photovoltaics are said to be the highest in adaptability as 

they can be customized to any desired generator size. Since PV power is only generated during the 

presence of sunlight, battery backup is vital to supply the loads during the absence of sunlight [30]. 

 

PV power systems comprise a PV array/module which is the source of electric energy. PV array 

is the series, parallel, or series-parallel connection of PV modules. Series for higher voltages, 

parallel for higher currents, and series-parallel to achieve the required power [31]. PV module is 

the connection of PV cells in series, parallel, or series-parallel for desired output  [31]. A PV cell 

is a pn junction barrier device that can convert sunlight directly into electricity. It is usually made 

of silicon with traces of other elements through a doping process. Only 15-25% of the sunlight’s 

energy is absorbed by the PV cell [32]. When photon energy from the sun is absorbed by a PV 

cell, electrons move through the material producing a voltage [31].  
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Moreover, PV cells are manufactured differently using diverse types of semiconductor materials 

which act as an insulator at low temperatures and as a conductor when heat is available [33]. PV 

cell technologies include monocrystalline silicon, polycrystalline silicon, Amorphous/thin-film 

silicon, and Hybrid silicon cells. 

2.5.2 Battery Energy Storage System 

A reliable BES system is vital for the efficient operation of most PV standalone systems since the 

production of power only occurs in the presence of sufficiently strong sunlight during the day. A 

BES system will be used in the proposed research for backup when there is no sunlight available 

for energy production by a PV array. The battery stored power supplies the loads during the 

absence of sunlight required by the PV array to produce power [34]. Different battery technologies 

are used with PV standalone systems which include nickel-cadmium, nickel-metal-hydride, 

lithium-ion phosphate, and lead-acid [35]. 

   

Moreover, batteries that are used with PV systems are required to have a deep cycle, thicker plates, 

and greater surface area than the typical motor battery. PV standalone systems with BES systems 

can supply the DC loads directly with the DC power or a DC-DC converter can be used to regulate 

power [36]. The proposed PV standalone systems will use photovoltaics as a source for battery 

charging. The energy transferred to the battery will be controlled by the MPPT charge controller 

accordingly which regulates the output of the PV array [37]. 

2.5.3 Charge controller  

A charge controller is an electronic regulator used to regulate voltage and current flowing to and 

from the batteries to avoid overcharging and/or over-discharging which can damage the batteries 

[31]. Diverse types of controllers are available such as a series charge controller, shunt charge 

controller, PWM (Pulse-Width-Modulated) charge controller, and MPPT (Maximum Power Point 

Tracker) charge controller. 

 

Furthermore, [38] presents research that analyzes different charge controllers that can be utilized 

with numerous solar panels. The analysis was between two charge controller types, the PWM and 

the MPPT charge controller. The analysis showed that using the MPPT controller can be beneficial 

as it can harvest maximum charge from solar panels even in difficult weather conditions.  
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MPPT  

MPPT controllers are used with the PV module/array to track the MPP of the PV module/array. 

Power harvested from the PV module/array varies depending on the state of atmospheric 

temperature, cell temperature, and solar irradiance. To extract maximum power in real time from 

the PV module/array regardless of the temperature and solar irradiance state, the MPPT controller 

is utilized. The MPPT controller can be designed based on a variety of MPPT methods, which 

include [39, 40]:  

I. Measurement and Comparison Based Methods. 

II. Mathematics Calculation Based Methods. 

III. Intelligence-Based Methods. 

In [41] a comparative study was conducted between three MPPT techniques, Perturb and Observe 

(P&O), Incremental Conductance (IC), and Fuzzy Logic Controller (FLC). The techniques were 

implemented and simulated on Matlab/Simulink to analyze their performance for power extraction 

and tracking efficiency in steady state and dynamic behavior considering the variable irradiance 

and constant temperature. FLC demonstrated a better steady state behavior while P&O 

demonstrated smooth transition dynamic behavior. The results further demonstrated P&O to be 

more efficient in tracking and power extraction.  

The P&O algorithm which is based on the measurement and comparison method will be utilized 

to implement the MPPT controller for the proposed microgrid. The P&O technique is broadly used 

compared to other techniques since it is easy to implement and can provide the best performance 

at a low cost [42]. Moreover, a study was conducted by [43] where they evaluated the P&O and 

IC algorithms under variable temperature and solar irradiance operating conditions. The 

algorithms were simulated in Matlab/Simulink and the results obtained demonstrated the P&O to 

be faster in reaching MPP and to fully charge a battery. 

2.5.4 DC-DC Converters 

A DC-to-DC Converter converts one value of DC voltage to a desired value. A buck converter 

takes a high voltage as an input and bucks down the high input voltage to a low output voltage, 

while a boost converter takes a low voltage as an input and boosts the low input voltage to a high 



32 

 

output voltage [31]. The proposed system design for the research will consist of a bidirectional 

DC-DC converter which is vital for the interface of the microgrid subgrids for power-sharing and 

battery charging and discharging.  

 

Furthermore, [44] Emphasizes the vital role played by a bidirectional DC-DC converter to 

interface a PV system with a battery storage system. A bidirectional DC-DC converter can operate 

as both the buck and boost converter for both the BES system and loads. A non-isolated 

bidirectional buck-boost DC-DC converter topology is presented in [45] for battery charging. This 

converter is available in different topologies (Push Pull, Full Bridge, and Half Bridge). The 

presented bidirectional converter uses bidirectional switches (MOSFET or IGBT) to control the 

charging and discharging of batteries. Its operation with the PV system was simulated and analyzed 

using Matlab/Simulink.  

 

Furthermore, [46] proposes a control technique for a bidirectional DC-DC converter intending to 

stabilize the DC bus voltage for RERs. The cause of the DC bus voltage being unstable is the 

fluctuating power produced by RERs due to uncontrollable environmental factors. The proposed 

control technique is the “selector-based algorithm converged with a proportional-integral control” 

[46]. This control technique triggers the bidirectional DC-DC converter to buck or boost according 

to the DC bus voltage and battery charging voltage maintaining the DC bus voltage constant during 

any changes from the sources and loads.  

 

Moreover, the proposed control technique was simulated on a DC microgrid with two independent 

PV arrays, the analyzed results from the proposed control method and standard DC microgrid 

without the proposed control technique prove the proposed control technique to be efficient in 

keeping DC bus voltage constant.  

 

2.6 Power-sharing 

The efficiency of RE systems is vital, as more studies are being conducted to improve RE systems’ 

optimality. Studies present the interconnection of nano-grids and microgrids to improve RE system 

efficiency and reliability. A study is conducted in [47] to compare three microgrid topologies 
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illustrated by Fig. 2.9, the three topologies are centralized microgrid, distributed standalone home 

system, and OES (open energy system) which is the hybrid approach with interconnected 

nanogrids. The topologies were implemented in a 20-household rural community. The study 

compares the solar replacement ratio of the topologies for the community. 

 

 

Figure 2.9 Three Microgrid Topologies [48] 

 

Furthermore, in the latter approach, the households are interconnected and can share power via a 

bidirectional DC-DC converter. Moreover, the OES also has a communication system that 

manages the demand and response between interconnected households. The results obtained 

demonstrate that the OES has a better performance compared to standalone nanogrids. While [49] 

proposes various operational schemes that can be used when interconnecting DC microgrids 

through an isolated bi-directional DC-DC converter, a DC signaling operational scheme is 

proposed to be used to restore the DC bus voltage from general overload or failure situations in 

standalone DC microgrids. 

 

Furthermore, the direct transmission operation scheme is proposed to be used with power grid 

connected microgrids. The proposed operational scheme intended to provide efficient and reliable 

power management, by allowing efficient power transfer between adjacent DC microgrids. The 

proposed schemes were implemented and tested in a laboratory experiment and results showed 

improved efficiency and reliability of the microgrids, overcoming the limitations of a single DC 

microgrid. On the other hand, [50] proposes the Load Flow control LFC method for 
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interconnecting and controlling bidirectional power flow between multiple DC microgrids by 

applying and controlling voltage between the microgrids. LFC is a combination of a Dual Active 

Bridge and a full bridge DC-DC converter which allows for efficient power flow between multiple 

microgrids at different voltage levels. 

 

Furthermore, [51] develops power control and management distributed control strategy based on 

DC bus signaling for individual autonomous DC microgrids and autonomous DC microgrids 

without a communication system. This strategy uses bus voltage information to trigger power-

sharing between microgrids and to control/manage loads, storage, and sources [51]. The proposed 

control strategy is a non-communication power control strategy for interconnected microgrids 

aimed to improve system reliability and effectiveness.   

 

The interconnection of equal and non-equal capacity DC microgrids through an isolated DC-DC 

bi-directional converter for power-sharing and increased reliability of the microgrids is discussed 

in [52]. The proposed study will also tackle the issue of efficiency and optimality of renewable 

sources by interconnecting microgrids through a bidirectional DC-DC converter to share power 

for optimal operation. The management control system will be implemented to ensure the best 

operation of the entire microgrid without a communication link. 

2.7 DC Microgrid Control 

DC microgrids are designed and implemented to achieve efficient, reliable, and stable operation 

to provide optimum service for users, optimality is achieved by implementing control strategies 

for the microgrids. Control strategies are implemented to achieve a smooth transition between DG 

sources, power flow control between interconnected microgrids, current/voltage/power control, 

proportional load sharing, and coordination between DG sources and energy storage devices. Fig. 

2.10 illustrates the control strategies and the control modes that are applied for each control 

strategy. The subsections below describe the control strategies: 
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2.7.1 Centralized Control Strategy 

This control strategy utilizes a central controller to control DG sources and the energy storage 

system. The central controller collects data and send instructions to local controllers via a 

communication link [19]. If the communication system fails it will impact the efficiency, 

reliability, and stability of the microgrid. Moreover, the Master-Slave is the mode of control for 

the central controller [53]. 

2.7.2 Decentralized Control Strategy 

In the decentralized control strategy, DG sources and energy storage devices have dedicated 

controllers. This strategy does not require communication links but depends on a common DC bus 

value for control [19]. Furthermore, DC Bus Signaling and Droop control are the modes of control 

for this control strategy [53]. 

2.7.3 Distributed Control Strategy 

The distributed control strategy is the best compared to both centralized and decentralized since it 

has the advantages of both control strategies. The local controllers communicate by 

communication links, moreover, failure of the communication link of a DG unit will not affect the 

operation of other DG units [19]. Consensus and Agent based modes of control are applied to 

achieve the distributed controller [53].  

2.7.4 Multilevel Control Strategy (Hierarchical) 

The multilevel control strategy is applied to microgrids that require higher intelligence control 

systems to achieve power sharing, current/voltage/power control, and more control objectives. The 

multilevel control strategy can either be 2 (Lower and Upper) or 3 levels (Primary, Secondary and 

Tertiary). Moreover, the distinct levels of hierarchical control apply 1, 2, or more control strategies 

mentioned in sections 2.71-2.7.3 [53]. The proposed system will implement the hierarchical 

control strategy for system efficiency, reliability, and stability. 
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Figure 2.10 Control Strategies for DC microgrid [19, 53]
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2.8 Summary 

Providing electricity to humanity is vital for everyday living. However, emphasis has been made 

to move away from fossil fuel generated electricity to RERs generated electricity to save our 

environment.  The literature provided shows how much effort researchers have put into improving 

the reliability and optimality of intermittent RERs. The literature review chapter presented the 

important components required to implement RERs of the proposed system. The functions of 

components for the proposed microgrid were described based on but not limited to literature on 

books, conference papers, journal papers, government publications, and encyclopedias.   
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CHAPTER 3: SYSTEM REQUIREMENTS AND DESIGN 

3.1 Introduction 

This chapter describes the planning and design of the proposed microgrid. This includes finding 

the meteorological data of the selected location and analyzing the data to determine if the solar 

system application will be practical. The load demand for the microgrid will be calculated based 

on the rating of the appliances that will be utilized. Meteorological data and load demand will aid 

with the sizing of the PV arrays, BES system charge controller, and cables. Fig. 3.1 illustrates the 

proposed microgrid topology. 

Furthermore, the proposed microgrid subgrids will be simulated on PVSyst and the sizing results 

obtained from PVSyst will be compared with the calculated results. The microgrid consists of 4 

microgrid subgrids, each microgrid subgrid has a dedicated PV array, BES system, MPPT charge 

controller, and load demand. Moreover, the microgrid subgrids are all interconnected through a 

power-sharing bus via a bidirectional DC-DC converter which enables power-sharing amongst the 

microgrid subgrids. Furthermore, an energy management system will be incorporated into the 

design to allow optimal operation.  

 

Figure 3.1 Propose microgrid topology block diagram. 
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3.2 PV System Location 

Mhlungwana the rural village in Nquthu Ward 07, KwaZulu Natal, South Africa is the chosen 

location as illustrated by Fig. 3.2. The village has 651 households, of which only 12.75% (88) 

households have access to electricity according to StatsSA 2011 [54]. Moreover, Mhlungwana 

village is divided into 3 sections (A, B & C),  Mhlungwana B section illustrated by Fig. 3.3 consists 

of 216 households with 0% of the households having access to electricity according to StatsSA 

2011 [54]. 

 

Figure 3.2  Mhlungwana village, Nquthu ward 07, KwaZulu Natal – Google Earth [55]. 
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Figure 3.3 Mhlungwana village, Mhlungwane B section – Google Earth [55] . 

3.3  Meteorological Data  

Mhlungwana village has a longitude of 30.4852 East, a latitude of 28.0856 South, and an altitude 

of 1055m above sea level [55]. The meteorological data of Mhlungwana is shown in Table 3.1. 

The village has an annual average daily GHI (Global Horizontal Irradiance) of 4.89 𝐾𝑊ℎ/𝑚2, 

average air temperature of 17.22 ℃ and average wind speed of 2.76 𝑚/𝑠 [56]. 
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Table 3.1 Mhlungwana village meteorological data [56]. 

Region: Africa Location Co-ordinates 

Country: South Africa Latitude: -28.0856 

Location: Nquthu, Ward 07, 

Mhlungwana 

Longitude: 30.4852 

Altitude: 1055 m 

MONTH Daily GHI 

𝑲𝑾𝒉/𝒎𝟐  

Monthly GHI 

𝑲𝑾𝒉/𝒎𝟐 

Air 

Temperature ℃ 

Wind Speed 

𝒎/𝒔 

January 5.41 167.61 21.02 2.97 

February 5.93 166 21.86 2.5 

March 5.17 160.12 19.78 2.79 

April 4.51 135.36 15.66 2.37 

May 4.05 125.41 15.56 2.19 

June 3.71 111.27 12.52 2.78 

July 3.9 120.8 12.25 2.61 

August 4.41 136.83 12.11 2.81 

September 5.11 153.35 17.79 3.08 

October 4.87 150.87 17.02 3.19 

November 5.8 173.96 19.2 2.86 

December 5.77 178.87 22.2 2.99 

Year Av. 4.89 148.37 17.22 2.76 

 

3.4 Daily Load Requirements 

The proposed PV system will be designed to cater to 38 households, 1 school, and 1 small shop. 

The users will be divided into 5 distinct categories, each category has a distinct daily load demand 

as illustrated by Table 3.2-3.6. Table 3.7 illustrates the allocation of categories per microgrid 

subgrid (A-D) and total daily demand per microgrid subgrid. 
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Table 3.2 Category 1 load demand. 

No. Appliance Power 

(w) 

Total 

power 

(w) 

Daily use 

(h) 

Daily Energy 

(𝑊ℎ/𝑑𝑎𝑦) 

8 LED Lights 6 48 12 576 

2 Cell Recharge 5 10 3 30 

1 Radio 10 10 12 120 

1 TV 30 30 10 300 

Total    98  1026 

20% System losses     205.2 

Total daily demand     1231.2 

Table 3.3 Category 2 load demand. 

No. Appliance Power 

(w) 

Total power 

(w) 

Daily use 

(h) 

Daily Energy 

(𝑊ℎ/𝑑𝑎𝑦) 

8 LED Lights 6 48 12 576 

2 Cell Recharge 5 10 3 30 

1 Radio 10 10 12 120 

1 TV 30 30 10 300 

1 Fan 40 40 12 480 

Total    138  1506 

20% System losses     301.2 

Total daily demand     1807.2 

Table 3.4 Category 3 load demand. 

No. Appliance Power 

(w) 

Total power 

(w) 

Daily use 

(h) 

Daily Energy 

(𝑊ℎ/𝑑𝑎𝑦) 

8 LED Lights 6 48 12 576 

2 Cell Recharge 5 10 3 30 

1 Radio 10 10 12 120 

1 TV 30 30 10 300 

1 Fan 40 40 12 480 

1 Fridge 90 90 12 1080 

Total    228  2586 

20% System losses     517.20 

Total daily demand     3103.20 
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Table 3.5  Category 4 load demand for school. 

No. Appliance Power 

(w) 

Total power 

(w) 

Daily use 

(h) 

Daily Energy 

(𝑊ℎ/𝑑𝑎𝑦) 

10 LED Lights 6 60 12 720 

4 Cell Recharge 5 20 3 60 

4 Fan 40 160 12 1920 

Total    240  2700 

20% System losses     540 

Total daily demand     3240 

Table 3.6  Category 5 load demand for a small shop. 

No. Appliance Power 

(w) 

Total power 

(w) 

Daily 

use (h) 

Daily Energy 

(𝑊ℎ/𝑑𝑎𝑦) 

2 LED Lights 6 12 12 144 

1 Cell Recharge 5 5 3 15 

1 Refrigerator 90 90 12 1080 

1 Radio 10 10 12 120 

2 Fan 40 80 12 960 

Total    197  2319 

20% System losses     463.8 

Total daily demand     2782.8 

Table 3.7 Number of categories allocation to microgrid subgrids. 

Microgrid 

subgrid 

Number of Households Per Category  

Total 

Energy 

Demand 

Category 

1 

Category 

2 

Category 

3 

Category 

4 

Category 

5 

Total Energy Demand for a Household in Each Category 

1231.20 

𝑊ℎ/𝑑𝑎𝑦 

1807.20 

𝑊ℎ/𝑑𝑎𝑦 

3103.20 

𝑊ℎ/𝑑𝑎𝑦 

3240 

𝑊ℎ/𝑑𝑎𝑦  

2782.80 

𝑊ℎ/𝑑𝑎𝑦 

A 4 4 2 0 0 18360 

B 4 4 2 0 0 18360 

C 4 4 2 0 0 18360 

D 4 3 1 1 1 19472.40 
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3.5 PV Array Sizing 

Proper PV array sizing is vital to avoid designing a system that may fail to meet the demand. The 

number of PV panels required to generate enough peak power is determined step by step utilizing 

Eq. (3.1) and (3.2) [2, 57-59]. Initially, Eq. (3.1) calculates the PV array peak power( 𝑃𝑉𝑃𝑃) 

required to meet the daily energy demand (𝐸𝐿) for each microgrid subgrid. Annual average daily 

sun hours (𝐴𝑆𝐻) of the location illustrated in Table 3.1 and the calculated energy demand (𝐸𝐿)  

illustrated in Table 3.7 are utilized. Eq. (3.2) which determines the number of PV panels (𝑁𝑃𝑣) 

required to generate the peak power which depends on the PV panel's nominal power (𝑃𝑉𝑁𝑃) 

rating. The higher the power rating of the PV panel the fewer panels will be required to implement 

a PV array and vice versa. 

Moreover, Table 3.8 illustrates the specifications of the PV panel model selected to be utilized for 

the implementation of the PV arrays for the microgrid subgrids [60, 61]. The PV panels are 

manufactured by SunPower, a world leader in high-efficiency solar panels [62]. SunPower solar 

panels have a 40-year performance and product warranty, a 25-year manufacture product warranty, 

and 92 percent retained capacity after 25 years [62]. The (𝐸𝐿) value for each subgrid is calculated 

in section 3.4, Table 3.7, the (𝐴𝑆𝐻) value is taken from section 3.3, Table 3.1 and the (𝑃𝑉𝑁𝑃) value 

is taken from section 3.5, Table 3.8 which illustrates the PV panel specifications utilized to 

implement the PV array.  

 
𝑃𝑉𝑃𝑃  =

𝐸𝐿

𝐴𝑆𝐻
 

(3.1) 

 
𝑁𝑃𝑣 =

𝑃𝑉𝑃𝑃

𝑃𝑉𝑁𝑃
 

(3.2) 

 

𝐸𝐿      − Average Load Daily Demand 

𝐴𝑆𝐻 − Annual Average daily Sun hours 

𝑃𝑉𝑃𝑃 − PV Array Peak Power 

𝑁𝑃𝑣   − Number of PV Panels 

𝑃𝑉𝑁𝑃 − PV Module Nomonal Power 
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Table 3.8  PV Module Specifications. 

MAKE SPR-MAX3-430 BY SUNPOWER 

ELECTRICAL SPECIFICATIONS 

Parameter Value Units 

Nominal Power 430 W 

PV Efficiency 22.7 % 

Vmpp 70.4 V 

Impp 6.11 A 

Voc 81.4 V 

Isc 6.57 A 

Temperature Coef. -0.27 %/℃ 

Max. Voltage 1000 V 

Max. Series fuse 20 A 

OPERATING CONDITIONS 

Temperature -40 to +85  ℃ 

Cell Technology Monocrystalline Maxeon 

Gen 3 

Cell  

MECHANICAL SPECIFICATIONS 

Solar Cells 112 Cells 

Solar Cells 

(Parallel) 

1 String 

Dimensions 1812x1046x40 mm 

Weight 21.2 Kg 

 

3.5.1 Microgrid subgrid A - C 

𝑃𝑉𝑃𝑃  =
𝐸𝐿

𝐴𝑆𝐻
 

 

           =
18360

4.89
 

 

                         = 𝟑𝟕𝟓𝟒. 𝟔𝟎 𝑾  

𝑁𝑃𝑣 =
𝑃𝑉𝑃𝑃

𝑃𝑉𝑁𝑃
 

 

                  =  
3754.60

430
 

 

                                           = 𝟖. 𝟕 ≈ 𝟗  𝑴𝒐𝒅𝒖𝒍𝒆𝒔 
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3.5.2 Microgrid subgrid D 

𝑃𝑉𝑃𝑃  =
𝐸𝐿

𝐴𝑆𝐻
 

 

           =
19472.40

4.89
 

 

                         = 𝟑𝟗𝟖𝟐. 𝟏𝟎 𝑾  

 

 

𝑁𝑃𝑣 =
𝑃𝑉𝑃𝑃

𝑃𝑉𝑁𝑃
 

 

                  =  
3982.10

430
 

 

                                           = 𝟗. 𝟑 ≈ 𝟏𝟎  𝑴𝒐𝒅𝒖𝒍𝒆𝒔 

3.6 Battery Energy Storage System Sizing  

The main aim of the research is to design a standalone PV system that is optimum for its users, a 

BES system is an essential part of the system that will assist in achieving the goal. PV array energy 

can only generate electrical energy during the presence of sunlight, the BES system will take over 

from PV arrays when there is no energy to harvest from the PV panels during the night, cloudy, 

and or rainy days [30]. LiFePO4 (Lithium Ferro Phosphate) battery technology was selected to 

implement the BES system for the microgrid subgrids. 

In [63] a study was conducted to compare two battery technologies namely lead acid and lithium-

ion. The comparison covers a variety of characteristics which include charging time, life cycle, 

maintenance, safety, recycling, capital cost, net present cost, and environmental effect. The results 

of the study revealed that lithium-ion battery technology is the best option which has a modest 

maintenance cost. It is not hazardous to the environment, has a fast charging rate, and versatile 

SOC. However, they are expensive, and large capital is required to source them. 

Eq. (3.3) -(3.6) are utilized to determine the vital parameters for the BES system [2, 57-59]. Eq. 

(3.3) determines the BES system's global capacity (𝐵𝐺𝐶) required to meet a household’s energy 

demand which includes 4 days of autonomy (A). Autonomy is the number of days the batteries 

will be able to cater for the load without being recharged. The depth of discharge (𝐷𝑂𝐷) of the 

battery which is the usable percentage of the total rated capacity, efficiency (𝜂𝐵) which is the rate 

of energy loss in a charge/discharge cycle, and bus voltage (𝑉𝐵𝑢𝑠 ) of the PV system which is 48V 

DC are utilized in Eq. (3.3). The (𝐷𝑂𝐷) and (𝜂𝐵) values utilized in calculations are taken from 

Table 3.9 which illustrates the selected battery storage technology specifications. 
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𝐵𝐺𝐶 =

𝐴 ∗ 𝐸𝐿

𝐷𝑂𝐷 ∗ 𝜂𝐵 ∗ 𝑉𝐵𝑢𝑠
 

(3.3) 

𝐵𝐺𝐶   − Battery Global Capacity 

𝐴      − Autonomy 

𝐷𝑂𝐷 − Battery Depth of Discharge 

𝑉𝐵𝑢𝑠  − Bus Voltage 

𝜂𝐵     −  Battery efficiency 

Eq. (3.4) determines the number of batteries (𝑁𝐵) required to meet the required battery global 

capacity. Eq. (3.5) and (3.6) determine the number of batteries to be connected in parallel (𝑁𝐵𝑃) 

and series (𝑁𝐵𝑆). Parallel connection increases the battery system amp-hour capacity, series 

connection increases battery system voltage.  Table 3.9 illustrates the specifications of the selected 

lithium-ion battery that will be utilized to implement the BES system for each microgrid subgrid 

[64, 65]. (𝐵𝐶) is the battery nominal capacity, (𝐵𝑉) is the battery nominal voltage as illustrated in 

Table 3.9 and the 𝑉𝐵𝑢𝑠 is the bus voltage value of the system being designed which is 48V DC. 

 
𝑁𝐵 =

𝐵𝐺𝐶

𝐵𝐶
 

(3.4) 

𝑁𝐵 − Number of Batteries 

𝐵𝐶 − Battery nominal capacity 

 
𝑁𝐵𝑆 =

𝑉𝐵𝑢𝑠

𝐵𝑉
 

 (3.5) 

𝑁𝐵𝑆 − Number of Batteries in Series 

𝐵𝑉 − Battery nominal voltage 

 
𝑁𝐵𝑃 =

𝑁𝐵

𝑁𝐵𝑆
 

 (3.6) 

𝑁𝐵𝑃 − Number of Batteries in Parallel 
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Table 3.9  Battery Specifications. 

MAKE  LiFe4833P BY PowerPlus 

Energy 

ELECTRICAL SPECIFICATIONS 

Parameter Value Units 

Nominal Voltage 48 V 

Nominal Power Capacity 3.3 kWh 

Nominal Capacity 64 Ah 

OPERATING CONDITIONS 

Continuous discharge 0.5 (C2) C 

Maximum Charging Current  63 A 

Maximum discharging Current  32 A 

Charge Cut-Off Voltage 58.4 V 

Discharge Cut-Off Voltage 40 V 

Temperature Charge 0 to 55 ℃ 

Temperature Discharge -20 to 55 ℃ 

Minimum Charging Temp. 0.0 ℃ 

Minimum Discharging Temp. -20 ℃ 

Efficiency >96 % 

Operating Humidity 85 % 

Shutdown SOC recommended 20 % 

Battery Technology Lithium Ferro Phosphate cells 

MECHANICAL SPECIFICATIONS 

Dimensions  635D x 434W x 88H mm 

Weight  41 kg 

 

3.6.1 EqMicrogrid subgrid A- C 

𝐵𝐺𝐶 =
𝐴 ∗ 𝐸𝐿

𝐷𝑂𝐷 ∗ 𝜂𝐵 ∗ 𝑉𝐵𝑢𝑠
 

 

    =
4 ∗ 18360

0.8 ∗ 0.97 ∗ 48
 

 

= 1971.65 𝑨𝒉 

 

 

𝑁𝐵 =
𝐵𝐺𝐶

𝐵𝐶
 

 

               =
1971.65

64
 

 

                                     = 30.8 ≈ 30 Batteries 
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𝑁𝐵𝑆 =
𝑉𝐵𝑢𝑠

𝐵𝑉
 

 

   =
48

48
 

 

                                = 1  

                                ≈ 1 Battery in series 

𝑁𝐵𝑃 =
𝑁𝐵

𝑁𝐵𝑆
 

 

                =
30.8

1
 

 

                                     = 30.8  

                                     ≈ 30 Batteries in Parallel 

3.6.2 Microgrid subgrid D 

𝐵𝐺𝐶 =
𝐴 ∗ 𝐸𝐿

𝐷𝑂𝐷 ∗ 𝜂𝐵 ∗ 𝑉𝐵𝑢𝑠
       

=
4 ∗ 19472.40

0.8 ∗ 0.97 ∗ 48
 

= 𝟐𝟎𝟗𝟏. 𝟏𝟏 𝑨𝒉 

𝑁𝐵 =
𝐵𝐺𝐶

𝐵𝐶
              

=
2091.11

64
 

= 𝟑𝟐. 𝟔𝟕    

                          ≈33 Batteries   

𝑁𝐵𝑆 =
𝑉𝐵𝑢𝑠

𝐵𝑉
 

    =
48

48
 

                                   = 1  

                                   ≈ 1 Battery in series 

𝑁𝐵𝑃 =
𝑁𝐵

𝑁𝐵𝑆
 

              =
32.67

1
 

                                  = 32.67  

                                  ≈ 33 Batteries in Parallel 

 

3.7  Sizing MPPT Charge Controller 

A charge controller plays a vital role in protecting the batteries from overcharging and over-

discharging [31]. An MPPT charge controller design will be utilized for the proposed system. 

When selecting a charge controller two important aspects need to be considered, the current rating, 

and the voltage rating  [2, 57-59]. The current rating of the charge controller needs to be greater 

than or equal to the load maximum current, the charge controller minimum current rating (𝐶𝐶(𝐼𝑅)) 

is calculated utilizing Eq. (3.7). 𝑁𝑃 represent the number of PV panels connected in parallel which 
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is 9 for subgrid A-C and 10 for subgrid D, 𝑃𝑉(𝐼𝑆𝐶) represent the PV panel short circuit current 

illustrated in Table (3.8) and 𝑘 represent the safety factor of 1.25 for the charge controller.  

Furthermore, the voltage rating needs to be greater than or equal to the bus voltage and the charge 

controller minimum voltage rating (𝐶𝐶(𝑉𝑅) ) calculated utilizing Eq. (3.8) [2, 57-59]. 𝑁𝑆 represent 

the number of series connected PV panels of the array which is 1 for the designed system and  

𝑃𝑉(𝑉𝑂𝐶) represent the PV array open circuit voltage illustrated in Table 3.8. Eq. 3.9 calculates the 

number of charge controllers (𝑁𝐶𝐶𝑃) required for each subgrid, 𝐼𝑀𝑎𝑥 represents the charge 

controller maximum input current rating illustrated in Table (3.10). 

Moreover, Table (3.10) outlines the specifications of the selected charge controllers that will be 

utilized for each microgrid subgrid [66, 67]. SmartSolar MPPT charge controller manufactured by 

Victron Energy had high ratings as stated by clean energy reviews in 2022 [68]. Furthermore, Eqs.  

(3.7) -(3.9) are utilized to determine the charge controller’s current and voltage minimum ratings, 

and the number of parallel connected charge controllers required [2, 57-59].  

 𝐶𝐶(𝐼𝑅)  =  𝑁𝑃 ∗ 𝑃𝑉(𝐼𝑆𝐶) ∗ 𝑘 

 
 (3.7) 

 𝐶𝐶(𝑉𝑅)  =  𝑁𝑆 ∗ 𝑃𝑉(𝑉𝑂𝐶) ∗ 𝑘 
(3.8) 

 
𝑁𝐶𝐶𝑃 =

𝐶𝐶(𝐼𝑅) 

𝐼𝑀𝑎𝑥
 

 (3.9) 

𝐶𝐶(𝐼𝑅)    − Charge Controller Minimum Current Rating 

𝐶𝐶(𝑉𝑅)    − Charge Controller Minimum Voltage Rating 

𝑁𝐶𝐶𝑃         − Number of parallel connected charge controllers 

𝐼𝑀𝑎𝑥         − Charge Controller Maximum input current 

𝑁𝑆            − Number of series connected PV Panels 

𝑁𝑃            − Number of Parallel connected PV Panels 

𝑃𝑉(𝐼𝑆𝐶)  − PV Panel Short Circuit Current 

𝑃𝑉(𝑉𝑂𝐶) − PV Array Open Circuit Voltage 

𝑘              − Safety Coefficient 1.25 
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Table 3.10  MPPT Charge Controller Specifications. 

MAKE SmartSolar MPPT 150/45 BY 

VICTRON ENERGY 

ELECTRICAL SPECIFICATIONS 

Parameter Value Units 

Battery Voltage 48 V 

Nominal PV Power 2600 W 

Max. PV 𝑉𝑂𝐶 150 V 

Max. PV 𝐼𝑆𝐶  50 A 

OPERATING CONDITIONS 

Temperature -30 to +60 ℃ 

Humidity  95 % 

Efficiency 98 % 

MECHANICAL SPECIFICATIONS 

Dimensions  130H x 186W x 70D mm 

Weight 1.25 Kg 

 

3.7.1 Microgrid subgrid A – C 

𝐶𝐶(𝐼𝑅)  =  𝑁𝑃 ∗ 𝑃𝑉(𝐼𝑆𝐶) ∗ 𝑘 

             = 9 ∗ 6.57 ∗ 1.25 

= 𝟕𝟒. 𝟗𝟏 𝑨        

𝐶𝐶(𝑉𝑅)  =  𝑁𝑆 ∗ 𝑃𝑉(𝑉𝑂𝐶) ∗ 𝑘 

            =  1 ∗ 81.4 ∗ 1.25 

= 𝟏𝟎𝟏. 𝟖 𝑽  

𝑁𝐶𝐶𝑃 =
𝐶𝐶(𝐼𝑅)

𝐼𝑀𝑎𝑥
 

 =
74.91

50
 

                                                = 1.5 ≈ 2 parallel controllers 

Two parallel connected MPPT charge controllers with a minimum voltage rating above 101.8V, a 

maximum input current above or equal to the minimum current rating of 74.91 A and the charge 

current rating above 80.63 A have to be utilized for subgrid A-C. The charge current value was 

calculate utilizing the maximum power generated by the PV array and the systems bus voltage 

rating. 
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3.7.2 Microgrid subgrid D 

𝐶𝐶(𝐼𝑅)  =  𝑁𝑃 ∗ 𝑃𝑉(𝐼𝑆𝐶) ∗ 𝑘 

= 10 ∗ 6.57 ∗ 1.25 

= 𝟖𝟐. 𝟏𝟐 𝑨 

𝐶𝐶(𝑉𝑅)  =  𝑁𝑆 ∗ 𝑃𝑉(𝑉𝑂𝐶) ∗ 𝑘 

 =  1 ∗ 81.4 ∗ 1.25 

= 𝟏𝟎𝟏. 𝟖 𝑽  

   𝑁𝐶𝐶𝑃 =
𝐶𝐶(𝐼𝑅)

𝐼𝑀𝑎𝑥
     

  =
82.12

50
 

                                                 = 1.6  ≈ 2 parallel controllers 

 Two parallel connected MPPT charge controllers with a minimum voltage rating above 101.8V, a 

maximum input current above or equal to the minimum current rating of 82.12 A and the charge 

current rating above 89.58 A have to be utilized for subgrid D. The charge current value was 

calculate utilizing the maximum power generated by the PV array and the systems bus voltage 

rating. 

 

3.8 PVSYST vs. Calculation Results for PV Array and Battery Storage Sizing 

Table 3.11 shows the comparison between the calculated and PVSyst simulated results of the PV 

system design. The results include daily demand, peak power, PV array sizing, and battery sizing. 

The PVSyst suggested results are more or less similar to calculated results for PV array peak power 

and daily energy demand. However, the PVSyst suggested battery global capacity and number of 

batteries required to meet the suggested demand differ. 

The difference is caused by the fact that an estimated 20% of DC losses were considered when 

calculations were done which covers all possible aspects of losses that may occur including but 

not limited to PV array losses, DC-DC converter losses, DC cable losses, which differ from the 

losses that are assigned by PVSyst based on the PV module characteristics, converter 

characteristics, and battery technology characteristics. The difference between the loss estimated 
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for calculations and PVSyst suggested loss caused the battery storage system design results to be 

different.  

Table 3.11 PVSyst results vs. calculated results of the microgrid subgrids. 

 SUBGRID 

A-C D 

PV ARRAY DAILY ENERGY DEMAND 

CALCULATED  PVSYST  CALCULATED  PVSYST  

15300 W 15300 W 16227 W 16227 W 

PV ARRAY PEAK POWER  

3754.60 W 3755 W 3982.10 W 3975 W 

PV PANEL NOMINAL POWER 

430 W 430 W 

NUMBER OF PV PANELS 

9 9 10 9 

 

BATTERY 

STORAGE 

BATTERY CAPACITY 

64 Ah 64 Ah 

GLOBAL CAPACITY 

CALCULATED  PVSYST  CALCULATED  PVSYST  

1971.65 Ah 1406 Ah 2091.11 Ah 1491 Ah 

NUMBER OF BATTERIES 

CALCULATED  PVSYST  CALCULATED  PVSYST  

String Parallel String Parallel String Parallel String Parallel 

1 30 1 22 1 33 1 24 

 

3.9  Cable Sizing 

Cable size selection is a vital step to avoid oversizing and undersizing cables. Inefficient cable 

sizing can lead to large losses, immoderate heat, and fire when the cable is undersized while 

oversizing is a waste of money. For efficient energy distribution, cable length and cross-sectional 

area need to be properly determined, cable length (𝐶𝐿 )can be determined by physically measuring 

the distance between the components of the system, and the cable cross-sectional area (𝐶𝐴) can be 

determined by utilizing Eq. (3.10) [59]. 𝜌  represent the copper cable standard resistivity at 20℃ 

is 1.72𝑥 10−8 𝑚 𝛺, this is the measure of how much the copper cable opposes the flow of electrical 

current through it.  Furthermore, cable cross-sectional area may vary in distinct locations of the 
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system since the current varies with location. Cables need to be water resistant and UV-protected 

[59]. 

 
𝐶𝐴 =  

𝐶𝐿 ∗𝜌∗𝐼𝑐

𝑉𝐷
 x 2 

(3.10) 

𝐶𝐴 − Cable cross sectional area 

𝜌  − Cable resistivity 

𝐶𝐿 − Cable length 

𝐼𝐶  − Cable Maximum current 

𝑉𝐷 − Cable Voltage drop 

 

Figure 3.4 Microgrid subgrid A, B, C & D locations 

Fig. 3.4 illustrates the location of the microgrid subgrids and the households that will be connected 

to each microgrid subgrid. The distance between each microgrid subgrid and households was 

determined through Google Maps and listed in Table 3.15. Table 3.12 illustrates the maximum 

current rating for location 1 (between PV array and DC-DC converter) and location 2 (Between 

DC-DC converter and BES) for each microgrid subgrid. The voltage drop across all cables was 

kept at 2%, the voltage drop recommended [69]. Table 3.13 illustrates the 2% voltage drop value, 

the calculated cable cross-sectional area, and the standard cable cross-sectional area. The standard 

A 

B 

C 

D 
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cross-sectional area for the cable was selected based on the chart [70] to conform with the SANS 

10142-1 compulsory wiring specifications.  

Furthermore, maximum current ratings for each category were determined and listed in Table 3.14. 

The maximum current rating, distance, and an allowable voltage drop of (𝑉𝐷) 2% were utilized to 

determine the cross-sectional area for the wire required. Table 3.15 illustrates the length of the 

cable, the 2% voltage drop value and the cross-sectional area for cables between the microgrid 

subgrids and households. 

Table 3.12 Maximum current ratings for locations 1 and 2. 

Microgrid 

subgrid 

Location 1 Maximum 

current 

Location 2 Maximum 

current 

A PVA1 to DC-DC Conv. 73.91 DC-DC Conv. to BES 100 

B PVA2 to DC-DC Conv. 73.91 DC-DC Conv. to BES 100 

C PVA3 to DC-DC Conv. 73.91 DC-DC Conv. to BES 100 

D PVA4 to DC-DC Conv. 82.12 DC-DC Conv. to BES 100 

Table 3.13 Cross-sectional area and voltage drop percentage for locations 1 and 2 

Table 3.14 Maximum current ratings for location 3 

Category Location 3 Maximum Current 

1  Microgrid subgrid – Household 25.65 

2 Microgrid subgrid – Household 37.65 

3 Microgrid subgrid – Household 91.65 

4 Microgrid subgrid – Household 67.5 

5 Microgrid subgrid – Household 84.98 

 

Microgrid 

subgrid 

Location 1 

 Distance(m) CCSA (mm2) Calculated CCSA (mm2) Selected VD 2% 

A-C 10 15.61 25 0.96 

D 10 17.35 25 0.96 

 Location 2 

A-C 10 35 35 0.96 

D 10 35 35 0.96 
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Table 3.15 Cross-sectional area and voltage drop for location 3. 

Location 3 

A 

Household 1 2 3 4 5 6 7 8 9 10 

Distance  50 52 55 82 97 141 146 159 161 183 

CATEGORY 3 3 2 2 2 2 1 1 1 1 

VD 2% 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 

Calculated Cable Cross Sectional Area 

CCSA (mm2) 160.4 166.8 72.5 108.1 127.8 185 131.1 142.7 144.5 164.3 

Selected Standard Cable Cross sectional Area close to the calculated value 

CCSA (mm2) 185 185 95 120 150 185 150 150 150 185 

B 

Distance(m) 39 46 77 86 91 123 148 154 156 161 

CATEGORY 3 3 2 2 2 2 1 1 1 1 

VD 2% 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 

Calculated Cable Cross Sectional Area 

CCSA (mm2) 125.1 147.6 101.5 113.3 119.9 162.1 132.9 138.3 140.1 144.5 

Selected Standard Cable Cross sectional Area close to the calculated value 

CCSA (mm2) 150 150 120 120 120 185 150 150 150 150 

C 

Distance(m) 21 35 53 71 74 101 105 115 121 132 

CATEGORY 3 3 2 2 2 2 1 1 1 1 

VD 2% 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 

Calculated Cable Cross Sectional Area 

CCSA (mm2) 67.4 112.3 69.8 93.6 97.5 133.1 94.3 103.2 108.6 118.5 

Selected Standard Cable Cross sectional Area close to the calculated value 

CCSA (mm2) 70 120 70 95 120 150 95 120 120 120 

D 

Distance(m) 46 53 62 72 91 104 133 149 156 199 

CATEGORY 3 5 4 2 2 2 1 1 1 1 

VD 2% 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 

Calculated Cable Cross Sectional Area 

CCSA (mm2) 147.6 157.6 146.5 94.9 119.9 137.1 119.4 133.8 140.1 178.7 

Selected Standard Cable Cross sectional Area close to the calculated value 

CCSA (mm2) 150 185 150 95 120 150 120 150 150 185 
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3.10 Summary 

Proper sizing and choice of location are vital for designing an optimal microgrid system [17]. In 

this chapter, the location meteorological data was presented and it aided the sizing of system 

components required to implement the proposed microgrid subgrids. The subgrids were also 

simulated on PVSyst to compare the results obtained with calculated results. 

. 
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 CHAPTER 4 SYSTEM DESIGN AND SIMULATION 

MODELLING.  

4.1 Introduction 

This chapter focuses on the design and Matlab/Simulink model simulation of the proposed system 

components. The proposed distributed PV array system will comprise various stages with different 

but vital functions which are the PV array, non-isolated DC-DC converters, BES, and the energy 

management system for power-sharing. Moreover, the microgrid including all the components will 

be simulated, all simulation results and discussion are presented in Chapter 5. 

Furthermore, the aim is to provide a RE system that is optimum for users. PV arrays will be the 

source of RE, the buck-boost DC-DC converter will link the PV array and the system bus 

regulating the source voltage to 48V DC. Since PV energy can only be harvested during the 

presence of solar radiation, a BES system and the power sharing management system will be 

utilized to supplement the system's demand during low or absent solar radiation periods.  

4.2 Buck – Boost Converter 

The non-isolated unidirectional DC-DC converter that links the PV array and the local bus will be 

designed to operate in two modes (Buck or Boost) independently. When the PV array sourced 

voltage is greater than the required bus voltage the buck-boost will operate as a buck converter 

and when the PV array sourced voltage is less than the required bus voltage the buck-boost will 

operate as the boost converter regulating the system bus voltage to 48V DC. In [71-79] different 

DC-DC converters are explored in terms of design and operation, the following sub sections 

explain the operation of the buck and boost DC-DC converters separately.  

Eqs. (4.1) and (4.2) will be applied in the following sections to derive the important parameters of 

the DC-DC converter. Eq. (4.1) expresses the voltage across the inductor which is directly 

proportional to the rate of change of current passing through it [80, 81]. Eq. (4.2) expresses 

capacitor current which is directly proportional to the rate of change of voltage [81].  
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𝑉𝐿 =  𝐿

𝑑𝑖𝐿

𝑑𝑡
 

(4.1) 

 
𝑖𝑐 =  𝐶

𝑑𝑉𝑜𝑢𝑡

𝑑𝑡
 

(4.2) 

𝐿     − Inductor 
𝑉𝐿    − Voltage across the inductor 
𝑖𝐷0     − Current passing through the Inductor  
𝐶     − Capacitor 
𝑖𝑐      − Capacitor current 
𝑉𝑜𝑢𝑡  − Output voltage 

4.2.1 Buck Converter 

The buck converter is a DC-DC voltage converter with an output voltage that is less than the input 

voltage [71, 73, 75].  Fig. 4.1(a) shows an asynchronous non-isolated buck converter circuit 

diagram with the MOSFET switch (S) as a controlled switch and diode (D0) as an uncontrolled 

switch. The operation of the buck converter circuit can be analyzed based on two states (ON and 

OFF). The ON state is represented by Fig. 4.1(b), when S is switched on for the DT period, the 

input current flows through the switch, inductor, capacitor, and load. The OFF state is represented 

by Fig. 4.1(c), when S is switched off for a period of (1- D)T the inductor discharges for a 

continuous flow of current to the load through freewheeling diode (D0) [82].  

T              – Switching period 

D             – Duty Cycle  

DT           – Switch ON period 

(1 – D)T  – Switch OFF period 
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(a) 

 
(b) 

 

(c) 

Figure 4.1 (a) Buck converter conventional circuit, (b) Buck converter ON state, (c) Buck converter OFF 

state. 
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4.2.1.1 Buck Converter Parameters  

On-Time Change in Inductor Current 

During the ON state as illustrated by Fig. 4.1 (b), the voltage across the inductor (𝑉𝐿) is expressed 

with Eq. (4.3) when applying Kirchhoff’s Voltage Law (KVL) [81]. During this state, the inductor 

is charged, and the current flows to the capacitor and load. Assumptions are made that the inductor 

current rises linearly for a continuous flow of current to the load, Eq. (4.3) is substituted into Eq. 

(4.1) to derive the change in inductor current (∆𝑖𝐿) during the ON state and is expressed in Eq. 

(4.6). 

 𝑉𝐿 = 𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡 
(4.3) 

 
 
𝑑𝑖𝐿

𝑑𝑡
=

𝑉𝐿

𝐿
=

𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

𝐿
 

(4.4) 

 
∆𝑖𝐿 =  ∫

𝑉𝐿

𝐿

𝐷𝑇

0

𝑑𝑡 

(4.5) 

 
∆𝑖𝐿 =

𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

𝐿
∗ 𝐷𝑇 

(4.6) 

𝑉𝑖𝑛        − Input voltage 

∆𝑖𝐿        − Change in inductor current 
 

Off-Time Change in Inductor Current 

During the OFF state, the voltage across the inductor when switch S is switched OFF as shown in 

Fig. 4.1 (c), is expressed with Eq. (4.7) when applying KVL. The current discharged by the 

inductor has reversed polarity, this can be explained by Lenz’s law. Lenz’s law states that an 

induced current flows in the direction that opposes the change in the circuit that produces it [83]. 

The discharged current flows to the load and through forward biased diode D0. Assumptions are 

made that the inductor current drops linearly and Eq. (4.8) is utilized to find the change in inductor 

current (∆𝑖𝐿) during the OFF state and expressed in Eq. (4.10).   
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 0 = 𝑉𝐿 + 𝑉𝑜𝑢𝑡  

 𝑉𝐿 = −𝑉𝑜𝑢𝑡          (4.7) 

  
𝐿

𝑑𝑖𝐿

𝑑𝑡
= −𝑉𝑜𝑢𝑡                    

(4.8) 

 𝑑𝑖𝐿

𝑑𝑡
=

−𝑉𝑜𝑢𝑡 

𝐿
          

 

 
∆𝑖𝐿 =  ∫

−𝑉𝑜𝑢𝑡

𝐿

𝑇

𝐷𝑇

𝑑𝑡 (4.9) 

 
        ∆𝑖𝐿 = −

𝑉𝑜𝑢𝑡

𝐿
∗ (1 − 𝐷)𝑇 

(4.10) 

Peak-to-Peak Change in Inductor Current 

The total switching period (𝑇) for the buck converter is the sum of the ON switching period and 

the OFF switching period as expressed by Eq. (4.11). Utilizing Eqs. (4.6) and (4.10), 𝐷𝑇 and (1 −

𝐷)𝑇 are derived and substituted as expressed in Eq. (4.12).  The peak-to-peak change in inductor 

current is derived from Eq. (4.12) and expressed by Eq. (4.13).  

       𝑇 = 𝐷𝑇 + (1 − 𝐷)𝑇 (4.11) 

              𝑇 =  
∆𝑖𝐿𝐿

𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡
+   

∆𝑖𝐿𝐿

𝑉𝑜𝑢𝑡
    

           =
∆𝑖𝐿𝐿𝑉𝑖𝑛

𝑉𝑜𝑢𝑡(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)
   

 

(4.12) 
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                  ∆𝑖𝐿 =  
𝑉𝑜𝑢𝑡(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

𝑓𝐿𝑉𝑖𝑛
                 

 

(4.13) 

𝑓  − Switching frequency 

Peak-to-Peak Capacitor Ripple Voltage  

The equation for capacitor ripple voltage (∆𝑣𝑐) is expressed in Eq. (4.14). The capacitor (𝐶) 

charges during the last half of the ON state and begins to discharge during the first half of the OFF 

state of the power transistor of the buck converter [82]. Eq. (4.15) is utilized to derive the capacitor 

change in charge (∆𝑄) for the buck converter. Substituting Eq. (4.13) into Eq. (4.16) and 

substituting the results into Eq. (4.14), the capacitor ripple voltage can be expressed in Eq. (4.18) 

[80].  

Furthermore, Fig. 4.2  illustrates the charging and discharging of the capacitor. When the inductor 

current is above average voltage, the capacitor charges and when it is below average, the capacitor 

discharges. Steady state operation is assumed which means the amount of charge sent to the 

capacitor is equal to the amount of charge taken from the capacitor. The capacitor's discharge area 

is utilized to calculate the change in charge in Eq.( 4.15) [84, 85].   

 
Figure 4.2 Inductor Current Waveform 
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 ∆𝑣𝑐 =
∆𝑄

𝐶
 

(4.14) 

 ∆𝑄 = ∆𝐴𝑟𝑒𝑎 =
1

2
ℎ ∗ 𝑏 

(4.15) 

 
    ∆𝑄 =

1

2
∗  

∆𝑖𝐿

2
∗

𝑇

2
 

=
∆𝑖𝐿𝑇

8
=

∆𝑖𝐿

8𝑓
 

 

 

(4.16) 

 
∆𝑄 =  

𝑉𝑜𝑢𝑡(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

8𝑓2𝐿𝑉𝑖𝑛
 

 

(4.17) 

 
∆𝑣𝑐 =

𝑉𝑜𝑢𝑡(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

8𝐿𝐶𝑓2𝑉𝑖𝑛
 

 

(4.18) 

Output Voltage and Duty Cycle 

The buck converter output voltage is expressed in Eq. (4.20) and the duty cycle is expressed in Eq. 

(4.21). These equations are derived based on the inductor voltage-second balance, assuming steady 

state operation and continuous conduction mode. When the converter is operating in a steady state 

operation, the sum of the voltage across the inductor during the ON state, and the OFF state is zero 

[80, 82].  Since the voltage across the inductor is directly proportional to the rate of change of 

current passing through it, as expressed by Eq. (4.1), Eq. (4.19) represents the voltage-second 

balance of the inductor which is utilized to derive the output voltage and duty cycle equations.  
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Voltage-second Balance 

 ∆𝑖𝐿(𝑂𝑁 𝑇𝑖𝑚𝑒) + ∆𝑖𝐿(𝑂𝐹𝐹 𝑇𝑖𝑚𝑒) = 0  
(4.19) 

 (𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡) ∗ 𝐷𝑇

𝐿
+

(−𝑉𝑜𝑢𝑡) ∗ (1 − 𝐷)𝑇

𝐿
= 0 

 

 
𝑉𝑖𝑛 ∗ 𝐷 − 𝑉𝑜𝑢𝑡 ∗ 𝐷 =  𝑉𝑜𝑢𝑡 − 𝑉𝑜𝑢𝑡 ∗ 𝐷 

 

 
𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 ∗ 𝐷 

(4.20) 

 𝐷 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
  (4.21) 

 

4.2.2 Boost Converter  

The boost converter is a DC-DC voltage converter with an output voltage that is greater than the 

input voltage [71-73, 78].  Fig. 4.3(a) illustrates the asynchronous non-isolated boost converter 

circuit diagram, S represents the MOSFET which is the controlled switch and the diode (D0) is 

the uncontrolled switch. The boost converter is a switching circuit, its operation is divided into 

two States (ON and OFF). The first state (ON) is represented by Fig. 4.3(b), when S is switched 

ON for a period of DT the input current flows through the inductor (L) and switch (S). The second 

state (OFF) is represented by Fig. 4.3(c) when S is switched OFF for a period of (1- D)T the 

inductor is discharged acting as a source in conjunction with the input source which maintains the 

flow of current to the load through the freewheeling diode (D0) [82]. 
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(a) 

 

(b) 

 

(c) 

Figure 4.3 (a) Boost converter circuit diagram, (b) Boost converter ON state, (c) Boost converter OFF state. 
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4.2.2.1 Boost Converter Parameters 

On-Time Change in Inductor Current 

During switch S ON state the inductor voltage is equal to the input voltage, expressed in Eq. (4.22) 

when applying KVL. Since our DC-DC converter design will have a continuous flow of current to 

the load, the current through the inductor is assumed to be rising linearly. The inductor ripple 

current (∆𝑖𝐿) during the switch S ON state can be derived from substituting Eq. (4.22) into Eq. 

(4.1) and expressed with Eq. (4.24). 

 𝑉𝐿 = 𝑉𝑖𝑛 (4.22) 

 𝑑𝑖𝐿

𝑑𝑡
=

𝑉𝐿

𝐿
=

𝑉𝑖𝑛

𝐿
 (4.23)  

 
∆𝑖𝐿 =  ∫

𝑉𝑖𝑛

𝐿

𝐷𝑇

0

𝑑𝑡 =
𝑉𝑖𝑛

𝐿
∗ 𝐷𝑇 (4.24) 

Off-Time Change in Inductor Current 

During the OFF state of switch S, the inductor voltage ( 𝑉𝐿) is expressed with Eq. (4.25) when 

applying KVL. Eq. (4.26) is derived from substituting Eqs. (4.25) into Eq. (4.1). The current 

through the inductor is assumed to be falling linearly and can be derived from Eq. (4.26). Utilizing 

Eq. (4.26) the inductor ripple current (∆𝑖𝐿) during the OFF state can be derived and expressed by 

Eq. (4.28). 

    𝑉𝐿 = 𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡 (4.25)  

 
           

𝑑𝑖𝐿

𝑑𝑡
=

𝑉𝐿

𝐿
=

𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

𝐿
 (4.26) 
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               ∆𝑖𝐿 =  ∫

𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

𝐿

𝑇

𝐷𝑇

𝑑𝑡 

                               =
𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

𝐿
∗ (1 − 𝐷)𝑇 

(4.27) 

 

(4.28) 

 

Peak-to-Peak Change in Inductor Current 

The inductor ripple current Eqs. (4.24 & 4.28) are utilized to derive 𝐷𝑇  and  (1 − 𝐷)𝑇 equations 

as expressed in Eq. ( 4.29). Utilizing Eq. (4.29) the peak-to-peak inductor ripple current is derived 

and expressed with Eq. (4.30). 

 
𝑇 = 𝐷𝑇 + (1 − 𝐷)𝑇 

           =  
∆𝑖𝐿𝐿

𝑉𝑖𝑛
+   

∆𝑖𝐿𝐿

𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛
 

   =
∆𝑖𝐿𝐿𝑉𝑜𝑢𝑡

𝑉𝑖𝑛(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛)
 

(4.29) 

 
∆𝑖𝐿 =  

𝑉𝑖𝑛(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛)

𝑓𝐿𝑉𝑜𝑢𝑡
    (4.30) 

Peak-to-Peak Capacitor Ripple Voltage 

The conventional equation for capacitor ripple voltage (∆𝑣𝑐) is expressed in Eq. (4.31). The change 

in charge (∆𝑄) is calculated by Eq. (4.32). Substituting Eq. (4.33) into Eq. (4.31) will result in Eq. 

(4.35) which expresses the peak-to-peak capacitor ripple voltage. Moreover, Fig. 4.4 illustrates the 

charging and discharging of the output capacitor of the boost converter. When the diode current 

(𝑖𝐷) is below average the capacitor discharges and when the diode current is above average the 

capacitor charges. Steady state operation is assumed and the amount of charge sent to the capacitor 

is equal to the amount of charge taken from the capacitor. The capacitor's discharge area is utilized 

to calculate the change in charge in Eq. (4.32) [86, 87].   
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Figure 4.4 Boost Converter Diode Current Waveform 

 
∆𝑣𝑐 =

∆𝑄

𝐶
          

  

(4.31) 

                           ∆𝑄 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑟𝑒𝑐𝑡.   

=  𝑤 ∗ 𝑙 

    =  𝑖𝐷 ∗ 𝐷𝑇 

(4.32) 

 

(4.33) 

 
    ∆𝑣𝑐  =  

𝑖𝑜𝑢𝑡

𝐶
∗ 𝐷𝑇           (4.34) 

 
  =  

𝑖𝑜𝑢𝑡 ∗ 𝐷

𝑓𝐶
 (4.35) 

𝑖𝐷       − Current across the diode  

𝑤       − current across the diode value 

𝑙         −  ON switching period value 

Average Output Voltage and Duty Cycle 

The boost converter output voltage expressed in Eq. (4.37) and duty cycle expressed in Eq. (4.38) 

is derived from the inductor voltage-second balance from Eqs. (4.24) and (4.28) when steady state 

operation is assumed. 
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 ∆𝑖𝐿(𝑂𝑁 𝑆𝑡𝑎𝑡𝑒) + ∆𝑖𝐿(𝑂𝐹𝐹 𝑆𝑡𝑎𝑡𝑒) = 0  

 
(4.36) 

 𝑉𝑖𝑛

𝐿
∗ 𝐷𝑇 +

𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡

𝐿
∗ (1 − 𝐷)𝑇 = 0 

 

 

 𝑉𝑖𝑛 ∗ 𝐷 = −𝑉𝑖𝑛 + 𝑉𝑜𝑢𝑡 + 𝐷 ∗ 𝑉𝑖𝑛 − 𝐷 ∗ 𝑉𝑜𝑢𝑡  

 

 

 
𝑉𝑜𝑢𝑡 =

𝑉𝑖𝑛

1 − 𝐷
 

 

(4.37) 

 
            𝐷 =

𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
  

(4.38) 

4.3 Small signal Modeling 

The small signal modeling approach was applied to the buck and boost operations of the Buck-

Boost converter. This approach enables a designer to analyze how small variations of the input 

voltage, current, and duty cycle affect the output voltage utilizing transfer functions [88, 89]. 

Transfer functions are further utilized to design feedback control. Sections 4.3.1 and 4.3.2 cover 

the small signal modeling of the buck and boost operations of the non-isolated unidirectional buck-

boost converter.  

Moreover, steps were followed to derive the small signal model of the buck and boost operations 

of the converter.  

I. Step 1 – This step includes deriving inductor voltage and capacitor current equations 

during the ON and OFF states as expressed by Eqs. (4.1), (4.7), (4.22), (4.25), (4.39), 

(4.40), (4.45) and (4.46). These equations are utilized in stage 2 to determine the steady 

state operation of the converter.  

II. Step 2 – Averaging inductor voltage by applying inductor voltage sec balance and 

averaging the capacitor current by applying capacitor charge balance, expressed by Eqs. 

(4.41), (4.43), (4.47) and (4.49). This stage determines the steady state operating point of 

the converter. 

III. Step 3 – Perturbation is a small variation from a known or assumed value often around 

steady state operating point. This can be achieved by replacing average time variant signal 

with average DC and small signal component. This step is vital before engaging with step 
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4, perturbations of the operating point are introduced and then expressed in the converters 

steady state equations.  

IV. Step 4 – Linearization simplifies complex differential equations into linear equations to 

simplify the process of deriving analytic solutions or to apply control techniques. To 

achieve step 4, the equation obtained after step 3 is analyzed, the steady state DC 

component variables that are highlighted in green, and the nonlinear variables highlighted 

in red are removed. Eqs. (4.42), (4.44), (4.48) and (4.50) are linearized equations which 

enables the designer to analyze the system’s response to perturbation which is very helpful 

in control systems design and it also enables the use of linear stability analysis techniques 

to assess the stability of the system. 

4.3.1  Buck Converter  

ON – Time steady state  

 𝑉𝐿 = 𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡   

 

 

𝑖𝑐 = 𝑖𝐿 − 𝑖𝑜𝑢𝑡 

       =  𝑖𝐿 −
𝑉𝑜𝑢𝑡

𝑅𝐿
 

(4.39)  

𝑖𝑜𝑢𝑡    − Output current 

𝑅𝐿      − Load resistor 

OFF – Time steady state 

  𝑉𝐿 = − 𝑉𝑜𝑢𝑡   

 

 

     𝑖𝑐 = 𝑖𝐿 − 𝑖𝑜𝑢𝑡 

           =  𝑖𝐿 −
𝑉𝑜𝑢𝑡

𝑅𝐿
 

(4.40) 

Inductor Voltage.Sec balance 

 
𝐿

𝑑𝐼𝐿

𝑑𝑡
= 𝐷(𝑡)(𝑉𝑖𝑛(𝑡) − 𝑉𝑜𝑢𝑡(𝑡)) + (1 − 𝐷)(𝑡)(− 𝑉𝑜𝑢𝑡(𝑡)) (4.41) 

Perturbation V(t) = V + v. 

𝐿
𝑑(𝐼𝐿 + 𝑖̃L)

𝑑𝑡
= (𝐷 + d̃)((𝑉𝑖𝑛 + 𝑣̃𝑖𝑛) − (𝑉𝑜𝑢𝑡 + 𝑣̃𝑜𝑢𝑡)) + (1 − (𝐷 + 𝑑̃)) (− (𝑉𝑜𝑢𝑡 − 𝑣̃𝑜𝑢𝑡)) 
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Linearization 

= 𝐷𝑉𝑖𝑛 +  𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 +  𝑑̃𝑣̃in −  𝐷𝑉𝑜𝑢𝑡 −  𝐷𝑣̃𝑜𝑢𝑡 − 𝑑̃𝑉𝑜𝑢𝑡 

 

− 𝑑̃𝑣̃𝑜𝑢𝑡 − 𝑉𝑜𝑢𝑡 − 𝑣̃𝑜𝑢𝑡 + D𝑉𝑜𝑢𝑡 + D𝑣̃𝑜𝑢𝑡 + 𝑑̃𝑉𝑜𝑢𝑡 + 𝑑̃𝑣̃𝑜𝑢𝑡 

 

= 𝐷𝑉𝑖𝑛  − 𝑉𝑜𝑢𝑡 + 𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 − 𝑣̃𝑜𝑢𝑡 +  𝑑̃𝑣̃in 

 

=𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 − 𝑣̃𝑜𝑢𝑡 

 

 
𝐿

𝑑𝑖̃L
𝑑𝑡

= 𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 − 𝑣̃𝑜𝑢𝑡 
 

(4.42) 

𝑣̃in  − Input voltage perturbation 

𝑣̃𝑜𝑢𝑡 − Output voltage perturbation 

𝑑̃      − Duty cycle perturbation 

𝑖̃L     − Inductor current perturbation  

Capacitor Charge Balance 

 
𝐶

𝑑𝑉𝐶

𝑑𝑡
= 𝐷(𝑡) (𝐼𝐿(𝑡) −

𝑉𝑜𝑢𝑡(𝑡)

𝑅𝐿(𝑡)
) + (𝐼𝐿(𝑡) −

𝑉𝑜𝑢𝑡(𝑡)

𝑅𝐿(𝑡)
)(1 − 𝐷)(𝑡) (4.43) 

  

Perturbation V(t) = V + v 

𝐶
𝑑(𝑉𝑜𝑢𝑡 + 𝑣̃𝑜𝑢𝑡)

𝑑𝑡
= (𝐷 + d̃)(𝐼𝐿 + 𝑖̃L −

𝑉𝑜𝑢𝑡

𝑅𝐿
−

𝑣̃𝑜𝑢𝑡

𝑅𝐿
) + (1 − (𝐷 + 𝑑̃)) (𝐼𝐿 + 𝑖̃L −

𝑉𝑜𝑢𝑡

𝑅𝐿
−

𝑣̃𝑜𝑢𝑡

𝑅𝐿
) 

Linearization 

=  𝐷𝐼𝐿 +  𝐷𝑖̃L + 𝑑̃𝐼𝐿 +  𝑑̃𝑖̃L − 𝑑̃
𝑉𝑜𝑢𝑡

𝑅𝐿
−  𝑑̃

𝑣̃𝑜𝑢𝑡

𝑅𝐿
−  𝐷

𝑉𝑜𝑢𝑡

𝑅𝐿
−  𝐷

𝑣̃𝑜𝑢𝑡

𝑅𝐿
+ 𝐼𝐿 + 𝑖̃L −

𝑉𝑜𝑢𝑡

𝑅𝐿
− 

 

𝑣̃𝑜𝑢𝑡

𝑅𝐿
− 𝐷𝐼𝐿 −  𝐷𝑖𝐿 − 𝑑𝐼𝐿 −  𝑑𝑖𝐿 + 𝐷

𝑉𝑜𝑢𝑡

𝑅𝐿
+  𝐷

𝑣̃𝑜𝑢𝑡

𝑅𝐿
+ 𝑑

𝑉𝑜𝑢𝑡

𝑅𝐿
+  𝑑

𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 

= 𝐼𝐿 −
𝑉𝑜𝑢𝑡

𝑅𝐿
 +𝑖̃L −

𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 

=𝑖̃L −
𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 
𝐶

𝑑𝑣̃𝑜𝑢𝑡

𝑑𝑡
= 𝑖̃L −

𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 

(4.44) 
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4.3.2 Boost Converter  

ON – Time steady state  

 
𝑉𝐿 = 𝑉𝑖𝑛 

  

 

 

      𝐼𝑐 = −𝐼𝑜𝑢𝑡 

             =  −
𝑉𝑜𝑢𝑡

𝑅𝐿
 

(4.45) 

OFF – Time steady state  

 
   𝑉𝐿 = 𝑉𝑖𝑛 −  𝑉𝑜𝑢𝑡 

  

 

 

𝐼𝑐 = 𝐼𝐿 − 𝐼𝑜𝑢𝑡 

      =  𝐼𝐿 −
𝑉𝑜𝑢𝑡

𝑅𝐿
 

(4.46) 

Inductor Voltage.sec balance 

 
𝐿

𝑑𝐼𝐿

𝑑𝑡
= 𝐷(𝑉𝑖𝑛) + (1 − 𝐷)(𝑉𝑖𝑛 −  𝑉𝑜𝑢𝑡) 

(4.47) 

Perturbation V(t) = V + v. 

𝐿
𝑑(𝐼𝐿 + 𝑖̃L)

𝑑𝑡
= (𝐷 + d̃)(𝑉𝑖𝑛 + 𝑣̃in) + (1 − (𝐷 + 𝑑̃)) ((Vin + 𝑣̃in) −  (𝑉𝑜𝑢𝑡 + 𝑣̃𝑜𝑢𝑡)) 

Linearization 

= (𝐷 + d̃)(𝑉𝑖𝑛 + 𝑣̃in) + (1 − (𝐷 + 𝑑̃)) (𝑉𝑖𝑛 + 𝑣̃in −  (𝑉𝑜𝑢𝑡 + 𝑣̃𝑜𝑢𝑡) 

 

= 𝐷𝑉𝑖𝑛 +  𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 +  𝑑̃𝑣̃in + 𝑉𝑖𝑛 + 𝑣̃in − 𝑉𝑜𝑢𝑡 − 𝑣̃𝑜𝑢𝑡 − 𝐷𝑉𝑖𝑛 

− 𝐷𝑣̃in + 𝐷𝑉𝑜𝑢𝑡 + 𝐷𝑣̃𝑜𝑢𝑡 − 𝑑̃𝑉𝑖𝑛 −  𝑑̃𝑣̃in + 𝑑̃𝑉𝑜𝑢𝑡 + 𝑑̃𝑣̃𝑜𝑢𝑡 

 

= 𝐷𝑉𝑖𝑛 − 𝐷𝑉𝑖𝑛 + 𝐷𝑉𝑜𝑢𝑡 + 𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡 +  𝐷𝑣̃in −  𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 + 𝑣̃in 

 

−𝑣̃𝑜𝑢𝑡 + 𝐷𝑣̃𝑜𝑢𝑡 − 𝑑̃𝑉𝑖𝑛 + 𝑑̃𝑉𝑜𝑢𝑡 +  𝑑̃𝑣̃in −  𝑑̃𝑣̃in + 𝑑̃𝑣̃𝑜𝑢𝑡 

 

=𝑣̃in − 𝑣̃𝑜𝑢𝑡 + 𝐷𝑣̃𝑜𝑢𝑡 + 𝑑̃𝑉𝑜𝑢𝑡 

 

 
𝐿

𝑑𝑖̃L
𝑑𝑡

= 𝑣̃in + 𝑑̃𝑉𝑜𝑢𝑡 − 𝑣̃𝑜𝑢𝑡(1 − 𝐷) 
 

(4.48) 
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 Capacitor Charge Balance 

 
𝐶

𝑑𝑉𝑜𝑢𝑡

𝑑𝑡
= 𝐷 (−

𝑉𝑜𝑢𝑡

𝑅𝐿
) + (𝐼𝐿 −

𝑉𝑜𝑢𝑡

𝑅𝐿
)(1 − 𝐷) 

(4.49)  

  

Perturbation V(t) = V + v. 

𝐶
𝑑(𝑉𝑜𝑢𝑡 + 𝑣̃𝑜𝑢𝑡)

𝑑𝑡
= (𝐷 + d̃)(− (

𝑉𝑜𝑢𝑡

𝑅𝐿
+

𝑣̃𝑜𝑢𝑡

𝑅𝐿
)) + (1 − (𝐷 + 𝑑̃)) (𝐼𝐿 + 𝑖𝐿̃ − (

𝑉𝑜𝑢𝑡

𝑅𝐿
+

𝑣̃𝑜𝑢𝑡

𝑅𝐿
)) 

Linearization 

= −𝑑
𝑉𝑜𝑢𝑡

𝑅𝐿
−  𝑑

𝑣̃𝑜𝑢𝑡

𝑅𝐿
−  𝐷

𝑉𝑜𝑢𝑡

𝑅𝐿
−  𝐷

𝑣̃𝑜𝑢𝑡

𝑅𝐿
+ 𝐼𝐿 + 𝑖̃L −

𝑉𝑜𝑢𝑡

𝑅𝐿
−

𝑣̃𝑜𝑢𝑡

𝑅𝐿
− 𝐷𝐼𝐿 

 

− 𝐷𝑖̃L − 𝑑̃𝐼𝐿 −  𝑑̃𝑖̃L + 𝐷
𝑉𝑜𝑢𝑡

𝑅𝐿
+ 𝐷

𝑣̃𝑜𝑢𝑡

𝑅𝐿
+ 𝑑̃

𝑉𝑜𝑢𝑡

𝑅𝐿
+  𝑑̃

𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 

=  𝐼𝐿 − 𝐷𝐼𝐿 −
𝑉𝑜𝑢𝑡

𝑅𝐿
 +𝑖̃L −  𝐷𝑖̃L − 𝑑̃𝐼𝐿 −

𝑣̃𝑜𝑢𝑡

𝑅𝐿
− 𝑑̃𝑖𝐿̃ 

 

=𝑖̃L(1 − D) − 𝑑̃𝐼𝐿 −
𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 
𝐶

𝑑𝑣̃𝑜𝑢𝑡

𝑑𝑡
= 𝑖̃L(1 − D) − 𝑑̃𝐼𝐿 −

𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 

 

 

(4.50) 

4.4 Frequency Domain DC-DC Converter Modeling 

Laplace transforms are utilized to translate the time domain equations to frequency domain 

equations. The translated equations are then utilized to derive the transfer functions for the system. 

The transfer function describes a correlation between the input and the output of the system. 

Moreover, transfer functions play a vital role in designing a feedback controller for the DC-DC 

converter. In Section 4.3 small signal model equations for both buck and boost operations of the 

converter are derived, these equations are in the time domain.  

The Laplace transform will be utilized to translate the equations to the frequency domain. 

Furthermore, the frequency domain equations will be utilized to derive the transfer functions of 

the converter for the buck and boost operations. The transfer functions derived will provide a 
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platform to design a feedback controller for the converter utilizing frequency response techniques 

based on a small signal model. 

4.4.1 Buck Converter Transfer Function 

The time domain Eqs. (4.42) and (4.44) are translated to frequency domain Eqs. (4.51) and (4.52) 

to obtain a transfer function for the buck converter [90, 91]. The simultaneous method is utilized 

in the process of deriving the transfer functions in Eq. (4.56 – 4.58).  

Laplace Transform 

 𝑠𝐿𝑖̃L = 𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 − 𝑣̃𝑜𝑢𝑡 

 
(4.51)  

 

 
𝑠𝐶𝑣̃𝑜𝑢𝑡 = 𝑖̃L −

𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 

𝑖̃L =   𝑣̃𝑜𝑢𝑡(𝑠𝐶 + 
1

𝑅𝐿
) 

 

 

(4.52) 

 

(4.53) 

Substitute 4.53 to 4.51 
𝑠𝐿𝑣̃𝑜𝑢𝑡 (𝑠𝐶 +  

1

𝑅𝐿
) = 𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 − 𝑣̃𝑜𝑢𝑡 

 

𝑣̃𝑜𝑢𝑡  (𝑠2𝐿𝐶 +
𝑠𝐿

𝑅𝐿
+ 1 ) =  𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 

 

𝑣̃𝑜𝑢𝑡 =  𝑣̃in

𝐷

𝑠2𝐿𝐶 +
𝑠𝐿
𝑅𝐿

+ 1
+ 𝑑̃

𝑉𝑖𝑛

𝑠2𝐿𝐶 +
𝑠𝐿
𝑅𝐿

+ 1
 

 

 

 

 

 

(4.54) 

  

𝑣̃𝑜𝑢𝑡 =   
𝑖̃L

𝑠𝐶 +  
1

𝑅𝐿

  

 

 

 

(4.55) 
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Substitute 4.55 to 4.51 
𝑠𝐿𝑖̃L = 𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 −

𝑖̃L

𝑠𝐶 +  
1

𝑅𝐿

  

 

𝑖̃L  (
𝑠2𝐿𝐶 +

𝑠𝐿
𝑅𝐿

+ 1

𝑠𝐶 + 
1

𝑅𝐿

 ) =  𝐷𝑣̃in + 𝑑̃𝑉𝑖𝑛 

 

 

𝑖̃L =  𝑣̃in

𝐷(𝑠𝐶 +  
1

𝑅𝐿
)

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 1

+ 𝑑̃
𝑉𝑖𝑛(𝑠𝐶 +  

1
𝑅𝐿

)

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 1

 

 

Transfer Functions Eqs.  

Controlled output 

 
Gvd(𝑠) =

𝑣̃𝑜𝑢𝑡

𝑑̃
|𝑣̃in=0 =  

Vin

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 1

 

(4.56) 

 

lined to output 

 
Gvg(𝑠) =

𝑣̃𝑜𝑢𝑡

𝑣̃in
|𝑑̃=0 =   

𝐷

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 1

 

(4.57)  

Duty cycle to the inductor's current 

 
Gid(𝑠) =

𝑖̃L

𝑑̃
|𝑣̃in=0 =  

Vin

𝑅𝐿
∗  

𝑠𝑅𝐿𝐶 + 1

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 1

 

(4.58)  

4.4.2 Boost Converter Transfer Function 

The small signal modeled time domain boost operation Eqs. (4.48) and (4.50) are translated to 

frequency domain Eqs. (4.59) and (4.60) to obtain a transfer function for the boost converter [90, 

91]. The simultaneous method is utilized in the process of deriving the transfer functions 

expression for boost operation.  
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Laplace Transform 

 𝑠𝐿𝑖̃L = 𝑣̃in + 𝑑̃𝑉𝑜𝑢𝑡 − 𝑣̃𝑜𝑢𝑡𝐷́ (4.59)  

 

 
𝑠𝐶𝑣̃𝑜𝑢𝑡 = 𝑖̃L𝐷́ − 𝑑̃𝐼𝐿 −

𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 

𝑖̃L =  
𝑣̃in + 𝑑̃𝑉𝑜𝑢𝑡 − 𝑣̃𝑜𝑢𝑡𝐷́

𝑠𝐿
 

 

 

(4.60) 

 

(4.61) 

Substitute 

4.61 to 4.60 
𝑠𝐶𝑣̃𝑜𝑢𝑡 = ( 

𝑣̃in + 𝑑̃𝑉𝑜𝑢𝑡 − 𝑣̃𝑜𝑢𝑡𝐷́

𝑠𝐿
 ) 𝐷́ − 𝑑̃𝐼𝐿 −

𝑣̃𝑜𝑢𝑡

𝑅𝐿
 

 

𝑣̃𝑜𝑢𝑡  (𝑠𝐶 +
𝐷́2

𝑠𝐿
+

1

𝑅
 ) =  

𝐷́𝑣̃in

𝑠𝐿
+

𝑑̃𝑉𝑜𝑢𝑡𝐷́ − 𝑠𝐿𝐼𝐿𝑑̃

𝑠𝐿
 

 

𝑣̃𝑜𝑢𝑡 =  𝑣̃in

𝐷́

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 𝐷́2

+ 𝑑̃
𝐷́𝑉𝑜𝑢𝑡 − 𝑠𝐿𝐼𝐿

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 𝐷́2

 

 

 

Eq. (4.62) was derived from Eq. (4.60) 

Substitute 

4.62 to 4.59 
𝑣̃𝑜𝑢𝑡 =  

𝑅𝐿𝑖̃𝐿𝐷́ − 𝑅𝐿dIL𝐷́

𝑅𝐿𝑠𝐶 + 1
 

  

(4.62) 

 

𝑠𝐿𝑖̃L = 𝑣̃in + 𝑑̃𝑉𝑜𝑢𝑡 −  
𝑅𝐿𝑖̃𝐿𝐷́ − 𝑅𝐿dIL

𝑅𝐿𝑠𝐶 + 1
∗ 𝐷́ 

 

𝑖̃L  (
𝑠2𝑅𝐿𝐿𝐶 + 𝑠𝐿 + 𝑅𝐿𝐷́2

𝑅𝐿𝑠𝐶 +  1
 ) = ṽin + 𝑑̃𝑉𝑜𝑢𝑡 +

𝑅𝐿dIL𝐷́

𝑅𝐿𝑠𝐶 +  1
 

 

𝑖̃L = 𝑣̃in

1

𝑅𝐿
∗

𝑅𝐿𝑠𝐶 +  1

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 𝐷́2

+  𝑑̃
𝑉𝑜𝑢𝑡

𝑅𝐿
∗

𝑅𝐿𝑠𝐶 +  2

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 𝐷́2
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Transfer Functions 

Controlled output 

 

Gvd(𝑠) =
𝑣̃𝑜𝑢𝑡

𝑑̃
|𝑣̃𝑖𝑛=0 =

𝐷́𝑉𝑜𝑢𝑡 − 𝑠𝐿𝐼𝐿

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 𝐷́2

=  
𝑉𝑜𝑢𝑡

𝐷́2
∗

𝐷́ − 𝑠
𝐿𝐼𝐿

𝑉𝑜𝑢𝑡

𝑠2 𝐿𝐶

𝐷́2
+ 𝑠

𝐿

𝑅𝐿𝐷́2
+ 1

 

(4.63)  

lined to output. 

 
Gvg(𝑠) =

𝑣̃𝑜𝑢𝑡

𝑣̃𝑖𝑛
|𝑑=0 =   

𝐷́

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 𝐷́2

=
𝐷́

𝐷́2

1

𝑠2 𝐿𝐶

𝐷́2
+ 𝑠

𝐿

𝑅𝐿𝐷́2
+ 1

 

(4.64)  

 

Duty cycle to Inductor current 

 
Gid(𝑠) =

𝑖̃L

𝑑̃
|𝑣̃𝑖𝑛=0 =   

𝑉𝑜𝑢𝑡

𝑅𝐿
∗

𝑅𝐿𝐶𝑠 +  2

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 𝐷́2

=
𝑉𝑜𝑢𝑡

𝑅𝐿𝐷́2
∗

𝑅𝐿𝐶𝑠 +  2

𝑠2 𝐿𝐶

𝐷́2
+ 𝑠

𝐿

𝐷́2𝑅𝐿
+ 1

 

(4.65) 

4.5 Converter Design 

The PV array generated voltage, which is the input voltage to the buck-boost converter varies. This 

is due to the changes in irradiance and temperature. The converter linking the PV array and the 

DC bus will play a vital role in regulating the bus voltage to 48V DC. Parameters for the buck and 

boost operations design of the converter are calculated based on the assumption that the maximum 

and minimum input voltage is constant, the converter is operating in a steady state, continuous 

conduction mode, and no losses are accounted for.  

Furthermore, the proposed system will use a 2-switch buck-boost non-inverting unidirectional DC-

DC converter. The converter will be designed to operate with only two modes (buck or boost) [74-

77, 79]. The mode of operation will be selected depending on the status of the bus voltage. If the 

bus voltage is > 48 V DC buck operation will be selected, however, when the bus voltage is  < 48 
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V DC boost operation will be selected. Moreover, the duty cycle controls the 2 MOSFET switches 

to achieve the desired converter output voltage, and the duty cycle values for the buck and boost 

operations are calculated utilizing Eqs. (4.21) and (4.38).  

The converter passive components values were calculated. The inductor equations for both buck 

and boost operations are derived from Eqs. (4.13) and (4.30), whereas the equations to calculate 

the capacitor value for both the buck and boost operations are derived from Eqs. (4.18) and (4.35). 

Moreover, the inductor ripple current is estimated to be 20% of the input current and the capacitor 

ripple voltage is estimated to be 1% of the output voltage. Table 4.1 illustrates important 

specifications that will aid the process of mathematically designing a converter. 

Table 4.1 Subgrid A-D system specifications for DC-DC Buck-Boost converter design 

System Specifications 

Microgrid subgrid A-C D 

Daily Demand PV Array output power (w) 15300 16227 

PV Array Maximum Peak output power (w) 3754.60 3982.10 

PV Array Maximum Peak output current (A) 54.99 61.10 

PV Array maximum output voltage (v) 70.4 70.4 

PV Array minimum output voltage (v) 10 10 

Converter Maximum output voltage (v) 48 48 

Converter Maximum output current (A) 78 83 

Converter Minimum output current (A) 5.6 5.3 

Switching frequency (KHz) 25  25 

Load Resistance () 0.62 0.58 

 

Buck Duty Cycle Boost Duty Cycle 

𝐷 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 

      =
48

70.4
 

                                  = 0.68 

𝐷 =
𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
 

    =
48 − 10

48
 

 = 0.79 
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Subgrids A-C 

Buck Operation Boost Operation 

𝐿 >
𝑉𝑜𝑢𝑡(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

𝑓𝑠𝑉𝑖𝑛∆𝑖𝐿
 

 

>
48(70.4 − 48)

25𝑥103 ∗ 70.4 ∗ 10.9
 

 

> 56𝑥10−6 

𝐿 >
𝑉𝑖𝑛(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛)

𝑓𝑉𝑜𝑢𝑡∆𝑖𝐿
 

 

>
10(48 − 10)

25𝑥103 ∗ 48 ∗ 10.9
 

 

> 29𝑥10−6 

Chosen value 

𝐿 = 60𝑥10−6 

 

𝐶 >
𝑉𝑜𝑢𝑡(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

8 ∗ 𝐿 ∗ 𝑓𝑠
2 ∗ ∆𝑣𝑐

 

 

>
1 − 0.68

8 ∗ 60𝑥10−6(25𝑥103)2 ∗ 0.48 48⁄
 

 

> 7.5𝑥10−3 

 

𝐶 >
𝐷 ∗ 𝐼𝑜𝑢𝑡

𝑓𝑠 ∗ ∆𝑣𝑐
 

 

>
0.79 ∗ 78

25𝑥103 ∗ 0.48
 

 

> 5.1𝑥10−3 

Chosen value  
𝐶 = 10𝑥10−3 

 

Subgrid D 

Buck Operation Boost Operation 

𝐿 >
𝑉𝑜𝑢𝑡(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

𝑓𝑠𝑉𝑖𝑛∆𝑖𝐿
 

 

>
48(70.4 − 48)

25𝑥103 ∗ 70.4 ∗ 12.2
 

 

> 50𝑥10−6 

𝐿 >
𝑉𝑖𝑛(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛)

𝑓𝑉𝑜𝑢𝑡∆𝑖𝐿
 

 

>
10(48 − 10)

25𝑥103 ∗ 70.4 ∗ 12.2
 

 

> 18𝑥10−6 

Chosen value 
𝐿 = 60𝑥10−6 
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𝐶 >
𝑉𝑜𝑢𝑡(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

8 ∗ 𝐿 ∗ 𝑓𝑠
2 ∗ ∆𝑣𝑐

 

 

>
1 − 0.68

8 ∗ 60𝑥10−6(25𝑥103)2 ∗ 0.48 48⁄
 

 

> 7.5𝑥10−3 

 

𝐶 >
𝐷 ∗ 𝐼𝑜𝑢𝑡

𝑓𝑠 ∗ ∆𝑣𝑐
 

 

>
0.79 ∗ 83

25𝑥103 ∗ 0.48
 

 

> 5.4𝑥10−3 

Chosen value  

𝐶 = 10𝑥10−3 

4.5.1 Mathematical Modeling of DC-DC Converters Using a Transfer Function. 

Buck and boost operation transfer functions were utilized to model and analyze the buck-boost 

converter in the S-domain. These transfer functions were derived in sections 4.4 and 4.5, and in 

this section, they will be simulated in MATLAB and Simulink to analyze the response of the buck-

boost converter. The step response plot was used in analyzing the response of the buck-boost. The 

step response aids the process of analyzing closed-loop system behavior when a unit step input is 

applied to the designed system. The characteristics of the step response that will be analyzed are 

the rise time, overshoot, settling time, and steady state error.  

Furthermore, controllers will be designed for the closed-loop buck-boost converter to adhere to 

certain design requirements and to obtain the desired response. The compensator for each 

operation was designed utilizing the control systems design computer application in MATLAB. 

The computer application allows the designer to graphically design a compensator for the system 

by adding poles/zeros in a closed loop system Bode and/or root locus plots.  

Moreover, a closed Loop Bode Editor graphical tuning method was utilized for the design of the 

compensators for the buck and boost operations. The preferable design requirements were that the 

closed loop system with compensator bode plots needs to have a gain margin of 2-10 dB and a 

phase margin of 30-60 degrees [92] for a robust system. The desired step response characteristics 

of the compensated buck-boost converter were, that it needs to achieve ≤0.005 seconds rise time, 

≤0.2 seconds settling time, 0% overshoot, and a steady state error of 0.  
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4.5.1.1 Buck Operation 

The buck operation controlled input transfer function after substituting the converter LCR values 

is illustrated by Eq. (4.66). 

 
Gvd(𝑠) =  

Vin

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 1

 

 

Gvd(𝑠) = 70.4 ∗  
1

6𝑥10−7𝑠2 + 9.7𝑥10−5𝑠 + 1
 

 

 

 

 

 

(4.66) 

  

The uncompensated unity feedback buck operation transfer function was simulated, the results 

indicated good rise time and settling time as per design requirements. However, the step response 

plot had an overshot percentage greater than > 0%, and a steady state error > 0. A compensator 

is required to reduce the overshot to 0% and the steady state error to 0. The compensator was 

designed utilizing the control system designer app on MATLAB by adding a real pole and real 

zero to the bode plot of the buck operation closed-loop transfer function to achieve the required 

response. Eq. (4.67) expresses the transfer function of the compensator designed on the control 

system designer app. 

Furthermore, a closed-loop transfer function of the buck operation and the designed compensator 

were simulated in Simulink to further observe and confirm the results obtained from the control 

systems designer App. Fig. 4.5 illustrates the Simulink simulation,   

 
C(𝑠) =

0.065107(𝑠 + 983)

𝑠 + 0.8
 

(4.67) 
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Figure 4.5 Buck Operation Transfer Function and Compensator Simulation on Simulink 

 

4.5.1.2 Boost Operation 

The boost controlled input transfer function is represented in Eq. (4.68) with substituted LCR 

values. 

Gvd(𝑠) =
𝑉𝑖𝑛 − 𝑠𝐿𝐼𝐿

𝑠2𝐿𝐶 + 𝑠
𝐿

𝑅𝐿
+ 𝐷́2

=  
𝑉𝑜𝑢𝑡

𝐷́2
∗

𝐷́ − 𝑠
𝐿𝐼𝐿

𝑉𝑜𝑢𝑡

𝑠2 𝐿𝐶

𝐷́2
+ 𝑠

𝐿

𝑅𝐿𝐷́2
+ 1

 

 

 
Gvd(𝑠) =

48

(1 − 0.79)2
∗

(1 − 0.79) − 6.87𝑥10−5𝑠

1.4𝑥10−5𝑠2 + 2.19𝑥10−3𝑠 + 1
  

(4.68)  

The closed loop uncompensated controlled input transfer function with unit feedback for boost 

operation was simulated on MATLAB and Simulink, the results indicated an overshoot percentage 

greater than > 0% and a steady state error > 0. A compensator is required to reduce the overshot 

to 0% and reduce the steady state error to 0. The compensator was designed using the control 

system designer app on MATLAB by adding poles to the bode plot of the system to achieve the 

required response.  
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Furthermore, the transfer function for the designed compensator is expressed by Eq. (4.69). The 

closed-loop transfer function of the boost operation and a designed compensator were simulated 

in Simulink to further observe and confirm the results obtained from the control systems designer 

computer application. Fig. 4.6 illustrates the Simulink simulation. 

 

 
C(𝑠) =

 0.022727 (𝑠 + 336.6)

(𝑠 + 0.15)
 

(4.69) 

 

 

Figure 4.6 Boost Operation Transfer Function and Compensator Simulation on Simulink 

4.5.2 Circuitry Modelling of the DC-DC Converter in Simulink 

The circuitry model in Fig. 4.7 of the buck-boost converter was simulated on Simulink. The model 

was interfaced with the feedback controller as illustrated by Fig. 4.8 to regulate the output voltage 

to 48 DC [74-77, 79]. The feedback controller comprises of 3 parts: 

I. Buck operation feedback control modeled with the compensator transfer function 

expressed by Eq. (4.67). 

II. Boost operation feedback control modeled with the compensator transfer function 

expressed by Eq. (4.69). 

III. Operation selector, the selector sends a feedback controller generated duty cycle to either 

the buck or boost switch depending on the ratio of 70.4 which is equal to the maximum 
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input voltage from the PV array and the bus voltage. If the ratio is  ≥ 0.682 and  < 1.45 

the buck switch will operate with the feedback controller generated duty cycle and the 

boost switch will be switched OFF. If the ratio is  < 0.682 the boost switch will operate 

with the feedback controller generated duty cycle and the buck switch will be switched 

ON.  

 

 

Figure 4.7 Buck-Boost converter Simulink circuitry model. 

 

 

Figure 4.8 Feedback controller  
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4.6 MPPT Design 

The perturb and observe MPPT algorithm will be utilized to harvest the maximum power from the 

PV panels. P&O MPPT optimizes PV array output power by continuously perturbing the operating 

voltage or current of the PV array and keeping track of the output power for each iteration [40, 43, 

93-95]. If there is a difference between the current power and the previous power the duty cycle 

will perturbed up or down depending on the power difference. Fig. 4.9 illustrates the operation of 

the P&O MPPT algorithm. Fig. 4.10 illustrates the MPPT controller, the MPPT controller 

generates a duty cycle to control the buck-boost power switches making sure maximum power is 

harvested from the PV arrays.   

The buck-boost controlled switches are controlled by the generated duty cycle one at a time as 

illustrated by Fig. 4.10. If the ratio between the Bus voltage and the PV array generated voltage is  

≥ 0.682 and <1.45 the buck switch will operate with the MPPT controller generated duty cycle 

and the boost switch will be switched OFF, else the boost switch will operate with the MPPT 

controller generated duty cycle and the buck switch will be switched ON. The MPPT controller, 

PV array, and buck-boost converter were simulated in Simulink to observe and validate the 

operation of the MPPT controller illustrated in Fig. 4.10. Fig. 4.11 illustrates the MPPT controlled 

buck-boost converter. The results from the simulation are illustrated in Fig. 5.10 - 5.14 in Chapter 

5. 
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Figure 4.9 MPPT Flow Chart [40, 43, 93-95] 

 

Figure 4.10 MPPT controller Simulink Model 
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Figure 4.11 PV array with an MPPT controlled buck-boost converter. 

 

4.7 MPPT-Feedback Controller 

The MPPT controller and the Feedback controller are unified by the PI controller which generates 

an output that is utilized to generate the duty cycle to drive the buck-boost power switches [96].  

Fig 4.12 illustrates the MPPT-Feedback controller Simulink model, which unifies the MPPT 

controller and the feedback controller. The MPPT-Feedback controller enables the PV system to 

harvest maximum power while regulating the Bus voltage to 48V DC. The designed MPPT-

Feedback controller was simulated on Simulink and the results can be observed in Chapter 5, Fig. 

5.13 and Fig. 5.14. 
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Figure 4.12 MPPT-Feedback Controller Simulink Model. 

 

4.8 Battery Energy Storage System BMS SIMULINK Simulation 

The BES system will supply the energy demand to the loads when there is no power harvested 

from the PV array. Battery protection during charging and discharge is vital to avoid battery 

damage. Fig. 4.13 illustrates the Battery Management system (BMS) based on a charge controller 

SIMULINK model, the model working in conjunction with Fig. 4.14 to control the charging and 

discharging of batteries utilizing the duty ratio generated by Fig. 4.14. The generated duty ratio 

controls the bi-directional DC-DC converter to either charge or discharge the batteries depending 

on the status of the battery and bus voltage.  

Furthermore, Fig. 4.14 has four sections, the charging mode control, the discharging mode control, 

the mode selector, and the duty ratio generator. Charging is controlled by a PI controller which has 

an input error signal generated by subtracting the actual battery voltage reading from the fully 

charged battery voltage reference value. This PI controller generates a reference signal for the 

charging of batteries. Discharging is also controlled by a PI controller which has an input error 
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signal generated by subtracting the actual bus voltage from the bus reference voltage. The PI 

controller then generates a reference signal for discharging batteries. 

Moreover, the mode selector sends the charge or discharge reference signal to the pulse generator. 

The reference signal is subtracted from the actual battery current to generate the input error signal 

for the PI controller which will generate a required duty cycle for the bi-directional DC-DC 

converter depending on the battery and load voltage. The generated duty cycle will control the bi-

directional DC-DC converter two switches to either charge or discharge the batteries depending 

on the reference signal selected by the mode selector.  

 

Figure 4.13 Battery charge controller 
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Figure 4.14 Battery Management System 

4.9 DC Microgrid Control and Power Sharing 

Implementation of the functional controller is crucial for the efficient operation and stability of the 

microgrid subgrids and a microgrid. The microgrid is operated in a hierarchical control strategy 

with two levels (Local and Global). The local control for each subgrid will regulate the local bus 

voltage utilizing local DERs, whereas the Global control will be responsible for power sharing 

among interconnected subgrids and regulate the local bus voltage for the subgrid in need.  

Moreover, all four microgrid subgrids will be operated in four modes depending on the status of 

the DERs which include the PV array and the BES. 

I. Mode 1: 𝑃𝑃𝑉 > 𝑃𝐿 & 𝑆𝑂𝐶 ≥ 90% 

This mode will be activated when power harvested from the primary source is greater than 

the power required by the demand and the SOC of the BES system is greater or equal to 

90%. During this mode, the PV array will operate under MPPT-feedback control, and the 

BES system will be in idle mode to protect the batteries from overcharging.  



92 

 

II. Mode 2: 𝑃𝑃𝑉 > 𝑃𝐿 & 𝑆𝑂𝐶 < 90% 

This mode will be activated when power harvested from the primary source (PV array) is 

greater than the power required by the demand and the SOC of the BES system is not fully 

charged. During this mode, the PV array operates under MPPT-feedback control to provide 

the load with power and charge BES. 

III. Mode 3:  𝑃𝑃𝑉 < 𝑃𝐿 & 20% < 𝑆𝑂𝐶 < 90% 

This mode will be activated when power harvested from the primary source is less than the 

power required by the demand and the BES system is charged. The PV array will operate 

under the MPPT-feedback control and together with the BES system will provide the load 

with power as long as the SOC > 20% or 𝑃𝑃𝑉 < 𝑃𝐿. 

IV. Mode 4: 𝑃𝑃𝑉 < 𝑃𝐿 & 𝑆𝑂𝐶 < 20% 

This mode will be activated when power harvested from the primary source is less than the 

power required by the demand and the BES system is not charged. The PV array will 

operate under the MPPT-feedback control together with the global bus if power is 

available, that will be the first alternative or the microgrid subgrid will have load shedding 

if there is no power being shared.  

 

4.9.1 Microgrid subgrid Control 

This section will discuss local control of the subgrid, which includes the control of a PV array and 

BES system during different modes of operation mentioned in Section 4.9. Moreover, a single 

microgrid subgrid illustrated in Fig. 4.15 will be simulated on Matlab/Simulink to observe the 

operation and response of the designed controllers to imposed changes. 

4.9.1.1 Local Control 

PV Array 

Local control will be based on a decentralized control strategy. Each DER has a dedicated 

controller for the DC-DC converter that links it to the local DC bus. The DC-DC converter linking 

the PV array and DC bus will be controlled by the MPPT-feedback controller illustrated in 

Fig.4.12. If the subgrid is operating in mode I, the PV array DC-DC converter duty cycle will be 

generated by the MPPT-feedback controller since the power generated by the PV array is greater 
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than the demand, and the BES system will be fully charged. The MPPT-feedback controller will 

regulate the bus voltage. 

Furthermore, if the subgrid is operating in mode II, the PV array DC-DC converter duty cycle will 

be generated by the MPPT-feedback controller. Power generated by the PV array is required for 

the load demand and BES system charging. During mode III and mode IV, the PV array DC-DC 

converter duty cycle will be generated by the MPPT-feedback controller, the power generated by 

the PV array is less than the power required by demand. 

BES 

BES system will idle during mode I, the BMS illustrated by Fig. 4.14 will make sure charging is 

halted to protect the batteries from overcharging. If the subgrid enters mode II, the bidirectional 

DC-DC converter linking the BES system to the DC bus will be controlled by the duty cycle 

generated by the BMS to enable charging of the BES, since the power generated by the PV array 

is enough to cater to the demand and BES system charging.  

Moreover, during mode III the BMS will sense the DC bus voltage status to be less than 48V and 

generate the duty cycle to control the bidirectional DC-DC converter to enable BES system 

discharge to regulate the DC bus voltage since power generated by the PV array is not enough to 

meet the demand. During mode IV, the BES system will be disconnected since the SOC < 20% 

and the power generated by the PV array is not sufficient to meet the demand and charge the BES 

system. 
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Figure 4.15 Microgrid Subgrid Simulink Simulation. 
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4.9.2 Microgrid Control  

4.9.2.1 Global Control  

Global control will oversee the power-sharing among the subgrids which is the critical aspect of 

the microgrid, and the process of power-sharing will be governed by the power-sharing 

management system (PSMS). The PSMS will be responsible for allowing the subgrid with excess 

power to share with a subgrid in need via a global DC bus that interconnects the subgrids through 

bidirectional DC-DC converters. Global control will employ a central control strategy based on 

DC Bus Signaling with the droop control method to achieve the goal of power sharing. The global 

controller continuously senses the local DC bus voltage and BES system SOC of each subgrid. 

Three conditions need to be met before the PSMS initiates sharing: 

I. Initially, when there is a microgrid subgrid that is unable to meet the demand due to various 

technical or environmental reasons, an alert signal will be sent to the PSMS. 

II.  Then the PSMS will check if there is a microgrid subgrid with fully charged BES, and if 

there is, 

III. It will proceed to do the third and final check on that microgrid subgrid if the power 

harvested from the primary source is greater than the demand. 

 If all three conditions are true, the PSMS will initiate power-sharing between the two microgrid 

subgrids, however, if one of the conditions is false the PSMS will not initiate power-sharing and 

the subgrid in need will enter load shedding. 

4.9.2.2 Power Sharing Management System 

The PSMS will be implemented on Matlab/Simulink utilizing the Matlab function for the control 

algorithm. The Matlab function will take as an input the state of each subgrid to keep track of the 

status of each subgrid. The PSMS is comprised of various parts which include the global control 

monitor (GCM), priority selector (PS), surplus subgrid monitor (SSM), the part that keeps track of 

the subgrid with surplus power illustrated by Fig. 4.17. 
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Moreover, the GCM continuously senses the DC bus voltage and the BES system SOC of the 

subgrids to keep track of the state of subgrid operation, the GCM is illustrated in Fig. 4.16. The 

GCM model is implemented on Simulink. The operation of the GCM is described below: 

The GCM continuously senses the local bus voltage and SOC for each subgrid, depending on the 

outcome after checking specific actions will be implemented.  

I. If local bus voltage is ≥ 48V  &  SOC  >  20%, no action will be taken as the subgrid is 

self-sustaining. 

II. If local bus voltage is ≥ 48V  &  SOC  <  20%, no action will be taken as the subgrid is 

self-sustaining. 

III. If a local bus voltage is < 48V  &  SOC  <  20%, action will be taken as the subgrid is not 

self-sustaining. 

Furthermore, a PS will be implemented to prioritize the sharing of power utilizing the first come, 

first served (FCFS) scheduling. The first alert is to be sent to the PS containing the subgrid ID 

which will alert the GC that the subgrid has transitioned to mode IV. This will be the first subgrid 

to receive power if it is available on the global DC bus, the global DC bus gets its power from one 

of the subgrids with surplus power. 

Moreover, once the GC is alerted concerning a subgrid that is not self-sustaining, the GC will 

check if any of the subgrids have surplus power utilizing an SSM. The SSM illustrated in Fig. 4.17 

will check the local DC bus voltage and SOC for each subgrid to identify the subgrid that can 

assist. If the SSM identifies that there is a subgrid that has surplus energy, an alert containing the 

subgrid ID will be sent to the GC to initiate power sharing between the subgrid noted by the GCM, 

PS, and the subgrid noted by the SSM. The sharing monitor is illustrated in Fig. 4.17. 

The sharing subgrid will continue to share its power for as long as: 

I. Surplus power is still available. 

II. Subgrid accepting power still requires power. 

The sharing subgrid will stop sharing its power when: 

I. Its demand increases beyond the supply. 

II. Subgrid accepting power becomes self-sustaining.  
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Figure 4.16 Global Control Monitor and Priority Selector. 
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Figure 4.17 Surplus Subgrid Monitor and Sharing Monitor Simulink Model. 
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4.10 Microgrid Simulation 

The research aims to implement a distributed 48V DC PV standalone microgrid which is optimum 

for its users. Fig. 4.18 illustrates the microgrid which is implemented from four interconnected 

microgrid subgrids, the interconnection allows power-sharing among the subgrids. The subgrids 

are implemented utilizing the components discussed in Chapters 3 and 4. The microgrid was 

simulated on MATLAB/Simulink based on different scenarios to observe the response of the 

implemented system.  

Scenario 1 

All 4 subgrids are self-sustaining. 

Scenario 2  

Observing what happens when 1 subgrid is not self-sustaining and none of the other subgrids have 

excess power to share. D has 20% SOC which is the shutdown SOC for the selected battery pack 

for all microgrid subgrids. Subgrids A, B, and C are fully occupied with their dedicated load 

demand and have no excess power to share. Moreover, a subgrid can only share power when power 

is harvested from the primary source (PV Array) and the BES system is fully charged. 

Scenario 3 

Faulty primary source, observing what happens when a primary source fault is imposed on subgrid 

D, in such a way that subgrid D is unable to harvest the power from the primary source and the 

BES system is disconnected due to low SOC.  

 

 



100 

 

 

Figure 4.18 Microgrid Simulation on SIMULINK 

 

4.11 Summary 

In this Chapter, the proposed system based on the sizing requirements obtained in Chapter 3 was 

designed and simulated on MATLAB/SIMULINK. All the system components were simulated 

and the control technique algorithms were developed and simulated for both local power sharing 

control and global power sharing control. The results of the simulations will be presented and 

discussed in Chapter 5. 
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CHAPTER 5 RESULTS AND DISCUSSION 

This chapter will present the results obtained from MATLAB and Simulink simulations. The 

simulations were done for individual components of the microgrid, and the results are illustrated 

and discussed in sections 5.1 – 5.3. Moreover, the microgrid including all the components was 

simulated and the results are illustrated and discussed in sections 5.4 – 5.5. 

5.1 Buck Boost Converter 

5.1.1 Buck Operation Transfer Function Results 

Fig. 5.1 illustrates the buck operation closed-loop transfer function step response without the 

compensator acquired from MATLAB. The buck operation is stable as can be observed in Fig. 5.2 

since the phase margin (𝑃𝑀) is positive, the gain margin (𝐺𝑀) is positive and the gain crossover 

frequency (𝜔𝑔𝑐) is less than the phase crossover frequency (𝜔𝑝𝑐). However, the 𝑃𝑀 and the 𝐺𝑀 

values do not meet the design requirements. Moreover, the closed-loop step response rise time is 

0.000538 seconds, the settling time is 0.0474 seconds, the plant has a good rise and settling time. 

However, the steady-state error is  0.5. 

 

Figure 5.1 Buck Operation Transfer Function without Compensator Closed Loop Step Response Plot. 
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 Figure 5.2 Buck Operation Transfer Function without Compensator Closed Loop Bode plot 

 

Fig. 5.3 & 5.4 illustrate the step response and the bode plot for the buck operation closed-loop 

transfer function with a compensator. The compensator working in conjunction with the system 

transfer function was able to achieve the desired characteristics on the step response, the overshoot 

is 0%, the steady state error is 0, the rise time is 0.0496 seconds, with a settling time of 0.0899 

seconds. The buck operation is stable as it can be observed from the Bode plot characteristics the 

𝑃𝑀 = 57.8𝑜, 𝐺𝑀 = 6.14 𝑑𝐵, and the 𝜔𝑝𝑐 >  𝜔𝑔𝑐. Moreover, the design requirements for the 

closed-loop system were achieved.  
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(a) 

 

(b) 

Figure 5.3 Buck Operation Step Response Transfer function with Controller/ Compensator. (a) Buck + 

Controller/ Compensator Transfer MATLAB Plot (b) Buck transfer and Buck + Controller/ Compensator 

Transfer Simulink Simulation Plot. 
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Figure 5.4 Buck Operation Transfer Function with Compensator Bode Plot. 

 

5.1.2 Boost Operation Transfer Function Results 

Fig. 5.5 illustrates the boost operation closed-loop transfer function step response without a 

compensator acquired from MATLAB. The boost operation is stable as can be observed in Fig. 

5.6 since the phase margin (𝑃𝑀) is positive, the gain margin (𝐺𝑀) is positive, and the gain 

crossover frequency (𝜔𝑔𝑐) is less than the phase crossover frequency (𝜔𝑝𝑐). However, the 𝑃𝑀 

and the 𝐺𝑀 values do not meet the design requirements. Moreover, the closed-loop step response 

rise time is 0.00251 seconds, the settling time is 0.568 seconds, the plant has a good rise. However, 

the steady-state error is,  0.5 and the rise is > 0.2 seconds. 
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Figure 5.5 Boost Operation Closed-Loop Transfer Function without Compensator Step Response Plot 

 

Figure 5.6 Boost Operation Closed-Loop Transfer Function without Compensator Bode Plot. 
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Fig. 5.7 & 5.8 illustrate the step response and the bode plot for the boost operation closed-loop 

transfer function with a compensator. The compensator working in conjunction with the transfer 

function was able to achieve the desired characteristics on the step response, the overshoot is 0%, 

the steady state error is 0, the rise time is 0.0747 seconds, with a settling time of 0.1084 seconds.  

The boost operation is stable as it can be observed from the Bode plot characteristics the 𝑃𝑀 =

41.3𝑜, 𝐺𝑀 = 2.56 𝑑𝐵, and the 𝜔𝑝𝑐 >  𝜔𝑔𝑐. Moreover, the design requirements for the closed 

loop boost operation were achieved.  

 

Figure 5.7 Boost Operation Closed-Loop Transfer Function with Compensator Bode Plot. 
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(a) 

 

(b) 

Figure 5.8 Boost Operation Step Response Transfer Function with a controller/ Compensator. (a) Boost + 

Controller/ Compensator Transfer MATLAB Plot. (b) Boost Transfer and Boost + Controller/ Compensator 

Transfer Simulink Simulation Plot. 

 



108 

 

5.1.3 Buck – Boost Circuitry Model Simulink Results 

Fig. 5.9 illustrates and Table 5.1 presents the simulation results of the Simulink buck-boost DC-

DC converter circuitry model in Fig. 4.7 working in conjunction with the feedback controller in 

Fig. 4.8. The simulation is conducted to validate the response of the boost and buck operations of 

the DC-DC converter. The input voltage was varied from below system bus voltage 48V DC to 

above system bus voltage to observe if the converter and feedback controller would manage to 

regulate the system bus voltage to 48V DC.  The DC-DC converter with feedback controller 

managed to regulate the system bus voltage by boosting an input voltage less than 48V DC and 

bucking an input voltage greater than 48V DC. 

Table 5.1 Buck-Boost input and output voltage simulated results. 

Variable Input Voltage Variable Load 

𝑽𝑰𝑵 (v) 𝑽𝑶𝑼𝑻 (v) Resistance (Ω) 𝑽𝑶𝑼𝑻 (v) 

100 48.05 10 48.05 

70 48.05 8 48.05 

50 48.05 6 48.05 

30 48.05 4 48.05 

15 47.8 2 48.05 

15 47.6 2 48.05 

30 48.05 4 48.05 

50 48.05 6 48.05 

70 48.05 8 48.05 

100 48.05 10 48.05 
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(a) 

 

(b) 

Figure 5.9 Buck-Boost DC-DC converter with a feedback controller. (a) Variable Input Voltage. (b) Variable 

Load. 
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5.2 MPPT P&O and MPPT-Feedback Controller Results 

Fig. 5.10 – 5.14 illustrates the response of the MPPT controller when solar radiation changes. To 

test and observe the response of Fig. 4.10 the MPPT controller, solar radiation input for the PV 

array was first varied from a maximum of 1000 𝑊/𝑚2 in steps of 200 to a minimum of 0 𝑊/𝑚2 

and back to 1000 𝑊/𝑚2 as illustrated by Fig. 5.10(a) and 5.13(a). The second test was conducted 

with the hourly average GHI of the selected location obtained from [56] as illustrated by Fig. 

5.10(b) and 5.13(b). Furthermore, the MPPT response was tested while varying the load as 

illustrated by Fig. 5.11 and 5.14. 

The PV array harvested the maximum power when solar radiation changes due to environmental 

changes, indicating the efficient operation of the MPPT controller algorithm implemented in Fig. 

4.10. Table 5.2 compares the simulated PV array output with MPPT in Fig. 5.10 (b) and the ideal 

MPP PV array output illustrated by Fig. 5.15, the ideal MPP results for the array were pulled from 

the PV array block in Simulink. The difference in output power for different solar radiation levels 

is too small which indicates that the MPPT controller has high efficiency.  

Furthermore, the MPPT controller was unified with the feedback controller. Unifying the two 

controllers enables the PV array system to harvest the maximum power while regulating the Bus 

voltage [96].  It can be observed in Fig. 5.12 that the MPPT controlled PV array can harvest 

maximum power but fails to regulate the Bus voltage. Fig. 5.13 illustrates the results of the MPPT 

controller working in conjunction with the feedback controller, Fig. 5.14 illustrates the results 

when the load is varied. It can be observed that even when the load is varied the MPPT-Feedback 

controller was able to achieve the desired results. The MPPT-feedback controller which unifies 

the maximum power harvest and voltage regulation is illustrated in Fig 4.12. 
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(a) 

 
(b) 

Figure 5.10 Buck-Boost DC-DC converter with MPPT controller without BES and feedback controller. (a) 

Self-generated Solar irradiance. (b) monthly hourly average irradiance data for September. 
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Figure 5.11 Buck-Boost DC-DC converter with MPPT controller without BES and feedback controller. 

Variable load simulation 
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Figure 5.12 Buck-Boost DC-DC converter with MPPT controller without BES and feedback controller.  Bus 

voltage when MPPT controller is utilized. 



114 

 

(a) 

(b) 
Figure 5.13 Buck-Boost DC-DC converter with MPPT controller working in conjunction with feedback 

controller, Observing PV voltage and Bus voltage. (a) Self-generated Solar irradiance, (b) monthly hourly 

average irradiance data for September. 
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Figure 5.14 Buck-Boost DC-DC converter with MPPT controller working in conjunction with feedback 

controller, Observing PV voltage and Bus voltage. Variable load simulation. 

 

Figure 5.15 Ideal MPP graph for the designed PV array 
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Table 5.2 Comparison of Array ideal MPP and MPPT function 

IDEAL MPP MATLAB FUNCTION MPP 

IRRADIANCE PV_P MPP PV_V MPP PV_P MPP PV_V MPP V_OUT 

1000 6022 70.4 6020 70.66 48.05 

800 4801 69.9 4804 69.9 48.05 

500 2971 69.4 2973 69.5 48.05 

300 1757 68.5 1758 68.5 48.05 

100 563 65.5 564 65.8 48.05 

0 0 0 0 0 0 

 

5.3 Battery Energy Storage BMS Results 

The BES system charge controller SIMULINK model was simulated, and the results are illustrated 

in Fig. 5.16. The simulation occurred for 10 hours, for the first 5 hours the switch between the 

source and the load was closed illustrated in Fig. 4.13 allowing power from the source to cater to 

the load and charge the BES. The last 5 hours the switch was opened and there was no power 

flowing from the source to the loads, the BES system took over and supplied power to the loads. 

During the transition from the source power to the BES system power a small undershoot can be 

observed on the bus voltage plot. 

 

Figure 5.16 Battery Charge Controller and Battery Management System Results.  
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5.4 Microgrid Subgrid Results 

A microgrid subgrid was simulated by combining the components designed and simulated in 

Chapter 4, the PV array, DC-DC converter, MPPT-feedback controller, and the BMS. The 

simulation aimed to observe the response of the components working in conjunction to provide 

optimum service to the user. The results of the simulation are illustrated in Fig. 5.17, during the 

period when the PV array was unable to harvest enough power for the loads, the BES system with 

enough capacity was discharged to supplement the PV array shortcoming.  

Moreover, during the 6h00-17h59 period, mode 2 was activated, because enough power was 

harvested from the PV array, and during the 18h00 – 5h59 period mode 3 was activated as power 

harvested from the PV array was not enough for the demand, the BES system was discharged to 

supplemented and cover the load demand.  

 

Figure 5.17 Microgrid Simulation Results with battery backup. 
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5.5 Power-sharing Microgrid Results 

This section illustrates and discusses the results obtained from simulating the 3 scenarios discussed 

in section 4.9. The results observed show that the PSMS Simulink model responds very well to 

changes imposed on the subgrids. 

Scenario 1 

Fig. 5.18 illustrates the results for this scenario. It can be observed all subgrids are self-sustaining 

when no changes are imposed that affect the operation. The local control for subgrids can be 

observed from Fig. 5.18, from 18h00 to 05h59 the local DC bus voltage is regulated by the BES 

system, and the subgrids are operating in mode III. From 06h00 to 17h59 the local bus voltage is 

regulated by the PV array system and the subgrid is operating in Mode II then Mode I. 

Scenario 2 

Fig. 5.19 illustrates the results for this scenario. It can be observed that the subgrid D BES system 

was disconnected due to low SOC which led to the subgrid failing to self-sustain during 00h00-

05h59 period when no power was harvested from the PV arrays, the subgrid was operating in mode 

IV. Power sharing was not initiated since during this period power harvested from PV arrays was 

less than demand, however as the PV array began to generate more power due to an increase in 

solar irradiance subgrid D transitioned from mode VI to mode II from 06h00-17h59 and further 

transitioned to mode III from 18h00. 

Scenario 3  

Fig.5.20 illustrates the results obtained for this scenario. It can be observed subgrid D experienced 

a technical fault at the harvest side, though solar irradiance was available for electricity to be 

harvested from the sun, however, subgrid D was unable to harvest the electricity. Around 12h00 

the PSMS initiated power sharing since subgrid A BES was fully charged, then subgrid D 

transitioned from mode VI to mode III assisted by the excess power shared by subgrid A. During 

12h00-17h59 subgrid D demand was catered for with power shared by subgrid D, however from 

18h00 sharing had to be halted since subgrid A power harvested from the primary source was less 

than the load demand and subgrid D transitioned to mode III then back to mode VI.     
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Figure 5.18 Microgrid Simulink Model Simulation Results for Scenario 1 
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Figure 5.19 Microgrid Simulink Model Simulation Results for Scenario 2  
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Figure 5.20 Microgrid Simulink Model Simulation Results for Scenario 3 
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CHAPTER 6 CONCLUSION 

6.1 Summary 

The research presented an intelligent standalone DC microgrid design with multiple subgrids based 

on renewable DER.  The proposed design aimed to implement an optimum PV standalone DC 

microgrid that has no link whatsoever with the utility grid. To achieve such a system, proper 

planning and design are vital steps followed in implementing the microgrid. The design can be 

applied to electrify rural areas and areas that want to disconnect from the power grid to save the 

environment. 

 Efforts are being made to move away from energy generated from fossil fuels to protect the 

environment. Implementation of RERs is one of the efforts. Even though some of the RERs are 

intermittent, researchers present new and improved designs now and then to ensure RERs are 

optimum for users. The ability of the proposed interconnected subgrids to share power is beneficial 

for users, especially the users of the subgrid that is not self-sustaining due to some technical faults.  

The results showed favorable benefits to the users of the subgrid that may be affected, while they 

wait for technicians to fix the fault, other subgrids with surplus power can sustain them. The 

designed PSMS facilitates power sharing and requires no communication network infrastructure 

which is cheap, and easy to implement. The PSMS monitors all subgrids and initializes power 

sharing if necessary, and if conditions are met for both the sharing and accepting subgrid. 

The control of each subgrid is vital for a successful implementation of the PSMS, local controller 

Simulink models were designed and simulated to observe their response to changes. The local 

control includes the MPPT controller and feedback controller both for the PV array control and 

the BMS for BES system control. The results obtained verified that the local control was able to 

regulate the local DC bus voltage.  

Moreover, the proposed microgrid components were simulated on Simulink to verify that the 

desired design indeed enables power sharing between subgrids when certain conditions are met. 

Global control is the drive behind the PSMS. The results obtained from simulations verified that 
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the PSMS was able to initiate and cut power sharing based on command signals generated by the 

global control. 

A. Future Work 

Future work will include practically designing a small scale renewable DERs DC microgrid that 

will apply the PSMS. 
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